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Abstract

The vaginal microbiome plays an important role immen’s reproductive health.
Imbalances in this microbiota, such as the pooelyjn@d condition of bacterial vaginosis,
are associated with increased susceptibility touakyx transmitted infections and
negative reproductive outcomes. Currently, a “tdlt vaginal microbiota in
reproductive aged women is understood to be doetnaly Lactobacillus, although
“atypical” microbiomes, such asBifidobacterium-dominated profiles, have been
described. Despite these observations, vaginafidiiicteria remain relatively poorly
characterized, and questions remain regarding #dotiral abundance in the microbiome.
In this study, we used quantitative PCR to confithe relative abundance of
Bifidobacterium in the vaginal microbiomes of healthy reproductiged women (n=42),
previously determined by deep sequencing. We atsated and phenotypically
characterized vaginal bifidobacteria (n=40) in tioatext of features thought to promote
reproductive health. Most isolates were identifeiB. breve or B. longum based on
cpn60 barcode sequencing. Fermentation patterns ehalgifidobacteria did not differ
substantially from corresponding type strains of gu oral origin. Lactic acid was
produced by all vaginal isolates, wih longum strains producing the highest levels, but
only 32% of isolates produced hydrogen peroxidestM@aginal bifidobacteria were also
able to tolerate high levels of lactic acid (100 jdwhd low pH (4.5 or 3.9), conditions
typical of vaginal fluid of healthy women. Most lates were resistant to metronidazole
but susceptible to clindamycin, the two most comraatibiotics used to treat vaginal
dysbiosis. These findings demonstrate tBiditdobacterium is the dominant member of

some vaginal microbiomes and suggest that bifidigoac have the potential to be as
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protective as lactobacilli according to the currenderstanding of a healthy vaginal

microbiome.

Keywords: Bifidobacterium, vaginal microbiome, fermentation pattern, hydroge

peroxide, lactic acid, antibiotic
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1. Introduction

Bifidobacteria were first described by Tissier 899, who isolated a bacterium
from breast-fed infant feces and nameddacillus bifidus [1]. In 1924, Orla-Jensen
proposed the genwBifidobacterium as a separate taxon for these organisms [2], which
currently includes more than 30 species [3]. Bifidateria are Gram-positive, anaerobic,
non-motile, non-spore forming rod-shaped bactavith) varied branching. They belong
to theBifidobacteriaceae family and have high genomic G+C content (55-61%)d3].
Bifidobacteria are known to colonize the human magioral cavity and, more
abundantly, the gastrointestinal tract (GIT) [4]ev8ral studies have shown their
influence on human physiology and nutrition [5-9].newborns, bifidobacteria play an
important role as one of the primary colonizerghad GIT, representing 60 to 91% of
fecal bacteria in breast-fed infants [10,11]. Tinigportion decreases with age and it may
represent less than 10% of the adult fecal mictabj®2,13]. Bifidobacteria provide
protection from pathogens in the GIT through thedpiction of bacteriocins [7],
inhibition of pathogen adhesion [5], and modulatafrthe immune system [14,15]. Due
to these health-promoting effects, bifidobacteriaveh been extensively studied as
probiotics [8,16—18].

Early microbial colonization is an essential pracés the maturation of the
immune system [19]. This initial colonization mag affected by many factors, such as
the mode of delivery (vaginal or caesarean sectieeding type (breast-fed or formula-
fed), exposure to antibiotics and hygiene [20]. ldeer, the relative contributions of
maternal microbiota (gut, breast milk, vaginal) aadvironmental sources to the

bifidobacteria population of the neonatal gut remairesolved.
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While Bifidobacterium spp. present in the gut are well described, vagina
bifidobacteria remain relatively poorly charactedz and it is not known if vaginal
adaptation has resulted in distinct phenotypiculiesst that distinguish them from gut
populations. Although a healthy vaginal microbiot defined asLactobacillus-
dominated, several studies have identified vadsiatiobacterium-dominated profiles in
5-10% of healthy, reproductive aged women [21-Bdithermore, vaginal bifidobacteria
are reported to produce lactic acid and hydrogeroxude; attributes of vaginal
lactobacilli credited with maintaining homeostasishe vaginal microbiome [25].

Culture-independent techniques are useful toolsiicrobiome characterization,
but methods based on amplification and sequencini6®& rRNA genes, have been
reported to underrepreserBifidobacterium in microbial communities [26]. The
abundance oBifidobacterium in the vaginal microbiota may also be underestaatue
to the similarity of their 16S rRNA sequences tost of Gardnerella vaginalis. G.
vaginalis is also a member of tHgifidobacteriaceae family and is a commonly detected
microorganism associated with bacterial vagino8¥)([27]. The use of thecpn60
“universal target” (UT) region as a barcode for mmome profiling results in better
resolution of closely related species, includingsth withinBifidobacteriaceae [28], and
cpn60 based human fecal microbiome profiles have k&®wn to more accurately
representBifidobacterium content than a 16S rRNA based approach [26]. Buevi
studies of the vaginal microbiome [21] or synthetixtures of vaginal organisms [29]
have demonstrated a strong correlation betwg®®0 sequence read abundance and
organism abundance determined by quantitative RMtRever, regardless of the target

used, relative abundance of specific organismsimvitbmplex communities may not be



95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

represented accurately by methods that rely on npedgse chain reaction (PCR)

amplification and its inherent biases.

Considering the lack of information abdgifidobacterium spp. of vaginal origin,
their importance as a potential source for the adrgut microbiome, and their potential
health-promoting effects in the vagina, a bettatarstanding of the properties of vaginal
bifidobacteria is needed. In this study, our majectives were: 1) to apply species-
specific quantitative PCR to confirm the relativeuadance oBifidobacterium in the
vaginal microbiomes of reproductive aged women ipuely determined based apn60
barcode sequencing, and 2) to characterize vad@iiialobacterium isolates based on
carbohydrate fermentation patterns, hydrogen pdeoxiproduction, lactic acid

production, resistance to low pH and lactic acid] ausceptibility to antibiotics.

