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ABSTRACT Diarrhea is the major cause of non-research-associated morbidity and
mortality affecting the supply of rhesus macaques and, potentially, their responses
to experimental treatments. Idiopathic chronic diarrhea (ICD) in rhesus macaques
also resembles ulcerative colitis, one form of human inflammatory bowel disease. To
test for viral etiologies, we characterized and compared the fecal viromes from 32
healthy animals, 31 animals with acute diarrhea, and 29 animals with ICD. The over-
all fractions of eukaryotic viral reads were 0.063% for the healthy group, 0.131% for
the acute-diarrhea group, and 0.297% for the chronic-diarrhea group. Eukaryotic vi-
ruses belonging to 6 viral families, as well as numerous circular Rep-encoding single-
stranded DNA (CRESS DNA) viral genomes, were identified. The most commonly de-
tected sequences were from picornaviruses, making up 59 to 88% of all viral reads,
followed by 9 to 17% for CRESS DNA virus sequences. The remaining 5 virus fami-
lies, Adenoviridae, Astroviridae, Anelloviridae, Picobirnaviridae, and Parvoviridae, collec-
tively made up 1 to 3% of the viral reads, except for parvoviruses, which made up
23% of the viral reads in the healthy group. Detected members of the families Picor-
naviridae and Parvoviridae were highly diverse, consisting of multiple genera, spe-
cies, and genotypes. Coinfections with members of up to six viral families were de-
tected. Complete and partial viral genomes were assembled and used to measure
the number of matching short sequence reads in feces from the 92 animals in the
two clinical and the healthy control groups. Several enterovirus genotypes and
CRESS DNA genomes were associated with ICD relative to healthy animals. Con-
versely, higher read numbers from different parvoviruses were associated with
healthy animals. Our study reveals a high level of enteric coinfections with di-
verse viruses in a captive rhesus macaque colony and identifies several viruses posi-
tively or negatively associated with ICD.

KEYWORDS enterovirus, sapelovirus, parvovirus, CRESS-DNA, idiopathic diarrhea,
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e compared the enteric viromes of captive rhesus macaques (Macaca mulatta)

with acute and idiopathic chronic diarrhea (ICD) to those of healthy animals using
a case-control study. The genomes of several known and new viruses were character-
ized using metagenomics. We showed that some specific enterovirus genotypes and
some small circular DNA genomes are associated with chronic idiopathic diarrhea,
providing candidates for further testing of their pathogenicity. Other viruses, including
some parvoviruses, were found at significantly higher levels in healthy animals.
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ICD in captive macaques is the most common cause of non-medical-research
mortality in primate research centers, reducing the availability of healthy rhesus
macaques and increasing the cost of nonhuman primate (NHP) research (1, 2). Clinically,
animals with ICD exhibit persistent or recurring nonbloody diarrhea with microscopic
ulcers in the colon (2-5). The mucus layer of the colon is also thickened, with shortened
crypts showing a very high level of lymphocyte and plasma cell infiltration, mimicking
signs of a response to viral infection (6). This condition is akin to human ulcerative
colitis, a subset of inflammatory bowel disease (IBD) in which small ulcers often begin
in and extend throughout the colon (distinct from the other major form of IBD, Crohn'’s
disease, which affects the entire gastrointestinal tract). In rhesus macaques, ICD cases
are often diagnosed by 1 year of age. Their peripheral and gut inflammation is biased
toward TH1 inflammation, and symptoms are always accompanied by dysbiosis in the
gut microbial communities (7-10).

Bacterial infections with Shigella, Campylobacter, Yersinia, Salmonella, or Clostridium
difficile and with parasites, including Cryptosporidium, are also common causes of
diarrhea in macaque colonies (2, 11). However, in a subset of persistent and recurrent
diarrhea cases, no pathogenic bacteria, parasites, or other etiological agents are
identified, and are therefore defined as ICD (8).

At the California National Primate Research Center (CNPRC), approximately 20% of
the animals are hospitalized annually due to acute diarrhea. Up to 25% of these
acute-diarrhea cases are diagnosed as ICD (up to 5% annual incidence). The annual
incidence of ICD cases has been reported to be as high as 10 to 15% of the population
in other breeding colonies (5, 6). Affected animals with ICD respond poorly to medical
management (including corticosteroids and antibiotics) and are frequently hospitalized
due to dehydration and weight loss. Animals that are nonresponsive to treatment
regimens are euthanized for ethical considerations (6).

Using various virus-specific reagents and methods, feces from rhesus macaques
with diarrhea on a Chinese monkey farm were shown to contain enteric adenoviuses,
enteroviruses, coronaviruses, rotaviruses, and picobirnaviruses, while those at the
Yerkes National Primate Research Center (Yerkes, GA) contained adenovirus and picor-
binaviruses (12). Using cytopathic effects in tissue culture as read out, adenoviruses
were found to be associated with diarrhea in captivity-raised rhesus macaques, while
rotaviruses were not considered a frequent cause of gastroenteritis (13). Experimental
inoculation with primate caliciviruses was able to induce colitis in juvenile rhesus
macaques (14). More recently, simian immunodeficiency virus (SIV)-induced enteropa-
thy was associated with a greater diversity of enteric viruses, mucosal adenovirus, and
parvovirus viremia than in an uninfected group of rhesus macaques (15). African green
monkeys, which, unlike rhesus macaques, do not develop SIV-associated enteropathy,
showed a less diverse enteric virome in both SIV-free and SIV-infected animals (15).

Numerous metagenomics virome analyses have shown that humans, as well as wild
and domesticated animals, both healthy and with diarrhea, can shed multiple viruses
in their feces (16-30). For animals weakened by other infections, immunodeficiency,
age, or stress, generally innocuous infections may result in overt disease. Therefore, a
major problem in uncovering the etiology of enteric animal diseases, such as ICD, is the
presence of many largely innocuous viruses, some of which may be pathogenic in only
the most susceptible hosts.

