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Abstract

Background

Administering intravenous antibiotics during labor to women at risk for transmitting Group B
Streptococcus (GBS) can prevent infections in newborns. However, the impact of intrapar-
tum antibiotic prophylaxis on mothers’ microbial community composition is largely unknown.
We compared vaginal microbial composition in pregnant women experiencing preterm birth
at < 32 weeks gestation that received intrapartum antibiotic prophylaxis with that in controls.

Methods

Microbiota in vaginal swabs collected shortly before delivery from GBS positive women that
received penicillin intravenously during labor or after premature rupture of membranes was
compared to controls. Microbiota was analyzed by 16S rRNA sequencing using the PGM
lon Torrent to determine the effects of penicillin use during hospitalization and GBS status
on its composition.

Results

Penicillin administration was associated with an altered vaginal microbial community com-
position characterized by increased microbial diversity. Lactobacillus sp. contributed only
13.1% of the total community in the women that received penicillin compared to 88.1% in
the controls. Streptococcus sp. were present in higher abundance in GBS positive woman
compared to controls, with 60% of the total vaginal microbiota in severe cases identified as
Streptococcus sp.
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Conclusions

Vaginal communities of healthy pregnant women were dominated by Lactobacillus sp. and
contained low diversity, while Group B Streptococcus positive women receiving intrapartum
antibiotic prophylaxis had a modified vaginal microbiota composition with low abundance of
Lactobacillus but higher microbial diversity.

Introduction

The ability to detect microbes in various environments has been tremendously improved by
the availability of high throughout sequencing approaches, significantly increasing our appre-
ciation for the importance of microbes to contribute to human health. The human being is
now understood as a superorganism [1] governed by a single human genome and by multiple
microbial genomes inhabiting several body sites. While many clinical disorders appear to cor-
relate with alterations in microbial communities evidence for causal associations is sparse. The
normal human vaginal microbiota seems to contribute to maintaining microbial balance,
which appears to protect from microbial diseases including bacterial vaginosis [2,3] and uri-
nary tract infections [4]. The vaginal microbiomes vary significantly among women, especially
in those of different ethnicities [5]. During pregnancy microbiota become less diverse and
enriched in Lactobacillus sp. [6-8]. Unusual changes in vaginal microbiome including the
appearance of opportunistic pathogens during pregnancy, potentially induced by administra-
tion of prepartum antibiotics, might increase risk for diseases with serious implications to the
mother and their neonate. However, to date little is known about the effects of prepartum anti-
biotics on vaginal microbiota in pregnant women, especially those delivering prematurely at
gestational age <32 weeks.

Group B Streptococcus (GBS) has been recognized as the leading infectious cause of early
onset sepsis in the United States of America (USA) in the early 1970, remaining to date the
main cause of sepsis of maternal origin in that country. Maternal colonization with GBS in
genitourinary or gastrointestinal tracts is the primary risk factor for disease especially in vagi-
nally delivered infants [9]. Clinical trials and observational studies demonstrated that adminis-
tering intravenous antibiotics during labor to women at risk for transmitting GBS to their
newborn can prevent invasive disease in the first week of life. Guidelines for the prevention of
early-onset GBS disease recommend culture-based screening of pregnant women at 35-37
weeks of gestational age to identify women that should receive intrapartum antibiotic prophy-
laxis [9].

Preterm delivery is an important risk factor for early-onset GBS sepsis with a higher mor-
tality compared to full-term infants. The Center for Disease Control and Prevention (CDC)
recommends antibiotic prophylaxis for all pregnant women that tested positive for GBS
colonization (except in the instance of cesarean delivery performed before onset of labor
on a woman with intact amniotic membranes) and for women with preterm delivery with
unknown GBS status [9].

While intrapartum antibiotic prophylaxis can prevent neonatal sepsis, the mothers’ micro-
bial composition is impacted with potential effects on the vaginal microbial milieu during
delivery and having possible implications on microbiota transmission to the baby. Here we
aimed to analyze vaginal microbial composition in pregnant women at risk for transmitting
GBS receiving intrapartum antibiotic prophylaxis and compared to control groups using culti-
vation-independent 16S rRNA sequencing technology.
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Materials and methods
Experiment design and sampling strategy

Patients were recruited from the Neonatology Section of Hospital de Clinicas de Porto Alegre
(HCPA), Brazil. Expecting mothers were enrolled at hospital admission for their delivery and
provided written informed consent. The study protocol was approved by the ethics committee
of Hospital de Clinicas de Porto Alegre (HCPA). Mothers delivering at gestational age < 32
weeks were included in the study. The exclusion criteria were: 1) mother with HIV and con-
genital infections, 2) drug user or alcoholic and 3) fetus with congenital malformations. The
study used a convenience sampling strategy. From a total of 114 women screened, nine
patients were GBS positive and received intrapartum penicillin. Nine patients were GBS nega-
tive and did not receive penicillin. An additional control group of nine patients with unknown
pre-delivery GBS status was included. Six of them received penicillin but were GBS negative
and three patients were GBS positive but didn’t receive penicillin due to elective cesarean
delivery with intact amniotic membranes. Penicillin was intravenously administered initially
at a dose of 5.000.000 IU and additional doses of 2.500.000U-3.000.000 IU were administered
every 4 hours until delivery according to CDC protocol [9].

