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The McMurdo Dry Valleys (MDVs) of Antarctica are a mosaic of extreme habitats 
which are dominated by microbial life. The MDVs include glacial melt holes, 
streams, lakes, and soils, which are interconnected through the transfer of energy 
and flux of inorganic and organic material via wind and hydrology. For the first 
time, we provide new data on the viral community structure and function in the 
MDVs through metagenomics of the planktonic and benthic mat communities 
of Lakes Bonney and Fryxell. Viral taxonomic diversity was compared across 
lakes and ecological function was investigated by characterizing auxiliary 
metabolic genes (AMGs) and predicting viral hosts. Our data suggest that viral 
communities differed between the lakes and among sites: these differences 
were connected to microbial host communities. AMGs were associated with 
the potential augmentation of multiple biogeochemical processes in host, 
most notably with phosphorus acquisition, organic nitrogen acquisition, sulfur 
oxidation, and photosynthesis. Viral genome abundances containing AMGs 
differed between the lakes and microbial mats, indicating site specialization. 
Using procrustes analysis, we also identified significant coupling between viral 
and bacterial communities (p  =  0.001). Finally, host predictions indicate viral host 
preference among the assembled viromes. Collectively, our data show that: (i) 
viruses are uniquely distributed through the McMurdo Dry Valley lakes, (ii) their 
AMGs can contribute to overcoming host nutrient limitation and, (iii) viral and 
bacterial MDV communities are tightly coupled.
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1 Introduction

Viruses play significant ecological roles in aquatic systems, specifically through host cell 
lysis, recycling of nutrients, and augmentation of metabolism during infection (López-Bueno 
et al., 2009; Aguirre de Cárcer et al., 2015; Coutinho et al., 2017; Warwick-Dugdale et al., 
2019). In marine systems, viruses infect and kill microbial hosts including bacteria, archaea, 
cyanobacteria, protists, and fungi, and are estimated to release 108–109 tons of carbon per day 
(Suttle, 2005; Coutinho et al., 2017; Yau and Seth-Pasricha, 2019). During infection, viruses 
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can also modulate host cell metabolism by expressing auxiliary 
metabolic genes (AMGs) (Breitbart et al., 2007; Sime-Ngando, 2014; 
Warwick-Dugdale et  al., 2019). Polar ecosystems are classically 
truncation food webs, meaning they are missing macrofauna grazing 
that is classically found in temperate ecosystems. Due to this 
truncation polar ecosystems are microbially dominated, and viruses 
in particular, likely play outsized ecological roles in comparison to 
more complex food webs (Säwström et al., 2008; Laybourn-Parry, 
2009; Yau and Seth-Pasricha, 2019).

The lakes of the MDVs of Antarctica are microbially dominated 
systems due to the low temperature, wide salinity gradients, and the 
surrounding arid environment (Fountain et al., 1999; Doran et al., 
2002). In the MDVs there are no plants or animals, allowing microbial 
interactions to be more directly assessed (Priscu et al., 1999). The lakes 
of the MDVs have unique bacterial and eukaryal communities 
throughout their water columns, owing to distinct geochemistry 
between and stratification within the lakes (Bowman et  al., 2016; 
Kwon et  al., 2017; Li and Morgan-Kiss, 2019). MDV microbial 
communities have been studied since the 1970s and in recent years 
high throughput sequencing of 16S rRNA and 18S rRNA genes has 
led to a deeper understanding of the microbial food web (Bowman 
et al., 2016; Kwon et al., 2017; Li and Morgan-Kiss, 2019). Eukaryotic 
phytoplankton dominate the base of the food web and produce 
organic carbon for a diverse population of heterotrophic bacteria 
(Kong et al., 2012). In addition to heterotrophic bacteria, there is also 
evidence of lithoautotroph bacteria in Lakes Bonney and Fryxell 
(Kong et  al., 2012; Dolhi et  al., 2015), as well as anoxygenic 
phototrophs in Lake Fryxell (Karr et  al., 2003; Jung et  al., 2004). 
Predatory protists are the apex predators, controlling bacterial and 
algal prey abundances (Priscu, 1995; Roberts and Laybourn-Parry, 
1999; Roberts et  al., 2004; Li and Morgan-Kiss, 2019), but other 
community members such as Chytrid fungi and viruses likely play a 
role too; although, these taxa are less described (Rojas-Jimenez 
et al., 2017).

The understanding of viral communities in MDV lake food web 
and biogeochemical cycling is limited. However, early papers provided 
some information about the MDV viral morphology, abundance, and 
productivity (Kepner et al., 1998; Lisle and Priscu, 2004). MDV viral 
abundances are comparable with temperate waters (106–107 virus like 
particles per ml), and in many cases viruses even outnumber bacterial 
cells (Lisle and Priscu, 2004; Säwström et al., 2008). In our lakes of 
study, viral to bacterial ratios (VBR) found in the east lobe of Lake 
Bonney are similar to open oceans while the VBR ratio in Lake Fryxell 
are similar to numbers seen in freshwaters (Maranger and Bird, 1995; 
Lisle and Priscu, 2004; Säwström et al., 2008). The viral abundances 
and productivity rates vary between the lakes and throughout the 
austral summer (Kepner et al., 1998; Lisle and Priscu, 2004). Infection 
rates have also been estimated using both virus-like particle 
abundance and mitomycin C induction, respectively, showing that up 
to 62.5 and 89.5% of total bacteria are infected at any given time (Lisle 
and Priscu, 2004). These previous studies indicate that viruses in 
MDV lakes comprise a significant portion of the planktonic 
community and are actively infecting bacteria; however, their 
functional roles are still poorly understood.

To further investigate the ecological role of viruses in MDV lakes 
we examined metagenomes generated from microbial communities 
residing in the water columns of Lakes Fryxell and Bonney as well as 
lift-off microbial mats from the edges of Lake Fryxell. The sequenced 

metagenomes allowed us to identify viral taxonomic distribution 
among the sites, AMG functional roles, and predict viral hosts. 
We  focus on three main questions, (1) Does the viral taxonomic 
community differ between lakes (i.e., Lake Fryxell vs. Lake Bonney) 
and sites (Lakes vs. Microbial Mats)? (2) If AMGs are present, what 
do they indicate about viral ecological roles in the modulation of host 
microbe metabolism? (3) What major microbial hosts are being 
affected by viruses?

2 Methods

2.1 Site description

The MDVs comprise the largest ice-free area in Antarctica, 
approximately 4,500 km2 in Southern Victoria Land (Levy, 2013). The 
mean annual temperature is between −15 and − 30°C, with less than 
50 mm of precipitation annually (Fountain et al., 1999; Doran et al., 
2002). While microbial signatures are found throughout the valleys, 
life concentrates around liquid water which exists year-round under 
the permanent ice covers of the lakes or appears in the austral summer 
when solar radiation is high enough to melt glaciers and snow 
(Kennedy, 1993; Fountain et al., 1999). Glacial meltwater flows into 
the lakes for up to 10 weeks a year (McKnight et  al., 1999). The 
permanent ice (3–6 m) that covers MDV lakes prevents wind driven 
mixing and contributes to water column physical and chemical 
stratification (Spigel and Priscu, 1998; Li et al., 2016; Kwon et al., 
2017). The two lakes in this study, Lakes Fryxell and Bonney, have no 
outflow, and have different geochemistry and associated biology 
(Spigel and Priscu, 1998; Takacs and Priscu, 1998; Roberts et al., 2004; 
Vick-Majors et al., 2014; Kwon et al., 2017; Li and Morgan-Kiss, 2019). 
With respect to nutrient status, Lake Bonney is more oligotrophic than 
Lake Fryxell; Lake Bonney is phosphorus deficient whereas Lake 
Fryxell is nitrogen limited (Priscu, 1995; Dore and Priscu, 2001; Teufel 
et al., 2017).

The lakes in the MDVs are home to diverse benthic microbial 
mats, which can detach from the sediments due to production of gas 
bubbles (Parker et al., 1982; Moorhead et al., 1999). Once detached 
these microbial mats float to the underside of the surface ice layer 
where they are carried through the ice by freezing from below and 
ablation at the surface (Parker et al., 1982). Autochthonous particulate 
organic matter and dissolved organic matter generated by microbial 
communities found within the benthic mats play an important role in 
the primary production of these freshwater ecosystems (Hawes 
et al., 2005).