2. Material and M ethods

2.1 Samples and microbiome profiles

Vaginal microbiome profiles from 492 healthy womeare previously published
by our research group [30,31]. Profiles were citdig PCR amplification and deep
sequencing of thepn60 UT region. Total bacterial load in each samplasvalso
estimated as part of these studies using a SYBRrGassay based on the amplification
of the V3 region of the 16S rRNA gene. The remajniaginal swabs and DNA extracts

from these studies, archived at -80 °C, were abklfor use in the current study.
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2.2 Bifidobacterium quantitative PCR assays

Sequences with similarity tBifidobacterium breve, Bifidobacterium dentium and
Alloscardovia omnicolens (Bifidobacteriaceae family) that were detected hagh
frequency in the previously published studies [3D,%ere selected as targets for
guantitative PCRSignature regions within theon60 UT unique to each target were
determined using Signature Oligo software (Lifelmte., Port Moody, BC, Canada) and

primers were designed using Primer-blast softw@2¢ &nd Primer3 [33] (Table 1).

To create plasmids for use in standard curvesgtasgquences were amplified
from vaginal swab DNA extracts. The resulting PQBdpicts were purified and ligated
into cloning vector pGEM-T-Easy (Promega, Madisddl) and used to transform
competentE. coli DH5a. Insertion of the intended target sequence wasiromed by
DNA sequencing. Optimal annealing temperature &mheassay was determined using an
annealing temperature gradient, and specificityeath primer set was confirmed by

using plasmids containingpn60 UT sequences from closely related species gadém

All gPCR reactions were performed in duplicate aath batch of reactions
included a no template control and a standard ceoresisting of serial dilutions of
plasmids containing targets. Each reaction cortsiefe2 pL of template DNA, 2 iQ
SYBR Green Supermix (BioRad, Mississauga, ON, Canadd 400 nM each primer, in
a final volume of 25 pL. A MyiQ thermocycler (BioRawas used for all reactions with
the following protocol: 95 °C for 3 m, followed 0 cycles of 95 °C for 15 s, 65 °C for
15 s, 72 °C for 15 s. A dissociation curve was sghsntly performed for 81 cycles at

0.5 °C increments from 55 °C to 95 °C to confirra gurity of PCR products.
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2.3 Calculation of proportional abundance of Bifidobacterium in vaginal samples

Vaginal microbiome profiles (n=492) were rankedadmng to the proportional
abundance dBifidobacterium (all Bifidobacterium species anélloscardovia combined),
based on the previously determirepth60 sequence read counts [30,31].

B. breve, B. dentium and A. omnicolens DNA was quantified in vaginal swab
DNA extracts from selected samples using the SYBRe® qPCR assays described in
the previous sectiorPreviously determined total 16S rRNA copy number gample
[30,31] was used an as estimate of total bact@oglulation. The ratio between lgg
copy number ofBifidobacterium and 16S rRNA log copy number was used as an
estimate of the proportional abundance of eachetasgecies in the selected vaginal

microbiome samples.

Proportional abundance determined from deep sequenof cpn60 UT
amplicons (percent of sequence reads) and by datwei PCR for each of the three
targets evaluatedB( breve, B. dentium and A. omnicolens) were compared using
Spearman rank correlation in IBM SPSS (StatistlPatkage for the Social Sciences,

version 21).
2.4 | solation of vaginal Bifidobacterium

A complete list of isolates used in the study ahelirt sources is provided in
Supplemental Table 1. Bifidobacteria were isolatexn vaginal swabs, which were
collected in previous studies and had been store80a°C. For one group of samples
(healthy pregnant and non-pregnant Canadian wonoem ¥Yancouver, BC and Toronto,

ON), 12 Bifidobacteriumrdominated samples were selected based on theopeevi
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microbial profiling data [30,31]. Eluted materiabin these 12 vaginal swabs was plated
on Columbia agar containing 5% sheep blood (CSB,(®iDada, Mississauga, ON). For
the second group of samples (Adolescent women, ip&gn MB) [25], material from 27
vaginal swabs was plated on a Bifidus selectiveiomedgar (BSM agar, Sigma-Aldrich,
Oakville, ON); no sequence data from these micmokeicamples was available. Frozen
swabs were thawed and sample was eluted from eeah By vortexing in phosphate-
buffered saline (PBS). Dilutions were prepared fribva eluted sample and spread onto
CSB agar or BSM agar followed by incubation usihg GasPak EZ anaerobic system
(BD Canada, Mississauga, ON) at 37 °C for 72 hetolating pure colonies, a freezing
buffer (4% (v/v) skim milk, 1% (w/v) glucose, 20%/Y) glycerol) was added to the
isolates for long-term storage at -80 °C. DNA pragians from isolates were made using

Chelex 100 (Bio-Rad Laboratories, Inc., Mississal@jd).

Bifidobacteria (n=16) previously isolated in a stuaf commercial sex workers in
Nairobi, Kenya [25], were also included in the studifidobacterium spp. and
Lactobacillus crispatus type strainsB. breve ATCC 15700,B. longum subsp.infantis
ATCC 15697,B. dentium ATCC 27534 and.. crispatus ATCC 33820) were acquired
from the American Type Culture Collection (Manassé8). Lactobacillus crispatus

vaginal isolates 67-1, B12-1 and N4DO5 were fromlal culture collection.
2.5 cpn60 PCR, sequencing and phylogenetic analysis

The cpn60 UT region was used for species identificatiorisofates. The target
region was amplified from genomic DNA using modifierersions of thecpn60

“universal” primers, optimized for high G+C temmat H1594 (5'-CGC CAG GGT TTT
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CCC AGT CAC GAC GAC GTC GCC GGT GAC GGC ACC ACC AJ-and H1595

(5'-AGC GGA TAA CAA TTT CAC ACA GGA CGA CGG TCG CCAAG cccC

GGG GCC TT-3'). The M13 (-40)F and M13 (-48)R sewpireg primer landing sites are

underlined.

PCR was carried out with 2 pL template DNA in actea mixture containing 1x
PCR buffer (0.2 M Tris-HCI at pH 8.4, 0.5 M KCI),22mM MgChL, 200 uM dNTP
mixture, 400 nM each primer, 2 U AccuStart Taqg DNélymerase and water to a final
reaction volume of 50 pL. Cycling conditions werefallows: 94 °C for 3 m, 40 cycles
of 94 °C for 30 s, 57 °C for 60 s, 72 °C for 6@sd a final extension at 72 °C for 10 m.
Amplification was confirmed by resolving the PCRgucts in 1% agarose gel (expected
cpn60 UT amplicon is ~652 bp). Purified PCR produceravsequenced with primers
M13(-40)F or M13(-48)R. Following assembly of tlwviiard and reverse sequences and
removal of amplification primer sequences, the ltegy 552 bp sequences were
compared to the cpnDB reference database (www.cpay34] for identification.

