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ABSTRACT Viruses make up a major component of the human microbiota but are poorly understood in the skin, our primary
barrier to the external environment. Viral communities have the potential to modulate states of cutaneous health and disease.
Bacteriophages are known to influence the structure and function of microbial communities through predation and genetic ex-
change. Human viruses are associated with skin cancers and a multitude of cutaneous manifestations. Despite these important
roles, little is known regarding the human skin virome and its interactions with the host microbiome. Here we evaluated the hu-
man cutaneous double-stranded DNA virome by metagenomic sequencing of DNA from purified virus-like particles (VLPs). In
parallel, we employed metagenomic sequencing of the total skin microbiome to assess covariation and infer interactions with the
virome. Samples were collected from 16 subjects at eight body sites over 1 month. In addition to the microenviroment, which is
known to partition the bacterial and fungal microbiota, natural skin occlusion was strongly associated with skin virome commu-
nity composition. Viral contigs were enriched for genes indicative of a temperate phage replication style and also maintained
genes encoding potential antibiotic resistance and virulence factors. CRISPR spacers identified in the bacterial DNA sequences
provided a record of phage predation and suggest a mechanism to explain spatial partitioning of skin phage communities. Fi-
nally, we modeled the structure of bacterial and phage communities together to reveal a complex microbial environment with a
Corynebacterium hub. These results reveal the previously underappreciated diversity, encoded functions, and viral-microbial
dynamic unique to the human skin virome.

IMPORTANCE To date, most cutaneous microbiome studies have focused on bacterial and fungal communities. Skin viral com-
munities and their relationships with their hosts remain poorly understood despite their potential to modulate states of cutane-
ous health and disease. Previous studies employing whole-metagenome sequencing without purification for virus-like particles
(VLPs) have provided some insight into the viral component of the skin microbiome but have not completely characterized these
communities or analyzed interactions with the host microbiome. Here we present an optimized virus purification technique and
corresponding analysis tools for gaining novel insights into the skin virome, including viral “dark matter,” and its potential in-
teractions with the host microbiome. The work presented here establishes a baseline of the healthy human skin virome and is a
necessary foundation for future studies examining viral perturbations in skin health and disease.
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he human skin is a barrier to the external environment and  terial communities through predation (3, 4). Evidence of such

home to diverse and distinctive microbial communities. To
date, most cutaneous microbiome studies have focused on bacte-
rial and fungal communities, their modulation of cutaneous im-
mune responses, and the association of these microorganisms
with dermatological disorders (1). Recent metagenomic studies
confirm the roles of the skin microenvironment and interpersonal
variation in shaping the microbiome (2). Skin viral communities
and their relationships with their hosts remain poorly understood,
despite their potential to modulate states of cutaneous health and
disease. Bacteriophages (phages, viruses that infect bacteria) can
affect human health by altering the composition of their host bac-

September/October 2015 Volume 6 Issue 5 e01578-15

dynamism is provided by the acquisition and diversification of
bacterial clustered regularly interspaced short palindromic repeat
(CRISPR) elements (e.g., see reference 5) that target phage ge-
nomes for destruction by using nucleases guided by sequences
encoded in the CRISPR arrays. Phages may also have long-term
impacts on their hosts via lysogeny, in which phages integrate
their genome into the host and adopt a quiescent state. New genes
carried by lysogens can affect host metabolism, virulence, antibi-
otic resistance, and sensitivity to other phages (6-9). Phages may
also serve as a genetic reservoir for bacterial adaptations during
stress (i.e., antibiotic treatment) (10). Viruses that replicate on
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FIG 1 Study design for the analysis of cutaneous viral and whole metagenomic communities. (A) Eight skin sites of 16 subjects were sampled. Colored text
indicates the microenvironment classification, and each colored ball represents the occlusion status of the anatomical site. (B) Characteristics of the cohort
sampled. (C) Flowchart illustrating the procedures by which DNA was isolated from cutaneous swabs and sequenced for downstream bioinformatic analyses.

human cells are also present in the skin and can affect human
health, including human papillomaviruses (HPVs), human
polyomaviruses (HPyVs), and human herpesviruses, and can
cause skin cancers and other dermatological disorders.

Previous studies employing whole-metagenome sequencing
without purification for virus-like particles (VLPs) have provided
some insight into the viral component of the skin microbiome but
have not completely characterized these communities or analyzed
interactions with the host microbiome (2, 11, 12). The study we
present here employed techniques for the purification of viral
DNA, thereby reducing contamination from human and bacterial
cells, whose genomes are orders of magnitude longer than viral
genomes. This allows for deeper viral sequencing and the use of
reference-independent analyses to capture the impact of un-
known or uncharacterized genomes, known as viral dark matter
(13). We applied shotgun metagenomic analysis to purified VLPs,
as well as unpurified whole skin microbial communities, conduct-
ing the first longitudinal, integrated analysis of the healthy human
skin virome and the whole metagenome across diverse anatomical
locations. The major questions we address with this novel data set
are as follows. What are the biogeography and diversity of the
human skin virome compared to those of the whole metagenome
over time and across individuals? What genetic functions are en-
coded by the skin virome, including antibiotic resistance, viru-
lence factors (VFs), and auxiliary metabolic genes (AMGs; host
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genes within phage genomes [14])? What can we infer about in-
teractions between phages and their bacterial hosts, including the
role of CRISPRs in maintaining virome community structure?

