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SUMMARY
Viruses influence the fate of nutrients and human health by killing microorganisms and altering metabolic
processes. Organosulfur metabolism and biologically derived hydrogen sulfide play dynamic roles in mani-
festation of diseases, infrastructure degradation, and essential biological processes. Although microbial
organosulfur metabolism is well studied, the role of viruses in organosulfur metabolism is unknown. Here,
we report the discovery of 39 gene families involved in organosulfur metabolism encoded by 3,749 viruses
from diverse ecosystems, including human microbiomes. The viruses infect organisms from all three do-
mains of life. Six gene families encode for enzymes that degrade organosulfur compounds into sulfide,
whereas others manipulate organosulfur compounds and may influence sulfide production. We show that
viral metabolic genes encode key enzymatic domains, are translated into protein, and are maintained after
recombination, and sulfide provides a fitness advantage to viruses. Our results reveal viruses as drivers of
organosulfur metabolism with important implications for human and environmental health.
INTRODUCTION

Biological sulfur cycling is one of the oldest and most influential

biochemical processes on Earth and is primarily driven bymicro-

bial reduction of sulfate to produce hydrogen sulfide (Andreae,

1990; Fike et al., 2015;Wacey et al., 2011). Sulfide plays dynamic

roles in the degradation of infrastructure and souring of oil re-

serves (Ma et al., 2000; Voordouw et al., 1996), microbial respi-

ration and essential biosynthesis processes, and manifestation

of human gastrointestinal disorders such as colitis, inflammatory

bowel diseases (IBD), and colorectal cancer (CRC) (Guo et al.,

2016). Much of our knowledge of sulfur cycling focuses on a

small subset of microbes that are capable of respiring and trans-

forming inorganic sulfur compounds, a process known as

dissimilatory metabolism (Anantharaman et al., 2018). Conse-

quently, the cycling of sulfur-containing organic (organosulfur)

compounds and resulting sulfide production from more wide-

spread biological mechanisms and sources has largely been

ignored.

Two mechanisms of sulfide production include the degrada-

tion of organosulfur compounds and assimilatory sulfur meta-

bolism. Sulfide production from microbial-driven degradation

of organosulfur compounds, such as the amino acid cysteine,

has been noted as a significant contributor to sulfide concentra-
This is an open access article under the CC BY-N
tions in environmental and human systems (Carbonero et al.,

2012; Morra and Dick, 1991; Xia et al., 2017). However, there ex-

ists no comprehensive analysis of the specific microbes

involved. Assimilatory sulfur metabolism, a common strategy

used by many microbes and some eukaryotes to incorporate

sulfide into biological compounds, has similarly been routinely

discounted as a mechanism of significant sulfide release into

either environmental or human systems. Notably, the role of vi-

ruses in these processes has not been explored.

Microbial viruses, mainly comprising bacteriophages (phages)

are extraordinarily abundant on Earth. Microbial viruses are

known to redirect and recycle nutrients on the scale of ecosys-

tems by infecting and lysing host cells (Gobler et al., 1997; Jiao

et al., 2010; Jover et al., 2014; Wilhelm and Suttle, 1999). In the

oceans alone, the number of viral infections per second exceeds

the number of stars in the known universe, which likely leads to

the lysis of over 20% of all microbes per day (Manojlovi�c, 2015;

Suttle, 2007). In addition to lysis, viruses can actively redirect

host metabolism during infection that manipulatesmajor biogeo-

chemical cycles, including carbon, nitrogen, and sulfur. One

such mechanism involves viruses ‘‘stealing’’ metabolic genes

from their host in order to gain fitness advantages during infec-

tion (Sullivan et al., 2006). Such host-derived viral genes are

termed auxiliary metabolic genes (AMGs) and are expressed
Cell Reports 36, 109471, August 3, 2021 ª 2021 The Author(s). 1
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during infection to modulate microbial respiration, biosynthesis

processes, and/or direct intracellular nutrients toward virus repli-

cation and virion production (Anantharaman et al., 2014; Breit-

bart et al., 2007; Hurwitz et al., 2013, 2015; Kieft et al., 2021;

Mann et al., 2003; Roux et al., 2014; Suttle, 2005; Thompson

et al., 2011; Trubl et al., 2018). For example, some viruses of Cy-

anobacteria encode core photosystem proteins that augment

host metabolism in order to increase the biosynthesis of dNTPs

that are utilized for viral genome replication (Thompson et al.,

2011). The viral auxiliary metabolism of iron-sulfur clusters, cen-

tral carbon metabolism, nitrification, methane oxidation, and

other metabolic processes could also provide viruses with a

multi-faceted method of manipulating nutrients within their

host cell to enable efficient, rapid, or otherwise a more improved

viral replication cycle (Ahlgren et al., 2019; Chen et al., 2020; Hur-

witz and U’Ren, 2016; Hurwitz et al., 2015).

In spite of the importance and global prevalence of viruses,

nothing is known about their contribution and impact on AMG-

driven organosulfur metabolism in the environment. Moreover,

the role of AMGs in human microbiomes has been largely unex-

plored. Here, we investigated environmental and human micro-

biomes for the presence of viruses involved in production of

hydrogen sulfide and manipulation of organosulfur metabolism.

By screening publicly available partial and complete viral ge-

nomes from cultivated and uncultivated viruses, we identified

genes involved in direct and indirect sulfide production from or-

ganosulfur degradation and assimilatory sulfur metabolism. We

followed this up with experiments to validate the impacts of

genes for organosulfur metabolism as well as hydrogen sulfide

on viral fitness.

RESULTS

Metabolic pathways for organosulfur metabolism driven
by viral AMGs
We queried a comprehensive dataset of �135,000 partial and

complete viral genomes (contigs) publicly available on the

Integrated Microbial Genomes/Viruses (IMG/VR) database

(Paez-Espino et al., 2016, 2017) and the National Center for

Biotechnology Information (NCBI) database, and two metage-

nomic studies from Lake Mendota, WI (Linz et al., 2018), for

the presence of virally encoded proteins for organosulfur meta-

bolism. In total, we identified 4,103 viral AMGs representative

of 39 unique gene families. All genes identified are categorized

as class I AMGs, or those for central metabolic functions but

auxiliary to productive viral infection (Hurwitz and U’Ren,

2016). These AMGs were detected on 3,749 non-redundant viral

genomes from all major bacterial double-stranded DNA (dsDNA)

viral families (Myoviridae, Podoviridae, and Siphoviridae)

including viruses infecting an archaea (Rahlff et al., 2020) and

eukaryote (amoeba) (Schulz et al., 2020). Therefore, AMGs for or-

ganosulfur metabolism were identified on viruses infecting all

three domains of life, representing a shared metabolic constraint

regardless of host domain. The viruses represent cultivated and

uncultivated viruses, linear and circular genomes, and lytic and

lysogenic cycles of viral replication across a vast range of envi-

ronmental and human microbiomes. Of these viruses, 164

have been isolated and cultivated on hosts spanning nine major
2 Cell Reports 36, 109471, August 3, 2021
bacterial lineages (Alphaproteobacteria, Betaproteobacteria,

Gammaproteobacteria, Cyanobacteria, Actinobacteria, Firmi-

cutes, Bacteroidetes, Verrucomicrobia, and Deinococcus-Ther-

mus) as well as an amoeba (Vermamoeba vermiformis) (Table

S1). The isolation of viruses encoding organosulfur metabolism

AMGs indicates that the identification of such viral driven meta-

bolism is not an artifact of metagenomic analysis.

Viral AMGs are putatively associated with five distinct pro-

cesses: sulfide production from organic sulfur, the assimilatory

sulfate reduction pathway, sulfite production from organic sulfur,

metabolism of organic sulfur, and sulfur-related amino acid

metabolism (Figure 1; Table 1). Six different AMG families

(cysK, cysM, malY, dcyD, metC, and metY) encode for enzymes

able to directly produce sulfide from the degradation of cysteine

and homocysteine, which are important organosulfur com-

pounds and central sources of sulfur in the environment and hu-

man body (Chiku et al., 2009; Fitzgerald, 1976). Six other AMG

families (cysD, cysN, cysC, bifunctional-cysNC, cysH, and

cysJ) are components of the assimilatory sulfate reduction

pathway, which is widely utilized across all three domains of

life for incorporation of sulfide into cysteine. Sulfite can be

directly produced from the breakdown of several organosulfur

compounds (e.g., taurine) by three families of AMGs (tauD,

ssuD, and msmA) and successively fed into dissimilatory and

assimilatory sulfate reduction. Eleven of the AMG families

(aspB, metB, metH, metE, msrC, metK, megL, dcm, mtnN,

ahcY, and luxS) are inferred to indirectly produce sulfide by

manipulating abundant organosulfur compounds (e.g., methio-

nine and cystathionine) that funnel into the synthesis of cysteine

or homocysteine. Finally, indirect organosulfur metabolism by

the remaining thirteen AMG families (lysC, thrA, asd, hom,

metA, cysE, cysQ, nrnA, speE, mdh, mtnD, mtnA, and mtnK)

would influence the synthesis of organosulfur compounds

(e.g., synthesis of cysteine using serine) that feed into sulfide

producing reactions.

Viruses encoding AMGs for organosulfur metabolism
are globally distributed
Uncultivated viruses encoding AMGs for organosulfur meta-

bolism were recovered from diverse environmental (marine,

freshwater, engineered, soil, hydrothermal vent, non-marine sa-

line and alkaline, deep subsurface, wetland, and thermal spring),

non-human host-associated (mammalian gut, other animal-

associated and plant-associated) and human host-associated

(gastrointestinal, oral, and vaginal) microbiomes (Figure 2A).

