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infecting chemoautotrophs

Received: 22 September 2025 Elaine Luo®"2?' , Ngoc D. Pham"?, Timothy J. Rogers ®'?2,
Md Moinuddin Sheam"?, Bayleigh E. Benner ®3, Joseph J. Vallino®%,
Gareth Trubl®° & Julie A. Huber ®©

Accepted: 27 March 2026

Published online: 14 April 2026

% Check for updates Aquatic environments absorb ~2.5 gigatonnes of atmospheric carbon each
year’, more than the carbon stored in the atmosphere, soils, and all biomass
combined. Primary producers transform this dissolved inorganic carbon into
biomass that can subsequently flow into other trophic levels, or be released
back into the environment through viral lysis. While there is substantial
knowledge about the diversity and activity of viruses infecting photo-
autotrophic primary producers and the ecosystem impact, little is known
about viruses infecting chemoautotrophs, representing a gap in our under-
standing of key processes driving microbial carbon cycling. Here, we combine
metagenomics with quantitative ¥2C stable isotopic probing (qSIP) meso-
cosm experiments in a marine-derived meromictic pond to quantify
population-specific isotopic enrichment, identify key chemoautotrophic pri-
mary producers, and virus-host dynamics. Isotopically enriched carbon is
tracked from the genomes of chemoautotrophs to putative viruses, showing
that active populations of hydrogen/sulfur-oxidizing chemoautotrophs
(Thiomicrorhabdus, Hydrogenovibrio, Sulfurimonas, Sulfurovum) are targeted
by viruses. This work provides the foundation for revealing the diversity and
activity of viruses infecting globally-widespread chemoautotrophs. Our study
sheds light on trophic interactions that impact microbial carbon cycling in
aphotic environments and builds toward biogeochemical models that incor-
porate viral impacts on chemoautotrophic microbial communities.

The diversity, mechanisms, and processes governing microbial pri- Earth’s sunlit layer, primary production is driven by microbial che-
mary production and the recycling of autotrophic biomass are fun- moautotrophs that derive energy from the oxidation of reduced
damental to our planet’s carbon cycle. These processes have compounds, such as hydrogen and sulfur, to form the base of the food
implications for carbon sequestration, ocean biogeochemistry, and web. Growing evidence suggests that aquatic ecosystems fueled by
the overall balance of carbon dioxide in the atmosphere. Beneath the chemoautotrophy are widely distributed on Earth, ranging from
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beneath ice shelves to coastal upwelling regions to oxygen minimum
zones, deep-sea hydrothermal vents and cold seeps, groundwater, and
meromictic ponds and lakes?”. Studying microbial processes regulat-
ing chemoautotrophic primary production and trophic interactions
regulating chemoautotrophs is fundamental to our understanding of
microbial carbon cycling.

While the diversity, function, and activity of viruses targeting
photoautotrophs have been well-described across aquatic
ecosystems®, we have little understanding of viruses infecting che-
moautotrophs. Chemoautotrophy drives primary production beneath
the earth’s surface layer, where aphotic environments account for the
majority of aquatic environments by volume. Viruses are a major
source of cellular mortality and carbon cycling in aquatic
environments’ 2, Viral lysis is estimated to transform ~150 gigatonnes
of carbon annually from biomass back into the environment, equiva-
lent to -25 times that of the ocean’s biological carbon pump®',
Despite recognition of the important role of viruses in aquatic habitats,
there is a large gap in our understanding of viruses infecting che-
moautotrophs, such as common sulfur and/or hydrogen oxidizing
bacteria in the genera Thiomicrorhabdus, Hydrogenovibrio, Sulfur-
imonas, Sulfurovum. These genera contribute to primary production
through sulfur and/or hydrogen oxidation, and are globally-
distributed across sulfidic aquatic and terrestrial environments such
as in oxygen minimum zones, deep-sea hydrothermal vents, mer-
omictic lakes, sediments, springs, and oil caves***" %, In particular,
Sulfurimonas accounted for a significant proportion (20-70%) of
bacterial assemblages recovered from the Baltic Sea redoxicline and
deep-sea hydrothermal vents, as well as most of the chemoautotrophic
activity measured in these environments®>?** %, Unlike viruses
infecting aquatic photoautotrophs, very few viruses infecting these
key chemoautotrophs have been isolated in culture, limiting our ability
to detect them in environmental sequences. In this study, we show that
viruses are likely not merely passive players but active agents in tar-
geting these productive chemoautotrophs, fundamentally shaping
how we view carbon and nutrient cycling in redox-active ecosystems.

Although metagenomic studies have the potential to discover
novel microbial diversity, linking viruses to their biogeochemical
impacts remains an ongoing goal and challenge in environmental
microbiology'>**"?%, Putative viral sequences have been detected in the
genomes of Sulfurimonas and in other chemoautotrophs across oxy-
gen minimum zones, mesopelagic open ocean, and deep-sea hydro-
thermal vents®*™¥. Lysogeny was hypothesized to be the dominant
mode of infection, based on metagenomic predictions on microbial
communities at deep-sea hydrothermal vents and in the mesopelagic
ocean®*, suggesting limited impact of viral lysis in these commu-
nities. These in silico predictions, however, cannot definitively link a
virus to its host, cannot determine whether a virus or host is active, and
cannot identify whether this interaction is ecologically or biogeo-
chemically relevant. Whether and which viruses actively target che-
moautotrophs in aquatic environments remains to be determined.
These challenges highlight the need to develop new experimental
approaches leveraging high-throughput metagenomics to identify
viruses infecting environmentally-relevant chemoautotrophs.