Here, we used viral metagenomic sequencing to characterize the enteric virome of
rhesus macaques with acute and chronic diarrhea and compared its composition to
that of healthy animals to identify viruses associated with acute diarrhea or ICD.

RESULTS

Detection of multiple viral families. Viral metagenomic libraries were prepared
from cryopreserved fecal samples from animals with acute diarrhea (n = 31) or
idiopathic chronic diarrhea (n = 29) and healthy animals (n = 32). Samples were
individually sequenced using two Illumina MiSeq runs, generating a total of 51 million
reads. Viral reads from 6 viral families plus circular Rep-encoding single-stranded DNA
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FIG 1 (A) Distribution of sequence reads matching different eukaryotic virus families. The numbers in the
of eukaryotic viral reads relative to the total number of reads. The pie charts indicate percentages of vir:
viral families. “Others” consists of Adenoviridae (purple), Picobirnaviridae (turquoise), Anelloviridae (orange

black boxes are the percentages
al sequence reads from different
), and Astroviridae (light blue). (B)

Distribution of sequence reads from different viral families shown by individual rhesus macaque using percent viral reads divided by total

reads. Horizonntal lines reflect mean values.

(CRESS DNA) viruses were detected, and their distribution in each animal group is
shown in Fig. TA. The overall percentage of eukaryotic virus reads in these virus families
was 0.063% in the healthy group, 0.131% in the acute-diarrhea group, and 0.297% in
the chronic-diarrhea group, indicating a higher overall viral burden in diarrheic animals.
The following virus families were identified in decreasing percentages of reads: Picor-
naviridae, CRESS DNA viruses, Parvoviridae, Adenoviridae, Picobirnaviridae, Anelloviridae,
and Astroviridae. The dominant viral reads in all groups were from the family Picorna-
viridae, making up 59% of the viral reads in the healthy group and 86% in the
chronic-diarrhea and 88% in the acute-diarrhea groups. The CRESS DNA viral sequences
made up the second most common viral reads, accounting for 17% of viral reads in
healthy animals, 9% in the acute-diarrhea group, and 13% in animals with chronic
diarrhea. The most prominent difference among the three groups can be seen with
members of the family Parvoviridae, which made up only 0.2% and 1.6% of the reads
in the chronic- and acute-diarrhea groups, respectively, but 23% in the healthy group.
Collectively, adenovirus, picobirnavirus, anellovirus, and astrovirus sequences were
detected as a small fraction (1 to 3%) of the total viral reads in every group (Fig. 1A).

A comparison of percentages of hits for different viral families in each animal of the
three clinical groups is shown in Fig. 1B. The mean values were greater for picornavi-
ruses and picobirnaviruses in acute and chronic diarrhea than for healthy animals, and
vice versa for parvoviruses, but after adjusting the P values derived by t tests for
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multiple comparisons (different viral families), the false-discovery rate (FDR) calculation
yielded no differences of <0.05.

The number of coinfections with different viral families and CRESS DNA viruses in
each individual animal group, irrespective of read numbers, ranged from 1 to 6. The
level of coinfections between groups was not statistically different using the one-way
analysis of variance (ANOVA) method.

Complete and partial viral genomes. (i) Picornaviridae. (a) Enterovirus. A total of
22 contigs ranging in size from 1,076 nucleotides (nt) to 7,096 nt were generated (see
Table S2 in the supplemental material). Members of two enterovirus species were
identified, based on a protein similarity search (BLASTx): Enterovirus A (EV-A) (15
contigs) and Enterovirus J (EV-J) (7 contigs). A complete or nearly complete coding DNA
sequence (CDS) was generated in 4 contigs from Enterovirus A species and 2 contigs
from Enterovirus J species (Fig. 2A). Three shorter partial genomes were also generated
(see Table S2 in the supplemental material). The sequences were subjected to genotype
evaluation over the VP1 region using Enterovirus Genotyping Tool v. 01 (31). Four EV-A
contigs were classified as serotype SV19, two as SV46, and three as Enterovirus J. These
sequences, along with closely related genomes from this and other NHP enterovirus
species, were used for phylogenetic analysis based on complete VP1 capsid sequences
(Fig. 2B). Three main groups of enteroviruses related to EV-A SV19/WUHARV2 and -3,
EV-A SV46, and EV-J POo-1 were identified. The EV-A SV19-like sequences (cg4006,
€g4644, cg5250, and cg9811) showed 77 to 92% nucleotide identity to one another and
80 to 83% to SV19. These viruses also showed a close relationship to WUHARV
enterovirus 2 (GenBank accession no. JX627571.1) and WUHARV enterovirus 3 (Gen-
Bank accession no. JX627572), with 79 to 82% and 78 to 86% nucleotide similarity,
respectively. The SV46 sequences (cg4119 and cg5400) showed 82% nucleotide simi-
larity in VP1 to simian enterovirus 46 strain RNM5 (GenBank accession no. EF667343.1)
from rhesus macaque. Enterovirus J contigs (cg5275, cg8227, and cg3697) showed 86
to 91% nucleotide similarity to one another and 76% to enterovirus J strain POo-1
(GenBank accession no. FJ007373), which belongs to the EV-J103 genotype isolated
from pig-tailed macaque (Macaca nemestrina).

In order to generate reference sequences to count reads to different enterovirus
genotypes and variants, the diverse EV-A SV19-related sequences were further split
into two groups (see Table S2 in the supplemental material) more closely related to
either SV19/WUHARV3 or WUHRAV2. Another group of shorter enterovirus contigs
most closely related to EV-A SV92/WUHARV1 (missing VP1 and therefore not included
in Fig. 2A and B) were also selected. A total of 5 groups of different enterovirus
sequences were therefore assembled for measuring read counts to different enterovi-
rus variants (four EV-A and one EV-J) (see Table S2 in the supplemental material).

