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ABSTRACT

Human papillomavirus (HPV) causes a number of neoplastic diseases in humans. Here, we show a complex normal HPV com-
munity in a cohort of 103 healthy human subjects, by metagenomics analysis of the shotgun sequencing data generated from the
NIH Human Microbiome Project. The overall HPV prevalence was 68.9% and was highest in the skin (61.3%), followed by the
vagina (41.5%), mouth (30%), and gut (17.3%). Of the 109 HPV types as well as additional unclassified types detected, most were
undetectable by the widely used commercial kits targeting the vaginal/cervical HPV types. These HPVs likely represent true HPV
infections rather than transitory exposure because of strong organ tropism and persistence of the same HPV types in repeat sam-
ples. Coexistence of multiple HPV types was found in 48.1% of the HPV-positive samples. Networking between HPV types, cooc-
currence or exclusion, was detected in vaginal and skin samples. Large contigs assembled from short HPV reads were obtained
from several samples, confirming their genuine HPV origin. This first large-scale survey of HPV using a shotgun sequencing ap-
proach yielded a comprehensive map of HPV infections among different body sites of healthy human subjects.

IMPORTANCE

This nonbiased survey indicates that the HPV community in healthy humans is much more complex than previously defined by
widely used Kkits that are target selective for only a few high- and low-risk HPV types for cervical cancer. The importance of non-

oncogenic viruses in a mixed HPV infection could be for stimulating or inhibiting a coexisting oncogenic virus via viral interfer-
ence or immune cross-reaction. Knowledge gained from this study will be helpful to guide the designing of epidemiological and

clinical studies in the future to determine the impact of nononcogenic HPV types on the outcome of HPV infections.

H uman papillomaviruses (HPVs) are a group of double-
stranded, nonenveloped, small DNA viruses that are widely
prevalent among human populations. To date, 176 types of HPV
isolated from different body sites have been identified and col-
lected in two HPV databases (http://pave.niaid.nih.gov, http:
/Iwww.hpvcenter.se) searched on 30 November 2013, and the
number is growing (1-3).

HPV is a well-established cause of cervical cancers (4-8). It is
well known that long-term persistence of HPV infection is a ne-
cessity for development of cervical cancers, and the majority of
women with HPV infection show a “healthy” phenotype for most
of their lifetime (9). HPV infection has been linked worldwide to
several cancers outside the reproductive system, including cancers
of the oropharynx, pharynx, larynx, tonsils, and so on (10-15).
Around 30 HPV types, notably types 16 (i.e., HPV16) and 18,
which showed a strong association with cervical cancers, were des-
ignated high- or low-risk types. Although more and more nonrisk
types have been observed from various human samples by tradi-
tional HPV detection methods (16-18), our understanding of
HPV prevalence has been limited by the narrowed spectrum of
amplicon-based methods that were designed for detection of the
few HPV types associated with cervical cancers.

As opposed to traditional methods, metagenomics analysis us-
ing whole-genome shotgun (WGS) sequencing is a nonselective
approach that, in theory, allows for identification of all HPV se-
quences showing significant identities to the known HPV ge-
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nomes in a sample. In recent years, this method has been used for
HPV detection in some human samples and has resulted in the
identification of several novel HPV types (19-24). Particularly,
from condyloma samples negative for HPV using a traditional
PCR method, abundant putative HPV sequences were found us-
ing metagenomics analysis (19). These studies suggest that HPV
communities in different human body sites are much more com-
plex than previously observed. So far, few studies have targeted
HPV infections in healthy humans, and very little knowledge
about the HPV infections in healthy populations is known. Thus,
it is necessary to define the full picture of HPV (risk and nonrisk)
infections in healthy human populations.

Benefiting from the development of next-generation sequenc-
ing technology, the NIH-sponsored Human Microbiome Project
(HMP) has generated a large number of metagenomics shotgun
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sequence data sets from samples collected from various body sites
of healthy humans (18). These sequences originate not only from
human and microbial DNA but also from viruses and microbial
phages (18). In this study, we take advantage of the published
genomes of HPV prototypes to identify HPV reads from HMP
sequencing data sets. These HPV reads were further assigned to
specific types and assembled into large contigs. This nonselective
analysis yielded a comprehensive map of the HPV community
among different human body sites of healthy human subjects
from a new angle.

MATERIALS AND METHODS

Sources of HPV and shotgun metagenomics sequences. Of the 176 HPV
types listed in the Papilloma Virus Episteme (PaVE) database (http://pave
.niaid.nih.gov) and by the International HPV Reference Center (http:
/Iwww.hpvcenter.se) (30 November 2013), 148 types (20 September
2012) had reference genomes and were downloaded to create a local HPV
reference genome database (HPVrgdb) (1-3). Raw (unassembled) shot-
gun metagenomics sequences generated within HMP and their metadata
were downloaded from MG-RAST (ftp://ftp.metagenomics.anl.gov/proj-
ects/385/), and the related metadata information was downloaded from
NCBI (project name, Deep WGS Genome Sequencing of HMP Clinical
Samples) (25). All HMP samples were from a healthy North American
cohort, as previously described (26, 27). In particular, the vaginal samples
were collected from healthy subjects without a diagnosis of condyloma or
HPV within the 2 years prior to sampling.

