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Abstract

Vaginal bacterial communities play an important role in human health and have been shown to influence HIV
infection. Pigtailed macaques (Macaca nemestrina) are used as an animal model of HIV vaginal infection of
women. Since the bacterial microbiota could influence retrovirus infection of pigtailed macaques, the genital
microbiota in 10 cycling macaques was determined by pyrosequencing. The microbiota of all macaques was
polymicrobial with a median of 13 distinct genera. Strikingly, the genera Sneathia and Fusobacterium, both in the
phylum Fusobacteria, accounted for 18.9% and 13.3% of sequences while the next most frequent were Prevotella
(5.6%), Porphyromonas (4.1%), Atopobium (3.6%), and Parvimonas (2.6%). Sequences corresponding to Lactobacillus
comprised only 2.2% of sequences on average and were essentially all L. amylovorus. Longitudinal sampling of
the 10 macaques over an 8-week period, which spanned at least one full ovulatory cycle, showed a generally
stable presence of the major types of bacteria with some exceptions. These studies show that the microbiota of
the pigtailed macaques is substantially dissimilar to that found in most healthy humans, where the genital
microbiota is usually dominated by Lactobacillus sp. The polymicrobial makeup of the macaque bacterial pop-
ulations, the paucity of lactobacilli, and the specific types of bacteria present suggest that the pigtailed macaque
microbiota could influence vaginal retrovirus infection.

Introduction

AGINAL INFECTION OF PIGTAILED macaques (Macaca ne-

mestrina) with SIV or SHIV is used as a primate model of
HIV sexual transmission in women as well as for testing mi-
crobicides and other treatments for prevention of mucosal
HIV infection.'™ The bacterial microbiota in the lower genital
tract of pigtailed macaques could have an impact on vaginal
infection with SIV or SHIV since in humans, epidemiological
studies indicate that women with a genital microbiota that has
the characteristics of bacterial vaginosis have a significantly
increased susceptibility to sexual transmission of HIV.>”
Bacterial vaginosis (BV) is a condition in women in which the
predominant genital bacterial types are a polymicrobial and
variable mixture of bacteria including Gardnerella vaginalis,
Prevotella, bacteria in the Order Clostridiales, and other an-
aerobes.® This spectrum of bacteria is quite different from that
commonly found in women without BV, where the predom-
inant type of bacteria is in most cases Lactobacillus species.

Several previous studies of pigtailed macaque genital
microbiota have been performed, but those studies used
cultivation to characterize the bacteria.”"! Cultivation biases
are well known,'? and recent studies that used molecular
techniques to identify genital bacteria indicate that many of
the bacteria that are present in the genital tract of women are
not cultivable or are difficult to cultivate.'>'* For example,
bacteria from the genus Sneathia, in the phylum Fusobacteria,
cannot be cultured using current methods, but make up a
substantial proportion of the microbiota in some women
with BV.''® Furthermore, the type of culture medium used
for isolation of genital bacteria can bias the types of culti-
vatable bacteria found."”

To avoid possible culture bias, a recent study used Mul-
titag Pyrosequencing (MTPS) of the 16S ribosomal RNA
(rRNA) gene to characterize the genital microbiota of rhesus
macaques (Macaca mulatta).'® That study found the rhesus
vaginal microbiome had relatively low levels of Lactobacillus
and had a relatively polymicrobial microbiota. Some of the
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genera of bacteria present in the rhesus macaques included
Peptoniphilus, Sneathia, Porphyromonas, Mobiluncus, Atopo-
bacter, Dialister, Thioreductor, Prevotella, and Streptococcus.

The goal of the present study was to use MTPS of the 165
gene to determine the types of bacteria that constitute the
genital microbiota of cycling pigtailed macaques. The mi-
crobiota was sampled and characterized six to eight times
over an 8-week period to determine its stability. We hy-
pothesized that the genital microbiota of pigtailed macaques
would be more highly dominated by Lactobacillus than was
the microbiota of rhesus macaques since pigtailed macaques
and humans have the reproductive similarity of having cy-
cles that take place throughout the year whereas rhesus
macaques do not.!