Maternal variables that we collected included: maternal age, type of delivery, occurrence of
preeclampsia and maternal gestational diabetes, presence of histologic or clinical chorioamnio-
nitis (maternal fever, uterine hypertonicity, purulent or foul smelling amniotic fluid, maternal
leukocytosis or fetal tachycardia) or urinary tract infection (positive urine culture). Antenatal
steroid use was defined as the completion of 2 doses of betamethasone 24 hours apart or 4
doses of dexamethasone given 12 hours apart. Diagnosis of maternal preeclampsia was based
on arterial hypertension (blood pressure >140 mmHg systolic and/or >90 mm Hg diastolic)
developing after 20 weeks of gestation and proteinuria >300 mg in a 24-hour urine sample in
the absence of previous hypertension or renal disease [10].

Vaginal swabs (Sterile Specimen Collection Swabs to collect specimens from soft tissue sur-
faces—Labor swab™) were collected before delivery (at least four hours after receiving the first
penicillin dose) through vaginal introitus by rotating five times a sterilized swab along de
lumen with a circular motion. Speculum was not used. Immediately after swabbing, the sample
was placed in a sterile tube and kept at -80°C for later analysis.

Microbial DNA extraction, 16S library preparation and sequencing

Microbial DNA was isolated from vaginal swab using the QIAamp Fast DNA Stool Mini Kit
(Qiagen, Valencia, CA, USA) following the manufacturer instructions. DNA quality was deter-
mined by spectrophotometry using NanoVue™ spectrophotometer (GE Healthcare, Chicago,
IL, USA). All DNA samples were stored at -80°C until use. The V4 region of the 16S rRNA
gene was amplified and sequenced using the PGM Ion Torrent (Thermo Fisher Scientific,
Waltham, MA, USA) with the bacterial/archaeal primers 515F and 806R [11]. Multiple sam-
ples were PCR-amplified using barcoded primers linked with the Ion adapter “A” sequence
(5'-CCATCTCATCCCTGCGTGTCTCCGACTCAG-3") and Ion adapter “P1” sequence (5'-
CCTCTCTATGGGCAGTCGGTGAT-3') to obtain a sequence of primer composed for A-bar-
code-806R and P1-515F adapter and primers. Each of the 25 pL of PCR mixture consisted of
2U of Platinum®™ Taq DNA High Fidelity Polymerase (Invitrogen, Carlsbad, CA, USA), 4 uL
10X High Fidelity PCR Buffer, 2 mM MgSO4, 0.2 mM dNTP’s, 0.1 uM of both the 806R bar-
coded primer and the 515F primer, 25ug of Ultrapure BSA (Invitrogen, Carlsbad, CA, USA)
and approximately 50 ng of DNA template. PCR conditions used were: 95°C for 5 min, 35
cycles of 94°C per 45s denaturation; 56°C per 45s annealing and 72°C per 1 min extension;
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followed by 72°C per 10 min. The resulting PCR products were purified with the Agencourt™
AMPure® XP Reagent (Beckman Coulter, Brea, CA, USA) and the final concentration of the
PCR product was quantified by using the Qubit Fluorometer kit (Invitrogen, Carlsbad, CA,
USA) following manufacturer’s recommendations. Finally, the reactions were combined in
equimolar concentrations to create a mixture composed by 16S gene amplified fragments of
each sample. This composite sample was used for library preparation with Ion OneTouch™ 2
System with the Ion PGM™ Template OT2 400 Kit Template (Thermo Fisher Scientific, Wal-
tham, MA, USA). The sequencing was performed using Ion PGM™ Sequencing 400 on Ion
PGM"™ System using Ion 318™ Chip v2 with a maximum of 30 samples per microchip. All
relevant data are fully available without restriction. Raw sequences were deposited in the
NCBI Sequence Read Archive under the BioProject ID PRJNA354838 accession numbers
SAMNO06053701 to SAMNG6053727.

Sequence processing and statistical analysis

The 16S rRNA raw sequences were analyzed following the recommendations of the Brazilian
Microbiome Project [12]. Briefly, the OTU (Operational Taxonomic Unit) table was built
using the UPARSE pipeline [13] in which the reads were truncated at 200 bp and quality fil-
tered using a maximum expected error of 0.5. Filtered reads were dereplicated and singletons
were removed. The sequences were clustered into OTUs at 97% similarity cutoff and chimeras
checked to obtain representative sequences for each microbial phylotype. Taxonomic classifi-
cation was carried-out in QIIME"? based on the UCLUST method against the Greengenes
13.5 database [14] with a confidence threshold of 80%. Sampling effort was estimated using
Good’s coverage [15].