Since paired-end sequencing used in HMP did not always yield usable
pairs, only the forward read from each pair was selected for further anal-
ysis. This data set contains 1,606 sequencing files derived from 748 sam-
ples collected from 103 healthy subjects (see Table S1 in the supplemental
material) (Fig. 1). The samples were collected from 4 organs, the skin,
vagina, mouth, and gut. The skin samples were from 2 body sites, the
anterior nares and the retroauricular crease; oral samples were from 9
body sites, the attached/keratinized gingiva, the buccal mucosa, the hard
palate, the palatine tonsils, saliva subgingival plaque, supragingival
plaque, the throat, and the tongue dorsum; vaginal samples were from 2
body sites, the posterior fornix and the mid-vagina; and gut samples were
from the feces. Replicate sequence files of the same sample were separately
analyzed and then combined into a single file for further analysis.

Bioinformatics approach for identification of HPV sequences. We
considered the approaches described in previous studies (19-22, 24) to
identify HPV reads from the metagenomes, with modifications. We op-
erated the analysis on the reads directly instead of using assembled con-
tigs, because most reads in the HMP data sets could not be assembled into
contigs. In brief, all metagenomics reads were compared against the
HPVrgdb by BLASTN at a lenient threshold (E-value cutoff, =<1E-10)
(Fig. 1A). The hits were extracted as HPV candidate reads and then further
examined by TBLASTX against the HPVrgdb to confirm their assign-
ment. An HPV candidate read that hit the same HPV type sequence with
high identity (=95%) and full coverage by BLASTN was assigned to that
HPYV type; otherwise, an HPV candidate read was further searched in the
NCBI GenBank. An HPV candidate read was assigned to HPV if its best hit
was an HPV sequence or discarded if the best hit was a non-HPV sequence
in NCBI GenBank. The HPV read identified was further assigned to a
specific HPV type if it best matched with a sequence of genome of a known
HPV type (=95% identities and full coverage) or an unclassified HPV
type if the best hit was to an HPV sequences without a type assignment or
if the identities were low (<95%).

This method was validated using a mock-DNA data set, and the result
showed that it had 99.3% sensitivity for recognizing known-type HPV
sequences and 74.3% sensitivity for recognizing new/novel HPV se-
quences.

Assembly of HPV reads into contigs. All reads with significant hits to
HPV sequences were extracted from the data sets and then de novo assem-
bled into contigs for each sample, respectively, using the software CLC
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FIG 1 Bioinformatics method and samples. (A) Bioinformatics process. Ini-
tially, 1,606 sequence files from 748 samples collected from 103 healthy sub-
jects were 10 terabytes (TB) in combined size after use of the quality filter and
removal of human DNA sequences. The average read length was around 100
bp. All genomes of 148 prototypes of human papillomaviruses were down-
loaded from the Papilloma Virus Episteme (PaVE) database (http://pave.niaid
.nih.gov) and the International HPV Reference Center (http://www.hpvcenter
.se) (11 September 2012) to create a local HPV reference genomic database
(HPVrgdb) of about 1.1 megabytes (MB) in size (1-3). BLASTN was employed
to compare each shotgun read to the HPVrgdb, and those with an E value
below 1E-10 were identified as HPV candidates; the combined size of these
candidates was approximately 3.7 MB. The reads with more than 95% identi-
ties to their hits were assigned type numbers according to their hits. To confirm
the assignment, all the HPV candidates were further compared by TBLASTX
against the HPV database. Of the HPV candidates, 82% (3.04 MB) were con-
firmed to be HPV in origin with the same hits. The remaining HPV candidates,
0.66 MB in size, were further searched against NCBI GenBank (10 gigabytes
[GB] in size). A read was assigned to a specific HPV type if its best hit (=95%
identities) was an HPV sequence with a definite type assignment, to an unclas-
sified HPV type if its best hit was an HPV sequence without definite type
assignment or it shared poor identities (<95%) with its best hit, or discarded if
its best hit was to a non-HPV sequence. In total, 11 reads of the HPV candi-
dates were discarded. (B) Hierarchical relationships of subjects, organs, sam-
ples, and sequencing files.

Genomics Workbench (Qiagen) with the default parameters, and the con-
tigs larger than 500 bp were kept for downstream analysis. All of these
contigs were then compared against GenBank using NCBI BLASTN
(MEGABLAST) with default parameters.

Definition of HPV positivity and prevalence. A sample was desig-
nated HPV positive if one or more HPV sequences were detected in its
sequence file(s). An organ was considered positive for HPV if an HPV
sequence(s) was detected in at least one sample in the organ. A subject was
considered positive for HPV if an HPV sequence(s) was detected in at least
one sample from that subject. Subject prevalence was calculated as the
number of subjects positive for HPV divided by the total number of sub-
jects analyzed. Organ prevalence for each organ was calculated as the
number of organs positive for HPV divided by the total number of organs
analyzed.

