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Introduction: Microbial communities are important components of glacier and 
snowpack ecosystems that influence biogeochemical cycles and snow/ice melt. 
Recent environmental DNA surveys have revealed that chytrids dominate the 
fungal communities in polar and alpine snowpacks. These could be parasitic 
chytrids that infect snow algae as observed microscopically. However, the 
diversity and phylogenetic position of parasitic chytrids has not been identified 
due to difficulties in establishing their culture and subsequent DNA sequencing. 
In this study, we aimed to identify the phylogenetic positions of chytrids infecting 
the snow algae, Chloromonas spp., bloomed on snowpacks in Japan.

Methods: By linking a microscopically picked single fungal sporangium on a snow 
algal cell to a subsequent sequence of ribosomal marker genes, we identified 
three novel lineages with distinct morphologies.

Results: All the three lineages belonged to Mesochytriales, located within “Snow 
Clade 1”, a novel clade consisting of uncultured chytrids from snow-covered 
environments worldwide. Additionally, putative resting spores of chytrids attached 
to snow algal cells were observed.

Discussion: This suggests that chytrids may survive as resting stage in soil after 
snowmelt. Our study highlights the potential importance of parasitic chytrids that 
infect snow algal communities.
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1. Introduction

Seasonal snowpacks are inhabited by diverse organisms of various taxonomic groups, 
including photosynthetic primary producers (snow algae and cyanobacteria) (Takeuchi, 2001; 
Hoham and Remias, 2020) and heterotrophic microorganisms (bacteria, fungi, and micro 
invertebrates) (Yakimovich et al., 2020; Fiołka et al., 2021; Kobayashi et al., 2023). During 
snowmelt, snow algae grow on snow surfaces, which covers the surface with green or red color 
(Hoham and Duval, 2001). Colored snow is typically dominated by algae belonging to the 
phylum Chlorophyta (Procházková et al., 2019; Hoham and Remias, 2020; Nakashima et al., 
2021; Ono et al., 2021). Snow algae also accelerate snowmelt, as they can reduce the albedo of 
snow surface, resulting in increased absorption of solar radiation by snow (Lutz et al., 2016; 
Ganey et al., 2017; Hotaling et al., 2021). Several taxonomic studies have been performed on 
snow algae to elucidate their ecology (Matsuzaki et al., 2015, 2018, 2019; Segawa et al., 2018; 
Procházková et al., 2019). Some bacteria and fungi have symbiotic or parasitic relationships with 
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snow algae, and they may affect snow algal population (Terashima 
et al., 2017). Recently, some studies have attempted to characterize the 
snow algae–bacteria relationships using 16S rRNA gene amplicon 
sequencing and co-cultivation with snow algae (Terashima et al., 2017; 
Krug et al., 2020). However, few studies have focused on the snow 
algae–fungus relationship, and the taxonomic knowledge of this 
relationship is particularly poor.

Recent environmental DNA analyses have revealed that diverse 
fungi inhabit alpine snowpacks worldwide and chytrids often 
dominate fungal communities (Freeman et al., 2009; Schmidt et al., 
2012; Naff et al., 2013; Brown et al., 2015; Yakimovich et al., 2020). 
Novel clades composed mainly of environmental DNA sequences 
from snow-covered regions were identified in Chytridiomycota (Naff 
et  al., 2013). However, as these chytrid sequences were directly 
obtained from soil and snow samples and not from cultures, their 
morphology, life cycles, and ecology remain unknown.

Microscopic observations have shown that chytrids infect algae in 
alpine snowpacks and glaciers. Kol (1942) reported that a chytrid, 
morphologically identified as Rhizophidium sphaerocarpum, infects 
the glacier alga Ancylonema nordenskioldii on a glacier in Alaska. 
Additionally, chytrids infecting the snow alga Sanguina nivaloides 
(formerly known as Chlamydomonas nivalis) have been observed in 
polar and alpine snowpacks (Kobayashi and Okubo, 1954; Kol, 1968; 
Yakimovich et al., 2020; Fiołka et al., 2021; Kobayashi et al., 2023). As 
observed in lakes, these chytrids may suppress algal populations and 
affect trophic dynamics in snow ecosystems (Kagami et  al., 2007; 
Frenken et al., 2017). However, as they have not yet been cultured, 
their diversity and phylogenetic positions have not been determined.