(b) Sapelovirus. Sapelovirus is a distinct genus of the family Picornaviridae (32). Three
contigs (cg10192, cg1921, and cg7136) contained a 5" untranslated region (UTR), leader
sequence, and capsid-encoding region (VP4 to VP1), respectively, of a sapelovirus
genome. The contig locations relative to the closest reference of simian sapelovirus 1
(GenBank accession no. NP_758809.1) are shown in Fig. 2C. Two of these contigs
(cg10192 and cg1921 [see Table S2 in the supplemental material]) included the first half
of the sapelovirus genome from the 5 UTR to VP3, with a 481-bp-long overlap (Fig. 2C).
The third contig (cg7136), encoding VP1 capsid protein, shared 91% amino acid identity
with simian sapelovirus 1 (GenBank accession no. NP_758809.1) and clustered together
with group B simian sapeloviruses (Fig. 2C).

(ii) Parvoviridae. (a) Erythroparvovirus. The complete CDS of an erythroparvovirus
genome (cg5877), with a length of 5,041 nt, was generated (Fig. 3A). The virus showed
83% nucleotide similarity over the entire genome and 93% amino acid identity in the
capsid protein to simian erythroparvovirus 2 (GenBank accession no. U26342) (see
Table S2 in the supplemental material).

(b) Dependoparvovirus. A complete CDS genome sequence of a dependovirus
(cg34) with a length of 4,502 nt was generated (Fig. 3A), with 97% nucleotide similarity
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FIG 2 Enterovirus and sapelovirus genomes and phylogenetic analyses. (A) Genome coverage of the longest enterovirus contigs, shown in dark
shading. (B) Phylogenetic analysis of enterovirus VP1. (C) Phylogenetic analysis of sapelovirus VP1.
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FIG 3 Parvovirus genomes and phylogenetic analyses. (A) ORF maps of parvovirus contigs. (B) Phylogenetic
analysis of parvovirus NS1. (C) Phylogenetic analysis of parvovirus VP1.
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to adeno-associated virus 1 (GenBank accession no. AF063497) (99% capsid protein
identity) originally isolated from a tissue culture of rhesus macaque cells (see Table S2
in the supplemental material).

(c) Bocaparvovirus. A complete NS1 (649 amino acids [aa]) and partial middle gene
NP1 (188 aa) of a novel bocaparvovirus (cg8092) were generated. The genetic map of
this partial genome (2,815 nt) with 2 identified open reading frames (ORFs) is depicted
in Fig. 3A. The closest GenBank accession number reference based on NS1 protein
homology is canine bocavirus (GenBank accession no. AKG54784.1), with 49% amino
acid identity to the novel bocavirus (Fig. 3A).

(d) Protoparvovirus. A 1,707-nt-long contig (cg4720) of a simian parvovirus, encod-
ing a partial NS1 (128 aa), a complete middle protein NP1 (105 aa), and a partial capsid
protein (75 aa), was generated (Fig. 3A). The amino acid identities of cg4720 were as
follows: 57% to NS1 of sea otter parvovirus 1 (GenBank accession no. YP_009272690.1),
52% to a putative middle protein of bat parvovirus BtBV_V3 (GenBank accession no.
AKM21311.1), and 82% to capsid protein VP1 of porcine bufavirus (GenBank accession
no. AMY15606.1), all of which belong to the genus Protoparvovirus.

A separate partial VP1 contig (cg3346) was also generated (Fig. 3A), which did not
overlap a previously described sequence and encoded a 452-aa sequence with 80%
identity to WUHARV parvovirus 1 (GenBank accession no. AFV48070.1), another pro-
toparvovirus (see Table S2 in the supplemental material).

(e) Chapparvovirus. Three contigs with homology to parvovirus NS1 (simian parvo-
like virus 1 or Mopat1), simian parvo-like virus 2 (cg9738), and simian parvo-like virus 3
(cg5864) were generated, with sequence lengths of 1,605 nt, 1,272 nt, and 2,699 nt,
respectively (Fig. 3A), including partial or complete ORFs for NS1 proteins of different
lengths: Mopa1 (347 aa), cg9738 (359 aa), and cg5864 (712 aa). The closest relative was
the NS1 of porcine parvovirus 7 (GenBank accession no. KU563733.1), with 52%, 48%,
and 49% amino acid identity (BLASTp), which has been included in a genus recently
labeled Chapparvovirus (33). The NS1 amino acid identities among these three
chapparvovirus-like NS1 sequences were 54% to 69%.

The phylogenetic analyses of the parvovirus NS1 and VP1 described above are
shown in Fig. 3B and C, supporting their genus assignments.

(iii) Picobirnaviridae. Two contigs of picobirnavirus were generated: cg10460, en-
coding RdRp, and cg10459, including capsid genes (Fig. 4A and B). The partial RdRp
(352 aa) showed 81% amino acid identity to a human picobirnavirus (GenBank acces-
sion no. ALL29321.1) and clustered together with group Il picobirnaviruses. The partial
capsid protein was 366 aa long and showed 33% identity to the capsid of a dromedary
picobirnavirus (GenBank accession no. AlY31277.1). Phylogenetic analysis confirmed
the close relationship of the RdRp segments to that of a human picobirnavirus (Fig. 4A)
and more distant relationship of its capsid segment to that of a fox picobirnavirus
(Fig. 4B).

(iv) Adenoviridae. Adenovirus contigs (see Table S2 in the supplemental material)
that mapped to simian adenovirus 13 (GenBank accession no. KP329563) with an
average of 87% nucleotide similarity (see Table S2 in the supplemental material) were
generated. Sequence analysis of the hexon protein, the region traditionally used for
classification, confirmed its close relationship to that of simian adenovirus 13 (data not
shown).

