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 Snow algae are predicted to expand in polar regions due to climate warming, which can

accelerate snowmelt by reducing albedo. Green snow frequently occurs near penguin
colonies, and red snow distributes widely along ocean shores. However, the mechanisms
underpinning the assemblage of algae and heterotrophs in colored snow remain poorly characterized.
 We investigated algal, bacterial, and fungal communities and their interactions in red and
green snows in the Antarctic Peninsula using a high-throughput sequencing method.
 We found distinct algal community structure in red and green snows, and the relative abundance of dominant taxa varied, potentially due to nutrient status differences. Contrastingly,
red and green snows exhibited similar heterotrophic communities (bacteria and fungi),
whereas the relative abundance of fungal pathogens was substantially higher in red snow by
3.8-fold. Red snow exhibited a higher network complexity, indicated by a higher number of
nodes and edges. Red snow exhibited a higher proportion of negative correlations among
heterotrophs (62.2% vs 3.4%) and stronger network stability, suggesting the red-snow network is more resistant to external disturbance.
 Our study revealed that the red snow microbiome exhibits a more stable microbial network
than the green snow microbiome.

Introduction
Climate warming is predicted to accelerate snow algae expansion
and seasonal blooming in polar and alpine regions. Snow algae
play key roles in nutrient and carbon (C) cycling and are particularly crucial for the nutrient-limited Antarctic ecosystems (Lutz
et al., 2014; Gray et al., 2020). They cause noticeable green and
red patches below and on snow surfaces (Gray et al., 2020),
which reduce snow albedo by 13% and enhance the snowmelt
rate (Lutz et al., 2014, 2016; Ganey et al., 2017; Davey et al.,
2019). Owing to the ecological importance of snow algae in
nutrient cycling and snowmelt, it is crucial to understand the
mechanisms of algal blooming and their feedback to climate
change.
The snow algae in the Antarctic and Arctic are predominately
affiliated with Chlorophyta. Some Chlorophyta species can adjust
their pigmentation from predominantly Chls (‘green snow’) to
carotenoids (‘red snow’) as part of their life cycle or to protect
from high solar irradiation (Remias et al., 2005). However, it is
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still unknown whether all green snow undergoes a transition to
red snow or whether red and green snows represent two independent phenomena with distinct microbiomes (Lutz et al., 2015).
Nevertheless, most studies have reported distinct algal communities in red and green snows in Antarctica. For instance, red snow
is commonly associated with the genera Chloromonas and Sanguina and the class Trehouxiophyceae. By contrast, green snow is
associated with the genera Chloromonas, Chlamydomonas, and
Chlorella (Davey et al., 2019; Luo et al., 2020). As primary producers, snow algae can support a wide range of heterotrophs,
including bacteria and fungi (Hamilton & Havig, 2017). Previous studies have revealed that Chytridiomycota and Basidiomycota dominate the fungal community, whereas Proteobacteria
and Bacteroidetes are the dominant bacterial phyla in colored
snow (Fujii et al., 2010; Davey et al., 2019; Luo et al., 2020).
However, it is still elusive as to how primary producers (algae)
and heterotrophs (bacteria and fungi) are structured and interact
in red and green snows and how these interactions mediate their
responses to climate change.
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The distinct compositions of primary producers in red and
green snows may alter the interactions between algae and
heterotrophs and among heterotrophs, which may subsequentially
impact the stability and resistance of red snow and green snow
microbiomes to environmental disturbance (Yuan et al., 2021). A
recent study on the colored snows in the Alps suggests that nutrient limitation can enhance inter-kingdom association between
siderophores-producing bacteria and autotrophic algae (Krug
et al., 2020). Thus, nutrients and resources could be a key factor
mediating the microbiome interactions within the red and green
snows in the nutrient-limited Antarctic. Early studies have revealed
that penguin colonies and nesting sites are hot spots for nutrients
(e.g. nitrogen (N) and phosphate), which can facilitate the expansion of green-snow algae (Gray et al., 2020). By contrast, red snow
is typically located remotely from penguin colonies, thereby representing a nutrient-limited environment (Fujii et al., 2010; Remias
et al., 2013b; Luo et al., 2020). Therefore, investigating the microbial composition and interactions can provide a clue to how red
snow and green snow microbiomes are established and speculate
on how they will respond to climate change.
In this study, we investigated the microbial diversity, community structure, and inter-kingdom interactions across