This study aimed to determine the phylogenetic position of 
parasitic chytrids that infect snow algae. We used single-spore PCR to 
sequence uncultured chytrids in the bloom of snow alga Chloromonas 
spp. in alpine snowpacks in Japan. This method enabled us to directly 
link microscopic observations to DNA sequencing without culturing 
(Ishida et al., 2015; Kagami et al., 2021; Van den Wyngaert et al., 2022). 
This study provides the first phylogenetic evidence of parasitic chytrids 
infecting snow algae in alpine regions.

2. Materials and methods

2.1. Study site

The field study was performed on Mt. Gassan, Yamagata prefecture 
in Japan at two sites, Site A (38° 29′ N, 140° 00′ E 770 m above sea level 
(a. s. l.); Figure 1A) and Site B (38° 31′ N, 140° 00′ E 1,150 m a. s. l.; 
Figure 1B). A large amount of snow accumulates in Mount Gassan 
every winter (Kariya, 2005). At Sites A and B, green snow appeared 
from late April to mid-June (Figures 2A,C). The vegetation at the 
study site is dominated by mountain broad-leaved deciduous trees, 
including Fagus crenata shown in Figure 1A, up to an elevation of 
1,500 m a. s. l.

2.2. Sample collection

Samples were collected from green snow that appeared in May 
2021 and May 2022 at the two sites (Figures 2A,C). The 2021 samples 
were collected in 15 mL plastic tubes, stored in a box filled with snow, 

and transported to a laboratory. Some tubes were stored at −80°C for 
DNA analysis in a deep freezer (MDF-C8V1-PJ, Panasonic, Japan). 
The remaining tubes were incubated at 3°C under dim light 20 μmol 
photons m−2 s−1 and 12:12 h light:dark cycle in an incubator (SLC-
25A, Mitsubishi Electric Engineering, Japan). The incubated samples 
were observed under a light microscope (IX71, Olympus, Japan) 
every few days to identify parasitic chytrids infecting 
Chloromonas spp.

2.3. Microscopic observation

Many snow algal cells of Chloromonas spp. were present in the 
green snow at both the sites (Figures 2B,D). After calcofluor white 
fluorescent (CFW) –wheat germ agglutinin (WGA) double staining 
(Klawonn et  al., 2023), the samples were observed under a 
microscope to identify parasitic chytrids infecting Chloromonas spp. 
Green snow samples were aliquoted into 1 mL Eppendorf tubes, and 
5 μg mL−1 of CFW (Fluorescent Brightener 28, Sigma Aldrich, 
United States) and 5 μg mL−1 of WGA (Wheat Germ Agglutinin, 
Alexa Fluor™ 488 conjugate, Thermo Fisher Scientific, 
United  States) were added. CFW and WGA can be  used 
simultaneously because they have different binding target structures 
and absorb at different wavelengths, making the detection of chitin 
in fungal cell walls reliable (Klawonn et al., 2023). Photographs were 
taken using a digital camera (Advancam 305 color, Carl Zeiss, 
Germany) at differential interference contrast, blue fluorescence 
excitation (CFW), and green fluorescence excitation (WGA) on a 
fluorescence microscope (AXIO Imager. M2, Carl Zeiss, Germany). 
Based on the micrographs, the chytrids were morphologically typed 
(Figure 3). Chytrids with thick cell walls that accumulated single or 
multiple intracellular lipid globules were classified as the resting 
spore (Seto et  al., 2017). To calculate the prevalence of chytrid 

FIGURE 1

Photographs of the landscape of the sampling sites on Mt. Gassan in 
Japan. (A): Site A (770  m a. s. l.). The map shows the location of Mt. 
Gassan. (B): Site B (1150  m a. s. l.).

https://doi.org/10.3389/fmicb.2023.1201230
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Nakanishi et al. 10.3389/fmicb.2023.1201230

Frontiers in Microbiology 03 frontiersin.org

infection in algal cells, we counted the number of algal cells with and 
without chytrids in six samples collected at Site A in May 2021. More 
than 200 algal cells were counted in each sample. The prevalence of 
infection was calculated as the number of infected algal cells divided 
by the total number of algal cells counted.

