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Abstract

Metagenomic analyses of viruses have revealed widespread diversity in the virio-
sphere, but it remains a challenge to identify specific hosts for a viral assemblage.
To address this problem, we analyze the viral metagenome of a northeast Pacific
hydrothermal vent with a comprehensive database of spacers derived from the
clustered regularly interspaced short palindromic repeat (CRISPR) putative
immune system. CRISPR spacer matches to the marine vent virome suggest that
viruses infecting hosts from diverse taxonomic groups are present in this vent
environment. Comparative virome analyses show that CRISPR spacers from vent
isolates and from thermopbhiles in general have a higher percentage of matches to
the vent virome than to other marine or terrestrial hot spring viromes. However, a
high percentage of hits to spacers from mesophilic hosts, combined with a
moderately high modeled alpha diversity, suggest that the marine vent virome is
comprised of viruses that have the potential to infect diverse taxonomic groups of
multiple thermal regimes in both the bacterial and the archaeal domains.

ecology.

Introduction

Viruses play important ecological, biogeochemical and
evolutionary roles throughout the world’s ecosystems, par-
ticularly in the oceans (Suttle, 2005). Several viral metagen-
omes, or viromes, have been published from a wide range of
marine and terrestrial environments (Breitbart et al., 2002;
Angly et al., 2006; Bench et al., 2007; Desnues et al., 2008;
Schoenfeld et al., 2008; Williamson et al., 2008b; Lopez-
Bueno et al., 2009; Santos et al., 2010). These reports have
demonstrated the mobility of viral genes between environ-
ments as well as the tremendous diversity of genes encoded
by the global viriosphere (Breitbart & Rohwer, 2005; Dins-
dale et al., 2008; Kristensen et al., 2009).

These metagenomic analyses face several challenges, how-
ever. First, in most viromes published to date, the vast
majority of reads have no match to existing databases, while
the majority of the rest have matches to bacterial or archaeal
genes (see e.g. Angly et al., 2006). This high percentage of
unknown sequences renders further identification of viral
types or viral genes more challenging. Moreover, the isola-
tion of viral particles independent of their hosts, as is done
for most viromes, makes it difficult to identify which hosts
are targeted by the viral assemblage. However, identification
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of viral hosts is crucial to understanding the role of viruses
in an ecosystem. Identifying viral hosts would aid in
determining how viruses impact the microbial diversity of
a given ecosystem, for example, or which microorganisms
may be sharing genes through virally mediated horizontal
gene transfer. To address this problem, we have analyzed a
viral metagenome from a diffuse flow hydrothermal vent
with a comprehensive database created from the clustered
regularly interspaced palindromic repeat (CRISPR) immune
system.

The CRISPR system is a putative antiviral immunity
mechanism found in both archaea and bacteria (Barrangou
et al., 2007; Brouns et al., 2008; Sorek et al., 2008; van der
Oost et al., 2009; Hovarth & Barrangou, 2010; Labrie et al.,
2010; Marraffini & Sontheimer, 2010). CRISPR loci gener-
ally consist of a series of short repeats, each approximately
20-50 bp in length, interspersed by spacers about 25-75 bp
in length (Grissa et al., 2007a). CRISPR loci are thought to
create immunity when short sequences derived from inva-
ders such as viruses or plasmids are incorporated as spacers
between the repeat sequences by genes involved in the
CRISPR response, known as CRISPR-associated (cas) genes.
When introduced genetic elements, such as viruses or
plasmids, have a 100% match to a pre-existing CRISPR
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spacer sequence in the host genome, these elements are
recognized as pathogenic invaders (Makarova et al., 2003;
Bolotin et al., 2005; Haft et al., 2005; Mojica et al., 2005;
Pourcel et al., 2005; Marraffini & Sontheimer, 2008; Hale
et al., 2009). In response, the CRISPR/Cas system cleaves the
invading nucleic acid (Garneau et al., 2010).

CRISPR loci effectively act as libraries of previous viral
infection; thus, analyses of CRISPR spacers across species have
great potential for microbial and viral ecology. Previous
studies have examined CRISPRs in an ecological context,
focusing on variability and distribution in acid mine drainage
biofilms (Andersson & Banfield, 2008; Tyson & Banfield,
2008) as well as in terrestrial hot springs (Heidelberg et al.,
2009; Held & Whitaker, 2009; Held et al., 2010). These studies
have found a high degree of variability within CRISPR spacer
sequences, implying a rapid rate of host—virus coevolution.
These studies have also demonstrated a clear biogeographic
distribution in CRISPR spacers. Additionally, Snyder et al.
(2010) have designed microarrays using CRISPR spacer
sequences to detect viruses in environmental samples.

CRISPR spacers provide a means to analyze and compare
viral sequences for which we have some host genomic context
(i.e. the complete genomes of isolates), whereas metagenomics
provides information about the genetic content of a viral
assemblage at a particular location and point in time. Here, by
comparing a database of CRISPR spacers from all published
archaeal and bacterial genomes with reads from a viral
metagenome, we are able to infer what types of hosts might
be infected by the viruses in the viral assemblage, even if their
sequences have no close BLAST matches in available databases.

The environment we have chosen as our focus for this
analysis is a diffuse flow hydrothermal vent system in
the Main Endeavour Field in the northeast Pacific Ocean.
As in other marine environments, the virus to cell ratio is
approximately 10 to one in vents at the Main Endeavour
Field (Ortmann & Suttle, 2005), yet induction experiments
have shown that vent communities of the East Pacific Rise
display a higher incidence of lysogeny than other marine
environments (Williamson et al., 2008a). While it is evident
that viruses play a prominent role in the vent environment,
until now, the diversity, structure and genomic content of
vent viral communities have not been assessed.

