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Abstract 

Snow algae blooms often form green or red coloured patches in melting alpine and polar snowfields w orldwide , y et little is known 

about their biolo gy, bio geo graphy, and species di v ersity. We inv estigated eight isolates collected fr om r ed snow in northern Norw ay, us- 
ing a combination of morphology, 18S rRNA gene and internal transcribed spacer 2 (ITS2) genetic markers. Phylogenetic and ITS2 rRNA 

secondar y structur e anal yses assigned six isolates to the species Raphidonema nivale , Deuterostichococcus epilithicus , Chlor omonas r eticu- 
lata , and Xanthonema bristolianum . Two novel isolates belonging to the family Stichococcaceae (ARK-S05-19) and the genus Chloromonas 
(ARK-S08-19) were identified as potentially new species. In la borator y culti v ation, differ ences in the growth rate and fatty acid profiles 
wer e observ ed betw een the str ains. Chlorophyta w ere c har acterized by a bundant C18:3 n -3 fatty-acids with incr eases in C18:1 n -9 in 

the stationary phase, whilst Xanthonema (Ochrophyta) was c har acterized by a large proportion of C20:5 n -3, with increases in C16:1 n -7 
in the stationary phase. In a further experiment, lipid droplet formation was studied in C. reticulata at the single-cell level using imag- 
ing flo w c ytometry. Our stud y esta b lishes new cultur es of snow algae, r ev eals nov el data on their biodi v ersity and bio geo graphy, and 

provides an initial c har acterization of physiological traits that shape natural communities and their ecophysiological properties. 

Ke yw ords: 18S rRNA, fatty acids, imaging flow cytometry, ITS2 rRNA, microalgae, ph ylogen y 
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Introduction 

Micr oalgae inhabiting terr estrial snow envir onments ar e k e y pri- 
mary producers in extreme ecosystems and are important for 
their biodiversity as well as interactions with climate warming 
(Gray et al. 2020 , Krug et al. 2020 ). Snow algae blooms during 
spring and summer may form gr een, or ange, or r ed colour ed 

patc hes cov ering small (cm 

2 ) to lar ge ( ∼km 

2 ) ar eas that can be ob- 
served in melting polar and alpine sno wfields w orldwide (Hoham 

and Remias 2020 ). Recently, snow algae have attracted a lot of at- 
tention due to their contribution to reducing the albedo of snow 

and ice surfaces, consequently accelerating snowmelt and caus- 
ing positive feedbacks with a warming climate (Lutz et al. 2016 ,
Cook et al. 2020 ). Despite their general macroscopic appearance,
studies hav e r e v ealed a substantial amount of global species di- 
v ersity, m uc h of which has not been characterized. 

Red-snow communities are typically dominated by the Chloro- 
phycean algae Chloromonas , Chlainomonas , and the ne wl y described 

genus Sanguina (Pr oc házk ová et al. 2019a ). Amongst these com- 
m unities, Raphidonema (Tr ebouxiophyceae) ar e also commonl y 
observed (Lutz et al. 2016 , Segawa et al. 2018 , Engstrom et al.
2020 ). To study the biodiversity and biogeography of snow al- 
gae, metabarcoding a ppr oac hes using common molecular mark- 
ers have been applied. Lutz et al. ( 2016 ) used partial 18S ribo- 
somal RN A (rRN A) gene-based analysis of samples from differ- 
Recei v ed 7 September 2022; revised 6 May 2023; accepted 23 May 2023 
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nt regions of the Arctic and their data suggested that many
roups of snow algae are cosmopolitan. Studies based on faster- 
 volving internal tr anscribed spacer 2 (ITS2) rDN A bar codes have
lso shown that polar red snow communities are typically dom-
nated by a few cosmopolitan species, but also identified ad-
itional diverse species that are endemic to particular regions 

Segawa et al. 2018 ). Although amplicon sequencing gives us in-
ight into community structures, accurately distinguishing be- 
ween closel y r elated species or gener a and e v aluating biogeo-
r a phical patterns of snow algae dispersal remain challenging,
rimarily due to lack of sample site coverage and limited phe-
otype/genotype r efer ence data for high-throughput sequence 
nalysis (Lutz et al. 2019 ). Alternatively, isolation and cultiva-
ion techniques allow us to characterize cell morphological and 

hysiological properties together with sequence identity at high 

esolution. In the past, identification of algal species was of-
en limited to mor phological observ ation, but the combined use
f molecular markers (18S, ITS2, and rbc L) as well as light and
lectr on micr oscopy hav e gr eatl y impr ov ed our understanding of
ryospheric micr oflor a by r e-examining isolates and describing
ov el linea ges and species (Hoham and Remias 2020 ). Ho w e v er,
nly a fraction of snow algae species, which are often in cyst form
n the field, have been successfully cultured (Procházková et al.
018a ). 
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A few studies have described natural snow algae communities
n mainland Norway (Kol 1963 , Pr oc házk ová et al. 2019a , Tuc ker
nd Brown 2022 ) and neighbouring Sweden (Kol 1974 , Lutz et
l. 2016 ). Kol ( 1963 ) observed snow algae communities at Finse
southw est Norw ay), where she found cells r epr esenting Sanguina
pr e viousl y assigned to Chlamydomonas nivalis Wille), and Raphi-
onema nivale Lagerh. Procházková et al., ( 2019a ) and Tucker and
r own ( 2022 ) r ecentl y c har acterized the dispersal of the Sanguina
opulation worldwide, including environmental samples from
outhern Norway. In total, though, very little is known about snow
lgae biodiversity in this region, and no cultures are established
rom continental Norway. 

Snow algae have diverse adaptations to the harsh, compound
tress conditions found in melting snowfields (Leya 2013 ). In
atur e, they ar e often exposed to v ery high (inhibitory) le v els
f photosynthetically active radiation (PAR) coupled with ele-
ated UV light levels, low nutrient concentrations , freeze-tha w
 ycles, and very lo w temper atur es ( ̌Rezanka et al. 2008 ). Lipids
re k e y molecules that perform structural, metabolic, and sig-
alling functions in cell environmental adaptation, provide tax-
nomic markers, and distinguish the physiological status of com-
unities in the field (Goold et al. 2015 , Lutz et al. 2015 , Davey

t al. 2019 , Lupette and Mar ec hal 2020 ). The stress conditions
r e v alent in snow habitats are known to trigger neutral lipid and
econdary carotenoid accumulation in cytoplasmic lipid droplets
LDs) in many algal species, including the c har acteristic r ed-
oloured encysted snow-algae cells observed in nature (Leya et al.
009 , Pr oc házk ová et al. 2019a ). LDs in gener al ar e compartments
hat serve as a transient reserve of acyl-chains, and carotenoid-
igmented LDs may additionall y hav e photopr otectiv e r oles by
bsorbing excessive light and scavenging/quenching reactive oxy-
en species (Britton et al. 2008 , Li-Beisson et al. 2015 ). Assess-
ent of snow algae lipids and their constituent fatty acids has

 eceiv ed onl y limited r esearc h, yet lipids connect taxonomic vari-
tion with ada ptiv e ecophysiological pr ocesses and mor e widel y
o the metabolic c har acteristics of whole snow algae communi-
ies. 

In 2019, we obtained samples of red snow from melting sum-
er snowfields near to Svartisen glacier, adjacent to the Arctic

ircle in northern Norway, a region in which there are no ear-
ier reports of snow-algae blooms. Our aim in this work was to
solate culturable eukaryotic microalgae from these field sam-
les, to c har acterize the species pr esent, and to establish them
s labor atory cultur es. Our primary questions wer e: (i) ar e cultur-
ble species found in this region globally dispersed cosmopolitan
tr ains, or ar e they endemic to this region? (ii) how do lipid profiles
nd intrinsic growth rates, features that determine the construc-
ion and metabolic properties of snow algae communities, vary
etween isolates in diverse conditions? 

aterials and methods 

ampling and algal strain isolation 

ed-coloured snow was collected ∼1 km from Svartisen glacier in
orthern Norway on June 23rd 2019 at an ele v ation of ∼540 m

66 ◦45’03.9 N 14 ◦05’55.0E). The sampling site is shown in Fig. 1 .
e hav e observ ed snow algae blooms on annual snowpack in

his ar ea eac h summer fr om 2019–2022, whic h a ppear in smaller
atches (meters scale) dispersed around a wide ar ea (se v er al km 

2 ).
amples were collected in sterile plastic bags and transported to
he laboratory within 4 h. Snow samples w ere thaw ed gently in a
 efriger ator at 4 ◦C. Using a micr oscope, we observ ed a large pro-
ortion of red cells, interspersed with smaller numbers of diverse
ell types (Fig. S1). To ensure we could obtain sufficient viable
ells two isolation methods were used; (i) enrichment cultures
ollo w ed b y plating on agar and (ii) direct plating on a gar. Enric h-

ent cultur es wer e pr epar ed by filtering 500 ml of the thawed
iquid samples onto ∼1.0 μm pore size 47 mm glass fiber filters
VWR, Norw ay). Filters w ere then added to a 500 ml Erlenmeyer
ask containing autoclaved Bold’s Basal Medium (BBM, Bischoff
963 , pH 6.5) and incubated at 6 ◦C and 50 μmol ·m 

−2 ·s −1 photons
AR in a plant growth chamber. After visible (green) cultures were
stablished, cultur e br oth fr om the flask was str eaked onto 1%
gar plates. When colonies appeared, each was transferred onto
ew plates . T his pr ocedur e was r epeated se v er al times to obtain
nialgal cultures. In parallel, thaw ed sno w samples w er e spr ead
ir ectl y on agar plates and colonies were selected as abo ve . All iso-

ates were then compared using microscopy (Olympus BX-43 mi-
r oscope, Ol ympus Eur opa GmbH, Hambur g, German y) to r educe
 edundancy and r etain a ppar entl y unique str ains based on cell
ize, morphology, the presence of cilia, chloroplast structure, and
hether cells formed c hains. Brightfield ima ges wer e ca ptur ed us-

ng × 1000 magnification and c hlor ophyll autofluor escence was
maged by excitation with blue LED light and an Olympus DP28
amera. 