Cultivated and well-characterized viruses exhibited likewise mi-

crobiome dispersal because they were recovered from more

than one ecosystem (e.g., food production, marine, freshwater,

soil, engineered, hot springs, animal-associated, plant-associ-

ated, as well as human-associated gastrointestinal, oral, and

skin) (Table S1). These results encompassed every ecosystem

category, with the exception of air, in which viruses are routinely

identified. This displays evidence that viruses encoding AMGs

for sulfide production are ubiquitous on Earth.

Next, we estimated the proportion of viral richness in each

ecosystem category found to encode organosulfur metabolism

AMGs. Viruses encoding at least one AMG were found to be

highly abundant in human vaginal, gastrointestinal, and oral



Figure 1. Reaction diagram of organosulfur transformations mediated by viruses

All genes shown have been identified on viruses and are colored coordinated respective to the process with which they are putatively associated. Colored circles

represent the abundance of each AMG across all viral genomes according to the color scale (heatmap) on the right. Complete reactions and full names of

acronyms are listed in Table 1.
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microbiomes comprising 8%, 6%, and 3% of all identified

viruses, respectively. Mammalian-associated, other animal-

associated, and plant-associated microbiomes likewise had sig-

nificant AMG-encoding virus abundances of 8%, 6%, and 6%,

respectively. Notably, previous reports have determined that

expanded viral richness in the gastrointestinal tract is correlated

with the manifestation of IBD (Norman et al., 2015), and our re-

sults support the possibility of this being in part due to the meta-

bolic potential of viruses, such as for sulfide production. This

points to an important distinction that the collective metabolic

potential of viruses in these host-associated environments, in

conjunction with measuring total viral richness, could have sig-

nificant implications for host health. Viruses encoding organosul-

fur AMGs beyond host-associated microbiomes may also

impact ecosystem health. Major environmental systems, such

as the deep subsurface (6%), engineered (3%), soil (3%), fresh-

water (2%), wetlands (2%), marine (2%), and hydrothermal vents

(2%), likewise display significant richness of organosulfur AMG

encoding viruses (Table S2C). The net impact of viral metabolism

on organic and inorganic sulfur compound concentrations in

these environments is unknown, but it is nonetheless striking

that up to 8% of all resident viruses may be involved.

Viruses recovered from non-human microbiomes also dis-

played extensive geographical and niche distributions, which

demonstrate their relevance in global sulfur biochemistry (Fig-

ure 2B). Individual distributions of abundant AMGs (e.g., dcm,

cysC, cysK, cysH,metK, and tauD) likewise had no geographical

or environmental restrictions (Figures S1A–S1F). For example,

cysH that encodes a critical enzyme for assimilatory sulfur meta-

bolism was found in every ecosystem except the deep subsur-
face. CysK, a predominant enzyme involved in sulfide generation

from cysteine degradation was also broadly dispersed in marine,

freshwater, engineered, hydrothermal vent, and host-associated

environments. EvenmsmA that was only identified in marine en-

vironments showed strong geographical dispersal (Figure S1G).

AMG distributions between environments may depend on

different factors, such as how universal the AMG function is

(e.g., CysH and CysK are common among bacteria) or the

nutrient landscape in a specific environment (e.g., MsmA is

capable of degrading methanesulfonate, a common compound

in marine environments) (Henriques and De Marco, 2015). How-

ever, human-associated samples contained the greatest fraction

of identified cysH and cysD AMGs overall, whereas marine and

freshwater environments contained nearly all of the identified

cysC. In human-associated samples, nearly 97% of AMGs

were cysD, cysH, metK, mtnN, luxS, and dcm that encompass

essential steps of cysteine and methionine degradation (Fig-

ure 2C). The uneven distribution of these assimilatory sulfate

reduction AMGs suggests that further constraints on nutrient

availability or variance in rate limiting steps based on thermody-

namics in different environments play a role in determining the

distribution of organosulfur metabolism AMGs.

Viral organosulfur AMGs result in likely functional
proteins and provide a fitness advantage to the virus
To overcome the challenge of assigning conclusive function to

protein sequences in the absence of biochemical evidence, we

analyzed functional and conserved domains of AMG-encoded

proteins with biochemically characterized bacterial homologs.

Overall, we examined 24 AMG families and found broad
Cell Reports 36, 109471, August 3, 2021 3



Table 1. Complete reaction(s) performed by each AMG-encoded protein

Pathway Protein Reaction(s)

Assimilatory sulfate reduction CysC APS + ATP 4 PAPS + ADP + H+

CysN SO4
2� + ATP + H+ 4 APS+ P2O7

4�

CysD SO4
2� + ATP + H+ 4 APS+ P2O7

4�

CysH PAP + SO3
2� + an oxidized Trdx + 2 H+ 4 PAPS + a reduced Trdx

CysNC PAP + ATP 4 PAPS + ADP + H+

SO4
2� + ATP + H+ 4 APS + P2O7

4�

CysJ SO3
2� + 3 NADPH + 5 H+ / H2S + 3 NADP+ + 3 H2O

Direct sulfide production CysK OAS + H2S / L-cysteine + acetate + H+

L-cysteine + H2O / pyruvate + H2S + NH4
+

CysM OAS + S2O3
2� 4 S-sulfo-L-cysteine + acetate + H+

OAS + H2S / L-cysteine + acetate + H+

L-cysteine + H2O / pyruvate + H2S + NH4
+

MalY L-cystathionine + H2O / L-homocysteine + pyruvate + NH4
+

L-cysteine + H2O / pyruvate + H2S + NH4
+

DcyD D-cysteine + H2O / NH4
+ + pyruvate + H2S

3-chloro-D-alanine + thioglycolate / S-carboxymethyl-D-cysteine + Cl� + H+

MetC L-cystathionine + H2O / L-homocysteine + pyruvate + NH4
+

L-cysteine + H2O / pyruvate + H2S + NH4
+

MetY OASH + H2S 4 L-homocysteine + acetate + H+

Direct sulfite production TauD taurine + 2-OG + O2 / SO3
2� + 2-aminoacetaldehyde + succinate + CO2 + H+

SsuD an alkylsulfonate + FMNH2 + O2 / an aldehyde + SO3
2� + FMN + H2O + 2H+

isethionate + FMNH2 + O2 / glycolaldehyde + SO3
2� + FMN + H2O + 2H+

MsmA methanesulfonate + NADH + O2 / formaldehyde + SO3
2� + NAD+ + H2O

Indirect sulfide production MetB OSHS + L-cysteine 4 L-cystathionine + succinate + H+

OSHS + H2O / 2-oxobutanoate + succinate + NH4
+ + H+

MetH L-homocysteine + a 5-methyl-THF / L-methionine + a THF

MetE L-homocysteine + 5-methyl-THP-3G 4 L-methionine + THP-3G

MetK ATP + L-methionine + H2O / SAMe + PO4
3� + P2O7

4�

MtnN SAH + H2O / SRH + adenine

MTA + H2O / MTR + adenine

Dcm SAMe + a cytosine in DNA / a 5-methylcytosine in DNA + SAH + H+

AhcY SAH + H2O / L-homocysteine + adenosine

LuxS SRH / L-homocysteine + autoinducer 2

MsrC MHO + a reduced Trdx / L-methionine + an oxidized Trdx + H2O

MegL L-methionine + H2O / methanethiol + 2-oxobutanoate + NH4
+

AspB L-aspartate + 2-OG 4 oxaloacetate + L-glutamate

L-cysteine + 2-OG 4 3-mercaptopyruvate + L-glutamate

Indirect sulfur metabolism CysE L-serine + acetyl-CoA / OAS + CoA

NrnA PAP + H2O / AMP + PO4
3�

SpeE putrescine + dAdoMT 4 spermidine + MTA + H+

cadaverine + dAdoMT / aminopropylcadaverine + MTA + H+

MetA L-homoserine + succinyl-CoA / OSHS + CoA

MtnK ATP + MTR / ADP + 5-MTR-1-phosphate + H+

MtnA 5-MTR-1-phosphate / 5-(MT)-ribulose 1-phosphate

MtnD DHK-MTPene + O2 / 4-(MT)-2-oxobutanoate + formate + H+

DHK-MTPene + O2 / 3-(MT)propanoate + formate + CO + H+

LysC L-aspartate + ATP / ASP + ADP

ThrA L-aspartate + ATP / ASP + ADP

(Continued on next page)
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Table 1. Continued

Pathway Protein Reaction(s)

ASSA + NAD(P)H + H+ / L-homoserine + NAD(P)+

Asd ASSA + NADP+ + PO4
3� 4 ASP + NADPH + H+

Hom ASSA + NAD(P)H + H+ / L-homoserine + NAD(P)+

Mdh (S)-malate + NAD+ 4 oxaloacetate + NADH + H+

CysQ PAP + H2O / AMP + PO4
3�

Each protein is grouped respective to the main organosulfur metabolism pathway in which it is involved. Abbreviations are as follows: PAP, adenosine

30,50-bisphosphate; APS, adenosine 50-phosphosulfate; PAPS, 30-phosphoadenosine-50-phosphosulfate; CoA, coenzyme A; OG, oxoglutarate; OAS,

O-acetyl-L-serine; OASH, O-acetyl-L-homoserine; OSHS, O-succinyl-L-homoserine; SAMe, S-adenosyl-L-methionine; dAdoMT, S-adenosyl