(a)

geographically isolated islands surrounding the Antarctic Peninsula (Fig. 1). We aimed to understand the following: first, the distribution and taxonomy of algae and the associated heterotrophs
(bacteria and fungi) in the red and green snows of the Antarctic
Peninsula coastal regions; second, the microbial interactions in
the red and green snows using co-occurrence analysis; and third,
the mechanisms underpinning the assemblage of the microbiome
in red and green snows.

Materials and Methods
Snow sampling
Red, green, and white snow samples (0–15 cm) were collected
using a sterile spatula across the Sanaviron Peninsula (64.9°S,
62.9°W), Cuverville Island (64.7°S, 62.6°W), Wiencke Island
(64.8°S, 63.5°W), Useful Island (64.7°S, 62.9°W), and King
George Island (62.2°S, 59.0°W) during February 2019. White
snow was collected at least 500 m from the coast, green snow was
typically collected near penguin colonies (< 200 m radius), and
red snow was collected from locations with no current penguin
activity or distant from the colonies. We did not observe any red

(b)
(c)

(d)

(e)

Fig. 1 Map showing the snow sampling locations in the Antarctic Peninsula. (a) The sampling locations across the Antarctic Peninsula; (b) the zoomed
sampling locations. Red, green, and white snow sample numbers from each site are labelled. Representative photographs are for (c, d) green snow and
(e) red snow samples collected in the study.
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snow near penguin colonies, nor any green snow away from the
penguin colonies for the areas we travelled. On the same day of
collection, c. 100 ml of the snowmelt was filtered onto a 47 mm
diameter sterile mixed cellulose esters membrane (Millipore;
0.22 lm pore size), and the membrane was stored at 80°C until
DNA extraction. Owing to logistic issues, the filtrate was discarded.
DNA extraction, amplicon sequencing, and data processing
Half of the membrane was cut into pieces and used for DNA
extraction. The cells were disrupted by freezing and thawing
twice, and the total DNA was extracted using the FastDNA®
SPIN Kit for Soil (MP Biomedical, Santa Ana, CA, USA) following the manufacturer’s instructions (Yue et al., 2019; Khan et al.,
2020). The purity and concentration of the extracted DNA were
estimated using a Nanodrop® ND-2000 ultraviolet (UV)–visible
spectrophotometer (NanoDrop Technologies Inc., Wilmington,
DE, USA). The V9 hyper-variable region of the eukaryotic
sequences was amplified using the primers 1391f (50 -GTACA
CACCGCCCGTC-30 ) and EukBR (50 -TGATCCTTCTGCA
GGTTCACCTAC-30 ) (Amaral-Zettler et al., 2009; Stoeck et al.,
2010). The V4 hyper-variable region of the bacterial and archaeal
sequences was amplified using the primers 515F (50 -GTGCC
AGCMGCCGCGGTAA-30 ) (Apprill et al., 2015) and 806R
(50 -GGACTACNVGGGTWTCTAAT-30 ) (Parada et al., 2016).
The ITS2 region of the fungal sequences was amplified using the
primers fITS7 (GTGAATCATCGAATCTTTG) (Ihrmark et al.,
2012) and ITS4 (50 -TCCTCCGCTTATTGATATGC-30 )
(White et al., 1990). Separate fungal sequencing was performed
as the primers 1391f and EukBR have been reported to have a
relative low coverage for fungi (Kounosu et al., 2019). Target
PCR products were then sequenced on an Illumina HiSeq 2500
sequencer (PE 250) at the Magigene Biotechnology Co. Ltd
(Guangzhou, China). DNA samples for the white snow were
combined and sequenced, since the five white snow samples collected exhibited very low DNA concentrations and failed to
amplify the target gene products.
The sequencing reads were processed using the UNOISE
pipeline (Edgar, 2016). Paired-end reads were merged and quality screened with default settings, and primer sequences were
removed. To improve fungal identification and remove amplified
nonfungal sequences, the fungal ITS2 gene was extracted from
