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SUMMARY
Pathogenic simian immunodeficiency virus (SIV) infection is associated with enteropathy which
likely contributes to AIDS progression. To identify candidate etiologies for AIDS enteropathy, we
used next generation sequencing to define the enteric virome during SIV infection in nonhuman
primates. Pathogenic, but not non-pathogenic, SIV infection was associated with significant
expansion of the enteric virome. We identified at least 32 previously undescribed enteric viruses
during pathogenic SIV infection and confirmed their presence using viral culture and PCR testing.
We detected unsuspected mucosal adenovirus infection associated with enteritis as well as
parvovirus viremia in animals with advanced AIDS, indicating the pathogenic potential of SIV-
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associated expansion of the enteric virome. No association between pathogenic SIV infection and
the family-level taxonomy of enteric bacteria was detected. Thus, enteric viral infections may
contribute to AIDS enteropathy and disease progression. These findings underline the importance
of metagenomic analysis of the virome for understanding AIDS pathogenesis.

INTRODUCTION
HIV infection of humans and pathogenic SIV infection of rhesus monkeys causes
progressive immunocompromise and acquired immune deficiency syndrome (AIDS). The
rate of progression to AIDS correlates with loss of CD4 T cells, lentivirus RNA levels in the
blood, and systemic immune activation (Brenchley and Douek, 2012; Brenchley et al.,
2006b; Sandler and Douek, 2012). Thus, lentivirus-infected humans and primates that
progress to AIDS exhibit markers of systemic immune activation including elevated serum
and tissue cytokines such as type I interferon, increased serum soluble CD14 and LPS-
binding protein (LBP), and alterations in T cell activation markers. Systemic immune
activation is, in turn, associated with damage to the intestinal epithelium and translocation of
as-yet-undefined immunostimulatory pathogen-associated molecular patterns (PAMPS) or
antigens into tissues and the blood (Brenchley and Douek, 2012; Brenchley et al., 2006b;
Estes et al., 2010; Sandler and Douek, 2012).

Systemic immune activation in SIV-infected rhesus monkeys is associated with breakdown
of the intestinal epithelial lining (Estes et al., 2010; Sandler and Douek, 2012). Interestingly,
natural hosts for SIV such as African green monkeys develop persistent high level viremia
but do not develop AIDS (termed herein ‘non-pathogenic’ SIV infection) (Brenchley and
Douek, 2012; Brenchley et al., 2010; Sodora et al., 2009). Further, these animals do not
exhibit systemic immune activation or translocation of intestinal PAMPS into the circulation
(Brenchley and Douek, 2012; Brenchley et al., 2010; Pandrea et al., 2008; Sodora et al.,
2009). However, when LPS is administered to non-pathogenically SIV-infected African
green monkeys, systemic immune activation and increased SIV replication are observed
(Pandrea et al., 2008). This suggests a feed-forward mechanism contributing to AIDS
progression in which intestinal epithelial damage leads to translocation of PAMPs or
antigens into tissues which contributes to systemic immune activation, increased lentivirus
replication, progressive immune deficiency and AIDS (Brenchley and Douek, 2012;
Brenchley et al., 2006a; Brenchley et al., 2006b; Sandler and Douek, 2012).

Despite the importance of intestinal barrier damage to AIDS progression, the mechanisms
responsible for AIDS enteropathy are not understood. One obvious possibility is that
immunodeficiency leads to epithelial damage by intestinal viruses or other pathogens. The
mammalian virome and bacterial microbiome is extremely complex and can contribute to
immune status and disease in a range of settings (Barton et al., 2007; Costello et al., 2009;
Kau et al., 2011; Virgin and Todd, 2011; Virgin et al., 2009). A prior study that utilized 16S
rDNA sequencing, which was unable to detect viruses, found no discernible differences in
the diversity of bacteria associated with SIV infection (McKenna et al., 2008). The virome is
a subset of the metagenome that may be defined to include both viruses that infect
eukaryotic cells and phages that infect other members of the microbiome. Herein, we will
define viruses that infect eukaryotic cells as the virome (Virgin et al., 2009). Indeed, primate
species used in SIV research can be infected with a range of enteropathogenic viruses
(Farkas et al., 2008; Oberste et al., 2002, 2007; Sasseville and Mansfield, 2010; Wang et al.,
2007).

We hypothesized that current diagnostic approaches miss potential viral causes for epithelial
damage during SIV infection, and used next generation sequencing (NGS) to define the
enteric virome during SIV infection. We observed that pathogenic SIV infection in rhesus
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monkeys, but not non-pathogenic SIV infection of African green monkeys was associated
with a substantial expansion of the enteric virome, and using very conservative criteria
identified at least 32 previously undescribed viruses from multiple pathogenic viral genera.
In particular, adenoviruses detected by NGS during pathogenic SIV infection caused
unexpected enteritis, indicating that infection with these viruses can be associated with
pathology seen in AIDS enteropathy. Further, enteric parvoviruses detected in feces were
found in the circulation during advanced AIDs. However, we did not detect SIV-associated
changes in the composition of the bacterial microbiome. We speculate that the enteric
virome contributes to the progression of SIV infection to AIDS by fostering intestinal
epithelial damage and systemic immune activation via release of pathogens as well as
bacterial, viral, fungal or other PAMPs and antigens into host tissues and the systemic
circulation. This study highlights the use of shotgun sequencing to detect a broad range of
viruses present during pathogenic SIV infection.