2.4. Single-spore PCR

2.4.1. Microscopic observation and isolation of 
parasitic chytrids

The cryopreserved and incubated samples were used for single-
cell isolation. The cryopreserved samples were thawed at room 
temperature (approximately 20°C) before analysis. To stain the fungal 
cell wall, 5 μL of CFW was added to 1 mL of the samples. Chytrids 
infecting snow algae Chloromonas spp. were observed under an 
inverted fluorescence microscope (IX71, Olympus, Japan) and 
photographed using a digital camera (DP21, Olympus, Japan). The 
chytrid and host cells were isolated using a capillary pipette at room 
temperature. The isolated cells were washed three times with 
autoclaved deionized water to remove contamination of other fungi, 
and the cells were individually transferred into 200 μL PCR tubes with 
a small amount of deionized water.

2.4.2. DNA extraction
DNA extraction was performed using the HotSHOT method 

(Truett et al., 2000). PCR tubes containing isolated cells were filled 
with 5 μL of alkaline lysis buffer (20 mM EDTA and 0.2 mM NaOH; 
pH 12) and heat-treated in a thermal cycler (MiniAmp Plus, Thermo 

Fisher Scientific, United States) at 96°C for 10 min and 5°C for 5 min. 
Subsequently, 5 μL of neutralization buffer (40 mM Tris 
hydrochloride, pH 5) was added and stored at −80°C.

2.4.3. PCR amplification and sequencing
The extracted DNA was subjected to PCR amplification of the 

ribosomal RNA gene (rDNA) region in a thermal cycler using 
several fungus-specific primer sets (Table  1) and the DNA 
polymerase KOD FX Neo (TOYOBO, Japan). PCR was performed 
in 10 μL volume composed of 1.3 μL of sterile ultrapure water, 5 μL 
of 2× PCR Buffer for KOD FX Neo, 2 μL of dNTPs (2 mM), 0.2 μL 
of each primer (10 μM), 0.2 μL of KOD FX Neo, 0.1 μL of bovine 
serum albumin (50 mg mL−1, Wako, Japan), and 1 μL of extracted 
DNA. The thermal cycle for PCR was (1) 95°C for 5 min, (2) 
12 cycles of denaturation at 95°C for 30 s, annealing at 54–48°C for 
30 s (decrease of 0.5°C per cycle), extension at 68°C for 4 min, and 
(3) 23 cycles of 95°C for 30 s, 48°C for 30 s, and 68°C for 4 min. The 
PCR products were purified using ExoSAP-IT (Affymetrix, 
United States). Sequencing was performed using the commercial 
service of Eurofins Genomics in Japan with the sequencing primers 
listed in Table 2. Differences in the PCR success rate in isolated 
chytrids at sporangial stage and at resting spore stage were assessed 
by Fisher’s exact probability test. The statistical analysis was 
performed using R software (version 4.2.1; R Core Team, 2022).1

1 https://www.R-project.org/

FIGURE 2

(A): Green snow at Site A and (B): micrograph of the green snow at Site A. (C): Vertical section of green snow at Site B and (D): micrograph of the green 
snow at Site B. All scale bars: 20  μm.
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FIGURE 3

Micrographs of three sporangium type and resting spore of parasitic chytrids infecting Chloromonas spp. (A–C); Sp1, (D–F); Sp2, (G–I); Sp3, (J–O); 
resting spores. All scale bars are 10 μm. DIC, differential interference contrast; CFW, under blue fluorescent excitation after CFW staining; WGA, under 
green fluorescent excitation after WGA staining; rhi, rhizoids; l, lipid globules; RS, resting spore.

TABLE 1 List of primers used for PCR amplification of rDNA region of chytrids.