Here, we combine qualitative stable isotope probing (qSIP) and
metagenomics to track the flow of carbon across natural microbial
populations. This approach provides critical mechanistic links
between novel genomic diversity, function, and activity in ecosystem
processes®* ™., Since chemoautotrophs assimilate dissolved inorganic
carbon (DIC) into their biomass during carbon fixation, we used
BC-DIC as a stable isotope tracer to target chemoautotrophs and their
viruses. We postulate that *C-DIC incorporation into genomes mea-
sures primary production, as it reflects the net carbon that has been
assimilated into biomass after carbon fixation. During growth and
replication, °C is incorporated into the genomes of active chemoau-
totrophs, resulting in *C-enriched DNA. Experiments on a few viral

isolates indicate that viruses mostly use host nucleotides for their
genomes during replication®?, an expectation that has been previously
established using broader *C isotopic enrichment data*’. As a result,
we expect that viruses infecting productive chemoautotrophs
assimilates C-enriched host nucleotides into their own genomes. We
utilized this established relationship*® as a reference-independent
approach to link viruses to chemoautotrophic hosts.

We conducted ¥2C-DIC mesocosm experiments using on sam-
ples collected from the chemocline of a marine-derived meromictic
lake as a model ecosystem for chemoautotrophic communities
(Figs. S1, S2). Meromictic ecosystems (bodies of water that do not mix)
contain sharp redox gradients that are required to support che-
moautotrophic microbial communities, and sulfur-oxidizing bacteria
such as Sulfurimonas have been previously reported from these
systems'®. We sampled from a salt-derived coastal lake that contained
stable stratification from freshwater and marine inputs that contained
sharp physiochemical gradients in the top 10 m (Fig. S1) and an energy
source (hydrogen sulfide) at 8-10 m**** to support chemoautotrophy.
Following incubation, microbial samples were collected on cell-
enriched (> 0.22 pm, no pre-filter) and virus-enriched (0.02-0.22 pm)
size fractions. Metagenomic DNA from both size fractions were
density-fractionated (Fig. S3) to separate heavy (C-enriched) from
light (**C natural abundance) DNA to identify microbial populations
that have assimilated *C into their genomes. Prior SIP-metagenomic
studies have generally sequenced only the light and heavy fractions of
DNA density gradients post-incubation, which enables a binary dis-
tinction between organisms that have and have not taken up the
substrate with a predicted threshold. Here, we sequenced five density
fractions from each sample (Fig. S3) to account for variability in DNA
buoyant density (e.g., due to differences in GC content) and perform
gSIP to quantify isotopic enrichment for each microbial population.

We used differences in density between the C control and *C
enriched treatment to quantify isotopic enrichment using a previously
established metric, the ®C Atom Fraction Excess or Excess Atom
Fraction (EAF)**¢, BC-EAF measures the fraction of C that is in excess
of natural abundances and measures the extent of isotopic assimila-
tion. It reflects the in situ activity of environmental microbial popula-
tions for a targeted substrate****. By incubating environmental
samples with ¥BC-DIC and quantifying the *C-EAF of microbial
populations, we identified key active chemoautotrophs responsible for
primary production in this ecosystem. We linked putative viral
sequences to their hosts based on similarities in their isotopic
enrichment and identified viruses that infect productive chemoauto-
trophs. Through targeted sampling of viral populations in both cell-
enriched (>0.22 pm) and virus-enriched (0.02-0.22 pm) samples, our
observations suggest that these viruses actively cycle carbon through
the production of new viral particles.

Results and Discussion

Key microbial drivers of chemoautotrophic primary production
Our results indicate that, under experimental conditions, chemoau-
totrophic primary production was driven by a few rare but highly
productive microbial genera. At the community level, we quantified
the *C isotopic enrichment of > 0.45 um bulk particulate organic car-
bon using gas chromatography mass spectrometry, showing that it
increased from day O to 7 of incubation (Fig. S4). At the population
level, we quantified isotopic enrichment using *C-EAF*, for 28,788
cellular contigs and 187 high-confidence viral population genomes"’
(Tables S1, S2). Significant isotopic enrichment was detected in 3193
cellular contigs and 35 high-confidence viral population genomes (**C-
EAF > 0.049, Fig. 1). While most microbial populations demonstrated
insignificant isotopic enrichment, a small subset of microbial popula-
tions were highly productive (Fig. 1). The genera with the highest pri-
mary production were sulfur and/or hydrogen-oxidizing bacteria:
Thiomicrorhabdus and Hydrogenovibrio (phylum: Pseudomonadota),
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Fig. 1| Isotopic enrichment of cellular and viral populations. Isotopic enrich-
ment is determined by the contigs’ *C Excess Atom Fraction (*C-EAF), plotted
relative to the contigs’ average density in the ?C control, of cellular contigs from
metagenome-assembled genomes (MAGs, left) and viral population genomes
(right). Cellular contigs are colored by their MAG phylum- or genus- (italic) level
assignments from the Genome Taxonomy Database, and only phyla with >100
contigs are visualized. Contigs above the dashed line indicated significant carbon
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incorporation (®C-EAF > 0.049). Viral populations are colored by the log-ratio of
their relative abundance in the virus-enriched to cell-enriched sample (VC ratio) in
the environmental sample, approximating their reproductive strategy. Prophages
are expected to have near-zero extracellular presence (negative log VC ratio), while
populations producing viral particles are expected to have detectable extracellular
presence (higher log VC ratio). Source data are provided as a Source Data file.
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Fig. 2 | Isotopic enrichment as determined by the >C Excess Atom Fraction
(EAF) of cellular MAGs. MAGs encoding the following carbon fixation pathways
are shown: Calvin-Benson-Bassham cycle (CBB), reductive tricarboxylic acid cycle
(rTCA), and Wood-Ljungdahl (WL). The isotopic enrichment of contigs from iron-
oxidizing chemoautotrophs, photoautotrophs, and heterotrophs are shown below.
The circle represents the mean *C-EAF of all contigs in that MAG or taxa and the line
represents the standard error for all contigs within that taxonomic group (technical
replicates), both color-coded by its metabolism. Genus-level taxonomic assign-
ments are shown in italics, while the phylum-level taxonomic assignment is not. The
dashed line represents significant isotopic enrichment (®*C-EAF > 0.049). Source
data are provided as a Source Data file.

and Sulfurimonas and Sulfurovum (phylum: Campylobacterota), with
BC-EAF averaging -0.20 (i.e., *C accounts for 20% of total C in excess of
natural abundance). The relative abundances of these four groups
combined accounted for a small fraction (0.13%) of the total prokar-
yotic assemblages recovered from this environment, suggesting that
the importance of these rare but key taxa would have been overlooked
based on metagenomic sequencing alone.

