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ABSTRACT 

All of Earth’s ecosystems are affected by climate change, and many Northern 

ecosystems are particularly vulnerable to ecosystem disturbance. Viruses play key roles 

in ecosystem dynamics; viral infection can regulate microbial abundances and shape 

community composition, influence microbial evolution and metabolism, dictate the flux 

of carbon and nutrients, and more. Despite their recognized roles, our understanding of 

viral responses to global change is severely limited. Metagenomic approaches have 

expanded our knowledge of the diversity, distribution, and metabolic potential of 

uncultured viruses and are useful tools for interrogating viral assemblages across diverse 

environments. This dissertation uses metagenomic and metatranscriptomic approaches to 

characterize viral communities within the context of two Northern ecosystems sensitive 

to climate change. Chapter Two concerns the under-ice microbiome in Lake Erie, a 

seasonally frozen freshwater lake experiencing climate-driven declines in ice cover. 

Chapters Three and Four examine the microbiome of Sphagnum mosses, a keystone plant 

species in one of Earth’s largest terrestrial carbon sinks. Chapter Two presents a 

metatranscriptomic study comparing viral activity between an ice-covered and ice-free 

winter in Lake Erie, where we identified significant differences in active viral community 

composition and diversity. Chapter Three examined paired metagenomes and 

metatranscriptomes to define viral members of the core Sphagnum microbiome, 

providing evidence for persistent viral entities in association with Sphagnum 

communities. Chapter Four leveraged metagenomes and metatranscriptomes from 

warmed and ambient conditions to explore the effect of warming on viral community 

composition and activity in the moss microbiome. Here we found that viral communities 

were significantly different between warming conditions, but that differences may be 

dependent upon the type of warming condition and severity (artificial or natural 

geothermal warming). The chapters presented below span two different environmental 

systems, but they are linked by the interest in understanding microbial communities in 

Northern ecosystems disturbed by rapidly changing climate. 
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CHAPTER ONE: INTRODUCTION  
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Viral ecology in the context of changing climate 

Many of Earth’s ecosystems are experiencing unprecedented and rapid changes in 

climate, where Northern systems are especially affected (Parmesan, 2006; Hoegh-

Guldberg and Bruno, 2010). Climate change is apparent through losses in biodiversity 

and greater species extinction rates, habitat destruction, and the loss of ecosystem 

services (Mooney et al., 2009). The effect of climate on microorganisms may not be as 

visible, but microbial communities are impacted nonetheless, including (but not limited 

to) shifts in microbial composition (Smol et al., 2005), distribution (Southward et al., 

1995), and activity (Sturm et al., 2005). These shifts can have cascading effects on 

ecosystem structure and biogeochemical cycles (Sturm et al., 2005; Graham et al., 2011). 

Recent efforts have been made to integrate microorganisms into climate change 

assessments and predictions of future change (Treseder et al., 2012; Yang et al., 2023). 

However, viruses have thus far largely been excluded from such efforts. 

Viral infection can regulate microbial abundances through lysis and indirectly 

foster microbial diversity and co-existence by lysing populations of fast-growing, 

abundant organisms (the ‘kill the winner’ hypothesis) (Thingstad and Lignell, 1997). The 

lysis of infected hosts and subsequent release of cellular material greatly impacts carbon 

and nutrient cycling. The released organic matter and nutrients are utilized by bacteria for 

growth and recycled at lower trophic levels as opposed to moving up the food web (the 

‘viral shunt’) (Wilhelm and Suttle, 1999). Additionally, in marine systems infected cells 

can form aggregates that sink the sea floor and contribute to ocean carbon sequestration, 

a process termed the ‘viral shuttle’ (Weinbauer, 2004).  

Viruses impact more than microbial mortality rates; virus-host interactions 

represent an important driver of microbial evolution. Viral infection can introduce new 

genetic information to cells that can lead to diversification and new metabolisms 

(Marston et al., 2012). Viral infection can also (temporarily) alter host metabolism 

through the expression of virus-encoded auxiliary metabolic genes during infection 

(Rohwer and Thurber, 2009). A commonly referenced example is the photosystem genes 

encoded by cyanophage that are expressed during infection (Lindell et al., 2005). 

Similarly, the metabolism of infected cells differs from non-infected cells (Forterre, 
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2013), and the physiological remodeling of infected cells by viruses likely produces 

different ecosystem footprints and alters microbial community dynamics (Howard-

Varona et al., 2020). 

 Syntheses regarding viral ecology in the context of global change are scarce 

(Danovaro et al., 2011; Jansson and Wu, 2022; Wieczynski et al., 2023), highlighting 

both the limited amount of current knowledge but also the interest in addressing the 

existing knowledge gap. While not extensively summarized in this introduction, select 

trends from the literature compiled by Danovaro et al., Jansson et al., and Wieczynski et 

al. are as follows: 

1. In general, higher temperatures increase microbial growth rates as well as virus-

host contact rates, both of which can increase viral production. Climate warming 

may bolster viral production this way. However, viral particles are generally less 

stable at higher temperatures, and warming may enhance decay rates at the 

system-level. In soils, warming may alternatively decrease host activity and virus-

host contact rates due to decreased soil moisture.  

2. In both aquatic and soil systems, temperature change may determine whether 

certain viral lifestyles are advantageous. In other words, warming may influence 

the prevalence of lytic phage lifestyles, where viruses replicate and immediately 

lyse the host, or lysogenic lifestyles, where viruses temporarily integrate into host 

genomes without causing mortality. 

3. Changes in pH are thought to indirectly affects viruses by affecting host growth, 

as well as more directly through particle stability and infectivity. 

Many of the observed trends are accompanied by caveats where studies have reported the 

complete opposite effect. Overall, this highlights that 1) climate responses may not be 

universal but instead system- and organism-specific, and 2) that system-specific studies 

are still informative for understanding climate change and may also be useful in 

elucidating more general ecosystem responses to climate when considered with the 

existing literature. 
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Case Study 1: The relationship between Lake Erie’s under-ice microbiome, 

declining ice cover, and viral activity 

Climate warming can impact freshwater lakes in a variety of ways, including the 

availability of fresh water, quality of drinking water, and habitat availability for aquatic 

life (Schindler, 2001; Woolway et al., 2022). This section will focus on the influence of 

warming on lake ice phenology and the ‘under-ice microbiome’ (Bertilsson et al., 2013) 

as it is most relevant to the work presented in Chapter Two. Air temperature has 

significant influence over ice phenology (Williams and Stefan, 2006). There is an 

associated decrease in period of ice cover, ice thickness, and greater interannual 

variability in ice-on and ice-off dates with increased air temperature (Magnuson et al., 

2000; Imrit and Sharma, 2021; Sharma et al., 2021). Furthermore, recent projections 

warn that some seasonally-frozen lakes may transition to ice-free winters over the course 

of this century (Sharma et al., 2021). Historical lake warming data has shown that while 

there is a trend in lake warming globally, lake warming rates were not uniform even 

within geographic regions (O'Reilly et al., 2015). Instead, variable climate factors, like 

air temperature, interact with individual lake properties such as elevation, surface area, 

and depth. This is one example of the heterogenous responses of lakes to changing 

climate and, while global syntheses are equally important, highlights the rationale behind 

studying individual lakes.  

The seasonal ice-covered period was once thought to be biologically dormant 

(Sommer et al., 2012). However, efforts to illuminate the ‘black box’ that is wintertime 

ecology have revealed active microbial communities underneath the ice, including 

phytoplankton and grazer communities (Bertilsson et al., 2013; Hampton et al., 2017). 

Across many lakes, microbial biomass is often lower in the winter than the summer 

(Hampton et al., 2017). For phototrophic microorganisms, this is in part attributed to a 

decrease in light availability beneath ice and snow cover (e.g., (Tulonen et al., 1994)). In 

Lake Erie, however, the under-ice microbiome is characterized by dense blooms of 

diatoms that form directly under the ice (Twiss et al., 2012), a position in the water 

column where light is most available especially since thick snow-cover is uncommon 

over Lake Erie (Bolsenga and Vanderploeg, 1992). While comparisons between high- 
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and low-ice years are scarce, declines in abundance and differences in gene expression of 

bloom-forming diatoms have been reported from low ice cover samples (Beall et al., 

2016; Zepernick et al., 2024).  

In various water bodies, viral abundances are often lowest in the winter, when both 

temperature and productivity are also at their lowest (Jiang and Paul, 1994; Weinbauer et 

al., 1995; Liu et al., 2006). Lower viral abundances in the winter, irrespective of ice 

cover, is sometimes attributed to lower light availability and lower temperatures, both 

variables known to influence viral production (Mojica and Brussaard, 2014). In addition 

to light availability, changes in ice cover can influence exposure to ultraviolet radiation, 

which can inactivate viral particles (Wilhelm et al., 1998; Madan et al., 2005). Temperate 

phage may also take refuge as lysogens during the winter, as there are some reports of 

lysogeny being common in winter months and under ice (McDaniel et al., 2002; 

Laybourn-Parry et al., 2007; Maurice et al., 2010). During the summer in Lake Erie, 

phage can act as a significant source of bacterial mortality (Wilhelm and Smith, 2000), 

but less is known regarding viral activity during the winter. Gene fragments of putative 

phage (cyanophage) and RNA viruses (of eukaryotes) have been detected in the winter 

(Matteson et al., 2011; Edgar et al., 2016). No studies have assessed the relationship 

between ice cover extent and viral activity in Lake Erie, or in freshwater lakes in 

generally. Given this scarcity of knowledge, there are some basic questions that need 

addressing, including: 1) are viral communities active during the winter in Lake Erie and 

2) are there differences in viral activity based on ice cover-extent?  

Case Study 2: Northern peatlands and viruses in the Sphagnum moss microbiome 

Peatlands cover only about 3% of Earth’s surface, but account for an estimated 

30% of the total amount of terrestrial carbon (C) (Gorham, 1991; Yu et al., 2010). Over 

the course of thousands of years, low rates of decomposition relative to net primary 

production have led to carbon accumulation in the form of peat, or partially decayed 

organic matter (Bridgham et al., 2006; Gorham et al., 2012). As global temperatures rise, 

peatland C stores are at risk of being released back into the atmosphere in the form of 

greenhouse gases, with subsequent predicted ecological and economic impacts 

(Dorrepaal et al., 2009; Frolking et al., 2011). In Northern peatlands, Sphagnum mosses 
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are the dominant plant genus, where they promote an environment favorable to carbon 

sequestration (Turetsky, 2003; Turetsky et al., 2012). Very little is known regarding viral 

diversity and activity in this system.  

This section provides an overview of the mechanisms of C sequestration by 

peatlands, the link between C storage, Sphagnum mosses, and their microbiomes, and 

how Sphagnum microbiomes are impacted by changing climate. Finally, this section will 

summarize what has been reported regarding viruses in Sphagnum-dominated peatlands. 

Peatland carbon sequestration 

The majority of peatland C stores are within Northern peatlands (boreal and 

subarctic), with an estimated 550 gigatons stored (Yu et al., 2010). Northern peatlands 

primarily formed during the early Holocene, when increased sunlight and warmer 

summers coupled with colder winters resulted in increased C capture (plant production) 

during the summers and reduced peat decomposition during the winter (Yu et al., 2010). 

Peatlands continued to develop over the Holocene, where globally the mean C 

accumulation rate was estimated to be 142 ± 7 TgC/yr (Gallego-Sala et al., 2018). Peat 

accumulates because the rate of carbon fixation (net primary production) is greater than 

the rate of carbon degradation by microbial heterotrophic metabolism (Clymo, 1987). 

Peatland habitats are classified as ombrotrophic or minerotrophic, referred to as bogs and 

fens, respectively (Clymo, 1987). Bogs are rainwater-fed only and are in general more 

acidic and nutrient-limited than fens; bogs are dominated by Sphagnum mosses and 

generally sequester more carbon (Granath et al., 2010; Rochefort et al., 2012). Here, we 

focus on Sphagnum-dominated ombrotrophic bogs and will refer to them as ‘peatlands’ 

for brevity. 

The harsh conditions in Northern peatlands suppress organic matter degradation, 

namely the acidity (pH 3-4), anoxia, nutrient limitation, and low mean temperatures 

(Moore and Basiliko, 2006). The primary mechanism that drives peatland acidification is 

debated, but contributing factors include the release of protons via cation exchange by 

Sphagnum spp. (Clymo, 1963), the gradual release of humic acids from decaying peat 

(Siegel et al., 2006), and aspects of bog hydrology that prevents cation-rich groundwater 

from flowing to the surface (i.e., acid neutralization capacity is low) (Soudzilovskaia et 
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al., 2010). Anoxia is brought on by high water table levels (i.e., water-logged conditions) 

(Zhong et al., 2020). 

Sphagnum mosses are peatland ecosystem engineers 

Carbon sequestration is directly linked to the ecological dominance and 

productivity of Sphagnum mosses, or peat mosses. Sphagnum mosses are ‘ecosystem 

engineers’ in Northern peatlands because their unique physiology and biochemical 

properties shape the ecosystem as a whole (Norby et al., 2019). Despite the lack of a root 

system, Sphagnum mosses can outcompete vascular plants in nutrient-limited bogs 

because of their efficient uptake of nutrients when deposited from the atmosphere (van 

Breemen, 1995; Fritz et al., 2014). Sphagnum microbial symbionts may also promote 

survival in low-nutrient conditions (presented in further detail below). Additionally, the 

chemical properties of Sphagnum engineer peatland biochemistry and facilitate C storage 

(Turetsky et al., 2008; Straková et al., 2010). Sphagnum mosses have been proposed as 

climate change indicator species due to their sensitivity to climate change and their 

importance in peatland ecosystem health (Whinam and Copson, 2006). 

The Sphagnum microbiome 

Sphagnum harbor a diverse consortium of microorganisms (Kostka et al., 2016). 

Some taxonomic groups have better defined roles and interactions than others. For 

example, Sphagnum mosses, like many other plants (Kraiser et al., 2011), have a 

symbiotic relationship with diazotrophic bacteria and receive plant-available nitrogen 

(ammonium) from them (Berg et al., 2013). The Sphagnum-diazotroph interaction is 

especially important because peatlands can be nitrogen-limited (Aerts et al., 1992). 

Cyanobacterial diazotrophs are commonly found in Sphagnum-associated communities 

(Kolton et al., 2022), but alphaproteobacterial diazotrophs have also been described as 

the dominant nitrogen-fixing taxa, at least under non-warming conditions (Bragina et al., 

2012b; Bragina et al., 2013a; Carrell et al., 2019). Furthermore, using nifH amplicon 

sequencing, Bragina et al. found that specific alphaproteobacterial diazotrophs were 

present in the Sphagnum sporophyte (Bragina et al., 2013a). This important functional 

guild may be vertically transmitted to progeny and ‘maintained’ in the moss microbiome. 

Alphaproteobacterial diazotrophic methanotrophs can provide both nitrogen and carbon 
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in the form of CO2 to the plant. In addition to generating CO2 that can be used for 

Sphagnum growth (Raghoebarsing et al., 2005; Larmola et al., 2014), methanotrophic 

symbionts also act as ‘methane filters’ and can contribute to lowering greenhouse gas 

emissions from peatlands (Kip et al., 2010; Larmola et al., 2010).  

Sphagnum microbiome recruitment and assembly is not well understood 

compared to vascular plants (Santoyo, 2022). However, as referenced above, some 

diazotrophic taxa are thought to have stable associations with Sphagnum (meaning stable 

over generations) because they are vertically transmitted (Bragina et al., 2012a; Bragina 

et al., 2013a; Bragina et al., 2013b). Other methanotrophic taxa are thought to be 

ubiquitous in bog water and can at times be acquired horizontally (here meaning from the 

surrounding environment) (Larmola et al., 2010; Putkinen et al., 2012). A study by 

Kolton et al. of over 200 Sphagnum samples across the United States revealed a ‘core’ 

microbiome that consisted of only 12 genera but a large portion of total relative microbial 

abundance (Kolton et al., 2022). While nitrogen-fixing taxa as a functional guild were 

common and abundant (ca. 15% of the community), no individual diazotrophic or 

methanotrophic genera were in the core. Furthermore, some Sphagnum bacterial 

symbionts are shared with other bog vegetation, indicative of broader peatland core 

microbiome (Bragina et al., 2015; Tveit et al., 2020). 

Interactions between Sphagnum and protistan communities are not as well 

defined, but protists are thought to be key elements of food webs within the microbiome 

nonetheless. For example, phototrophic protists (e.g., microalgae, mixotrophic amoeba) 

can contribute to carbon capture directly via photosynthesis (Falkowski, 2012), and 

phototrophs make up a large portion of Sphagnum-associated protists communities 

(Hamard et al., 2021). Additionally, microalgal exudates can promote bacterial 

respiration in peatlands (Wyatt and Turetsky, 2015) and grazing protists influence 

microbial community composition through predation (Unrein et al., 2014).  

Viral diversity and ecology in peatlands 

This section includes a summary of the few studies that have characterized viral 

communities in peatlands, almost all of which are on viruses in the peat and/or porewater 

as opposed to those associated with vegetation. Peat samples have been shown to contain 
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approximately 106 to 108 viral particles per mL (Ballaud et al., 2016; Trubl et al., 2016), 

which is comparable to the 107 typical in surface seawater (Fuhrman, 1999). 

Metagenomic and metaviromic studies have primarily uncovered novel dsDNA virus 

sequences of putative bacteriophage (class Caudoviricetes) (Emerson et al., 2018; ter 

Horst et al., 2021; Sun et al., 2024). Sequences similar to single-stranded DNA viruses of 

bacteria (Microviridae) and eukaryotes (Circoviridae) have also been detected (Quaiser 

et al., 2015; Ballaud et al., 2016). The use of metatranscriptomes showed that a large 

portion of the putative viruses identified were transcriptionally active (56-58%), 

suggesting on-going infection in the peat active layer the time of sampling (Emerson et 

al., 2018; Sun et al., 2024). Although, Ballaud et al. (2016) observed that the virus to 

prokaryote ratio (VPR) was relatively low in their peat samples and attributed it to the 

generally lower metabolic rates and dormancy in peat. VPR has not been examined in 

communities associated with living Sphagnum. 

Some peat viruses may have a wide distribution as phylogenetically related 

(putative) viruses could be detected in geographically separate peatlands and other soils 

(Emerson et al., 2018; ter Horst et al., 2021) as well as in different peatland habitats (i.e., 

palsas, bogs, and fens) (Sun et al., 2024). While the majority of peat viruses may be 

endemic to a site and/or ephemeral, some viral sequences are persistent over time 

(Emerson et al., 2018; Sun et al., 2024). Additionally, surface peat can experience a 

seasonal shift in viral particle abundance and a succession in viral community 

composition (Ballaud et al., 2016), but over annual time scales viral communities at 

various peat depths appear to be stable (Sun et al., 2024). 

Metagenomic approaches have revealed that viral communities in peat are 

structured by depth (Emerson et al., 2018; ter Horst et al., 2021; Sun et al., 2024). The 

influence of depth on community composition may in part be driven by water content, as 

more “aquatic-like” viral sequences were abundant in the more water-logged surface peat 

(ter Horst et al., 2021). Emerson et al. similarly reported overall viral community 

composition to be correlated with soil moisture content (2021). 

Comparing extracellular (virome) and cell-associated sequences in peat over seasons 

(spring to summer) combined with particle counts suggested a seasonal lysogenic to lytic 
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switch (Ballaud et al., 2016). The authors hypothesized that the switch was due to an 

increase in microbial metabolism from spring to summer. Similarly, active (i.e., 

replicating) viral populations had a high proportion of temperate phage and prophage in 

the samples in northern (arctic) peat soils in simulated winter conditions (anoxic and sub-

freezing) (Trubl et al., 2021). In the peat, lysogeny could be a mechanism for viruses to 

persist when microbial metabolisms generally low, similar to mechanisms proposed in 

polar marine systems (Brum et al., 2016) and low productivity environments (Williamson 

et al., 2008).  