Phylogenetic analysis of isolates was done usiny PP (Phylogeny Inference
Package) version 3.5 [35]. Tlepn60 sequences of the isolates and reference sfraims
the cpnDB reference database were aligned with t&lWys [36]. Alignments were
bootstrapped with segboot; distances were calallatgh the maximum likelihood
option of dnadist. Dendrograms were constructenhfdistance data by neighbor-joining
with neighbor. Consensus trees were calculated edgtisense, and branch lengths were

superimposed on consensus trees using dnaml.

1C



202 2.6 Carbohydrate fer mentation patterns

203 The ability of vaginaBifidobacterium isolates (n=39) to metabolize 49 different
204 carbohydrates was tested using the API 50 CH kdtAaRl 50 CHL broth (bioMérieux,
205 France) according to manufacturer's instructionsssay strips were incubated
206 anaerobically at 37 °C for 8 days. Results for eaolate were recorded at two times (2
207 and 8 days) as positive or negative for acid prododrom each carbon source based on
208 colour reaction. If acid production (colour changes observed at 8 days of incubation,

209 it was recorded as a delayed reaction.

210 Type strainsB. breve ATCC 15700,B. longum subsp.nfantis ATCC 15697and
211 B.dentium ATCC 27534 were included in the assay for comparigith vaginal isolates.
212  Previously published descriptions of carbon souwrtidezation by other type strains were
213 also used for comparisoB.(longum subsplongum [37], B. bifidum [38], B. adolescentis
214  [37], B. kashiwanohense [39], B. catenulatum [40], B. pseudocatenulatum [41] and A.
215 omnicolens [42]). A Jaccard index was used to measure pairgliseances between
216 isolates based on their fermentation patterns bgguthe vegan package (function
217 ‘vegdist) in R [43]. This distance matrix was uskd hierarchical clustering using the
218 ‘hclust’ function in R, with UPGMA (Unweighted Pa@roup Method with Arithmetic

219 Mean).
220 2.7 Hydrogen peroxide assay

221 A modified Brucella agar media (mB) containing QO&5 (w/v)
222 tetramethylbenzidine (TMB, Sigma-Aldrich, Oakvil®N) and 0.01% (w/v) horseradish

223 peroxidase (HRP, Sigma-Aldrich, Oakville, ON) wased for chromogenic detection of

11
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245

hydrogen peroxide (#0,) production [44]. Isolates (n=40) grown on CSB ragere
streaked onto mB agar plates. Alternatively, 1 niLsterile PBS was used to wash
colonies off the CSB plate and the resulting susjpenwas adjusted to 1 McFarland and
spotted on to mB plates using a sterile replicatd. plates were incubated anaerobically
at 37 °C for 72 h, removed from the incubator aaldi lat room temperature in air for 30
minutes for colour development. Hydrogen peroxidapction was reported as positive
or negative based on the colour of the colonies ¢olur/pale beige = negative,
green/blue = positive). Type straiBs breve, B. longum subsp.infantis and B. dentium
were also included in the assay. Two independelttires (biological replicates) were

tested for each isolate.
2.8 Lactic acid assay

Isolates were grown overnight in Modified Reinfatc€lostridial broth (for

Bifidobacterium and Alloscardovia, n=40) or deMan, Rogosa and Sharpe broth (MRS)
(for Lactobacillus, n=4). All cultures were adjusted to an initiakiopl density (O3 =

0.1. After incubation, broth cultures were pelletadl supernatants were heat-treated at
80 °C for 15 minutes to stop enzymatic reactionactic acid quantification was
conducted using the D- and L-lactic acid Enzym&ioAnalysis/Food Analysis UV
method kit (R-Biopharm, Darmstadt, Germany). Rasulére reported as concentration
of lactic acid per Oy Type straind. breve, B. longum subspinfantis andB. dentium
were also included in the assay. Three biologieplicates were performed for each
isolate. Concentration of lactic acid produced lkiffetent species was compared by

Kruskal-Wallis test using IBM SPSS (Statistical Rege for the Social Sciences, version

12
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2.9 Tolerance of bifidobacteriatolow pH and lactic acid

Experiments to test tolerance of bifidobacteridatctic acid and low pH were
based on O’Hanlon, Moench and Cone (2011) [45] withor modifications. A subset of
Bifidobacterium spp. (n=15) andGardnerella vaginalis (n=3) isolates were grown
overnight in Modified Reinforced Clostridial brofpH 6.8) or NYC Il broth (pH 7.3),
respectively. For species where only one or twdate(s) were available, all were
included. Where more than two isolates were avigléh breve, B. longum, B. dentium
andB. bifidum), two isolates were selected randomly to be iredlich the assay.

An aliquot (50puL) of the overnight inoculum was added to each @nbr
experimental medium (final volume 5 mL) and thecuipated anaerobically at 37 °C for
2 hours. Control media was prepared at pH 6.8. Bixgatal media was prepared at pH
4.5 with the following concentrations of lactic écD mM, 1 mM, 10 mM, 100 mM and
1000 mM, and at pH 3.9 with (100 mM) and withouttia acid (0 mM). After 2 hours
exposure, each sample was serially diluted withajyeropriate medium containing 200
mM HEPES and track-plated [46]. The pH of each expental or control medium was
re-measured after the 2 hours incubation to conifirnad remained within 0.2 pH units
of the starting pH. Agar plates were incubated evtaeally at 37 °C for 48 h and colony
forming units (cfu/mL) were counted. Type straBisbreve, B. longum subsp.infantis
andB. dentium were also included in the assay. The assay fdr satate was performed
in triplicate. The percent bacterial survival wadcalated based on the ratio of colony
counts (logy cfu/mL) of bacteria that had been incubated in eexpental media

(treatment) compared to colony counts (lpogfu/mL) of bacteria that had been incubated

13



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

in control media (control), according to the followy formula:

logyo cfu/mL treatment

Percent survival = X 100
cfu
logqo /mL control

210 Susceptibility to antibiotics

Susceptibility of bifidobacteria to clindamycin angetronidazole was evaluated
using Etest strips (bioMérieux, France) in a sulb$dtifidobacteria isolates (n=22). The
subset selection was based on the following catéar species where4 isolate(s) were
available, all were included. Where more than fisotates were availabld3(breve, B.
longum, B. dentium andB. bifidum), four isolates were selected randomly to be ihetl
in the assay. Overnight cultures grown in Modifiedinforced Clostridial broth were
adjusted to 1 McFarland. The suspension was spreadly on Columbia sheep blood
agar plates and Etest strips were placed on the sigéace. Plates were incubated
anaerobically at 37 °C for 48 h. The minimum intoby concentration (MIC) for each
antibiotic was read as the lowest antibiotic cot@ion at which growth was inhibited.
Two biological replicates were performed for easblate, and the average result was

reported.