For the estimation of alpha diversity and richness, the data set was rarefied to the same
number of sequences [16] and the Observed OTU richness and the Shannon diversity index
were calculated and further plotted using the “phyloseq” package [17].

To test the hypothesis that antibiotic and/or GBS infection shape the vaginal microbial
community the 16S rRNA gene dataset was rarefied to the same number of sequences"® and
used to construct a dissimilarity matrix generated by Bray Curtis and Binary distances using
the “phyloseq” package in R. The matrixes were ordinated by Principal Coordinate Analysis
(PCoA) and adonis function was used to verify the strength and statistical significance of
groups among treatments with the vegan package [18].

Analysis of Metagenomic Profiles v2 (STAMP) software package was used to determine dif-
ferences in the relative abundances of categories (i.e. genus) between treatments. Differences
among treatments were calculated using the ANOVA for multiple comparisons followed by
the Tukey-Kramer post hoc test. Taxonomic unities with difference between proportions
below 1% were excluded from the analysis. The clinical data were reported as mean + SD or
frequencies and percentages. The significance of differences between the groups of clinical
data was evaluated using the t test. The Fisher exact test was used for analysis of dichotomous
characteristics.

Results

Despite the small number of women sampled in this study, we showed that the groups were
similar regarding maternal age, gestational age, birth weight of newborn and maternal
comorbidities such as gestational diabetes, choriamnionitis, pre-eclampsia and urinary tract
infection Table 1. All pregnant mothers received corticosteroids, according to the protocol
of the Unit.
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Table 1. Maternal variables used for comparison between groups.

Maternal age (years)'
Gestational age (weeks)'
Birthweight (g)'
Cesarean delivery?
Chorioamnionitis®
Antenatal steroids?
Preeclampsia®
Gestational diabetes?®
Urinary tract infection?

Group 1* Group 2** Group 3*** Group 4**** p-value
n=9 n=3 n=6 n=9
26.2+6.6 25.0+7.0 24.514.6 25.7+8.7 0.97
29.8+2.1 31.6+1.4 31.4+2.1 31.1+£1.7 0.29
1400.6 £426.7 1399.2 £509.0 1803.3+511.7 1793.6 +455.0 0.24
8 (88.9%) 3(100.0%) 0 (0%) 6 (66,7%) 0.01
2 (22.2%) 1 (33.3%) 2 (33.3%) 3 (33.3%) 0.95
(100%) 3 (100%) 6 (100%) 9 (100%) 1.00
(55.6%) 1 (33.3%) 0 (0%) 2 (22,2%) 0.12
(11.1%) 0 (0%) 2 (33.3%) 3 (33.3%) 0.54
0 (0%) 1 (33.3%) 0 (0%) 2 (22,2%) 0.18

Data presented as mean + (SD), frequencies or percentages

T Test
2Fisher exact test
*Without Penicillin/Streptococcus (-)

**Without Penicillin/Streptococcus (+)

***With Penicillin/Streptococcus (-)
****With Penicillin/Streptococcus (+)

doi:10.1371/journal.pone.0169916.t001

16S rRNA based microbiota analysis

After quality filtering, a total of 575,539 high quality sequences were retained with an average
of 4,031 sequences/sample (mean of 200 bases in length and maximum expected error of 0.5).
Good’s coverage was between 84% and 100% sequencing coverage at 97% similarity cutoff,
indicating that the numbers of sequences were sufficient for the communities measured in all
libraries.

PCoA was applied to compare vaginal microbial communities among treatments using
Bray Curtis and Binary distances at 97% cutoff similarity level for OTU grouping (Fig 1A and
1B). The Bray Curtis metrics showed distinctive groups of vaginal microbial communities
associated with treatments. In addition, multivariate ANOVA based on Bray Curtis dissimilar-
ities (Adonis) confirmed the differences among treatments (R* = 0.23; p = 0.002). The R* value
indicated that approximately 23% of the variation in distances is explained by treatments. The
Binary metrics also showed grouping of samples by both PCoA analysis (Fig 1B) and multivar-
iate ANOVA based on Binary dissimilarities (R* = 0.13 p = 0.03). Nevertheless, the low R*
value suggests that the differences in the relative abundance of taxonomic unities between
treatments were more important than the differences in the presence/absence of them. Sus-
pected confounding variables that were collected with our questionnaires (maternal comorbid-
ities) were tested by multivariate ANOVA S1 Table. Besides antibiotic usage, none of the
variables tested shown significant effect on microbial communities at p-value < 0.05.