Multiple virome studies have identified putative viral genomes with auxiliary 

metabolic genes that may be involved in carbon degradation pathways (Emerson et al., 

2018; ter Horst et al., 2021; Trubl et al., 2021; Sun et al., 2024). Additionally, putative 

viruses have been bioinformatically linked to methanogenic and methanotrophic bacterial 

populations in peat (Emerson et al., 2018; Sun et al., 2024). Emerson et al. determined 

that putative viruses of methanogens could predict soil porewater C chemistry and may 

influence the dominate types of methane metabolism. Overall, viruses may impact carbon 

cycling in peatlands via viral-encoded metabolic genes and by potentially lysing bacteria 

involved in peatland methane cycling. 

Only one published study has examined viral communities within the Sphagnum 

microbiome (Stough et al., 2018). Stough et al. reported diverse populations of actively 

replicating phage, NCLDV, and single-stranded RNA viruses inferred from viral marker 

genes detected in peat moss metatranscriptomes. Their findings suggested that viruses 

may have a role in structuring bacterial and protist communities and influence the 

recycling of carbon and nutrients in the peat moss microbiome. To conclude this section, 

although studies of viral populations derived from peatland soil and water samples inform 

our understanding of how viruses may modulate microbial metabolism in the 

belowground environment, studies of viruses associated with the living moss tissue may 

be more helpful in elucidating direct interactions between Sphagnum and its microbiome. 

Peatland ecosystem vulnerability to climate warming 

Peatland ecosystems are impacted by various anthropogenic activities, such as 

peat extraction, peatland drainage, and agriculture, as well as by increased acid and 
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nutrient deposition from acid rain (Turetsky and St. Louis, 2006). Whole-ecosystem 

experimental warming has shown an increasing net loss of C through with warming 

through the release of CO2 and CH4 (Hanson et al., 2020; Hopple et al., 2020). Climate 

warming may also increase the frequency of episodic disturbances like wildfires, which 

release large amounts of C from combustion and post-fire peatlands exhibit increased 

mineralization and decomposition (Turetsky et al., 2015). Warming also impacts 

Sphagnum ecophysiology. Sphagnum productivity and dominance have been shown to 

decline with warming (Jassey et al., 2013). Sphagnum decline is in part attributed to the 

decrease in water content and water table height (Bragazza, 2008; Norby et al., 2019), 

and to a decrease in light availability as a result of the warming-induced expansion of 

vascular plants (Norby et al., 2023).  

Warming-induced declines in moss productivity have been associated with an 

increase in microbial enzymatic activity and respiration in peat soil, likely from increased 

oxygenation of the soil (Bragazza et al., 2016). As mentioned above, anoxia is typical 

feature of peatlands and limits microbial decomposition. Elevated temperatures create 

drier conditions, which promote the oxygenation of peat and rise in pH that increase 

microbial activity (Freeman et al., 2004; Brouns et al., 2014). Conversely, experimental 

warming showed that while there were large changes in microbial diversity, microbial 

community ecosystem function (here meaning decomposition of peat) was not different 

at a short time scale based on their methods (Roth et al., 2023).  

Effects of warming on the Sphagnum microbiome 

Experimental warming studies have shown that warming alters the Sphagnum 

microbiome and moss-microbiome interactions. A common response may be a decline in 

microbial diversity (bacterial and micro-eukaryotic), as has been observed in Sphagnum-

associated communities (Carrell et al., 2019; Reczuga et al., 2020) and in peat soils 

(Kolton et al., 2019; Yang et al., 2021) under warming treatment. Although notably an 

increase in bacterial diversity has been observed in peat with warming (Roth et al., 2023). 

Microbial responses to warming are likely organism-specific, where specific taxonomic 

groups have varying levels of resilience to warming (Carrell et al., 2019) (Roth et al., 

2023).  
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Diazotrophic communities in particular are disturbed by warming. For example, 

Carrell et al. observed that Nostocaceae (Cyanobacteria) became dominant with warming 

in the microbiome, while other cyanobacterial and alphaproteobacterial clades declined in 

relative abundance or were no longer detected with +9°C warming. The decline in 

prokaryotic and diazotrophic diversity was coupled with a decline in nitrogen fixation 

rates (~50% decrease). Therefore, warming-induced changes in microbial community 

diversity and structure may influence Sphagnum fitness in terms of nutrient acquisition. 

In addition to a decrease in nitrogen fixation rates in the microbiome (Carrell et al., 2019; 

Petro et al., 2023), warming impacts microbiome methane metabolism in peat soil and 

water (Kolton et al., 2019; Petro et al., 2023). Additionally, peat moss metabolites shape 

microbial communities (Sytiuk et al., 2022) and metabolite exchange is important in 

plant-symbiont interactions (Carrell et al., 2021), but the metabolome is sensitive to 

temperature (Jassey et al., 2013). 

Micro-eukaryotic community structure and function are affected by warming, e.g. 

(Jassey et al., 2011; Jassey et al., 2013; Jassey et al., 2015; Reczuga et al., 2020). For 

example, experimental warming resulted in an increase in bacterial biomass that was 

partially explained by a decrease in biomass of protists predators. The authors 

hypothesized warming destabilized the food web, and that the loss of top predators 

ultimately stimulated microbial metabolism (organic matter breakdown) and increased 

biomass (Jassey et al., 2013). A separate study by Jassey et al. determined that a 

reduction (50% loss) in mixotrophic protists (which can be important source of CO2 

capture) led to an overall reduction in carbon net uptake by the microbiome, thus 

showing that alterations to moss microbiome communities does not only influence 

microbial processes but has the ability to influence overall peatland C capturing abilities 

(Jassey et al., 2015). 

Very few efforts have been made to investigate viruses in experimentally warmed 

systems. Notably, ter Horst et al. found no difference in peat viral communities from the 

SPRUCE site after ca. two years of experimental warming (sampled peat depths ranged 

from 10 cm to 175 cm) (ter Horst et al., 2021). The authors suggested below ground viral 

communities may have a more delayed response to temperature. This is similar to other 
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work that showed that microbial communities (bacterial and protistan) at the surface 

layers were more strongly impact by warming (Jassey et al., 2013; Kolton et al., 2019). 

To our knowledge, no studies have examined the effect of warming on viral populations 

within the Sphagnum microbiome. 

Applications of viral metagenomics in environmental microbiology 

This section presents a brief overview over viral metagenomic methods as they 

are used throughout this dissertation. The earliest environmental viral metagenomic 

studies were published nearly twenty years ago, when Breitbart et al. described the viral 

fraction of seawater and marine sediment communities (Breitbart et al., 2002; Breitbart et 

al., 2004). Their work not only revealed the diversity and novelty of viral genes in 

environmental samples, but that shotgun metagenomics could feasibly recover the 

genomes of uncultured viruses. A common feature of viral metagenomes is that a large 

portion of the recovered sequences have no similarity to known sequences (Rosario and 

Breitbart, 2011). These unknowns constitute the “viral dark matter”, which both 

highlights the incredible genetic diversity within viral communities but also obscures our 

understanding of the activity and ecology of viruses in nature. Nonetheless, insights into 

the diversity, evolution, biogeography, and functional potential of viruses have been 

inferred from metagenomic analyses (reviewed in: (Rosario and Breitbart, 2011; Brum 

and Sullivan, 2015; Zhang et al., 2019)). 

Although ‘viral metagenomics’ typically refers to the sequencing of viral particles 

that have been enriched from environmental samples, viral communities can also be 

identified and studied from bulk metagenomes (i.e., untargeted sequencing of the entire 

community). In both cases, viral genes and genomes are often identified based on their 

similarity to known sequences. While viruses do not encode a single conserved gene, 

certain viral groups share “marker genes” that can be identified in sequencing data 

through homology searches. Viral marker genes can then be used to reconstruct 

phylogenies and document viral diversity, assess the distribution and abundance of viral 

clades, and infer virus-host interactions (e.g., (Hingamp et al., 2013; Sakowski et al., 

2014; Wolf et al., 2020)). Certain viral markers can be used to investigate viral lifestyles, 

such as the prevalence and dynamics of temperate phage population (McDaniel et al., 
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2008; Knowles et al., 2016). Additionally, DNA virus marker genes detected in 

metatranscriptomes can indicate actively replicating viruses within a sample and predict 

natural hosts based on abundance correlations (Moniruzzaman et al., 2017). In addition to 

conserved marker genes, viral genomes and genome fragments assembled from 

metagenomic libraries can be informative. Functional annotation can reveal novel viral 

genome organizations (Krishnamurthy et al., 2016) and auxiliary metabolism 

(Moniruzzaman et al., 2020). Genomic features such as CRISPR spacers, evidence of 

HGT or phage integration (i.e., genetic homology), oligonucleotide usage profiles, and 

GC content have all been used to predict hosts (Edwards et al., 2015; Coclet and Roux, 

2021). 

 Despite the many discoveries made over the past two decades by leveraging 

metagenomics, there are still many challenges and considerations. As mentioned earlier, 

the majority of viral sequences are unknowns. The lack of database representation 

ultimately hinders both identification and annotation of viral sequences. Extensive 

horizontal gene transfer between microorganisms further complicates the interpretation of 

viral sequences, especially in bulk metagenomes where there is greater uncertainty if 

sequences represent “true” viruses. Advancements in in silico viral detection (Wu et al., 

2024), sequencing approaches (Warwick-Dugdale et al., 2109), and community standards 

(Roux et al., 2017) are improving our ability to investigate viral populations in nature 

using metagenomics. 
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Abstract  

Winter is a relatively under-studied season in freshwater ecology. The paucity of 

wintertime surveys has led to a lack of knowledge regarding microbial community 

activity during the winter in Lake Erie, a North American Great Lake. Viruses shape 

microbial communities and regulate biogeochemical cycles by acting as top-down 

controls, yet very few efforts have been made to examine active virus populations during 

the winter in Lake Erie. Furthermore, climate change-driven declines in seasonal ice 

cover have been shown to influence microbial community structure, but no studies have 

compared viral community activity between different ice cover conditions. We surveyed 

surface water metatranscriptomes for viral hallmark genes as a proxy for active virus 

populations and compared activity metrics between ice-covered and ice-free conditions 

from two sampled winters. Transcriptionally active viral communities were detected in 

both winters, spanning diverse phylogenetic clades of putative bacteriophage 

(Caudoviricetes), giant viruses (Nucleocytoviricota, or NCLDV), and RNA viruses 

(Orthornavirae). However, viral community activity metrics revealed pronounced 

differences between the ice-covered and ice-free winter. Viral community composition 

was distinct between winters and viral hallmark gene richness was reduced in the ice-

covered relative to the ice-free conditions. Additionally, the observed differences in viral 

communities correlated with microbial community activity metrics. Overall, these 

findings contribute to our understanding of the viral populations that are active during the 

winter in Lake Erie and suggest that viral community activity may be associated with ice 

cover extent. 

Importance 

As seasonal ice cover is projected to become increasingly rare on large temperate 

lakes, there is a need to understand how microbial communities might respond to 

changing ice cover conditions. Although it is widely recognized that viruses impact 

microbial community structure and function, there is little known regarding wintertime 

viral activity or the relationship between viral activity and ice cover extent. Our 

metatranscriptomic analysis indicated that viruses were transcriptionally active in the 

winter surface waters of Lake Erie. These findings also expanded the known diversity of 
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viral lineages in the Great Lakes. Notably, viral community activity metrics were 

significantly different between the two sampled winters. The pronounced differences we 

observed in active viral communities between the ice-covered and ice-free samples merits 

further research regarding how viral communities will function in future, potentially ice-

free, freshwater systems. 

Introduction 

Decades of research have demonstrated that viruses are key biological 

components of aquatic ecosystems (1). Through top-down control, viruses influence 

microbial community structure and the movement of organic matter via the “viral shunt” 

and “viral shuttle” (2-4). Viruses also modulate the metabolism of infected cells by 

hijacking host cell physiology and through virus-encoded metabolic genes (5), which can 

have far-reaching implications for biogeochemical cycles (6, 7). As many of Earth’s 

aquatic ecosystems are faced with unprecedent changes in climate (8, 9), there is growing 

interest in how environmentally relevant viruses are influenced by climate change, such 

as how climate modulates viral diversity and production rates (10). The winter period in 

temperate freshwater lakes is particularly vulnerable to climate change, where one 

apparent response is the decline in ice cover duration and thickness (9, 11). In fact, the 

frequency of ice-free winters is projected to increase globally in current climate 

trajectories (12). Seasonally ice-covered lakes are not biologically dormant during the 

winter (13), and yet there is relatively little documented about viral activity during this 

period (14).  

 The Great Lakes contain about 20% of the global fresh water supply (15) and 

have substantial contributions to regional socioeconomic services (16). Winter in the 

Laurentian Great Lakes is undergoing pronounced changes due to a warming climate 

(17). Since the 1970’s, Lake Erie has exhibited significant declines in wintertime ice 

cover extent and duration (18, 19). Furthermore, ice cover extent drastically alters 

microbial community structure by shifting the winter ecosystem from one characterized 

by dense accumulations of filamentous diatoms (20-22) to one dominated by 

picoplankton (23). Putative phage gene fragments (24) and RNA virus sequences (25) 

have been detected during the mid-winter in Lake Erie, but there has been no 
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comprehensive characterization of winter viral activity in the Great Lakes to-date. 

Additionally, the relationship between viral community activity and ice cover extent has 

not previously been explored. Viral community composition and activity are shaped by 

the surrounding microbial community (26, 27). Given that ice cover can influence 

microbial population structure, it is reasonable to expect a relationship between ice cover 

extent and viral activity. Viral activity could also be directly impacted by other ice cover-

dependent factors as well (e.g., the effect of UV exposure on viral decay rates (28, 29)). 

Characterizing active viral populations during the winter is an important step towards 

understanding how virus-mediated processes may be impacted by changing ice 

conditions. 

Targeted gene amplification and shotgun metagenomic approaches have been 

informative in the study of viruses in the Great Lakes (24, 30, 31), but a limitation of 

DNA-based approaches is that they do not reveal virus activity (i.e., replicating viruses) 

or capture RNA viruses. Metatranscriptomics can facilitate both the discovery of RNA 

viruses as well as estimate in situ activity levels of viruses using transcript abundance as 

a proxy (32). Here, we surveyed metatranscriptomes from filtered (> 0.2 μm) samples 

collected from Lake Erie surface waters during two contrasting winters: one winter with 

high-ice cover (2019, 95% mean maximum ice cover) and a subsequent relatively ice-

free winter (2020, 15% mean maximum ice cover) (33). Samples from the spring months 

following the ice-free winter were also collected and serve as an outgroup in this study. 

Using hallmark genes as proxies for putative viral populations, we identified 

phylogenetically diverse viral communities that were transcriptionally active in the winter 

surface waters. Viral community activity metrics (alpha and beta diversity indices) 

revealed significant differences in community composition and viral richness (i.e., the 

number of different viral hallmark gene variants) between the ice-covered and ice-free 

samples. Additionally, viral activity metrics were correlated with microbial community 

activity metrics, namely with microbial richness and the proportion of diatom reads 

within the winter libraries. This suggested that the differences in viral activity between 

the winters may in part be linked to differences in the surrounding microbial community. 

Although the cause(s) of the observed differences in viral community activity remain 
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uncertain, they coincided with the substantial variation in ice cover extent between the 

winters. 

Materials and Methods 

Sample collection 

Opportunistic surface water samples were collected by USCGC Neah Bay 

between February and March of two consecutive years (2019 and 2020). Additional 

spring samples in 2020 were collected by MV Orange Apex. Samples were collected 

from 0.5 meters below the surface as either whole-water (n = 20) or net-concentrated (n = 

57, 64-μm net opening). Samples intended for RNA extraction were passed through 0.22-

μm nominal pore-size filters, flash-frozen, and stored at -80° C until further processing. 

Details regarding RNA extraction and sequence processing can be found in an associated 

Microbiology Resource Announcement (34). Meteorological and surface water 

conditions, ice thickness, nutrient concentration, chlorophyll a (> 20 µm and > 0.22 µm 

size classes), phytoplankton taxonomy, and phytoplankton cell abundance were recorded. 

Chlorophyll a measurements were performed using the method described by Twiss et al. 

(21). Nutrient measurements were performed by the National Center for Water Quality 

Research (Heidelberg University, Tiffin, OH, USA). Phytoplankton identification and 

enumeration were performed as described in Zepernick et al. (35). Sample metadata can 

be accessed through the Biological and Chemical Oceanography Data Management 

Office (BCO-DMO) under dataset number 809945.  

Metatranscriptome assembly and gene prediction 

This study used the metatranscriptome co-assembly and gene predictions 

generated by Zepernick et al. (35). Briefly, in Zepernick et al., quality-filtered reads were 

co-assembled using MEGAHIT v1.2.9 (https://github.com/voutcn/megahit) and the 

resulting co-assembly was assessed using QUAST v5.0.2 (Supplemental Table 2.1). All 

supplemental tables are located within the Chapter Two Appendix. Gene sequences were 

predicted from the co-assembly contigs using MetaGeneMark v3.38 (36). Here, to detect 

and quantify the relative transcript abundance for genes within a sample, we mapped 

trimmed reads to gene sequences with ≥ 90% identity and ≥ 90% read length fraction 

thresholds using CoverM v0.6.1 (https://github.com/wwood/CoverM). To remove poorly 
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covered genes, at least 50% of the gene must be covered to be considered detected in a 

metatranscriptome library (37). Read counts for genes with less than 50% coverage were 

reset to zero on a per-library basis. Read counts were normalized using the transcripts per 

million (TPM) method (38).  

Viral hallmark gene discovery  

Conserved viral hallmark genes were identified as proxies for viral populations to 

estimate viral diversity and activity, similar to as performed previously (32, 39). All 

hallmark genes were identified through protein sequence similarity searches. Predicted 

protein sequences from MetaGeneMark were aligned to databases of viral hallmark genes 

(detailed below) using DIAMOND BLASTp (https://github.com/bbuchfink/diamond) (E-

value threshold of 1e-5). Protein sequences that aligned to translated hallmark genes were 

then aligned to the RefSeq v213 database and sequences with a top hit to a viral protein 

were retained as putatively viral (32). As a second quality control measure, only viral 

sequences with an appropriate protein domain identified by a Pfam domain search 

(database v32) were retained for analysis (i.e., a putative Gp23 sequence retrieved from 

the BLASTp that had no capsid domain was not included). RdRp-like protein sequences 

were further filtered using Palmscan (-rdrp option) and only high confidence RdRp 

sequences retained (https://github.com/rcedgar/palmscan). As an additional measure to 

remove non-viral sequences, the metatranscriptome contig from which the hallmark gene 

originated was piped through VirSorter2 v2.2.3 (https://github.com/jiarong/VirSorter2) 

and CheckV v1.0.1 (https://bitbucket.org/berkeleylab/CheckV). While the majority of 

contigs were too short to determine if they were non-viral, no hallmark gene contigs had 

any cellular genes called by VirSorter2 or CheckV. 

Hallmark gene databases 

The terminase large subunit (TerL) was used as a general phage marker (i.e., a 

marker that is present in all Caudoviricetes) (Supplemental Table 2.2) (40). Relatively 

few TerL were detected, most of which resembled T4-like myophage based on sequence 

homology. Therefore, the T4-like major capsid protein (Gp23), DNA polymerase B 

(Gp43), and tail sheath domains were used to detect myophage. The Gp23 had the 

greatest richness compared to the other phage markers and was therefore chosen as the 
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representative hallmark gene for myophage for further analysis (Supplemental Table 

2.2). Viral integrase, excisionase, CI repressor, and Cro repressor were also screened for 

as these markers have been used to detect lysogenic phage in metagenomic data (41, 42). 

All Caudoviricetes marker sequences were retrieved from Interpro, where only viral 

sequences were downloaded. 

The major capsid protein (MCP) was used as a proxy for active 

Nucleocytoviricota, or NCLDV, populations. We chose the MCP marker because 1) it is 

conserved in many NCLDV genomes (43) (all known groups except for Pandoraviridae 

and Pithoviridae), and 2) it is most likely to be detectable since the MCP can be highly 

expressed relative to other NCLDV core genes (44). We also searched for DNA 

polymerase B (PolB) as an alternative NCLDV marker, but only nine PolB sequences 

were detected in the metatranscriptomes via read mapping (Supplemental Table 2.2). 