3. Results
3.1 Confirmation of Bifidobacterium-dominated vaginal microbial profiles

We identified 21/492 (4.2%) of the previously pshid vaginal microbiome

14
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profiles that were dominated (>50% of sequence Seduy Bifidobacterium-like
sequences, of which eight were dominatedBb¥yreve, five by B. longum, three byB.
dentium and five byA. omnicolens. An additional 6% (29/492) of microbiome profiles
had intermediate (1-50%) levels Biffidobacterium-like sequences and 59.5% (293/492)
of profiles had low (<1%) levelBifidobacterium-like sequences were undetected in
30.3% (149/492) of samples.

All samples (n=492) were ranked based on the Rifedobacterium-like relative
abundance, previously determined ¢pn60 amplicon sequencing. A total of forty-two
samples with high (>50%, n=11), medium (1-50%, ns1dw levels (<1%, n=10) and
undetectedBifidobacterium-like sequences (n=10) (i.e., samples witl2 reads) were
randomly selected from the 492 samples for qPCHRysisaThis sample set (n=42) was
assayed for each of the three targBtd(eve, B. dentium andA. omnicolens) by species-
specific g°PCR. The copy number for each targetraeted by gPCR was expressed as a
proportion of the total bacterial load, estimatgdlbS rRNA gene copy number [30,31].
Sequence read numbers (% abundance), qPCR resubs lireve, B. dentium and A.
omnicolens, and previously determined total 16S rRNA copy nuralasre provided in
Supplemental Table 2, and results are summariz€dyure 1.

For samples in the high category, the three targeatyzed B. breve, B. dentium
and A. omnicolens) comprised approximately 100% of the estimatedltbacterial load
(Figure 1, left panel). In two of tH& breve dominated samples whefe omnicolens was
also detected in the microbiome profiles, both étsgvere detected by qPCR. breve
and B. dentium were also detected by gPCR in two of the threé loigtegory samples

where the microbiome profiles were dominated byeoifidobacterium species not

15
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targeted by any of the gPCR assays. All five samplgh medium levels (1-50% of
sequence reads) &. breve based oncpn60 amplicon sequencing, had detectaBle
breve sequences by qPCR (Figure 1, middle panel). Estgnait proportional abundance
of B. breve in these samples based on gPCR (77-113%), howseeg, much higher than
the proportional abundance of corresponding sequezads in thepn60 sequence-based
microbiome profiles (all <10%). Two of the threengdes with medium levels dB.
dentium were gPCR positive for this target, but again ¢fRCR based estimate of
proportional abundance (82-102%) was much higteer that predicted by sequence read
numbers (both <25%). Samples with medium level&.admnicolens were negative by
species-specific gPCR, bAt omnicolens was detected by gPCR in other samples in the
medium category that were dominated Bybreve, B. dentium or other bifidobacteria.
Samples in the low and undetected categories weagative for all three gPCR assays
(Figure 1, right panel).

When all samples (n=42) were considered, regarddéssbundance category,
there was a positive correlation betwepn60 amplicon sequencing data (% of sequence
reads) and gPCR values (lpgopies per swab) for all three targeBs kreve p=0.671,
p<0.0001; B. dentium p=0.502, p=0.001;A. omnicolens p=0.784, p<0.0001). The
correlations remained significant when samples wz#ho values were removed from

analysis.

3.2 Vaginal Bifidobacterium isolates
A total of 40 isolates from the vaginal swabs of \#6men from Canada and
Kenya were included in the study (Supplementarylddl). Based on thepn60 gene

PCR amplification, sequences of the 40 isolategwempared to cpnDB and the nearest
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356

type strain sequence was identifiedBasreve n=15 (98.9-99.8% sequence identity over
552 bp),B. longum n=11 (99.1-100%)B. dentium n=4 (99.1-99.5%)B. bifidum n=3
(100%), B. adolescentis n=2 (94.4-95.1%)B. kashiwanohense n=2 (97.6-97.8%)B.
catenulatum n=1 (99.1%), B. pseudocatenulatum n=1 (99.3%) andAlloscardovia
omnicolensn=1 (99.5%). A phylogenetic tree based ondbe60 UT sequences of the 40
vaginal isolates and 12 reference sequences frpendiyains of human origin is shown in
Figure 2. Isolates whose nearest reference speeiesB. adolescentis (N1D05, N5F04)

or B. kashiwanohense (N4GO05, N5GO01) clustered separately from the tsfains with

good bootstrap support.

3.3 Carbohydrate fer mentation patterns

Vaginal bifidobacteria isolates were tested forirtrebility to metabolize 49
different carbon sources. The relatedness of thenefetation patterns of vaginal
bifidobacteria (n=39) and three available typeisggn=3) was visualized by UPGMA
clustering (Figure 3). As expected, most strainsstered based on species identity,
except for the twd. kashiwanohense-like isolates (N4G05 and N5GO01) and thige
longum isolates ((W)35-1, (1)239-2 and (IV)239). (1)23%8ad (1V)239 were the onlig.
longum isolates that metabolized glycogen, gentiobiose lafucose, and (W)35-1 was
the onlyB. longum strain not able to metabolize D-ribose. Also, nthdiongum isolates
(7/11) did not cluster with the type strai. (ongum subspinfantis ATCC 15697) based
on their fermentation patterns. The use of trelealnB. breve differed between the type
strain and most vaginal isolates (type strain wegative and 13/15 vaginal isolates were
positive). VaginalB. dentium isolates mainly differed from the type strain doetheir

ability to use D-cellobiose (4/4). Overall, f@®. breve isolates (n=15), there was a
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complete agreement between vaginal isolates andyfhe strain ATCC 15700 (gut
origin) for utilization of 71% (35/49) of carbon wees tested. FdB. longum (n=10),
vaginal isolates and type strain ATCC 15697 (gugioy had a complete agreement for
51% (25/49) of carbon sources. FBr dentium (n=4), a complete agreement of 84%
(41/49) was observed between vaginal isolates yrel gtrain ATCC 27534 (oral cavity
origin).