the ITS2 data set using the ITSx algorithm (Bengtsson-Palme
et al., 2013). Thereafter, amplicon sequence variants (ASVs) were
identified using the UNOISE2 algorithm. The sequences were classified using the Bayesian classifier against the Silva database (release 128, for prokaryotic 18S and eukaryotic 18S rRNA genes)
or UNITE (v.04.02.2020, for fungal ITS2 gene). For eukaryotic
18S rRNA gene sequences, only photosynthetic algae were
retained (i.e. Chlorophyta, Rhodophyta, Streptophyta, Orchrophyta and Bacillariophyta). The samples were randomly subsampled without replacement to an equal depth of 79 646 for
bacteria, 11 110 for algae, and 27 485 for fungi. The white snow
only generated approximate 1000 algal reads; and since the white
snow sample was a composite sample and lacked duplicates, it
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was used as a baseline measurement for microbial diversity but
not used to compare with microbial communities in red and
green snows statistically.
Taxonomic annotation of algal sequences
Owing to the unreliability of taxonomic annotation based on
short amplicon sequences at lower taxonomic levels (i.e. genus or
species) (Edgar, 2018), the algal sequences were further classified
using the maximum likelihood and posterior probability phylogenetic placement. Near full-length 18S rRNA gene sequences
for algae were downloaded from THESES db (Marin Rodrigues
et al., 2017), additional references sequences were downloaded
from the National Center for Biotechnology Information
(NCBI) nucleotide data set based on the BLAST search results of
the recovered dominant algal ASV sequences (relative abundance
> 1%). The reference sequences were aligned using the SINA
aligner (Pruesse et al., 2012), and a reference phylogenetic tree
was built using the RAXML with the GTR model (Stamatakis,
2014), and the phylogenetic position of the short ASV reads was
estimated using PPLACER (Matsen et al., 2010).
Potential pathogen identification
Potential bacterial and fungal pathogens were detected as previously described (Li et al., 2019; Delgado-Baquerizo et al., 2020).
For bacteria, known animal, fish, and bird pathogens were
retrieved from the infectious disease database (Taylor et al., 2001;
Wardeh et al., 2015). Thereafter, their corresponding 16S rRNA
gene sequences were downloaded from the Silva databases (release 128). These downloaded sequences were compared with the
bacterial ASV sequences obtained in the present study using the
BLAST+ algorithm (Camacho et al., 2009). A potential pathogen
was identified at the ASV sequence identity of 100%. Fungal
pathogens were identified using the FUNGUILD (Nguyen et al.,
2015), which annotated fungal ASVs by trophic mode into
pathotroph, saprotroph, and symbiotroph, and only the ‘highly
probable’ and ‘probable’ confidence rankings with the guild type
of animal pathogen were retained.
Statistical analysis
The Shannon diversity, richness (number of ASVs), and evenness
indices were calculated from the rarefied ASV table using PRIMERE v.6 (Clarke & Warwick, 2006). Sequences were aligned using
the align.seqs command in MOTHUR (Schloss et al., 2009), and
phylogenetic trees were built using FASTTREE (Price et al., 2010).
Faith’s phylogenetic diversity index was calculated using the PICANTE package in the R environment (Kembel et al., 2010). The
alpha diversity indices (Shannon diversity, phylogenetic diversity,
richness, and evenness) in the red and green snows were compared using one-way ANOVA using SPSS STATISTICS (v.22.0;
IBM Corp., Armonk, NY, USA). The community structure differences between samples were calculated using both the
abundance-weighted (Hellinger-transformed Bray–Curtis distance) and abundance-unweighted (Sorensen distance) matrices,
New Phytologist (2021)
www.newphytologist.com