To investigate differences in bacterial diversity between treatments we observed OTU rich-
ness and calculated Shannon diversity index (Fig 2). According to these alpha diversity mea-
surements, the group with penicillin presented a significantly higher microbial diversity. The
mean observed richness within the microbial community from mothers with use of penicillin
and negative Streptococcus screening was 47.6 and the Shannon diversity index was 2.42
whereas the observed microbial richness from mothers that received penicillin and were posi-
tive for Streptococcus screening was 30.8 and the Shannon diversity index was 1.86. On the
other hand, the mean observed richness within the microbial community from mothers
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Fig 1. A and B. Principal coordinates plot (PCoA) representing clusters of microbial communities from mother’s vagina. (A) Bray
Curtis distance metrics, which accounts for differences in the relative abundance of taxonomic unities. (B) Binary distance metrics, which
accounts for presence/absence of taxonomic unities. Each point represents the microbial community of an individual sample with colors
indicating treatments.

doi:10.1371/journal.pone.0169916.9001

without use of penicillin and negative Streptococcus screening was 18.3 and the Shannon diver-
sity index was 1.28. The mean observed richness within the microbial community from moth-
ers without use of penicillin and positive Streptococcus screening was 10 and the Shannon
diversity index was 0.65. Altogether these alpha diversity measurements indicate greater rich-
ness and evenness of the community in mothers with penicillin and lower richness and even-
ness in mothers with Streptococcus infection.

In addition to the clinical screening, the abundance of Streptococcus spp. was also investi-
gated by our sequencing approach. Streptococcus was detected in 74% of our samples irrespec-
tive of treatment (Fig 4). The relative abundance of this genus varied among cases with
positive prenatal culture screening reaching up to 60% of the total microbial community in
cases with severe infection or below 0.35% in less severe cases. Streptococcus was also detected
in 44% of cases with negative culture screening but in a very low abundance (below 0.2%).
These results indicate that Streptococcus is naturally present in the healthy pregnant woman
although in very low abundance.

Discussion

In this study, we collected vaginal swab samples from pregnant women under four different
conditions associated with antibiotic prophylaxis and presence of positive culture screening
for GBS. DNA extraction, PCR amplification, primer choice, and sequencing platform all have
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women without use of penicillin contributing 88.1% and 68.5% with positive and negative Streptococcus screening, respectively. In contrast,
Lactobacillus contributed only 13.1% and 6.0% of the total vaginal microbial community found in the cases with use of penicillin with positive
and negative screening for GBS, respectively. Pseudomonas was the second most abundant genus among samples contributing up to 6.0%
of the total community in those women without use of penicillin. On the other hand, Pseudomonas contributed up to 17.5% of the total
community in the cases with use of penicillin. Although the average abundance of Pseudomonas suggested differences between
treatments, such difference was not significant (p = 0.134).

doi:10.1371/journal.pone.0169916.9002

the potential to affect results. While these factors can lead to biases we used established proto-
cols that minimize concerns of comparing our results with those of other studies. We com-
bined a highly robust data generation methodology, with a stringent bioinformatics approach,
thus limiting the impact of any sequencing errors [12,13]. Our bioinformatics approach and

Lactobacillus p =0.001 100 Pseudomonas p=0.134
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Fig 3. Differentially abundant taxa found in vaginal samples of pregnant women whose abundance differed statistically between
treatments. Comparisons were performed using ANOVA for multiple comparisons followed by the Tukey-Kramer post hoc test.

doi:10.1371/journal.pone.0169916.9003
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Fig 4. Relative abundance of Streptococcus within each patient. Horizontal lines represent the average proportion of sequences per
treatment.

doi:10.1371/journal.pone.0169916.9004

experimental design was aimed at identifying which microorganisms are most important in
maintaining the structure and interactions of microbial communities in healthy pregnant
women and better understand the main modifications caused by penicillin usage in the vagina.
Resolving microbial species based on 16S rRNA gene is difficult and there is currently no con-
sensus on an approach to define species purely based on 16S rRNA gene sequence data [19]. In
this regard, the analysis and interpretation of our dataset must be viewed with caution since
many microbial genera, contain both pathogenic and commensal species. We used appropri-
ated statistical methods to deal with small sample sizes, however, caution is warranted in
making inferences on antibiotic usage on vaginal microbiome community shifts since the
approach is sufficiently powered only to show big differences.