Therefore, we only discuss the MCP as a proxy for NCLDV with the caveat that the MCP 

may not be the most robust phylogenetic marker for NCLDV (45). NCLDV marker 

sequences were retrieved from the NCVOG database 

(https://ftp.ncbi.nih.gov/pub/wolf/COGs/NCVOG/). 

RNA-dependent RNA polymerase (RdRp) was used as the hallmark gene for 

RNA viruses (Orthornavirae) (46), and the RdRp-Scan database was used for RdRp 

searches (https://github.com/JustineCharon/RdRp-scan). Replicase sequences compiled 

by Kazlauskas et al. (47) and Moniruzzaman et al. (32) were used to screen for circular 

replicase-encoding single-stranded (CRESS) DNA viruses (Cressdnaviricota).  

Phylogenetic analysis 

Hallmark protein sequences were aligned to reference alignments using Clustal 

Omega v1.2.4 (76). Positions with >90% gaps were trimmed from the alignments by 

trimAl v1.4 (https://github.com/inab/trimal). Trees were constructed using FastTree 

v2.1.11 (-lg option) (http://www.microbesonline.org/fasttree) or IQ-TREE v2.2.0.3 (-m 

TEST option) (http://www.iqtree.org) and were visualized in iTOL (80). NCLDV 

reference genomes were retrieved from Gilbert et al. (81) and the MCP sequences were 

predicted using ViralRecall v2 (https://github.com/faylward/viralrecall). RdRp-Scan 
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alignments were used for the RdRp tree references. References for all other trees were 

manually curated. 

Microbial community characterization 

Taxonomic and functional annotation of predicted cellular genes were retrieved 

from Zepernick et al. (35). Briefly, taxonomy was estimated using EUKulele v1.0.6 

(https://github.com/AlexanderLabWHOI/EUKulele), where protein sequences were 

aligned to the PhyloDB database v1.076 by DIAMOND BLASTp. Cellular genes were 

functionally annotated by eggNOG-mapper v2.1.6 using the eggNOG 5.0 orthology 

database with a DIAMOND BLASTp cutoff of 1e-10 

(https://github.com/eggnogdb/eggnog-mapper). 

Statistical analyses 

Community diversity metrics were calculated using the R package vegan 

(https://github.com/vegandevs/vegan) and in PRIMER v7 (48, 49). Normalized transcript 

abundance (TPM) tables were used as the input for all diversity analyses. For beta 

diversity statistics, Bray-Curtis dissimilarity matrices were generated from the 

standardized TPM table (Wisconsin double standardization). Similarity percentage 

(SIMPER) analyses were used to quantify the contribution of individual marker genes to 

average dissimilarity between sample groups.  

Spearman’s correlations were performed using R (cor.test) (48). The virus-host 

hallmark gene interaction network was generated using FlashWeave (α < 0.01) 

(https://github.com/meringlab/FlashWeave.jl), where genes annotated as DNA-directed 

RNA polymerase subunits rpb1 (KEGG orthology K03006) and rpoB (K03043) were 

used as cellular hallmark genes (32, 50). A TPM table of all viral and cellular hallmark 

genes was used as input for the correlation analysis.  

Data availability 

Raw and quality-filtered reads are publicly available through the JGI Genomes 

Online Database (GOLD) under GOLD Study ID Gs0142002. 
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Results 

Preliminary comparison of viral community activity between whole-water and net-

concentrated samples 

Beta diversity analysis based on the relative transcript abundance of viral 

hallmark genes showed that the composition of active viral communities was 

significantly different between the whole-water (no filtration) and net-concentrated (64-

μm opening) samples (ANOSIM R = 0.91, P < 0.001) (Supplemental Figure 2.5A). All 

supplemental figures are located within the Chapter Two Appendix. The total number of 

putative viral hallmark gene variants detected within a library was significantly lower in 

the net-concentrated relative to the whole-water samples (ANOVA, P < 0.001) 

(Supplemental Figure 2.5B). Examination of the relative abundance of viral hallmark 

genes within the libraries revealed that phage (Gp23), NCLDV (MCP), and RNA virus 

(RdRp) transcripts were detected in each whole-water sample, but that phage and 

NCLDV transcripts were relatively absent in the net-concentrated metatranscriptomes 

(Supplemental Figure 2.5C). Since we observed more hallmark gene variants in the 

unfiltered samples, both in terms of the number of hallmark genes detected and the 

different virus types detected (phage, NCLDV, and RNA viruses), we focused on the 

whole-water samples and the net-concentrated metatranscriptomes are not discussed here 

further.  

Physiochemical parameters and phytoplankton abundance estimates 

The whole-water samples spanned temporal, climatic, and spatial gradients. 

Whole-water samples were collected during February – March of 2019 (n = 4), February 

– March of 2020 (n = 10), and May – June of 2020 (n = 6) across twelve sites 

(Supplemental Figure 2.6, Supplemental Table 2.3). The winter of 2019 was considered 

a high-ice year (95% mean maximum ice cover) while the winter of 2020 was largely ice-

free (15% mean maximum ice cover) (33). Ice cover ranged from 90 – 100% at the 2019 

winter (i.e., February/March) sample sites and was 0% at all 2020 winter sample sites 

(Supplemental Table 2.3). Ice thickness ranged from approximately 2.5 to 15 cm at the 

ice-covered sites. The concentration of dissolved ammonia, chlorine, silicate, soluble 

reactive phosphorus, and the silica: nitrate ratio were not significantly different between 
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the 2019 (ice-covered) and 2020 (ice-free) winters (two-tailed unpaired t-test, P > 0.1) 

(Supplemental Figure 2.7, Supplemental Table 2.4). Dissolved nitrate was on average 

significantly higher in the ice-covered relative to the ice-free winter (P = 0.03) 

(Supplemental Figure 2.7). Chlorophyll a (both > 20 µm and > 0.22 µm size classes) and 

diatom cell abundance were on average lower in the ice-free samples, but not 

significantly so (P > 0.1) (Supplemental Figure 2.8, Supplemental Table 2.5). An in-

depth analysis on phytoplankton dynamics is outside of the scope of this study, but 

details regarding phytoplankton taxonomy and distribution in these samples can be found 

in the associated study by Zepernick et al. (35). 

Signatures of active viral communities within the winter surface water 

metatranscriptomes 

Viral hallmark genes detected in the metatranscriptomes were interpreted to represent 

transcriptionally active or cell-associated viral populations. This was presumed because 

1) DNA viruses must be replicating intracellularly to synthesize mRNA and 2) samples 

were filtered (> 0.2 μm) prior to nucleic acid extraction at a size cutoff that would enrich 

for cell-associated RNA viruses. Hereafter we refer to the detected virus populations as 

“active” with the consideration that this approach may detect cell-associated RNA virus 

genomes that are not replicating. 

Putative phage (Gp23), NCLDV (MCP), and RNA virus (RdRp) hallmark genes were 

detected in the winter surface water samples (Figure 2.1A). Overall, active winter viral 

communities displayed high hallmark gene richness (i.e., the number of hallmark gene 

variants detected) and were phylogenetically diverse (Figure 2.1A-D). The majority of 

Gp23 detected in the winter metatranscriptomes via read mapping (439 predicted gene 

sequences) were most closely related to uncultured myophage environmental sequences 

with uncertain hosts as opposed to the established cultured clades, although some Gp23 

were related to isolated cyanophage (two sequences) and Pelagibacter phage (six 

sequences) (Figure 2.1B, Supplemental Table 2.6). The NCLDV MCP detected in the 

winter libraries (427 sequences) represented five of the six established NCLDV orders 
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Figure 2.1. Viral hallmark genes detected in the surface water metatranscriptomes with 

phylogenetic placement. 

A) Total count of genes discovered for Gp23, MCP, and RdRp. Maximum-likelihood 

trees for B) Gp23, C) MCP, and D) RdRp. Branches for Lake Erie sequences are in color, 

reference sequence branches are in black. Inner ring circles represent Lake Erie 

sequences detected in at least one winter library. Outer ring shows taxonomy of reference 

sequence. 
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 (Figure 2.1C) (71), most of which were assigned to the Imitervirales (395 sequences) 

(Supplemental Table 2.6). The relatively higher Imitervirales MCP richness may reflect 

the broad host range of this group (92, 93). The phylogenetic diversity of RdRp present in 

the winter libraries (332 sequences) was similarly high, spanning the known phylum-

level diversity of the Orthornavirae (Figure 2.1D, Supplemental Table 2.6). 

Furthermore, only a single lysogenic marker (integrase) was considered viral based on its 

top BLASTp hit to uncultured freshwater Caudoviricetes (GenBank accession: 

CAB5220699.1) and was only present in one library in the ice-free conditions (MT6, 

02/14/2020). 

The viral hallmark gene transcript pool was consistently dominated by Gp23 and 

RdRp transcripts across both winters, although MCP representation increased in the 

spring, specifically the May 1-22 samples (Supplemental Figure 2.9). Only eight single-

stranded DNA virus replicase markers were detected with low representation in the water 

column libraries (Supplemental Table 2.2, Supplemental Figure 2.9) and they were not 

analyzed further.  

Viral community activity metrics differed between the ice-covered and ice-free 

conditions 

Alpha and beta diversity metrics were calculated based on the detected viral hallmark 

genes in order to compare viral community activity between the two winters. Community 

activity was highly dissimilar between the ice-covered and ice-free conditions when 

comparing the relative abundance (TPM) of viral hallmark genes (73% dissimilar on 

average, SIMPER analysis). Furthermore, non-metric multidimensional scaling (nMDS) 

plots revealed that viral community composition clustered by season and that 

composition was significantly different between the winters based on both hallmark gene 

relative abundance (ANOSIM R = 0.79, P = 0.003) and presence-absence matrices 

(ANOSIM R = 0.86, P = 0.002) (Figure 2.2A). Mean viral community evenness 

(Pielou’s) and diversity (Shannon’s H) were not significantly different between seasons 

(Figure 2.2B, Supplemental Table 2.7). While community evenness was high in all 

winter samples (Pielou’s J > 0.6), evenness was on average lower in the ice-free samples. 

Mean hallmark richness, however, was significantly lower (Tukey HSD P < 0.001) in the 
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ice-covered condition compared to the ice-free (Figure 2.2B). In other words, there were 

significantly fewer viral hallmark genes detected via read mapping in the ice-covered 

winter samples. Viral hallmark richness was still significantly lower when differences in 

sequencing depth were accounted for (i.e., when hallmark gene counts were normalized 

to library size) (Tukey HSD P < 0.001). 

Viral community activity was significantly different between winters when 

examining virus hallmark types individually. The separate Gp23, MCP, and RdRp 

communities each clustered by season and were significantly different between the ice-

covered and ice-free winters based on relative abundance (Supplemental Figure 2.10). 

Similarly, the mean hallmark gene richness of all three virus types was significantly 

lower in the ice-covered winter relative to the ice free (Supplemental Figure 2.11, 

Supplemental Table 2.8). Overall, active viral communities displayed pronounced 

differences in diversity when compared between the ice-covered and ice-free winter 

samples and these differences were observed in a broad range of virus types. 

Differences in viral community activity were correlated with microbial community 

activity metrics 

Collectively, viral hallmark genes comprised a larger portion of the transcript pool 

(i.e., total TPM) in the ice-free samples compared to the ice-covered (Figure 2.3A). 

Higher relative viral transcript abundance in the ice-free conditions coincided with lower 

abundance of the bloom-forming diatoms (Bacillariophyta) in terms of both diatom 

relative transcript abundance (Figure 2.3B) and cell counts (Supplemental Figure 2.8). 

Conversely, prokaryotic transcripts had higher representation in the ice-free conditions 

(13-36% versus 30-67%, respectively) (Figure 2.3B). In fact, collective prokaryotic 

relative abundance was significantly negatively correlated with diatom relative 

abundance across the winter samples (Spearman’s ρ = -0.83, P < 0.001) (Supplemental 

Table 2.9). Moreover, both prokaryotic (rpoB) (Tukey HSD P < 0.001) and eukaryotic 

(rpb1) (Tukey HSD P = 0.02) hallmark gene richness were lower in the ice-covered 

winter (Supplemental Figure 2.12).  
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Figure 2.2. Comparison of alpha and beta diversity metrics between winters. 

Non-metric multidimensional scaling (nMDS) plot illustrating similarity between 

samples is based on A) relative transcript abundance and B) presence-absence 

transformed abundance of viral markers. ANOSIM results are shown for the pairwise 

winter comparison. Ellipses represent 95% confidence intervals for the three seasons 

sampled. C) Alpha diversity metrics grouped by season. Tukey HSD is shown for the ice-

covered winter 2019 (W19) and ice-free winter 2020 (W20) sample comparison when 

applicable. One-way ANOVA results are shown for the comparison between the three 

seasons. 
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Figure 2.3. Relative transcript abundance of viral and microbial groups with Spearman’s 

correlations. 

A) Relative transcript abundance (TPM) of the viral hallmark genes myophage (Gp23), 

NCLDV (MCP), RNA viruses (RdRp) and CRESS DNA viruses (Rep). B) Relative 

transcript abundance of the dominant eukaryotic and prokaryotic taxa. Spearman’s 

correlations between C) viral hallmark and diatom (Bacillariophyta) transcript abundance 

and D) viral and cellular hallmark gene richness. Biological replicates are connected by 

horizontal bars on the bar charts on panels A and B. 
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The shifts in microbial community metrics correlated with the observed differences in 

viral hallmark gene abundance and richness. Viral hallmark gene relative transcript 

abundance was significantly negatively correlated with diatom relative transcript 

abundance (ρ = -0.82, P < 0.001) (Figure 2.3C) and positively so with prokaryotic 

abundance (Supplemental Table 2.9). Furthermore, viral richness was positively 

correlated with microbial community richness (RpoB/Rpb1) (ρ = 0.93, P < 0.001) (Figure 

2.3D). Altogether, lower diatom representation in the ice-free metatranscriptomes was 

associated with higher microbial community richness and prokaryotic representation, and 

in turn with higher viral richness and representation.  

Hallmark genes with the largest contributions to dissimilarity between winter 

conditions 

Although viral richness and representation (collective TPM) were higher in the ice-

free conditions, only a few individual viral markers increased in relative abundance and 

contributed to the dissimilarity between the ice cover conditions. Out of the total 1,525 

viral hallmark genes, only 11 had greater that 0.5% contribution to average dissimilarity 

and amounted to the cumulative 10% average dissimilarity between the ice cover 

conditions based on the SIMPER analysis (Supplemental Table 2.10). While this cut-off 

is somewhat arbitrary, it captures the viral markers with the largest shifts in relative 

abundance between the winters, and the remaining markers have low individual 

contributions. Eight of the eleven markers of interest (four Gp23 and four RdRp) had 

higher average representation in the ice-free relative to the ice-covered winter where they 

“spiked” in relative transcript abundance in the ice-free conditions, while the remaining 

three (one Gp23 and two RdRp) had the opposite trend (Figure 2.4). Notably, the three 

markers that had higher average representation in the ice-covered winter had an overall 

low relative abundance (Figure 2.4), which is in line with the overall low viral TPM in 

the ice-covered winter samples noted previously.   
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Figure 2.4. Heatmap illustrating the shifts in relative abundance of viral hallmark genes 

between the ice-covered and ice-free samples.  

Abundance values are shown as the z-scored TPM for the top eleven contributors to 

dissimilarity in viral communities between winters. Rows are clustered by abundance 

pattern. Bar plot shows mean TPM across all twenty samples. Biological replicates are 

connected by horizontal bars. Phylogenetic placement for RdRp (see Supplemental 

Figures 2.13 through 2.15) are indicated by text labels and diatom-associated RdRp 

clades are in bold. 
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All five of the top Gp23 contributors were placed within a clade containing an 

uncultured freshwater Gp23 sequence with uncertain host range (GenBank accession 

CAB5226458.1). The RdRp of interest spanned three RNA virus phyla (Figure 2.4). 

Interestingly, three RdRp were related to diatom viruses within the Bacillarnavirus (order 

Picornavirales) (Supplemental Figure 2.13) and diatom colony associated viruses within 

the Narnaviridae (phylum Lenarviricota) (Supplemental Figure 2.14) and Totiviridae 

(phylum Duplornaviricota) (Supplemental Figure 2.15). To further infer virus-host pairs, 

we assessed correlations in relative transcript abundance between the cellular marker 

genes (rpoB/rpb1) and the virus hallmark genes, but no significant interactions (α < 0.01) 

were found between the diatom Rpb1 and putative diatom virus RdRp markers. 

Major capsid protein transcript abundance was consistently low throughout both 

winters, and subsequently no single MCP marker had a large contribution to the 

dissimilarity between winters. However, MCP had higher representation in the spring 

samples (May 1-22) relative to both winters (Supplemental Figure 2.9) largely due to the 

relative increase in two MCP. Their dominance was also likely responsible for the lower 

evenness within the MCP communities in the spring samples (Supplemental Figure 

2.11). Although host range is uncertain, these MCP resembled isolated Chloroviruses 

(order Algavirales) that infect green algae and Mimiviridae (order Imitervirales) isolates 

that infect amoeba (Figure 2.1C). It was noteworthy that the Chlorovirus-like MCP had a 

significant positive correlation with a Rpb1 annotated as Chlorophyta 

(Trebouxiophyceae) (α < 0.01, correlation coefficient > 0.8). 

Discussion 

Viral activity during the winter months in the Great Lakes is largely undocumented. 

Here, viral hallmark genes were detected in metatranscriptomes from two contrasting 

winters in Lake Erie, indicating that there are viral communities “active” in the surface 

waters. Our findings expanded the known diversity of viruses that have been detected 

during the winter in Lake Erie. In one of the few studies to quantify viruses in winter 

samples collected from the Great Lakes, Matteson et al. enumerated putative cyanophage 

in mid-winter samples and found them to be a substantial component of the standing 

stock of viruses (24). However, the qPCR-based detection approach that was used only 
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characterized a narrow group of viruses (cyanomyophage of Synechococcus spp.) and 

could not reveal if those viruses were transcriptionally active. While our 

metatranscriptomic approach also detected cyanomyophage-like hallmark genes, they 

represented a small component of the total myophage phylogenetic diversity. Instead, 

most myophage markers detected here belonged to clades of putative aquatic viruses with 

unknown hosts. It was previously also hypothesized that phage may “overwinter” as 

prophage in the Lake Erie water column (24). While we do not dismiss lysogeny as a 

component of Lake Erie winter microbial communities, we detected little evidence of 

lysogenic lifestyles based on the transcripts assembled here. Metagenomic sequencing 

may enable the assembly of phage genomes that could help to clarify the prevalence of 

temperate phage in Lake Erie.   

Diverse populations of putative eukaryotic viruses within the NCLDV and RNA virus 

groups were also discovered in the winter samples. Previously, only eleven dsRNA 

viruses within the Partitiviridae (Pisuviricota), Totiviridae (Duplornaviricota), and 

Birnaviridae (incertae sedis) families were identified in a single Lake Erie 

metatranscriptome by Edgar et al. (25), whereas here we detected hundreds of putative 

RNA viruses belonging to all five currently established phyla. While perhaps a limitation 

of sequencing depth and sample size, Edgar et al. detected no NCLDV transcripts using a 

similar hallmark gene approach (25). Our survey, however, revealed putative NCLDV 

spanning most of the established diversity (five of the six NCLDV orders). Regarding 

viral discovery, one consideration when using a hallmark gene approach is that viral 

sequence detection is limited by the diversity of the database (i.e., highly divergent 

viruses may not be detected by sequence homology searches). Additionally, 

metatranscriptomes represent “snapshots” of the environment at the time and conditions 

sampled, therefore the true diversity of active viruses in the surface waters was likely not 

captured.  