The dynamic, gradient-dominated nature of the vent
environment makes it a particularly attractive site for studies
of viral ecology and evolution. In these environments,
ambient seawater mixes with high-temperature hydrother-
mal fluid enriched in reduced compounds, creating gradi-
ents in pH, temperature, chemical composition, and
mineralogy both above and below the seafloor (Baross &
Hoffman, 1985). These gradients set up a series of micro-
environments, providing niches for diverse communities of
microorganisms (Huber et al., 2003; Schrenk et al., 2003).
Continuous circulation of the hydrothermal fluid both
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above and below the seafloor enables potentially frequent
contact among these microbial communities and their
accompanying viral assemblages. In such an environment,
viruses of a diverse array of hosts could also potentially come
into frequent contact with each other. As viruses are known
vectors of horizontal gene exchange, the presence of a wide
diversity of viruses and their hosts could facilitate wide-
spread gene transfer. This analysis, with an emphasis on
identifying potential viral hosts, provides a new perspective
on a viral assemblage whose unique signature mirrors the
dynamic yet extreme environment it inhabits.

Materials and methods

Diffuse flow hydrothermal fluid virus sampling

Hydrothermal vent fluid (170 L) was collected with a barrel
sampler from diffuse flow at the base of Hulk vent in the
Main Endeavour Field on the Juan de Fuca ridge (approxi-
mately 450km west of Washington state in the Pacific
Ocean). The sample funnel was placed atop a clump of
tubeworms on a sulfide structure venting diffuse flow
hydrothermal vent fluid (Supporting Information, Fig. S1).
Chemical and physical metadata from Hulk vent are sum-
marized in Table S1. The minimum temperature of the
sample was 13 °C, as measured through a temperature probe
on a hydrothermal fluid sampler (HFS) at the sample site.
However, the average chemistry-derived temperature of the
barrel sample, calculated based on dissolved silica content,
was much higher. The measured silica content of hydro-
thermal fluid from a 300 °C black smoker about 10 m away
from the sample site was 15199 uM, whereas background
seawater silica content was 185 pM at 1.8 °C. From this, our
sample temperature was calculated to be approximately
125°C. While this is much higher than the diffuse flow
temperatures recorded by the HFS, it is possible that this is
because diffuse flow measured by the intake nozzle of the
HFS retained much higher amounts of seawater than that
taken in by the intake funnel of the barrel sampler, which
may have had a better seal on the sulfide structure and
therefore pulled in higher temperature fluid.

Upon recovery, several 20-mL fluid subsamples were
collected for cell and virus counts. Samples were fixed with
10% paraformaldehyde and stored at 4 °C for 2 weeks until
counted. Cell and viral counts were conducted by filtering
ImL of a 1/10 diluted sample onto a 25mm 0.02-pum
Anodisc filter (Whatman Inc., Kent, UK) backed by a GF/F
nitrocellulose filter at < 20 kPa pressure. Filters were placed
on a drop of 1-5 x SYBR Gold and allowed to sit for 15 min
before mounting on slides with a filtered phosphate-buf-
fered saline/glycerol/ascorbate solution. At least 200 cells
and viruses were counted in a minimum of 20 fields of view.
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For pyrosequencing, the sample was filtered with a 0.22-
pm Steripak filter unit (Millipore, MA) on ice to remove
cells. The filtrate was concentrated through tangential flow
filtration (30kDa cutoff) to approximately 400 mL (Thur-
ber et al., 2009) in a 4 °C cold room. Samples were stored in
50-mL fractions and frozen at —80°C. Upon thawing,
10% w/v PEG 8000 was added to one 50-mL fraction and
incubated at 4 °C overnight. Fach sample was pelleted by
centrifugation at 13 000 g for 50 min, resuspended in TE and
incubated for 15 min with 0.7 volume of chloroform to lyse
any remaining cellular contamination. After centrifugation
for 10min at 4°C to remove chloroform, the aqueous
fraction was incubated with 10% DNase I for 2h at 37°C
to eliminate any free DNA in solution. DNase was inacti-
vated by adding EDTA to a final concentration of 0.02 M.
Viral DNA was extracted using the QIAamp MinElute Virus
Spin Kit (Qiagen Inc., CA). Samples were sent to the Broad
Institute for 454 Titanium pyrosequencing (454 Life
Sciences, Branford, CT).

Bioinformatics

Phylogenetic assignments of reads in the marine vent virome
were carried out through the MG-RAST pipeline (Meyer et al.,
2008). Reads were compared with the SEED database with
TBLASTX With a maximum e-value cutoff of 10~°. Reads with a
significant match to a viral sequence according to these
parameters were categorized into families as defined by the
International Commission on Taxonomy of Viruses 2009
release of Virus Taxonomy (http://www.ictvonline.org/virus
Taxonomy.asp?bhcp=1). Marine vent virome contigs were
assembled and analyzed using Generous (Drummond et al,
2009) (http://www.geneious.com). Contigs were assembled
using the ‘Medium Sensitivity’ method with a word length of
14, a maximum gap size of 2, maximum gaps per read of 15,
and maximum mismatches of 15. Contig taxonomy for each
read was defined according to the consensus taxonomy as
defined by the taxonomy of the majority of reads within each
contig. Read taxonomy was assigned through the MG-RAST
pipeline by comparing with the SEED database, with a
maximum e-value cutoff of 10>. Metagenomic reads were
deposited to the CAMERA database (http://camera.calit2.net/)
under accession number CAM_SMPL_A0003 under the
“Moore Marine Phage/Virus Metagenomes” project.