Definition of relative abundance. In order to keep the number of
HPV reads comparable among samples, we computed the relative abun-
dance of HPV for each sample by dividing the number of HPV reads in a
sample by the total number of reads in the sample. The resultant fractions
for all samples were normalized using the least common denominator. In
this study, the final relative abundance was expressed as the number of
HPV reads per 34 million total reads.

Construction of phylogenetic trees. Available HPV genomes of 148
prototypes (20 September 2012) were downloaded from the Papilloma
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TABLE 1 HPV detection in sequence files, samples, and subjects

TABLE 2 HPV prevalence in human subjects by organ

No. detected in indicated organ

Detectionin: ~ Parameter”  Gut Mouth  Skin  Vagina  Total
Sequence file ~ HPV™* 26 50 131 56 263
Total 391 835 245 135 1,606
Sample HPV™* 19 38 72 25 154
Total 154 411 118 65 748
Subject HPV* 17 27 46 17 71
Total 98 90 75 41 103

“HPV™", HPV-positive result. Total, total files, samples, or subjects tested.

Virus Episteme (PaVE) database (http://pave.niaid.nih.gov) and from the
International HPV Reference Center (http://www.hpvcenter.se). L1 genes
of the prototype HPV genomes were predicted and used for phylogenetic
tree building. Bootstrapped maximum-likelihood (ML) phylogenetic
trees were constructed from a multiple sequence alignment using
MEGAS5.0 software. Bootstrap values were calculated from 1,000 resam-
plings of the multiple alignments (28). Figtree 1.4 software was used to
visualize the tree (http://tree.bio.ed.ac.uk/software/).

RESULTS

A total of 1,606 metagenomics shotgun sequence files were avail-
able (see Tables S1 and S2 in the supplemental material) for 748
samples from 103 healthy human subjects in the HMP database.
Based on similarity to the available genomic sequences of 148
classifiable HPV types, a total of 109 known HPV types and un-
classified types were detected in these samples (Table 1) (see Table
S1 in the supplemental material).

HPYV prevalence in different organs of healthy human sub-
jects. Of the 748 samples from 103 healthy human subjects, 65
were from the vagina of 41 subjects, 118 from the skin of 75 sub-
jects, 411 from the mouth of 90 subjects, and 154 from the gut of
98 subjects (see Tables S1 and S2 in the supplemental material).
HPV reads were detected in 154 samples (25 from the vagina, 72
from the skin, 38 from the mouth, and 19 from the gut). Overall,

Gut

Skin

FIG 2 Detection of HPV DNA in single and multiple organs in healthy human
subjects. The Venn diagram divides the 71 HPV-positive subjects into groups
with single-, two-, and three-organ involvement, with specification to mouth,
skin, gut, and vagina. The numbers show the number of subjects positive for
HPV in a specific category.
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No. of No. of HPV* HPV
Organ subjects subjects? prevalence (%)
Vagina 41 17 41.50
Skin 75 46 61.30
Mouth 90 27 30.00
Gut 98 17 17.30
Total 103 71 68.90

“HPV™, HPV positive.

71 subjects had an HPV read(s) detected in at least one sequence
files, showing that the HPV prevalence in this healthy human co-
hort is approximately 68.9% (71/103). Of the 71 HPV-positive
subjects, 42 (59.2%) had HPV detected in only one organ, 22
(31.0%) in two organs, 7 (9.9%) in three organs, and none in four
organs (see Table S1 in the supplemental material) (Fig. 2). By
organ, HPV prevalence was the highest in the skin (61.3%), fol-
lowed by the vagina (41.5%), mouth (30%), and gut (17.3%) (Ta-
ble 2).

Distribution of HPV types in human organs. The distribution
patterns of the HPV types varied among the four human organs
examined (Fig. 3). Each organ harbored specific HPV types and
shared HPV types with others. Overall, the majority of the 109
HPV types (59.6%; 65 types) were detected in only one organ;
32.1% (35 types) were shared by two organs, 8.2% (9 types) by
three organs, and none by all four organs. The skin samples har-
bored 80 HPV types, the highest among the four organs examined,
accounting for 73.4% of the 109 HPV types detected. Forty HPV
types were only found in skin samples, and the other 40 types were
shared with the vagina (10 types), mouth (19 types), gut (2 types),
mouth/vagina (6 types), and gut/vagina (3 types). The vaginal
samples yielded 43 HPV types, including 20 HPV types specific to
the vagina and 23 shared with the skin (10 types), mouth (3 types),
gut (1 type), skin/gut (3 types), and mouth/skin (6 types). The oral
samples generated 33 HPV types, of which only 5 types were organ
specific while the large majority of types (75.8%; 25/33) were
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FIG 3 Distribution of HPV types in organs of healthy human subjects. The
numbers represent the HPV types. High-risk types are marked in red and low
risk types in blue. N, unclassified HPV type. The colored boxes represent
different organs (vagina, blue; gut, yellow; skin, red; mouth, green). The num-
bers in a specific box mean that the corresponding HPV type was found in the
organ(s). For example, “1” means that type 1 HPV was found only in the
mouth, and “28” means that type 28 HPV was found in the skin, gut, and
vagina simultaneously.
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FIG 4 Composition of HPV communities in healthy human subjects, by HPV type and organ. Distribution of HPV reads among four organs (A) and
distribution of different HPV types in samples from the vagina (B), skin (C), mouth (D), and gut (E). Only the most abundant HPV types are shown.