Based on the putative viral sequences we identified, active virus communities 

were compositionally distinct between winters and viral richness was significantly lower 

in the ice-covered winter. Our findings showed that the observed differences in active 

viral communities strongly correlated with the shifts in the microbial community, 
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suggesting a direct relationship between active viral and microbial community 

composition. Similar to previous observations (23), we saw evidence of a decrease in 

magnitude of the winter diatom bloom in the ice-free conditions compared to the ice-

covered state determined by both the representation in the metatranscriptomes (diatom 

relative transcript abundance) and cell count data. Other studies in aquatic environments 

have attributed lower viral abundance or richness in the winter to lower potential host 

pool abundance (51, 52), and in principle viral diversity and abundance is shaped by the 

surrounding susceptible host diversity and density (53). The drivers behind the observed 

differences in viral activity between winters is uncertain, but perhaps the decrease in 

diatom representation and increase in microbial richness contributed to the greater viral 

richness in the ice-free winter metatranscriptomes.  

 The higher levels of viral activity (viral TPM) in the ice-free winter relative to the 

ice-covered winter was primarily due to increased representation of a few hallmark gene 

variants. In other words, most viral hallmark genes did not display higher relative 

transcript abundance in the ice-free conditions and were instead consistently low. 

Interestingly, the subset of viral hallmark genes that did display higher relative transcript 

abundance contained hallmark genes similar to those of diatom-associated RNA viruses. 

This included one RdRp related to lytic Bacillarnavirus (order Marnaviridae) isolates 

that infect marine diatoms (54), as well as RNA viruses associated with an environmental 

diatom colony (55). Culture-dependent studies have shown titers of some diatom viruses 

increased with the proliferation of diatom blooms and have been speculated to control the 

bloom crash (56), but also coexist during the bloom course (57). None of the putative 

diatom RNA viruses interacted with diatom (or any) Rpb1 markers based on our 

abundance-based network analysis, thus the hosts of these putative RNA viruses remain 

uncertain.  

 We note that NCLDV did not have large contributions to the differences in active 

viral community composition between ice-cover states, and that overall NCLDV 

displayed relatively low transcript abundance during both winters. Low counts (gene 

copy number) of various algal viruses (Algavirales) have been detected during the 

wintertime in previous studies surveying the Great Lakes (58, 59). Our findings support 
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the idea that NCLDV activity is generally low during winter months in the Great Lakes, 

but continued winter surveys are needed to resolve this.  

In all, we show that diverse viral populations were an active component of the 

winter surface waters in Lake Erie, emphasizing the need for any future winter surveys to 

account for viruses when investigating microbial dynamics during the winter. While we 

documented distinctions in viral activity between the ice-covered and ice-free winter 

samples, we cannot definitively attribute those difference to ice cover extent. However, 

we posit that the stark difference in ice cover extent (0% versus 90-100% cover) is likely 

a contributing factor to the variation in microbial and viral activity since ice cover is 

considered a “master variable” due to its influence on biological, biogeochemical, and 

physical processes in freshwater lakes (17). Aspects such as the reduced active virus 

richness observed in the ice-covered samples could be characteristic of ice-covered 

waters in Lake Erie, but ultimately further winter sampling efforts spanning temporal and 

climatic gradients are needed to resolve trends in viral activity associated with ice cover 

extent. 
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Appendix 

Supplemental Tables 

 
Supplemental Table 2.1. Quality assessment for the metatranscriptome co-assembly. 

Co-assembly statistics were generated by QUAST v5.0.2. All QUAST statistics are based 

on contigs of size >= 500 bp unless otherwise noted. 

 

# contigs (>= 0 bp) 1677102 

# contigs (>= 1000 bp) 148925 

# contigs (>= 5000 bp) 2139 

# contigs (>= 10000 bp) 288 

# contigs (>= 25000 bp) 8 

# contigs (>= 50000 bp) 0 

Total length (>= 0 bp) 966763097 

Total length (>= 1000 bp) 247639904 

Total length (>= 5000 bp) 15925927 

Total length (>= 10000 

bp) 4001501 

Total length (>= 25000 

bp) 258591 

Total length (>= 50000 

bp) 0 

# contigs 639361 

Largest contig 40227 

Total length 574417227 

GC (%) 44.46 

N50 891 

N75 641 

L50 190932 

L75 383548 

# N's per 100 kbp 0 
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Supplemental Table 2.2. Number of hallmark genes identified in the metatranscriptome 

co-assembly via BLASTP. 

Viral Group Marker 

BLASTP Database 

Source 

No. 

Identified 

Caudoviricetes 

Gp23 PF07068 505 

Tail Sheath 

PF17481, PF17482, and 

PF04984 239 

PolB (gp34) PF03175 and PF00136 33 

Gp20 PF06810 1 

Integrase PF00589 1 

Excisionase PF06806 0 

CI Repressor PF07022 0 

Cro Repressor IP000655 0 

TerL PF05876 and PF20454 1 

Nucleocytoviricota 
MCP NCVOG0022 615 

PolB NCVOG0038 9 

Orthornavirae RdRp RdRp-Scan 397 

Cressdnaviricota 
Rep 

Kazlauskas et al. and 

Moniruzzaman et al.  8 
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Supplemental Table 2.3. Sampling site locations and water conditions for the 20 whole-water samples.  

Site ID corresponds to the map in Figure A1.2. ND indicates data was not collected. 

Sample 

ID 

Collection 

date Latitude Longitude 

Site 

ID 

Ice 

cover 

(%) 

Ice 

thickness 

(cm) 

Snow 

cover 

(%) 

Water 

temp 

(°C) 

Air 

temp 

(°C) 

Baro 

press 

(Hg) 

Wind 

(kt) 

Wind 

(°) 

DO 

(mg/L) 

DO 

(%) 

Cond 

uS/cm pH 

MT1 2-26-2019 41.839333 -82.5215 S1 100 15 0 ND -7.8 29.85 3 90 ND ND ND ND 

MT2 2-6-2019 41.806 -82.383833 S2 100 2.5 0 ND -7.8 29.85 6 70 ND ND ND ND 

MT3 3-11-2019 41.7497 -81.8352 S3 100 8 0 ND -1.1 29.57 6 260 ND ND ND ND 

MT4 3-11-2019 41.8658 -82.6407 S4 90 10 0 ND -1.1 29.59 16 260 ND ND ND ND 

MT5 2-14-2020 41.8285666 -82.5011166 S5 0 0 0 0.0 -8.3 ND ND ND 12.3 89.1 248.0 9.4 

MT6 2-14-2020 41.8285666 -82.5011166 S5 0 0 0 0.0 -8.3 ND ND ND 12.3 89.1 248.0 9.4 

MT7 2-14-2020 41.7385166 -82.2743166 S6 0 0 0 1.89 -8.9 ND ND ND 12.4 89.4 240.0 9.4 

MT8 2-14-2020 41.7385166 -82.2743166 S6 0 0 0 1.89 -8.9 ND ND ND 12.4 89.4 240.0 9.4 

MT9 2-14-2020 41.6662833 -82.0816333 S7 0 0 0 2 -9.4 ND ND ND 12.3 88.9 254.0 9.4 

MT10 2-14-2020 41.6662833 -82.0816333 S7 0 0 0 2 -9.4 ND ND ND 12.3 88.9 254.0 9.4 

MT11 3-2-2020 41.6659166 -82.0791166 S8 0 0 0 2.22 2.8 29.07 ND ND ND ND 237.0 9.96 

MT12 3-2-2020 41.6659166 -82.0791166 S8 0 0 0 2.22 2.8 29.07 ND ND ND ND 237.0 9.96 

MT13 3-2-2020 41.7703333 -82.3516666 S9 0 0 0 1.67 2.2 29.05 ND ND ND ND 255.0 9.89 

MT14 3-2-2020 41.7703333 -82.3516666 S9 0 0 0 1.67 2.2 29.05 ND ND ND ND 255.0 9.89 

MT15 5-1-2020 42.43045 -81.2061666 S10 0 0 0 9.67 11.3 ND 14 315 ND ND 273.0 9.13 

MT16 5-1-2020 42.43045 -81.2061666 S10 0 0 0 9.67 11.3 ND 14 315 ND ND 273.0 9.13 

MT17 5-1-2020 42.43045 -81.2061666 S10 0 0 0 9.67 11.3 ND 14 315 ND ND 273.0 9.13 

MT18 5-22-2020 42.429533 -81.20435 S11 0 0 0 9.67 11.3 ND 5.3 127 12.43 108.5 266 9.03 

MT19 6-8-2020 42.2817 -81.6717166 S12 0 0 0 15.66 14.8 ND 9 140 ND ND 266 9.03 

MT20 6-8-2020 42.2817 -81.6717166 S12 0 0 0 15.66 14.8 ND 9 140 ND ND 266 9.03 
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Supplemental Table 2.4. Dissolved (< 0.2 µm) and particulate (unfiltered) nutrient measurements for the 20 whole-water 

samples. 

  Dissolved Particulate 

Sample 

ID 

NH3 

(mg/l) 

CL 

(mg/l) 

S04 

(mg/l) 

NO2 

(mg/l) 

NO3 

(mg/l) 

SIO2 

(mg/l) 

SRP 

(mg/l) 

TP 

(mg/l) 

TN 

(mg/l) 

MT1 0.014 15.4 19.2 0 0.36 0.01 0.003 0.0349 0.442 

MT2 0.01 15.4 18.9 0 0.29 0 0.003 0.0201 0.292 

MT3 0.006 19.3 18.9 0 0.28 0 0.003 0.0149 0.276 

MT4 0.024 13.8 15.4 0 0.6 1.5 0.002 0.0127 0.253 

MT5 0.0411 12.9 17.6 0 0.08 0.1583 0.0059 ND 0.27 

MT6 0.0411 12.9 17.6 0 0.08 0.1583 0.0059 ND 0.27 

MT7 0.0181 11.4 16.8 0 0.08 0.0653 0.0035 ND 0.369 

MT8 0.0181 11.4 16.8 0 0.08 0.0653 0.0035 ND 0.369 

MT9 0.0262 19.2 24.1 0 0.11 0.1737 0 ND 0.274 

MT10 0.0262 19.2 24.1 0 0.11 0.1737 0 ND 0.274 

MT11 0.0682 12.1 17 0 0.34 1.7211 0 ND 0.245 

MT12 0.0682 12.1 17 0 0.34 1.7211 0 ND 0.245 

MT13 0.0137 11.6 16.5 0 0.09 0.2136 0 ND 0.403 

MT14 0.0137 11.6 16.5 0 0.09 0.2136 0 ND 0.403 

MT15 0.1921 16.6 17.2 0.063 0 0 0.0015 0.0075 0.208 

MT16 0.1921 16.6 17.2 0.063 0 0 0.0015 0.0075 0.208 

MT17 0.1921 16.6 17.2 0.063 0 0 0.0015 0.0075 0.208 

MT18 0.0125 15.6 16.6 0.065 0.0777 0.0635 0 0.0044 0.196 

MT19 0.0316 15.6 16.8 0.062 0.083 0.115 0.001 0.0027 0.173 

MT20 0.0316 15.6 16.8 0.062 0.083 0.115 0.001 0.0027 0.173 
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Supplemental Table 2.5. Phytoplankton biomass estimates and diatom enumeration.  

Diatom abundance shown as cell/mL.  

Sample 

ID 

Chl a (> 0.2 µm) 

(µg/L) 

Chl a (>20 µm) 

(µg/L) 

Aulacoseira 

islandica 

Stephanodiscus 

spp. 

Fragilaria 

spp. Nitzschia Asterionella 

centric 

diatoms 

(5-20 µm) 

MT1 16.47 26.58 ND ND 18.09 23.00 ND ND 1.44E+03 2.35E+03 0.00E+00 ND ND ND 

MT2 12.95 13.89 13.04 13.2 8.15 10.55 12.04 11.93 9.62E+02 2.35E+03 3.60E+01 ND ND ND 

MT3 14.23 12.45 11.41 ND 9.8 8.01 9.94 ND 7.60E+02 2.48E+03 5.40E+01 ND ND ND 

MT4 2.87 2.24 3.23 ND 1.1 0.82 0.76 ND 1.20E+01 1.02E+03 ND ND ND ND 

MT5 8.18 7.76 8.23 ND 4.6 4.32 4.66 ND 3.89E+02 1.13E+03 4.00E+01 1.10E+01 4.00E+00 2.64E+02 

MT6 8.18 7.76 8.23 ND 4.6 4.32 4.66 ND 3.89E+02 1.13E+03 4.00E+01 1.10E+01 4.00E+00 2.64E+02 

MT7 10.96 9.15 6.94 ND 4.86 5.29 5.73 ND 3.87E+02 8.26E+02 1.49E+02 1.40E+01 1.60E+01 1.49E+02 

MT8 10.96 9.15 6.94 ND 4.86 5.29 5.73 ND 3.87E+02 8.26E+02 1.49E+02 1.40E+01 1.60E+01 1.49E+02 

MT9 17.43 8.95 14.27 ND 5.38 4.36 ND ND 4.52E+02 6.28E+02 7.90E+01 1.50E+01 1.40E+01 1.70E+02 

MT10 17.43 8.95 14.27 ND 5.38 4.36 ND ND 4.52E+02 6.28E+02 7.90E+01 1.50E+01 1.40E+01 1.70E+02 

MT11 6.43 7.4 5.78 ND 2.15 2.50 2.69 ND 1.50E+02 2.32E+02 5.80E+01 1.00E+01 1.70E+01 3.56E+03 

MT12 6.43 7.4 5.78 ND 2.15 2.50 2.69 ND 1.50E+02 2.32E+02 5.80E+01 1.00E+01 1.70E+01 3.56E+03 

MT13 5.68 5.56 5.44 ND 3.41 3.64 3.99 ND 3.85E+02 2.32E+02 2.60E+01 1.00E+00 3.10E+01 1.20E+02 

MT14 5.68 5.56 5.44 ND 3.41 3.64 3.99 ND 3.85E+02 2.32E+02 2.60E+01 1.00E+00 3.10E+01 1.20E+02 

MT15 2.49 2.65 2.05 ND 0.82 0.78 0.77 ND 9.60E+01 3.12E+02 4.40E+02 0 0 ND 

MT16 2.49 2.65 2.05 ND 0.82 0.78 0.77 ND 9.60E+01 3.12E+02 4.40E+02 0 0 ND 

MT17 2.49 2.65 2.05 ND 0.82 0.78 0.77 ND 9.60E+01 3.12E+02 4.40E+02 0 0 ND 

MT18 1.24 0.82 1.23 ND 0.19 0.21 0.32 ND 0 1.90E+01 2.40E+01 1.00E+00 5.50E+01 ND 

MT19 0.78 0.82 0.74 ND 0.06 0.08 0.06 ND 0 0 1.18E+02 6.00E+00 1.53E+02 ND 

MT20 0.78 0.82 0.74 ND 0.06 0.08 0.06 ND 0 0 1.18E+02 6.00E+00 1.53E+02 ND 



 

 

Supplemental Table 2.6. Taxonomic estimate and detection of the viral hallmark genes.  

Taxonomy was estimated by ML phylogenies (see Figure 2.1). Viral hallmark gene detection 

was determined by read mapping. 

 

   Detected in 

 Taxonomy estimate 

No. hallmark 

genes 

identified Winter Spring only 

Gp23 

Uncultured myophage 468 439 29 

Cyanomyophage 2 1 1 

Pelagibacter phage 6 6 0 

Uncertain 29 22 7 

Total 505 468 37 

MCP 

Pimascovirales 24 10 14 

Asfuvirales 9 8 1 

Pandoravirales 4 3 1 

Algavirales 18 9 9 

Imitervirales 557 395 162 

Uncertain 3 2 1 

Total 615 427 188 

RdRp 

Pisuviricota 92 76 16 

Duplornaviricota 99 84 15 

Lenarviricota 84 72 12 

Kitrinoviricota 53 43 10 

Negarnaviricota 17 13 4 

Birnaviridae 1 1 0 

Permutotetraviridae 1 1 0 

Uncertain 50 42 8 

Total 397 332 65 
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Supplemental Table 2.7. ANOVA results for alpha diversity metrics for the total active viral 

community compared between the three seasons sampled.  

Diversity metrics were generated from the relative transcript abundance (TPM) table. Significant 

test results (P < 0.05) are in bold. 

 

 Comparison 

Observed 

richness 

Pielou's 

evenness 

Shannon's 

H 

Main test Season 2.20E-05 0.545 0.746 

Tukey's HSD 

Ice-covered/Ice-free 0.0000205 NA NA 

Ice-free/spring 0.0242167 NA NA 

Ice-covered/spring 0.0056772 NA NA 
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Supplemental Table 2.8. ANOVA results for alpha diversity metrics compared between the 

three seasons sampled for the separate viral hallmark gene types.  

Diversity metrics were generated from the relative transcript abundance (TPM) table. Significant 

test results (P < 0.05) are in bold. 

 

  Gp23 

 Comparison 

Observed 

richness 

Pielou's 

evenness 

Shannon's 

H 

Main test Season 5.26E-06 7.36E-04 3.58E-02 

Tukey's 

HSD 

Ice-covered/Ice-free 1.93E-05 7.42E-02 9.78E-01 

Ice-free/spring 3.50E-01 2.78E-01 1.37E-01 

Ice-covered/spring 1.03E-04 5.91E-04 3.42E-02 

     

  MCP 

 Comparison 

Observed 

richness 

Pielou's 

evenness 

Shannon's 

H 

Main test Season 1.38E-02 2.50E-02 1.25E-03 

Tukey's 

HSD 

Ice-covered/Ice-free 3.12E-02 7.27E-01 9.04E-04 

Ice-free/spring 1.37E-02 2.27E-01 1.17E-02 

Ice-covered/spring 7.12E-01 1.96E-02 5.63E-01 

     

  RdRp 

 Comparison 

Observed 

richness 

Pielou's 

evenness 

Shannon's 

H 

Main test Season 2.73E-05 1.09E-01 3.53E-02 

Tukey's 

HSD 

Ice-covered/Ice-free 1.16E-04 NA 4.34E-01 

Ice-free/spring 5.80E-01 NA 5.18E-01 

Ice-covered/spring 3.03E-04 NA 2.89E-02 
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Supplemental Table 2.9. Spearman correlations between viral and microbial diversity and 

abundance metrics. 

Significant correlations (P < 0.05) are in bold.  
 

  Spearman 

Comparison rho p 

Bacillariophyta TPM Prokaryotic TPM -0.8329670 0.0002166 

Bacillariophyta TPM RpoB TPM -0.7098901 0.004451 

Bacillariophyta TPM RpoB richness -0.2615385 0.3664 

Bacillariophyta TPM Rpb1 richness -0.0044249 0.988 

Bacillariophyta TPM RpoB TPM 0.1868132 0.5225 

Bacillariophyta TPM Rpb1 TPM -0.2615385 0.3664 

        

Prokaryotic TPM Viral hallmark gene richness 0.9384615 6.86E-07 

Bacillariophyta TPM Viral hallmark gene richness -0.8153846 0.0003791 

Bacillariophyta TPM Gp23 TPM -0.7318681 0.002925 

Bacillariophyta TPM MCP TPM -0.1340659 0.6477 

Bacillariophyta TPM RdRp TPM -0.8769231 3.83E-05 

        

Bacillariophyta TPM Viral hallmark gene richness -0.1956044 0.5028 

Bacillariophyta TPM Gp23 richness -0.1870188 0.522 

Bacillariophyta TPM MCP richness -0.1584159 0.5886 

Bacillariophyta TPM RdRp richness -0.6072611 0.02127 

Prokaryotic TPM Gp23 richness 0.4576460 0.09988 

Prokaryotic TPM MCP richness 0.5808584 0.02939 

Prokaryotic TPM RdRp richness 0.6226626 0.01739 

        

RpoB/Rpb1 richness Viral hallmark gene richness 0.9340659 1.028E-06 

RpoB richness Gp23 richness 0.9636970 3.06E-08 

RpoB richness MCP richness 0.7876792 8.23E-04 

RpoB richness RdRp richness 0.6600664 1.02E-02 

Rpb1 richness MCP richness 0.7497346 0.002018 

Rpb1 richness RdRp richness 0.4507267 0.1058 

Rpb1 richness Gp23 richness 0.8815196 3.08E-05 
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Supplemental Table 2.10. Select output from similarity percentage (SIMPER) analysis.  

Viral hallmark genes contributing to the top ~10% cumulative dissimilarity between the ice-

covered (2019) and ice-free (2020) winter are shown (see Figure 2.4). The abundance values 

shown are based on the square root transformed TPM table. 