RESULTS
Defining the enteric virome of SIV-infected and control monkeys

To define the effects of pathogenic and non-pathogenic SIV infection on the enteric virome,
we shotgun sequenced libraries of fecal RNA + DNA from four independent cohorts of
monkeys, each comprising SIV infected and uninfected control animals. Pathogenically
SIV-infected rhesus monkeys were housed at the New England Primate Research Center
(NEPRC, sampled at 24 and 64 weeks post SIV infection) or the Tulane National Primate
Research Center (TNPRC) (Table 1). Analysis of this cohort confirmed SIV viremia in
infected animals and revealed the expected decreases in CD4 T cell counts and increases in
serum LBP levels consistent with intestinal leakage and consequent systemic immune
activation at both 24 and 64 weeks after infection (Figure S1). As expected, the set point
level of SIV in the serum correlated with rapid progression to AIDS and death (not shown).
Non-pathogenically SIV-infected African green monkeys were housed at the National
Institutes of Health (NIH, vervet monkeys) or the NEPRC (sabaeus monkeys).

Total RNA + DNA from fecal material were sequenced using 454 technology to leverage
the resulting long sequences for robust assessment of taxonomy and assembly of viral
genomes (Table 1). There was no statistical correlation between SIV infection and either the
number of total or unique sequences (viral plus other) obtained within any of the four
cohorts. For each cohort, sequences were analyzed using two approaches. In the first, the
taxonomic structure of the sequences was analyzed using MEGAN version 4.62.3 [build
Nov. 22, 2011 (Huson et al., 2007; Huson et al., 2009)]. Each sequence was compared to the
non-redundant (nr) database using BLASTX and results mapped to the NCBI Taxonomy
Database. The second computational approach used VirusHunter software that identifies
previously undescribed viruses via analysis of both nucleic acid and protein similarity (Felix
et al., 2011; Loh et al., 2011; Zhao et al., 2011).

Pathogenic SIV infection is associated with an expanded enteric virome
We first analyzed the enteric virome of 44 rhesus monkeys housed at the NEPRC (22
monkeys infected intrarectally with pathogenic SIVmac251 and 22 SIV-uninfected
monkeys, herein termed controls)(Figure 1A–B, S2A–B). SIV-infected and control rhesus
monkeys were fed the same diet but housed separately. We analyzed fecal specimens 24
(Figure 1A, S2A) or 64 weeks (Figure 1B, S2B) after SIV infection; between these
collection times 10 SIV-infected animals were euthanized for progressive AIDS. No control
animals died.
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SIV infection was associated with a >10-fold increase in the number of sequences from
viruses (p<0.0001) and a decrease in sequences from bacteria (p=0.003) at 24 weeks post-
infection (Table 1, Figure 1A, S2A). There were no statistically significant SIV-associated
changes in the total number of sequences from phages, alveolata (representing protists),
viridiplantae (representing food sequences from plants), or other kingdoms and phyla
(Figure 1A, S2A). Samples collected 40 weeks later revealed increases in viral sequences in
most of the surviving animals that showed low numbers of viral sequences 24 weeks after
SIV infection (e.g. compare animals 23, 31, and 33 between Figure 1A and 1B). Differences
between SIV-infected and control monkeys, similar to those observed 24 weeks after SIV
infection, were observed for both viral (p<0.0001) and bacterial (p=0.035) sequences 64
weeks after infection (Figure 1B, S2B). By 64 weeks post-infection, surviving SIV-infected
monkeys also showed significant decreases in the number of phage (p=0.0320), alveolata
(p=0.0183), and viridiplantae (p=0.0013) sequences compared to controls. These data
suggest that pathogenic SIV infection is associated with significant expansion in the enteric
virome.

To confirm these findings in pathogenically SIV-infected rhesus monkeys, we analyzed an
independent cohort of 13 rhesus monkeys infected intravaginally with SIVmac251 and 29
controls housed at the TNPRC (Table 1, Figure 1C, S2C). SIV infection at the TNPRC was
also associated with a significant increase in viral sequences (p=0.0420) and decrease in
bacteria sequences (p=0.0019). In the TNPRC cohort, the SIV-infected monkeys showed
significant increases in the number of phage (p=0.0133) sequences (Figure 1C, S2C). As for
the 24 week time point in the NEPRC cohort, there were no significant changes in sequences
from alveolata or viridiplantae or sequences from other kingdoms and phyla. The meaning
of changes in phage sequences, which do not consistently track with pathogenic SIV
infection, is uncertain. These results confirm that an expansion of the enteric virome is
associated with pathogenic SIV infection in two independent cohorts of rhesus monkeys.

Non-pathogenic SIV infection is not associated with an expanded enteric virome
We next assessed whether the enteric virome changed during non-pathogenic SIV infection
of African green monkeys (Table 1, Figure 1D–E, S2D–E). The vervet African green
monkey cohort housed at the NIH was comprised of six monkeys infected intravenously
with SIVagm90, two monkeys infected intravenously with SIVagmVer1, 11 monkeys
naturally infected with SIV and 19 uninfected controls. The cohort of sabaeus African green
monkeys housed at the NEPRC (Table 1, Figure 1E, S2E) was comprised of two monkeys
infected intravenously with SIVagmMJ8, 8 monkeys infected intravenously with
SIVagm9315BR and 6 uninfected control animals. Analysis revealed a decrease in phage
sequences in the NIH cohort (p=0.0331) that was not observed in the NEPRC cohort, but no
other significant SIV infection-associated changes (Figure 1D–E, S2D–E). Thus the
expansion of the enteric virome observed during pathogenic SIV infection was not observed
during non-pathogenic SIV infection. Importantly, these African green monkeys had been
infected with SIV for a minimum of 3 years for the NIH cohort, and from 27 weeks (2
animals) to 2.6 years (8 animals) for the NEPRC cohort. Therefore, the lack of an increase in
the enteric virome in these SIV-infected animals is not because they were infected for less
time than pathogenically SIV-infected rhesus monkeys.