Modeling uncultured viral assemblage diversity

The alpha diversity of each virome was estimated using the
PHAGE COMMUNITIES FROM CONTIG SPECTRUM (PHACCS) online tool
(http://biome.sdsu.edu/phaccs), described in previous publica-
tions (Angly et al, 2005, 2006). Briefly, 10000 random
sequences were assembled using MINIMO (98% identity over at
least 35bp overlap). circonspecT (Angly et al., 2006) (http://
sourceforge.net/projects/circonspect/) was used to calculate a
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Table 1. Diversity indices for seven viral metagenomes as calculated by pHaccs (http://biome.sdsu.edu/phaccs)

Shannon—
Wiener
index
7.23

7.32

Most abundant

Richness

Rank-

Average read
length for

Average
genome
size (bp)
56013
53838

genotype (% of

(number of
genotypes)

1730
1840

Model

error

abundance
model

Number

References

the community)

2.81
2.51

Evenness
0.970

CIRCONSPECT

100
100

of reads
228698
216966

Virome

This study
This study

2.62
1.22

Logarithmic

Hulk hydrothermal vent (a)

0.973

Logarithmic

Hulk hydrothermal vent (b)
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contig spectrum by calculating the number of contigs of each
size, using a minimum metagenome coverage of 2, a minimum
dinucleotide entropy of 2.0, low-complexity filter window
length of 21, and with varying trim and discard sizes depending
on the average read length of the metagenome (Table 1). The
average viral genome length was estimated using caas (Angly
et al., 2009) through a camera 2.0 alpha diversity workflow
(http://camera.calit2.net/).

CRISPR spacer analyses

All genomes analyzed in this study (1083 archaea and bacteria)
were downloaded from the NCBI ftp server on April 20, 2010.
CRISPRs were identified in each of these genomes with the
CRISPR RECOGNITION TOOL (CRT) (Bland et al., 2007) using default
parameters, and the number of CRISPR loci and total CRISPR
spacers per genome were tabulated. CRISPR spacers were
compiled into a single database and categorized by genome.
The CRISPR spacer database has been deposited to the
publicly accessible Data Dryad repository at http://dx.doi.
org/10.5061/dryad.8826. All spacer comparisons were con-
ducted with BrastN (Altschul ef al., 1990). Spacer ‘matches’
were defined as matches of 100% identity along at least 20
base pairs of the spacer sequence. To compare the spacers in
the database with each other, we performed a BLASTN compar-
ison of the set of spacers within an individual genome against
the set of spacers in each of the other genomes and then
compiled these results into a resemblance matrix (Table S2).
From this, we determined what proportion of all CRISPR
spacers between the two genomes was shared. To compare the
CRISPR spacer database with metagenomic reads, a rasta file
containing all spacers in the database was compared with the
raw metagenomic reads of each metagenome using BLASTN,
where a ‘match’ was again defined as 100% identity across 20
base pairs. To calculate the percentage of reads with a match to
a spacer, only unique queries (reads) were counted. For the
analysis in which we identified the taxonomy of potential
hosts, we included matches of multiple reads to the same
spacer, as well as multiple spacers to the same read.

For analysis of CRISPR spacer matches from each tempera-
ture regime, each genome in the NCBI database was sorted
according to thermal regime as defined by a genome proper-
ties list downloaded from the NCBI ftp server. ‘Vent isolates’
were characterized as all strains, both thermophilic and
mesophilic, that had been isolated from either a shallow or a
deep-sea hydrothermal vent. These are listed in Table S3.

To compare the average growth temperature with
CRISPR abundance, archaea and bacteria were grouped as
thermophiles (optimal growth temperature of 60°C or
above; includes hyperthermophiles) or mesophiles (optimal
growth temperature between 25 and 60°C), and some
bacteria were designated as psychrophiles (optimal growth
temperature < 25 °C).
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Results and discussion

The structure of our analysis focused first on ensuring
virome quality through contig analysis. BLAST analyses were
conducted on virome reads to gain an overall picture of both
the structure and the content of the marine vent viral
assemblage, and to determine which viral families were
present. Next, we modeled the richness and evenness of
the viral assemblage and compared this with previously
sequenced marine and hot springs viromes. Finally, to
provide host context for these results, we queried the marine
vent virome with a comprehensive CRISPR spacer database
to identify potential microbial hosts of viruses in the marine
vent viral assemblage.

Matches of marine vent virome reads to known
sequences

Of 228698 reads, the majority (67.14%) of reads in the
marine vent virome yielded no matches to the SEED
database (e-value cutoff of 107°) (Fig. 1). This viral meta-
genome has a smaller percentage of unknown reads than
found in some previous marine viral metagenomes (Table
S4). However, this may be an artifact of read length: this
metagenome, sequenced with 454 Titanium technology, had
an average read length of 334bp, whereas marine viral
metagenomes sequenced with 454 FLX technology averaged
approximately 100 bp (Angly et al., 2006). Longer reads are
more likely to have significant matches to existing databases.
Similar percentages of unknown reads have been found in
viral metagenomes with longer read lengths (Bench et al.,
2007; Schoenfeld et al., 2008), although this is not true for all
cases (Lopez-Bueno et al., 2009). It is possible that contam-
ination with cellular sequences may contribute to the
relatively low percentage of unknown sequences; however,

Viruses (0.69%)
Eukaryota (1.90%)

Archaeq-'l(4.40%)

Fig. 1. Distribution of reads in the hydrothermal vent virome with
matches to the SEED database, maximum e-value 107>, All analyses
were performed through the MG-RAST pipeline.
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Viral Families

we believe that a significant portion of the metagenome was
viral. This is discussed in greater detail below.

Of the reads in the marine vent virome with a significant
database match (where a match corresponded to an e-value
cutoff of 107°), 25.87% matched bacterial sequences, 4.40%
matched archaeal sequences, and only 0.69% matched
known viral sequences. Similar proportions have been found
in previously sequenced viromes. In general, the abundance
of bacterial and archaeal matches may be explained by the
larger number of archaeal and bacterial sequences in the
database and possibly also by a high rate of horizontal gene
transfer between viruses and their hosts, resulting in the
presence of microbial genes in viral genomes and vice versa
(Angly et al., 2006).