 

Gene ID 
Viral 

marker 

Av. 

Abund. 

(2019) 

Av. 

Abund. 

(2020) 

Av. 

Diss. 
Diss/SD 

Contrib. 

(%) 

Cumul. 

(%) 

gene_458515 RdRp 1.94 22.95 1.46 2.25 2.06 2.06 

gene_293376 Gp23 8.46 24.46 1.2 1.65 1.7 3.76 

gene_678216 Gp23 4.87 15.75 0.81 1.71 1.14 4.9 

gene_1385399 RdRp 0 9.83 0.68 3.12 0.97 5.86 

gene_26037 RdRp 9.23 0.87 0.62 1.07 0.87 6.73 

gene_1263456 RdRp 2.68 8.71 0.43 2.3 0.61 7.35 

gene_430917 RdRp 10.14 13.89 0.41 1.19 0.58 7.93 

gene_1656192 Gp23 5.26 10.08 0.41 1.64 0.58 8.51 

gene_626655 Gp23 0 5.56 0.39 2.7 0.56 9.06 

gene_1534634 RdRp 6.68 2.38 0.38 1.25 0.53 9.6 

gene_118358 Gp23 8.14 3.73 0.37 1.81 0.52 10.12 
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Supplemental Figures 

 

 
Supplemental Figure 2.5. Differences in active viral communities based on collection method. 

A) nMDS plot showing clustering of active viral communities by collection method based on the 

TPM of viral hallmark genes (Bray-Curtis dissimilarity matrix). B) Count of viral hallmark gene 

variants grouped by collection method and ANOVA test results. Total counts per sample were 

normalized by sequencing depth and scaled. C) Proportion of the viral hallmark genes (Gp23, 

MCP, RdRp, and Rep) within each library based on summed abundance (TPM). 
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Supplemental Figure 2.6. Map of Lake Erie depicting locations of the whole-water sampling sites.  

Site color represents the sampling period (winter 2019, winter 2020, or spring 2020). Please refer to Supplemental Table 3 for exact 

site coordinates. 
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Supplemental Figure 2.7. Nutrient measurements corresponding to each water column 

sample site.  

Two-tailed unpaired t-test results are shown for the winter 2019 (ice-covered) versus 

winter 2020 (ice-free) comparisons.  
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Supplemental Figure 2.8. Phytoplankton biomass measurements corresponding to each 

water column sample site.  

Phytoplankton biomass shown as Chl a (µg/L, > 0.22 and > 0.20 µm) and diatoms 

(Bacillariophyta) as cell counts (cells/L) at each site. Chl a values are shown as the mean 

of the biological replicates (refer to Supplemental Table 1.5). Diatom cell counts 

represent the sum of Aulacoseira islandica, Stephanodiscus spp., centric diatoms 5-20 

m, Fragilaria spp., Asterionella formosa., and Nitzschia spp. Two-tailed unpaired t-test 

results are shown for the winter 2019 (ice-covered) versus winter 2020 (ice-free) 

comparisons.  
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Supplemental Figure 2.9. Relative transcript abundance of viral hallmark genes in the 

water column samples.  

TPM values were summed by hallmark gene type and are shown as a percentage. 

Biological replicates are connected by horizontal bars. 



 

 

 
73 

 
 

Supplemental Figure 2.10. Ordinate plot of active viral communities for each viral 

hallmark gene type.  

nMDS plot based on Bray-Curtis similarity matrix of hallmark gene relative transcript 

abundance (TPM) of individual viral hallmark gene types. Ellipses represent 95% 

confidence intervals for the three seasons sampled (winter 2019, winter 2020, and spring 

2020). 
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Supplemental Figure 2.11. Alpha diversity metric comparisons between seasons for 

each viral hallmark gene type. 

A) Gp23, B) MCP, and C) RdRp. Tukey’s HSD is shown for the ice-covered (winter 

2019, W19) and ice-free (winter 2020, W20) comparison when applicable. 
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Supplemental Figure 2.12. Alpha diversity metric comparisons between seasons for 

microbial marker gene profiles.  

Tukey’s HSD is shown for the ice-covered (winter 2019, W19) and ice-free (winter 2020, 

W20) comparison when applicable. Top and bottom rows show plots for RpoB and RPB1 

alpha diversity metrics, respectively.  
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Supplemental Figure 2.13. Maximum-likelihood (ML) phylogenetic placement of 

Picornavirales RdRp hallmark genes.  

Nodes ending in red dots represent Lake Erie RdRp. Nodes ending in red stars represent 

Lake Erie RdRp with greater that 0.5% individual contribution to average dissimilarity 

between the ice-covered and ice-free sample groups. 
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Supplemental Figure 2.14. ML phylogenetic placement of Lenarviricota RdRp hallmark 

genes.  

Nodes ending in red dots represent Lake Erie RdRp. Nodes ending in red stars represent 

Lake Erie RdRp with greater that 0.5% individual contribution to average dissimilarity 

between the ice-covered and ice-free sample groups. 
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Supplemental Figure 2.15. ML phylogenetic placement of Ghabrivirales RdRp 

hallmark genes.  

Nodes ending in red dots represent Lake Erie RdRp. Nodes ending in red stars represent 

Lake Erie RdRp with greater that 0.5% individual contribution to average dissimilarity 

between the ice-covered and ice-free sample groups. 
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CHAPTER THREE: SHARED VIRAL SEQUENCES IN PEAT MOSS 

METAGENOMES REVEAL ELEMENTS OF THE SPHAGNUM CORE VIROME 
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Abstract 

Viruses are an understudied component of plant microbiomes despite the potential 

for viral infection to shape microbial composition, metabolism, and genome evolution. 

Viruses also have important roles in carbon and nutrient cycling at both microbial and 

global scales. Defining shared viral populations across plant microbiomes, i.e., ‘core’ 

viromes, may reveal persistent top-down controls over plant-associated microbial 

communities as well as illuminate potential sources of genetic exchange for plant 

symbionts. We sought to identify components of the core virome associated with 

Sphagnum moss, a keystone species in Northern peatlands with direct ties to the fate of 

global soil carbon stocks. Complementary metagenomic and metatranscriptomic analysis 

uncovered shared viral contigs from Sphagnum field samples collected over a ten-month 

period, including sequences of likely phage (Caudoviricetes), giant virus 

(Nucleocytoviricota), and RNA virus (Riboviria) origin. Gene annotation suggested that 

certain viral elements may be maintained in the core microbiome as ‘molecular 

hitchhikers’, for example as cryptic phage or strictly intracellular RNA viruses. 

Additionally, sequence similarity searches linked core Caudoviricetes contigs to viral 

regions within the genomes of bacterial taxa known to dominate the peat moss core 

microbiome. These findings expand our understanding of the microbiome of an 

ecologically and climatically relevant plant species as well as provide justification for the 

consideration of viruses when defining plant core microbiomes. 

Introduction 

Peatlands serve as one of Earth’s largest carbon sinks by sequestering about one-

third of all terrestrial carbon in the form of peat, or partially decayed organic matter (1). 

The majority of the global peatland carbon stock is stored in northern peatlands, where 

low mean temperatures, nutrient limitation, and anoxic conditions slow the rate of 

decomposition and promote the accumulation of organic matter (2). However, climate 

warming threatens to reduce carbon capture, mobilize existing carbon stores, and, 

ultimately, transition peatlands from carbon sinks to sources of atmospheric carbon (3-5). 

Carbon sequestration in northern peatlands is largely engineered by Sphagnum mosses, or 

peat mosses, which are a dominant feature of peatland vegetation (6). Sphagnum spp. 
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both thrive in and promote the nutrient-poor and acidic conditions that contribute to slow 

decay rates in peatlands (7, 8). Recalcitrant Sphagnum litter and Sphagnum-derived 

antimicrobials are also thought to promote peat accumulation (9, 10), further supporting 

its role in ecosystem stability and global carbon sequestration. 

The productivity and ecological dominance of Sphagnum is tied to its associated 

microbial community (11, 12). Sphagnum spp. harbor diverse communities of bacteria 

and microbial eukaryotes (protists and fungi) (11, 13), where certain functional guilds are 

known to perform important roles for moss health. For example, clades of diazotrophic 

bacteria supply fixed nitrogen to the moss in return for carbohydrates and sulfur-rich 

metabolites (14, 15), whereas methanotrophic symbionts provide plant-available carbon 

while promoting methane recycling and carbon storage in peatlands (16). Far less is 

known about the eukaryotic communities associated with Sphagnum, but they are 

proposed to influence the moss microbiome via grazing and nutrient transformation (17, 

18). Sphagnum symbionts are involved in a range of other roles including pathogen 

suppression (19), stress tolerance (12, 20), and disease (21). Given that the microbiome 

directly influences moss productivity and the peatland carbon balance, factors that 

influence the composition and function of the Sphagnum microbiome are of interest. 

Viral infection shapes microbial community structure and function through lysis 

(22), lateral gene transfer (23), and by altering the physiology of infected cells (24). 

Viruses are recognized mediators of carbon and nutrient cycles in aquatic and soil 

systems (25, 26), yet are an often-overlooked component of embryophyte microbiomes. 

Research on plant ‘viromes’ has historically focused on viruses that infect the host plant 

(27), whereas viruses of the plant-associated microorganisms are far less studied. 

However, recent work has begun to uncover the roles of viruses within plant 

microbiomes (28), where viruses can influence bacterial diversity (29), suppress plant 

pathogens (30), and may modulate diazotroph-plant interactions (31). Identifying ‘core’ 

guilds within plant microbiomes has the potential to reveal important microbial functions 

in plant health as well as plant-microbe evolutionary relationships (32). In Sphagnum, 

defining core bacterial communities has further highlighted the relationship between peat 

moss and beneficial diazotrophic clades (33, 34). No viruses that infect Sphagnum have 
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been reported to date, but metatranscriptomic analysis has suggested that viruses actively 

infect bacteria and microbial eukaryotes in the moss microbiome (35). Furthermore, no 

studies have examined shared viral communities across different Sphagnum samples and 

thus the core virome is currently unknown. Expanding our definition of the core 

Sphagnum microbiome to include viruses may help elucidate regulators of and 

interactions within the peat moss microbiome (28).  

Here, we leveraged complementary bulk metagenomes and metatranscriptomes 

from living Sphagnum tissue collected over a ten-month period (August 2016 to June 

2017) to estimate viral community composition and identify shared viral signatures 

between samples. Metagenomic assembly allowed for the identification of shared DNA 

virus contigs and Nucleocytoviricota, or NCLDV, metagenome-assembled genomes 

(MAGs). Additionally, metatranscriptomes were used to infer transcriptional activity of 

core DNA viruses and to identify assembled RNA virus genomes. Contig presence was 

generally patchy across the samples, but a small portion of the total viral contigs were 

shared between them and may constitute part of a Sphagnum core virome. While the 

natural hosts remain unknown, the Caudoviricetes core contigs were linked to phage-like 

regions within the genomes of Acetobacteraceae and Acidobacteraceae, two bacterial 

clades that dominate Sphagnum-associated communities. Additionally, phylogenetic 

analysis suggested that core NCLDV and RNA viruses could infect a wide range of 

micro-eukaryotes. Lastly, gene annotation of core sequences suggested possible modes of 

transmission and persistence of viruses within the microbiome. 

Materials and Methods 

Site description and sample collection 

Samples were collected from the Spruce and Peatland Responses Under Changing 

Environments (SPRUCE) field site located at the Marcell Experimental Forest S1 bog in 

northern Minnesota, USA (https://mnspruce.ornl.gov). The S1 bog is a nutrient-deficient 

and acidic (pH 3.5 – 4) Sphagnum-dominated bog. Eight individual plants were collected 

at four different dates over a ten-month period: 1 August 2016 (n = 1), 10 November 

2016 (n = 3), 18 April 2017 (n = 2), and 26 June 2017 (n = 2) and from hollow (n = 6) 

and lawn (n = 2) micro-topographies (Supplemental Table 3.1). All supplemental tables 
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referenced in Chapter Three can be found in Attachment 1. Only living Sphagnum tissue 

was collected (i.e., capitula and approximately 3 cm of living stem). Tissue samples were 

flash frozen in dry ice-alcohol baths and shipped to Oak Ridge National Laboratory on 

dry ice where they were stored at -80°C until further processing. 

Nucleic acid extraction, sequence processing and contig assembly 

Genomic DNA extractions were performed using DNeasy Plant Pro Kit 

(QIAGEN) according to the manufacturer’s instructions. Total RNA was extracted using 

a method combining CTAB lysis buffer and the Spectrum Total Plant RNA Kit (Sigma) 

as described previously (36). Library construction and sequencing were performed by 

Hudson Alpha (Huntsville, AL, USA). Eight PCR-free metagenome libraries (one per 

tissue sample) were constructed using the TruSeq DNA PCR-Free LT Library Prep Kit 

(Illumina). Sixteen metatranscriptome libraries (two replicates per tissue sample) were 

prepared using the ScriptSeq RNA-Seq Library Preparation Kit and were depleted with 

Ribo-Zero yeast, Ribo-Zero bacteria and Ribo-Zero plant (Illumina). Libraries were 

quantified by Qubit (Invitrogen) for concentration, by Agilent Bioanalyzer (Agilent 

Technologies) for fragment size, and by qPCR for determining the optimal loading 

concentration. Libraries were sequenced on the Illumina HiSeq 2500 platform (2 x 250 

bp reads). DNA libraries were pooled two per channel and RNA libraries were pooled 

four per channel. 

Raw reads were trimmed to remove adapters and quality scores < 0.3 using CLC 

Genomics Workbench v12.0 (QIAGEN). To reduce the number of Sphagnum reads prior 

to assembly, metagenome and metatranscriptome reads that mapped to the S. fallax v1.1 

(GCA_021442195.1) or S. magellanicum v1.1 (GCA_021904315.1) genome were 

removed from the libraries. Read mapping was performed using BBMap v38.90 with the 

default settings (37). Unmapped reads comprised 64.0% ± 4.8% (mean ± standard error 

(SE)) of reads in the metagenome libraries and 28.5% ± 2.8% of reads in the 

metatranscriptome libraries (Supplemental Table 3.1). The unmapped reads were pooled 

and de novo assembled using MEGAHIT v1.2.9 (--k-min 23 --k-max 123) (metagenome 

and metatranscriptome reads were kept separate and assembled separately) (38). 

Assembly quality was assessed using QUAST v5.0.2 (39) (Supplemental Table 3.2). 
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Virus contig identification 

 Viral contigs were identified and annotated using geNomad, which employs a 

hybrid neural network- and marker-based approach to detect viral sequences in 

metagenomic data (40). The metagenomic and metatranscriptomic contigs were piped 

through geNomad to identify putative DNA virus and RNA virus genomic sequences, 

respectively. A length cutoff of 10 kbp for metagenomic contigs (41) and 2 kbp for 

metatranscriptomic contigs (42) was used. Contigs that did not meet the geNomad 

conservative thresholds (confidence score > 0.8, at least one viral marker gene, and a 

marker enrichment score > 1.5) were not included. Contigs with no viral genes called by 

CheckV (43) were considered false positives and removed in accordance with the 

developer’s recommendations. Viral contigs were dereplicated at  99% average 

nucleotide identity using CD-HIT-EST to account for any redundant contigs (44). Viral 

contigs were categorized into Minimum Information about an Uncultivated Virus 

Genome (MIUViG) quality tiers using CheckV v0.8.1 (43). Here, we refer to the 

‘virome’ as the set of viral sequences identified bioinformatically as opposed to in the 

technical sense where viral particles are concentrated prior to sequencing. 

Generating NCLDV MAGs 

NCLDV MAGs were binned using a workflow similar to that established by 

Moniruzzaman et al. for recovering high-confidence NCLDV genomes from 

metagenomes (45). Bins were generated with MetaBAT2 v2.15 (-s 100000, -m 10000, -

minS 75, -maxEdges 75) using the metagenome contigs and coverage profiles from the 

metagenome libraries (46). Bins were screened using ViralRecall v2 (--contiglevel flag) 

and were retained as putative NCLDV MAGs if the mean ViralRecall contig score was 

positive (47). The putative NCLDV MAGs were decontaminated by removing any 

cellular contigs as described in Moniruzzaman et al. (ViralRecall score < 0 or < 3 hits to 

the Giant Virus Orthologous Group (GVOG) database) (45). The putative NCLDV 

MAGs were further decontaminated by querying translated open reading frames (ORFs) 

against the complete RefSeq protein database (release 213) using DIAMOND v2.0.14 

BLASTP (48). Contigs were removed if they had zero ORFs with hits of NCLDV origin 

within the top five hits (45). NCLDV MAG completeness was estimated using both 
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CheckV (43) and the method described in Schulz et al. (49), which is based on the 

expected number of conserved nucleocytoplasmic virus orthologous genes (NCVOGs) 

for a given NCLDV clade. 

Read mapping to viral contigs and NCLDV MAGs 

Read mapping was used to determine the presence or absence of viral contigs 

within a sample. Reads were mapped to viral contigs using CoverM v0.6.1 with  90% 

identity and  90% read aligned thresholds (50). Contig coverage tables were generated 

by mapping metagenomic reads to DNA virus contigs and metatranscriptomic reads to 

RNA virus contigs independently. Contig coverage was calculated as the trimmed mean, 

where values represent the average number of mapped reads to each base-pair after 

trimming the most deeply and shallowly covered positions (--trim-min 5 and --trim-max 

95). Coverage values were then normalized to library size using the calculation described 

in Emerson et al. (41). To account for poorly covered contigs and spurious mappings, 

contigs were only considered detected in a library if  75% of the contig length was 

covered by mapped reads following benchmarked thresholds (51). Coverage values were 

reset to zero for contigs with < 75% of the length covered on a per-library basis. 

Metatranscriptomic reads were mapped to DNA virus contigs to estimate transcriptional 

activity using  90% identity and  90% read aligned thresholds. The number of 

transcripts mapping to predicted ORFs was assessed using featureCounts from the 

Subread package (https://subread.sourceforge.net/). For the NCLDV MAGs, read 

mapping and normalization were performed using the same method as above. A MAG 

was considered present in a metagenome library if reads mapped to  10% of the total 

MAG length, as in Tithi et al. (52). A MAG was considered transcribed in a sample if  

10% of predicted ORFs had metatranscriptome reads mapped (53). 

Virus contig taxonomic annotation and phylogenies 

Taxonomic assignments were estimated by geNomad v1.7.0, where contigs are 

assigned taxonomy based on marker gene content (40). The average nucleotide identity 

(ANI) between the MAGs generated here and a database of available NCLDV genomes 

was calculated using FastANI v1.33 (54). A database of 1,177 high-quality NCLDV 
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genomes (isolates and environmental MAGs) compiled by Gilbert et al. (55) was used for 

the FastANI comparisons. Taxonomic assignments were also estimated based on 

phylogenetic placement for the core NCLDV and RNA viruses. For the NCLDV MAGs, 

a multi-locus tree was constructed in accordance with the phylogenetic framework 

presented by Aylward et al. (56). The concatenated alignment of seven NCLDV marker 

protein sequences (DNA polymerase B, A32 packaging enzyme, superfamily II helicase, 

VLTF3 transcription factor, RNA polymerase large subunit, topoisomerase family II, and 

transcription factor IIB) was generated with ncldv_markersearch v1.1 using the default 

settings (56). Gaps in the alignment were trimmed with trimAl v1.2 (-gt 0.1) (57) and the 

tree was constructed with IQ-TREE v2.2.0.3 (LG+F+I+G4 substitution model with 1,000 

ultrafast bootstraps) (58). For the RNA virus contigs, phylogenies were constructed using 

the RNA-dependent RNA polymerase (RdRp) gene. RdRp sequences predicted by 

geNomad were aligned to a custom set of reference sequences using Clustal Omega 

v1.2.4 (59). Trees were constructed using FastTree2 v2.1.10 (-lg) (60). All trees were 

visualized using iTOL. 