New
Phytologist

4 Research

and the results were visualized using a nonmetric multidimensional scaling ordination plot. Permutational ANOVA
(PERMANOVA) was used to test the significance of snow color
and sampling location influences (Legendre & Anderson, 1999)
using PRIMER-E v.6 (Clarke & Warwick, 2006).
Network analysis
Microbial interactions were inferred using the co-occurrence network analysis. CONET (Faust & Raes, 2016) was used to construct co-occurrence networks for the algal, bacterial, and fungal
sequences (relative abundance > 0.1%) in the red and green
snows. The distribution of all pairwise scores was computed for
each of five similarity measures (Kullback–Leibler and Bray–Curtis dissimilarities, Pearson and Spearman correlations, and
mutual information), and the top 1000 positive and 1000 negative edges supported by all five measures were retained initially.
Random edges were then identified using the permutation
method. Specifically, 500 permutations (with renormalization for
correlation measures) and bootstrap scores were generated for
each measurement and edge, following the REBOOT routine. The
measure-specific P-value was then computed, and then measurespecific P-values were merged using Brown’s method. After
applying Benjamini–Hochberg’s false discovery rate correction,
edges with merged P-values < 0.05 were kept. Any edge for which
the five measures did not agree on the interaction type (i.e. positive or negative) or whose initial interaction type contradicted the
interaction type determined with the P-value was also discarded.
Edges with scores outside the 95% confidence interval defined by
the bootstrap distribution or not supported by all five measures
were also discarded. Network topologies (such as the node degree,
clustering coefficient, connectivity, and modularity) were calculated in the R environment (http://www.r-project.org) using the
IGRAPH (Csardi & Nepusz, 2006) and the GGRAPH (https://cran.rproject.org/web/packages/ggraph/index.html) packages. The
robustness of the red-snow and green-snow networks was tested
using the NETSWAN package (https://cran.r-project.org/web/
packages/NetSwan/index.html) in the R environment. The network robustness was measured by the loss in network connectivity
under four different node removal scenarios: random removal,
removal by decreasing order of degree, betweenness, and under
cascading scenario. The network was visualized using the
CYTOSCAPE (v.3.7.2) (Shannon et al., 2003), with the nodes colored by taxonomy, the edges colored by interaction type (copresence or exclusion), and the node size is proportional to node
degree. The network was drawn using the Fruchterman–Reingold
algorithm using the ALLEGROLAYOUT app in CYTOSCAPE.

