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Editorial on the Research Topic

Ice and Snow Algae

Natural environments covered with snow or ice are home to still poorly characterized microbial
life. Photosynthetic organisms play a key role in colonizing these thermally labile habitats and
creating conditions for complex communities to develop. The duration of these cold-adapted
microbial communities can range from a few months to permanent settlements depending on
the complete or partial melting of the snow and ice cover. In such habitats, algae do not only
cope with low temperatures (psychrotolerance and psychrophily), but they can also be subjected
to high and variable light levels, UV irradiance, low levels of nutrients (oligotrophy), and a
variety of other abiotic stresses. In some cases, bloom-forming algae cause the formation of “green
snow.” More often, they accumulate pigments, such as the carotenoid astaxanthin, leading to the
development of “orange,” “pink,” or “red snow.” The abundance of pigmentedmicroalgae lowers the
albedo and accelerates melting. Algae are therefore both “markers” (positively impacted by current
environmental changes) and “actors” (positively acting on ice and snowmelt) of climate change.
Research on ice and snow algae is thus essential to better address the impact of climate change in
polar and mountain environments.

Our knowledge of snow and ice algae is fragmented and relies on studies concentrated in
some high latitude and high-elevation sites. Some algae are supposed to specifically propagate
in the snow (“snow algae”) but we still have limited knowledge on the way they do. Their
ecophysiological preferences and genetic diversity are still open questions. Some taxa seem to
be dominant worldwide, in particular, the red snow alga Sanguina spp., detected in most high
mountain ranges and polar areas, as in multiple studies reported in this Research Topic. An
increasing number of algal species are being documented from the snow environment. Some are
cultivable. In snow and glacier environments, green algae seem to be prominent, whereas diatoms,
dinoflagellates, etc., are commonly encountered in sea ice. The present Research Topic compiles key
contributions on the biodiversity, life cycles, (eco)physiology, developmental stages, and critical
roles played by algae in ice (sea ice, glaciers, etc.) and snow, in high latitude polar and in high
elevation mountain regions, in the context of climate change.

The determination of spatio-temporal distribution of taxa and the structure of communities
rely on field sampling for the analysis of environmental DNA (eDNA), combined with other
parameters, most notably chlorophyll and carotenoid pigments. Stewart et al. developed specific
DNA-barcoding primers for Chlorophyta and Chlorophyceae, to analyze green algae biodiversity
in top-soil along elevational gradients in five locations of the French Alps. They highlighted for
the first time an altitudinal zonation of green algal taxa, some down to the genus level. The genus
Sanguina was detected above the treeline, further assessing that this taxon is specific to alpine sites
covered with snow for long periods and cannot be encountered at lower elevations in temperate
regions. Environmental parameters and bioclimatic factors such as pH, C/N ratio, or intensity of
freezing events proved determinant in algal distribution. Consistently, Williamson et al. analyzed
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the stoichiometry of macro-nutrients in the Southwestern
margin of the Greenland Ice Sheet, revealing a low cellular
macro-nutrient content and low C/N and C/P ratios, possibly
reflecting adaptation of glacial algae assemblages to their specific
oligotrophic surface ice environment. In Japan, Nakashima et
al. addressed the structure of snow algal communities on Mt.
Tateyama, combining eDNA with analyses of pigments. They
could detect four general types of communities, some being
dominated by Sanguina spp., whereas others were dominated by
Chlainomonas and Chloromonas algae, causing different pigment
compositions. Taking advantage of the relationship between
pigment levels and snow algal biomass, Gray et al. used for
the first time high-resolution WorldView multispectral satellite
imagery to expand the scale of analysis of green and red snow
blooms on Anchorage Island in the Antarctic. Future challenges
rely therefore on the improvement of more specific eDNA
markers for snow microbial communities, their use to unravel
the spatiotemporal structure and dynamics of populations and
communities in some study sites and correlation with satellite
imagery-based approaches for more global characterizations.

Using strains isolated from sampling campaigns, refined
taxonomic assessments can be achieved based on reconstructions
of molecular phylogenies and analyses of cell morphological
traits. If cultivable, ecophysiological studies can reveal some
possible adaptation mechanisms. Galvez et al. thus identified
a new Antarctic genus, named Chlorominima, with a species
isolated in colored snow from the Collins glacier, therefore
named Chlorominima collina. Together with other unidentified
Antarctic and Arctic strains, a new polar subclade in the
Stephanosphaerinia phylogroup within Chlamydomonadales is
proposed. A partial transcriptome highlights the expression of
genes coding for possible ice-binding proteins and enzymes
involved in the synthesis of triacylglycerols and carotenoids,
which could play a role in the adaptation to a cold environment.
By contrast, Morales-Sanchez et al. showed that the polar
alga Chlamydomonas malina RCC2488 did not accumulate
triacylglycerol at low temperature (4◦C) but rather at higher
temperatures (8◦C and above), suggesting that for this species,
triacylglycerol may not be an adaptation to low temperature
but a response to a high-temperature stress. Raymond et
al. showed that two psychrophilic Chlamydomonas species
isolated from Lake Bonney, a saline lake in the Antarctic,
synthesize glycerol, an osmoprotectant, in a NaCl-dependent
manner. Glycerol is synthesized by an unusual bidomain enzyme
previously characterized in Chlamydomonas reinhardtii. In one
of the Antarctic strains, they could identify an isoform of
this enzyme, which expression is controlled by NaCl level.
Eventually, Procházková et al. isolated a strain causing orange
snow in the High Tatra Mountains in Poland and identified it
as Chloromonas krienitzii, a species previously described from
Japan. They characterized a unique mechanism shielding its algal
cysts from a substantial part of UV irradiance and high visible
light, by the presence of short wavelength-absorbing compounds

in the cell wall. These articles illustrate the diversity of adaptation
mechanisms that snow and ice algae may develop to live in
their peculiar habitats. Factors determining the capacity to form
blooms are still unknown. Future studies are therefore needed
to evaluate which of these mechanisms are generic, shared by
multiple species distant in the evolution, which are more specific
to some taxa, and how these mechanisms may be related to the
capacity to form blooms.

Eventually, considering that for tens of millions of years
(720-635Ma before present), the terrestrial habitats of
the so-called “Snowball Earth” were likely dominated by
snow and ice, Žárský et al. develops a scenario for the
Zygnematophyceae–Embryophyta split, possibly stimulated
by this long glacial period.

Altogether, the contributions to this Research Topic illustrate
the dynamic international efforts to fill gaps in knowledge on
algae living in the snow and ice. The efforts to characterize
populations and communities in high elevations above treeline
and polar areas, their dynamics, functioning, connectivity with
other habitats such as soil, rivers, lakes, and oceans, together with
genomic, ecophysiology, and multi-omics studies are likely to
help us unravel adaptation mechanisms and to understand what
it really means to live in the snow and the ice. Fascinating studies
are expected in the near future.
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Glycerol Is an Osmoprotectant in
Two Antarctic Chlamydomonas
Species From an Ice-Covered Saline
Lake and Is Synthesized by an
Unusual Bidomain Enzyme
James A. Raymond1*, Rachael Morgan-Kiss2 and Sarah Stahl-Rommel2†

1 School of Life Sciences, University of Nevada Las Vegas, Las Vegas, NV, United States, 2 Department of Microbiology,
Miami University, Oxford, OH, United States

Glycerol, a compatible solute, has previously been found to act as an osmoprotectant in
some marine Chlamydomonas species and several species of Dunaliella from hypersaline
ponds. Recently, Chlamydomonas reinhardtii and Dunaliella salina were shown to make
glycerol with an unusual bidomain enzyme, which appears to be unique to algae, that
contains a phosphoserine phosphatase and glycerol-3-phosphate dehydrogenase. Here
we report that two psychrophilic species of Chlamydomonas (C. spp. UWO241 and ICE-
MDV) from Lake Bonney, Antarctica also produce high levels of glycerol to survive in the
lake’s saline waters. Glycerol concentration increased linearly with salinity and at 1.3 M
NaCl, exceeded 400 mM in C. sp. UWO241, the more salt-tolerant strain. We also show
that both species expressed several isoforms of the bidomain enzyme. An analysis of one
of the isoforms of C. sp. UWO241 showed that it was strongly upregulated by NaCl and is
thus the likely source of glycerol. These results reveal another adaptation of the Lake
Bonney Chlamydomonas species that allow them to survive in an extreme
polar environment.

Keywords: Chlamydomonas, glycerol synthesis, phosphoserine phosphatase, glycerol-3-phosphate
dehydrogenase, Antarctica, Lake Bonney
INTRODUCTION

Glycerol is well-known for its ability to mitigate environmental stresses such as freezing and
hyperosmotic conditions in a wide variety of organisms, including yeast (Wang et al., 2001), insects
(Bentz and Mullins, 1999; Bennett et al., 2005), and vertebrates (Raymond, 1992; Layne, 1999). It is
also well-known as an osmoprotectant in some algae, including salt pond isolates of Dunaliella
(Ben-Amotz and Avron, 1973; Sussman and Avron, 1981) and several marine isolates of
Chlamydomonas (Ahmad and Hellebust, 1986; Miyasaka and Ikeda, 1997; Miyasaka et al., 1998).
As a compatible solute, glycerol prevents osmotic water loss and thus a build-up of intracellular salt
concentrations. Two psychrophilic Chlamydomonas species, Chlamydomonas sp. UWO241 (Neale
and Priscu, 1995) (hereafter Chlamy-UWO) and Chlamydomonas sp. ICE-MDV (Li et al., 2016)
.org August 2020 | Volume 11 | Article 125916
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Raymond et al. Glycerol Synthesis in Antarctic Chlamydomonas
(hereafter Chlamy-ICE) were isolated from Lake Bonney, a
permanently ice-covered lake in Antarctica. The lake has a
steep halocline, in which the salinity reaches about 150 PSU
(equivalent to about 2.1 M NaCl, or 4.3 x the salinity of seawater)
at a depth of 40 m (Spigel et al., 2018). Chlamy-UWO’s ability to
survive in this environment has been intensively studied for over
two decades. Among its adaptation are a photochemical
apparatus well-suited for a cold, saline and low light environment
(Morgan et al., 1998), more fluid membranes (Morgan-Kiss et al.,
2002) and ice-binding proteins (IBPs) to prevent freeze-thaw injury
(Raymond and Morgan-Kiss, 2013). Less is known about Chlamy-
ICE which was isolated more recently: it also possesses IBPs
(Raymond and Morgan-Kiss, 2017) but appears to have
differences in acclimatory ability compared to Chlamy-UWO
(Cook et al., 2019). Much more is known about the
cold adaptations of a closely-related Antarctic pyschrophile
Chlamydomonas sp. ICE-L (Cvetkovska et al., 2017). Because
both Chlamy-UWO and Chlamy-ICE are adapted to a saline
environment, we wished to know whether they also produce
glycerol as an osmoprotectant or cryoprotectant.

Until recently, the pathways used by algae to produce glycerol
have been amatter of speculation. Glycogen, or one of its products,
dihydroxyacetone phosphate (DHAP), has been identified as the
source of glycerol in a number of organisms, including yeast,
(Modig et al., 2007), Arabidopsis (Caparros-Martin et al., 2007), a
bacterium (Larrouy-Maumus et al., 2013), mountain pine beetle
(Fraser et al., 2017), and rainbow smelt (Raymond, 1995). In the
DHAP pathway, DHAP is converted to glycerol-3-phosphatate
(G3P) by a nicotinamide-adenine dinucleotide (NAD+)-dependent
glycerol-3 phosphate dehydrogenase (GPDH), which is then
converted to glycerol by a phosphoserine phosphatase (PSP). The
problemis that algae typicallyhave severalGPDHsandphosphatases,
and attempts to identify the enzymes involved have been until
recently unsuccessful.

Dunaliella salina has a bidomain enzyme that includes an N-
terminal PSP and a C-terminal NAD+-dependent GPDH (He
et al., 2007). It was proposed as a candidate for glycerol
production directly from DHAP (He et al., 2007), but initial
attempts to confirm its activity were unsuccessful (He et al.,
2009). However, this enzyme still seemed like the most likely
source of glycerol. During our study of IBPs in Chlamy-UWO
(Raymond and Morgan-Kiss, 2013), we noticed that it produced
glycerol as an osmoprotectant, i.e., glycerol production increased
with increasing salinity. We searched the Chlamy-UWO genome
for a Dunaliella-like bidomain enzyme and found at least two
homologs. We then examined the expression of one of the
homologs and found that it strongly increased with increasing
salinity, as reported in a master’s thesis (Stahl, 2014). This
suggested that this enzyme alone was capable of producing
glycerol from DHAP

Recently, Morales-Sanchez et al. (2017) showed that a similar
bidomain enzyme in Chlamydomonas reinhardtii was sufficient
to produce glycerol directly from DHAP, and He Q. H. et al.
(2020) finally confirmed that the Dunaliella salina bidomain
protein was sufficient to produce glycerol. Here, we report our
test of the hypothesis that Chlamy-UWO uses a similar
Frontiers in Plant Science | www.frontiersin.org 27
bidomain enzyme to produce glycerol. We also show that
Chlamy-ICE is capable of producing high levels of glycerol
under saline conditions and has similar bidomain enzymes.
METHODS

Cells
Chlamydomonas sp. UWO241 [Chlamy-UWO, also referred to
as C. raudensis in some earlier studies, e.g., (Dolhi et al., 2013)]
and Chlamydomonas sp. ICE-MDV (Chlamy-ICE) were
previously isolated from the east lobe of Lake Bonney,
Antarctica. Chlamy-UWO was isolated from below the
permanent chemocline in the deep photic zone (17 m) where
the salinity is similar to the salinity of seawater but rapidly
increases with increasing depth (Spigel et al., 2018). Its natural
depth range is not known. Chlamy-ICE was recovered from a
depth of 13 m, where the salinity is markedly lower (Li et al.,
2016). Both strains were maintained in Bold’s basal medium
(BBM) supplemented with the indicated amounts of NaCl in a
temperature/light regime of 8°C/50 mmol · m−2 · s−1 at Miami
University. Chlamydomonas sp. UWO241 is deposited in the
Bigelow Algal collection (CCMP1619). Chlamydomonas sp. ICE-
MDV is available upon request to RMK.

Glycerol Measurement
Fresh cells were shipped overnight to the University of Nevada
Las Vegas (UNLV) with ice packs. The temperature varied by less
than 2°C during shipment. For each sample, 1.50 ml of cell
culture was centrifuged in pre-weighed tubes. The supernatant
was removed and the remaining medium was removed with a
fine, drawn-out pipet. The tubes were reweighed to obtain the
pellet weights (about 3 mg), sealed, and stored at -25°C. For
glycerol measurement, the tubes were thawed, and the bottoms
of the tubes were subjected to two freeze-thaw cycles in liquid
nitrogen to break the cells. The pellets were suspended in 1.00 ml
DI water, vortexed to release glycerol and centrifuged at 16,000 x
g for 2 min at 4°C to yield a clear supernatant. Subsequent testing
of the pellet showed that virtually all of the glycerol was released
from the cells. Glycerol was quantified enzymatically with Free
glycerol reagent (Sigma no. F6428), which develops a 540 nm
(purple) color in the presence of glycerol. Intracellular glycerol
concentration (mM) in a cell pellet was calculated as Mg x 1,000/
(MW x Mp x f), where Mg is the mass of glycerol released from
the pellet, MW is the molecular weight of glycerol (92 g mol-1),
Mp is the mass of the pellet, and f is fraction of the cell mass that
is water. The latter was estimated as 0.7 based on measurements
of Chlamydomonas pulsatilla (Ahmad and Hellebust, 1986). This
calculation assumed that the extracellular water content in the
pellets was zero. If extracelular water were present in the pellets,
the actual glycerol concentrations would be higher than
those reported.

Gene Sequences
Sequences of the enzymes described in this study were assembled
from transcriptome and genome data obtained from Chlamy-
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UWO (Raymond and Morgan-Kiss, 2013) and Chlamy-ICE
(Raymond and Morgan-Kiss, 2017). The transcriptomes were
obtained with 454 and Illumina sequencing, respectively.
Additional DNA and mRNA reads needed to complete
assembly of Chlamy-UWO isoform 3 were kindly provided by
David Smith (University of Western Ontario). Gene expression
levels were expressed as FPKM (fragments per kilobase per
million reads) values: FPKM = r/R/L, where r is the number of
unique reads for a given isoform with e-values less than 1e-20

(each read was assigned only to the isoform that it most
closely matched), R is the number of millions of reads in the
transcriptome, and L is the length of the gene in kb. The
transcriptomes were searched for genes similar to the
bidomain enzyme in Dunaliella salina (AAX56341). Several
isoforms of the gene were found and assembled. Introns were
identified by comparing these sequences with the genomic data.
Sequences for the qPCR reference genes were obtained from the
Chlamy-UWO transcriptome.

Chloroplast signals were predicted with ChloroP 1.1 (http://
www.cbs.dtu.dk/services/ChloroP/) (Emanuelsson et al., 1999).
PSP and GPDH domains were identified with NCBI’s conserved
domain database https://www.ncbi.nlm.nih.gov/Structure/
cdd/wrpsb.cgi. A Neighbor-Joining phylogenetic tree was
constructed with Mega X (Tamura et al., 2011), using two
non-chlorophyte bidomain proteins to root the tree. We thank
Armin Hallmann (University of Bielefeld, Germany) for
correcting the bidomain sequence of Volvox carteri used in
the tree.

Quantitative PCR
Cultures of Chlamy-UWOwere grown at 8°C and 50 mmol m-2 s-1

in BBM supplemented with a range of salt concentrations (10, 300,
700, and 1,300 mM NaCl) until samples reached the mid
exponential phase. Total RNA was extracted with a Qiagen
RNeasy mini kit (No. 74104) as per manufacturer’s instructions.
Residual genomic DNAwas removed by Ambion DNase (Thermo
Fisher Scientific, Waltham, MA). RNA was reverse transcribed
with an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) as
specified by the manufacturer. Expression of the Chlamy-UWO
PSP-GPDH isoform 2 was quantified by real-time quantitative
PCR using the DDCqmethod (Liu et al., 2012) and a Bio-Rad CFX
Connect Real-time thermal cycler. Histone H2B (histh2b) and 40S
ribosomal protein S10 (rps10) (GenBank accessions MT362546
andMT362547, respectively) were used as reference genes, as their
expressions were fairly stable over the conditions used. Primers are
shown in Table S1.

Structure Prediction
A 3D model of Chlamy-UWO isoform 1 was predicted with
Swiss Model (Waterhouse et al., 2018) (https://swissmodel.
expasy.org/) using the structure of the Dunaliella salina
bidomain protein (6iuy.1.A) (He Q. H. et al., 2020) as
template. In the 580-a.a. region of overlap, the two proteins
had an identity of 54%. The free energy of the model was then
minimized (from -22.8 to -30.9 MJ/mol) with the Yasara energy
minimization server (Krieger et al., 2009) (http://www.yasara.
org/minimizationserver.htm) and displayed with the Yasara
Frontiers in Plant Science | www.frontiersin.org 38
viewer (Waterhouse et al., 2018) (http://www.yasara.org/).
Stereo views were obtained by rotating the molecules 3°
around the vertical axis.
RESULTS

Intracellular glycerol levels in Chlamy-UWO and Chlamy-ICE
increased with increasing NaCl concentration. Both species
maintained glycerol levels of about 150 mM at 700 mM NaCl
(Figure 1A). At 1,300 mM NaCl, Chlamy-UWO cells reached
over 400 mM glycerol while Chlamy-ICE cells were unable
to grow. In contrast, glycerol levels in the supernatant of
centrifuged dense cultures of Chlamy-UWO were very low (0.4
mM at 700 m NaCl and 1.1 mM at 1,300 mM NaCl), indicating
that the cells were maintaining a strong gradient between the
intracellular and extracellular environments.

We thus searched the Chlamy-UWO transcriptome for
enzymes similar to the proposed PSP/GPDH that had been
found in Dunaliella (He et al., 2007). Three complete isoforms
could be assembled. We selected one of the isoforms to see if it
could account for the increased glycerol production at increased
salinity. The mRNA expression of Chlamy-UWO isoform 2
increased about four-fold as the NaCl concentration increased
to 1,300 mM, regardless of the reference gene (Figure 1B). For
the reference gene combination Rps10+Histone, whose points
were more linear than those of the single reference genes, the
increase was significant at the p <0.01 level (linear regression).
This increase closely paralleled the increase in glycerol
concentration. This, together with the recent findings in C.
reinhardtii and D. salina, strongly supports the idea that the
bidomain enzymes are a major source (and possibly the main
source) of glycerol in Chlamy-UWO.

When the Chlamy-ICE transcriptome became available in
2016, it was also examined for homologs of the bidomain
proteins. It appeared to have seven such homologs, but only
five of them could be completely assembled (Table 1). For each
of the Lake Bonney species, the expression levels of the different
isoforms varied considerably (Table 1). In the approximately
600-a.a. conserved region that includes both enzyme domains,
the identities of the Chlamy-UWO and Chlamy-ICE isoforms
to C. reinhardtii GPD3 are about 60% (Table 1). To gain
insights into the relationships of the enzymes in the three
Chlamydomonas species, their exon/intron structures were
compared. The numbers of introns (and their locations)
differed considerably among the three Chlamydomonas species
(Table 1), suggesting that their divergence occurred long ago.

The eight complete isoforms of Chlamy-UWO and Chlamy-
ICE consist of an N-terminal chloroplast-targeting signal, a PSP
domain and a C-terminal NAD+-dependent GDPH domain
(Figure 2A), similar to the structure in Dunaliella (He Q. H.
et al., 2020). A 3D model of isoform 1 of the Chlamy-UWO
enzyme predicted from the structure of the D. salina enzyme is
shown in Figure 2B. The region that could be modeled ranged
from Thr60 at the start of the PSP domain (lower part of
molecule in Figure 2B) to Phe639 near the end of the GPDH
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domain (upper part). The model is similar to the structure of the
Dunaliella protein, with two nearly independent domains
connected by a short link. The key residues forming the
binding sites of DHAP, NAD+, and glycerol-3-P in Dunaliella
(He Q. H. et al., 2020) are conserved in the Chlamy-UWO
isoform (Figure S1). As a test of the accuracy of the model, the
predicted binding sites of DHAP and NAD+ on the GPDH
domain of the Chlamydomonas protein were compared to those
in Dunaliella. The residues that form the binding sites in the two
structures as well as their locations are nearly the same (Figure
S2), supporting the accuracy of the model.

To better understand the evolution of the Chlamydomonas
bidomain proteins, a phylogenetic tree of the conserved PSP/
GPDH domains was constructed by the neighbor-joining method
(Figure 3). The tree was rooted on homologous proteins from two
non-chlorophytes, a rhodophyte (Porphyridium purpureum) and a
primitive relative of the fungi (Sphaeroforma arctica) that were
Frontiers in Plant Science | www.frontiersin.org 49
recently submitted to GenBank. Within each Chlamydomonas
species, the isoforms clustered with high bootstrap values,
suggesting that within each species, the isoforms diverged from
a single gene. C. reinhardtii, Chlamy-UWO and Chlamy-ICE
formed a group that clusters separately from Dunaliella, but
otherwise the three Chlamydomonas clusters appear weakly
related, in agreement with the considerable differences in exon
structures of the three species. These findings, together with the
finding of the P. purpureum protein, raise the possibility that
the chlorophyte bidomain proteins have an ancient origin,
possibly dating back to a common ancestor of the chlorophytes
and rhodophytes.

DISCUSSION

In view of the importance of glycerol as a compatible solute in
animal and plant physiology, it is surprising that so little was
TABLE 1 | Bidomain PSP/GPDH proteins in three species of Chlamydomonas.

Species/isoform GenBank acc. no. Relative Expression level1 Length (a.a.) No. exons % ID (% similarity)2

Chlamy-UWO-1 MT362548 13.7 745 18 61 (75)
Chlamy-UWO-2 MT362549 38.4 710 18 62 (77)
Chlamy-UWO-3 MT362550 1.0 741 18 60 (76)
Chlamy-ICE-1 MT362551 1.0 697 11 59 (77)
Chlamy-ICE-2 MT362552 1.7 693 13 56 (75)
Chlamy-ICE-3 MT362553 8.2 665 12 58 (74)
Chlamy-ICE-4 MT362554 6.3 710 7 58 (76)
Chlamy-ICE-5 MT362555 9.0 689 3 62 (77)
C. reinhardtii GPD3 AJG44150 N/A 725 15 100 (100)
C. reinhardtii GPD2 AJG44149 N/A 723 15 99.8 (99.1)
August 2020 | Volu
1Reads (transcripts) per kilobase per million mapped reads relative to expression of the most weakly expressed isoform in each species. Culture conditions were 8°C and 700 mM NaCl
(Chlamy-UWO) and 500 mM NaCl (Chlamy-ICE). N/A, data not available.
2Percent identity (% similarity) to PSP+GPDH region of C. reinhardtii GPD3.
A B

FIGURE 1 | Responses of Lake Bonney Chlamydomonas species to increasing salinity. (A), Glycerol production in Chlamy-UWO and Chlamy-ICE. Two independent
measurements were made for Chlamy-UWO. For UWO-2, three measurements were made for each sample. (B), Expression of PSP/GPDH isoform 2 of Chlamy-
UWO using different reference genes.
me 11 | Article 1259
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known about how it was synthesized until recently. Previous
studies referred to the enzymes involved only generically without
identifying specific genes, and thus not really “nailing down” the
pathway. Recently, the specific enzymes involved in glycerol
synthesis have been identified in a bacterium (Larrouy-
Maumus et al., 2013), a fish (Raymond, 2015), and, as
highlighted here, two species of algae (Morales-Sanchez et al.,
2017; He Q. H. et al., 2020). The algal enzymes are especially
interesting because of their novel form in which the two enzymes
needed to convert DHAP into glycerol are fused into a single
enzyme. Although these double enzymes are largely limited to
chlorophytes, the recent finding of homologous genes in two
unicellular organisms (P. purpureum and S. arctica) that have
links to some of the earliest eukaryotes (Mendoza et al., 2002;
Bhattacharya et al., 2013) suggests that the fused gene may have
evolved early in the history of eukaryotes.

The present results show that multiple copies of similar
enzymes are found in two glycerol-producing Chlamydomonas
species from Antarctica. Furthermore, the expression of a
representative isoform from Chlamy-UWO was strongly
upregulated by high salinity and the upregulation was
associated with an increase in glycerol production. This result
was supported by a recent proteomic study of Chlamy-UWO in
which enzymes classified as NAD+-dependent GPDHs showed a
six-fold increase when NaCl concentration was increased from
near zero to 700 mM (Kalra et al., 2020). These results indicate
Frontiers in Plant Science | www.frontiersin.org 510
that the bidomain enzyme is a major source of glycerol in
Chlamy-UWO, and most likely in Chlamy-ICE as well. Using
glycerol as an osmoprotectant, Chlamy-UWO and Chlamy-ICE
can survive in salinities greater than the salinity of seawater (at
least 700 and 1300 mM NaCl for Chlamy-ICE and Chlamy-
UWO, respectively; equivalent to about 1.4x and 2.5x the salinity
of seawater, respectively). The highest glycerol levels observed in
Chlamy-ICE and Chlamy-UWO were 150 and 420 mM,
respectively (Figure 1A). (Chlamy-ICE may not need higher
levels of glycerol since it appears to live in shallower and thus
less saline waters than Chlamy-UWO). For comparison,
C. reinhardtii, a non-halotolerant species, can tolerate a
maximum salinity of 200 mM NaCl (León and Galván, 1994)
(but no more than 100 mM NaCl in our laboratory) and
accumulates only about 26 mM glycerol in medium containing
100 mM KCl. (Husic and Tolbert, 1986). On the other hand, the
marine coastal C. pulsatilla can produce much higher levels of
glycerol, 1,450 mM when grown in double-strength seawater
(Ahmad and Hellebust, 1986).

It should be noted that the glycerol levels in the Lake Bonney
species are not enough to balance the osmolarity of the external
medium. For example, at 1,300 mM NaCl (~2.6 Osm), the
glycerol level in Chlamy-UWO was only about 0.4 Osm. Thus,
the cells appear to be increasing the concentrations of additional
osmolytes to maintain osmotic equilibrium. In addition to
glycerol, proline and sucrose were found to accumulate at high
A

B

FIGURE 2 | Structure of Chlamy-UWO PSP/GPDH isoform 1. (A), Domain structure, consisting of an N-terminal chloroplast-targeting signal, a phosphoserine
phosphatase domain and a glycerol-3-phosphate dehydrogenase domain. (B), Stereoview of the molecule generated by Swiss-Model using the PSP/GPDH of D.
salina as template. The lower portion, beginning at Thr60, shows the PSP domain with an embedded magnesium ion (olive). The upper portion, ending at Phe639,
shows the GPDH domain. Color codes: red, beta sheet; blue, alpha helix; cyan, coil; green, turn; yellow, 310 helix.
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levels in high-salt-grown Chlamy-UWO cultures (Kalra et al.,
2020). In C. pulsatilla, in which glycerol contributed only about
57% to the intracellular osmolality, large increases in sodium and
chloride ions made important contributions to maintaining
osmotic equilibrium, but sugars and amino acids did not
appear to have a significant role (Ahmad and Hellebust, 1986).

C. reinhardtii has four other GPDHs designated GPD1,
GPD4, GPD5, and the mitochondrial mtGPD (Morales-
Sanchez et al., 2017). tBlastn analyses of contigs assembled
from the Chlamy-UWO and Chlamy-ICE transcriptomes
indicate that both species have close homologs of each of these
proteins (data not shown). We cannot rule out the possibility
that these GPDHs also have a role in glycerol production,
although GPD4 in C. reinhardtii was not upregulated by 125
mM NaCl (Morales-Sanchez et al., 2017).

That all the Lake Bonney PSP/GPDH isoforms have a
chloroplast targeting signal suggests that they function in the
chloroplast, as was concluded for the bidomain enzymes in C.
reinhardtii (Morales-Sanchez et al., 2017) and D. salina (He Q.
H. et al., 2020). This seems reasonable in view of the fact that the
enzymes could act directly on DHAP produced by the Calvin
Frontiers in Plant Science | www.frontiersin.org 611
cycle in the chloroplast. However, several chlorophyte bidomain
proteins in the databank do not appear to have chloroplast
signals as judged by ChloroP, which suggests they function in
the cytoplasm.

Because Chlamy-UWO and Chlamy-ICE are living in
an environment that is constantly exposed to freezing, as
demonstrated by their expression of numerous ice-binding
proteins (Raymond and Morgan-Kiss, 2013; Raymond and
Morgan-Kiss, 2017), glycerol, by lowering the freezing point of
the intracellular medium, could also act as a cryoprotectant. These
might be the only organisms to use glycerol as both an
osmoprotectant and a cryoprotectant.

Most of the known bidomain glycerol enzymes belong to
chlorophytes, which in addition to Chlamydomonas and
Dunaliella, include Gonium, Raphidocelis, Micractinium,
Chlorella, Chloropicon, Volvox, and Tetrabaena. Many of
these species are freshwater species and so it remains to be
seen whether these species also produce glycerol and for what
purpose. It also remains to be seen whether other marine
Chlamydomonas species that make glycerol (Ahmad and
Hellebust, 1986; Miyasaka et al., 1998) also have these
FIGURE 3 | Neighbor-joining phylogenetic tree of the ~600 a.a. region containing the PSP and GPDH domains of PSP/GPDH bidomain enzymes of 10
chlorophytes. Bootstrap values less than 65% are not shown.
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enzymes. Finally, little is known about how Chlamydomonas spp.
sense changes in salinity. Recent studies on osmosensing in
microalgae (Suescún-Bolıv́ar and Thomé, 2015; Charneco
et al., 2018; He Q. et al., 2020) have implicated the possible
involvement of mitogen-activated protein (MAP) kinases. The
behavior of these genes in response to increases in salinity should
thus be interesting.

In summary, we show that two Antarctic extremophiles, in
addition to having several adaptations to low light and low
temperature, also have adapted to high salinity by producing
glycerol as an osmoprotectant (and possibly a cryoprotectant),
and at least one of them (Chlamy-UWO) achieves this by using
an unusual bidomain enzyme that can make glycerol directly
from DHAP.
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TABLE S1 | qPCR primers used in this study.

FIGURE S1 | Alignment of PSP/GPDH domains of Chlamy-ICE and Dunaliella
salina showing conservation of ligand binding sites. The binding sites in Dunaliella
are from He Q. H. et al. (2020). Red underline, PSP domain; blue underline, GPDH
domain. Blue asterisks, glycerol-3 phosphate; green asterisks, NAD; red asterisks,
DHAP. Black background, identical a.a.s; gray background, similar a.a.s.
Numbering refers to position in the Chlamy-ICE protein. The region shown (from
T60 to F639) is the same region shown in Figure 2B.

FIGURE S2 | Stereo views comparing the ligand binding sites in the GPDH
domain of the PSP/GPDH protein in Dunaliella salina (top) and Chlamy-UWO
isoform 2 (bottom). The Dunaliella structure was determined by X-ray
crystallography. The Chlamy-UWO structure is predicted by SwissModel based on
the Dunaliella structure. The binding sites for Dunaliellawere obtained from He Q. H.
et al. (2020). The amino acid residues forming the binding sites are shown. Red,
DHAP binding site; green, NAD binding site. These amino acid residues correspond
to the red and green asterisks, respectively, in Figure S1.
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krienitzii (Chlorophyceae) Show
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Melting mountainous snowfields are populated by extremophilic microorganisms. An
alga causing orange snow above timberline in the High Tatra Mountains (Poland)
was characterised using multiple methods examining its ultrastructure, genetics, life
cycle, photosynthesis and ecophysiology. Based on light and electron microscopy
and ITS2 rDNA, the species was identified as Chloromonas krienitzii (Chlorophyceae).
Recently, the taxon was described from Japan. However, cellular adaptations to its
harsh environment and details about the life cycle were so far unknown. In this study,
the snow surface population consisted of egg-shaped cysts containing large numbers
of lipid bodies filled presumably with the secondary carotenoid astaxanthin. The outer,
spiked cell wall was shed during cell maturation. Before this developmental step, the
cysts resembled a different snow alga, Chloromonas brevispina. The remaining, long-
lasting smooth cell wall showed a striking UV-induced blue autofluorescence, indicating
the presence of short wavelengths absorbing, protective compounds, potentially
sporopollenin containing polyphenolic components. Applying a chlorophyll fluorescence
assay on intact cells, a significant UV-A and UV-B screening capability of about 30
and 50%, respectively, was measured. Moreover, intracellular secondary carotenoids
were responsible for a reduction of blue-green light absorbed by chloroplasts by about
50%. These results revealed the high capacity of cysts to reduce the impact of harmful
UV and high visible irradiation to the chloroplast and nucleus when exposed at alpine
snow surfaces during melting. Consistently, the observed photosynthetic performance
of photosystem II (evaluated by fluorometry) showed no decline up to 2100 µmol
photons m−2 s−1. Cysts accumulated high contents of polyunsaturated fatty acids
(about 60% of fatty acids), which are advantageous at low temperatures. In the course
of this study, C. krienitzii was found also in Slovakia, Italy, Greece and the United States,
indicating a widespread distribution in the Northern Hemisphere.

Keywords: snow algae, cysts, polyunsaturated fatty acids, photosynthesis, astaxanthin, chlorophyll fluorescence,
UV-B radiation, UV-A radiation
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INTRODUCTION

Long-lasting, melting snow is an extremophilic habitat for
specialised phototrophic eukaryotes (Hoham and Remias, 2020).
Cryoflora represents the primary producers in an ecosystem
containing heterotrophic members like bacteria, ciliates, mites,
rotifers, tardigrades, springtails in combination with fungi like
chytrids (Yakimovich et al., 2020). During the melting period,
snow algae cause the macroscopic phenomenon of coloured
snow. Such blooms frequently occur in combination with
abundant intracellular secondary carotenoids, altering the snow
colour from green to red. This has an impact on snowmelt due to
a significant albedo reduction, as shown in Polar (Onuma et al.,
2016; Gray et al., 2020; Khan et al., 2020) and Alpine regions
(Di Mauro et al., 2020).

Using state of the art morphological and molecular protocols,
the number of recognised species causing snow blooms has
increased during the last decade (e.g., Matsuzaki et al., 2019).
The majority belongs to the green algal genus Chloromonas,
and its ability of snow colonisation is based on a life cycle
including sensitive, migrating flagellates deeper in the snow and
a transformation into robust, immotile cyst stages that prevail
at the surface (Hoham and Remias, 2020). Generally, knowledge
about the geographic distribution or the ecophysiological
preferences of these cryoflora microbes is limited. Some have
been studied more extensively, such as the red snow causing
Chlainomonas sp. (Remias et al., 2016; Procházková et al.,
2018a; the first record from Antarctica in Luo et al., 2020)
or Sanguina nivaloides (formerly assigned to Chlamydomonas
nivalis) (Procházková et al., 2019a). There are not many
works about snow dwelling Chloromonas that cause colours
other than red (Hoham et al., 2006; Remias et al., 2010;
Procházková et al., 2019b).

In this study, the ecophysiology of Chloromonas krienitzii
(Chlorophyceae) was investigated. Specimens were collected
in several alpine sites of Europe and North America, where
cyst stages were responsible for orange blooms during
summer. Historically, this species was one of several lineages
formerly assigned to Chloromonas brevispina, which comprised
characteristic cysts with cells possessing uniformly distributed
spiky surface structures (Hoham et al., 1979). With samples
from Japan, Matsuzaki et al. (2015) described an independent
taxon out of this group based on morphological data and the
multigene phylogeny of the vegetative strain. Although this
species was recently detected by environmental sequencing in
British Columbia (Canada) (Engstrom et al., 2020), its overall
geographic distribution is still unexplored.

Cells of C. krienitzii were characterised using multiple
approaches to understand strategies of adaptation to the
harsh habitat. In a first step, the field collected cells were
determined to the species level using the hypervariable ITS2
rDNA marker (barcoding). Second, since several details of the
life cycle including cleavage of cysts into flagellates for this
alga were unknown, thus hampering determination efforts by
light microscopy of environmental samples, the putative life
cycle was reconstructed. Third, since cysts are subject to high
irradiation at the snow surface, the light-dependent photobiology

was evaluated. Fatty acid and pigment profiles of the cysts
complement the dataset, as these compounds are regarded as
important players for low temperature and high irradiation
adaptation (Leya, 2013, 2020). Finally, by applying a chlorophyll
fluorescence assay to intact cells, the capacity for screening
the chloroplast in the cysts against harmful radiation by UV
absorbing carotenoids was measured to reveal the capability to
reduce the impact of this irradiation.

MATERIALS AND METHODS

Field Sampling
Table 1 shows the snow sampling sites in the Rocky Mts.
(Colorado, United States), the Sarntal Alps (South Tyrol, Italy),
High Tatra Mts. (Slovakia, Poland) and North Pindus (Greece)
(Supplementary Figure 1). With a field microscope, virtually
monospecific blooms (LP05, WP191, Pind19) were harvested
according to Procházková et al. (2019a). The unialgal spot
of 1SAR was collected without previous light microscopy in
the field. Additionally, three mixed algal snow communities
(Saddle2, WP189, WP190) were included in this study to track the
geographical distribution of the target species. Harvested snow
was placed in 5 L buckets (LP05) or in 50 mL centrifugation
tubes (all the other samples). Supplementary, a 10 mL subsample
of LP05 was fixed immediately after harvest by a drop of acidic
lugol solution (acetic acid). Samples LP05 and WP191 were used
for cultivation assay. Samples LP05, WP191 and 1SAR were a
subject of Sanger sequencing. Furthermore, sample LP05 was
also used in other subsequent analysis (electron microscopy,
photosynthesis measurements, UV and blue light transmittance
protocol, analyses of pigment and fatty acid profiles). Prior to
photosynthesis measurements, snow with live cells was melted
gently in 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). The snow water equivalent at the
sampling site (SWE; referred to as “snow water content” in
the following reference) was carried out as described previously
(Procházková et al., 2018b).

Cultivation Assay
A feature of very low electrical conductivities recorded in the
field was reproduced at laboratory conditions for cultivation.
As long as the field cysts did not start to cleave, they were
incubated in deionised water. In detail, for gaining unialgal
strains out of field blooms to study the life cycle, subsamples
of LP05 and WP191 containing sedimented cysts were put into
sterile 2 mL cryotubes and the meltwater replaced with deionised
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. Subsequently,
flagellates were transferred from the supernatant into liquid
0.6 N Bold’s Basal Medium (BBM) (Bischoff and Bold, 1963) and
irradiance was kept at 20–30 µmol PAR m−2 s−1.
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Light and Electron Microscopy
Light microscopy was performed with an Olympus BX43
at 1000× magnification using oil immersion, equipped with
an Olympus DP27 camera (Olympus Europe SE, Hamburg,
Germany), or with a Nikon Eclipse 80i with Nikon DS-
5M camera (Nikon Instruments Europe, BV). Scanning and
transmission electron microscopy (SEM and TEM) were carried
out with sample LP05 as described previously (Procházková
et al., 2018b), with the minor exception that for TEM only
cells previously fixed by acidic lugol solution (acetic acid) were
used. The autofluorescence of cell walls was studied using Nikon
Eclipse 80i (objective Plan Apo VC 100 × 1.40, camera DS
5 M; Nikon Instruments, Amsterdam, Netherlands) equipped
with a DAPI-filter (excitation = 340–380 nm, emission = 435–
485 nm). Chloroplast shapes were visualised, by exposing them
to excitation = 460–500 nm and emission 600 nm.

Isolation of DNA, PCR, Sequencing, ITS2
rRNA Secondary Structure Prediction
DNA isolation (sample LP05) was carried out with a DNeasy
Plant Mini Kit (Qiagen, Germany), as in Procházková et al.
(2018b). If less than 20 mg wet biomass was available
(samples WP191 and 1SAR), DNA was extracted using the
Instagene Matrix Kit (Bio-Rad Laboratories, Hercules, CA,
United States) according to Remias et al. (2016). The internal
transcribed spacer region 2 (ITS2 rDNA) was amplified from
DNA isolates by polymerase chain reaction (PCR) using
existing primers of SSU (CTGCGGAAGGATCATTGATTC)
and LSU (AGTTCAGCGGGTGGTCTTG) (Piercey-Normore
and DePriest, 2001). Amplification reactions were described in
Procházková et al. (2018b). PCR products were purified and
sequenced using an Applied Biosystems automated sequencer
(ABI 3730xl) at Macrogen Europe (Amsterdam, Netherlands).
The obtained sequences of C. krienitzii were submitted
to NCBI Nucleotide sequence database (accession numbers:
MW136658 for LP05–partial 18S rDNA + ITS1 rDNA + ITS2
rDNA+ partial 28S rDNA; MW139361 for WP191–ITS2 rDNA;
MW139362 for 1SAR–ITS2 rDNA). Methods for annotation
and prediction of the secondary structure of the nuclear
rDNA ITS2 region follow those described in a previous study
(Remias et al., 2020).

Photosynthesis
In vivo chlorophyll fluorescence parameters were measured with
a pulse–amplitude modulated fluorometer (PAM 2500, Heinz
Walz GmbH, Germany) in a 0.6 mL chamber and cooled
in an ice bath to approximately 2◦C. To obtain the relative
electron transport rates (rETRs), the apparent quantum yield
for electron transport (alpha) 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. The data points were fitted to the model, assuming
no photoinhibition (Webb et al., 1974). For further details, see
Procházková et al. (2018b).

Screening of UV Radiation and
Blue-Green Light
Ultraviolet and blue light screening were assessed by chlorophyll
fluorescence measurements (Bilger et al., 1997). Frozen and
subsequently thawed cells of Chlorella vulgaris (SAG 211-11b)
were used as a reference green alga from a non-exposed habitat.
Algae (LP05) were sent frozen to University of Kiel, Germany,
where they were stored at−20◦C until measurement. The sample
was thawed and applied onto a glass fibre pre-filter (Sartorius
Stedim biotech, Göttingen, Germany). Chlorophyll fluorescence
was excited from the sample using a Xe-PAM fluorometer (Walz,
Effeltrich, Germany) with blue-green (half-bandwidth (HBW),
420–560 nm), UV-A (λmax, 366 nm; HBW, 32 nm), UV-B (λmax,
314; HBW, 18 nm) and red (λmax, 650 nm; HBW, 9 nm)
measuring beams according to Pescheck and Bilger (2018). Ratios
of fluorescence excited with blue-green light [F(BG)], UV-A
[F(UV-A)] or UV-B [F(UV-B)] to that excited with red light
[F(red)] were calculated. The measurements were conducted
in three replicates. For comparison, a dense suspension of
Chlorella vulgaris cells was measured the same time. In order to
provide the same pre-treatment for these cells as for C. krienitzii,
Chlorella cells were frozen for 2 h at−20◦C and afterward rapidly
thawed. Chlorella was cultivated in liquid culture medium in
400 mL culture vessels placed in a modified Kniese apparatus
(Senger et al., 1972) under continuous aeration with filtered
air. 3N BBM + V medium (modified BBM) (Starr and Zeikus,
1993) was used for the cultivation. The culture was grown on a
14:10 h light/dark cycle at 135 µmol photons m−2 s−1 of white
fluorescent light at room temperature. Values of fluorescence
excitation ratios of C. krienitzii were compared with those of
Chlorella vulgaris cells using Student’s t-test with SigmaPlot
(Systat Software, Erkrath, Germany).

Pigment Analysis
For characterisation of carotenoids and chlorophylls (sample
LP05), lyophilised cells were broken with liquid nitrogen in a
mortar with a pestle, extracted with organic solvents and analysed
by HPLC (Agilent 1200 ChemStation) equipped with a YMC
C30 column and a diode array detector set at 450 nm in the
same manner as described in Procházková et al. (2019b). Pigment
ratios (w/w) were used because dry mass of cells as a reference
could not be obtained due to the presence of particles.

Lipid Extraction and Fatty Acid Methyl
Esters Analysis (FAMEs)
The extraction procedure was based on the method of
Bligh and Dyer (1959), 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) according to Saunders and Horrocks
(1984). All classes of lipids were saponified overnight in 10%
KOH in methanol at room temperature. The structures of
fatty acid methyl esters analysis (FAMEs) were confirmed
by comparison with Gas Chromatography/Mass Spectrometry
retention times and fragmentation patterns with those of
standard FAMEs (Supelco, Prague) (Dembitsky et al., 1993;
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Řezanka and Dembitsky, 1999). Procedures were described in
more detail in Procházková et al. (2018b).

RESULTS

Habitat Conditions
In the High Tatras, the Sarntal Alps and the Northern Pindus
mountain range, spots of orange snow were found in June and
July at elevation from 1862 to 2240 m a.s.l., all of them situated
above timberline (Table 1). In the Rocky Mts., the orange spots
appeared as insertions in a large red snowfield dominated by
S. nivaloides at 3540 m a.s.l. In the Polish High Tatras, the
virtually monospecific orange snow was present at the surface,
but the most intense bloom was about 3 to 5 cm below (LP05
sample). At this site, the surface was dominated by “black snow”
(caused by inorganic particles) typical for this region (Kol,
1966). Although this blackish snow was removed before harvest,

impurities were still present in the sample collected in subsurface
layers (Figure 1). In the moment of harvest of the field cysts, a
slightly acidic pH and low electrical conductivities were typical
for the meltwater at all localities (Table 2).

Cell Morphology and Autofluorescence
In the High Tatras, the maximal population density was
45,900 ± 4,600 orange cysts mL−1 meltwater was recorded
(LP05). In the light microscope, blooms consisted of orange, egg-
shaped cells with mean sizes of 25.1 ± 3.9 µm × 22.6 ± 3.1 µm
(Figures 2–4). Cells still had their outer envelope (Figures 2A,
3A), were in the process of shedding their outer envelope (a
cell on the right in Figure 4E) or this envelope was just shed
(Figures 2C, 3B). This outermost ephemeral cell wall possessed
many characteristic short protrusions (Figures 3D,F), in contrast
to the persisting smooth cell wall surface (Figures 2B, 3C).
The cytoplasm contained large numbers of peripheral, orange
lipid bodies (Figures 1A, 3E, 4A,C), presumably deposits of the

TABLE 1 | Chloromonas krienitzii sample codes, collection date, sampling site, elevation (metres a.s.l.) and geographic position (GPS).

Sample Date Location Altitude GPS #

Saddle2 July 8, 2017 Niwot Ridge, Front Range, Rocky Mts, Colorado, United States 3540 N40◦ 3.326′ W105◦ 35.265′ 1

1SAR July 15, 2013 Wannser Joch, Sarntal Alps, South Tyrol (BZ), Italy 2244 N46◦ 47.867′ E11◦ 21.697′ 2

LP05 June 14, 2017 Valley Za Mnichem, High Tatras, Poland 1862 N49◦ 11.654′ E20◦ 3.168′ 3

WP189 June 17, 2018 Next to Modré Lake shore, High Tatras, Slovakia 2177 N49◦ 11.559′ E20◦ 11.165′ 4

WP190 June 17, 2018 At the bottom of Dolinka pod Sedielkom, High Tatras, Slovakia 2114 N49◦ 11.41′ E20◦ 11.27′ 5

WP191 June 17, 2018 On a shore of Prostredné Sivé Lake, High Tatras, Slovakia 2017 N49◦ 11.016′ E20◦ 10.483′ 6

Pind19 July 1, 2019 Next to a hiking trail, North Pindus, Greece 2376 N40◦ 5.153′ E20◦ 55.302′ 7

The numbers indicate sampling sites at the map of Supplementary Figure 1.

FIGURE 1 | Overview of a sampling site in the valley Za Mnichem, the High Tatras, Poland, with a bloom of Chloromonas krienitzii. The snow field was located on a
modest slope in a field depression (A) and contained superficial “black snow” (likely airborne mineral dust) (B). Before cell harvest, to avoid a high load of mineral
particles in a sample, the surface snow was removed (C). Orange spots were visible at the snow surface (B), but the highest algal cell density was about 3–5 cm
below (D).
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TABLE 2 | Abiotic habitat parameters and cyst sizes of Chloromonas krienitzii field samples.

Sample Species EC pH SWE Cells per mL meltwater Cell size (µm)

Saddle2 S. nivaloides, C. krienitzii 3 5.5 – – 25.6−34.2 × 22.9−26.6 (2)

1SAR C. krienitzii – – – – 22 ± 3; 15−27 (40)

LP05 C. krienitzii 6.8 5.2 53.8 ± 1.9 45 900 ± 4600 26 ± 1.8 × 21 ± 1.6; 22.9−29.4 × 18−24.3 (31)

WP189 C. cf. nivalis, C. krienitzii 8.1 6.2 – (35 500); 850 21.6−25.7 × 22.3−24.4 (4)

WP190 C. nivalis subsp. tatrae, C. krienitzii 5.8 6.8 – (15 250); 2050 23.9−30.4 × 23.3−28.1 (7)

WP191 C. krienitzii – – – – 24.9 ± 2.1 × 22 ± 1.7; 20.9−29.6 × 18.3−25.1 (33)

Pind19 C. krienitzii – – – – 33 ± 1.3 × 29.1 ± 1.5; 32.1−36.5 × 27.1−31.6 (10)

Electrical conductivities (EC) (µS cm−1), pH of meltwater, the snow water equivalent (SWE) (%), maximum population density ± standard deviation (SD), average cell sizes
[µm] and cell size ranges (with n = number of cells measured) are shown. In case C. krienitzii was a minor contribution in a bloom of other snow alga (e.g., Chloromonas
cf. nivalis, Chloromonas nivalis subsp. tatrae), cell counts of the latter are shown in brackets.