3-(methylsulfanyl)propylamine; MTA, S-methyl-50-thioadenosine; MTR, 5-(methylsulfanyl)-a-D-ribose; MT, methylsulfanyl; SAH, S-adenosyl-

L-homocysteine; SRH, S-ribosyl-L-homocysteine; DHK-MTPene, 1,2-dihydroxy-5-(methylsulfanyl)pent-1-en-3-one; ASSA, L-aspartate 4-

semialdehyde; ASP, L-aspartyl-4-phosphate; MHO, L-methionine-(R)-S-oxide; Trdx, thioredoxin; THF, tetrahydrofolate; THP-3G, tetrahydropteroyl

tri-L-glutamate.
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conservation of whole protein sequence and functional amino

acid residues (Figure S2). For example, viral sequences encode

specific domains for: CysC, ATP binding (gsGKss) and required

motifs (dgD) (Poyraz et al., 2015); CysK, cofactor pyridoxal

phosphate binding (KDR, NtG, GT/SgGT and SS/AG), substrate

binding (T/SSGN andQF), and phosphate recognition (GI/V) (Ish-

ikawa et al., 2010); MetK, substrate binding (egHPDk, acE, gEit,

GDqG, DaK, TgRKi, sGKd, and kvDrs) (Komoto et al., 2004);

CysH, iron-sulfur cluster motif (CC.CxxC) (Chartron et al.,

2006); and TauD, nitrogen and oxygen binding (e.g., WH and

H) (Knauer et al., 2012). Conserved amino acid residues that

are not functional are likely preserved for structural features.

The retention of AMGs on viral genomes despite strong selective

pressures for reduced genome size suggests that most of these

AMGs are functional (Bragg and Chisholm, 2008). In addition to

functional and conserved domain analysis, we calculated the ra-

tio of non-synonymous to synonymous nucleotide differences

(dN/dS) for a subset of the abundant viral AMG families. A dN/

dS value less than one would suggest that the virus is under se-

lective pressures to retain a functional AMG. dN/dS calculations

for cysK, cysC, cysD, cysH, tauD,msmA,metK,mtmN, and luxS

AMG pairs revealed that viral AMGs appear to be under purifying

selective pressures to retain function of the encoded AMGs

(Figure S3).

To assess if viral AMGs are active in the environment, we

queried a comprehensive metagenomic andmetatranscriptomic

dataset from Lake Mendota, WI. We identified 23 AMGs repre-

sentative of six gene families (aspB, cysC, cysH, metK, speE,

and tauD) that were actively expressed by 22 different viruses

over a 48-h time period (Table S3). One cysC in particular was

expressed by a virus with a 210 kb genome that was bio-

informatically determined to be complete and circular. Analysis

of the genome’s GC-skew, a metric to evaluate genome replica-

tion patterns using nucleotide coverage (Sernova and Gelfand,

2008), was used to determine that the virus performs rolling

circle replication (i.e., unidirectional) that is a common method

utilized by viruses (Olm et al., 2017a) (Figure S4A). To assess if

the virus was actively replicating when cysC was expressed,

we used a metagenomic read mapping approach to estimate

the genome’s in situ index of replication (iRep) (Brown et al.,

2016). The genome’s iRep value of 1.54 falls within the range
of typical values of growing populations and indicates that the

virus was actively replicating its genome in the environment

when cysC was expressed (Figure S4B). Analyses of other

host-virus systems with transcriptomic data enabled the identifi-

cation of cysH expression by Enterobacteria phage Lambda

during infection of Escherichia coli MG1655 (Liu et al., 2013).

The activity and expression of viral AMGs in various systems pro-

vides further evidence that they are likely utilized for a specific

function during infection.

To validate that AMGs are in fact transcribed during infection,

we developed a model host-virus system with Lactococcus

lactis C10 and its cysK-encoding virus Lactococcus phage

P087. The transcript abundance of cysK was measured in a cul-

ture of either L. lactis C10 grown alone (control) or with P087 at

time points 15-, 60-, and 120-min post infection (Figure S5; Table

S4A). At 120 min, the host cells in the infection condition had

mostly lysed from viral infection. Transcript abundance of

L. lactis C10 cysK was found to be comparable at 15 min and

60 min in either the uninfected control or infected with P087. At

120 min, transcripts of L. lactis C10 cysK were 43 greater than

at 60 min in the control but were undetectable in the infected

condition. This suggests that L. lactis C10 cysK transcripts are

greatly reduced during mid to late infection by P087. The tran-

script abundance of P087 cysK follows a similar trend as

L. lactis C10 cysK. At 15 min, P087 cysK transcripts were near

zero and by 60 min were in �23 greater abundance compared

to transcripts of the host. By 120 min, P087 cysK transcripts

were likewise reduced to nearly initial levels. There was no

detection of P087 cysK transcripts within the uninfected control.

Although P087 cysK transcript abundance never exceeded that

of L. lactis C10 cysK, we provide further evidence that the viral

AMG cysK is actively transcribed during infection and potentially

replaced host cysK to an extent with the greatest abundance

during mid infection rather than early or late infection.

To validate that transcribed AMGs in fact produce protein, we

further leveraged the L. lactis and P087 system. Using untar-

geted mass spectrometry at the endpoint of virus infection

(i.e., lysis) we identified that P087’s AMG cysK produces protein

and at �1.53 greater abundance than L. lactis C10 cysK (Table

S4B). The higher ratio of virus CysK to host CysK suggests the

virus gains a fitness advantage from compensation of CysK
Cell Reports 36, 109471, August 3, 2021 5
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Figure 2. Distribution of viral AMGs in environmental and human microbiomes

(A) Heatmap of each AMG’s relative abundance in environmental and human systems with colors coordinated by the AMG’s pathway respective to Figure 1. Per

AMG, darker colors represent greater abundance. A total of 3,584 AMGs derived from IMG/VR are shown.

(B) Global distribution of viruses encoding AMGs, color coordinated by environment classification. The bar graphs represent the number of AMGs and IMG

studies from which viruses were recovered. See Tables S2A and S2B for exact abundances for (A) and (B), respectively. Only studies with published coordinates

and environment categories are shown.

(C) Abundance of AMGs derived from incomplete or uncultivated viruses from human oral, gastrointestinal, and vaginal microbiomes. Only values greater than

five are shown.
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levels in the cell. These findings build upon the results from our

qPCR-based analysis of transcript abundance in which host

transcripts were more abundant than viral but may be explained

by higher stability of either viral CysK or cysK transcripts. More-
6 Cell Reports 36, 109471, August 3, 2021
over, because viruses demand a substantial fraction of cellular

resources during infection (Mahmoudabadi et al., 2017), the

high viral CysK levels measured here supports our hypothesis

that CysK is actively utilized during productive infection in
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contrast to being metabolically inactive. The presence of the

gene on the genome in conjunction with transcription and trans-

lation measurements is consistent with the AMG providing a

fitness advantage, which has been modeled to be as much as

a 4% gain for some AMGs (Bragg and Chisholm, 2008). The

mechanism(s) by which this functions is likely different than

what has been observed previously for AMGs. For example,

AMGs for photosynthesis were found to have differential effects

during light-dark cycles as well as transcript compensatory ef-

fects over an �8 h time period (Thompson et al., 2011).

Conversely, P087 is not influenced by light-dark cycles and com-

plete lysis can occur within �2.5 h. Beyond providing evidence

that AMGs can be remarkably active during infection, this further

underlines the diverse nature by which AMGs are utilized by vi-

ruses. In addition, the identification of similar gene families on

genomes of diverse, geographically spread viruses strongly sup-

ports the hypothesis that organosulfur metabolism AMGs play a

functional role during infection (Roux et al., 2014).

Viruses encoding organosulfur AMGs are
phylogenetically diverse
To investigate the diversity of AMGs, we conducted phyloge-

netic analysis of encoded amino acid sequences for five gene

families. Phylogeny of CysH from complete viral genomes

show close relationships between viruses and their known hosts,

supporting previous observations that AMGs are most often ac-

quired from the host (Sullivan et al., 2006) (Figure S6A). One

clade in particular encoded an addition domain of unknown

function (DUF3440) that suggests a shared evolutionary history.

Analysis of CysH phylogeny of viral contigs with no known host

revealed a similar clustering of viruses with their putative bacte-

rial hosts (phyla Bacteroidetes and Firmicutes) (Figure S6B). In

contrast to CysH, phylogenetic analysis for several abundant

AMG protein sequences (CysC, CysK, TauD, andMetK) on com-

plete and incomplete viral genomes displayed clustering of viral

sequences in separate clades from bacterial homologs with few

exceptions of the virus clustering with a putative host (Figures

S6C–S6F).

Separate clustering would suggest that viruses may have ac-

quired AMGs beyond their current or known host range, which is

supported by the observation that viruses can encode an AMG

that their host does not (e.g., cysC for Xylella phage Sano), and

AMGs can cluster separately from their host (e.g., CysH forVibrio

phages). However, based on the CysH phylogeny of complete

viral genomes, another likely explanation for distinct viral clus-

tering is that the full range of host sequences has yet to be iden-

tified. Within the human microbiome alone, thousands of novel

bacterial genomes have been identified recently and may pro-

vide further insight into host ranges or origins of AMG transfer

(Almeida et al., 2019; Nayfach et al., 2019; Pasolli et al., 2019).

