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Abstract

Objective

To characterize the vaginal microbiota of women following preterm premature rupture of
membranes (PPROM), and determine if microbiome composition predicts latency duration
and perinatal outcomes.

Design

A prospective cohort study

Setting

Canada

Population
Women with PPROM between 24*° and 33*° weeks gestational age (GA).

Methods

Microbiome profiles, based on pyrosequencing of the cpn60 universal target, were gener-
ated from vaginal samples at time of presentation with PPROM, weekly thereafter, and at
delivery.

Main Outcome Measures

Vaginal microbiome composition, latency duration, gestational age at delivery, perinatal
outcomes.
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Results

Microbiome profiles were generated from 70 samples from 36 women. Mean GA at PPROM
was 28.8 wk (mean latency 2.7 wk). Microbiome profiles were highly diverse but sequences
representing Megasphaeratype 1 and Prevotella spp. were detected in all vaginal samples.
Only 13/70 samples were dominated by Lactobacillus spp. Microbiome profiles at the time
of membrane rupture did not cluster by gestational age at PPROM, latency duration, pres-
ence of chorioamnionitis or by infant outcomes. Mycoplasma and/or Ureaplasma were
detected by PCR in 81% (29/36) of women, and these women had significantly lower GA at
delivery and correspondingly lower birth weight infants than Mycoplasma and/or Urea-
plasma negative women.

Conclusion

Women with PPROM had mixed, abnormal vaginal microbiota but the microbiome profile at
PPROM did not correlate with latency duration. Prevotella spp. and Megasphaera type |
were ubiquitous. The presence of Mollicutes in the vaginal microbiome was associated with
lower GA at delivery. The microbiome was remarkably unstable during the latency period.

Introduction

Preterm delivery is the most important contributor to neonatal morbidity and mortality
worldwide [1]. Preterm premature rupture of membranes (PPROM) is a precursor to 20-30%
of preterm deliveries [2, 3]. If PPROM is remote from term, prolongation of gestation is desir-
able if no signs of infection and fetal well-being in utero can be assured. The latency period
between membrane rupture and delivery is a critical period for determining maternal and neo-
natal health outcomes, as although longer latencies have been associated with reduced odds of
neonatal morbidity [4], there is an associated increased risk of maternal and/or fetal infection
[5, 6]. This dilemma in clinical management becomes more profound closer to term and
results in much debate about optimal management [7]. It is vital to understand whether the
composition of the vaginal microbiome would predict safe latency or if particular dysbiosis
would predict adverse outcomes for the infant and/or mother.

Abnormal vaginal microbiota is a recognized risk factor for PPROM [8-10], as endogenous
bacteria present in the lower genital tract can ascend into the uterus causing an inflammatory
response, which can lead to PPROM and/or preterm labour [2, 11]. Historically, anaerobes,
Gram negative organisms and mycoplasmas have been associated with intrauterine infection
[2, 12, 13], and some specific microbial species including genital Mycoplasma spp., Ureaplasma
spp- [14], and the agents of syphilis, gonorrhea and trichomoniasis have been associated with
preterm birth [2]., previous investigations have been greatly limited by dependence on the
challenges of culture and isolation of fastidious organisms.

Studies exploiting high throughput DNA sequencing to detect microbes in fetal mem-
branes, placenta and amniotic fluid of women with preterm birth (PTB), PPROM and term
labour have resulted in the detection of a wider diversity of microbial species than culture
dependent studies and identification of previously unrecognized species [15-18]. These results
further support an association between bacterial colonization of fetal membranes and PTB.
Recent studies employing sequence-based techniques have shown varied results. Romero et al.
[19] detected no difference in the microbial profiles of women who subsequently delivered
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term or preterm, whereas others showed differences in prevalence and abundance of organ-
isms such as Leptotrichia/Sneathia, BVAB (bacterial vaginosis-associated bacteria), Mobiluncus
spp. and Mycoplasma spp. in the vaginal microbiomes of women who deliver preterm [20, 21].
To date there has been no comprehensive study, utilizing high-throughput gene sequencing
based methodologies, to characterize the microbiome in the context of preterm premature
rupture of the membranes.

The study objectives here were to characterize the vaginal microbiota of women presenting
with PPROM and throughout latency, and to determine if vaginal microbial profile at the time
of membrane rupture predicts latency duration and/or perinatal outcomes. Results of the
study show that women with PPROM had mixed, highly variable vaginal microbiota but the
specific type of microbiome profile at PPROM did not correlate with latency duration. Addi-
tional associations between the presence of Mollicutes, lower gestational age at delivery, and
lower birth weight were detected. The presence of two taxa associated with vaginal dysbiosis,
Megasphaera sp. type I and Prevotella spp., in all samples warrants further investigation.