FIGURE 2 | The Light microscopy of Chloromonas krienitzii field cysts. (A,B) Median view, showing cytoplasm with peripheral, orange astaxanthin deposits and an
axial, greenish chloroplast. (A) Prominent secondary cell wall spikes still present. (B) Smooth cell that had shed the outer envelope (C), the latter possessed
characteristic, short spikes (<1 µm). Scale bar 10 µm.

carotenoid astaxanthin which obscured the plastid morphology.
Using chlorophyll autofluorescence, the chloroplast shape was
revealed as axial and being sectioned into several discoid
parts (Figures 4B,D). Remarkably, the remaining secondary cell
wall exhibited a blue autofluorescence under UV-A exposure
(Figure 4F). In contrast, vegetative flagellates of the strain (see
below) had no wall UV-autofluorescence (data not shown).

Comparative Analysis of ITS2 rDNA
Regarding the variable marker ITS2 rDNA, cells of all blooms
(LP05, 1SAR, WP191) were genetically identical with the type
strain of C. krienitzii (GsCl-54) from Japan, except for one to four
nucleotide positions (out of 288 bp). The different nucleotides
were on a single strand only, thus no compensatory base change
was found. The cysts in other samples collected in this study
(Table 2) were used for the light microscopy observation only.
Taking into an account these molecular findings together with
the consistent morphology of the field sampled cysts and their
identical type of habitat, all investigated samples were regarded
to belong to this species (Figure 5).

Life Cycle Studies
The aim of life cycle observation was to reconstruct the fate
of the bloom cysts. The shedding of the spiky, outermost

cell wall was observed for cysts in the field (WP191, LP05)
and later in the lab as well (Figure 6A). In course of this
life cycle development, the remaining cells with smooth wall
and orange pigmentation resembled a different snow alga,
Cryodactylon glaciale (Figure 6B), instead of initial spiky cells
traditionally identified as Chloromonas cf. brevispina. After
5 months of reproductive inactivity in original meltwater in
the lab, these smooth cysts had cleaved into 4 to 16 daughter
cells. Concurrently, the intracellular pigmentation of sporangia
turned from orange to green (Supplementary Figure 2A
and Figures 6C,D). Approximately 3 weeks later, the cysts
germinated, i.e., vegetative green thickened cells (Figures 6E–G)
or elongate bean to kidney shaped flagellates were released
(Figure 6H). Two morphologic versions developed, either
elongate (Figures 6I–K) or spherical stages (Figures 6L–N).
No sexual reproduction was observed for this strain. Still, the
formation of a new generation of cyst stages was occasionally
observed at lab conditions (Supplementary Figure 2H).

UV and Blue Light Protection of the
Cysts
In the fresh state, Chlorella vulgaris cells showed the same
fluorescence excitation ratios as isolated chloroplasts from
Arabidopsis thaliana (100% transmittance standard, data not
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FIGURE 3 | EM of Chloromonas krienitzii field cysts from the High Tatras (LP05). (A–D) SEM. (A) A cyst with spiky surface structures. (B) Outer (putative secondary)
cell wall with spines after shedding. (C) Remaining (putative tertiary) smooth cell wall. (D) Detail view of the spiky surface of the secondary cells wall. (E,F) TEM of
cells fixed by acidic lugol solution. (E) The chloroplast, sectioned into several discs (c), surrounding the central nucleus (n) and abundant lipids bodies (l) (F) Detail
view of cell wall layers, transient primary cell wall (large arrow), spikes as a part of the secondary cell wall (arrowheads), smooth tertiary cell wall (small arrow). Scale
bars 5 µm for panels (A–C,E); scale bars 1 mm for panels (D,F).

shown). Since C. krienitzii cells were also frozen and thawed, its
data may compare better to those of the frozen Chlorella vulgaris
cells. Compared to Chlorella vulgaris, C. krienitzii showed a 25
to 35% higher UV-A screening (p < 0.01) while the screening of
UV-B radiation was 40–50% higher (p< 0.001) (Figure 7A).

The astaxanthin of the snow alga shows strong absorption in
the blue-green spectral region and should accordingly compete
for light absorption with chlorophyll. Indeed, fluorescence
excitation in the blue-green wavelength region (HBW 420–
560 nm; Bilger et al., 1997) was reduced by about 50% as
compared to astaxanthin-free Chlorella (p< 0.001) (Figure 7B).

Photosynthesis
The photosynthetic performance of C. krienitzii field samples
was tested at different irradiance levels and rapid light curves
were generated. The cysts were not dormant in terms of
photosynthesis, as indicated by ETR (Figure 8). No decline of
activity was noticed up to 2100 µmol PAR m−2 s−1. Cells showed

an alpha value of 0.17, a relative ETRmax of 22.9 ± 1.5, and an Ik
value of 133± 8 µmol PAR m−2 s−1.

Pigment and Fatty Acid Composition
The orange pigmentation of cysts of C. krienitzii was caused
by astaxanthin. Its abundance and those of other pigments
were calculated in reference to chlorophyll a (Supplementary
Table 1). Astaxanthin comprised 28% of all pigments (LP05). In
the chromatogram, it occurred as several peaks with identical
absorption spectra, all of them likely ester derivatives (data not
shown). Chlorophylls (a and b) comprised 61% of all pigments,
primary (plastid) carotenoids represented 11%. The overall ratio
of astaxanthin to chl-a was 0.4. In contrast, the laboratory strain
stayed green (data not shown). The relative content of FAs (in
percentage of total fatty acids) of C. krienitzii field cysts (LP05) is
shown in Figure 9. FAs with C14 to C18 were found. Cells showed
high levels of PUFAs (58.6% of total fatty acids), whereas the
content of saturated acids (SAFAs) did not exceed 18.7% (mainly
palmitic acid, 16:0, 17.1%). The main monounsaturated fatty
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FIGURE 4 | Bright field vs. fluorescence LM comparison of Chloromonas krienitzii field cysts. Chlorophyll autofluorescence in red (B,D) showing the chloroplast
sectioned into several discoid parts, with are otherwise partly obscured (A,C). The tertiary cell wall exhibited blue, UV A-induced autofluorescence (F), indicating the
presence of putative UV-absorbing compounds. In contrast, the outer, secondary spiky wall (arrowhead) exhibited no autofluorescence (compare E,F). Scale: 10 µm.

acid (MUFA) was oleic acid (18:1 (9Z), 10.6%). The dominant
PUFA was linolenic acid [18:3 (9Z, 12Z, 15Z), 27.8%], followed
by hexadecatetraenoic acid [16:4 (4Z, 7Z, 11Z, 13Z), 11.6%].

DISCUSSION

Geographical Distribution of Snow Algae
Direct sequencing of monospecific algal blooms facilitates
species-specific biogeographic conclusions (Procházková et al.,
2019a). Individual species of snow algae can either show a
cosmopolite distribution (e.g., S. nivaloides, Segawa et al., 2018;
Procházková et al., 2019a) or their known occurrence is rather
geographically limited (e.g., Chloromonas polyptera, Remias
et al., 2013; Sanguina aurantia, Brown and Tucker, 2020).
C. krienitzii seems to be in-between: It was initially described
only from Japan (Matsuzaki et al., 2015) and subsequently found
in Europe and North America as well (this study, Engstrom
et al., 2020). Likely, the morphologically striking cysts have
been observed many times elsewhere, but were determined as
Chloromonas cf. brevispina due to the spiky wall surface, and
molecular protocols were not available during older studies.
For example, Hoham et al. (1979) described snow algal cysts
similar to C. krienitzii in the United States. This work gives
the first records of C. krienitzii for Europe, namely in the High
Tatra Mts (Poland and Slovakia) and the Alps (Italy), which is
based both on molecular and morphological data. Furthermore,

cysts with the same morphology were found in Greece (this
study) and previously reported from Sierra Nevada (Spain) (see
Figures 23–25 in Cepák and Lukavský, 2012) and Stara Planina
Mts. (Bulgaria) (see Figures 50–55 in Lukavský and Cepák,
2010). C. krienitzii has not been found in polar regions or the
Southern hemisphere yet.

Species Distribution Along the Gradient
of Elevations
The blooms occurred at open sites with elevation ranging
from 1862 to 3500 m (this study), but earlier studies reported
C. krienitzii to be predominant in clearings or sites with
sparse trees around 1200 m (Engstrom et al., 2020) or at
open sites in broad-leaf forest around 880 m elevation (R.
Matsuzaki–pers. comm., Matsuzaki et al., 2015). Similarly,
such a wide gradient of elevation was described for the
occurrence of orange to pinkish snow caused by Chloromonas
hindakii (Procházková et al., 2019b). Apparently, snow algae
of the genus Chloromonas can thrive in a large range of
irradiation levels (exposed to semi-shaded sites). In contrast,
S. nivaloides, the probably most widespread cryoflora species
(Procházková et al., 2019a), is restricted to exposed habitats
(Remias et al., 2005). The slightly acidic pH and low meltwater
conductivities where C. krienitzii was found correspond to
similar values reported for many other chlorophycean snow algae
(Hoham and Remias, 2020).
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FIGURE 5 | Intraspecific variability in the secondary of ITS2 rDNA transcripts of Chloromonas krienitzii–comparison between field-cyst collected from different
localities (LP05 [MW136658], 1-1SAR [MW139362], 2-WP191 [MW139361]; this study), the type strain (3-GsCl-54 [LC012756]; Matsuzaki et al., 2015) and
published sequences of field cysts (4-Gassan-A [LC012753], 5-Hakkoda-2 [LC012755]; Matsuzaki et al., 2015). The marker sequence differed by 1–4 bp amongst
the samples. Helices are labelled with Latin numbers: I–IV. Nucleotide differences of the field samples are described in red outside the structure and linked by dotted
lines. No compensatory base change was found. Note the U–U mismatch in helix II (arrow).

Colours of Snow Bloom in the Context of
Chloromonas brevispina-Like Species
Using molecular data, Matsuzaki et al. (2015) proved that cysts
which were morphologically determined as C. brevispina are
caused by several independent lineages, which are in several
cases not taxonomically described yet. In Washington State
(United States), mature zygotes C. brevispina were reported
to develop yellow, orange or pink snow discolouration, or
to remain green if found several centimetres below the snow
surface (Hoham et al., 1979). In this study, solely orange
cells were observed for C. krienitzii in the field samples.
Different stages of pigmentation (reflecting the changing ratio
astaxanthin to chlorophyll) were noticed for other representants
of Chloromonas cf. brevispina (C. brevispina DL09 in the Austrian

Alps, Lutz et al., 2019, usually causing green snow, while the pink
version was observed in late summer, Remias–pers. obs.).

Different Morphological Stages in
Course of Life Cycle
Combined field and lab observations have provided insights
to the life cycle of several snow dwelling Chloromonas (e.g.,
Hoham, 1975; Hoham and Mullet, 1977; Hoham et al., 1983).
For C. krienitzii, the transition from a cyst to vegetative
stages was presented here for the first time. As for other
Chloromonas species, the “gametic membrane,” like in the
case of C. krienitzii, may remain surrounding the developing
zygote, later it is expanded, gelatinises and is eventually shed
(Procházková et al., 2018a). Smooth-walled cyst stages with
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FIGURE 6 | Schematic, putative parts of the life cycle of Chloromonas krienitzii, based on combined observation of two field samples (LP05, WP191) kept in original
meltwater (A–H) and vegetative flagellates (H) transferred into 0.6 N BBM medium (H–L) at laboratorial conditions. (A) Cyst from the field shedding outer, spiky wall.
(B) Remaining cysts with smooth wall (resembling Cryodactylon glaciale). (C) Meiosis and cyst germination resulting in four daughter cells (three shown).
Subsequently, two independent ways of development were observed: (D) Mitotic division (up to 16 cells per cyst). (E) Growth of released daughter cell and (F,G)
mitotic divisions. (H) Vegetative flagellates are elongate- kidney or elongate-bean shaped. Then, two ways of asexual reproduction via zoospore formation were
found, either via elongated (I–K) or spherical stages (L–N), in both cases two to sixteen daughter cells were produced within the parental cell wall. Not shown:
gamete fusion to form a new zygote, respectively a cysts.

partially orange cell compartments are difficult to be determined
to the species level by light microscopy. Formerly, these cells
were regarded as the independent species Cryodactylon glaciale
(Chodat, 1921; Kol, 1968). We never observed shedding of
secondary cell walls for other Chloromonas cf. brevispina
species; in fact, they keep their spiky cell walls throughout
the season (data not shown). During cyst germination, the
number of daughter cells in C. krienitzii was always four,
indicating that this process is probably meiotic. Concurrently,
intracellular astaxanthin redistribution between daughter cells
was noticed. It was followed by astaxanthin decomposition in
these daughter cells (Supplementary Figure 2A). This can be
interpreted as an adaptation to low-light conditions deep in
the snow after germination during springtime, where secondary
carotenoids would impair the photosynthetic performance by
shading the chloroplast.

In the culture of C. krienitzii, the dominant vegetative
stages were bean-shaped flagellates, however, spherical cells were
regularly observed as well. This roundish shape is regarded as not
being very common for Chloromonas, still it has been observed
in several strains, and occasionally in the field (Hoham et al.,
1979; Procházková, Remias–pers. obs.). The asexual reproduction

of vegetative strain formed by flagellates for C. krienitzii was
described previously (Matsuzaki et al., 2015). This corresponded
with our finding that just before the first cell division, the
protoplast rotated, and the parental contractile vacuoles moved
to the equator of the parent cells (Supplementary Figure 2C,
compare with Figure 11 in Matsuzaki et al., 2015). Without
such observation, one may have a misleading impression that
the strain contains two unrelated flagellates–thin elongate ones
(i.e., not dividing at the given moment) and thickened ones (i.e.,
prepared for cell division). During this study, packages of two
to four flagellates still inside the parental cells were occasionally
observed (analogy can be seen in Figures 9, 10 in Hoham et al.,
1979). The flagellates of C. krienitzii were “backward”-swimmers,
meaning that during the cell movement the flagella are in the
rear (Supplementary Video 1). In this study, sexual reproduction
(e.g., Matsuzaki et al., 2020) was not observed.

Photosynthesis at Changing Light
Conditions
Life at high alpine sites requires adaptation to extreme abiotic
factors like temperature, visible and UV radiation and to
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FIGURE 7 | Protection against UV and blue light as determined by chlorophyll fluorescence measurements. (A) UV-A and UV-B fluorescence excitation ratios
(arbitrary units) of frozen and subsequently thawed Chlorella vulgaris cells and Chloromonas krienitzii cysts (LP05). (B) Blue-green to red fluorescence excitation
ratios (arbitrary units), indicating competition for excitation light between chlorophyll and carotenoids. Error bars show standard deviation, n = 3. Significant
differences were calculated using Student’s t-test. **p < 0.01; ***p < 0.001.

FIGURE 8 | Photosynthetic rapid light curves of Chloromonas krienitzii. The effect of increasing photon fluence rates (x-axis) on the relative electron transport rate
(rETR) (y-axis) of chloroplasts was measured for field-collected cysts (sample LP05) (n = 4, ±SD). The data points were fitted to the model, assuming no
photoinhibition (Webb et al., 1974).

their significant diurnal variations. Fluorometric measurements
showed that the C. krienitzii cysts were not dormant in terms
of photobiology similarly to other snow algal species (Remias
et al., 2013; Procházková et al., 2018b). The photosystem II
was well adapted to high levels of irradiation and showed no

sign of photoinhibition up to 2100 µmol PAR m−2 s−1. In
mid-latitude regions, cells are subject to such irradiances at the
snow surface on sunny days (Gorton and Vogelmann, 2003).
Nonetheless, relatively high alpha value indicated that this species
was shown to perform well also under low light conditions.

Frontiers in Plant Science | www.frontiersin.org 10 December 2020 | Volume 11 | Article 61725023

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-617250 December 13, 2020 Time: 10:58 # 11

Procházková et al. UV Protection in Snow Chloromonas

FIGURE 9 | Cellular fatty acid composition of Chloromonas krienitzii cysts
(LP05) in [%] of total fatty acids. The relative proportion of saturated (SAFA),
monounsaturated (MUFA), and polyunsaturated (PUFA) fatty acids is given in
the inset. The figure shows only fatty acids that had abundances greater than
0.1% of total fatty acids.

This corresponds to the localisation of most cells 3 to 5 cm
below snow surface.

Cellular Adaptation to Elevated Light
Levels at Alpine Conditions
The apparent ability of the cysts to cope with high light
conditions is a result of an interplay of several cellular
adaptations. The fluorescence excitation ratio of blue-green
light (BG, 420 to 560 nm; Bilger et al., 1997) to red
light (R, 650 nm) was explored, which gives an indication
on the competition between carotenoids and chlorophyll for
excitation light (Nichelmann et al., 2016). In C. krienitzii,
this ratio was significantly lower when compared with a non-
cryoflora Chlorella reference. Spectral data provided evidence
that carotenoids are the compounds which were responsible
in A. thaliana for the observed changes in the fluorescence
excitation efficiency between chloroplasts adapted to different
light levels (Nichelmann et al., 2016). In C. krienitzii cysts,
the significant reduction of the F(BG) to F(R) fluorescence
excitation ratio may be attributed to intracellular deposits of
carotenoids since the spectrum of the BG excitation beam covers
roughly the visible absorption of astaxanthin. Light must pass
through a layer of this pigment at the cell periphery before
it reaches the centrally located chloroplast (Figure 2B). In
addition, a high pool size of violaxanthin (V), antheraxanthin
(A), and zeaxanthin (Z) (V-cycle) could have contributed
to the reduction of this ratio. However, the carotenoids of
the VAZ cycle were present only in a comparatively low
concentration (Supplementary Table 1). Thus, a screening
function of astaxanthin was much more probable than one of
the V-cycle xanthophylls. If algae display a similar adjustment
of the VAZ pool size to irradiance as higher plants (see
e.g., Nichelmann et al. (2016) and citations therein), the

comparatively low pool size observed here indicates that the
photoprotective nature of the outer carotenoid layers was
quite effective. The cellular concentration of astaxanthin varies
depending on the individual species and stage within the
life-cycle of chlamydomonadacean snow algae (Hoham and
Remias, 2020). While vegetative cells of C. krienitzii produced
no astaxanthin, cysts had an astaxanthin to chl-a ratio of 0.4.
Similar levels were found for Chloromonas nivalis cysts from
the Austrian Alps (Remias et al., 2010). In contrast, species
causing red snow at exposed sites (Chlainomonas sp. and
S. nivaloides) have significantly higher ratios (Remias et al., 2005;
Procházková et al., 2018a).

Ultraviolet Radiation
High levels of short wavelength irradiation are typical for alpine
environments. Harmful effects of UV on ultrastructure and
metabolism in algae were reviewed by Holzinger and Lütz (2006).
They include destruction of chloroplasts and mitochondria,
and are probably mitigated by adaptive structures likely related
to the UV stress (in the case of cryoflora: intracellular
lipid bodies and vacuoles containing secondary pigments
or partially crystallised content, respectively) (Holzinger and
Lütz, 2006). Cells growing deeper in snow are less exposed
to UV stress, since transmittance drops more rapidly for
UV than for VIS with increasing snow depth (Gorton and
Vogelmann, 2003). On the other hand, the localisation of a
cell within the vertical snow profile may change throughout
the day due to snow melt processes. The smooth tertiary cell
wall of C. krienitzii exhibited a blue autofluorescence, which
indicates the presence of UV-absorbing protective polyphenolic
compounds. In contrast, the glacial algae Mesotaenium berggrenii
and Ancylonema nordenskioldii do not exhibit such UV
induced cell wall autofluorescence (Remias-own observation).
On the other hand, this cell wall signal was observed for
other close relatives of C. krienitzii, e.g., C. hindakii and
“Scotiella cryophila-K1” cysts (Procházková-own observation)
which indicates that this strategy may be common for cyst
stages for Chloromonas. Furthermore, the measurements of
fluorescence excitation ratios confirmed a significant UV-B
and UV-A screening capability of C. krienitzii (Figure 7).
Interestingly, the UV absorbance spectrum of isolated cell
walls from snow alga Chlamydomonas nivalis cells (Gorton
and Vogelmann, 2003) resembled that of sporopollenin (Xiong
et al., 1997). In the latter study, the UV-B tolerant algal
species contained substantial amounts of acetolysis-resistant
residues of sporopollenin, while the sensitive species contained
little or no sporopollenin. Still, for methodological reasons,
the nature of the UV screening substances in the cell wall of
C. krienitzii cysts has not been determined yet. Although only
a very limited portion of the living and fossil algae have been
studied for the presence and composition of resistant cell walls
(Versteegh and Blokker, 2004), the existence of sporopollenin
in C. krienitzii walls would not be surprising since zygospores
of a related green alga is known to contain such resistant
macromolecules (Chlamydomonas monoica; VanWinkle-Swift
and Rickoll, 1997). An intracellular UV protectant may be
represented by astaxanthin. Interestingly, in red pigmented cell
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of Chlamydomonas nivalis, cytoplasmatic compounds absorbed
UV more strongly than the cell walls (Gorton and Vogelmann,
2003). Indeed, astaxanthin has maximum absorbance in the
visible region but still a significant capability in the UV-A
region (Remias, 2012), which may become important at the high
astaxanthin concentrations observed here.

Low Temperatures
A further challenge, for living in melting snow, represent low
temperatures around the freezing point. At such conditions,
a major role in avoiding membrane rigidity is played by
unsaturation of the fatty acids in membrane lipids (Morgan-
Kiss et al., 2006). This may correspond with the detected
high level of PUFAs in C. krienitzii cysts. The level of PUFA
likely relates to the presence of well-developed chloroplasts. In
addition to galactolipids in chloroplasts, highly unsaturated
phosphatidylcholine was identified in Chlamydomonas
reinhardtii (Vieler et al., 2007), and phosphatidylglycerol in
C. reticulata (Lukeš et al., 2014). In this study, α–linolenic
acid as the dominant unsaturated FA in cells of C. krienitzii
was consistent with profiles of other Chloromonas species
harvested from snow (e.g., Řezanka et al., 2014) or from
those kept in nitrogen deficient medium (Spijkerman et al.,
2012). The previous analysis of three major lipid groups
in related Chloromonas species dwelling in snow showed
that PUFAs are present in phospholipids, glycolipids as
well in neutral lipids (Procházková et al., 2018b, 2019b).
In this study, a total fatty acid profile was performed for
field-collected cysts of C. krienitzii, so the specific allocation
of these compounds remains open. At the cyst stage, the
proportion of PUFAs in C. nivalis subsp. tatrae was nearly
70% in lipid groups associated with membranes (glycolipids,
phospholipids, etc.), and it was twice lower in neutral lipids
(Procházková et al., 2018b) which are likely deposited in
cytosolic lipid bodies as storage products (Thompson, 1996).
When cultivated at 1◦C, vegetative flagellates of snow alga
C. hindakii had almost as high relative PUFAs contribution
in all the three lipids classes; PUFAs accounted for ∼64% in
neutral lipids, ∼65% in phospholipids and ∼75% in glycolipids
(Procházková et al., 2019b).

CONCLUSION

To conclude, cyst stages of the snow alga C. krienitzii possess
effective mechanisms for protection against harmful UV
and excessive VIS radiation, because screening compounds
are localised in both the remaining smooth cyst wall and
in peripheral cytoplasmic compartments. The nature of
the former compound is not known (sporopollenin?), the
latter was shown to be astaxanthin. Absorbance spectra of
cell wall extracts remain to be determined. Next, cells were
photosynthetically active under ambient conditions and were
not impaired at low or high irradiation levels. Furthermore,
the results showed that the adaptation of this snow alga to
low temperatures possibly included high levels of PUFAs,
although future work should evaluate this hypothesis with

more comprehensive analyses of distinguishing between
membrane and storage lipids. The findings showed that
C. krienitzii is more widespread than previously known,
it occurs in the northern hemisphere without the Arctic
region. Further cryoflora relatives in the C. brevispina-
like complex are awaiting their characterisation once
flagellate stages will be available (Nedbalová et al., 2008;
Matsuzaki et al., 2015).
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The exploration of cold-adapted microalgae offers a wide range of biotechnological
applications that can be used for human, animal, and environmental benefits in
colder climates. Previously, when the polar marine microalga Chlamydomonas malina
RCC2488 was cultivated under both nitrogen replete and depleted conditions at 8◦C,
it accumulated lipids and carbohydrates (up to 32 and 49%, respectively), while protein
synthesis decreased (up to 15%). We hypothesized that the cultivation temperature
had a more significant impact on lipid accumulation than the nitrogen availability in
C. malina. Lipid accumulation was tested at three different temperatures, 4, 8, and
15◦C, under nitrogen replete and depleted conditions. At 4◦C under the nitrogen replete
condition C. malina had the maximal biomass productivity (701.6 mg L−1 day−1). At this
condition, protein content was higher than lipids and carbohydrates. The lipid fraction
was mainly composed of polyunsaturated fatty acids (PUFA) in the polar lipid portion,
achieving the highest PUFA productivity (122.5 mg L−1 day−1). At this temperature,
under nitrogen deficiency, the accumulation of carbohydrates and neutral lipids was
stimulated. At 8 and 15◦C, under both nitrogen replete and depleted conditions,
the lipid and carbohydrate content were higher than at 4◦C, and the nitrogen stress
condition did not affect the algal biochemical composition. These results suggest that
C. malina is a polar marine microalga with a favorable growth temperature at 4◦C and
is stressed at temperatures ≥8◦C, which directs the metabolism to the synthesis of
lipids and carbohydrates. Nevertheless, C. malina RCC2488 is a microalga suitable
for PUFA production at low temperatures with biomass productivities comparable with
mesophilic strains.

Keywords: psychrophilic microalgae, oleaginous, PUFA, TAG, temperature

INTRODUCTION

In recent years, it has been demonstrated that several microalgal species are efficient for lipid
production (Guschina and Harwood, 2006; Da Silva et al., 2009; Harwood and Guschina, 2009; Li-
Beisson et al., 2015). Products from microalgal lipids include polyunsaturated fatty acids (PUFA),
pigments, antioxidants, and neutral lipids, among others (Grima et al., 1995; Spolaore et al., 2006;
Chisti, 2008; Gong et al., 2011; Milledge, 2011; Andruleviciute et al., 2014; Tiwari and Kiran, 2018).
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Consequently, the processes that have been developed to obtain
these compounds usually involve the cultivation of high-
lipid content microalgae, or the use of strategies to increase
intracellular lipid content (Rodolfi et al., 2009; Pal et al., 2011;
He et al., 2015; Hulatt et al., 2017b). Some of these strategies
include the control of nutrient availability (carbon, nitrogen,
phosphorous and silicate) (Xin et al., 2010; Msanne et al., 2012;
Jiang et al., 2014), the manipulation of environmental conditions
(pH, salinity, light intensity, and temperature) (Renaud et al.,
2002; Converti et al., 2009; Pal et al., 2011; Liu et al., 2012;
Draaisma et al., 2013), and genetic and metabolic engineering
approaches (Courchesne et al., 2009; Radakovits et al., 2010;
Liu and Benning, 2013; Li-Beisson et al., 2015). Nannochloropsis
gaditana is a mesophilic microalga which is often used for lipid
production and upon nitrogen stress conditions it is increasing
the lipid content (Hulatt et al., 2017b). High light intensities
(600 µmol photons m−2 s−1) stimulated the lipid accumulation
in Chlorella sorokoniana, C. viscosa, C. emersoni, and C. vulgaris
(Takeshita et al., 2014). The cold-adapted microalga Koliella
antarctica showed PUFA increase under phosphorous depletion
(Suzuki et al., 2018). Low temperature cultivation stimulated
PUFA synthesis in Scenedesmus sp. (Xin et al., 2011).

In our previous study, the polar microalga Chlamydomonas
malina RCC2488 (C. malina hereafter) was tested for lipid
accumulation using a nitrogen stress strategy. The growth
temperature suggested was 8◦C (Schulze et al., 2019) which
yielded high biomass and lipid productivities. Interestingly,
we observed that under both, nitrogen replete and deplete
conditions, C. malina cells accumulated lipids and carbohydrates,
while protein synthesis decreased (Morales-Sánchez et al.,
2020). It is rather unique for microalgae to accumulate lipids
and carbohydrates under nutrient replete conditions. At these
conditions, most microalgae cells proliferate and duplicate,
biosynthesizing mainly proteins (Guccione et al., 2014; Barka and
Blecker, 2016; Bleakley and Hayes, 2017; Hulatt et al., 2017b). We
hypothesize that C. malina was in a temperature stress condition
at 8◦C, since this strain is a polar microalga with an optimum
temperature below 8◦C (Balzano et al., 2012), which lead to lipids
and carbohydrate accumulation. To address this hypothesis,
C. malina was cultivated at three different temperatures (4,
8, and 15◦C) under nitrogen replete and deplete conditions.
Growth kinetics, biomass productivities and macromolecular
composition are reported here. Non-polar lipid accumulation
in C. malina was monitored in a fluorescence microscope by
staining cells with the fluorophore Nile red.

MATERIALS AND METHODS

Strain and Culture Conditions
The C. malina RCC2488 (strain Chlamydomonas sp. MALINA
FT89.6 PG5, Roscoff Culture Collection, henceforth referred to as
C. malina) is a marine microalga isolated from the Beaufort Sea,
within the Arctic Ocean (Balzano et al., 2012). The maintenance
of the algal stock was made in agar plates containing f/2 medium
(Guillard and Ryther, 1962). For all experiments, inocula were
prepared in 250 mL shake-flaks containing 100 mL of f/2

medium as detailed earlier (Morales-Sánchez et al., 2020). The
preparation of f/2 medium included the use of seawater from
the North Atlantic shoreline of Bodø (Norway) with a salinity of
approximately 35, which was adjusted to a salinity concentration
of 17.5 using distilled water for optimal growth, according to a
previous study (Morales-Sánchez et al., 2020). All experiments
were conducted in bubble columns photobioreactors (Hulatt
et al., 2017a; Morales-Sánchez et al., 2020). The reactors were
inoculated with 0.2 g of dry cell weight (DCW) per L (gDCW
L−1) and operated at three different temperatures (4, 8, and
15◦C). Cells were cultured until mid-exponential phase (5 days)
in f/2 medium and 120 µmol photons m−2 s−1 of light intensity.
After this period, cells were collected by centrifugation, washed
twice and resuspended in f/2 medium with (a) nitrogen replete
or (b) nitrogen deplete (here abbreviated to as +N and −N,
respectively) conditions for cultivation in the bubble columns.
These experiments were maintained at 120 µmol photons
m−2 s−1 of light intensity during 3 days. At the end of the
experimental period, cells were harvested by centrifugation at
2,000 g for 5 min, washed with 0.5 M ammonium formate,
centrifuged again as before and the pellets were stored at −70◦C
for further analyses. All experiments were carried out in triplicate.

Growth Measurements
The cellular growth was determined based on the dry cell weight
(DCW) measurement. A correlation was made between the
optical cell density and the dry weight using the equation:

W = (0.884× A750) + 0.0117 (1)

Where W is the DCW (gDCW L−1) and A750 is the absorbance
measured at 750 nm. Culture samples (0.5–1 mL) were collected
daily to measure the absorbance at 750 nm in a 1 cm micro-
cuvette using a spectrophotometer (Hach-Lange DR3900, Hach,
International). The algal DCW was evaluated gravimetrically by
filtrating 5–10 mL of culture broth through a pre-dried and pre-
weighed 0.45 µm pore size nitrocellulose membrane filter (Merck
Milipore, MA, United States). The membrane containing the
biomass was washed three times with 0.5 M ammonium formate
prior drying in an oven at 60◦C for 24 h or until constant weight.

Lipid, Protein, and Carbohydrate
Analyses
Organic solvents, such as chloroform and methanol, were used to
extract lipids from C. malina. Fatty acid methyl esters (FAMEs)
from both, neutral and polar lipids were identified by gas
chromatography (GC) following the methodology fully described
previously (Breuer et al., 2013; Morales-Sánchez et al., 2020).
Solid-phase extraction was used to separate neutral and polar
lipids (Hulatt et al., 2017a). Briefly, total lipid extracts were
dissolved in 0.5 mL hexane:diethyl ether (7:1 v/v) and loaded
onto 6 mL (1 g) silica cartridges (Supelco R©). Neutral lipids were
first eluted with 10 mL of hexane:diethyl ether (7:1 v/v), then
10 mL of methanol:acetone:hexane (2:2:1 v/v/v) was added to
elute the polar lipids. A stream of nitrogen gas was used to
dry each lipid fractions. The fatty acyl chains contained in both
lipid fractions were derivatized to FAMEs and identified by GC

Frontiers in Plant Science | www.frontiersin.org 2 December 2020 | Volume 11 | Article 61906429

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-619064 December 18, 2020 Time: 18:44 # 3

Morales-Sánchez et al. Chlamydomonas Temperature-Dependent Lipid Accumulation

using the methodology previously mentioned (Breuer et al., 2013;
Hulatt et al., 2017a; Morales-Sánchez et al., 2020).

Neutral lipids content in C. malina was detected by
fluorescence microscopy as previously described (Msanne et al.,
2012; Morales-Sánchez et al., 2017). Briefly, C. malina cells were
stained with the lipophilic fluorophore Nile Red, incubated at
20◦C for 15 min and visualized in a fluorescence microscope
(Biorad ZoeTM, CA, United States).

Carbohydrate analysis was performed using the phenol-
sulfuric acid method (Thompson, 1950) after hydrolysis of the
biomass using 1 N HCl to produce reducing sugars.

Protein content was analyzed using the Lowry method
(Lowry et al., 1951) after alkaline hydrolysis of the
sample with 1 N NaOH.

Calculations
The cellular growth kinetics and productivities were calculated
accordingly with a 4-parameter logistic function (Hulatt et al.,
2017b), following the next equations:

Cx = ∅1+
∅2− ∅1

1+ exp
(
∅3−t
∅4

) (2)

Where Cx is the DCW (gDCW L−1) at time t (days), ϕ1 is
the lowest asymptote (minimum Cx), ϕ2 is the upper asymptote
(maximum Cx), ϕ3 is t at 0.5ϕ2 (the inflection point) and ϕ4
is the scale parameter (Hulatt et al., 2017b). Consequently, the
productivity was calculated between two time points, accordingly
with the next equation (Eq. 3):

Pi =
Cx,i − Cx,i−1

ti − ti−1
(3)

Where Pi is the productivity (gDCW L−1 day−1), Cx,i and
Cx,i−1 are the concentrations of the biomass (gDCW L−1) at two
time points and ti and ti−1 are the time of cultivation (days). The
specific cellular growth rate k (d−1) was therefore derived (Eq. 4):

ki =
Pi

CX,1
(4)

The duplication time (tD), which is the time to double the
number of cells, was then calculated from the specific growth rate
(Eq. 4):

tD =
ln2
ki

(5)

Statistical Analysis
Shapiro-Wilk test was used to validate the normal distribution
of the data, and Brown-Forsythe test was applied to confirm
the homogeneity of the variance between treatments. One-way
analysis of variance (ANOVA) and post hoc Tukey’s multiple
comparison test was applied to each set of experiments in order
to determine statistical differences among treatments. P values
smaller than 0.05 were considered statistically significant. Details
of each test are described in Supplementary Material Statistical
Procedures 1.

RESULTS

Effect of Temperature and Nitrogen
Availability on the Growth and
Productivity of Chlamydomonas malina
Maximal biomass concentration of 5.61 gDCW L−1 and
productivity of 701.6 mgDCW L−1 day−1 were found at a
temperature cultivation of 4◦C, in the nitrogen replete condition
(+N, Figures 1A,C, p < 0.05). Chlamydomonas malina cells grew
at a duplication time (tD) of 11 h at 4◦C, which was 6 and 71 h
faster, compared with 8 and 15◦C, respectively (p < 0.05). At
15◦C, cells showed a linear growth, the biomass productivity
decreased significantly about 5 and 4-times compared with 4 and
8◦C, respectively (p < 0.05).

Under nitrogen deprivation (−N), cell growth was arrested
in all treatments compared with +N conditions. After a period
of nutrient sufficiency during the first 5 days of cultivation,
cells entered to a nitrogen starvation period in which cells
grew slower in all temperature tested (Figure 1B). During
the 8 days of cultivation at 4◦C in the −N treatment, the
total cell concentration reached 4.6 gDCW L−1, with an overall
productivity of 570 mgDCW L−1 day−1 (Figure 1D). These
values represent about 20% decreased compared with the values
obtained at +N conditions (p < 0.05). At these conditions, the
analysis of the starvation period (3 days) showed that the cell
concentration increased only 18% (DCW) in that time, which
represents a biomass productivity of 24.5 mgDCW L−1 day−1.
At 8◦C, cells presented a linear biomass accumulation during
the 8 days of cultivation in −N, the biomass concentration
and productivity were reduced in about 30% compared to +N
conditions (Figures 1B,D; p < 0.05). However, the productivity
during the starvation period was 2.5-times higher (62.4 mgDCW
L−1, p < 0.05) compared with the productivity at 4◦C. At 15◦C
under −N, biomass concentration and productivity were the
lowest of all temperature treatments (Figures 1B,D; p < 0.05). At
these conditions (15◦C, −N), the overall biomass concentration
and productivity during 8 days were 2-times lower than cells
maintained at same temperature and +N conditions (p < 0.05).
During the starvation period, the biomass concentration
increased 26% (DCW), and the productivity was 5.15 gDCW L−1,
which was the lowest productivity obtained in this work.

Effect of Temperature and Nitrogen
Availability on the Biochemical
Composition of Chlamydomonas malina
Protein
Under +N conditions (Figure 2A), the analysis of protein content
was made in the middle of the exponential phase (5th cultivation
day). The highest protein content of 41% (mgprotein mgDCW

−1)
was obtained in cells cultivated at 4◦C (p < 0.05). The protein
content in the treatments at 8 and 15◦C were not significantly
different (p > 0.05) between each other with an average of 26.5%.

Under−N conditions (Figure 2B), the protein determination
was performed after 3 days of nitrogen starvation (8th cultivation
day). The protein content among the temperature treatments
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FIGURE 1 | Growth kinetics and productivity. Effect of temperature on the growth kinetics and productivities of C. malina under +N (A,C) and –N (B,D) conditions,
after 8 days of batch cultivation in bubble-column photobioreactors. Data are presented as means ± SD of three independent experiments. Dotted black lines
denote the nitrogen deprivation period. Different lowercase letters indicate a significant difference among means of groups (one-way ANOVA with post hoc Tukey
HSD test, p < 0.05).

were not statistically different (p > 0.05), with an average of
16% of protein. However, at this condition, the protein content
decreased in all treatments, compared with cells cultivated under
+N conditions (p < 0.05). The reduction in protein content was
significant at 4◦C (25% reduction), and less at 8◦C (12%), and at
15◦C (8%).

Carbohydrates
Cells cultivated at +N conditions (Figure 2C), during exponential
growth, had similar carbohydrate content (p > 0.05), obtaining
in average 24.4% (mgCarbohydrate mgDCW

−1). However, cells
maintained at −N (3 days after mid-exponential growth;
Figure 2D) presented higher carbohydrate content compared
with cells cultivated in +N conditions (p < 0.05). Highest
carbohydrate content was obtained in cells cultivated at 4 and
8◦C, obtaining on average 42.3% with no significant differences
among them (p > 0.05).

Lipids
Cells maintained at 4◦C under +N conditions showed lipid
content of 20% (mgLIPID mgDCW

−1), which was the lowest
value reported in this study. Under these conditions, formation
of lipid bodies was not detected by Nile Red fluorescence
(Figure 3). However, lipid content in cells cultivated at 8
and 15◦C in +N conditions presented an unusual behavior
(Figure 2E). At these temperatures, the lipid content was
extraordinarily high (30%), with no significant differences
between these temperature treatments (p > 0.05). In addition,
Nile Red fluorescence indicated high amounts of neutral lipids

in cells exposed to 8 and 15◦C (Figure 3). In all temperature
treatments at +N condition, cells for lipid (as well as for protein
and carbohydrate) analysis were taken in the mid-exponential
growth phase, ensuring nutrient-sufficient conditions. The lipid
content in cells cultivated under −N at 4 and 8◦C showed
no significant difference (p > 0.05), obtaining up to 31.8% in
average (Figure 2F).

Under −N condition, maximum lipid content was found at
15◦C, reaching 40%. At 4◦C, the lipid content increased 12% in
cells cultivated under −N, compared with cells maintained at
+N conditions. At 8◦C, the lipid content was not significantly
different (p > 0.05) in cells cultivated at +N and −N conditions.
The lipid content increased 10% in cells cultivated at 15◦C
under −N, related to cells grown in +N conditions. Nile Red
fluorescence revealed high lipid body formation in cells under
−N in all temperatures tested (Figure 3).

Fatty Acid Content and Profiles
Under +N conditions, the major lipid content was found in
the polar lipid fraction for cells maintained at 4◦C, and in the
TAG fraction for cells at 8 and 15◦C. The saturated fatty acid
content (SFA) in the polar fraction was higher in cells at 15◦C
(34.4 mg g−1; p < 0.05), but in the TAG fraction, the SFA content
had no significant differences among all temperature treatments
(Figure 4A). Cells at 4◦C had increased monounsaturated fatty
acid (MUFA) in the polar fraction (115.5 mg g−1) but decreased
in the TAG fraction (11.4 mg g−1). Contrary to cells at 4◦C,
cells at higher temperatures had decreased MUFA content in the
polar fraction and increased in the TAG fraction. Highest PUFA
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FIGURE 2 | Protein, carbohydrate and lipid contents. Effect of temperature on the protein (A,B), carbohydrate (C,D), and lipid (E,F) contents of C. malina under +N
(A,C,E) and –N (B,D,F) conditions in bubble-column photobioreactors. Samples in the +N condition were taken in the middle exponential growth, and in the –N
condition after 3 days of starvation. Data are presented as means ± SD of three independent experiments. Different lowercase letters indicate a significant difference
among means of groups (one-way ANOVA with post hoc Tukey HSD test, p < 0.05).

content was found in cells cultivated at 4◦C in the polar fraction
(122.5 mg g−1, p < 0.05) and cells cultivated at 8 and 15◦C in the
TAG fraction (122 and 80 mg g−1, respectively).

Cells maintained under −N in all temperatures accumulated
preferentially TAG as the major lipid content (Figure 4B). In
the polar fraction, the SFA content was similar in all treatments.
The MUFA content was significantly higher in cells cultivated
at 15◦C (4-times; p < 0.05) compared to cells maintained at
lower temperatures. The opposite effect was observed for the
PUFA content, cells at lower temperature had significantly higher
content (3-times; p < 0.05) compared with cells at 15◦C. In the

TAG fraction, the SFA content was higher in cells at 15◦C (3-
times; p < 0.05). The same effect observed in the polar fraction
was also noted in the TAG fraction for the MUFA and PUFA
content. The MUFA content was higher in cells at 15◦C (2-times;
p < 0.05), but the PUFA content was higher in cells at 4 and 8◦C
(1.5-times; p < 0.05). The highest PUFA productivity under −N
conditions was found at 4◦C (79.7 mg L−1 day−1; p < 0.05).

Under +N conditions at 4◦C, cells mainly synthesized PUFA,
such as hexadecatetraenoic acid (C16:4n-3) and α-linolenic acid
(C18:3n-3), and the MUFA oleic acid (C18:1n-9) in the polar
fraction (Figure 4C). Cells maintained at 8◦C synthesized the
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FIGURE 3 | Neutral lipid stained with Nile Red. Neutral lipid accumulation in C. malina cells cultivated at 4, 8, and 15◦C subjected to +N and –N conditions. Cells at
different temperatures were cultured for 2 days in f/2 medium at +N and –N conditions, harvested and stained with Nile Red. Lipid bodies were detected in a
fluorescent microscopy in three different filters (bright, red and green). The images shown are representative of typical cells in the samples. Scale bar can be seen in
Supplementary Figure 1.

same fatty acid classes than at 4◦C, but they were found mainly in
the TAG fraction. At 15◦C, the major fatty acid types were MUFA
in both fractions, like palmitoleic acid (C16:1n-7), C18:1n-9
and vaccenic acid (C18:1n-7). Saturated fatty acids such as
palmitic acid (C16:0) and stearic acid (C18:0) were found in cells
cultivated at 15◦C in higher proportion (p < 0.05) than in cells
at lower temperatures. Under −N conditions (Figure 4D), TAG
fraction contained the majority of lipids in all treatments. In
general, SFA such as C16:0 and C18:0, and MUFA like C18:1n-
9 and C18:1n-7 were found abundantly in cells cultivated at
15◦C. At lower temperatures (4 and 8◦C), C18:1n-9 and C18:3n-3
were mainly found.

DISCUSSION

Most microalgal species are able to grow and accomplish
photosynthesis over a wide range of temperatures, with optimal
conditions between 20 and 25◦C (Li, 1980; Ras et al., 2013). These

species are called mesophilics and their metabolism responds to
the exponential (Q10) or the Arrhenius equation, in which it is
stated that below optimal growth temperatures, an increase in the
temperature has a positive effect on photosynthesis and growth
(Ahlgren, 1987; Ras et al., 2013).

On the other hand, there are some microalgae found in the
polar and cold regions known as psychrophiles, which have
optimum growth temperatures at or below 15◦C (Morgan-
Kiss et al., 2006). These microalgae have experienced a strong
and persistent selection and have evolved to develop a wide
range of physiological adaptations that allow them to thrive at
temperatures close to or below freezing (Morgan-Kiss et al.,
2006; Hulatt et al., 2017a). The strain C. malina RCC2488 is
a psychrophilic alga isolated from the Beufourt Sea within the
Arctic Ocean (Balzano et al., 2012). This microalga has its
highest growth rate and biomass productivity at low temperatures
(4◦C). Microalgae should invariably reduce its metabolic rate
at cold conditions (Hulatt et al., 2017a), but as demonstrated
by C. malina in this study and other cold-adapted algal strains
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FIGURE 4 | FAMEs content and profile. Effect of temperature on the FAMEs content and profile of total fatty acids (TFA) and fatty acids in triacylglycerols (TAG)
contained in C. malina under the +N (A,C) and the –N (B,D) conditions in tubular photobioreactors. Samples in the +N condition were taken in the middle
exponential growth, and in the –N condition after 3 days of starvation. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty
acids; TAG, triacylglycerols. Data are presented as means ± SD of three independent experiments. Statistical comparison was performed individually for each
component and each class of fatty acid (polar, TAGs, SFA, MUFA, PUFA, and sum) among the treatments.

TABLE 1 | Analysis of biomass productivities.

Microalgal strain Productivity (mg L−1 day−1) Temperature (◦C) References

Chlamydomonas malina 701 8 This study

Chlamydomonas pulsatilla 580 6 Hulatt et al., 2017a

Chloromonas platystigma 250 6 Hulatt et al., 2017a

Chlamydomonas klinobasis 215 6 Hulatt et al., 2017a

Raphidonema sempervirens 133 6 Hulatt et al., 2017a

Koliella antarctica 480 15 Suzuki et al., 2018

Koliella antarctica 2,370 15 Suzuki et al., 2018

Nannochloropsis gaditana (best condition) 25

510 Hulatt et al., 2017b

Chlorella sp. F&M-M49 640 25 Chen et al., 2017

Chlorella sp. CCAP 211-11b 590 25 Chen et al., 2017

Chlorella sp. IAM C-212 710 25 Chen et al., 2017

Chlorella sp. PROD1 730 25 Chen et al., 2017

Comparison of biomass productivities of C. malina cultivated at 4◦C, 17.5 salinity, nitrogen replete conditions and 120 µmol m−2 s−1 of light intensity with other polar
and cold-adapted microalgae strains cultivated at similar conditions and mesophilic microalgae cultivated at optimum conditions (Chen et al., 2017; Hulatt et al., 2017a,b;
Suzuki et al., 2018).

(Lyon and Mock, 2014; Cao et al., 2016; Hulatt et al., 2017a;
Suzuki et al., 2018), this is not applicable to microalgae found
living in polar or cold environments. At temperatures exceeding
the optimum, a decrease in the microalgal growth rate can

be observed as a response to heat stress, which can affect the
metabolism thereby inhibiting growth (Ras et al., 2013).

Microalgae adapted to cold environments might be stressed
at temperatures above the optimum. This stress may be reflected
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on its macromolecular composition, as in the case of C. malina
which synthesized high lipid and carbohydrate content at
8 and 15◦C, even under nutrient replete conditions (+N).
This phenomenon is unusual and remarkable since normally
microalgal cells respond to nutrient sufficiency conditions by
synthesizing the cellular building blocks proteins (Morales-
Sánchez et al., 2013), as observed in C. malina cultivated at
4◦C. However, at 8 and 15◦C, in both +N and −N conditions,
the protein content was lower compared to the high lipid and
carbohydrate content, suggesting a stress condition caused by
temperature. Therefore, nitrogen stress did not cause an effect
on the biochemical composition of the cells at 8 and 15◦C, but it
caused the usual phenomenon of lipid accumulation at 4◦C under
nitrogen deprivation (−N), as observed in many mesophilic algae
in nitrogen-deprived cultivations (Pruvost et al., 2009; Lv et al.,
2010; Work et al., 2010; Msanne et al., 2012; Li-Beisson et al.,
2013; Liu and Benning, 2013; Çakmak et al., 2014). Also, at higher
temperatures (8 and 15◦C), cells mainly synthesized neutral
lipids (TAG), probably as a consequence of stress. However,
cells cultivated at 4◦C and +N conditions mainly synthesized
PUFA in the polar fraction (cellular membrane). The reason is
that PUFA are essential to keep the fluidity of the membrane
at low temperatures (D’Amico et al., 2006; Morgan-Kiss et al.,
2008). Especially, polyunsaturated and short-chain length fatty
acids, such as C16:4n-3 which was found in high concentrations
in C. malina. This C16:4n-3 acyl group is nearly exclusively
present in monogalactosyldiacylglycerol (MGDG) –the most
abundant membrane lipid in Chlamydomonas chloroplast– and
is known to be a significant contributor in the transition from
liquid-crystalline to gel phase (Dolhi et al., 2013; Li-Beisson
et al., 2013; Liu and Benning, 2013). It is hypothesized that the
availability of C16:4n-3 affects the total amount of the prevalent
MGDG molecular species that contains C18:3n-3 in the sn-1 and
C16:4n-3 in the sn-2 position of the glycerol backbone (Liu and
Benning, 2013). It is still unknown why C16:4n-3 is primarily
present in MGDG and how its abundance is regulated in this
membrane galactolipid. Therefore, it has been suggested that loss-
of-function studies with mutants entirely lacking (or decreased
amounts) 16:4n-3 could be interesting to possibly answer what
are the specific roles of this molecular species of MGDG in
the photosynthetic membrane (Liu and Benning, 2013). Similar
to our findings, the same classes of fatty acids were found in
the polar microalga and closest C. malina relative, UWO 241
(Morgan-Kiss et al., 2002). Cells of C. malina cultivated at 4◦C
responded in a similar way to other algal species when they
were cultivated at +N conditions by stimulating the synthesis
of proteins, and to −N conditions by accumulating lipids
and carbohydrates, and reducing nitrogen-rich compounds like
proteins (Siaut et al., 2011; Msanne et al., 2012; Morales-Sánchez
et al., 2013; Schmollinger et al., 2014; Zhu et al., 2016). Also,
under−N, the lipid fraction was mainly composed of TAG.

Our results indicate that C. malina can be highly productive
at low temperatures, making it a potential candidate for
biomass, carbohydrate and polyunsaturated lipids production in
cold environments. Table 1 present a comparison of biomass
productivity of several mesophilic and polar/cold-adapted
microalgae, including C. malina at best growth conditions. As

observed, C. malina productivity is comparable with mesophilic
microalgae and high productive polar/cold-adapted microalgae.