Viruses present in SIV-infected rhesus and African green monkeys
We next defined the nature of the enteric virome in SIV-infected and control monkeys using
VirusHunter software (Figure 2A–E, Table S1). Using conservative criteria including the
length of assembled contigs and the extents of divergence of sequences from the closest
related virus in the NCBI non-redundant database, we detected at least 32 previously
undescribed viruses in individual rhesus monkeys housed at the NEPRC alone (Figure 2A–
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B, Table S1). Certain viruses were found in multiple different animals, indicating shared
exposure to enteric viruses. We did not count circoviruses in this estimate due to their
ubiquity and diversity. Importantly, sequences from known insect (Dicistroviridae,
Iflaviridae) or plant viruses, presumably derived from the diet, did not differ between SIV-
infected and control animals (Figure 2A–E), indicating that our shotgun sequencing
techniques do not artificially expand the enteric virome of SIV-infected rhesus monkeys.

Previously undescribed viruses identified here included five adenoviruses, three
caliciviruses, one papillomavirus, eight members of the Parvoviridae (two parvoviruses, five
dependoviruses, and one bocavirus), seven picobirnaviruses, seven members of the
Picornavirales (three enteroviruses, three sapeloviruses, and one picornavirus), and one
polyomavirus (Figure 2A–B, Table S1). Many SIV-infected rhesus monkeys at both NEPRC
and TNPRC were shedding multiple potentially pathogenic viruses (Figure 2A–C, Table
S1). The presence of multiple previously undescribed viruses, and of individual animals
infected with multiple distinct viruses, was not regularly observed in control animals housed
at the same location. In striking contrast, both cohorts of African green monkeys were
relatively free of virus infection whether SIV-infected or not (Figure 2D, E).

As previously observed by others using classical virologic methods (Bailey and Mansfield,
2010; Oberste et al., 2002, 2007; Sasseville and Mansfield, 2010; Wang et al., 2007),
picornaviruses were detected in both control and SIV-infected rhesus monkeys (Figure 2,
Table S1). This allowed us to compare the number of sequences detected in pathogenic SIV-
infected and control rhesus monkeys (Figure 2F). At both NEPRC and TNPRC there were
more picornaviruses sequences in SIV-infected animals compared to controls (p=0.0002 and
0.0004, NEPRC animals at 24 or 64 weeks of infection, respectively; p=0.0247, TNPRC
animals). No relationship was detected between picornavirus sequences and non-pathogenic
SIV infection of African green monkeys (not shown). These data suggest a pathogenic SIV-
associated failure to control picornavirus infection.

Identities of viruses in rhesus monkeys at the NEPRC
We next analyzed viruses present in the NEPRC cohort by assembling viral sequences from
individual animals into contigs which we then compared to the most closely related virus
present in the database (e.g. Figure 3A–D, 4A, Table S1, named using the convention
‘WUHARV-virus name-number’). Notably, some animals were shedding more than one
virus of the same genus (Figures 2, 3, Table S1). We detected at least four adenoviruses
(WUHARV Adenovirus 1–4, Figure 4A, not shown). We assembled portions of three
calicivirus genomes (WUHARV Caliciviruses 1–3, Figure 3A, Table S3) with WUHARV
Caliciviruses 1 and 2 most closely related to, but distinct from, the primate calicivirus
Tulane (Farkas et al., 2008). For example WUHARV Calicivirus 1 shared only 75%
nucleotide identity over a 6489 bp contig with Tulane and was phylogenetically distinct
from Tulane (Figure S3). WUHARV Calicivirus 3 was quite distantly related to either
Tulane virus or WUHARV Caliciviruses 1 and 2 (Figure 3A, not shown). We detected
parvoviruses most closely related to Bufavirus 2, a recently described parvovirus (Phan et
al.) (Figure 3B, S3). We assembled viral contigs covering most of the 7,000–8,000 bp
genomes of several enteroviruses or sapeloviruses, both within the Picornaviridae (Figure
3C, 3D). WUHARV enteroviruses 1–3 share 73–84% nucleotide identity with simian
enterovirus SV19, while WUHARV sapeloviruses 1–3 are 79–81% identical to simian
sapelovirus 1 strain 2383 over essentially the entire genome (Figure 3C–D, S3). These data
reveal a remarkable variety of viruses within the expanded enteric virome associated with
pathogenic SIV infection.
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Detection of previously undescribed viruses by PCR and culture
We considered the possibility that NGS-detected viruses were actually present in all or most
monkeys but the sequencing process was biased to detect viruses by pathogenic SIV
infection. We therefore developed PCR assays to detect viruses for which we had large
portions of the genome (Figure 3, Table S2), and used these independent assays to detect
viruses (Figure 3E). In some cases contigs were so divergent that separate PCR assays were
required to detect different viruses in the same group. For example, one PCR assay detected
WUHARV Caliciviruses 1 and 2, while a different assay detected highly divergent
WUHARV Calicivirus 3. Overall PCR analysis correlated well with NGS, agreeing in 62/69
cases (90%, Figure 3E), with some of the failures potentially related to the presence of
viruses that were divergent from the viruses used to design PCR primers. PCR detected
viruses in samples when as few as 1–2 viral sequences were detected by NGS. Compared to
NGS, PCR detected 5/7 adenoviruses (failing to detect divergent adenoviruses in animals
#34 and #39), 14/16 caliciviruses (failing to detect divergent caliciviruses in animals #23
and #24), 10/11 parvovirus genus members (failing to detect a divergent parvovirus in
animal #7), 11/12 enterovirus genus members (failing to detect a divergent enterovirus in
animal #34) and 22/23 sapelovirus genus members (failing to detect a non-divergent virus in
animal #19 representing a true false negative). Importantly, PCR was negative for virus
infection in a total of 151/151 cases for adenoviruses, caliciviruses, parvoviruses,
enteroviruses, and sapeloviruses when NGS did not reveal a viral sequence. It remains
possible that these viruses are present in additional animals not detected by PCR or NGS.