2.2 Sample collection and sequencing

Microbial communities were sampled in December 2014 from 
two perennially ice-covered lakes in Taylor Valley, Victoria Land, 
Antarctica. Triplicate lake water samples were collected from the 
chemoclines of Lake Fryxell (−77.61034, 163.14271, 9 m depth) and 
the east lobe of Lake Bonney (−77.71368, 162.44130, 15 m depth) 
(Tallada et al., 2022) and were collected in 5 separate 1 liter cubitainers 
that were pre-washed with 10% HCL (Tallada et al., 2022). Water 
samples were filtered onto 47 mm Pall Supor® 450 polyethersulfone 
membranes (0.45 μm pore size; Pall Corporation, NY, United States) 
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(Tallada et al., 2022). Six separate desiccated microbial lift-off mat 
samples were collected from the surface of Lake Fryxell within the 
GPS area of −77.60491, 163.16315; −77.60473, 163.16290; −77.60463, 
163.16405; −77.60495, 163.16495 (Tallada et al., 2022). All samples 
were collected with alcohol-sterilized forceps and stored at −20°C for 
4 weeks and then −80°C for long term storage (Tallada et al., 2022). 
This study focuses on the viruses present within microbial cells which 
represent the ecologically relevant viruses at the time of sampling. The 
selected depths have average bacteria cell width sizes of 0.5 microns, 
though many diverse free floating viruses can also be caught on 0.45 
micron filters.

Shotgun metagenomic library construction and sequencing was 
performed by the Department of Energy (DOE) Joint Genome 
Institute (Community Science Program award 1936) using standard 
protocols on the Illumina HiSeq 2,500 platform (Tallada et al., 2022). 
The raw sequencing reads were quality controlled using JGI standard 
protocols and further processed using Trimmomatic (Bolger et al., 
2014) to remove adapters and low-quality sequences (Tallada et al., 
2022). Sequence read files used in this study are available at NCBI 
under accession numbers SRP104818, SRP104821, SRP098041, 
SRP098044, SRP104822, SRP098050, SRP104819, SRP104820, and 
SRP104823. We excluded the samples MAT-04, MAT-05, MAT-06 
from this analysis due to low viral read counts. A table of accession 
numbers and samples used in this study can be found in 
Supplementary Table S2.

2.3 Viral assembly and annotation

Viral sequences were identified in the JGI quality controlled 
forward and reverse reads from each sample following a viromics 
pipeline modified from (Comeau et al., 2017). Briefly, to accurately 
assess viral communities, metagenomic reads were cross-assembled 
using the assembly module in the MetaWRAP pipeline, using 
MEGAHIT version 1.2.9 with a -klist of 21, 29, 39, 59, 79, 119, 141 
(Uritskiy et al., 2018). Cross-assembled contigs greater than 2,500 and 
5,000 bp were used to identify potential viral contigs and genomes 
using VirFinder v1.0.0 and VirSorter v.2 (Cyverse) respectively (Roux 
et al., 2015; Ren et al., 2017). Viral contigs from VirFinder with a 
q-value of less than 0.1 were retained to minimize the false discovery 
rate. We  kept viral and proviral contigs in categories 1–3 from 
VirSorter on cyverse which corresponds to the confidence of predicted 
viruses, i.e., (1) “most confident,” (2) “likely” (3) “possible” (Roux 
et  al., 2015). Redundancies found in identified viral contigs from 
VirFinder and VirSorter were de-replicated using cd-hit and a 
sequence similarity threshold of 1.0 (Fu et al., 2012). De-replicated 
reads were mapped using Bowtie 2 v2.3.5.1 (Langmead and Salzberg, 
2012) with the sensitive-local setting. Coverage depths of viral 
scaffolds were calculated using samtools v0.1.19 (Li et al., 2009) and 
the jgi_summarize_contig_depths function from MetaBAT 2 v2.12.1 
(Kang et al., 2019). Finally, viral contigs with less than 70% coverage 
were excluded from all results.

2.4 Viral diversity metrics

Viral taxonomic annotation was performed with vConTACT2 
(v.5) which creates gene sharing networks against the 

“ProkaryoticViralRefSeq201-Merged” database with DIAMOND and 
ClusterONE to give putative genus level assignments both within and 
outside the database (Nepusz et al., 2012; Buchfink et al., 2015; Bin 
Jang et  al., 2019). We  compared richness and diversity of viral 
communities by first minimizing the effects of sequencing depth and 
library size. To normalize samples, all reads were repeatedly rarefied 
(n = 1,000) according to the smallest library size (n = 8,900) using the 
“phyloseq_mult_raref ” function from the metagMisc package in 
R. Alpha diversity of communities was determined using the inverse 
Shannon index and richness as the total number of genus clusters. 
Differences in viral communities between lakes and lift-off mats were 
visualized using Principal Coordinates Analysis (PCoA, using Bray-
Curtis distance) and tested with permutational multivariate analyses 
of variance (PERMANOVA) in R.

2.5 Auxiliary metabolic genes

We extracted and categorized AMGs using DRAM-v (Shaffer 
et al., 2020). Based on the output of DRAM-v only high confidence 
AMGs in categories 1 and 2 were retained which are AMGs flanked 
on one or both sides by viral hallmark genes. To obtain differential 
abundances of AMGs we  paired AMG identifications with their 
corresponding viral contig abundances.

2.6 Host binning, quantification, and 
taxonomy

We binned our cross-assembly using MetaBat2 v 2.12.1 from the 
binning function in the MetaWrap pipeline (Uritskiy et al., 2018; Kang 
et al., 2019). Bacterial bins that were less than 50% complete and over 
10% contaminated according to CheckM were excluded from the 
analysis (Parks et al., 2015). We retained eukaryotic and archaeal bins 
with high taxonomic assignment from CAT/BAT (von Meijenfeldt 
et al., 2019). Bins were quantified using the quant_bins module in 
Metawrap. Taxonomic annotation was performed by CAT/BAT v5.0.3 
(von Meijenfeldt et al., 2019). Suggestive assignments and lineage 
scores from CAT/BAT below 0.9 were trimmed from the predicted 
host analysis (von Meijenfeldt et al., 2019).

2.7 Host predictions

Viral host predictions were made against the bacterial and 
eukaryal bins using the Phage-Host Interaction Search Tool (PHIST) 
which predicts viral hosts based on the number of exact shared k-mer 
matches between viral and host sequences (Zielezinski et al., 2022). 
Host predictions with significant p-values (<0.05) were retained. 
We  performed Procrustes rotation and permutation using the 
PROTEST function in vegan to search for significant coupling 
between the viral and bacterial communities.

3 Results and discussion

Viruses are major contributors and regulators of ecosystem health 
and function across the planet. Early studies in the MDV lakes have 
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shown that the abundance of viruses and their prokaryotic infection 
rates indicates that viruses have ecologically significant roles in these 
aquatic ecosystems (Kepner et  al., 1998; Lisle and Priscu, 2004; 
Säwström et al., 2008). We analyzed the metagenomes of microbial 
communities from Lakes Bonney and Fryxell to explore the viral 
diversity, function and potential community associations from a 
unique microbially dominated ecosystem where the impact of viral 
interactions is expected to be especially important.