Even so, in comparison to human microbiomes, little is known

about the breadth and diversity of environmental or human vi-

romes. Analysis of all AMGs suggests they have collectively

been derived from bacteria (with the exceptions of the archaeal

and eukaryotic viruses) affiliated with the phyla Firmicutes, Bac-

teroidetes, Alphaproteobacteria, and Gammaproteobacteria,

which is supported by the host range of cultivated AMG-encod-

ing viruses (Table S1).
Directed recombination and AMG sequence
conservation validates proposed mechanism of AMG
transfer and retention
The proposed mechanism of AMG acquisition by viruses in na-

ture is the transfer of a host metabolic gene to the virus by

recombination. Over multiple replication cycles of the viral

genome, the AMG is retained as a functional gene. To verify

this proposed mechanism, we engineered Escherichia coli

phage T7 by inserting the host gene cysK (T7::cysK) to simulate

a recombination event. Following successful insertion, T7::cysK

was passaged, in three biological replicates, for nine complete

infection cycles to simulate infection in nature over time. After

passaging, the T7::cysK construct was sequenced to check for

retention of the AMG in the viral population. Sequencing

confirmed retention of the gene, indicating that recombination

of a host metabolic gene onto a viral genome (i.e., AMG acquisi-

tion) can lead to stable retention of an AMG over time. Further-

more, between three biological replicates no mutations from

the wild-type cysK sequence were observed.

Importantly, these observations show that a recombination

event can occur without environmental triggers (e.g., nutrient

limitation during infection) or fitness constraints (e.g., metabolic

bottlenecks in the host), which provides further credibility for the

proposed mechanism that AMG transfer occurs frequently and

randomly in nature. If the AMG provides sufficient fitness bene-

fits, or a lack of detrimental effects on viral replication, it will be

retained over multiple infection cycles. In the system developed

here, conditions resulting in a fitness benefit (e.g., greater burst

size or faster replication) for the T7::cysK virus compared to

wild-type T7 were not identified.

Sulfide can provide a fitness advantage to viruses
Because active expression and function of AMGs likely can

result in the production of sulfide in the environment and human

microbiome, we sought to determine if sulfide does indeed

confer a fitness advantage to viruses. A highly plausible method

for viruses to achieve this would be through the degradation of

cysteine that is present in nearly all environments. As a result,

we hypothesized the cysK-encoding virus P087 would have

the capacity to gain a fitness advantage in the presence of sul-

fide. Theoretically, P087would be involved in the direct degrada-

tion of intracellular cysteine via the action of virally encoded

CysK under some conditions. To elucidate if sulfide alone con-

fers a fitness advantage, we exogenously added sulfide during

P087 infection of L. lactis and quantified the impact on virus

and host growth. We found that viable virus production

increased linearly with the addition of physiologically relevant

concentrations of sulfide (Figure 3A) with no significant observed

differences in host growth (Figure 3B). This indicates that, under

the conditions tested, P087 benefits from increased production

of sulfide in the system through either AMG or host-drivenmech-

anisms, and the resulting fitness gain is not due to a simple in-

crease in host abundance. We performed the same experiment

with exogenously added cysteine but did not observe any effect

on viral fitness (data not shown). This has significant biological

implications because microorganisms contain high intracellular

concentrations of cysteine, with L. lactis species reported to

contain �3.5 mM intracellular cysteine (Li et al., 2005). Likewise,
Cell Reports 36, 109471, August 3, 2021 7
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Figure 3. Increased viral fitness is associated with sulfide concen-

trations

(A) Impact of varying sulfide concentrations on Lactococcus phage P087 virus

production as measured by plaque forming units (PFUs). The average of three

independent experiments each with three biological replicates with SD error

bars are shown.

(B) Corresponding uninfected host growth as an average of two biological

replicates. Experimental conditions are normalized to percent of control.

Asterisk represents statistical significance (p < 0.02) compared to the control.
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Escherichia coli has a free cysteine pool of �150 mM (Park and

Imlay, 2003). We believe other viruses encoding organosulfur

metabolism AMGswould likewise derive a fitness advantage un-

der similar conditions, and this phenotype is not restricted to the

ability to directly produce sulfide from cysteine degradation.

Viral organosulfur auxiliary metabolism associated with
human gut bacteria
Among viruses with known hosts, 107 viruses were found to be

associated with 35 different bacterial species known to be

commensal or pathogenic residents of the human gastrointes-

tinal tract (Table S1). These viruses encode five AMGs (cysE,

cysH, cysK, dcm, and metK) for both the assimilation of sulfur

and the capacity to degrade organosulfur compounds into sul-

fide. Most of these viruses were isolated from a variety of dairy,

soil, sewage, and wastewater environments indicating a poten-

tial for environmental reservoirs of sulfide producing viruses, or
8 Cell Reports 36, 109471, August 3, 2021
in the case of wastewater environments, the viruses may have

been resident in human gastrointestinal tracts. Five AMG-encod-

ing viruses of the pathogens Salmonella enterica, Staphylo-

coccus aureus, Vibrio cholerae, and Clostridium difficile were

isolated from human fecal samples indicating transmission and

replication in human gastrointestinal tracts likely does occur

and may contribute to dysbiosis via the production of sulfide or

altering the organosulfur metabolic potential of the pathogenic

host.

Uncultivated viruses from the human gastrointestinal tract en-

coding AMGs putatively involved in direct sulfide production

(cysM, malY, and metY) had high protein identity (>97%) to

Alistipes putredinis, Alistipes obesi, Alistipes finegoldii, Bacter-

oides uniformis, and Bacteroides vulgatus suggesting they are

viruses closely associated with these human gut bacteria from

the order Bacteroidales (phylum Bacteroidetes) (Fenner et al.,

2007; Hugon et al., 2013; Patrascu et al., 2017; Schirmer et al.,

2018). Viruses encoding metK, mtnN, and metE (i.e., capacity

for methionine degradation to sulfide) in human gastrointestinal

samples were likewise inferred to be closely associated with

the human gut bacteria Alistipes ihumii, Faecalibacterium praus-

nitzii, Flavonifractor sp., Bacteroides intestinalis, Bacteroides

xylanisolvens, Bacteroides uniformis, Bacteroides thetaiotaomi-

cron, Haemophilus parainfluenzae, Aggregatibacter sp., and

Eubacterium sp. based on high protein identity (Bakir et al.,

2006; Costea et al., 2017; Curtis et al., 2014; Jiang et al., 2015;

Kuang et al., 2017; Martı́n et al., 2017; Pfleiderer et al., 2014;

Qin et al., 2010; Veiga et al., 2014). At lower protein identity

(96%–80%), viruses encoding metK, luxS, and mtnN were

inferred to be in some part associated with the gut bacteria

Prevotella spp. (Bacteroidales), Butyricicoccus spp., and

Clostridiales sp. (Eeckhaut et al., 2013; Larsen, 2017; Patrascu

et al., 2017) (Table S5).

Many of these Bacteroidales (i.e., Alistipes spp., Bacteroides

spp., and Prevotella spp.) and some members of the phylum Fir-

micutes (e.g., Haemophilus parainfluenzae and Butyricicoccus

spp.) have been strongly associated with IBD (Eeckhaut et al.,

2013; Lucke et al., 2006; Schirmer et al., 2018; Veiga et al.,

2014) and their role in inflammation may be in part attributed to

virus-mediated or influenced production of sulfide. Importantly,

viruses of theseBacteroidales, including Prevotellamegaphages

with high coding capacity, have been shown to be dominant and

abundant in human gastrointestinal tracts that could promote

the continuous viral-driven production of sulfide to exacerbate

inflammation (Devoto et al., 2019; Dutilh et al., 2014).

Comparative genomics displays diversity of viral
genome organization
We used comparative genomics to examine the diversity of vi-

ruses found to be associated with human microbiomes. We

identified four distinct uncultivated virus contigs encoding dcm

from human oral samples to be closely related to known

Streptococcus pneumoniae viruses based on genome sequence

identity (Figure S7A). However, there are large stretches of

dissimilarity between some of the genomes that may indicate ev-

idence for large genetic exchange between viruses that

frequently share the same niche and not the same host, which

has been demonstrated before between Lactococcus and
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Figure 4. Genome comparisons of viruses encoding AMGs

Comparisons of (A) uncultivated viruses and complete Salmonella enterica viruses encoding dcm (pink), (B) uncultivated viruses encoding cysC (cyan) with

(C) respective protein phylogeny (orange highlighting, refer to Figure S6 for full phylogenetic tree), and (D) complete Streptococcus thermophilus viruses

encoding cysE (orange), dcm (pink) or cysH (yellow). For all comparisons, predicted open readings frames are annotated by dark blue arrows and

genomes are connected with lines according to protein identity by tblastx alignment. Colored circles refer to the environment in which the virus was

isolated or identified.
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Enterococcus viruses (Villion et al., 2009). This observation sup-

ports the likelihood of AMG transfer between viruses in human

and environmental microbiomes. Furthermore, two plant-asso-

ciated viruses were identified to be closely related to known

Salmonella enterica viruses originally derived from human fecal

samples (Figure 4A). These plant-associated viruses may repre-

sent examples of environmental reservoirs for AMG-encoding

viruses in the human gastrointestinal tract.

However, for either case above, the exact nature of viral trans-

fer of AMGs is challenging to determine because AMG se-

quences that closely share evolutionary history can be encoded

on dissimilar and geographically diverse viruses. For example,

five cysC-encoding viruses that group closely by CysC phylog-

eny conversely depict dissimilarity by genome comparison and

are geographically dispersed in marine environments (Figures

4B and 4C). The same is true for six different metK-encoding

viruses in which MetK shows phylogenetic similarity but the ge-

nomes are diverse and geographically spread (Figure S7B).