RESULTS

Sampling, sequencing, and quality control. Cutaneous skin
swabs were collected from 16 healthy volunteers with no known
skin conditions between the ages of 23 and 53 years (Fig. 1A and
B). Anatomical skin sites were sampled bilaterally (the virome
sample was collected at the site contralateral to the whole-
metagenome sample) and consisted of multiple diverse microen-
vironments: sebaceous (retroauricular crease [Ra], occiput [Oc],
and forehead [Fh]), moist (axilla [Ax], toe web [Tw], and umbi-
licus [Um]), and intermittently moist (antecubital fossa [Ac] and
palm [Pa]) (Fig. 1A). Swab samples were collected at two time
points separated by 4 weeks to assess the stability of the commu-
nities.

After swabbing each subject’s skin, we used one sample of the
contralateral pair to purify and extract the VLP DNA by using a
protocol established for human and environmental viromes (15—
17). We extracted the DNA from the contralateral sample to in-
vestigate the whole microbial community, including bacterial,
fungal, and viral members. Samples were prepared for shotgun
sequencing on the Illumina MiSeq and HiSeq2500 platforms by
using the Illumina NexteraXT library preparation kit, which is
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designed for double-stranded DNA (dsDNA). Therefore, our
analysis focused on dsDNA viruses and replicative intermediates
of single-stranded DNA (ssDNA) viruses. Sample collection, se-
quence processing, and bioinformatic analyses are outlined in
Fig. 1C.

After quality filtering, the dsDNA virus data set contained a
total of 260,714,906 high-quality sequence reads with a median of
650,506 sequence reads per sample. The whole metagenome data
set contained a total of 368,341,329 high-quality sequence reads
with a median of 981,031 sequence reads per sample (see Fig. STA
to D; see Table S1 in the supplemental material for sequence count
statistics). Consistent with previous reports of similar human VLP
preparations (16-19), a relaxed search against the entire NCBI
nonredundant database revealed that 94.8% of the VLP reads did
not significantly match a known genome (BLASTn E value,
<1073), highlighting the importance of investigating viral dark
matter. Similar classification identified 42.6% of the whole-
metagenome reads as unknown. In this study, we used multiple
reference-independent approaches to address this subset of un-
classified dark matter. The viral and whole metagenome data sets
were independently assembled into contigs, and contigs >500 bp
in length were selected for further analysis (see Fig. S1E to H; see
Table S2 for contig coverage, count, and length statistics). Of these
phage contigs, 9.0% were taxonomically identifiable, highlighting
the utility of using contigs in taxonomy instead of using unaligned
reads (20).

During each sampling event, we collected a blank negative con-
trol that never came into contact with skin. DNA was extracted
from the control and sequenced in parallel with the experimental
samples. Sequences identified in the negative controls were sub-
tracted in silico from the experimental samples (see Text S1 in the
supplemental material for details). Using the Bray-Curtis dissim-
ilarity metric, we found significant separation of the control sam-
ples from the skin samples (see Fig. S2A in the supplemental ma-
terial), confirming minimal identity between the control and
experimental samples and providing confidence that the viruses
present are not the result of environmental or reagent contamina-
tion. As an additional control, we sequenced an even mock com-
munity sample. The observed community composition was sig-
nificantly correlated to the expected community composition at
the genus level (Spearman correlation rho = 0.6; P = 0.01), sug-
gesting that our library preparation and sequencing techniques
sufficiently depict the microbial community composition (see
Fig. S2B).

Using methods previously outlined for quantifying virome
contamination (21), we verified the reduction in cellular contam-
ination within viromes by showing a significant reduction in nor-
malized bacterial 16S rRNA gene levels in the purified viromes
compared to the unpurified whole metagenomes (see Fig. S2C).
We also supported virome purity by using a previously described
method (16) to map significantly more sequences from the virome
to the whole metagenome rather than the reverse (see Fig. S2D).
Finally, we confirmed significantly less contamination from hu-
man cells in the virome than in the whole metagenome (see
Fig. S2E). These analyses suggest that viral reads are in greater
abundance after VLP purification and reinforce the utility of VLP
purification techniques.

Skin virome composition. To examine the community mem-
bership of the skin virome, we used the viral UniProt TrEML
reference database to annotate predicted open reading frames
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(ORFs) in the assembled viral contigs. Annotated ORFs were then
subjected to a voting system that assigned taxonomy based on the
most abundant ORF annotation within the contig, as described
previously (22). Some contigs had ties in taxonomic votes, which
were labeled as having “multiple hits” because they are not un-
known, but we cannot assign a resolved viral taxonomy with con-
fidence. The abundance of each taxonomically identified contig
was quantified as the number of unassembled reads that aligned
with the contig. Read counts were normalized in order to account
for the differences in contig length, sequencing efficiency, and
associated run variation of that overall sample by using methods
previously described (22).

Most of the dsDNA viral contigs identified belonged to the
Caudovirales order (tailed bacteriophages), suggesting a larger
proportion of bacteriophages among skin dsDNA virus commu-
nities than previously suggested (11) (see Fig. S3A in the supple-
mental material). Most of the viruses were unclassifiable at the
family level, but we could identify some phage families, including
Mpyoviridae and Siphoviridae (see Fig. S3B). Interestingly, mem-
bers of the family Papillomaviridae were most abundant on the
palm, which is a region known to be afflicted by cutaneous warts.
We also observed members of the family Poxviridae, which were
observed as major virus taxa in a related skin metagenomic survey
(23). It is important to note that while many viruses are not iden-
tifiable at the family level, they are often identifiable at the species
level, as is the case with many orphan Staphylococcus phages (24).

