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Abstract
Little is known about viruses in oxygen-deficient water columns (ODWCs). In surface ocean waters, viruses are known to
act as gene vectors among susceptible hosts. Some of these genes may have metabolic functions and are thus termed
auxiliary metabolic genes (AMGs). AMGs introduced to new hosts by viruses can enhance viral replication and/or
potentially affect biogeochemical cycles by modulating key microbial pathways. Here we identify 748 viral populations that
cluster into 94 genera along a vertical geochemical gradient in the Cariaco Basin, a permanently stratified and euxinic ocean
basin. The viral communities in this ODWC appear to be relatively novel as 80 of these viral genera contained no reference
viral sequences, likely due to the isolation and unique features of this system. We identify viral elements that encode AMGs
implicated in distinctive processes, such as sulfur cycling, acetate fermentation, signal transduction, [Fe–S] formation, and
N-glycosylation. These AMG-encoding viruses include two putative Mu-like viruses, and viral-like regions that may
constitute degraded prophages that have been modified by transposable elements. Our results provide an insight into the
ecological and biogeochemical impact of viruses oxygen-depleted and euxinic habitats.

Introduction

Viruses are known to play key roles in the biogeochemistry
of the global ocean by influencing nutrient cycling,
respiration, particle sinking rates, biodiversity, and transfer
of genetic information [1, 2]. Bacterial mortality due to viral
infection in marine environments varies spatiotemporally
and estimates lie between 10 and 50% of total mortality [2].
Viral infections can exert controls on species composition
and activities of microorganisms [3] and can indirectly
influence microbial metabolic fluxes, energy homeostasis,
and metabolic reprogramming of the host cells [4]. For
example, cyanoviruses have auxiliary metabolic genes
(AMGs) that encode for core photosynthetic reaction cen-
ters [5] and these genes are expressed during infection to
boost photosynthesis and increase viral abundance [6].
Virus-encoded AMGs are known to include genes involved
with nearly all of central carbon metabolism [7], nitrogen
[8], phosphorus [9] and sulfur cycling [10, 11], nucleotide
metabolism [12–14], oxidative stress responses [15] and
methane oxidation [16]. Even degraded prophages can
reprogram metabolisms through altered gene regulation at
the phage integration site [17] or by horizontal gene transfer
enabling niche expansion among susceptible hosts [1]. Due

These authors contributed equally: Paraskevi Mara, Dean Vik

* Virginia P. Edgcomb
vedgcomb@whoi.edu

1 Geology and Geophysics Department, Woods Hole
Oceanographic Institution, Woods Hole, MA 02543, USA

2 Department of Microbiology, The Ohio State University,
Columbus, OH 43210, USA

3 Biology Department, Woods Hole Oceanographic Institution,
Woods Hole, MA 02543, USA

4 Biology, Chemistry, and Environmental Studies Department,
Molloy College, Rockville Centre, NY 11571, USA

5 Department of Ecology and Evolutionary Biology, University of
Arizona, Tucson, AZ 85716, USA

6 School of Marine & Atmospheric Sciences, Stony Brook
University, Stony Brook, NY 11794, USA

7 Department of Civil, Environmental and Geodetic Engineering,
The Ohio State University, Columbus, OH 43210, USA

Supplementary information The online version of this article (https://
doi.org/10.1038/s41396-020-00739-3) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-020-00739-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-020-00739-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-020-00739-3&domain=pdf
http://orcid.org/0000-0003-0072-0238
http://orcid.org/0000-0003-0072-0238
http://orcid.org/0000-0003-0072-0238
http://orcid.org/0000-0003-0072-0238
http://orcid.org/0000-0003-0072-0238
http://orcid.org/0000-0002-7546-899X
http://orcid.org/0000-0002-7546-899X
http://orcid.org/0000-0002-7546-899X
http://orcid.org/0000-0002-7546-899X
http://orcid.org/0000-0002-7546-899X
http://orcid.org/0000-0003-2684-7501
http://orcid.org/0000-0003-2684-7501
http://orcid.org/0000-0003-2684-7501
http://orcid.org/0000-0003-2684-7501
http://orcid.org/0000-0003-2684-7501
http://orcid.org/0000-0001-7520-3249
http://orcid.org/0000-0001-7520-3249
http://orcid.org/0000-0001-7520-3249
http://orcid.org/0000-0001-7520-3249
http://orcid.org/0000-0001-7520-3249
http://orcid.org/0000-0002-6925-7571
http://orcid.org/0000-0002-6925-7571
http://orcid.org/0000-0002-6925-7571
http://orcid.org/0000-0002-6925-7571
http://orcid.org/0000-0002-6925-7571
http://orcid.org/0000-0001-6805-381X
http://orcid.org/0000-0001-6805-381X
http://orcid.org/0000-0001-6805-381X
http://orcid.org/0000-0001-6805-381X
http://orcid.org/0000-0001-6805-381X
mailto:vedgcomb@whoi.edu
https://doi.org/10.1038/s41396-020-00739-3
https://doi.org/10.1038/s41396-020-00739-3


to high energy costs, selection pressures, and physiological
constraints, it is presumed that only maintain the most
beneficial AMGs would persist in viral populations [18].

We know little about the ecology of viruses below the
epipelagic zone, particularly in oxygen-deficient water
columns (ODWCs). However, a few biochemically relevant
AMGs have been identified in ODWCs, including an
archaeal virus-encoded ammonia monooxygenase (amoC)
and a SUP05 phage-encoded dissimilatory sulfite reductase
subunit C gene (dsrC), among others [8, 19]. Redoxclines,
or transitional zones between oxygenated and anoxic
waters, provide a continuum of biologically important
electron donors and acceptors, creating a diverse microbial
niche space [20, 21], often harboring unique and low
diversity viral communities with numerous endemic mem-
bers [19, 22]. ODWCs are expanding and intensifying
worldwide [23], and thus it is critical to understand how
these changes shape microbial and viral populations and
their activities.

The Cariaco Basin on the Venezuelan continental
margin exhibits physically and chemically stratified
waters below the mixed layer (<80 m) [24, 25]. The
redoxcline extends from ~200 m down to ~250–350 m
depth; below which the water becomes euxinic, with
sulfide concentrations approaching 80 µM near the basin
floor [26, 27]. Its bottom waters have remained anoxic and
sulfidic for the past ~12,600 years [28]. Biogeochemical
evidence suggests the deep euxinic zone harbors a pre-
dominantly heterotrophic microbial community, poten-
tially involved in nitrogen and sulfur metabolism, and
likely supported by fermentation, sulfur reduction, and
methane metabolism [29–31]. Here, we explore the
diversity of viruses detected in Cariaco Basin, as well as
the variety of genetic elements detected within viral
metagenomes prepared from water samples collected
through the water column (ranging from fully oxygenated
to euxinic) that may play roles in shaping prokaryotic
metabolic activities.

Materials and methods

Water sampling

Hydrographic data and seawater samples from six depths at
the Cariaco Basin Ocean Time-Series station (10.51°N,
64.67°W) were collected during CAR216_2 (6–7 Novem-
ber 2014) aboard the R/V Hermano Gínes. Hydrographic
data for samples discussed are presented in Fig. 1 and
Supplementary Table 1.

Depths sampled coincide with those targeted for pre-
vious studies of microbial communities (e.g., [32]).
Sample collection, processing, and data treatment for O2,

H2S, nutrients, microbial activity measurements and
microscopic counts of prokaryotes and virus-like particles
(VLPs) were performed as described in [33, 34]. Details
on water sampling are provided as Supplementary
Methods.