3.1 MDV Lake planktonic and microbial mat 
viral diversity and composition

Our analysis pipeline recovered 66,376 unique putative viral 
contigs; we removed singleton contigs that were not mapped to the 
ProkaryoticViralRefSeq201-Merged database or clustered with each 
other through vConTACT2. Figure 1 displays the major viral genus 
clusters comprising >2% of each sample detected in the metagenomic 
data and reveals the variation among the sample types, sites and 
replicate samples. Viral cluster composition among the replicate 
samples was relatively uniform among the planktonic samples but was 
highly variable across the individual lift-off mat samples. Lift-off mat 
bacterial communities in MDV lakes are more diverse than plankton 
samples (Takacs-Vesbach et  al., 2010) and similar mats in nearby 
streams significantly differ at the local spatial scale (Van Horn et al., 
2016). Despite differences among replicate samples, Shannon diversity 
of the viral communities was greatest in the planktonic samples (Lake 
Fryxell 6.7, Lake Bonney 5.64, lift-off mat 5.61). Viral communities 
differed significantly among the lakes (Supplementary Figure S1, 

PERMANOVA, F = 9.1349, R2 = 0.75278, p = 0.003) and the site 
(Supplementary Figure S1, lakes vs. lift-off mats; PERMANOVA, 
F = 5.0261, R2 = 0.41793, p = 0.02). These findings that viral community 
structure is distinct between Lakes Bonney and Fryxell agrees with 
recent studies that showed a strong influence of lake physiochemistry 
on both bacterial and eukaryal communities (Kwon et al., 2017; Li and 
Morgan-Kiss, 2019). Viral abundances and productivity also vary 
between the lakes and depths as shown in other previous studies 
(Kepner et al., 1998; Lisle and Priscu, 2004). Thus given the range of 
geochemical variation found in MDV lakes, the viral diversity and its 
effect on host community function is likely much greater than revealed 
by this initial viromic analysis. Between the lake samples, the only 
major viral genus cluster shared among the samples was 706 which 
was assigned to the Siphoviridae family (order Caudovirales). The 
lift-off mats were comprised of a more diverse group of dominant viral 
clusters than the lake samples and had the most variation amongst 
replicates. The metadata for the mat samples in this project is limited. 
However, we  know from (Van Horn et  al., 2016) that there is 
tremendous spatial variation in the community composition of Dry 
Valley stream microbial mats and given that the exact location of 
where these samples were collected is unknown we can say little about 
the types of mats collected. Further research into viral communities 
in microbial mats of the MDVs is required to better understand their 
community composition and relationship with biotic and 
abiotic factors.

To assess viral community distribution amongst the samples 
we plotted the viral clusters generated from VconTACT2 into Venn 
diagrams (Figure 2). Viral partitioning among the samples was highly 
segregated between lakes and sites. In total, only 4% of viral clusters 

FIGURE 1

Diversity of major viral clusters in the east lobe of Lake Bonney, Lake Fryxell and the microbial liftoff mats. The counts are based on the abundance of 
contigs from viral clusters.
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were shared among the three sites. Lake Fryxell had the highest 
percentage (29%) of unique viral clusters, followed by the lift-off mats 
(27%) whereas Lake Bonney had the least (5%). Between the samples, 
the lake samples shared the most viral clusters (25%) (Figure 2). Lastly, 
Lake Fryxell shares the most viral clusters with the lift-off Mats at 14% 
while Lake Bonney shared 9% with the lift-off mats. Viral community 
composition is driven by both abiotic (UV radiation, nutrient 
concentrations, etc.) and biotic factors such as host metabolism and 
diversity (Suttle and Chen, 1992; Lisle and Priscu, 2004; Chow and 
Suttle, 2015). Our results suggest that shared attributes of the 
physicochemistry and biology of the water column relative to the mats 
likely account for the highest proportion of shared viral clusters 
among the planktonic samples. Despite similarities in 
physicochemistry and biology, overall host communities are distinct 
(Supplementary Figure S1) and site-specific differences in the viral 
clusters could be derived from this distinction in host communities. 
A higher rate of shared clusters among Lake Fryxell and the lift-off 
mats is potentially due to chemical and geographical similarities since 
they reside in the same basin.

3.2 McMurdo dry valleys auxiliary 
metabolic genes

We searched for putative AMGs using DRAM-v and after quality 
control 561 AMGs were identified and annotated. Of those found, 
68% had no classification in the distilled output generated by 
DRAM-v; 170 were matched to previously identified AMGs. DRAM-v 
assigned the AMGs into categories based on the potential function of 
the putative genes (e.g., energy, carbon utilization, etc.). There were 78 
related to carbon utilization, 6 related to energy, 64 miscellaneous, 26 
related to organic nitrogen, and 6 related to bacterial transporters 
(Figure 3). Here, we focused on the genes pstS, dcm, soxY, and prkB 
which are involved in overcoming nutrient and energy limitations 

(Thompson et  al., 2016; Warwick-Dugdale et  al., 2019; Heyerhoff 
et al., 2022). An additional gene cp12 was discovered in 16 contigs by 
Virsorter v1.0.0 and could play an important role in viral-mediated 
carbon cycling because of its role in the Calvin-Benson-Bassham 
Cycle (Calvin Cycle).

A gene for a phosphate transporter, pstS which encodes for a 
periplasmic high-affinity phosphate-binding protein was detected in 
putative viral contigs found in Lake Bonney and Lake Fryxell, but was 
not detected in the lift-off mats. This AMG assists in circumventing 
phosphorus limitations, which is the primary nutrient limitation in 
Lake Bonney (Spigel and Priscu, 1998). pstS is upregulated in 
phosphorus deficient environments: increased phosphorus uptake 
may be required for several processes in viral replication (Gao et al., 
2016). We did not detect additional genes involved in phosphorus 
acquisition such as phoH and phoU. Increased phosphorus uptake 
could also synthesize cysteine, which is the only amino acid that can 
form disulfide bonds that stabilize the viral protein structure (Ashcroft 
et  al., 2005). Viral-mediated phosphorus acquisition could be  a 
significant process in nutrient cycling, particularly in Lake Bonney 
where the primary limitation is phosphorus (Spigel and Priscu, 1998).

Genetic potential for viral-mediated nitrogen cycling was also 
detected among the MDV viral AMGs. In all three sample types, 
methionine degradation genes, specifically DNA (cytosine-5)-
methyltransferase (dcm) was found. While still being studied, dcm 
may have multiple uses such as aiding in phage capsid stability, helping 
to circumvent organic nitrogen limitations through methionine 
degradation, and preventing recognition from prokaryotic 
methyltransferases (Enav et al., 2014; Heyerhoff et al., 2022; Daniel 
et  al., 2023). The dcm gene may enhance the degradation of 
methionine to then redirect sulfur into the cysteine biosynthesis 
pathway (Wang et al., 2022). Increased cysteine may allow for stronger 
capsids and structural stability which could also be  useful as an 
overwinter survival strategy for lytic viruses persisting outside host 
cells especially, when host abundance such as primary producers, 
decreases during winter months (Takacs and Priscu, 1998). 
Additionally, nitrogen is a limiting factor of production and catabolism 
of amino acids such as methionine and dcm could be an additional 
nitrogen scavenging strategy. Bacteria restriction modification systems 
remove foreign DNA, but viral methyltrasferases can aid in avoiding 
host defense systems (Seong et al., 2022). AMGs are expressed during 
infection which appears to be relatively high in MDV lakes compared 
with other temperate environments, increasing the importance of 
AMGs in nutrient limited environments like MDV lakes (Spigel and 
Priscu, 1998; Lisle and Priscu, 2004; Yau and Seth-Pasricha, 2019). 
Our data indicates that MDV viruses modulate N-cycling processes 
in the MDV lakes and microbial mats.

The chemocline samples from Lake Fryxell were the only samples 
with viral genomes that contained the sulfur oxidation gene soxY 
which encodes part of the thiosulfate oxidizing enzyme complex a key 
step in the Sox pathway (Jurgensen et al., 2022; Li et al., 2023). MDV 
lakes contain high concentrations of inorganic and biogenic sulfur and 
can serve as important energy sources for prokaryotic carbon fixation 
and potentially overcoming the energy bottleneck of viral replication 
(Bowman et al., 2016). While incomplete sox pathways in bacteria can 
lead to bottlenecks in the sulfur cycle, it is not uncommon to find 
incomplete sox pathways in viruses because these genes are being used 
to scavenge energy for nucleotide synthesis (Li et  al., 2023). 
Additionally, viruses may regulate sulfur metabolism differently 

FIGURE 2

Venn diagram representing the three sample types for the rarefied 
viral clusters defined by vConTACT2. The number of clusters per 
sample is displayed in the circle while the number in percentage 
represents the proportion of all clusters.
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dependent on environmental and nutritional conditions (Li et al., 
2023). In previous bacterial studies, sulfur oxidizing bacteria have 
been detected in Lake Fryxell and West Lobe Lake Bonney but not in 
East Lobe Lake Bonney which could explain the absence of sulfur 
AMGs in ELB (Kong et  al., 2012; Dolhi et  al., 2015). Phage soxY 
induction may boost sulfur oxidation and lead to prolonged viral 
infection and replication, increasing burst size (Anantharaman 
et al., 2014).