shared with the skin, fewer (27.2%; 9/33) with the vagina, and
none with the gut. The gut had only six HPV types identified, the
fewest among the 4 sites examined, of which all were shared with
either the skin (5 types) or vagina (4 types) and none were organ
specific.

Dominant HPV types in human organs. Although the large
majority of known HPV types (73%; 109/148) were present in the
samples from healthy human subjects, only a few HPV types dom-
inated each organ in both relative abundance and prevalence.

In total, 15,037 HPV reads were identified in this sequencing
data set. Most of the HPV reads (10,034; 65.8%) were from vaginal
samples, followed by the skin samples (4,512 reads; 29.6%), with a
few from oral samples (596; 3.9%) and stool samples (106; 0.67%)
(Fig. 4). The HPV types varied by organ in abundance (Fig. 4). In
the vagina, of the 43 HPV types observed, the top four most abun-
dant types (types 34, 53, 45, and 52) accounted for 71% of the
reads from the vagina. In the skin, of the 86 HPV types identified,
the top 7 most abundant types (types 75, 80, 50, 5, 151, 17, and 9)
accounted for 74.5% of the reads, with type 75 alone accounting
for 32.4% of the reads. In the mouth, of the 30 HPV types, the top
two abundant types (types 32 and 144) accounted for 70.9% and
20.1% of the reads, respectively. In the stool, of the six HPV types,
the most abundant type, type 47, accounted for 90% of the reads.

The HPV types also varied with organs in prevalence (Fig. 5).
In the vagina, the most prevalent type was type 90, which was
found in 7 of the 17 HPV-positive samples. Similarly, in the skin,
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the top three most prevalent types (types 17, 148, and 149) were
present in 10, 9, and 8 of the 46 HPV-positive samples, respec-
tively. In the mouth, the most prevalent type was type 32, which
was detected in 7 of the 27 HPV-positive samples. In the gut, HPV
type 47 was identified in 12 of the 17 HPV-positive samples.

In the HPV-positive samples, medians of the relative abun-
dance of HPV reads were 4,123 per 34 million reads per sample
from the vagina and 1,332 from the skin; the medians for the
vagina and skin were significantly higher than (P << 0.05) those
for the mouth (median, 94) and gut (median, 3) (Fig. 6A) (Wil-
coxon signed-rank test, R language). The samples with the highest
relative abundance of HPV were the one with 37,053 in the vagina,
the one with 34,079 in the skin, the one with 2,423 in the mouth,
and the one with 14 in the gut.

Coexistence of multiple HPV types in organs. Two or more
HPV types were detected in the majority of the 154 HPV-positive
samples in the vagina (13/25 samples) and skin (51/72 samples)
(Fig. 5 and 6B). In comparison, two or more HPV types were
detected in 9 of the 38 HPV-positive samples of the mouth and 1 of
the 19 HPV-positive gut samples. In particular, six skin samples
(SRS058182, SRS020263, SRS019016, SRS019015, SRS016296,
and SRS015051) and one vaginal sample (SRS048536) had more
than 10 HPV types detected. Overall, more HPV types coexisted in
skin samples and vaginal samples than in stool samples and oral
samples.

Interactions between HPV types in organs. We explored the
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FIG 5 Prevalence of different HPV types detected in samples and subjects. (A) The y axis shows the number of samples in which a specific HPV type was found.
The positive samples were further specified to organs by colors. (B) The y axis shows the number of human subjects for whom a specific HPV type was found.
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FIG 6 Relative abundance of HPV reads per sample and number of HPV types
per sample in different organs. Relative abundance is expressed as the normal-
ized number of HPV reads (per 34 million reads) in HPV-positive samples in
the (1) gut, (2) mouth, (3) skin, and (4) vagina (A). Differences between
organs were examined by a nonparametric Wilcoxon test of relative numbers
of HPV reads between two organs: P, 5 = 0.127, P, , = 6.439E-08, P, , =
1.75E-07, P, , = 3.369E-12, P, , = 3.241E-15, and P, , = 5.72E-04. The
number of different HPV types found in HPV-positive samples is expressed as
an average number of HPV types found in samples from the (1) gut, (2)
mouth, (3) skin, and (4) vagina (B). Median interquartile ranges and whiskers
equivalent to 1.5 interquartile ranges are shown.

set of normally occurring interactions (cooccurrence and coexclu-
sion) between HPV types in the four organs. To overcome the bias
stemming from sequencing depth and sampling, we normalized
the number of reads corresponding to each HPV type by the total
number of reads for each sample and expressed the normalized
read counts as a relative percentage of all HPV reads. We used a
metric of association appropriate for monitoring compositional
data (29).