CONCLUSION

Polar C. malina is a marine microalga that can be stressed
at temperatures ≥8◦C. As a consequence, high accumulation
of carbohydrates and lipids can be stimulated. Particularly,
the lipid fraction was predominantly composed of TAG with
a high PUFA productivity of 122 mg L−1 day−1. At these
temperatures, nitrogen stress did not have an effect on the
algal biochemical composition. At 4◦C, under +N conditions,
C. malina synthesized mainly proteins and the lipid portion was
primarily found in the polar fraction with high PUFA content
(122.5 mg L−1 day−1). At this temperature, −N stimulated the
synthesis of lipids but arresting the cell growth and protein
synthesis. Nevertheless, the PUFA productivity was high as well,
reaching up to 79.7 mg L−1 day−1. Under −N, carbohydrate
content increased between 32 and 44% in all temperature tested.
Neutral lipids increased at 15◦C, reaching the highest content
of this study (44% DCW). The polar microalga C. malina has
high potential for carbohydrates, lipids and PUFA production
in cold climates, with biomass productivities comparable with
mesophilic microalgae.
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Mountain environments are marked by an altitudinal zonation of habitat types. They are
home to a multitude of terrestrial green algae, who have to cope with abiotic conditions
specific to high elevation, e.g., high UV irradiance, alternating desiccation, rain and
snow precipitations, extreme diurnal variations in temperature and chronic scarceness
of nutrients. Even though photosynthetic green algae are primary producers colonizing
open areas and potential markers of climate change, their overall biodiversity in the
Alps has been poorly studied so far, in particular in soil, where algae have been shown
to be key components of microbial communities. Here, we investigated whether the
spatial distribution of green algae followed the altitudinal zonation of the Alps, based
on the assumption that algae settle in their preferred habitats under the pressure of
parameters correlated with elevation. We did so by focusing on selected representative
elevational gradients at distant locations in the French Alps, where soil samples were
collected at different depths. Soil was considered as either a potential natural habitat
or temporary reservoir of algae. We showed that algal DNA represented a relatively
low proportion of the overall eukaryotic diversity as measured by a universal Eukaryote
marker. We designed two novel green algae metabarcoding markers to amplify
the Chlorophyta phylum and its Chlorophyceae class, respectively. Using our newly
developed markers, we showed that elevation was a strong correlate of species and
genus level distribution. Altitudinal zonation was thus determined for about fifty species,
with proposed accessions in reference databases. In particular, Planophila laetevirens
and Bracteococcus ruber related species as well as the snow alga Sanguina genus
were only found in soil starting at 2,000 m above sea level. Analysis of environmental
and bioclimatic factors highlighted the importance of pH and nitrogen/carbon ratios in
the vertical distribution in soil. Capacity to grow heterotrophically may determine the
Trebouxiophyceae over Chlorophyceae ratio. The intensity of freezing events (freezing
degree days), proved also determinant in Chlorophyceae distribution. Guidelines are
discussed for future, more robust and precise analyses of environmental algal DNA in
mountain ecosystems and address green algae species distribution and dynamics in
response to environmental changes.

Keywords: Chlorophyta, metabarcoding, mountain environment, soil, biodiversity, high elevation, Sanguina, snow
algae
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INTRODUCTION

Green algae are unicellular, colonial or multicellular
photosynthetic organisms that are ubiquitous in almost all
ecosystems. They have evolved in two major lineages, one
referred to as Chlorophyta, what has been traditionally called
green algae, another referred to as Charophyta, containing
a smaller but often geographically widespread number of
taxa (Lewis and Mccourt, 2004; Domozych et al., 2016).
Recently, a third lineage was introduced, covering marine
Prasinodermophyta, which diverged before the split of
Chlorophyta and Streptophyta (Li et al., 2020), and that was
not considered in the present work.

The majority of green algae species are found in aero-
terrestrial habitats, living either freely or in lichens in association
with fungi (Rindi et al., 2010), from wet to dry areas (Lewis
and Mccourt, 2004; Holzinger et al., 2017). Although algae are
often considered to live primarily in “free” water, soil surface is
known for long to host an important algal biodiversity (Tchan,
1952; Reisigl, 1969; Koelewijn et al., 2001; John et al., 2011; Foets
et al., 2020). Numerous green algae can grow heterotrophically in
the dark, using an external source of organic carbon, and often
much faster compared to pure autotrophic conditions (Fan et al.,
2012; Bell, 2013). Soil can therefore be colonized from its surface
to its depth by the combined photosynthetic and heterotrophic
capacity of algal communities. In soil, algae contribute actively
to the global cycles of carbon and nitrogen (Elbert et al., 2012).
In addition, soil may also contain resting algal cysts or non-
motile spores (aplanospores), thus acting as a reservoir for
species needing more appropriate conditions to grow. This latter
context is difficult to assess, since most microbial species are non-
cultivable (Schmeisser et al., 2007) and the determination of life
cycles are therefore extremely challenging. Some algae species can
also occupy non-liquid water systems, most notably snow and ice
(Remias, 2012; Lukes et al., 2014; Hisakawa et al., 2015; Holzinger
et al., 2016; Lu et al., 2016; Hoham and Remias, 2019).

Mountain environments are marked by the tight apposition
of contrasted habitats, structured by the topography, elevation,
temperature, exposure to sunlight, wind, precipitations, etc.,
with abiotic conditions considered as “extreme” such as
high light intensity, extreme negative temperatures, high UV
irradiance, strong winds, desiccation, extreme diurnal variations
in temperatures and chronic scarceness of nutrients (Geremia
et al., 2016). Knowledge on the biodiversity and distribution
of green algae in mountain environments is fragmented and
overall poor. Some habitats have attracted more attention, such
as lakes (Jacquemin et al., 2019) or snowpack at high elevation
(Hoham and Remias, 2019). Soil was barely explored, although
it represents a much more extended and permanent surface,
with a strong potential for spatiotemporal studies of species
distribution, interfaced with hydrologic networks and seasonal
snow covers. A first survey of aero-terrestrial algae in alpine
soils was based on the morphological study of cells sampled
in the Tyrolean Alps above 3,000 m a.s.l., with about 90
species described, counting a majority of Chlorophyta (Reisigl,
1964). A recent review on algae populating soil surface in the
Alps (Karsten and Holzinger, 2014), reported that eukaryotic

algae of mountains were mainly represented by monadoid and
coccoid Chlorophyta, and to a lower extent Charophyta and a
few Ochrophyta (Gartner, 2004; Tschaikner et al., 2007). This
review highlighted the potential role of UV light and desiccation
as drivers of soil algal communities in the Alps (Karsten
and Holzinger, 2014), but other environmental factors may be
determinant as well.

In environments undergoing rapid evolutions, photosynthetic
algae can act as pioneering organisms, able to develop
autotrophically on empty surfaces, and being the primary
producers allowing the subsequent foundation of trophic
networks. As an example, green algae have been shown to be
primary colonizers after glacier’s retreat (Kastovska et al., 2005;
Hotaling et al., 2017). Atmospheric CO2 proved to influence
microbial communities in a pH-dependent manner (Gulliver
et al., 2016; Yu and Chen, 2019). It is also expected, although
not demonstrated yet, that the current increase in atmospheric
CO2 could be beneficial to the development of photosynthetic
algae and as such, act positively on the efficiency of colonization.
Green algae are therefore expected to be “markers” of climate
change. In mature ecosystems, once established in their habitat,
green algae can proliferate to such an extent that they form so
called blooms, which can be determinant in further evolutions
of their environment. For instance, at the surface of snowpack,
green algae blooms are detected by the pigmentation of resistant
cells (cysts), containing red carotenoids, such as astaxanthin
(Holzinger et al., 2016). The “red snow” thus formed reduces
the albedo, triggering an increase of superficial temperature and
accelerating snow melting (Lutz et al., 2016; Di Mauro et al.,
2020). In this aspect, green algae are therefore also expected to
be “actors” of environmental changes. If we aim to comprehend
the dynamics of ecosystems, data on microbial communities,
and most notably on photosynthetic microorganisms, are
critical. Spatiotemporal distribution of green algae is thus a
major information we need to address changes in mountain
areas exposed to drastic seasonal variations and to irreversible
transformations triggered by climate evolution. These data are
currently missing.

The distribution of plant species in mountain environment
is generally assumed to be mostly constrained by abiotic factors
(Benton, 2009; Martinez-Almoyna et al., 2019; Körner, 2021)
and it could be the same for microalgae, as suggested by
a microscopy-based study performed in the Himalayas along
an elevational gradient (Rehakova et al., 2011). To study
microalgae communities, some research groups have performed
sampling, followed by microscopic observation of microalgae
(e.g., Rehakova et al., 2011) or DNA-barcoding analyses (e.g., Hall
et al., 2010). None of these studies has provided a comprehensive
taxonomic assessment of sampled green algae. Cell morphology
is not sufficient to identify species, and information on life cycles,
biochemical traits or genomic sequences would be requested to
refine characterizations. In addition, microscopy-based studies
rely on the relative abundance of species at the time of sampling,
and on the survival rate of species, when transferred from their
environment to the laboratory. By contrast, environmental DNA
allows detecting genomic fragments released by broken cells, by
past and present communities, thus providing data on the spatial
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distribution with a so called “soil memory effect,” mitigating
short term temporal variations (Foucher et al., 2020). DNA-based
analysis is therefore currently the best compromise to obtain
more exhaustive information on microalgae communities (Lutz
et al., 2016; Groendahl et al., 2017; Foucher et al., 2020).

Metabarcoding is based on assigning amplified molecular
operational taxonomic unit (MOTU) sequences from an
environmental sample (eDNA) to a database of sequences. Its
success depends on the effectiveness of the markers to amplify
targeted taxa, the effectiveness of the PCRs and sequencing, the
status of the reference database (Ficetola et al., 2010, 2016) and
the quality of the bioinformatic pipeline (Calderòn-Sanou et al.,
2020). Markers for green algae of the Chlorophyta phylum were
designed in several studies (e.g., Vieira and Bagatini, 2016; Zou
et al., 2016; Pfendler et al., 2018) but most previous works use
more general eukaryotic markers like ITS (internal transcribed
spacer, Heeger et al., 2018) or COX1 (cytochrome oxidase I, Ward
et al., 2005). The use of general eukaryotic markers reflects the
fact that databases contain more of these sequences available
for assignments. None of these markers has proven ideal for
the study of green algae. They have issues such as too high or
too low variability, presence of introns, absence of data in the
databases, or amplification of only a part of the community
(Vieira and Bagatini, 2016).

Here, we evaluated green algae biodiversity, focusing on
Chlorophyta, in selected elevational gradients in the French Alps
from 1,250 to 3,000 m high, from forests at lowest levels, to a
variety of other habitats such as heathlands, grasslands and rocky
areas at high elevations (Figure 1). Presence of green algae was
monitored at different depths in the soil. The sampling campaign
was part of a large project aiming at understanding biodiversity
and its drivers and dynamics over time in the Alps, called
Orchamp, and which provided the samples1. To that purpose,
we validated two new markers for metabarcoding studies, a
Chlorophyta phylum marker “Chlo01” designed in the V7 region
of the 18S ribosomal RNA, to cover most of the green algae and
a Chlorophyceae marker “Chlo02” designed in the 23S ribosomal
RNA chloroplast sequence. We then asked whether green algae
could be detected with these markers and if we could point some
possible environmental drivers of their distribution patterns and
community structure.

MATERIALS AND METHODS

Soil Sampling
In late summer 2016, 158 soil samples were collected in the
French Alps along elevation gradients covering elevations from
1,250 to 2,940 m at five different sites: Chamrousse (CHA)
45.098692◦N, 5.885508◦E, elevations from 1,250 to 2,180 m,
sampled on September the 1st; Loriaz (LOR) 46.038079◦N,
6.918759◦E, from 1,370 to 2,330 m, sampled on September
the 6th; Anterne (ANT) 46.009245◦N, 6.805825◦E from 1,400
to 2,370 m, sampled on September the 7th; Ristolas (RIS)
44.724622◦N, 7.031392◦E, from 1,900 to 2,890 m, sampled on

1https://orchamp.osug.fr/home

September the 15th; and Vieux Chaillol (VCH) 44.721000◦N,
6.187555◦E, from 2,150 to 2,940 m, sampled on September the
14th (Figure 1). The four lowest sites include environments
composed of forests at the lowest elevations, and grasslands and
pastures at the highest elevations. At their highest elevations,
only RIS and VCH reach the nival zone, and the latter has no
forest at its base. The sampling was done along the elevational
gradients approximatively every 200 m. For each level, sampling
was performed in triplicate at two different soil horizons: the litter
(soil not totally decomposed) between 0 and 10 cm depth, and the
deep soil between 10 and 25 cm depth (soil totally decomposed).

Environmental Variables
In addition to the sampling site (Site), six environmental variables
were measured for each sample: elevation above sea level in
meters (Elevation); soil pH (pH) and organic matter content
(Organic Matter) assessed using standard protocols (Robertson
et al., 1999); total soil carbon (Carbon) and nitrogen (Nitrogen)
measured using a Flash EA1112 (Thermo Scientific) elemental
analyzer (Martinez-Almoyna et al., 2019); the Carbon over
Nitrogen ratio (C/N ratio). Ten bioclimatic variables, estimated
as averages over 1988–2018 were used: the mean of the annual
temperature (TG), the growing degree days (GDD), the freezing
degree days (FDD), these three variables were estimated at 1
and 10 cm below ground, the climatic water stress (CWD), the
solar radiation, the total snow depth (DSN_T_ISBA) and the
diurnal temperature range (DRT.air). Details on these variables
are available in Martinez-Almoyna et al. (2019) and Martinez-
Almoyna et al. (2020) Finally, two categorical variables: the type
of environment (Environment) with two modalities, forest or
open-area, and the soil horizon (Horizon) with two modalities,
litter or deep soil, complete this description. It is common for
environmental variables to be multi-colinear with respect to
each other. To overcome this problem, a subset of continuous
environmental variables was selected using the variance and
inflation factor (VIF) criterion: VIF = 1/(1–R2) where R2 is the
coefficient of determination of the multiple linear model of one of
the explanatory variables explained by the others. Variables with
a VIF greater than 5 (Sheather, 2009) were iteratively removed.
At the end of the selection process, Elevation, pH, Nitrogen, C/N
ratio, FDD at 1 cm, CWD, and DTR were retained, while other
variables were removed because of there colinearity with the
selected variables (Supplementary Figure 1).

DNA Metabarcoding Markers
Two new DNA metabarcodes were designed for this analysis.
The first one targets Chlorophyta (Chlo01), the second targets
Chlorophyceae (Chlo02). To design these new metabarcodes,
1,628 complete chloroplast sequences were downloaded from the
NCBI database2 (November 2017) comprising 74 Chlorophyta
plastid genomes, including 23 Chlorophyceae genomes. The
ecoPCR software3 and the ROBIBarcodes R package4 were
used to refine the corresponding primer sequences, assess

2https://www.ncbi.nlm.nih.gov
3http://metabarcoding.org/ecopcr
4https://git.metabarcoding.org/obitools/ROBIBarcodes
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FIGURE 1 | Aerial view of the five sampled elevational gradients and their topography (1,250–2,940 m). Selected sites cover the full range of environments and
habitats found in the Alpine altitudinal zonation and a representative geographical distribution. DNA was extracted from soil collected at each sampling location and
used for an evaluation of Chlorophyta communities by DNA metabarcoding. Satellite images from Nasa.

the conservation of the priming sites using sequence logos
(Schneider and Stephens, 1990), and estimate in silico the
taxonomic resolution as proposed in Ficetola et al., 2010. The
sequence library used to realize those tests was the entire
EMBL sequence database (release 139, Amid et al., 2020). The
hybridization temperature was empirically determined using
OligoCalc5 following recommendations in Taberlet et al. (2018).
Chlo01 was adapted from the eukaryotic marker Euka02 and
corresponds to the V7 variable region of nuclear 18S rRNA gene
(Taberlet et al., 2018). Corresponding primers were modified to
make them specific of Chlorophyta. Chlo02 was designed using
the ecoPrimers software6 (Riaz et al., 2011). A third marker,
Euka03 (Euka03F: CCCTTTGTACACACCGCC, Euka03R:
CTTCYGCAGGTTCACCTAC) targeting all eukaryota, was used
to assess relative proportion of algal eDNA within the eukaryota
super kingdom (Taberlet et al., 2018).

Algae Mock Community for Positive
Controls
A mock community constituted by 13 green unicellular marine
algae species from the Roscoff Culture Collection (RCC)7 were

5http://biotools.nubic.northwestern.edu/OligoCalc.html
6http://metabarcoding.org/ecoprimers
7http://www.roscoff-culture-collection.org

used as template for the PCR positive controls. According
to the order presented in Supplementary Table 1, the DNA
concentration for each species was adjusted to half of the previous
one. The community was expected to be similar in concentration
and complexity to our samples. If the thirteen species could
theoretically be amplified by Euka03 and Chlo01, only 3 species
were expected to be amplified by Chlo02. The DNA of each
species constituting the mock community was extracted using the
Macherey Nagel NucleoSpin Plant II extraction kit according to
the instruction manual8.

Soil DNA Extraction, PCR Amplification
and Sequencing
Extracellular DNA was extracted from 15 g of soil or litter
as described previously (Taberlet et al., 2012). PCRs were
then performed in triplicates for each sample, in parallel with
extraction blanks, with no template soil and PCR blanks, with no
template DNA (negative controls) and positive control. After an
initial denaturation at 95◦C for 10 min, 40 cycles (38 for Chlo01)
of amplification were run: denaturation 95◦C, 30 s; hybridization
30 s; elongation 72◦C 1 min. Hybridization temperature was
respectively 55◦C, 50◦C, and 55◦C for Chlo01, Chlo02, and

8https://www.mn-net.com/
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Euka03. Each PCR product was individually tagged according to
Taberlet et al. (2018). This enabled the pooling of up to 1,052
PCRs per sequencing libraries. Pooled PCRs were purified using
the Qiagen MinElute PCR Purification Kit for Chlo01 and Euka03
and the Qiagen QIAquick PCR Purification Kit for Chlo029.
Sequencing libraries were prepared and sequenced (2 × 125 bp
paired-end reads) by Fasteris (Geneva, Switzerland), using their
MetaFast protocol.

Design of a Reference Database of
Green Algae Sequences
The reference sequence databases used for taxonomic assignment
were extracted using ecoPCR (Ficetola et al., 2010; Boyer et al.,
2016) from the EMBL database (version 140, 2019; Amid et al.,
2020), using Chlo01, Chlo02 or Euka03 primers as queries.
EcoPCR results were filtered using OBITools (Boyer et al., 2016)
to keep only the sequences annotated with an unambiguous
family and genus. Strictly identical sequences were merged
and their taxonomic annotations summarized at the lowest
common ancestor. Sequences containing ambiguous nucleotides
were also discarded. The cleaned reference databases for Chlo01,
Chlo02, and Euka03 are constituted respectively by 1444, 744,
and 17207 sequences. The Chlo01 database represents 295
genera and 62 families belonging the Chlorophyta. The Chlo02
database represents 42 genera and 19 families belonging the
Chlorophyceae. The Euka03 database represents 5179 genera and
2488 families belonging the Eukaryota.

Read Filtering and Processing
The reading pairs were assembled, and demultiplexed to be
separated by sample. The sequences were then de-replicated to
obtain the number of reads of each sequence variant in each PCR.
These steps and the following were realized using the OBITools
software (Boyer et al., 2016) following the protocol by Taberlet
et al. (2018). According to the amplicon lengths estimated from
our reference databases for each marker, sequences shorter than
65 bp and longer than 200 bp for Chlo01 and Euka03, and
130 bp for Chlo02 were discarded. Rare sequence variants never
represented by more than 10 reads in a PCR were discarded.
Punctual errors generated during PCR cycles were discarded
using the obiclean (Boyer et al., 2016). Sequence variants were
taxonomically annotated using the ecotag and the reference
database described above. Only MOTUs annotated in the target
clade of its marker were conserved. At this stage, any MOTU that
was more abundant in the negative PCR controls than in any of
the samples was annotated as a contaminant and discarded.

Removing of Unsuccessful PCRs
Of all the PCRs analyzed, some provided unreliable results. They
were detected according to two criteria, the number of reads
associated with a PCR, and considering a sample, the similarity
between PCR replicates. Based on the distribution of the number
of reads per PCR observed for each marker, PCRs with more
than 200 reads for the markers Chlo01 and Chlo02, and 1,000

9https://www.qiagen.com/

reads for Euka03 were considered unsuccessful and rejected. The
reproducibility of PCR replicates was estimated by the distance
between a replicate and the barycenter of the replicates for
that sample. Distances were estimated using Euclidean distances
computed on the Hellinger transformed data (square roots of the
relative frequencies), which corresponds to a correlation distance.
Distribution of these distances is used to detect potential outliers.

Data Analyses and Statistics
Further filtering and data analysis were run using R (v.3.6.2, R
Development Core Team, 2019) using the ROBItools package10

for managing OBITools data files, ggplot2 (Wickham, 2011) for
graphics, the ade4 package (Dray and Dufour, 2007) for every
multidimensional scaling and the Vegan package (Oksanen et al.,
2020) for computing Hellinger transformation (square rooted
relative frequencies), relative frequencies, and Permutational
multivariate analyses of variance (PERMANOVA). The iteratively
reweighted least squares (IRLS) procedure for estimating outlier
robust linear models was computed with the robustRegBS
function of the robustreg package, implementing the methods
presented in Hubert (1981).

Taxonomic Diversity
The diversity of algal communities was estimated for
metabarcoding data using Hill numbers, with q = 1 here (the
exponential of the Shannon entropy index). A Hill number is the
effective number of species composing a theoretical community,
which would be perfectly even, and having the same diversity
as the community studied. A taxonomic diversity measured by
a Hill number (qD) takes less and less account of rare species
when the q parameter increases. In the case of metabarcoding
data, using q = 1 penalizes not only the rarest species, but
also the many false taxa generated during PCR amplification
that occur at low read frequencies. As a result, the taxonomic
diversity 1D values estimated from DNA metabarcoding data
are relatively congruent with those estimated from conventional
inventories (Calderòn-Sanou et al., 2020). The relationships
between diversity and environmental parameters were measured
by discretizing the gradients into seven levels. The strength of
the relationship was estimated with a one-factor ANOVA and its
significance was tested with the Kruskal–Wallis method.

Community Turnover
The composition turnover between communities was estimated
using Euclidean distances calculated on the Hellinger
transformed contingency table of sequence reads, per MOTU
and samples. We then projected those pairwise distances using
principal coordinate analysis (PCOA). The strength of the
correlations between community changes and environmental
variables was estimated using Redundancy Analysis (RDA)
using the Vegan R package. The environmental variables
were centered and scaled for the analysis. The optimal model
was selected using a forward-backward selection procedure
implemented in the ordistep function. Partitioning of the
community changes variance was performed using the varpart

10https://git.metabarcoding.org/obitools/ROBITools
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function. Permutation-based estimate of p-values relied on
999 permutations.

Niche Inference
Niches of the MOTUs identified at the species or genus
levels were estimated using the Outlying Mean Index (OMI)
method (Doledec et al., 2000) as implemented in the niche
function of the ADE4 R package. This method describes the
niche according to three terms: its marginality, its marginal
tolerance and its residual tolerance. Marginality measures the
distance of the center of a taxon’s niche from the center of
the environmental space, which would represent a ubiquitous
species. Marginal tolerance measures the width of the niche
along its the marginality axis, defined by the vector connecting
the center of the environmental space and the center of the
taxon’s niche. The marginal tolerance measures the width of
the niche in the orthogonal plan to the marginality axis.
Doledec et al. (2000) measured the specialization of a taxon
by the non-zero marginality of its niche. In our case a taxon
could also be considered as specialized, if its marginality was
null but its marginal tolerance was lower than that expected
for a taxon uniformly distributed in the environmental space.
Therefore, a taxon was defined as specialized if its marginality
was not null or if its marginal tolerance is smaller than expected
under uniform distributions. Both conditions were tested by
permutation (n = 999) following the procedure implemented in
the r-test function.

RESULTS

Design and Validation of Chlorophyta
and Chlorophyceae DNA Markers
There are three main lineages of green algae: Chlorophyta,
Prasinophyta, and Charophyta, the latter of which also is close
to land plants (Kapraun, 2007). We focused on the Chlorophyta
phylum, an important and diverse lineage of green algae, and
were particularly interested in the Chlorophyceae class, which we
expected to yield the greatest diversity of algae. The developed
markers were termed Chlo01 and Chlo02.

Similarly to Euka02 (Taberlet et al., 2018), the Chlo01
marker corresponds to the V7 region of the 18S nuclear
rRNA gene. Its length ranges from 80 to 180 bp. The primer
pair Chlo01F: AGTTGGTGGGTTGCCTTGT, Chlo01R:
CACAGACCTGTTATTGCCTC has an estimated hybridization
temperature of 55◦C. The Chlo01 marker theoretically
discriminates 24% of the sequences at the species level,
43% at the genus level, 53% at the family level, 62% at the order
level and 74% at the class level (Supplementary Figure 2).

The Chlo02 marker corresponds to a sequence included in the
23S chloroplastic rRNA gene. Its length ranges from 91 to 94 bp.
The primer pair Chlo02F: RCTTAGTCCCGGCCATT, Chlo02R:
CTAAGTGGWAAAGGATGTG has an estimated hybridization
temperature of 50◦C. The Chlo02 marker discriminates 47% of
the sequences at the species level, 65% at the genus level, and 73%
at the family level (Supplementary Figure 2).

Sequencing Results
We used the three markers to amplify DNA extracted from
soil samples collected along the five elevation gradients. After
filtering, the Chlo01 marker amplified 4,080 MOTUs represented
by ∼5.8 million reads, including 566 Chlorophyta MOTUs
corresponding to 3.3 million reads (see Table 1). The Chlo02
marker amplified 8,580 MOTUs, corresponding to 6.3 million
reads; among them, 61 MOTUs belonged to Chlorophyceae,
represented by less than 0.2 million reads. The Euka03
marker amplified 8,743 MOTUs, represented by 5.7 million
reads, including 4,108 Eukaryota MOTUs corresponding to
4.1 million reads and 37 Chlorophyta MOTUs representing
only 14,829 reads.

Chlorophyta DNA Represents a Minor
Fraction of Soil DNA
To evaluate the relative part of algal eDNA present in
soil samples, data obtained with the Euka03 marker were
analyzed. Figure 2 shows the fraction of fungi, Streptophyta
(mostly vascular plants) or Chlorophyta reads amplified by
the Euka03 marker. While fungi and vascular plants occupy
on average a high fraction of the reads, 59% (sd = 19%)
and 21% (sd = 17%), respectively, Chlorophyta represent
less than 3.3% of the reads in every PCR and 0.6% on
average. In fact, only 18.6% of the PCRs with the Euka03
marker had some Chlorophyta reads (Figure 2). That trend
is the same at every sampling site, even if the abundance of
algae seems to increase at sites that cover higher elevations.
Due to this low abundance of reads, which could result in
under-sampling of diversity, and due to the low taxonomic
resolution of Euka03, only 37 MOTU of Chlorophyta were
identified. Of these, 7 belong to Chlorophyceae and 16 to
Trebouxiophyceae. That low abundance of Chlorophyta eDNA
is also confirmed by the marker Chlo01. Despite the fact
that this marker is supposed to be highly specific to that
clade (Supplementary Figure 2), we observed that many
sequences were not annotated as Chlorophyta. Such high
artifactual amplifications are commonly observed when target
DNA concentration is very low in PCRs. Using an IRLS
procedure, a linear model explaining 25% of the variance
can be established on a logarithmic scale between the relative
frequencies of Chlorophyta reads estimated by Euka03 and
Chlo01 (Figure 3).

TABLE 1 | Amplified MOTU and read counts by each marker for all samples.

Marker Number of MOTU
and reads in raw

data

Number of MOTU
and reads after

filtering

Number of green
algae MOTU and

reads

Chlo01 1,280,988 MOTUs
12,849,650 reads

4,080 MOTUs
5,763,181 reads

566 MOTUs
3,305,241 reads

Chlo02 2,392,669 MOTUs
32,640,026 reads

8,580 MOTUs
6,210,043 reads

61 MOTUs
186,616 reads

Euka03 1,902,234 MOTUs
13,604,341 reads

8,743 MOTUs
5,700,798 reads

37 MOTUs
14,829 reads
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FIGURE 2 | Relative frequencies of three eukaryotic clades; Fungi,
Streptophyta, and Chlorophyta, among the sampling sites. The lower and
upper limits of the boxes correspond to the first and third quartile, respectively,
while the bold center line marks the median. The whiskers delineate the
confidence interval defined as 1.5 times the difference between the first and
third quartile. Outlier PCRs ranging outside of that interval are marked with
dots.

Diversity of the Chlorophyta
Communities
The scarcity of Chlorophyta eDNA, confirmed by both Euka03
and Chlo01, can be explained either by a low biomass of algae in
Alpine terrestrial environments or by our poor ability to extract
algal eDNA from soil samples. Whatever the reason, this rarity
limits the completeness of our sampling. Therefore, we certainly
sampled only the most abundant taxa. This must be kept in mind
when analyzing the data. For checking at minima, the quality of
the 1D estimation for algae and considering our data filtering
stringency, we estimated 1D for positive controls carried out
on the mock community of 10 marine species of Chlorophyta.
According to its composition, the theoretical diversity of the
mock community was 1D = 4.0 using the marker Chlo01 and
1.8 using the marker Chlo02 since only three of the ten species
are Chlorophyceae. For Chlo01 the 72 replicates of the positive
control gave a mean diversity 1D = 3.83 species (sd = 0.016),
which is slightly underestimated. For Chlo02, the same positive
controls gave a mean diversity 1D = 1.330 species (sd = 0.0016)
instead of the theoretical 1.8. Over all five elevation gradients, the
mean diversity observed for a sample for Chlorophyta (Chlo01)
was 1D = 9.58 (sd = 0.018 for 321 PCRs), and for Chlorophyceae
(Chlo02) 1D = 2.224 (sd = 0.0075 for 187 PCRs). A rough
estimate of regional diversity (7), by cumulating the results of
the five elevational gradients, gave 1D = 49.03 for Chlorophyta
and 1D = 13.40 for Chlorophyceae. The β diversity estimated as
7/α can be evaluated to 5.11 sites for Chlo01 and 6.02 sites for

FIGURE 3 | On a logarithmic scale, the relative frequencies of Chlorophyta
reads estimated by the two markers Chlo01 and Euka03 are correlated. The
linear model (dotted line) was estimated using an iteratively reweighted least
squares procedure (IRLS) to underweight the influence of the few outliers
PCRs. The blue scale indicates the weight associated to each PCR after the
convergence of the algorithm.

Chlo02. These two values have to be related to the number of
studied gradients, i.e., five, and indicate that most of the MOTUs
are site specific. Among the 566 MOTUs identified by Chlo01, 367
are present on only one gradient, 76 on two, the remaining 123
being observable on at least three gradients. For Chlo02, among
the 61 MOTUs detected, 35, 9 and 17 MOTUs appear respectively
in one, two, or three or more gradients (Figure 4). There is a
strong link in that dataset between the endemism of a MOTU and
its rarity, the MOTUs occurring in one or two sites only are also
those having the lowest frequencies of occurrences at these sites
(Figure 4). Therefore, the high endemism observed was probably
related to the low coverage of the sampling. With the exception
of the CHA gradient, which shows atypical results, among the
seven non-collinear environmental and bioclimatic variables, pH,
elevation, nitrogen, CWD and FDD (Figure 5) are significantly
related to diversity. They explained 22, 9, 22, 21, and 11% of the
variance of 1D, respectively.

At the 5% threshold, the C/N ratio and DRT have no detectable
effect on algal community diversity. The litter, which was richer
in nitrogen, carbon and organic matter had a mean algal diversity
1D = 11.8 (sd = 0.43) significantly higher (Mann–Whitney
p-value = 10−15) than that of the deep soil layer 1D = 6.7
(sd = 0.43). On the other hand, forest environments did not
present a significantly different diversity from open environments
(Mann–Whitney p-value = 0.54), although the former were also
richer than the latter in Nitrogen, Carbon and Organic Matter.

Main Components of Chlorophyta
Communities
The Chlorophyta taxa identified with Chlo01 belong to four
classes: Trebouxiophyceae, Chlorophyceae, Ulvophyceae, and
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FIGURE 4 | Endemism of the MOTUs according to their maximum frequency
of occurrence in one of the gradients. The higher a MOTU has a high
frequency of reads on at least one gradient, the more likely it will be present in
many gradients.

Pedinophyceae. They corresponded respectively to 82.3, 11.1,
1.6, and 0.02% of the reads of this marker. Pedinophyceae, the
rarest clade, was detected only on the RIS gradient in only two
PCRs (Figure 6). Trebouxiophyceae, and Chlorophyceae, the two
most abundant classes see their relative abundance evolving as
a function of soil pH, elevation, CWD, and FDD (Figure 7).
Because of their large dominance and the relative measure of
their abundance, the decrease of one class mechanically increased
the other. It was therefore not possible from these results to
decide between the different hypotheses of substitution of one
class by the other, the rarefaction of one class, or the increase
of the other. As for the variation in diversity presented below,
environmental factors had a significant effect, with here, again, a
higher variance explained by pH (R2 = 0.22) than that explained
by elevation (R2 = 0.026). On the other hand, no effect of nitrogen
or C/N ratio was detected on this variation in abundance between
the two classes.

The Impact of Environmental and
Bioclimatic Variables Was Significant but
Small
The impact of environmental variables on Chlorophyta
community variation was assessed using a RDA on non-
scaled Hellinger transformed community data (Figure 8). Sites
were used as a covariate. Algae species may use various sources
of organic carbon available in soil (Pintaldi et al., 2021), as part of
their heterotrophic and/or mixotrophic life styles, and nitrogen,

including soluble nitrate, nitrite and/or ammonium, as well as
colloid-bound ammonium (Lee et al., 2006). In addition, the
bioavailability of inorganic nitrogen is influenced by soil pH (Lee
et al., 2006). The model selection retained the seven variables
considered as significant. However, the explanatory power of
these variables on the variance of the communities is very low
(global adjusted R2 = 0.116). In decreasing order of influence,
the variables Elevation, CWD, Nitrogen, PH, C/N ratio, FDD,
and DRT have respectively an adjusted partial R2 of 0.026, 0.025,
0.009, 0.007, 0.004, and 0.003.

Niche Description of the MOTUs
Identified at the Species and Genus
Levels
Fifty-one and forty-five MOTUs were assigned to a species or
genus respectively. For each of these 96 taxa, the optimal range
for each of the seven environmental and bioclimatic variables was
determined. For each of the variables, it was possible to identify
taxa with optimal ranges spanning the entire environmental
gradient (Figure 9 and Supplementary Figures 3–15). Figure 9
shows the optimal elevational range of all identified genera, from
lowest to highest altitude. While Symbiochloris, Desmococcus,
Chloroidium, Apatococcus, Trentepohlia were associated with
low elevation, Actinochloris, Sanguina, Scotinosphaera, and
Spongiochloris were preferentially found at high elevations
(Figure 9). Forty-three of the 96 taxa tested (18 species and 25
genera) had a niche significantly specialized compared to the
tested span of environmental variables. The niche of these taxa
was compared by performing a Principal Component Analysis
(PCA) where each of these taxa was defined by the center of its
optimum interval for each of the variables (Figure 10). The two
first axes of the PCA carried most of the variance (66.1 and 16.6%,
respectively). Chlorophyceae were significantly more localized
to the left on this axis than Trebouxiophyceae (Mann–Whitney
p-value = 2.5 × 10−6). This position corresponded to a preference
for higher pH and elevations, whereas Trebouxiophyceae prefer a
higher C/N ratio and higher nitrogen. This was consistent with
the impact of pH and elevation on the relative abundance of
these two classes of Chlorophyta (Figure 7). The second axis,
mainly related to FDD, segregates Chlorophyceae taxa, when
Trebouxophyceae are closer to its center.

DISCUSSION

This work addressed the potential altitudinal zonation of green
algae in mountain areas in temperate regions in the Northern
hemisphere, focusing on algae populating soil, either as their
natural habitat or as a transient reservoir for dormant cysts,
taking the French Alps as study case. Analysis of eDNA allowed
the detection of DNA fragments released by broken cells over
long periods, mitigating short term temporal variations, and
providing access to a “soil memory effect” (Foucher et al., 2020),
of interest for such a preliminary study of the spatial distribution
of algal communities. To date, and to our knowledge, no
such systematic investigation has been attempted. We benefitted
from the availability of soil eDNA samples, obtained by the
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FIGURE 5 | Impact of environmental parameters on algae community diversity. Each gradient is divided in seven parts. This division allows for mixing in a single part,
samples from several sites. The bold horizontal bars indicate the mean of the diversity for the covered interval. The whiskers delimitate the 95% confidence interval of
that mean. The p-values are adjusted for multiple tests using the false discovery rate method (Benjamini and Hochberg, 1995). The determination coefficients R2

measure the part of the variance explained by the sliced gradients using one way ANOVA.

Orchamp consortium. Five gradients have been sampled at
distant locations, covering elevations from about 1,250 to 3,000 m
(Figure 1). It must be noted that only two of the five gradients
reached the niveal zone, nevertheless, they provide information
on Chlorophyta clades present at the highest elevations. We based
our study on several assumptions. The first one is that soil

samples could provide information on the presence of species
regardless of seasonal variations, based on the above-mentioned
“soil memory effect,” which may alter relative abundance,
and even determine the absence or presence of some species
at the time of sampling. The second assumption was that
elevation gradients could be compared, and that an elevation
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FIGURE 6 | Distribution of the four taxonomic classes of Chlorophyta.
Trebouxiophyceae and Chlorophyceae are the two main clades.
Pedinophyceae just occurs sporadically in two PCRs on the RIS gradient.

in one site may correspond, approximately, to an elevation
in another site.

We hypothesized that, due to their role as primary producers
and as pioneer species in open areas, algal DNA could be
detected in most sites. The presence of Chlorophyta was indeed
confirmed in the five elevational gradients, and in most of
the soil samples. However, based on a first evaluation using

FIGURE 8 | Redundancy analysis (RDA) of the Chlorophyta community
against seven environmental (Nitrogen, Elevation, C/N ratio, pH) and
bioclimatic (DRT, CWD, FDD) variables.

the Euka03 eukaryotic marker, it was clear that Chlorophyta
DNA occurred in an extremely low proportion (Figure 2 and
Table 1). We designed, and validated, two new markers for
metabarcoding studies, the Chlorophyta phylum marker Chlo01
in the V7 region of the 18S ribosomal RNA, to cover most of
the green algae, and the Chlorophyceae marker Chlo02 in the

FIGURE 7 | Trebouxiophyceae and Chlorophyceae relative abundance was impacted by soil pH (A), elevation (B), CWD (C), and FDD (D). The upper lines indicate
the tendency of Trebouxiophyceae relative abundance when the environmental (pH, elevation) or bioclimatic (CWD, FDD) values increase. The opposite trend is
materialized for the Chlorophyceae by the bottom dashed lines.
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FIGURE 9 | Read relative frequency along elevation for each genus identified. Arrows indicate the median. The range in grey centered on the pic of density is where
the MOTU is the most abundant. P-values were evaluated using the Mann–Whitney test. Bold taxon names indicate a significant p-value at 0.05.
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FIGURE 10 | Principal component analysis of the 43 taxa with specialized niche. Taxa are positioned according to the Outlying Mean Index (OMI) of their niche.

23S ribosomal RNA chloroplast sequence. Both improved our
detection of algal DNA and the identification of algal MOTUs,
still highlighting an extremely low proportion of Chlorophyta
DNA in soil samples (Table 1).

The low coverage of green algae might be attributed to the
higher proportion of DNA from other organisms, which present
a higher biomass. Microbial communities develop in soil away
from light exposure, and are therefore expected to be dominated
by heterotrophic species feeding off of available organic carbon

and other nutrients. Multicellular eukaryotes are also present
with substantial levels in biomass, like fungi, animals or plant
roots. The low proportion of algal DNA may explain why most
of the MOTUs we detected appeared site-specific (Figure 4). This
limitation should be taken into account, and hopefully corrected
in future, more comprehensive analyses. Here, we therefore
considered that the detected clades were probably the most
abundant ones in algal communities, and that the distribution
patterns we detected reflected strong trends.

Frontiers in Plant Science | www.frontiersin.org 12 June 2021 | Volume 12 | Article 67942849

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-679428 June 4, 2021 Time: 14:28 # 13

Stewart et al. Altitudinal Zonation of Green Algae

Since numerous green algae have the capacity to form airborne
spores (Tesson et al., 2016), allowing them to be transported
by ascending winds, and since many stressful environmental
parameters such as extreme temperatures and high UV light
exposure are correlated with elevation, we wondered whether
altitudinal zonation may be a major determinant of spatial
occupancy and of biodiversity, regardless of the sampling sites.
Among the seven non-collinear environmental and bioclimatic
variables we monitored, pH, elevation, nitrogen content, FDD,
and CWD (Figure 5) were significantly related to diversity. Thus,
our prior assumption that elevation could be compared between
sites proved to be acceptable, as this parameter appeared as one
of the plausible determinants of algal distribution. Nevertheless,
it was not sufficient, not even prominent, since pH and nitrogen
appeared as likely more important. It must be noted that the CHA
gradient showed some atypical results compared to other sites,
which may be due to the location of this site, facing a highly dense
urban area and likely influenced by winds streaming from the
Rhône valley (Figure 1).

When focusing on Chlorophyta classes, Trebouxiophyceae, and
Chlorophyceae appeared as the two most abundant ones in all
our samples, consistent with their prominence in aero-terrestrial
habitats. Their relative abundance was strikingly correlated with
soil pH and elevation (Figure 7), highlighting again these two
parameters as determinant. We refined our analysis on the 51 and
45 MOTUs we could assign to a species or genus, respectively,
attempting to determine the optimal range for each of the four
environmental variables.

The distribution at the genus level is not simple to analyze,
as genera encompass a number of species, which can be
distinct between samples, and/or having overlapping niches
hiding more specific distributions at the species levels. Some
genera, like Stichococcus, Coccomyxa, Xylochlorus, Trebouxia,
Dictiochloropsis, Myrmecia, Pseudochloroella, or Bracteacoccus
were detected at nearly all elevations, and the pattern of their
distribution rather suggest that they correspond to cosmopolitan
genera (Figure 9). This does not exclude that, within these
genera, some species may have emerged as highly specific of
certain niches. Further studies, at the species and/or ecotype
levels are therefore needed for these large clades. Desmococcus,
known to comprise species that are tolerant to desiccation
(Lüttge and Büdel, 2010) or covering artificial hard surfaces
in urban areas in central Europe (Hallmann et al., 2016), are
associated with low elevations (Figure 9), possibly connected
to a broader geographic distribution in valleys. Symbiochloris,
comprising free-living and/or lichenized algae (Škaloud et al.,
2016) are also associated with low elevation, but data do
not allow determining whether corresponding species are
lichen photobionts or not. Interestingly, the Sanguina genus
corresponding to species causing red snow blooms, i.e., Sanguina
nivaloides and Sanguina aurantia (Procházková et al., 2019),
is found at elevations higher than ∼2,000 m, with an optimal
occurrence at ∼2,400 m. This finding is consistent with the
proliferation of S. nivaloides and S. aurantia in the snow
cover encountered at these elevations. It also highlights that
the soil can possibly be a long-term reservoir for these snow
algae in the summer season. Surprisingly, Sanguina distribution

did not highlight any significant correlation with the intensity
of freezing events, as measured by FDD (Figure 10 and
Supplementary Figure 12), which may relate to the specific
habitat of this genus, developing in the snow (and underneath
soil), at temperatures close to 0◦C, regardless of air above,
which could reach much lower temperature levels. Eventually,
the two genera preferentially found at high elevations were
Scotinosphaera, described previously in various habitats in low
elevations as well (Škaloud et al., 2013) and Spongiochloris,
based on a small number of occurrence in two sites (Figure 9).
The airborne spreading of Spongiochloris has been described
in previous reports (Tesson et al., 2016), which may explain a
transport of this taxon reported in various locations in desertic
or mountain sites to such high elevation.

When focusing on species-level MOTUs (Supplementary
Figure 3), obtained patterns needs to be considered with
caution due to the lack of reference genomes of Chlorophyta
in existing databases, and possible misannotations. Still, the
number of accessions previously recorded in mountain areas
or in polar regions is striking, including Chloromonas nivalis
(optimal elevation at ∼1,800 m; Procházková et al., 2018);
Ploeotila sp. CCCryo 086-99 (which is closely related to
Sanguina species; Procházková et al., 2019), detected here in
one sample at ∼2,000 m; Trebouxiophyceae sp. SC2-2 (first
described in glacial refugia in Antarctica; De Wever et al.,
2009), here quite cosmopolitan, with an optimal elevation
at ∼2,100 m; Sphaerocystis sp. CCCryo 133-01 (described in
moss fields along snow melt in the Spitzberg, in the CCCryo
collection; Leya, 2020), here with an optimal elevation at
∼2,150 m; Trebouxia sp. UTEX SNO74 (previously recorded
as Chlamydomonas nivalis, based on a collection in the snow;
Matsuzaki et al., 2018), here with an optimal elevation at
∼2,500 m. In the latter case, the distribution of Trebouxia
sp. UTEX SNO74 is broad, including occurrence at lower
elevation, suggesting that species associated to this accession
might be tolerant, but not specific, to the conditions found
in high elevations. With optimal elevation higher than 2,500,
species include Planophila laetevirens (previously detected in
various locations in the Alps as well as high latitudes; Schmidt
and Darcy, 2015), Bracteococcus ruber (recently detected in
alpine mountains in New Zealand; Novis and Visnovsky, 2012)
and Spongiochloris spongiosa. Taxa known to accumulate high
levels of carotenoids, such as Chromochloris zofingiensis (Ye
and Huang, 2020), Sanguina (Procházková et al., 2019), or
Bracteacoccus (Chekanov et al., 2020) species were also found
at high altitudes. Interestingly, in one occurrence at ∼3,000 m,
Bracteacoccus aerius was detected. This species known to stick to
dust in air suspension, may have reached the top of this mountain
site via ascending winds.

Altogether, obtained data support that species-level MOTUs
are likely associated with an altitudinal zonation. Other
environmental factors may be also important, in combination,
as shown by the distribution patterns we also obtained with pH,
nitrogen and C/N (Supplementary Figures 3–9). We do not
exclude that the taxonomic assessments presented in this study
may be biased, first by a high level of similarity between the
amplified DNA with that of a close but different species/accession
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in the reference database, and secondly by an overrepresentation
of psychrophile species in the reference database.

Our search for significant correlations highlighted that
clades belonging to the Chlorophyceae were distinct from
Trebouxiophycea by their preference for higher pH and
elevations. By contrast, Trebouxiophyceae appeared to prefer a
higher C/N ratio and higher nitrogen (Figure 10), suggesting
that soil nutrients were determinant as well. When we considered
all sites, the algal diversity was actually significantly higher
in the litter (soil not totally decomposed) compared to the
deep soil layer underneath. The litter is richer in nitrogen,
carbon and organic matter and is only partially exposed to
light. Based on their compositions, soils may therefore favor
species being both phototroph and heterotroph, which has been
known for a long time to comprise numerous Chlorophyta species
(Parker et al., 1961). The capacity to combine phototrophy and
heterotrophy, and in the case of synergies between these two
energetic metabolisms, mixotrophy, seems therefore a possible
strategy for algae to spread in the soil, compared to algae from
lakes and rivers, which may simply rely on strict phototrophy.
This metabolic capacity may therefore also be determinant at the
level of genera and/or species.

CONCLUDING REMARKS

Metabarcoding is a tool of choice to study algae communities in
such large areas and territories as the different mountain massifs
that make up the French Alps. The main difficulty compared
to other microbial phyla lies in the lack of molecular markers
and the lack of reference genomes in databases. The Chlo01
and Chlo02 green algae markers developed here successfully
amplified green algae from Alpine soil samples. They also
amplified DNA from marine green algae strains from the RCC
public collection used as positive controls. They will be extremely
useful for future studies.

The amount of microalgae DNA is very small in the soil. To
get a solid overview of the biodiversity of microalgae in the Alpine
soil, the sampling effort should be increased as well as the number
of PCR technical replicates, resembling the type of effort used for
ancient or freshwater DNA (Valentini et al., 2016). Despite this
technical limit, we assumed that detected DNA corresponded to
the most abundant species, and we were therefore still able to
draw some conclusions from this preliminary work. Firstly, our
sampling sites allowed us to test whether elevation was a major,
if not the most prominent, determinant of spatial distribution,
based on the assumption that algae would mainly spread via
airborne spores (Tesson et al., 2016) and sit in their preferred
habitats under the pressure of parameters correlated with
elevation, such as decreasing temperature levels and exposure
to increasing UV light. A putative decline of biodiversity due to
the extreme conditions in highest elevations was not evidenced.
This indicates that photosynthetic eukaryotic algae are present in
all niches, and that their diversity can be a source of pioneering
species colonizing open areas, such as those opened by the retreat
of glaciers. Comparison of read frequency along elevational
gradients suggested that elevation, but also pH and soil N in

combination contribute to the spatial distribution of green algae.
This may be related to the role of pH in the bioavailability
of soluble nitrogen (Lee et al., 2006), but one cannot exclude
that some species may have optimal pH preferenda. Future
works will therefore be needed to investigate the impact of the
geological context, since all sites investigated here were crystalline
and acidic. Different distribution patterns might therefore be
encountered in soils covering calcareous and alkaline rocks in
pre-alpine massifs. More refine analyses regarding inorganic
nitrogen (nitrate, nitrite, and ammonium) are also requested.
Vertical differences in green algae biodiversity supported the fact
that factors other than light were determinant in the presence
of species in soil, possibly acting as essential local reservoirs for
a long-term occupancy of this habitat. In particular, the C/N
ratios seems determinant in the case of Trebouxiophyceae, and
future work will be needed to refine the role of this parameter
in relation with the energetic metabolism of species, being not
only phototrophic, but also heterotrophic and/or mixotrophic.
Eventually, since atmospheric CO2 proved to influence microbial
communities in a pH-dependent manner (Gulliver et al., 2016;
Yu and Chen, 2019), a relation with CO2 solubility, bioavailability
and the presence of carbon concentration mechanisms (CCM) in
algal plastids need to be investigated.