Genomic target Name of the primer Primer sequence (5′-3′) References

18S rDNA
NS1short CAGTAGTCATATGCTTGTC Wurzbacher et al. (2019)

AU4v2 GCCTCACTAAGCCATTC Lazarus and James (2015)

ITS1-5.8S-ITS2

ITS1-F CTTGGTCATTTAGAGGAAGTAA Gardes and Bruns (1993)

5.8S CGCTGCGTTCTTCATCG Vilgalys and Hester (1990)

ITS4 TCCTCCGCTTATTGATATGC White et al. (1990)

28S rDNA
LR0R ACCCGCTGAACTTAAGC Vilgalys and Hester (1990)

LR5 TCCTGAGGGAAACTTCG Vilgalys and Hester (1990)
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2.5. Molecular phylogenetic analysis

The sequences obtained were assembled using Chromas Pro ver. 
2.1.10 (Technelysium, Australia). The assembled sequences of 18S, ITS, 
and 28S rDNA were deposited under the accession numbers LC761280–
LC761291. BLAST searches performed using the rDNA sequences 
obtained indicated that all isolates belonged to the order Mesochytriales 
of Chytridiomycota. Therefore, we performed phylogenetic analysis of 
18S rDNA using the new sequences obtained in this study because this 
marker region is the richest in reference sequences for Mesochytriales. 
For molecular phylogenetic analysis, a dataset of 18S rDNA sequences 
from Mesochytriales, Gromochytriales, and Polyphagales was used 
(Table 3). Lobulomycetales were included as outgroups. Sequences were 
aligned using MAFFT (Katoh et al., 2019) with default parameters. 
Ambiguously aligned sequences were trimmed using trimAl (Capella-
Gutiérrez et  al., 2009). Molecular phylogenetic analysis using the 
maximum likelihood method was performed using the IQ-TREE online 
server (Trifinopoulos et al., 2016).

3. Results

3.1. Observation of parasitic chytrids 
infecting snow algae

The green snow samples collected in this study revealed the 
presence of chytrids at the sporangial stage and putative resting spores 
attached to the surface of vegetative cells of Chloromonas spp. 
(Figure 3). Chytrids at the sporangial stage were further categorized 
into three types based on their shape (Figure 3). Sporangium type 1 
(Sp1) was egg shaped with a rounded swollen rhizoid (Figures 3A–C). 
Sporangium type 2 (Sp2) was ellipsoidal and had rod-shaped rhizoids 
(Figures 3D–F). Sporangium type 3 (Sp3) was immersed in host cells 
and had a rod-shaped rhizoid structure (Figures 3G–I). Putative resting 
spores of chytrids were clearly visible with thick cell walls and single or 
multiple large lipid globules (Figures 3J–O). Based on the observations 
of six green snow samples, the average prevalence of chytrid infection 
in the total vegetative algal cells observed was calculated to be 5.34%.

3.2. Single-spore PCR

In total, 79 chytrid cells were isolated from the snow algal hosts, 
of which 57 cells could be categorized into the three aforementioned 
sporangial stages: Sp1 (n = 11), Sp2 (n = 37), and Sp3 (n = 4). The other 
five sporangial cells could not be  assigned to any sporangial type 
because they were immature small sporangia. We also isolated 22 cells 
from the putative resting spore stage of parasitic chytrids 
(Supplementary Table S1).

Single-spore PCR was performed using the 72 cells, and at least 
one of the three rDNA regions was successfully amplified in 33 cells 
(Supplementary Table S1). Chytrids at the resting spore stage had a 
significantly lower PCR success rate than those at the sporangial 
stage (value of p = 2.135 x 10–5, Supplementary Table S1).

Sanger sequencing was used to determine the partial or 
assembled sequences of rDNA regions of the 32 chytrid cells. 
Eleven cells were sequenced for their 18S rDNA regions. Four cells 
were Sp1, five were Sp2, and two were Sp3 (Supplementary Table S1). 
The sequences differed between the types but were identical 
within types.

3.3. Molecular phylogenetic analysis

Our molecular phylogenetic analysis showed that the 11 
isolated cells of parasitic chytrids infecting snow algae clustered 
into three novel lineages (Sp1, Sp2, and Sp3) in Mesochytriales 
(Figure  4). They were included in Snow Clade 1 consisting of 
sequences from alpine snow-related environments located 
worldwide that are deeply divergent from the clade containing the 
known species Mesochytrium penetrans. Sp1 is a sister group of 
clades composed of environmental sequences obtained from lakes 
in Switzerland fed by abundant snow meltwater, river water from 
southwestern Alberta, Canada, and talus snows from the Rocky 
Mountains in Colorado, United States. Sp2 is closely related to the 
environmental sequences from glaciers on the summit of Mt. 
Kilimanjaro, Tanzania. Sp3 formed an independent clade that was 
divergent from the clade containing Sp1 and Sp2.