Although only detected by VirSorter and not DRAM-v, there is 
evidence that CP12 serves as an AMG in MDV lake viruses. CP12 is 
implicated in regulation of photosynthetic processes, specifically, 
carbon partitioning during the day/night cycle (Tamoi et al., 2005). 
When expressed during light driven infection, CP12 diminishes 
phosphoribulokinase (prkB) expression (Thompson et al., 2016). The 
down regulation of the Calvin Cycle and concomitant up-regulation 
of the Pentose Phosphate Pathway oxidizes carbon stores to produce 
NADPH which can then be used in nucleotide synthesis. Some contigs 
that contained CP12 sequences were flanked by phage clusters and 
accompanied by viral genes within the contig, but not the viral 
hallmark genes required for annotation by DRAM-v. Manipulation of 
light driven cycles can increase phage burst size in cyanophage 
infections, both light and photosynthesis are required for maximal 
phage production (Amla et al., 1987; Thompson et al., 2016). Both lake 
metagenomes (but not the microbial mats) indicated the potential for 
Calvin Cycle inhibition and re-routing the Pentose Phosphate Pathway 
into nucleotide synthesis through the expression of CP12.

The potential of viral CP12 expression in MDV lake phototrophs 
could have significant impacts on the carbon cycle in this 24-h daylight 

ecosystem. Infection by viruses with CP12 could induce 
downregulation of carbon fixation and increased catabolism of stored 
carbon, typical of a dark cycle reaction. Additionally, the gene for 
phosphoribulokinase, PRK, which is traditionally downregulated by 
the presence of CP12 was detected in four contigs by DRAM-v. 
Previous studies have shown that PRK has no activity when it exists in 
the PRK/CP12/GAPDH complex that suppresses the Calvin Cycle 
(Wedel et al., 1997; Puxty et al., 2016). However, when PRK exists in 
its dimeric form it is not completely inhibited, even in a dark cycle 
(Tamoi et al., 2005). Viruses in the MDV lakes may use CP12 and PRK 
to maximize energy generation by exhausting carbon stores while still 
converting Ru5P to RuBP to restore the primary substrate for RubisCO 
in the Calvin Cycle. This potential viral-mediated rewiring of carbon 
metabolism in the MDV phytoplankton could have significant 
implications for carbon cycling. Given the high VBR in these lakes, the 
combination of CP12 and PRK could result in activating dark-driven 
metabolic processes, despite the 24-light conditions experienced in the 
austral summer.

3.3 Viral host predictions

Viral infection of microbial hosts plays a crucial role in ecosystem 
dynamics (Suttle, 2005; Knowles et al., 2016; Warwick-Dugdale et al., 
2019). We predicted 12,200 multiple (2–17) hosts to 1,367 different 
retrieved bins for our viral contigs using PHIST. Of those host 
predictions 773 were predictions of contigs to multiple hosts. Potential 
hosts included representatives for all three domains of life: Archaea 

FIGURE 3

Differences in relative abundances of viral contigs with identified auxiliary metabolic genes across samples. Viral auxiliary metabolic gene categories are 
defined through DRAM-v.
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(54), Bacteria (8334), and Eukaryotes (3812). Other studies in nutrient 
limited environments have also seen a similar diversity of predicted 
hosts (Cissell and McCoy, 2023; Coutinho et al., 2023). We paired the 
predicted hosts with their bin abundances to determine host 
community differences among the samples. Archaeal host predictions 
were comprised of Crenarchaeota (56%), Euryarchaeota (40%), and 
two unclassified hosts (4%). Bacterial host predictions in Lake Bonney 
were assigned to Actinobacteria (13%), Bacteroidetes (11%), 
Proteobacteria (9%), whereas Lake Fryxell was dominated by 
Bacteroidetes (42%), Actinobacteria (22%), and Proteobacteria (10%). 
Finally, the lift-off mats were dominated by Cyanobacteria (20%), 
Planctomycetes (25%), and Proteobacteria (9%) (Figure 4).

Archaeal hosts were more frequent in the planktonic samples than 
the microbial mats but overall were only a small proportion of total 
predicted hosts. Crenarchaeota and Euryarchaeota are both phyla that 
have been previously detected in MDV lakes and contribute to lake 
biogeochemical cycles (Bowman et al., 2000; Brambilla et al., 2001; Karr 
et al., 2006). The presence of cyanobacterial hosts in the mats and their 
absence in the lake samples agrees well with observations that the MDV 
lakes are generally devoid of planktonic cyanobacteria (Kong et al., 2012; 
Li and Morgan-Kiss, 2019). Previous studies have shown that bacterial 
communities in the lakes are dominated by the phylum Bacteroidetes 
and Actinobacteria (Kwon et al., 2017). The broad range of hosts in our 
samples shows the potential impact that viruses have on prokaryotic 
community functionality and highlights the different strategies of viruses 
in infecting prokaryotes. Host communities with high diversity may elicit 
a narrow viral infection range due to the increased probability of 
infecting phylogenetically related members while broad viral host ranges 
may increase likelihood of exchanging genetic material across 
populations (Weitz et al., 2013; Hwang et al., 2023; Peter et al., 2024). The 
majority of our viral predictions have a narrow host range across a broad 
host diversity, indicative of resource limitations (Weitz et  al., 2013). 
However, the presence of phages infecting multiple hosts does provide 
evidence that genetic material is moving around microbial communities 
in MDV lakes via viral infection.

Eukaryotic host predictions in Lake Bonney were much higher 
relative to the other samples in the study. The eukaryotic sequences 
in Lake Bonney were dominated by Chlorophyta (12%) and 
Haptista (22%) (Figure 4) which dominate Lake Bonney and are 
rarely found in Lake Fryxell (Li and Morgan-Kiss, 2019). The 
highest abundance among the eukaryotic host predictions belongs 
to the phylum Haptista. This host is most likely the nanoflagellate 
Isochrysis sp. MDV, which dominates the chemocline of both lobes 
of Lake Bonney. Isochrysis has a number of important functions in 
the Lake Bonney food web. It is a constitutive mixotroph, utilizing 
light for energy and supplementing energy and nutrients by 
phagotrophy (Li and Morgan-Kiss, 2019). During the polar winter 
when it is dark for 4 months, Haptophytes dominate the algal 
communities of Lake Bonney, likely because they can switch to 
heterotrophic metabolism (Patriarche et al., 2021). Furthermore, 
near the end of polar winter, Haptophyte communities have been 
observed to rapidly collapse, which has been attributed to predator 
activity or viral lysis (Patriarche et  al., 2021). Our discovery of 
abundant viruses associated with a dominant algal host suggests 
that algal viruses likely play an active role in controlling the 
phytoplankton populations and recycling carbon and nutrients in 
Lake Bonney. Conversely, we did not detect any evidence of viral 
hosts for the dominant Cryptophyte communities of Lake Fryxell, 
potentially because the Lake Fryxell cryptophytes are predated 
upon by ciliates rather than viruses (Roberts and Laybourn-
Parry, 1999).

We used Procrustes rotation and permutation analysis, to search 
for significant coupling between the microbial and viral communities. 
Our analyses show that viral and bacterial community members are 
tightly linked in the MDVs (Procrustes rotation correlation 0.997, 
p = 0.001) and changes between these communities are coupled 
(Figure 5). If paired with life-cycle dynamics from previous studies 
and the host predictions described here, the coupling of the 
communities may largely be driven by the most abundant members 
of the bacterial and eukaryotic communities (Thingstad, 2000; Bekliz 

A B

FIGURE 4

Relative abundance of viruses in conjunction with their putative hosts. (A) Predicted viral hosts displayed at the phylum level. Phyla representing less 
than 1% of the sample are grouped together at the top of the bar plot. (B) Predicted viral hosts at the kingdom level.
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et  al., 2022). Changes in the one community likely contribute to 
changes in the other community in the lakes in the MDVs.