(v) Astroviridae. Astrovirus reads were present only at low read number levels (2 to
16 reads) in one animal with acute diarrhea, three with chronic diarrhea, and two
healthy animals. All the reads mapped to human astrovirus MLB1 strain BtnMLB1-86
(GenBank accession no. AB823732.1), with 92% and 63% amino acid identity to capsid
and serine proteinase genes, respectively. Too few reads were detected to generate a
contig of >1,000 bases.

(vi) Unclassified virus family: CRESS DNA viruses. Numerous contigs (n = 63)
of >1,000 bases encoded a Rep protein involved in rolling-circle replication of small
circular single-stranded DNA (ssDNA) genomes (see Table S2 in the supplemental
material). Twenty-one complete circular genomes encoding a Rep and a capsid protein
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FIG 4 Picobirnavirus genome coverage and phylogenetic analyses. (A) Phylogenetic analysis of RdRp. (B)

Phylogenetic analysis of capsid protein. Bootstrap values are shown at nodes.

were assembled de novo or completed by inverse PCR and Sanger sequencing. The
characteristics of the genomes, which varied in size from 2,129 to 3,665 nt, are shown
in Fig. 5. Eighteen viruses had bidirectional Rep and Cap genes, and for four genomes,
both ORFs were on the same strand.

These genomes are part of the rapidly growing group of viruses recently described
as CRESS-DNA viruses, known to infect plants, fungi, and vertebrates and found in
multiple environments, as well as insect bodies (34). These 21 Rep sequences plus
another 5 complete Rep ORFs from contigs (see Table S2 in the supplemental material)
were selected for phylogenetic analysis. Ten Rep sequences clustered with a diverse
group of genomes recently identified in mammalian fecal samples and labeled sma-
coviruses (35), but other taxa were widely dispersed throughout the tree (Fig. 6). A high
degree of Rep genetic diversity was seen, but none clustered closely with any of the few
CRESS DNA viruses with known cellular hosts. The tropism of these feces-derived CRESS
DNA genomes therefore remains unknown.

Enterovirus load estimated by real-time (RT) PCR. Using a panenterovirus 5" UTR
real-time PCR, the enterovirus loads were compared using cycle threshold (C;) values.
The group mean C; values were lower in the acute group (P = 0.01; average C; = 17)
and the chronic group (P = 0.004; average C; = 16) than they were in healthy animals
(average C; = 19) (Fig. 7).

Disease associations of different viral genetic clusters. To quantify the sequence
reads to specific viruses (rather than viral families), viral contigs >1,000 bases long were
used to enumerate matching reads in the feces from each animal. Contig lengths and
percent translated amino acid identities and E values to their closest homolog in
GenBank are shown in Table S2 in the supplemental material. When nearly complete
genomes of genetically distinct viruses (with no close relative detected) were available,
these contigs were used directly to enumerate matching raw reads from each animal.
When contigs to different regions or segments of the same genome (closest to the
same reference genome in GenBank) were present, concatenates of these contigs were
used to increase the number of matching raw reads. In order to measure matching
reads to multiple variants of the same virus genotypes, we also concatenated very
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FIG 5 Genome ORF maps of CRESS DNA viruses.

closely related contigs based on the best sequence similarities to the same viral
genomes in GenBank. The distribution of matching read numbers to each viral contig
and concatenate was then measured in animals from the two clinical groups and the
healthy group. To visualize the number of reads matching different enterovirus geno-
types and parvovirus genera, these results are shown on a log scale (Fig. 8).

The distributions of viral reads matching the different viruses of mammalian origin
were then compared between the three clinical groups using ANOVA and Kolmogorov-
Smirnov (KS) statistical tests to test for a positive or negative association with health or
disease (Fig. 9; see Table S2 in the supplemental material).

Enteroviruses. When comparing both clinical groups to the healthy group, higher
percentages of viral reads were found in sick animals for all 5 genotypes (Fig. 10, red
bars comparing acute- and chronic-diarrhea groups to the healthy group). After ad-
justing for multiple comparisons using the false-discovery rate, the EV-A92/WUHARV1
and SV46 genotypes were found to be significantly associated with ICD relative to
healthy controls using both statistical methods (Fig. 9).

Sapelovirus. Sapelovirus reads were more frequent in the healthy group than either
of the two clinical groups (blue bars comparing the acute- and chronic-diarrhea groups
to the healthy group in Fig. 9). The presence of sapelovirus reads was associated with
healthy animals compared to ICD animals using ANOVA only (Fig. 9).

Adenoviruses. Adenovirus reads were detected in numbers greater than 5 in only
a single acute-diarrhea animal (see Table S2, sample 10A, in the supplemental material),
and no association was therefore found between clinical state and adenovirus reads
using both statistical tests (Fig. 9).
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FIG 6 Phylogenetic analysis of CRESS DNA Rep proteins. Rep proteins from complete genomes are labeled with black circles; the open circles indicate complete

Rep proteins from partial genomes.

Parvoviruses. For parvovirus contigs, a greater percentage of reads were consis-
tently seen in the healthy animals than in the animals with either acute or chronic
diarrhea (Fig. 9, blue bars comparing the acute- and chronic-diarrhea groups to the
healthy group). Reads matching a new bocaparvovirus and erythroparvovirus were
associated with healthy animals relative to acute- and chronic-diarrhea cases using
ANOVA after adjustment for multiple comparisons (Fig. 9). The KS analysis yielded
similar results, except for the erythroparvovirus acute-healthy comparison, with a
P value of only 0.158. Differences between clinical groups and healthy animals did not
reach statistical significance for the dependovirus (adeno-associated virus), protopar-
vovirus (related to bufavirus and the WUHARV-1 parvovirus), and chapparvovirus
(simian parvo-like) sequences, except for the comparison of animals with chronic
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FIG 7 Panenterovirus real-time PCR signal cutoff values. Comparison between groups was performed
using the Mann-Whitney test. P values (brackets) of =0.05 were considered statistically significant.

diarrhea versus healthy animals using ANOVA only (Fig. 9). The numbers of reads from
each animal for all five parvoviruses are also plotted on a log scale to visualize their
greater numbers in healthy animals than in clinical cases (Fig. 8).