For the collection of VLPs, cells and particles were first
removed by pre-filtering 10–18 L of seawater through a
0.22 μm Sterivex filter, retaining only the filtrate. Viral
particles were then concentrated by FeCl3 flocculation,
removed from suspension by filtration on a 142-mm dia-
meter 1.0-μm polycarbonate membrane, and stored at 4 °C
until further processing [35] (see Supplementary informa-
tion for details).

Virome processing and assembly

All bioinformatic analysis were conducted using the Ohio
Supercomputer Center [36]. Viral particle metagenomes
were prepared from oxic, redoxcline, and euxinic samples
(Supplementary Table 1) according to methods in [37]. See
full details in Supplementary Methods. The viral sequen-
cing data were deposited in Sequence Read Archive (SRA),
accession numbers: 148 m PRJNA375242 and PRJ
NA375241, 200 m PRJNA365439, 237 m PRJNA375245,
247 m PRJNA375239, 267 m PRJNA405926, 900 m
PRJNA375240. Reads were quality trimmed with Trim-
momatic v.0.33 to remove the Nextera adapters, low quality
leading and trailing sequences, regions with a Phred score
lower than 20 in a sliding window of 4 bp, and reads shorter
than 50 bp [38]. Sequences from the two filters prepared
from 148 m were co-assembled. Quality controlled reads for
individual samples were assembled using Spades 3.11.1
with default settings and k-mer lengths of 21, 33, 55, and 77
nucleotides [39]. Contigs relevant to the data presented in
this paper are deposited on Xenodo (temporary https://doi.
org/10.5281/zenodo.3801713).

Reference and environmental viruses were selected for
genome comparison with the AMG-encoding viruses by
identifying those that fell into the same VconTact viral
genera or those with the lowest e-value and/or highest
number of BLASTp alignments using the RefSeq virus
database with an e-value threshold of <0.0001. Genome
alignments were then conducted by first creating Gen-
Bank files for each virus using Prokka v1.13 with the
“–kingdom Viruses” option, which implements Prodigal
for ORF prediction. Coding sequences (CDS) were then
aligned between each virus using BLASTp as imple-
mented by the Easyfig software version 2.2.2 [40] with a
BLASTp e-value threshold of 0.0001. To determine
whether AMGs on the flanking edges of a viral contig
were part of the phage genome, DNA termini were pre-
dicted using PhageTerm and default settings [41]. AttL,
attR, and putative prophage regions were predicted using
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PHASTER to provide additional lines of evidence to
support the identification of viral genome boundaries. The
read QC and assembly practices implemented in this study
have been recently benchmarked by Roux et al. [42] who
showed that assemblies >500 bp created by MetaS-
PADES, using quality-filtered reads, would result in a less
than 2% chimeric or mis-assembly rate. This rate of
assembly error is even lower for contigs with assembly
coverage values higher than 5× which is the threshold
applied to our data.

Microbial metagenomes

Microbial metagenomes were prepared as described in [32].
See full details in Supplementary Methods. Microbial
metagenome data were deposited in SRA, accession number
PRJNA326482.

Viral identification and annotation of viral and
microbial genes

To identify viral sequences and to separate those from
possible contaminating microbial sequences, we used a
combination of four tools; VirSorter, VirFinder, Contig
Annotation Tool (CAT) and PHASTER [43–46]. Viruses
were identified here as in [47] with slight modification as
follows. High confidence viruses were defined here as those
in VirSorter categories 1 or 2 and those with a VirFinder
score greater than 0.9 [43, 44]. Medium confidence viruses
were those that were only identified by VirSorter or Vir-
Finder, were predicted to be prophages by VirSorter (cate-
gories 4–6) and validated by PHASTER, or were identified
in VirSorter’s category 3 and VirFinder with a score
between 0.7 and 0.9 and were further validated to be viral
by CAT [43–46]. Viral populations were established by

Fig. 1 Biogeochemical data for the cruise when virome samples
were collected (CAR216_2, left panel, 6–7 November 2014) and
additional data collected 3 days later during cruise CAR216_3
(right panel, 10–11 November 2014). Virome samples were collected
from casts 2 to 4 during CAR216_2 (left panel). Corresponding
oxygen concentrations for the two casts from CTD sensors are pre-
sented as black lines and gray lines, respectively. Abundances of VLPs
and prokaryotes from individual samples as measured by microscopy
are presented as unfilled circles and filled triangles, respectively. Error

bars for VLPs and prokaryotes represent the standard errors derived
from counting multiple grids on the same filter. Average VLP (long-
dashed line) and prokaryote (dotted line) abundances were calculated
for duplicate samples. Additional samples were collected 3 days later
during CAR216_3 for sulfide (gray dots), ammonia (black squares),
and nitrate (black circles) (right panel). During CAR216_3 CTD
oxygen profiles were similar (black line). Error bars for sulfide
represent standard error among analytical triplicates from single pre-
served samples.
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clustering the contigs larger than 5 kbp at 95% average
nucleotide identity over 80% of the shortest sequence using
nucmer from the MUMmer 3.23 package [48]. The longest
sequence in each cluster was used as the representative
sequence of the population. Viral ORFs were predicted
using Prodigal version 2.6.3 with the -p meta options [49].
Functional annotations for both viral populations and
microbial contigs were provided as in [50] (see also Sup-
plementary Methods).

Putative AMG validation

Conserved domains and active sites of AMGs were identi-
fied using the NCBI conserved domain search (https://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), and an e-value
threshold of 0.001 (Supplementary Table 2). Noncoding
intergenic regions (IGRs) and promoters were predicted
using a python script (https://github.com/SBRG/sbaas/blob/
master/sbaas/resources/get_interregions.py, [51] and the
BPROM software [52, 53] (Supplementary Table 2).
Descriptions of protein domains as well as protein structural
homology of all viral elements were identified using the
PROSITE database [54] and Phyre2 [55], respectively
(Supplementary Table 2; Supplementary Methods).

Known viruses were identified by blastp against the
RefSeq virus database using an e-value threshold of
<0.0001. The reference virus represented by either the
lowest e-value or highest number of alignments was
selected for comparison with the AMG-encoding viruses.
To determine whether AMGs on the flanking edges of a
viral contig were part of the phage genome, DNA termini
were predicted using PhageTerm and default settings [41].
AttL and attR sites predicted by PHASTER along with the
PHASTER predicted prophage regions were used as addi-
tional lines of evidence to support the identification of viral
genome boundaries. Genbank files for each contig encoding
a viral element were created using Prokka v1.13 with the
–kingdom Viruses option. CDS were visualized using
Easyfig version 2.2.2 [40].

Ecological analyses of viral data

Viral populations present in the Cariaco Basin, but not
recovered by the assemblies were identified by recruiting
the Cariaco Basin paired and non-paired end reads to the
488 k viral populations larger than 5 kb identified in the
Tara Oceans dataset [47]. Coverage values were only
retained for contigs which recruited reads to over 75% of
the contig at a read identity of 95% over 90% of the read.
These coverage values were then normalized by metagen-
ome size and contig length to derive a proxy for relative
abundance, which in turn was used to evaluate the local and
global distributions of the identified viral populations

(Fig. 2). Expanded details are described in Supplementary
Methods.

The degree of sample saturation for the Cariaco Basin
samples was calculated in R version 3.4.4 with the R spe-
caccum package using 100 permutations and the jackknife 2
richness estimator (Supplementary Fig. 1) [56]. Nonmetric
multidimensional scaling ordinations of the samples used
Bray–Curtis dissimilarities to discern relationships among
samples based on viral relative abundances (Supplementary
Fig. 2) [56]. Cariaco viromes were hierarchically clustered
alone and then together with the second Global Oceans
Virome from the Tara Oceans datasets (GOV2.0) using the
R package pvclust [57] and Manhattan distances with 100
permutations (Fig. 2). The distribution of identified viruses
was plotted using the R package heatmap3 (Fig. 2).