We selected eight isolates (named ARK-S nn -19, where n is a
 umber) to stud y based on their morphological uniqueness. Cul-
ivation for DNA extraction was performed in 250 ml Erlenmeyer
asks with BBM at 6 ◦C at 20–40 μmol ·m 

−2 ·s −1 photons PAR. Strains
ere also deposited at the Culture Collection of Cryophilic Al-

ae, at the Fraunhofer Institute IZI-BB in Potsdam, Germany ( http:
/cccr yo.fraunhofer.de/web/str ains/) (Table 1 ). 

N A extr action, pol ymer ase chain reaction (PCR),
nd sequencing 

or molecular identification of each strain, we attempted to se-
uence both the 18S and ITS2 rDNA. The 18S rRNA gene anal-
sis, including extraction and amplification by PCR was per-
ormed by Roscoff Culture Collection (Roscoff, France). Genomic
N A w as extracted with the Nucleospin Tissue Kit (Macherey-
a gel, Dür en, German y). The quality and quantity of DNA
er e measur ed by NanoDr op ND-1000 (T hermo Scientific , MI,
SA). PCRs were conducted using 1 μL of DNA extract and
9 μL of a mixture of HotStarTaq Plus Master Mix Kit (Qia-
en, Hilden, Germany), Coral Load (from the kit), primers, and
 2 O (15/3/0.5/0.5/10, v/v/v/v/v). The small subunit (18S) rRNA
ene was amplified using universal eukaryotic primers (Euk-A,
orw ar d): 5 ′ -AA CCTGGTTGATCCTGCCA GT-3 ′ , (EukBr, r e v erse): 5 ′ -
GATCCTTCTGC AGGTTC ACCTAC -3 ′ (Medlin et al. 1988 ), (NSF573,

orw ar d): 5 ′ -CGCGGT AA TTCC AGCTCC A-3 ′ (Hendriks et al. 1989 ),
nd (S69R, r e v erse): 5 ′ -CCGTCADTTCCTTTRAGDTT-3 ′ (Pr obert et
l. 2014 ). Initial denaturation at 95 ◦C for 5 min w as follo w ed b y
5 cycles of denaturation at 95 ◦C for 30 s, annealing at 52 ◦C for
0 s, extension at 72 ◦C for 1.5 min, and final extension at 72 ◦C for
5 min. PCR products were purified using ExoSAP-IT 

TM PCR Prod-
ct Cleanup Reagent (Thermo Scientific, Waltham, United States)
nd sequenced by Macrogen (Amsterdam, Netherlands). 

For ITS2 rDN A sequencing, DN A w as extracted from wet cell
ellets using an E.Z.N.A. ® HP Plant DNA Kit (Omega Bio-tek,
eorgia, USA). Bead milling (4000 r/m × 5 min, Pr ecell ys 24,
ertin Tec hnologies, Montign y le Br etonneux, Fr ance) and 0.1 mm
lass beads were used to assist cell lysis . T he DNA amount and
uality were determined by Nanodrop One (Thermo Scientific,
I, USA). Amplicon libr ary pr epar ation and Illumina sequenc-

http://cccryo.fraunhofer.de/web/strains/
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Figure 1. Sampling sites of macr oscopicall y visible red-pigmented snow algae communities, Northern Norway. A 30 cm scale bar is shown (right). 

Table 1. Eight ne wl y established algal isolates from snow assigned to species le v el, including NCBI GenBank accession numbers for the 
18S rRNA gene and 5.8S rDNA partial + ITS2 rDNA + 28S rDNA partial sequences. Asterisk indicates the potentially new species . T he 
isolates are deposited as corresponding ID in the Culture collection of Cryophilic Algae (CCCryo) in Germany. 

Isolate number Species designation GenBank accession number (sequence length, bp) 

CCCryo strain ID 18S rRNA gene 
5.8S rDNA partial + ITS2 rDNA + 

26S rDNA partial 

ARK-S01-19 Raphidonema nivale 558–22 OM729978 (2173) OM729984 (380) 
ARK-S02-19 Raphidonema nivale 559–22 OM729979 (1649) OM729985 (380) 
ARK-S05-19 Stichococcaceae sp. ARK-S05-19 ∗ 560–22 – OM729986 (428) 
ARK-S10-19 Deuterostichococcus epilithicus 561–22 – OM729988 (395) 
ARK-S08-19 Chloromonas sp. ARK-S08-19 ∗ 562–22 OM729980 (1687) OM729987 (437) 
ARK-S11-19 Chloromonas reticulata – OM729981 (1603) OM729989 (404) 
ARK-S12-19 Chloromonas reticulata 563–22 OM729982 (1631) OM729990 (404) 
ARK-S13-19 Xanthonema bristolianum 564–22 OM729983 (1708) –
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ing were performed by BGI (Guangdong, China) using 300 bp 

paired end reads on a HiSeq2500 instrument. The forw ar d primer 
ITS3: 5 ′ -GCA TCGA TGAA GAA CGCA GC-3 ′ and r e v erse primer ITS4: 
5 ′ -TCCTCCGCTT A TTGA T A TGC-3 ′ (White et al. 1990 ) were used for 
fr a gment amplification. The ov erla pping r ead pairs fr om eac h 

fr a gment wer e fused with FLASH (Ma go ̌c and Salzber g 2011 ),
yielding the 5.8 rDNA partial + ITS2 + 28S rDNA partial sequence 
fr om se v en out of the eight isolates (Table 1 ). The sequences were 
clustered with ‘cd-hit-est’ at setting ‘-c 1.00 -sc 1’ to quantify the 
unique sequences and eliminate the possibility of other eukary- 
otic contaminants (Li and Godzik 2006 ). The 5.8 rDNA partial + 

ITS2 + 28S rDNA partial, and 18S rRNA gene sequences were de- 
posited in GenBank (Table 1 ). 

Phylogenetic analysis 

Phylogenetic trees of Raphidonema -like strains were constructed 

based on the sequence alignment of the 18S rRNA gene and align- 
ment of ITS2 rRNA secondary structur e, r espectiv el y, whilst that 
of Stic hococcus -like str ains was constructed based onl y on align- 
ment of ITS2 rRNA sequence structure. Two phylogenetic trees 
of Chloromonas -like strains were constructed based on the se- 
quence alignment of 18S rRNA gene and ITS2 rDNA, whilst that of 
Xanthonema -like strains was constructed based only on 18S rRNA 

gene sequences . T he 18S and ITS2 rDNA sequences of related 

str ains wer e obtained fr om NCBI GenBank using BLASTn queries 
( http://blast.ncbi.nlm.nih.gov , Altschul et al. 1990 ). The sequences 
were aligned with MUSCLE (multiple sequence alignment by log- 
expectation) in MEGAX 10.1.8 (Kumar et al. 2018 ), then visualized 
nd trimmed to obtain the same lengths for all sequences . T he
8S rRNA gene alignment of Raphidonema , Chloromonas , and Xan-
honema contained 45 (1661 bp), 52 (1553 bp) and 23 sequences
1730 bp), r espectiv el y. The ITS2 rRNA matrix (secondary struc-
ure alignment) of Raphidonema and Stichococcus -like species con- 
isted of 28 (354 bp) and 41 sequences (396 bp), r espectiv el y. The
TS2 rDNA alignment of the Chloromonas tree contained 16 se-
uences (321 bp). Phylogenetic trees were constructed using max- 

mum likelihood (ML) with the best model predicted based on
IC in MEGAX v10.1.8. Outgroups and the selected optimal model
re specified in each figure or the legend of the corresponding
hylogenetic tree . T he bootstr a pping v alues (1000 r eplicates) and
ayesian posterior pr obabilities wer e calculated by MEGAX 10.1.8
nd MrBayes 3.2.6 (Ronquist and Huelsenbeck 2003 ), respectively.