At the species level, we observed bacteriophages of known skin
inhabitants such as Propionibacterium phages and Staphylococcus
phages (Fig. 2A), and their relative abundances were significantly
variable across different skin microenvironments (see Fig. S3C
and D; P < 0.05, Kruskal-Wallis and multiple-comparison post
hoc tests) and occlusion statuses (see Fig. S3F and G; P < 0.05,
Kruskal-Wallis and multiple-comparison post hoc tests). A large
fraction of each virome contained contigs that maintained equal
similarity to multiple phages, meaning they were not assignable to
a single species and were therefore annotated as “multiple hits”
(Fig. 2A). This is likely a reflection of the modular nature of
bacteriophage genomes and highlights the need for more ro-
bust reference databases for a better understanding of phage
genome architecture. There was also an abundant representa-
tion of environmental phages, including Pseudomonas and Ba-
cillus phages.

The most abundant recognized metazoan virus was HPV,
which was prominent in some individuals and generally present in
significantly greater relative abundance at sebaceous and exposed
sites (see Fig. S3E and H; P < 0.05, Kruskal-Wallis and multiple-
comparison post hoc tests). HPyVs were detected in very low abun-
dance, where only six samples contained any sequence mapping to
known HPyV genomes, and no sample had >100 putative HPyV
sequences.

Skin total microbial community composition. In addition to
examining the taxonomic composition of the virome, we further
characterized the membership of the whole microbial skin com-
munity by using the corresponding sample set that was not sub-
jected to VLP or microbial selection. Bacterial communities were
classified from the unassembled sequences by using MetaPhlAn
(25, 26), which annotates sequences on the basis of clade-specific
markers from reference genomes. Additionally, bacterial, fungal,
and viral species abundances were quantified from assembled
contigs by using the lowest common ancestor algorithm in
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MEGANS5 (27). Consistent with previous whole-metagenome
analyses of skin (2, 28), Propionibacterium (including Propi-
onibacterium acnes), Staphylococcus (including Staphylococcus epi-
dermidis and S. hominis), and Corynebacterium were the dominant
bacterial genera (Fig. 2B; see Fig. S4A and B in the supplemental
material) and Malassezia was the most abundant fungal genus (see
Fig. S4A and C). Viruses were present in low abundance (average,
0.4% per sample), likely because of the relatively small genome
size of viruses compared to that of prokaryotes and microeu-
karyotes, and this further highlights the utility of VLP isolation
before sequencing (see Fig. S4A and D). The viruses recovered
were primarily “unclassified” and Staphylococcus phages (see
Fig. $4D).

Variation of the skin virome and total metagenome among
anatomic sites. As demonstrated above and extensively in the pre-
vious literature (16—19), most of the viruses were taxonomically
unidentifiable because of insufficient reference database informa-
tion. In order to capture information from both characterized and
uncharacterized genomes, we employed reference-independent
approaches based on the relative abundance of each contig in our
data set. To assess the beta diversity (diversity between samples)
among anatomical sites, we calculated the Bray-Curtis dissimilar-
ities between communities at the same and different anatomical
sites. We identified significant differences in virome and whole-
metagenome community structures based on microenvironment
and occlusion status (Fig. 2C and D; P < 0.001, Adonis test).
These findings parallel previous reports of the bacterial and fungal
skin microbiomes (29, 30) and highlight an additional role for
occlusion/exposure parameters in microbial community struc-
ture and function.

We further estimated and compared the alpha (within-sample)
diversities of viral communities by using a reference-independent
approach to calculate the Shannon diversity index. Here we esti-
mated virome diversity, including the viral dark matter, by using
the PHACCS toolkit (31), which calculates the degree of contig
assembly to generate a “contig spectrum” that is compared to
simulated communities varying in size and diversity until a suit-
able match is found. PHACCS predicts the virome size and diver-
sity as if the entire community (both known and unknown vi-
ruses) were sequenced and annotated. The Shannon diversity of
bacterial communities among anatomical sites was calculated on
the basis of the reference-dependent taxonomic relative abun-
dance information described above. We found that the virome
and bacterial metagenome of sebaceous sites was less diverse than
that of moist or intermittently moist sites (Fig. 2E to G; P < 0.05,
Kruskal-Wallis and multiple-comparison post hoc tests). While
the virome was most diverse at intermittently occluded sites (e.g.,
Ac), the bacterial metagenome was most diverse at occluded sites

Diversity and Genetics of the Human Skin Virome

(e.g., Tw and Um; Fig. 2E to G; P < 0.05, Kruskal-Wallis and
multiple-comparison post hoc tests), further highlighting the dif-
ferences in viral and bacterial community diversity based on ana-
tomic sites.