Materials and Methods
Study design

The study received ethics approval from the University of British Columbia Children’s and
Women’s Research Ethics Board (certificate no. H08-01904).

This was designed as a prospective exploratory study of women with PPROM between 24™°
and 33" weeks gestational age (GA), recruited at BC Women’s Hospital, Vancouver, Canada.
Women were approached on presentation with suspected PPROM. Verbal consent at the time
of speculum examination was approved allowing confirmation of rupture of membranes and
permitting immediate sample collection. Subsequently, women were invited to participate
through fully informed written consent; if they declined, samples were discarded. Inclusion cri-
teria were: adequate comprehension of English to give written informed consent, singleton ges-
tation, no known fetal anomalies or complications distinct from PPROM, and no maternal or
neonatal indication for iatrogenic PPROM. Ruptured membranes were confirmed by evidence
of vaginal fluid pooling, a positive nitrazine test (elevated pH), and a positive ferning test [22].

Three swabs were collected from each woman at enrolment: a cervical swab for Chlamydia
trachomatis and Neisseria gonorrhea NAT [23, 24], and two vaginal swabs from the posterior
fornix and lateral vaginal wall, one for Gram stain assessment using Nugent score [25], and
one for microbiome characterization. Swabs for microbiome analysis were stored, dry, at
-80°C until processing. At weekly intervals, women were reviewed, clinical status recorded
and additional vaginal samples obtained. This continued until delivery. Vaginal swabs for
Gram stain and microbiome analysis were obtained prior to delivery where feasible.

Demographic and clinical characteristics were collected from patient charts. Clinical chor-
ioamnionitis was diagnosed based on standard criteria of maternal pyrexia of >38°C and at
least two of the following: fetal tachycardia >160 bpm, maternal tachycardia >120 bpm, leuko-
cyte count >14000 cells, uterine tenderness and/or foul amniotic fluid. Histological chorioam-
nionitis was diagnosed based on placental pathology.

Neonatal outcome data collected included APGAR score [26], birth weight, gender, admis-
sion to the Neonatal Intensive Care Unit (NICU) and morbidity assessment index for new-
borns (MAIN) score [27].

Microbiome profiling

DNA was extracted from vaginal swabs using a magnetic bead-based kit (MagMAX, Life Tech-
nologies, Burlington, ON). PCR amplicon libraries were created as described previously using
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primers targeting the cpn60 universal target [28]. Sequencing was performed on the 454 GS
FLX Titanium and GS Junior sequencing platforms.

High quality reads were processed as previously described using the microbial Profiling
Using Metagenomic Assembly (mPUMA) pipeline [29]. Taxonomic identification of opera-
tional taxonomic units (OTU) was accomplished through comparison of OTU sequences to
the cpnDB_nr reference database [30] (downloaded from www.cpndb.ca). For most analyses,
OTU sequences with the same nearest reference database sequence were pooled as nearest
neighbour "species" and their abundances combined accordingly.

Detection of Mollicutes

Mollicutes (Mycoplasma and Ureaplasma) were detected by genus-specific, conventional semi-
nested PCR targeting the 16S rRNA gene [31]. The primary PCR targeted a 700 bp portion of
the 16S rRNA gene using primers GPO-1 and MGSO [31]. PCR was performed under the fol-
lowing conditions: 40 cycles of 94°C for 30 s, 64°C for 30 s, and 72°C for 60 s. The secondary
PCR used primers My-ins [32] and MGSO, and 2 ul of the primary PCR product as template.
Thermocycling parameters included 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 60 s.

Ureaplasma species (U. parvum and U. urealyticum) were detected using a conventional
PCR based on the multiple-banded antigen gene with primers UMS-125 and UMA226, which
yield products of two different sizes depending on the target species: 403 bp (Ureaplasma par-
vum) or 443 bp (Ureaplasma urealyticum) [33, 34]. Specific detection of Mycoplasma genita-
lium was done using a species-specific conventional PCR targeting the 16S rRNA gene [35].
M. genitalium genomic DNA for use as a positive control was obtained from the American
Type Culture Collection (ATCC, Manassas, VA).

Mollicutes-specific 16S rRNA gene PCR amplicons from ten samples obtained from eight
women were conveniently chosen and pooled and pyrosequenced as described for cpn60
amplicon libraries in order to gain species level identification of taxa detected by this family-
specific PCR.

Statistical analysis

Demographic and clinical variables of the study cohort were investigated using non-paramet-
ric, descriptive statistics (IBM SPSS, version 21).