There was no evidence of interaction between HPV types
within gut samples and within mouth samples (SparCC correla-
tions, <0.2). Within skin samples, 5 HPV types among 82 types
detected had evidence for weak interactions (SparCC correlations,
>0.2) (Fig. 7A). Samples from the vagina had the largest number
of interactions (SparCC correlations, >0.2) (Fig. 7B). Nineteen
out of 43 HPV types detected in this organ had at least one inter-
action. Phylogenetically, the partners involved in these interac-
tions were enriched in genus Alphapapillomavirus (17 out of 19
HPV types) compared to all HPV types detected in samples from
the vagina (26 out of 43 HPV types). In addition, the interaction
partners included all of three HPV types that were ubiquitous in
all organs (types 18,42, and 101). All but one of these interactions
were cooccurrences, with the single coexclusion being between
type 101 and untyped HPV. Oncogenic HPV type 18 had signifi-
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FIG 7 Cooccurrence/coavoidance networks of HPV types in the skin (A) and
vagina (B). Nodes represent HPV types, colored by genus (red, Alphapapillo-
mavirus; green, Betapapillomavirus; blue, Gammapapillomavirus) with edges
showing interactions (SparCC correlations, =0.2; solid lines for cooccurrence,
dashed lines for coavoidance) over all samples. Edge widths are proportional to
the strength of the interaction. Only HPV types with at least one interaction in
the corresponding organ are shown. N, unclassified HPV type.

cant support (P < 0.01) for relatively strong cooccurrence inter-
action with HPV type 34 (SparCC correlation, 0.65) and HPV type
39 (SparCC correlation, 0.5).

Phylogenetic association of HPV types to human organ sys-
tems. All known human papillomaviruses are phylogenetically
grouped into five genera (Alpha-, Beta-, Gamma-, Mu-, and Nu-
papillomavirus) (30). Some studies suggested that HPV types from
the genus Betapapillomavirus might play an important role in the
development of squamous cell carcinoma of the skin (31-33).
Based on the phylogenetic tree constructed with 148 known HPV
prototypes (Fig. 8), most HPV types identified in the skin samples
(64/80) were located in genera Betapapillomavirus and Gamma-
papillomavirus, while those from the vaginal samples (24/43) were
in the genus Alphapapillomavirus (Fig. 8). The oral HPV types
were dispersed in the genera Alpha-, Beta-, Gamma-, and Mupap-
illomavirus, but most (25/33) of the HPV types shared between
oral and skin samples were found in the genus Betapapillomavirus.
Only 6 types were found in gut samples, and all of them were
shared with the skin or vagina, with 4 belonging to the Alphapap-
illomavirus group and 2 to the Betapapillomavirus group. Consis-
tent with previous findings, it was shown that the 16 high-risk
HPV types were concentrated in only two branches of the genus
Alphapapillomavirus (Fig. 8) (34).

Presence of HPV confirmed by large assembled contigs. The
assembly generated 88 contigs larger than 500 bp, of which there
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FIG 8 Phylogenetic tree and the placement of the HPV types found in different organs. Phylogenetic tree based on L1 gene sequences of the prototypes of all
known HPV types (148 types) with available genome sequences (20 September 2012) was constructed using MEGAS5.0 and visualized using software Figtree 1.4.0.
The colors on the branches of the tree show the organ where the HPV types were found in this study. High-risk HPV types are highlighted by black open boxes.
Five HPV groups were marked as their respective genus (Alpha-, Beta-, Gamma-, Mu-, and Nupapillomavirus) based on previously described phylogenetic

relationships (2, 30).

were 38 larger than 1,000 bp, 9 were larger than 5,000 bp, and 6
had nearly full-length (>7,000-bp) HPV genomes. Searched
against NCBI GenBank using BLASTN, all large contigs (>1,000
bp) have high identities, of between 96.7 and 99.9%, and full cov-
erage (see Table S3 in the supplemental material) (Table 3) to
HPV genomes of known types deposited in GenBank. Particu-

larly, the 9 largest contigs showed =98.4% identities to known
HPV genomes (see Table S3 in the supplemental material) (Table
2), of which the 7 from vaginal samples belong to types 52, 53, 34,
18, and 45, respectively, and the 2 from skin samples belong to
type 75. The types observed based on contigs have abundant reads
that have been assigned to the same types in the samples (see

TABLE 3 Large contigs” assembled from all reads of each HPV-positive sample and their best hits in GenBank