Picobirnaviruses. Four animals in the chronic-diarrhea group were positive, with
both RdRp and capsid contigs matching reads (see Table S2 in the supplemental
material). This concordance in the detection of reads from both segments indicated
that the RdRp and capsid contigs belong to the same bipartite genome. While all 5
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FIG 9 Statistical comparisons of read number distributions matching different mammalian viruses generated from healthy animals and those with acute
diarrhea or ICD. The numbers reflect the mean difference (the average of the first group minus the average of the second group) in different clinical groups.
The colored bars are group mean differences (after log transformation). The red (blue) bars represent higher (lower) read numbers in animals with acute diarrhea
or ICD versus healthy animals or in animals with ICD versus animals with acute diarrhea. The ANOVA and KS P values indicate whether the red or blue values
are significantly different. P values below 0.05 are shaded.

animals with >5 total picobirnavirus reads were found in the chronic group, this
distribution of reads did not reach statistical significance using either ANOVA or the KS
test (Fig. 9).

CRESS-DNA viruses. The CRESS-DNA sequences as a group were the second most
frequently detected viral reads (Fig. 1). The distributions of reads to these genomes of
unknown cellular origin were also compared between clinical groups (Fig. 10). The
majority of the 21 CRESS-DNA genomes used detected more matching reads in
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FIG 10 Statistical comparisons of read number distributions matching different CRESS-DNA viruses of unknown cellular origin generated from healthy animals
and those with acute diarrhea or ICD. The numbers reflect the mean difference (the average of the first group minus the average of the second group) in
different clinical groups. The colored bars are group mean differences (after log transformation). The red (blue) bars represent higher (lower) read numbers in
animals with acute diarrhea or ICD versus healthy animals or in animals with ICD versus animals with acute diarrhea. The ANOVA and KS P values indicate
whether the red or blue values are significantly different. P values below 0.05 are shaded.
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healthy animals than in both acute- and chronic-diarrheic animals, with five of the
genomes reaching statistically significantly higher levels in healthy animals using ANOVA
(Fig. 10). In the KS analysis, these five genomes reached statistically significant levels
only in the acute-diarrhea versus healthy group comparison. A single CRESS-DNA
genome was positively associated with acute diarrhea only using ANOVA and the KS
test.

DISCUSSION

Diarrhea in captive rhesus macaques is a significant health problem in primate
research facilities (36) whose study may provide vaccine candidates and an NHP model
system for similar conditions in humans. In a subset of initially acute diarrhea cases,
the condition does not resolve despite treatment, and pathogenic bacteria and para-
sites are not detected. Clinically, these monkeys show watery, nonbloody diarrhea,
leading to weight loss and dehydration, without response to common therapies, and
ultimately, these animals are euthanized for ethical reasons. Here, we describe the
partial and complete viral genomes belonging to multiple viral families generated from
the feces of 92 captive rhesus macaques. Differences in viral read numbers matching
the different viruses circulating in that population were compared between healthy
animals and those with acute diarrhea or ICD.

Genomes could be classified into 6 known viral families, plus a large group of
unclassified viruses defined as CRESS DNA viruses (34). The overall percentage of
eukaryotic virus hits was highest in chronic diarrhea, followed by acute diarrhea and
the healthy group of rhesus macaques. Picornavidae family members were predom-
inant in all three groups, but the acute- and chronic-diarrhea groups showed higher
percentages of picornaviral reads (88% and 86%) than the healthy group (59%). From
EV-A species, we identified three genotypes: A92/WUHARV1, SV46, and SV19 (which
was further divided into SV19/WUHARV3 and WUHRAV2). We also characterized
enterovirus species J viruses related to the EV-J103 genotype. These viruses were
initially described from NHPs using tissue culture and metagenomics sequencing and
were found in cases of captive primates with diarrhea or SIV-induced enteropathy (15,
32, 37, 38). Based on matching read numbers measured, enteroviruses EV-A92/
WUHARV1 and SV46 were both significantly associated with ICD, using two different
statistical tests after adjusting for multiple comparisons. While the other enterovirus
genotypes (EV-A SV19/WUHARV3 and WUHRAV2 plus the EV-J103 genotypes) also
showed higher levels in diarrheic animals (Fig. 9), this difference did not reach statistical
significance after adjustment for multiple comparisons. SV19 was reported by RT-PCR
in 41% of tested rhesus macaque fecal specimens collected from a zoo in Dhaka,
Bangladesh (39). Using a panenterovirus real-time PCR, we also showed significantly
lower C; values in the acute- and chronic-diarrhea groups of animals, supporting
generally higher picornavirus RNA loads in diarrheic cases than in the healthy group.
The notion that the percentage of sequence read numbers generally reflects the viral
load is also supported by studies reporting a correlation between the viral reads and
real-time PCR-estimated viral loads (40-42). A related virome study of SIV-infected
rhesus macaques also showed a greater percentage of picornavirus reads (all geno-
types combined) in the feces of animals with SIV enteropathy than in a non-SIV-infected
control group (15).

Reads from sapeloviruses, members of a Picornaviridae genus distinct from entero-
viruses, were reduced in ICD versus healthy animals by one statistical measure only.
Whether such a negative association with diarrhea reflects interference between
sapeloviruses and potentially pathogenic picornaviruses, such as enteroviruses EV-A92/
WUHARV1 and SV46, is unknown.