Although Thiomicrorhabdus and Sufurimonas have been pre-
viously reported in the water column of meromictic ecosystems and
hypothesized to contribute to sulfur cycling and carbon fixation'®**™,
Hydrogenovibrio and Sulfurovum have not. Here, we show that they are
not only present, but actively fixing carbon and driving to primary
production. Differences in primary production were observed even

within taxonomically closely-related populations within the same
genus (Fig. S5). For example, 96%, 30%, 60%, and 9% of contigs iden-
tified as Thiomicrorhabdus, Hydrogenovibrio, Sulfurimonas, and Sul-
furovum, respectively, showed high isotopic enrichment (*C-
EAF >=0.2); while 0.6%, 0%, 24%, and 81%, respectively, did not show
significant isotopic enrichment (C-EAF<=0.049). These results
indicate that primary production in this system is driven by a small
subset of highly productive chemoautotrophic populations that likely
serve as keystone species for microbial carbon cycling. Given that
species richness was comparable pre-and post-incubation (Table S3),
we hypothesize that these experimental results were generalizable to
the sampled environment. Despite similar species richness, a change in
species composition can influence the microbial processes observed.
However, our findings are based on isotopic enrichment data (%"C in
genome), which is an independent from the population’s relative
abundance in a particular sample. As a result, we do not expect shifts in
relative abundances (standing stock) from potential experimental
bottle effects to skew our observed genomic isotopic enrichment data
(rate of C incorporation during incubation).

The most abundant prokaryotic populations showed insignificant
isotopic enrichment (Fig. 2). Contigs assigned to the genus Chlor-
obium, Synechecoccus, Desulfosarcina, Desulfobacter, and Desulfonema
respectively, accounted for 4.5%, 4.0%, 3.4%, 1.1%, and 1.1% of the cel-
lular assemblages recovered from the environmental sample.
Although both Chlorobium and Synechecoccus are common primary
producers across diverse aquatic ecosystems, respectively dominating
anoxic and oxic depths of meromictic ecosystems*®*, both showed
undetectable ®C enrichment in the dark experimental conditions
(Fig. 2). We do not expect that these photoautotrophs contribute to
primary production in the environment sampled, given that photo-
synthetically active radiation (PAR) at the time and depth of sampling,
on a sunny day, was near-zero (0.04 umol/m?/s). Even extremely low-
light adapted Chlorobium strains isolated from the Black Sea could not
grow at PAR levels of 0.25 pmol/m?/s*®. Although the lowest reported
minimum light requirements for phototrophic carbon fixation was
0.015 pmol/m?/s in a putative Chlorobiacaea, its rate of carbon fixation
at these light levels estimated its doubling time at 26 years*. Fur-
thermore, 0.04 pmol/m?/s is 140 times lower than the lowest reported
minimum light requirements for net Synechococcus photosynthesis®’.
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Fig. 3 | Visualization of cell-like particles (CLPs) and virus-like particles (VLPs).
a Epifluorescence micrograph of 0.22 pm-prefiltered samples taken at the termi-
nation of incubation on day 7 from the 2C sample indicates the presence of VLPs.
b Biomass quantification from flow cytometry (mean +/- standard error of three
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technical replicates) shows an increase of both CLPs and VLPs in both treatments
(12 C, 13 C) during the 7-day incubation period relative to the environmental con-
trol (env). Source data are provided as a Source Data file.

Taken together, we reason that the two most dominant autotrophs
may have been vertically transported from upper layers and were
irrelevant to primary production at the time and depth of sampling, a
conclusion supported by their lack of isotopic enrichment. Our results
show that dominant taxa, as recovered by metagenomic sequencing,
may contribute little to key ecosystem processes in the habitat sam-
pled. This finding has broad implications for environmental studies
that rely heavily on metagenomic sequences to identify microbial
function and infer their ecological and biogeochemical impacts.

Current limitations on linking viruses to active chemoauto-
trophs using in silico predictions

In silico predictions of viral taxonomy and function yielded limited
information. Taxonomic identification for novel environmental viruses
is hindered by the sparse representation of uncultivated viruses in
reference databases. 31,448 non-redundant low-quality to complete
putative viral populations were recovered with a sequence length of
>5kbp. Using a marker-protein-based annotation program, the
majority (92%) of putative viral population genomes received only
class-level annotations (Fig. S6) and were unidentifiable at the order
level and beyond. None received a genus-level annotation. Using
protein sequence similarity searches against reference databases, only
40 (0.1%) of putative viral population genomes received a genus-level
annotation, all broadly related to eukaryotic Ostreococcus and Micro-
monas viruses. 277 (0.9%) of total putative viral populations were
identified as temperate phages via marker genes and alignments to
putative prophages in contigs from cell-enriched samples. Using
metagenomic virus-host linkage methods, such as alignments to pro-
phages in cellular assemblies and CRISPR spacers, only 294 (0.9%)
were linked to cellular contigs (Fig. S6), and 205 (0.7%) of these yielded
taxonomic annotations. Taxonomic identification of linked host con-
tigs revealed that these putative viruses potentially target bacteria in
the genus Methylococcus, Spirochaeta, Desulfuromonas, Desulfobacter,
and Chlorobium, ordered from high to low isotopic enrichment of viral
population genomes. In silico host predictions did not link any viruses
to active primary producers in this environment (“C-EAF >0.049).
These results highlight the current limitations of in silico approaches in
identifying the taxonomy and function of novel viral diversity, which
remains a major challenge in the field of environmental microbiology.