TS2 rRNA secondary structure analysis 

he secondary structure of the ITS2 rRN A w as analyzed to ex-
mine species boundaries between Raphidonema strains , between 

 tic hococcus -like str ains, and between ARK-S08-19 and Chloromonas
ugustae SAG 5.73 . The ITS2, 5.8S, and large subunit (LSU) stem re-
ion of rDN A w as annotated using the ITS2 database (Keller et al.
009 ). The ITS2 secondary structur es wer e computed using a min-
m um fr ee ener gy pr ediction model with the Mfold serv er (Zuker
003 ). Pr edicted structur es wer e visualized and onl y sequence-
tructures containing the specific features of ITS2 rRNA such as
our helices with UGG and GGU motifs and U-U mismatch (Cole-

an 2007 , Caisová et al. 2013 ) were selected for further analysis.
he selected sequence-structure was aligned using ClustalW, and 

http://blast.ncbi.nlm.nih.gov
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he compensatory base pair changes (CBCs) were computed and
isualized in 4SALE 1.7 (Wolf et al. 2014 ). The aligned sequence-
tructur e data wer e exported to MEGAX 10.1.8. The secondary
tructure was drawn by Visualization Applet for RNA (Varna) ver-
ion 3.8 (Darty et al. 2009 ) or 4SALE 1.7, follo w ed b y editing with
nkscape 0.92 ( http:// www.inkscape.org/ ). 

ultiv a tion experiments 

hr ee differ ent cultiv ation experiments wer e performed to tar get
r owth r ates, fatty acids and LD accum ulation. Eac h of the exper-
ments was conducted in a temper atur e-contr olled plant gr owth
ncubator fitted with cool white fluorescent lights (Termaks AS,
orway). Cultiv ation v essels and nutrient medium were sterilized
y autoclaving (121 ◦C, 20 min). 

ell density 

he cell density was measured by the optical density (OD), which
as calibr ated a gainst the dry weight (DW). The OD was measured
t 540 nm, which avoided c hlor ophyll absorbance peaks. A 1 cm
uvette was used for OD measurement, with samples diluted be-
ow absorbance 1.0 for linear response. In Experiments 1 and 3,
he DW was measured at the beginning and end of cultivation by
ltering 3–10 ml of cultur e br oth thr ough pr e-weighted ∼1.0 μm
ore size 47 mm glass fiber filters (VWR, Oslo, Norway). Filters
ere dried at 100 ◦C for 24 h, then re-weighed and the DW (g ·L −1 )
as calculated. For each species, linear calibration was used to

alculate the DW from the OD (Fig. S2). 

xperiment 1. Growth rates 

he eight isolates were cultivated at 2 ◦C and at 10 ◦C in glass tubes
 n = 3 at each temperature), containing 90 ml of 3N-BBM (BBM
ith 3-fold nitr ate, Bisc hoff 1963 , pH 6.8) and illuminated with 109
5 μmol ·m 

−2 ·s −1 photons PAR. Each tube was sparged with air en-
iched with 1.0% CO 2 at 62.5 ml ·min 

−1 , supplied by a gas mixing
ystem (Photon Systems Instruments GMS 150, Drásov, Czech Re-
ublic). OD measur ements wer e taken e v ery 1–2 days and at the
nd of experiments cells were pelleted and stored at –40 ◦C for fur-
her analysis. 

The gr owth r ate of eac h str ain w as established b y fitting the
ell density measurements to a logistic growth equation using the
 pac ka ge ‘ Growthcurver ’ (Spr ouffske and Wa gner 2016 ) in R soft-
ar e v ersion 3.1.2 (Team, 2018). 

N t = 

K 

1 + 

(
K−N 0 

N 0 

)
e −rt 

, (1) 

here, N t is the population size (cell density, g ·L −1 ) at time t (days),
 0 is the initial cell density (g ·L −1 ), K is the carrying capacity

maximum cell density, g ·L −1 ) and r is the population growth rate
 μ·d 

−1 ). Gr owth curv es wer e fitted independentl y to eac h r eplicate
ultivation, and the mean ± SD of n = 3 is presented for each of
he eight isolates at each temperature. 

xperiment 2. Fatty-acid profiling 

o determine the fatty-acid profile of each isolate under standard-
zed non-stressed conditions, cells were cultured at 6 ◦C under 50
mol ·m 

−2 ·s −1 photons PAR in 500 ml Erlenmeyer flasks ( n = 4
ach) containing 200 ml of BBM (pH 6.8). Cells were harvested by
entrifugation (3,000 g , 3 min) when the OD r eac hed absorbance
.25, ensuring the cell density was well below the carrying ca-
acity of the nutrient medium and each culture received equiva-
ent light supply at the time of collection. Samples wer e stor ed at
40 ◦C. 

xperiment 3. LD accumulation in ARK-S12-19 

train ARK-S12-19 was cultivated at 10 ◦C in 27 mm diameter glass
ubble tubes containing 380 ml of 3N-BBM (pH 6.8). The tubes
ere supplied with air containing 1.0% CO 2 at 85 ml ·min 

−1 and
45 ±8 μmol ·m 

−2 ·s −1 photons PAR. The cells were first grown
or 9 da ys , then the cultures were gently centrifuged (1920 g ,
5 min) and resuspended in nitrate (N)-free media to initiate the
tart of the experiment (da y 0), pro viding an accurate onset of N-
tarvation. The subsequent experimental cultivation period in N-
ree medium was 11 da ys , with biomass , imaging flo w c ytometry
nd lipid samples collected at day 0, 1, 2, 4, 7, and 11. 

maging flow cytometry 

n Ima geStr eam 

®X Mk II Ima ging Flow Cytometer (Luminex Cor-
oration, Austin, TX, USA) was used to measure cell dimensions,
D accumulation and chlorophyll content in Experiment 3. Cell
Ds were labelled with Bodipy ® 493/503 (Molecular Probes, Eu-
ene, OR, USA) dissolved in 100% DMSO (v/v) at a final concentra-
ion of 0.075 μg mL −1 , mixed and incubated for 15 mins. A 488 nm
aser operated at 1.0 mW was used for excitation of the probe
nd c hlor ophylls . Detector wa v elengths for the differ ent c han-
els were 505–560 nm (Bodipy ® label, Channel 2); 595-642 nm

brightfield image, Channel 4); 642-745 nm (chlorophyll autoflu-
rescence, Channel 5). A total of up to 10000 particles were ana-
yzed at a rate of ∼50 objects/second at magnification × 40. IDEAS
.6.1.823.0 software was used for downstream analysis, including
ating to select the main population of single cells and exclude
ebris or doublets. Image masking was conducted to measure the

ength, width, area and fluorescence intensity of each individual
ell. Cell dimensions and area were measured from the bright-
eld images (Channel 4) by applying an image mask, and the flu-
rescence intensity of Channel 2 and Channel 5 were determined
rom the same mask area (Fig. S13). T he bio volume of each cell
as calculated from the length/width dimensions of the image
sing the formula for a prolate spheroid shape (Hillebrand et al.
999 ). 

V = 

π

6 
· d 2 · h, (2)

here, V is the volume ( μm 

3 ), d is diameter ( μm), and h is height
 μm) of the cell. Both the cell area and cell volume were tested as
ormalization values, by dividing Bodipy ® fluorescence by either
he area or volume. 

xtr action, isola tion of lipids, and methylation 

or Experiment 1, we dir ectl y extr acted and deriv atized the fatty
cids to fatty-acid methyl esters (FAMEs) from cells cultivated at
0 ◦C as described by Radakovits et al. ( 2012 ). For Experiments 2
nd 3, total lipids wer e extr acted fr om fr eeze-dried cell pellets us-
ng c hlor oform and methanol as described by Br euer et al. ( 2012 ).
or Experiment 3, neutral lipids and polar lipids were additionally
eparated by solid-phase extraction (Sep-Pak 1 g silica cartridges,
 ml, Waters, MO, USA) follo w ed b y the separation of TAG (Tri-
cylgl ycer ol) fr om neutr al lipids b y high-performance thin-lay er
 hr omatogr a phy (HPTLC). Fatty acids in each lipid fraction were
erivatized by adding 3 ml of 5% H 2 SO 4 in methanol and incu-
ation at 70 ◦C for 3 h. After washing with NaCl-saturated water,
AMEs wer e r ecov er ed in hexane. For a full description of the ex-
eriments, see “Supplementary Material” section. 

http://www.inkscape.org/
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FAME analysis 

FAMEs were quantified by a Gas Chr omatogr a ph (GC) equipped 

with a Flame Ionization Detector (FID, SCION 436, Bruker, UK) and 

an Agilent CP-Wax 52CB column (Agilent Technologies, USA). Su- 
pelco 37 component standar ds (Sigma–Aldrich, MA, USA) w ere 
used for identification and quantification of the FAMEs, with addi- 
tional standards for unsaturated C16 and C18 fatty acids. To iden- 
tify unusual fatty acids, the FAMEs structures of ARK-S01-19 and 

ARK-S13-19 wer e v erified by Helsinki Univ ersity Lipidomics Unit 
(HiLIPID). The analyses were performed based on their electron- 
impact mass spectra recor ded b y GC-MS-QP2010 Ultra (Shimadzu 

Scientific Instruments, K yoto , Ja pan), compar ed to the spectra of 
anal ytical standard mixtur es of FAMEs (Supelco ® Anal ytical Pr od- 
ucts, Merck) and published reference mass spectra (Christie 2021 ).
The GC-mass spectrometer (GC-MS) was equipped with a Zebron 

ZB-wax capillary column (30 m, 0.25 mm ID and film thickness 
0.25 μm; Phenomenex, Torrence CA, USA), which gave the FAMEs 
similar retention time patterns as the column used for the quan- 
titative GC-FID analyses. 