To further confirm NGS results, we cultured viruses from fecal samples. NGS data revealed
(Figures 2A, 4A, Table S1) that multiple animals at NEPRC were potentially infected by
previously undescribed adenoviruses. We therefore selected feces from animals #40 (60
adenovirus sequences), #44 (138 adenovirus sequences) and #30 (2 adenovirus sequences),
as well as a fourth rhesus monkey not in this cohort (57 adenovirus sequences of 5758
unique reads) and sought to isolate viruses from them. We cultured five adenoviruses from
these four animals (WUHARV Ad#1-5). These were sequentially plaque purified, amplified
in culture, and isolated on cesium chloride gradients. We used PCR and sequencing to
confirm that these viruses were those detected by NGS (WUHARV Ad1 shown in Figure
4A, and not shown). Together both PCR and culture analysis confirmed the presence of
viruses detected by NGS in fecal samples from pathogenic SIV-infected animals.

Viruses in the expanded enteric virome are found in tissues and blood
To determine the clinical relevance of viruses detected by NGS, we evaluated the intestines
of 12 necropsied SIV-infected animals (Figure 1B, Table 2). Five of 12 had intestinal
pathology characteristic of cytomegalovirus, mycobacteria, or Balantidium (Table 2). Three
animals (#23, 27, and 41) had high levels of adenovirus sequences prior to necropsy (Table
2), and these macaques, but not others in this necropsy cohort, exhibited adenovirus-
associated enteritis by histologic examination (Figure 4C, D, panels i and ii). All had lesions
in the jejunum and ileum (ileitis) while one also had lesions in the cecum (colitis).
Immunohistochemistry confirmed the diagnosis of adenovirus ileitis (Figure 4C, D, panels
iii and iv, Table 2), and colitis (not shown). Thus viruses detected in the fecal material of
SIV-infected rhesus monkeys using NGS are associated with intestinal disease and epithelial
damage in SIV-infected macaques.

To further investigate the clinical relevance of viruses detected by NGS, we used virus
specific PCR assays (Table S2) to determine whether viruses detected in the fecal material
of SIV-infected rhesus monkeys (Figure 2A, 3E) were present in serum. We detected
parvovirus (Figure 3E) in 4/10 serum samples taken at the time animals were euthanized for
advanced AIDS between 24 and 64 weeks post infection. Sequence analysis of PCR
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amplicons demonstrated that parvoviruses present in fecal material (animals #24, #28, #35,
#39) were also present in the serum of these four animals with advanced AIDS. This
indicates that viruses detected in the fecal material of SIV-infected rhesus monkeys can
invade tissues and enter the circulation, further supporting the concept that SIV-associated
expansion of the enteric virus may contribute to disease.

Lack of an association between SIV infection and changes in the bacterial microbiome
We next assessed the effects of SIV infection on the taxonomy of the bacterial microbiome
(Fig. 5A–D). Our metagenomic data was comparable to published 16S rDNA-derived class-
level data from SIV-infected and control macaques at TNPRC (McKenna et al., 2008),
indicating that these distinct methods yield overall similar results (Figure S4). Rarefaction
analysis revealed that all but a few samples with very high numbers of viral sequences were
robust for analysis of bacterial diversity at the family level (Figure S4). Species
accumulation curves indicated that all cohorts, except the NEPRC African green monkey
cohort were robust for this analysis; further analysis excluded this cohort (Figure S4). We
detected no consistent SIV-associated differences in bacterial family richness, evenness, or
diversity (Legendre and Legendre, 1998). The significant (p=0.0345) SIV-associated
difference in Shannon Diversity in the NEPRC cohort sampled 64 weeks post infection, was
not observed in other pathogenic SIV-infected animals (NEPRC cohort 24 weeks post-
infection, TNPRC cohort, (Figure S4). There was no difference in bacterial family evenness
across cohorts (Figure S4). There were no significant differences between SIV-infected
monkeys and uninfected controls in any cohort amongst the most-represented 20 bacterial
families (Figure 5A–D). Additional analysis using principal component analysis as well as
supervised and unsupervised random forest analysis (Yatsunenko et al.), showed no
association between SIV infection and the bacterial microbiome. Further, we failed to find
an association between SIV infection and either the genus- or species-level taxonomic
structure of the bacterial microbiome. Thus, in contrast to our analysis of the virome, we
detected no consistent SIV-infection associated differences in the family-level taxonomy of
the bacterial microbiome.