To assess the utility of reference-independent methods in de-
termining differences in viral diversity, including that of the viral
dark matter, we performed the above-described alpha and beta
diversity analyses by using the reference-dependent taxonomic
relative abundance information from Fig. 2A. The alpha diversity
of the reference-dependent data set (see Fig. S5A and B in the
supplemental material) was strikingly less than that predicted by
the reference-independent methods employed by PHACCS
(Fig. 2F). In contrast to the PHACCS-based analysis, there was no
significant difference between the microenvironment or occlu-
sion categories when using the reference-dependent data. Beta
diversity between sites of different microenvironment and occlu-
sion statuses mirrored the reference-independent findings
(Fig. 2G; see Fig. S5C and D). Therefore, there is added value to
using viral dark matter in some community analyses, but some
metrics can be performed effectively by reference-based ap-
proaches.

Variation of the skin virome and whole metagenome over
time. Previous studies suggest that temporal variation of the bac-
terial microbiome at a given skin site is minimal compared to
interpersonal variability (30, 32, 33), so we examined both viral
and whole microbial community changes over a 1-month period.
There was a significant difference between the two time points in
the shared diversity of the viromes, but not the whole metag-
enomes, as measured by Bray-Curtis dissimilarity (see Fig. S6A
and B in the supplemental material; P < 0.001 and P = 0.978,
respectively, Adonis test). These findings suggest that the whole
metagenome is more stable than viral communities over time.

Using the same metric, virome temporal variability at a given
skin site was significantly lower than interpersonal variability
(Fig. 2H; P = 1.26 X 1071, t test), similar to what we observed for
the whole metagenome (Fig. 2I; P = 3.50 X 10739, ¢ test). Analo-
gous to human fecal viromes, the largest source of skin virome
variance appears to be interpersonal variation (16, 17). In contrast
to the gut, which has been suggested to share >80% of the intrap-
ersonal virome over time (16, 17), we found that less than 50% of
the intrapersonal skin virome was shared over time (see Fig. S6C).

Evidence of a temperate replication style. Bacteriophages can
exist as lytic or temperate phages. Lytic phages lyse the host soon
after infection and do not exist in a latent, lysogenic state. Con-
versely, temperate phages are able to integrate their genomes into
the bacterial host genome and exist as prophages, as well as excise
and go through the lytic cycle. To examine the replication strate-
gies of the phages residing on the skin, we used an established

FIG 2 Taxonomy and diversity of cutaneous viral and bacterial metagenomic communities. (A and B) Taxonomic relative abundance of the viral (A) and
bacterial (B) communities by site over time. The viral relative abundance plots show the 10 most abundant taxa according to virus TrTEMBL annotated contigs.
The bacterial communities show the 10 most abundant taxa according to MetaPhlAn analysis. Each bar represents a single sample from a subject, and the bars
are separated by time point and anatomical location as indicated at the top. (C and D) Nonmetric multidimensional scaling (NMDS) ordination plots of
Bray-Curtis dissimilarities between virome (C) and whole-metagenome (D) samples, showing significant clustering (P < 0.001, Adonis test) by occlusion status
and environmental substrate. (E) Alpha diversity (Shannon diversity metric) of the virome and bacterial metagenome for each anatomical site. The x axis
represents median bacterial metagenome diversity, and the y axis represents median virome diversity. Each point is the median diversity of the two communities,
and error bars indicate the population notch deviation of the median. (F and G) Viral (F) and microbial (G) Shannon diversity is presented by site microenvi-
ronment and occlusion, with asterisks indicating statistical significance (P < 0.05) by the Kruskal-Wallis and multiple-comparison post hoc tests. Box plots were
calculated with the ggplot2 R package. (H and I) Intrapersonal variance compared to temporal variance of the virome (D) and the whole metagenome (E) as
calculated by the mean (= the standard error of the mean) Bray-Curtis dissimilarity metric. A higher value indicates higher dissimilarity. An asterisk indicates

statistical significance (P < 1.0710).
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FIG 3 Replication cycle and functional enrichment of bacteriophages on the skin. (A) Euler diagram of the phage contigs (yellow) that also contain an integrase
gene (green), at least one prophage element per 10 kb (blue), homology to a known bacterial genome (red), or a combination of these markers. (B) Box plot
illustrating the percent relative abundances of predicted temperate phages per body site. Temperate phage contigs were defined as those that contained both a
phage gene at least every 10 kb and one of the other three temperate markers. Relative abundance was calculated as the relative number of reads per kilobase of
transcript per million mapped unassembled reads that mapped back to the assembled contigs. An asterisk indicates statistical significance at P < 0.05 by the
Kruskal-Wallis and multiple-comparison post hoc tests. (C) The distribution of exclusive OPFs associated with each anatomical site. (D) The distribution and
UniProt annotation of the 15 core OPFs found across the entire virome. (E) Bray-Curtis dissimilarity of the virome samples by OPF relative abundance.
Clustering was statistically significant (P < 0.001) by the Adonis test for both environmental substrate and occlusion.

approach (17) of searching VLP contigs for temperate phage rep-
lication markers, including (i) the presence of integrase genes (in-
cluding members of both the serine and tyrosine integrase fami-
lies), (ii) the presence of temperate prophage genes, including
parABS partitioning systems, and (iii) nucleotide sequence iden-
tity to bacterial genomes indicative of integration. Of the 6,661
contigs that were annotated as bacteriophages by our taxonomic
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criteria described above, 5,363 had at least one of these three tem-
perate phage markers (Fig. 3A). More specifically, 592 (8.8%)
contained at least a single integrase gene, as represented in the
UniProt TrTEMBL database; 856 (12.9%) aligned with known bac-
terial genomes, including Actinobacteria, Firmicutes, and Proteo-
bacteria; and 5,137 (77.1%) contained ORFs similar to annotated
prophage genes found in the ACLAME database of mobile genetic
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elements (34). By these measures, each anatomical skin site had a
median relative proportion of >85% temperate phages, with dif-
ferent relative abundances by site (Fig. 3B; P < 0.05, Kruskal-
Wallis and multiple-comparison post hoc tests). This finding sug-
gests that the majority of identifiable Caudovirales bacteriophages
on the skin are temperate, consistent with studies of the human
gut virome (16, 17).