Identifying viruses infecting active chemoautotrophs using
their isotopic signatures

Despite the absence of informative taxonomic or functional annota-
tions, we linked viral sequences to key chemoautotrophs using simi-
larities in the isotopic signatures of viral and host genomes. We show

that similarities in isotopic signatures can be utilized to overcome
current limitations as a reference-independent method to link active
viral populations to their hosts. The isotopic enrichment of putative
viral populations exhibited a strong linear correlation to the isotopic
enrichment of their predicted hosts (NV=15, P-value=1.55e-7), as
demonstrated by high-confidence viral population genomes that yiel-
ded host predictions through prophage and CRISPR spacer mapping
(Fig. S7). This pattern is consistent with a previous report*’ and reflects
expectations that viruses mostly incorporate host nucleotides during
replication*’. Based on this expectation, we postulate that the putative
viral populations with high isotopic enrichment in the cell-enriched
size fraction (Fig. 1), and in particular those with the highest isotopic
enrichment, targeted active chemoautotrophs in this environment
(Hydrogenovibrio, Thiomicrorhabdus, Sulfurimonas, Sulfurovum).

Amongst sequences with significant isotopic enrichment, the
isotopic enrichment of putative viral populations generally lagged
behind cellular sequences. Since *C-EAF is a population-wide mea-
surement, this result suggests that productive and uninfected che-
moautotrophs may be incorporating C into their nucleotides at a
faster rate than infected chemoautotrophs, This interpretation is
consistent with previous observations that viral infection reduces
carbon fixation in photoautotrophic cyanobacteria®. Furthermore,
putative viral populations with significant isotopic enrichment were
rare (Fig. S7), accounting for 1.6% of the total viral assemblage recov-
ered from the environmental sample, which is higher than the relative
abundance of highly active chemoautotrophs (0.13%). This observa-
tion is consistent with a previous report in seawater suggesting that
productive, rare taxa appear to be disproportionately targeted by viral
lysis®?. Taken together, we postulate that top-down control by viral
infection is a mechanism that contributes to the low abundance of
productive chemoautotrophs in this ecosystem.

Mechanism of infection
We postulate that viruses infecting active chemoautotrophs cycle
carbon through the production of viral particles. Epifluorescence
micrographs taken at day 7 showed the presence of virus-like particles
at the end of our incubation period (Fig. 3a). Flow cytometry indicated
that the abundances of cell-like and virus-like particles were higher at
day 7 relative to those at day O (Fig. 3b), reflecting cellular replication
and viral particle production during the 7-day incubation period. Both
observations are consistent with viral particle production during our
incubation period at the community level.

At the population level, we used the VC ratio to infer viral repro-
ductive strategies. The VC ratio represents the log-ratio of the popu-
lation’s abundance in the Virus-enriched relative to the Cell-enriched
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Fig. 4 | Isotopic enrichment as determined by the *C Excess Atom Fraction
(EAF) of high-confidence population genomes in the virus-enriched and cell-
enriched size fractions. Viral population genomes are colored by their relative
abundance (normalized interquartile coverages) in the virus-enriched sample. The
shaded area represents insignificant isotopic enrichment. The dashed line repre-
sents the 1:1 ratio. Source data are provided as a Source Data file.

sample. We expect that viral populations producing viral particles are
observed in both size fractions, whereas passive prophages integrated
into cellular genomes are found primarily in the cell-enriched size
fraction. This expectation has been confirmed through previous work
showing that putative prophages have lower VC ratio than putative
lytic phages®. Using interquartile coverages, which yield more accu-
rate coverage estimates due to removing hypervariable and conserved
regions from biasing abundance calculations®’, we found that 99.8% of
putative viral populations were present in the virus-enriched size
fraction in the environmental control. Assuming that putative viral
sequences recovered from the virus-enriched size fraction are from
viral particles, this observation suggests that most putative viruses
have the ability to produce viral particles in situ. Furthermore, all 35
high-confidence viral populations with significant isotopic enrichment
(®C-EAF > 0.049) in the cell-enriched size fraction were observed in the
virus-enriched size fraction. Taken together, we postulate that viruses
targeting productive chemoautotrophs were actively cycling carbon
through viral particle production.

We assume that isotopically enriched putative viral sequences
recovered from the virus-enriched size fraction (0.02-0.22 um) were
recovered from viral particles. However, it is possible that *C-enriched
prophages could end up in the virus-enriched size fraction, in tandem
with host cellular debris. To rule out this possibility, we mapped reads
from all virus-enriched samples taken at day 7 to cellular contigs to
detect cellular debris at the end of the incubation. More than half
(1613/3193) of cellular contigs with significant isotopic enrichment (*C-
EAF > 0.049) were undetectable (zero interquartile coverage) across
all virus-enriched samples. This result is inconsistent with the idea that
cellular debris, along with its associated prophages, dominated virus-
enriched samples and suggests that putative viral sequences captured
in the virus-enriched size fraction were from viral particles rather than
prophages. Furthermore, if isotopically-enriched viral contigs were
indeed prophages from isotopically-enriched cellular debris, we would
expect to find them at equal abundances in the virus-enriched size
fraction. However, the average interquartile coverages for isotopically-
enriched cellular contigs was ~15 times lower than that of isotopically-
enriched viral contigs in the virus-enriched size fraction. As a result, we
reason that isotopically-enriched viral sequences recovered from the
virus-enriched size fraction largely represent sequences captured in
viral particles.

Viral particles experience decay and estimated rates of turnover
range from 0.036 to 30 days across aquatic environments, averaging
between 1.6 and 6.1 days®*. Taken together, we reason that isotopically-
enriched viral sequences recovered in the virus-enriched size fractions
represent viral particles that were recently produced from productive
chemoautotrophs. These results reveal multiple lines of evidence
supporting the idea that viral populations actively infect chemoauto-
trophs through the production of new viral particles, positioning them
as key contributors to carbon cycling in these environments.

Estimating population-specific viral turnover rates

Given that we can reasonably assume that isotopically enriched viral
sequences recovered from the virus-enriched size fraction
(0.02-0.22 um) were largely recovered from virus-like particles, we
utilized isotopic enrichment data from both size fractions to estimate
viral turnover rates at the population and the community level. We
expect that if a viral population completely turned over in the viral
particle pool during our incubation period, its isotopic enrichment in
the virus-enriched size fraction would reflect its isotopic enrichment in
the cell-enriched samples (i.e.,, 1:1 ratio). However, the isotopic
enrichment of putative viruses in the virus-enriched samples were
generally below 1:1 compared with their isotopic enrichment in the
cell-enriched samples (Fig. 4, Table S4), suggesting that the standing
stock of virus-like particles did not completely turn over during the
7-day incubation period.