Materials and Methods
Animals and specimen collection

All animal studies were reviewed and approved by the
Centers for Disease Control and Prevention (CDC)’s In-
stitutional Animal Care and Use Committee. The pigtail
macaques were purchased from the breeding colony of
Yerkes National Primate Research Center (n=2) and from
New Iberia Research Center (n=8). Upon arrival at CDC,
macaques were given complete physical examinations, blood
work (CBC chemistries), and an evaluation of the female
reproductive tract including colposcopic examination for
signs of inflammation. All were deemed to be normal,
healthy, cycling mature females 10-16 years of age at sample
collection, and weighing 6-11kg. All macaques tested neg-
ative for simian immunodeficiency virus (SIV), simian ret-
roviruses, and simian T cell leukemia viruses. Animals were
not Depo-provera treated or synchronized for menstrual
cycle.

Ten mature, cycling pigtailed macaques were anesthetized
using standard doses of ketamine once per week for 12
weeks. Progesterone and estrogen were measured in blood
each week to confirm cycling (data not shown). Cervical
vaginal lavage (CVL) samples were collected on weeks 4
through 12 by infusing 8 ml of phosphate-buffered saline into
the vaginal vault via a sterile 10-ml syringe attached to a
sterile gastric feeding tube, followed by immediate recovery
and freezing at —80°C.

Pyrosequencing and identification of bacteria

Bacteria in CVL were pelleted by centrifugation and DNA
was isolated using the FastDNA Spin Kit for Soil (MP Bio-
medicals, Solon, OH). The Multitag Pyrosequencing has been
described previously and used 12 bar-coded primer sets each
containing the 27F and 355R 16S rRNA gene primers.'® The
Bayesian Classifier provided by the Ribosomal Database II
Project (RDP 10) was used to identify bacteria using forward
reads only. An average of 2137 sequences were obtained for
each sample (min=797, max=4394). Total numbers of bac-
teria in samples were estimated using real time PCR with
primers F340 and R514."" To identify the species of Lactoba-
cillus, Lactobacillus 16S rRNA gene sequences were assembled
with reference sequences into phylogenetic trees with a 96%
overlap identity and 80% confidence threshold using Gen-
eious Pro 4.6.1 software (Auckland, New Zealand). Re-
ference sequences were AF257097 (L. crispatus), M58820 (L.
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gasseri), AF243176 (L. jensenii), AF243177 (L. vaginalis), and
AY526083 (L. iners).

Results

Lower genital tract bacterial microbiota were identified by
MTPS of the 165 rRNA gene in 67 samples collected from 10
pigtailed macaques sampled approximately weekly over an
8-week period. At the phylum level, samples contained on
average 36% Fusobacteria sequences, 29.6% Firmicutes se-
quences, 17.2% Bacteroidetes sequences, 10.1% Actino-
bacteria sequences, and 5.3% Proteobacteria sequences (Fig.
1). Together those five phyla comprised >97% of the se-
quences in all samples except for one sample that had 6% of
its sequences from the phylum Spirochaetes (macaque #025,
week 10).

Firmicutes sequences were detected at all time points in all
10 macaques (Fig. 1). Bacteriodetes sequences were present at
all time points in all macaques except for one time point in
macaque 017. Fusobacteria sequences were found in all
samples except two time points from macaque 014 and one
time point from macaque TD6. Actinobacteria were present
at all time points from four macaques (025, 053, 056, and
TC4), but undetected at one or two time points in the other
six. Proteobacteria were present at all sampling times in only
two macaques (014 and 058). Thus, the phyla Firmicutes,
Bacteriodetes, and Fusobacteria were relatively consistent in
their presence throughout the 8-week period in all 10 ma-
caques while the presence of Actinobacteria and Proteo-
bacteria was variable.