Organ Contig Length (bp) Best hit® and HPV type Identity (%) Coverage (%)
Vagina SRR062364.hpv_contig_103 7,944 HQ537734, HPV52 99.9 100.0

Vagina SRR062365.hpv_contig_1 7,940 HQ537734, HPV52 99.9 100.0

Vagina SRR062073.hpv_contig_1 7,859 EF546471, HPV53 100.0 100.0

Vagina SRR064532.hpv_contig_1 7,723 X74476, HPV34 99.9 100.0

Vagina SRR064532.hpv_contig_2 7,446 U89349, HPV18 99.7 100.0

Skin SRR062408.hpv_contig_1 7,143 Y15173, HPV75 98.5 99.9

Vagina SRR062073.hpv_contig_3 6,581 EF202156, HPV45 99.9 100.0

Vagina SRR060392.hpv_contig_4 5,318 EF546473, HPV53 100.0 100.0

Skin SRR062412.hpv_contig_2 5,148 Y15173, HPV75 98.4 100.0

@ Contigs of >5,000 bp are included.
¥ The GenBank accession number for the best hit is given.
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Tables S1 and S3 in the supplemental material). All of these cases
confirm the HPV presence in the samples detected based on reads.
Unclassified HPV types. Our results indicate that most of the
HPVs in these samples, in particular the abundant viruses, belong
to the known HPV types. Several recent papers have reported that
new HPV types can be found frequently, especially using a high-
throughput sequencing method (19-22, 24). Our analysis of the
HMP data set also found some HPV sequences potentially belong-
ing to new HPV types. Among the contigs larger than 500 bp, only
one (570 bp) showed low identity (75.7%) to its best hit (type
156), suggesting that this contig originates from a novel HPV type
(see Table S3 in the supplemental material). Of the 15,037 HPV
reads identified, 232 had a best hit with unclassified HPV se-
quences from NCBI GenBank at a similarity range of between 85
and 100%, of which those with greater 95% identity were hits to
unclassified HPV sequences. However, because of their low abun-
dance, these reads could not be assembled into large contigs re-
quired for defining a novel HPV type for further analysis.
Because nearly all known HPV types were identified using
HPV consensus primers, additional HPV genera with less similar-
ity to the consensus sequences could have been missed by a simple
similarity search. If additional HPV genera exist, it is possible that
their nearest homologs would be animal papillomaviruses (PVs).
We tested this possibility with a locally constructed searchable PV
database containing all the reference genomes of HPV and animal
PV strains from the papillomavirus database PaVE (http://pave
.niaid.nih.gov). Searching against the local PV database by
BLASTN with a cutoff E value of 1E-10 coupled with BLASTN and
BLASTX against GenBank did not find any reads with consistent
best hits to animal papillomaviruses. These results indicate that
the likelihood of detecting animal PV in humans is very low.
Lower stringency (cutoff of 1E-10 to 1E-03) could be a more pro-
ductive way but failed because the large majority of hits were un-
certain in identity due to a low level of similarity to known PVs in
the local database but a higher level of similarity to non-PV se-
quences in GenBank. A new algorithm or method is needed to
resolve the ambiguity in searching for new HPV genera.
Temporal stability of HPV infection in healthy human sub-
jects. In this HMP data set, as shown in Table 4, 13 subjects had a
total of 34 repeat samples collected at multiple follow-up visits.
The large majority of the repeat samples (13 out of 16) had at least
one HPV type shared with the original samples. Recurrence of the
same HPV types was observed for all repeat vaginal samples (5
repeats) and all repeat oral samples (3 repeats) but was less fre-
quent for the skin (4 out of 6 repeats) and gut (1 out of 2 repeats).

DISCUSSION

Our novel approach to survey for HPV sequences using shotgun
metagenomics sequence data detected HPV DNA in 68.9% of
healthy human subjects who do not have classical HPV-associated
diseases. Among these subjects, the prevalence of HPV was found
to be 17.3% in the gut, 30.0% in the mouth, 61.3% in the skin, and
41.5% in the vagina. This high prevalence could be attributed
mostly to two factors. First, this study analyzed samples from mul-
tiple body sites. From each subject, up to 8 body sites in 3 or 4
organs were sampled. The cumulative prevalence increased from
33.3% (8/24) in subjects with one or two organs sampled to 79.8%
(63/79) in subjects with 3 or 4 organs sampled. In comparison,
most of the previous studies of healthy human subjects focused on
only one body site, the vagina, and none on three or more sites. In
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previous studies, HPV prevalence in the vagina as determined
using PCR-based assays ranges from 19.6% to 44.8% among
healthy populations in North America (35), 53% on skin samples
from Americans by using a multiplex serology method (31) and
up to 77.8% of those from the Chinese by using an amplicon-
based method (36), and on average 11% in the mouth (from 0% to
81%) (37-45). Second, the shotgun metagenomics sequencing
method provides a broader coverage of HPV types than the am-
plicon-based PCR method. HPV genomes are far too heteroge-
neous to allow for design of a universal primer pair to amplify all
155 known HPV types. Because of this limitation, nearly all meth-
ods or HPV detection kits focus on a few HPV types that are
known to cause cervical cancer in humans. With these kits, for
example, based on PGMY09/11 primers, approximately 30 to 40
HPV types are detected in the vagina and cervix (46). Because it
nonselectively sequences all DNA in a sample, in theory, shotgun
sequencing is capable of detecting all 155 HPV types (47). In this
study, although the vaginal samples were collected from healthy
women without an HPV diagnosis within 2 years, in the vaginal
samples, the shotgun method detected 43 HPV types, which in-
clude not only the already characterized high- and low-risk types
but also many other types invisible to the current HPV detection
method. Our study also suggests that the HPV prevalence in
healthy human subjects could be higher if more body sites were
sampled or if deeper shotgun sequencing were performed.