TABLE 2 List of primers used for sanger sequencing, which Snow1-F and Snow2-R are primers newly applied in this study.

Genomic target Name of the primer Primer sequence (5′-3′) References

18S rDNA NS1short CAGTAGTCATATGCTTGTC Wurzbacher et al. (2019)

Snow1-F TTTTCGGAACCGAGGTAATG This paper

Snow2-R GGTTCCGAAAACCAACAGAA This paper

NS4 CTTCCGTCAATTCCTTTAAG White et al. (1990)

NS8z TCCGCAGGTTCACCTACG O’Donnell et al. (1998)

AU4v2 GCCTCACTAAGCCATTC Lazarus and James (2015)

ITS1-5.8S-ITS2 ITS1-F CTTGGTCATTTAGAGGAAGTAA Gardes and Bruns (1993)

5.8S CGCTGCGTTCTTCATCG Vilgalys and Hester (1990)

ITS4 TCCTCCGCTTATTGATATGC White et al. (1990)

28S rDNA LR0R ACCCGCTGAACTTAAGC Vilgalys and Hester (1990)

LR5 TCCTGAGGGAAACTTCG Vilgalys and Hester (1990)
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4. Discussion

This study successfully identified the phylogenetic position of 
three novel parasitic chytrids that infect snow algae in Japan. 
Mesochytriales, to which the three novel lineages belong, includes 
only one described species, Mesochytrium penetrans, which infected 

the green alga Chlorococcum minutum, isolated from a pond in Russia 
(Gromov et al., 2000; Karpov et al., 2010, 2014). Mesochytriales is one 
of the most understudied orders in the phylum Chytridiomycota and 
comprises many environmental DNA sequences (Karpov et al., 2014). 
Particularly, a group of environmental DNA sequences detected only 
in snow-related environments has been reported as Snow Clade 1 

TABLE 3 List of known species and environmental DNA sequences belonging to Mesochytriales, Gromochytriales, Polyphagales, and Lobulomycetales 
used in the molecular phylogenetic tree (Figure 4).

Name GenBank 
accession no. 
(18S rDNA)

Habitat/Geographic 
location

Charactarization/Season References

Mesochytrium penetrans CALU x-10 FJ804149 Lake water, Finland Parasitic on green alga Chlorococcum 

minutum

Karpov et al. (2010)

Gromochytrium mamkaevae CALU 

x-51

KF586842 Ditch near town Kirovsk, Russia Parasitic on yellow-green alga Tribonama 

gayanum

Karpov et al. (2014)

Apiochytrium granulosporium x-124 MK179157 Pond water, Russia Parasitic on yellow-green alga Tribonama 

gayanum

Karpov et al. (2019)

Lobulomyces angularis JEL45 AF164253 Sphagnum from acidic lake, 

United States

Saprophytic or parasitic Simmons et al. (2009)

Clydaea vesicula JEL0476 MT730721 Soil under Eucalyptus trees, 

United States

Saprophytic or parasitic Simmons et al. (2009)

Maunachytrium kenaense AF021 EF432822 Alpine barren soil, United States Saprophytic or parasitic Simmons et al. (2009)

Polyphagus parasiticus Pp KX449337 Pond water, Russia Parasitic on yellow-green alga Tribonama 

gayanum

Karpov et al. (2016)

Endocoenobium endorinae SVdW-

EUD1

MG605053 Lake Stechlin, Germany Parasitic on Colonial Volvocacean Algae Van den Wyngaert 

et al. (2018)

uncultured WS 10-E02, WS 10-E15 AJ867629, AJ867631 Lake Joeri XIII inflow of melt 

water, Switzerland

- Unpublished data

Uncultured Spring_37 JX069054 River site, Southern Alberta, 

Canada

Spring Thomas et al. (2012)

Uncultured T2P1AeB05, 

T2P1AeF04, T3P1AeC03, 

T5P2AeC07

GQ995415, GQ995412, 

GQ995413, GQ995414

High-elevation soil not far from ice 

and snow

July–October Freeman et al. (2009)