The genera present in the samples were also determined
and analysis was limited to genera found at >1% of the total
community in each sample with the premise that the most
abundant bacteria contribute most significantly to the func-
tionality of the microbial community. Sequences corre-
sponding to 100 different genera of bacteria were found in at
least one of the 67 samples at >1% of the sequences from
each macaque. The 20 most predominant of the genera are
shown in Table 1 and in Fig. 2. Strikingly, the genera Sneathia
and Fusobacterium, both in the phylum Fusobacteria, ac-
counted for an average of 18.9% and 13.3% of sequences in
all the samples (Table 1). The next most frequent sequences
were those corresponding to Prevotella, Porphyromonas, Ato-
pobium, and Parvimonas (5.6%, 4.1%, 3.6%, and 2.6%, re-
spectively).

All macaques had a bacterial microbiota that was poly-
microbial with a median of 13 genera found in the 67 sam-
ples (Table 2). Only two samples had as few as two genera
while the highest number of genera in a sample was 24.
Macaque 017 had the lowest number of genera (median of 6)
over the 8-week period while 058 had the highest (median of
17) (Fig. 2). While this difference was significant using the
Mann-Whitney test (p=0.014) there were no significant
differences between any of the macaques using a multiple
group comparison (Kruskal-Wallis), indicating that overall,
the number of genera in macaques over this time period was
not a stable parameter.

Since Sneathia was the genus with the highest average
number of sequences in this group of animals it was ana-
lyzed in further detail. Sneathia levels were relatively stable
in five of the macaques over the 8-week period (Fig. 2). For
example, macaque 017 consistently had relatively high levels
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FIG.1. Phyla of bacteria found in macaques. Each bar represents the relative proportions of 16S sequences corresponding to
bacterial phyla in the macaque genital tract at one time point. Time points are displayed chronologically from left to right. For
example, the six bars for macaque 014 are weeks 4, 5, 8,9, 11, and 12. All macaques were sampled at weeks 4, 8,9, 11, and 12.

of Sneathia sequences (48-96%) at all time points while ma-
caques 056 and TC4 had lower Sneathia levels (5-25% of se-
quences) of Sneathia at all time points (except for week 7 of
animal 056). Animals 014 and 061 did not have any Sneathia
sequences over the 8 weeks. In contrast, the other animals
had more variation in the levels of Sneathia with two animals
(052 and TD6) varying over the sampling period from no
detectable Sneathia to relatively high levels. Total copy
numbers of Sneathia 165 rRNA were also analyzed (see
Supplementary Table S1; Supplementary Data are available
online at www liebertonline.com/aid). Total copy numbers
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of Sneathia were significantly higher in animal 017 than in
053 and TD6 (p<0.05, Dunn’s Multiple Comparisons Test,
excluding 014 and 061 from the analysis), but all other
comparisons were not significant. Taken together these data
indicate that the relative abundance of bacteria from the
genus Sneathia was relatively stable in most of the macaques.

Sequences corresponding to Lactobacillus comprised
only 2.2% of all sequences and were found in 31% of all
samples (Table 3). Only five of the macaques had Lacto-
bacillus sequences at >2% of total sequences at one or more
sampling times. Animal 014 had the highest levels of
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FIG. 2. Genera of bacteria found in macaques. Each bar represents the relative proportions of 16S sequences indentifying
bacterial genera in the macaque genital tract at one time point. Time points are displayed the same as in Fig. 1. Only the 16

most predominant genera are displayed for clarity.
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TABLE 1. PREDOMINANT GENERA IN MACAQUE SAMPLES

Present in (%)*

Taxa Percent of sequences®  Samples Macaques
Sneathia 18.9 75 90
Fusobacterium 13.3 82 100
Prevotella 5.6 64 100
Porphyromonas 41 61 90
Atopobium 3.6 34 70
Parvimonas 2.6 52 70
Anaerovorax 2.3 48 90
Proteiniphilum 22 49 100
Lactobacillus 22 31 80
Campylobacter 2.1 58 100
Mobiluncus 1.9 30 50
Propionibacerium 1.8 19 60
Anaerosphaera 1.6 54 100
Peptoniphilus 1.3 46 90
Dialister 1.1 40 70
Oscillibacter 1.0 28 80
Butyricicoccus 0.9 33 70
Corynebacerium 0.9 24 70
Streptococcus 0.8 25 90
Soehngenia 0.8 37 90
Other 31.0

“Present at >1% of sequences in a sample, or in any one sample
from a macaque.