Virome functional potential and AMGs. Though our data
support a lesser role for host lysis in skin dsDNA bacteriophage
populations, they likely influence bacterial communities via pro-
phage integration and genetic exchange. We therefore investi-
gated the genetic functional potential of skin viral communities
compared to that of the whole metagenome. Functional pathways
were interrogated by comparison to the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (35) and analyzed by using
the HUMAnN annotation and quantification program (36).
Opverall, the virome was enriched in information processing and
peptide transport genes, while the whole metagenome was en-
riched for metabolic process genes (see Fig. S7A in the supplemen-
tal material). Gene ontology (GO) analysis revealed significant
enrichment of genes for viral components and processes, DNA
transcription, and RNA metabolic processes in the virome (see
Fig. S7B), while the whole metagenome was enriched in genes for
cellular nitrogen compound and carbohydrate derivative meta-
bolic processes. Notably, the virome was significantly enriched in
the GO term “establishment of viral latency” (see Fig. S7B), con-
sistent with the observed dominance of temperate phages on the
skin.

Some bacteriophages are known to encode AMGs (host genes
within phage genomes) that promote viral infection by modulat-
ing host metabolic activity (reviewed in reference 14). We evalu-
ated whether there were core AMGs conserved across the entire
skin virome, thereby belonging to the overall core gene set. To
accomplish this, we clustered the predicted virome contig ORFs
into representative operational taxonomic unit-like sequences
called operational protein families (OPFs) (9, 37). Core OPFs
were defined as those OPFs that were present in all of the samples
from a skin site. Core OPFs were differentially distributed across
skin sites, with the greatest amount present on the forehead
(Fig. 3C). Ofthe 15 core OPFs present in all of the virome samples,
all were hypothetical or known phage genes and none were AMG
candidates (Fig. 3D), suggesting a sparse population of core skin
virome AMGs. As highlighted above, in comparison to the met-
agenome, the virome was enriched in genes for KEGG pathways
related to transport (see Fig. S7B), as well as GO terms associated
with regulation of RNA metabolic processes (GOEAST, P < 0.05).
This indicates that potential AMGs, while not strictly belonging to
a “core” set of genes, are present throughout the skin virome. We
also investigated the distribution of OPFs with respect to the skin
site microenvironment and occlusion and found significant dif-
ferences (Bray-Curtis dissimilarity; P < 0.001, Adonis test), sug-
gesting differential spatial distribution of virome functional po-
tential (Fig. 3E).

Antibiotic resistance and VF enrichment. Because phages
may alter the phenotypes of their hosts by conferring novel viru-
lence and pathogenicity functions, we investigated the potential
for antibiotic resistance and bacterial virulence encoded within
the skin virome. Using blast algorithm parameters specified in
previous foundational human virome studies (17, 38), we assessed
antibiotic resistance potential by comparing ORFs from the as-
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sembled virome contigs to the Comprehensive Antibiotic Resis-
tance Database (CARD) (39) (BLASTx E value, <10~°). To fur-
ther increase our confidence in the annotations beyond that of
past studies, we filtered the BLASTX hits to keep only those with
>75% identity. Viromes contained 29 unique antibiotic resis-
tance gene (ARG) groups, which were related to antibiotic efflux
and resistance to beta-lactamases, rifampin, tetracycline, and el-
famycin (Fig. 4A). Tetracyclines are commonly used to treat der-
matological conditions such as acne, and elfamycins are naturally
occurring antibiotics with strong activity against P. acnes (40). To
confirm that the ARGs identified are associated with the virome
and not cellular contamination or artifacts, we demonstrated that
~50% of the ARGs are colocalized on contigs with other annotated
phage genes or are themselves known phage-associated ARGs
(Fig. 4B). ARGs were associated primarily with “multiple-hit,”
Bacillus, and Streptococcus phages (Fig. 4B). We also identified
potential VFs associated with the skin virome by using the VF
database (VFDB) (41) with the same BLASTx parameters and fil-
tering as described for antibiotic resistance analysis above. We
identified 122 unique VF genes, and >1/3 of the VF contigs were
either known phage-associated genes or colocalized with phage
genes (Fig. 4C). These findings together indicate that bacterio-
phages of the skin microbiome may be a significant source of
transmissible genes associated with antibiotic resistance, viru-
lence, and pathogenicity.