Results
Microbial diversity and community structure in Antarctic
snow
Algal community The algal community comprised 117 ASVs,
and the alpha diversity indices (richness, evenness, Shannon
diversity, and phylogenetic diversity) were not significantly
New Phytologist (2021)
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different between the red and green snows (Supporting Information Fig. S1; Table S1). There were 9% and 45% of the total algal
ASVs unique to the red snow and green snow, respectively,
whereas 46% of ASVs were found in both red and green snows
(Fig. 2a). These shared ASVs accounted for nearly 100% of the
algal communities in relative abundance in both red and green
snows (Fig. 2b). Among the ASVs detected, 14 were dominant
with a relative abundance > 1%, accounting for over 95% in relative abundance in both red and green snow samples (Fig. S2).
Furthermore, each snow sample was typically dominated by
fewer than four ASVs. The algal community from the white snow
was examined in the unrarefied data; there were 39 algal ASVs
identified, and none of them was unique to the white snow but
were shared with red and/or green snow (Fig. S3). Furthermore,
all 14 dominant ASVs were also identified in white snow
(Fig. S2). The abundance-weighted (Bray–Curtis-distance-based)
algal community structure differed significantly in the red and
green snows (Fig. 2c, PERMANOVA, P = 0.002; Table S2), but
the location effect was not significant (P = 0.056). Contrastingly,
the abundance-unweighted (Sorensen-distance-based) community structure exhibited no significant difference, neither by snow
color nor by the location (P = 0.197 and 0.052, respectively).
Bacterial and fungal communities Alpha-diversity indices for
both bacteria and fungi did not demonstrate significant differences between the red and green snows. Green snow harbored a
higher number of unique bacterial ASVs (41%), whereas only
11% were commonly shared in all snow types (red, green, and
white; Fig. 2d). However, these shared ASVs accounted for 73%,
55%, and 95% of the bacterial community in red snow, green
snow, and white snow, respectively (Fig. 2e). Those ASVs shared
by both red and green snows (but not in the white snow)
accounted for an additional 25% and 35% of their communities,
respectively. The fungal communities exhibited a similar pattern,
but the number of unique ASVs in the red snow was higher than
in the green snow (Fig. 2g), and the majority of the community
was dominated by the shared ASVs (over 90%), similar to that
observed in the algal community (Fig. 2h). The abundanceweighted community structure of both bacteria and fungi was
not significantly different between red and green snow (P = 0.054
and 0.053, respectively; Fig. 2f,i; Table S2) but was significantly
different by the location effect (both P = 0.001).
Taxonomic composition in Antarctic snow
The algal communities of both red and green snows were dominated by Chlorophyta, and their relative abundance was significantly higher in red snow than in green snow (P = 0.029; Figs 3a,
S4; Table S3). The green snow exhibited a higher relative abundance of stramenopiles (32.5% of the community, P = 0.041),
which were nearly absent in red snow. Seven out of nine green
snow samples were dominated by a single ASV (ASV1, Fig. S2),
which was most closely related to a novel species in a novel genus
(Chlorominima collina) with a sequence identity of 100%. The
other two green snow samples were dominated by Chloromonas
krienitzii-like ASV (94.6% identity to C. krienitzii, MW136658)
Ó 2021 The Authors
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(i)

Fig. 2 Characteristic of the algal, bacterial, and fungal communities. (a, d, g) The number of shared and unique amplicon sequence variants and (b, e, h)
their corresponding relative abundance. (c, f, i) Abundance-weighted community structure variations using nonmetric multidimensional scaling (NMDS)
ordination plots.

and Hydrurus foetidus-like ASV (95.9% identity, FM955256).
Red snow samples were dominated by ASVs related to
Chloromonas fukushimae, Chlamydomonas nivalis, Sanguina
Ó 2021 The Authors
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aurantia, and Sanguina nivaloides. These ASVs were also present
in the green snow, but at much lower relative abundances
(Figs 3b, S2). Bacterial communities in the red, green, and white
New Phytologist (2021)
www.newphytologist.com

New
Phytologist

6 Research

(a)

(b)

(c)

Fig. 3 Taxonomic compositions of algal, bacterial, and fungal communities. The relative abundance of lineages at the phylum level for the (a) algal,
(b) bacterial, and (c) fungal communities. Error bars represent SD. R, red snow; G, green snow; W, white snow.