Results 

Sno w-algae identifica tion: cell morphology and 

phylogeny 

Mor phological featur es (Fig. 2 , Fig. S3) anal yzed using light mi- 
croscopy together with sequence data of molecular markers were 
used to identify eight snow algae isolates. We constructed dif- 
ferent phylogenetic trees to place the genus Raphidonema (2 iso- 
lates), Chloromonas (3 isolates), Xanthonema (1 isolate), and the fam- 
il y Stic hococcaceae (2 isolates) using the sequences pr esented in 

Table 1 . 

Raphidonema -like species 

The cells of ARK-S01-19 were filiform or elongated fusiform,
straight 8.1–45.4 μm long and 2.0–3.9 μm wide with bent aristate 
or r otund a pices (Fig. 2 a1–a5). Cells wer e usuall y unicellular, but 
sometimes remained united in short chains up to four cells, with 

ribbon-like c hlor oplasts (Fig. S3a). Filaments with br anc hed acute 
ends wer e observ ed. ARK-S02-19 cells wer e filiform, str aight 15.1–
47.6 μm in length and 2.3–3.8 μm in width with acute apices or 
r otund a pices (Fig. 2 b1and b2). The cells commonly formed un- 
br anc hed filaments consisting of more than four and up to sixteen 

cells with plate-like c hlor oplasts (Fig. S3b). 
The ITS2 rDNA sequence of ARK-S01-19 was identical to R. ni- 

v ale (La gerheim) CCCry o 381–11 and CCCry o375-11 isolated from 

a red snowfield (77 ◦0’N 16 ◦37’E) and on top of a steep snowfield 

on Svalbard (77 ◦0’N 16 ◦22’E), respectively. The 18S rRNA gene se- 
quence of ARK-S02-19 was identical to R. nivale strain CCAP 470/4 
isolated from a mountain at an altitude of 1295 m in Washing- 
ton State (USA), with only 1 bp difference in ITS2 rDNA. We con- 
structed a ML tree based on 18S rRNA gene sequences, which 

r e v ealed that each isolate formed a different subclade together 
with other Raphidonema within a clade with full statistical sup- 
port (ML/BL:100/1.00), being a sister to the strains identified as 
Pseudochlorella (Fig. S4). ITS2 rRNA sequence-structure analysis 
was further used for species-le v el r esolution, wher e ML anal ysis 
sho w ed that our two isolates fell into a clade together with other R.
nivale (ML:82) (Fig. 3 ). The worldwide distribution of Raphidonema 
strains in the phylogenetic tree (Fig. 3 ) is mapped in Figure S5,
indicating the geogr a phic location of the closest r elativ es to the 
new isolates and highlighting the known distribution of R. nivale 
n maritime Antarctica (James Ross), Western USA, Svalbard, con- 
inental Norway, and Switzerland. 

tic hococcus -lik e species 

he two Stichococcus -like isolates ARK-S05-19 and ARK-S10-19 are 
oth cylindrical cells with rounded ends (Fig. 2 C and D). The
ells of ARK-S05-19 are 4.1–8.9 μm in length and 2.3–3.6 μm in
idth, and the length to width ratio was around 2.2 (Fig. 2 c1–

3). The cells were usually unicellular, but sometimes occurred as
nbr anc hed two-cell filaments with plate-like c hlor oplasts (Fig.
1c). In contrast, ARK-S10-19 cells were 5.2–14.8 μm long and 2.2–
.2 μm wide, resulting in the length to width ratio of 3.0, and usu-
lly unicellular but occasionally appearing as short unbranched 

laments of 2 to 8 cells with plate-like c hlor oplasts (Fig. 2 d1–d3
nd Fig. S3d). 

The 18S rRNA gene sequences of Stic hococcus -like species wer e
nfortunately unobtainable due to unsuccessful amplification by 
CR (Table 1 ). Ho w e v er, the ITS2 rRNA sequence-structur e based
hylogenetic tree sho w ed that ARK-S10-19 belonged to a Deuteros-
ichococcus clade (Pröschold and Darienko 2020 ). Furthermore, its 
.8S rDNA partial + ITS2 + 28S rDNA partial sequences were iden-
ical to that of D. epilithicus FG2/4.2 (KM020048), for which the iso-
ation/sample location or habitat are unknown. Deuterostichococcus 
pilithicus have been found worldwide, many of whic h ar e isolated
rom soil or subaerial habitats (Fig. S6). In contrast, the closest
TS2 rDNA of ARK-S05-19 in the NCBI database was the unclassi-
ed isolate Prasiolales sp. S2RM26, originating from the surface of
nowfall samples in Sweden (Tesson and Šantl-Temkiv 2018 ), re-
 ealing a differ ence of 49 nucleotides out of 318 (85% identity).
RK-S05-19 and the unclassified isolate Prasiolales sp. S2RM26 

ogether formed a well-supported (93%) independent clade dis- 
ant from the sister lineages Desmococcus olivaceus and S. bacillaris 
Fig. 4 ). Ne v ertheless, one CBC differ ence was detected in helix I
etween ARK-S05-19 and Prasiolales sp. S2RM26 (Fig. 5 ). Se v er al
trains of S. bacillaris and five strains of D. olivaceus also provided
he highest BLAST matches for the ITS2 rDNA sequence of ARK-
05-19, but their rRNA secondary structures differed by three and
our CBCs, r espectiv el y (T able S1, T able S2). 

hloromonas -like species 

he cells of isolates ARK-S11-19 and ARK-S12-19 were both 

llipsoid-shaped, 12–13 μm in length and 6–7 μm in width (Fig. 3 F
nd G), having a prominent hemispherical shaped papilla (Fig. 2
6 and g6) and a cup-sha ped c hlor oplast without a pyrenoid (Fig. 2
1, f2, g1, g2 and Fig. S3 f, g). The eyespot was in the anterior 1/2–
/3 of the cell (Fig. 2 f1 and g1) and two contr actile v acuoles wer e
ocated on anterior side (Fig. 2 f5 and g5). The 18S rRNA gene se-
uence of ARK-S11-19 and ARK-S12-19 (1603 and 1631 bp long,
 espectiv el y), and the 5.8S rDNA partial + ITS2 + 28S rDNA par-
ial sequences of both isolates (404 bp long eac h) wer e identical
o the type species C. reticulata CCAP 11/110 ( = CCCryo 213–05;
AG 29.83; UTEX 1970), a snow alga isolated from Todd lake, Ore-
on, USA. The phylogeny based on the 18S rRNA gene sequences
sing the ML method sho w ed that both isolates belong to core
hloromonas , located within a subclade containing the type species
nd corresponding only to the C. reticulata clade (Pröschold et al.
001 ) within clade 1 (Hoham et al. 2002 ) (Fig. 6 A). Further phyloge-
etic analysis based on the ITS2 rDNA provided higher resolution
nd both isolates wer e cluster ed together with C. reticulata , within
 well-supported (ML/BI: 99/0.91) subclade of the Reticulata group 

Matsuzaki et al. 2012 , Fig. 6 B) . The biogeogr a phical location and
abitat of selected Chloromonas strains (shown in Fig. 6 A and B) is
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Figure 2. Micr ophotogr a phs of eight algal isolates: R. nivale ARK-S01-19 (a1, a2, a3, a4, a5); R. nivale ARK-S02-19 (b1, b2); Stichococcaceae sp. ARK-S05-19 
(c1, c2, c3); D. epilithicus ARK-S10-19 (d1, d2, d3); Chloromonas sp. ARK-S08-19 (e1, e2, e3, e4, e5, e6, e7, e8); C. reticulata ARK-S11-19 (f1, f2 f3, f4, f5, f6); C. 
reticulata ARK-S12-19 (g1, g2, g3, g4, g5, g6, g7, g8); X. bristolianum ARK-S13-19 (h1, h2, h3, h4, h5). Arr owheads indicate the pa pillae and arr ows indicate 
contr actile v acuoles. Scale bars ar e either 2 μm (with indication of the scale size near the bar) or 5 μm (no indication of the scale size). p = pyr enoid. 
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resented in Fig. S7, showing a multi-continental distribution of
. reticulata species. 