At the species/accession level, an altitudinal zonation was
evidenced, again with pH being determinant in the distribution
pattern in a more refined manner. Some species seem
cosmopolitan whereas others appear specific to some elevations
and corresponding habitats; it is possible that there is an
altitudinal zonation of microbial communities in a broader sense,
and that there is a relationship with multicellular organisms who
are also specific to certain elevations. Based on this work, some of
the accessions we highlighted need to be assigned taxonomically
with greater precision, to be considered as potential markers of
ecosystems’ evolution. Sanguina distribution has also attracted
our attention, as it was consistently correlated with elevation,
with an occurrence at altitudes higher than 2,000 m a.s.l. It is
noteworthy to mention that Sanguina distribution pattern was
not significantly correlated with the intensity of freezing events
(FDD), likely related to its snow habitat which temperature
is more constant, at 0◦C, protected from strong temperature
variations of the air above. In this matter, other taxa appear
more correlated with the intensity of freezing events, possibly
reflecting different adaptation strategies. Altogether, this study
will help drawing up guidelines for future, more robust and
precise analyses of environmental green algal DNA, from the
analysis of more local patterns in some habitats such as forests,
meadows, lakes, streams, glaciers, etc., to larger scale comparisons
of remote sites in Alpine massifs. In addition to organic carbon,
that seems essential for heterotrophic/mixotrophic species over
obligate photoautotrophs, light, N, or pH, other factors like
temperature, other nutrients including iron, phosphorus, etc., or
the availability of water streaming from the network of rivers,
lakes and/or runoff from snow/ice melting, etc., need to be
considered as well. Future analyses of this group of primary
producers, integrating various spatial and temporal scales could
therefore help addressing the evolution of mountain habitats and
ecosystems, strongly affected by the effects of climate change.
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Snow algae play crucial roles in cold ecosystems, however, many aspects related to
their biology, adaptations and especially their diversity are not well known. To improve
the identification of snow algae from colored snow, in the present study we used a
polyphasic approach to describe a new Antarctic genus, Chlorominima with the species
type Chlorominima collina. This new taxon was isolated of colored snow collected from
the Collins Glacier (King George Island) in the Maritime Antarctic region. Microscopy
revealed biflagellated ellipsoidal cells with a rounded posterior end, a C-shaped
parietal chloroplast without a pyrenoid, eyespot, and discrete papillae. Several of these
characteristics are typical of the genus Chloromonas, but the new isolate differs from the
described species of this genus by the unusual small size of the cells, the presence of
several vacuoles, the position of the nucleus and the shape of the chloroplast. Molecular
analyzes confirm that the isolated alga does not belong to Chloromonas and therefore
forms an independent lineage, which is closely related to other unidentified Antarctic
and Arctic strains, forming a polar subclade in the Stephanosphaerinia phylogroup
within the Chlamydomonadales. Secondary structure comparisons of the ITS2 rDNA
marker support the idea that new strain is a distinct taxon within of Caudivolvoxa.
Physiological experiments revealed psychrophilic characteristics, which are typical of
true snow algae. This status was confirmed by the partial transcriptome obtained at
2◦C, in which various cold-responsive and cryoprotective genes were identified. This
study explores the systematics, cold acclimatization strategies and their implications for
the Antarctic snow flora.
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INTRODUCTION

The cryospheric biome is dominated by highly specialized
microorganisms that thrive under extreme low temperatures
at the interface between snow/ice and liquid water (Anesio
and Laybourn-Parry, 2012). The basis of these microbial
communities, and hence the precursors of inorganic carbon
fixation and primary source of macromolecules, are snow and
ice algae, and cyanobacteria (Boetius et al., 2015; Anesio et al.,
2017). Especially during the thaw season, these algae actively
fix carbon (Yallop et al., 2012; Lutz et al., 2014). In fact, daily
measurements of gas exchange in dense patches of snow algae
have shown values of CO2 uptake close to 2,300 µmol m−2

day−1, indicating that summer snowfields can be surprisingly
productive and even in some circumstances can be a significant
CO2 sink (Williams et al., 2003; Hamilton and Havig, 2017).
Snow algae play crucial ecological roles as foundation organisms
sustaining a high diversity of heterotrophic micro-eukaryotes,
bacteria, and archaea (Lutz et al., 2015; Havig and Hamilton,
2019). The biological interactions within these communities,
especially mutualism, have enhanced resilience to changes in
the snow environment (Krug et al., 2020). In fact, it has been
suggested that such biological processes can promote horizontal
exchange and recombination of genetic material, which enables
the acquisition of new genes, enhancing diversity (Lyon and
Mock, 2014; Liu et al., 2018).

The identification of snow algae had previously been
limited to morphological observations of cysts of red snow
that were recognized as zygotes of the algae Chlamydomonas
nivalis (Bauer) Wille and Chloromonas nivalis (Chodat)
Hoham and Mullet. Therefore, these species were recurrently
associated with the global distribution of cysts, resulting in
cosmopolitan species (Marchant, 1982; Gradinger and Nürnberg,
1996; Müller et al., 1998). In the case of green snow, the
identification of vegetative cells, also was normally based only
on microscopic observations (Kol, 1968; Ettl, 1970). This
has probably challenged the comprehensive identification
of cryosestic algae in the past. However, the use of polyphasic
approaches that include the combined use of multi-gene analyses,
light and electron microscopy, biochemical and physiological
approaches (Pröschold and Leliaert, 2007), strain designations
by culture collections, as well as a better access to samples
from previously inaccessible regions, has allowed both the re-
examination of many strains of snow algae and the description of
novel lineages (Muramoto et al., 2010; Demchenko et al., 2012;
Matsuzaki et al., 2014; Hoham and Remias, 2020). To the date,
polyphasic analyses show that field-collected cysts identified as
Chloromonas nivalis zygotes consist actually of multiple species
(Matsuzaki et al., 2018, 2019). Extensive phylogenetic analyses
performed on the Chlamydomonas–Chloromonas complex have
shown that 21 taxa from cold environments occur in four clades
(Hoham et al., 2002; Remias et al., 2010) being most of the snow
algae included in the phylogroup Chloromonadinia (Nakada
et al., 2008). Another clade composed of algae that cause reddish
coloration includes the new genus Sanguina (Procházková et al.,
2019a). Thus, it is possible to argue that diversity of snow algae
has been underestimated and is just being revealed.

For Antarctica, since the first microscopic surveys (Fogg, 1967;
Kol, 1971; Broady, 1996; Ling, 1996) it has been recognized that
snow fields from continental and insular regions host abundant
and diverse communities of snow algae. However, only few of
these snow algae have been identified with certainty (Ling, 1996).
In the case of the Maritime Antarctic region, especially the South
Shetland Islands, the snow algae communities were dominated
by species of the Trebouxiophyceae and Chlorophyceae classes,
whose structure and functional traits are set basically by the
marine influence, sources of eutrophication and color of bloom
(Komárek and Komárek, 1999, 2001; Soto et al., 2020).

Considering that regional warming has become an important
environmental threat in the Maritime Antarctic (Vaughan et al.,
2003), the biological processes, and fate of snow microbial
communities will be strongly impacted by melting (Boetius et al.,
2015; Garcia-Lopez and Cid, 2017). For example, the Collins
Glacier in King George Island, has lost 8.42% of its mass between
1,983 and 2,012, mostly in the north and central-west sectors
(Cook, 2005; Simoes et al., 2015). In a first stage, snow algae
could be favored in ablation zones as melting provides suitable
environments for their development, thus reducing albedo and
exacerbating melting (Huovinen et al., 2018). As a contribution
to the knowledge of the Antarctic cryoflora, we isolated a new
alga (Chlorominima) from the red snow of this glacier that
is in close proximity to the coast. Snowfields close to marine
bird and seal colonies are typical sites for the development of
snow algae in Antarctica due to a high nutrient input (Kol
and Flint, 1968; Komárek and Komárek, 1999; Remias et al.,
2013). To continue monitoring the consequences of melting
of the glaciers on the microbial diversity it is relevant not
only to perform accurate taxonomic identifications, but also to
characterize physiological responses and perform gene profiling
to gain insight into the dynamic and functions of snow algae
under changing environmental scenarios (Cvetkovska et al., 2017;
Garcia-Lopez and Cid, 2017).

The present study aimed (i) to propose a new genus, with
the species type Chlorominima collina identified through an
integrative approach of cultures obtained from samples collected
from the Collins Glacier, King George Island; and (ii) to
combine physiological and transcriptional approaches to describe
some key adaptive traits that allow this organism thriving
under permanently low temperatures. Thus, this report connects
systematics aspects with the ecology and functionality of an
Antarctic snow alga from a region that is being impacted by
multiple environmental changes.

MATERIALS AND METHODS

Sample Collection, Isolation and
Cultivation
Red snow samples were collected from the surface of the
Collins Glacier, King George Island, South Shetland Islands
(62◦10′5.412′′S, 58◦51′18.216′′W), in February 2018. Each sample
(approximately 400 g) was excavated 5 cm deep with a sterile
metal spatula, transferred to an 18 cm× 20 cm sterile plastic bag
and transported to the laboratory in the station “Base Profesor
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Julio Escudero.” After melting at 4◦C, aliquots of 40 ml were
stored in culture bottles (TR6000, TrueLine, United States) with
10 ml of 1% Bold’s basal medium (BBM, Bischoff and Bold,
1963). These bottles were transported in a cooling box at no more
than 10◦C to the Photobiology Laboratory of the Universidad
Austral de Chile, in Valdivia, where they were kept in a cold
room at 1◦C. Samples were taken from one of the bottles in a
2.0-ml graduated microcentrifuge tube (SorensonTM BioScience,
Inc., United States) under a laminar flow hood. Cysts were
harvested and washed by centrifugation (3,500 rpm for 5 min
at 4◦C) four times with 1% BBM. Before cyst selection, the
samples were examined under light microscopy to ensure that
the cysts were free of other algae or microorganisms. Most of the
observed cysts were in an early developing stage. Individual cysts
were isolated manually under a microscope with a sterile glass
micropipette (from Pasteur pipette) and then sown on agar plates
with 1% BBM. The plates were kept in a cold room at 2◦C with
a photoperiod of 16:8 h light:dark (L:D) at photosynthetically
active radiation (PAR) of 20–30 µmol m−2 s−1 provided by
fluorescent tubes (T8, 36W-cold white, Westinghouse). The first
green colonies were obtained after 8 weeks (Figure 1). A strain
was isolated by means of serial dilutions in combination with
differential centrifugation (Andersen, 2005). The isolated strain
was transferred to Erlenmeyer flasks containing 1% BBM and
cultivated in a cold room at 2◦C. The isolate has been deposited
and is available in the Culture Collection of Algae and Protozoa
(CCAP), SAMS Limited, Scottish Marine institute, under strain
number CCAP 6/1.

Light and Electron Microscopy
The isolate was studied under light microscopy with an Olympus
BX51 (Tokyo, Japan). Photomicrographs were taken with a
QImaging MicroPublisher 5.0 digital camera, with Real Time
Viewing (RTV). The QCapture Pro-6.0 (Teledyne Photometrics,
Tucson, AR, United States) microimaging software was used to
process images and obtain morphometric measurements of the
cells. For transmission electron microscopy (TEM) two samples
were taken, one of the mother culture with fresh medium and
other from an old culture, both kept at 2◦C. These samples were
fixed in 2.5% glutaraldehyde and 0.1 M sodium cacodylate buffer
(pH 7.2) for 24 h. Samples were washed with the cacodylate
buffer (3 × 15 min) and subsequently fixed in 1% OsO4 at 4◦C
under shaking. After washing with deionized water (3× 15 min)
the fixed samples were dehydrated through a series of ethanol
(35, 50, 70, 80, 96, and 100% for 10 min each), transferred to
acetone (3 × 100% for 15 min) and finally embedded in epon
resin: acetone-epon (1:1) from the EMBed-812 kit and then left
in neat epon for polymerization at 60 ◦C during 24 h. Semi-fine
sections (stained with toluidine blue) and ultra-fine sections were
prepared with a Leica EM UC7 automatic ultramicrotome (Leica,
Germany) and stained with 2% aqueous uranyl acetate and lead
citrate for 5 min. The sections were examined using a Libra 120
Plus Transmission Electron Microscope, 80,000 KV acceleration
voltage (Carl Zeiss, Germany). Photomicrographs were obtained
using a Veleta CCD camera (EMSIS) equipped with Zemas V2.0
image analysis software. The images were tagged with Adobe
Illustrator 2019 (version 23.03).

DNA Extraction, PCR and Sequencing
Total genomic DNA was extracted with the GenElute Plant
Genomic DNA Miniprep Kit (Sigma-Aldrich). According to
this protocol, cells were ground in a mortar and pestle with
liquid nitrogen, until obtaining 100 mg of powder. PCRs were
performed using KAPA Taq HotStart PCR Kit, in a total
volume of 12.5 µl (6.25 µl of the mix, 2.5 µl of primers and
1.25 µl of DNA). The 18S rRNA gene was amplified using the
universal eukaryotic primers NS1 (White et al., 1990) and 18L
(Hamby et al., 1988), with the cycling program as described
in a previous study (Barcytė et al., 2018a). The region was
sequenced with primers NS1 (White et al., 1990), 891F, 1122F
(T. Friedl, unpublished) 18L (Hamby et al., 1988), 895R (Remias
et al., 2012), and 1122R (T Friedl, unpublished). The complete
region of the ITS was amplified with the ITS1 and ITS4 primers
(White et al., 1990), following the cycling program of Barcytė
et al. (2018a). The region was sequenced with primers ITS1
(White et al., 1990), 1800F (Friedl, 1996), 5.8 SbF (Mikhailyuk
et al., 2008) and ITS2, ITS4, and LR3 (Vilgalys and Hester,
1990). Finally, a part of the ribulose-1,5-biphosphate carboxylase
oxygenase (Rubisco) large subunit (rbcL) gene was amplified and
sequenced with the primers rbcL1F and rbcL23R and the cycling
program detailed in a previous study (Hoham et al., 2002). The
PCR products were purified using the E.Z.N.A gel extraction Kit
(Omega Bio-tek) and sequenced at Austral-Omics core facility
at Universidad Austral de Chile. New sequences are available in
GenBank under accession numbers MW554521 and MW553075.

Phylogenetic Analysis
The BLAST algorithm (Altschul et al., 1990) from Geneious
Prime (2019.2.1)1, was used to search for sequence identifiers
of the 18S rRNA genes, rbcL and ITS of species closely related
to the isolated strain, in addition to other representatives of
the order Chlamydomonadales used in previous studies (Hoham
et al., 2002; Barcytė et al., 2018a). Sequence assembly, alignment
and verification to detect possible misaligned positions were
made in Geneious Prime (2019.2.1). The 18S rRNA alignment
comprised 136 OTUs (operational taxonomic units)/1,758
positions, while rbcL included 77 OTUs/872 positions. To
perform the phylogenies, in both markers, the substitution
parameter-rich model, GTR + I + G was used (Abadi et al.,
2019). The maximum-likelihood phylogenies were performed in
IQ-TREE Web Server (Trifinopoulos et al., 2016) considering
statistical support values of ultrafast bootstrapping (10,000
replicates). Additional support values based on Bayesian
posterior probabilities were obtained in MrBayes 3.2.7a x 64
(Ronquist et al., 2012) with sequence data set divided by codon
positions. Two runs of the Markov Monte Carlo chain (MCMC)
were carried out for twenty million generations each with one
single cold chain and three heated chains being used in the
GTR + I + G evolutionary model. The trees were sampled
every 100 generations. After 106 generations the mean standard
deviation of the divided frequencies fell below 0.006 and the
potential downscaling factor (PSRF) approached 1,000–1,001
for the diagnostic convergence parameters. The final trees of

1https://www.geneious.com
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FIGURE 1 | Isolation diagram of Chlorominima collina CCAP 6/1.

IQ-TREE and MrBayes were observed in the FigTree v1.4.4
(Rambaut and Drummond, 2018).

Secondary Structure Analysis of ITS2
rDNA
The annotation of the secondary structure of the ITS2 rDNA
nuclear region (including the 5.8 and 28S flanking regions)
of the new strain and only a few sequences of ITS2 of
strains closely related obtained by BLAST algorithm (Altschul
et al., 1990) was performed through the web server2 based on
hidden Markov models (Keller et al., 2009), in conjunction
with the ITS2 database (Schultz et al., 2006; Selig et al.,
2008; Koetschan et al., 2010, 2012). Secondary structure of the
annotated ITS2 sequences was predicted in RNAfold WebServer3

considering the minimum energy secondary structure and
centroid secondary structure model of ITS2 (Hofacker, 2003)
and then visualized by VARNA 3.93 (Darty et al., 2009).

2http://its2.bioapps.biozentrum.uni-wuerzburg.de
3http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi

Finally, a sequences-structures alignment, including the five very
close sequences [Chloromonas sp. CCCryo257-06 (HQ404888),
Chloromonas sp. CCCryo244-06 (HQ404887), Chloromonas
sp. CCCryo273-06 (HQ404890); Chloromonas perforata CCAP
11/43 (FR865585) and Chlamydomonas applanata CCAP 11/9
(FR865616)], was built with the ClustalW2 1.83 algorithm
from 4SALE 1.7.1 (Seibel et al., 2006, 2008). This program
was also used to detect compensatory base changes (CBCs)
between the sequences-structures (Wolf et al., 2013). The
alignment obtained in 4SALE was exported to build a neighbor-
joining tree (Saitou and Nei, 1987) in MEGA X (Kumar
et al., 2018). The evolutionary distances were computed
using the Jukes-Cantor method (Jukes and Cantor, 1969).
A matrix plot of CBCs was performed in PAST 4.03 software
(Hammer et al., 2001).

Determination of Thermal Thresholds
To confirm the psychrophilic or psychrotrophic characteristics
of the new strain, an experiment considering three temperatures
(2, 10, and 20◦C) was performed. After counting in a Neubauer
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chamber, suspensions of 400,000 cells/mL (2 ml) of culture were
inoculated in 24-well cell culture plates (Thermo Fisher Scientific,
United States). To avoid evaporation and contamination, the
microplates were sealed with parafilm. The microplates (24
replicates) were left for 12 h at their control temperature (2◦C).
Subsequently they were transferred to acclimatization chambers
for 19 days, under illumination conditions of 20–30 µmol m−2

s−1 and 16:8 h L:D regime. Growth was measured as changes
in in vivo relative fluorescence units (RFU) in a microplate
reader (Varioskan Flash, Thermo Fisher Scientific, United States).
Fluorescence was measured at excitation (λex = 435 nm) and
emission (λem = 685 nm) wavelengths. The specific growth rate
(µ) was calculated using the equation:

µ = ln (N2/N1) / (t2 − t1)

where N1 and N2 are the growth (RFU) at time 1 (t1) and time 2
(t2), respectively.

The maximum quantum yield of chlorophyll fluorescence
of dark-adapted photosystem II (Fv/Fm) was measured with
an Imaging-PAM fluorometer (Walz, Effeltrich, Germany). The
saturation pulse method was used to determine the basal
(F0) and maximum (Fm) fluorescence performance of dark-
adapted samples (10 min is sufficient in dense microalgal
mass cultures). Simultaneously, samples (100 µL) were taken
for the qualitative detection of reactive oxygen species (ROS)
on the third day of treatment when a decrease in Fv/Fm
values was observed in the treatment at 20◦C, indicating
stress or photoinhibition. To compare ROS production, samples
were examined at 2◦C (control) and at 10◦C. The in vivo
production of ROS was examined using the CellROX R© Green
fluorogenic probe (Thermo Fisher Scientific, United States)
according to a previously described protocol (Cornejo-Corona
et al., 2016). For the visualization of intracellular ROS, the
fluorescence was observed in an Olympus BX51 epifluorescent
microscope (Olympus Corporation, Tokyo, Japan). Photographs
were taken with a QImaging MicroPublisher 5.0 digital camera
and the QCapture Pro-6.0 microimaging software was used for
image processing.

Statistical Analysis
To examine how temperature and time influence RFU and Fv/Fm
signals, generalized linear mixed models (GLMM) (Breslow and
Clayton, 1993) were performed. Temperature was considered
in the analysis as a fixed factor with three levels (2, 10,
and 20◦C, considering 2◦C as a control). Time was also
considered as a fixed factor. In all the models, ID of individual
microalgae was incorporated as a random effect. The models
that examine Fv/Fm were based on Beta distribution, using
“logit” as the link function. In the case of the models that
evaluate growth by in vivo fluorescence (RFU), a Gamma
distribution was considered, using “log” as the link function.
All the statistical modeling was carried out in the R program
version 3.5.2 (R Core Team, 2018), using the glmmTMB
(Brooks et al., 2017) and lm4 (Bates et al., 2015) packages.
Model comparisons were made using Akaike Information
Criterion (AIC) applied within the bbmle (Bolker and Team,

2017) and MuMIn (Barton, 2019) packages. To examine how
much variation is explained by the models (R2 coefficients),
functions of the performance packages (Lüdecke et al., 2020)
and MuMIn (Barton, 2019) were used. The assumptions of the
fitted models were evaluated with DHARMa package (Hartig,
2020). Subsequently, a post hoc Tukey test was performed on
the best models fitted with the multcomp package (Hothorn
et al., 2008) and emmeans (Lenth, 2019). Multiple comparisons
were applied to analyze differences between the temperature
treatments, as a function of the mean time. Significance was
examined at the 5% level.

RNA Isolation, Library Preparation and
Sequencing
Samples of the isolated strain cultured at 2◦C (total 30 ml) were
centrifugated at 4,500× g for 10 min at 4◦C. The cell pellets were
immediately frozen in liquid nitrogen and subsequently stored at
−80◦C until further RNA extraction. The total RNA of the frozen
cells was extracted and purified from 100 mg of cell powder,
according to the protocols of the SpectrumTM Plant Total RNA
kit (Sigma-Aldrich). The RNA concentration was quantified by
Qubit 3.0 Fluorometric Quantification (Thermo Fisher Scientific)
and its integrity (RIN = 9.8) evaluated by Fragment Analyzer—
Advanced Analytical Technologies, Inc., (AATI) and Agilent
DNF-471RNA kit. The library was prepared taking 4 µg of
RNA sample. To isolate the mRNA, molecules containing poly-
A, poly-T-oligo attached magnetic beads (Illumina) were used.
Then the mRNA was purified and fragmented (200–700 nt) by
divalent cations at 94 ◦C for 5 min. The purified mRNA was
used for the construction of the cDNA library using the KAPA
Stranded RNA-Seq Library Preparation Kit Illumina R© Platforms.
Fragment analyzer system was used to evaluate the quality of
the library. The libraries obtained were sequenced in Illumina
Nextseq550 at the ChileGenómico research center (Facultad de
Medicina, Universidad de Chile). After sequencing, the output
was transformed by base-calling into sequences, which is the “raw
reads” output in fastq format. All reads have been uploaded in the
Sequence Read Archive (SRA) at NCBI, under accession numbers
PRJNA698241 and BioProject: SAMN17709520.

Analysis, de novo Transcriptome
Assembly and Annotation
The raw reads were filtered to eliminate low quality regions
(Quality score ≥ 30), in the prinseq-lite software (Schmieder
and Edwards, 2011). Thus, pair-end reads with primer or
adapter sequences and reads with more than 10% of the bases
under the established quality were removed. After the read
cleaning, de novo assembly was performed using the Trinity
program (Grabherr et al., 2011). The functional annotation of
the assembled sequences was performed using BLAST algorithm
(E-value of < 10-5) against the databases: UniProt (UniProt
Consortium, 2019), GO (Ashburner et al., 2000), and NCBI non-
redundant protein database (NR) (Deng et al., 2006). To generate
the gene ontology (GO) assignments, the Blast2GO program was
applied (Conesa et al., 2005; Götz et al., 2008).
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RESULTS

Morphological and Ultrastructural
Features
Light microscopy revealed the presence of vegetative cells of
ellipsoidal or ellipsoidal-cylindrical shape with rounded or even
spherical posterior end, of 9–11 µm long and 6–12 µm width.
Figure 2, with a smooth but noticeable cell wall and a discrete,
hemispherical papilla (Figure 3). Two flagella, located apically,
of equal length, 1.0 × cell length or longer, emerged under the
papilla. TEM micrographs corroborate the presence of flagella
with a cross section showing the axonema (Figure 3F). The young
cells presented a single parietal chloroplast (dorsal side of the
cell), laminated, shaped like a C, which occupies a large part of
the cell volume. Eyespots were not observed in all stages of the
vegetative phase, nor pyrenoids, but small grains of starch were
distinguished, which were dispersed between the intertylakoidal
spaces, along the chloroplast (Figure 3A). The size of the starch
grains increases in cells from old cultures (Figure 3G). In mature
cells it is possible to note how the chloroplast partially surrounds
the nucleus (Figure 3B) until cell division occurs. Therefore,
this alga reproduces asexually by forming two (Figures 3C–E) to
eight motile zoospores (sometimes ten zoospores can be formed,

even up 16). Motility was observed when the aliquots of the
mother culture were transferred to a fresh medium, similar as
has been reported for Chloromonas arctica (Barcytė et al., 2018a).
However, unlike Chloromonas arctica, in Chlorominima collina
motility was only maintained at low temperatures. A single
nucleus was observed, which was located in the posterior region
of the cell, eccentric, rather lateral (Figure 3A). In addition,
in young cells, a wide periplasmic space was noted. Several
cytoplasmatic globular vacuoles were observed, which can be
empty or containing electron-dense deposits. Large oil droplets
were evident only in cells from old cultures (Figure 3G). In these
cells, plastoglobuli were also noted in the chloroplast (Figure 3H).

Molecular Phylogeny and Secondary
Structure Analysis of ITS2
Chlorominima (Cm.) collina was located within clade C, one
of the four main lineages identified for the Chloromonas
(Cr.) and Chlamydomonas (Cd.) complex (Buchheim et al.,
1997; Hoham et al., 2002). Specifically, Cm. collina is assigned
within the Stephanosphaerinia phylogroup, which is one
of the 21 monophyletic groups recognized for the class
Chlorophyceae, order Chlamydomonadales (Nakada et al.,
2008). In the phylogeny of the rbcL gene (Figure 4) the new

FIGURE 2 | (A–C) Light microscopy images of morphology of Chlorominima collina CCAP 6/1 (A) Zoospores with two flagella of equal length. The red arrow
indicates the maternal cell wall, from which the zoospores emerged. (B) Vegetative cells in the process of cell division. Black arrow points to a cell in division.
(C) Mature cells with higher amounts of starch grains and lipid droplets. Green arrows indicate zoospores within mother cell wall. (D–F) Fluorescence images of
Chlorominima collina using CellROX Green dye for detection of ROS in vivo on the third day of exposure at the control temperature of 2◦C (D) and at the treatment
temperatures of 10◦C (E) and 20◦C (F). In panels (D,E) red stained chloroplasts of dividing cells are observed and in panel (F) the dividing cell (≥4 zoospores) is
almost completely stained green. Scale bars: 10 µm.
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FIGURE 3 | Ultrastructure (TEM) of Chlorominima collina CCAP 6/1 (A) Longitudinal section of a zoospore. (B) Mature vegetative cell (white arrow: electron dense
body). (C–E) Zoospores in the process of cell division, where the protoplast is divided transversely. (F) Cross section of the flagellum showing the 9 + 2 axonema
structure (black arrow). (G) Old culture cell. Pa, papilla; C, chloroplast; S, starch grains; V, vacuole; N, nucleus; Nu, nucleolus; G, Golgi apparatus; P, periplasm; CM,
cell membrane; CW, cell wall; M, mitochondria; L, lipid droplet. (H) Plastoglobule in the chloroplast. (I) Consensus schematic drawing of a vegetative cell of Cm.
collina.
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FIGURE 4 | Maximum-likelihood phylogram of rbcL gene sequences. The position of Chlorominima collina CCAP 6/1 and other related members of the order
Chlamydomonadales. Clades A, B, C, and D were delimited according to Hoham et al. (2002). The names of the clades were designated according to Nakada et al.
(2008). The new genus of Sanguina snow algae is specified (Procházková et al., 2019a). Representatives of the genus Carteria were used as outgroup. The numbers
on the branches indicate statistical support values (Maximum-likelihood bootstraps/Bayesian posterior probabilities). Snow taxa are marked in blue, taxa from other
cold environments, not from snow, are marked in purple and the rest of the taxa from other temperate environments are written in black. The lower bar indicates
changes by nucleotide position (0.03).

strain is located with high support [Maximum likelihood
support (ML): 100/Bayesian inference (BI): 1.00] within clade
C, in a subclade that contains unidentified polar strains

assigned to the genus Chloromonas and Chlamydomonas. In
this subclade, Cm. collina is more similar to the rbcL gene
sequences of Genbank of Chloromonas sp. ANT1 (AF089834)
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and Chlamydomonas sp. CCMP681 (EU421062 and EU421061)
of which it differs by 11 nucleotides. Compared with other
similar rbcL gene sequences, Cm. collina differs by 90 and
98 nucleotides from Chlamydomonas gloeophila UTEX_607
(KJ635655) and Chlamydomonas pulsatilla CCAP11-106
(AB007322), respectively. Phylogenetic analyses based on
18S rRNA gene corroborated the assignment of Cm. collina
in the Stephanosphaerinia phylogroup (Figure 5), where it
also forms a subclade highly supported (ML: 100/BI: 1.00),
with other unidentified polar strains assigned to Chloromonas
and Chlamydomonas. Cm. collina presents 100% identity to
the 18S rRNA gene sequence of Chloromonas sp. KNF0032
(KU886306) and differs by two nucleotides from Chloromonas
sp. CCCryo273-06 (HQ404890) and from Chlamydomonas sp.
CCMP681 (EF106784). The secondary structure analyses of
the ITS2 rDNA revealed a high similarity between Cm. collina
and strains of Chloromonas sp. (CCCryo273-06, CCCryo244-
06, and CCCryo257-06) with identity of 99.6–100%. These
sequences did not show CBCs (Figure 6). Other strains with
similar ITS2 sequences were Chloromonas perforata CCAP
11/43 and Chlamydomonas applanata CCAP 11/9, which are
representatives of Caudivolvoxa and differ from Cm. collina by
1–5 CBCs, respectively, presenting an identity percent of 80.6
and 78.5, respectively (Figure 6).

Thermal Responses of Chlorominima
collina
The isolated alga tolerates only temperatures < 10◦C (Figure 7),
while at 20◦C declines in growth (based RFU values) and in the
specific growth rates (Supplementary Figure 1) were observed.
Preliminary tests indicated that the optimum growth temperature
for Cm. collina is around 4◦C (results not shown). Low Fv/Fm
values indicated that temperatures of 20◦C in interaction with
time were stressful to photochemistry of Cm. collina (glmmTMB;
p < 0.001; Supplementary Table 1 and Figure 7B). In fact,
after 3 days at 20◦C, Fv/Fm reached values close to 0.1, which
was accompanied by the in vivo detection of ROS (Figure 2F).
This caused a significant decrease in growth (RFU) at 20◦C over
time (glmer; p < 0.001; Supplementary Table 1 and Figure 7A).
Conversely, Cm. collina cells kept under control temperature
(2◦C) showed active growth (Figure 7A) and high levels of
photochemical activity (Fv/Fm values ≤ 0.6; Figure 7B), while
in vivo ROS was not detected (Figure 2D). Interestingly, the
new strain maintains relatively constant Fv/Fm and growth values
during the first days at 10◦C (Figure 7) and ROS formation was
not evident on the third day at this temperature (Figure 2E).
After this period, a decline in Fv/Fm and growth was observed,
suggesting that 10◦C is a thermal tolerance limit for Cm. collina.

De novo Transcriptome Assembly and
Annotation
In total, 2,670,333 crude Ilumina PE readings were obtained.
Following removal of low-quality readings and with adapters,
1,539,352 readings were obtained. These RNA-seq reads were
subjected to a de novo transcriptome assembly, which yielded
37,401 transcripts with N50 of 881 bp and an average length

of 643.88 bp (Table 1). A number of annotated sequences
(10,676) had a significant hit identified by BLAST search
against Uniprot and NCBI, 79% of these hits were assigned
to sequences of green algae (Chlorophyta), mainly members
of the Chlamydomonadales order, while the rest corresponded
to other divisions of algae (Figure 8). From the annotations
against the GO database, it was possible to infer the presence
of genes in the categories of GO (Figure 9). In the category
“biological process” the top GO terms were “cellular process”
(GO: 0009987), “metabolic process” (GO: 0008152), and “cellular
metabolic process” (GO: 0044237). For “molecular function”
the top GO terms were “catalytic activity” (GO: 0003824) and
“binding” (GO: 0005488). In the “cellular component” category,
the GO terms “cellular anatomical entity” (GO: 0110165)
and “intracellular” (GO: 0005622) were the most enriched
(Figure 9). Transcripts annotated against the Uniprot database
using BLAST similarity, indicated well-known stress-responsive
genes (Table 2), e.g., genes encoding “ABC transporters”
or “calcium/calmodulin-dependent protein kinase” and “heat
shock proteins.” The identification of several genes related to
photosynthesis such as “oxygen-evolving enhancer proteins”
(e.g., TRINITY_DN6396), or “Rubisco” (TRINITY_DN13299),
together with other genes involved in the translation process
such as “elongation factors” (e.g., TRINITY_DN21381) and
“ribosomal proteins” (e.g., TRINITY_DN10395) indicate an
active metabolism of Cm. collina at 2◦C. At least 12 transcripts
(Table 3) encoding antifreeze glycoprotein and ice-binding
proteins were observed. A large number of transcripts associated
with biosynthesis of fatty acids, especially polyunsaturated fatty
acids (PUFAs), triacylglycerol (TAG), secondary carotenoids
were also identified (Table 4). Additionally, genes involved in
synthesis of betaine were identified (Table 5).

Taxonomic Treatment
Chlorominima Gálvez gen nov.
Type species: Chlorominima collina Gálvez sp. nov.

Etymology: the name reflects the morphological similarity
with the genus Chloromonas, and in turn refers to a small cell size.

Registration: http://phycobank.org/102721
Description: ellipsoidal cells with rounded posterior end,

approximately 11 µm long and 12 width, with two flagella of
equal length at the anterior end. A single parietal chloroplast on
the dorsal side of the cell, without pyrenoids, eyespot absent, and
starch grains scattered between intertylakoidal spaces. Nucleus
single, positioned in the posterior region of the cell, eccentric.
Smooth and noticeable cell wall. Discrete hemispheric papilla.
More than five contractile vacuoles irregularly distributed on the
protoplast surface. Asexual reproduction through the formation
of 2–16 zoospores within the parental cell wall.

Chlorominima collina Gálvez sp. nov.
Registration: http://phycobank.org/102722

Description: vegetative cells, ellipsoidal, ellipsoidal-cylindrical
or spherical with rounded posterior end, of 9–11 µm length
and 6–12 µm width, biflagellate with flagella of equal length
(1.0 × cell length or longer). Single chloroplast, laminate and
parietal in the dorsal side of the cell, defined as C-shaped,
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FIGURE 5 | Maximum-likelihood phylogram of the sequences of the 18S rRNA gene of Chlorominima collina CCAP 6/1 and other representative members of the
order Chlamydomonadales. Clades A, B, C, and D were circumscribed according to Buchheim et al. (1997) and Hoham et al. (2002). The new genus of Sanguina
snow algae is specified (Procházková et al., 2019a). Carteria crucifera, Tetradesmus obliquus, Hydrodictyon reticulatum, and Pediastrum duplex were considered as
outgroup. The names of the clades were designated according to Nakada et al. (2008). The numbers on the branches indicate statistical support values
(Maximum-likelihood bootstraps/Bayesian posterior probabilities). Snow taxa are marked in blue, taxa from other cold environments, not from snow, are marked in
purple and the rest of the taxa from other temperate environments are written in black. The lower bar indicates changes by nucleotide position (0.03).
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FIGURE 6 | Secondary structure model of the ITS2 rDNA of Chlorominima collina CCAP 6/1. The positions of CBC are shown in yellow circles between
Chlorominima collina and Chloromonas perforata CCAP 11/43 (light blue circles) and Chlamydomonas applanata CCAP 11/9 (red circles). The Matrix under the
structure shows compensatory base changes (CBCs) by color under diagonal and identity percent (above diagonal) among the respective strains considered for the
analysis of the secondary structure of ITS2.

with starch grains scattered between intertylakoidal spaces.
Pyrenoid and eyespot absent. Nucleus single, positioned in the
posterior region of cell, eccentric, rather lateral. Approximately
5–6 contractile vacuoles distributed irregularly on the protoplast.
Discrete and hemispherical anterior papilla. Young cells present
wide periplasmic space. Old cells lose their flagella, are globular
in shape with cytoplasmic lipid droplets that occupy most of
the cell volume and increase the size of starch grains. Asexual
reproduction through the formation of generally up to eight
zoospores within the cell wall. In old cultures, formations of
up to 16 zoospores can also be observed within the cell wall.
Sexual reproduction was not evident. Cell aggregates were not
observed in cultures.

Holotype: the strain is preserved permanently at 2◦C at the
Photobiology Laboratory of the Universidad Austral de Chile,
Valdivia, Chile. It has also been deposited in the CCAP, based
in Scottish Association for Marine Science near Oban, Scotland,

United Kingdom4, under strain number CCAP 6/1. Figures 2, 3
show the morphology of the holotype.

Type locality: red snow from the Collins Glacier, King George
Island, South Shetland Islands (62◦10′5.412′′S, 58◦51′18.216′′W),
Western Antarctic Peninsula.

Etymology: the species name was chosen to emphasize the
holotype’s sampling area, the Collins Glacier.

Distribution: Antarctica.

DISCUSSION

Recent studies have demonstrated that snow algae are
taxonomically diverse. In part, this has been possible due
to the application of polyphasic approaches that have allowed

4http://www.ccap.ac.uk
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FIGURE 7 | Growth curves of Chlorominima collina CCAP 6/1 based on RFU values (A) and efficiency of the quantum yield of photosystem II (PSII) (Fv/Fm) (B)
exposed to 2, 10, and 20◦C. The lines show the trends, and the shading indicates the confidence intervals (CI). In the RFU graphs, each point is the mean of 24
replicates and the bars represent the standard error (SE). For Fv/Fm data, each point is an average of 24 replicates (raw data).

the identification of new species (Matsuzaki et al., 2018, 2019;
Procházková et al., 2019b), even a new genus, Sanguina has been
recognized as a dominant component of the snow communities
(Procházková et al., 2019a). This knowledge is crucial, since
it allow building a basis for characterizing the colored snow
blooms, allowing to describe the genetic diversity of snow algae
and their dispersal (Segawa et al., 2018; Soto et al., 2020). Thus,
the description of a new Antarctic genus, Chlorominima with
the species type Cm. collina, together with the integration of
molecular and physiological approaches serves not only to
improve our knowledge about Antarctic taxonomic diversity, but
also provides elements to understand its functional attributes,
reflecting adaptations to the snow ecosystem.

New characterizations of snow communities developed in
the Fildes peninsula, King George Island, have reported in the
red snow a low abundance of Chloromonas sp. CCCryo273-06
(HQ404890) a integrant of the polar subclade of Chlorominima
(Luo et al., 2020). This only confirms the presence of
representatives of Chlorominima in the red snow, which
probably coexist with members of Sanguina and Chlainomonas
(Procházková et al., 2019a; Luo et al., 2020) but does not prove
that the cells of Chloromonas sp. CCCryo273-06 or the isolated

TABLE 1 | Transcriptome sequencing and summary statistics of de novo
assembly.

Number/length

Number of reads from Nextseq550 (2 × 150 pb) 2,670,333

High-quality (HQ) reads 1,539.352

Total trinity transcripts 37,401

Total trinity genes 33,337

Percent GC 54,82

Average contig length 643,88 bp

N50 881

strain in this study have germinated from cysts, as a conclusive
methodology it is suggested to perform single-cell sequencing, to
verify the taxonomic identity of the cysts.

Morphology and Ultrastructure of
Chlorominima collina
The characteristics observed in the vegetative phase of our
new strain were similar to the morphological traits described
for snow or ice species of Chloromonas (Ettl, 1970, 1983),
including the common absence of pyrenoids. This contrasts with
the presence of pyrenoids in taxa phylogenetically related to
Cm. collina, such as Chlamydomonas perpusilla var. perpusilla
(Nakada and Nozaki, 2007), Hamakko caudatus (Nakada and
Nozaki, 2009), or Haematococcus zimbabwiensis (Buchheim et al.,
2013), confirming that this structural trait may be absent or
present within the Chloromonas-Chlamydomonas complex and
therefore could not be relevant for the natural history of these
algae (Hoham et al., 2002; Matsuzaki et al., 2012). In addition,
Cm. collina lacks an eyespot, suggesting that this structure is
not an essential component of the photoreceptor apparatus
(Morel-Laurens and Feinleib, 1983), which has also been reported
for other snow algal strains such as Cr. pichinchae (Hoham,
1975a), Cr. krienitzii (Matsuzaki et al., 2015), or Cr. fukushimae
(Matsuzaki et al., 2014). Similar to the latter species, Cm. collina
has a parietal, laminate chloroplast but is defined as C-shaped,
that is unusual among snow algal species of Chloromonas
exhibiting a cup-shaped chloroplast (Ling and Seppelt, 1998;
Matsuzaki et al., 2014, 2019). Species closely related to Cm. collina
such as Hamakko caudatus (Nakada and Nozaki, 2009) also have
a parietal chloroplast, it also has a similar cell width (6–10 µm) to
Cm. collina, but Hamakko caudatus have spindle cell shape and
can have 10 contractile vacuoles and Cm. collina only 6. Other
close species such as Cd. perpusilla var. perpusilla only present
two apical contractile vacuoles (Nakada and Nozaki, 2007).

Frontiers in Plant Science | www.frontiersin.org 12 June 2021 | Volume 12 | Article 66229866

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-662298 June 1, 2021 Time: 18:48 # 13

Gálvez et al. Antarctic Chlorominima collina

FIGURE 8 | Species distribution of the top BLAST hits by NR database annotation for Chlorominima collina CCAP 6/1. Percentage distribution of the 10 most
successful species identified for each BLAST-assembled sequence against the NCBI non-redundant protein database. In addition to the percentage value, the
number of genes noted per species is indicated.

FIGURE 9 | Gene ontology (GO) assignments for the Chlorominima collina CCAP 6/1 transcriptome. Assignments generated in Blast2GO predict the participation of
genes in biological processes (green); molecular functions (blue) and cellular components (yellow).
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TABLE 2 | Stress-responsive genes present in the Chlorominima collina
trascriptome.

De novo assembled sequence ID GO molecular function (species)

TRINITY_DN1216 ABC transporter F family member 5
(Tetrabaena socialis)

TRINITY_DN25081 ABC transporter B family member 25
(Anthurium amnicola)

TRINITY_DN19387 Leucine-rich repeat-containing protein
1 (Tetrabaena socialis)

TRINITY_DN747 Leucine-rich repeat-containing protein
40 (Auxenochlorella protothecoides)

TRINITY_DN7218 Hypersensitive-induced response
protein 3 (Tetrabaena socialis)

TRINITY_DN6510 Calcium/calmodulin-dependent protein
kinase 1 Da (Lepisosteus oculatus)

TRINITY_DN10034 Heat shock factor 1 (Chlamydomonas
reinhardtii)

TRINITY_DN4825 Activator heat shock protein ATPase
(Monoraphidium neglectum)

TRINITY_DN9027 Heat shock cognate 71 kDa protein-like
(Saccoglossus kowalevskii)

TRINITY_DN10375 Heat shock protein 70a (Dunaliella
salina)

TRINITY_DN10700 Heat shock protein 70D
(Chlamydomonas reinhardtii)

TABLE 3 | Putative Antifreeze and Ice-Binding proteins found in transcriptome of
Chlorominima collina.

De novo assembled sequence ID GO molecular function (species)

TRINITY_DN12789 Antifreeze glycoprotein
(Rhodosporidium toruloides)

TRINITY_DN1603 Ice-binding protein-2 (Chlamydomonas
sp. CCMP681)

TRINITY_DN1624 Ice-binding protein-4 (Chlamydomonas
sp. CCMP681)

TRINITY_DN16614 Ice-binding protein-4 (Chlamydomonas
sp. CCMP681)

TRINITY_DN25734 Ice-binding protein-4 (Chlamydomonas
sp. CCMP681)

TRINITY_DN26347 Ice-binding protein-4 (Chlamydomonas
sp. CCMP681)

TRINITY_DN27778 Ice-binding protein (Chloromonas sp.)

TRINITY_DN4443 Ice-binding protein-4 (Chlamydomonas
sp. CCMP681)

TRINITY_DN6301 Ice-binding protein-4 (Chlamydomonas
sp. CCMP681)

TRINITY_DN6423 Ice-binding protein-4 (Chlamydomonas
sp. CCMP681)

TRINITY_DN7238 Ice-binding protein-3 (Chlamydomonas
sp. CCMP681)

TRINITY_DN8708 Ice-binding protein (Chloromonas sp.)

Furthermore, cells of Cm. collina have an average length
between 9 and 11 µm, while the width does not exceed 12 µm,
resembling cells of Cr. alpina and Cr. miwae, but they differ in
chloroplast and cell morphology (Matsuzaki et al., 2019). Rather,
the ellipsoidal shape of the cells of Cm. collina are comparable
to Cr. hoshawii cells (Matsuzaki et al., 2018). This species does

TABLE 4 | Putative desaturases and other enzymes involved in the biosynthesis of
fatty acids, triacylglycerol and secondary carotenoids present in the transcriptome
of Chlorominima collina.

De novo assembled
sequence ID

GO molecular function (species)

TRINITY_DN12058 Fatty acid elongase 1 (Orychophragmus
violaceus)

TRINITY_DN12819 Fatty acid desaturase 4 (Klebsormidium nitens)

TRINITY_DN1377 Delta-12-fatty acid desaturase (Glaciozyma
antarctica)

TRINITY_DN15049 Putative long-chain-alcohol
O-fatty-acyltransferase 5 (Chlorella sorokiniana)

TRINITY_DN18272 Fatty acid synthase subunit alpha
(Rhodosporidium toruloides)

TRINITY_DN22769 Cyclopropane-fatty-acyl-phospholipid synthase
(Tetrabaena socialis)

TRINITY_DN27022 Elongation of fatty acids protein (Rhodotorula
graminis)

TRINITY_DN30110 Putative long-chain-alcohol
O-fatty-acyltransferase (Tetrabaena socialis)

TRINITY_DN6285 Fatty acid desaturase 2 (Jatropha curcas)

TRINITY_DN6913 Fatty acid desaturase 5 (Theobroma cacao)

TRINITY_DN6936 Fatty acid delta-6-desaturase (Lobosphaera
incisa)

TRINITY_DN7069 Omega-3-fatty acid desaturase
(Chlamydomonas reinhardtii)

TRINITY_DN6274 Stearoyl-ACP-desaturase (Haematococcus
lacustris)

TRINITY_DN15482 Cytochrome P450, C-22 desaturase
(Chlamydomonas reinhardtii)

TRINITY_DN9974 Triacylglycerol lipase-like protein
(Chlamydomonas reinhardtii)

TRINITY_DN11143 Diacylglycerol kinase (Chlamydomonas
eustigma)

TRINITY_DN18922 Putative phospholipid:diacylglycerol
acyltransferase 2 (Arabidopsis thaliana)

TRINITY_DN19602 Diacylglycerol kinase (Volvox carteri f.
nagariensis)

TRINITY_DN3878 Diacylglycerol acyltransferase type 2 (Ettlia
oleoabundans)

TRINITY_DN6178 Diacylglycerol acyltransferase type 2
(Chlamydomonas reinhardtii)

TRINITY_DN6279 Glycerol-3-phosphate acyltransferase,
chloroplastic (Chlamydomonas eustigma)

TRINITY_DN7159 1-acyl-sn-glycerol-3-phosphate acyltransferase
(Chlamydomonas reinhardtii)

TRINITY_DN7140 Glycerol-3-phosphate dehydrogenase [NAD(+)]
(Chlamydomonas reinhardtii)

TRINITY_DN239 Putative stearoyl-CoA 9-desaturase
(Leucosporidium creatinivorum)

TRINITY_DN10651 Zeta-carotene desaturase (Auxenochlorella
protothecoides)

TRINITY_DN19166 Zeta-carotene desaturase (Haematococcus
lacustris)

TRINITY_DN2370 Phytoene desaturase (Haematococcus
lacustris)

not present a discernible papilla and can only form up to four
zoospores (rarely eight) within the parental cell wall, while Cm.
collina can form up to eight zoospores (rarely 16), a feature
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TABLE 5 | Putative betaine aldehyde dehydrogenases genes present in the
transcriptome of Chlorominima collina.

De novo assembled sequence ID GO molecular function (species)

TRINITY_DN13477 Betaine aldehyde dehydrogenase 2,
mitochondrial (Arabidopsis thaliana)

TRINITY_DN21321 Betaine aldehyde dehydrogenase 2,
mitochondrial (Tarenaya hassleriana)

TRINITY_DN5490 Betaine aldehyde dehydrogenase 2
(Phoenix dactylifera)

reported also in Cr. nivalis (Matsuzaki et al., 2018) and Cr.
fukushimae (Matsuzaki et al., 2014). Similar to the latter species,
Cm. collina does not form cellular aggregates in cultures.

Although Cm. collina displays several typical characteristics of
the Chloromonas, it is distinguished from the species described
for this genus and from phylogenetically close species such
as Hamakko caudatus by showing an unusual position of the
nucleus, a wide periplasmic space between the inner and outer
cell membranes, the presence of 5–6 contractile vacuoles, the
small cell size that did not exceed 12 µm in both length and width,
and the absence of pyrenoid and eyespot.

Phylogenetic Position of Chlorominima
collina and Phylogeny of Cold Tolerant
Chlamydomonadales
Chlorominima collina CCAP 6/1 is placed in the phylogroup
Stephanosphaerinia, or clade C (Nakada et al., 2008). This
is unexpected since most snow algae occur in clade A or
Chloromonadinia (Hoham et al., 2002). Specifically, within
clade C, Cm. collina forms an independent lineage, close to
other polar strains unidentified, but assigned to Chloromonas
and Chlamydomonas (Supplementary Table 2). With the
rbcL gene, Cm. collina is sister to Chloromonas ANT1
and Chlamydomonas sp. CCM681, for which there are no
morphological descriptions that allow comparisons, only their
adaptations to cold environments have been characterized
(Devos et al., 1998; Raymond et al., 2009). By using the 18S
rRNA gene, Cm. collina exhibits high identity with Chloromonas
sp. KNF0032, both strains have a small cell size and an ovoid
cell shape but differ in the shape of their chloroplasts and by
the apparent presence of pyrenoid in Chloromonas sp. KNF0032
(Jung et al., 2016b). The insufficient description of Chloromonas
sp. KNF0032 limits further conclusions, but it must also be
taken into account that the evolutionary highly conserved 18S
rRNA gene does not provide sufficient resolution to discriminate
between closely related species (Barcytė et al., 2018a; Remias et al.,
2018; Lutz et al., 2019). When the taxonomic status of Cm. collina
was verified under the CBC species concept (Coleman, 2000;
Müller et al., 2007) we observe the absence of CBC among Cm.
collina and other strains known as Chloromonas sp. (CCCryo273-
06, CCCryo244-06, and CCCryo257-06), which could indicate
with a probability of ∼ 0.76 that these algae belong to the same
species (Coleman, 2000; Müller et al., 2007). This scenario may
be quite feasible given the proximity between the sampling sites
of these algae (Supplementary Table 2). Although, it should also

be noted that even without CBC, the named strains may belong
to different species with a probability of ∼ 0.24 (Caisová et al.,
2013; Škaloud and Rindi, 2013; Procházková et al., 2018). Even
in some cases it has been suggested that morphological changes
precede the emergence of a CBC (Pawłowska et al., 2013).
However, these strains have not been described at the species
level, so there are no descriptions that allow morphological
comparisons. On the other hand, the presence of CBCs was
found in helix III, one with Chloromonas perforata CCAP
11/43 and five with Chlamydomonas applanata CCAP 11/9,
revealing that Cm. collina is a distinct taxon within Caudivolvoxa
with a probability of ∼ 0.93 (Müller et al., 2007; Wolf et al.,
2013).

In the phylogenies of the 18S rRNA gene and the rbcL gene
it was possible to observe the four previously described clades
(A, B, C, and D) for cold-tolerant taxa of Chlamydomonas and
Chloromonas complex (Buchheim et al., 1997; Hoham et al.,
2002), which reaffirms that these genera have colonized cold
habitats at least five times during their evolutionary history
(Hoham et al., 2002; Remias et al., 2010; Hoham and Remias,
2020). Additionally, by including the recent clade of Sanguina,
another origin in cold habitats is added (Procházková et al.,
2019a). In Stephanosphaerinia, in addition to the polar subclade
of Cm. collina and related strains, there are other cold-adapted
members such as Macrochloris rubrioleum CCCryo 340b-08,
suggesting that there is more than one origin of cold-adaptation
within of this clade. In addition, the present phylogenies
show that the representatives of both Chlamydomonas and
Chloromonas are not closely related, confirming the reported
polyphilia of both genera (Nakayama et al., 1996; Pröschold
et al., 2001; Barcytė et al., 2018a). This can be the result of a
combination of factors such as the use of symplesiomorphies,
environmentally variable characters, evolutionary convergence of
vegetative morphologies, or maybe the omission of ecological
preferences that can drive sympatric differentiation (Nakayama
et al., 1996; Pröschold et al., 2001; Malavasi et al., 2016). In fact,
this last point has resolved the classification of genera attaining
problematic morphologies such as Coccomyxa (Malavasi et al.,
2016). Interestingly, in Chloromonas-Chlamydomonas complex,
the habitat has been strongly correlated with the phylogenetic
history of these genera irrespective of morphology (Buchheim
et al., 1997; Hoham et al., 2002; Barcytė et al., 2018b).
The discovery of polar subclades in the Chlamydomonadales
(Demchenko et al., 2012; Procházková et al., 2019a), such as
observed in the present study, support the idea that extreme
environments have promoted the evolution and speciation in
unicellular chlorophytes (Pollio et al., 2005; Fučíková et al., 2014;
Malavasi et al., 2016).