We next examined the presence of specific viral families
based on reads with matches to known viral sequences. The
results, shown in Fig. 2, suggest that the viral assemblage at
marine vents is more similar to other marine viral assem-
blages than to those in terrestrial hot springs. As only DNA
was sequenced, this analysis would necessarily miss RNA
viruses or retroviruses, but the presence of DNA viruses
among different biomes can be compared. The majority of
viral reads in the marine vent virome belonged to the
Myoviridae family, as is the case with many other marine
viromes (Fig. 2). Other tailed viruses common to marine
viromes, the Podoviridae and Siphoviridae, were also rela-
tively common in the marine vent virome. Recent studies
have shown that single-stranded DNA (ssDNA) viruses such
as Microviridae are predominant in temperate marine waters
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N in the hydrothermal vent viral assemblage as well
as that of four marine biomes and terrestrial hot
springs. Marine viral metagenomes from Angly
et al. (2006), and Yellowstone hot springs viral
metagenomes from Schoenfeld et al. (2008).

such as the Sargasso Sea and the Bay of British Columbia
(Angly et al., 2006), and yet sequences matching the Micro-
viridae family were largely absent from the marine vent
virome. However, unlike other viromes, our sample was not
amplified with Phi29 polymerase, which is biased toward the
amplification of ssDNA viruses, and may explain the relative
lack of ssDNA viruses in this virome (Kim et al., 2008).

Viruses known to infect archaea such as the Rudiviridae,
Fueselloviridae, and Lipothrixviridae, commonly found in
hot spring viral assemblages (Prangishvili et al., 2006;
Schoenfeld et al., 2008), were largely absent from the marine
vent virome. The abundance of archaea in marine vents
would suggest that it is unlikely that archaeal viruses are
absent from the marine vent assemblage, and therefore, this
implies that archaeal viruses present in the marine vent
assemblage were unlike any sequenced strains found in
terrestrial hot springs. Therefore, marine vent systems may
play host to novel archaeal viruses not yet discovered.

In total, 11 different virus families were found in the
marine vent assemblage, which is higher than any of the
other viromes compared in this analysis, with the exception
of the Arctic Ocean (Fig. 2). This supports the notion that a
wide range of viral types is present in the marine vent viral
assemblage.

Marine vent virome assembly
Assembly of the marine vent virome yielded several large

contigs. Figure 3 shows the mean coverage and length of
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100% identity alignment of at least 20bp to a
CRISPR spacer.
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Contig length (bp)
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each contig. Many of the longest contigs in the vent virome
contained reads matching bacterial genes (Fig. 3a). How-
ever, the longest contigs in the virome had a relatively low
mean coverage. Reads with the highest mean coverage
tended to be slightly shorter and contained reads with no
matches to the SEED database. One possible explanation for
this pattern is that shorter reads with higher coverage were
derived from viral genomes, whereas the longer reads with a
low mean coverage were derived from bacterial or archaeal
genomes. Contigs with high coverage tended to contain
reads with no matches to existing databases (Fig. 3a). A BLAST
search of the contig with the highest coverage revealed hits
only to short segments at each end of the contig, most of
which corresponded to DNA ligases, suggesting that these
high-coverage contigs were viral.
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Additionally, sequenced genomes from a range of viral
types have been found to contain sequences with high
similarity to archaeal or bacterial genes (see e.g. Mann
et al., 2003; Filée et al., 2007; Geslin et al., 2007; Fischer
et al., 2010), and therefore, some contigs that were assigned
to bacterial or archaeal taxa may actually lie within viral
genomes.

Modeling richness and evenness of the viral
assemblage

We modeled the alpha diversity of the marine vent virome
and compared it with the diversity of six previously
sequenced viromes: Bear Paw and Octopus Spring from
Yellowstone National Park (Schoenfeld et al., 2008), for a
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high-temperature comparison, and four marine viromes:
the Sargasso Sea, the Gulf of Mexico, the Bay of British
Columbia, and the Arctic Ocean (Angly et al., 2006), for a
marine comparison. We remodeled the alpha diversity of
each virome to maintain consistent parameters in the
CIRCONSPECT and PHACCS models to enable a direct compar-
ison. The modeled diversity values thus differ from original
published results due to changes in both the circonspecT and
the pHACCs software (EE. Angly, pers. commun.). In each of
the metagenomes sequenced with 454 technology (resulting
in over 100 000 reads ranging from 100 to 300 bp), the trim
size and discard size were set to 100, and the sample size in
CIRCONSPECT was set to 10000 reads. For the metagenomes
sequenced using Sanger technology (resulting in only
8000-22 000 reads of about 1000 bp long), the trim size and
discard size were set to 650 due to longer read lengths, but
the 10000 read sample size was only possible for one of the
metagenomes. Therefore, comparison of richness across
viromes sequenced by different technologies must be carried
out cautiously, as the different read lengths and number of
reads alter the output values. We sought to minimize error
in the analysis while retaining reasonable read lengths and
sample sizes, given the sequencing technology.

Our results (Table 1) indicate that the richness of the
marine vent virome is comparable to that of other high-
temperature or marine environments. Our results also show
that the evenness of the marine vent virome is higher than
that of any other virome, and thus the viral assemblage is
not dominated by any single genotype. We also modeled the
alpha diversity of the marine vent virome after removing all
reads contained within contigs longer than 3000 bp in order
to test whether the presence of long, low-coverage contigs
(possibly derived from archaea and bacteria) influenced the
results. The results, labeled (b) in Table 1, were not
significantly altered.