Uncultured T31a_23, T31b_01 KC561971, KC561972 Rocky Mountain talus snow, 

Colorado, United States

July–August Naff et al. (2013)

Uncultured E109_01C KC561936 High mountain snow, Nepal October Naff et al. (2013)

Uncultured R11a_04 KC561955 Rocky Mountain talus snow, 

Colorado, United States

July–August Naff et al. (2013)

Uncultured Clones from a lake in 

China

JX426910 Freshwater lake, China - Unpublished data

Uncultured PFF5SP2005, 

PFD6SP2005, PFA12SP2005

EU162641, EU162637, 

EU162643

Oligo-mesotrophic mountain Lake 

Pavin, France

May–June Lefèvre et al. (2008)

Uncultured Pa2007C10 JQ689425 Oligo-mesotrophic mountain Lake 

Pavin, France

April Jobard et al. (2012)

Uncultured Kili_01H_N5 KX771763 Glacier ice on Mt. Kilimanjaro, 

Tanzania

January Unpublished data

Uncultured kor_110904_17 FJ157331 Lake Koronia water, Greece November Genitsaris et al. 

(2009)

Uncultured NKS146 JX296576 Hyposaline soda lake Nakuru, 

Kenya

November Luo et al. (2013)

Uncultured FV23_1H5 DQ310332 Super-sulfidic anoxic fjord water, 

Norway

May Behnke et al. (2006)
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(Naff et al., 2013). It has been hypothesized that chytrids belonging to 
Snow Clade 1 spend at least a part of their life in snow and use either 
abundant snow algae or pollen as the nutritional resource (Naff et al., 
2013). In this study, 11 chytrid cells infecting the snow algae 
Chloromonas spp. were found within Snow Clade 1 as independent 
lineages. This and earlier sequencing data suggest that chytrids 
infecting snow algae are phylogenetically diverse and present in 
various regions of the world. Furthermore, it can be assumed that the 
lineage composed of snow-derived environmental DNA sequences 
within Snow Clade 1 are parasitic chytrids infecting snow algae.

Our three species were morphologically distinguished from the 
previously described species, Chytridium (Chy.) neochlamydococci, 
parasitic chytrid of the snow alga Chlamydomonas (Chla.) nivalis 
(=Sanguina nivaloides) (Kobayashi and Okubo, 1954). Chytridium 
neochlamydococci formed epibiotic and citriform sporangia of 
8–10 μm in length, and rhizoids with 2–3 branches from the base, 
which was originally found from the snow at Ozegahara Moor in 
Japan (Kobayashi and Okubo, 1954). Contrary to Chy. 
neochlamydococci, our Sp3 uniquely had sporangia partially embedded 
in the host cell. The Sp1 and Sp2 differed in other aspects; (i) the Sp1 

had egg-shaped sporangia, (ii) the Sp2 had ellipsoidal and larger 
(10–15 μm in length), (iii) both our species had swollen or rod-shaped 
rhizoids without branches. The other described chytrid, Chy. f. 
cryophile (Kol, 1968), a parasite of Chla. nivalis, was not comparable 
due to the lack of morphological descriptions. Since the host of the 
chytrid was different from the hosts of our three lineages Chloromonas 
spp., they were probably different species.

Although parasitic chytrids generally reproduce under aquatic 
conditions, there are sequences in Snow Clade 1 that have been 
abundantly detected in soils after the disappearance of snow cover 
(Freeman et al., 2009). These sequences may have been derived from 
chytrids in their resting spore stage. In this study, a putative resting-
spore stage of chytrids was identified in a snowpack. They were 
positive for CFW–WGA double staining and had typical structures of 
resting spores, thick cell walls, and large lipid globules accumulated 
within the cells, allowing them to survive in soils exposed to high 
temperatures and desiccation after snowmelt. Likewise, snow algae 
commonly encyst to form persistent resting spores and adhere to the 
soil upon melting of the snowpack (Hoham and Duval, 2001; Řezanka 
et al., 2008; Remias et al., 2010). The resting spores are believed to 