Considering that Cm. collina (i) forms an independent
lineage within Stephanosphaerinia, (ii) it is sister to strains
assigned to Chloromonas or Chlamydomonas, but which are
not monophyletic with the type species of Chloromonas (Cr.
reticulata) or Chlamydomonas (Cd. reinhardtii), so it is not can
maintain the assigned generic identity and must be transferred
to other genera (Pröschold et al., 2001), we propose a new genus
Chlorominima, describing the type species Cm. collina, with the
aim of generating a baseline to identify the rest of the members of
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this polar monophyletic lineage, contributing to the biodiversity
of Chlamydomonadales.

The Psychrophilic Character of
Chlorominima collina: A Typical Feature
of True Snow Algae
Physiological experiments revealed that Cm. collina is a
psychrophilic organism, therefore the increase in temperature to
20◦C causes in this strain a marked decrease of the maximum
quantum yield of the PSII and oxidative stress on the third
day of exposure. These responses were also correlated with a
decline in growth. Probably it was a direct result of thermal stress,
which can affect key metabolic functions, disrupting cellular
homeostasis and uncoupling physiological processes (Suzuki and
Mittler, 2006; Barati et al., 2019). Likewise, the effects of ROS
vary not only according to temperature, but also according to the
duration of heat stress (Dunn et al., 2004), which in this case was
in scale of days. The maintenance of growth and photosynthetic
performance or Fv/Fm during the first days of exposure to 10◦C
and the subsequent decline of these parameters may indicate that
this temperature is a physiological limit for Cm. collina similar to
that observed in other snow algae (Hoham, 1975b; Devos et al.,
1998). In addition to growth, the psychrophilic character was
evaluated through the maximum quantum yield of PSII (Fv/Fm),
since this physiological parameter is sensitive to alterations in
early photochemical reactions revealing stress (Maxwell and
Johnson, 2000). These changes were observed in Cm. collina
after 24 h of exposure at 20◦C with a decrease in FV /Fm below
0.4 compared to FV /Fm above 0.5 at 2◦C (Figure 7B). Such
alterations may not be detected using growth alone, so evaluating
growth alone is inappropriate to define a psychrophilic organism
(Feller and Gerday, 2003).

True snow algae are regarded as psychrophilic organisms
that thrive exclusively in snow (Komárek and Nedbalová, 2007;
Leya, 2013). This classification is valid for some algae of the
genus Chloromonas such as Cr. pichinchae (Hoham, 1975a),
Cr. tughillensis, and Cr. chenangoensis (Hoham et al., 2008).
However, other snow isolates such as Cr. rosae v. psychrophile
(Hoham et al., 2008), Cr. arctica (Barcytė et al., 2018a) and
Cr. svalbardensis (Barcytė et al., 2018b) can be regarded as
psychrotolerant. These algae, in contrast to true snow algae,
can inhabit other substrates (e.g., soil, freshwater) (Stibal and
Elster, 2005; Komárek and Nedbalová, 2007), nevertheless,
under persistent cold conditions they can acquire psychrophilic
adaptions (Cvetkovska et al., 2017).

The psychrophilic nature of Cm. collina is also supported by
the presence of plastoglobuli in the chloroplast, which contains
specialized proteomes and metabolomes to respond to abiotic
stress (van Wijk and Kessler, 2017). In addition, stressors such
as high doses of UV-B radiation (Tian and Yu, 2009) or sulfur
deficiency (Mizuno et al., 2013) have been reported to cause
an increase in starch grains. The latter was observed in old
cells of Cm. collina similar to Cr. arctica (Barcytė et al., 2018a),
but unlike this alga, Cm. collina cells retain their flagella only
at low temperature. When Cm. collina cells are exposed to
elevated temperatures, they lose their flagella, similar to observed

in the snow algae Chlainomonas kolii and Chlainomonas rubra
(Hoham, 1975b).

The Transcriptome of Chlorominima
collina Reflects Adaptations to the
Antarctic Snow Environment
Based on the functional annotation of the transcriptome, it
is possible to identify the expression of the following groups
of key genes: (i) stress-responsive genes, including genes that
encode “heat shock proteins.” The expression of these genes
is common in polar algae and cannot only be stimulated by
heat, but also by cold (Liu et al., 2010, 2016; Kim et al., 2013).
In addition, we identified CaM genes or “calmodulin,” whose
expression is regulated by non-optimal temperature conditions,
high UV-B radiation and salinity, conditions commonly found
in Maritime Antarctica (He et al., 2017). Besides, the presence
of genes of ABC transporters, linked to transport of metabolic
intermediates and compounds for detoxification, as observed in
other polar algae suggests a functional role in cold acclimatization
(Mock et al., 2006; Liu et al., 2016; Poong et al., 2018). We
also identified (ii) ice-active genes, such as genes encoding
“antifreeze glycoprotein” and “ice-binding proteins” or IBPs,
which have been found only in psychrophilic species (Oude
Vrielink et al., 2016), particularly in snow species of the
Chlamydomonadales (Leya, 2013). Therefore there are no
homologs to IBPs in mesophilic species (Raymond et al., 2009;
Dolhi et al., 2013). The novel IBPs discovered the Antarctic strain
Chlamydomonas sp. CCMP681 showed effects on the inhibition
of recrystallization and on the retention of brine in ice (Raymond
et al., 2009), likewise the expression of IBP genes can also be
regulated by heat (Jung et al., 2016a) and light stress (Gwak
et al., 2014). The origin of these genes, whose resemblance to
bacterial IBPs genes suggests the idea of a possible horizontal
gene transfer (HGT), which can be facilitated by transposases
(Raymond and Kim, 2012; Liu et al., 2016). Although some
transposases were identified in the Cm. collina transcriptome,
(TRINITY_DN1269; TRINITY_DN2803), evidence for HGT
is still not conclusive. We also observe (iii) genes encoding
cryoprotectants and fatty acids such as “Omega-3-fatty acid
desaturase” involved in the biosynthesis of polyunsaturated fatty
acids or PUFAs (Garba et al., 2017). Since PUFAs regulate
membrane fluidity, their prevalence is regarded as one of the most
common adaptations of psychrophilic organisms (De Maayer
et al., 2014). Likewise, the presence of “Cytochrome P450, C-22
desaturase” genes can be indicative of sterol biosynthesis that also
regulates the fluidity of the membrane (Brumfield et al., 2017).
Furthermore, “Diacylglycerol acyltransferase” genes involved in
the biosynthesis of triacylglycerol (TAG) were found, which is
related to tolerance to freezing (Zienkiewicz et al., 2016; Tan
et al., 2018). The presence of “Phytoene desaturase” genes may
suggest an active synthesis of secondary carotenoids (Grünewald
et al., 2000), whose antioxidant activity is also induced by cold
(Gocheva et al., 2009; Lemoine and Schoefs, 2010). Other genes,
such as those that encode “Betaine aldehyde dehydrogenase,”
suggest the accumulation of betaine that reduce the freezing point
in the cytoplasm (De Maayer et al., 2014). Thus, it is proposed that
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FIGURE 10 | Scheme of the main transcriptional responses at low temperature. Putative proteins and enzymes present in the Chlorominima collina CCAP 6/1
transcriptome are represented.

joint regulation of the above-mentioned genes allows Cm. collina
(Figure 10) to thrive in Antarctic snow.

CONCLUSION

Our study corroborates the suitability of using a polyphasic
approach to identify and characterize snow alga Cm. collina.
This new strain presents some typical morphological features of
Chloromonas-like algae but differs from this genus by the unusual
position of the nucleus, the shape of the chloroplast, the number
of vacuoles and the small size of the cells. The phylogenies
confirm that the new alga is not Chloromonas but forms an
independent lineage, sister to other strains uncertainly assigned
to Chloromonas-Chlamydomonas, forming a polar subclade
within Stephanosphaerinia. Within the Chlamydomonadales,
Cm. collina is proposed as a distinct taxon according to

the comparisons with models of the secondary structures of
the ITS2 rDNA. Based on these results, we propose a new
Antarctic genus, Chlorominima with the species type Cm. collina.
The integration of physiological and transcriptomic approaches
revealed psychrophilic characteristics that reflect adaptations to
the snow environment. Therefore, the description of Cm. collina,
improves our knowledge on the diversity of snow algae within
Stephanosphaerinia.
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Snow algae are an important group of terrestrial photosynthetic organisms in Antarctica,

where theymostly grow in low lying coastal snow fields. Reliable observations of Antarctic

snow algae are difficult owing to the transient nature of their blooms and the logistics

involved to travel and work there. Previous studies have used Sentinel 2 satellite imagery

to detect and monitor snow algal blooms remotely, but were limited by the coarse

spatial resolution and difficulties detecting red blooms. Here, for the first time, we use

high-resolution WorldView multispectral satellite imagery to study Antarctic snow algal

blooms in detail, tracking the growth of red and green blooms throughout the summer.

Our remote sensing approach was developed alongside two Antarctic field seasons,

where field spectroscopy was used to build a detection model capable of estimating cell

density. Global Positioning System (GPS) tagging of blooms and in situ life cycle analysis

was used to validate and verify our model output. WorldView imagery was then used

successfully to identify red and green snow algae on Anchorage Island (Ryder Bay, 67◦S),

estimating peak coverage to be 9.48× 104 and 6.26× 104m2, respectively. Combined,

this was greater than terrestrial vegetation area coverage for the island, measured using

a normalized difference vegetation index. Green snow algae had greater cell density and

average layer thickness than red blooms (6.0 × 104 vs. 4.3 × 104 cellsml−1) and so

for Anchorage Island we estimated that green algae dry biomass was over three times

that of red algae (567 vs. 180 kg, respectively). Because the high spatial resolution of

the WorldView imagery and its ability to detect red blooms, calculated snow algal area

was 17.5 times greater than estimated with Sentinel 2 imagery. This highlights a scaling

problem of using coarse resolution imagery and suggests snow algal contribution to net

primary productivity on Antarctica may be far greater than previously recognized.

Keywords: snow algae, Antarctica, remote sensing, snow, satellites, WorldView, ecology

1. INTRODUCTION

Blooms of microalgae were noted in Antarctic snow fields by several expeditions in the early 1900s,
in a period when scientific discovery became a major driving force for exploration of the continent
(Hirano, 1965). Since these early records, blooms of red, green, and orange snow algae in Antarctica
have been revealed as diverse ecosystems that play an active role in biogeochemical cycling of
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nutrients and carbon (Ling and Seppelt, 1993; Dierssen et al.,
2002; Hodson et al., 2008; Remias et al., 2013; Boetius et al.,
2015; Davey et al., 2019; Procházková et al., 2019). Antarctica
has relatively little exposed land to support terrestrial vegetation,
with 98.7% of its surface area permanently covered in snow or
ice (Fretwell et al., 2011). Thus, growth within the interstitial
water of melting snow may be a successful, or even dominant,
strategy for photosynthetic life there. Indeed, previous work
has identified green snow algal blooms covering 1.9 km2 of the
Antarctic Peninsula within a melt season (Gray et al., 2020),
which compares with standing area estimates for other terrestrial
vegetation of between 2.44 and 44.6 km2 (depending on the level
of certainty) (Fretwell et al., 2011). Monitoring snow algae is
important in the face of warming in Antarctica, as snow loss from
low-lying islands competes with increases in snow melt at higher
elevations to influence the area and distribution of habitable
snow (Gray et al., 2020). Moreover, snow algae are impurities
within the snowpack, absorbing more solar radiation than clean
snow, reducing its albedo and enhancing melt (Lutz et al., 2016;
Ganey et al., 2017; Khan et al., 2021). The study of snow algae
in Antarctica, in particular optimizing approaches to accurately
monitor their ecology and influence on snow albedo, is timely
and crucial to improve understanding of the effect of climatic
changes on their distribution and abundance.

Satellite remote sensing greatly increases our ability to map
and monitor the extent of Antarctica’s terrestrial biosphere,
because other approaches, such as airborne or drone-based
remote sensing missions cover relatively small areas and
are geographically tethered to research station infrastructure.
Satellite imagery has provided valuable insight into the
distribution and biomass of terrestrial vegetation in Antarctica
(Fretwell et al., 2011; Casanovas et al., 2015; Jawak et al., 2019),
but these studies do not include snow algae as their spectral
reflectance profile, measured using field spectroscopy (Painter
et al., 2001; Cook et al., 2017; Huovinen et al., 2018; Di Mauro
et al., 2020; Gray et al., 2020), is not identified using classical
vegetation indices. There are, however, several studies that focus
specifically on remote sensing snow algae, from early work using
airborne hyperspectral imaging (Painter et al., 2001), projects
utilizing satellite observations (Takeuchi et al., 2006; Huovinen
et al., 2018; Tedstone et al., 2019; Di Mauro et al., 2020; Gray
et al., 2020), and drone-based observations (Tedstone et al.,
2019). Each technology has advantages and disadvantages, with
airborne sensors giving high spatial and spectral resolution across
moderate areas, satellites offering relatively coarse spatial and
spectral resolution across large areas, and drones offering custom
spectral resolution at very high resolutions, but over small areas.

Our previous work mapping snow algae on the Antarctic
Peninsula used the freely available European Space Agency’s
(ESA) Sentinel 2 satellite imagery and gave the first insight into
the distribution of blooms in Antarctica over a large scale (Gray
et al., 2020). However, the spatial resolution of satellite imagery
was too coarse to capture blooms at the edges of snow patches,
and importantly, it was not able to determine the presence
of blooms of red snow algae, as their secondary carotenoids
reduce the effectiveness of the spectral index used. Moreover, this
analysis focused only on a snapshot of growth from 1 year’s worth

of imagery at each bloom location. The problem of red bloom
detection in Sentinel 2 imagery has been somewhat addressed by
the work of Khan et al. (2020), yet large uncertainties remain
when deriving area and biomass estimates from 10 m spatial
resolution pixels. Key to using remotely sensed observations to
study Antarctic terrestrial ecology lies in this balance between
spatial resolution and area coverage. Using higher resolution
commercial satellite imagery may help to address some of the
uncertainties of coarser resolution Sentinel 2 or Landsat imagery,
yet it can also be used to study blooms over larger areas.

Here, we apply the Painter et al. (2001)-adapted methodology
from Gray et al. (2020) to high spatial resolution WorldView
2 and 3 satellite imagery to study the ecology of snow algae
in Antarctica. WorldView satellites (Maxar Technologies) offer
some of the highest spatial and spectral resolution satellite
imagery that are commercially available and have shown great
utility for studying Antarctica’s ecology (LaRue et al., 2011;
Fretwell et al., 2012; Cubaynes et al., 2019; Jawak et al., 2019). We
aimed to assess the use of high-resolution optical satellite remote
sensing as a tool to study snow algae, and in so doing improve
upon estimates of area, biomass, and uncertainty from our earlier
study (Gray et al., 2020). The band configuration of WorldView
satellites enabled us to adapt our earlier methodology to include
red snow algae in our analysis, and higher spatial resolution
(1.24 m2) pixels meant we could improve our understanding of
spatial scale when deriving remotely sensed ecological measures
for snow algae. Finally, we use WorldView imagery to study the
phenology of snow algae over a growth season in the Ryder Bay
area of Adelaide Island, Antarctica.

2. MATERIALS AND METHODS

Fieldwork was conducted in the Fildes Peninsula area of King
George Island (62◦S) in January and February 2019 (Figure 1A)
and the Ryder Bay (Rothera Research Station) area (67◦S) in
January and February 2018 (Figure 1B). Parallel work packages
were undertaken to collect information on snow algal life cycle,
collect field spectrometer measurements to build our remote
sensing model, and to record the locations of blooms for
later validation of satellite imagery. WorldView 3 imagery was
tasked for collection during both field campaigns. Adverse cloud
conditions on collection days meant that only one image was
collected coincident to fieldwork, from February 1, 2019 on
King George Island, and it suffers from over-saturation within
the blue and green bands. Though we were able to use this
image to partially verify our approach, the major remote sensing
discussion herein is focused around a mixture of WorldView 2
and 3 imagery of Ryder Bay, captured in 2017, with images from
February 6, February 28, November 23, and December 28.

2.1. Field Studies
2.1.1. Snow Algal Bloom Sampling
Previous work in the Ryder Bay area has shown green coloration
of snow, mostly resulting from Chloromonas, Chlamydomonas,
and Chlorella sp., in the slush layer between multiyear and
seasonal snowpacks (Davey et al., 2019). Red coloration, largely
a result of Chloromonas sp., was also visible on the surface
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FIGURE 1 | Ground validation sites. WorldView 3 red–green–blue (RGB) images of our ground validation sites, the extent and location of which are denoted by the

blue- or orange-shaded areas in their respective inset maps. Green circles show locations where snow algae were visibly growing on the snow surface, were

geotagged, measured with the field spectrometer, and sampled for microscopy analysis. Pink pixel shading denotes areas of snow identified as containing snow algae

within those WorldView 3 images, using the approach outlined below. (A) Sampling conducted in the Fildes Peninsula region of King George Island whilst stationed at

Professor Julio Escudero Station and Refugio Collins in 2019. (B) Sampling conducted in the Ryder Bay area of Adelaide Island, showing Rothera Research Station

and the outlying islands from which snow algae were sampled in 2018. Red shaded box on Anchorage Island denotes the area shown in Figures 9, 12. Map data

from the SCAR Antarctic Digital Database.

of seasonal snow (Davey et al., 2019). This stratification has
been observed elsewhere in Antarctica, with green or orange
coloration at depth (Bidigare et al., 1993; Mataloni and Tesolín,
1997; Remias et al., 2013; Hodson et al., 2017) as well as
red/orange/pink coloration on the snow surface (Fujii et al., 2010;
Segawa et al., 2018; Procházková et al., 2019; Soto et al., 2020).

Six blooms, in which snow was visibly colored red or green,
were identified close to Rothera Research Station (Rothera Point)
and on the nearby islands of Anchorage, Lagoon, and Léonie.
GPS locations and photographs of the blooms were taken.Within
the bloom, three sampling patches (sample pits) were identified,
one central and one to the left and right of center, and carefully
dug out with a snow shovel (pits are shown in Figure 2). One
patch/pit with no visible snow algae was also sampled to provide
a negative control at each location, close to the visible bloom area.
At each patch, we sampled the surface white (or sometimes green
or red algal top layer) snow, the algal layer (usually green), and
the underlying snow or ice layer. The algal layers were sampled
using 4 × 50 mL (28.98 cm2) sterile plastic sample tubes and
analyzed according to the methods described in Davey et al.
(2019) and Gray et al. (2020). Briefly, the depth of layer was
recorded as well as photosynthetically active radiation (PAR)
(Skye PAR Quantum Sensor, Skye Instruments Ltd., Powys,
UK) and temperature (Omega HH306A thermometer; OMEGA
Engineering Inc) at the snow surface and algal layers at the start
of each sampling period. The samples were then transferred to
the Bonner Laboratory (Rothera Research Station, Ryder Bay,
Antarctica) for processing. Within the research station, samples
were melted in 4◦C lit incubators (Sanyo). Algal cell density

FIGURE 2 | Snow algae pits. Photographs showing (A) a green bloom

underneath seasonal snow layer. Lagoon Island, January 12, 2018; (B) a red

bloom on the surface of seasonal snow. Léonie Island, January 30, 2018; (C)

red algae emerging on top of band of green snow algae. Anchorage Island,

February 9, 2018.

was measured in 202 samples, by agitating and adding 6 µl of
snowmelt into Hycor Kova R© hemocytometer wells and counting
the number of algal cells using bright field microscopy or adding
a known volume (10–20 µL) to a slide, drying, and counting all
the algal cells. Algal community dry cell mass was obtained by
gravity filtration of 50 mL of melted snow through a pre-weighed
dry filter (Whatman GF/C, 47 mm). Filters were dried at 80◦C for
at least 48 h prior to re-weighing.
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TABLE 1 | WorldView 2 and 3 band positions.

Band WorldView 2 center WorldView 2 WorldView 3 center WorldView 3

wavelength (nm) bandwidth (nm) wavelength (nm) bandwidth (nm)

Coastal blue (B1) 447 62 426 57

Blue (B2) 478 73 481 72

Green (B3) 546 80 547 79

Yellow (B4) 608 48 605 49

Red (B5) 659 70 661 70

Red edge (B6) 724 50 724 51

NIR1 (B7) 833 136 832 134

NIR2 (B8) 949 187 948 182

The lower and upper band edges and center wavelengths for the VNIR sensors on board WorldView 2 and 3 VNIR multispectral satellites.

2.1.2. Remote Sensing Model Development and

Validation
In situ hemispherical directional reflectance factors (HDRF) of
green (n = 91) and red (n = 57) snow algae, control white snow
patches (n= 38), and snow containing mineral dust but no algae
(n = 36) were recorded at the locations noted by green circles in
Figure 1. Spectra were collected under clear sky conditions with a
Spectra Vista Corporation (SVC) 1024i field spectrometer using
the methodology described in Gray et al. (2020). Fixed viewing
geometry ensured that HDRF was recorded consistently over a
908 cm2 field of view (FOV) (roughly 6% the area of aWorldView
3 pixel). The snow in the FOV was sub-sampled into a sterile
50mL sample tube, with care taken not to compress the snow
into the tube. The samples were then transferred to the Bonner
laboratory or the Professor Julio Escudero Base laboratory
[King George Island (KGI), Antarctica], where cell density was
determined through analysis of color brightfield microscope
images using the methodology described in Gray et al. (2020).
Field samples were collected at Ryder Bay under the UK BAS
Operating Permit and the Antarctic Act (1994; 2013) and at KGI
under permit from INACH (Chile) Certificate number 209/2019.

As in DiMauro et al. (2020) and Gray et al. (2020), chlorophyll
absorbance features within reflectance factors were determined
using the scaled integral method developed by Painter et al.
(2001). Field-derived hyperspectral HDRF of red or green snow
algae were convolved to the spectral response of WorldView 2
or 3, and the integral of chlorophyll a absorbance, IB5, calculated
using WorldView 2 or 3-simulated “yellow,” “red,” and “red-
edge” bands (Equation 1). Band positions for the WorldView
2 and 3 sensors are shown in Table 1, and the position of the
bands used in Equation (1) relative to the HDRF of snow algae
is shown in the Results section (Figure 3). Since WorldView 2
and 3 have different spectral response functions, sensor-specific
IB5 equations were used to analyze their respective imagery.

IB5 =
RB4(λB6−λB5)+RB6(λB5−λB4)

λB6−λB4
−RB5/RB4(λB6−λB5)+RB6(λB5−λB4)

λB6−λB4
(1)

where IB5 is the scaled integral of Band 5, RBn is the HDRF
for Band “n”, and λBn is the wavelength at the center point
of Band “n” (see Table 1). Relative to the use of Sentinel 2
in Gray et al. (2020), where analysis was limited to green
snow algae, WorldView’s yellow band at 605 nm corresponds
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FIGURE 3 | Snow algae reflectance factors. Average hemispherical directional

reflectance factors (HDRF) of red snow algae (red; n = 70), green snow algae

(green; n = 91), clean snow (blue; n = 38), and mineral dust-entrained snow

(black; n = 36). Error band shows the 95% confidence interval. Vertical

shaded bands show the position of Bands 4, 5, and 6 of WorldView 3’s

multispectral sensor.

to the lower shoulder of the chlorophyll a absorption feature,
without interference from astaxanthin absorption. This meant
that Equation (1) could be used upon WorldView multispectral
imagery to detect both red and green snow algae.

2.2. Remote Sensing
WorldView imagery over the Ryder Bay area from February
6, 2017 (WorldView 3), February 28, 2017 (Worldview
2), November 23, 2017 (Worldview 2), and December 28,
2017 (Worldview 2) was accessed through the DigitalGlobe
Foundation. Imagery was processed and analyzed at 1.24 m
ground sampling distance for Worldview 3 and 1.84 m for
WorldView 2. Imagery was converted to surface reflectance
using the Atmospheric and Radiometric Correction of Satellite
Imagery (ARCSI) command line tool (Bunting and Clewley,
2019), which uses the 6S radiative transfer model (Vermote et al.,
1997) to perform atmospheric correction. The 8m Reference
Elevation Model of Antarctica (REMA) (Howat et al., 2019)
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FIGURE 4 | Cell density vs. IB5. Linear regression of the scaled integral of WorldView 3’s Band 5 relative to Bands 4 and 6 (IB5) (derived from resampled field HDRF),

vs. concentrations of red (left, graph A) (n=57) or green (right, graph B) (n = 60) algal cells within the snow. Shaded area shows the 95% confidence interval. Marginal

histograms show data distribution.

was used to provide elevation data for atmospheric correction.
Aerosol optical depth (AOD) data, collected on clear sky days
by Rothera’s POM 01 (Prede Co. Ltd) automatic sunphotometer
and a handheld Microtops II sunphotometer (Solar Light), were
used to provide values of AOD for the 6S atmospheric model.
No corresponding AOD measurements were available for the
2017 Ryder Bay images, so average clear sky values recorded
during the 2018 Ryder Bay field season were used. For the 2019
King George Island image, AOD was derived from an average
of triplicate Microtops measurements, taken at the same time as
the WorldView 3 image. Maritime aerosol profile and sub-arctic
winter atmospheric profiles were used.

Each scene was masked using the filter functions presented
in Gray et al. (2020). These remove false positives that return
high IB5 values but correspond to saturated, noisy or mixed
pixels, or other terrestrial vegetation. A spectral angle mapper
(SAM) classification was performed in ENVI (Version 5.5 Exelis
Visual Information Solutions, Boulder, Colorado) on the masked
multispectral imagery to differenciate between green, red, dirty
and clean snow. For this classification model, reference end-
member spectra of red (n = 57) and green (n = 91) snow algae,
mineral entrained snow (n = 36), and control plots of algae-free
snow (n= 38) were derived from averagedHDRF, recorded using
field spectroscopy (spectra of these end members are shown in
Figure 3 in the Results section).

Chlorophyll absorbance was then mapped by applying IB5
(Equation 1) to each masked image. To relate this mapped
absorbance to cell density, we used the in situ data collected
with the field spectrometer and microscope. The lines of least
squares regression of field spectroscopy-derived IB5 vs. measured
cell density, shown here in Figure 4, were used to relate the
IB5 value of each pixel to a cell concentration. For pixels
identified as red snow by the SAM classification, cell density
was calculated using the linear regression of red snow algae
vs. IB5 (Figure 4A; Equation 3), whereas, for pixels classified as
green snow algae, cell density was calculated using the linear

relationship between green algal cell density and IB5 (Figure 4B;
Equation 4). Single isolated pixels were discarded from analysis
as they predominantly corresponded to sun glint from rock or
heavily crevassed ice. Pixels returning a lower cell density than
the intercept of Equations (3) or (4) were also discarded. As in
Gray et al. (2020), we estimated snow algal biomass (dry mass)
using averaged in situ measurements of red or green bloom
layer thickness and snow density, and the pixel area, calculated
based on mean row and column pixel dimensions (which vary
according to the cross and in track viewing angle to normalize per
pixel cell concentrations by volume). Average measured dry mass
of a single red or green snow alga was then used to calculate dry
biomass per pixel, with the mass of carbon present determined
using the average measured %C in red and green blooms. All of
these data are presented in Table 2.

To compare with other terrestrial vegetation, the normalized
difference vegetation index (NDVI), a proxy for detecting
vegetation in multispectral imagery, was calculated using the
image from February 28, 2017. This was done with Equation
(2), utilizing the NDVI-2 band combination tested by Jawak
et al. (2019) on Antarctic vegetation. We chose a lower NDVI
threshold of 0.1 after Fretwell et al. (2011), as values less than
this introduced significant noise into our analysis, where isolated
pixels on targets known to not contain vegetation had NDVI
values between 0.05 and 0.1. Pixels identified as snow algae that
also had NDVI > 0.1 were clipped out of the NDVI map to allow
comparison between snow algae and terrestrial vegetation.

NDVI =
NIR 2− Red

NIR 2+ Red
(2)

2.3. Accuracy Assessment
During the 2018 and 2019 field seasons, locations where algae
were visible on the surface of the snow pack were traced using
a Trimble 5700 GPS receiver and Zepher Antenna (Ryder Bay;
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TABLE 2 | Snow algae in situ data.

Green in situ Red in situ Green WorldView 28/02/17 Red WorldView 28/02/17

Snow algae cellsml−1

snow melt

1.9 × 105 ± 3.8 × 105 (n = 66) 3.4 × 104 ± 1.0 × 105 (n = 108) 7.3 × 104 ± 3.0 × 104 (n = 15,614) 3.3 × 104 ± 1.5 × 104 (n = 23,956)

Snow algae cellsm−2

snow surface

2.9 × 109 ± 3.8 × 109 (n = 66) 8.0 × 108 ± 3.4 × 109 (n = 136) 3.9 × 108 ± 1.6 × 108 (n = 15,814) 3.1 × 107 ± 1.4 × 107 (n = 23,956)

Snow algae community

drymass (g m−2)

29.5 ± 29.9 (n = 50) 0.83 ± 1.4 9.1 ± 3.8 (n = 15,814) 1.9 ± 0.9 (n = 23,956)

Snow algal single cell

mass (g)

2.4 × 10−8 ±2.2 × 10−8 (n = 90) 6.2 × 10−8 ±1.2 × 10−7 (n = 57) – –

Snow density (ml melt

cc−1 snow)

0.58 ± 0.17 (n = 90) 0.49 ± 0.13 (n = 57) – –

Snow algal layer

thickness (mm)

9.1 ± 5.9 (n = 90) 1.9 ± 3.3 (n = 57) – –

Snow algal %C 36.1 ± 9.5 (n = 82) 34.9 ± 10.3 (n = 17) – –

Cell counts, snow physical properties, and carbon data of Antarctic green and red snow algae compared to remote-sensed estimates from Anchorage Island using WorldView 2 on

February 28, 2017. Reported values are mean values (±1 standard deviation) from a combination of field work conducted in the Ryder Bay area of Adelaide Island (2018) and the Fildes

Peninsula area of King George Island (2019). In situ data for green snow algae is also reported in Gray et al. (2020).

see Figure 5 for a photograph of GPS tracing), and an Emlid
RS+ GNSS receiver (King George Island). Triplicate samples
of green, red, and clean snow were collected from each bloom
location and analyzed for cell density by light microscopy using
the methodology described in Gray et al. (2020). GPS positions
of field-checked blooms are shown in Figure 1. In the case of
King George Island (Figure 1A), points were recorded within
1 day of the WorldView 3 image shown. GPS data of bloom
locations in the Ryder Bay area were recorded in January and
February 2018 (imagery from 2017). Accuracy of both the SAM
classification and the location of snow algae identified using IB5
was assessed by calculating the Kappa coefficient of agreement
using these ground-checked locations. For Ryder Bay images,
where there was a significant time difference between ground
observations and images, manual checking of true color imagery
was also employed to corroborate Kappa scores. For the Ryder
Bay images, 76 GPS referenced blooms were used to validate
the images from February. Since we had near overlapping field
observations for the Ryder Bay image from the December 28,
2017, 26 blooms locations recorded in early January 2018 were
used to validate this image. For the King George Island image on
February 1, 2019, 40 bloom locations that were recorded within 4
days of these dates were used for validation.

3. RESULTS

3.1. In situ Sampling
3.1.1. Bloom Phenology
Blooms in the Ryder Bay area, including those on Anchorage
Island, were initially (early January 2018) observed as a green
layer within the snowpack. Small patches of red snow were also
noted on the surface of the snowpack in places in early January.
Later in the season (early February), red and green snow algal
blooms covered a visibly larger area. By mid-February, overlying
snow had melted to expose the green algal layers, often on the
surface of a dense, multi-year snowpack as shown in Figure 5.

FIGURE 5 | Snow algae blooms on Anchorage Island. Photograph of Andrew

Gray GPS tracing a green snow algal bloom on south-western tip of

Anchorage Island, January 31, 2018 (Credit: M. Davey).

Pit sampling revealed green layers turning red in some instances
(Figure 2C), although red blooms mostly appeared on the top of
fresh snow, with no green cells detected within the underlying
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FIGURE 6 | In situ snow algal cell density. Measured in situ algal cell density

within clean, visibly red or visibly green snow, sampled for life cycle analysis

throughout the 2017/2018 growth season in the Ryder Bay area, Antarctica.

Samples are from Rothera Point, Anchorage Island, Lagoon Island, and Léonie

Island. Shaded area shows one standard deviation.

snowpack (Figure 2B). Several patches of mixed red and green
snow were also evident, though it was unclear whether this was
representative of different stages of life cycle or two distinct
populations mixed through snow-melt action.

Figure 6 shows the algal cell density of visibly red, green,
or clean snow throughout the 2017/2018 growth season.
No significant trends were observed across the 42 days of
observation. Average cell density (shown in Table 2) was 1.9 ×

105 cellsml−1 for green and 3.4 × 104 for red blooms, with
considerable variation observed between different blooms of the
same color (respective standard deviations of 3.8 × 105 and 1.0
× 105). There were also no changes in measured visible bloom
area through January and February during our observations in
2018 (Figure 7). Average bloom area was 1,110± 674m2 for
green blooms and 531± 364m2 for red blooms. The cell densities
measured within strongly colored patches of snow in 2018 were
consistent with those recorded for Ryder Bay snow algae in 2015
(Davey et al., 2019), and are similar to cell densities recorded
elsewhere in Antarctica (Hodson et al., 2017).

3.1.2. Field Spectroscopy
Average HDRF of red and green snow algae, and clean and
mineral entrained snow are shown in Figure 3. Both red and
green algae exhibited strong absorption features at 680 nm from
chlorophyll a, which were not present within the recorded spectra
of clean or mineral dust-containing snow. Green snow algae
HDRF also had strong absorption from chlorophyll b, a broad
peak between c. 400 and 500 nm, which was present but less
pronounced in red bloom spectra. Red blooms also showed
absorption from carotenoids, such as astaxanthin, which when
combined with chlorophyll b creates a broad flat absorption
feature below 570 nm. Field HDRF indicate similar pigmentation
to that observed through HPLC analysis of snow algae sampled
from the same area (Davey et al., 2019) and are similar to red and

FIGURE 7 | In situ bloom area measurements. In situ measurements of visible

bloom area, recorded with a Trimble dGPS throughout the 2018 field season in

the Ryder Bay area. Blooms recorded are from Rothera Point, Anchorage

Island, Lagoon Island, and Léonie Island.

green snow algae spectra reported elsewhere (Painter et al., 2001;
Holzinger et al., 2016; Huovinen et al., 2018; Khan et al., 2021).

There was significant variation in the magnitude of HDRF
within the visible/near infra-red (VNIR) region, as our sampling
aimed to survey a wide range of cell densities to avoid
extrapolation when applying our regression model to remotely
sensed images. Lower cell concentrations, where coloration was
just visible on the surface of the snow, typically had higher
overall reflectance and a smaller chlorophyll absorption features
at 680 nm. Where algae completely covered the snow surface,
HDRF values were much lower within the VNIR range but
also exhibited deeper chlorophyll a absorbance features. The
relationship between cell density and the continuum-scaled
integral of the chlorophyll a absorbance feature is shown in
Figure 4. The linear relationship between cell density and IB5
(Figure 4) was high and significant for both red and green
blooms, with respective Pearson’s correlation coefficients of r(58)
= 0.82, p < 0.01 and r(55) = 0.80, p < 0.01. R2 was, respectively,
0.67 and 0.64, and the standard error 4.3 × 104 and 2.5 ×

104 cellsml−1. The lines of best fit, used to estimate cell density
within a WorldView pixel, are shown in Equations (3) and (4),
for red and green snow algae, respectively.

Red Cellsml−1 = (IB5 × 455699)+ 5452 (3)

GreenCellsml−1 = (IB5 × 255793)+ 9065 (4)

Likely causes of variation in these regression models include
factors that affect theHDRF lineshape, for example, debris, mixed
communities of red and green algal cells, and snow morphology,
such as crystal structure and liquid water content (Cook et al.,
2017). Variation may also arise from sampling geometry, with a
fixed nadir viewing angle, but with aspect, slope angle, and the
solar zenith varying between sampling sites. The y-intercepts of
Equations (3) and (4) (the lines of best fit from Figures 4A,B)
determined the lower limit of cell density detection within a
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A B

FIGURE 8 | Spectral angle mapper (SAM) classification example. (A)

Red–green–blue (RGB) true color WorldView 2 image of a section of

Anchorage Island from February 28, 2017. Image extent is highlighted in

Figure 1. (B) Output from the spectral angle mapper classification (SAM),

used to determine which pixels contained red, and green snow algae for later

calculation of pixel cell density.

WorldView pixel using this approach: 5.5 × 103 cells ml−1 for
red snow algae, and 9.1 × 103 cells ml−1 for green snow algae.
This is, respectively, one and two orders of magnitude smaller
than our averaged measured cell densities (Table 2).

3.2. Remote Sensing Snow Algae
3.2.1. Accuracy Assessment and Bias
Figure 8 shows the output from the SAM classification. Run
only on snow within a scene, SAM performed well in classifying
between red or green snow algae, white and mineral-entrained
snow, with Kappa scores of 0.68 on December 28, 2017, 0.81
on February 6, 2017, and 0.64 on February 28, 2017, when
compared to ground GPS data from the subsequent season. The
November 23, 2017 image differed greatly from our ground GPS
data, with seasonal snow covering most of the islands. Instead,
SAM output was assessed by manual checking against true color
imagery, where it correctly classified most clean snow but did
not perform well with areas of shadow, misclassifying them as
mineral-laden or red algal blooms. SAM misclassification in all
images predominantly was related to red snow being assigned
as mineral entrained snow or clean snow, or very dark patches
of green snow algae (which may be classified as rock/terrestrial
vegetation within our SAM end member framework). We were
unable to classify or separate red or green snow in the image of
King George Island, as its blue and green bands were saturated
over snow.

Figure 9 shows the output of our approach to identifying
snow algae within WorldView 2 and 3 images, combining filter
masking, SAM, IB5, and Equations (4) or (3). Since it was our
only WorldView image with concurrent field measurements, we
performed an accuracy assessment using georeferenced blooms
on the saturated image of King George Island. All GPS-logged
patches of snow algae were correctly identified by our model;
however, its Kappa score was low (0.59) as we were unable

to accurately differentiate algae from mineral-laden snow, with
SAM classification performing poorly on the saturated image. For
Ryder Bay images, Kappa scores of 0.79 on December 28, 2017,
0.59 on February 6, 2017, and 0.82 on February 28, 2017 were
observed. As with SAM validation, November 23, 2017 scene was
assessed by manually checking against true color imagery. Areas
with visible green/orange coloration to the snowwere classified as
snow algae, as were patches close to Rothera Station that appeared
white in this image, but had developed into green blooms by
December 28, 2017, possibly indicating sub-surface blooms.

At center swath and on flat ground, WorldView 3 has a
ground sampling distance of 1.24 m for its VNIR bands, with
WorldView 2 only slightly larger at 1.84 m. This allows detection
of smaller blooms than is possible using Sentinel 2 or Landsat
imagery, yet our field observations indicate that blooms were
still patchy and heterogeneous at this scale. Any chlorophyll
absorbance from the presence of snow algae will be integrated
across a pixel according to its point spread function (Radoux
et al., 2016) with a theoretical lower limit of detection for bloom
area being based upon the bloom’s cell density and whether it
crosses through the center or is positioned at the border of a
pixel. Based upon average in situ cell densities from Table 2,
the minimum detectable cell densities from Equations (4) and
(3), and assuming a bloom crosses through the center of a pixel
otherwise containing clean snow, we estimate the minimum
detectable bloom area to be 0.09 and 0.06 m2 for green blooms,
and 0.3 and 0.2 m2 for red blooms, in WorldView 2 and 3
imagery, respectively. Mixed pixels containing rock or vegetation
alongside green snow algae would likely be excluded from the
study based on the filter functions applied before analysis (Gray
et al., 2020).

Spatial biases of remote-sensed snow algal area estimates
may be caused by misclassification of pixels, subpixel blooms
being counted as one pixel in area, blooms growing under the
surface layer of snow being excluded from observation, and error
associated with pixel dimensions on the snow surface. Each of
these will cause over- or underestimation of area and will affect
red and green blooms differently throughout the growth season.
Misclassification likely led to underestimation of red bloom area,
where pixels containing red snow algae were incorrectly labeled
as mineral entrained or clean white snow by the SAM classifier.
Conversely, misclassification likely caused overestimation of
green bloom area, as some noisy or dark pixels with high IB5
remained after filtering and were often misclassified as green
snow algae by our SAM classifier. These were typically on angular
rocky structures or crevassed ice and required manual removal
prior to analysis. Overestimation of the area of subpixel blooms
will likely cause greater bias at the beginning of the season, where
the exposed area of blooms may be smaller. However, this is also
when we expect to have greater underestimation of bloom area,
as overlying snow obscures growth from view. The latter will
mostly affect green blooms, as red blooms in coastal Antarctica
have predominantly been observed to inhabit the surface of snow
(Remias et al., 2013; Davey et al., 2019). Spatial bias resulting from
error in pixel dimension introduces uncertainty when comparing
different images/sensors, as the off-nadir and azimuth viewing
angles with respect to surface topography will result in different
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FIGURE 9 | Red and green snow algal distribution and modeled cell density. Area coverage and (dry) biomass estimates are given for red and green snow algae on

Anchorage Island. All images are from 2017. Map extent is shown in Figure 1B.

pixel area errors for the same blooms within different images.
The areas reported here are givenminimum andmaximum range
bounds based upon potential bias from misclassification (based
on that image’s accuracy assessment) and the range of pixel area
within a scene (based on image-specific viewing geometry only).
Errors associated with foreshortening and elongation of pixels
because of satellite viewing geometry were not considered in this
paper and should be considered in greater depth in future study.

Assuming pixels contain only red or green snow, and do
not contain mixed populations, error for remote-sensed cell
density estimates is largely captured by the standard error of
our regression models relating IB5 to cell density (Figure 4).
This standard error would relate to errors in field spectroscopy-
based IB5 measurements, the associated cell density measurement
and non-snow algae factors that may influence lineshape and
hence IB5. These may be factors, such as mineral dust, snow
crystal morphology, and bi-directional reflectance factor (BRDF)
effects. Biomass estimates have greater uncertainty because they

are parameterized using averaged field measurements rather than
mapped or remote sensing-derived snow density, thickness, or
cellular mass. Biomass estimates are given with maximum and
minimum values based on propagated error from pixel area, the
standard error of red or green snow algae regression models,
and each empirically derived parameter used for calculation.
Error is more complex where pixels contain mixed red and green
populations, as SAM may classify a pixel as red or green based
upon the greater number of red or green cells in that pixel rather
than by greatest area coverage, although the position of red or
green cells within a pixel relative to its point spread function will
also influence classification. In this case, red snow algae in a pixel
classified as green will be enumerated based upon the relationship
between IB5 and green algae (Equation 4) rather than IB5 and
red algae (Equation 3) and vice versa. Dry biomass estimates
will similarly be based upon incorrect fieldmeasurements. Future
work should address this uncertainty, through spectral unmixing
approaches, or analysis of higher resolution drone imagery.
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FIGURE 10 | Remotely sensed cell density. A boxplot showing the change in

average snow algal cell density for Anchorage Island, recorded by WorldView

2 and 3 imagery, through a growing season.

3.2.2. WorldView Identification of Snow Algae on

Anchorage Island
Remote sensing results reported here focus on Anchorage Island
alone, as the footprint of each WorldView image of Ryder
Bay was different, with sections of Léonie Island cropped
from several images. Figure 9 maps the change in distribution
of snow algal biomass and area over the southwestern tip
of Anchorage Island on February 6, February 28, November
23, and December 28. To complement this map, Figure 10

shows the change in remote-sensed estimates of snow algal
cell density across these time points. Although the images are
from the same year, rather than the same growth season, our
analysis is presented as a seasonal progression to explore changes
from early (November/December) to late (February) season
bloom development.

On November 23, 2017, green snow algae were identified
at several locations where sea ice had thinned close to the
shore and green or red/orange coloration appeared at the snow
surface. These covered a small total area, with pixels identified
as green snow algae covering 115 m2 (min: 114 m2; max: 118
m2) and pixels identified as red snow algae covering 89 m2

(min: 88 m2; max: 91 m2). These blooms were not densely
populated, with a green pixel average cell density of 2.4 ×

104 cellsml−1± 1.1 × 104 (n = 26) and a red pixel average cell
density of 2.0× 104 cellsml−1± 1.3× 104 (n= 20). Dry biomass
was, respectively, 0.37 kg (min: 6 g; max: 1.5 kg) and 0.09 kg
(min: 38 g; max: 1.0 kg) for green and red blooms. By December
28, 2017, green snow algae were identified at the edges of snow
packs and in troughs in the landscape. Both area (mean: 9.6 ×

103 m2; min: 8.7 × 103 m2; max: 9.7 × 103 m2) and average
pixel cell density (3.0 × 104 cellsml−1± 1.3 × 104; n = 1749)
had increased relative to the image from November 23, 2017,
with dry biomass now totaling 42 kg (min: 0.6 kg; max: 179 kg)
for Anchorage Island. Red snow algae were identified alongside
these green patches, though they covered a smaller area (mean:
1.4 × 103 m2; min: 1.2 × 103 m2; max: 1.4 × 103 m2). Here,
red pixels averaged 2.5 × 104 cellsml−1± 1.5 × 104 (n = 249)

and contained an estimated 1.9 kg (min: 0.7 kg; max: 20.3 kg)
of dry biomass. By February 6, 2017, the area of visible green
blooms had increased to 3.02 × 104m2 (min: 2.36 × 104m2;
max: 3.20 × 104m2), as had the area of red snow algae, which
was now similar to that of green (2.89 × 104m2; min: 2.10
× 104m2; max: 2.91 × 104m2). Average cell density for both
red and green blooms had increased relative to December 28
image (5.0 × 104 cellsml−1± 1.7 × 104; n = 12,094 and 4.1
× 104 cellsml−1± 2.3 × 104 (n = 11,561), respectively), green
blooms significantly so (t-test: t = 67; P ≤ 0.01). Total dry
biomass for Anchorage Island within this image was 52 kg (min:
15 kg; max: 537 kg) for red snow algae and 224 kg (min: 2.8 kg;
max: 979 kg) for green snow algae. By February 28, 2017, red
snow algae covered a greater area than green, averaging 9.48
× 104m2 vs. 6.26 × 104m2 (respective minimum area: 8.65 ×

104m2 and 5.56 × 104m2; respective maximum area: 9.49 ×

104m2 and 6.27 × 104m2). Green cell density had significantly
increased (t-test: t = 41; P ≤ 0.01) relative to February 6, 2017,
averaging 6.0 × 104 cellsml−1± 2.2 × 104 (n = 15,814) in
February 28, 2017 image, while red bloom cell densities remained
similar within both February images (4.3 × 104 cellsml−1± 2.0
× 104; n = 23,956). Dry biomass on February 28, 2017 was
567 kg (min: 8 kg; max: 2,340 kg) for green blooms and 180
kg (min: 34 kg; max: 1,850 kg) for red blooms. The entirety of
the WorldView 2 image from the February 28, 2017 (extent is
shown in Figure 1B) contained 1.1× 105m2 (min: 9.9× 104m2;
max:1.1 × 105m2) of green snow algae and 2.6 × 105m2 (min:
2.3× 105m2; max: 2.6× 105m2) of red snow algae, respectively,
contributing 778 kg (min: 11 kg; max: 3220 kg) and 388 kg (min:
137 kg: max: 3,980 kg) of dry biomass to the area.

Red blooms had closer agreement between remote-sensed and
in situ measurements of cell density, relative to green ones, with
derived estimates, respectively, averaging 97 and 38% of in situ
cell counts. It is likely this discrepancy is partially because the
in situ mean overestimates average green bloom cell density due
to sampling bias when in the field. Green blooms form dense
mats of algae on relatively small patches of snow, whereas red
blooms were typically more evenly distributed across a broader
area, thus are less subject to bias when sampling. Integrating
small dense patches of green algae over the area of one pixel
may cause remote-sensed estimates of green algal cell density
to underestimate real-world values. This spreading effect is also
more likely to influence green blooms than red.

Based on dGPS data from two surveys on Anchorage
Island, conducted on January 31 and February 12, 2018,
blooms ranged from 60 to 2,739 m2 in size, with the
average bloom area being 962 m2. Remotely sensed area
estimates of discrete blooms from February 6, 2017 suggests
the average bloom size was 12 m2, with the maximum
observed bloom being 1,035 m2. At this point, Anchorage
Island had 3,277 discrete blooms of snow algae with blooms
under 100 m2 contributing to 60% of total snow algal area.
Blooms appear smaller within the satellite imagery because
of differences by which blooms were separated into discrete
entities. The remote sensing analysis rigidly separates blooms
that do not intersect, whereas field dGPS surveys aggregate
adjacent patches (as shown in Figure 5) where it was evident
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FIGURE 11 | Comparison between snow algal area and normalized difference

vegetation index (NDVI) (a vegetation proxy) for Anchorage Island. Red and

green pixels show the area covered by red and green snow algae, respectively.

Yellow indicates pixels with an NDVI > 0.1, which indicates other vegetation

(moss and lichen).

that subsurface algae connected blooms that were visible on
the surface.

3.2.3. Snow Algae vs. Other Terrestrial Vegetation
Figure 11 shows snow algae alongside pixels with an NDVI >

0.1 on Anchorage Island on February 28, 2017. This image had
the largest area coverage of snow algae, and the lowest area
coverage of snow, meaning seasonally snow-covered terrestrial
vegetation is likely to be exposed. For Anchorage Island, the total
area covered by snow algae was 1.57 × 105 vs. 1.37 × 105m2

for pixels with an NDVI > 0.1. The average NDVI for pixels
identified as vegetation (NDVI > 0.1) on Anchorage Island was
0.13± 0.07. Of 15 GPS-logged locations where moss or lichen
covered an area larger than 1m2, recorded in February 2018, 80%
had NDVI values > 0.1.

4. DISCUSSION

4.1. WorldView Satellites to Map Snow
Algae
We have used WorldView 2 and 3 multispectral imagery to map
changes in Antarctic snow algae during the summer growth
season. The high spatial resolution of WorldView satellites has

significantly improved upon previous satellite-based maps of
snow algae, producing detailed area coverage and cell density
estimates that let us explore the seasonal development of snow
algal blooms. Additionally, WorldView’s high spectral resolution
meant we were able to map red algal blooms alongside green
ones, addressing a major limitation of our previous study (Gray
et al., 2020). Two ground validation campaigns (in 2018 and
2019) monitored the seasonal development of snow algae in
Antarctica and collected field spectra of snow algae. These data
were then used to develop a model to detect and estimate algal
cell density in snow, by using the scaled integral of a chlorophyll
absorption feature evident within both field reflectance factors
and satellite pixels. Positional data were also collected to assess
accuracy when applying this approach to WorldView imagery.
Using this method, we successfully identified red and green snow
algae on Anchorage Island, Antarctica, estimating peak coverage
to be 9.48× 104 and 6.26× 104m2, respectively. Despite covering
a smaller area, green snow algae had greater cell density than red
blooms (6.0 × 104 and 4.3 × 104 cellsml−1, respectively), and
had higher average layer thickness (see Table 2). This meant that
green algae contributed more overall to terrestrial biomass on the
island than red algae (567 vs. 180 kg).