4 Conclusion

To the best of our knowledge, this is the first study in the lakes of 
the MDVs to use high-throughput metagenomics to examine viral 
communities and their relationships with their hosts. Previous studies 
have focused on viral community dynamics using particle counts, 
microscopy, and calculated rates of lysogeny (Kepner et al., 1998; Lisle 
and Priscu, 2004). While integral to our current understanding of 
viruses, previous studies did not reveal the diversity or potential 
influence of viruses as seen through the virome lens. Our study shows 
that viruses in the MDVs are diverse and uniquely distributed 
throughout the MDVs. We  also showed that viruses infect the 
dominant phyla commonly found in the lakes of the MDVs and while 
infecting their hosts they can hijack host cell metabolism to circumvent 
the nutrient limitations of their current environments. AMGs likely 
account for the discrepancy between the viral infection estimates in 
Lisle and Priscu (2004). Viruses play a dual role in nutrient cycling in 
the MDVs though lysis and host cell metabolism augmentation. Due 
to climate change these current viral roles will likely alter as MDV lakes 
are predicted to be seasonally ice free within this century (Obryk et al., 
2019). This study provides the foundation for future viromics work 
which is key to understanding climate impacts on MDV lakes.

Data availability statement

The data presented in this study is available in NCBI under SRA 
accession numbers SRP104818, SRP104821, SRP098041, SRP098044, 
SRP104822, SRP098050, SRP104819, SRP104820, and SRP104823. 
The original contributions of this study are presented in the article/
Supplementary Material, further inquiries can be directed to the 
corresponding author.

Author contributions

DR: Formal analysis, Writing – original draft. RM-K: 
Conceptualization, Funding acquisition, Writing – review & editing. 
ZW: Funding acquisition, Methodology, Writing – review & editing. 
CT-V: Funding acquisition, Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This research 
was supported by the National Science Foundation (NSF) with grants 
OPP-1637708 and 2224760 to the McMurdo Dry Valleys Long Term 
Ecological Research Project and OPP—1937546 and 1937627 to 
RMK and CTV, respectively. The work (proposal: DOI: 
10.46936/10.25585/60000788) conducted by the U.S. Department of 
Energy Joint Genome Institute (https://ror.org/04xm1d337), a DOE 
Office of Science User Facility, is supported by the Office of Science 
of the U.S. Department of Energy operated under Contract No. 
DE-AC02-05CH11231.

Acknowledgments

We would like to thank the Antarctic Support Contractors and Air 
Center Helicopters for providing operational support in the field, 
without such support we would not be able to accomplish our research 
goals. We would also like to thank the Center for Advanced Research 
Computing (CARC) and Office of Research Computing (ORC) at the 
University of New Mexico and Brigham Young University, respectively. 
Additionally, we appreciate the support of our MCM-LTER team, 
especially Byron Adams for providing us sponsorship to access the 
ORC at Brigham Young University. Finally, we would like to dedicate 
this manuscript to Katherina Hell for reviving our curiosity in the 
McMurdo Dry Valley viral communities.

Conflict of interest

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

Publisher’s note

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

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1422941/
full#supplementary-material

FIGURE 5

Procrustes rotation and permutation visualizes the coupling between 
viral and bacterial communities. Using Bray-Curtis distances, 
bacterial and viral ordinations are rescaled and connected by a line.

https://doi.org/10.3389/fmicb.2024.1422941
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://ror.org/04xm1d337
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1422941/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1422941/full#supplementary-material


Robinson et al.� 10.3389/fmicb.2024.1422941

Frontiers in Microbiology 09 frontiersin.org

References
Aguirre de Cárcer, D., López-Bueno, A., Pearce, D. A., and Alcamí, A. (2015). 

Biodiversity and distribution of polar freshwater DNA viruses. Sci. Adv. 1:e1400127. doi: 
10.1126/sciadv.1400127

Amla, D. V., Rowell, P., and Stewart, W. D. P. (1987). Metabolic changes associated 
with cyanophage N-1 infection of the cyanobacterium Nostoc muscorum. Arch. 
Microbiol. 148, 321–327. doi: 10.1007/BF00456711

Anantharaman, K., Duhaime, M. B., Breier, J. A., Wendt, K. A., Toner, B. M., and 
Dick, G. J. (2014). Sulfur oxidation genes in diverse deep-sea viruses. Science 344, 
757–760. doi: 10.1126/science.1252229

Ashcroft, A. E., Lago, H., Macedo, J. M. B., Horn, W. T., Stonehouse, N. J., and 
Stockley, P. G. (2005). Engineering thermal stability in RNA phage capsids via disulphide 
bonds. J. Nanosci. Nanotechnol. 5, 2034–2041. doi: 10.1166/jnn.2005.507

Bekliz, M., Pramateftaki, P., Battin, T. J., and Peter, H. (2022). Viral diversity is linked 
to bacterial community composition in alpine stream biofilms. ISME Commu. 2:27. doi: 
10.1038/s43705-022-00112-9

Bin Jang, H., Bolduc, B., Zablocki, O., Kuhn, J. H., Roux, S., Adriaenssens, E. M., 
et al. (2019). Taxonomic assignment of uncultivated prokaryotic virus genomes is 
enabled by gene-sharing networks. Nat. Biotechnol. 37, 632–639. doi: 10.1038/
s41587-019-0100-8

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for 
Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170

Bowman, J. P., McCammon, S. A., Rea, S. M., and McMeekin, T. A. (2000). The 
microbial composition of three limnologically disparate hypersaline Antarctic lakes. 
FEMS Microbiol. Lett. 183, 81–88. doi: 10.1111/j.1574-6968.2000.tb08937.x

Bowman, J. S., Vick-Majors, T. J., Morgan-Kiss, R., Takacs-Vesbach, C., 
Ducklow, H. W., and Priscu, J. C. (2016). Microbial community dynamics in two polar 
extremes: the lakes of the McMurdo dry valleys and the West Antarctic peninsula 
marine ecosystem. Bioscience 66, 829–847. doi: 10.1093/biosci/biw103

Brambilla, E., Hippe, H., Hagelstein, A., Tindall, B. J., and Stackebrandt, E. (2001). 16S 
rDNA diversity of cultured and uncultured prokaryotes of a mat sample from Lake Fryxell, 
McMurdo dry valleys, Antarctica. Extremophiles 5, 23–33. doi: 10.1007/s007920000169

Breitbart, M., Thompson, L., Suttle, C., and Sullivan, M. (2007). Exploring the vast 
diversity of marine viruses. Oceanography 20, 135–139. doi: 10.5670/oceanog.2007.58

Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment 
using DIAMOND. Nat. Methods 12, 59–60. doi: 10.1038/nmeth.3176

Chow, C.-E. T., and Suttle, C. A. (2015). Biogeography of viruses in the sea. Annu. Rev. 
Virol. 2, 41–66. doi: 10.1146/annurev-virology-031413-085540

Cissell, E. C., and McCoy, S. J. (2023). Top-heavy trophic structure within benthic viral 
dark matter. Environ. Microbiol. 25, 2303–2320. doi: 10.1111/1462-2920.16457

Comeau, A. M., Douglas, G. M., and Langille, M. (2017). Microbiome helper: a 
custom and streamlined workflow for microbiome research. mSystems 2:127. doi: 
10.1128/msystems.00127-16

Coutinho, F. H., Silveira, C. B., Gregoracci, G. B., Thompson, C. C., Edwards, R. A., 
Brussaard, C. P. D., et al. (2017). Marine viruses discovered via metagenomics shed light 
on viral strategies throughout the oceans. Nat. Commun. 8:15955. doi: 10.1038/
ncomms15955

Coutinho, F. H., Silveira, C. B., Sebastián, M., Sánchez, P., Duarte, C. M., Vaqué, D., 
et al. (2023). Water mass age structures the auxiliary metabolic gene content of free-
living and particle-attached deep ocean viral communities. Microbiome 11:118. doi: 
10.1186/s40168-023-01547-5

Daniel, M., Bertagnolli, A. D., Bristow, L. A., Bo, T., Weitz, J. S., and Stewart, F. J. 
(2023). Microbial and viral genome and proteome nitrogen demand varies across 
multiple spatial scales within a marine oxygen minimum zone. mSystems 8, e01095–
e01022. doi: 10.1128/msystems.01095-22

Dolhi, J. M., Teufel, A. G., Kong, W., and Morgan-Kiss, R. M. (2015). Diversity and 
spatial distribution of autotrophic communities within and between ice-covered 
Antarctic lakes (McMurdo dry valleys). Limnol. Oceanogr. 60, 977–991. doi: 10.1002/
lno.10071

Doran, P. T., McKay, C. P., Clow, G. D., Dana, G. L., Fountain, A. G., Nylen, T., et al. 
(2002). Valley floor climate observations from the McMurdo dry valleys, Antarctica, 
1986–2000. J. Geophys. Res. Atmos. 107:2045. doi: 10.1029/2001JD002045