For each putative viral population genome, we calculated its
approximate of turnover time, 7, during the incubation period using
the ratio of its isotopic enrichment in the virus-enriched size fraction,
fuir» relative to that in the cell-enriched size fraction, f ., using the
formula, 7= —¢/(In(1 — f;; /fce))- The most active putative viral
population showed a *C-EAF of 0.066 in the virus-enriched size frac-
tion and 0.155 in the cell-enriched size fraction, giving af ;. /f cc;; ratio
of 0.426 and a turnover time of 12.6 days using the above equation.
The second most active putative viral population was estimated to
have a f ;. /f .. ratio of 0.43, a turnover time of 12.5 days. The third
most active putative viral population had a f ;. /f . ratio of 0.55, a
turnover time of 8.8 days. The above approximation for 7 assumes the
value of f ., reaches a steady state very quickly, so we also developed a
non-steady-state model to estimate 7 from the rates of autotrophic
production and viral pool size determined from model fits to the
particulate organic carbon, *C-particulate organic carbon (Fig. S4),
and *C-EAF data (Fig. 1) (see Supplemental). The non-steady-state
model predicted turnover times ranging from 4.9 to 7.2 days.

Based on these calculations, we estimate the turnover rates of
putative viruses targeting chemoautotrophs in this environment at 5 to
13 days. This range of turnover rate estimations likely reflect lineage-
specific variability in viral production and decay driven by biological
characteristics and environmental conditions. These estimates are
consistent with a general expectations of lower viral decay rates,
which contribute to lower turnover rates, in the absence of light-
induced degradation®, and with previous estimates of turnover rates
ranging from 0.036 to 30 days in aquatic habitats®*. Whereas previous
calculations of viral turnover were restricted to bulk, community-wide
estimates®, our population-specific estimates of viral turnover
rates can be utilized to model microbial dynamics in complex
communities.

Cross-feeding and multi-trophic interactions

As a typical consideration for tracer-based experiments, cross-feeding
can allow for ®C-enriched nucleotides into other non-targeted trophic
groups. In our case, cross-feeding (heterotrophic assimilation of
3C-organic carbon, decomposition of viruses®, and/or anaplerotic
reactions) could have allowed heterotrophic cells and their viruses to
incorporate *C into their genomes. Common aquatic heterotrophs
did not show significant isotopic enrichment (Fig. 2), indicating
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undetectable *C-nucleotide contamination resulting from cross-
feeding in our incubation timeframe of 7 days.

We observed no evidence of eukaryotic grazing of chemoauto-
trophs, as no environmental sequences were recovered from known
eukaryotic protists. 0.00092% of reads from the environmental sam-
ple were identified as eukaryotic, all of which were classified as fungi.
The majority (0.00075%) were classified Malassezia restricta, which
has been observed across marine water column samples, deep-sea
hydrothermal vents, sediments, and anoxic environments®’. Given the
rarity of other detected eukaryotic sequences, we postulate that viral
lysis is the predominant top-down control on chemoautotrophs in this
environment.

Metabolic pathways and primary productivity

A metagenome-assembled-genome (MAG)-level analysis of 158 med-
ium to high-quality MAGs (Fig. S8) indicated that at incubation tem-
peratures of 20 °C, the primary mechanisms of carbon fixation were
the reductive tricarboxylic acid (rTCA) and Calvin-Benson-Bassham
(CBB) pathways. While the WL pathway was recovered from sulfate-
reducers (Desulfosarcina, Desulfobacula), it did not appear to con-
tribute to carbon fixation (Fig. 2), consistent with previous reports of
sulfate-reducing bacteria utilizing this pathway in reverse for anaero-
bic oxidation of organic matter®®. The isotopic enrichment of MAGs
with predicted rTCA pathways (Sulfurimonas) were similar to those
with CBB (Thiomicrorhabdus, Hydrogenovibrio). Assuming similar rates
of cellular turnover amongst these genera, these results suggest that
carbon fixation efficiency amongst populations with rTCA was similar
to those with CBB in this environment.

A gene-level analysis, normalized to a prokaryotic single-copy
marker gene, indicated that genes involved in thiosulfate oxidation
were enriched in cellular populations with significant isotopic enrich-
ment (Fig. S9). Taxonomic annotations of contigs containing these
genes confirmed that they were unique to genera with high isotopic
enrichment (Thiomicrohabdus, Hydrogenovibrio, Sulfurimonas, and
Sulfurovum). Hydrogen oxidation genes such as hydrogenases were
not enriched in populations with significant isotopic enrichment
(Fig. S9). Furthermore, contigs containing genes associated with
hydrogen oxidation displayed lower EAF than those containing genes
associated with sulfur-oxidation (Fig. S10). Our results show that,
although these active genera have been reported to oxidize both sulfur
and hydrogen, sulfur metabolism may be the predominant mechanism
driving chemoautotrophic primary production in this ecosystem.

Conclusions and future directions

Although viruses infecting photoautotrophs have received attention
across aquatic habitats, relatively little is known about viruses infecting
chemoautotrophs. In this study, we identified viruses infecting che-
moautotrophs (Thiomicrorhabdus, Hydrogenovibrio, Sulfurimonas,
Sulfurovum), some of which are widely distributed and active primary
producers across marine and terrestrial environments>**">*, We
observed evidence consistent with the idea that viruses actively
infect chemoautotrophs through the production of viral particles.
Our findings fill a gap in our understanding of virus-host dynamics
and microbial processes governing carbon cycling in aphotic
aquatic ecosystems. Given the broad distributions of these
chemoautotrophs>**'>??, our results highlight a previously overlooked
interaction relevant to microbial carbon cycling that we postulate may
be widespread across aphotic environments.