DISCUSSION
Herein we report that pathogenic SIV infection is associated with a significant and
unexpected expansion of the enteric virome detected using NGS of RNA and DNA. We
documented a remarkable number of differences in the fecal virome between pathogenically
SIV-infected monkeys, uninfected control monkeys, and monkeys infected with non-
pathogenic SIV. These findings included increases in viral sequences, the presence of
previously undescribed viruses, association of unsuspected adenovirus infection with
intestinal disease and enteric epithelial pathology, and viremia with enteric parvoviruses in
advanced AIDS. At least 32 previously undescribed viruses were detected from genera that
cause diseases in mammalian hosts including adenoviruses, caliciviruses, parvoviruses,
picornaviruses, and polyomaviruses. As our assignment of viral sequences to previously
undescribed viruses was conservative, and as additional sequencing might detect additional
viruses, we may have significantly underestimated both the size and the pathogenic potential
of the enteric virome in SIV-infected animals. Furthermore, we may have missed viruses
that infect the intestine but are shed at very low levels.

Application of standard diagnostic approaches such as PCR or culture would not have
identified the breadth of divergent viruses detected here, and therefore would have
underestimated both the potential causes of enteritis or systemic viral infection and the
diversity of antigens which might contribute to enteropathy and immune activation. Our
findings raise the interesting possibility that the nature of the enteric virome might be a
prognostic indicator of HIV progression, and might contribute to AIDS pathogenenesis by
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damaging the intestinal epithelium to allow access of microbes, PAMPs, and viral antigens
into tissues and the circulation to activate the immune system and stimulate lentivirus
replication.

These data challenge the notion that abnormalities in the intestinal tract in pathogenic SIV-
infected primates are due to direct effects of SIV or indirect effects of SIV on immune
responses to enteric bacteria (Sandler and Douek). We suggest the distinct, but non-
exclusive, hypothesis that immunocompromise during lentivirus infection is also associated
with significant expansion of the enteric virome and that these viruses damage the intestine,
as shown for adenoviruses in the present study. Such damage could provide access for
bacterial PAMPs, or as shown here enteric viruses, into tissues and the circulation. It is
already recognized that ‘bacterial’ and ‘viral’ contributions to intestinal pathology are not
independent of each other. Clear synergies between the virome, bacteria, and host genes
have been documented in murine systems (Bloom et al., 2011; Cadwell et al., 2010; Virgin
and Todd, 2011). Importantly, it is not clear how bacterial PAMPs would explain the T cell
activation characteristic of the systemic immune activation associated with AIDS
progression. Our data suggest that T and B cell activation might be due to immune responses
to unexpected viral antigens, as for example the parvovirus we detected in the circulation of
a subset of animals. Unsuspected viral infections might also contribute to the high levels of
IFN-alpha noted in the circulation of untreated AIDS patients. Searching for virus-specific T
cell responses requires knowledge of the sequence of the viral proteins present, indicating
the importance of sequencing the virome to define potential antigens that might drive
immune activation in lentivirus-infected hosts.

A key observation is that many of the viruses we detected are RNA viruses and would not be
detected in analyses of the microbiome utilizing DNA based sequencing of bacterial 16S
rDNA or DNA-based shotgun sequencing. There has not been a complete analysis of the
enteric microbiome at the RNA level to date, and to some extent the term ‘microbiome’ has
been used to refer to bacteria alone rather than all taxa of life present in the intestinal wall or
intestinal contents. In addition to viruses, for example, commensal fungi and bacteria have
been associated with colitis (Bloom et al., 2011; Iliev et al., 2012). Indeed a broad range of
organisms can interact with host genes to alter the phenome of the host (Virgin and Todd,
2011; Virgin et al., 2009). For example ‘virus plus gene’ interactions can induce human-like
pathology in mice, indicating that complex interactions between the enteric virome and host
genes may contribute to a range of phenotypes (Cadwell et al., 2008; Cadwell et al., 2010;
Virgin and Todd, 2011; Virgin et al., 2009). The need for a broad and unbiased assessment
of the DNA and RNA-defined microbiome in association with enteric disease is clearly
indicated by our detection of expansion of the virome associated with pathogenic SIV
infection.

The complexity of the enteric virome
An important issue raised by our findings is how to taxonomically assign viral sequences
when only portions of the viral genome are present. When complete viral genomes are
available, their assignment to family, genus, species and strain can be made based on
historical criteria in initial publications and then codified by the International Committee on
the Taxonomy of Viruses (ICTV at http://ictvonline.org/). As we did not have complete
genomes for the 32 viruses we identified here, we elected to report in Figures 3 and S3 and
Table S1 (and to target by PCR) a group of viruses for which we had significant portions of
the genome and could use very conservative criteria for relatedness between viruses. As
sequence depth increases and assembly becomes more robust, the availability of more viral
genomes and more complete viral genomes will allow clearer assignment of viral genomes
and assessment of the breadth of the virome. An important conceptual issue herein is that
viral pathogenesis and virulence is often conferred by single or a few nucleotide changes.
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Furthermore, many of the immunocompromised monkeys studied here were shedding
multiple potentially pathogenic viruses. Thus it will be a major task to select the viral agents
to be studied to understand the contribution of the complex enteric virome to disease
pathogenesis.