To further investigate the relationships of AMGs on viral ge-

nomes, we examined the prevalence of multiple AMG copies

on individual genomes. In total, we identified 285 viral genomes

that contained multiple copies. Although most such genes en-

coded for identical functions (i.e., two copies of protein from

the same gene family), some with connected (e.g., metK and

dcm, luxS and mtnN) or disparate functions (e.g., dcm and

cysM, cysH and mtnN) were also found. These findings suggest

viruses may utilize these genes for diverse regulation of host or-

ganosulfur metabolism to fit their individual requirements (Table

S6). For example, a single virus may augment both assimilatory

sulfate reduction (e.g., using CysH) as well as methionine degra-

dation (e.g., using MetK) during infection by encoding and ex-

pressing both AMGs.

We next compared viral genome organization to identify rela-

tionships in the physical location of AMGs between different viral

genomes and interpret affiliations with other encoded genes. We

found no universal organization of AMGs that were broadly en-

coded in various locations, such as between structural genes,

adjacent to lysis factors, near genes for genome replication or

nucleotide metabolism, and within regions comprising genes of

unknown function (Figure 5). Additionally, no pattern associated

with encoding specific AMGs was detected according to virus

classification, genome length, or isolation source. There were a

small number of outliers, such as a comparison of 10 complete

viral genomes encoding cysH that indicated a trend toward co-

location of the AMG with genome replication and/or nucleotide

metabolism genes to suggest similar transcriptional regulation

or function of this AMG across different viruses (Figure S7C).

The model that viruses acquire AMGs from diverse sources

and for disparate functions is further supported by looking at

AMG-encoding viruses that share the same host but not the

same AMG. There are several different variations in which this

occurs. One example involves Bacillus cereus phages PBC5,

Basilisk, BCU4, and PBC6 where the viruses have low sequence

similarity between genomes and AMG sequences (i.e., cysH)

(Figure S7D). Another example involves Streptococcus suis

phages phiJH1301-2, phiSC070807, phiNJ3, and phiD12 where

the viruses have very similar genome sequences but encode

multiple AMGs with similarity shared only among a subset of
10 Cell Reports 36, 109471, August 3, 2021
them (i.e.,metK and dcm) (Figure S7E). A final example involves

Streptococcus thermophilus phages 9871, CHPC577, P0095,

CHPC1151, 5093, CHPC877, D4276, and CHPC1062 where

the viruses group separately according to the single AMG each

encodes (cysE, cysH, or dcm) (Figure 4D). Taken together, these

three examples indicate that viruses are able to employ separate

strategies to accomplish a similar function of manipulating host

organosulfur metabolism. This may be in the form of acquiring

the same AMG from different sources to perform a shared task

or acquiring disparate AMGs to perform separate tasks toward

the same objective, such as sulfide production.

DISCUSSION

The metabolic potential of viruses, the most abundant biological

entities on Earth, is all too often overlooked because viruses do

not independently conduct metabolic transformations. Here, we

show that viral manipulation of host metabolism in contrast to

solely measurements of viral richness and host range is likely

important to the environmental sulfur cycle and human health.

Furthermore, we propose that assimilatory sulfur metabolism,

a ubiquitous method of fixing sulfur and manipulating organosul-

fur compounds, is frequently modulated by viruses during

infection of organisms from all three domains and in almost all

microbiomes on Earth. This poses an important question. What

have we been overlooking in viromes by frequently assessing

sequence reads instead of metagenomically assembled ge-

nomes that encode AMGs? Are we giving enough emphasis on

viruses as core drivers in the metabolism of microbiomes?

AMG-driven organosulfur metabolism mediated by viruses

may lead to sulfide production in the gastrointestinal tract during

infection or following microbial lysis. The result would be a

sulfide-induced inflammatory response in conjunction with the

activity of resident microbiota or invading pathogens, although

the extent to which this occurs in human or environmental sys-

tems has yet to be quantified. Indeed, it has been observed

that infected bacterial cells have manipulated and ‘‘rewired’’ sul-

fur assimilation that will impact cysteine metabolism and likely

sulfide production (Howard-Varona et al., 2020). Furthermore, vi-

ruses encoding sulfur assimilation AMGsmay be short-circuiting

the assimilatory sulfur pathway by reducing the steps necessary

for assimilation of sulfur into organosulfur compounds. This

concept is supported by the observation that cysH is the most

abundant organosulfur metabolism AMG, which plays a role in

both the canonical sulfate assimilation pathway as well as direct

sulfonation of organic molecules (Moran and Durham, 2019). The

latter mechanism may explain the high abundance of cysH on

viral genomes.

The evidence presented here strongly points toward sulfide

production as a component of viral organosulfur auxiliary meta-

bolism, either directly or indirectly by AMG activity, which could

provide many fitness advantages for viruses (Figure 6A). As obli-

gate intracellular pathogens, viruses could benefit from the sur-

vival and enhanced growth of their host, which could be

achieved by responding to sulfur starvation signals, assimilating

sulfide for biosynthesis (e.g., for sulfolipids), upregulating sulfide

utilization (e.g., sulfide oxidation), antibiotic stress response (Fig-

ure 6A, 1), or redox balance and free radical scavenging



Figure 5. Genome organization of 9 complete viral genomes encoding organosulfur AMGs

Genome representation of circular and linear viruses. Arrows indicate open reading frames and are annotated by general function: virion structural assembly

(green), auxiliary metabolism and general functions (red), nucleotide metabolism and genome replication (blue), lysis (orange), and unknown function (yellow).

AMGs are annotated in purple.
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Figure 6. Virus-driven production of sulfide and its effects on human health, viral fitness, and microbial communities

(A and B) Mechanisms by which sulfide could (A) benefit viral fitness and (B) effect microbial communities, human health, and environmental conditions.

(C) Proposed impact of viral-driven production of sulfide in conjunction with activity of pathogenic bacteria on inflammation in the gastrointestinal tract and its

implications in IBD and CRC.

Article
ll

OPEN ACCESS
(Figure 6A, 2) (Anantharaman et al., 2014; Gyaneshwar et al.,

2005; Mahmoudabadi et al., 2017; Nambi et al., 2015; Pal

et al., 2018; Roux et al., 2016; Xia et al., 2017). To benefit the virus

directly, sulfide could be utilized for amino acid synthesis or

protein function, such as for co-factor binding (e.g., metal ions)

(Figure 6A, 3.1), persulfidation of cysteine residues for signaling

(Figure 6A, 3.2), structural sulfide bridge formation (Figure 6A,

3.3), iron-sulfur cluster formation (Figure 6A, 3.4), or for viral

structural proteins in virion assembly (Figure 6A, 4) (Peng et al.,

2017; Tamet al., 2013). Furthermore, thiol modification of nucleic

acids (i.e., dsDNA, tRNA, and sRNA) could provide an avenue for

responding to stresses (Figure 6A, 5) or regulating gene expres-

sion for the virus or host (Figure 6A, 6) (Damon et al., 2015; Hsu

et al., 1967; de Lira et al., 2018; Peng et al., 2017; Shimizu et al.,

2017; Yang et al., 2017). Another method of nucleic acid modifi-

cation that viruses may rely on is dsDNA recombination or inte-

gration (Figure 6A, 7.1), or dsDNA repair (Figure 6A, 7.2), which

can be enabled by essential thiol components of enzymes (Jes-
12 Cell Reports 36, 109471, August 3, 2021
sop et al., 2000; Kessler, 2006; Yeeles et al., 2009). Sulfide may

even be a key component in the ability of viruses to effectively

lyse their host (Figure 6A, 8) (Propst-Ricciuti, 1976).

However, due to the diversity of functions encoded by AMGs

(e.g., degradation of organosulfur compounds directly into sul-

fide or sulfite, manipulation of organosulfur compound forms,

or fixing sulfur) it is likely that host physiology and local environ-

mental conditions drive their acquisition and function. Regard-

less of the utility of AMGs employed by individual viruses, the

eventual lysis and release of virus-derived sulfide or virus-influ-

enced sulfur chemistry could have significant impacts on the

surrounding environment and local microbial communities (Fig-

ure 6B). Increased sulfide concentrations could either enhance

the growth of sulfide oxidizing organisms (Figure 6B, 9) or act

as a toxin to inhibit the growth of others (Figure 6B, 10) (Pal

et al., 2018). Likewise, in both environmental and human sys-

tems, intracellular content released through viral lysis could alter

nutrient availability and sulfide concentrations in the microbial
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community (Figure 6B, 11) or lead to the degradation of iron,

steel, and concrete in infrastructure (Figure 6B, 12).

In humans, balancing organic and inorganic sulfur concentra-

tions is pivotal to both the health of the gastrointestinal tract and

the resident microbiota (Yin et al., 2016), and our evidence sug-

gests that viruses may interfere with this equilibrium. Moreover,

dozens of microbial species have been linked to accumulation of

sulfide within the human gut via the degradation of organosulfur

compounds (e.g., cysteine and taurine) and implicated in CRC

and IBD (Carbonero et al., 2012; Guo et al., 2016), but the role

of viruses in facilitating or upregulating these processes is un-

known. Specifically, virus-mediated sulfide production could

accelerate the development of sulfide-associated gastrointes-

tinal disorders such as colitis, IBD, and CRC (Figure 6C).