Viral taxonomic assignments

Genus scale taxonomic assignments were applied to iden-
tified viral populations larger than 10kbp using Vcon-
TACT2 [58]. Viral ORFs along with a text file linking each
ORF to a contig were uploaded to VconTACT2. NCBI
RefSeq v.85 was used to classify specific viral genera.
Specific connections and taxonomic affiliations are avail-
able in Supplementary Table 3.

Results and discussion

Viral particle abundances tracked prokaryotic abundance
through the Cariaco water column with greatest abundances
at 148 m and within the redoxcline (~237–267 m depth,
Fig. 1; Supplementary Table 1). From all six samples we
sequenced a total of 1.5 M reads, 2 orders of magnitude
more sequencing depth than previously derived from any
other ODWC viromes [22] and ~70% of sample sequencing
depth for recent surface ocean viromes [11, 47]. From these
samples we identify 2232 high and medium confidence viral
sequences larger than 1.5 kbp (See Supplementary infor-
mation for details).

Taxonomic clustering of viral sequence space into
species-level delineations, designated as populations, is well
established by gene flow studies and population genetics
theory [47, 59–61] (See Supplementary Information for
expanded discussion). Viral populations are defined as viral
sequences that cluster at 95% identity over 80% of the
shorter sequence and are larger than 5 kbp [47]. From the
Cariaco Basin viromes, 150 million quality trimmed reads
were recovered which assembled into nearly 1 million
contigs. Viral identification and population-scale clustering
as defined above yielded only 2232 clustered viral
sequences with only 647 larger than 5 kb, thus meeting the
requirements to be termed populations representing distinct
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ecological units (Supplementary Fig. 3; Supplementary
Table 4). Comparable community-based viral species
counts from other ODWCs are not currently available.
However, the number of populations we recovered is ~25%
of the number of populations recovered from other viromes
in the surface ocean [47]. By recruiting Cariaco reads to the
Global Ocean Viromes (GOV) 2.0 dataset [47] we detected
an additional 101 viral populations. In total, we recovered
748 viral populations, which recruited on average, 3%
(range 0.7–6.5%) of the reads from the pooled Cariaco
Basin viromes, with the remaining reads being not detec-
tably viral, possibly representing cellular contamination or
novel viruses that failed to assemble (Supplementary

Tables 4 and 5). This is consistent with other ocean virome
studies [7, 62], but lower than what was achieved by two
generations of Tara Oceans virome analyses [11, 47]. The
proportion of viral reads in each sample may reflect a viral
community comprised of viruses unique to the Cariaco
Basin and possibly to other ODWCs (Supplementary Fig. 3;
Supplementary Table 4). Read recruitment to all phage
sequences described below also reveals generally consistent
coverage across all phages (unless otherwise noted), indi-
cating no assembly error. Host predictions for the recovered
viral populations were attempted using k-mer frequency
comparisons, CRISPR spacer matches, and tRNA compar-
isons, however, no statistically robust results were obtained.

0 5 10 15

Cariaco Basin/GOV shared viruses
Sam

ples

Viral Relative Abundance

Cariaco Redoxcline

Cariaco Oxic

Cariaco Euxinic

GOV Surface

GOV DCM
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GOV OMZ

Cariaco Basin
GOV
GOV polar 

Fig. 2 Hierarchical clustering of the normalized relative abun-
dances of viral populations across each as identified in the Tara
Oceans dataset. Each row represents an individual virome, labeled
with the sample name, depth and oceanographic feature. Each column

represents an individual viral population (≥5 kbp), where the normal-
ized relative abundance values (ln transformed) are shown in grays-
cale. Samples from Cariaco Basin are labeled in red.
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A gene-sharing network analysis identified 94 viral
genera comprised of 313 viral populations with 116 outliers
(assigned to a cluster but sharing relatively fewer proteins),
and 319 singletons (Supplementary Table 3). Of the 94
clustered viral genera, 14 were associated with bacter-
iophages infecting Cellulophaga, Acinetobacter, and
Pseudomonas, bacteria detected in 16S rRNA libraries from
the same water samples [32] and 80 had no known reference
viruses and represent novel viruses (Supplementary
Table 3). The AMG-containing viral contigs likely repre-
sent novel viruses at a level greater than genus because of
their lack of clustering in the gene-sharing network analysis,
and we cannot evaluate them further using marker genes as
these contigs lack such marker genes.

Of the 748 Cariaco populations, 219 were also found in the
Tara Oceans dataset, and 529 appeared to be present only in
Cariaco Basin indicating a relatively high degree of endemism
among the identified viral populations (Supplementary
Table 5). Of the viral sequences endemic to Cariaco, 217 were
only detected in anoxic habitats with 177 of these being
exclusively found in the euxinic zone, 28 only detected in the
anoxic redoxcline, 11 found in both the redoxcline and
euxinic zone, and 53 populations had near undetectable
abundances, limiting inference on their distribution. Among
the 219 populations shared with the Tara Oceans dataset, 122
were also shared only among the oxygenated habitats in the
Cariaco Basin indicating a more cosmopolitan lifestyle for
these populations. Only nine populations shared with the Tara
Oceans dataset were found to be exclusive to the euxinic zone
in Cariaco Basin. These nine populations were also found in
27 Tara Oceans stations, 26 of which were from “Tara Polar”
which encompasses samples from within the Arctic circle and
one from the ODWC in the Arabian Sea (Supplementary
Table 5).

While hierarchical clustering is challenging with low
sample saturation, observed clustering between our samples
and those from the Tara Oceans GOV2.0 dataset are likely
driven by nitrate and oxygen concentrations (samples from
200 to 237 m depth with Tara Oceans station 38_MES)
and low species richness and alpha diversity (sample from
267 m with Tara Oceans station 32_DCM) [47]. Two of our
samples (247 and 900 m) do not cluster with any other
sample, likely reflecting novel communities, however low
sampling saturation should be taken into consideration
(Fig. 2).

Sample saturation analyses based upon accumulation
curves imply the bulk of the viral community in each
sample remains unidentified with a >38% new population
detection rate in the final random subsampling (Supple-
mentary Fig. 1). Relative population composition and
abundance displayed a high degree of evenness (Pielou’s J
0.997–0.999) indicating a low proportion of dominant
populations in each sample. The highest observed species

richness and alpha diversity were found in the euxinic zone
at 900 m, followed by the redoxcline samples from 237 m,
oxic sample from 200 m, the redoxcline samples from 247
m, the oxic sample at 148 m, and finally the redoxcline
sample from 267 m (Supplementary Table 4). These indices
must be interpreted with caution because diversity estimates
are heavily influenced by the degree of sample saturation
and sequencing depth (Supplementary Figs. 1 and 3) [63].
Nonetheless, results are roughly similar to those for bacteria
and archaea in Cariaco [32] where diversity was highest in
oxic and euxinic samples and lowest in the redoxcline,
suggesting viral diversity might be driven by the diversity
of microbial hosts. Ordination analysis with Bray–Curtis
dissimilarities revealed no statistically significant patterns
among distributions of viral groups from different samples.
The only exception was a very tight association between
237 and 247 m samples (Supplementary Fig. 2).

Composition of viral populations in the Cariaco Basin
relative to the GOV 2.0 dataset appears to include groups
that are similar to those found in other deep ocean regions
around the world, but also groups in its anoxic and euxinic
waters not detected previously. This is likely due in part to
under-sampling of euxinic waters globally, so it would be
premature to draw conclusions about the novelty of Car-
iaco’s viral community. We focus further attention on the
genetic content of the viral populations we detected.