snow samples were dominated by Gammaproteobacteria and
Bacteroidetes (Fig. 3b). Fungal communities in the red, green,
and white snows were consistently dominated by Basidiomycota,
whereas Ascomycota and unknown fungi were less abundant
(Fig. 3c). Furthermore, the green snow exhibited a significantly
higher relative abundance of Chytridiomycota than the red snow
did (P = 0.008).
Among these bacterial and fungal lineages, potential pathogens
were identified using the infectious disease database and
FUNGUILD. A total of 15 bacterial ASVs were identified to be
potential pathogens for fish, mammal or bird (Table S4), 47% of
which were observed in all red, green and white snows; an additional 40% were observed in red and green snows (but not white
snow), and only 14% were identified in only one snow type
(Fig. S5a). The potential pathogens accounted for 0.4% of the
bacterial reads retrieved across all snow samples, and their relative
abundance was similar in red (0.43%) and green snow (0.36%,
one-way ANOVA, P = 0.618; Fig. S5b). Furthermore, 0.53% of
the bacterial reads in white snow were classified as potential
pathogens, and they were classified as Gammaproteobacteria and
Firmicutes.
For fungi, 57 potential pathogens were identified (Table S5),
25% of which were identified in all snow types, and an additional
32% were identified in red and green snows (but not in white
snow). Furthermore, 28%, 9%, and 4% of the potential
pathogens were only identified in red snow, green snow and
white snow, respectively (Fig. S5c). The potential fungal
pathogens accounted for 2.4% of the total fungal reads. The relative abundance of potential fungal pathogens was significantly
higher in red (3.6%) than in green snow (0.7%) by 3.8-fold
(P = 0.026; Fig. S5d), suggesting that red snow may possess a
higher health risk to marine animals and birds. In comparison,
only 0.47% of the fungal reads in white snow were predicted to
be potential pathogens, which is similar to some green snow but
lower than red snow (Table S5).
New Phytologist (2021)
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Microbiome co-occurrence network in red and green
snows
The co-occurrence network of algae, bacteria, and fungi comprised a higher number of nodes (n = 692) in red snow than in
green snow (n = 504; Fig. 4; Table S6). This was mainly due to
the increased fungal and bacterial nodes in the network, which
were, respectively, 2-fold and 0.3-fold higher in red snow than in
green snow. The network edge (association) number of the red
snow microbiome was approximately twice that in green snow,
and the red snow exhibited a substantially higher proportion of
negative edge (62.2% vs 3.4%). In particular, the negative edges
dominantly occurred between bacterial and fungal nodes and
between bacterial and bacterial nodes.
The red snow microbiome exhibited a much more complicated network topology than green snow, with a higher degree
per node and higher connectivity (Table S6). A total of 22
and 49 modules were identified in red-snow and green-snow
networks, respectively. Despite a higher module number, most
of the modules in the green-snow network comprised only
two or three nodes, which led the nodes per module in green
snow to be significantly lower than those in red snow (10.3 vs
31.5, one-way ANOVA P < 0.001). The red-snow network
exhibited a higher small-worldness index than the green-snow
network (1.47 and 0.35, respectively). The resistance to disturbance was further assessed by removing nodes from the network under four scenarios (Fig. S6). The red-snow network
showed a higher robustness (i.e. lower connectivity loss), with
c. 40% of the nodes removed by random or by decreasing
degrees. However, when the nodes were removed by decreasing
betweenness or by cascading attack, only 15% or 5% of the
node loss was required to make the red-snow network lose
connectivity rapidly (i.e. the network become fragmented).
Furthermore, there were a few leaps in the connectivity loss
with cascading attack.
Ó 2021 The Authors
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Fig. 4 Co-occurrence network of algae, bacteria and fungi in (a) red snow and (b) green snow. Node size represents the degrees, and nodes are colored by
taxonomy classification.