Our discovery of AMGs for organosulfur metabolism and sul-

fide production also has widespread ramifications for interpret-

ing Earth history (Figure 6B, 13). Sulfur isotope fractionation

(34S/32S) analysis is widely used to interpret geological records

and estimate rates of microbial processes such as sulfate reduc-

tion (Habicht and Canfield, 1997; Sim et al., 2019; Thode et al.,

1953). Microbial assimilatory sulfate reduction and viral auxiliary

metabolism have been ignored as contributors to fractionation

in the environment, mainly because sulfide is incorporated into

organosulfur compounds instead of being exported into the

environment as it is in dissimilatory reactions. As a result, assim-

ilatory fractionation appears to be negligible (�3&), whereas

dissimilatory fractionation is frequently measured closer to

47& (Chambers and Trudinger, 1979; Kaplan and Rittenberg,

1964). Without the incorporation of sulfide into organosulfur

compounds, assimilatory sulfite to sulfide reduction fractionates

up to 36&–42& in Salmonella,Clostridium, and Bacillus species

(Chambers and Trudinger, 1979). We propose that virus-medi-

ated sulfide production can directly impact the observed fraction

of 32S-enriched sulfide at scales relevant to dissimilatory sulfate

reduction.

Overall, the global distribution and diversity of viruses encod-

ing organosulfur transforming AMGs represents a so-far

unexplored cog in the global organic and inorganic sulfur cy-

cles. By modulating organic and inorganic sulfur compound

concentrations, viruses likely play important roles in infrastruc-

ture degradation, human disease and ecosystem health.

Beyond viral organosulfur metabolism, this study serves as a

model for elucidating the impacts of virus-driven degradation

of amino acids, whose fate is an important driver in human

health and biotechnology and associated with ecosystem ser-

vices in agriculture.

Limitations of study
This study provides preliminary evidence for the function of or-

ganosulfur AMGs and viral influences on organosulfur com-

pounds, namely hydrogen sulfide, in environmental and human

microbiomes. One limitation is that the direct roles and interac-

tions of AMGs within organosulfur metabolic frameworks and

the elucidation of incurred benefits of hydrogen sulfide for

some viruses was not shown. We show that the AMG cysK

can be conserved evolutionarily over time that points toward,

rather than measures, a fitness benefit of retaining the AMG.

Furthermore, our experimental evidence for the benefit of sul-
fide to Lactococcus Phage P087, despite identifying viral

CysK protein translation, did not distinguish if the measured

fitness effect was the result of viral CysK or due to other un-

known viral or host factors. Finally, our attempts to purify viral

CysK protein and measure its activity in degrading cysteine

was unsuccessful.
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Further information and any resources requests should be directed to and will be fulfilled by the lead contact Karthik Anantharaman

(karthik@bact.wisc.edu).

Materials availability
The recombinant phage line generated in this study is available upon request.

Data and code availability
All sequences used in this study are publicly available and can be found at their original sources. The genomic and protein sequences

of viruses highlighted in this study and respective AMG protein sequences identified can be found on GitHub (https://github.com/

AnantharamanLab/Kieft_et_al_2021_organosulfur_AMGs) and Zenodo (https://doi.org/10.5281/zenodo.4947151). This paper

does not report original code. Any additional information required to analyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Lactococcus system growth conditions
Lactococcus lactis subs. lactis C10 and Lactococcus phage P087 were obtained from Université Laval’s Félix d’Hérelle Reference

Center for Bacterial Viruses (Canada, https://www.phage.ulaval.ca). L. lactis C10 was grown without agitation at 30�C in M17 broth

(Oxoid) supplemented with 0.5% glucose (GM17). Infections were supplemented with 10mM CaCl2 and incubated without agitation

at room temperature.

T7 system growth conditions
T7 phage was obtained from ATCC (ATCC� BAA-1025-B2). Saccharomyces cerevisiae BY4741 and E. coli BL21 are lab stocks, and

E. coli 10G is a highly competent DH10B derivative (Durfee et al., 2008) originally obtained from Lucigen (60107-1). E. coli BW25113

and BW25113DcysK were obtained from Doug Weibel (University of Wisconsin, Madison).

All bacterial hosts were grown in and plated on LBmedia (1% Tryptone, 0.5% Yeast Extract, 1% NaCl in dH2O, plates additionally

contain 1.5% agar, while top agar contained 0.5% agar) and LB media was used for all experimentation. All incubations of bacterial
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cultures were performed at 37�C, with liquid cultures shaking at 200-250 rpm unless otherwise specified. Bacterial hosts were

streaked on appropriate LB plates and stored at 4�C. S. cerevisiae BY4741 was grown on YPD (2% peptone, 1% yeast extract,

2% glucose in dH2O, plates additionally contain 2.4% agar), after Yeast Artificial Chromosomes (YAC) transformation

S. cerevisiae BY4741 was grown on SD-Leu (0.17% yeast nitrogen base, 0.5% ammonium sulfate, 0.162% amino acids – Leucine

[Sigma Y1376], 2% glucose in dH20, plates additionally contain 2% agar). All incubations of S. cerevisiae were performed at 30�C,
with liquid cultures shaking at 200-250 rpm. S. cerevisiae BY4741 was streaked on YPD or SD-Leu plates as appropriate and stored

at 4�C.
T7 phage was propagated using E. coli BL21 after initial receipt from ATCC and then as described on various hosts in methods. All

phage experiments were performing using LB and culture conditions as described for bacterial hosts. Phages were stored in LB at

4�C. For long term storage all microbes were stored as liquid samples at�80�C in 10% glycerol, 90% relevant media. SOC (2% tryp-

tone, 0.5% yeast extract, 0.2% 5M NaCl, 0.25% 1M KCL, 1% 1M MgCl2, 1% 1M MgSO4, 2% 1M glucose in dH2O) was used to

recover host and phages after transformation.

For infection experiments, stationary phase cultures were created by growing bacteria overnight (totaling �20-30 hours of incu-

bation) at 37�C. Exponential phase culture consisted of stationary culture diluted 1:20 in LB then incubated at 37�C until an OD600

of �0.4-0.8 was reached, typically after 40 minutes. Phage lysate was purified by centrifuging phage lysate at 16 g, then filtering su-

pernatant through a 0.22 mM filter. To establish titer, phage samples were serially diluted (1:10 or 1:100 dilutions made to 1 mL in

1.5 mL microcentrifuge tubes) in LB to a 10�8 dilution for titering by spot assay. Spot assays were performed by mixing 250 mL of

relevant bacterial host in the stationary phase with 3.5 mL of 0.5% top agar, briefly vortexing, then plating on LB plates pre-warmed

to 37�C. After plates solidified (typically�5minutes), 1.5 mL of each dilution of phage sample was spotted in series on the plate. Plates

were incubated and checked every 2-4 hours or overnight (�20-30 hours) to establish a preliminary titer. MOI was estimated by

calculated by dividing phage titer by estimated bacterial concentration.

METHOD DETAILS

Identification of viral genomes
A total of 125,842 viral genomes from the Integrated Microbial Genomes/Virus (IMG/VR) (Paez-Espino et al., 2017) v1 database were

used for analysis (accessedOctober 2017). Only publicly available genomes > 5kb analyzed by Paez-Espino et al. (2016) were used in

this study. Open reading frames were predicted using Prodigal with default parameters (v2.6.3) (Hyatt et al., 2010). All viral genomes

were annotated using a combination of Prokka (v1.13.3) (Seemann, 2014), Integrated Microbial Genomes and Microbiomes pipeline

(Markowitz et al., 2014), and InterProScan (v65.0) (Jones et al., 2014). Contigs with a high ratio of bacterial to viral protein annotations

were manually identified and discarded. Contigs were further validated and annotated using a combination of VIBRANT (v1.2.1) and

VirSorter (v1.0.3, virome database, categories 1, 2, 4, 5) (Kieft et al., 2020; Roux et al., 2015). All viral genomes encoding AMGs were

manually inspected. Additional viral genomes were identified on the National Center for Biotechnology Information (NCBI) RefSeq

(Brister et al., 2015; O’Leary et al., 2016; Tatusova et al., 2016) or GenBank database (Clark et al., 2016) (accessed Jan 2019) by

querying viral genomes for AMGs of interest by blastp domain analysis (Altschul et al., 1990; Marchler-Bauer et al., 2017). Approx-

imately 9,500 genomes corresponding to the viral classification Caudovirales were searched. VIBRANT and VirSorter were used to

identify viruses > 5kb from Lake Mendota, WI.

AMG identification and annotation
In-house hidden Markov model (HMM) profiles were built corresponding to the Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway of organosulfur Metabolism as well as Cysteine and Methionine Metabolism (accessed December 2018) (Kanehisa and

Goto, 2000). The two pathways’ KEGG Orthology (KO) numbers (189 total) were used to access corresponding proteins from the

UniProt database (release 2018_11) (The UniProt Consortium, 2018). The resulting proteins were aligned withMAFFT (v7.388, default

parameters) (Katoh and Standley, 2013) and HMM profiles were built using hmmbuild (HMMER v3.1, default parameters) (Eddy,

1998). HMM profiles for CysC and CysH were built in the same manner, except manually verified viral CysC and CysH sequences,

respectively, were added to the alignment for robustness. Hmmsearch (HMMER v3.1, evalue < 1e-5) was used to scan proteins on

viral genomes. Proteins identified by the in-house HMM profiles were uploaded to the KEGG BlastKOALA server (v2.1) (Kanehisa

et al., 2016) and queried under ‘‘prokaryotes’’ taxonomy and ‘‘genus prokaryotes’’ database for best hit annotations. Proteins anno-

tated according to the original 189 KO numbers were selected for further verification. Manual verification of several representatives of

each KO number (i.e., protein family) was done to curate the results using blastp (NCBI non-redundant database, accessed Jan 2019)

and InterProScan (v71.0) to check for the presence of all expected conserved domains. Individual proteins and protein families of

irrelevance or incorrect annotation were removed.