Numerous parvoviruses were detected, which could be classified into 5 different
Parvoviridae genera. Simian erythroparvovirus was originally discovered in cynomolgus
macaques (Macaca fascicularis) with severe anemia and abnormal erythroid morphology
similar to those seen in human B19 infection (43-45). Previous studies measured the
prevalence of related simian parvoviruses (SPV-2; GenBank accession no. AAA74974) in
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monkeys, with approximately 50% of cynomolgus macaques and 35% of rhesus
macaques showing antibodies to VP2 capsid protein (46). In immunocompetent ani-
mals, primary infection is typically clinically silent, and animals with anti-SPV-2 antibody
are resistant to reinfection (46, 47). Another parvovirus detected here was closely
related to a recently described member of the genus Protoparvovirus found in fecal
samples of rhesus macaques with SIV enteropathy and in the sera of animals with
advanced simian AIDS (SAIDS) (15). Other parvoviruses were less closely related to
genomes already described, including a bocavirus and several members of a newly
proposed Parvoviridae genus named Chapparvovirus (33, 48-50). Unexpectedly the
distribution of reads for bocavirus and erythroparvovirus were positively associated
with healthy animals relative to diarrheic animals.

A prior study found a greater proportion of SIV-immunosuppressed than SIV-
negative rhesus macaques shedding adenoviruses (15). Simian adenovirus 13
(51) was detected here, but in high read numbers (>5) only in a single animal with
acute diarrhea (see Table S2, sample 10A, in the supplemental material). Adenoviruses
therefore do not seem to be a frequent cause of diarrhea in the animals from the
different NHP facility analyzed here. Frequent calicivirus infections were also reported
in SIV-infected rhesus macaques (15), but that viral family was not detected in the
animals tested here, likely reflecting differences between primate colonies.

Picobirnavirus sequences yielded two long contigs corresponding to the RdRp- and
capsid-encoding segments. Matching reads showed picobirnavirus to be distributed in
5 ICD animals, each at low read numbers (see Table S2 in the supplemental material).
Despite this uneven distribution, the two statistical tools used did not show a statistical
correlation between picobirnavirus reads and ICD. The picobirnavirus RdRp belonged
to group Il picobirnaviruses and clustered closely with human picobirnavirus isolate
ChXz-4 (52). Genogroup | picobirnaviruses have been described previously from NHPs
(cynomolgus and pigtailed macaques) with diarrhea (53). Picobirnavirus reads (both
groups | and Il) were also the most common viruses detected by metagenomics analysis
in the feces of wild, presumably healthy rhesus macaques from Bangladesh (54). The
role of picobirnavirus in diarrhea remains uncertain, as it is also a common infection in
healthy rhesus macaques, as well as in other primates (55, 56), including humans (57),
and other mammals (53, 58, 59). The intermingling of picobirnaviruses sequence from
different hosts seen during phylogenetic analyses indicates that cross-species trans-
mission may be occurring frequently (60, 61). The large amount of genetic diversity
within picobirnaviruses leaves open the possibility that, as is the case for enteroviruses
in humans, only a subset of the numerous genotypes circulating have pathogenic
potential.

The CRESS DNA viral reads were the most common after the picornavirus reads
(Fig. 1). While the tropism of some CRESS DNA viruses, such as circoviruses (infecting
vertebrates) and geminivirus (infecting plants), has been clearly defined, the large
majority of such genomes have been characterized using metagenomics from envi-
ronmental or nonsterile samples, such as feces (13, 24, 26, 35, 62-65). The tropism of
the large majority of CRESS DNA viruses is therefore still unknown (66). The diverse
CRESS DNA virus genomes in fecal samples could reflect infection of macaque cells or
protozoan residents of the gut or originate from plants or other components of the
diet. Given the high diversity of the CRESS DNA viruses reported here, it is also possible
that collectively these viruses infect multiple cellular hosts. The disease association of
the complete CRESS DNA virus genomes generated here showed a minority of them
(5/21) positively associated with healthy relative to diarrheic animals. Only one such
CRESS-DNA virus genome was positively associated with acute diarrhea relative to
healthy animals. Most CRESS DNA virus genomes showed no statistically significant
difference in their distribution among the 3 animal groups.

The association of a subset of enteroviruses detected here with ICD is compatible
with the wide range of clinical signs that have been associated with different member
of this highly diverse genus (http://www.picornaviridae.com). Enterovirus infections are
common and include numerous human and animal pathogens, as well as highly
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prevalent genotypes with low or rare pathogenic outcomes (67-72). Disease induction
by enteroviruses is likely to be influenced by viral genotypes, host genetics, and
immunological factors.

While the association of simian sapelovirus 1, some parvoviruses, and some CRESS
DNA viruses with healthy animals is unexplained, several factors may be influential. By
removing target cells or inducing other changes in the enteric environment, acute or
chronic diarrhea may result in an environment less conducive to replication by gener-
ally innocuous viruses. Pathogenic viruses may also share receptors or intracellular
proteins/pathways also required by other viruses, thereby reducing their availability for
viral replication. Innate antiviral responses may also be induced by potentially “protec-
tive” viruses that increase resistance to high-level replication by pathogenic viruses in
the same (sapelovirus versus enterovirus) or different (parvovirus versus enterovirus)
viral families (73-78).

MATERIALS AND METHODS

Animals and biological samples. The rhesus macaques (Macaca mulatta) assigned to this study
were all housed in outdoor colonies at some point in their lives. They all received the same food biscuits
(LabDiet, St. Louis, MO), which contain approximately 25% protein, 11% fat (ether extract and acid
hydrolysis), and 5% fiber (crude). The diet is also balanced to contain the required vitamins and minerals
for the species. Animals housed outdoors are commonly housed in half-acre corrals. These animals
supplement their food by foraging on grass; however, the main source of their diet is commercially
available biscuits supplemented weekly by fresh seasonal vegetables, fruits, and nuts. Animals with acute
diarrhea were selected based on their first admission to the hospital for having liquid stool. Healthy
controls were randomly selected during semiannual physical examinations of animals housed outdoors.
The feces from ICD cases were randomly selected from animals with a long history of diarrhea and at
least two negative cultures (Shigella, Yersinia, Salmonella, and Campylobacter) and parasitology tests.
These animals received antibiotic therapy for treatment of diarrhea with no improvement and were
returned to the hospital with recurrent watery diarrhea.