Micr oscopic anal ysis r e v ealed that the v egetativ e cells of ARK-
08-19 ar e r ound or ellipsoidal in shape, 10–20 μm in length and 7–
 μm in width, have a small hemispherical shaped anterior papilla
Fig. 2 e1), a nucleus and asteroid chloroplast with centrally lo-
ated pyrenoid (Fig. 2 e1, e2, e8 and Fig. S1e) and two contractile
acuoles on the anterior side (Fig. 2 e7). The vegetative cells have
2–14 μm long pairs of cilia and the eyespots are located on the
nterior 1/3 of the cell (Fig. 2 e1 and e6). The non-motile cells of
RK-S08-19 ar e ov al or spherical, up to 28 μm in diameter with
yrenoid (Fig. S8). The formation of two to sixteen zoospore cells
ithin the parental cell wall was observed. Using the 18S rRNA

ene sequence phylogeny, isolate ARK-S08-19 was located in a
lade together with C. augustae within clade 1 (Hoham et al. 2002 ,
ig. 6 A). Based on available GenBank data, the 18S rRNA gene se-
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F igure 3. ITS2 rRN A sequence-structur e ML tr ee of Raphidonema with the ne w isolates (sequence) shown in bold. An asterisk indicates the type str ain 
of the species R. nivale and the species names are as proposed by Yakimovich et al. ( 2021 ). The best model was JTT + G + I + F calculated by MEGAX 10.1.8. 
Numbers next to br anc hes indicate statistical support values [ML bootstraps (1000 replicates)/Bayesian posterior probabilities]. The bootstrap support 
v alues abov e 70% and Bayesian posterior pr obabilities abov e 0.90 ar e shown. Thic k lines indicate br anc hes with full statistical support 
(ML/BI:100/1.00). Stichococcus bacillaris SAG 249.80 (MT078156) and D. epilithicus SAG 10.97 (MT078169) serve as the outgroup. 
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quence of ARK-S08-19 was most closely related to C. augustae SAG 

13.89 isolated from a salt marsh pool in the United Kingdom, with 

13 bp difference out of 1687 bp (99.23% similarity), follo w ed b y C.
augustae SAG 5.73 (99.17% similarity), a freshwater alga isolated 

from the former Czechoslovakia, differing in 14 bp out of 1687 bp 

(99.17% similarity). The closest and only BLASTn hit of the ITS2 
rDNA sequence of ARK-S08-19 against the NCBI database was C.
augustae SAG 5.73, yet it differed by 32 bp out of 136 bp of aligned 

sequence (40% query cover, 76.5% similarity). Further ITS2 rRNA 

sequence-structur e anal ysis sho w ed that the alignable sequences 
wer e mainl y found in helix II and near the 5’ side of helix III (Fig.
S9). 

Xanthonema -like species 

The ARK-S13-19 cells were oblong with rounded corners, ∼8.4 μm 

in length 5.5 μm in width (Fig. 2 h1 to h5). The cells usually 
form unbr anc hed filaments consisting of 2 to 30 cells, but it can 

sometimes be unicellular (Fig. 2 h4), having four to 12 plate-like 
c hlor oplasts (Fig. S3h). Eyespots were occasionally visible in some 
cells (Fig. 2 h3 and h5) indicating the de v elopment of motile cells.
Phylogenetic analysis of the 18S rRNA gene sequence using ML 
methods sho w ed that ARK-S13-19 belongs to the fully statisti- 
cally supported Xanthonema 1 clade (ML/BI:100/1.00) within the 
Tribonematales (Fig. 7 ) (Maistro et al. 2009 ). The 18S rRNA gene 
sequence of ARK-S13-19 (1708 bp long) was identical to X. bris- 
tolianum CCALA 516 isolated from snow in Belianske Tatras, Slo- 
v akia. The closel y r elated str ain of X. bristolianum ACSSI 290 was 
isolated from soil in Russia. 

Gro wth r a te 

The growth patterns of the eight isolates at 2 ◦C and 10 ◦C were 
modelled (Equation 1 ) and the r esults ar e pr esented in Fig. 8 and 
able S3. At 10 ◦C, the growth rate r varied from 0.45 ±0.01 to
.86 ±0.10 d 

−1 amongst all isolates, with the highest growth rates
ecorded in C. reticulata ARK-S11-19 and ARK-S12-19. X. bristo- 
ianum ARK-S13-19 exhibited the highest carrying capacity (maxi- 

um cell mass production, K ) reaching 7.5 ±0.25 g ·L −1 whilst the
o w est maximum cell production was achieved by Chloromonas sp.
RK-S08-19 with a K estimate of 1.3 ±0.08 g ·L −1 . At lo w er 2 ◦C,
lose to the temper atur e of melting snow, all strains exhibited
n extended lag phase and the growth rate of seven strains was
ubstantiall y r educed compar ed to gr owth at 10 ◦C. At 2 ◦C maxi-
 um gr owth r ates r anged fr om 0.20 ±0.04 to 0.56 ±0.10 d 

−1 , with
. nivale ARK-S01-19 exhibiting the highest specific growth rate 
mongst the isolates, comparable to that obtained at 10 ◦C. In con-
r ast, the r elated isolate R. nivale ARK-S02-19 recorded protracted
nd substantiall y r educed gr owth r ates of 0.23 ±0.02 d 

−1 at 2 ◦C. C.
eticulata ARK-S11-19 and ARK-S12-19 also recorded an extended 

ag phase, but eventually established intermediate growth rates of 
.34 ±0.03 and 0.36 ±0.01 d 

−1 , r espectiv el y. At 2 ◦C X. bristolianum
RK-S13-19 sho w ed minimal gro wth over the whole cultivation
eriod. Inter estingl y, ARK-S08-19 r eac hed a higher cell density ( K )
f 2.0 ±0.21 g ·L −1 at 2 ◦C than that of 1.3 ±0.08 g ·L −1 obtained at
0 ◦C, and its growth rate at low temper atur e was not suppressed
o the same extent as most of the other strains. 

atty-acid profiles 

he total fatty acid (TFA) contents of each isolate cultivated un-
er standardized conditions with excess nutrients (Experiment 
) r anged fr om 54.3 to 93.0 mg ·g −1 DW, with total polyunsat-
rated fatty acids accounting for between 57.3% and 70.4% of
FA (Table 2 ). The fatty acid profiles of both R. nivale isolates,
RK-S01-19 and ARK-S02-19, were distinguished by substantial 
mounts of C18:3n-3, accounting for 25.2 and 19.1% of TFAs
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F igure 4. ITS2 rRN A sequence and secondary structur e-based ML phylogen y of Stic hococcus -like species with the ne w isolates (sequences) shown in 
bold. The best model was WAG + G + F, calculated by MEGAX 10.1.8. The asterisk shows the type strain Deusterostichococcus epilithicus according to 
Pröschold and Darienko ( 2020 ). Numbers next to branches indicate statistical support values [ML bootstraps (1000 replicates)/Bayesian posterior 
pr obabilities]. The bootstr a p support v alues abov e 70% and Bayesian posterior pr obabilities abov e 0.9 ar e shown. Thic k lines indicate the br anc hes 
with full statistical support (ML/BI:100/1.00). Pseudostichococcus monaillantoides SAG 379–4 (MT078184) and P. monaillantoides SAG 380–1 (KM020066) serve 
as the outgroup. 
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(15.1 and 10.6 mg ·g −1 DW) r espectiv el y, and C20:5n-3 (eicosa pen- 
taenoic acid, EPA) amounting to 19.7 and 16.6% of TFAs (11.8 and 

9.2 mg ·g −1 DW), r espectiv el y. C16:0 was also found at intermediate 
le v els (11.2 and 12.5% TFAs, 6.7 and 6.9 mg ·g −1 DW, r espectiv el y).
The two R. nivale strains differed slightly, with ARK-S01-19 con- 
taining additional trace amounts of C22:0, C20:4n-3, and C22:6n- 
3 (docosahexaenoic acid; DHA), which were absent in ARK-S02-19 
(Table 2 ). 

Stichococcaceae sp. ARK-S05-19 and D. epilithicus ARK-S10-19 
wer e c har acterized by high amounts of C18:3n-3, accounting for 
37.7% and 32.5% of TFAs (26.6 and 17.7 mg ·g −1 DW), r espectiv el y.
C16:3n-3 was also abundant, accounting for 17.4% and 11.9% TFAs 
(12.2 and 6.5 mg ·g −1 DW), r espectiv el y. 

The FAME profiles of Chloromonas isolates ARK-S08-19, ARK- 
S11-19 and ARK-S12-19 r e v ealed the dominance of C18:3n-3,
hich accounted for 40.6%–41.1% of TFAs, with additional fatty 
cids including C16:4n-3, C16:0, C18:1n-7, and C18:1n-9. Although 

r ofiles wer e br oadl y compar able, some differ ences in fatty acid
r oportions wer e observ ed, for example Chloromonas sp. ARK-S08-
9 had higher proportions of C18:1n-9 (14.2% TFAs) than C. reticu-

ata ARK-S11-19 and ARK-S12-19 (8.6 and 9.4% TFAs, r espectiv el y).
In contrast to the other isolates investigated in this study, X.

ristolianum was c har acterized by the pr esence of the omega-4
atty acids C16:2n-4, C16:3n-4, C18:3n-4, and C18:4n-4. In addition,
. bristolianum contained unusual (non-methylene interrupted) 
MI-18:3 and NMI-18:4 fatty-acids (Fig. S10), of which the mass

pectrum was not included in one of the best-known existing li-
raries of C18 fatty acids (Christie 2021 ). The most abundant FA

n X. bristolianum was EPA (30.7% TFAs) follo w ed b y C16:1n-7 and
14:0. 
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Figur e 5. T he consensus structure of ITS2 rRNA sequence secondary 
structure between ARK-S05-19 (OM729986) and Prasiolales sp. S2RM26 
(MK005091). Partial 5.8S and partial LSU stem regions of rRNA are 
included. One compensatory base change (CBC) between these two 
species within helix I is indicated in pink. Nucleotides highlighted in 
circles outside the yellow mark indicates a CBC between ARK-S05-19 
(white circles) vs Prasiolales sp. S2RM26 (black circles). The conserved 
r egions ar e indicated in blue with nucleotides (A, U, G, or C) and 
non-conserved nucleotides are shown in yellow. The ITS2 secondary 
structure and sequences were synchronously aligned and visualized 
using 4SALE. 
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FAME pr ofiles wer e also examined in the algal samples col-
ected from the stationary phase of the growth rate experiment
t 10 ◦C (Experiment 1, Fig. S11). The amount of TFAs was higher
n all isolates (155.3–411.6 mg ·g −1 DW) than that in Experiment 2
nd the FA profile of each isolate was c har acterized by accum ula-
ion of a fe w fatty-acids. Substantial pr oportions of C18:1n-9 were
bserv ed in Raphidonema , Stic hococcus , and Chloromonas str ains ac-
ounting for the majority (48.7–57.2%) of TFAs. Xanthonema sp.
RK-S13-19 accumulated primarily C16:1n-7 reaching 50.2% of
FAs, follo w ed b y C16:0 (17.3% TFAs), C14:0 (16.8% TFAs), and only
 small amount of C18:1n-9. 