Inference of phage-bacterium interactions: co-occurrence
network analysis. To predict phage-bacterium interactions of the
skin, we constructed a correlation network from relative abun-
dances of bacteria and known phages as previously described (42)
(Fig. 5A). Positive interactions indicate that the bacteria and
phage typically co-occur, while negative interactions suggest a
mutually exclusive relationship between the bacterium and phage
relative abundances. The resulting network of significant phage-
bacterium interactions contained 21 nodes, 7 bacteria, and 14
phages. Propionibacterium and Staphylococcus bacteria were typi-
cally copresent with their phage counterparts, Propionibacterium
and Staphylococcus phages, respectively (Fig. 5A). The overall co-
occurrence structure suggests that the network is nonrandom, ex-
hibiting scale-free properties such as short average path lengths
(characteristic path length, 2.781) and a node degree distribution
that approximately fits a power law (R? = 0.781) (43). Short av-
erage path lengths suggest that the skin phage-bacterium commu-
nity network is able to respond rapidly to perturbations (44). The
heterogeneity value (likelihood of uneven distribution of edges) of
the network was 0.819, suggesting that there are fewer hubs and
indicating the presence of potential “keystone” taxa in the net-
work (45).

Hubs may be distinguished by identifying nodes of high de-
gree. In the skin bacterium-phage network, Corynebacterium, with
adegree of 10, had the greatest number of interactions, while all of
the other nodes had degrees of =5. Corynebacterium positively
associated with eight phages, including Corynebacterium and
Staphylococcus phages, and negatively associated with two phages,
including Propionibacterium phage (Fig. 5A). These features of the
network topology suggest that the skin bacterium-phage network
is able to rapidly respond to perturbations, and Corynebacterium
may act as a key hub.

Inference of phage-bacterium interactions: CRISPRs.
CRISPRs are a form of bacterial adaptive immunity against phage
predators. Spacer sequences, generally 26 to 72 nucleotides in
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FIG 4 Antibiotic resistance and bacterial virulence in the skin virome. (A) Relative abundances of predicted ARGs according to the CARD. Each bar represents
a subject, and the bars are separated by time point and anatomical location as indicated at the top. (B) Flow diagram of the ARGs associated with bacteriophage
contigs. The leftmost part shows the proportions of ARGs that colocalize on contigs with other phage genes or are themselves known phage-associated genes. The
middle part shows the distribution of phage taxa that contain predicted ARGs. The rightmost part shows two annotated examples of ARGs colocalized on phage
contigs, with the CARD-predicted ARGs in bold italics. (C) Similar to panel B, a flow diagram of the VFs associated with phages. As in panel B, the leftmost part
shows the distribution of predicted VFs associated with phages, the middle part shows the taxonomic distribution of those phages, and the rightmost part shows

an annotated example.

length, are captured from invading phages and integrated into the
bacterial chromosome. These spacer sequences provide a genomic
record of phage predators encountered by the bacteria. We de-
tected a total of 477 unique spacer sequences, identified by 68
unique CRISPR repeats in the whole metagenomic data set. Only
18 spacers aligned with VLP contigs (Fig. 5B). These spacers were
found in 21 metagenomic contigs and mapped to 40 unique VLP
contigs. Spacers found in the Um aligned only with Um VLP con-
tigs. Two Staphylococcus spacers detected in the Ax aligned with 16
different VLP contigs that were found at every body site except the
Pa (Fig. 5B). A Propionibacterium spacer found in both the Pa and
Tw aligned with eight different VLP contigs from the Ax, Oc, Fh,
and Ra (Fig. 5B). These findings indicate that phage-host dynam-
ics may not be restricted by anatomical skin site, and spacers iden-
tified at one skin site may be restricting phage during invasions
from other skin sites, which could, in part, explain the spatial
partitioning of the skin virome. We further characterized the
genomic CRISPR targets within the VLP contigs and found that
the majority of the targets within coding regions belonged to
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phage portal proteins, which are genes involved in the packaging
of DNA into phage particles (Fig. 5C). It is unclear whether this is
an artifact of the low sampling of CRISPR spacers (approximately
12 spacers were annotated) or a biological phenomenon. Further
work is required to understand this to a greater extent. Interest-
ingly, the majority of CRISPR targets did not map to predicted
ORFs, suggesting that there is not a targeting preference for
genomic coding regions (Fig. 5C).

DISCUSSION

In summary, we present parallel analyses of the human skin vi-
rome (as determined from purified VLPs) and the whole metag-
enome. Purification of VLPs provides many advantages for
virome-targeted analyses, including deeper sequencing of viruses
and the ability to confidently assess viral dark matter by using
reference-dependent and -independent approaches. However,
this technique has previously been technically prohibitive for ap-
plication to skin viruses because of the small microbial burdens in
and on the skin. Advanced library preparation techniques utiliz-
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FIG 5 Modeled bacteriophage-host co-occurrence associations and CRISPR targets within the skin virome. (A) Network analysis of the correlations between
bacteriophages of the virome and bacteria of the whole metagenome. Bacteriophages are represented by yellow boxes, while the bacterial genera are represented
by blue boxes. The color intensity indicates the overall relative abundance of the taxon. The red lines represent a negative correlation, and the green lines represent
a positive correlation. (B) Radial table showing bacterial CRISPR spacers (grey) that target viral phage contigs (black). The line colors represent the CRISPR
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database. The rightmost part is the distribution of annotated coding region CRISPR targets.

ing ultrasmall amounts (<1 ng) of DNA have facilitated this study
to characterize the human skin dsDNA virome in parallel with the
whole metagenome in order to gain insight into multikingdom
interactions of the skin microbiome.
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Our results demonstrate that the skin virome is highly site spe-
cific and is modulated by occlusion and exposure, in addition to
sebum and moisture. This significant effect of skin occlusion on
viral and whole microbial communities has not yet been described
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in previous skin whole microbial analyses and provides new in-
sight into the variation of these communities across anatomical
sites. Anatomical intrapersonal and interpersonal variations play a
greater role in cutaneous viral community composition than in-
trapersonal temporal variation does, supporting the role for per-
sistent commensal populations, rather than a dominance of new
acquisition of different transient viruses from the environment.