SIV and the enteric bacterial microbiome
We failed to find a clear association between pathogenic SIV-infection and multiple
independent measures of family-level bacterial diversity and population structure. We also
examined this question at the genus, and species level but note that these data sets were less
robust as judged by rarefaction analysis of individual animals. These data present a striking
contrast with expansion of the enteric virome we document in monkeys infected with
pathogenic SIV. These analyses are consistent with the single other study of macaques and
SIV indicating that there are no major family-level alterations in fecal bacteria associated
with pathogenic SIV infection (McKenna et al., 2008). This conclusion comes with
significant caveats. Firstly, some samples in our study with very high numbers of viral
sequences failed rarefaction, leaving open the possibility that when virus infection is very
high there are changes in enteric bacteria. Further, the number of sequences analyzed here
allowed assessment of family-level taxonomy but not a detailed assessment at the genus,
species or strain level. In addition, fecal material may not reflect the populations of bacteria
that adhere to the intestinal mucosal (Nava et al., 2011). Further analyses of possible SIV-
associated changes in the bacterial microbiome, and of relationships between the virome and
the microbiome, will therefore require generation of sequence libraries large enough to
support analysis of the bacterial microbiome at the genus, species, and strain level.

Implications for AIDS Pathogenesis
Discovery of the expansion of the enteric virome in nonhuman primates infected with
pathogenic SIV, but not with non-pathogenic SIV, has profound implications for
understanding AIDS pathogenesis in these animals and indicates the need for similar studies
in human AIDS. Our data are consistent with a model in which immunosuppression results
in increased levels of enteric viral infection which, in a feed-forward manner, contributes to
AIDS via damage to the intestinal mucosa and induction of systemic immune activation that
accelerates AIDS progression. The pathogenetic potential of the enteric virome, exemplified
by animals with enteritis associated with adenovirus infection or parvovirus viremia, is not
fully understood based on this initial study. By sequencing both RNA and DNA and by
using metagenomic approaches, rather than focusing on bacterial 16S rDNA analysis, we
have documented a previously undescribed set of viruses associated with clinical AIDS
progression in rhesus monkeys. Since these viruses include many potential pathogens,
studies of HIV and SIV pathogenesis should take them into account as possible contributors
to disease progression. This provides substantial opportunity to explain and eventually
intervene in the processes that lead to AIDS clinical disease progression. Furthermore, our
data suggest that expansion of the enteric virome may be useful as a marker for rapidly
progressive disease. Future studies will directly investigate the role of both RNA and DNA
components of the metagenome in AIDS pathogenesis in both nonhuman primates and
humans. Such studies will lead to a more detailed understanding of AIDS enteropathy and
the molecular basis of systemic immune activation that is associated with progression to
AIDS.

EXPERIMENTAL PROCEDURES
Nucleic acid preparation and shotgun sequencing

Frozen stool was resuspended in PBS, centrifuged, and the supernatant passed through a
0.45 μm filter. Total RNA and DNA was isolated from the filtrate, reverse transcribed and
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PCR amplified using bar-coded primers (Wang et al., 2003). Amplification products were
sequenced on the 454 GS FLX Titanium platform (454 Life Sciences). See supplemental
methods for details.

Detection and analysis of viral sequences using custom bioinformatic pipeline
Sequences were analyzed using VirusHunter software as described (Felix et al., 2011; Loh et
al., 2011; Loh et al., 2009; Presti et al., 2009; Zhao et al., 2011). Briefly, sequences were
assigned to individual samples using barcode sequences, primer sequences were trimmed,
and sequences were clustered using CD-HIT (Li and Godzik, 2006) to remove redundant
sequences (95% identity over 95% sequence length). The longest sequence from each such
cluster was chosen as the representative unique sequence, and entered into the analysis
pipeline. Sequences were masked by RepeatMasker (http://www.repeatmasker.org); those
lacking at least 50 consecutive non-”N” nucleotides or having >40% of their length masked
were removed (filtered). Filtered high quality unique non-repetitive sequences were
sequentially compared against (i) the human genome using BLASTn; (ii) GenBank nt
database using BLASTn; and (iii) GenBank nr database using BLASTX (Altschul et al.,
1990). Minimal e-value cutoffs of 1e−10 and 1e−5 were applied for BLASTn and BLASTX
respectively (Bench et al.; Wommack et al.). Sequences were phylotyped as human, mouse,
fungal, bacterial, phage, viral, or other based on the top BLAST hit. Sequences without any
significant hit in any database were designated as unassigned. Sequences aligning to both a
virus and another kingdom (e.g. bacteria or fungi) with the same e value were classified as
ambiguous. All eukaryotic viral sequences were further classified into viral families based
on the taxonomy ID of the best hit.

Assembly of viral contigs and virus comparison analysis
All viral sequences and unassigned sequences (and 5 longest sequences similar to these
sequences) from each sample were assembled into contigs using Newbler (454 Life
Sciences) with default parameters. If a sample was sequenced multiple times, all available
sequence data was used to optimize contig assembly. The longest assembled contig
belonging to a given genus was analyzed first as the ‘representative’ contig. To compare
viruses across multiple animals, contigs (and sequences if no contigs were obtained from a
sample) were compared with this ‘representative’ contig. Sequences sharing 98% nucleotide
identify or higher over the aligned region with the ‘representative’ contig were considered to
be the same virus, and removed from further analysis. This process was sequentially
repeated for all remaining contigs until all sequences were classified. If two contigs or
sequences from a single sample were homologous to different regions of a known viral
genome, we made the conservative assumption that that only a single virus was present.
Unique viral contigs selected in this manner were queried against the NCBI nt database and
the most closely related complete viral genome was selected as the reference genome. For
adenoviruses, different NGS sequences and contigs shared the highest homology with
different known viruses. Two out of the 3 contig sequences used for designing primers
shared highest homology to Simian adenovirus 1 strain ATCC VR-195, which was therefore
selected as reference genome. If no nucleotide level homology was detected, viral contigs
were queried for protein homology against the NCBI nr database and the most related viral
genome was identified.