Characterization of microbial community composition 

DNA-dependent RNA polymerase was used as a marker for prokaryotic (rpoB) 

and eukaryotic (rpb1) genomes (61, 62). Contigs containing rpoB/rpb1-like sequences 

were retrieved from the metagenome co-assembly by DIAMOND v2.0.14 (BLASTX, e-

value < 1e-5) using a database of rpoB (TIGR02013, TIGR03670) and RPB1 (CD02733, 

CD02584) protein sequences. To confirm the presence of rpoB /rpb1, proteins were 

predicted on metagenomic contigs using Prodigal v2.6.3 (63) and annotated with 

eggNOG-mapper (64) and the eggNOG v5.0 database (65). The top (i.e., lowest e-value) 

BLASTP hits for the rpoB /rpb1 gene were used for taxonomic estimates. Reads were 

mapped to rpoB /rpb1 using CoverM v0.6.1 with  90% identity and  90% read aligned 

thresholds (50). 

Results 

Microbial community structure and core taxa 

Prokaryotic community composition in the Sphagnum metagenomes was similar 

as to what has previously been described using 16S rRNA gene sequencing approaches 
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(12, 34, 66). Prokaryotic communities were consistently dominated by Proteobacteria 

based on both observed richness (326 rpoB-containing contigs) and relative abundance in 

the metagenomes (63.5% ± 1.4%, mean relative read abundance ± SE), followed by 

Acidobacteria (79 contigs, 15.5% ± 0.8%) (Supplemental Figure 3.6, Supplemental 

Table 3.3). All supplemental figures are located in the Chapter Three appendix. The 

prokaryotic community activity estimates reflected the metagenome structure, where 

Proteobacteria generally dominated the pool of mapped rpoB transcripts (42.7% ± 2.5%) 

(Supplemental Figure 3.6). Cyanobacteria displayed larger representation in the 

metatranscriptomes (24.9% ± 19.3%) relative to the corresponding metagenomes, a trend 

that has been observed previously (34). Bray-Curtis dissimilarity indices ranged from 

0.29 – 0.72 between the metagenomes based on rpoB structure (i.e., abundance of rpoB 

contigs) and from 0.11 – 0.41 based on composition (i.e., presence-absence of contigs). 

rpoB community structure and composition did not cluster by micro-topography (hollow 

or lawn) (Supplemental Figure 3.7). 

A ‘core’ prokaryotic community comprised largely of Proteobacteria (125 rpoB -

containing contigs) and Acidobacteria (27 contigs) were detected in all eight 

metagenomes via read mapping (Supplemental Figure 3.8, Supplemental Table 3.4). The 

majority of the core rpoB were also detected in the metatranscriptomes and considered 

transcriptionally active (160 of 171 contigs) (Supplemental Table 3.4). Genera within the 

families Rhodospiralles (Acetobacteraceae, Alphaproteobacteria) and Acidobacteriales 

(Acidobacteria) have been found to dominate the North American Sphagnum core 

microbiome (34). We detected related genera in the core based on sequence similarity 

searches and rpoB phylogenetic placement, including Acidocella, Acidsphaerea, and 

Acidosoma (Rhodospiralles), as well as Granulicella (Acidobacteriales). Core taxa also 

included diazotrophic methanotrophs within the family Beijerinckiaceae 

(Alphaproteobacteria). 

Micro-eukaryotic communities were dominated by phototrophic taxa, including 

Chlorophyta (green algae, 35.2% ± 5.9% of rpb1 relative abundance) and Bacillariophyta 

(diatoms, 27.7% ± 7.0%), followed by the generally mixotrophic Chrysophyceae (golden 

algae, 9.3% ± 3.0%) and Cryptophyta (cryptomonads, 3.2% ± 1.5%) (Supplemental 
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Figure 3.6). Ascomycota fungi (8.8% ± 2.4%) and Evosea (4.8% ± 2.5%) sequences 

were also detected. For the micro-eukaryotic community, Bray-Curtis dissimilarity 

indices ranged from 0.49 – 0.95 and 0.25 – 0.89 based on rpb1 structure and composition, 

respectively. Similar to the rpoB community, rpb1 structure and composition did not 

cluster by micro-topography (Supplemental Figure 3.7). Chlorophyta and Ascomycota 

fungi were collectively detected in every metagenome, while Bacillariophyta, 

Chrysophyceae, Euglenozoa, and Evosea were detected in seven of the eight 

(Supplemental Figure 3.6). One contig (Chlorophyta) was detected in all eight 

metagenomes (Supplemental Table 3.4). The composition of core micro-eukaryotic 

assemblages in Sphagnum are not well defined, but Chlorophyta, Chrysophyceae, and 

Ascomycota fungi were similarly found to be common constituents of Sphagnum 

microbiomes sampled across various climates (13). 

Identification of core DNA virus contigs 

In total, 506 contigs from the metagenome assembly met the filtering thresholds 

(see Methods) (Supplemental Figure 3.9, Supplemental Table 3.5). Contig lengths 

ranged from 10.0 kb to 163.1 kb, with a mean length of 21.9 kb. The majority of the 

DNA virus contigs were classified by geNomad as Caudoviricetes (tailed dsDNA phage, 

487 contigs) in addition to Tectiliviricetes (tail-less dsDNA phage, 5 contigs) and 

Nucleocytoviricota (NCLDV, 5 contigs) (Supplemental Figure 3.9). Contigs classified as 

Maveriviricetes (virophage, 1 contig), which obligately co-infect with NCLDV, and 

Polintoviricetes (polinton-like viruses, 4 contigs) were also identified. Eighteen 

Caudoviricetes contigs were predicted to be prophage by CheckV (Supplemental Table 

3.5). The vast majority of contigs were categorized as genome fragments (~95% of 

contigs) (Supplemental Figure 3.9), as is common with short-read metagenomic 

sequencing (67). We note that taxonomic assignment of fragments should be interpreted 

with caution and we therefore regard it only as an estimate. 

At the class-level, Caudoviricetes were a core component of the Sphagnum 

metagenomes, where collectively they dominated the set of viral contigs in every sample 

both in terms of count and relative abundance (Figure 3.1). However, viral community 

composition at the contig-level varied between the samples. Bray-Curtis dissimilarity 
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indices ranged from 0.42 – 0.90 between samples when calculated from viral contig 

presence-absence in the metagenomes (Supplemental Table 3.6). Additionally, the 

distribution of viral contigs in the metagenomes was generally patchy (Figure 3.1), 

where nearly 40% of all viral contigs were detected in only a single sample 

(Supplemental Figure 3.10). Five Caudoviricetes contigs were detected in every 

Sphagnum metagenome. We then examined the gene content, taxonomic classification, 

and possible lifestyle of the core viral contigs. 

All five of the core Caudoviricetes contigs were categorized as genome fragments 

(Supplemental Table 3.5). Indeed, no individual core contig encoded all of the genomic 

modules that are generally present in sequenced phage genomes and required for 

replication (i.e., the DNA replication, structural, packaging, and lysis modules) (Figure 

3.2) (68, 69). Furthermore, no core contigs contained any predicted gene products with 

sequence similarity to those implicated in phage DNA replication mechanisms (e.g., 

initiators, helicases/primases, DNA polymerases) (70). Collectively the contigs were 

predicted to encode genes that may belong to structural and packaging modules, as well 

as genes potentially involved in cell lysis and gene expression (Figure 3.2). Although 

gene content predictions were similar among the core contigs, most contigs shared little 

sequence similarity at the nucleotide level (0 – 11% contig coverage). Two contigs (C3 

and C4) did display a higher degree of overlap (58% and 93% coverage, respectively), 

but with < 70% nucleotide identity and were therefore treated as distinct sequences 

(Supplemental Figure 3.11, Supplemental Table 3.7).  

We examined shared protein content between the core contigs and RefSeq viral 

genomes using vConTACT2 to provide additional taxonomic resolution and to assess the 

relatedness of the contigs to other viral genomes (71). Three of the five contigs (C1, C3, 

C4) were placed in a viral cluster with Ralstonia phage Raharianne, a strain of lytic 

Rahariannevirus phages that were isolated from the agricultural plant pathogen Ralstonia 

solanacearum (order Burkholderiales) (72). The two remaining contigs did not cluster 

with any RefSeq viral genomes, but an additional contig (C2) displayed homology to 

Rahariannevirus protein sequences, namely putative structural genes (Supplemental 

Figure 3.12, Supplemental Table 3.8). 
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Figure 3.1. Dominate viral taxa and distribution of viral contigs in the 

metagenomes. 

A) Contigs were grouped by geNomad-estimated taxonomy and summed by number 

detected in each metagenome and contig coverage values. B) Plot shows the presence or 

absence of individual contigs. Average linkage hierarchical clustering was applied based 

on contigs presence-absence. Color-coded rows indicate the number of metagenomes 

each contig was detected in. Pie chart shows the total number of contigs within each 

detection category (i.e., the number of metatranscriptomes a contig was detected in).
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Figure 3.2. Predicted gene content of the core metagenomic viral contigs. 

The value in parentheses represents the geNomad virus score. The figure was made using the gggenomes R package.
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Core viral contigs share features with putative prophage or cryptic phage regions 

Certain features of the core contigs suggested they may represent fragmented 

sequences of phage genomes integrated into host genomes (prophage) or non-inducible 

remnants of integrated phage (cryptic phage). Prophage can be predicted from 

metagenomic contigs by identifying putative microbial genes flanking viral regions (43). 

Three core contigs (C1, C2, C3) were categorized as prophage by CheckV and contained 

predicted metabolic genes that flanked virus-specific structural genes on one side of the 

contig (though we cannot rule out that these are phage-encoded accessory metabolic 

genes) (Figure 3.2). The putative host-encoded genes included those involved in 

pyrimidine biosynthesis (DHOD), amino acid transport (AzlCD), energy production and 

conversion (subunits of Aldehyde, CO, or xanthine dehydrogenase), and lipid A 

biosynthesis (LpxK) (Figure 3.2).  

None of the core contigs contained a putative complete lysogeny control module 

(based on the lack of hits to integrases/recombinases, excisionases, transposases, or 

repressor/antirepressor gene products), but one contig (C1) did encode a putative S24-

type peptidase that may function in the microbial SOS response or as a phage lytic cycle 

repressor. In addition, four contigs (C1 through C4) contained putative baseplate domains 

with homology to those conserved in P2-like and Mu-like temperate phages (gpVWJ 

domains) (Figure 3.2) (73, 74).  

Although cryptic phage genes can be expressed (75), evidence of transcriptional 

activity of phage structural genes may indicate lytic replication of a functional virus as 

opposed to a defunct cryptic element (76). Metatranscriptome reads mapped to the core 

contigs, but no coding sequences displayed significant read recruitment or coverage to 

indicate they were transcribed in our samples (data not shown). We note that these 

contigs may indeed represent active phage populations, but that activity was not captured 

or was below the limit of detection at the time of sampling. 

Finally, the majority of the predicted gene products on all five contigs had 

significant amino acid sequence similarity to bacterial sequences. We subsequently 

investigated if the BLASTP hits were to prophage or cryptic phage regions within RefSeq 

bacterial genomes. Four contigs (C1 through C4) aligned to single, continuous regions 
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within Acetobacteraceae genomes (Alphaproteobacteria), where for three of which the 

majority of the contig aligned at >65% percent nucleotide identity (56% to 93% contig 

coverage) (Figure 3.3, Supplemental Table 3.9). C1, the longest core contig, had 

relatively low coverage (10%) at ~73% nucleic acid identity. The final and shortest 

contig (C5) aligned to a region of an Acidobacteriaceae genome (Acidobacteria) with 

~75% nucleic acid identity and 78% contig coverage (Figure 3.3, Supplemental Table 

3.9).  

Using the top BLASTN RefSeq genome hit as a case study, all of the RefSeq 

genomes (either complete genomes or scaffolds) had prophage regions identified by 

geNomad that corresponded to the core contig alignment region (Figure 3.3). Examining 

protein-protein comparisons (BLASTP) revealed that the predicted viral regions 

contained putative phage structural, DNA packaging, and lysis genes (Supplemental 

Figure 3.13 – 3.16). Aside from the shortest contig that contained only two ORFs (C5), 

the core contigs were similar in length to the prophage region (Figure 3.3). None of the 

prophage regions had the gene modules generally necessary for temperate phage excision 

and replication and may represent cryptic phage. 

Phylogenomics and distribution of NCLDV MAGs 

Five metagenomic viral contigs were classified as Nucleocytoviricota by 

geNomad. The length of each contig was less than 50 Kbp and no contigs were detected 

in all eight metagenomes (Supplemental Table 3.5). Since NCLDVs have 

characteristically large genomes that may not be contained on a single contig (77, 78), 

metagenome-assembled genomes (MAGs) were generated to further investigate core 

NCLDV in the Sphagnum microbiome. Three NCLDV MAGs were generated from the 

Sphagnum metagenomes, each larger than 100 Kbp and containing less than 15 contigs. 

The MAGs were categorized as genome fragments and ranged from 42 – 65% complete 

based on the presence of conserved marker genes (NCVOGs). Further details regarding 

the completeness and quality of each NCLDV MAG are provided in Supplemental Table 

3.10. 
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Figure 3.3. Nucleotide alignment of the core phage-like contigs to RefSeq bacterial 

genomes. 

Regions of significant alignment are depicted by green lines. Predicted viral marker 

genes are in color. Predicted prophage regions in the RefSeq bacterial genomes are 

outlined in red..  
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The MAGs were most closely related to viruses of the orders Pimascovirales and 

Asfuvirales (Figure 3.4). MAG-1 fell within a sister clade to the Pimascovirales that 

contained no cultivated NCLDVs. Although it did not pass the detection thresholds in 

every sample, MAG-1 was present in seven of the eight metagenomes and was 

transcriptionally active in three samples (Figure 3.4, Supplemental Table 3.11). Notably, 

MAG-1 was closely related to and displayed 98% ANI with a reference NCLDV MAG 

(GVMAG-M-3300027807-3). The reference MAG was generated from a Sphagnum 

metagenome collected in 2015 from the same site sampled in this study (IMG Taxon ID 

3300027807) (49). MAG-2 fell within a clade of cultivated viruses of the families 

Iridoviridae and Ascoviridae (order Pimascovirales) (Figure 3.4). Thirteen of the 18 

MAG-2 proteins with top hits to RefSeq viruses were to the Iridoviridae (with BLASTP 

scores ranging from 24 to 46% percent amino acid identity), further suggesting MAG-2 is 

a relative of iridoviruses (Supplemental Table 3.12. The iridovirus-like lineage identified 

here may be a satellite member of the Sphagnum microbiome as it was detected in only a 

single sample (Figure 3.4, Supplemental Table 3.11).  

 Notably, Pimascovirales homologues have been discovered within NCLDV-like 

regions of the Physcomitrella patens genome, a moss species related to the Sphagnales 

(79). Remnants of pimasco-like genomes within P. patens suggests that the ancestors of 

this NCLDV lineage interacted with, and possibly infected, moss ancestors (79). Given 

the presence of NCLDV homologues in a moss genome along with the discovery that 

large segments of NCLDV genomes exist within unicellular algal genomes (76), we 

considered that the Pimascovirales-like MAGs represented endogenized viruses. 

Phylogenetic analysis of the DNA polymerase marker revealed that MAG-1 and MAG-2 

were placed within a clade containing the P. patens NCLDV remnants, but that they were 

more closely related to extant Pimascovirales (Supplemental Figure 3.17). Additionally, 

Maumus et al. found that the NCLDV-like regions were transcriptionally inactive (79). 

Our findings that transcripts map to MAG-1 and MAG-2 provides further evidence that 

they are representative of a contemporary NCLDV lineage as opposed to remnants 

integrated into a cellular genome (MAGs ranged from 32 – 50% of ORFs with reads 

mapped within a sample).  
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Figure 3.4. Phylogenomic analysis and distribution of the NCLDV MAGs. 

The MAGs generated from this study are denoted by stars. Established NCLDV orders 

are color-coded. Values in parentheses represent the number of collapsed nodes. Nodes 

with labels beginning with GVMAG and ERX/SRX represent environmental MAGs 

generated from Schulz et al. (49) and Moniruzzaman et al. (45), respectively. Bootstraps 

 80 are denoted by dots. Filled in squares represent detection in the metagenome (MG) 

and metatranscriptome (MT) libraries. 
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Lastly, MAG-3 was placed within a clade of environmental Asfuvirales MAGs 

related to the cultivated Asfarviridae (represented here by the African swine fever virus 

(ASFV) strains) (Figure 3.4). Based on protein sequence similarity MAG-3 is likely 

related to Pacmanvirus A32 (28/36 of proteins with top hit to RefSeq virus, Supplemental 

Table 3.12), an asfarvirus relative isolated from the amoeba Acanthamoeba castellanii 

(80). MAG-3 was detected in all eight metagenomes and deemed a core NCLDV, 

however it was transcriptionally active in only two samples (Figure 3.4). 

RNA virus genomes detected in metatranscriptome assembly 

 Screening the metatranscriptome assembly recovered 1,477 Riboviria contigs in 

total (Supplemental Figure 3.18, Supplemental Table 3.13). Riboviria contig lengths 

ranged from 2.0 kb to 16.4 kb, with a mean length of 4.4 kb. Overall, all five phyla within 

the kingdom Orthornavirae (RdRp-encoding viruses) were identified as well as a small 

number of Pararnavirae (reverse-transcriptase-encoding viruses). Within samples, most 

contigs were assigned to the positive-sense, single-stranded RNA virus phyla 

Lenarviricota (25-39% of contigs), Pisuviricota (20-33% of contigs, contains some 

dsRNA viruses), and Kitrinoviricota (17-24% of contigs) (Supplemental Figure 3.20).  

Although the RNA virus communities detected within the metatranscriptomes 

were generally dominated by these three phyla, they were dissimilar based on contig 

composition. Samples were 61 – 95% dissimilar based on contig presence-absence 

(Supplemental Table 3.14). While the majority of contigs (~51%) were not shared 

between samples, nine Riboviria contigs were detected in every Sphagnum sample 

(Supplemental Figure 3.19-3.20). All contigs but one (k123_1073360) were considered 

high-quality draft genomes and contained the RdRp conserved catalytic motifs, which 

can be indicative of ‘true’ RNA viruses as opposed to endogenized or non-functional 

sequences (Supplemental Table 3.13). Based on the geNomad-assigned taxonomy, the 

core RNA virus contigs belonged to the Lenarviricota, Kitrinoviricota, and Pisuviricota 

phyla.  

Based of RdRp phylogenies, five contigs were related to the Mitoviridae 

(mitoviruses) and Narnaviridae (narnaviruses) (Figure 3.5A). We note that while the 

core mito-like sequences were closely related, they displayed low amino acid sequence 
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similarity (38% identity). Mito- and narna-viruses are simple RNA viruses that were 

thought to exclusively infect fungi (81), but deep sequencing has revealed related 

sequences that may infect unicellular algae (82), invertebrate metatranscriptomes (83), 

and vascular plants (84). Typical for these groups, none of these core mito- and narna-

like contigs encoded putative capsid proteins.  

Two core RNA virus contigs were assigned to the Durnavirales, an order containing 

double-stranded (ds) RNA viruses (Figure 3.5B). One contig, k123_1277865, was a 

partiti-like sequence related to a recently proposed clade of Ulvophyceae (green algae)-

associated dsRNA viruses (85). This clade contains Bryopsis mitochondira-associated 

dsRNA and related partiti-like sequences discovered from unicellular algal 

transcriptomes. While related to the Ulvophyceae-associated viruses, the RdRp was also 

related to partiti-like viruses that infect fungi and oomycetes (Figure 3.5B). The second 

core Durnavirales contig (k123_5391772) was picobirna-like and most similar to 

sequences associated with invertebrates and environmental sequences (Figure 3.5B). 

Although the predicted RdRp contained the catalytic motifs, the contig length and 

number of ORFs was irregular for picobirna-like genomes. A small nucleotide segment 

displayed high sequence similarity to Sphagnum genomes (129 bp segment with 96% 

nucleotide identity). Since non-retroviral RNA virus sequences have been found 

integrated into plant genomes (86), we investigated if the picobirna-like core sequence 

was endogenized in the moss genome. Mapping the un-partitioned metagenome libraries 

(i.e., Sphagnum reads and microbial reads) showed that reads only mapped to the 129 bp 

region and not to the viral like region (data not shown). Additionally, the hypothetical 

proteins had no match in the S. fallax or S. magellanicum protein sequences nor to any 

proteins in the NCBI NR database (BLASTP, e-value < 1e-4). Neither Durnavirales 

contig encoded recognizable coat proteins. 
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Figure 3.5. Phylogenies and genome organization of the core RNA virus contigs. 