Potential auxiliary metabolic genes (AMGs)

Marine viruses were found to encode metabolic genes of
host origin which may be retained in the viral genome if
they enhance production of new viruses by bolstering
metabolism of their hosts [1, 7, 64]. Viral metagenomes
from the surface and upper oxycline of the Eastern Tropical
South Pacific (ETSP) ODWC contained bacterial genes
involved in many metabolic processes [22]. Metabolic
genes in viral communities may alleviate efficiency bottle-
necks in the metabolisms of infected hosts. Evidence for
this comes from viruses mined from SUP05 genomes from
the Saanich inlet coastal ODWC which encode bacterial
genes involved in phosphate, nitrogen, and sulfur metabo-
lism [19]. Viruses identified in the Cariaco Basin carried
genes implicated in biochemical pathways that were
expected to be active at several or all depths (Fig. 3, Sup-
plementary Table 2). By examining gene content and
organization within the Cariaco viromes, we predict whe-
ther these elements are probable AMGs.

Assimilatory phosphoadenosine 5′ phosphosulfate
(PAPS) reductase

PAPS reductase is an enzyme in sulfur metabolism and was
detected in almost all our viromes except the oxic sample at
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148 m, with the greatest diversity of PAPS reductase
domains detected at 900m. We identified nine viral contigs
encoding PAPS reductase genes (Supplementary Table 2),
three of which cluster into distinct viral genera with four
other viral populations, and six that are classified as sin-
gletons or outliers in our gene-sharing network analysis.
Each of the PAPS reductases encoding contigs contained
clear viral genes indicating a true viral origin for the PAPS
gene. The best representative of these viruses is shown in
Fig. 4. Both VirSorter and PHASTER place the PAPS
reductase encoding genes within the interior of the viral
genome. However, no attL/R sites or termini regions were
identifiable, indicating incomplete viral genome recovery.

All representative PAPS reductase genes bear the
expected conserved domain and structural configuration of
PAPS reductase (Supplementary Table 2) that assimilates
sulfates for two essential amino acids (methionine and

cysteine) in both aerobic and anaerobic organisms [65]. See
Supplementary Information for discussion of PAPS con-
served domain and structural homologies.

In microbial metagenomes from water samples collected
concurrently with virome samples, we found PAPS reduc-
tase genes. However, only one gene from Clostridiales was
closely related to a viral PAPS. This suggests multiple
origins and/or evolutionary histories of the viral PAPS
reductase sequences in the Cariaco Basin.

The PAPS reductase detected in our Cariaco viromes is
the first detected putative AMG directly involved in
assimilatory sulfur metabolism linked to amino acid bio-
synthesis. A study of Sulfurimonas concluded that PAPS
reductase provides metabolic scope to adapt to variable
redox conditions [66]. We hypothesize that PAPS reductase
can enhance biosynthesis of methionine and cysteine for
protein synthesis. Additionally, in the Cariaco Basin’s

Fig. 4 Genome map of the putative PAPS AMGs. Genome map of
the two representative PAPS reductase encoding viruses, displaying
the AMG of interest in purple, genes observed in other viromes as

indicated by VirSorter in orange, and non-phage like or uncharacter-
ized genes in teal.

148m

200m

237m

247m

267m

900m

0 100 200 300 400 500 600 700 800 900 1000

nitrogen fixation protein (NifU)
diguanylate cyclase (DGC)
UDP-sulfoquinovose synthase (UDP-SQ) 
acetate kinase (Ack)
phosphate acetyltransferase (Pta)
phosphoadenosine phosphosulfate reductase (PAPS reductase)

Viral population relative abundance

D
ep

th
 (m

)

Encoded AMG

Fig. 3 Viral population relative abundance of AMGs along the
water column in the Cariaco Basin. Relative abundance of AMG-
encoding viral populations (coverage values normalized by

metagenome size and contig length) detected in viromes from different
depths along the water column in the Cariaco Basin.
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euxinic interior, where sources of labile carbon are limited,
bacteria can benefit by fermenting amino acids produced
from intermediate products (e.g., pyruvate) of methionine
and cysteine degradation. Thus, we hypothesize that PAPS
reductase enhances the metabolic flexibility of this sulfur-
driven microbial food web.

AMGs from Mu-like phages

Mu-like phages represent an intriguing example of viruses
that can persist through replicative transposition within the
host genome [67–69]. Multiple Mu-like phages have pre-
viously been resolved that include 0.5–3 kb of host DNA
covalently bound to the edges of their genome during
headful packaging [70–72]. Thus, Mu-like viruses can
acquire and mobilize host genes among susceptible hosts
[73, 74]. Distinguishing host gene acquisition from ran-
domly packaged host genomic material carried by Mu-like
viruses is challenging. Typically, randomly packaged host
genes will be discarded, and are not likely to be detected by
population-scale metagenomic screens. However, genes

may be maintained in the viral population if they provide a
selective advantage [75]. Identification of host metabolic
genes in the interior of a phage genome representing a
population-scale cluster of viral contigs would provide
evidence for the maintenance of such genes.

We identified two probable Mu-like phages encoding
putative AMGs involved in signaling pathways and N-
glycosylation (Fig. 5). Both share a high degree of syntenic
arrangement with Bacteriophage Mu along with numerous
short homologous regions (BLASTp e-value <0.0001). While
each of these short homologous regions is not individually
compelling, the number of these hits, the proportion of genes
annotated as Mu-like, and the syntenic arrangement of these
genes suggests that these may be novel Mu-like viruses. The
first Mu-like virus, encoding diguanylate cyclase (DGC)
involved in signaling pathways, was found in the sample from
267m where it comprised ~2% of the total observed viral
community and was 76% as abundant as the most abundant
population (Fig. 3 and extended discussion in Supplementary
Information). We detected a second Mu-like virus encoding a
putative UDP-sulfoquinovose synthase, in euxinic waters at
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Fig. 5 Genome maps of the probable Mu-like phage AMGs. The
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900m where it was less than 1% of the total community and
55% as abundant as the most abundant population (Fig. 3).
Each of these viruses encode diagnostic Mu-like proteins,
including Mu-like major capsid and morphogenesis proteins.
Other genes, with non-viral homology include multiple
uncharacterized proteins, an ATP dependent clp protease, and
transposon B, with the last two being cellular genes that have
been shown to play a role in Mu-like virus activation [76].
One of these Mu-like viruses, encodes the cellular Clp pro-
tease, DCG, and the phage c repressor at the edge of the viral
contig, drawing into question whether the DCG is part of the
phage or host genome. However, this region, spanning both
cellular and phage genes, had consistent coverage
(albeit higher than the rest of the sequence) which in com-
bination with the lack of an identifiable att site and the pre-
sence of a promoter upstream of the DCG, are indicative of a
contiguous region without a phage genome boundary. The
higher coverage of this region is likely due to our population-
scale clustering, allowing reads from different subpopulations
to accumulate on the representative contig. The high degree of
similarity with bacteriophage Mu and the presence of Mu-like
transposases, along with other proteins important for Mu
activation, suggest that these phages are indeed Mu-like rather
than degraded prophage regions encoding a non-phage
transposable element. A third Mu-like virus was identified
in the 900m sample, but did not encode any detectable
AMGs (see Supplementary Information).

Diguanylate cyclase

DGCs have been detected in viromes from the Pacific
Ocean and linked to signal transduction mechanisms [77].
Genes associated with cell signaling were also detected in
viromes from the surface and oxycline waters of the ETSP
ODWC [22], and in cultivated viral isolates [78]. Selective
pressure may exist to retain DGC genes in viral elements
since they can enhance rates of conjugative plasmid transfer
in anaerobic bacterial strains via the production of the
secondary messenger cyclic diguanylate (c-di-GMP) [79].
This could enhance host fitness in ODWCs by increasing
gene transfer. c-di-GMP is a signaling molecule that also
induces biofilm formation [80]. Since particle-associated
microbes play an important role in the Cariaco water col-
umn [32, 81], viral-encoded DGCs may enhance signal
transduction involved in biofilm formation. See Supple-
mentary Information for discussion of viral-encoded DCG
function and structural homology.