Although culture-independent studies comparing the human microbial communities with
and without antibiotic disturbance have been carried out [20,21], this study is the first to have
done so with vaginal samples of pregnant women with and without intrapartum antibiotic.
The vaginal sites (introitus, midpoint and posterior fornix) harbor particularly simple
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microbial communities with lowest alpha diversity at the genus level compared to other body
habitats like oral, skin and gut [22]. On the other hand, at the Operational Taxonomy Unities
the alpha diversity can be considered high due to the presence of distinct Lactobacillus spp.
[22]. Thus, it appears that the vagina of healthy pregnant women is predominantly colonized
by Lactobacillus spp. while the vagina of pregnant women under intrapartum antibiotic pro-
phylaxis and with positive screening for GBS presented significant differences in microbial
composition and diversity. Several studies have examined the vaginal microbiota during preg-
nancy using cultivation-independent techniques [6-8,23-25]. Collectively, these studies found
the vaginal communities of pregnant women to be dominated by Lactobacillus species and
characterized by lower richness, diversity and high stability than in non-pregnant women.
Indeed, high Nugent scores, used to diagnose bacterial vaginosis, were associated with
Aerococcus, Anaeroglobus, Anaerotruncus, Atopobium, Coriobacteriaceae, Dialister, Eggerthella,
Gardnerella, Gemella, Megasphaera, Mobiluncus, Parvimonas, Peptoiphilus, Prevotella, Porphyo-
monas, Prevotellaceae, Ruminococcaceae, and Snethia in a cohort of 396 North American
women made up by Asian, white, black and Hispanic ethnic backgrounds [5]. The same study
also correlated low Nugent scores with the presence of Lactobacillus indicating that the pres-
ence of this genus is positively correlated with a healthy vaginal environment. The Lactobacil-
lus genus is a lactic acid producing microbial group, which can low the vaginal pH (4 + 0.5)
creating an environmental barrier against pathogen invasion [26,27]. After a systematic review
of 63 studies that used at least one molecular technique to characterize the vaginal micro-
biome, van de Wijgert et al. [28] concluded that the vaginal microbiome dominated by Lacto-
bacillus spp. are associated with healthy vaginal environment and that bacterial vaginosis is
best described as a polybacterial dysbiosis. As discussed by MacLntyre et al. [29] such Lactoba-
cillus spp. dominated environment is likely shaped by the increase in the concentration of oes-
trogen during pregnancy, which in turns, drive the maturation of the vaginal epithelium
leading to the accumulation of glycogen. The glycogen is braked down by the vaginal alpha-
amylase into maltose, maltotriose, and maltotetraose that support Lactobacillus spp. coloniza-
tion. This is in line with the findings of Li and Ma [30] who tested the biodiversity assembly
theory using human microbiome datasets and concluded that in most cases, it is the host envi-
ronment that ultimately shapes the community assembly.

As the pregnancy progressed no dramatic changes in the taxonomic structure of the vaginal
microbial communities had been detected [31] however, changes in the relative abundance of
four Lactobacillus spp. (L. crispatus, L. jensenii, L. gasseri and L. vaginalis) as a function of ges-
tational age were already observed [24].

Antibiotics may induce alterations in the commensal microbiota of the birth canal in preg-
nant women causing rapid and profound shifts in the vaginal microbiota following antibiotic
treatment for bacterial vaginosis on a scale of hours [32]. Stokholm et al. [33] studied the effect
of oral antibiotic administration during pregnancy at 36 gestational weeks on commensal vagi-
nal bacterial colonization. They found that women treated with antibiotics in the third trimes-
ter of pregnancy were more often colonized by Escherichia coli than women without antibiotic
treatment in the third trimester. Also, according to the authors, antibiotic administration did
not significantly influence the vaginal GBS or S. aureus colonization rates.

In this work only mothers delivering at <32 weeks gestational age were analyzed so our
results might be limited to understand the changes due to antibiotic usage only in the vaginal
ecosystem of pregnant women who subsequently have preterm delivery. At this moment we
studied just mothers of very preterm newborns because we are interested in the repercussion
of maternal antibiotic therapy on the preterm microbiota. However the data might also be
meaningful in assessing the antibiotic effect on who delivered at term if we consider that no
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differences in relative abundance of bacterial phylotypes between women who delivered at
term or had spontaneous preterm delivery were detected [24].

It is important to note that having found Streptococcus in greater abundance in penicillin
treated subjects does not necessarily means that the use of antibiotic increased the abundance
of this genus. No samples were collected before the antibiotic administration therefore the ini-
tial abundance of Streptococcus was unknown. The use of penicillin might have reduced the
abundance of Streptococcus or penicillin just fail to eradicate GBS as reported before [34,35].
Our experiment design allowed us to detect increase of diversity due to use of penicillin. Anti-
biotic perturbation was previously associated with loss of microbial diversity and shifts in com-
munity composition [21], and according to our results severe cases of GBS infection can also
decrease vaginal diversity due to dominance of Streptococcus. The antibiotic usage can elimi-
nate more abundant microbes allowing for a more even distribution of microbial species that
in turn allow for sampling more OTUs with the same sequencing effort. In this sense we might
not observe a real increase of diversity but a strong reduction of dominant microbial species.
When studying microbial communities from the English Chanel using deep sequencing of the
16S rRNA and comparing against shallow sequenced time points, Caporaso et al. [36] also
noticed the effect of shallow sequencing in microbial diversity measurements. The deep
sequenced time point maintained 95.4% of the combined data acquired by shallow sequencing
during 6 years. The data suggested that the majority of taxa are always present but just in dif-
ferent proportions. Whether the antibiotic reduced diversity or reduced more abundant
microbes allowing a more even microbial sampling is unknown however the disturbing effect
of antibiotic cannot be neglected.

We were not able to establish a relationship between modification of maternal vaginal
microbiota and early-onset neonatal sepsis. We studied 27 women and the prevalence of early-
onset neonatal sepsis was none. According to Stoll et al. [35] the prevalence of neonatal sepsis
might be around 1.9%.