PAverage number of sequences in the 67 samples from 10
macaques.

Lactobacillus on average, although levels dipped below 1%
of sequences on week 11. The Lactobacillus sequences from
all the animals corresponded to L. amylovorus (see Sup-
plementary Fig. S1).

To further assess the stability of the microbiota in the
macaques over the 8-week period, principle coordinates
analysis (PCO) was performed. PCO analysis of the genera in
the samples showed clustering of the time points from four
animals (Fig. 3). The most notable clustering was in animal
061 with all six time points closely arranged followed by 014
and 017 with four time points closely arranged. Animal TC4
also had some clustering of the data points. The other six
animals’ points were not closely clustered indicating less
stability by this measure.

TABLE 2. NUMBER OF GENERA IN MACAQUE
GENITAL SAMPLES

Number of genera (21% of sequences)

Week 014 017 025 052 058 061 053 056 TC4 TD6
4 10 6 12 18 10 9 14 16 15 21
5 13 7 5 11 14

7 9 6 8 24 9 18 12
8 14 4 4 19 13 13 11 15 14 16
9 22 14 16 7 17 13 9 14 15 20

10 18 23 7 17 2
11 9 15 7 21 13 15 16 17 11
12 15 10 17 18 7 5 13 16 13

AN

A blank indicates that a sample was not obtained.
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TABLE 3. PROPORTION OF SEQUENCES
CORRESPONDING TO LACTOBACILLUS

% of sequences corresponding to Lactobacillus

Week 014 017 025 052 058 061 053 056 TC4 TD6
4 22 <1 2 <1 <1 <1 <1 <1 <1 <1
5 7 <1 <1l <1 2

7 2 27 <1 2 <1 <1 <1
8 19 <1 1 <1 6 1 3 <1 <1 <1
9 17 <1 20 <1 3 <1 <1 <1 <1 2
10 <1 <1 10 <1 <1
11 <1l <1 <1 <1 <1 <1 7 1 <1 <1
12 13 <1 <1 <1 <1 <1 <1 <1 <1 <1

A blank indicates that a sample was not obtained at that time
point.

Analysis of Shannon diversity scores (see Supplementary
Fig. S2) showed a large variability in diversity over the 8-
week period for all animals except macaque TC4. TC4 had
the highest median Shannon score (2.37) while macaque 017
had the lowest (0.84). The Shannon scores of macaques TC4
and 017 over the 8-week period were significantly different
(p<0.05, Dunn’s Multiple Comparisons Test) but all other
comparisons were not significant. These data indicate that
the diversity of the genital microbiota in most of the ma-
caques was variable over the 8-week period.

Discussion

This study found that the genital microbiota in this group
of pigtailed macaques over an 8-week period was quite dif-
ferent from a Lactobacillus-dominated type of microbiota
commonly found in women."*?>** There were several
characteristics of the macaque microbiota that were sub-
stantially different from a healthy microbiota in women.

First, levels of lactobacillus were relatively low. Thus, only
two macaques had a level of Lactobacillus sequences>10%
with the highest level reaching 27% of sequences at one time
point. In contrast, women with a Lactobacillus-dominated
genital microbiota typically have >75% Lactobacillus se-
quences.ls_m'22