Sequence alignment and dN/dS analysis
Alignment of CysH, CysK, CysC, TauD and MetK sequences was performed using MAFFT (v7.388, default parameters). For cysH-

encoding genomes identified from NCBI, all viral sequences were used. Host genomes were scanned, by annotation and blastp

domain analysis, for multiple copies of cysH and all those identified were used, along with non-host bacterial sequences that

were found to be highly similar to viral sequences according to pairwise identity. For the remaining alignments, all viral AMG protein
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sequences that shared at least 95% pairwise identity were restricted to one representative using CD-HIT (accessed Jan 2019) (Fu

et al., 2012; Huang et al., 2010; Li and Godzik, 2006) and aligned. Viral CysK and CysH sequences were limited to lengths 200-

330 and 117-600 amino acids, respectively. To obtain bacterial representatives, the majority consensus sequence of aligned viral

proteins was queried against the NCBI RefSeq database by blastp (evalue < 1e-5). In order to ensure broad phylogenetic distribution

of blastp results, the output was restricted to the top 500 hits from each of five phylogenetic groups based on NCBI categorization: [1]

Proteobacteria, [2] Terrabacteria, [3] FCB superphlylum, [4] PVC superphylum and [5] a group containing all other phyla. The resulting

sequences were manually limited to specific lengths to match viral sequences (CysC: 210-360, CysH: 150-600, CysK: 269-400,

TauD: 314-400 amino acids, MetK: all) and reduced to one representative per 50%pairwise identity using CD-HIT. Viral and bacterial

representatives were aligned together using MAFFT (default parameters) and gaps were stripped by 98%. The resulting alignments

were used for phylogenetic analysis. Visualization of alignments was done using Geneious Prime 2019.0.3. For reference to full virus

protein name and genome, see Table S1.

The AMGs for cysK, cysC, cysD, cysH, tauD, msmA, metK, mtmN and luxSwere used to calculate dN/dS ratios. dRep (v2.6.2) was

used to compare AMG sequences separately (dRep compare–SkipMash–S_algorithm goANI) and dnds_from_drep.py was used to

calculate dN/dS ratios from the AMG pairs (Olm et al., 2017b). The dN/dS ratios were visualized with Seaborn (v0.8.1) and Matplotlib

(v3.0.0).

Sequence phylogeny
Phylogenetic analysis was performed using protein alignments of CysH, CysK, CysC, TauD and MetK as described above. To infer

phylogenetic relationships RAxML (v8.2.4) (Stamatakis, 2014) was used with the following parameters: raxmlHPC-PTHREADS -N

100 -f a -m PROTCATLG. Resulting best trees were used and rooted by manual identification of most distant (outgroup) taxa. Trees

were visualized using FigTree (v1.4.3) (Rambaut, 2009).

Protein functional analysis
For domain and residue analysis, phylogenetic trees were used as a reference to select representative viral and bacterial sequences,

which were then aligned using MAFFT (default parameters). Annotations of functional amino acid residues were labeled according to

the Protein Data Bank (PDB, accessed January 2019) (Berman et al., 2000) with the following identification numbers: 4BZQ and 4BZP

(CysC), 2GOY (CysH), 3ZEI (CysK), 3SWT (TauD), and 1RG9 (MetK). For alignments with no phylogenetic tree, up to five viral se-

quences and five PDB homologs (when available) were randomly selected for all AMGs with abundance of five or greater. The

PDB sequences used for annotation were added to the alignment. N- and C-terminal ends of protein alignments were manually

removed for clarity and gaps were stripped by 90% (for alignments with phylogenetic trees) or 80% (for all others). Residues were

highlighted according to 85% pairwise identity between sequences, excluding sequence gaps. An identity graph, generated by

Geneious, was fitted to the alignment to visualize pairwise identity of 100% (green), 99%–30% (yellow) and 29%–0% (red).

Protein Reactions
Enzymatic reactions, diagrams and pathways were created by referencing KEGG and MetaCyc (v22.6) (Caspi et al., 2012)

annotations.

Viral transcriptomics and growth rates
Publicly available metatranscriptomic data from Lake Mendota, WI was assessed for AMGs by querying annotation names (Linz

et al., 2020). This gene expression data comprises a two-day time series and is accompanied by metagenomic assemblies (IMG

Taxon Object IDs 3300013004 and 3300013005). Metatranscriptomic reads were mapped to a custom, non-redundant database

of freshwater reference data, including the metagenome assemblies; annotations in this study are derived from the annotations of

the reference database. We used read counts normalized to transcripts per liter as the input for our study, and we searched for

AMGs in the metagenomic assemblies as described above.

The growth rate of the cysC-encoding Lake Mendota virus was identified using index of replication (iRep) with default parameters

(Brown et al., 2016). Metagenomic assembly reads used for iRep are available on IMG under the TaxonObject ID 3300013005. Reads

were mapped to the viral genome using Bowtie2 (v2.3.4.1) (Langmead and Salzberg, 2012). GC-skew to indicate rolling circle repli-

cation of the viral genome was likewise completed using the iRep toolkit.

Virus growth and fitness assay
Approximately 108 plaque forming units (PFUs) of Lactococcus phage P087 (approximate multiplicity of infection (MOI) of 1 were

used to infect 1mL of L. lactis C10 which had been brought to an optical density (OD600) of approximately 0.15 in GM17 broth.

For fitness experiments, either vehicle control (water), 10mM Na2S or 100mM Na2S was supplemented to the media at time of infec-

tion. Infections were incubated without agitation at room temperature for approximately three hours. Additional cultures of uninfected

L. lactis C10 with all other variables identical were measured for growth at the endpoint of infections using OD600. To end infections,

L. lactis C10 were spun out of solution at 10,000 rcf. and the supernatant (i.e viral fraction) was removed and cooled to 4�C. Plaque
assays were done using the standard double agar method (Lillehaug, 1997) with diluted viral fraction and L. lactisC10 brought to high

concentration. A 1% bottom agar and 0.4% top agar of GM17 were used, both supplemented with 0.5% glycine and 10mM CaCl2.
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Virus and host cysK qPCR assay
An overnight culture of L. lactisC10 was diluted in GM17 broth to OD 0.08 and grown at 30�C for�2 hours until OD reached 0.15. In a

batch culture 10mM CaCl2 was added. Two different conditions were assayed, each in duplicate (biological replicates): (1) L. lactis

C10 control and (2) L. lactis C10 plus Lactococcus phage P087. For infection conditions, Lactococcus phage P087 was added at a

MOI of 1 (time 0 minutes). RNA was extracted using the PureLink RNA Mini Kit (Ambion) from 500mL of the cellular fraction at 15, 60

and 120 minutes post-infection. RNA was then treated with DNase with the DNase Max Kit (QIAGEN) and converted to cDNA using

the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). qPCR of viral and host cysK was performed using Power

SYBR Green PCR Master Mix (Applied Biosystems) with 7ng of cDNA template and the following primer sets (IDT): L. lactis C10

forward (CCTTCGTTGGCTCTGCTTTG), L. lactis C10 reverse (TGGCATCATCTCCTTTGACCC), Lactococcus phage P087 forward

(CAGAAACTATCGGAAACACACCAC), and Lactococcus phage P087 reverse (TTGAGTGAATGACCTGCTCCA) (Table S10). The

concentration of template cDNA was measured with the Qubit dsDNA BR Assay Kit (Invitrogen). The viral and host cysK sequences

were sufficiently dissimilar in sequence identity (< 60% at the protein level) to allow for accurate distinction by qPCR and the primers

selected.

Mass spectrometry and protein identification
L. lactis C10 was grown without agitation at 30�C in modified M17 broth supplemented with 0.5% glucose (mGM17). mGM17 was

made by adding 1.25 g glucose, 0.625 g tryptone, 1.25 g peptone, 0.125 g yeast extract, 0.125 g ascorbic acid, 0.0626 g anhydrous

magnesium sulfate and 4.75 g disodium glycerophosphate to 250mL deionized water. Approximately 108 PFUs of Lactococcus

phage P087 were used to infect 3mL of L. lactis C10 which had been brought to OD600 of approximately 0.15 and supplemented

with 10mM CaCl2. Infections proceeded to complete lysis without agitation at room temperature for approximately three hours.

To end the infection, L. lactis C10 were spun out of solution at 10,000 rcf. and the supernatant was removed and stored at 4�C.
The supernatant was size fractionated by filtration for the 100kDa to 10kDa size fraction before trypsin solution digestion and analysis

by Long Orbitrap LC/MS/MS (University of Wisconsin-Madison Biotechnology Center).

Genome organization and comparisons
Genome organization was visualized using Geneious Prime. Genes were manually colored by referencing functions according to

NCBI RefSeq or GenBank annotation, or blastp search. Viral genomes in GenBank format were compared and visualized with

EasyFig (v2.2.2) (Sullivan et al., 2011) using the tblastx function. Only tblastx (v2.8.1+) hits with percent identities greater than

30%and e-values less than 0.001 are shown. Remaining analysis parameters were set to default. Circular sequences were visualized

linearly for ease of comparison.

Geographical distributions
IMG Taxon Object ID numbers were used to identify global coordinates of studies in which AMGs were identified. Coordinates were

mapped using Matplotlib’s Basemap (v1.2.0) (Hunter, 2007). Human studies were excluded from coordinate maps.