Our work builds upon previous use of Sentinel 2 imagery to
study snow algae in Antarctica (Huovinen et al., 2018; Gray et al.,
2020; Khan et al., 2020, 2021) and shows the advantage gained
by using high spatial and spectral resolution satellites, such as
WorldView 2 or 3. Figure 12 compares snow algae identified
through the methodology presented here, with that used in Gray
et al. (2020), which used coarser-resolution Sentinel 2 satellite
imagery. Figure 12B is a Sentinel 2 image that was captured 3
days after the WorldView 2 image in Figure 12A. Across the
same area of Anchorage Island, Sentinel 2 was only able to detect
14.8% of the area of green snow algae identified by WorldView
2. Due to coarser spectral resolution, Sentinel 2 was unable to
reliably detect red blooms, meaning that the total area of snow
algae detected by Sentinel 2 was 5.7% of the combined area of
red and green blooms detected with WorldView 2. WorldView 2
pixels cover a 25x smaller area than Sentinel 2 pixels, resulting
in far fewer mixed pixels at the edges of blooms that would be
filtered out when analyzing Sentinel 2 imagery. Smaller pixels
also allows WorldView 2 to detect much smaller blooms [0.09
m2 vs. 11 m2 for Sentinel 2 (Gray et al., 2020)] with less chance
of misclassification. The total bloom area for green snow algae
on the Antarctic Peninsula detected using Sentinel 2 in Gray
et al. (2020) was 1.9 km2. Since a large proportion of this area
was related to several very large blooms, where the limitation
of Sentinel 2’s minimum area detection limit would be less
problematic, we cannot simply scale the difference observed
between satellites for Anchorage Island in Figure 12 to improve
our Peninsula area estimate. Instead, it serves to highlight the
importance of smaller blooms in contributing to the total area
covered by snow algae. It also shows a need to refine methods
for automatic sub-pixel bloom detection when using Sentinel 2
or similar imagery to study snow algae over large areas.

Of the methods employed here for identifying snow algae,
most uncertainty relates to the SAM classifier as a method
for discriminating between snow end members as “clean,”
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A B

FIGURE 12 | Comparison between WorldView 2 and Sentinel 2. (A) WorldView 2 analysis of red and green snow algal distribution and cell density on February 28,

2017, Anchorage Island, Antarctica. (B) Green snow algal distribution and cell density based on a Sentinel 2 image from March 3, 2017, using methodology described

by Gray et al. (2020). Note cloud shadow is partially obscuring the north east section in this image.

“mineral-laden,” “red,” or “green” snow algae. SAM was used
over other classification methods for this study as it is relatively
robust against BRDF effects (Weyermann et al., 2009). However,
snow and ice have diverse and dynamic morphology, where
grain size, density, and liquid water content may all change
significantly throughout the day and influence the scattering
of light (Dozier et al., 2009; Nolin, 2011). Moreover, our end
member HDRF were collected over a narrow time period
relative to the snow algal growth season, and so may not
be representative of a full range of snow conditions. Spectral
unmixing approaches have been used to separate mineral-laden
snow from snow algae-containing snow with some success
within Sentinel 2 images (Huovinen et al., 2018). However,
unconstrained linear unmixing classification using the same end
member spectra as used to populate our SAM classifier yielded
poor performance on our WorldView imagery, and so was not
considered further here. Indices methods for identifying mineral
impurities within snow, such as those developed by Di Mauro
et al. (2015) and Kokhanovsky et al. (2021), may improve the
reliability of classifying red snow algae when combined with our
SAM approach. Future work should focus on refining ensemble
methods to improve classification of snow and its mineral and
biological impurities over a wider range of seasonal conditions
within multispectral satellite imagery.

For studying the ecology of snow algae, the synoptic
view provided by satellites escapes the sampling bias of in

situ observations while providing temporal characterization of
fundamental properties, such as area and cell density across
large areas. Remote sensing is not an alternative to field-based
observations, however, as it misses the complexity of processes
within the snow pack, both in terms of algal diversity and the
physical stratification of algae within the snow itself. Moreover,
coastal Antarctic snows are host to a variety of other microbial
constituents that are not visible for remote detection, yet are
important within biogeochemical processes, such as nutrient
transfer and carbon cycling (Antony et al., 2016; Malard et al.,
2019). Moreover, pixel size and processing routines used to
identify snow algae introduce their own biases and are discussed
here. The use of high spatial resolution WorldView imagery in
this paper goes some way to addressing these biases to give a
more complete picture of snow algae as an ecosystem relative
to what has been achieved with the freely available Sentinel 2
imagery in Antarctica (Huovinen et al., 2018; Gray et al., 2020).
Unfortunately, as this imagery needs to be tasked, and is relatively
expensive, it is currently unsuitable for routine monitoring at
large scales.

4.2. Snow Algal Seasonal Change and
Phenology
The WorldView image of Anchorage Island from November
23, 2017 shows algae appearing where snow is overlying coastal
inlets, where sea ice has persisted. With no in situ observations
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this early in the season, it is hard to confidently state whether
these pixels are snow algae. The inlets where algae were identified
by our model coincide with valleys further inland, meaning that
early melt water could have been channeled here, or snowmay be
saturated from proximity to ocean water, causing wet conditions
for algae to grow in the snowpack. Alternatively, we may be
seeing a false positive from light diffracting through thin sea
ice, or marine algae exposed from ice disturbance. Nonetheless,
December’s WorldView image mirrored our field observations,
with small patches of green and red snow algae appearing at
the melting edge of snow banks. Observations from snow pits
dug in January at both Ryder Bay and King George Island field
sites suggest that this green snow algal layer will extend up
into the snowpack within a melt water-rich layer of snow/slush,
sandwiched between overlying seasonal and compacted multi-
year snow layers. Depending on the thickness and freshness
(Perovich, 2007) of overlying snow, this layer of snow algae
may be shielded from satellite observation, and hence our area
estimates for December likely underestimate the actual extent
of growth.

A significant change was observed in the late-season images,
where green snow algae had appeared in the upper elevations
of snow banks, exposed where the seasonal snow pack had
melted away in runnels (see Figure 9). Field observations
from Anchorage Island on January 31, 2018 indicated less
extensive green snow algae coverage relative to February 6, 2017
WorldView image, though larger green patches were starting to
appear (see Figure 5) in the same locations that were identified
as containing snow algae by 2017 remote sensing imagery.
They also followed the same pattern of exposure, melting out
from underneath seasonal snow on the upper margins of snow
fields. Average remote-sensed cell density estimates increased
significantly between November 23 and February 28 images,
suggesting considerable green algal growth between early and late
season. We postulate that the maximum area coverage of green
snow algae was achieved while buried underneath seasonal snow
cover, where liquid water and nutrients are supplied by snow
melt percolating through the algal layer (Nowak et al., 2018).
This means that late-season remote sensing observations can be
diagnostic of processes occurring earlier in the melt season, yet
also highlights a primary limitation of optical remote sensing
methods for snow alga (or algae) ecology: uncertainty relating to
buried and obscured blooms.

Field observations indicated that red blooms primarily
occurred on the surface of seasonal snow, sometimes appearing
to bloom after fresh snow fall, although red coloration could
also appear on underlying multi-year snow, presumably having
been deposited by snow melt. The blooms on the seasonal snow
surface surveyed on Anchorage Island on January 31 were red
and/or orange in color (e.g., Figure 2B), and again were evident
in similar locations to red snow algae identified in February 6,
2017 image. By February 28, 2017, red snow algae covered a
greater area than green and, combined, snow algae covered 72%
of the snowpack on Anchorage Island. Despite snow algal area
reaching its observed maximum in February 28, 2017 image,
there had also been significant loss of algae-inhabited snow by

this point in the melt season. Between February 6 and 28, 1.2 ×

104m2 of snow containing green algae, and 1.0× 104m2 of snow
containing red algae had melted out completely, and 13.8% of the
total bloom area is identified in February 28, 2017 image.

Interestingly, we observed green snow algal blooms of similar
sizes on the same snow banks across multiple growth seasons.
Imagery from 2017 closely matches field observations from 2018,
and indeed green coloration is visible on these same snow
patches on the southern tip of Anchorage Island within 2020
Sentinel 2 imagery (data not shown). This may be an indication
that the previous year’s bloom seeds subsequent year’s growth,
where blooms on multi-year snow are buried by fresh snowfall
(Hoham and Duval, 2001; Hoham and Remias, 2020). Figure 9
shows large red blooms forming adjacent to green. Along with
observations of red cells forming on top of layers of green snow
algae in several snow pits (see Figure 2C), this perhaps indicates
that the red blooms on Anchorage Island are an encystment
phase of an underlying green bloom. In some cases, this was
confirmed, as snow that was red on February 6 was replaced with
green snow by February 28, presumably as the cyst-containing
seasonal snow melted out completely. Some in-field observations
of red blooms, however, indicated that red snow algae were
not associated with underlying vegetative cells, suggesting that
aerial dispersal of cells onto the snowpack may also be an
important factor influencing the colonization of snow (Marshall
and Chalmers, 1997; Muller et al., 2001; Procházková et al., 2019).
This may be possible to test with a remote-sensed phenology,
such as in Figure 9, but we see no evidence of red bloomsmelting
out to white snow in this case. Additionally, although there is
increasing evidence that red cells have a bioalbedo advantage
over green cells in seeding and establishing blooms (Dial et al.,
2018), we do not have any systematic evidence in this study to
support this and would require further investigation for such
mixed green–orange–red color algal populations.

Our results indicate that 2017 snow algal coverage on
Anchorage Island was greater in area than other terrestrial
vegetation combined. Anchorage Island vegetation is
predominantly mosses and lichens, with some Prasiola species
also present (Bokhorst et al., 2007). Our results indicated that
NDVI values on Anchorage Island were generally low (averaging
0.13), and consistent with those identified for lichen species
in Landsat imagery by Casanovas et al. (2015). Casanovas
et al. (2015) showed NDVI to perform relatively poorly when
mapping Antarctic lichen species because of their low NDVI
under dry conditions. However, though we did not perform
species-specific ground validation for terrestrial vegetation,
NDVI appeared to perform well, identifying large areas of
lichen-covered rock toward the south of Anchorage Island.
The results of Fretwell et al. (2011) and Casanovas et al.
(2015) indicate that we may have missed some vegetation
by choosing a 0.1 threshold for our NDVI value, in which
case maximum snow algal area may be similar to that of
terrestrial vegetation. We observed significant false positives
when applying a lower 0.05 NDVI threshold on our February
28, 2017 image, however, and so cannot accurately use these
data in our comparison. Future work may apply the full remote
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sensing framework devised by Jawak et al. (2019) for more
robust identification of terrestrial vegetation in WorldView
scenes to allow for better comparison between Antarctic
vegetation types.

5. CONCLUSIONS

Our primary aim here was to improve remote sensing methods
for detecting and monitoring snow algal blooms and to use them
to assess fundamental aspects of the ecology of these organisms.
We have made the first use of high-resolution WorldView 2
and 3 imagery from 2017 to identify blooms of red and green
snow algae as they grow in the snow pack on Anchorage Island,
Antarctica. From this imagery, we have produced estimates of cell
density and area coverage, showing how red and green blooms
developed separately as the melt season progressed. Together,
red and green blooms grew to cover an area greater than other
terrestrial vegetation on the island. This remote sensing study was
underpinned by two field seasons in Antarctica, in 2018 and 2019,
to build the empirical model which relates spectral reflectance to
cell density and to spatially validate our model output.

WorldView imagery provided a significant improvement over
previous efforts using Sentinel 2 imagery, with both red and
green blooms automatically detected using the methodology
developed for Sentinel 2 imagery by Gray et al. (2020). The
higher resolution allows blooms to be picked out in far greater
detail than previously achieved, meaning that blooms occurring
on the edge of snow packs can be included in our analyses.
Comparison of snow algal area estimates between WorldView
and Sentinel 2 imagery implied that the total area of snow algae
on the Antarctic Peninsula estimated in Gray et al. (2020) was
a significant underestimate. However, until higher resolution
multispectral imagery is routinely recorded over Antarctica,
and is freely distributed, Sentinel 2 remains a more practical
option for monitoring snow algae on large scales. Although there
are still significant uncertainties associated with using satellites
to monitor snow algae, high-resolution satellite imagery, such
as WorldView offers the chance to perform relatively detailed
analyses of blooms in specific areas through time, and to study
how they are affected by factors, such as temperature and
precipitation and how they, in turn, influence the albedo of the
snow surface. Synoptic monitoring of snow algal growth and
development during the Antarctic summer may yield further
insights into their ecological strategies, metabolic load and life
cycle, and how either may be affected by climatic changes
in Antarctica.
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Glacier algae residing within the surface ice of glaciers and ice sheets play globally
significant roles in biogeochemical cycling, albedo feedbacks, and melt of the world’s
cryosphere. Here, we present an assessment of the macro-nutrient stoichiometry of
glacier algal assemblages from the southwestern Greenland Ice Sheet (GrIS) margin,
where widespread glacier algal blooms proliferate during summer melt seasons.
Samples taken during the mid-2019 ablation season revealed overall lower cellular
carbon (C), nitrogen (N), and phosphorus (P) content than predicted by standard
microalgal cellular content:biovolume relationships, and elevated C:N and C:P ratios
in all cases, with an overall estimated C:N:P of 1,997:73:1. We interpret lower cellular
macro-nutrient content and elevated C:N and C:P ratios to reflect adaptation of glacier
algal assemblages to their characteristic oligotrophic surface ice environment. Such
lower macro-nutrient requirements would aid the proliferation of blooms across the
nutrient poor cryosphere in a warming world. Up-scaling of our observations indicated
the potential for glacier algal assemblages to accumulate ∼ 29 kg C km2 and ∼
1.2 kg N km2 within our marginal surface ice location by the mid-ablation period
(early August), confirming previous modeling estimates. While the long-term fate of
glacier algal autochthonous production within surface ice remains unconstrained, data
presented here provide insight into the possible quality of dissolved organic matter that
may be released by assemblages into the surface ice environment.

Keywords: glacier algae, C:N:P, Greenland Ice Sheet, stoichiometry, supraglacial

INTRODUCTION

Microbial communities that reside on the surfaces of glaciers and ice sheets play globally significant
roles in carbon (C) and nutrient cycling and surface ice melt (Hodson et al., 2008; Stibal et al.,
2012; Anesio et al., 2017; Williamson et al., 2018, 2020). Of particular importance are Streptophyte
“glacier algae” (Williamson et al., 2019), whose presence in surface ice lowers the bare ice albedo,
enhances solar energy absorption, and drives surface melt through the process of “biologically
driven albedo reduction” (Yallop et al., 2012; Stibal et al., 2017; Williamson et al., 2018, 2020; Cook
et al., 2020). On the surface of the Greenland Ice Sheet (GrIS), summer blooms of glacier algae are
responsible for widespread albedo decline that has paralleled accelerating surface melt since the
early 1990s (Yallop et al., 2012; Tedesco et al., 2016; Stibal et al., 2017; van den Broeke et al., 2017;
Cook et al., 2020; Tedstone et al., 2020; Williamson et al., 2020), with recent estimates attributing
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an additional 5.5–8.0 Gt of runoff to glacier algal growth along
the western ice sheet margin; 6–9% of the total runoff (Cook et al.,
2020). Given that melt of the GrIS is the single largest cryospheric
contributor to global eustatic sea level rise (Bamber et al.,
2018), constraining bloom dynamics into the future remains a
significant research priority (Williamson et al., 2019, 2020; Cook
et al., 2020; Tedstone et al., 2020).

Glacier algal blooms initiate following snow line retreat
(Williamson et al., 2018), with population doubling times on
the GrIS ranging 3.75–5.5 days, and maximal cell densities
approaching 105 cells mL−1 of melt water during major bloom
years (Yallop et al., 2012; Stibal et al., 2017; Williamson et al.,
2018, 2020). At these cell densities, widespread albedo decline is
driven by significant secondary phenolic pigmentation produced
by glacier algae to protect their low-light adapted chloroplasts
(Williamson et al., 2020). By dissipating the intercepted incident
irradiance as heat, this secondary pigmentation also generates
liquid water proximal to the cells, driving surface ice ablation
while providing access to nutrient and other resources required
to promote algal growth (Dial et al., 2018; Williamson et al.,
2020). Accordingly, growth proceeds as a function of bare-
ice melt duration, such that strong patterning in accumulated
biomass is apparent across the ablation zone, with maximal
cell densities accumulated within the most marginal regions
that experience the longest ablation periods, and a decreasing
trend toward the equilibrium line (Williamson et al., 2020).
As the ablation period progresses into polar winter, the fate
of accumulated biomass remains unknown, although glacier
algal species have been shown to overwinter in alpine locations
(Remias et al., 2012b), and active glacier algal assemblages have
been observed in GrIS shallow surface ice prior to snow line
retreat (Nicholes et al., 2019).

One of the biggest questions remaining about glacier algal
blooms asks, What factors limit the distribution and magnitude
of blooms in space and time? While physical conditions such as
snow-pack height, light availability, and temperature produce a
first order control on the ability of blooms to form and proliferate
in any given year (Tedstone et al., 2017; Williamson et al., 2020),
little information currently exists on potential “bottom-up” or
“top-down” regulation of blooms in supraglacial environments,
restricting abilities to project bloom occurrence into the future
(Williamson et al., 2019; McCutcheon et al., 2021). Within
the marine environment, for example, top-down pressures
such as zooplankton grazing and/or bottom-up availability of
nutrients represent fundamental controls on phytoplankton
biomass (Huppert et al., 2002). Supraglacial environments
are characterized by truncated, microbially dominated trophic
structures (Anesio and Laybourn-Parry, 2012; Anesio et al.,
2017) and highly oligotrophic conditions (Hawkings et al., 2016;
Wadham et al., 2016), indicating that large potential exists for
bottom-up limitation of glacier algal blooms.

To date, field observations of ambient hydrochemistry during
bloom progression have demonstrated a bulk phase shift toward
organic over inorganic nutrient resources within surface ice
(Holland et al., 2019), which coupled with 28-times lower
secondary production relative to primary production (Yallop
et al., 2012; Nicholes et al., 2019) has been interpreted to

imply inefficient remineralization of inorganic nutrient resources
within GrIS surface ice, and a potential mechanism of bottom-up
control (Nicholes et al., 2019). Recently, McCutcheon et al. (2021)
provided the first evidence for such bottom-up control of glacier
algal blooms on the GrIS, highlighting inorganic phosphorus (Pi)
limitation and the importance of locally sourced hydroxylapatite
in supporting bloom proliferation, and likely important roles for
heterotrophic bacterial and fungal communities in accelerating
apatite weathering and thus P availability to glacier algal
communities. This study did not, however, directly quantify
glacier algal abundance within samples, precluding direct
calculation of cellular elemental quotas. The importance of
this information is illustrated by the findings of Holland
et al. (2019) for the same bloom and sampling sites, who
concluded that there was sufficient inorganic macro-nutrient
availability within surface ice to support the magnitude of glacier
algal bloom apparent during the 2016 ablation season when
assuming Redfield stoichiometry for glacier algal C, nitrogen (N),
and P requirements.

Fundamental to deciphering the importance of bottom-up
controls on glacier algal blooms is therefore knowledge of
the macronutrient cellular requirements of glacier algal cells.
While Redfield stoichiometry provides an important framework
against which ambient nutrient concentrations can be contrasted
(Redfield, 1958), deviations from this ratio are well documented
across several algal lineages (Hecky et al., 1993; Geider and
La Roche, 2002; Quigg et al., 2003), with individual cell
stoichiometry shown to be dynamic relative to a plethora of
drivers (Geider and La Roche, 2002; Quigg et al., 2003; Dickman
et al., 2006; Finkel et al., 2016). Here, we provide an estimate of
glacier algal macro-nutrient (C, N, and P) cellular stoichiometry
in assemblages sampled from the surface of the GrIS. A snapshot
of glacier algae stoichiometry was determined for assemblages
residing within surface ice sampled from the south western ice
sheet margin during the 2019 ablation season in order to provide
a first order approximation of the elemental requirements of
glacier algal assemblages and to investigate the potential for
divergence from Redfield dynamics. This data is important for
efforts to project the occurrence of blooms into the future and to
constrain bloom impacts to cycles of C and macro-nutrients.

MATERIALS AND METHODS

Study Area and Sampling Details
Surface ice containing glacier algal assemblages was sampled
across August 8–10 (total number of samples = 28) from the
marginal ablation zone in the south western GrIS proximal to
Point 660. For all samples, the top 2 cm of surface ice was
sampled using a pre-cleaned ice saw, transferred into sterile
Whirl-Pak R© bags (Madison, WI, United States), and melted
slowly in the dark over 24 h at 4◦C. The melted surface ice was
subsequently homogenized and sub-sampled for further analyses
including 1 mL sub-sampled into 15 mL centrifuge tubes and
fixed immediately with 2% glutaraldehyde final concentration
for subsequent algal cell enumeration; triplicate 100–200 mL
subsamples filtered onto pre-combusted 25 mm diameter glass
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microfiber filters (0.7 µm retention; Thermo Fisher Scientific,
Pittsburgh, PA, United States), frozen immediately at −20◦C
for subsequent determination of glacier algal C, N content; and
duplicate 100–200 mL subsamples filtered onto pre-combusted
47 mm diameter glass microfiber filters (0.7 µm retention;
Thermo Fisher Scientific, Pittsburgh, PA, United States), frozen
immediately at −20◦C for subsequent determination of glacier
algal P content. All samples were transported back to the
University of Bristol for subsequent processing.

Algal Cell Enumeration and Cell
Biovolume Estimation
Algal abundance (cells mL−1) was determined using methods
described by Williamson et al. (2018) on 1 mL aliquots of melted
surface ice using a modified Fuchs-Rosenthal hemocytometer
(0.2 mm by 1/16 mm2; Hawksley, Lancing, United Kingdom)
on a Leica M205 C stereomicroscope (Wetzlar, DE) with
attached GXCAM HiChrome-Met HD microscope camera (GT
Vision Ltd., Stansfield, United Kingdom). Glacier algal cellular
biovolume (µm3) was determined from measurements of cell
length and diameter taken using ImageJ software (version 1.52n),
for which glacier algal cells were considered to be regular
cylinders (Hillebrand et al., 1999).

Algal Carbon and Nitrogen
Using methods outlined by Lorrain et al. (2003), the C (after
the removal of carbonates by acid fumigation) and N content
of glacier algae retained on 25 mm diameter glass microfiber
filters (0.7 µm retention; Thermo Fisher Scientific, Pittsburgh,
PA, United States), which had been freeze-dried over 24 h,
were determined using an elemental analyzer (Elementar vario
PYRO cube R©, Langenselbold, Hesse, DE). The detection limits
of elemental concentrations were 0.001% for both elements
measured, and the coefficient of variation (CV) for C and N
according to six replicates of an organic analytical standard (NC
Soil Standard 338 40025, cert. 133317, C = 2.29%, N = 0.21%;
Elemental Microanalysis Ltd., United Kingdom) were 5.60%
and 2.74%, respectively. To determine the quantity of C and
N associated with algal biomass (µg mL−1 of surface ice), the
bulk glacier algal abundance (cells mL−1) was multiplied by the
quantity of cellular C and N (µg cell−1).

Algal Phosphorus
Concentrations of total P (Pt) and Pi associated with glacier
algae were determined using methods adapted from Hedley and
Stewart (1982) and Stibal et al. (2008). Paired 47 mm diameter
glass microfiber filters (0.7 µm retention) were added to separate
pre-cleaned 15 mL polypropylene centrifuge tubes (Thermo
Fisher Scientific), frozen at−80◦C and subsequently freeze-dried
for 24 h. After freeze-drying, 1 mL of ethanol-free chloroform
(CHCl3; Thermo Fisher Scientific) was added to one from each
pair of centrifuge tubes. These tubes were then agitated three
times for 10 s using a vortex mixer at 15 min intervals before
being placed under a fume hood for 24 h to allow the CHCl3
to evaporate. Both the unfumigated and CHCl3-fumigated filters
from each pair were then amended with 6 mL (∼ 1:60 w/v

retained sample:extractant) of 1 M magnesium chloride (MgCl2;
Thermo Fisher Scientific), agitated at 200 rpm on a reciprocal
shaker for 16 h and centrifuged at 1,217 × g at 0◦C for 12 min.
An aliquot of 1.5 mL from the resulting extracts was transferred
to a 9 mL muffled digest tube, mixed with 0.5 mL of an oxidizing
agent comprised of 9 g of NaOH and 40 g of potassium persulfate
(K2S2O8; Thermo Fisher Scientific) in 1 L of Milli-Q R© water,
and autoclaved for 60 min at 121◦C (digested). The undigested
and digested MgCl2 extracts pertaining to both the unfumigated
and CHCl3-fumigated filters were then filtered to 0.45 µm
using mixed cellulose ester membranes (Whatman R©, Maidstone,
United Kingdom). Concentrations of Pi and Pt were determined
in the undigested and digested MgCl2 extracts, respectively,
using a standard orthophosphate colorimetric technique on a
photometric meter (GalleryTM Plus Discrete Analyzer, Thermo
Fisher Scientific, Waltham, MA, United States). The CV (six
replicate mid-range standards) for Pi and Pt were ≤0.20%. In
addition, the limits of detection (LoD; three times the standard
deviation of six replicate method blanks) for Pi and Pt were
4.73 µg L−1 and 1.93 µg L−1, respectively. Samples were blank
corrected when blank concentrations exceeded the detection
limits. All reagents used were of analytical grade. Algal Pi and
Pt were calculated, respectively, as the differences between P
concentrations in the undigested and digested MgCl2 extracts for
the CHCl3-fumigated and unfumigated filters within each pair.

Ambient Chemistry
Concentrations of dissolved organic C (DOC) and dissolved
total N (DTN) in filtered ice samples were determined on a
total organic C analyzer (Shimadzu TOC-LCPH , Kyoto, Japan)
coupled with a total N measuring unit (Shimadzu TNM-L). The
ammonium-N (NH4

+-N), nitrate-N (NO3
−-N), and phosphate-

P (PO4
3−-P) contents of the same samples were quantified

on a photometric meter (GalleryTM Plus Discrete Analyzer).
According to six replicate standards, the CV for the DOC,
DTN, NH4

+-N, NO3
−-N, and PO4

3−-P analyses were 3.71%,
7.38%, 0.20%, 0.26%, and 0.35%, respectively. The corresponding
detection limits for the same analyses were 51.40 µg L−1,
39.12 µg L−1, 1.19 µg L−1, 3.13 µg L−1, and 4.95 µg L−1.
Dissolved organic N (DON) was calculated for each sample as
the difference between concentrations of DTN and dissolved
inorganic N (DIN; sum of NH4

+-N and NO3
−-N).

Data Analyses
All plots and statistical analyses were performed using R version
3.4.1 in accordance with methods outlined by Crawley (2005).

RESULTS

Ambient Chemistry of Surface Ice
Major C and macro-nutrient phases were determined for GrIS
surface ice from which glacier algal assemblages were sampled
to provide contextual hydrochemistry information to contrast
with glacier algal cellular stoichiometries. Dissolved nutrient
phases measured from melted surface ice were dominated by
organic phases (Table 1), with the majority comprised of DOC,
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TABLE 1 | Concentrations of dissolved organic carbon (DOC), total dissolved nitrogen (DTN), organic nitrogen (DON), ammonium-nitrogen (NH4
+-N), nitrate-nitrogen

(NO3
−-N), and phosphate-phosphorus (PO4

3−-P) in surface ice from the south western margin of the Greenland Ice Sheet (GrIS) during the 2019 ablation season
(mean ± standard error, n = 12).

DOC (µg L−1) DTN (µg L−1) DON (µg L−1) NH4
+-N (µg L−1) NO3

−-N (µg L−1) PO4
3−-P (µg L−1)

1,964 ± 162 113 ± 27 108 ± 27 2.8 ± 1.4 1.6 ± 1.1* 0.9 ± 0.4*

*Below limit of detection (three times the standard deviation of six replicate method blanks).

which exhibited concentrations∼ 18 times greater than DON. In
contrast, the concentrations of dissolved inorganic nutrients fell
at or below the LoD. Dissolved inorganic N was only measurable
in the form of NH4

+ and accounted for ∼ 4% of the DTN, while
PO4

3−-P concentrations were below the LoD in all cases.

Assemblage Characteristics
Glacier algal assemblages ranged in abundance from 0 to
8.97 × 105 cells mL−1 and were comprised predominantly
of Ancylonema cf. nordenskiöldii (67.9%) and cf. Mesotaenium
berggrenii (31.7%; Figure 1A). Mean cellular biovolumes for A.
cf. nordenskiöldii and cf. M. berggrenii were 2,788 ± 121 µm3

cell−1 and 2,197 ± 131 µm3 cell−1, respectively (Figure 1B). In
contrast, fewer than 1% of cells were identified as Cylindrocystis
brebissonii, though mean cellular biovolumes of these cells were
an order of magnitude larger than A. cf. nordenskiöldii and cf.
M. berggrenii (Figure 1B).

Cellular C and N contents of glacier algal assemblages
averaged 106 ± 35 pg C cell−1 and 4.5 ± 1.3 pg N cell−1,
respectively (Figures 2A,B), with cellular atomic C:N ratios
ranging from 15.6 to 40.8. Using measured values of cellular
C and N, we estimate an average of 27.4 ± 6.0 µg C mL−1

and 1.2 ± 0.25 µg N mL−1 to be contained within glacier
algal biomass within the surface ice environment during our
sampling period. In contrast to cellular C and N, quantifying
algal P presented challenges as concentrations fell below the
limit of detection (LoD), with Pt and Pi only detectable in seven
and four of 28 samples, respectively. Across these, mean Pt is
0.14 ± 0.09 pg cell−1 (Figure 2C). If organic P is defined as
the difference between mean concentrations of Pt and Pi, we
determined that up to 86% of algal P may be contained within the
organic phase (∼ 0.12 pg cell−1). Using the mean Pt , we estimate
the atomic C:N:P stoichiometry of glacier algal assemblages to
be 1,997:73:1; however, given the difficulty in detecting cellular
P, this ratio should be considered with caution.

DISCUSSION

Understanding the macronutrient requirements of glacier algal
cells is an important first step on the way to constraining
potential bottom-up controls, which may ultimately restrict
bloom magnitude and extent (McCutcheon et al., 2021). The
present study examined the C, N, and P content of glacier
algal assemblages sampled during the mid-2019 ablation season
(early August) from the southwestern margin of the GrIS,
providing a direct measurement of glacier algal cellular macro-
nutrient content and stoichiometry. Through this we identify
deviation from standard cell-constituent:volume ratios and

classic Redfield stoichiometry, and we are able to estimate glacier-
algal-associated macro-nutrient reservoirs within this highly
oligotrophic environment.

The absolute cellular macronutrient content of glacier algal
assemblages fell within the range of values reported across a
diversity of algal lineages (Montagnes et al., 1994), though they
deviated from cell-constituent:volume relationships established
across microalgal taxa. For example, glacier algal cellular C and
N content averaged 106 ± 35 pg C cell−1 and 4.5 ± 1.3 pg
N cell−1 for cell volumes that ranged ∼ 2,000–3,000 µm3.
While absolute cellular contents were within the range reported
across a host of microalgae (Montagnes et al., 1994; Finkel
et al., 2016), values were conspicuously lower than would be
predicted using established cell-constituent:volume ratios for
cells of their size, whereby 2,000–3,000 µm3 cells would be
expected to contain 203–304 pg C cell−1 and 40–62 pg N cell−1,
respectively (Montagnes et al., 1994). Glacier algal cellular C was
thus approximately half that expected based on cell volume, with
cellular N an order of magnitude lower.

Laboratory and field studies have consistently identified
species-level differences in microalgal elemental requirements
that reflect evolutionary histories and acclimation to
environmental conditions (Geider and La Roche, 2002; Finkel
et al., 2016; Garcia et al., 2018). Such differences are a product
of the adaptations of cellular architecture and biochemistry
that correspond to changes in macromolecular composition,
with protein the primary reservoir of cellular N, phospholipids,
polyphosphates, and nucleic acids the reservoirs of cellular P,
and cellular C largely determined by the combination of protein,
lipid, and carbohydrate (Geider and La Roche, 2002; Finkel
et al., 2016; Barcyte et al., 2020). In this respect, lower cellular
requirements for C and N may reflect adaptation of Streptophyte
glacier algae to their oligotrophic surface ice environment;
documented here and in numerous previous works to be highly
deficient in inorganic nutrient supplies (Table 1; Hawkings
et al., 2016; Wadham et al., 2016; Holland et al., 2019). It may
also reflect the lower growth rates of glacier algal communities
from icy environments (∼ 5 days doubling time; Stibal et al.,
2017; Williamson et al., 2018) compared to more temperate
microalgal taxa (e.g., Garcia et al., 2018), whereby species with
lower growth rates have associated lower protein, and thus N,
content (Finkel et al., 2016). Finally, divergence from typical
cell volume:constituent relationships may also reflect the highly
vacuolized nature of glacier algal cells, which results in an overall
higher water content compared to many other algae (Remias
et al., 2009, 2012a). Separating the phylogenetic signature of
microalgal elemental requirements from e.g., dynamic responses
to in situ nutrient regimes (see below) is ideally achieved
through the assessment of actively growing microalgal cells
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FIGURE 1 | The abundance (A) and cellular biovolume (B) of Ancylonema cf. nordenskiöldii (Ancy., n = 19 abundance, n = 215 biovolume), cf. Mesotaenium
berggrenii (Meso., n = 20 abundance and n = 140 biovolume), Cylindrocystis brebissonii (Cylin., n = 2 abundance, n = 5 biovolume), and the total glacier algal
assemblage (All, n = 21 abundance n = 360 biovolume) sampled in surface ice from the south western margin of the Greenland Ice Sheet (GrIS) during the mid-2019
ablation season. Plots show median ± interquartile range.

FIGURE 2 | Cellular concentrations of (A) carbon (C, n = 28), (B) nitrogen (N, n = 28), (C) total phosphorus (Pt, n = 4), and (C) inorganic phosphorus (Pi , n = 4) of
glacier algal assemblages comprised of Ancylonema cf. nordenskiöldii, cf. Mesotaenium berggrenii, and Cylindrocystis brebissonii in surface ice from the south
western margin of the Greenland Ice Sheet (GrIS) during the mid-2019 ablation season. Plots show median ± interquartile range.

cultured under nutrient replete conditions (Geider and La
Roche, 2002; Finkel et al., 2016). To date, however, an inability
to culture glacier algal taxa ex situ has hindered advances in our
understanding of their physiology and interactions with key
environmental stressors (Williamson et al., 2019), necessitating
field-based approaches as here.

In contrast to C and N contents, measurement of cellular
P from glacier algal assemblages proved challenging, with few
samples yielding detectable concentrations. This was consistent
with our aqueous hydrochemistry data whereby all dissolved
PO4

3−-P concentrations from melted surface ice samples fell
below the LoD (LoD = 4.95 µg L−1). For glacier algae, just four
of 28 samples yielded quantifiable P, with a mean Pt content
of 0.14 ± 0.09 pg P cell−1 across samples. To compare to
published values for major marine phyla (Ho et al., 2003), a
glacier algal cell volume of 2,500 µm3 was applied to convert to
units of mmol P per liter cell volume (mmol L−1 cell volume),
yielding ∼ 1.50 mmol P L−1 cell volume for our glacier algal
assemblages. This is substantially lower than values reported

for 15 marine eukaryote species (∼ 9.1–250 mmol P L−1 cell
volume; see Table 2 in Ho et al., 2003), though likely reflects the
nutrient deplete conditions under which glacier algal assemblages
grow. For example, the cyanobacterium Microcystis aeruginosa
demonstrated much lower cellular P content ranging from 0.2
to 1.2 pg P cell−1 when cultured under ambient P conditions
that ranged 0–256 µg P L−1, with lower intracellular content
associated with lower ambient P availability (Ghaffar et al.,
2017). Similarly, for more closely related planktonic desmid
species (Zygnematophyceae), Spijkerman and Coesel (1996)
demonstrated how Cosmarium abbreviatum var. planctonicum
originating from an oligo-meso-trophic lake was consistently
capable of greater biomass production for a given amount of P
(across the range 0.5–10 µmol P l−1) than Staurastrum pingue,
which originated from a eutrophic lake. Cellular P content ranged
0.2–2.17 pg P cell−1, comparable to values reported here for
glacier algae, with C. planctonicum shown to be an affinity species,
possessing a competitive advantage in an environment where
growth is permanently P limited (Spijkerman and Coesel, 1996).
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While limited in sample size, our data demonstrate how glacier
algal macro-nutrient content broadly reflects ambient inorganic
nutrient availability within surface ice habitats of the GrIS, and
suggests an overall lower cellular macro-nutrient requirement
likely advantageous in the ultra-oligotrophic supraglacial. These
findings are consistent with recent advances in understanding
potential bottom-up controls on glacier algal bloom proliferation
(McCutcheon et al., 2021).

Assessment of glacier algal cellular macro-nutrient quotients
allowed for a first order approximation of organic C and N stocks
within assemblages inhabiting our sampling location on the
marginal southwestern GrIS. Based on cellular C and N contents
and abundances recorded across our samples, we calculated an
average of 27.4 ± 6.0 µg C mL−1 and 1.2 ± 0.25 µg N mL−1

to be contained within glacier algal cells within our marginal
sampling location. Upscaling from these point observations to
the km2 scale (i.e., µg C or N mL−1

× 1.061 = kg C or N
km2, after Williamson et al., 2018) provides an estimate of ∼
29.0 kg C km2 and ∼ 1.2 kg N km2 stored within glacier algal
assemblages inhabiting surface ice at the mid-ablation season
(early August). Previously, Williamson et al. (2018) modeled
glacier algal net production in southwestern Greenland forced
by the number of days since snowline retreat. They estimated
an overall average of 15.82 ± 8.14 kg C km2 produced by
glacier algal assemblages across their 8.24 × 104 km2 model
region during the 2016 ablation period, with spatial variability
ranging from <10 kg C km2 toward the equilibrium line up to
∼ 40–50 kg C km2 at their most marginal model regions by the
end of the 2016 ablation season (Williamson et al., 2018). Our
measurements of glacier algal cellular macro-nutrient content
corroborate modeling estimates by Williamson et al. (2018) and
extend these trends into the most marginal zone of the ice sheet,
omitted by this previous study given uncertainties regarding
microbial activity within such locations (Hodson et al., 2010;
Stibal et al., 2012). We confirm here that glacier algal cells
represent a significant producer of autochthonous organic C and
N within the most marginal zone of the GrIS, likely driving the
high rates of net production previously recorded for surface ice
in this region (e.g., Musilova et al., 2017).

Additional to the cellular quotient of macro-nutrients, our
data further demonstrate strong divergence in the relative
abundance, i.e., cellular stoichiometry, of glacier algal C, N, and
P relative to Redfield stoichiometry (106:16:1 C:N:P; Redfield,
1958), which we interpret here to represent the true stoichiometry
of glacier algal communities under normal surface ice conditions
as opposed to a dynamic response to e.g., nutrient limitation.
Atomic C:N ratios of glacier algal assemblages ranged 15.6–40.8
across all samples, approximately two to six times greater than
the Redfield C:N ratio of 6.6, and while P measurements proved
challenging (see above), we estimate here an overall glacier algal
C:N:P stoichiometry in the range 1,997:73:1. Under high light,
low nutrient conditions, algal photosynthesis is often uncoupled
from growth, with surplus photosynthate reallocated to storage
carbohydrates and lipids that require minimal or no N and/or P
inputs (Geider and La Roche, 2002; James et al., 2011; Pichrtová
et al., 2014; Talmy et al., 2014). This results in a C-rich but
N- and P-poor assemblage (Sterner et al., 1997), higher C:N

and C:P ratios than predicted by Redfield stoichiometry, and
typically conclusion that the community under study is nutrient
limited (Berman-Frank, 1999; Dickman et al., 2006). For glacier
algae residing within the high-light surface ice environment, it
is likely that their abundant secondary phenolic pigmentation
contributes to the elevated C:N and C:P ratios recorded here.
This C-rich pigmentation is required to protect the cells against
excess irradiance and provide a mechanism to convert abundant
light energy into heat in order to liberate meltwater adjacent
to the cell (Remias et al., 2012b; Dial et al., 2018; Williamson
et al., 2018, 2020), likely also acting as an effective sink for excess
photosynthate. However, given the characteristic oligotrophy
of surface ice environments (Holland et al., 2019), and the
contrasting ability of glacier algae to form widespread blooms
under such conditions cryosphere wide (Williamson et al., 2019),
we argue that our low absolute macro-nutrient content and
elevated C:N and C:P ratios also likely signify overall reduced
requirements for N and P resources by glacier algal communities,
a potentially key adaptation to life in oligotrophic surface ice.
This assertion is consistent with the findings of McCutcheon
et al. (2021), who though concluding mineral phosphorus to be a
first order control on glacier algal bloom presence, demonstrated
that responses to nutrient addition (specifically phosphorous)
were only evident in incubated field assemblages after 5 days
of incubation, suggesting sufficient nutrient resources for glacier
algal growth under ambient conditions. For context, this study
reported highly comparable C:N:P stoichiometry to the present
study, with POC:N:Porg ranging 690:48:1 to 2,615:196:1 across
eight samples dominated by glacier algae at their main study
location (McCutcheon et al., 2021). This putative lower macro-
nutrient requirement would allow glacier algal assemblages to
continue to progress into new oligotrophic areas of bare ice as
the climate warms and the GrIS ablation zone expands into the
future (Ryan et al., 2019), exacerbating local albedo decline and
surface ablation in a positive feedback mechanism (Cook et al.,
2020). It may also form a key consideration for ongoing efforts to
culture glacier algal taxa ex situ under laboratory conditions.

To aid the balancing of internal stoichiometry, microalgae
can actively release excess C into the ambient environment via
the production and release of exopolymeric substances (EPS)
(Berman-Frank, 1999; Hessen and Anderson, 2008; Palmucci
et al., 2011) and/or divert excess photosynthate into the
production of abundant secondary pigmentation as discussed
above (Berman-Frank, 1999). For glacier algae blooming
within ablating surface ice environments, EPS production has
been postulated as a potentially important mechanism to
aid retention of cells within the melting surface ice matrix
(Williamson et al., 2019). While glacier algal EPS release
remains unquantified, higher cellular C:N and C:P ratios likely
impact the quality of dissolved organic matter available within
surface ice environments, with consequences for other functional
groups. For example, the dissolved organic nutrient phases that
dominated the ambient hydrochemistry data presented here
showed a DOC:DON ratio of ∼18, and a DOC:DOP ratio
in the range 1,000–5,000 (Table 1). These data are highly
consistent with Holland et al. (2019) who documented molar
dissolved organic nutrient ratios in surface ice dominated
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by a glacier algal bloom further into the southwestern GrIS,
with DOC:DON ranging 16–17 and DOC:DOP ranging 800–
2,000. For that same 2016 glacier algal bloom, Nicholes et al.
(2019) further demonstrated how bacterial secondary production
was on average 28 times lower than rates of glacier algal
primary production, indicating an inefficient microbial loop
potentially limited by N and P resources (Holland et al., 2019;
Nicholes et al., 2019). It is thus likely that glacier algal cellular
stoichiometry is reflected in the quality of dissolved organic
matter available within surface ice environments during blooms
and may potentially limit the activity of associated communities.
Constraining the short-term (within season) and long-term
(inter-annual) fate of glacier algal autochthonous organic carbon
and macro-nutrient production within surface ice will be the next
step toward understanding their role as the dominant primary
producer within supraglacial systems, and their wider impacts to
biogeochemical cycling.

CONCLUSION

We provide here a snapshot of glacier algal cellular macro-
nutrient content and stoichiometry from assemblages sampled
during the mid-ablation season at the ice margin of the
southwestern GrIS. Our findings highlight comparatively lower
cellular C, N, and P absolute content in glacier algal cells that
deviates from standard cellular content:biovolume relationships,
and high C:N and C:P ratios that likely reflect adaptation to
this highly oligotrophic surface ice environment as well as the
dominance of abundant secondary phenolic pigmentation within
glacier algal cells. Based on these observations, we confirm the
role of glacier algal blooms in the most marginal region of the
ice sheet in driving autochthonous macro-nutrient accumulation,
estimating that approximately 29 kg C km2 and 1.2 kg N km2

was amassed by glacier algal assemblages by the middle of
the 2019 ablation season. While the long-term fate of these
nutrient reservoirs remains unconstrained, our findings indicate
the potential for comparatively low quality (i.e., low N and P
content) dissolved organic matter release into the surface ice
by glacier algal assemblages, with consequences for associated
heterotrophic activity.
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Snow algae are photosynthetic microbes that inhabit the melting snow surface in

alpine and polar regions. We analyzed the pigment and species composition of colored

snow collected on Mt. Tateyama in Japan during the melting seasons of 2015 and

2016. High-performance liquid chromatographic analyses of the pigments extracted

from the colored snow showed that their composition varied within the study area

and were classified into four types: Type A (astaxanthin-monoester dominant), Type B

(medium astaxanthin-monoester content), Type C (abundant primary carotenoids and

free-astaxanthin), and Type D (abundant primary carotenoids and astaxanthin diesters).

Types A and B were most commonly observed in the study area, whereas Types C and

D appeared only at specific sites. Analysis of the 18S ribosomal RNA (18S rRNA) gene

revealed six major amplicon sequence variants (ASVs) of snow algae, belonging to the

Sanguina, Chloromonas, and Chlainomonas groups. The relative abundance of the algal

ASVs showed that Sanguina was dominant (>48%) in both Types A and B, suggesting

that the difference in astaxanthin abundance between the two types was caused by the

production of pigments in the algal cells. The algal community structures of Types C

and D differed from those of Types A and B, indicating that the primary carotenoids and

astaxanthin diesters were derived from certain algal species in these types. Therefore,

astaxanthin-rich Sanguina algaemostly induced the red snow that appeared widely in this

alpine area; however, they were partially dominated by Chloromonas or Chlainomonas

algae, causing different pigment compositions.

Keywords: snow algae, red snow, pigment composition, astaxanthin, 18S rRNA, phylogenetic analysis, Sanguina,

Chloromonas

INTRODUCTION

Snow algae are photosynthetic microbes that inhabit the melting snow surface in alpine and polar
regions. Their blooms on the snow surface cause visible red- or green-colored snow because of
various pigments in the algal cells. This phenomenon is observed worldwide, including in Japan,
and is referred to as red or green snow. The blooms of snow algae can affect carbon and nitrogen
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cycles within the snowpacks and can also affect themelting rate of
snow because of their light-absorbing effect (Onuma et al., 2020).
Thus, it is important to understand the spatial distribution and
the factors controlling the occurrence of algal blooms.

The pigments in snow algal cells are mainly chlorophylls and
carotenoids, which have specific physiological functions in their
cells (Bidigare et al., 1993; Müller et al., 1998). Chlorophylls
play a role in photosynthesis and are present in active algal
cells. However, carotenoids play a role in protecting cells from
ultraviolet (UV) damage and potential photoinhibition, and
transferring excitation energy to chlorophyll a (Takaichi, 2011).
Carotenoids in algal cells are usually classified as primary and
secondary carotenoids. Primary carotenoids, such as xanthophyll
cycle pigments, are present in trace amounts in algal chloroplasts
and are directly associated with photosynthesis. Secondary
carotenoids, such as astaxanthin, are present in the algal
cytoplasm and are more abundant than the primary carotenoids,
and most exist as astaxanthin fatty acid esters (Remias and Lütz,
2007; Řezanka et al., 2008).

The abundance of pigments, in particular carotenoids,
determines the visible coloration of algal cells, such as green, red,
or orange, and varies seasonally and spatially on snowpacks. For
example, astaxanthin and xanthophyll cycle pigments increased
in algal cells of Chloromonas nivalis later during the melting
season (Remias et al., 2010). Lutz et al. (2014) observed that
white snow turned into red or green snow in 2 or 3 days
on a Greenlandic glacier. The pigment composition of snow
algae spatially varied in different locations in Svalbard and
in different topographies, snow conditions, slope angles, and
altitudes (Müller et al., 1998). Furthermore, astaxanthin contains
various derivatives, and its composition in algal cells of C. nivalis
has been reported to vary geographically in European Alps
(Řezanka et al., 2013).

Variations in pigment compositions of colored snow are
associated with algal species composition in the snow or with
the relative abundance of carotenoid pigments controlled by the
environmental conditions. One of themajor groups of snow algae
is the genus Sanguina (previously a part of Chlamydomonas),
usually rich in astaxanthin in mature cyst cells and causes red-
colored snow (Remias et al., 2005; Remias and Lütz, 2007;
Holzinger et al., 2016). Another major group of snow algae is
the genusChloromonas, usually rich in primary carotenoids, such
as zeaxanthin, violaxanthin, and secondary carotenoids, which
causes green-colored snow or slightly brown orange-colored or
pink-colored snow (Nedbalová et al., 2008; Remias et al., 2010).

Snow algae in colored snow usually consist of several species,
and their community structure varies spatially in mountainous
regions (Brown et al., 2016; Yakimovich et al., 2020). For example,
Sanguina was dominant in red snow above the tree line, whereas
Chloromonas was dominant in green- and orange-colored snow
at lower elevations (Engstrom et al., 2020). In Antarctica,
green-colored snow consists of Chloromonas, Sanguina, and
Chlorella, usually rich in chlorophylls a and b, β-carotene, and
lutein, whereas red-colored snow consists of Chloromonas alga
containing abundant astaxanthin esters (Davey et al., 2019).
The algal community of red-colored snow in Svalbard and
Sweden consisted ofChloromonas and Sanguina; however, that of

green-colored snow differed in two locations:Microglena sp. and
Raphidonema semperviens were dominant in Svalbard, whereas
Sanguina andChloromonaswere dominant in Sweden (Lutz et al.,
2017).

Pigment composition also varies during the lifecycle of
snow algae. For example, the cyst stage of algae contains
abundant astaxanthin, whereas, in later stage, the flagellated
green cells contain abundant primary carotenoids such as lutein
(Osterrothová et al., 2019). Sanguina snow algae have more
primary carotenoids during the earlier season, whereas they have
astaxanthin during the later season (Remias et al., 2005).

The community structure and the pigment composition of
snow algae can change depending on the physical or chemical
conditions of the snow surface (Remias et al., 2005, 2010). Snow
algae under conditions of strong ultraviolet radiation (UVR) or
nutrient limitations produce more carotenoids and induce red-
colored snow, whereas snow algae in weak radiation or rich
nutrients produce fewer carotenoids and induce green-colored
snow (Thomas and Duval, 1995; Leya et al., 2009). In particular,
under limited nitrogen conditions, snow algal cells contain more
abundant carotenoids (Britton and Edgar, 1998). However, Fujii
et al. (2010) reported that astaxanthin-rich algae were found in
snow with high nitrogen content. In contrast, Müller et al. (1998)
showed no direct correlation between the secondary carotenoids
of snow algal cells and the nutrient content of meltwater. Thus,
there is still uncertainty between the environmental conditions
and the pigment composition of snow algae. It is important to
clarify the relationship between algal species and the pigment
composition to understand their ecology on the snow surface.