Discussion
Red and green snows harbor distinct algal communities
Distinct algal communities were observed in red and green snows
(Fig. 2). Our results demonstrated that both the red snow and
green snow algal communities were dominated by a few lineages
(Fig. S2), consistent with the finding in snow collected from Arctic glaciers, where six taxa made up 99% of the algal communities
(Lutz et al., 2016). Furthermore, these dominant algal lineages
were also identified in the white snow (Figs S2, S3), suggesting
that the white snow contains seeding algal populations needed to
develop into red or green snow depending on environmental conditions. This is consistent with the similar abundanceunweighted, but distinct abundance-weighted algal community
structure observed in red and green snows (Fig. 2c; Table S2).
The variations in the dominant algal abundance could be
attributed to animal activities, which can lead to nutrient differences (Zhu et al., 2014), as the green snow has been reported to
exhibit higher C and N concentrations (Kim et al., 2018). This
nutrient requirement difference of algal taxa agrees with the distinct algal compositions in green and red snows on a Svalbard
glacier (Lutz et al., 2015). During sampling, the green snow was
always close to penguin colonies, whereas the red snow was collected more remotely from penguin influence. This is consistent
with previous findings that green-snow algae mainly appear near
seal, seabird, and penguin colonies, whereas red snow is typically
not associated with animals (Bidigare et al., 1993; Fujii et al.,
2010; Remias et al., 2013b; Gray et al., 2020; Luo et al., 2020).
Further field investigations on the algal communities in red snow
near penguin colonies, or green snow distant from penguin
colonies, may help disentangle the roles of nutrients in the development of red and green snows.
The dominance of Chlorophyta and the higher abundance of
stramenopiles in green snow (Fig. 3) are consistent with other
Ó 2021 The Authors
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studies (Kim et al., 2018; Davey et al., 2019) but challenged a
previous study from Ardley Island, Antarctica (Soto et al., 2020).
Chlorominima collina was the most dominant algae in green snow
in the current study, which are green colored during their vegetative stage, despite being isolated from a red snow patch in King
George Island, Antarctica (Galvez et al., 2021). Chlorominima
collina is a psychrophilic green alga, with the optimum growth
temperature being around 4°C. It is highly temperature sensitive,
and a temperature increase to 20°C imposes strong thermal stress
and can reduce its photosynthetic yield and growth rate, causing
cellular homeostasis disruption and flagella loss. Thus, this greensnow algae could be highly sensitive to global warming. Other
green snow was dominated by C. krienitzii and H. foetidus-like
ASVs. The former can form cysts to increase tolerance to UV
radiation (Prochazkova et al., 2020), and the latter is a cold-water
golden alga and has been reported to cause yellowish color in
Antarctic and Arctic snow (Remias et al., 2013a). In comparison,
C. nivalis, S. aurantia, and C. fukushimae-like ASVs dominated
red snow. Both C. nivalis and S. aurantia were originally observed
in Antarctic snow and can produce red-to-orange pigments with
protection from UV radiation (Remias et al., 2013b;
Prochazkova et al., 2019). By contrast, C. fukushimae has not
been reported previously in the Antarctic.
Red and green snows harbor similar heterotrophic
communities
The community structure of heterotrophs (bacteria and fungi)
exhibited similar patterns in red and green snows due to the dominance (relative abundance) of shared ASVs in communities
(Fig. 2). The relative abundances of most heterotrophs were similar in red and green snows, except Chytridiomycota (Fig. 3).
Chytridiomycota are zoosporic fungi that are parasitic to phytoplankton with narrow host specificity (Kagami et al., 2007; Van
den Wyngaert et al., 2018). The higher relative abundance of
New Phytologist (2021)
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Chytridiomycota in green snow suggests that the Chytridiomycota identified could be specific to the algae in the green snow.
Thus, Chytridiomycota is an important ecological control of
algae in green snows and requires further investigations on their
roles in the Antarctic snow microbial food web. Location effect
played a significant role in driving the structure of heterotrophic
communities, which is in contrast to the weak location effect in
algal communities. This indicates that the heterotrophs are subjected to a greater impact of dispersal limitation, which is consistent with the observations in Arctic snow where the algal
community is unaffected by the dispersal limitation (Lutz et al.,
2016).
The bacterial community was dominated by Gammaproteobacteria and Bacteroidetes, and the fungal community was
dominated by Basidiomycota (Fig. 3). The community patterns
are generally consistent with previous studies in Antarctic, Arctic,
and alpine snow (Fujii et al., 2010; Lutz et al., 2015, 2016, 2017;