The persistence of phage populations on the skin, and espe-
cially dsDNA phages, is possibly due in part to the temperate na-
ture of their infections. While cutaneous phages that are primarily
temperate may not exhibit a predator-prey dynamic with their
hosts, they may give rise to novel bacterial strains via transfer of
genes, including antibiotic resistance and VF genes, which were
found in our samples. The dynamics of phage predator-prey rela-
tionships within communities is complex, and while our study
provides a first look into these community dynamics in the skin,
further studies are needed to more completely characterize these
relationships.

Although we noted that the majority of the identifiable phages
in the skin virome sampled were temperate, we were only able to
predict the replication styles of the identifiable phages. This high-
lights the need for robust reference databases and the utility of
reference-independent methods. Additionally, we were not able
to detect ssDNA viruses or enveloped viruses. Because of our ef-
forts to confirm a reduction of bacterial genomic DNA in our
samples, we are confident that the majority of the sequences are, in
fact, from free phages, and provide a valuable description of our
identifiable virome library.

In addition to showing complex community dynamics within
the skin viral communities, we also provided evidence of potential
interactions between the virome and the other microbial commu-
nities by using co-occurrence network modeling and CRISPR
identification techniques. Our network analysis allowed us to in-
fer an extensive and multikingdom ecosystem structure. Under-
standing these ecological interactions and experimentally validat-
ing them will be critical for further developing targeted
therapeutics such as phage therapy.

CRISPR analysis suggested differing degrees of ongoing phage
infections at different sites or simply differential abundances of
CRISPR arrays in the resident bacteria. CRISPRs not only targeted
phages found at the same skin sites but also targeted phages at
other skin sites, providing a record of successfully repelled attacks
from phages now detected at other body sites. These findings sug-
gest a potential mechanism for partitioning of the skin virome
between different anatomical locations and warrants further in-
vestigation. While we focused on CRISPR mechanisms of interac-
tion, there are other mechanisms of bacterium-phage interactions
that are worth investigating in future studies such as restriction
modifications.

A limitation to note in this study, and virome studies in gen-
eral, is the bias within the reference databases used. We identified
phages by their host bacteria, but the numbers of known phages
that infect bacteria differ greatly between hosts and the genomic
diversity within these phages also varies. For example, Propi-
onibacterium phages exhibit limited genomic diversity (46) and
thus there is a higher likelihood of identifying a sequence match to
one of these phages if it is present. Mycobacterium and Staphylo-
coccus phages are more diverse, and reference-dependent methods
will miss phages that diverge heavily from known sequences. We
attempted to minimize the impact of these variations on our rel-
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ative abundance and diversity calculations by using both
reference-dependent and reference-independent methods.

Phage genomes are highly mosaic, and when using de novo
contig assembly methods, two (or more) genomic sections of dif-
ferent phages could assemble around a short, shared region, lead-
ing to taxonomic misidentification. In order to minimize this bias,
we employed a voting system based on taxonomy assigned to all of
the genes within the contig and required that contigs have at least
one identified gene every 10 kb to ensure that enough genes are
present for proper classification. De novo contig assembly could
also affect the interpretation of specific gene colocalizations ob-
served (i.e., Fig. 4B and C). Antibiotic genes could be adjacent to
other genes but misrepresented because of contig assembly issues
associated with mosaic genomes. More detailed molecular analy-
ses are required to draw conclusions about genomic structure.

The skin microbiome is a low-biomass community in compar-
ison with that of other body sites (i.e., the gastrointestinal tract),
and care must be taken to control for potential contamination in
reagents. Many shotgun metagenomic studies of low-biomass
communities have not addressed background contamination by
sequencing and analysis of appropriate negative controls, result-
ing in erroneous conclusions (47). Previous virome studies have
attempted to increase biomass by pooling samples, but this design
is not conducive to the identification of interindividual variability.
In the present study, in addition to minimizing contamination
during library preparation, blank background controls were col-
lected and analyzed. In silico decontamination removed organ-
isms from experimental samples that were also present in the
background controls. We defined successful removal of back-
ground contamination as a significant difference between the
background controls and the experimental samples based on the
Bray-Curtis distance metric. A caveat to this approach is that it is
reference dependent and potential uncharacterized contaminants
would not be detected. Also, if the background controls were not
sequenced to absolute saturation, some low-abundance contam-
inants would not be detected. While this could impact the lowest-
abundance contaminants, it is unlikely that major contaminants
remained in the samples.

Overall, the findings outlined here set the stage for future stud-
ies of (i) acquisition of viral communities, (ii) responses to per-
turbations such as antibiotic therapies and hygienic routines, (iii)
factors impacting temperate versus lytic replication cycles (i.e.,
DNA-damaging UV radiation or antibiotics), and (iv) impacts on
human health and disease. In the long term, this work may also
inform potential therapeutic strategies for skin disorders based on
phage therapy.