D dynamics in C. reticulata 

e selected cosmopolitan C. reticulata ARK-S12-19 as a model to
tudy LD formation under N-starvation, using both chemical lipid
nalysis by GC-FID and image-based labelling with imaging flow
ytometry (Experiment 3). Over the 11-day experimental period,
eutral and polar lipids were separated by solid-phase extraction

Fig. S12), and TAG was further separated from other neutral lipids
y thin layer c hr omatogr a phy (TLC, Fig. 9 A). Polar lipids peaked at
27.6 mg ·g −1 DW at day 7, and decreased to 75.0 mg ·g −1 DW after
1 days of N r emov al, indicating limited membrane lipid degrada-
ion to w ar ds the end of the experiment (Fig. S12). During the same
eriod, total neutral lipids increased from 14.2 to 208.7 mg ·g −1 DW.
LC anal ysis r e v ealed that C16:4n-3 and C18:3n-3 fatty acids dom-

nated TAG at the start of the experiment, but by day 11 fatty acids
18:1n-9 and C18:1n-7 became the most abundant (Fig. 9 A). Using

maging flow cytometry (IFC) we were able to distinguish different
ell types including oval shaped bicilliates (27.5% ±5.2%; R4) and
ells lacking cilia (35.6% ±6.5%; R3) (Fig. S13). Bodipy ® probe flu-
rescence sho w ed an increase in neutral lipids o ver time , which
as confirmed by visualizing the size, position and number of LDs
ithin the cells (Fig. 9 B). As variation in cell size could influence

he quantitation of neutral lipids b y IFC, w e tested whether the
ormalization of Bodipy ® fluorescence to the image bright field
rea ( μm 

2 ) and biovolume of individual cells ( μm 

3 ) impr ov ed the
orrelation between IFC (Bodipy ®) and GC quantification (SPE and
LC) of fatty acids (Fig. S14 and S15). Normalizing the Bodipy ®

93/503 fluorescence to either 2D cell image area or cell biovol-
me resulted in improved correlation with TFAs, neutral lipids,
nd TAG compared to non-normalized Bodipy ® fluorescence (Fig.
15). The correlation coefficients were slightly higher for neutral
ipids vs Bodipy ® ( r 2 = 0.97) than TAG vs Bodipy ® ( r 2 = 0.95) (Fig.
15). 

iscussion 

now-algae communities harbour substantial biodiversity, yet
heir phylogeny and global distribution are not well understood.
his study is the first to isolate and cultivate snow algae from
ainland Norway. Our use of r elativ el y conserv ed (18S rRNA gene)

nd highl y v ariable (ITS2 rDNA) genetic markers combined with
icroscopy and lipid profiling will assist detection of these species
idely in environmental samples. 

hylogeny using molecular markers 

aphidonema is a cosmopolitan, globally dispersed genus (Segawa
t al. 2018 ) commonly found in alpine or glacier ecosystems (Leya
t al. 2009 , Yakimovich et al. 2021 , Novis et al. 2023 , Segawa et
l. 2023 ). Using morphology alone, Raphidonema species are diffi-
ult to distinguish from other closel y r elated Tr ebouxiophycean
ener a, especiall y Koliella , due to their similar cell a ppear ance
ombined with phenotypic plasticity under different conditions
Hoham 1973 , Stibal and Elster 2005 ). The phylogeny of Koliella
nd Raphidonema was r ecentl y r esolv ed with molecular markers,
her e str ains designated as Raphidonema or Koliella wer e clearl y

eparated based on rcb L sequences (Yakimovich et al. 2021 ).
he authors further r e vised Raphidonema using the ITS2 rRNA
equence-structure and proposed five species within the genus.
ur analyses sho w ed that the 18S rRNA gene was not adequate in
elineating the isolates at species le v el, but ITS2 rRNA sequence-
tructur e anal ysis pr ovided high r esolution and places ARK-S01-
9 and ARK-S02-19 as different strains of R. nivale. Most of the
xisting Raphidonema cultures in collections were isolated from
now and glacier habitats (CCCryo culture collection, the Culture
ollection of Algae at the University of Texas at Austin, UTEX),
ut Stibal and Elster ( 2005 ) r easonabl y suggest that Raphidonema

s a soil-dweller transported onto snow by wind or meltwater. Al-
hough R. nivale has not yet been cultured from soil, closely related
pecies , including R. p yrenoidifera and R. monicae have been isolated
rom this habitat (Yakimovich et al. 2021 ). Further investigation of
ummer Arctic and Alpine soil communities (e.g. by amplicon se-
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Figure 6. (A) 18S rRNA gene-based ML phylogenetic tree of Chloromonas . The asterisk shows the authentic strain of C. reticulata , the type species of the 
genus Chloromonas . Our new isolates (sequence) are shown in bold. Chloromonas clade 1,2 and 3 are delimited according to Hoham et al. ( 2002 ). (B) ITS2 
rDNA ML phylogenetic tree of the Reticulata group showing the phylogenetic relationship of ARK-S11-19 and ARK-S12-19 with other C. reticulata . For 
both phylogenetic trees, the best model was K2 + I calculated by MEGAX 10.1.8. Numbers next to br anc hes indicate statistical support value [ML 
bootstr a ps (1000 replicates)/Bayesian posterior probabilities]. The bootstrap support values above 70% and Bayesian posterior probabilities above 0.90 
ar e shown. Thic k lines indicate the br anc hes with full statistical support (ML/BI:100/1.00). 
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quencing) could impr ov e our understanding of the lifestyle and 

global distribution of Raphidonema . 
Stic hococcus -like str ains belonging to the Pr asiola clade ar e 

widely distributed in various habitats, from tropical to polar re- 
gions , freshwater to marine , and from hot acidic springs to snow 

and cryoconite hole environments (Butcher 1952 , Stibal et al. 2006 ,
Hoda ̌c et al. 2016 ). They often change their morphotype, mak- 
ing it difficult to designate strains at genus and species le v els 
without sequence information (Pröschold and Darienko 2020 ). Re- 
cently, the genus Stichococcus was divided into se v en linea ges us- 
ing a multigene approach by Pröschold and Darienko ( 2020 ). Ac- 
ording to our ITS2 rRNA sequence-structure based phylogeny,
solate ARK-S10-19 clearly belongs to one of the se v en linea ges
nder Deuterostichococcus designated as D. epilithicus (Pröschold 

nd Darienko 2020 ). Ho w ever, ARK-S05-19 formed a distinct and
nique clade with the isolate Prasiolales sp. S2RM26 as an unde-
cribed sister group to Stichococcus and Desmococcus . According to
oleman ( 2003 ), the closely related species could be delineated
y the presence of CBCs in the conserved region of the ITS2 rRNA
econdary structure, as it correlates with the separation of biolog-
cal species. Although a CBC in helix I of ITS2 rRN A betw een ARK-
05-19 and S2RM26 was found in a position assumed to be outside
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Figure 7. A phylogenetic tree based on the alignment of 18S rRNA gene sequences using the ML method for Xanthonema , the new isolate (sequence) is 
shown in bold. The best model was TN93 + G + I calculated by MEGAX 10.1.8. Numbers next to br anc hes indicate statistical support values [ML 
bootstr a ps (1000 replicates)/Bayesian posterior probabilities]. The bootstrap support values above 70% and Bayesian posterior probabilities above 0.9 
ar e shown. Thic k lines indicate the br anc hes with full statistical support (ML/BI:100/1.00). Pylaiella littoralis CCAP 1330/3 (AY032606) and Nannochloropsis 
limnetica SAG 18.99 (AF251496) serve as the outgroup. 