Colored snow is widely observed on snowpacks in Japan and
has been taxonomically studied in recent decades (Fukushima,
1963; Segawa et al., 2005; Muramoto et al., 2008; Tanabe
et al., 2011; Matsuzaki et al., 2015; Terashima et al., 2017).
Mt. Tateyama, an alpine area at elevations between 2,000 and
3,000m above sea level (a.s.l.), is one of the snowiest mountains
in Japan and is a place where colored snow frequently occurs
during spring and summer. Red snow appears every year on
the snow surface above the tree line at ∼2,100m a.s.l.; however,
its distribution is spatially and seasonally heterogeneous in this
alpine area. The variations in algal pigments and the community
structure in this area are still not well-understood.

In this study, we analyzed the pigment composition and the
18S rRNA gene of snow algae in the colored snow collected
from various sites in Mt. Tateyama during the melting seasons
of 2015 and 2016. This study describes the spatial and temporal
variations of algal pigments and the community structure in
snowfields and discusses the relationships between species, life
cycles, and pigments.

MATERIALS AND METHODS

Study Site and Sample Collection
Mt. Tateyama is located in the Toyama Prefecture in the western
part of Japan. It is a northern part of the Hida mountain range,
one of the major mountain ranges on the main island (Honshu
Island) of Japan, extending over 150 km from north to south.
The elevation of the highest peak of Mt. Tateyama is 3,015m
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FIGURE 1 | (A) Maps showing the location of the study area in Mt. Tateyama, Japan. (B) Locations of the sites where the red snow samples were collected. Numbers

in the map indicate the altitude above sea level.

a.s.l. Because the strong monsoon westerly blows from the Sea of
Japan to the mountains during winter, heavy snow accumulates
more than 5m in depth in the mountain every year. The snow
usually starts to melt in April and continues until the end of
August. On the snow surface, red or green snow of algal blooming
is commonly observed above the tree line (∼2,100m a.s.l.) from
May to July every year.

Snow samples were collected at seven sites in Murodo-Daira,
a flat and old lava plateau in this alpine area at an elevation of
∼2,400m a.s.l (Figure 1, Table 1). Fieldwork was conducted in
June and July of 2015 and June of 2016. We found visible red
snow at all times and collected a total of 54 colored surface snow
samples (Figure 2, Table 2). Red snow appeared widely in June
2015; however, it was patchy on a scale of∼10 cm in July 2015 and
June 2016. The snow color varied slightly among the study sites; it
was deep red and orange at S2 but red to brown at S7. The samples
were transported in a frozen state to the laboratory at Chiba
University and were stored in a freezer at −20◦C until analysis.
A part of the samples was kept at 0◦C and used for microscopic
observation. The algal cells in the samples were observed with an
optical microscope (BX51, Olympus, Japan). Cell concentrations
of each algal morpho-type were quantified by direct cell counting
with the microscope.

Analysis of Algal Pigments
Frozen snow samples (−20◦C) were thawed in a refrigerator
(4◦C) before analysis. The meltwater of the samples was
filtered through a glass fiber filter (Whatman Glass Microfiber
Filters, GF/F, 25mm). The filter was then placed in 6mL of
N, N′-dimethylformamide (DMF: density 99.5%) in an 8-mL

polypropylene tube and left in the refrigerator for 24 h. The
extracted pigments were stored at−20◦C before analysis.

The extracted pigments in the DMF were quantified by
high-performance liquid chromatography (HPLC; SHIMADZU
LC-20A Series, Japan), composed of liquid chromatography
(LC-20AT, Shimadzu), refractive index detector (RID-20A,
Shimadzu), UV and visible detector (SPD-20A, Shimadzu),
diode array detector (SPD-M20A, spectra from 300 to 800 nm,
Shimadzu), solvent degasser, autosampler unit set at 4◦C, and
a column thermostat set at 60◦C. The column [Phenomenex
LUNA-C8 (2), 3µm, 150 × 4.6mm] is used a reverse-phase
column. Solvent A contained 28mM tetrabutylammonium
acetate (1.0M solution in water, Sigma-Aldrich)/methanol
(HPLC grade, Wako) = 30/70 (v/v). Solvent B contained
methanol (HPLC grade, Wako). The HPLC pump flow rate was
1 mL/min. The UV and visible detectors were set at 450 nm,
and the diode array detector was set at 480 and 663 nm. Liquid
chromatography and solvent were purged for 10min before a
new sample was injected. The injection contained 600 µL of
solvent A and 400 µL of the filtered sample.

Analysis was undertaken with two methods in the different
time sequences of the mixing ratio of the solvents.

Method 1 (percentage of solvent B): 0min (20%)−18min
(45%)−65min (90%)−66min (95%)−71min (95%)−72min
(20%)−82 min (20%).
Method 2: 0min (20%)−10min (50%)−15min
(80%)−45min (95%)−48min (20%)−53min (20%).

Methods 1 and 2 were used for the samples collected in 2015 and
in 2016, respectively.
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TABLE 1 | List of study sites showing the number of samples collected.

Site No. Elevation (m) GPS coordinates 2015 2016 Total

June July June

S1 2,720 N36.596614 E137.610712 1 1 0 2

S2 2,670 N36.568770 E137.600069 4 – 2 6

S3 2,650 N36.582900 E137.620111 3 – – 3

S4 2,450 N36.578007 E137.597709 1 2 2 5

S5 2,360 N36.583555 E137.599125 1 3 0 4

S6 2,350 N36.581005 E137.605004 5 · · 5

S7 2,300 N36.587690 E137.599254 10 12 7 29

Total 25 18 11 54

–, No data; ·, No snow cover.

FIGURE 2 | (A) Photographs of the study area, Murodo-Daira, alpine plateau,

Mt. Tateyama. The site S3 is not visible from this shooting point. (B) Red snow

surface at the site S6 observed in June 2015.

Peaks that appeared in the chromatograms of 450 nm
wavelength were identified and quantified with carotenoid and
chlorophyll standards: chlorophyll a, chlorophyll b, lutein, β-
carotene (3S, 3S′) astaxanthin, violaxanthin, antheraxanthin,
zeaxanthin, canthaxanthin, echinenone, and pheophytin a (DHI

Pigment Standards, Denmark). Chlorophyll a was quantified
using the chromatograms of 663 nm wavelength since its peak
often overlapped with those of antheraxanthin in the 450 nm
chromatogram. Astaxanthin esters were quantified only for
the trans-isomer in the 480 nm chromatogram using (3S, 3S′)
astaxanthin standard. The standard was measured within 1
month before or after the sample was measured.

The pigment content of each sample quantified in this
study is summarized in Supplementary Table 1. The hierarchical
clustering of samples, as by calculating the Bray–Curtis
dissimilarity index of pigment compositions, was conducted with
R (version 4.0.5) and a VEGAN library (R Core Team, 2017).

DNA Extraction
For samples collected in 2015, 10mL of melted snow was filtered
through a glass fiber filter (Whatman Glass Microfiber Filters,
GF/F, 25mm), combusted at 300◦C for 1 h to remove DNA
contamination before use. For samples collected in 2016, melted
snow was directly added to the DNA extraction tube without
filtration. DNA on the filter was extracted using a DNA extraction
kit (FastDNA SPIN Kit for Soil, MP Biomedicals) by following
the standard protocol of the manufacturer. Glass fiber filters were
placed in lysing tubes directly and homogenized together with
filtrates. The extracted DNA samples were stored at −30◦C until
subsequent analysis.

18S rRNA Gene Analysis by Illumina
Sequencing
Partial 18S rRNA gene sequences (V4 region, ∼380
bp) were amplified using primers Euk454F (5′-
CCAGCASCYGCGGTAATTCC-3′) and EukR (5′-
ACTTTCGTTCTTGATYRA-3′) (Logares et al., 2012).
Polymerase chain reaction (PCR) mixture (20 µL) contained 1×
KAPA Taq EXtra HotStart ReadyMix (Roche, Basel, Switzerland),
0.2µM of each primer, and 1–5 µL template DNA. PCR was
performed under the following cycling conditions: initial
annealing at 95◦C for 3min, followed by 25–35 cycles of 95◦C for
30 s, 50◦C for 30 s, and 72◦C for 60 s, and with a final extension
at 72◦C for 5min. All PCR products were purified with AMPure
XP (Beckman Coulter). As some of the PCR products included
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TABLE 2 | Number of samples classified into four pigment types at each study site and month.

Site No. (m a.s.l.) Pigment type Total

A B C D A B C D

June 2015 1 0 0 0

S1 July 2015 1 0 0 0 2 0 0 0

(2,720) June 2016 0 0 0 0

June 2015 4 0 0 0

S2 July 2015 – – – – 4 1 0 1

(2,670) June 2016 0 1 0 1

June 2015 3 0 0 0

S3 July 2015 – – – – 3 0 0 0

(2,650) June 2016 – – – –

June 2015 0 1 0 0

S4 July 2015 0 0 2 0 0 3 2 0

(2,450) June 2016 0 2 0 0

June 2015 0 1 0 0

S5 July 2015 0 3 0 0 0 4 0 0

(2,360) June 2016 0 0 0 0

June 2015 2 3 0 0

S6 July 2015 · · · · 2 3 0 0

(2,350) June 2016 · · · ·

June 2015 3 7 0 0

S7 July 2015 4 8 0 0 12 17 0 0

(2,300) June 2016 5 2 0 0

Total 23 28 2 1

–, No data; ·, No snow cover.

multiband or smeared bands, after agarose gel electrophoresis,
PCR products were excised from the gel and purified using
a NucleoSpin Gel and PCR clean-up kit (Macherey Nagel,
Germany). The PCR products were labeled with a sample-unique
index and Illumina adapter sequences at their 5′ end using
the Nextera XT index kit v2 (Illumina, San Diego, CA, the
United States). The PCR mixture (10 µL) contained 1× KAPA
HiFi HS ReadyMix, 2 µL each of forward and reverse primers,
and 1 µL of the recovered PCR products. PCR was performed
under the following cycling conditions: 95◦C for 3min, followed
by 8 cycles of 95◦C for 30 s, 50◦C for 30 s, and 72◦C for 60 s, and
with a final extension at 72◦C for 5min. All index PCR products
were purified with AMPure XP and measured using a Qubit
2.0 Fluorometer (ThermoFisher Scientific) with Qubit dsDNA
HS Assay Kit (ThermoFisher Scientific). Tagged amplicons
were mixed with PhiX control DNA at a ratio of 80:20 and
used as a template for MiSeq paired-end sequencing (2 × 300
bp) using Reagent kit v3 (Illumina) at the National Institute of
Polar Research.

Phylogenetic Analyses
All sequence libraries were clustered into amplicon sequence
variants (ASVs) using the R package “DADA2” (Callahan
et al., 2016). Taxonomy was assigned by the “assignTaxonomy”
function (Wang et al., 2007) in DADA2 using the custom Silva
132 database (Quast et al., 2013). DADA2 removed all potential

chimeric sequences. After removing identifiable plant sequences
(order: Rosales, Sapindales, Pinales, Fagales, Lamiales), only
Chlorophyta ASVs were filtered out, and the ASV composition
was analyzed using the R package “Phyloseq” (McMurdie and
Holmes, 2013). The taxonomy of ASVs was assigned using
BLAST against the NCBI nr/nt database.

The 18S rDNA alignment of snow-inhabiting
Chloromonas/Chlainomonas contained 47 sequences (1,567
bp) examined in the previous studies (e.g., Matsuzaki et al.,
2019; Procházková et al., 2019a), as well as five ASVs (377 bp
long) generated in this study (ASV2-ASV6), and the 18S rDNA
matrix focused on Sanguina spp. consisted of 30 sequences
(1,581 bp) published before (e.g., Procházková et al., 2019b), as
well as one ASV (378 bp long) acquired in this study (ASV1). For
the former dataset, the mesophilic species of the Chloromonas
clade (Pröschold et al., 2001) or the Chloromonadinia clade
(Nakada et al., 2008) were selected as the outgroup; and for the
latter dataset, the mesophilic species of Reinhardtii clade sensu
(Pröschold et al., 2001) were selected as the outgroup. The best-fit
nucleotide substitution model was estimated using jModeltest
2.0.1 (Posada, 2008). Based on the Akaike information criterion,
the TIM2+I+G and TIM3+I+G models were selected for the
former and latter datasets, respectively. The phylogenetic tree of
18S rDNAwas inferred by Bayesian inference (BI) usingMrBayes
(version 3.2.6) (Ronquist et al., 2012). Two parallel Markov chain
Monte Carlo runs for 3,000,000 generations with one cold
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and three heated chains were conducted for both alignments
using the selected best-fit evolutionary models, with trees
sampled every 100 generations. The first 25% were discarded
as burn-in. The maximum-likelihood (ML) phylogenetic tree
was constructed using GARLI 2.0 (Zwickl, 2006). ML analysis
consisted of rapid heuristic searches (100 pseudo-replicates)
using automatic termination (genthreshfortopoterm command
set to 100,000). The convergence of the two cold chains was
checked by the average standard deviation of split frequencies
(0.000868 and 0.000384 for the former and latter datasets,
respectively). Bootstrap analyses and Bayesian posterior
probabilities were used to assess the support of the clades. Values
of posterior probabilities and bootstrap support were treated
as weak (BI < 0.5, ML < 50%), moderate (BI 0.54-0.94, ML
50-79%) and high (BI > 0.94, ML > 79%) (Skaloud and Peksa,
2010).

Data Availability
Raw sequence data are available from BioProject: PRJNA726817
in the Sequence Read Archive of National Center for
Biotechnology Information (NCBI; https://www.ncbi.nlm.
nih.gov/sra/). Sequences of 6 major ASVs are deposited in NCBI
Genbank (Accession number: MZ317533 - MZ317538).

RESULTS

Microscopic Observation of Algal Cells
Microscopic observation revealed that all of the red snow samples
contained algal cells of various colors and cell shapes as described
previously by Nakashima and Takeuchi (2017). The algal cells
were often attached to small mineral particles. The algal cells
were roughly classified into seven types based on the color and
morphology: (1) Red or deep red spherical cells with thick cell
walls (Figure 3A). Chloroplasts were observed at the center of the
cell. The size of cells was 23.7 ± 6.0µm in diameter. (2) Light
red or orange spherical cells with thick cell walls (Figure 3B).
The size of cells was 20.8 ± 3.2µm in diameter. (3) Green and
small-sized spherical cells (Figure 3C). The size of cells was 13.8
± 2.6µm in diameter. (4) Deep red ellipsoidal cells, with smooth
cell wall (Figure 3D). The size of cells was 46.9 ±7.6µm in the
major axis and 36.7 ± 5.1µm in the minor axis. (5) Orange-
colored oval cells, with cell wall flanges (Figure 3E). The size of
cells was 44.4 ± 5.9µm in the major axis and 24.1 ± 2.6µm
in the minor axis. (6) Yellow-colored and spindle-shaped cells
(Figure 3F). The cell size was 27.4 ± 5.0µm in the major axis
and 16.0 ± 2.1µm in the minor axis, smaller than (5) and larger
than (7). (7) Green-colored oval cells (Figure 3G). Whole cell or
center of the cell was colored light green and oval. The size of
cells was 16.7 ± 3.1µm in the major axis and 10.6 ± 1.9µm in
the minor axis.

The relative abundance of these cell types varied among the
samples. Red, orange, and green spherical cells and green oval cell
were contained in almost all samples in this study area. The other
cell morphology appeared only at the specific site. Red ellipsoidal
cells were included only in the samples at the site S2. Orange oval
cell included in the samples at the sites S2, S4, and S7. Yellow oval

cell was included in the samples at the sites S2 and S4; however,
its abundance was relatively small.

Algal Pigment Composition
HPLC analysis of algal pigments revealed that the algal snow
collected in this contained mainly two chlorophylls (chlorophyll
a and chlorophyll b) and primary and secondary carotenoids
(violaxanthin, lutein, β-carotene, and astaxanthin) (Figure 4).
Astaxanthin included mainly three different forms: 3S, 3S′

trans-astaxanthin (free-astaxanthin), astaxanthin-monoester,
and astaxanthin diesters. The astaxanthin esters showed several
peaks in the chromatogram.

In this study, the composition of these pigments varied among
the samples. Based on the cluster analysis, the samples can be
classified into four pigment types (Types A, B, C, and D as
shown in Figure 5). Figure 6 shows the mean proportion of each
pigment for the four pigment types. Type A was characterized
by the dominance of astaxanthin-monoester, which accounted
for 43.4–76.3% (mean: 63.6%) of the total pigments. Type B was
characterized by the medium astaxanthin-monoester content,
which accounted for 7.5–35.1% (mean: 22.0%) of the total
pigments. The primary carotenoids were in trace levels in both
Types A and B. Type C was characterized by the relatively high
abundance of free-astaxanthin and primary carotenoids, mainly
lutein. The mean abundance of free-astaxanthin and the mean
abundance of lutein were 20.0 and 11.6%, respectively, of the
total pigment. Type D was characterized by the high abundance
of astaxanthin diesters, which accounted for 38.1% of the total
pigment. The number of samples classified as Types A, B, C, and
D were 23, 28, 2, and 1, respectively (Table 2).

The mean compositions of algal cell morphology in the four
pigment types are shown in Supplementary Figure 1. The red,
orange, and green spherical cells were dominant in both Types A
and B (>90%), however red spherical cells was more abundant in
Type A than Type B. Type C was dominated by the orange oval
cell, accounting for 84% in the total cells. Type D was dominated
by the red ellipsoidal cell, accounting for 89% in the total cells.

Spatial Variation in Pigment Types
Table 2 shows the number of samples of the four pigment types in
each study site, indicating that the pigment types varied spatially
in the study area. Types A and B were most commonly observed
in this area: Type A occurred at five sites (S1, S2, S3, S6, and S7)
and Type B occurred at five sites (S2, S4, S5, S6, and S7) among
seven study sites. Types C and D occurred only at sites S4 and S2,
respectively. There was almost no difference in the appearance of
pigment type among the different months of sample collection.
Types A and B were always observed at site S7 in all field
investigations (June 2015, July 2015, and June 2016).

Phylogenetic Analyses of the 18S rRNA
Gene of the Snow Algae
After quality filtering, the 18S rRNA gene amplicon sequence
reads from the red snow comprised 2,568,681 high-quality
paired-end sequence reads, which were clustered into
689 ASVs, with an average amplicon length of 381.52 bp
(Supplementary Table 2). Classification of the sequence
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FIGURE 3 | Microscopic photographs of snow algal cells in red snow samples collected in Mt. Tateyama (reproduced from Nakashima and Takeuchi, 2017). (A) Red

spherical cell, (B) Orange spherical cell, (C) Green spherical cell, (D) Red ellipsoidal cell, (E) Orange oval cell with cell wall flanges, (F) Yellow oval cell with cell wall

flanges, and (G) Green oval cell.

data revealed that Chlorophyceae dominated the snow
algal communities (99.9% in the total Chlorophyta).
Chlamydomonadales contained major 6 ASVs, and the observed
number of ASVs in Chlamydomonadales were 15, 18, and 24
ASVs for the samples from June 2015, July 2015, and June 2016,
respectively (Supplementary Table 3). The most abundant ASV
was ASV1 (MZ317533), accounting for 45.6% of Chlorophyta
sequences, it was closely related to Sanguina nivaloides CCCryo
RS 0015-2010 (JQ790560) and Sanguina aurantia CCCryo RS

0017-2010 (MK728645) classified in the highly/highly (BI/ML)
supported Sanguina clade (Figure 7). The second abundant ASV
was ASV2 (MZ317534), accounting for 32.1% of Chlorophyta
sequences, and it was a member of highly/moderately supported
subclade of the Chloromonas clade-B (Figure 8). ASV2 was
closely related to snow algae and consists of Chloromonas
hindakii WP129/CCCryo 531-19 (MN251865), Chloromonas
polyptera DRAnt023 (JQ790556), Chloromonas sp. Gassan-B
(LC012714), and Chloromonas sp. TA-8 (AB902996) (Table 3).
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FIGURE 4 | HPLC chromatograms of four major pigment types of red snow samples (A: Type A, B: Type B, C: Type C, D: Type D) in this study (detection wavelength:

450 nm). Peaks with numbers or alphabet in the chromatograms indicate the algal pigments identified in this study. 1: Violaxanthin, 2: Astaxanthin, 3: Lutein, 4:

Chlorophyll b, 5: trans-Astaxanthin (monoester), 6: β-carotene, 7: trans-Astaxanthin (diesters), and U: Unknown.
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FIGURE 5 | Cluster analysis performed based on the algal pigment composition of red snow samples. Four groups classified in this study based on the result were

shown (Types A, B, C, and D).

The third most abundant ASV was ASV3 (MZ317535),
representing 7.6% of Chlorophyta sequences reads and
belonged to an unnamed moderately/highly supported
Chloromonas clade. It consisted of uncultured alga
OTU003 (LC371421.1), uncultured Chloromonas sp. TA-9
(AB903024), uncultured Chloromonas SV-3 (AB903022), etc.
(Figure 8).

The ASV5 (MZ317537), representing 3.5% reads
of Chlorophyta sequences, was a member of the
Chloromonas clade-D (Figure 8) and closely related to

Chlainomonas sp. DL06/LP03 (MF803743, MF803745).
ASV5 was 100% identical with the two algae tentatively
assigned as “Chloromonas_sp_TA_1” (AB903004)
and “Chloromonas_sp_TA_3” (AB902981) by single
cell sequencing.

Figure 9 shows the relative abundance of the ASVs of snow
algae among the four pigment types. Both Types A and B were
dominated by ASV1 and ASV2. ASV1 was most dominant in
Types A and B, accounting for 48 and 69%, respectively. ASV2
was secondary dominant in the types, accounting for 31 and 20%,
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FIGURE 6 | Mean pigment composition of four types of red snow samples in Mt. Tateyama. Abbreviations: Chl a: chlorophyll a; Chl b: chlorophyll b; Lut: lutein; Vio:

violaxanthin; BetaC: β-carotene; Ast-f: free-astaxanthin; Ast-e: astaxanthin-monoester; Ast-d: astaxanthin-diesters.

respectively. Types C and D were dominated by ASV2 (94%) and
ASV5 (95%), respectively.

DISCUSSION

Red Snow Commonly Appeared in This
Area (Types A and B)
Types A and B, which were dominated by the secondary
carotenoid of astaxanthin-monoester, were the most common
types of red snow in this study area, suggesting that most of the
red snow is due to snow algae containing abundant astaxanthin-
monoester. Phylogenetic analysis showed that the dominant ASV
in both Types A and B was ASV1 was a part of Sanguina-clade
in the 18S rRNA gene phylogenetic tree (formerly assigned to
Chlamydomonas, Procházková et al., 2019b). As Sanguina sp., a
typical snow alga distributed worldwide, has been reported as an
astaxanthin-rich snow alga (Remias et al., 2005), it is reasonable
to suggest that the red snow of Types A and B was dominated by
Sanguina sp. rich in astaxanthin.

Types A and B were both dominated by ASV1; therefore,
the difference in the abundance of astaxanthin between these
two types was probably due to the astaxanthin content in each
algal cell. In Type A, algal cells exhibited higher astaxanthin-
to-chlorophyll a ratio (range: 1.31–6.20, mean: 3.3:1), whereas
algal cells in Type B had a lower astaxanthin-to-chlorophyll
a ratio (range: 0.16–0.92, mean: 0.54:1). A previous study
suggested that the pigment composition in the Sanguina group
alga cells varied depending on the environmental conditions—
for example, abundant production of astaxanthin under intense
UV radiation (Remias et al., 2005) or under nitrogen-limited
conditions (Lutz et al., 2016). Also the ratio of astaxanthin to
chlorophyll a varied with the individual extent of maturation
of a population in course of the summer season (Procházková

et al., 2021). In this study, at the higher elevation sites, only
Type A appeared (S1, S2, and S3), whereas in the lower elevation
sites both Types A and B appeared (S6 and S7), and only
Type B appeared at the low elevation site (S2, S4, and S5). At
the higher elevation sites, the melt rate of snow was probably
lower because the air temperature was lower than at lower
elevations. The increase in astaxanthin in cells benefits snow
surface-dwelling hypnoblasts (Dial et al., 2018) and is consistent
with this conclusion. Furthermore, all the sites were located near
the mountain ridge, where there was less vegetation due to windy
conditions. The abundance of astaxanthin in the algal cells of
ASV1 may be affected by the environmental conditions of the
snow surface and cell maturation process.

Since the fragment of 18S rDNA (this study) or even the whole
length of 18S rDNA is insufficient to distinguish the different
Sanguina species (i.e., S. nivaloides and S. aurantia) (Procházková
et al., 2019b), the distinct pigment compositions of Types A
and B are also possibly due to abundance of different Sanguina
species. Microscopy showed that, red and orange spherical cells
contained in the samples of Types A and B were morphologically
very similar to the mature cyst of S. nivaloides and S. aurantia,
respectively, however, the size of the orange cells was significantly
larger than that of S. aurantia (Procházková et al., 2019b, 2021).
Thus, we cannot exclude that an undescribed Sanguina sp. may
occur in snow in Mt. Tateyama.

Red Snow of Special Properties Appeared
in Specific Sites (Types C and D)
Pigment Type C, which is rich in primary carotenoids, including
lutein and free-astaxanthin, appeared only at the site S4 in this
study area, suggesting that special conditions induce this type
of red snow at the site. However, we did not find any specific
chemical (pH or EC) or topographical conditions at this site.
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FIGURE 7 | 18S rRNA-gene-based maximum likelihood phylogeny of Sanguina spp. showing phylogenetic position of one of the major ASV reads (ASV1) detected in

the red snow samples in Mt. Tateyama, Japan. Posterior probabilities (≥0.95) and bootstrap values from maximum likelihood analysis (≥50%) 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). Accession

numbers, strain, or field sample codes are indicated after each species name.

When we collected the sample, the snow depth at this site was
shallower (<20 cm) compared with those at the other sites (more
than 50 cm). DNA analysis showed that this type was mostly
dominated by ASV2, indicating that the primary carotenoids in
Type C were derived from the algal cells of ASV2. ASV2 was
one of the common algal species in this study area, as it was
detected in many samples, including in Types A and B samples
The phylogenetic tree showed that ASV2 was closely related
to Chloromonas spp., which is consistent with their dominant
pigments. Previous studies have shown that cells of C. nivalis

have abundant primary carotenoids such as xanthophyll cycle
pigments and lutein, which is distinctive from Sanguina sp.
that contains mainly secondary carotenoids such as astaxanthin
(Remias et al., 2010). Therefore, this type of snow probably has
conditions to be dominated by the Chloromonas alga.

Pigment Type D, which was characterized by abundant
astaxanthin diesters, was dominated by ASV5, indicating that
the pigment was derived from this algal species. The lack of
ASV1 (Sanguina sp.) in this snow type was distinctive from
the other types in this study. This type appeared only at the
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FIGURE 8 | 18S rRNA-gene-based maximum-likelihood phylogeny of snow-inhabiting Chloromonas/Chlainomonas spp. showing phylogenetic positions of the five

major ASV reads (ASV2–ASV6) detected in the red snow samples in Mt. Tateyama, Japan. The labeled clades “A,” “B,” and “C” correspond to Matsuzaki et al. (2019).

Posterior probabilities and bootstrap values from maximum likelihood analysis 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). Accession numbers, strain, or field sample codes are indicated after each species name.
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TABLE 3 | Top six ASVs (377-378 bp long) of 18S rRNA genes aligned and assigned to Chlorophyta in the samples, the closest relatives of the 18S rRNA genes that are

based on the Nucleotide BLAST search in NCBI, and the sequence identity of 18S rRNA gene (%).

ASV No. Relative abundance (%) Closest identified relatives Accession numbers Sequence identity (%)

ASV 1 45.6 Sanguina nivaloides CCCryo RS 0015-2010 JQ790560.1 100

Sanguina aurantia CCCryo RS 0017-2010 MK728645.1 100

ASV 2 32.1 Chloromonas hindakii WP129/CCCryo 531-19 MN251865.1 100

Chloromonas polyptera DRAnt023 JQ790556.1 100

Chloromonas sp. Gassan-B LC012714.1 100

Chloromonas sp. TA-8 AB902996.1 100

ASV 3 7.6 Uncultured alga: OTU003 LC371421.1 100

Chloromonas sp. TA-9 AB903024.1 100

Chloromonas sp. SV-3 AB903022.1 100

Chloromonas_sp_PA2 AB903020.1 100

Chloromonas_sp_GL4 AB902991.1 100

Chloromonas_sp_JP21 AB903006.1 100

And many others

ASV 4 3.6 Uncultured alga: Otu025 LC371427.1 99.2

Uncultured alga: Otu005 LC371425.1 99.2

Uncultured alga: Otu003 LC371421.1 99.2

Chloromonas sp. TA-9 AB903024.1 99.2

Chloromonas sp. SV-3 AB903022.1 99.2

And many others

ASV 5 3.5 Chloromonas_sp_TA_1 AB903004.1 100

Chloromonas_sp_TA_3 AB902981.1 100

Uncultured alga: OTU008 LC371432.1 99.5

Chlainomonas sp. LP03 MF803745.1 98.7

Chlainomonas sp. DL06 MF803743.1 98.7

ASV 6 2.5 Chloromonas hindakii WP129/CCCryo 531-19 MN251865.1 99.7

Chloromonas polyptera DRAnt023 JQ790556.1 99.7

Chloromonas sp. Gassan-B LC012714.1 99.7

Chloromonas sp. TA-8 AB902996.1 99.7

Top six ASVs were chosen which contained more than 1% in total ASVs.

FIGURE 9 | Mean relative abundance of algal ASVs containing the four pigment types.
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site S2, suggesting special conditions induced this type of red
snow at the site. Astaxanthin in algal cells is present in various
molecular forms and often combines with one or two fatty
acids and glucose. Fatty acids play an important role in cell
survival at low temperatures (Řezanka et al., 2013). A previous
study revealed that such molecular forms of astaxanthin in algal
cells were changed by species. For example, the algal cells of
the Sanguina group, which have abundant astaxanthin, mainly
contained monoesters in the stage of resting spores, whereas
the algal cells of Chlainomonas group were mainly present as
astaxanthin diesters in the vegetative cell stage (Bidigare et al.,
1993, Remias et al., 2016). The phylogenetic tree showed that
ASV5 was closely related to Chlainomonas sp. and algal cell
morphology in Type D was distinctive from other pigment
types—red ellipsoidal cell dominant resembled in cell size, cell
shape and pigment colouration of snowChlainomonas. The snow
surface at this site may be a suitable condition for the growth of
this alga in this region. The site S2 was located on a southern
mountain ridge in this study area; however, we did not find any
other specific chemical (pH or EC) or topographical conditions
at this site.

Variations in the Algal Community in Red
Snow in Tateyama Mountain Region
Our results showed that the community structure of red snow
in the Tateyama Mountains area varied seasonally and spatially
among the sites and largely affected the pigment composition.
The presence of diverse algal communities within a relatively
small mountainous area suggests that the algal community of red
snow is determined by local environmental conditions and the
migration process of algal cells to the snow surface.

Most of the red snow in this area is dominated by ASV1,
Sanguina sp., a typical algal species in red snow worldwide. The
previous study showed the presence of cosmopolitan species of
snow algae, which appeared in the Arctic and Antarctic regions,
and Sanguina [i.e., “Chlamydomonas”-snow group B) was one of
them (Segawa et al., 2018)]. The snow alga Sanguina sp. observed
in the red snow in this study may have originated from common
sources of the world and migrated from the atmosphere onto
the snow surface. However, another study described that the
Sanguina snow alga in red snow does not have a homogeneous
population structure across worldwide locations (Brown and
Tucker, 2020), therefore, it may be derived locally.

ASV2, which close to putative Chloromonas sp., was also
commonly present in the red snow in the study area.
Chloromonas reported to be regionally endemic distribution
(Segawa et al., 2018). The broad distribution of ASV2 in the study
area may disperse locally.

ASV5 dominant, which close to putative Chlainomonas sp.
appeared only at the specific sites (S2) and was rarely observed
in other red snow samples. However, we did not find any specific
chemical (pH or EC) or topographical conditions at this site. The
previous study showed that snow-dwelling Chlainomonas spp.
were distributed in forested sites or close to coniferous canopies
(Hoham, 1974a,b), in waterlogged snow overlying lakes (Novis
et al., 2008, Procházková et al., 2018), or at other high alpine sites

which were not notably wetter than the surrounding snow, nor
were they located over frozen lakes (Engstrom et al., 2020). The
life cycle of Chlainomonas includes flagellates (e.g., Procházková
et al., 2018) which are important for migration processes from
the ground soil to the snow surface during snowmelting (Hoham
and Remias, 2020). To reveal reasons for the distinct distribution
of this alga in this region (when compared to other species in this
dataset), measurement of physical and chemical snow parameters
may be helpful.

Seasonal and spatial variations in the appearance of each algal
species suggest that they have different dispersal processes, life
cycles, and suitable conditions for growth on the snow surface.
However, this remains largely questionable. This snowy area
of the Tateyama Mountains is one of the best places in the
world to study snow algae. However, global climate warming is
changing the environmental conditions of this alpine area and
will affect the snowpack in this unique ecosystem soon. Thus,
understanding the ecology of the snow algae in this area is
urgently required.

CONCLUSIONS

This study revealed that red snow appeared extensively on
the Mt. Tateyama snowfields during the melting seasons.
HPLC analysis showed that the algal pigment compositions
of the red snow varied spatially and seasonally and could be
classified into four distinctive types (Types A–D), although
they appeared visually to be almost the same color. Types A
and B contained abundant astaxanthin-monoester; however, its
abundance was relatively greater in Type A than in Type B.
These two types occurred most commonly in the study area.
Types C and D were characterized by primary carotenoids,
free-astaxanthin, and astaxanthin diesters. These two types
occurred only at specific sites. Phylogenic analysis using the
18S rRNA gene showed no significant difference in community
structure between Types A and B, dominated by ASV1 and
ASV2, which are close to Sanguina sp. and Chloromonas sp.,
respectively. Types C and D were dominated by ASV2, close
to Chloromonas sp., and by ASV5, close to Chlainomonas
sp., respectively. As both Types A and B are dominated by
Sanguina spp., the difference in the abundance of astaxanthin
between the two types was probably due to the environmental
conditions and also cell maturation process as well. The pigment
composition of Type C was likely induced by ASV2 because
Chloromonas algae have abundant primary carotenoids. The
pigment composition of Type D was likely derived from
ASV5, Chlainomonas algae, which have abundant astaxanthin
diesters. The factors determining the pigment composition or
community structure in red snow remain uncertain. Further
detailed studies examining the physical parameters such as
snow water content, the amount of snow and solar radiation
intensity, and chemical conditions of the snow at each site are
required. The dispersal process and annual life cycle of each algal
species are also important for understanding their spatial and
seasonal variations.
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For tens of millions of years (Ma), the terrestrial habitats of Snowball Earth during
the Cryogenian period (between 720 and 635 Ma before present–Neoproterozoic
Era) were possibly dominated by global snow and ice cover up to the equatorial
sublimative desert. The most recent time-calibrated phylogenies calibrated not only on
plants but on a comprehensive set of eukaryotes indicate that within the Streptophyta,
multicellular charophytes (Phragmoplastophyta) evolved in the Mesoproterozoic to the
early Neoproterozoic. At the same time, Cryogenian is the time of the likely origin
of the common ancestor of Zygnematophyceae and Embryophyta and later, also of
the Zygnematophyceae–Embryophyta split. This common ancestor is proposed to be
called Anydrophyta; here, we use anydrophytes. Based on the combination of published
phylogenomic studies and estimated diversification time comparisons, we deem it
highly likely that anydrophytes evolved in response to Cryogenian cooling. Also, later
in the Cryogenian, secondary simplification of multicellular anydrophytes and loss of
flagella resulted in Zygnematophyceae diversification as an adaptation to the extended
cold glacial environment. We propose that the Marinoan geochemically documented
expansion of first terrestrial flora has been represented not only by Chlorophyta but
also by Streptophyta, including the anydrophytes, and later by Zygnematophyceae,
thriving on glacial surfaces until today. It is possible that multicellular early Embryophyta
survived in less abundant (possibly relatively warmer) refugia, relying more on mineral
substrates, allowing the retention of flagella-based sexuality. The loss of flagella and
sexual reproduction by conjugation evolved in Zygnematophyceae and zygomycetous
fungi during the Cryogenian in a remarkably convergent way. Thus, we support the
concept that the important basal cellular adaptations to terrestrial environments were
exapted in streptophyte algae for terrestrialization and propose that this was stimulated
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by the adaptation to glacial habitats dominating the Cryogenian Snowball Earth.
Including the glacial lifestyle when considering the rise of land plants increases the
parsimony of connecting different ecological, phylogenetic, and physiological puzzles
of the journey from aquatic algae to terrestrial floras.

Keywords: plant evolution, Cryogenian glaciation, Streptophyta, Charophyta, Anydrophyta, Zygnematophyceae,
Embryophyta, Snowball Earth

INTRODUCTION–THE TIMING OF THE
TERRESTRIAL FLORA RISE

The timing of the evolution of terrestrial flora, the branching of
Streptophyta lineages resulting in Embryophyta establishment,
and their further diversification have been a subject of interest
since the 19th century. The most recent debate is fueled
by the emergence of large genomic and transcriptomic
datasets (summarized in Rensing, 2020). The categorization
of terrestrialization is used differently in different contexts.
It is often mixed with the wet-to-dry transition, e.g., in
some chlorophyte or streptophyte aerophytic algae (for
terrestrialisation in the geology context see further). The wet-
to-dry transition of some streptophyte algae might be a very
initial part of following terrestrialization. However, during this
report, we use the category of terrestrialization sensu stricto as
only related to the establishment of Embryophyta–land plants–
starting, however, in the common ancestor of Embryophyta and
Zygnematophyceae–anydrophytes (see further).

The investigation of these ancient events is based on a
combination of data sources, and there are apparent challenges
linked with their interpretations. Firstly, an almost complete
lack of fossil record of transition stages of terrestrialization in
addition to the extinction of the close relatives of the early
land plants. This was highlighted recently by the support of the
monophyly of the Bryophyta as the sister clade to Tracheophyta
(Nishiyama et al., 2004; Civáň et al., 2014; Cox et al., 2014;
Puttick et al., 2018), leaving a larger gap in our understanding
of the land plant evolution. There are still textbooks in use
that state the assumption that the Tracheophyta evolved from
Bryophyta, which is a scenario now invalidated. Secondly, the
uncertainty of the timing estimates (contrasting predictions and
large confidence intervals) based on molecular clock reaching
deeper back in time. And thirdly, there is difficulty with
interpreting an independent source of information on primary
production on land provided by the geological/geochemistry
record, as it has almost no taxonomic resolution.

Fossil Evidence of Terrestrialization
Due to the well-acknowledged poor fossilization of plant
remnants, spores are considered to be the best early markers
of land plant occurrence. Currently, the oldest trilete spores
(narrow Y shape lines radiating from a spore surface center
indicating an origin in a single meiosis quadruple structure
product) assignable to Embryophyta are known from the
Upper Ordovician (Steemans et al., 2009; Edwards et al., 2014;
Rubinstein and Vajda, 2019), along with poorly preserved
seemingly polysporangiate mesofossils (Salamon et al., 2018). The

widespread occurrence of non–trilete cryptospores–i.e., variable
first spore types of the presumptive terrestrial origin without
trilete scar–(Edwards et al., 2014) in the Ordovician, starting
in the middle Ordovician (Dapingian), is proposed to be a
sign for the great Ordovician diversification of land plants
(Servais et al., 2019). Current data support the hypothesis that
in the Ordovician, there were already diversified tiny, possibly
polysporangiate, cryptophyte-type floras. During the following
Silurian, cryptospores producing plants decline while trilete
producers prevail (Pšenička et al., 2021). It is important to
note that cryptophytes sensu Edwards (Edwards et al., 2014)
are extinct plants producing cryptospores, not to be confused
with Cryptophyceae algae. Therefore the very first adaptations
of Streptophyta to the dry land occurred much earlier, most
probably in the Precambrian (Hedges et al., 2018; Servais et al.,
2019; Shinohara and Nishitani, 2021; Strassert et al., 2021; Su
et al., 2021). The first Silurian flora documented by macrofossils
(e.g., Cooksonia, Baragwanathia) suggests an undocumented
evolution and diversification of land plants preceding the earliest
known fossils (Pšenička et al., 2021). We will discuss the potential
importance of Cryogenian acritarchs for understanding the
evolution of land plants in section “Zygnematophyceae Diverged
From Multicellular Anydrophytes Later in the Cryogenian,
Adapting to Ice–Dominated Surface” and the “Discussion.”

Time-Calibrated Phylogeny
The land plants (Embryophyta), along with their algal relatives
(streptophyte algae), constitute a clade called Streptophyta.
Together with the algal group Chlorophyta and a small
group Prasinodermatophyta, they constitute the green plants
(Viridiplantae; Li et al., 2020). The deepest basal lineage
of Streptophyta is formed by the unicellular biflagellate
monotypic genera Mesostigma, described as a rarely but
regularly occurring inhabitant of freshwater phytobenthos in
wintertime (Lauterborn, 1894), and an aerophytic colonial
monotypic genera Chlorokybus (Lemieux et al., 2007). The
algal representatives of Streptophyta further include the
filamentous Klebsormidiophyceae (Stewart and Mattox, 1975).
Klebsormidiophyceae have biflagellate zoospores and combine
the features of the early Streptophyta with terrestrial plants due
to remarkable stress tolerance of vegetative cells (Holzinger et al.,
2014). These three lineages are also referred to as the “lower-
branching KCM grade” of Streptophyta (Klebsormidiophyceae,
Chlorokybophyceae, and Mesostigmatophyceae, de Vries
and Archibald, 2018). A further distinct streptophyte lineage
is Charophyceae (Rabenhorst, 1870), characterized by their
complex multicellular body architecture, which intuitively led
to their traditional placement as the sister group to plants from
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the 19th century until the early molecular studies (Karol et al.,
2001). Together with the lineages Coleochaetophyceae (Delwiche
et al., 2002) and Zygnematophyceae (= Conjugatophyceae,
Guiry, 2013; Cheng et al., 2019), they are referred to as “higher
branching ZCC-grade” of Streptophyta by de Vries and Archibald
(2018)–along with Embryophyta called Phragmoplastophyta.
The recently generally accepted topology of the streptophyte
phylogenetic tree recognizes Zygnematophyceae as the closest
living lineage to land plants (Clarke et al., 2011; Wodniok et al.,
2011; Wickett et al., 2014; Morris et al., 2018b; Leebens-Mack
et al., 2019; Su et al., 2021). Rensing (2020) proposed to call
the common ancestor of Zygnematophyceae and Embryophyta
“Anydrophyta”–pointing out their key drought-resistant
abilities. We use anydrophytes throughout this report instead,
as this name is not yet generally accepted as part of the
plant systematic nomenclature. New molecular clock analyses
(Strassert et al., 2021; Su et al., 2021) date the main splits of the
streptophyte lineages and the split between Zygnematophyceae
and Embryophyta way earlier than the estimates based on the
appearance of the first spores in the fossil material (Figures 1A, 2)
or even relatively recent influential time-calibrated phylogeny by
Morris et al. (2018b). The new time-calibrated phylogenies based
on the Viridiplantae (Su et al., 2021) and Eukaryota (Strassert
et al., 2021) suggest a likely Cryogenian origin of anydrophytes
as well as the split of Zygnematophyceae. This dating was
indicated very recently by Shinohara and Nishitani (2021) for
Zygnematophyceae and acknowledged as a possibility by Lutzoni
et al. (2018) and Jiao et al. (2020).

Isotopic and Chemical Evidence of Early
Land Plants in the Geological
Record–Green Cryogenian
There is an independent line of evidence integrating the signal
of terrestrial productivity over large temporal and spatial scales,
namely, the isotopic composition of marine sediments containing
interstitial precipitates with a distinct isotopic fingerprint (Fayek
et al., 2001). There is evidence for significant terrestrial primary
production from the isotopic analyses of the Neoproterozoic
marine interstitial carbonates based on combined oxygen and
carbon isotope data (Knauth and Kennedy, 2009; Cole et al.,
2020). These studies suggest that the terrestrial expansion
of photosynthesizing communities preceded the significant
climate perturbations of the Neoproterozoic glaciations. It needs
to be noted that the term “terrestrialization” is understood
often differently among biologists versus geologists (see also a
distinction to wet-to-dry transition discussed above). Biologists
define it as organisms inhabiting soils, surfaces of rocks–dry land
in contrast to water inhabitants, while geologists mean inhabited
surface of the whole continents, which also includes aquatic
habitats as lakes, rivers, and melting glaciers. The conclusions of
Knauth and Kennedy (2009) on the late Precambrian greening
are formulated in the latter sense; they compared the signal
of exploding terrestrial photosynthesizing communities with
phanerozoic terrestrial primary production where there is no
doubt about its origin in terrestrial habitats. Moreover, the
study of Hoshino et al. (2017) finds that C29 24-ethylsteranes

are systematically absent from sediments deposited before the
onset of the Snowball Earth events but are present in rocks
deposited during and directly after the Marinoan glaciation.
These findings imply an origin of stigmasteroid biosynthesis,
compounds characteristic of photosynthetic Eukaryota, during
the glaciation. The authors concluded that this extended
glaciation period was an evolutionary stimulant rather than
just a bottleneck (Hoshino et al., 2017). We can thus draw a
simplified framework where fossil record shows solid evidence
for already complex multicellular land plants (Embryophyta)
in the Ordovician/Silurian (Pšenička et al., 2021). Molecular
data models extend the possible timing for the origin of the
anydrophytes and phylogenetic split between Zygnematophyceae
and Embryophyta to either the Mesoproterozoic to early
Neoproterozoic (Su et al., 2021), the Cryogenian (Strassert et al.,
2021), or the Ediacaran/Cambrian (Morris et al., 2018a; see
also Figure 1). Additionally, the rise in terrestrial primary
productivity documented in sedimentary geologic isotopic
records dates to the Tonian and Cryogenian (Knauth and
Kennedy, 2009) or, based on sterol biosynthesis evolution, to
the final Marinoan glaciation (Hoshino et al., 2017). It is likely
that missing fossil evidence of earlier evolutionary stages of
land floras is related not only to their poor ability to fossilize
(rather than their absence) but also to the Rodinia continent
break up and erosion of the Cryogenian. This allows us to
infer that the Cryogenian origin of the first land floras is a
highly parsimonious scenario and needs to be further critically
considered and developed due to the important implications
for the physiology and ecology of early terrestrial floras and
extant land plants.

PALEOGEOGRAPHY OF THE
CRYOGENIAN

When searching for critical aspects or features of the
environment inhabited by the ancestors of the Embryophyta,
speculation is inevitable, except for one generally accepted
feature: their freshwater origin (Wodniok et al., 2011; de Vries
et al., 2016; for deeper evolution and freshwater see Sánchez-
Baracaldo et al., 2017; for review see Rensing, 2020). Thus, we
focus on the presence, character, and spatiotemporal extent
of the freshwater habitats in the mid to late Neoproterozoic
world–especially in the Cryogenian.

The Cryogenian marks the period when the supercontinent
Rodinia broke up. At the beginning of the Cryogenian (720 Ma),
the first rift basins developed in the continental crust of
Rodinia, and in 635 Ma (i.e., at the end of Cryogenian), the
continued rifting resulted in the break-up of the supercontinent
into several blocks (Li et al., 2013). The early advanced
chemical weathering of the Rodinia continent resulted in the
sequestration of the atmospheric carbon dioxide (CO2) in
quantity sufficient for global cooling, resulting in the Snowball
Earth glaciation conditions (Hoffman and Schrag, 2002). Under
these conditions, the oceans were covered with sea ice, and the
glaciers covered most of the Rodinia land surface between 0–
70◦ latitude (Li et al., 2013). There are two major glaciations
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FIGURE 1 | (A) The phylogenetic tree with time estimates for the splits of Chlorophyta–Streptophyta and Zygnematophyceae–Embryophyta. Tree adapted from
Morris et al. (2018b), projected over timescale based on international geostratigraphic chart (2020). The red lines at the respective node represent 95% highest
posterior densities of estimates presented by Hedges et al. (2018), Morris et al. (2018b), Strassert et al. (2021), and Su et al. (2021): a–Streptophyta, Morris et al.
(2018b) all calibrations, b–Streptophyta, Hedges et al. (2018) Mesozoic calibrations, c–Streptophyta, Hedges et al. (2018) Spermatophyta calibration,
d–Streptophyta, Strassert et al. (2021), e–Embryophyta, Morris et al. (2018b) all calibrations, f–Embryophyta, Hedges et al. (2018) Mesozoic calibrations,
g–Embryophyta, Hedges et al. (2018) Spermatophyta calibration, h–Embryophyta, Su et al. (2021), Strassert et al. (2021). j–Influx of terrestrial carbon is apparent in
carbonates younger than 850 Ma, according to a study of Knauth and Kennedy (2009), who infer an explosion of photosynthesizing communities on late
Precambrian land surfaces. (B) Schematic presentation of the potential freshwater habitats in a low latitude Cryogenian catchment. The picture represents habitats
populated by members of streptophyte algae in the current biosphere (A) Lentic habitats (Mesostigma, Chara), (B) fluvial habitats with various Zygnematophyceae in
the phytobenthos and e.g., Coleochaete on submerged surfaces, (C) subaeric habitats, moist or periodically submerged surfaces, and biological soil crusts (e.g.,
Klebsormidium, Chlorokybus, and some Zygnematophyceae).
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FIGURE 2 | Paleontological and geological evidence for the continental (most probably eukaryotic) organisms and primary production by photosynthetic
organisms/plants from the Neoproterozoic through Cryogenian to the early Paleozoic. For our hypothesis, the existence of desmids in the early Ediacaran, as
indicated by the Acritarch zygospores ascribed to Desmidiales (Moczydłowska and Liu, 2021), is of central importance.

recognized over the course of Cryogenian; the Sturtian and the
Marinoan. The Snowball Earth hypothesis assumes complete
glaciation of the Earth’s surface (Hoffman and Schrag, 2002),
which would intuitively turn the biotic colonization of the
continents impossible. However, as summarized and discussed by
Eyles (2008), the Snowball Earth glaciations possibly took place
as a series of consecutive geo-tectonically predisposed regional
glaciations. In the Marinoan glacial epoch, the sedimentological
and geochemical records support a deglaciation interval with
the onset of glaciolacustrine, non-glacial lacustrine, and ice-free
marine conditions (Wang et al., 2008; Williams et al., 2008;
Hoffman et al., 2012, 2017). The continents were possibly not
completely glaciated even in the maxima of actual glaciation
epochs. Exposed alluvial plains and tidal flats allowed the
development of subaeric periglacial zones with permafrost
(Retallack et al., 2015; Bai et al., 2020). The constituents of
petroleum phytane, pristane (isoprenoid alkanes formed from
phytol, a constituent of chlorophyll), and sterane (derived from
steroids or sterols) in marine sediments provide evidence that
there was no break in the activity of photosynthetic eukaryotes
during the Cryogenian glacial epochs (Wang et al., 2008; Hoshino
et al., 2017). The Neoproterozoic land system differed from the
Phanerozoic by the absence of a continuous vegetation cover
with a root system (Bose et al., 2012). The Neoproterozoic land
system was thus similar to recent arid regions, or the continental
polar areas. The dominant terrestrial environment was alluvial
plains with unstable riverbeds even though meandering rivers
also occurred (Barkat et al., 2020). Along the coast, there were
river deltas and tidal flats where the eolic sedimentation of loess
and wadded sands also took place (Williams et al., 2008; Retallack,
2011). Additionally, the surface of melting glaciers must be
included within the list of potential freshwater habitats.