In conclusion, our study showed, with a high resolution technique that vaginal communi-
ties of healthy pregnant women was dominated by Lactobacillus species and present low genus
diversity, while Streptococcus colonized women under peripartum penicillin presented a modi-
fied vaginal microbiota composition with low abundance of Lactobacillus and altered micro-
bial composition.
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matrix showing the differences among suspecting confounding variables. Df = degrees of
freedom; SS = sum of squares; MS = mean sum of squares.

(DOC)

Acknowledgments

We thank Luciano Santos Pinto Guimaraes for his assistance in clinical data analysis. All
relevant data are fully available without restriction. Raw sequences were deposited in the
NCBI Sequence Read Archive under the BioProject ID PRJNA354838 accession numbers
SAMNO06053701 to SAMNG6053727.

Author contributions

Conceptualization: RSP RCS ALC LFR.

Data curation: RSP LFR ALC.

PLOS ONE | DOI:10.1371/journal.pone.0169916 February 8, 2017 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169916.s001

@° PLOS | ONE

Vaginal microbiome disorders in pregnancy

Formal analysis: LFR VM.

Funding acquisition: RSP.

Investigation: LFR RSP RCS ALC BSR.

Methodology: RSP RCS ALC LFR.

Project administration: RSP LFR.

Resources: RSP LFR ALC RCS BSR.

Software: LFR.

Supervision: RSP LFR.

Validation: LFR PTD AML.

Visualization: LFR RSP.

Writing - original draft: LFR VM RSP RCS.

Writing - review & editing: LFR RSP RCS ALC VM.

References

1.

10.
11.

12.

13.

Sleator RD. The human superorganism—of microbes and men. Med Hypotheses. 2010; 74: 214-215.
doi: 10.1016/j.mehy.2009.08.047 PMID: 19836146

Pybus V, Onderdonk AB. Microbial interactions in the vaginal ecosystem, with emphasis on the patho-
genesis of bacterial vaginosis. Microbes Infect. 1999; 1: 285-292. PMID: 10602662

Sobel. Is There a Protective Role for Vaginal Flora? Curr Infect Dis Rep. 1999; 1: 379-383. PMID:
11095812

Gupta K, Stapleton AE, Hooton TM, Roberts PL, Fennell CL, Stamm WE. Inverse association of H202-
producing lactobacilli and vaginal Escherichia coli colonization in women with recurrent urinary tract
infections. J Infect Dis. 1998; 178: 446—450. PMID: 9697725

Ravel J, Gajer P, Abdo Z, Schneider GM, Koenig SSK, McCulle SL, et al. Vaginal microbiome of repro-
ductive-age women. Proc Natl Acad Sci U S A. 2011; 108 Suppl 1: 4680-4687.

Romero R, Hassan SS, Gajer P, Tarca AL, Fadrosh DW, Nikita L, et al. The composition and stability of
the vaginal microbiota of normal pregnant women is different from that of non-pregnant women. Micro-
biome. 2014; 2: 4. doi: 10.1186/2049-2618-2-4 PMID: 24484853

Aagaard K, Riehle K, Ma J, Segata N, Mistretta T-A, Coarfa C, et al. A metagenomic approach to char-
acterization of the vaginal microbiome signature in pregnancy. PloS One. 2012; 7: e36466. doi: 10.
1371/journal.pone.0036466 PMID: 22719832

Hernandez-Rodriguez C, Romero-Gonzalez R, Albani-Campanario M, Figueroa-Damian R, Meraz-
Cruz N, Hernandez-Guerrero C. Vaginal microbiota of healthy pregnant Mexican women is constituted
by four Lactobacillus species and several vaginosis-associated bacteria. Infect Dis Obstet Gynecol.
2011;2011: 851485. doi: 10.1155/2011/851485 PMID: 21960733

VeraniJ, McGee L, SJ S. Prevention of perinatal group B streptococcal disease—revised guidelines
from CDC, 2010. MMWR Recommendations and reports : Morbidity and mortality weekly report Rec-
ommendations and reports / Centers for Disease Control. 2010; 59(RR-10):1-36.

Sibai B, Dekker G, Kupferminc M. Pre-eclampsia. Lancet Lond Engl. 2005; 365: 785-799.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, et al. Ultra-high-throughput
microbial community analysis on the lllumina HiSeq and MiSeq platforms. ISME J. 2012; 6: 1621—4.
doi: 10.1038/ismej.2012.8 PMID: 22402401

Pylro VS, Roesch LFW, Morais DK, Clark IM, Hirsch PR, Tétola MR. Data analysis for 16S microbial
profiling from different benchtop sequencing platforms. J Microbiol Methods. 2014; 107: 30-37. doi: 10.
1016/j.mimet.2014.08.018 PMID: 25193439

Edgar RC. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat Methods.
2013; 10: 996-998. doi: 10.1038/nmeth.2604 PMID: 23955772