Host classification
GhostKOALA (v2.0) (Kanehisa et al., 2016) with the ‘‘genus prokaryotes’’ database was used to query all 3,794 AMG-encoded

proteins identified from IMG/VR derived viruses (3,421 annotated and used for taxonomy). To benchmark accuracy of the analysis,

all 282 AMG-encoded proteins identified from NCBI-derived viruses with known hosts were queried in the same manner (278 were

annotated and used for taxonomy) and compared to the taxonomy of hosts.

T7 recombination: cloning
All primers can be found in Table S10. PCR was performed using KAPA HiFi (Roche) for all experiments with the exception of multi-

plex PCR for screening Yeast Artificial Chromosomes (YACs), which was performed using KAPA2G Robust PCR kits (Roche). DNA

purification was performed using EZNA Cycle Pure Kits (Omega Bio-tek) using the centrifugation protocol. YAC extraction was per-

formed using YeaStar Genomic DNA Extraction kits (Zymo Research). All cloning was performed according to manufacturer docu-

mentation except where noted inmethods. PCR reactions using phage as template use 1 mL of undiluted phage stock, with extension

of the 95�C denaturation step to 5 minutes.

Electroporation of YACs was performed using a Bio-rad MicroPulser (165-2100), Ec2 setting (2 mm cuvette, 2.5 kV, 1 pulse) using

50 mL competent cells and 2 mL YACDNA for transformation. Electroporated cells were immediately recoveredwith 950 mL SOC, then

incubated at 37�C for 1 to 1.5 hours and plated or grown in Lb.

E. coli 10G competent cells were made by adding 8 mL overnight 10G cells to 192 mL SOC (with antibiotics as necessary) and

incubating at 21�C and 200 rpm until�OD600 of 0.4 as determined using an Agilent Cary 60 UV-Vis Spectrometer usingmanufacturer

documentation (actual incubation time varies based on antibiotic, typically overnight). Cells are centrifuged at 4�C, 800-1000 g for

20minutes, the supernatant is discarded, and cells are resuspended in 50mL 10%glycerol. Centrifugation andwashing are repeated

three times, then cells are resuspended in a final volume of �1 mL 10% glycerol and are aliquoted and stored at �80�C. Cells are

competent for plasmid and YACs. All primers used in experiments in this publication are listed in supplemental.
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T7 recombination: engineering T7 with cysK
Phages were assembled using YAC rebooting (Ando et al., 2015; Jaschke et al., 2012), which requires yeast transformation of rele-

vant DNA segments, created as follows. A prs415 yeast centromere plasmid was split into three segments by PCR, separating the

centromere and leucine selection marker, which partially limits recircularization and improved assembly efficiency (Kuijpers et al.,

2013). Wild-type T7 segments were made by PCR using wild-type T7 as template. CysK segments were made by colony PCR of

BW25113. CysK was inserted into two locations to create two phage constructs. The first location was replacement of gp1.7 to

establish CysK in early Class II genes. This insertion causes a two amino acid extension (YE) of the immediate 50 gene gp1.6 that

was not anticipated to have an effect on phage viability. The second location was inserted adjacent to gp6.3 to establish CysK in

early class III genes and leverages a copy of phage promoter phi6.5 for expression.

DNA parts were combined together (0.1 pmol/segment) and transformed into S. cerevisiae BY4741 using a high efficiency yeast

transformation protocol (Gietz and Woods, 2002) using SD-Leu selection. After 2-3 days colonies were picked and directly assayed

by multiplex colony PCR to assay assembly. Multiplex PCR interrogated junctions in the YAC construct and was an effective way of

distinguishing correctly assembled YACs. Correctly assembled YACs were purified and transformed into E. coli 10G cells and these

cultures incubated until lysis, after which phages were purified to create the initial phage stock.

T7 recombination: passaging and AMG retention
Either T7D1.7::cysK or T7::cysK phages were added to 5mL exponential phase BW25113 or BW25113DcysK at an estimatedMOI of

10�4 to allow for an estimated three phage passages. After the culture had fully lysed, typically �1 hour and 30 minutes, lysate was

purified and then the titer established by spot assay. This process was then repeated twice for a total of an estimated 9 phage pas-

sages assuming at least 100 phage progeny per host. Phage lysate from the final passage was used as template for sequencing to

determine if the cysK insert remained as the consensus sequence in the phage population. The entire process was repeated in bio-

logical triplicate for both host and phage combinations.

QUANTIFICATION AND STATISTICAL ANALYSIS

Virus growth and fitness
The number of resulting plaques from the growth and fitness assays were normalized to 100% of controls for each experiment. Three

independent experiments with three biological infection replicates and two biological growth replicates each was performed. Further

information of experiments can be found in Method Details below.

Virus and host cysK qPCR
For each replicate of the two conditions assayed both primer sets were used for qPCR. To analyze the qPCR results, the Cq readings

were averaged between the three replicates for each treatment at each time point to obtain a single datapoint per treatment:primer

pair per time point, termed average Cq. Using time point zero for the uninfected L. lactisC10 condition with L. lactisC10 cysK primers

as the baseline control, delta-delta-Cq valueswere calculated by subtracting the control value from the average Cq values. This result

calculates the expression of L. lactis C10 cysK at time point zero to be normalized to zero (delta-delta-Cq of zero). Finally, all delta-

delta-Cq values were transformed using the formula 2-(delta-delta-Cq) (Livak and Schmittgen, 2001). All raw Cq values and normalized

results, including equations, can be found in Table S6. Further information of experiments can be found in Method Details below.
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Figure S1. Distribution of individual AMGs in the environment, related to Figure 2. Global distribution of viral 
populations encoding (A) cysC, (B) cysH, (C) cysK, (D) dcm, (E) metK, (F) tauD or (G) msmA identified on the 
IMG/VR database, color coordinated by environment classification. 
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Figure S2. Amino acid alignments of proteins encoded by AMGs, related to Figure 1 and Table 1. Alignment 
of representative viral and bacterial sequences for all AMGs with abundances greater than five. Viruses are indicated 
by the preface “Phage” followed by their respective IMG Taxon Object ID number. See Table S1 for full genome 
names. Refer to Figurer S4 for phylogeny of the represented sequences for A-E. Highlighted amino acids indicate 
conservation in >85% of sequences shown. Black boxes indicate amino acid residues that are biochemically verified 
as functional according to the given PDB reference sequence. 
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Figure S3. dN/dS ratio calculations for cysK, cysC, cysD, cysH, tauD, msmA, metK, mtmN and luxS AMG 
pairs, related to Figures 1, 4 and 5. Each data point overlaid on the standard box plot represents a single AMG 
pair. The figure was generated using seaborn and matplotlib. 
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Figure S4. Genome and growth statistics of a complete virus identified to express cysC in Lake Mendota, WI, 
related to Figure 6. The (A) GC-skew and (B) index of replication for a complete, circular virus identified in Lake 
Mendota, WI. GC-skew and replication statistics indicate that the virus was actively replicating at time of sampling 
and likely undergoes rolling circle replication.  
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S5. qPCR results of cysK transcript relative abundance for L. lactis C10 and phage P087, related to 
Figure 3. Relative transcript abundance is provided in the normalized 2-ddCq metric. Control is L. lactis C10 (host) 
alone and infection includes host plus phage P087. The times shown are t1 (15 minutes), t2 (60 minutes) and t3 (120 
minutes), each in duplicate. 
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Figure S6. Phylogeny of viral AMG encoded protein sequences, related to Figures 1, 4 and 5. (A) Phylogenetic 
tree for CysH of complete viruses with known bacterial hosts. Viruses are in red and bacteria are in black, and 
proteins with an additional DUF4440 domain are highlighted in blue. Bacteria with multiple copies of cysH are 
appended with a letter (“A” through “D”). Refer to Table S1 for virus-host associations. Also shown are 
phylogenetic trees of uncultivated viruses with bacterial homologs and select cultivated viruses for (B) CysH (red 
and green highlighting refers to putative virus-host associations; compressed blue clade contains 36 viruses and 89 
bacteria from several phyla), (C) CysC, (D) CysK (yellow highlighting refers to known virus-host associations), (E) 
TauD and (F) MetK. For trees (B-F) colored names refer to viruses (black), Bacteroidetes and other members of the 
FCB superphylum (red), Cyanobacteria (cyan), Verrucomicrobia and Planctomycetes and other members of the 
PVC superphylum (purple), Actinobacteria (yellow), and all other phyla in orange. For all trees, bootstrap values 
greater than 60 are shown, orange highlighting indicates respective genomes used for comparative genomics (see 
Figures 4 and S6), and arrows indicate sequences used for protein alignments (see Figure S2). 
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Figure S7.  Genome comparisons of viruses encoding AMGs, related to Figures 4 and 5. (A) genome 
alignments of incomplete viruses and complete Streptococcus pneumoniae viruses encoding dcm (pink), (B) genome 
alignments of incomplete viruses encoding metK (pink), (C) genome organization of linear and circular complete 
viral genomes that encode cysH, (D) genome alignments of complete Bacillus cereus viruses encoding cysH (pink), 
and (E) genome alignments of complete Streptococcus suis viruses encoding metK (yellow) and dcm (pink). For 
genome alignments, predicted open readings frames are annotated by dark blue arrows and genomes are connected 
with lines according to tblastx identity. Refer to Figure S6 for phylogeny of AMGs for (B) and (D) (orange 
highlighting). For the genome organizations, arrows indicate open reading frames and are annotated by general 
function: virion structural assembly (green), auxiliary metabolism and general functions (red), nucleotide 
metabolism and genome replication (blue), lysis (orange) and unknown function (yellow). Pink stars indicate the 
location of cysH. Refer to Table S1 for virus details. 
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