Using the CRISPR spacer database to identify
potential hosts

The analyses described above, which describe the viral types
and the overall diversity of the viral assemblage and have
been used in previous viral metagenomics studies (i.e. Angly
et al., 2006; Lopez-Bueno et al., 2009), are nevertheless
unable to provide specific information about what types of
hosts are infected by the viral assemblage. To address this, we
created a database of the CRISPR spacers contained within
all sequenced organisms in the NCBI database, consisting of
81260 spacers from 1083 genomes (http://dx.doi.org/
10.5061/dryad.8826). As each CRISPR spacer is thought to
be derived from a viral (or plasmid) sequence, this database
serves as a repository of sequences from viruses that have
infected these organisms. Moreover, because each of these
spacer sequences is derived from the genome of a particular
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organism, we can match the viral sequence to the host. A
similar CRISPR spacer search was conducted by Garrett
et al. (2010) to query hyperthermophilic viral enrichments;
however, rather than targeting specific hosts, this CRISPR
spacer database was designed to identify potential hosts for
the viruses represented by our assembled metagenomic
sequences.

For our initial analysis, we conducted a BLASTN search
between the CRISPR spacer database we generated and the
marine vent virome, searching for 98% identity across the
entire spacer sequence. Zero matches were found with these
parameters, which attests to the diversity of viral sequences
and the speed at which they mutate.

However, phage genomes are known to be mosaic in
nature (Hendrix et al., 2000; Hendrix, 2003), and it is
thought that viruses can evade the CRISPR system by
scrambling their sequences through the process of recombi-
nation (Andersson & Banfield, 2008). Thus, we searched for
100% alignments of CRISPR spacers across a portion of the
spacer sequence rather than the full sequence, choosing as
our cutoff 100% alignment across at least 20 base pairs. This
20 base pair cutoff was chosen to be lenient enough to find
matches that are significant, but stringent enough to pre-
clude false matches to CRISPR spacers.

Control dataset: comparing spacers within the
database

To test the significance of these parameters, spacers from all of
the sequenced bacteria and archaea in our CRISPR spacer
database were compared with each other with BLASTN, search-
ing for matches of 100% identity across 20 bp. The set of
CRISPR spacers within each of the 578 CRISPR-containing
archaeal and bacterial genomes was compared with the set of
CRISPR spacers in each of the other 578 genomes. Of the
166 753 unique genome comparisons, 262 had one or more
matching spacers at 100% identity across 20 bp. Of these, 249
(95%) were between spacers from genomes of the same genus,
and of these, 155 (63%) were spacer matches between spacers
from genomes of the same species. This provides strong
evidence that a sequence with a match to a CRISPR spacer at
this level (100% identity across 20 bp) is most likely derived
from a virus that infected a host of the same genus or species
as the CRISPR spacer it matches. These results are summar-
ized in a resemblance matrix in Table S2.

Querying the marine vent virome with the
CRISPR spacer database

When comparing the CRISPR spacer database with the
marine vent virome, a total of 290 different spacers out of
81260 spacers in the database (0.36%) had a match to the
marine vent virome at 100% identity across 20 base pairs.
Three hundred and eighty-two different reads out of 228 698
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(0.167%) in the marine vent virome contained a match to
one of these CRISPR spacers. While these reads represent a
low percentage of the total, the conservative parameters
were retained to minimize the possibility of false matches. At
this stringency level, there is a (0.25)% or 9.09 x 1073,
chance that a random sequence would match, and therefore
out of 228 698 reads, one would expect 2.08 x 1077 reads to
have a match. Thus, the result of 382 different virome reads
with a match to a spacer cannot be due to random sequence
similarity.

To compare this result with that of cellular metagenomes,
we conducted the same BLaST search of the CRISPR spacer
database against several other cellular metagenomes taken
from the MG-RAST database. These metagenomes represent
a range of GC content, read length, and number of reads.
The results are shown in Table S5 in terms of the ratio of
spacer matches to base pairs to normalize for differences in
read length and number. The results show that the average
ratio of matches to base pairs is 4.027 x 107° for the cellular
metagenomes, whereas it is 6.27 x 10~ for the marine vent
virome. This suggests that there was a higher proportion of
spacer hits to this virome than to these cellular metagen-
omes, despite the presence of CRISPR loci and possible viral
contamination in the cellular metagenomes. To demonstrate
the presence of CRISPR loci in the cellular metagenomes,
the numbers of CRISPR-associated (cas) genes identified in
each metagenome are also listed in this table. While our
results indicate that the number of cas genes identified in a
given metagenome can vary widely, these results do indicate
that CRISPRs were present in the cellular metagenomes and
may have contributed to the total number of spacer
matches. While some cas genes were found in the marine
vent virome as well, the reads matching these cas genes fell
on only five contigs consisting of three or more reads; of
these, each of these cas-gene-containing contigs had a
relatively low coverage (maximum 3.2).

To further test for the presence of contaminating bacterial
or archaeal reads in the marine vent virome that may have
contained CRISPR loci, we searched for evidence of CRISPR
direct repeats in the vent virome to act as a proxy for CRISPR
loci derived from cellular genomes. CRISPR direct repeat
sequences, unlike spacer sequences, do not correspond to
viral sequences and are much more highly conserved among
loci and among taxa (Kunin et al., 2007). The marine vent
virome contained only 58 reads with a match to a CRISPR
repeat sequence, compared with 382 reads with a match to a
CRISPR spacer. Here, a ‘match’ is again defined as 100%
identity over at least 20 base pairs. If the vent virome had a
high proportion of contaminating CRISPR loci from bacter-
ial or archaeal genomes, we would have expected a relatively
higher number of matches to CRISPR direct repeats.