Dore, J. E., and Priscu, J. C. (2001). Phytoplankton phosphorus deficiency and alkaline 
phosphatase activity in the McMurdo Dry Valley lakes, Antarctica. Limnol. Oceanogr. 
46, 1331–1346. doi: 10.4319/lo.2001.46.6.1331

Enav, H., Mandel-Gutfreund, Y., and Béjà, O. (2014). Comparative metagenomic 
analyses reveal viral-induced shifts of host metabolism towards nucleotide biosynthesis. 
Microbiome 2:9. doi: 10.1186/2049-2618-2-9

Fountain, A. G., Lyons, W. B., Burkins, M. B., Dana, G. L., Doran, P. T., Lewis, K. J., 
et al. (1999). Physical controls on the Taylor Valley ecosystem, Antarctica. Bioscience 49, 
961–971. doi: 10.2307/1313730

Fu, L., Niu, B., Zhu, Z., Wu, S., and Li, W. (2012). CD-HIT: accelerated for clustering 
the next-generation sequencing data. Bioinformatics 28, 3150–3152. doi: 10.1093/
bioinformatics/bts565

Gao, E.-B., Huang, Y., and Ning, D. (2016). Metabolic genes within cyanophage 
genomes: implications for diversity and evolution. Genes 7:80. doi: 10.3390/genes7100080

Hawes, I., Moorhead, D., and And Schmeling, J. (2005). Modelling the contribution 
of benthic microbial mats to net primary production in Lake Hoare, McMurdo dry 
valleys. Antarct. Sci. 17, 33–45. doi: 10.1017/S0954102005002403

Heyerhoff, B., Engelen, B., and Bunse, C. (2022). Auxiliary metabolic gene functions 
in pelagic and benthic viruses of the Baltic Sea. Front. Microbiol. 13:863620. doi: 10.3389/
fmicb.2022.863620

Hwang, Y., Roux, S., Coclet, C., Krause, S. J. E., and Girguis, P. R. (2023). Viruses 
interact with hosts that span distantly related microbial domains in dense hydrothermal 
mats. Nat. Microbiol. 8, 946–957. doi: 10.1038/s41564-023-01347-5

Jung, D. O., Achenbach, L. A., Karr, E. A., Takaichi, S., and Madigan, M. T. (2004). A 
gas vesiculate planktonic strain of the purple non-sulfur bacterium Rhodoferax 
antarcticus isolated from Lake Fryxell, dry valleys, Antarctica. Arch. Microbiol. 182, 
236–243. doi: 10.1007/s00203-004-0719-8

Jurgensen, S. K., Roux, S., Schwenck, S. M., Stewart, F. J., Sullivan, M. B., and 
Brum, J. R. (2022). Viral community analysis in a marine oxygen minimum zone 
indicates increased potential for viral manipulation of microbial physiological state. 
ISME J. 16, 972–982. doi: 10.1038/s41396-021-01143-1

Kang, D. D., Li, F., Kirton, E., Thomas, A., Egan, R., An, H., et al. (2019). MetaBAT 2: 
an adaptive binning algorithm for robust and efficient genome reconstruction from 
metagenome assemblies. PeerJ 7:e7359. doi: 10.7717/peerj.7359

Karr, E. A., Ng, J. M., Belchik, S. M., Sattley, W. M., Madigan, M. T., and 
Achenbach, L. A. (2006). Biodiversity of methanogenic and other archaea in the 
permanently frozen Lake Fryxell, Antarctica. Appl. Environ. Microbiol. 72, 1663–1666. 
doi: 10.1128/AEM.72.2.1663-1666.2006

Karr, E. A., Sattley, W. M., Jung, D. O., Madigan, M. T., and Achenbach, L. A. (2003). 
Remarkable diversity of phototrophic purple bacteria in a permanently frozen Antarctic 
lake. Appl. Environ. Microbiol. 69, 4910–4914. doi: 10.1128/AEM.69.8.4910-4914.2003

Kennedy, A. D. (1993). Water as a limiting factor in the Antarctic terrestrial 
environment: a biogeographical synthesis. Arct. Alp. Res. 25, 308–315. doi: 
10.2307/1551914

Kepner, R. L. J., Wharton, R. A. J., and Suttle, C. A. (1998). Viruses in Antarctic lakes. 
Limnol. Oceanogr. 43, 1754–1761. doi: 10.4319/lo.1998.43.7.1754

Knowles, B., Silveira, C. B., Bailey, B. A., Barott, K., Cantu, V. A., Cobián-Güemes, A. G., 
et al. (2016). Lytic to temperate switching of viral communities. Nature 531, 466–470. 
doi: 10.1038/nature17193

Kong, W., Ream, D. C., Priscu, J. C., and Morgan-Kiss, R. M. (2012). Diversity and 
expression of RubisCO genes in a perennially ice-covered Antarctic lake during the polar 
night transition. Appl. Environ. Microbiol. 78, 4358–4366. doi: 10.1128/AEM.00029-12

Kwon, M., Kim, M., Takacs-Vesbach, C., Lee, J., Hong, S. G., Kim, S. J., et al. (2017). 
Niche specialization of bacteria in permanently ice-covered lakes of the McMurdo 
dry valleys, Antarctica. Environ. Microbiol. 19, 2258–2271. doi: 
10.1111/1462-2920.13721

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with bowtie 2. 
Nat. Methods 9, 357–359. doi: 10.1038/nmeth.1923

Laybourn-Parry, J. (2009). No place too cold. Science 324, 1521–1522. doi: 10.1126/
science.1173645

Levy, J. (2013). How big are the McMurdo dry valleys? Estimating ice-free area using 
Landsat image data. Antarct. Sci. 25, 119–120. doi: 10.1017/S0954102012000727

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009). The 
sequence alignment/map format and SAMtools. Bioinformatics 25, 2078–2079. doi: 
10.1093/bioinformatics/btp352

Li, W., and Morgan-Kiss, R. M. (2019). Influence of environmental drivers and 
potential interactions on the distribution of microbial communities from three 
permanently stratified Antarctic lakes. Front. Microbiol. 10:1067. doi: 10.3389/
fmicb.2019.01067

Li, W., Podar, M., and Morgan-Kiss, R. M. (2016). Ultrastructural and single-cell-level 
characterization reveals metabolic versatility in a microbial eukaryote community from 
an ice-covered Antarctic lake. Appl. Environ. Microbiol. 82, 3659–3670. doi: 10.1128/
AEM.00478-16

Li, Y., Xiong, L., Yu, H., Xiang, Y., Wei, Y., Zhang, Q., et al. (2023). Biogeochemical 
sulfur cycling of virus auxiliary metabolic genes involved in Napahai plateau wetland. 
Environ. Sci. Pollut. Res. Int. 30, 44430–44438. doi: 10.1007/s11356-023-25408-8

Lisle, J. T., and Priscu, J. C. (2004). The occurrence of lysogenic bacteria and microbial 
aggregates in the lakes of the McMurdo dry valleys, Antarctica. Microb. Ecol. 47, 
427–439. doi: 10.1007/s00248-003-1007-x

López-Bueno, A., Tamames, J., Velázquez, D., Moya, A., Quesada, A., and Alcamí, A. 
(2009). High diversity of the viral community from an Antarctic lake. Science 326, 
858–861. doi: 10.1126/science.1179287