A second analysis was performed considering theepgage of vaginal isolates
that were positive for each carbon source in corsparto the literature description of the
type strains (Supplemental Table 3). This analgeebled the comparison of isolates for
which the type strain was not available for inabmsin our fermentation assays. Hr
adolescentis, vaginal isolates (2/2) did not utilize D-sorbieoid D-melezitose, unlike the
type strain [38].B. kashiwanohense isolates (2/2) differed from their type strain doe
the ability to metabolize D-trehalose and D-metesst [39]. Regarding. bifidum, the
main difference was the fermentation of D-raffindeall vaginal isolate§3/3), which
differs from the type strain and other dtbifidum strains [3]. Also, vaginaB. bifidum
did not ferment D-cellobiose, diverging from itspéy strain [3]. Despite these few
differences, overall fermentation patterns of vagisolates did not differ considerably

from literature descriptions of the type strains.

3.4 Production of hydrogen peroxide

Hydrogen peroxide production was detected in 32.%¥3/40) of the
bifidobacteria. AllB. dentium (n=4) strains were positive and &l kashiwanohense
(n=2), B. catenulatum (n=1), B. pseudocatenulatum (n=1) andA. omnicolens (n=1) were

negative. Production of hydrogen peroxide Bybreve (3/15), B. longum (4/11), B.
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bifidum (1/3) andB. adolescentis (1/2) was variable (Figure 4).

3.5 Production of lactic acid

Lactic acid production was measured for all vaglfatiobacteria isolates using a
commercial assay. Four vaginal isolated_otrispatus, a species associated with high
lactic acid production in the vagina, were includémt comparison. All vaginal
bifidobacteria produced lactic acid (n=40) (Fig&)e While bifidobacteria produced L-
lactic acid only,L. crispatus produced both D and L lactic acid isomers. As elgmd
there was significant correlation between the alisolvalues of total lactic acid
concentration (mM) and supernatant pH (p < 0.0&r$tm = 1), and culture QB (p <
0.0001, Pearson = 1) (data not shown). A Kruskallig/eest was conducted to evaluate
differences in the production of lactic acid amapgcies (only species with two or more
isolates were included in the statistical analysi$)e overall test was significant((6,
n=30) = 24.7, p< 0.0001), hence pairwise comparisons among the pgrouvere
conducted with Mann-Whitney test. The highest catregion of lactic acid among the
bifidobacteria was produced . longum isolates, which did not differ from thie.

crigpatus strains (Mann-Whitney, p=0.240) (Figure 5).

3.6 Toleranceto low pH and lactic acid
A subset of vaginal bifidobacteria isolates (15/40d three type strains were
selected for testing tolerance of low pH and highti€ acid concentrations and the
percent survival values for each isolate undeedsifit conditions are shown in Figure 6.
All bifidobacteria tested were able to survive Bt 4.5 with up to 100 mM lactic
acid; conditions typical of vaginal fluid of heajthwomen with aLactobacillus

dominated microbiome and that have been shown tdetheal to many vaginosis
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associated bacteria [45]. Survival of a few isdatas affected by 1000 mM lactic acid,
which is ten times more concentrated than physioltayels. Surprisingly, pH 4.5 and
100 mM lactic acid did not affe@. vaginalis. The experiment was repeated using media
at pH 3.9 (pK of lactic acid), which resulted in drastic redoatin G. vaginalis survival,
regardless of the inclusion of lactic acid. Modidaibacteria were tolerant to this more
acidic condition, with or without lactic acid (Figu 6). A. omnicolens and B.
kashiwanohense (n=2) were the isolates most affected by lactid,awith survival
declining considerably when incubated with 100 mhttic acid (pH 3.9). Two
bifidobacteria type strain®. breve ATCC 15700 and. longum subsp.infantis ATCC
15697, were also affected by this condition, witllyo45% survival compared to the

culture incubated at neutral pH.

3.7 Susceptibility to antibiotics

Selected representative isolates were tested fmegptibility to clindamycin and
metronidazole, the two antibiotics most widely usedreat vaginal dysbiosis (Table 2).
Only one isolate . breve (1)30-1) presented a MIC higher than \8&/mL for
clindamycin, which is the breakpoint of resistarice anaerobic bacteria according to
The National Committee for Clinical Laboratory Silards [47]. For metronidazole,
15/22 isolates had a MIC higher than32 pug/mL, the breakpoint for metronidazole
resistance [47]. All fifteen of these isolates readVIC > 256 pg/mL, the maximum

antibiotic concentration in the Etest strip.

4. Discussion
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As a result of microbiome characterization by a@tindependent, DNA
sequence based methods there is a growing appoeciaf “atypical” vaginal
microbiomes in healthy women, such as tBdidobacterium-dominated profiles.
However, it is known that DNA extraction methodsl&CR amplification biases affect
the sequencing outcome, resulting in a view of dbendances of species within the
community that is inevitably distorted to some @e&grThus, for a careful investigation of
the microbial composition, further evaluation usingternative techniques is
recommended. Bifidobacteria present a particulentigresting and important subject for
this type of investigation due to their recognizegportance in the neonatal gut, their
probiotic potential, and their frequent underreprgation in PCR based microbiome
profiles. Furthermore, the current diagnostic dééin of a healthy vaginal microbiome
is limited to alactobacillussdominated community, and the available gold steshda
diagnostic method (Gram stain and Nugent scorir@j) [ interpreted based on this

restrictive definition.