ML phylogenetic trees are shown for the following phyla: A) Narnaviridae/Mitoviridae, 

B) Durnavirales, C) Hepelivirales, and D) Picornavirales. Bootstraps  80 are depicted 

as dots. Some monophyletic clades are collapsed for visibility of the core RdRp. The 

number in parentheses outside of collapsed clade represents the number of collapsed 

nodes. NCBI protein accession is provided in parenthesis for references with non-descript 

names. Contigs were annotated using geNomad and BLASTP hits and visualized using 

the gggenomes R package. 
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Figure 3.5. Phylogenies and genome organization of the core RNA virus contigs. 

Continued from page 93. 
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Figure 3.5. Phylogenies and genome organization of the core RNA virus contigs. 

Continued from page 93.  
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One contig (k123_4093555) was dicistro-like (Pisuviricota) based on phylogenetic 

analysis of the RdRp (Figure 3.5D). The Dicistroviridae encompass ssRNA (+) viruses 

known to infect invertebrates, although the core sequence here was most closely related 

to a sequence from a freshwater metagenome where the natural host is unknown. Lastly, 

the final contig (k123_5302874) was placed within the Hepelivirales (phylum 

Kitrinoviricota) (Figure 3.5C), ssRNA (+) viruses whose members are known to infect 

vertebrates, invertebrates, and plants. The RdRp was placed within a clade of divergent 

environmental and invertebrate-associated hepe-like sequences. Both the dicistro- and 

hepe-like contigs encoded putative capsid proteins. 

Discussion 

Tissue samples from individual moss collected over a ten-month period allowed 

us to investigate the presence of a ‘core virome’ present in association with Sphagnum. 

Our metagenomic and metatranscriptomic approach identified viral sequences that were 

detected in all samples and putatively originated from phage, NCLDV, and RNA viruses, 

indicating a previously neglected viral element of the core Sphagnum microbiome.  

Features of the core Caudoviricetes contigs suggested they may be representative 

of either prophage or cryptic phage elements. These features included the presence of 

flanking metabolic genes, conserved temperate phage baseplate motifs, and, perhaps most 

convincingly, the presence of highly similar regions in sequenced Acetobacteraceae and 

Acidobacteriaceae genomes. As mentioned previously, genera within the 

Acetobacteraceae (Acidocella, Acidisphaera, and Acidisoma) and Acidobacteriaceae 

(Granulicella) are dominant members of the core Sphagnum microbiome (34) and were 

also detected in the core defined in this study. While phage elements within these taxa 

have not been studied in peat moss symbionts specifically, prophage regions have been 

reported in Acetobacteraceae genomes (87) and Acidobacteria harbor a recognized phage 

mobilome that is implicated in host survival in harsh environments (88, 89). Similarly, 

Bragina et al. observed that Sphagnum metagenomes were enriched in mobile genetic 

elements, including temperate phage genes, suggesting that the peat moss microbiome 

may be highly plastic in part due to phage-mediated gene transfer (12). From our analysis 

it is unclear if the putative phage regions would provide any specific selective advantage 
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for microbial symbionts that harbor them, but in general prophage and cryptic phage have 

the ability to impact host cell physiology as well as provide protection against phage 

infection (90, 91). While we observed potentially cryptic phage regions in the core, our 

analysis utilized RefSeq genomes. Future investigations into viral regions within 

sequenced genomes from peat moss cultivated isolates may provide more insight into the 

prevalence of lysogeny and phage-mediated gene transfer in the Sphagnum microbiome. 

Nonetheless, homology between the Caudoviricetes contigs and RefSeq bacterial 

genomes suggests a gene sharing network between bacteria and phage in the core 

microbiome that may have the potential to influence plant-symbiont interactions. 

The Caudoviricetes contigs shared predicted gene content with lytic phages of the 

phytopathogen Ralstonia solanacearum (order Burkholderiales) (72). No 

phytopathogenic Burkholderiales have been described in association with peat mosses, 

but other members of the order are commonly associated with Sphagnum and may 

suppress pathogens, produce plant growth-promoting hormones, and supply plant-

available forms of phosphorus and nitrogen (34, 92, 93). Burkholderiales phages in the 

core moss microbiome may therefore have indirect influence over moss growth by 

modulated these processes through infection of beneficial symbionts. However, phage 

genomes have been shown to contain homologues to other viruses that infect distantly 

related host lineages (69, 94). Therefore, the sequence similarity to Burkholderiales 

phages could indicate that the core contigs also infect related members of this bacterial 

lineage, or that lateral gene transfer has occurred between distinct phages with relatively 

unrelated hosts. An additional consideration is that while protein clustering can indicate 

viral genus-level relationships (71), the core contigs likely represent fragments of phage 

genomes. Since phage genomes are often mosaic in nature it is unknown if the genomic 

architecture of the core contigs would further resemble Rahariannevirus-like phages if 

complete genomes were assembled (94).  

The presence of putative integrated phage elements and capsid-less RNA viruses 

in the core virome prompts hypotheses regarding the modes of acquisition and 

transmission of viruses into the core moss microbiome. For example, prophage or cryptic 

phage elements may have be detected in the core because they are present in the genomes 
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of conserved bacterial taxa, in this case Acetobacteraceae and Acidobacteriaceae 

symbionts. Similarly, capsid-less RNA viruses often perform strictly intracellular 

lifestyles and may be retained in the microbiome as ‘molecular hitchhikers’ (95) of core 

eukaryotic taxa, where, for example, most RNA mycoviruses are only transmitted via 

hyphae or asexual reproduction (96). For viruses with extracellular stages of replication, 

which may include the viruses related to the capsid-encoding contigs detected in the core, 

viral particles could plausibly be transmitted vertically from the moss sporophyte to 

gametophyte or be acquired from the surrounding peat and water, as is thought to occur 

in the case of certain Sphagnum bacterial symbionts (33, 66). Efforts to compare the 

virome of living Sphagnum tissue to the surrounding soils as well as screening for viral 

sequences within sporophytes could help to infer methods of acquisition and persistence 

of core viruses.  

Our analysis identified putative lineages of Pimascovirales and Asfuvirales that 

may be shared members of moss-associated communities. Asfuvirales-like transcripts 

have also been previously reported in Sphagnum metatranscriptomes (30), further 

suggesting that asfarvirus-like NCLDV are persistent and actively replicating in the 

Sphagnum microbiome. While the cultivated Asfarviridae were originally isolated from 

pigs, recent work has expanded the known host range of asfarviruses to include 

unicellular dinoflagellates and amoeba (97, 98), and sequence similarity searches linked 

the Asfuvirales MAG to distantly related viruses of amoeba. The detection of a divergent 

Pimascovirales lineage in nearly all of the metagenomes here combined the assembly of 

a highly similar MAG from a separate moss metagenome provides evidence that this 

divergent Pimascovirales lineage may also be a shared viral constituent of the Sphagnum 

microbiome. The Pimascovirales are known to infect a broad range of organisms, 

including animals (invertebrates and vertebrates) and amoeba, and their detection in 

marine metagenomes suggests the order may also include viruses of other undetermined 

protists (99-101). Additionally, the Pimascovirales lineages may not only be a part of the 

contemporary Sphagnum core virome but may also represent extant relatives of an 

ancestral NCLDV lineage that could have a long history of interacting with Sphagnum in 
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some capacity. Additional work is required to determine if there is evidence of past 

interactions and integration into the Sphagnum genome as is the case for P. patens.  

Since the hosts of the NCLDV MAGs and RNA viruses are unknown, the 

potential roles of eukaryotic viruses in the core microbiome are difficult to discern 

without this crucial context. In general, micro-eukaryotes in the Sphagnum microbiome 

are understudied relative to bacterial symbionts (11), but some protistan guilds likely 

impact microbial dynamics and plant-microbiome interactions through grazing (102). 

Non-grazing protists may also impact the structure and function of the microbiome. For 

example, algal exudates have been shown to alleviate carbon limitation and stimulate 

heterotrophic bacterial metabolism in peatland surface soils (103). It remains unclear how 

exactly eukaryotic viruses may modulate microbial structure, activity, and trophic 

interactions in the Sphagnum microbiome, but further investigations into the core 

lineages identified here may illuminate their roles. 

In conclusion, we identified shared viral elements across different Sphagnum 

samples from a ten-month period, indicative of a core moss virome. One consideration of 

this study is that our defined core is based on specific cut-offs and what was detectable at 

the time of sampling. In addition, sequence homology-based searches some very 

divergent viruses potentially in the core may not be detected. Therefore, this core is likely 

not a comprehensive list but instead highlights persistent viral elements in the Sphagnum 

microbiome. Future work incorporating more Sphagnum samples, larger geographic 

areas, and longer timeframes may illuminate how widespread certain viral lineages and 

elements are. The presence of core viruses warrants their inclusions into future studies of 

core microbiomes, both of Sphagnum and other plants, as it could help to understand 

ecological and evolutionary relationships between plants and their microbiomes. 
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Appendix 

Supplemental Figures 

 

 
Supplemental Figure 3.6. Relative abundance of microbial taxa in the metagenomes 

and metatranscriptomes.  

A) Estimate of prokaryotic abundance using mapped reads to rpoB-containing contigs. B) 

Estimate of micro-eukaryotic abundance using rpb1. Abundance values were an average 

of the two replicates for metatranscriptomes. Minor prokaryotic taxa include: 

Armatimonadetes, Chlamydiae, Gemmatimonadetes, Tenericutes, Euryarchaeota, and 

unclassified bacteria. Minor abundance eukaryotic taxa include: Basidiomycota, 

Ciliophora, and Ichthyosporea. 
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Supplemental Figure 3.7. Hierarchical clustering of microbial communities by 

structure and composition.  

Clustering is based on A) coverage values and B) presence-absence of rpoB-containing 

contigs in the metagenomes. Micro-eukaryotic community clustering based on C) 

coverage values and D) presence-absence of rpb1-containing contigs in the 

metagenomes. All clustering was performed using the average linkage method. 

Metagenomes are color-coded by collection date and shapes represent sample micro-

topography of sample site. 
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Supplemental Figure 3.8. Cladogram of maximum likelihood phylogeny of RpoB 

protein sequences.  

Core taxa identified in Kolton et al. (2022) are labeled and indicated by nodes ending in 

circles. Core RpoB detected in this dataset are bolded branches Inner ring represents 

prokaryotic phylum. Order is shown for clades of interest containing core prokaryotic 

members. Abundance for each RpoB is represented as average coverage. FastTree 

bootstraps > 0.9 are displayed as dots. 
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Supplemental Figure 3.9. Overview of the metagenomic viral contigs.  

Pie charts show the proportion of A) taxonomic groups and B) completeness categories. 

C) Dot plot displays the quality estimates for the individual DNA virus contigs plotted as 

completeness by contig length (length shown as Log2-transformed kb). Below the line at 

50% indicates contigs in the CheckV “low quality” category. D) Distribution of contig 

sizes. ‘Other’ taxa shown on panel A and C include: Maveriviricetes, Polintoviricetes, 

Naldaviricetes, unclassified Bamfordvirae, and unclassified virus. 
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Supplemental Figure 3.10. Plot showing the number of viral contigs shared between 

metagenomes. 

Connected dots indicate contig(s) shared among metagenomes and the intersection size is 

the number of unique contigs shared. Bars are color-coded by the number of 

metagenomes each intersection (i.e., group of contigs) was detected in.   
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Supplemental Figure 3.11. Visualization of nucleotide similarity between the core 

phage-like contigs.  

The BLASTN table used to construct his figure is available at Supplementary Table 7. 
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Supplemental Figure 3.12. Visualization of protein sequence similarity between the 

core phage-like contigs and Ralstonia phage Raharianne (NC_054955.1).  

The BLASTP table used to construct this figure is available at Supplementary Table 8. 
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Supplemental Figure 3.13. Visualization of protein sequence similarity between the 

core phage-like contig 1 (C1) and the top hit RefSeq bacterial genome.  

 
 
 
 
 
 
 

 
 

Supplemental Figure 3.14. Visualization of protein sequence similarity between the 

core phage-like contig 2 (C2) and the top hit RefSeq bacterial genome.  
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Supplemental Figure 3.15. Visualization of protein sequence similarity between core 

phage-like contigs 3 (C3) and 4 (C4) and the top hit RefSeq bacterial genome.  

 
 
 
 
 
 
 
 
 

 

Supplemental Figure 3.16. Visualization of protein sequence similarity between the 

core phage-like contig 5 (C5) and the top hit RefSeq bacterial genome.  
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Supplemental Figure 3.17. Maximum likelihood phylogeny of DNA polymerase 

protein sequences.  

The tree was inferred using the best-fit model determined by IQTREE 

(Q.pfam+F+I+G4). DNA polymerase sequences from the Sphagnum NCLDV MAGs, S. 

fallax and S. magellanicum genomes, and additional Pimascovirales genomes were 

aligned to the alignment retrieved from Maumus et al. (2014). 
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Supplemental Figure 3.18. Viral contigs detected in the metatranscriptomes. 

A) Scatter plot shows each contig represented by a point plotted as completeness by 

contig length (shown as Log2-transformed kb). Below the line at 50% indicates contigs in 

the CheckV “low quality” category. B) Pie chart shows a summary of the completeness 

category of all RNA virus contigs. C) Distribution of contig sizes. 
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Figure 3.19. Distribution of RNA virus contigs in the metatranscriptomes. 

Heatmap shows the presence or absence of individual contigs. Average linkage 

hierarchical clustering was applied based on contigs presence-absence. Color-coded rows 

indicate the number of metatranscriptomes each contig was detected in. Pie chart shows 

the total number of contigs within each detection category (i.e., the number of 

metatranscriptomes a contig was detected in).  
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Figure 3.20. Relative abundance and composition RNA virus phyla in the 

metatranscriptomes.  

Replicates are indicated by black bars. UpSet plot depicting the number of RNA virus 

contigs shared between or unique to the Sphagnum metatranscriptome libraries. 

Intersection size represents the number of contigs shared between libraries in each 

column (represented as filled in circles). 
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CHAPTER FOUR: INVESTIGATING THE EFFECTS OF WARMING ON 

VIROME COMPOSITION AND STRUCTURE IN SPHAGNUM 
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Publication Note 

Content from Chapter Four is included in a manuscript that is in preparation for 

submission to a peer-reviewed journal. 

Sequencing data was provided by David Weston and colleagues. Sequencing processing 

and data analysis were performed by Elizabeth Denison.  
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Abstract 

Sphagnum mosses, or peat mosses, are a keystone species in Northern peatlands 

where they play integral roles in the sequestration and storage of terrestrial carbon. 

Warming is known to impact the structure and metabolism of the Sphagnum microbiome. 

Viral activity may shape the peat moss microbiome and modulate microbial responses to 

warming, but no studies have examined the effect of warming on viral communities 

associated with the Sphagnum microbiome. This chapter used paired metagenomes and 

metatranscriptomes to investigate the effects of warming on DNA virus populations in 

the peat moss microbiome. Samples originated from ambient, artificially warmed, and 

geothermally warmed sites across Europe. We found that viral community structure, 

composition, and activity were significantly different between warming conditions, but 

only for the moss species that were sampled from geothermally warmed conditions (S. 

teres and S. medium). The difference in warming severity between the artificially warmed 

and geothermally warmed samples compared to the ambient temperature, with an average 

difference of +2.1° C and +15.3° C, respectively, may in part explain our observations. 

These findings suggest that the viral community is not noticeably shaped by warming 

until a temperature threshold is passed. 

Background 

Northern peatlands perform an important global ‘carbon service’ by sequestering 

large amounts of atmospheric carbon (C) and causing a net cooling effect on Earth’s 

climate (1, 2). Over the Holocene, Northern peatlands have accumulated carbon at an 

average rate of 22.9 g C m−2 year−1, resulting in an estimated 500 gigatons of carbon 

currently sequestered globally (3, 4). However, the peatland C balance, or the amount of 

C stored versus emitted, is vulnerable to climate warming (5, 6). While predictions have 

been made regarding the future of peatland carbon stores (7, 8), there are still many 

unknowns regarding how different components of peatland ecosystems will respond to 

warming.  

Sphagnum mosses are critical to peatland ecosystem function and stability (9). 

Yet, Sphagnum dominance is threatened by warming (10, 11), which has been attributed 

to changes in hydrology and moss desiccation (12) and a decline in light availability (13, 
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14). The moss microbiome, consisting of bacteria, microbial eukaryotes, and viruses, is 

an important but understudied link between Sphagnum ecology and climate warming 

responses. Previous work has shown warming to impact microbial community structure, 

including key diazotrophic symbionts, with corresponding declines in nitrogen-fixation 

rates by the microbiome (15). Warming-adapted moss microbiomes may also harbor 

thermotolerant symbionts that can influence moss resilience to warming (16).  

 Viral activity may mediate microbiome response to warming (17). Viruses can 

influence microbial community structure through lysis (18) and can impact key plant-

associated function guilds that influence plant growth (19). Viral activity may also shape 

microbial communities by altering the flow of carbon and nutrients (20, 21). These types 

of dynamics have been explored in soil and aquatic systems (22-24), and researches have 

called for integrating viruses in soil food webs under climate change (25), but less so for 

plant-associated communities. Nonetheless, the top-down and bottom-up pressures 

exerted by viruses may modulate microbiome responses to warming. Studies into viruses 

in the moss microbiome are scarce (26), and to our knowledge no studies have assessed 

moss-associated viral communities in relation to temperature. 

Methods 

Description of Sphagnum samples 

Sphagnum tissue samples were collected by Piatkowski et al. from seven peatland 

sites across Europe (Supplemental Table 4.1) (27). All supplemental tables referenced in 

this chapter are available in Attachment 2. This included two experimental field sites, the 

Forbonnet (France) and Degerö Stormyr (Sweden) peatlands, where Sphagnum was 

collected from both the ambient and artificially warmed plots. Samples were also 

collected from five different sites in Iceland that included ambient and geothermally 

warmed conditions. At each site, the dominant Sphagnum species was sampled (11 

different species total). The average moss temperature was 12.2° C, 14.7° C, and 27.2° C 

under ambient, artificially warmed, and geothermally warmed conditions, respectively 

(Supplemental Table 4.1). The average difference in temperature between ambient and 

artificially warmed condition comparisons was 2.1° C, while the average difference 

between ambient and geothermally warmed condition comparisons was 15.3° C. 
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Nucleic acid extraction from plant matter and sequence processing 

 Sphagnum samples were flash frozen using liquid nitrogen until nucleic acid 

extraction. DNAA was extracted from the moss samples using the DNeasy Plant Pro 

DNA extraction kit (Qiagen) by Piatkowski et al. (27). Sequencing was carried out at the 

Department of Energy (DOE) Joint Genome Institute (JGI). Libraries were constructed 

using KAPA DNA library kits and sequencing was performed using the Illumina 

NovaSeq S4 platform (2x151-bp sequencing). Read filtering was performed at JGI using 

the JGI Metagenome Workflow (28). For metatranscriptomes, ribosomal RNA reads 

were also removed in silico. The filtered reads were downloaded from the JGI Genome 

Portal. In total, 49 metagenomes and 42 metatranscriptomes were retrieved, 34 of which 

were paired libraries (i.e., a metagenome and metatranscriptome generated from the same 

sample). 

Here, we removed host (peat moss) reads by mapping the filtered reads to the S. 

fallax v1.1 (GCA_021442195.1) and S. magellanicum v1.1 (GCA_021904315.1) 

genomes using BBMap v38.90 with the default settings (29). Unmapped reads on average 

made up 80.6% ± 1.82% (SE) of the metagenomes. The remaining reads were pooled 

(metagenomes and metatranscriptomes were kept separate) and assembled using 

MEGAHIT v1.2.9 (--k-min 31 --k-max 121) on the University of Tennessee high-

performance computing cluster (ISAAC-NG) (30). Assembly quality was assessed with 

QUAST v5.0.2 (31). The metagenome and metatranscriptome assemblies contained 

32,695,709 and 3,759,860 contigs ≥ 500 bp, respectively (Supplemental Table 4.2). 