Maranger, R., and Bird, D. F. (1995). Viral abundance in aquatic systems: a comparison 
between marine and fresh waters. Mar. Ecol. Prog. Ser. 121, 217–226. doi: 10.3354/
meps121217

https://doi.org/10.3389/fmicb.2024.1422941
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1126/sciadv.1400127
https://doi.org/10.1007/BF00456711
https://doi.org/10.1126/science.1252229
https://doi.org/10.1166/jnn.2005.507
https://doi.org/10.1038/s43705-022-00112-9
https://doi.org/10.1038/s41587-019-0100-8
https://doi.org/10.1038/s41587-019-0100-8
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1111/j.1574-6968.2000.tb08937.x
https://doi.org/10.1093/biosci/biw103
https://doi.org/10.1007/s007920000169
https://doi.org/10.5670/oceanog.2007.58
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1146/annurev-virology-031413-085540
https://doi.org/10.1111/1462-2920.16457
https://doi.org/10.1128/msystems.00127-16
https://doi.org/10.1038/ncomms15955
https://doi.org/10.1038/ncomms15955
https://doi.org/10.1186/s40168-023-01547-5
https://doi.org/10.1128/msystems.01095-22
https://doi.org/10.1002/lno.10071
https://doi.org/10.1002/lno.10071
https://doi.org/10.1029/2001JD002045
https://doi.org/10.4319/lo.2001.46.6.1331
https://doi.org/10.1186/2049-2618-2-9
https://doi.org/10.2307/1313730
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.3390/genes7100080
https://doi.org/10.1017/S0954102005002403
https://doi.org/10.3389/fmicb.2022.863620
https://doi.org/10.3389/fmicb.2022.863620
https://doi.org/10.1038/s41564-023-01347-5
https://doi.org/10.1007/s00203-004-0719-8
https://doi.org/10.1038/s41396-021-01143-1
https://doi.org/10.7717/peerj.7359
https://doi.org/10.1128/AEM.72.2.1663-1666.2006
https://doi.org/10.1128/AEM.69.8.4910-4914.2003
https://doi.org/10.2307/1551914
https://doi.org/10.4319/lo.1998.43.7.1754
https://doi.org/10.1038/nature17193
https://doi.org/10.1128/AEM.00029-12
https://doi.org/10.1111/1462-2920.13721
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1126/science.1173645
https://doi.org/10.1126/science.1173645
https://doi.org/10.1017/S0954102012000727
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.3389/fmicb.2019.01067
https://doi.org/10.3389/fmicb.2019.01067
https://doi.org/10.1128/AEM.00478-16
https://doi.org/10.1128/AEM.00478-16
https://doi.org/10.1007/s11356-023-25408-8
https://doi.org/10.1007/s00248-003-1007-x
https://doi.org/10.1126/science.1179287
https://doi.org/10.3354/meps121217
https://doi.org/10.3354/meps121217


Robinson et al.� 10.3389/fmicb.2024.1422941

Frontiers in Microbiology 10 frontiersin.org

McKnight, D. M., Niyogi, D. K., Alger, A. S., Bomblies, A., Conovitz, P. A., and 
Tate, C. M. (1999). Dry valley streams in Antarctica: ecosystems waiting for water. 
Bioscience 49, 985–995. doi: 10.1525/bisi.1999.49.12.985

Moorhead, D. L., Doran, P. T., Fountain, A. G., Lyons, W. B., Mcknight, D. M., 
Priscu, J. C., et al. (1999). Ecological legacies: impacts on ecosystems of the McMurdo 
dry valleys. Bioscience 49, 1009–1019. doi: 10.2307/1313734

Nepusz, T., Yu, H., and Paccanaro, A. (2012). Detecting overlapping protein complexes in 
protein-protein interaction networks. Nat. Methods 9, 471–472. doi: 10.1038/nmeth.1938

Obryk, M. K., Doran, P. T., and Priscu, J. C. (2019). Prediction of ice-free conditions 
for a perennially ice-covered Antarctic Lake. J. Geophys. Res. Earth 124, 686–694. doi: 
10.1029/2018JF004756

Parker, B. C., Simmons, G. M. Jr., Wharton, R. A. Jr., Seaburg, K. G., and 
Love, F. G. (1982). Removal of organic and inorganic matter from Antarctic lakes 
by aerial escape of bluegreen algal mats. J. Phycol. 18, 72–78. doi: 
10.1111/j.1529-8817.1982.tb03158.x

Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., and Tyson, G. W. (2015). 
CheckM: assessing the quality of microbial genomes recovered from isolates, single cells, 
and metagenomes. Genome Res. 25, 1043–1055. doi: 10.1101/gr.186072.114

Patriarche, J. D., Priscu, J. C., Takacs-Vesbach, C., Winslow, L., Myers, K. F., 
Buelow, H., et al. (2021). Year-round and long-term phytoplankton dynamics in Lake 
Bonney, a permanently ice-covered Antarctic lake. J. Geophys. Res. Biogeo. 
126:e2020JG005925. doi: 10.1029/2020JG005925

Peter, H., Michoud, G., Busi, S. B., and Battin, T. J. (2024). The role of phages for 
microdiverse bacterial communities in proglacial stream biofilms. Front. Microb. 
2:1279550. doi: 10.3389/frmbi.2023.1279550

Priscu, J. C. (1995). Phytoplankton nutrient deficiency in lakes of the McMurdo dry 
valleys, Antarctica. Freshw. Biol. 34, 215–227. doi: 10.1111/j.1365-2427.1995.tb00882.x

Priscu, J. C., Wolf, C. F., Takacs, C. D., Fritsen, C. H., Laybourn-Parry, J., Roberts, E. C., 
et al. (1999). Carbon transformations in a perennially ice-covered Antarctic lake. 
Bioscience 49, 997–1008. doi: 10.2307/1313733

Puxty, R. J., Millard, A. D., Evans, D. J., and Scanlan, D. J. (2016). Viruses inhibit CO2 
fixation in the most abundant phototrophs on earth. Curr. Biol. 26, 1585–1589. doi: 
10.1016/j.cub.2016.04.036

Ren, J., Ahlgren, N. A., Lu, Y. Y., Fuhrman, J. A., and Sun, F. (2017). VirFinder: a novel 
k-mer based tool for identifying viral sequences from assembled metagenomic data. 
Microbiome 5:69. doi: 10.1186/s40168-017-0283-5

Roberts, E. C., and Laybourn-Parry, J. (1999). Mixotrophic cryptophytes and their 
predators in the Dry Valley lakes of Antarctica. Freshw. Biol. 41, 737–746. doi: 10.1046/j.
1365-2427.1999.00401.x

Roberts, E. C., Priscu, J. C., Wolf, C., Lyons, W. B., and Laybourn-Parry, J. (2004). The 
distribution of microplankton in the McMurdo Dry Valley lakes, Antarctica: response 
to ecosystem legacy or present-day climatic controls? Polar Biol. 27, 238–249. doi: 
10.1007/s00300-003-0582-0

Rojas-Jimenez, K., Wurzbacher, C., Bourne, E. C., Chiuchiolo, A., Priscu, J. C., 
and Grossart, H.-P. (2017). Early diverging lineages within Cryptomycota and 
Chytridiomycota dominate the fungal communities in ice-covered lakes of the 
McMurdo dry valleys, Antarctica. Sci. Rep. 7:15348. doi: 10.1038/
s41598-017-15598-w

Roux, S., Enault, F., Hurwitz, B. L., and Sullivan, M. B. (2015). VirSorter: mining viral 
signal from microbial genomic data. PeerJ 3:e985. doi: 10.7717/peerj.985

Säwström, C., Lisle, J., Anesio, A. M., Priscu, J. C., and Laybourn-Parry, J. (2008). 
Bacteriophage in polar inland waters. Extremophiles 12, 167–175. doi: 10.1007/
s00792-007-0134-6

Seong, H. J., Roux, S., Hwang, C. Y., and Sul, W. J. (2022). Marine DNA methylation 
patterns are associated with microbial community composition and inform virus-host 
dynamics. Microbiome 10:157. doi: 10.1186/s40168-022-01340-w

Shaffer, M., Borton, M. A., McGivern, B. B., Zayed, A. A., La Rosa, S. L., Solden, L. M., 
et al. (2020). DRAM for distilling microbial metabolism to automate the curation of 
microbiome function. Nucleic Acids Res. 48, 8883–8900. doi: 10.1093/nar/gkaa621

Sime-Ngando, T. (2014). Environmental bacteriophages: viruses of microbes in 
aquatic ecosystems. Front. Microbiol. 5:355. doi: 10.3389/fmicb.2014.00355

Spigel, R. H., and Priscu, J. C. (1998). “Physical limnology of the McMurdo dry valleys 
lakes” in Ecosystem Dynamics in a Polar Desert: the Mcmurdo Dry Valleys, Antarctica, 

Antarctic Research Series, Vol. 72, ed. J. C. Priscu (Washington, D.C: American 
Geophysical Union), 153–187.