Linking microbial diversity (via genomes) to key ecosystem rates
and processes (e.g., carbon cycling) remains a major challenge in
environmental microbiology due to sample complexity, particularly
for organisms that are poorly represented in reference databases.
Here, we addressed this challenge by combining quantitative '*>C-DIC
stable isotope probing (qSIP) with metagenomics to track the flow of
carbon from the environment into cellular and viral genomes. We

conducted experiments targeting the aphotic chemocline of a marine-
derived meromictic coastal lake as a model system to identify key
processes governing carbon cycling in chemoautotrophic commu-
nities. We found that primary production in this ecosystem is driven by
highly active, low-abundance genera that could have likely been
overlooked using metagenomic approaches alone. Despite the
absence of informative taxonomic or functional annotations, we linked
viruses to these key chemoautotrophs using similarities in the isotopic
signatures of viral and host genomes.

We demonstrated the ability to estimate population-specific rates
of viral turnover using isotopic enrichment data and anticipate that
this data will be foundational for building and validating ecosystem
models. This data will also be useful in benchmarking in silico meta-
genomic programs to enable more accurate and high-throughput
predictions of virus-host linkages, as well as cross-validating with wet
lab approaches, such as single-cell and hi-C sequencing, to link viruses
to their hosts. Looking ahead, new developments leveraging reference-
independent approaches can further predict the biogeochemical
impacts of microbial populations and discover pathways underpinning
key ecosystem processes. We reason that this approach is particularly
useful in understudied environments to provide critical links between
microbial diversity and key ecosystem processes across multiple bio-
logical scales (trophic interactions, populations, pathways, and genes).

Methods

Sampling site

Water samples for microbial analysis were collected at 10 m from
Siders Pond, a year-round marine-derived coastal meromictic lake in
Falmouth, Massachusetts (41.549006, -70.622039°). It is a 15 m-deep
kettle hole lake typical of historically glaciated coastal regions. Its
stratification is due to inputs of both freshwater and seawater, and the
lack of seasonal mixing leads to a shallow chemocline that separates
the photic, oxygenated upper freshwater from the aphotic, anoxic
bottom saline water (Fig. S1). Anoxic conditions (<0.2mg/L) was
observed below 8.5m (Fig. S1, Table S6). An increase in hydrogen
sulfide in the bottom saline water was previously observed at
8-10 m****, We chose a sampling depth of 10 m to target chemoauto-
trophic sulfur oxidizers that may be utilizing this standing stock of
sulfide that was previously observed at these depths.

BC-DIC incubation experiment

Water from 10 m deep in Siders Pond was collected on Nov 1ith, 2021
using a handheld pump attached to a YSI probe measuring photo-
synthetically active radiation, dissolved oxygen, and salinity (Fig. S1).
1L of this environmental sample was filtered using a peristaltic pump
through 0.22pm filters (Millipore-Sigma Sterivex SVGP01015) and
then through a 25mm 0.02um filter (Whatman Anotop
WHA68092102) to respectively collect the cell-enriched and virus-
enriched size fraction as environmental controls. Six samples were
incubated at 20 °C in the dark in 1L glass sealed bottles that were pre-
purged by removing air, filling with nitrogen gas, and purged again
prior to filling with sample fluid. Each 1 L bottle was dosed with 7.33 mL
of 400 mM “C-sodium bicarbonate (*C control) or *C-sodium bicar-
bonate (*C treatment) for a final concentration of 2.9 mM. The con-
centration of DIC at 10 m in Siders Pond was measured at 4.11 mM on 6-
Oct-2021 by students in MBL’s Semester in Environmental Science
program, which would yield a 41.3% “C isotopic enrichment of DIC in
the BC treatment. The incubations were terminated by sequential fil-
tration through 0.22 pm and 0.02 pum filters to respectively collect cell-
enriched and virus-enriched samples at the following timepoints: 1 day
(*C +13C), 3 days (C), 5 days (*C), and 7 days (°C +C).

Isotopic enrichment during incubation timeframe
Prior to incubation termination, 50 mL of sample was filtered onto
0.45um glass fiber filters, washed with 50 mL of 1x phosphorus-
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buffered saline, dried in a 50 °C oven overnight in individual sterile
petri plates, and analyzed on gas chromatography mass spectrometry
for quantification of isotopic enrichment. We expect microbial
assemblages captured on the > 0.22 pm size fraction to be similar to
those captured in the >0.45um size fraction, so we utilized the
0.45um glass fiber because it can be combusted for gas chromato-
graphy mass spectrometry (GC-MS) analysis. Filters were analyzed at
the Marine Biological Laboratory Stable Isotope Laboratory for 613C
using a Europa 20-20 continuous-flow isotope ratio mass spectro-
meter interfaced with a Europa ANCA-SL elemental analyzer (Sercon
Ltd., Cheshire, UK). From these results, the day 7 incubation (*C/C
pair) was chosen for downstream molecular analyses. 792-15217 ng of
DNA was recovered in the cell-enriched and virus-enriched samples,
enabling successful density fractionation of metagenomic DNA across
treatments and size fractions. All samples showed consistent, distinct
peaks in DNA density between C and “C treatments that indicated
successful density fractionation (Fig. S3).