UDP-sulfoquinovose synthase

Viral elements related to glycosylation pathways may
contribute to viral fitness by increasing host protein stability
or by increasing production of intermediate substrates (e.g.,

oligosaccharides) [82] that can be utilized by hosts in the
euxinic interior of Cariaco Basin. Elevated hydrostatic
pressure, much like temperature, can cause protein transi-
tions between native and unfolded states [83].
N-glycosylation was found to decrease dynamic fluctuation
of proteins and to increase stability [84]. See Supplementary
Information for discussion of viral-encoded UDP-SQ
function and structural homology.

Genes related to N-linked glycosylation are encoded in
almost all archaeal genomes obtained to date, and in a small
number of bacterial species [85]. N-glycosylation is a
common posttranslational modification that promotes and
regulates protein folding [86] and is considered essential for
maintaining cell integrity under extremes of temperature,
pH, salinity as well as other physical challenges [87].
N-glycosylation in bacteria, is related to protein thermo-
stability in extreme environments, such as hydrothermal
vents [85]. We hypothesize that viral-induced changes in
host N-glycosylation pathways via this viral-borne UDP-SQ
AMG may improve viral fitness by enhancing host protein
stability under the pressures encountered at 900 m in the
Cariaco Basin.

Other phage-related viral elements detected in the
cariaco basin

Acetate metabolism

Viral elements related to acetate metabolism were detected
from Cariaco’s oxycline at 200 m. One viral contig, pre-
dicted by PHASTER to be a complete prophage bounded by
both attL and attR sites, encoded both an adenine phos-
phoribosyltransferase (Pta) and an acetate kinase (Ack)
(Fig. 6). The Ack/Pta pathway mediates acetate fermentation
[88] and is the major regulator of the acetyl-phosphate levels
which control protein acetylation in bacteria [89]. Both
genes were adjacent to each other on the contig. The contig
also encodes 28 additional phage-like genes including
multiple hallmark genes and aligned with Vibrio phage ×29
(NC_024369), suggesting a viral origin (Fig. 6). This phage
may have picked up cellular genes on one end of this contig,
such as the chaperonins GroES and EL. However, both
phages and archaeal viruses are also known to encode cha-
peronins to assist in structural protein folding during infec-
tion when the expression of these genes is high [90–93].

The potential importance of acetate as a carbon source in
the Cariaco Basin is intriguing, as acetate cycling has been
shown to vary seasonally and vertically [94]. Observed
acetate uptake rate constants were highest in the euphotic
zone and at the suboxic–anoxic boundary (0.03–1.4 d−1)
and diminished below 400 m (<0.01 d−1) [94]. Para-
doxically, the Pta and Ack genes on viral contigs were only
detected in our viromes from 200 m. Acetate is typically
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released to the environment by fermentative bacteria which
are not expected to be active where oxygen is still present.
However, enriched acetate concentrations have been
observed in Cariaco oxic waters between 200 and 300 m on
multiple occasions [94]. Particle-associated anoxic micro-
environments in this layer may be conducive to fermenta-
tion and acetate release [32]. We hypothesize Ack and Pta
genes on viral contigs may influence host metabolism in
Cariaco waters by altering host metabolic flux and energy
homeostasis or by increasing the pool of available acetyl
phosphate and thus rates of acetyl phosphate-dependent
acetylation. Both may lead to increased viral fitness by
providing additional ATP and can support use of alternative
carbon sources [7].

Iron–sulfur cluster formation

AMGs related to the iron–sulfur cluster and sulfur mobili-
zation [Fe–S] formation systems have been previously
described in viromes from the Pacific Ocean’s photic zone
[77] and from the Global Ocean Survey data sets [95],
suggesting that supporting host electron transfer enhances
viral replication success. In the nitrogen fixation (NIF)
system, NifU and NifS work in concert to synthesize the
oxygen-sensitive [Fe–S] clusters required for the activation

of nitrogenase [96] and are also involved in the biosynthesis
of the iron–molybdenum (Fe–Mo) cofactor [97].

Two viral contigs found in samples from 148 and 900 m
encoded a putative NifU gene (Supplementary Table 2).
The shorter of these contigs only encoded six genes. Two of
these genes were similar to those in Pelagibacter phages,
but there was little other support for a viral origin of this
population. On the larger of these contigs, the nifU gene
was located in the center of the contig and was surrounded
by both phage-like and bacterial genes (Fig. 7). This NifU
gene also contains an NifU conserved domain and shares
secondary structural homology with described NifU-C
domains (91.3% confidence, 30%ID) (Supplementary
Table 2). Of the 74 predicted proteins, 18 were observed in
other viruses. This contig encodes at least one viral tail fiber
protein and a phage-like HIRAN domain (Fig. 7). HIRAN
domains are DNA-binding domains that recognize DNA
damage and stalled replication forks [98]. Although they
have been identified in phages, their function in phages
remains unclear [99]. It is likely this represents a region
within a larger phage genome that may influence lipopo-
lysaccharide biosynthesis. These phages often contain sugar
epimerase, transferase, and synthase genes [12]. However, it
is also possible that this putative AMG is in a cellular region
bordering a prophage in a cellular genome. Regarding the
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latter, PHASTER identified the specific NifU encoding
region as a putative prophage, supporting the likelihood that
this is indeed a phage-encoded NifU gene. However, no
attL, attR, or termini regions were identifiable (Fig. 7).

The “mobilome”

Degraded prophage regions are often hotspots for mobile
element activity [100] and so may represent biogeo-
chemically relevant phage-like regions that carry meta-
bolically active genes derived from transposable elements
and not the viral genome. In the present study, a putative
transposable element encoding a cysteine desulfurase
(nifS) gene was found in viromes from nearly all depths
sampled (Supplementary Table 2). NifS may be important
in low redox environments because it can enhance elec-
tron transport and influence the activity of proteins that
boost metabolism and fitness of the host. Abundance of
nifS was especially high in the oxic sample, indicating a
possible cyanobacterial association. The nifS gene in this
putative mobile element includes the nifS conserved
domain (Supplementary Table 2) and is flanked on one
side by a phage-like integrase and numerous phage-like
transposase genes (Supplementary Fig. 4) thus presenting
the possibility of a viral origin. However, due to small size
of this sequence and the multiple transposon genes
(transposase mutator and transposase) this sequence may
also be a phage-like transposable element in a degraded
prophage region of the cellular genome. Thus, it is not
possible to confidently link this nifS gene to the remnant
prophage or the transposon.

Conclusions

Viromes recovered from Cariaco Basin water samples
reveal viral communities composed of a high proportion of
unique viruses. We detected viral elements potentially
contributing to a wide range of metabolic processes in their
hosts. Some of these genes support central metabolism, and
others support processes that occur in putative host popu-
lations in geochemical regimes specific to oxygen-depleted
habitats. While some elements can be acquired by viruses
through random packaging of host genetic material prior to
host lysis, we report the presence of bacterial genes that
would enhance or stimulate particular host metabolic pro-
cesses, resulting in increased production of raw materials
required for formation of new viral particles.

Acknowledgements We thank Y. Astor, J. Rojas, and L. Medina for
technical, logistical, and administrative assistance that was essential
for this study, Andrew Newman Design for assistance with figures,
and the staff of Fundación La Salle de Ciencias Naturales (FLASA),
EDIMAR, Porlamar, Edo Nueva Esparta, Venezuela and the crew of

the R/V Hermano Ginés for their support. This work was supported by
the National Science Foundation grant OCE-1336082 to VPE, OCE-
1335436 to GTT, OCE-1536989, a Moore Foundation Award (#3790)
to MBS, and WHOI subaward A101259 to MP. The sequencing
conducted by the U.S. Department of Energy Joint Genome Institute is
supported by the Office of Science of the U.S. Department of Energy
under contract no. DE-AC02-05CH11231.