FIGURE 4

Maximum likelihood molecular phylogenetic tree showing the phylogenetic position of chytrid species belonging to Polyphagales, Gromochytriales, 
Mesochytriales, and Lobulomycetales using 18S rDNA. Lobulomycetales is the outgroup. Bold letters indicate samples detected in this study. Yellow 
shading indicates Snow Clade 1 proposed by Naff et al. (2013). Numbers above branches indicate values computed with UFBoot and only UFBoot 
≥70% is indicated. Nodes supported by the SH-aLRT ≥95% are highlighted with a bold line. Genbank accession numbers for other sequences used in 
the phylogenetic analysis, as well as information on the source of isolation (culture strain) and detection point (environmental DNA sequence) are listed 
in Table 3.
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germinate at the snow-soil interface during the next snowmelt season, 
swim up to the snow surface, and reproduce (Hoham and Duval, 2001; 
Hoham and Remias, 2020). This strategy allows them to survive even 
at unsuitable reproduction times.

Based on these results, we hypothesized that parasitic chytrids 
infecting snow algae begin to grow after germination of the resting 
spores of chytrids during the snowmelt season, reproduce for a limited 
period, and then, rest in soil. Parasitic chytrids that infect algae in 
lakes are believed to form resting spores at the end of algal blooms, 
allowing them to survive in the absence of their hosts (Van Donk and 
Ringelberg, 1983). Germination of the resting spores of parasitic 
chytrids is also observed in several species within the genus 
Synchytrium, which infect cucurbitaceous plants. These resting spores 
germinate when they are exposed to high temperatures and moisture 
for more than a certain period of time (Raghavendra Rao and Pavgi, 
1979). Further studies on parasitic chytrids infecting snow algae are 
needed to understand their life histories and influence on 
algal populations.

No phylogenetic information on the resting spores of chytrids was 
found in this study because single-spore PCR and sequencing were 
unsuccessful for all 22 cells. Resting spores of chytrids form a thick cell 
wall, and the dissolution of cell wall using the HotSHOT method may 
be insufficient. Additionally, as there is only one nucleus in resting 
spores, the amount of DNA is significantly lower than that in chytrids 
at the sporangial stage, which contain multiple nuclei. To unify the 
sporangial and resting spore stages in the same lineage, it is necessary 
to establish a two-member culture system with the host, and induce 
this in experiments. This will allow us to determine the consistent life 
histories of parasitic chytrids that infect snow algae. Furthermore, 
genome sequencing of cultured strains may provide genetic insights 
into the evolutionary history of chytrid adaptation to 
snow environments.

To the best of our knowledge, this study provides the first 
phylogenetic evidence of parasitic chytrids infecting snow algae in 
alpine regions. Identification using culture-independent single-spore 
PCR provided insights into the detailed diversity of these chytrids. 
However, we could not assess the impact of chytrids on the population 
dynamics of snow algae and snowpack ecosystems. In this study, the 
prevalence of chytrid infection in the vegetative cells of Chloromonas 
spp. in green snow samples was 5.34%. This low prevalence does not 
necessarily indicate a low impact of chytrids on algal dynamics. In 
lakes, chytrids significantly suppress algal populations, but prevalence 
of infection was not always high. There is often a time lag between the 
spread of chytrids infecting algae in the lake and peak algal bloom 
(Gsell et al., 2013). Spatial variation in the prevalence of infection 
could be significant, as reported for a glacier in which more glacial 
algal cells were infected by chytrids in water-filled holes on the glacier 
(cryoconite holes) than those on the ice surface (Kobayashi et al., 
2023). In alpine snowpacks, the increased water content of snow may 
also spread chytrids that infect snow algae. Since the beginning of the 
21st century, alpine snow cover has been declining globally due to 
climate change (Hock et al., 2019). Changes in snowfall level due to 
global warming have been reported in the high mountainous areas of 
Japan (Kawase et al., 2020). Therefore, in these areas, chytrids infecting 
snow algae may have increased prevalence and inhibit the albedo-
decreasing effects of snow algae.

Our findings highlight the importance of parasitic chytrids that 
infect snow algae in various regions of the world. Further studies 

warranted to understand the impact of chytrid infection on snow algal 
dynamics and predict how their dynamics will be  affected by 
climate change.
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