Quantification and visualization of cell-like and virus-like
particles

Prior to incubation termination, duplicate 15mL samples were fixed
using electron-microscopy grade glutaraldehyde at a final concentra-
tion of 2% for 30 min at room temperature, then stored at 4 °C. Cell and
virus-like particles were quantified using flow cytometry (Fig. S11).
Samples were diluted 1:250 in Tris-EDTA (TE) buffer to a final volume of
500 ul. An ultrafiltrate blank was also prepared for each sample by
filtering the samples through 0.02 um Whatman anotop syringe filter
(Sigma-Aldrich, USA) and diluted in TE buffer to obtain final 500 pl
volume. The samples and blanks were dyed using 5ul SYBR Gold
(Fisher Scientific, USA) working stock and incubated at 80 °C for
10 min in the dark. All samples and blanks were prepared in three
replicates. The samples and blanks were analyzed through Cytoflex
(Beckman coulter, USA) at medium flow rate of 30 pl/min for one
minute of acquisition. Virus-like particles were quantified using the
violet side scatter configuration, while cells were measured by the
default detector settings. The gain acquisition settings for virus-like
particles were as follows: FSC 3000, SSC 1680, Violet SSC 1, B525 481,
B585 202, V525 47. Also, for cell settings the gain acquisition settings
were FSC 3000, SSC 1680, B525 481, B585 202, V450 34, V525 47.
Separate gates were set for each sample to count cells and virus-like
particles, selected to exclude background noise based on the com-
parison with the ultrafiltrate blank. All data were subsequently ana-
lyzed by the CytExpert software (Beckman Coulter, USA) to determine
the counts of cell-like particles and virus-like particles in each sample.
Epifluorescence micrographs of virus-like particles were prepared by
vortexing fixed samples, filtering through a 0.22um syringe, and
strained with SYBR gold at a concentration of 1x for 30 min. 4 mL of
sample was filtered using vacuum filtration onto a 25mm 0.02 pm
filter (Whatman Anodisc) and imaged on Zeiss Imager A2 at 1000x
total magnification.

DNA extraction and density-gradient centrifugation

DNA was extracted from the virus-enriched (0.02 pum filters) and cell-
enriched (0.22 um filters) samples from the environmental control and
7-day *C/BC incubation pair using the Masterpure extraction kit
(Lucigen MC85200), yielding 1.8-8.4pg and 20-25ug of DNA
respectively from the virus-enriched and cell-enriched samples. A
major challenge of qSIP-metagenomics is generating sufficient DNA
biomass to enable successful density-fractionation and sequencing of
multiple density fractions per sample. This consideration is particu-
larly challenging for low-biomass samples, such as the viral-particle
size fraction that we targeted in this study. Here, we show that density-
fractionation of virus-enriched samples (0.02-0.22 um) and quantifi-
cation of viral activity can be successfully achieved with 1L of aquatic
samples.

Both virus-enriched and cell-enriched samples from the >C and
BC treatments were density-fractionated as previously described in
ref. 69 with the following modifications. 500 ng of input DNA was
utilized as input DNA. The input DNA was diluted using gradient buffer
to 700 pL total, added to 4.8 mL of 1.77 g/mL cesium chloride solution,
and individually loaded into 5.1 mL centrifuge tubes (Beckman Coulter
Quick-Seal). Virus-enriched DNA was ultracentrifuged at 44,000 g for
5 days (Beckman Coulter Optima XE), and cell-enriched DNA was
separately ultracentrifuged at 44,000 g for 3 days, both in a VTi 65.2
vertical rotor. Each sample was separated into 12 density fractions of
~400uL each. The density of each fraction was measured using a hand-
held refractometer calibrated with MilliQ water to nD-tC at
20°C=1.3330, and converted using the equation (nD-tC at 20 °C)
*10.9276-13.593 as previously described in ref. 70. DNA from each
fraction was precipitated using PEG solution®® and 75 mg of Glycoblue
(ThermoFisher AM9516). DNA recovered from each density fraction
was quantified using Picogreen (ThermoFisher P11496) and qPCR
(Fig. S3). DNA recovery efficiencies, as estimated by the total DNA
recovered across all density fractions quantified by picogreen divided
by the input DNA, ranged from 42 to 100%. Variabilities in bulk DNA
recovery (absolute DNA abundance) does not impact metagenomic
sequencing (generates relative abundance data). 3-6 of the heaviest
and lightest fractions, which contain the lowest amount of DNA, were
pooled to a minimum of 25 ng DNA, resulting in 5 density fractions per
sample for sequencing (Fig. S3). DNA libraries were prepared using the
Illumina KAPA HyperPrep kit and sequenced on the lllumina Novaseq X
plus 10B platform.

Read processing and metagenomic assembly

Raw reads were trimmed using two passes through BBDuk™ v39.01 to
remove lllumina adapters and phiX with the following parameters:
ktrim=r k=21 mink =11 hdist =2 tbo tpe for adapter removal during
the first pass and k=27 hdist=1 qtrim=rl trimq=17 cardinality =t
mingc = 0.05 maxgc = 0.95 for phiX removal during the second pass.
Reads from cell-enriched (0.22 pm) samples were pooled across den-
sity fractions and assembled in three groups (environmental control,
2C, and ®C) using MEGAHIT’ Virsorter2 v.2.2.47 was used to identify
putative viral contigs in cell-enriched assemblies. QC’ed reads were
then mapped using Bowtie2 2.5.1"* to these putative viral contigs in
their corresponding assemblies to identify viral reads within cell-
enriched samples. Viral reads from the three cell-enriched assemblies
were pooled with the corresponding reads from the three virus-
enriched (0.02 pm) samples (environmental control, 2C, and **C) and
co-assembled in metaSPAdes with a minimum contig length of 1.5 kb.
QUAST”® v5.2.0 was used to assess assembly quality.

Viral population genomes

Putative viral contigs were identified from the viral assemblies using
Virsorter2 v2.2.4” retaining 48,925 putative viral contigs of > 5 kb from
all categories across the three assemblies. Putative viral contigs were
then dereplicated by clustering at >95% ANI across >50% of the
shorter contig using anicalc.py and aniclust.py scripts’®, resulting in
31,488 putative viral population genomes. CheckV’® v1.0.1 was used to
assess completeness. High-confidence viral population genomes were
identified as previously described in ref. 47, and remaining contigs that
did not pass through the workflow were retained only if they contained
one or more viral structural genes. Temperate phages were identified
as previously described in ref. 77. The VC ratio for each viral popula-
tion, the ratio for its relative abundance in the virus-enriched fraction
relative to that in the cell-enriched fraction, was calculated as pre-
viously described in ref. 29.