Metagenomic analysis using MEGAN
Individual sequences were analyzed using BLASTX (version 2.2.22+) on a customized
server with ~1700 available processor slots and a memory range of 2–32 GB per node.
Sequences were compared by BLASTX to the NCBI nr database version 06/06/2011.
Results with an e-value e−10 were stored and used for taxonomic assignment using the
Lowest-Common Ancestor (LCA) algorithm in MEGAN v. 4.62.3 build 22 Nov 2011. The
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following LCA parameters were used for taxonomic assignment: Min Support: 5, Min
Score: 35, Top percent 10, Win Score: 0, Min Complexity 0. This generated sample-specific
RMA files containing all of the taxonomic assignment information for each sample to be
used for downstream analysis. Global metagenome comparisons using all sequences
assigned to all taxa were completed for each cohort. These comparisons used MEGAN’s
normalization protocol enabling inter-sample comparison. Additionally, sequences in
specific taxa (bacteria, viruses, or phage) were isolated and processed through MEGAN
using the same parameters to independently analyze these taxa without effects of global
normalization. Summarized sequence counts per taxa were exported for subsequent
statistical analysis using GraphPad Prism version 5.0d.

PCR detection of viruses
Primers (Table S2) were designed to amplify regions conserved between WUHARV
adenoviruses 1–5, caliciviruses 1–2, calicivirus 3, parvoviruses 1–2, enteroviruses 1–3,
sapeloviruses 1–3 and related viral genomes. Primer sensitivity was evaluated using libraries
with high or low numbers of adenovirus, calicivirus, parvovirus, enterovirus or sapelovirus
sequences, while primer specificity was evaluated using libraries with high numbers of
unrelated virus sequences, as well as virus sequences from related genera. Libraries
generated from stool samples were diluted 10 fold and screened (n=2) by PCR for presence
of viruses. There was concordance in all duplicate tests. See supplemental methods for
details.

Isolation and detection of WUHARV adenoviruses
Filtrates of stool samples were used to inoculate adenovirus-permissive cells, viruses were
plaque purified twice on Per55K cells, and then used to generate virus stocks and CsCl-
purified virus. To detect adenoviruses, primers (Table S2) were designed to amplify regions
from WUHARV adenoviruses (1–5) from contigs with a range of relatedness to the
reference genomes and then visualized using EtBr on a 0.8% agarose gel. See supplemental
methods for details.

Assays and necropsy of SIV-infected rhesus monkeys
Serum levels of LPS binding protein (LBP) were quantitated by ELISA (Antibodies Online).
Twelve animals housed at the NEPRC (Figure 1B) were subjected to complete necropsy
within two hours of death and representative histologic sections of all major organs were
analyzed for pathology. Immunohistochemistry using an adenovirus specific antibody was
used to detect infected cells. See supplemental methods for details.

GenBank accession numbers
Sequence data from each animal were uploaded to the MG-RAST server (version 3.12). The
sequences of virus contigs presented in Figure 3 and Figure S2 have GenBank accession
numbers as follows: WUHARV Calicivirus 1 (JX627575), WUHARV Parvovirus 1
(JX627576), WUHARV Enterovirus 1 (JX627570), WUHARV Enterovirus 2 (JX627571),
WUHARV Enterovirus 3 (JX627572), WUHARV Sapelovirus 1 (JX627573), WUHARV
Sapelovirus 2 (JX627574).

Statistical analysis
For analysis of sequence numbers after normalization the data were log10 transformed prior
to statistical analysis. P-values were derived using the nonparametric Mann-Whitney test. P-
values < 0.05 are considered significant. For analysis of bacterial families in Figure 5, we
utilized one-way ANOVA with a Bonferroni correction to correct for multiple comparisons.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The enteric virome expands during pathogenic, but not non-pathogenic, SIV
infection.

• Pathogenic SIV-infected rhesus monkeys shed multiple enteric viruses.

• Viruses are associated with intestinal pathology during SIV infection.