F igure 8. Gro wth patterns of eight microalgal isolates at 2 ◦C and 10 ◦C (Experiment 1). The carrying capacity (maximum cell mass production, K, g ·L −1 ) 
and the intrinsic growth rate ( r, d −1 ) are shown in the gray box. Mean values ( ±standard error) of triplicates per isolate are given in the table . T he lines 
show the predicted growth models at 2 ◦C (blue dashed line) and at 10 ◦C (grey line). The coloured points indicate the measured biomass concentrations 
over 20–45 days ( n = 3), where lighter coloured points for each isolate indicates the measurements at 2 ◦C. The asterisks indicate the mean values ( ±
standard error) of duplicates per isolate due to an outlier that did not reach the stationary phase. 
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he conserv ed r egion as defined by Prösc hold and Darienk o ( 2020 ),
he two algae were clearly phylogenetically distinct (Fig. 4 ), sug-
esting that this clade may contain hidden species diversity. ARK-
05-19 displayed Stichococcus -like morphology rather than that
f Desmococcus , which can be easily distinguished by the unique
 har acteristics of Desmococcus including formation of pac ka ge-like
tructures with branched filaments and production of akinetes
ith ornamented cell walls (Broady and Ingerfeld 1993 ). Unfor-

unatel y, mor phological comparison with Prasiolales sp. S2RM26
ould not be performed, and ARK-S05-19 is tentativ el y classified
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Figure 9. Neutral lipid accumulation in C. reticulata ARK-S12-19 under nitrogen starvation (Experiment 3). (A) Analysis of TAG accumulation (bottom 

left) and the av er a ge TAG fatty-acid composition (top left) from n = 3 replicates in C. reticulata . 3t-16 : 1 indicates 3-trans-hexadecenoic acid. TAG 

content is determined by high performance thin-layer c hr omatogr a phy (HPTLC) together with standards (TAG; triacylgl ycer ol, FFA; fr ee fatty acids, 
DAG; diacylgl ycer ol). The plate is labelled with Prim uline and visualized under 254 nm UV light. (B) Flo w-c ytometric analysis of cell 
biov olume-normalized Bodip y ® fluor escence ov er 11 da ys ( n = 3). T he white v ertical lines indicate the median of the fr equency and the gr ey shaded 
points indicate individual cell data. Multispectral images show the accumulation of LDs in the cells . T he Bodipy ® fluorescence (green) and chlorophyll 
autofluor escence (r ed) ar e shown. R, r egion: R2; r ound sha ped cells , R4; o v al sha ped cells. 
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as Stichococcaceae sp. Further morphological comparison with 

closel y r elated str ains and sequencing of 18S rRNA gene and rbcL 
genes within the clade could in theory facilitate establishment 
of new species and improve our understanding of the biogeogra- 
phy and ecophysiology of Stichococcaceae and their appearance 
in melting snowfields worldwide. 

The most commonly found snow algae are typically mem- 
bers of the Chloromonadinia clade within the Volvocales (Barcyt ̇e 
et al. 2018a , Hoham and Remias 2020 ). The Chloromonadinia orig- 
inally comprised solely the genus Chloromonas based on C. retic- 
ulata (Gobi) as the type species, but further investigation led to 
the discovery of new clades, and the genera Chlainomonas (Chris- 
ten 1959 , Novis et al. 2008 ), Gloeomonas (Klebs 1886 , Nozaki et 
al. 2010 ), Ostravamonas (Hoham and Remias 2020 , Susanti et al.
2020 ), and Ixipapillifera (Nakada et al. 2016 ) are currently placed 

within the same phylogroup. Our sequence analyses show that 
ARK-S11-19 and ARK-S12-19 are identical to the type species C.
reticulata Gobi CCAP 11/110 ( = CCCryo 213–05; SAG 29.83; UTEX 

1970) placed in the Reticulata group (Matsuzaki et al. 2012 ), within 

the core Chloromonas (part of clade 1) that were suggested to be a 
true Chloromonas genus by Barcyt ̇e et al. ( 2018a ). Both isolates also 
exhibited the k e y morphological features of C. reticulata which dis- 
tinguishes them fr om thr ee closel y r elated species in the Reticulata 
clade (Matsuzaki et al. 2012 ). Whilst C. reticulata was pr e viousl y 
e v aluated as a robust cryotolerant mesophile (CCALA 970 in Lukeš
et al. 2014 was isolated from red snow and belongs to C. reticulata,
Bar c yt ̇e et al. 2018b ), it likely does not form snow-blooms, though 

it is commonly found in snow samples using culture-dependent 
tec hniques (Nov ak ovskaya et al. 2018 ). In contrast, clade 2 encom- 
passes psyc hr ophilic micr oor ganisms forming snow blooms, sup- 
ported by Sanger sequences from field-collected cells in blooms 
that are conspecific with those obtained from laboratory strains 
(Matsuzaki et al. 2019 ). Still, C. reticulata has been isolated from 
ultiple continents; CCAP 11/110 ( = CCCryo 213–05; SAG 29.83;
TEX 1970) from snow in the USA, C. reticulata SAG 32.86 from
oss in Antar ctica, CCCry o 338–08 from snow in France, SAG

6.90 a Norwegian lake and SYKOA Ch-054–11 from snow in Rus-
ia (Fig. S7). Our analysis further supports the ecological versatil-
ty and cosmopolitan distribution of C. reticulata in cold habitats,
ncluding snow in northern Norway. 

On the other hand, the 18S rRNA gene sequence designated
RK-S08-19 as Chloromonas sp. and placed it within a clade con-

aining C. augustae , yet its partial 5.8S rDNA + ITS2 rDNA + partial
8S rDNA had only one BLASTn hit to C. augustae SAG 5.73 with
ery low query cover (40%). Such low coverage of ITS2 rDNA se-
uences together with r elativ el y low similarity of the 18S rRNA
ene suggests that ARK-S08-19 may be an independent novel 
pecies. Yet, mor phologicall y, the v egetativ e cells r esemble those
f C. augustae (Skuja 1943 , Pröschold et al. 2001 ). Chloromonas
ugustae has been isolated from freshwater habitats including 
ad d y soil, swamp, and salt marsh pools (Pröschold et al. 2001 ),
hough ther e ar e no pr e vious r eports fr om melting snow. Sequenc-
ng the ITS2 rDNA of related strains and the use of additional

arkers such as rbc L genes could provide more robust species-
e v el identification, whilst ultr astructur al anal ysis may also aid
 har acterization of ARK-S08-19. 

Lastly, the genus Xanthonema comprise freshwater algae that 
ave been found in soil, snow and freshwaters from alpine, polar,
nd temperate environments (Broady et al. 1997 , Andersen 2004 ,
roady 2005 ). The most recent taxonomic assessment of Tribone-
atalean algae was based on rbc L and 18S rRNA gene sequences,
here Xanthonema clade 1 was defined as the genus Xanthonema ,
nd clade 2 and 3 were defined as new genera awaiting taxonomic
 e vision (Maistr o et al. 2009 , Rybalka et al. 2009 ). Our analyses
ho w ed that ARK-S13-19 is X. bristolianum and identical to CCALA
16, placed within Xanthonema clade 1 (Rybalka et al. 2009 ). Molec-
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lar evidence was supported by the cell and c hlor oplast mor-
hologies of ARK-S13-19, whic h r esembled that of X. bristolianum
CALA 516 as described by P asc her ( 1939 ), although we occasion-
ll y observ ed eyespots in some cells that were not mentioned in
he original description. Considering the reports of Xanthonema
n colder habitats including soil and snow (Elster et al. 1999 , Ry-
alka et al. 2009 , Schulz et al. 2016 , Bor chhar dt et al. 2017a ,b ), X.
ristolianum is pr obabl y widel y dispersed acr oss the globe, and its
bsence in snow algae communities in previous metabarcoding
tudies (Segawa et al. 2018 , Lutz et al. 2019 ) suggests that Xan-
honema is an opportunistic soil alga rather than a typical snow-
nhabiting species. 

A limitation of our methodology is that the most abundant red-
igmented cells in the snow samples may not be r eadil y cultur-
ble . Researchers ha ve reported only limited success in recover-
ng car otenoid-ric h encysted r ed sta ges into gr een, viable cultur es
e.g. Pr oc házk ová et al. 2018a ,b ). Ho w e v er, Raymond et al. ( 2022 )
ho w ed that or ange-colour ed cells r ecognized as Sanguina auran-
ia in field samples were conspecific with their isolates of green
iciliated cells that ar e c har acteristic of Volvocine algae . T heir cul-
ur es could onl y be k e pt in liquid medium, implying that related
anguina sp. and pr esumabl y similar algae causing red snow may
ave specific cultivation requirements . Similarly, Procházko vá et
l. ( 2019b ) obtained cultivable green cells, which were conspe-
ific with field collected orange cysts of Chloromonas hindakii . The
uthors allo w ed the c ysts to r ecov er and pr oduce a motile, cili-
ted cell culture in deionized water under laboratory conditions
y simulating the diurnal temperature regime of melting snow.
hloromonas hindakii has been reported to pr opa gate faster in low
utrient medium (0.6 N BBM) (CCCryo culture collection), and the
se of standard media in our study may have selected strains
hat are better adapted to high-nutrient conditions. Expanding the
ange of isolation and cultivation conditions could potentially in-
rease the number of unique strains obtained, whilst comparing
solates to whole community level metabarcode (amplicon) se-
uences from the same red snow microbiomes may help to estab-

ish the r elativ e contribution of our isolates to in-situ snow algae
ommunities. 

now-algae dispersal, community construction, 
nd physiological traits 

now algae communities in northern Europe have not been exten-
iv el y studied and until r ecentl y little was known about their dis-
ribution and how their constituent species compared with visibly
imilar red-snow microbiomes around the world. Our isolates in-
lude cosmopolitan species together with ne w, unique str ains that
r e potentiall y endemic to the region. Assuming that microbial
ispersal is not a major barrier to initial colonization, what shapes
now-algae microbiomes in different locations? Recent data im-
licate a multitude of factors driving variation in emergent com-
unities that, for example, vary with altitude in the same region