In this study, we used species-specific gPCR totfyabifidobacteria DNA in
vaginal samples showing a wide range of proporti@mndances of bifidobacteria
based orcpn60 amplicon sequencing. Our results showed a stpmsgive correlation
between sequence read abundance and gPCR valuethefothree species tested
(Supplemental Table 2). However, when we expressidobacteria abundance as a
proportion of the estimated total bacterial popalat the values calculated for the
medium abundance category (1-50% bifidobacteriziesgces in thepn60 microbiome
profile), estimates were much higher than exped®t possible explanation for this is

that the 16S rRNA based estimates were biased (@stifaated) due to the composition
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of the samples, resulting in a corresponding ovenasion of proportional abundance of
bifidobacteria DNA. The biases of “universal” 168NA gene primers are well
recognized [49,50], making estimates of total b@ait@opulation size challenging using
this approach. Better approaches include flow cgoyn[51], which counts bacterial
cells rather than relying on detection of sequenkesvever, fresh samples are preferred
for this approach, which were not available for study. While it is also possible that the
cpn60 amplicon sequencing method underestimated thedance of bifidobacteria due
to preferential amplification of other sequencesspnt in the samples, this seems
unlikely given the abundance Bffidobacterium sequence reads in other libraries within
the same studies (i.e. the high category) and @uevidemonstrations of the efficient
amplification of Bifidobacterium cpn60 sequences from complex samples [26]. A few
samples with medium levels of bifidobacteria segeereads were gPCR negative for
targets expected to be present. The medium categdnded samples containing a wide
range (1-50%) of bifidobacteria abundance, andldhk of gPCR detection in samples
with bifidobacteria levels near the 1% cut off mag due to the detection limit of the
assays. Taken together, our results confirm tpab0 amplicon sequencing reflects
relative abundance of bifidobacteria and tBdtdobacterium spp. can be the dominant
component of the vaginal microbiome. Future studigigg more accurate methods for
total bacterial population quantification will beaded to better describe this relationship
in the context of overall community size.

To learn more about the characteristics of vaghbitiobacteria detected in
sequence-based microbiome studies, we collectedsalates from vaginal swabs of

clinically healthy women, with most isolates beidgntified asB. breve or B. longum
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(Figure 2). A few differences were observed in oarbource utilization patterns between
vaginal isolates and type strains, however, mosthoke differences have also been
described among other bifidobacteria of gut or oeadity origin. For example, unlike the
type strain, vaginalB. bifidum isolates did not ferment D-cellobiose, but this
characteristic is also absent in some Bubifidum [3]. Similarly, our vaginaB. dentium
isolates and other oral cavity isolates utilize élabiose, which is not done by the type
strain [3]. Thus, this lack of agreement in cartsmurce utilization between vaginal
isolates and type strains does not necessarilycateli that there is a distinctive
fermentation profile of vaginal bifidobacteria. Owsults support the idea that different
body sites, such as gut and vagina, host similainst of bifidobacteria. However, a more
detailed examination of the utilization of nutrierihat differentiate these environments
and the genome contents of vaginal and gut isolaftdgifidobacterium spp. may yet
reveal signs of niche specialization that are ppeaent in examinations of housekeeping

functions.

Hydrogen peroxide and lactic acid production hagerbassociated for decades
with the protective role of vaginadlactobacillus, but more recent findings have called
into question the significance of the physiologicahcentrations of ¥, produced by
Lactobacillus. Vaginal HO,-producing lactobacilli are claimed to inhibit gribwof
opportunist bacteria, which share the same nicht l@ictobacilli and may not have
protective mechanisms like production of catalasgeroxidase [52]. However, it is
unclear whethekactobacillus is able to produce 1, under the hypoxic condition of the
vagina [53], since oxygen is required for its prciitan. Additionally, cervicovaginal

fluid and semen contain proteins, glycoproteindygaccharides, and lipids that react
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with and inactivate kD, [54]. O’'Hanlon, Moench, & Cone (2011) also repdrtiat
physiological concentrations of ,8, had no microbicidal activity, while a
supraphysiologic concentration of,®h that was sufficient to inactivate bacterial
vaginosis associated bacteria, also inactivatethahtactobacilli. We decided to test our
bifidobacteria isolates for #, production considering the wealth of previous stadind
descriptions of KO, production forLactobacillus, the presumed indicator of a healthy
vaginal microbiome. Our results indicate thavitro H,O, production is not widespread
in vaginal bifidobacteria (Figure 4).

Lactic acid is a key element in promoting a healtlaginal environment by
preventing the overgrowth of bacterial vaginosiseagated microorganisms [45]. One of
the protective mechanisms attributed to lactic @ildbwering the vaginal pH [55,56]. It
has also been demonstrated that lactic acid istaldasrupt the outer membrane of Gram
negative bacteria [57]. Bacteria are known as thegry source of lactic acid in the
vagina, with some species being able to producle lastic acid enantiomers (D and L),
as opposed to human cells that only make the L fia®). Here, we confirmed that
vaginal Bifidobacterium produced only L-lactic acid, as previously desedidor other
bifidobacteria [58]. Whild.. crispatus andL. gasseri are both able to produce a mixture
of DL-lactic acid, othet.actobacillus spp. have been shown to produce onlylLAifers)
or D-lactic acid L. jensenii) [59]. At physiological concentrations (~56 to rhM), both
forms of lactic acid are effective in decreasingVHihfectivity in vitro; at lower
concentrations, L-lactic acid has greater virucatzlvity than D-lactic acid [60]. L-lactic
acid has also been shown to have greater antiteodéiect against. coli (0157 and

non-O157) than D-lactic acid [61]. Although the Ibigical significance of producing
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different amounts of D and L forms remains uncléae, results of these studies suggest
that the microbicidal effect of lactic acid invotvenore than acidity alone. Since
bifidobacteria in general are known lactic aciddarcing bacteria, our observation of its
production is far from surprising. However, whahteworthy is that the levels of lactic
acid produced by vaginal bifidobacteria, especiBlljongum, are comparable to those of
L. crispatus, the organism most often associated with a heattiggnal microbiome [62].
Considering that lactic acid is a hallmark of altigavagina, knowing the levels
of acid produced by different bifidobacteria is inferest when evaluating whether a
vaginal microbiome dominated IBifidobacterium should be considered as protective as
a microbiome dominated byactobacillus. Moreover, assessing the ability of
bifidobacteria to persist in high levels of lacticid and low pH, conditions typical of the
vaginal fluid of healthy women, was an importan¢psin improving knowledge of
bifidobacteria ecology. Other studies have shovat grotonated lactic acid rather than
lactate anion is the microbicidal form of lactiadaf45,60], which emphasizes the role of
pH in mediating lactic acid activity. We initiallgonducted our experiments at pH 4.5,
recreating conditions used in previous investigetiof microbicidal activity of lactic
acid against vaginosis-associated bacteria [45]véder, these conditions did not kill
any of the thre&. vaginalis isolates included in our study. We repeated theeements
at pH 3.9, a value of which is now understood tanmitein the range of expected pH for
the cervicovaginal fluid of clinically healthy wome(~3.5 - 4.5) [63] and observed
differential survival ofG. vaginalis and the bifidobacteria. Bifidobacteria resistatee
low pH and high concentrations of lactic acid ma&ydpecies specific, as isolates from

the same species behaved similarly in most casgsré-6).B. kashiwakonhense-like
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isolates, for example, were clearly less toleranthese acidic conditions th&h breve,
B. dentium, B. bifidum or B. adolescentis isolates. Further studies of larger numbers of
isolates will be required to test this observation.