The significance of high HPV prevalence in healthy human
subjects is unknown. Although the finding that the relative abun-
dance of HPV was very low in a significant number of samples
suggests that the HPV reads in these samples could be due to
incidental contact with an environmental source that harbors
HPV, our observations favor true HPV infection over incidental
exposure. First, the HPV reads from the vagina and skin had their
organ tropism, which would be unnecessary in the case of transi-
tory exposure. For example, most HPV types identified in the skin
samples belonged to the genera Betapapillomavirus and Gamma-
papillomavirus, while those from the vaginal samples to the genus
Alphapapillomavirus (Fig. 8). Second, the marked temporal stabil-
ity of the HPV community is consistent with colonization, as tran-
sitory exposure would yield a random profile. Thus, our finding of
HPV in most healthy human subjects suggests that there is a form
of subclinical HPV infection. The time factor may play a role in
disease manifestation. Given that most of the 109 HPV types iden-
tified in our survey have previously been associated with various
diseases, our finding of these HPV types in healthy human subjects
could represent a preclinical form of HPV infection that had not
yet developed to detectable disease. The preclinical and subclinical
HPV infections might not develop into a clinical disease under the
suppression of a competent immune system. For example, out of
the 14 HPV types designated high-risk for cervical cancer by the
IARC (48), 10 (types 16, 18, 39, 45, 51, 52, 56, 59, 66, and 68) were
present in the vagina of nine women with no clinical diseases.
Some high-risk HPV types were also detected in samples from the
skin (types 18, 45, and 58), gut (types 18, 58, and 68), and mouth
(type 66) in healthy subjects. Only three high-risk HPV types
(types 31, 33, and 35) were not found in this group of healthy
human subjects.

HPV causes nearly all cases of cervical cancer (49). Some of the
known HPV types (http://pave.niaid.nih.gov) can be classified as
“low risk” (wart causing) or “high risk” (cancer causing) for cer-
vical cancers. The 14 high-risk HPV types cause 100% of cases of
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TABLE 4 HPV persistence in repeat samples in healthy human subjects

Organ Subject Sample Body site HPV type”
Mouth 159591683 SRS013234 Tongue dorsum HPV20, HPV135, HPV147
SRS024580 Tongue dorsum HPV20, HPV135, HPV17
604812005 SRS043646 Buccal mucosa HPV32
SRS046623 Buccal mucosa HPV32, HPV107
SRS045127 Tongue dorsum HPV32
SRS055426 Tongue dorsum HPV32, HPV5
Vagina 638754422 SRS022158 Posterior fornix HPV18, HPV34, HPV39, HPV56, HPV90, N
SRS048536 Posterior fornix HPV18, HPV34, HPV39, HPV56, HPV90, N, HPV103, HPV106,
HPV51, HPV6, HPV73, HPV74
763577454 SRS014465 Vaginal introitus HPV90
SRS015071 Vaginal introitus HPV90
SRS014494 Posterior fornix HPV90, HPV45
SRS015073 Posterior fornix HPV90
158883629 SRS023850 Posterior fornix HPV9I1
SRS075419 Posterior fornix HPV9I1
763820215 SRS014343 Posterior fornix HPV89, HPV131, HPV134, HPV52, N
SRS054962 Posterior fornix HPVS89, HPV118, N
Gut 763678604 SRS014235 Stool HPV47
SRS019685 Stool HPV47
246515023 SRS057717 Stool HPV68
SRS023346 Stool HPV101
Skin 763961826 SRS019019 Anterior nares HPV107, HPV23
SRS014682 Anterior nares HPV124, HPV14
SRS019039 Anterior nares
763961826 SRS019033 Right retroauricular crease HPV24, HPV75, HPV144, HPV92, HPV121, HPV130, N
SRS019016 Right retroauricular crease HPV24, HPV75, HPV144, HPV92, HPV120, HPV104, HPV119,
HPV147, HPV149, HPV153, HPVS8, N
764083206 SRS015430 Anterior nares HPV148, HPV127, HPV149, HPV131, N
SRS015450 Anterior nares HPV148, HPV127, HPV144, HPV132, HPV141, N
SRS019067 Anterior nares HPV148, HPV122, HPV149, HPV10, HPV115, HPV147, N
SRS019064 Right retroauricular crease HPV126, HPV14
SRS019081 Right retroauricular crease HPV126
765094712 SRS018585 Anterior nares HPV112, HPV132, HPV136, HPV148, N
SRS051600 Anterior nares HPV119, HPV130, N
159490532 SRS017044 Anterior nares HPV12, HPV19, HPV28
SRS044474 Anterior nares HPV12, HPV19, HPV142, HPV17, HPV19, HPVS8S, N, HPV119,