PLOS ONE | DOI:10.1371/journal.pone.0169916 February 8, 2017 11/13


http://dx.doi.org/10.1016/j.mehy.2009.08.047
http://www.ncbi.nlm.nih.gov/pubmed/19836146
http://www.ncbi.nlm.nih.gov/pubmed/10602662
http://www.ncbi.nlm.nih.gov/pubmed/11095812
http://www.ncbi.nlm.nih.gov/pubmed/9697725
http://dx.doi.org/10.1186/2049-2618-2-4
http://www.ncbi.nlm.nih.gov/pubmed/24484853
http://dx.doi.org/10.1371/journal.pone.0036466
http://dx.doi.org/10.1371/journal.pone.0036466
http://www.ncbi.nlm.nih.gov/pubmed/22719832
http://dx.doi.org/10.1155/2011/851485
http://www.ncbi.nlm.nih.gov/pubmed/21960733
http://dx.doi.org/10.1038/ismej.2012.8
http://www.ncbi.nlm.nih.gov/pubmed/22402401
http://dx.doi.org/10.1016/j.mimet.2014.08.018
http://dx.doi.org/10.1016/j.mimet.2014.08.018
http://www.ncbi.nlm.nih.gov/pubmed/25193439
http://dx.doi.org/10.1038/nmeth.2604
http://www.ncbi.nlm.nih.gov/pubmed/23955772

@° PLOS | ONE

Vaginal microbiome disorders in pregnancy

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A, et al. An improved Green-
genes taxonomy with explicit ranks for ecological and evolutionary analyses of bacteria and archaea.
ISME J. 2012; 6: 610-618. doi: 10.1038/ismej.2011.139 PMID: 22134646

Good IJ. The population frequencies of species and the estimation of population parameters. Biome-
trika. 1953; 40: 237—264.

Lemos LN, Fulthorpe RR, Triplett EW, Roesch LFW. Rethinking microbial diversity analysis in the high
throughput sequencing era. J Microbiol Methods. 2011; 86: 42-51. doi: 10.1016/j.mimet.2011.03.014
PMID: 21457733

McMurdie PJ, Holmes S. phyloseq: An R Package for Reproducible Interactive Analysis and Graphics
of Microbiome Census Data. PLoS ONE. 2013; 8: €61217. doi: 10.1371/journal.pone.0061217 PMID:
23630581

Oksanen J, Blanchet G, Kindt R, Legendre P, O’Hara R, Simpson G, et al. vegan: Community Ecology
Package. 2011.

Clarridge JE. Impact of 16S rRNA Gene Sequence Analysis for Identification of Bacteria on Clinical
Microbiology and Infectious Diseases. Clin Microbiol Rev. 2004; 17: 840-862. doi: 10.1128/CMR.17.4.
840-862.2004 PMID: 15489351

Dethlefsen L, Huse S, Sogin ML, Relman DA. The pervasive effects of an antibiotic on the human gut
microbiota, as revealed by deep 16S rRNA sequencing. PLoS Biol. 2008; 6: €280. doi: 10.1371/journal.
pbio.0060280 PMID: 19018661

Dethlefsen L, Relman DA. Incomplete recovery and individualized responses of the human distal gut
microbiota to repeated antibiotic perturbation. Proc Natl Acad Sci U S A. 2011; 108 Suppl 1: 4554—
4561.

Huttenhower C, Gevers D, Knight R, Abubucker S, Badger JH, Chinwalla AT, et al. Structure, function
and diversity of the healthy human microbiome. Nature. 2012; 486: 207—214. doi: 10.1038/nature11234
PMID: 22699609

Hyman RW, Fukushima M, Jiang H, Fung E, Rand L, Johnson B, et al. Diversity of the vaginal micro-
biome correlates with preterm birth. Reprod Sci Thousand Oaks Calif. 2014; 21: 32—40.

Romero R, Hassan SS, Gajer P, Tarca AL, Fadrosh DW, Bieda J, et al. The vaginal microbiota of preg-
nant women who subsequently have spontaneous preterm labor and delivery and those with a normal
delivery at term. Microbiome. 2014; 2: 18. doi: 10.1186/2049-2618-2-18 PMID: 24987521

Verstraelen H, Verhelst R, Claeys G, De Backer E, Temmerman M, Vaneechoutte M. Longitudinal anal-
ysis of the vaginal microflora in pregnancy suggests that L. crispatus promotes the stability of the normal
vaginal microflora and that L. gasseri and/or L. iners are more conducive to the occurrence of abnormal
vaginal microflora. BMC Microbiol. 2009; 9: 116. doi: 10.1186/1471-2180-9-116 PMID: 19490622

Boskey ER, Cone RA, Whaley KJ, Moench TR. Origins of vaginal acidity: high D/L lactate ratio is con-
sistent with bacteria being the primary source. Hum Reprod Oxf Engl. 2001; 16: 1809-1813.