Author contributions MP and VE conceived the study. MP and GT
collected and processed the samples in the field. BP, MP, and ES
performed the downstream processing in the lab. DV took primary
responsibility for bioinformatic processing of data. PM, DV, MP, VE,
GT, ES, and MBS performed additional analyses. PM, DV, VE, and
MP interpreted the data. PM, VE, and DV wrote the manuscript and all
authors contributed to the final version of the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Breitbart M, Thompson L, Suttle C, Sullivan M. Exploring the
vast diversity of marine viruses. Oceanography. 2007;20:135–9.

2. Fuhrman JA. Marine viruses and their biogeochemical and
ecological effects. Nature. 1999;399:541–8.

3. Weinbauer MG. Ecology of prokaryotic viruses. FEMS Micro-
biol Rev. 2004;28:127–81.

4. Howard-Varona C, Lindback M, Bastien G, Solonenko N, Zayed
A, Jang HB, et al. Phage-specific metabolic reprogramming of
virocells. ISME J. 2020;14:881–95.

5. Sullivan M, Lindell D, Lee J, Thompson L, Bielawski J,
Chisholm S. Prevalence and evolution of core photosystem II
genes in marine cyanobacterial viruses and their hosts. PLoS
Biol. 2006;4:1344–57.

6. Lindell D, Jaffe JD, Coleman ML, Futschik ME, Axmann IM,
Rector T. Genome-wide expression dynamics of a marine virus
and host reveal features of co-evolution. Nature. 2007;449:83–6.

7. Hurwitz BL, Hallam SJ, Sullivan MB. Metabolic reprogramming
by viruses in the sunlit and dark ocean. Genome Biol. 2013;14:
R123.

8. Ahlgren NA, Fuchsman C, Rocap G, Fuhrman JA. Discovery of
several novel, widespread, and ecologically distinct marine
Thaumarchaeota viruses that encode amoC nitrification genes.
ISME J. 2019;13:618–31.

Viral elements and their potential influence on microbial processes along the permanently stratified. . .

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


9. Zeng Q, Chisholm SW. Marine viruses exploit their host’s two-
component regulatory system in response to resource limitation.
Curr Biol. 2012;22:124–8.

10. Anantharaman K, Duhaime MB, Breier JA, Wendt KA, Toner
BM, Dick GJ. Sulfur oxidation genes in diverse deep-sea viruses.
Science. 2014;344:757–60.

11. Roux S, Brum JR, Dutilh BE, Sunagawa S, Duhaime MB, Loy
A, et al. Ecogenomics and potential biogeochemical impacts of
globally abundant ocean viruses. Nature. 2016;537:689–93.

12. Sullivan MB, Coleman ML, Weigele P, Rohwer F, Chisholm
SW. Three Prochlorococcus cyanophage genomes: signature
features and ecological interpretations. PLoS Biol. 2005;14:e144.

13. Dwivedi B, Xue B, Lundin D, Edwards R, Breitbart M. A
bioinformatic analysis of ribonucleotide reductase genes in
phage genomes and metagenomes. BMC Evol Biol. 2013;13:33.

14. Hagay E, Mandel-Gutfreund Y, Béjà O. Comparative metage-
nomics analyses reveal viral-induced shifts of host metabolism
towards nucleotide biosysnthesis. Microbiome. 2014;2:9.

15. Breitbart M. Marine viruses: truth or dare. Annu Rev Mar Sci.
2012;4:425–48.

16. Chen LX, Méheust R, Crits-Christoph A, McMahon KD, Nelson
TC, Warren LA et al. Large freshwater phages with the potential
to augment aerobic methane oxidation. BioRxiv
2020.02.13.942896; https://doi.org/10.1101/2020.02.13.942896.

17. Feiner R, Argov T, Rabinovich L, Sigal N, Borovok I, Hersko-
vits AA. A new perspective on lysogeny: prophages as active
regulatory switches of bacteria. Nat Rev Microbiol.
2015;10:641–50.

18. Breitbart M, Bonnain C, Malki K, Sawaya NA. Phage puppet
masters of the marine microbial realm. Nat Microbiol.
2018;3:754–66.

19. Roux S, Hawley AK, Torres Beltran M, Scofield M, Schwientek
P, Stepanauskas R, et al. Ecology and evolution of viruses
infecting uncultivated SUP05 bacteria as revealed by single-cell-
and meta- genomics. eLife. 2014;3:e03125.

20. Edgcomb VP, Orsi W, Bunge J, Jeon SO, Christen R, Leslin C,
et al. Protistan microbial observatory in the Cariaco Basin,
Caribbean. I. Pyrosequencing vs Sanger insights into species
richness. J Int Soc. Micro Ecol. 2011;5:1344–56.

21. Bertagnolli AD, Stewart FJ. Microbial niches in marine oxygen
minimum zones. Nat Rev Microbiol. 2018;16:723–729.22.

22. Cassman N, Prieto-Davó A, Walsh K, Silva GG, Angly F,
Akhter S, et al. Oxygen minimum zones harbour novel viral
communities with low diversity. Environ Microbiol.
2012;4:3043–65.

23. Schmidtko S, Stramma L, Visbeck M. Decline in global oceanic
oxygen content during the past five decades. Nature.
2017;542:335–9.

24. Scranton MI, Sayles FL, Bacon MP, Brewer PG. Temporal
changes in the hydrography and chemistry of the Cariaco Trench.
Deep-Sea Res. 1987;34:945–63.

25. Taylor GT, Iabichella M, Ho TY, Scranton MI, Thunell MC,
Muller-Karger F, et al. Chemoautotrophy in the redox transition
zone of the Cariaco Basin: a significant midwater source of
organic carbon production. Limnol Oceanogr. 2001;46:148–63.

26. Scranton MI, Astor Y, Bohrer R, Ho TY, Muller-Karger F.
Controls on temporal variability of the geochemistry of the deep
Cariaco Basin. Deep-Sea Res. 2001;48:1605–25.

27. Scranton MI, Taylor GT, Thunell R, Benitez-Nelson C, Muller-
Karger F, Fanning K, et al. Interannual and decadal variability in
the nutrient geochemistry of the Cariaco Basin. Oceanography.
2014;27:148–59.

28. Peterson LC, Overpeck JT, Kipp NG, Imbrie J. A high-resolution
late quaternary upwelling record from the anoxic Cariaco Basin,
Venezuela. Paleoceanography. 1991;6:99–119.

29. Scranton MI, Novelli PC, Loud PA. The distribution and cycling
of hydrogen gas in the waters of two marine environments.
Limnol Oceanogr. 1984;29:993–1003.

30. Madrid V, Taylor GT, Scranton MI, Chistoserdov AY. Phylo-
genetic diversity of bacterial and archaeal communities in the
anoxic zone of the Cariaco Basin. Appl Environ Microbiol.
2001;67:1663–74.

31. Wakeham SG, Turich C, Schubotz F, Podlaska A, Li XN, Varela
R, et al. Biomarkers, chemistry and microbiology show che-
moautotrophy in a multilayer chemocline in the Cariaco Basin.
Deep-Sea Res. 2012;63:133–56.

32. Suter EA, Pachiadaki M, Taylor GT, Astor Y, Edgcomb VP.
Free-living chemoautotrophic and particle-attached heterotrophic
prokaryotes dominate microbial assemblages along a pelagic
redox gradient. Environ Microbiol. 2018;20:693–712.