Figure 3b shows which contigs from the marine vent
virome contained a read with a match of 100% identity
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across 20bp to a CRISPR spacer in our database. While
some were found within reads assigned to bacteria, 76% of
the contigs with matches to CRISPR spacers contained a
majority of reads with no match to the SEED database
(where a ‘match’ here is defined as a TBLASTX hit with an e-
value cutoff of 107°). Additionally, nearly half of the reads
with matches to the spacer database belonged to these
unidentified contigs, which contain only about one-third of
the total virome reads. This supports the notion that the
reads with matches to the CRISPR spacer database represent
viral sequences.

Identification of potential hosts for the marine
vent viral assemblage

To identify potential hosts for the marine vent viral assem-
blage, we grouped all of the spacers matching the virome
according to the taxonomic group of the strain from which
they were derived. Table 2 depicts the distribution of BLAST
hits between the CRISPR spacers of each group and the
marine vent virome. Most notable about the results is the
wide range of both archaeal and bacterial taxonomic groups
that had CRISPR spacers matching the marine vent virome,

Table 2. CRISPR spacer database matches in the marine vent virome

Number of matches
in vent virome

Number of spacers
from the group in

Group to group the database
Firmicutes 109 7796
Bacteroidetes/Chlorobi 78 1556
Gammaproteobacteria 64 5076
Euryarchaeota 63 4195
Crenarchaeota 33 4038
Chloroflexi 24 3188
Thermotogae 21 1392
Cyanobacteria 14 1935
Aquificae 13 519
Actinobacteria 12 3662
Betaproteobacteria 1 1301
Deinococcus-Thermus 7 453
Deltaproteobacteria 5 2365
Alphaproteobacteria 3 1368
Dictyoglomi 3 245
Epsilonproteobacteria 2 302
Fusobacteria 2 47
Nanoarchaeota 2 41
Nitrospirae 2 182
Thermobaculum 2 206
Deferribacteres 1 19
Planctomycetes 1 30
Spirochaetes 1 88

The first column lists the groups with spacers having a match to the
marine vent virome; the second column lists the number of hits in the
vent virome to spacers in that group; and the third column lists the total
number of spacers from that group in the CRISPR spacer database.
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with no single taxonomic group dominating. This suggests
that the viruses in the vent assemblage have the potential to
infect a wide range of taxonomic groups. The groups with
the most matches between their CRISPR spacers and the
marine vent virome were the Firmicutes, the Bacteroidetes/
Chlorobi, and the Gammaproteobacteria; however, the high
number of hits from these groups may be attributed partially
to the high number of CRISPR spacers from these groups in
the database. Interestingly, a relatively small percentage of
spacers from the Proteobacteria (particularly Alpha-, Beta-,
Gamma-, and Deltaproteobacteria) had matches to the
marine vent virome, despite the large number of spacers
from Proteobacteria in the spacer database, and despite the
prevalence of these taxa at this site (Huber et al., 2007).
Therefore, this result may reflect a surprising lack of viruses
infecting Proteobacteria in our sample. Matches to archaeal
CRISPR spacers are common within the marine vent virome
(Table 2), despite the relative absence of known archaeal
virus families in the virome (Fig. 2). However, known
archaeal virus families have predominantly been cultured
from terrestrial hot springs. Because the archaeal domain is
known to be well represented in marine hydrothermal fluids
(Huber et al., 2007), these data suggest that the archaeal
viruses present in the marine vent virome are unlike those
found in terrestrial hot springs and were therefore undetect-
able with traditional BLAST searches, but may have been
detected by our CRISPR spacer analysis.

To more closely examine species known to be endemic to
marine hydrothermal vent ecosystems, we determined the
relative numbers of matches between the marine vent
virome and the CRISPR spacers from genomes of vent

Table 3. CRISPR spacer database matches in the marine vent virome,
focusing only on species endemic to hydrothermal vents

Number of Number of

matches in spacers from

vent virome species in
Species to species the database
Methanocaldococcus vulcanius M7 18 219
Methanocaldococcus sp. FS406-22 5 238
Hyperthermus butylicus DSM 5456 3 94
Methanocaldococcus jannaschii DSM 3 177
2661
Thermococcus kodakarensis KOD 1 3 75
Methanocaldococcus fervens AG86 2 77
Nanoarchaeum equitans Kin4-M 2 41
Persephonella marina EX-H1 2 38
Thermococcus onnurineus NA1 2 118
Pyrobaculum aerophilum str. IM2 1 131
Pyrococcus horikoshii OT3 1 149

The first column lists the vent species with spacers having a match to the
marine vent virome; the second column lists the number of hits in the
vent virome to spacers in that species; and the third column lists the total
number of spacers from that species in the CRISPR spacer database.
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isolates. While these spacer matches do not necessarily
indicate that viruses infecting these specific species have
been identified, we can state that sequences similar to those
from viruses that have infected these species in the past are
present in this virome. It is interesting to note that the
results (Table 3) show that two-thirds of the vent isolate
spacer hits were from Methanocaldococcus species, despite
the fact that Methanocaldococcus strains only comprise
about 15% of sequenced vent isolates.