MATERIALS AND METHODS

See Text S1 in the supplemental material for a detailed description of our
methods, as well as the source code and intermediate data files related to
all of our experiments.

Sample collection. We recruited a cohort of 16 healthy individuals
(ranging from 23 to 53 years old) in accordance with protocols approved
by the University of Pennsylvania Internal Review Board. Sample collec-
tion was performed after informed consent was obtained from the subject.
Exclusion criteria included self-reported antibiotic treatment (oral or sys-
temic) 6 months prior to enrollment, observable dermatologic diseases,
and significant comorbidities, including HIV infection and other immu-
nocompromised states.

Sample sequencing and processing. Whole metagenome DNA was
prepared from cutaneous swab samples by using techniques similar to
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those previously described (33, 48). The VLP DNA extraction protocol
was optimized from a previously described method (15). The DNA was
prepared for sequencing by using an optimized protocol for the Illumina
Nextera XT library preparation kit. Sequencing was performed on the
[lumina MiSeq and HiSeq2500 rapid chemistry platforms. All commu-
nity analyses were performed with custom Bash, R, and Perl scripts, build-
ing off of established concepts and utilizing existing algorithms and tool-
kits, including the BLAST+ (49) toolkit and bowtie2 (50).

Quality control was performed to remove sequencing adapters, low-
quality sequences, and sequences with similarity to the human genome
(51). Mock negative-control samples were also collected to control for
background sequencing signals. We performed follow-up analyses of
these control data to ensure a high-quality sequence set. Contigs were
assembled by using the high-quality sequences in the Ray de novo assem-
bly program (52).

Taxonomy and diversity. As previously described, virome taxonomy
was assigned by annotating ORFs on the basis of the UniProt reference
database (53) and assigning contig taxonomy on the basis of the most
frequent ORF taxonomy similarity present (22). Alpha diversity was esti-
mated by including both the known and unknown viruses with the
PHACCS algorithm (54) and GAAS program (55). Beta diversity was
assessed by using the Bray-Curtis dissimilarity metric within the vegan R
package (CRAN) (56) and was based on normalized sequence counts
(number of reads per kilobase of transcript per million mapped reads) for
each contig by sample (56). Beta diversity information was also used for
the intra- and interpersonal diversity calculations. Whole-metagenome
taxonomy was assigned by using MetaPhlAn (25, 26) and MEGANS5 (27).
Whole-metagenome diversity was calculated with the vegan R package.
For comparison, the alpha diversity of each anatomic site from both the
virome and the whole metagenome was calculated by the box plot notch
calculation described in the ggplot2 R package (57), as well as by McGill et
al. (58).

Prediction of bacteriophage replication cycle distribution. Virome
replication cycle distribution was calculated by quantifying the presence
of temperate marker genes, including integrase genes from both the serine
and tyrosine families, prophage elements within the ACLAME database
(34) including components of parABS partitioning systems, and bacterial
reference genome elements. Sequences were mapped back to the temper-
ate and lytic contigs to assess normalized relative abundance.

Functional annotation and comparison. Sequence functionality was
predicted by mapping reads to a reduced KEGG reference database (35)
and annotating them with the HUMANN program (36). GO enrichment
analysis was performed in GOEAST (59) with ORFs that were predicted
with the Glimmer3 toolkit (60) and subjected to a BLAST search of the
UniProt reference database. OPF and AMG analyses were performed sim-
ilar to those in previous studies (9, 37) and utilized the UCLUST (61)
algorithm in QIIME (62). The CARD (39) and VFDB (63) were used with
predicted ORFs to estimate the potential for antibiotic resistance and
virulence, respectively. Visualization of ARGs was performed in the Ge-
neious program (64).

Inferred interactions between phages and bacteria. Inferred interac-
tions between phages and bacteria were calculated with CoNet (65) within
Cytoscape (66) as previously described (42). Only interactions supported
by two of the five metrics tested (the Pearson and Spearman correlation
metrics, the mutual information similarity metric, and the Bray, Curtis,
and Kullback-Leibler distance metrics) were retained for analysis of po-
tential interactions. P values from the multiple metrics were combined by
the Simes method (67), and false-discovery rate correction was performed
(68). Network analysis was performed with the Cytoscape NetworkAn-
alyzer plugin (69).

CRISPR identification and comparison to the virome. CRISPR tar-
geting of the bacterial hosts against the viruses was performed with the
PilerCR program for CRISPR identification within bacterial genomes
(70). The CRISPR spacer sequences were mapped against the phage con-
tigs from various locations to evaluate potential targeting with Circos

September/October 2015 Volume 6 Issue 5 e01578-15

Diversity and Genetics of the Human Skin Virome

(71). Phage ORFs targeted by spacers were identified by using the UniProt
TrEMBL database and BLASTx (E value, <10~19).

Nucleotide sequence accession numbers. The sequences determined
in this study have been deposited in the NCBI Short Read Archive (SRA)
under BioProject PRJNA266117 and SRA accession number SRP049645.
The sequenced mock community has been deposited under BioProject
PRJNA295605 as sample MG100410. The analysis scripts described in
Materials and Methods and intermediate files have been archived at Fig-
share Digital Science, London, United Kingdom, and are available at doi:
10.6084/m9.figshare.1281248.
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