Davey et al., 2019; Luo et al., 2020; Soto et al., 2020). Potential
bacterial and fungal pathogens for fish, birds, and mammals were
identified in Antarctic colored snow. The relative abundances of
potential bacterial pathogens in red and green snows were similar
(Fig. S5a), and both were lower than that in white snow
(Table S4). By contrast, the relative abundance of potential fungal pathogens in red snow was significantly higher than that in
green snow (Fig. S5b), and both were higher than that in white
snow (Table S5). Therefore, red and green snows enrich fungal
pathogens but exclude bacterial pathogens. More specifically, the
relative abundance differences in red and green snows mainly
result from the yeast genus Rhodotorula (Table S5), which are
opportunistic pathogens causing skin diseases in birds and sea
animals (Wirth & Goldani, 2012). Thus, the wide spread of red
snow algae can be a potential threat to the health of Antarctic animals.
Red snow exhibits a more complex and stable microbial
network than green snow
The red snow microbial network exhibited a substantially higher
proportion of negative edge than green snow (Fig. 4). Negative
associations typically represent microbial competition (Faust &
Raes, 2012). Our results thus suggested that enhanced interspecies and inter-kingdom competitions (potentially for nutrients) among the heterotrophs in red snow, which was sampled
remotely from penguin colonies. By contrast, the green-snow network was dominated by positive associations (96.6%), which
could destabilize microbial communities (Hernandez et al.,
2021). Overwhelming positive correlations in a network suggest
that microorganisms occupy similar ecological niches, and they
respond to environmental stimuli in a similar fashion. Thus, the
disturbance for one microorganism can rapidly propagate across
the entire network (Coyte et al., 2015). By contrast, a network
comprised of both positive and negative associations can mitigate
the impact of such disturbance (Fontaine et al., 2011), which stabilizes the network. Therefore, the microbial network in red snow
could be more stable than that in green snow, with higher resistance to environmental disturbances.
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The red-snow network exhibited a higher complexity and
small world property than the green-snow network (Table S6).
The network complexity difference could be due to variable
nutrient status, as resource limitation can enhance metabolic
exchanges among bacteria (Benomar et al., 2015), which supports
the greater network complexity as observed in red snow. Furthermore, the higher small-worldness index indicates that most nodes
are accessible to other nodes through a relatively short path
(Newman, 2003). Thus, the microorganisms (algae, bacteria, and
fungi) in red snow are better connected than those in green snow,
and the information and energy can be passed much faster across
the entire network (Watts & Strogatz, 1998; Peng et al., 2016).
Additionally, the higher small-worldness index in red snow also
suggests that the microbial network could be more robust, and
thus be resistant to climate change and external disturbances
(Netotea & Pongor, 2006). The red-snow network relies on a
few key nodes to maintain its integrity, and thus the red-snow
network can tolerate random community changes but is more
vulnerable to ‘targeted’ attack on core microorganisms (Fig. S6).
In conclusion, our results advance the existing knowledge on
red snow and green snow patches in Antarctica on microbial
community structure, taxonomic composition, and their interaction patterns. Similar algal species dominate the Antarctic coastal
regions, but their relative abundance varied in red and green
snows, which could be attributed to environmental differences
(such as nutrient availability). Red and green snows exhibited
contrastingly distinct co-occurrence networks of algae, bacteria,
and fungi. The red snow microbial network exhibited a higher
complexity and is more robust. Red snow demonstrated a substantially higher relative abundance of potential fungal pathogens
than green snow did, which are opportunistic pathogens causing
skin diseases in birds and sea animals, increasing health risks. Further investigations on the nutrients (C, N, and phosphorus) and
microbial functions can elucidate the role of nutrients in shaping
the microbial community in red and green snows, understand the
feedback of snow algae blooming on climate change, and identify
the health risks imposed by the pathogens in polar regions. Nevertheless, the results presented are based on PCR amplification,
where community compositional bias could arise from DNA
extraction efficiency, primer binding preferences, and gene copy
number variations. Therefore, further amplification-free methods
(such as microscopy or metagenome-based analyses) should be
used to confirm the results of the present study, and to reveal the
functional differences within the red snow and green snow
patches in Antarctica.
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