Identification of viral contigs from the metagenome assembly 

 Viral-like contigs were identified using geNomad with the default settings (32).  

Only metagenomic contigs ≥ 10 kb were used as input. Viral contigs were then filtered to 

retain those with a geNomad confidence score > 0.8, at least one viral marker gene, and a 

marker enrichment score >1.5. Finally, contigs were retained if they had at least one viral 

marker gene called by CheckV (33) were considered viral-like contigs. The filtering 

thresholds were chosen based on the developer’s recommendations and current 

community standards (34). CheckV was used to assign quality categories to the viral 

contigs: low-quality (0-50% complete), medium-quality (50-90%), high-quality (> 90%), 
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or undetermined (33). Gene annotation and contig taxonomic assignments were 

performed by geNomad. Finally, prophage regions (temperate phage integrated into host 

genomes) were predicted by geNomad and CheckV. 

NCLDV major capsid protein search 

 NCLDV-like major capsid protein (MCP) sequences were identified using protein 

sequence homology searches. The metagenomic contigs > 1kb were queried against the 

Nucleo-Cytoplasmic Virus Orthologous Groups (NCVOGs) database using DIAMOND 

BLASTp (e-value < 1e-10, subject cover >60%) (35, 36). Contigs with hits to MCP 

reference (NCVOG0022) were retained. Genes were predicted using Prodigal, then the 

translated sequences were queried against the RefSeq v213 database using (BLASTp, e-

value < 1e-10). Only protein sequences with a top hit to a NCLDV MCP were used for 

further analysis. Both the top RefSeq BLASTp hit were used to assign taxonomy to the 

MCPs. For the phylogenetic tree, MCPs a custom set of MCPs were retrieved from 

GenBank belonging to sequenced NCLDV genomes. If the genome contained multiple 

predicted MCP copies, they were all used to build the tree. Pandoraviruses were not 

included since they lack the typical NCLDV MCP (37). The reference and Sphagnum 

metagenome MCPs were aligned using Clustal Omega v1.2.4 (38) and the alignment was 

trimmed with trimAl v.1.2 (-gt 0.1) (39). The tree was constructed using FastTree 

v.2.1.10 (LG model) (40). 

NCLDV metagenome-assembled genomes 

NCLDV MAGs were binned and curated approach similar to workflow developed 

by Moniruzzaman et al. (41) and as in Chapter Two. A phylogenetic tree was constructed 

to assess the relatedness of the MAGs to isolated NCLDV genomes and other 

environmental NCLDV MAGs. A set of seven conserved marker genes (42) were 

predicted from the European MAGs and from > 1,000 reference NCLDV genomes 

(compiled by Gilbert et al. (43)), which included both cultivated virus genomes and 

uncultivated MAGs, to build the tree. Marker genes from the NCLDV MAGs generated 

from the North American Sphagnum metagenomes in Chapter Three were also included 

in the alignment. The concatenated alignment of the marker genes was generated using 

ncldv_markersearch and the alignment was trimmed using trimAl v.1.2 (-gt 0.1) (39). A 
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phylogenetic tree was constructed using IQTREE v.2.2.0.3 (LG+F+I+G4 substitution 

model with 1,000 ultrafast bootstraps) (44). 

Read mapping analysis and community diversity statistics 

 Reads were mapped to viral contigs to gauge the distribution and abundance of 

viral sequences in the Sphagnum metagenomes. Reads were mapped using CoverM at 

90% identity and 90% read length aligned thresholds. A contig was considered detected 

in a metagenome if >75% of the contig length was covered. 

The coverage tables from read mapping were used for community-level statistical 

analysis. Square root-transformed or presence-absence transformed coverage values were 

used as the input to generate Bray-Curtis similarity matrices. PERMANOVA tests were 

ran from the similarity matrices. Statistical tests were carried out in PRIMER and using 

the R package vegan. Throughout, community ‘structure’ refers to things calculated from 

abundance tables, and ‘composition’ refers to things calculated from presence-absence 

transformed abundance table. 

Results 

Overview of viral contigs identified from the metagenome assembly 

geNomad predicted 6,200 virus contigs ≥ 10kb from the metagenome assembly. 

After quality filtration, 3,756 viral contigs were retained for further analysis 

(Supplemental Table 4.3). Taxonomic assignment showed that the majority of viral 

contigs were phage-like (3,682 Caudoviricetes contigs, or 98%). Megaviricetes (giant 

viruses, 62 contigs), Tectiliviricetes (tail-less dsDNA phage, 14 contigs), Polintoviricetes 

(polinton-like viruses, 8 contigs), and Maveriviricetes (virophage, 3 contigs) were also 

identified. Additionally, 26% of the Caudoviricetes contigs (985 contigs) were predicted 

to be prophage by geNomad and/or CheckV (Supplemental Table 4.3). 

Differences in viral communities between warming condition are dependent upon plant 

species and warming type 

Beta diversity statistics based on abundance in the metagenomes showed that, 

overall, viral community structure was significantly different between warming 

conditions (PERMANOVA, p = 0.001) and between Sphagnum species (p = 0.001). 

However, there was a significant interaction between warming condition and Sphagnum 
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species (p = 0.021), signifying that the difference between warming conditions was 

dependent upon the plant species (Figure 4.1) All figures referenced in this chapter are 

located in the Chapter Four Appendix). We therefore compared viral community 

structure between warming conditions within a plant species (i.e., pairwise tests using the 

warming condition X species interaction term). Since some plants were only sampled 

from one warming condition (S. warnstorfii, S. subnitens, S. girgensohnii, and S. 

angustifolium) and no intra-species comparison would be possible, the interaction term 

was only relevant for the S. fallax, S. lindbergii, S. balticum, and S. divinum samples from 

the ambient and artificial warming sites, and the S. teres and S. medium samples from the 

Icelandic geothermal and non-geothermal sites. Viral community structure was only 

significantly different between warming conditions for S. teres and S. medium (p = 0.014 

and p = 0.023, respectively).  

Community composition (i.e., viral contig presence-absence) was also 

significantly different between warming conditions (p = 0.001) and Sphagnum species (p 

= 0.001), and the difference between warming conditions was dependent upon plant 

species (p = 0.004) (Figure 4.1). Community composition was still only significantly 

different between warming conditions for S. teres and S. medium (p = 0.004 and p = 

0.027, respectively).  

Comparison of active viral communities between warming conditions 

 We assumed that viral contigs detected in the metatranscriptomes represent 

replicating, or “active”, viral populations. Here, we assessed samples for which there was 

a paired metagenome and metatranscriptome (34 paired libraries). Community-level 

trends were similar to what was observed in the metagenomes. Both the structure and 

composition of the active viral communities were significantly different between 

warming condition and Sphagnum species (PERMANOVA p = 0.001) but were 

dependent on each other (warming condition-species interaction, p = 0.001 and p = 

0.009) (Figure 4.2). None of the intra-species pairwise comparisons between warming 

conditions were significant based on abundance or presence-absence (p > 0.05). 

However, since only ten permutations were possible we used Monte-Carlo p-values, 
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which determined that active viral communities warming conditions were significantly 

different within S. teres and S. medium. 

Overview of NCLDV populations recovered from the metagenomes 

We used the MCP marker gene to estimate the diversity and distribution of 

NCLDV in the Sphagnum metagenomes since it is conserved in most NCLDV lineages. 

In all, 86 putative NCLDV MCPs were identified from the metagenome assembly 

(Supplemental Table 4.4). The amino acid percent similarity of the Sphagnum MCP to 

the RefSeq database hits ranged from only 22% up to 72%. Based on the taxonomic 

assignment of the top MCP hit in the RefSeq database (v213), most of the MCPs were 

similar to those belonging to NCLDV within the Imitervirales order (45 MCP), including 

28 MCP within the Mimiviridae family (Supplemental Table 4.4). The best hits were to 

NCLDV known to infect amoeba. The remaining Imitervirales (17 MCP) most resembled 

algae-infecting Mimiviridae relatives. The MCP also included Algavirales (25 MCP) 

viruses that infect unicellular algae, Iridoviridae (10 MCP), which are known to infect 

insects and cold-blooded vertebrates, and Asfurvirales (six MCP), whose isolated viruses 

infect animals. 

NCLDV beta diversity comparisons between warming conditions 

 MCP community structure was significantly different between warming 

conditions (PERMANOVA, p = 0.001) and Sphagnum species (p = 0.001). The 

difference in warming condition was dependent upon the species (p = 0.015). Community 

structure was only significantly different between warming conditions for S. teres and S. 

medium (p = 0.008 and p = 0.025, respectively). The average dissimilarity in MCP 

community structure between the geothermal warming and no geothermal warming 

samples was 76% and 80% for S. teres and S. medium, respectively (based on SIMPER 

results). MCP community composition (i.e., presence-absence) was also significantly 

different between warming condition (p = 0.001) and Sphagnum species (p = 0.001), as 

well as for the interaction between warming condition and species (p = 0.049) (Figure 

4.3). Community composition was only significantly different between warming 

conditions for S. teres and S. medium (p = 0.001 and p = 0.035, respectively). The 

average dissimilarity in MCP community composition between the geothermal warming 
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and no geothermal warming samples was 63.41% and 63.46% for S. teres and S. medium, 

respectively. 

Hierarchical clustering based on MCP presence-absence showed a pattern in the 

distribution of individual MCP across all of the metagenomes. Based on the beta diversity 

statistics, we focused on the subset of samples where an intra-species warming 

comparison was possible (Figure 4.4). Some MCP were detected across many groups 

(cluster 1, seven contigs), which all had top RefSeq hits to viruses of algae within the 

Algavirales and Imitervirales. Other MCP were detected almost exclusively in S. teres 

and/or S. medium (cluster 2) or were generally absent from these species (cluster 3). S. 

teres and S. medium samples collected from the same site (Siðmúli, Iceland) clustered 

together.  

Within S. teres, six MCP were detected in all metagenomes from the ambient 

condition but none from the warming condition. Conversely, seven MCP were detected in 

all metagenomes from the warming condition but none from the ambient condition. The 

MCP detected only in the warming condition were similar to that from algae- and 

amoeba-infecting NCLDV within the Imitervirales. The MCP found only in the ambient 

condition included Imitervirales-like as well as Pimascovirales- and Asfuvirales-like 

MCP. Three MCP, one Algavirales and two Imitervirales were found in all S. teres 

samples. 

Within S. medium, two Imitervirales-like MCP were detected only in the warming 

condition while one Asfuvirales-like MCP was only found in the ambient condition. Four 

MCP, one Algavirales and three Imitervirales, were found in all S. medium metagenomes. 

All three of the Imitervirales MCP were predicted from the same contig, suggested they 

are multiple copies originating from the same NCLDV population as opposed to three 

different populations. 

 Here we used metatranscriptomes for which there was a paired metagenome (34 

pairs of metagenomes/metatranscriptomes). At the community level, the structure (based 

on mapped transcript abundance) and composition (based on presence-absence) of 

actively infecting NCLDV were significantly different between warming condition and 

Sphagnum species (PERMANOVA p = 0.001 for both), but dependent on each other 
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(warming condition X species interaction, PERMANOVA p = 0.001). None of the intra-

species pairwise comparisons between warming condition were significant (p > 0.05). 

Overview of the NCLDV MAGs: completeness and phylogenetic placement 

In total, sixteen NCLDV-like MAGs were generated from the metagenome co-

assembly, including eight medium-quality (50-90% complete) and one high-quality (> 

90% complete) MAG (Supplemental Table 4.5). We retained the seven low-quality 

MAGs (< 50% complete) or further analysis since genome fragments can still be used to 

estimate the diversity and distribution of NCLDV in our samples.  

The MAGs were placed within three defined orders: the Asfuvirales (two MAGs), 

Imitervirales (five MAGs), and Pimascovirales (eight MAGs) (Figure 4.4). The two 

Asfuvirales MAGs fell within a sister clade to the Asfarviridae (contains the African 

swine fever viruses). This clade contains NCLDV isolated via amoeboid protists 

(Pacmanvirus and Kaumoebavirus) and related environmental MAGs. Notably, this 

branch contained a NCLDV MAG that we previously generated from North American 

Sphagnum microbiome metagenomes (see Chapter Three). Within the Imitervirales, four 

MAGs were placed on the Mimiviridae family branch (IM_16) that includes protist-

infecting NCLDV, while one MAG was placed within a proposed family containing only 

uncultured MAGs. The MAGs placed within the Pimascovirales were related to the 

amoeba-infecting Marseilleviridae (four MAGs) family and to the Iridoviridae-

Ascoviridae giant virus family. Generally, these MAGs were not closely related to the 

isolated viruses within these families but instead fell near environmental, uncultured 

MAGs. 

Similarities between the European and North American NCLDV MAGs 

Phylogenetic analysis showed that similar NCLDV lineages were present in both 

European and North American Sphagnum samples. Two MAGs were placed within a 

sister clade to the Asfarviridae (Asfurvirales) that contained viruses isolated from amoeba 

(Pacmanvirus A23 and Kaumoebavirus) as well as environmental MAGs with unknown 

hosts. This clade contained SPRUCE MAG-3, which was found to be a ‘core’ NCLDV 

MAG in our previous work (please refer to Chapter Two for details on the North 

American NCLDV MAGs). Although related, the MAGs were not identical. They were 
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too divergent for an ANI comparison (below 80% ANI, suggesting they are not the same 

species). 
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Appendix 

 

 
Figure 4.1. Ordinate plots of viral community structure and composition. 

nMDS plots were generated from Bray-Curtis dissimilarity matrices based on A) 

abundance values and B) presence-absence transformed values. 
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Figure 4.2. Ordinate plots of active viral community structure and composition.  

nMDS plots were generated from Bray-Curtis dissimilarity matrices based on A) 

abundance values and B) presence-absence transformed values. 
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Figure 4.3. Distribution of the NCLDV MAGs in the metagenomes.  

Heatmap shows if a NCLDV MAG was detected in a sample. Rows are MAGs (color-

coded by taxonomic estimate) and columns are samples. Row branches are labeled with 

the MAG ID. Samples are color-coded by isolation source/plant species/warming 

condition. Adjacent bar plots show abundance (trimmed mean, read count, and length-

normalized read count) averaged across the samples. 
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Figure 4.4. Phylogenetic placement of Sphagnum microbiome NCLDV MAGs.  

Nodes with red symbols indicate placement of the Sphagnum NCLDV MAGs. Symbols 

represent either European (circles) or SPRUCE NCLDV MAGs (stars). Filled symbols 

represent high-quality and medium-quality MAGs, unfilled are low-quality. 
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CHAPTER FIVE: CONCLUSION 
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Viral ecology research can illuminate many aspects of ecosystems, from the 

composition, function, and evolution of microbial communities to global carbon and 

nutrient cycles. It follows that the current lack of knowledge regarding viral responses to 

changing climate hinders our understanding of how Earth’s ecosystems will function 

under new climate regimes. This is especially relevant for many ecosystems in northern 

latitudes that are experiencing changing climate at an accelerated rate. Overall, the work 

presented in this dissertation helps to characterize viral communities in novel, climate-

relevant contexts and may provide a foundation for future research and hypothesis 

testing. Below is a brief summary of each chapter’s conclusions along with additional 

research questions that have arisen from our findings. 

Chapter Two entails a comparative analysis of active viral communities between an 

ice-free and ice-covered winter in the surface waters of Lake Erie. We found 

phylogenetically diverse viral communities active during the winter, wherein active viral 

community composition and diversity were significantly different between ice cover 

conditions. This work describes viruses in a context not previously investigated before, as 

well as contributes to our knowledge of how viral communities are impacted by changing 

climate, in this case declining ice cover over freshwater lakes. 

The stark differences we observed in viral activity at the community-level based on 

ice-cover conditions raises additional questions. For example, while we hypothesize that 

ice cover extent is a primary driver of the observed difference in active microbial 

communities, our analysis was restricted to two winters. Continued surveys of microbial 

communities (including viruses) in Lake Erie from different years with varying ice cover 

conditions may strengthen or challenge our findings in Chapter Two. The mechanism 

behind the decrease in viral diversity and relative abundance in the ice-covered samples 

is still unknown. Experimental manipulation of ice cover extent could also aid in 

understand the relationship between ice cover and viral activity. For certain aspects this 

would be difficult (e.g., assessing the direct effects of ice on viral particles or microbial 

cells), but experiments could address indirect effects of ice-cover on viral activity by 

manipulating light availability or UV exposure. These open questions also highlight the 

lack of virus-host systems in culture from the Great Lakes. Overall, viral dynamics are 
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likely sensitive to ice cover. Therefore, the inclusion of viruses is warranted in any future 

investigations into the relationship between changing climate, declining ice cover, and 

freshwater ecology. 

Chapter Three describes shared viral sequences in Sphagnum moss metagenomes, 

indicative of viral constituents within the peat moss core microbiome. Our analysis 

revealed that the core ‘virome’ consisted of a small portion of the total identified viral 

diversity. This core was comprised of putative viruses of micro-eukaryotes (NCLDV and 

RNA viruses) and bacteria (phage), where most phage-like sequences were possibly 

integrated viral elements in core bacterial symbiont genomes. The integrated elements 

along with capsid-less putative RNA viruses would likely replicate strictly intracellularly 

and may reflect modes of persistence in the microbiome. In Chapter Four, we present an 

investigation into viral community composition and diversity in the Sphagnum 

microbiome across different warming conditions and Sphagnum species. We found that 

there was a significant difference in viral communities by warming condition, but that it 

was dependent upon the plant species. Notably, the warming difference was only 

significant for plants sampled from the naturally geothermally warmed sites as opposed 

to the artificially warmed experimental sites. 

While Chapters Three and Four contribute to our knowledge of the Sphagnum 

microbiome, where previously very little was known regarding viruses, these works also 

raised many more questions regarding the ecology of viruses in peatlands. One question 

is how viruses, especially core viruses, are acquired and maintained by the moss 

microbiome. For example, are virus particles or lysogens transmitted vertically as is the 

case for some bacterial symbionts? Viral metagenomics approaches could be used to 

compare viral sequences between the sporophyte and gametophyte. Studies of viral 

communities in the peat versus living plant tissue have thus far been independent. A 

study with different spatial and depth gradients including both peat soil and the living 

moss-associated communities may reveal if viruses are acquired from the surrounding 

peat matrix.  

In the case of the putative cryptic phage elements, it is unknown how prevalent 

they are in Sphagnum symbionts and if they confer any selective advantage. Furthermore, 
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these specific integrated elements may be common outside of Sphagnum, as similar 

regions where found in genomes of organisms for other environments. Comparative 

genomics and phylogenomics could help to reveal how prevalent they are in nature as 

well as their evolutionary origin in Sphagnum symbionts. 

There are still many questions regarding if/how viruses shape Sphagnum 

microbiomes or modulate moss-microbiome interactions. While no core viral sequences 

were classified as viruses of key moss symbionts, such as diazotrophs or 

methanotrophs/gens, there may be yet undescribed viruses of these functional guilds. In 

peatlands soils, bioinformatics has linked viruses to putative hosts and discovered viral-

encoded metabolic genes that are important in methane metabolism and carbon 

degradation. In the moss microbiome, viruses of key symbionts could sever moss-

symbiont interactions by lysing hosts or altering host metabolism. Alternatively, they 

may temporarily enhance certain nutrient metabolisms through the expression of viral-

encoded metabolic genes. However, at present these are merely possibilities based on 

observations from aquatic systems and soils, and future work would be needed to explore 

these dynamics in the moss microbiome.  

In terms of methodology, our knowledge of the moss virome is limited by the 

fragmented nature of assembled microbial and viral genomes from bulk metagenomes. 

Long-read sequencing technology can improve the recovery and length of assembled 

viral genomes. This may be helpful in trying to differentiate between ‘true’ viral genomes 

and degraded viral elements in microbial genomes. Also, combining bulk metagenomes 

with technical viromes, where samples are enriched for viral particles and microbial cells 

are removed, would also aid in disentangling the origin (viral or microbial) of virus-like 

sequences. 
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