In total, 92 animals housed at the CNPRC were assigned to the study. The animals were divided into
3 groups based on their health status: acute diarrhea (n = 31), ICD (n = 29), and healthy animals (n =
32). The male/female ratio was 2:1 in the acute-diarrhea group, 1:1 in the chronic-diarrhea group, and 7:1
in the healthy group. The median ages of the animals at the time of sampling were 3 years (acute), 2
years (chronic), and 2 years (healthy). Fecal samples (sick animals) were collected directly from cage
pans of hospitalized animals, and rectal swabs (healthy animals) were collected by insertion about
1 in. into the rectum. Both sample types were kept in empty sterile tubes and immediately stored
and maintained at —80°C until processed. The sample identifier (ID), date of collection, and number
of reads derived from each sample are included in Table S1 in the supplemental material. Whether the
concentration or relative stability of nucleic acids from different enteric viral families consistently differs
between anal swabs and fecal samples is unknown.

Ethics statement. This study was conducted in accordance with Institutional Animal Care and Use
Committee (IACUC) policy and was approved by the IACUC at the University of California at Davis (UC
Davis) (protocol 18031). All sample collection procedures conformed to the requirements of the Animal
Welfare Act, were performed in strict accordance with the Guide for the Care and Use of Laboratory
Animals of the National Research Council, and followed the CNPRC standard operating protocols. The
CNPRC houses approximately 5,000 nonhuman primates and is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International (AAALAC), which is a private,
nonprofit organization that promotes the humane treatment of animals in science through voluntary
accreditation.

Sample processing. Samples were handled in the order one acute, one ICD, and one healthy-animal
sample, repeated until all samples were processed, and then sequenced in two lllumina MiSeq runs.
Diarrhea samples (500 wl) and rectal swabs were mixed with 0.75 ml of phosphate-buffered saline (PBS)
and 0.2 g of zirconia beads, vortexed, and spun at 12,000 rpm in a tabletop microcentrifuge for 10 min,
and the supernatants were transferred into Eppendorf tubes. Two hundred microliters of fecal super-
natant was then filtered through a 0.45-um-pore-size filter (Millipore) to exclude cells and large particles.
The filtrates were then digested with a combination of DNase and RNase nucleases to reduce the
background of host and bacterial genetic material and to enrich for viral nucleic acids protected from
nuclease digestion within their capsids (79, 80).

Nucleic acid extraction was performed using the Qiagen viral RNA minikit according to the manu-
facturer’s instructions. Viral cDNA synthesis was performed using 10 ul extracted viral nucleic acids with
100 pmol of random hexamer (IDT) at 72°C for 2 min; 200 U SuperScript Ill reverse transcriptase
(Invitrogen), 0.5 mM each deoxynucleoside triphosphate (dNTP), 10 mM dithiothreitol, and 1X first-
strand extension buffer were added to the mixture and incubated at 25°C for 10 min, followed by 50°C
incubation for 1 h and 70°C for 15 min. The second-strand cDNA synthesis was performed by incubation
of reverse transcribed products with 5 U of Klenow fragment DNA polymerase (New England BioLabs) at
37°C for 1 h, followed by 75°C for 20 min. The resulting double-stranded cDNA served as input for
viral-library construction using the transposon-based Nextera XT DNA sample preparation kit (lllumina).
Multiplexing of individual samples was achieved by applying unique dual-index (barcode) primer
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combinations. The quantity of the final library was assessed with a Kapa Library Quant kit (Kapa
Biosystems), following the manufacturer’s instructions, with sequencing on the MiSeq instrument
(Illumina) using 250 paired-end sequences.

Bioinformatics pipeline. Next-generation sequencing (NGS) reads of 250 bp generated by MiSeq
were debarcoded with Illumina vendor software. Using an in-house analysis pipeline running on a
36-node Linux cluster, bacterial reads were subtracted by mapping to human and bacterial nucleotide
sequences from the GenBank nucleotide database using bowtie2 (81). Reads were considered duplicates
if base positions 5 to 55 were identical. One random copy of duplicates was kept. Low-sequencing-
quality tails were trimmed using a Phred quality score of 20 as the threshold. Adaptor and primer
sequences were trimmed using the default parameters of VecScreen (82). The cleaned reads were then
de novo assembled using Ensemble Assembler (83). The assembled contigs, along with the remaining
singlets, were aligned with an in-house viral proteome database using BLASTx. Matches to virus proteins
were then aligned to an in-house nonvirus-nonredundant (NVNR) universal proteome database using
BLASTXx.

The human and bacterial nucleotide database was compiled as follows. A human reference genome
sequence and mRNA sequences (hg38) were concatenated. Bacterial nucleotide sequences were ex-
tracted from the NCBI nt fasta file (ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/ [30 November 2015]) based
on NCBI taxonomy (ftp://ftp.ncbi.nih.gov/pub/taxonomy [30 November 2015]). Human and bacterial
nucleotide sequences were compiled into the bowtie2 (version 2.2.4) databases (81) for cellular sequence
subtraction. Two databases were constructed: (i) a virus BLASTx database compiled using the NCBI virus
reference proteome (ftp:/ftp.ncbi.nih.gov/refseq/release/viral/ [30 November 2015]), to which was
added viral protein sequences from the NCBI nr fasta file (based on annotation taxonomy in Virus
Kingdom), and (ii) the NVNR database, compiled using nonviral protein sequences extracted from the
NCBI nr fasta file (based on annotation taxonomy excluding Virus Kingdom). Repeats and low-complexity
regions were masked using segmasker from the BLAST+ suite (version 2.2.7) (81, 82, 84-88). Hits with
more significant (lower) adjusted E values to NVNR than to viral proteins were removed.