Habitats occupied by members of streptophyte algae in
the current biosphere are represented in Figure 1. For lentic
habitats, Mesostigma or Chara are typical, lentic to slow fluvial
phytobenthos often hosts various Zygnematophyceae; and the
subaeric, moist, or periodically submerged surfaces are occupied
by Klebsormidium and also Chlorokybus or Coleochaete and
some Zygnematophyceae. To some extent, recent supraglacial
habitats represent functional analogs to all three previous types
of habitats via supraglacial lakes and cryoconite melt ponds as
lentic habitats, supraglacial streams as fluvial habitats, and by
the melting surface of bare ice as a functional analog to subaeric
habitat where desiccation is substituted by freezing as the main
physiological stress. The last-named habitat is typically inhabited
by zygnematophycean genera Mesotaenium, Ancylonema, and
Cylindrocystis, where the first two taxa develop regularly large-
scale blooms, e.g., on the Greenland ice sheet, but are reported in
the ablation zones of glaciers worldwide (Figure 1B; Williamson
et al., 2019).

Any glacial system in or close to balance with a climate,
which allows the hydrological cycle to develop, must have an
ablation zone where melting periodically occurs on an annual
(polar areas) or daily (tropics) basis (Benn and Evans, 2010).
For organisms that can cope with the supraglacial conditions,
this environment can provide a habitat for long-term survival
(Hodson et al., 2008; Anesio and Laybourn-Parry, 2012; Stibal
et al., 2012). It includes different kinds of cyanobacteria and algae
(Yallop et al., 2012; Lutz et al., 2018; Williamson et al., 2019),
but sometimes also moss balls (“glacier mice”) which are able to
sustain cold-adapted invertebrates (Zawierucha et al., 2015, 2021)
and the populations possibly survive over Holocene timescale
(Heusser, 1972). However, in the polar glacial condition, the moss
life cycle is disrupted and reduced to a vegetative phase, missing
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sexual reproduction (e.g., Hotaling et al., 2020) in contrast
to glacial Zygnematophyceae (e.g., Permann et al., 2021a,b;
Procházková et al., 2021).

ADAPTATIONS TO COLD, SNOW, ICE,
DROUGHT, AND HIGH IRRADIANCE
EXPOSED CONDITIONS OF
CRYOGENIAN AND THE EVOLUTION OF
ANYDROPHYTES AND THEIR
CELLULAR EXAPTATIONS FACILITATING
FURTHER TERRESTRIALIZATION

Plant terrestrialization or land plant evolution started most
probably at the single-cell stage of Streptophyta evolution
by the first wet-to-dry transition–i.e., before the complex
multicellularity evolved (Stebbins and Hill, 1980; Becker, 2013;
Harholt et al., 2016). Certain aerophytic Chlorophyta adapted
on the cellular level to dry land conditions (i.e., were subject to
wet-to-dry transition), most probably even much earlier in the
Proterozoic (Strassert et al., 2021; Su et al., 2021; Zhang et al.,
2021). This hypothesis was recently further supported by studies
of the plant cell wall and stress response evolution (Harholt et al.,
2016; de Vries et al., 2018; Jensen et al., 2018). The streptophyte
algae were living on the land for some time before the emergence
of land plants (Harholt et al., 2016). Similarly, de Vries et al.
(2018) show that the embryophyte stress signaling evolved in the
algal progenitors of land plants. However, environments similar
to our extant freshwater to land transitions (lake shores, periodic
water bodies, wet aerophytic algae environments) are considered
as possible terrestrialisation biotopes in most published cases
(e.g., Fürst-Jansen et al., 2020; Rensing, 2020). Based on our
new scenario, Streptophyta dry land adaptation started on a
single cell level in the late Mesoproterozoic/Tonian before the
Cryogenian glaciations. It continued until the establishment
of multicellular lineages of Streptophyta–Charophyceae and
Coleochaetophyceae in the Mesoproterozoic or the Tonian (at
the beginning of the Neoproterozoic). Here, we argue and
hypothesize that the tens of millions of years of prevalently
cold or freezing environments of the Cryogenian period is the
key environmental factor that crucially shaped future land plant
cellular adaptations. These adaptations turned to exaptations
in Embryophyta exposed to terrestrial conditions and their
transition to the dry land.

Rensing (2020) highlighted the ability to survive desiccation
as a key factor in the terrestrial ancestors of Zygnematophyceae
and Embryophyta. However, we emphasize that on physical,
physiological, and molecular levels, the stress imposed by
desiccation has similar consequences on the plant organisms
as the stress imposed by freezing. The surfaces of recent
glaciers with bare ice inhabited by simple Zygnematophyceae
(Williamson et al., 2019) and cryoconite occasionally colonized
by long term populations of vegetatively propagating mosses
(Heusser, 1972; Belkina and Vilnet, 2015) are a living example

of survival and growth strategies on glacial surfaces with possible
implications for their common ancestor. Life on a melting glacial
surface has one crucial advantage over life in the proglacial
area in terms of the predictability of water availability driven
by seasonal or daily changes in insolation. The production of
liquid water can be facilitated by the attachment of organisms
to darker particles with lower albedo than the surrounding
ice, as observed in globular mosses (glacier mice) attaching
to and accumulating cryoconite sediment (Porter et al., 2008;
Belkina and Vilnet, 2015). Alternatively, the same effect can be
achieved by lowering the albedo of the cells by production and
accumulation of pigments, such as purpurogallin in the case of
glacial Zygnematophyceae (Remias et al., 2012). Accepting the
supraglacial habitats such as cryoconite pans (Hoffman, 2016),
lakes, melting snow, or melting bare ice inhabited by Cryogenian
Chlorophyta and Streptophyta as freshwater aquatic habitats
(Figure 1B) has important implications for understanding early
land plant adaptations and refugia in the Cryogenian context. We
emphasize this aspect, especially when generating a hypothetical
yet realistic scenario for the survival of multicellular (though
small and simple) anydrophytes.

Recent genomic analyses of the basal Streptophyta
representatives (Mesostigma and Chlorokybus) and inference
for their common ancestor indicate terrestrial adaptations
of the photosynthetic apparatus. This is especially true when
considering adaptations to high irradiance (photo-oxidative
damage and photorespiration) and transcription factors (TFs)
regulating dry land stress responses (Wang et al., 2020).
Many studies of both Embryophyta and streptophyte algae
indicate a tight coupling between the adaptation to high
irradiation and cold and drought stress (e.g., de Vries et al.,
2017, 2018; Chen X. et al., 2021). These stresses result in
the major energetic cellular disbalance and reactive oxygen
species (ROS) production and are best studied in model plants,
esp. Arabidopsis (e.g., Kilian et al., 2007; Rasmussen et al.,
2013). de Vries et al. (2018) systematically compared KCM
(basal) v. ZCC (Zygnematophyceae, Coleochaetophyceae,
Charophyceae) streptophyte algae and concluded more
elaborated stress response, especially toward the cold in
ZCC-grade streptophyte algae. The intimate connection between
drought and cold/freeze stresses are well documented in C-repeat
binding factor/dehydration responsive element binding factor
(CBF/DREB – dehydratation-responsive element-binding
protein) TFs functional involvement, and it is clear that their
evolution was boosted in Streptophyta, especially in the lineage
leading to Embryophyta (Jiao et al., 2020; Rensing, 2020).
The activation of DREB TFs is positively regulated by the
inducer of CBF expression 1 (ICE1) transcriptional regulator,
which is a direct target of Open Stomata 1 (OST1) kinase
(Zhu, 2016; Chen X. et al., 2021). OST1 (a member of the
SNF1-related protein kinases 2/SnRK2 family), which was
originally identified for its role in stomatal closure (Mustilli
et al., 2002), is the central regulator of the cold signaling
pathway via the activation of DREB TFs (Lamers et al., 2020;
Chen X. et al., 2021). The CKIN2 (A) family of proteins in
chlorophyte Chlamydomonas reinhardtii is closely related to the
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land plant SnRK2 and contains a conserved SnRK2 box and
abscisic acid (ABA) box (but without relation to ABA-dependent
signaling which evolved later in Embryophyta) after the kinase
domain (Komatsu et al., 2020). The ABA box of C. reinhardtii
CKIN2 (A) is smaller and contains fewer acidic residues than
in Arabidopsis. Obvious SnRK2s with an ABA box similar to
land plants have been identified in Klebsormidium (Komatsu
et al., 2020). The overall conservation of sequence structure
and gene expression profile strongly links CKIN2 and abiotic
stress response regulation. Indeed, many CKIN2s are expressed
in response to abiotic stresses, such as hyperosmolarity,
ultraviolet (UV) radiation exposure, and low temperatures
(Colina et al., 2019; Komatsu et al., 2020). In response to the
cold, SNRK2/OST1 phosphorylates the TFs ICE1, in addition
to Basic Transcription Factor3 (BTF3; Ding et al., 2015, 2018).
Low-temperature-induced OST1 phosphorylation activity is
upregulated independently of the plant hormone ABA, a known
inducer of OST1 activity in response to osmotic stress (Ding
et al., 2015). The OST1/SNRK2 kinase of land plants evolved
early in Streptophyta, and SNRK2 from Klebsormidium nitens
complements quadruple mutant in moss (Shinozawa et al.,
2019). It would therefore be interesting to test its functions
during cold adaptation.

Late embryogenesis abundant (LEA) proteins protect other
cytoplasmic proteins from aggregation during desiccation,
osmotic, and low-temperature stress conditions (Shinde et al.,
2012). Among several sub-clades of LEA proteins, LEA2 proteins
are not found in chlorophyte algae, suggesting they evolved after
the split of Chlorophyta and Streptophyta (Becker et al., 2020).
A newly evolved class of LEA proteins might provide essential
protection to cellular proteins during cold/freeze stress in
addition to desiccation. The anydrophytes evolved two additional
subfamilies for better protection (Becker et al., 2020) and we
propose that this happened under the environmental pressure of
Cryogenian glaciations.

The origin of anydrophytes (and later also the
Zygnematophyceae) was linked to several crucial horizontal gene
transfers (HGTs)–facilitated by the co-existence of streptophyte
algae with different kinds of microbes and fungi on the surfaces
of land (Lutzoni et al., 2018; Chen R. et al., 2021; Shinohara and
Nishitani, 2021). Three TF families (GRAS, HDKNOX2, and
BBR/BPC), a homolog of the PYR/PYL/RCAR-like ABA receptor
and genes involved in 1,4 b-xylan formation (GUX1–5, PARVUS)
and galactan/RG I pectin synthesis (GALS1-3), were likely gained
in the common anydrophyte ancestor of Zygnematophyceae
and Embryophyta (Cheng et al., 2019). Interestingly, Jiao et al.
(2020) found that the desiccation regulating TFs of the GRAS
and DREB families expanded in representatives of Desmidiales,
Penium (Rensing, 2020).

The evolution of land plant chloroplast–embryoplast–with
innovations as resistance to exposure to high light stress
and desiccation, transfer of particular genes to the nucleus,
and the emergence of additional control mechanisms could
be hypothesized as being promoted during the Cryogenian
glaciations in anydrophytes and then became exaptations
for the ongoing terrestrialization (de Vries et al., 2016).
We postulate that an important phase of the evolution of

the embryoplast occurred during the Cryogenian and its
glaciations. For example, the transfer of specific genes from the
plastid to the nuclear genome and the evolution of nuclear-
encoded plastid RNA polymerase/NEP (de Vries et al., 2016;
Cheng et al., 2019).

The exposure of early streptophyte algae to high irradiance
(including UV light) under the prevalent cold glaciation
conditions of Cryogenian land surfaces might be potentially
linked to the well documented large regulatory overlap in
stress gene expression reaction to high irradiance, drought,
and cold stresses (de Vries et al., 2018; Chen X. et al., 2021).
Moreover, the light signal is necessary to fully develop cold
(not heat) acclimation (Catalá et al., 2011). This is best
studied in the Arabidopsis model, where it was shown that
this signaling input into the cold adaptation is mediated by
HY5 bZIP TF and the COP1 photomorphogenesis regulator is
also possibly involved (Catalá et al., 2011). While COP1 was
present already in the Archaeplastida ancestor, the HY5 TF
evolved only in the common Chlorophyta and Streptophyta
ancestor. Low-temperature pathways stimulated by HY5 include
genes encoding chalcone isomerase (CHI), chalcone synthase
(CHS), and flavonol synthase (FLS). These are three key enzymes
in the anthocyanin biosynthetic pathway, important in cold
response and especially in high irradiation protection due to their
antioxidative/anti-ROS properties (Saigo et al., 2020). The key
enzyme in the phenylpropanoid pathway (PAL) was acquired
by horizontal gene transfer (HGT) in Streptophyta (Emiliani
et al., 2009; Cheng et al., 2019), and precursors of the lignin
biosynthetic pathway were possibly involved in stress responses
and biotic interactions in basal Streptophyta (de Vries et al.,
2017). Blue–light receptor phototropin (evolved previously in a
common ancestor of Viridiplantae – Li et al., 2015) was found to
function as a cold sensor in the liverwort Marchantia polymorpha,
suggesting that low temperature and light cues are integrated
immediately at the sensor level (Fujii et al., 2017). Phytochromes,
which are crucial for red light signaling and temperature stress
signaling, evolved in a common ancestor of Streptophyta (Han
et al., 2019; Wang et al., 2020). Data from Angiospermophyta
indicate that phytochromes can also contribute to the regulation
of the isoprenoid metabolism in response to the temperature shift
(Bianchetti et al., 2020).

The detailed experimental analysis summarized above clearly
shows that the co-regulation of high light and cold stress
responses is present already in basal Streptophyta. This co-
regulation led de Vries et al. (2017) to conclude that embryophyte
stress signaling had already evolved in streptophyte algae. Data
from other studies (de Vries J. et al., 2020; Jiao et al., 2020;
Wang et al., 2020) supports the interpretation proposed by
de Vries et al. (2017) and Fürst-Jansen et al. (2020). We
argue that these basal cellular adaptations to dry land in the
streptophyte lineage evolved in a long cold and freezing period
of the Cryogenian. Therefore, we postulate that adaptations to
cold oligotrophic freshwater and periodic freezing/desiccation
high irradiance exposed land conditions were later co-opted
as exaptations that allowed multicellular early Embryophyta to
continue in the transition to dry land in the warm Ediacaran
period (Retallack, 2013).
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ZYGNEMATOPHYCEAE DIVERGED
FROM MULTICELLULAR
ANYDROPHYTES LATER IN THE
CRYOGENIAN, ADAPTING TO
ICE–DOMINATED SURFACES

Current dating (e.g., Jiao et al., 2020; but also above summarized
other timing reports) excludes the original hypothesis of Becker
(2013), which proposes that the Streptophyta and Chlorophyta
split occurred during the Cryogenian, as the Streptophyta lineage
emerged most probably before or during the Tonian (e.g., Cheng
et al., 2019; Jiao et al., 2020; Strassert et al., 2021). As we
propose above–an interesting and appealing possibility opened
by these recent timings is that multicellular streptophyte algae
evolved at or even before the Tonian, and anydrophytes clade
of Streptophyta evolved at the beginning or during the first
part of the Cryogenian (Jiao et al., 2020; Strassert et al., 2021).
Crucial to the further elaboration of our hypothesis is the dating
of the diversification of Zygnematophyceae from anydrophytes
to within the Cryogenian (Strassert et al., 2021). We propose
that the Cryogenian encompasses, firstly, the anydrophyte
evolution from the common multicellular streptophyte algae
ancestor (closest relatives are Coleochaetophyceae). Secondly,
the diversification into extremely cold-adapted cryophilic early
Zygnematophyceae (Conjugatophyceae) and early Embryophyta,
later in the Cryogenian. Embryophyta were not reduced to single-
cell/filamentous level (see further) and also kept flagellated cells,
with sexual processes based on motile gametes. It is possible
to speculate that early Embryophyta survived the Cryogenian
glaciations as a minority flora in the relatively warmer edaphic
refugia. It is reasonable to consider that the Cryogenian
continental greening (see above Knauth and Kennedy, 2009;
Hoshino et al., 2017) was dominated not only by terrestrial
Chlorophyta and single-cell/filamentous streptophytes (Lutzoni
et al., 2018) but also, and maybe especially, by anydrophytes and
later also extremely well cold-adapted early Zygnematophyceae.
Therefore, we propose that the biota after the onset of the
Cryogenian should also include streptophyte anydrophytes,
which split later during the Cryogenian into extremely cold-
adapted and reduced (from multicellular to unicellular status–
see following chapter) early Zygnematophyceae and early
Embryopyta lineages. This is in contrast to Knauth and Kennedy
(2009), who speculate on the expansion of a primitive land
biota possibly composed of protists, mosses, fungi, and liverworts
starting by 1 Ga ago.

Stebbins and Hill (1980) argued that the same evolutionary
constraint of dry land drove the convergent evolution
of Zygnematophyceae and zygomycetous fungi (incl.
Mucoromycota; former Zygomycota–Naranjo-Ortiz and
Gabaldón, 2019b; Chang et al., 2021) via the loss of flagella and
sexuality by conjugation. “Zygomycetous” refers to a paraphyletic
phylum (Zygomycota), and this in turn to a sexual structure,
the zygospore, that is common to most lineages ascribed
to it (Naranjo-Ortiz and Gabaldón, 2019b). These authors
hypothesize that a fungal transition to icy environmental niches
acts as a facilitator of the transition from water to the terrestrial

environment. They elaborate via the following scenario: (i)
Snowball Earth created a diversification of niches, including
microbial ones. (ii) Fungi moved into glacial environments
as zoosporic predators of algae, and (iii) necrotic algal mass
supported the evolution of hyphal growth and osmotrophy,
loss of flagella, the evolution of conjugation, and resistant
zygospores (Naranjo-Ortiz and Gabaldón, 2019b). Here we
develop a similar hypothesis, suggesting that the split of
conjugating Zygnematophyceae from anydrophytes happened
under the same selective pressure of Cryogenian glaciations.
This is supported by the evidence that the loss of flagella and
sex by conjugation of zygomycetous fungi coincides with the
Cryogenian glaciations (Taylor and Berbee, 2006; Lutzoni et al.,
2018; Naranjo-Ortiz and Gabaldón, 2019a; Chang et al., 2021).
Sexuality based on mere conjugation without flagellated gametes
is more effective (and therefore evolutionarily more adaptive)
for the life cycle completion in comparison to flagellated
gamete mediated sexuality of other Cryogenian land inhabiting
organisms. It is generally accepted that in contrast to microbes
or single-cell organisms, the lower limit for the completion of
the life cycle in multicellular organisms (except for endothermic
animals) appears to be between 0 and 2◦C (Clarke et al., 2013).
Basal bodies and flagella are functionally constrained in glacial
conditions. This even applies to snow-adapted chlorophyte
flagellates; Haematococcus pluvialis become cysts in response
to cold stress (de Carpentier et al., 2019), and Chlamydomonas
nivalis cells resorb their flagella after a temperature downshift
(Valledor et al., 2013). The microtubular cytoskeleton in plants
is sensitive to cold conditions (Nick, 2013), and it is generally
accepted that cold-resistant microtubular networks are much less
dynamic, while dynamic microtubules are overly sensitive to the
cold (Wallin and Strömberg, 1995).

The overall preference of basal extant Zygnematophyceae
to bare ice or extremely oligotrophic low-pH freshwater
habitats may be reminiscent of the original early
Zygnematophyceae Cryogenian adaptation. This would mean
that Chlorophyta (Lutzoni et al., 2018), anydrophytes, early
Zygnematophyceae, and early Embryophyta co-evolved and
radiated contemporaneously with land fungi already in the
Cryogenian. This may also explain an early evolution of
symbiosis genes that regulate biotic interactions between plants
and microbes in Streptophyta (de Vries and Archibald, 2018; de
Vries S. et al., 2020).

Stebbins and Hill (1980), proposed that the conjugation
in algae and fungi evolved under the same dry land stress
conditions, and independent convergent evolution of
conjugation in zygomycetous fungi and Zygnematophyceae
supports our conclusions (see above and also the “Discussion”).
Moreover, the conjugation among streptophyte algae is
a homoplasious feature, resulting from the independent
convergent evolution (Cheng et al., 2019), as demonstrated
by the streptophyte algal genus Spirotaenia, which has
been shown to be a member of the Mesostigmatophyceae
and not Zygnematophyceae despite conjugation sexual
process (Gontcharov and Melkonian, 2004; Wickett
et al., 2014)—in both cases potentially linked to
glaciation conditions.
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Stress resistant zygospores of Zygnematophyceae are covered
by surface cell wall sporopollenin-like material (Permann et al.,
2021a,b) so we looked into known Cryogenian acritarchs and
despite an overall reduction in acritarchs diversity during the
Cryogenian (Huntley et al., 2006) few new types of acritarchs
appeared, among which it seems to be possible to find forms that
can be potentially interpreted as Zygnematophyceae zygospores
(Moczydłowska, 2008) even on the ultrastructural level
(Moczydłowska et al., 2010). This possibility will undoubtedly
require the attention of specialists in the future (see also
Discussion–Moczydłowska and Liu, 2021).

EVOLUTIONARY REDUCTION FROM
MULTICELLULARITY OF
ANYDROPHYTES TO SINGLE-CELL OR
FILAMENTOUS STATUS IN
ZYGNEMATOPHYCEAE

It is generally assumed that Zygnematophyceae evolved by
the reduction or loss of morphological complexity, based on
the loss of flagella, plasmodesmata, and apical tip growth
(Moody, 2020). This assumption is also well supported by
the topology of the phylogenetic tree, as both the sister clade
of anydrophytes (Coleochaetophyceae) and the sister clade
of Zygnematophyceae (Embryophyta) are multicellular. It was
proposed that the different mechanisms of cell division between
land plants and Zygnematophyceae resulted partially from the
simplification of the phragmoplast of the putative common
anydrophyte ancestor in the Zygnematophyceae. In more derived
Zygnematophyceae, phragmoplast is lost totally (Buschmann
and Zachgo, 2016). We used recently published analyses of
the early evolution of land plant receptor kinases (Gong and
Han, 2021) and several reports on TF evolution to support
the idea of secondary Zygnematophyceae simplification. The
comparison of independently evolved multicellular organisms
indicates evolutionary multiplication of receptor kinases and
TFs–both crucial mediators of intercellular communication and
tissue differentiation–as a convergent feature of multicellular
animals, land plants, Chlorophyta, and brown algae (Cock
et al., 2010; de Clerck et al., 2018). Comparing the data
from Cheng et al. (2019), Jiao et al. (2020), and Gong and
Han (2021), we conclude that along with Lys-M symbiosis-
related and S-domain receptor kinases, some others are lost
in Zygnematophyceae. Overall, kinase-associated domain types
are significantly reduced in Zygnematophyceae compared to
Chara or Embryophyta (Gong and Han, 2021). However,
an exceptionally high number of different types of TFs are
retained in single-cell Zygnematophyceae. This might suggest
that secondary reductions in structural complexity toward the
unicellular status are not necessarily accompanied by reductions
in total TF complements as proposed by Jiao et al. (2020).
Using the ratio between evolutionary losses and gains of gene
orthologous groups as a proxy of evolutionary reduction, it
is evident that in Zygnematophyceae, losses prevail–even in
contrast to quite a large proportion of losses in Chara (Cheng

et al., 2019). For Chara braunii, there are 834 gains (G) reported
against 667 losses (L) (L/G–0.8). While, for Spirogloea muscicola,
479 gains are reported against 578 losses (L/G–1.2), and for
Mesotaenium endlicherianum, 513 gains are reported against 511
losses (L/G–1.0; based on Cheng et al., 2019). These features
of Zygnematophyceae compared to sister clades support the
concept of secondary reduction of multicellularity of parental
anydrophyte clade in the Zygnematophyceae lineage (Figure 3).
This secondary simplification of Zygnematophyceae also agrees
well with the differences between lower temperature limits for
unicellular (−20◦C) versus multicellular (around 0◦C) organisms
in respect to the survival and life cycle completion (Clarke et al.,
2013) in low temperatures, as discussed above.

DISCUSSION–LIQUID WATER TO ICE
PHASE TRANSITION AS A LAND PLANT
EVOLUTION DRIVER

The timing of the beginning of the Cryogenian was shifted from
850 to 720 Ma recently (Shields-Zhou et al., 2015), and the nature
of the Cryogenian period is the subject of vivid and ongoing
discussions (e.g., Hoffman et al., 2017; Bai et al., 2020). Therefore,
data published on the Cryogenian before 2015 (including, e.g.,
acritarchs) should be carefully considered within the context of
the current timing. However, in the context of our hypothesis, the
consensus that the Cryogenian was millions of years of extremely
cold climate dominated by continental glaciations is sufficient.
Scenarios for the climate extremity range from severe “Snowball
Earth” to milder–“Slushball Earth” (Hoffman et al., 2017; Bai
et al., 2020). With the interruption of more than 10 Ma of warmer
interlude, the Cryogenian lasted approximately 80 Ma.

The crucial contentious point for our hypothesis is the timing
of major evolutionary splits in the streptophyte lineage. Late
dating of Streptophyta establishment to the late Tonian/early
Cryogenian and the Zygnematophyceae–Embryophyta split to
the late Ediacaran or Cambrian as proposed by Morris et al.
(2018b) was challenged directly first by Hedges et al. (2018)
and others more recently. Particularly relevant are Jiao et al.
(2020), Nie et al. (2020), Moczydłowska and Liu (2021), Strassert
et al. (2021) and Su et al. (2021), as these studies used different
approaches for molecular clock calibrations or dating. Su et al.
(2021) was based solely on Archaeplastida data to compare three
dating strategies. Here, it was proposed that the Streptophyta
lineage was established in the Paleoproteozoic/Mesoproterozoic,
and the anydrophytes emergence and diversification into
Zygnematophyceae and Embryophyta occurred in the late
Tonian or Cryogenian. Strassert et al. (2021) used a robust
approach for their calculations which involved the context
of the whole Eukaryota. This resulted in the common
ancestors of Coleochaetophyceae and Embryophyta—i.e., the
immediate ancestor of anydrophytes–being placed essentially
within the Cryogenian era. Su et al. (2021) found that studies
favoring a Neoproterozoic origin of land plants (980–682 Ma)
are constrained by molecular data while those proposing a
Phanerozoic origin (518–500 Ma) are constrained more by
the fossil record. They highlighted the important contribution
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FIGURE 3 | Hypothetical scenario of anydrophyte establishment and Zygnematophyceae split off by the evolutionary reduction under the extended Cryogenian
glaciations.

of molecular data (time-dependent molecular change) in the
situation of the scarce or very limited fossil record. Importantly,
the critical evaluation of how molecular clock-partitioning and
fossil calibration strategies affect the uncertainty of evolutionary
time scales computation of green plant evolution not only allows
but directly indicates possible establishment and diversification
of anydrophytes in the Cryogenian (Nie et al., 2020). The
time scale ranges of the terrestrial co-evolution of plants and
fungi also allow a possibility that the terrestrial colonization
by Embryophyta could have occurred as early as 727 Ma (i.e.,
around the beginning of the Cryogenian; Lutzoni et al., 2018).
Timescales by Jiao et al. (2020) also permit the Cryogenian as
a possible time of anydrophytes origin and the late Cryogenian
as a period of Zygnematophyceae differentiation (Supplementary
Table 1E in Jiao et al., 2020). We can therefore conclude that it
is reasonable to consider the Cryogenian as a possible time of
anydrophyte origin and the diversification of Zygnematophyceae.
This is in agreement with the “early” pre-Cryogenian and
possibly pre-Tonian timing of the establishment of multicellular
streptophyte algae (Su et al., 2021). It also agrees with evidence
that Viridiplantae and Rhodophyta were well established by
1,400 Ma (recently based on fossils analyses Zhang et al., 2021;
Archaeplastida origin 1,900 Ma, e.g., Strassert et al., 2021), while
acritarchs with clear affinity to recent Desmidiales were present
in early Ediacaran (Moczydłowska and Liu, 2021; Figure 2 and
see also further).

The current plant terrestrialization timing debate (see above,
Figure 1), including the emergence of anydrophytes and
Zygnematophyceae streptophyte clades, results in consideration

of the Cryogenian Snowball Earth, with continents covered by
ice, snow, and (periodic) cold freshwater masses as a period
relevant to the shaping of plant cellular and developmental
adaptations to continental dry land. It is clear that all green
algae inhabiting Cryogeninan continents had to adapt to specific
chronic glaciations conditions, regardless of the exact timing of
Chlorophyta and Streptophyta clades divergences. For example,
the case study of Draparnaldia chlorophyte aerophytic alga
from order Chaetophorales describes how it implements wet-
to-dry transition (Caisová, 2020). Recent advancements in deep
plant phylogenetics unequivocally resolved Mesostigma and
Chlorokybus as the most basal clade of Streptophyta (Wang
et al., 2020). In this context, it is interesting that these
extant basal streptophyte algae are oligotrophic, cold-adapted,
and are also represented by aerophytic species (Chlorokybus
atmophyticus). We propose that all early streptophyte lineages
living under such conditions were fully adapted to different types
of glacial or proglacial environments resulting from tens of Ma
of adaptation to the cold Cryogenian. We highlight that they
were psychrophilic or cryophilic to different degrees. Current
ambient temperature conditions would have been heat stress
conditions for them. The evolution of Cryogenian psychrophilic
land flora of Chlorophyta, anydrophytes, and later in the
Cryogenian also Zygnematophyceae might explain at least part
of the geochemical greening of Neoproterozoic (Knauth and
Kennedy, 2009; Hoshino et al., 2017), while also contributing
to the possible rise in oxygen level before the end of the
Cryogenian along with oceanic algal plankton (several models in
Cole et al., 2020).
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Becker (2013) proposed an interesting hypothesis that
Snowball Earth conditions of the long Cryogenian era of the
Neoproterozoic were the time of evolutionary split leading
to the divergence between the Streptophyta and Chlorophyta
lineages. This was based upon the diversification estimates of
chlorophyte vs. streptophyte algae in the early 21st century and
appreciation of the Cryogenian as an important evolutionary
driver for photosynthesis mechanisms. However, we disagree
with this scenario because of the improved current time-
calibrated phylogeny calculations. Instead, we suggest that
the Cryogenian cold and dry continents were the arena
for the evolutionary origin of the common Embryophyta–
Zygnematophyceae ancestor; anydrophytes. Due to the extended
duration of global glaciations, Zygnematophyceae split off from
the anydrophytes by simplification as cold-adapted cryophilic
flora in later stages of the Cryogenian. Well-established
regulatory interconnection between cold/freeze, high light, and
drought stress physiological responses is possibly best illustrated
by the DREB/CBF TF family regulating drought and cold stress
responses (Lamers et al., 2020; Chen X. et al., 2021–see above).
Light input into the cold adaptation is mediated by both red
light and blue light receptors. It affects the upregulation of
anthocyanin antioxidants biosynthesis to protect cells against
cold stress enhanced ROS production. This is well documented
to be mediated by the DREB/CBF transcriptional regulation
in extant land plants (including Arabidopsis or Marchantia,
Fujii et al., 2017; Shi et al., 2018; Bianchetti et al., 2020). This
light–cold response coupling feature should also be expected in
anydrophytes, as strongly supported by the comparative cold
and light stress experiments with basal streptophyte algae versus
Zygnematophyceae (de Vries et al., 2018).

Inevitably, both green plant lineages–Chlorophyta and
Streptophyta–inhabiting continents’ surfaces during the
Cryogenian era had to pass through the same extended
environmental bottleneck. These constraints resulted in the
evolution of important cellular and physiological adaptations
(wet-to-dry transitions; see above), which then became
exaptations within the streptophyte lineage in the early
Embryophyta for the further course of actual terrestrialization
in the warmer Ediacaran and early Paleozoic. This agrees
with the original hypothesis of Stebbins and Hill (1980),
updated by Harholt et al. (2016)–that transition/adaptation
to land started already on the single-cell level. It is also
experimentally supported by de Vries et al. (2018), showing that
terrestrialisation might have started on the single-cell level in
algae by wet-to-dry transitions.

However, for our point here, it is important that single cell
or filamentous Zygnematophyceae evolved from a multicellular
ancestor by a reductive process, so that features relevant
for the dry land adaptations described specifically for “ZCC-
grade” of Streptophyta (de Vries and Archibald, 2018; see
above) are not a result of evolution starting at the single-
cell level of streptophyte algal organization. In this respect,
it is very interesting that Bowles et al. (2020) recently
proposed, based on phylogenomic comparative analyses, the
separation of first the evolutionary origins of multicellularity
and only later, as the second phase, the terrestrialization in

Embryophyta. Our hypothesis that multicellular streptophyte
algae evolved into anydrophytes, and were reduced to single-
cell/filamentous organization in Zygnematophyceae during
the Cryogenian while making crucial dry land adaptations
during this epoch agrees with this two-step scenario of
Bowles et al. (2020). However, we consider that dry land
adaptation started by wet-to-dry transitions in streptophyte algae
already on a single-cell level in the late Mesoproterozoic–early
Neoproterozoic/Tonian (i.e., before the Cryogenian glaciations)
and led to the establishment of freshwater multicellular
streptophyte algae in the Mesoproterozoic or Tonian (see
timings above and Strother et al., 2011; Figure 2). This
means that streptophytes entered the Cryogenian not only
as wet-to-dry adapted single cell/colonial or filamentous algae
(Chlorokybus, Klebsormidium) but already also as multicellular
organisms (e.g., extant Chara or Coleochaete). Anydrophytes,
therefore, evolved as an adaptation of already multicellular
streptophyte algae to the Cryogenian harsh glacial conditions.
Zygnematophyceae evolved by secondary simplification from
anydrophytes still in the Cryogenian as cryophilic algae
with a life cycle (i.e., sexual process) optimized for cold
and dry/freezing conditions (Figure 3). This was due to
an extended selective pressure of 80 Ma of the Cryogenian
glacial conditions. It is accepted that in the same period,
zygomycetous fungi (originally Zygomycota) also lost the
flagella and evolved conjugation as a mechanism of sexual
reproduction (Liu et al., 2006; Taylor and Berbee, 2006;
Lutzoni et al., 2018; Naranjo-Ortiz and Gabaldón, 2019b;
Chang et al., 2021). The hypothesis that the same selective
pressure of dry land stress conditions resulted in an independent
evolution of conjugation in algae and fungi was originally
proposed by Stebbins and Hill (1980). We believe that an
independent convergent (homoplasy) evolution of conjugation
in zygomycetous fungi and Zygnematophyceae supports our
whole concept; Zygnematophyceae evolved under the same
Cryogenian selective environmental conditions as zygomycetous
fungi. This idea is further supported by an independent evolution
of conjugation among the Mesostigmatophyceae (Wickett et al.,
2014; see above).

A fascinating example of the possible convergent
evolution of cell wall dynamics regulating xyloglucan
endotransglucosylase/hydrolases (XTHs) and related enzymes
between Zygnematophyceae and zygomycetous fungi in
Cryogenian was shown recently by Shinohara and Nishitani
(2021). Using comparative phylogenomic analyses, they traced
the non-plant origins of the XTH family to Alphaproteobacteria,
pre-XTH enzymes were integrated into zygnematophycean algae
in the Cryogenian via the likely HGT. Subsequent HGT event
of the zygnematophycean XTHs in the Cryogenian may have
led to fungal Congo Red Hypersensitive (CRH) enzymes that
cleave and reconnect chitin and glucans in fungal cell walls
(name from yeast knockout mutants with increased sensitivity
to cell-wall-interfering congo red stain). The HGTs of cell wall
plasticity regulating enzyme encoding genes may have supported
the adaptation of plants and fungi to the ancient icy environment
by facilitating their dry land sessile lifestyles (Shinohara and
Nishitani, 2021). In both instances, this might have contributed
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to the regulation of the conjugation process requiring large local
cell wall modifications of conjugating partner gametes.

The emergence of Zygnematophyceae is expected to have
contributed to the acritarch diversity (Moczydłowska et al.,
2010; see above). Several morphotypes of acritarchs allow
zygnematophycean zygospore interpretation. Additionally,
during the Tonian and the Cryogenian new types of acritarchs
appeared (Agić et al., 2017). A recent report by Moczydłowska
and Liu (2021) further supports our hypothesis. This study
showed the existence of advanced zygospores ascribed to
Desmidiales (i.e., relatively derived Zygnematophyceae) at
the beginning of the Ediacaran. Therefore, the timings of
anydrophyte emergence and split to Zygnematophyceae versus
Embryophyta proposed by Morris et al. (2018a,b) are rather
improbable also based on the recent fossil record.

We further propose the hypothesis that the reduction of
organismal complexity from the characean Phragmoplastophyta
and anydrophyte multicellularity to unicellularity or filamentous
growth in Zygnematophycea was the result of an original
evolutionary adaptation and specialization to glacial conditions.
On the other hand, Embryophyta ancestors might have occupied
relatively warmer refugia/habitats on Rodinia palaeosols (or
cryoconite) around the equatorial latitudes or volcanic areas.
The survival and life cycle completion lower temperature limits
for unicellular (up to −20◦C) versus multicellular (around 0◦C;
Clarke et al., 2013) organisms may have played a crucial role in
Zygnematophyceae evolution. In this context, it might not be
surprising that the basal aerophytic Zygnematophyceae are cold-
tolerant or directly psychro- or cryophilic (e.g., Mesotaenium
or Ancylonema–as examples of typical glacial algae; Williamson
et al., 2019; Procházková et al., 2021). The loss of dependence
on microtubuli-based motility of gametes during the sexual
process could be explained as an adaptation for the persistent
cold or freezing conditions and possibly the lack of stable
mineral substrate in both zygomycetous fungi as well as
Zygnematophyceae (see above).

We propose that anydrophytes emergence in the Cryogenian
was a crucial initial event in the terrestrialisation and land plant
evolution. The following Zygnematophyceae split off was a result
of reductive evolution to glacial habitats based on further cold
adaptations during the extended Cryogenian period.
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Foundation (GAČR)–projects 21–10799S and 20–11642S to ViŽ;
part of ViŽ income was covered by the Ministry of Education,
Youth and Sports of the Czech Republic from European Regional
Development Fund–Project “Centre for Experimental Plant
Biology” CZ.02.1.01/0.0/0.0/16_019/0000738.

ACKNOWLEDGMENTS

JŽ, ViŽ, and VoŽ thank their grandfather and father–in–law
Jan Zeno Dus–an old testament scholar–for demonstrating how
interesting it is to consider history analyses earlier dating and
dedicate this report to his 90th birthday. We are grateful to
Alina Žárská for Figures 2, 3, and Mark Sabatini and Jade
Hatton for language corrections. We would also like to thank for
valuable and insightful comments to the revision of this report to
Andreas Holzinger, Henrik Buschmann, Kazuhiko Nishitani, and
our reviewers.

REFERENCES
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Dynamics of Silurian plants as response to climate changes. Life (Basel) 11:906.
doi: 10.3390/life11090906

Puttick, M. N., Morris, J. L., Williams, T. A., Cox, C. J., Edwards, D., Kenrick,
P., et al. (2018). The interrelationships of land plants and the nature of
the ancestral Embryophyte. Curr. Biol. 28, 210–213. doi: 10.1016/j.cub.2018.
01.063

Rabenhorst, G. L. (1870). Kryptogamen-Flora von Sachsen, der Ober-Lausitz,
Thüringen und Nordböhmen, mit Berücksichtigung der benachbarten Länder.
Leipzig: E. Kummer, doi: 10.24355/dbbs.084-200909111218-0

Rasmussen, S., Barah, P., Suarez-Rodriguez, M. C., Bressendorff, S., Friis, P.,
Costantino, P., et al. (2013). Transcriptome responses to combinations of
stresses in Arabidopsis. Plant Physiol. 161, 1783–1794. doi: 10.1104/pp.112.
210773

Frontiers in Plant Science | www.frontiersin.org 14 January 2022 | Volume 12 | Article 735020130

https://doi.org/10.1371/journal.pone.0110630
https://doi.org/10.1126/sciadv.1700887
https://doi.org/10.1007/s00300-020-02675-6
https://doi.org/10.1007/1-4020-5202-2_2
https://doi.org/10.1111/nph.15050
https://doi.org/10.1016/j.cell.2020.04.019
https://doi.org/10.1126/science.1065156
https://doi.org/10.1126/science.1065156
https://doi.org/10.1111/j.1365-313X.2007.03052.x
https://doi.org/10.1038/nature08213
https://doi.org/10.1111/pce.13869
https://doi.org/10.1104/pp.19.01464
https://doi.org/10.1104/pp.19.01464
https://doi.org/10.1038/s41586-019-1693-2
https://doi.org/10.1038/s41586-019-1693-2
https://doi.org/10.1186/1741-7007-5-2
https://doi.org/10.3389/fpls.2015.00637
https://doi.org/10.1038/s41559-020-1221-7
https://doi.org/10.1016/j.sedgeo.2013.05.016
https://doi.org/10.1016/j.sedgeo.2013.05.016
https://doi.org/10.1186/1471-2148-6-74
https://doi.org/10.1186/1471-2148-6-74
https://doi.org/10.1099/mgen.0.000159
https://doi.org/10.1038/s41467-018-07849-9
https://doi.org/10.1016/j.precamres.2008.06.008
https://doi.org/10.1016/j.precamres.2008.06.008
https://doi.org/10.1017/S0016756820001405
https://doi.org/10.1017/S0016756820001405
https://doi.org/10.1111/j.1502-3931.2009.00175.x
https://doi.org/10.1111/j.1502-3931.2009.00175.x
https://doi.org/10.1007/s10265-020-01173-4
https://doi.org/10.1007/s10265-020-01173-4
https://doi.org/10.1073/pnas.1719588115
https://doi.org/10.1073/pnas.1812816115
https://doi.org/10.1073/pnas.1812816115
https://doi.org/10.1105/tpc.007906
https://doi.org/10.1111/brv.12510
https://doi.org/10.1111/brv.12550
https://doi.org/10.1111/brv.12550
https://doi.org/10.1111/tpj.12102
https://doi.org/10.1093/sysbio/syz032
https://doi.org/10.1093/molbev/msh203
https://doi.org/10.3390/plants10081740
https://doi.org/10.3390/plants10081740
https://doi.org/10.1007/s00709-021-01659-5
https://doi.org/10.1007/s00709-021-01659-5
https://doi.org/10.3189/172756408784700734
https://doi.org/10.3390/microorganisms9051103
https://doi.org/10.3390/microorganisms9051103
https://doi.org/10.3390/life11090906
https://doi.org/10.1016/j.cub.2018.01.063
https://doi.org/10.1016/j.cub.2018.01.063
https://doi.org/10.24355/dbbs.084-200909111218-0
https://doi.org/10.1104/pp.112.210773
https://doi.org/10.1104/pp.112.210773
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-735020 January 22, 2022 Time: 15:5 # 15

Žárský et al. Land Plants Cryogenian Cradle

Remias, D., Schwaiger, S., Aigner, S., Leya, T., Stuppner, H., and Lütz, C.
(2012). Characterisation of an UV- and VIS-absorbing, purpurogallin-derived
secondary pigment new to algae and highly abundant in Mesotaenium
berggrenii (Zygnematophyceae, Chlorophyta), an extremophyte living on
glaciers. FEMS Microbiol. Ecol. 79, 638–648. doi: 10.1111/j.1574-6941.2011.
01245.x

Rensing, S. A. (2020). How plants conquered land. Cell 181, 964–966. doi: 10.1016/
j.cell.2020.05.011

Retallack, G. J. (2011). Neoproterozoic loess and limits to snowball Earth. J. Geol.
Soc. 168, 289–308. doi: 10.1144/0016-76492010-051

Retallack, G. J. (2013). Ediacaran life on land. Nature 493, 89–92. doi: 10.1038/
nature11777

Retallack, G. J., Gose, B. N., and Osterhout, J. T. (2015). Periglacial paleosols and
Cryogenian paleoclimate near Adelaide, South Australia. Precambrian Res. 263,
1–18. doi: 10.1016/j.precamres.2015.03.002

Rubinstein, C. V., and Vajda, V. (2019). Baltica cradle of early land plants? Oldest
record of trilete spores and diverse cryptospore assemblages; evidence from
Ordovician successions of Sweden. GFF 141, 181–190. doi: 10.1080/11035897.
2019.1636860

Saigo, T., Wang, T., Watanabe, M., and Tohge, T. (2020). Diversity of anthocyanin
and proanthocyanin biosynthesis in land plants. Curr. Opin. Plant Biol. 55,
93–99. doi: 10.1016/j.pbi.2020.04.001

Salamon, M. A., Gerrienne, P., Steemans, P., Gorzelak, P., Filipiak, P., Le Hérissé,
A., et al. (2018). Putative late ordovician land plants. New Phytol. 218, 1305–
1309. doi: 10.1111/nph.15091

Sánchez-Baracaldo, P., Raven, J. A., Pisani, D., and Knoll, A. H. (2017). Early
photosynthetic eukaryotes inhabited low-salinity habitats. Proc. Natl. Acad. Sci.
U. S. A. 114, E7737–E7745. doi: 10.1073/pnas.1620089114

Servais, T., Cascales-Miñana, B., Cleal, C. J., Gerrienne, P., Harper, D. A. T., and
Neumann, M. (2019). Revisiting the great Ordovician diversification of land
plants: recent data and perspectives. Palaeogeogr. Palaeoclimatol. Palaeoecol.
534:109280. doi: 10.1016/j.palaeo.2019.109280

Shi, Y., Ding, Y., and Yang, S. (2018). Molecular regulation of CBF signaling in cold
acclimation. Trends Plant Sci. 23, 623–637. doi: 10.1016/j.tplants.2018.04.002

Shields-Zhou, G. A., Porter, S., and Halverson, G. P. (2015). A new rock-based
definition for the Cryogenian Period (circa 720 - 635 Ma). Episodes 39, 3–8.
doi: 10.18814/epiiugs/2016/v39i1/89231

Shinde, S., Nurul Islam, M., and Ng, C. K. (2012). Dehydration stress-induced
oscillations in LEA protein transcripts involves abscisic acid in the moss,
Physcomitrella patens. New Phytol. 195, 321–328. doi: 10.1111/j.1469-8137.
2012.04193.x

Shinohara, N., and Nishitani, K. (2021). Cryogenian origin and subsequent
diversification of the plant cell-wall enzyme XTH family. Plant Cell Physiol.
doi: 10.1093/pcp/pcab093 [Epub Online ahead of print].

Shinozawa, A., Otake, R., Takezawa, D., Umezawa, T., Komatsu, K., Tanaka, K.,
et al. (2019). SnRK2 protein kinases represent an ancient system in plants
for adaptation to a terrestrial environment. Commun. Biol. 2:30. doi: 10.1038/
s42003-019-0281-1

Stebbins, G. L., and Hill, G. J. C. (1980). Did multicellular plants invade the land?
Am. Nat. 115, 342–353. doi: 10.1086/283565

Steemans, P., Hérissé, A. L., Melvin, J., Miller, M. A., Paris, F., Verniers, J., et al.
(2009). Origin and radiation of the earliest vascular land plants. Science 324,
353–353. doi: 10.1126/science.1169659

Stewart, K. D., and Mattox, K. R. (1975). Comparative cytology, evolution and
classification of the green algae with some consideration of the origin of other
organisms with chlorophylls A and B. Bot. Rev. 41, 104–135. doi: 10.1007/
BF02860837

Stibal, M., Šabacká, M., and Žárský, J. (2012). Biological processes on glacier and
ice sheet surfaces. Nat. Geosci. 5, 771–774. doi: 10.1038/ngeo1611

Strassert, J. F. H., Irisarri, I., Williams, T. A., and Burki, F. (2021). A molecular
timescale for eukaryote evolution with implications for the origin of red algal-
derived plastids. Nat Commun. 12:1879. doi: 10.1038/s41467-021-22044-z

Strother, P. K., Battison, L., Brasier, M. D., and Wellman, C. H. (2011).
Earth’s earliest non-marine eukaryotes. Nature 473, 505–509. doi: 10.1038/
nature09943

Su, D., Yang, L., Shi, X., Ma, X., Zhou, X., Hedges, B. S., et al. (2021).
Large-scale phylogenomic analyses reveal the monophyly of bryophytes and

Neoproterozoic origin of land plants. Mol. Biol. Evol. 38, 3332–3344. doi: 10.
1093/molbev/msab106

Taylor, J. W., and Berbee, M. L. (2006). Dating divergences in the fungal tree of life:
review and new analyses. Mycologia 98, 838–849. doi: 10.1080/15572536.2006.
11832614

Valledor, L., Furuhashi, T., Hanak, A. M., and Weckwerth, W. (2013). Systemic
cold stress adaptation of Chlamydomonas reinhardtii. Mol. Cell Proteomics 12,
2032–2047. doi: 10.1074/mcp.M112.026765

Wallin, M., and Strömberg, E. (1995). Cold-stable and cold-adapted microtubules.
Int. Rev. Cytol. 157, 1–31. doi: 10.1016/S0074-7696(08)62155-5

Wang, S., Li, L., Li, H., Sahu, S. K., Wang, H., Xu, Y., et al. (2020). Genomes of early-
diverging streptophyte algae shed light on plant terrestrialisation. Nat. Plants 6,
95–106. doi: 10.1038/s41477-019-0560-3

Wang, T.-G., Li, M., Wang, C., Wang, G., Zhang, W., Shi, Q., et al. (2008).
Organic molecular evidence in the late neoproterozoic tillites for a palaeo-
oceanic environment during the snowball earth era in the yangtze region,
southern China. Precambrian Res. 162, 317–326. doi: 10.1016/j.precamres.2007.
09.009

Wickett, N. J., Mirarab, S., Nguyen, N., Warnow, T., Carpenter, E., Matasci, N.,
et al. (2014). Phylotranscriptomic analysis of the origin and early diversification
of land plants. Proc. Natl. Acad. Sci. U. S. A. 111, E4859–E4868. doi: 10.1073/
pnas.1323926111

Williams, G. E., Gostin, V. A., McKirdy, D. M., and Preiss, W. V. (2008).
The Elatina glaciation, late Cryogenian (Marinoan Epoch), South Australia:
sedimentary facies and palaeoenvironments. Precambrian Res. 163, 307–331.
doi: 10.1016/j.precamres.2007.12.001

Williamson, C. J., Cameron, K. A., Cook, J. M., Zarsky, J. D., Stibal, M., and
Edwards, A. (2019). Glacier algae: a dark past and a darker future. Front.
Microbiol. 10:524. doi: 10.3389/fmicb.2019.00524

Wodniok, S., Brinkmann, H., Glöckner, G., Heidel, A. J., Philippe, H., Melkonian,
M., et al. (2011). Origin of land plants: do conjugating green algae hold the key?
BMC Evol. Biol. 11:104. doi: 10.1186/1471-2148-11-104

Yallop, M. L., Anesio, A. M., Perkins, R. G., Cook, J., Telling, J., Fagan, D.,
et al. (2012). Photophysiology and albedo-changing potential of the ice algal
community on the surface of the Greenland ice sheet. ISME J. 6, 2302–2313.
doi: 10.1038/ismej.2012.107

Zawierucha, K., Kolicka, M., Takeuchi, N., and Kaczmarek, ł (2015). What animals
can live in cryoconite holes? A faunal review: cryoconite holes fauna. J. Zool.
295, 159–169. doi: 10.1111/jzo.12195

Zawierucha, K., Porazinska, D. L., Ficetola, G. F., Ambrosini, R., Baccolo, G., Buda,
J., et al. (2021). A hole in the nematosphere: tardigrades and rotifers dominate
the cryoconite hole environment, whereas nematodes are missing. J. Zool. 313,
18–36. doi: 10.1111/jzo.12832

Zhang, S., Su, J., Ma, S., Wang, H., Wang, X., He, K., et al. (2021).
Eukaryotic red and green algae populated the tropical ocean 1400 million
years ago. Precambrian Res. 357:106166. doi: 10.1016/j.precamres.2021.
106166

Zhu, J. K. (2016). Abiotic stress signaling and responses in plants. Cell 167, 313–324.
doi: 10.1016/j.cell.2016.08.029

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
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