33. Taylor GT, Hein C, Iabichella M. Temporal variations in viral
distributions in the anoxic Cariaco Basin. Aquat Micro Ecol.
2003;30:103–16.

34. Astor YM, Lorenzoni L, Scranton MI (eds). Handbook of
methods for the analysis of oceanographic parameters at the
Cariaco Time Series Station. Cariaco Time Series Study. Car-
acas, Venezuela: Fundación La Salle de Ciencias Naturales;
2013.

35. John SG, Mendez CB, Deng L, Poulos B, Kauffamn AKM, Kern
S, et al. A simple and efficient method for concentration of ocean
viruses by chemical flocculation. Environ Microbiol Rep.
2011;3:195–202.

36. Ohio Supercomputer Center 1987. Ohio Supercomputer Center.
Columbus OH: Ohio Supercomputer Center. http://osc.edu/ark:/
19495/f5s1ph73.

37. Duhaime MB, Sullivan MB. Ocean viruses: rigorously evaluat-
ing the metagenomic sample-to-sequence pipeline. Virology.
2012;434:181–6.

38. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trim-
mer for illumina se-quence data. Bioinformatics.
2014;30:2114–20.

39. Nurk S, Bankevich A, Antipov D, Gurevich A, Korobeynikov A,
Lapidus A et al. Assembling genomes and mini-metagenomes
from highly chimeric reads. In: Deng M, Jiang R, Sun F, Zhang
X (eds). Research in computational molecular biology. Berlin,
Germany: Springer Verlag; 2013 p. 158–70.

40. Sullivan MJ, Petty NK, Beatson SA. Easyfig: a genome com-
parison visualizer. Bioinformatics. 2011;27:1009–10.

41. Garneau J, Depardieu F, Fortier LC, Bikard D, Monot M. Pha-
geTerm: a fast and user-friendly software to determine bacter-
iophage termini and packaging mode using randomly fragmented
NGS data. Sci Rep. 2017;7:8292.

42. Roux S, Emerson JB, Eloe-Fadrosh EA, Sullivan MB. Bench-
marking viromics: an in silico evaluation of metagenome-
enabled estimates of viral community composition and diversity.
PeerJ. 2017;5:e3817.

43. Roux S, Enault F, Hurwitz BL, Sullivan MB. VirSorter: mining
viral signal from microbial genomic data. PeerJ. 2015;3:e985.

44. Ren J, Ahlgren NA, Lu YY, Fuhrman JA, Sun F. VirFinder: a
novel k-mer based tool for identifying viral sequences from
assembled metagenomic data. Microbiome. 2017;5:69.

45. Cambuy DD, Coutinho FH, Dutilh BE. Contig annotation tool
CAT robustly classifies assembled metagenomic contigs and
long sequences. BioRxiv 2016;072868:1–8.

46. Arndt D, Grant J, Marcu A, Sajed T, Pon A, Liang Y, et al.
PHASTER: a better, faster version of the PHAST phage search
tool. Nucleic Acids Res. 2016;44:W16–21.

47. Gregory AC, Zayed AA, Conceição-Neto N, Temperton B,
Bolduc B, Alberti A, et al. Marine DNA viral macro- and
microdiversity from Pole to Pole. Cell. 2019;177:1109–23.

P. Mara et al.

https://doi.org/10.1101/2020.02.13.942896
http://osc.edu/ark:/19495/f5s1ph73
http://osc.edu/ark:/19495/f5s1ph73


48. Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M,
Antonescu C. Versatile and open software for comparing large
genomes. Genome Biol. 2004;5:R12.

49. Hyatt D, LoCascio PF, Hauser LJ, Uberbacher EC. Gene and
translation initiation site prediction in metagenomics sequences.
Bioinformatics. 2012;28:2223–30.

50. Daly RA, Borton MA, Wilkins MJ, Hoyt DW, Kountz DJ, Wolfe
RA, et al. Microbial metabolisms in a 2.5-km-deep ecosystem
created by hydraulic fracturing in shales. Nat Microbiol.
2016;1:16146.

51. Cock PA, Chang AT, Chapman BA, Cox CJ, Dalke A, Friedberg
I, et al. Biophython: freely available Python tools for computa-
tional molecular biology and bioinformatics. Bioinformatics.
2009;25:1422–3.

52. Solovyev V, Salamov A 2011. Automatic annotation of micro-
bial genomes and metagenomic sequences In: Li RW, editor.
Metagenomics and its applications in agriculture biomedicine
and environmental studies. NY, USA: Nova Science Publishers,
Hauppauge; p. 61–78.

53. Umarov RK, Solovyev VV. Recognition of prokaryotic and
eukaryotic promoters using convolutional deep learning neural
networks. PLoS One. 2017;12:e0171410.

54. Sigrist CJA, de Castro E, Cerutti L, Cuche BA, Hulo N, Bridge
A, et al. New and continuing developments at PROSITE. Nucleic
Acids Res. 2012;41:D344–7.

55. Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE.
The Phyre2 web portal for protein modelling, prediction and
analysis. Nat Protoc. 2015;10:845–58.

56. Dixon P. VEGAN, a package of R functions for community
ecology. J Veg Sci. 2003;14:927–30.

57. Suzuki R, Shimodaira H. Pvclust: an R package for assessing the
uncertainty in hierarchical clustering. Bioinformatics.
2006;22:1540–2.

58. Jang HB, Bolduc B, Zablocki O, Kuhn JH, Roux S, Adriaens-
sens EM, et al. Taxonomic assignment of uncultivated prokar-
yotic virus genomes is enabled by gene-sharing networks. Nat
Biotechnol. 2019;37:632–9.

59. Gregory AC, Solonenko SA, Ignacio-Espinoza JC, LaButti K,
Copeland A, Sudek S, et al. Genomic differentiation among wild
cyanophages despite widespread horizontal gene transfer. BMC
Genomics. 2016;17:930.

60. Duhaime MB, Solonenko N, Roux S, Verberkmoes NC, Wichels
A, Sullivan MB. Comparative omics and trait analyses of marine
Pseudoalteromonas phages advance the phage OTU concept.
Front Microbiol. 2017;8:1241.

61. Roux S, Adriaenssens EM, Dutlith BE, Koonin EV, Kropinski
AM, Krupovic M, et al. Minimum information about an uncul-
tivated virus genome (MIUViG): a community consensus on
standards and best practices for describing genome sequences
from uncultivated viruses. Nat Biotechnol. 2019;37:29–37.

62. Brum JR, Ignacio-Espinoza JC, Roux S, Doulcier G, Acinas SG,
Alberti A, et al. Patterns and ecological drivers of ocean viral
communities. Science. 2015;348:1261498.

63. Haegeman B, Hamelin J, Moriarty J, Neal P, Dushoff J, Weitz
JS. Robust estimation of microbial diversity in theory and in
practice. ISME J. 2013;7:1092–101.

64. Sullivan MB, Huang KH, Ignacio-Espinoza JC, Berlin AM,
Kelly L, Weigele PR, et al. Genomic analysis of oceanic cya-
nobacterial myoviruses compared with T4-like myoviruses from
diverse hosts and environments. Environ Microbiol.
2010;12:3035–56.

65. Jones-Mortimer MC. Mapping of structural genes for the
enzymes of cysteine biosynthesis in Escherichia coli K12 and
Salmonella typhimurium LT2. Heredity. 1973;31:213–LT221.

66. Grote J, Schott T, Bruckner CG, Glöckner FO, Jost G, Teeling
H, et al. Genome and physiology of a model

Epsilonproteobacterium responsible for sulfide detoxification in
marine oxygen depletion zones. PNAS. 2012;109:506–10.

67. Shapiro JA. Molecular model for the transposition and replica-
tion of bacteriophage Mu and other transposable elements.
PNAS. 1979;76:1933–7.