CRISPR spacers in Methanocaldococcus genomes

The high abundance of CRISPR spacer matches from Metha-
nocaldococcus species can be attributed in part to the high
number of CRISPR spacers in individual Methanocaldococcus
genomes. For example, the genome of Methanocaldococcus sp.
FS406-22, a hyperthermophilic methanogen that fixes nitro-
gen at 92 °C (Mehta & Baross, 2006), has the highest number
of CRISPR loci of all sequenced isolates to date: 23 were
identified using the crisprINDER application (Grissa et al.,
2007a,b), and 20 were identified using the crr (Bland et al.,
2007). Methanocaldococcus vulcanius M7 and Methanocaldo-
coccus jannaschii DSM 2661, also isolated from marine hydro-
thermal vents, contain the second and the third highest
numbers of CRISPR loci of all sequenced isolates, respectively.
As described above, no spacers were shared among genomes.
Interestingly, nearly all spacers (94-99%) were also unique
within each thermophilic methanogen genome, even in those
containing high numbers of CRISPR loci. In other words,
almost none of these genomes contained a duplicate CRISPR
spacer. It seems unlikely that typical recombination and
mutation events could cause this level of diversity in the
spacer sequences, but not in the CRISPR repeats, all of which
are identical or nearly identical within each CRISPR locus.
Instead, it is likely that these methanogens gained their multi-
tude of CRISPR spacers through distinct infection events. It is
not clear whether spacer diversity correlates with infecting
viral diversity, however, because of the apparent semi-random
nature of the CRISPR mechanism. Protospacer adjacent
motifs (PAMs) are thought to act as recognition sequences
for CRISPR genes. Most PAMs are two to three nucleotides
long, resulting in a large number of potential spacer sites on a
viral genome (Mojica et al., 2009). Therefore, the lack of
duplicate sequences indicates a large number of distinct
infection events, but it is unclear whether it also implies a
high diversity of infecting viruses. While the reasons for the
abundance of CRISPR loci in thermophilic methanogens are
unknown, it is part of a larger trend in thermophiles that is
discussed further below.

Nevertheless, while the abundance of CRISPRs in Metha-
nocaldococcus genomes is striking, it does not fully explain
the large percentage of matches between the marine vent
virome and Methanocaldococcus spacers. CRISPR spacers
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from Methanocaldococcus species represent 28% of the
CRISPR spacers from vent isolates (Table S3), yet they
represented over 50% of the vent isolate spacer matches to
the marine vent virome. This suggests that viruses of
Methanocaldococcus species were particularly prevalent in
this diffuse flow sample.

CRISPR spacers as a probe of the host thermal
regime

We next performed a BLASTN search of our CRISPR spacer
database with five other previously published viromes, with a
particular emphasis on the thermal regime. We compared the
CRISPR spacer database with four marine viromes and two
Yellowstone hot springs viromes (combined together for this
analysis). Only a single match with 100% similarity over the
full length of the spacer sequence was found: a spacer from
Synechococcus sp. JA-2-3B’a(2-13), isolated from Octopus
Spring in Yellowstone, had a match to the virome from the
same site. No other perfect matches between the CRISPR
spacer database and any of these viromes were found.

We next searched for 100% alignments of 20 bp or above,
as before. A total of 901 out of 81260 spacers, or 1.11% of
the spacers in the CRISPR database, had a match to one or
more of the six viromes. We grouped these hits according to
the thermal regime of the host from which the spacer was
derived (Fig. 4). Our results show that 1.84% of spacers
specific to vent isolates had a match to the marine vent
virome. This constitutes a higher percentage than to viromes
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in other environments, suggesting that there is a unique vent
virus ‘signature, perhaps due to a particular sequence or set
of sequences that is shared among vent viruses. Notably, the
vent isolates included in this analysis were isolated from
marine hydrothermal vents around the globe, indicating
that this vent ‘signature’ is not unique to a particular marine
vent location or depth.

Thermophilic strains also had a high percentage of spacer
matches to the vent virome (0.98%) relative to other
viromes. Several Sulfolobus spacers, for example, had
matches to the marine vent virome despite being endemic
to terrestrial hot springs. Again, this is an interesting
contrast to the relative lack of marine vent virome read
matches to archaeal virus families found in terrestrial hot
springs (Fig. 2). It is possible that the Sulfolobus spacers with
matches to the marine vent virome are derived from viruses
that have not been isolated or sequenced, and therefore, had
no matches in existing databases. As a natural ‘library’ of
viral infection, the CRISPR spacer dataset does not rely on
isolation of individual virus-host systems and is therefore
able to identify potential hosts for viruses in the assemblage
with no cultured relatives.

Finally, the marine vent virome had a relatively high
proportion of matches to spacers from nonvent and non-
thermophilic organisms (Fig. 4). This result highlights the
multitude of microenvironments present in marine diffuse
flow hydrothermal systems. Because gradients in tempera-
ture, pH, chemical composition, and mineralogy are known
to dominate vent systems (Baross & Hoffman, 1985), our vent

i
o
>

Hulk hydrothermal vent

Arctic Ocean

Bay of British Columbia
Gulf of Mexico
Sargasso Sea
Yellowstone hot springs

SAR
Hot springs

Hot springs

Hot springs

Spacers from non-vent
thermophiles (14,656)

Spacers from vent
isolates (2,498)

© 2011 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

120Z J8quiaAoN 8| uo 1sanb Aq 99€/2G/0Z1L/1/. . /o1onIe/28sWwal/woo dno-olwspeoe//:sdiy woll papeojumoq



130

fluid sample likely was a composite of fluids that were exposed
to a variety of environmental conditions in the subsurface.
These fluids may have been exposed to temperatures ranging
from that of ambient seawater, at around 2 °C, up to 135 °C or
possibly even higher. The pH could have ranged from that of
ambient seawater, between pH 7 and 8, to much lower pH
values typical of high-temperature hydrothermal fluids, at
around pH 2 or 3. Therefore, it is not surprising that the
diverse microbial communities inhabiting vents play host to
diverse viral communities as well.

Correlation of CRISPR locus abundance per
genome and growth temperature

Our analyses indicated that CRISPR spacers from thermo-
philes are common in all viromes, which may be attributed to
the abundance of CRISPR spacers from thermophiles in our
database. Closer examination of this trend shows that thermo-
philic strains, on average, have higher numbers of CRISPR loci
in their genomes than mesophiles. Early literature on CRISPR
loci made a brief note of this trend (Makarova et al., 2003,
2006), but it has not yet been given extensive treatment. This is
an important consideration when using CRISPR spacers for
metagenomic analysis, however, because this indicates that
CRISPR spacers are not distributed evenly among bacteria and
archaea. Any attempts to quantify viral hosts using the
CRISPR spacer database must bear this in mind.