The normal microbiota plays an important role ia thcovery of the microbiome
after antibiotic treatmentWhile most vaginal bifidobacteria were susceptitite
clindamycin, we observed high rates of metronidazasistance. Metronidazole and
clindamycin are the two antibiotics recommendeddR)C to treat bacterial vaginosis,
and can be administrated either orally or intranally [64]. Although metronidazole is
the first-line treatment against bacterial vagiadéb], many non-spore-forming, Gram-
positive anaerobic rods are resistant to it, inclgdPropionibacterium, Atopobium,
Mobiluncus, Bifidobacterium and Lactobacillus [66]. Gardnerella vaginalis, a hallmark
microorganism in BV, andPrevotella have also been demonstrated to be resistant to
metronidazole [67,68]. Sinc&. vaginalis, Atopobium, Mobiluncus and Prevotella are
considered vaginosis associated bacteria, this tmégiplain the high rates of BV
recurrence after metronidazole treatment [65]. édijh antimicrobial resistance is a
concern in BV treatment, bifidobacteria resistamoght be a beneficial factor by

facilitating the microbiota recovery after antibgoadministration.
5. Conclusion

In this study we confirmed that a subset of healtleproductive aged women
have vaginal microbiomes dominated Bifidobacterium spp.. We also demonstrated
that vaginal bifidobacteria have the potential éoas protective as lactobacilli according
to the current understanding of a “healthy” vagimgicrobiome. These results have

significant implications for women’s health diagtios since current protocols based on
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Gram staining and Nugent score would likely regul diagnosis of “intermediate” or
“consistent with BV” if a vaginal smear was domeatby Bifidobacterium rather than
Lactobacillus. We expect our findings will help to guide clirdas and researchers to

better assess a healthy vaginal microbiome, anidl avmecessary interventions.
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Figure Captions

Figure 1. Detection ofB. breve, B. dentium andA. omnicolens by sequencing and qPCR,
in 42 vaginal microbiomes. Results are shown fon@as in the high (n=11, left panel),
medium (n=11, middle panel) and low/undetected Q(h=2ight panel with *)
bifidobacteria abundance categories as determigechiicO amplicon sequencing. All
samples in the “low” (n=10) and “undetected” (n=t@jegories had identical results so
only one example is shown. The bar charts illustthé proportion of sequences assigned
to each species detected, indicated by colour doapito the legend. The lower table
shows the percentage Bffidobacterium (B. breve, B. dentium or A. omnicolens logo
copies) out of the total bacterial load (estimatgd 16S rRNA gene lag copies)

(%Bif/16S (QPCR)).

Figure 2. Phylogenetic tree based apn60 UT sequences of vaginal bifidobacteria
(n=40) and reference stralnsThe tree was rooted witBardnerella vaginalis ATCC
14018 and constructed using the Dnaml method with boagisvalues calculated from

100 trees. The number at each node representgtbenpage bootstrap support.

Figure 3. Carbohydrate fermentation patterns. A. UPGMA degdim derived from
Jaccard’s similarity coefficients calculated amasaates based on their fermentation
patterns (isolates n=39, type strdins3). B. Heatmap representing the fermentation of
49 carbon sources. Black = positive reaction; Greyeak reaction; White = no

growth/fermentation; * = Delayed reaction.
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Figure 4. Hydrogen peroxide production of bifidobacteria3@) indicated by blue
colour on TMB medium (no image was available fotase N3E01-2). Species
designation of each isolate is indicated by coldutet according to the legend. Positive

controls (+). Negative control (-).

Figureb5. Total lactic acid concentration in culture supéanaof vaginal isolates and
type strains. Grey boxes below the chart indicagz®s identification for each isolate.
Numbers at the top are the average lactic acidezdrations (mM/Olgyo + standard
deviation) produced by each species group (exctutipe strain§. Results shown are

the average of at least three replicate experiments

Figure 6. Survival (% log cfu/mL) of vaginal bifidobacter{a=15), bifidobacteria type
strains (n=3) ands. vaginalis (n=3) after incubation at low pH and high lacticida
concentrations in comparison with bacteria cultuaé¢pH 6.8. Results shown are the

average of at least three replicate experiments.
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Supplementary M aterial

Table S1. Complete list of vaginal isolates used in the study

Table S2. Sequence read numbers (% relative abundance), g&sCiRs forB. breve, B.

dentium andA. omnicolens, and previously determined total 16S rRNA copy nurslud

42 samples used in the screening analysis.

Table S3. Carbohydrate fermentation patternswvaiginal bifidobacteria isolates and of

their type strains. Numbers represent the percempagaginal isolates that had positive

reaction for each carbon source.
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Table 1.Primers used in the bifidobacteria gPCR assays.

Target Primer name Sequence (5'->3") Product sizévp) Annealing Temperature ("C)
B. breve JHO472 (F) AACCGTGCTCGCCCAGTC 150 65
JHO473 (R) TCCTTGGTCTCAACGTCCTT
B. dentium JHO474 (F) GTGCTCGAAGACCCGTACAT 163 65
JHO475 (R) GGATGGTGTTCAGGATCAGG
A.omnicolens ~ JH0470 (F) GCACGAAGGCTTGAAGAACG 197 65

JH0471 (R) CCAAAGCCTCAGCAATACGC




Table 2 Susceptibility of bacteria (n=22) to metronidazole and clindamycin. Results

shown are derived from two replicate assays.