Suttle, C. A. (2005). Viruses in the sea. Nature 437, 356–361. doi: 10.1038/
nature04160

Suttle, C. A., and Chen, F. (1992). Mechanisms and rates of decay of marine viruses in 
seawater. Appl. Environ. Microbiol. 58, 3721–3729. doi: 10.1128/
aem.58.11.3721-3729.1992

Takacs, C. D., and Priscu, J. C. (1998). Bacterioplankton dynamics in the McMurdo 
Dry Valley lakes, Antarctica: production and biomass loss over four seasons. Microb. 
Ecol. 36, 239–250. doi: 10.1007/s002489900111

Takacs-Vesbach, C., Zeglin, L., Barrett, J. E., Gooseff, M., and Priscu, J. C. (2010). 
“Factors promoting microbial diversity in the McMurdo dry valleys, Antarctica” in Life in 
Antarctic Deserts and other cold dry environments: Astrobiological Analogs, eds. P. T. 
Doran, W. B. Lyons and D. M. McKnight (Cambridge: Cambridge University Press), 
221–257.

Tallada, S., Hall, G., Barich, D., Morgan-Kiss, R. M., and Slonczewski, J. L. (2022). 
Antibiotic resistance genes and taxa analysis from mat and planktonic microbiomes of 
Antarctic perennial ice-covered Lake Fryxell and Lake Bonney. Biorxiv. 34, 408–422. 
doi: 10.1101/2021.12.17.473166

Tamoi, M., Miyazaki, T., Fukamizo, T., and Shigeoka, S. (2005). The Calvin cycle in 
cyanobacteria is regulated by CP12 via the NAD(H)/NADP(H) ratio under light/dark 
conditions. Plant J. 42, 504–513. doi: 10.1111/j.1365-313X.2005.02391.x

Teufel, A. G., Li, W., Kiss, A. J., and Morgan-Kiss, R. M. (2017). Impact of nitrogen 
and phosphorus on phytoplankton production and bacterial community structure in 
two stratified Antarctic lakes: a bioassay approach. Polar Biol. 40, 1007–1022. doi: 
10.1007/s00300-016-2025-8

Thingstad, T. F. (2000). Elements of a theory for the mechanisms controlling 
abundance, diversity, and biogeochemical role of lytic bacterial viruses in aquatic 
systems. Limnol. Oceanogr. 45, 1320–1328. doi: 10.4319/lo.2000.45.6.1320

Thompson, L. R., Zeng, Q., and Chisholm, S. W. (2016). Gene expression patterns 
during light and dark infection of Prochlorococcus by cyanophage. PLoS One 
11:e0165375. doi: 10.1371/journal.pone.0165375

Uritskiy, G. V., DiRuggiero, J., and Taylor, J. (2018). MetaWRAP—a flexible pipeline 
for genome-resolved metagenomic data analysis. Microbiome 6:158. doi: 10.1186/
s40168-018-0541-1

Van Horn, D. J., Wolf, C. R., Colman, D. R., Jiang, X., Kohler, T. J., McKnight, D. M., et al. 
(2016). Patterns of bacterial biodiversity in the glacial meltwater streams of the McMurdo 
dry valleys, Antarctica. FEMS Microbiol. Ecol. 92:fiw148. doi: 10.1093/femsec/fiw148

Vick-Majors, T. J., Priscu, J. C., and Amaral-Zettler, A. (2014). Modular community 
structure suggests metabolic plasticity during the transition to polar night in ice-covered 
Antarctic lakes. ISME J. 8, 778–789. doi: 10.1038/ismej.2013.190

von Meijenfeldt, F. A. B., Arkhipova, K., Cambuy, D. D., Coutinho, F. H., and 
Dutilh, B. E. (2019). Robust taxonomic classification of uncharted microbial 
sequences and bins with CAT and BAT. Genome Biol. 20:217. doi: 10.1186/
s13059-019-1817-x

Wang, L., Wang, Y., Huang, X., Ma, R., Li, J., Wang, F., et al. (2022). Potential 
metabolic and genetic interaction among viruses, methanogen and methanotrophic 
archaea, and their syntrophic partners. ISME Commun. 2:50. doi: 10.1038/
s43705-022-00135-2

Warwick-Dugdale, J., Buchholz, H. H., Allen, M. J., and Temperton, B. (2019). Host-
hijacking and planktonic piracy: how phages command the microbial high seas. Virol. 
J. 16:15. doi: 10.1186/s12985-019-1120-1

Wedel, N., Soll, J., and Paap, B. K. (1997). CP12 provides a new mode of light 
regulation of Calvin cycle activity in higher plants. Proc. Natl. Acad. Sci. USA 94, 
10479–10484. doi: 10.1073/pnas.94.19.10479

Weitz, J. S., Poisot, T., Meyer, J. R., Flores, C. O., Valverde, S., Sullivan, M. B., et al. 
(2013). Phage-bacteria infection networks. Trends Microbiol. 21, 82–91. doi: 10.1016/j.
tim.2012.11.003

Yau, S., and Seth-Pasricha, M. (2019). Viruses of polar aquatic environments. Viruses 
11:189. doi: 10.3390/v11020189

Zielezinski, A., Deorowicz, S., and Gudyś, A. (2022). PHIST: fast and accurate 
prediction of prokaryotic hosts from metagenomic viral sequences. Bioinformatics 38, 
1447–1449. doi: 10.1093/bioinformatics/btab837

https://doi.org/10.3389/fmicb.2024.1422941
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1525/bisi.1999.49.12.985
https://doi.org/10.2307/1313734
https://doi.org/10.1038/nmeth.1938
https://doi.org/10.1029/2018JF004756
https://doi.org/10.1111/j.1529-8817.1982.tb03158.x
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1029/2020JG005925
https://doi.org/10.3389/frmbi.2023.1279550
https://doi.org/10.1111/j.1365-2427.1995.tb00882.x
https://doi.org/10.2307/1313733
https://doi.org/10.1016/j.cub.2016.04.036
https://doi.org/10.1186/s40168-017-0283-5
https://doi.org/10.1046/j.1365-2427.1999.00401.x
https://doi.org/10.1046/j.1365-2427.1999.00401.x
https://doi.org/10.1007/s00300-003-0582-0
https://doi.org/10.1038/s41598-017-15598-w
https://doi.org/10.1038/s41598-017-15598-w
https://doi.org/10.7717/peerj.985
https://doi.org/10.1007/s00792-007-0134-6
https://doi.org/10.1007/s00792-007-0134-6
https://doi.org/10.1186/s40168-022-01340-w
https://doi.org/10.1093/nar/gkaa621
https://doi.org/10.3389/fmicb.2014.00355
https://doi.org/10.1038/nature04160
https://doi.org/10.1038/nature04160
https://doi.org/10.1128/aem.58.11.3721-3729.1992
https://doi.org/10.1128/aem.58.11.3721-3729.1992
https://doi.org/10.1007/s002489900111
https://doi.org/10.1101/2021.12.17.473166
https://doi.org/10.1111/j.1365-313X.2005.02391.x
https://doi.org/10.1007/s00300-016-2025-8
https://doi.org/10.4319/lo.2000.45.6.1320
https://doi.org/10.1371/journal.pone.0165375
https://doi.org/10.1186/s40168-018-0541-1
https://doi.org/10.1186/s40168-018-0541-1
https://doi.org/10.1093/femsec/fiw148
https://doi.org/10.1038/ismej.2013.190
https://doi.org/10.1186/s13059-019-1817-x
https://doi.org/10.1186/s13059-019-1817-x
https://doi.org/10.1038/s43705-022-00135-2
https://doi.org/10.1038/s43705-022-00135-2
https://doi.org/10.1186/s12985-019-1120-1
https://doi.org/10.1073/pnas.94.19.10479
https://doi.org/10.1016/j.tim.2012.11.003
https://doi.org/10.1016/j.tim.2012.11.003
https://doi.org/10.3390/v11020189
https://doi.org/10.1093/bioinformatics/btab837

	Antarctic lake viromes reveal potential virus associated influences on nutrient cycling in ice-covered lakes
	1 Introduction
	2 Methods
	2.1 Site description
	2.2 Sample collection and sequencing
	2.3 Viral assembly and annotation
	2.4 Viral diversity metrics
	2.5 Auxiliary metabolic genes
	2.6 Host binning, quantification, and taxonomy
	2.7 Host predictions

	3 Results and discussion
	3.1 MDV Lake planktonic and microbial mat viral diversity and composition
	3.2 McMurdo dry valleys auxiliary metabolic genes
	3.3 Viral host predictions

	4 Conclusion

	References