Viral taxonomic and functional annotation
Viral taxonomic assignments were performed using two com-
plementary approaches: (i) marker-based classification via geNomad’®;
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(ii) protein similarity searches against reference viral databases,
including NCBI NR and IMG/V4. For the marker-based assignment, the
geNomad’® v1.7.0 pipeline (genomad end-to-end) was used to classify
sequences using taxonomically informative protein profiles. To assign
taxonomy based on similarity, open reading frames were predicted
using Prodigal” v.2.6.3 with the parameter “-p meta”. The predicted
ORFs were then compared to viral proteins in NCBI NR* (retrieved in
2025-02-14) and IMG/V4® using used DIAMOND®* v.2.9. Each viral
polation genome was assigned to the lowest common taxonomic rank
supported by at least 50% of its annotated proteins at >60% AAL
Metacerubus®® was used for functional annotation, which includes the
KEGG®**, COG®, VOG®*®, PHROG®, and PFAM®® databases. Putative pro-
phages were identified using marker genes as previously described in
refs. 29,89.

Virus-host linkage

Viral contigs were linked to their hosts through CRISPR spacer map-
ping using the CRISPRCASFinder’® and CRASS” programs based on
100% alignment across 100% of the spacer, as well as mapping to
prophages at > 95% ANI across >1 kb to a cellular contig that is at least
twice the length of the viral contig. The taxonomy of the linked hosts
were identified through Kaiju v1.10.1°%

Metagenomic-assembled genomes (MAGs)

Assemblies from the cell-enriched (>0.22pum) samples were run
through the Binning and Bin_refinement modules of MetaWRAP?*® to
construct MAGs. Within the Binning module, MaxBin2**, MetaBAT2"
and CONCOCT?® were used for curating the initial bin sets. The Bin_-
refinement module was used to refine the bin sets into a consensus bin
set for each assembly for a total of 227 bins at >50% complete and
<10% contamination (Table S5). MAGs were then dereplicated using
dRep” into one consensus bin set of 158 MAGs (Fig. S8). CheckM”®
v1.1.3 was used for both the Bin_refinement module and dRep to
evaluate MAG completeness and contamination based on prokaryotic
lineage-specific marker genes. The phylogenetic tree of 158 non-
redundant MAGs was constructed based on 120 bacterial marker genes
and 53 archaeal marker genes in GTDB-tk. Bacterial and archaeal
multiple sequence alignment files obtained GTDB-tk analysis were
merged using mafft-profile, a subprogram of MAFFT v7.525%°. Mod-
elFinder (-m MFP) from IQ-TREE v2.3.4'° was used to find the best
substitution models for the protein alignments. The maximum-
likelihood phylogenomic tree was then built using ultrafast boot-
strap in IQ-TREE. The tree was visualized using using iTOL (https://itol.
embl.de/).

Cellular functional and taxonomic annotation

Kaiju®? (default setting) was used for taxonomic identification of cel-
lular contigs. Genome Taxonomy Database Toolkit'” v. 2.1.1 (GTDB)
was used for taxonomic identification of MAGs. DRAM'” and
Metacerubus®® were used for the functional annotation of MAGs, which
includes the KEGG®** and COG®* databases. The keggLink function from
the KEGGREST'” package on R was used to pull all KO numbers for
each carbon fixation pathway from the KEGG database. MAGs were
predicted to contain a carbon fixation pathway if they contained all key
enzymes as well as >50% of genes in the complete KEGG pathway,
consistent with a previous report®. Normalized gene counts, approx-
imating copies per genome, was calculated by dividing the number of
genes in that functional category by the number of universal single-
marker genes (COG0012/K06942).

Quantifying taxon-specific isotope incorporation

Bowtie2™* and samtools'®* were used in conjunction with Anvi'o® v.7.1
to calculate interquartile coverage for each contig, which reduces the
impact of conserved or hypervariable regions in respectively over/
underestimating coverage calculations. R' ‘decostand’ function of the

vegan'® package v2.6-10 was used to convert interquartile coverages
for each contig into relative abundances. The excess atom fraction of
BC (*C-EAF) within each contig was calculated as previously described
in ref. 45 with the following modifications. The total genomic copy per
ML of contig i within density fraction k was calculated by multiplying
the total number of genome copies (f; determined by either qPCR ratio
for the cell-enriched fractions or DNA yield ratio for the virus-enriched
fractions) of density fraction (k) by the relative abundance (R) of contig
i within density fraction k. Additionally, instead of calculating the GC
content using the regression formula, we calculated GC content of
each contig by using the program seqkit'®” with the following para-
meters: ‘seqkit fx2tab —-name -only-id -gc’. To improve accuracy in our
calculations, we retained only contigs that were present in three or
more density fractions in both treatments. To identify populations that
demonstrated significant carbon incorporation, we plotted the
calculated *C-EAF values against the ranked *C-EAF values (numeri-
cally ranked from lowest to highest position). A segmented linear
regression was then ran against the resulting spline function to identify
a break point at which C incorporation can be inferred*®. The function
segmented from the R segmented package'*® was used to identify the
breakpoint, which was identified at rank 9067.20 with a standard error
of 3.28. Three times the standard error was added to this breakpoint to
identify the C-EAF threshold of 0.049. Assuming genomic *C at nat-
ural abundances of 0.011 (1.1%), a population with a *C-EAF of 0 indi-
cates that 1.1% of its genomic carbon is >C, whereas a population with a
BC-EAF of 0.049 indicates that 6% of its genomic carbon is BC.
Microbial populations with *C-EAF calculations above this threshold
were defined as having significant isotopic enrichment.

Identification of eukaryotic sequences

Eukdetect'® v1.3 “run all” and RiboTagger™ v0.8.0 were used to
identify eukaryotic reads. Eukdetect identifies eukaryotic sequences
based on a database of 521,824 microbial eukaryote marker genes,
while RiboTagger identifies eukaryotic DNA by aligning reads to 18S
rRNA database (v4, v5, v6, and v7 regions). For quantitative compar-
ison among different metagenomics datasets, the relative abundance
of eukaryotic species was calculated by normalizing the number of
reads mapped to the identified species to million sequencing reads
(reads per million) in individual metagenomes.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw sequence data for this project is available on NCBI under Bio-
project PRJNA1390687. Source data are provided with this paper. All
other data is provided with the paper or appended as supplementary
data. Source data are provided with this paper.
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