To examine this trend more explicitly, we calculated
numbers of CRISPR loci per genome (as determined by
crt) and binned the isolates according to growth tempera-
ture. The genomes of bacteria and archaea isolated from
high-temperature environments contain higher numbers of
CRISPR loci, on average, than mesophilic or psychrophilic
organisms (Fig. 5a). The trend is evident in both the bacteria
and the archaea.

However, the number of spacers contained within each
CRISPR locus is not constant: while most CRISPR loci
contain an average of 30—40 spacers, some contain as few as
one or two, while others, such as a CRISPR locus in
Haliangium ochraceum, contain as many as 600 spacers in a
single locus. We calculated the total number of spacers
encoded within all CRISPR loci for each genome and
correlated this with growth temperature, as before. The
trend of increased CRISPR locus abundance in thermophiles
(Fig. 5a) held for CRISPR spacers as well (Fig. 5b).

This trend is not an artifact of high CRISPR abundance in
specific taxonomic groups. For example, this trend can be
seen across thermal groups in the methanogens (Fig. 5c¢).
The trend also holds within single genera: for example, of
the 11 sequenced Synechococcus isolates, only three possess
CRISPR loci. Two of these three CRISPR-possessing strains
are the only thermophilic Synechococcus isolates with
sequenced genomes.

© 2011 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

R.E. Anderson et al.

20

(a)

i L = -
g
g ™
g . 2=
- o]
& P

5
o o0 H
& 5
[ 2
o - E
5 & L] B
O B
= H
3 —_ B * 8
2 L — ¥
S 0 . . - g 2 B
= — &

L
T T

Thermophilic Thermophilic Mesophilic Mesophilic Psychrophilic
Archaea Bacteria Archaea Bacteria Bacteria
(47) (73) (32) (838) (15)

) —a

Total number of CRISPR spacers per genomsa
L ]
Feroent geromes with 200 or moee CRISFPR spacers

Thermophilic Thermophilic Mesophilic Mesophilic Psychrophilic

Archaea Bacteria Archaea Bacteria Bacteria
(47) (73) (32) (838) (15)
5 30

(c) o

o I Mearbar of CRISPR G par ganms E
E =20 I Murber of CRISPR spacers per genome a0 E
e o g
= 20 B
@ iR 3
(=9 - =y
B 150 E
o

E o "
i} 10 i
r . an ]
=] T
B 8 g
E [
E ] 2
= 0 1 E
z o g
4

T

Thermophiles Mesophiles Thermophiles Mesophiles
@) 17) @) (17)

Fig. 5. Abundances of CRISPR loci and spacers in different thermal
groups. Numbers below temperature categories list the number of
genomes in that category. Box boundaries represent the 25th and 75th
percentiles; a line within the box marks the median. Error bars above and
below the box indicate the 90th and 10th percentiles. Outlying points
represent the fifth and 95th percentiles. The dashed line shows the
percent of genomes within each group containing 10 or more CRISPR
loci or 100 or more CRISPR spacers. (a) Number of CRISPR loci per
genome; (b) number of CRISPR spacers per genome; and (c) number of
CRISPR loci and spacers per genome in methanogens only.

Outliers do exist in each category (Table S6). Most

notably, a small number of mesophilic bacteria contain
relatively large numbers of spacers in their genomes. While
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these cases are unusual and should be studied in further
detail, they constitute a small minority of mesophilic
bacteria: 85% of the over 800 sequenced mesophilic bacteria
have between 0 and 2 CRISPR loci.

The reasons for this temperature trend are not yet clear. It
is unlikely that the CRISPR overabundance in thermophiles
is due to a higher diversity among viruses infecting thermo-
philic hosts, as our diversity modeling results indicate that
this is not universally the case (Table 1). We also do not
expect that the high abundance of CRISPR loci and spacers
in thermopbhiles can be attributed to higher rates of infection
in high-temperature environments, as studies thus far
indicate that virus-to-cell ratios are not necessarily higher
in the vent and hot spring environments than in other
environments (Srinivasiah et al., 2008). It is possible that
CRISPRs are the predominant immunity system in thermo-
philes, whereas mesophiles favor other types of immunity
mechanisms; alternatively, it is possible that the abundance
of CRISPR loci in thermophiles is the result of high rates of
horizontal gene transfer at high temperatures. However, our
current understanding of viral immune systems across the
bacteria and archaea and of horizontal gene transfer in
different thermal regimes is not thorough enough to distin-
guish between these possibilities at present.

Conclusion

Our results indicate that the 1840 genotypes present in the
viral assemblage of this marine diffuse flow hydrothermal
vent represent a range of viruses with the potential to infect
mesophilic and thermophilic hosts across both the archaeal
and the bacterial domains. The high evenness of the vent
viral assemblage indicates that each of the viral types is fairly
equally represented. Therefore, it is likely that viruses
infecting a diverse range of hosts are relatively evenly
represented in the viral assemblage. This is reflective of the
dynamic hydrothermal vent environment, which enables
potentially frequent interactions among diverse and extreme
microbial communities and their associated viral commu-
nities. No other environment possesses the range of physio-
chemical gradients that characterizes the subsurface vent
system, nor the means by which to bring such a wide range
of taxonomic groups into close contact. Moreover, the
abundance of CRISPR spacers in thermophiles, especially
in vent methanogens, suggests that viruses play a unique role
in the vent environment; yet, the sheer diversity of these
spacers attests to the rapid rates of virus—host evolution in
these environments. This study, by pairing traditional
metagenomic analyses with a novel comparison to a com-
prehensive CRISPR spacer database, has provided the first
insight into the infection potential of the viral assemblage at
vents, and paves the way for further studies into how these
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viruses impact the ecology and evolution of their microbial
hosts.
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