Nuriel-Ohayon M, Neuman H, Koren O. Microbial Changes during Pregnancy, Birth, and Infancy. Front
Microbiol. 2016; 7.

van de Wijgert JHHM, Borgdorff H, Verhelst R, Crucitti T, Francis S, Verstraelen H, et al. The Vaginal
Microbiota: What Have We Learned after a Decade of Molecular Characterization? Fredricks DN, edi-
tor. PLoS ONE. 2014; 9: €105998. doi: 10.1371/journal.pone.0105998 PMID: 25148517

Maclntyre DA, Chandiramani M, Lee YS, Kindinger L, Smith A, Angelopoulos N, et al. The vaginal
microbiome during pregnancy and the postpartum period in a European population. Sci Rep. 2015; 5:
8988. doi: 10.1038/srep08988 PMID: 25758319

Li L, Ma Z (Sam). Testing the Neutral Theory of Biodiversity with Human Microbiome Datasets. Sci Rep.
2016; 6: 31448. doi: 10.1038/srep31448 PMID: 27527985

DiGiulio DB, Callahan BJ, McMurdie PJ, Costello EK, Lyell DJ, Robaczewska A, et al. Temporal and
spatial variation of the human microbiota during pregnancy. Proc Natl Acad Sci U S A. 2015; 112:
11060—-11065. doi: 10.1073/pnas.1502875112 PMID: 26283357

Mayer BT, Srinivasan S, Fiedler TL, Marrazzo JM, Fredricks DN, Schiffer JT. Rapid and Profound Shifts
in the Vaginal Microbiota Following Antibiotic Treatment for Bacterial Vaginosis. J Infect Dis. 2015; 212:
793-802. doi: 10.1093/infdis/jiv079 PMID: 25676470

Stokholm J, Schjorring S, Eskildsen CE, Pedersen L, Bischoff AL, Folsgaard N, et al. Antibiotic use dur-

ing pregnancy alters the commensal vaginal microbiota. Clin Microbiol Infect Off Publ Eur Soc Clin
Microbiol Infect Dis. 2014; 20: 629-635.

Gardner SE, Yow MD, Leeds LJ, Thompson PK, Mason EOJ, Clark DJ. Failure of penicillin to eradicate
group B streptococcal colonization in the pregnant woman. A couple study. Am J Obstet Gynecol. 1979;
135: 1062—-1065. PMID: 391044

PLOS ONE | DOI:10.1371/journal.pone.0169916 February 8, 2017 12/13


http://dx.doi.org/10.1038/ismej.2011.139
http://www.ncbi.nlm.nih.gov/pubmed/22134646
http://dx.doi.org/10.1016/j.mimet.2011.03.014
http://www.ncbi.nlm.nih.gov/pubmed/21457733
http://dx.doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
http://dx.doi.org/10.1128/CMR.17.4.840-862.2004
http://dx.doi.org/10.1128/CMR.17.4.840-862.2004
http://www.ncbi.nlm.nih.gov/pubmed/15489351
http://dx.doi.org/10.1371/journal.pbio.0060280
http://dx.doi.org/10.1371/journal.pbio.0060280
http://www.ncbi.nlm.nih.gov/pubmed/19018661
http://dx.doi.org/10.1038/nature11234
http://www.ncbi.nlm.nih.gov/pubmed/22699609
http://dx.doi.org/10.1186/2049-2618-2-18
http://www.ncbi.nlm.nih.gov/pubmed/24987521
http://dx.doi.org/10.1186/1471-2180-9-116
http://www.ncbi.nlm.nih.gov/pubmed/19490622
http://dx.doi.org/10.1371/journal.pone.0105998
http://www.ncbi.nlm.nih.gov/pubmed/25148517
http://dx.doi.org/10.1038/srep08988
http://www.ncbi.nlm.nih.gov/pubmed/25758319
http://dx.doi.org/10.1038/srep31448
http://www.ncbi.nlm.nih.gov/pubmed/27527985
http://dx.doi.org/10.1073/pnas.1502875112
http://www.ncbi.nlm.nih.gov/pubmed/26283357
http://dx.doi.org/10.1093/infdis/jiv079
http://www.ncbi.nlm.nih.gov/pubmed/25676470
http://www.ncbi.nlm.nih.gov/pubmed/391044

o @
@ ’ PLOS | ONE Vaginal microbiome disorders in pregnancy

35. Stoll BJ, Hansen NI, Higgins RD, Fanaroff AA, Duara S, Goldberg R, et al. Very low birth weight preterm
infants with early onset neonatal sepsis: the predominance of gram-negative infections continues in the
National Institute of Child Health and Human Development Neonatal Research Network, 2002—-2003.
Pediatr Infect Dis J. 2005; 24: 635-639. PMID: 15999007

36. Caporaso JG, Paszkiewicz K, Field D, Knight R, Gilbert JA. The Western English Channel contains a
persistent microbial seed bank. ISME J. 2012; 6: 1089—1093. doi: 10.1038/ismej.2011.162 PMID:
22071345

PLOS ONE | DOI:10.1371/journal.pone.0169916 February 8, 2017 13/13


http://www.ncbi.nlm.nih.gov/pubmed/15999007
http://dx.doi.org/10.1038/ismej.2011.162
http://www.ncbi.nlm.nih.gov/pubmed/22071345