Yakimovich et al. 2020 , Stewart et al. 2021 ). T he interpla y be-
ween temper atur e, underl ying soil structur e, and snowmelt dy-
amics thus likely mediate the annual pr opa gation of alternativ e
pecies and community structures at different sites. Especially,
he growth rate of microbes is a fundamental life history trait that
etermines their ecological success, the outcome of competitive

nteractions and ultimately the composition of natural microbial
ommunities and their biogeochemical functions (Pianka 1970 ,
or odnik ov et al. 2009 , Brown et al. 2016 ). At 10 ◦C the growth rates
f our isolates varied two-fold from 0.45 to 0.86 d 

−1 . Chloromonas
eticulata ARK-S11-19 and ARK-S12-19 presented the highest spe-
ific growth rates, whilst novel Chloromonas sp. ARK-S08-19 was
 har acterized by substantiall y lo w er gro wth rates and carrying
a pacity, r eflecting acute competitiv e differ ences between related
trains. At lo w er 2 ◦C temperatures close to that of melting snow,
he growth rates of all strains except R. nivale ARK-S01-19 were
uppr essed, and differ ences between str ains wer e mor e conspic-
ous . T he higher growth rate of R. nivale strain ARK-S01-19 com-
ared with ARK-S02-19 at 2 ◦C highlights how ecotypic variation
nd selection on thermal tolerance may reshape snow algae com-
unities. Although they are the same species, the closest rela-

ive of ARK-S01-19 was isolated from Svalbard (77 ◦N), suggest-
ng that ARK-S01-19 may have acquired physiological adaptation
o lo w er temper atur es compar ed with ARK-S02-19. Chloromonas
solates ARK-S08-19, ARK-S11-19, ARK-S12-19 exhibited strong
r owth r ates (0.34–0.53 d 

−1 ) and r eac hed consistent, high cell den-
ities at 2 ◦C, supporting the widespread global distribution of this
enus in melting snow. The ephemeral and dynamic nature of
elting snowfields implies that opportunistic r -strategists with

igher growth rates, and possibly high motility, should prevail in
hese conditions. Ne v ertheless, snow and ice are multi-stress envi-
 onments c har acterized by high light, fr eeze-tha w cycles , and lim-
ted nutrients that may impose additional selectiv e constr aints on
he micr obes ca pable of surviving ther e that may explain the co-
xistence and succession of diverse species (Blagodatskaya et al.
007 , Krug et al. 2020 , Tuc ker and Br own 2022 ). Further, in-situ
r owth r ates and the recruitment of snow microbial communities
rom the soil are probably further curbed by access to light and
utrients. 

Our data show that fatty acid profiles are species and cul-
ur e a ge specific. Under standard high-nutrient conditions (Ex-
eriment 2) the Chlorophyta Raphidonema , Stichococcaceae, and
hloromonas were characterized by abundant n-3 PUFAs, predom-

nantly C18:3n-3, with increases in C18:1n-9 in the stationary
hase. C18:3n-3 is commonly found in plastidial membrane lipids
onogalactosyldiacylgel ycer ol, digalactosyldiacylgl ycer ol, sulfo-

uinov osyldiac ylgl ycer ol, and phosphatidyl-gl ycer ol (Li-Beisson
t al. 2015 ), whilst C18:1n-9 is known to accumulate in TAG un-
er growth limiting conditions in Chlorophyta (Solovchenko 2012 ,
ndeden et al. 2021 , Wan Afifudeen et al. 2021 ). C18:1n-9 has been

eported as a dominant fatty acid in many isolated snow algae
trains in N-de pri ved or stationary phase conditions, including
aphidonema and Chloromonas (Spijkerman et al. 2012 , Hulatt et al.
017 , Suzuki et al. 2019 ), as well as in field samples of red snow
omposed of Sanguina niv aloides (Pr oc házk ová et al. 2019a ) and
ther r ed, or ange, or gr een snow (Bidigar e et al. 1993 , Spijkerman
t al. 2012 , Davey et al. 2019 ). On the other hand, monospecific
now algae blooms caused by C. kaweckae (green, Procházková et
l. 2022 ), C. niv alis subsp.tatr ae, subsp. (br ownish-r ed, Pr oc házk ová
t al. 2018a ), Chloromonas krienitzii (or ange, Pr oc házk ová et al.
020 ), C. hindakii (orange, Procházková et al. 2019b ), Chlainomonas
p. (r ed, Pr oc házk ová et al. 2018b ) contained lar gel y C18:3n-3 fatty
cids rather than C18:1n-9. The fatty acid C16:4n-3 was also a
ajor feature of genus Chloromonas and secondly Raphidonema ,
hich is found exclusively in plastidal membrane monogalactor-

yldiacylgel ycer ol in Chlam ydomonas reinhardtii, and occasionall y
resent in the Trebouxiophyceae (Lang et al. 2011 ). Both Raphi-
onema strains produced moderate proportions of the long-chain
UFA C20:5n-3, which has previously been described amongst
 elated str ains fr om Sv albard (Spijkerman et al. 2012 ) and the
ntarctic (Suzuki et al. 2019 ). 
The fatty acid composition of X. bristolianum ARK-S13-19

Oc hr ophyta) differ ed substantiall y fr om that of the Chlor ophyta.
. bristolianum was c har acterized by a lar ge pr oportion of C20:5n-3
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under high-nutrient conditions, and by large amounts of C16:1n-7 
in the stationary phase . T he latter FA is not gener all y abundant in 

the Chlorophyta and has been detected only at low concentrations 
in r ed, or ange, and gr een snow algal blooms in the field (Spijker- 
man et al. 2012 , Davey et al. 2019 ). X. bristolianum was also char- 
acterized by multiple omega-4 fatty acids, including C16:2n-4 and 

C16:3n-4 which have previously been reported within the king- 
dom Chromista including the related species Tribonema ultriculo- 
sum (Chen et al. 2021 ), diatoms including Phaeodactylum tricor- 
nutum and Chaetoceros (Bacillariophyta) (Miller et al. 2014 , Qiao 
et al. 2016 ), and Isochrysis aff. galbana (Haptophyta) (Huerlimann 

et al. 2014 ). Both C16:2n-4 and C16:3n-4 ar e r eportedl y located pri- 
marily in the thylakoid membrane lipid monogalactodiacylglyc- 
erol (Remize et al. 2020 ). Ho w ever, to our kno wledge the C18:3n-4,
C18:4n-4, NMI-18:3 and NMI-18:4 fatty-acids found in ARK-S13- 
19 do not seem to have been reported in environmental samples 
nor other microalgae, and further lipidomic and genomic investi- 
gation may elucidate their biosynthetic pathways and functional 
roles. 

Lipids can provide information on the physiological status of 
snow algae communities (Lutz et al. 2015 ). Davey et al. ( 2019 ) 
sho w ed that red snow in Antarctica could be clearly distinguished 

fr om gr een sno w b y the ele v ated neutr al lipids (TAGs) in r ed snow
comm unities. TAGs ar e particularl y r ele v ant in snow-algae be- 
cause LDs are produced under stress, especially the low-nutrient 
conditions often found in water films infiltrating melting snow 

crystals (Spijkerman et al. 2012 ). The fatty acid composition of 
TAG varies between species, reflecting the availability of alterna- 
tive fatty acids and the activity of a range of acyltr ansfer ase en- 
zymes (Xin et al. 2019 ). TAG in C. reticulata ARK-S12-19 under nitro- 
gen starvation contained comparatively less saturated C16:0 fatty 
acids than related model alga C. reinhardtii , although the PUFA 

contents of C. reticulata (26%) was more comparable. PUFA-rich 

TAG has been reported in other algae and hypothesized to provide 
a reservoir for rapid reconstruction of membrane lipids, enabling 
cells to r ecov er efficientl y fr om envir onmental c hanges (Bigogno 
et al. 2002 ), although metabolic validation is needed. IFC analy- 
sis provided sensitive detection of the onset of LD development 
in C. reticulata and quantitativ el y supported neutr al lipid/TAG 

inside single cells. Because the most abundant Chlamydomon- 
adalean snow algae comprise multiple cell types, IFC-based anal- 
ysis could be further extended for r a pidl y c har acterizing cell- 
cell heterogeneity and the ecophysiology of communities in 

nature. 

Conclusion 

In this study, eight algae strains were isolated and characterized 

fr om r ed snow in northern Norway, adjacent to the Ar ctic Cir cle.
Using molecular and mor phological anal yses the isolates were 
assigned to the species R. nivale , D. epilithicus , C. reticulata , and 

X. bristolianum as well as potentially novel species belonging to 
the Stichococcaceae family and Chloromonas . Cultivation revealed 

v ariation in gr owth r ates and lipids, ecologicall y important tr aits 
that shape snow algae communities and their physiological prop- 
erties in the natural en vironment. T he accumulation of TAG in 

LDs was also observed in cosmopolitan C. reticulata , illustrating 
the ada ptiv e metabolic c hanges that snow algae under go to sur- 
vive in harsh en vironments . T he new cultures will provide further 
opportunities to explore the stress ecophysiology and molecular 
biology of snow algae in the laboratory. 
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