Second, the macaque genital microbiota was relatively
polymicrobial, which is a feature not usually found in heal-
thy microbiota in women, but that is common in Bv.13-16
Thus, the number of genera found in the macaques ranged
from a median of 6 to a median of 17. In contrast, women
without BV typically have one to four genera that constitute
>98% of the microbiota.'®!#1° Interestingly, many of the
genera that were found at high levels in the pigtailed ma-
caques are equivalent to those present in women with BV;
Sneathia, Prevotella, Porphyromonas, and Atopobium sequences
were found in the macaques frequently and are also often
found in women with BV.'> 3 However, there were also
several notable differences between the genital microbiota in
the pigtailed macaques and BV. First, Gardnerella vaginalis is
present at relatively high levels in many women with BV
(average of approximately 5% of sequences), but was found
in only three samples from two macaques and at relatively
low levels (1.2%, 2.1%, and 6.5% of the sequences in those
samples). Second, sequences from two genera, Fusobacterium
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FIG. 3. Principal coordinate analysis of macaque microbiota. Each macaque is represented by one type of symbol and each
point is a separate sampling time. For example, the six points representing the six sampling times for macaque 061 are closely
clustered indicating the relative relatedness of the bacterial microbiota over time in this animal.

and Parvimonas, were found frequently in the macaques but
are not frequent in BV.

Third, there were no major differences in proinflammatory
cytokine-chemokine levels in macaque vaginal secretions
(data not shown) that correlated with differences in the mi-
crobiota, as is observed when comparing humans with and
without bacterial Vaginosis.24 However, this lack of notable
differences in cytokine—chemokine levels between pigtailed
macaques could be due in part to the fact that none of the
macaques had microbiota that corresponded to what is re-
garded as healthy microbiota in humans.

A remarkable finding in this study was the very high
levels of bacteria from the phylum Fusobacteria with the two
genera Sneathin and Fusobacterium together accounting for
more than a third of the sequences. It is interesting to com-
pare this to a study that determined the genital microbiota of
rhesus macaques.'® In that study, Sneathia was found at
>10% of sequences in 8 out of 11 of the rhesus macaques. In
contrast, Fusobacterium was found at >10% of sequences
in only one. Thus, while Sneathia was highly represented in
both rhesus and pigtailed macaques, Fusobacterium was not.
Another interesting comparison between the rhesus and
pigtailed studies was that Lactobacillus was found at rela-
tively low levels in both types of macaque when compared
with humans, but was identified as L. amylovorus in the
pigtailed macaques and L. johnsonii in the rhesus macaques.
Yu et al. * reported that L. johnsonii, L. amylovorus, and L.
acidophilus were all present in a group of Chinese rhesus
macaques, but L. johnsonii was most prevalent. This is in
contrast to humans where the most prevalent species are L.
iners, L. crispatus, L. jensenii, and L. gasseri.22’26

It is of interest to compare the vaginal bacterial microbiota
of pigtailed macaques with the gut microbiota at the phylum
level. While the gut microbiota of pigtailed macaques has not

been analyzed with culture-independent techniques, the gut
microbiota of rhesus macaques and humans have been de-
termined and are both composed mostly of the phyla Bac-
teroidetes and Firmicutes with little representation of
Fusobacteria and Actinobacteria.”” > Relatively high pro-
portions of Fusobacteria and Actinobacteria are a common
characteristic of the genital microbiota of pigtailed macaques
(Fig. 1), rhesus macaques,18 and humans with BV.'®? This
microbiota pattern is substantially different from gut mi-
crobiota, indicating that the genital microbiota samples do
not merely reflect contamination with feces.

This study has the limitations that pigtailed macaques
from only one primate center were analyzed and that Nu-
gent scores and vaginal pH were not determined. Also,
vaginal cultures were not obtained, which could have been
used to compare cultivatable and noncultivatable micro-
biota. It is possible that different housing conditions or diets
found at other primate centers could impact the makeup of
the genital microbiota. However, all 10 macaques over the
entire assessment period of 8 weeks showed a genital mi-
crobiota that was dissimilar to healthy microbiota in humans
but had some similarities to BV in humans. Because in hu-
mans, women who lack a healthy genital microbiota have
increased susceptibility to sexual transmission of HIV, these
results suggest that the genital microbiota of pigtailed ma-
caques in captivity could augment infection with SIV or
SHIV. However, the relationship between pigtailed macaque
microbiota, inflammation, and virus susceptibility needs
further clarification.
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