HPV134, HPV147

“ HPV types that were observed in multivisit samples are in boldface type. N, unclassified HPV type.

cervical cancers, 60 to 65% of cases of vaginal cancer, and 20 to
25% of cases of vulvar cancer (50). There are 12 low-risk HPV
types that cause genital warts and are rarely associated with cervi-
cal cancers. Current HPV detection kits were designed to cover the
HPV types present in the cervical region, with an emphasis on
detecting high- and low-risk HPV types (51-53). Our findings
indicate that the cervical HPV detection kits may not be appropri-
ate for use in detection of HPV in other organs because of the
difference in organ tropisms of HPV types as shown in the phylo-
genetic analysis and the difference in dominant HPV types be-
tween organs (Fig. 2, 3, and 8). For example, the vaginal HPV
types are mainly in the genus Alphapapillomavirus, and the high-
risk HPV types clustered together in only two small branches.
Most of the skin types, however, belong to the genera Beta- and
Gammapapillomavirus. The oral HPV types were dispersed in the
genera Alpha-, Beta-, Gamma- and Mupapillomavirus. The oral
HPV community is more similar to that of the skin than to that of
the vagina. Of the 33 oral HPV types and 43 vaginal HPV types
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identified, only 9 were shared by these two organs, while 25 were
shared by the mouth and skin. Also, the vagina and mouth are
different in the most abundant HPV types (types 34, 53, 45, and 52
for the vagina and types 32 and 144 for the mouth) and in the most
prevalent HPV types (types 90 for the vagina and type 32 for the
mouth). The association between HPV and oral cancer has long
been suspected but is controversial because HPV is detectable in
only a small proportion of oral cancer cases by using the cervical
HPV detection kits. Our findings indicate that the cervical detec-
tion kit could have missed the majority of HPV types in the mouth
and that the underestimation of HPV prevalence in oral cavity
cancer could be corrected by using a kit that has a broad coverage
of HPV types or is specially designed based on new knowledge of
HPV types in the mouth. The same could be true for other cancers
outside the genital reproductive system, as suggested by a recent
observation that Betapapillomavirus HPV infections might in-
crease the risk of squamous cell carcinomas of the skin (32). The
role of noncervical HPV types in cancers of other body sites needs
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further investigation with appropriate methods, and “high-risk”
types could be redefined according to different organs.

It is known that most cervical-vaginal HPV infections in young
females are temporary, lasting <1 year, with little long-term sig-
nificance (54), and only a very small fraction of women infected
with oncogenic HPV types eventually develop cervical cancer.
However, it is unclear what factors determine the outcome of an
HPV infection. Our metagenomics analysis revealed a complex
normal HPV community in healthy human subjects that was only
partially visible by the current HPV detection methods. Previous
studies have reported coinfection with multiple HPV types in
about 50% of HPV-positive cervical samples (55, 56), and coin-
fection of multiple HPV types is one of the factors that may influ-
ence the persistence of HPV infection (57). Similarly, we found
that more than 50% of healthy subjects had coinfection with two
to three HPV types in the vagina (13/25 samples) as well as in the
skin (51/72 samples).

From an ecological perspective, nonrandom organization of
HPV types is indicative of competitive or facilitative interactions
among microbes. The cooccurrence patterns detected here based
on viral relative abundances across many samples from the skin or
vagina are unlike the biogeographical “cooccurrence” patterns of
specific types within subjects from other studies (58). The mech-
anisms leading to any of the putative interactions we detected
between HPV types in the skin or vagina may be quite diverse.
Moreover, there is accumulating evidence for complex interac-
tions between viruses and the immune environment in the genital
tract (59, 60) and between microbial flora and viruses in the gut
(61, 62). While our analysis provides a survey of putative interac-
tions between HPV types in health, future studies of possible in-
teractions with members of the bacterial flora and other members
of the viral flora not assayed here are needed. Although the phys-
iological role of the HPV community is yet to be defined, it can be
hypothesized that some nononcogenic HPV types could reduce
the cancer risk by eliminating oncogenic viral infection with cross
immunity (63) and/or viral interference (56). In contrast, other
HPV types might increase the cancer risk by maintaining a sup-
portive cellular environment favoring a persistent infection in a
coinfection with oncogenic HPV. Perturbation experiments with
a high temporal resolution are required to define the nature of
HPV infections in healthy human subjects.
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