68. Pato ML Bactioriophage Mu. In: Howe M, Berg D (eds). Mobile
DNA. Washington DC, USA: ASM Press; 1989 p. 23–52.

69. Mhammedi-Alaoui A, Pato M, Gama MJ, Toussaint A. A new
component of bacteriophage Mu replicative transposition
machinery: the Escherichia coli ClpX protein. Mol Microbiol.
1994;11:1109–16.

70. Howe MM. Prophage deletion mapping of bacteriophage Mu-1.
Virology. 1973;54:93–101.

71. Fogg PC, Hynes AP, Digby E, Lang AS, Beatty JT. Character-
ization of a newly discovered Mu-like bacteriophage, RcapMu,
in Rhodobacter capsulatus strain SB1003. Virology.
2011;421:211–21.

72. Lang AS, Zhaxybayeva O, Beatty JT. Gene transfer agents:
phage-like elements of genetic exchange. Nat Rev Microbiol.
2012;10:472–82.

73. Mosig G. Recombination and recombination-dependent DNA
replication in bacteriophage T4. Annu Rev Genet.
1998;32:379–413.

74. Mosig G, Gewin J, Luder A, Colowick N, Vo D. Two
recombination-dependent DNA replication pathways of bacter-
iophage T4, and their roles in mutagenesis and horizontal gene
transfer. PNAS. 2001;98:8306–831.

75. Bragg JG, Chisholm SW. Modeling the fitness consequences of a
cyanophage-encoded photosynthesis gene. PLoS One. 2008;14:
e3550.

76. Shapiro JA. A role for the Clp protease in activating Mu-
mediated DNA rearrangements. J Bacteriol. 1993;175:2625–31.

77. Hurwitz BL, Brum JR, Sullivan MB. Depth-stratified functional
and taxonomic niche specialization in the ‘core’ and ‘flexible’
Pacific Ocean Virome. ISME J. 2015;9:472–84.

78. Derelle E, Ferraz C, Escande ML, Eychenie S, Cooke R, Piga-
neau G, et al. Life-cycle and genome of OtV5, a large DNA virus
of the pelagic marine unicellular green alga Ostreococcus tauri.
PLoS One. 2008;3:e2250.

79. Madsen JS, Hylling O, Jacquiod S, Pécastaings S, Hansen LH,
Riber L, et al. An intriguing relationship between the cyclic
diguanylate signaling system and horizontal gene transfer. ISME
J. 2018;12:2330–4.

80. Hengge R. Principles of c-di-GMP signalling in bacteria. Nat
Rev Microbiol. 2009;7:263–73.

81. Taylor GT, Thunell RC, Varela R, Benitez-Nelson C, Scranton
MI. Hydrolytic ectoenzyme activity associated with suspended
and sinking organic particles above and within the anoxic Car-
iaco Basin. Deep-Sea Res. 2009;56:1266–83.

82. Nothaft H, Szymanski CM. Protein glycosylation in bacteria:
sweeter than ever. Nat Rev Microbiol. 2010;8:765–78.

83. Chen CR, Makhatadze GI. Molecular determinant of the effects
of hydrostatic pressure on protein folding stability. Nat Commun.
2017;8:14561.

84. Lee HS, Qi Y, Im W. Effects of N-glycosylation on protein
conformation and dynamics: Protein Data Bank analysis and
molecular dynamics simulation study. Sci Rep. 2015;5:8926.

85. Mills DC, Jervis AJ, Abouelhadid S, Yates LE, Cuccui J, Linton
D, et al. Functional analysis of N-linking oligosaccharyl trans-
ferase enzymes encoded by deep-sea vent proteobacteria. Gly-
cobiology. 2016;26:398–409.

86. Xu C, Ng DTW. Glycosylation-directed quality control of pro-
tein folding. Nat Rev Mol Cell Biol. 2015;16:742–52.

87. Kandiba L, Eichler J. Archaeal S-layer glycoproteins: post-
translational modification in the face of extremes. Front Micro-
biol. 2014;5:661.

Viral elements and their potential influence on microbial processes along the permanently stratified. . .



88. Wolfe AJ. The acetate switch. Microbiol Mol Biol Rev.
2005;69:12–50.

89. Schilling B, Christensen D, Davis R, Sahu AK, Hul LI,
Walker‐Peddakotla A. Protein acetylation dynamics in response
to carbon overflow in Escherichia coli. Mol Micro.
2015;98:847–63.

90. Marine R, Nasko D, Wray J, Polson SW, Wommack E.
Novel chaperonins are prevalent in the virioplankton and
demonstrate links to viral biology and ecology. ISME J.
2017;11:2479–91.

91. Philosof A, Yutin N, Flores-Uribe J, Sharon I, Koonin EV, Béjà
O. Novel abundant oceanic viruses of uncultured marine Group
II Euryarchaeota. Curr Biol. 2017;2:1362–8.

92. Nishimura Y, Watai H, Honda T, Mihara T, Omae K, Roux S,
et al. Environmental viral genomes shed new light on virus-host
interactions in the ocean. mSphere. 2017;2:e00359–16.

93. Vik DR, Roux S, Brum JR, Bolduc B, Emerson JB, Padilla CC,
et al. Putative archaeal viruses from the mesopelagic ocean.
PeerJ. 2017;5:e3428.

94. Ho TY, Scranton MI, Taylor GT, Varela R, Thunell RC, Muller‐
Karger F. Acetate cycling in the water column of the Cariaco

Basin: seasonal and vertical variability and implication for car-
bon cycling. Limnol Oceanogr. 2002;47:1119–28.

95. Sharon I, Battchikova N, Aro EM, Giglione C, Meinnel T,
Glaser F, et al. Comparative metagenomics of microbial traits
within oceanic viral communities. ISME J. 2011;5:1178–1190.

96. Johnson DC, Dean DR, Smith AD, Johnson MK. Structure,
function, and formation of biological iron–sulfur clusters. Annu
Rev Biochem. 2005;74:247–81.

97. Zhao D, Curatti L, Rubio LM. Evidence for nifU and nifS par-
ticipation in the biosynthesis of the iron-molybdenum cofactor of
nitrogenase. J Biol Chem. 2007;282:37016–25.

98. Iyer LM, Babu MM, Aravind L. The HIRAN domain and
recruitment of chromatin remodeling and repair activities to
damaged DNA. Cell Cycle. 2006;5:775–82.

99. Peters DL, McCutcheon JG, Stothard P, Dennis JJ. Novel Ste-
notrophomonas maltophilia temperate phage DLP4 is capable of
lysogenic conversion. BMC Genomics. 2019;20:300.

100. Sullivan MB, Krastins B, Hughes JL, Kelly L, Chase M, Sar-
racino D, et al. The genome and structural proteome of an ocean
siphovirus: a new window into the cyanobacterial ‘mobilome’.
Environ Microbiol. 2009;11:2935–51.

P. Mara et al.


	Viral elements and their potential influence on microbial processes along the permanently stratified Cariaco Basin redoxcline
	Abstract
	Introduction
	Materials and methods
	Water sampling
	Virome processing and assembly
	Microbial metagenomes
	Viral identification and annotation of viral and microbial genes
	Putative AMG validation
	Ecological analyses of viral data
	Viral taxonomic assignments

	Results and discussion
	Potential auxiliary metabolic genes (AMGs)
	Assimilatory phosphoadenosine 5′ phosphosulfate (PAPS) reductase
	AMGs from Mu-like phages
	Diguanylate cyclase
	UDP-sulfoquinovose synthase
	Other phage-related viral elements detected in the cariaco basin
	Acetate metabolism
	Iron–nobreaksulfur cluster formation
	The “mobilome”

	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