• Metagenomic analysis of the enteric virome is important to study AIDS
pathogenesis.
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Figure 1. Taxonomic distribution of sequences identified in feces of SIV-infected (SIV+) and
uninfected (SIV−) monkeys
A–E graph the percentage of sequences obtained from fecal samples assigned by MEGAN
to the indicated taxonomic groups. X-axis numbers refer to individual animals.
(A, B) Sequences from monkeys housed at NEPRC for 24 weeks (A) or 64 weeks (B) after
intrarectal infection with SIVmac251. *euthanized for progressive AIDS 24 to 64 weeks
after SIV infection.
(C) Sequences from monkeys housed at the TNPRC 23–64 weeks after intravaginal
infection with SIVmac251.
(D) Sequences from SIV-infected and control vervet African green monkeys housed at NIH
after intravenous infection with SIVagm90, SIVagmVer1 or after natural infection in the
wild.
(E) Sequences from sabaeus African green monkeys housed at NEPRC and infected
intravenously with SIVagmMJ8 or SIVagm9315BR.
(A–E) Flanking doughnut charts display the averaged values per kingdom for SIV+ or SIV-
monkeys.
See also Figure S2
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Figure 2. Distribution of virus sequences in rhesus and African green monkeys
For these charts ‘mammalian’ indicates that sequences were most closely related to viruses
that infect mammals. Viruses infecting non-mammals are referred to as ‘other’.
‘Unclassified virus’ includes all unclassified viruses, e.g. Chronic bee paralysis virus,
Chimpanzee stool associated circular ssDNA virus, Circovirus-like genome RW-C,
Circovirus-like genome CB-A, Rodent stool-associated circular genome virus, etc.
(A–E) The numbers below each chart and SIV infection status and panels are as in the
Figure 1 legend.
(F) Comparison of the mean +/− SEM number of picornavirus sequences, after
normalization for analysis using MEGAN, detected in the indicated cohorts of SIV-infected
(+) and control (−) rhesus monkeys.
See also Table S1
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Figure 3. Identification of enteric viruses in rhesus monkeys housed at the NEPRC
For panels A–D grey bars represent assembled viral contigs, while black bars represent the
genome of the most closely related known virus. *Indicates percent nucleotide identity over
the designated length of the best aligned homologous region (indicated by double headed
arrow) compared to the most closely virus genome. Animal numbers are as in Figure 1A.
(A) Contigs from WUHARV Caliciviruses 1 (animal 39), 2 (from an animal not included in
the cohort), and 3 (animal 39) compared to Tulane calicivirus. Calicivirus 1 contig 1 derived
from 879 sequences, length= 6,578 bp; Calicivirus 2 contig 1 derived from 16 sequences,
length=812 bp; Calicivirus 2 contig 2 assembled from 120 sequences, length= 5,083 bp;
Calicivirus 3 contig 1 assembled from 14 sequences, length= 750 bp; Calicivirus 3 contig 2
assembled from 67 sequences, length= 2,111 bp; Calicivirus 3 contig 3 assembled from 41
sequences, length= 832 bp; Calicivirus 3 contig 4 assembled from 38 sequences,
length=1,273 bp.
(B) Contigs from WUHARV Parvovirus 1 (animal 39) and 2 (animal 35) compared with the
sequence of Bufavirus 2. Parvovirus 1 contig 1 assembled from 375 sequences, length=
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4,905 bp; Parvovirus 2 contig 1 representing 1 sequence, length= 470 bp; Parvovirus 2
contig 2 assembled from 6 sequences, length= 690 bp.
(C) Contigs from WUHARV Enterovirus 1 (animal 41), 2 (animal 39) and 3 (animal 33)
compared with the sequence of Simian enterovirus SV19. Enterovirus 1 assembled from
1,084 sequences, length= 7,273 bp; Enterovirus 2 assembled from 758 sequences, length=
7,128 bp; Enterovirus 3 assembled from 406 sequences, length= 6,962 bp.
(D) Contigs from WUHARV Sapelovirus 1 (animal 42), 2 (animal 41) and 3 (animal 37)
compared with the sequence of Simian Sapelovirus 1 strain 2383. Sapelovirus 1 assembled
from 3,081 sequences, length= 8,059 bp; Sapelovirus 2 assembled from 2,711 sequences,
length= 8,025 bp; Sapelovirus 3 assembled from 380 sequences, length= 6,872 bp.
(E) A chart showing the presence (grey box) of viral sequences in monkeys housed at
NEPRC for 24 weeks as detected by PCR using virus-specific primers (Table S2). Numbers
below the chart refer to the animals in Figure 1A. “a” = lack of detection of a virus likely
due to the presence of a divergent virus; “b” = lack of detection of a virus for unknown
reasons. “c” = detection of virus sequences in serum samples taken at the time of euthanasia
for AIDs.
See also Figure S3 and Table S2
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Figure 4. Enteric disease in SIV-infected rhesus monkeys at necropsy
(A) The convention for showing viral contigs is as in Figure 3. Contigs from WUHARV
Adenovirus 1 (animal #40) compared to the known virus Simian adenovirus 1 strain ATCC
VR-195. These contigs were assembled from 1308 sequences.
(B) A gel showing PCR confirmation of WUHARV adenovirus 1 during amplification,
plaque purification and cesium chloride gradient purification. The three PCR products for
each sample (lanes 2–19) were derived from primers 4302c3f and 4302c3r, 4302c18f and
4302c18r, and 4302c1f and 4302c 1r respectively (Table S2). Lane 1, MW marker.
(C, D) Histopathology (top panels) and adenovirus immunohistochemistry (bottom panels)
of the small intestine. Adenovirus infection was associated with villous atrophy and fusion
(i) and sloughed epithelial cells that contained intranuclear adenoviral inclusions (ii, arrows).
Adenovirus antigen could be localized to villous tip epithelium by immunohistochemistry
(brown color of DAB chromagen, Mayer’s counterstain; iii and iv). Scale bars in i, iii = 0.5
mm. Scale bars in ii, iv=200 μm.
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Figure 5. Representative bacterial families in rhesus and African green monkey feces
For A–D heat maps display the number of sequences assigned to specific bacterial families
for individual animals in each cohort. The nature of SIV infection is as defined in the legend
of Figure 1. (A, B) Sequences from pathogenic SIV-infected and control rhesus monkeys
housed at the NEPRC (A) 24 weeks and (B) 64 weeks after SIV infection.
(C) Sequences from pathogenic SIV-infected and control rhesus monkeys housed at the
TNPRC.
(D) Sequences from nonpathogenic SIV-infected and control vervet African green monkeys
housed at the NIH.
See also Figure S4
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