Assessment of virus abundance. For quantification of viral read hits at the family level, sequence
reads with the lowest (best) E score to viral proteins with values of <10-2 were counted and classified
into 6 known virus families and a group of diverse CRESS DNA genomes. The virus family-specific reads
from individual samples were then divided by the total number of reads generated from each sample,
with the resulting adjusted read numbers expressed as a percentage of the virus reads. Significant
differences among the animal groups were assessed using t tests (GraphPad Prism version 7.00 for
Windows; GraphPad Software, La Jolla, CA, USA).

The numbers of raw reads matching selected viral sequences (contigs and concatenates) were
measured using the bowtie2 program with all raw data output reads (81) in local-fast mode. The seed
length parameter -L was set at 30, and an alignment is considered a hit if the alignment identity to the
reference genome was >95%.

Comparing the distribution of sequence reads matching viral contigs in both clinical groups and
healthy animals was done using one-way ANOVA to determine whether the mean values of the groups
were equal. To achieve normality of skewed data, viral match counts from bowtie analysis were
incremented by 1, divided by the total number of reads, and log, transformed. The mean differences
between groups after log transformation were visualized in Excel (Microsoft Office 2010 for Windows)
(red and blue bars) using the conditional-formatting option. ANOVA was followed by a post hoc Tukey
test to generate a pairwise comparison of P values (R Core Team, 2014 [http://www.R-project.org/]). The
post hoc Tukey range test is used in conjunction with ANOVA for pairwise comparisons to find means that
are significantly different from each other (89).

The KS test was also used to compare the overall matching read number distributions (rather than
the mean) of each group (90). The two-sample KS test is a nonparametric method for comparing two
samples, as it is sensitive to differences in both the location and shape of the empirical cumulative
distribution functions of the two samples. The test statistic of the KS test is the maximum-probability
distance along the two cumulative probability distributions.

Adjustment of P values for multiple comparisons was performed with the FDR correction available
online at http://www.sdmproject.com/utilities/.

For comparison of C; values, results were generated using one-way ANOVA. Comparison between
groups was performed using the Mann-Whitney test (GraphPad Prism version 7.00 for Windows;
GraphPad Software, La Jolla, CA, USA).

Phylogenetic analyses and pairwise genetic distance comparisons. Sequence alignments were
performed using MUSCLE with default settings, and phylogenies were generated by the neighbor-joining
method (Kimura 2 parameter for nucleotide sequences and p distance model for amino acid sequences)
integrated in the MEGA package, version 6.0 (91). The statistical significance of tree topologies was
evaluated by 1,000 bootstrap resampling iterations, and a bootstrap value of 50% was used as the cutoff
point for cluster analysis. The nucleotide/amino acid similarity/identity plots were generated in BioEdit
v1 (92).

Acquisition of complete genomes of CRESS DNA viruses. Major ORFs were identified using ORF
finder with a minimum window size of 200 nt (Geneious R7 v. 7.1.9; Biomatters). Following de novo
assembly, the whole genomes of circular DNA viruses encoding a Rep protein were obtained using direct
repeats at the ends of linear contigs to close the circular genomes after deleting one repeat. In some
cases, inverse PCR and Sanger sequencing were used to close the gaps of circular DNA genomes.
Genome annotation and visualization of the circular genomes were performed in Geneious R7. MFOLD
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software was used to identify the putative replication origins of newly acquired genomes and to
generate their stem-loop structures (http://unafold.rna.albany.edu).
Real-time PCR to measure enterovirus relative viral loads detected by NGS. Total nucleic acids
were directly extracted from 140 ul of fecal supernatant samples using the Qiagen viral RNA extraction
kit. Ten microliters of nucleic acids was combined with 1 ul of 100 mM random hexamer (IDT) and
incubated at 72°C for 2 min. The cDNA was generated by using 4 ul of 1X Protoscript Il reaction buffer,
2 pl 10 nM dNTP, 1 ul of 10 mM dithiothreitol (DTT), 1 ul RiboLock RNase inhibitor (Thermo Fisher
Scientific), and 1 ul ProtoScript Il reverse transcriptase (New England BiolLabs). The incubation was
carried out at 25°C for 10 min, 42°C for 50 min, and 65°C for 20 min. Five microliters of cDNA was
added to the reaction mixture, which consisted of 15 mM KCl, 40 mM Tris HCl, 25 ng bovine serum
albumin (BSA), 5 mM Mg2*, 20 mM dNTP, 0.5 uM each primer, 0.75 U of Fastart Tag polymerase
(Roche), and 0.15 ul of SYBR green dye (Invitrogen). Real-time PCR amplification was performed in
a Light Cycler Il 480 (Roche) instrument. The panenterovirus genus-specific primers targeted the
conserved region of the enterovirus 5" UTR: Entero F1 (5'-TAG TAG TCC TCC GGC CCC TGA ATG C-3'),
with positions nt 440 to 464, and Entero R1 (5'-ACA CGG ACA CCC AAA GTA GTC GGT T-3’), with
positions nt 538 to 562 relative to the reference sequence (GenBank accession no. EF667343), with
an amplified product size of 123 bp.

The amplification profile was as follows: 1-min initial denaturation at 95°C, followed by 45 cycles of

30 s of denaturation at 95°C, 30 s of annealing at 60°C, and 30 s of extension at 72°C. Data collection was
enabled at the extension step. A C; value was used to estimate the relative viral load of each sample,

which then was compared among the three animal groups using one-way ANOVA.

Accession number(s). All raw data have been submitted to GenBank under SRA number SRP065074.
The GenBank accession numbers of 64 complete and partial genomes are listed in Table S2 in the
supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JVI
.00952-17.

SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
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