Minimum inhibitory concentration

(MIC pg/mL)
Species Isolate Metronidazole Clindamycin
B. breve (H30-1 8.0 320
(H91-1 >256 <0.016
(H322-1 >256 0.035
(W)56 >256 0.032
B. longum (1)239-2 >256 <0.016
N2E12 >256 0.056
(W)35-1 2.0 0.047
N2F05 >256 0.125
B. dentium (vh131-1 4.0 <0.016
N3E11l >256 0.250
N5E10 4.0 <0.016
(W)90-1 >256 <0.016
B. bifidum (W)15 2.0 0.032
(W)27-1 2.0 0.032
(W)86-2 4.0 0.056
B. adolescentis N1D05 >256 0.158
N5F04 >256 0.028
B. kashiwanohense N4G05 >256 0.047
N5G01 >256 0.028
B. catenulatum N3F01 >256 0.040
B. pseudocatenulatum N4EQ5 >256 0.040

A. omnicolens (V1)258-6 >256 0.035




ACCEPTED MANUSCRIPT

High Medium

102 98 103 O 38 77 94 9% 82 113 65 0 0 B. breve
0 0O 0 101 99 125 0 O 8 O 8 0 O O O O 0 102 8 0 0 O 0 B dentium
O 8 72 0 O O 103103 58 0 75 0 70 0 O O O 42 o0 0 71 0 A. omnicolens

% Microbiome
(sequencnng)

% Bif/16S
(4PCR)

o

W B. breve W B. dentium W A. omnicolens W Other Bifidobacterium m Other



b3386 Gardnerella vaginalis ATCC 140187
100 — b28163 Alloscardovia omnicolens DSM 215037

L (1V)258-6
b287 B. gallicum ATCC 498507
— b278 B. breve ATCC 157007
100{ (1)322-2
(IV)30-1A
(IV)322
(1y322-1
(130-1
(1302
(h91-1
1 He1-2
Ho1-3
- N6D12
52l 12-4
(W)56
(W)20-15
(W)20-13

8!

©

100

100

(W)20-17

b12708 B. longum subsp. infantis ATCC 156977
(IV)239
(1)239-4
(1)239-2
33 N2G10
N6DO05
N2E12
N3A01
N3E01-2
(W)35-1
N2F05
b18576 B. longum subsp. longum ATCC 157077
N5E04

1001 b859 B. bifidum ATCC 295217
(W)86-2
(W)15
(W)27-1

b280 B. angulatum ATCC 275357
b284 B. dentium ATCC 275347
100} - N5E10
(W)90-1
N3E11
— 69 (V1)131-1
b18191 B. kashiwanohense DSM 218547
b1211 B. catenulatum ATCC 275397
N3FO01
80 86 N4GO05
N5G01
b865 B. pseudocatenulatum ATCC 279197
N4EO05

93 b272 B. adolescentis ATCC 157037
—H s
N5F04

39

35




218U05N|8-019%-§ WinIsSeI0d
21U09N|8-019X-Z WinIsseI0d
210U0N|D WNISSEIOd
joMqeIY-1

jouqelv-a

asoong-]

asoony-q

asojesel-q

asoxA1-q

asouein)-q
asolqoyuan

1oMIAX

uagodAlD

youeis

asouyjey-q
as01zalPIN-Q

uynu

asojeyan-q
as01eYy2eS-§
asoiqiaN-a
asopel-q

asojjew-q
2501q0|22-0

upies

2184312 921449 UIINIST
unnguy

uijepsAwy

aulWesoon|o A120y-N
apisoue.Adoon|o-ge-jAuian
apisouelAdouueiN-qe-JAyIaN
Io3q.05-q

louuen-a

jousouy

jowdIna

asouweyy-1

25001051

asouen-a

9s0InJ4-4

2s00n19-0

asoloe(en-q
apisoueskdolAx-ag-IAura
louuopy-a
2s01Ax-1
asojAx-a
asoqny-a
asouiqesy-1
asouiqely-a
[RIFRYNE]
j0199A19

§
8 =

S
o <
s§¢
§ 3§
o I
= 3 8
£ 53
g 7 3
x O Q
o o o

@ B. dentium

@ B. bifidum
@ B. longum
@ B. breve

ons Ul |

onan | | | ONEE ENEEE B

unL -
o ma
11X

oA19

anv -

X
Axa
an
ViVl
viva
A¥3
A9

@ A. omnicolens

@ B. adolescentis

0.0

0.1

02

03

04

0.5



ACCEPTED MANUSCRIPT

@ B. breve

@ B. longum

© B. dentium

© B. bifidum

@ B. adolescentis

O B. kashiwanohense
@ B. catenulatum
@ B. pseudocatenulatum
@ A. omnicolens




m D-lacticacid m L-lactic acid

L0Z8EE DLV
SOavN
1-214

1-49
9-852(AI)| 1021w v
GO3IYN  |wwdo0pnasd-g
TO4EN | onuad-g
T09SN
S09YN
#04SN
S0QTN
7-98(M)
T-L2(M)
ST(M)
VESLT DLV
0TaSN
TTIEN
T-06(M)
T-TET(IA)
1L69ST DLV
S0Q9N
¥03SN
2-TO3EN
TOVEN
0T9ZN
S04ZN
TTICN
T-G€(M)
6€(AI)
v-6€2(1)
z-6gc(l)
1004ST D01V
ZTA9N
95(m)
L1-02(M)
ST-02(M)
€1-02(M)
vz
Tze(n)
z-zeel)
T-zeell)
€-16(1)
z-16(1)
T-16(1)
VT-0€(Al)
2-0€(1)

L. crispatus

193+1.6

“UDMIYSDY g

108
+19

1Ua253/0pD °g

124
+04

7.7 4.1
|[ 8. bifidum |

106+2.2
B. dentium

13.9+4.1
B.longum

730+18
B. breve

T-0£(1)

(=T [=} n o uwn o
oM N o~ - -

ao 4ad (Ww) pe sude]



(1)30-1

(H91-1 B. breve
ATCC 157007 e
(H239-2
N2E12 B. longum
ATCC 156977 e
(VH131-1
N5E10 B. dentium
ATCC 275347
(W)15 ] 5 b
(W)27-1 . bifidum
N1D05 B. adolescentis
N5F04
N4G05 B. kashiwanohense
N5GO01
N3F01 B. catenulatum
N4E05 B. pseudocatenulatum
(V1)258-6 | A omnicolens
WP012
ATCC 140187 G. vaginalis
N144
Lactic acid (mM) O 1 10 100 1000 0O 100 N |
100 50 0
pH 45 3.9

Survival (%)



Highlights

Healthy vaginal microbiomes can be dominated by Bifidobacterium
Phenotypic features of bifidobacteriarelated to reproductive health were analyzed
Fermentation patterns of vaginal bifidobacteria were similar to those from the gut

Vaginal bifidobacteria produced and tolerated lactic acid and low pH