Microbiome data. Shannon’s diversity index, Chaol estimated number of species and
jackknifed Bray-Curtis dissimilarity were calculated using the Quantitative Insights Into
Microbial Ecology (QIIME) package [36]. These indexes were bootstrapped 100 times at 1000
reads per sample or their sample maximum when <1000 reads were available. Rarefaction
plots of these alpha diversity measures were generated to ensure an adequate sampling depth
for each sample had been achieved. Average linkage hierarchical clustering was performed
based on the proportion of each nearest neighbour species per sample using the vegan package
inR[37].

Results
Maternal clinical data

Women presenting with PPROM between September 2010 and December 2012, who were
>18 years of age and able to consent, were approached for participation in the study. Women
with multiple gestations, stillbirths, known fetal anomalies or indications for immediate deliv-
ery were excluded. At time of study closure 51 women consented and agreed to provide sam-
ples. Of these, 17% had assessment vaginal samples that had insufficient cells present to assess

PLOS ONE | DOI:10.1371/journal.pone.0166794 November 18, 2016 4/19


http://www.cpndb.ca

@° PLOS | ONE

Vaginal Microbiome following PPROM

by standard microscopy and 15 did not have adequate DNA extracted for evaluation. This
resulted in 36 women for whom clinical and microbiologic data was available. Demographic
and clinical characteristics of the women are provided in Table 1. Clinical chorioamnionitis
was diagnosed in 35.5% (11/36) of women. Histopathological chorioamnionitis was detected
in 67.7% (21/36) of women. There was no difference in clinical characteristics between those
women for whom there was adequate microbiologic data and those excluded (data not
shown).

Mean GA at PPROM was 29 weeks; mean GA at delivery was 32 weeks; mean latency
period was 18 days (Fig 1, Table 2). As expected, latency (days) was negatively correlated (ps =
-0.390, n = 36, p = 0.019) with GA at PPROM because the number of potential latency days
decreases with increasing GA at PPROM. Since latency duration was a variable of particular

Table 1. Demographic and clinical data for study participants (n = 36). BMI; body mass index, BV; bac-
terial vaginosis, STI; sexually transmitted infection, Continuous variables are reported as means + standard
deviation [range], Counts are reported as median [IQR], Categorical variables are reported as N [%].

Age
Pre-pregnancy BMI
Gestational diabetes

32.92 + 4.83 [22-40]
23.69 + 4.56 [17.6-37.3]
5[13.9%)]

Ethnicity
Asian 9 [25%)]
South Asian 1[2.8%]
White 20 [55.6%]
Aboriginal 3[8.3%)]
Other 3[8.3%)]
Substance use during pregnancy
Smoking 7 [19.4%]
Alcohol use 4111.1%)]
Sexual history
Marital Status
Partnered 32[88.9%)]
Single 4111.1%)]
One sexual partner during pregnancy (n = 31) 31[100%)]
Vaginal intercourse during pregnancy (n = 34) 31[91.2%)]
Oral sex received during pregnancy (n = 34) 11 [32.4%)]
Pregnancy history
Previous pregnancy 36 [100%)]
Number of previous pregnancies (Gravida) 2[1.8-3.3]
Number of live births 1[0-1.3]
Any previous preterm birth 5[13.9%]
BV and STI history during pregnancy
Diagnosed with BV (n = 34) 2[5.9%]
Diagnosed with yeast 7[19.4%]
Diagnosed with UTI 6[16.7%]
Diagnosed with Group B Streptococcus (n = 34) 2[5.9%]
Diagnosed with Chlamydia (n = 34) 0
Diagnosed with Gonorrhea (n = 34) 0

Antimicrobial use for genital tract infection during pregnancy (n = 31) 5[13.9%]
Other
Feminine wipes or deodorant products (n = 34) 5[14.7%]

doi:10.1371/journal.pone.0166794.1001
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<28 wk 28 to <32 wk 32 to <34 wk

Latency (days)
M <48 hours

M 48 hours = 7 days
B >7days

C = Cesarean delivery

Subject ID

22 25 28 31 34 37 40
Gestational age (weeks)

Fig 1. GA at PPROM, latency duration and delivery mode for 36 women enrolled in the study. GA ranges corresponding to
extremely (<28 weeks), very (28 to <32 weeks) or moderately (32 to <34 weeks) preterm are indicated by grey shading.

doi:10.1371/journal.pone.0166794.9001

Table 2. Summary of PPROM to delivery timelines.

No. of women (/36)

Gestational age at PPROM

Extremely preterm (<28 weeks) 14

Very preterm (28 to <32 weeks) 17

Moderate preterm (32 to <34 weeks) 5
Absolute latency

<48 hours 3

Between 48 hours and < 7days 11

> 7 days 22
Proportional latency

0-0.33 15

0.34-0.66 10

0.67-1.0 11
Mode of delivery

Vaginal delivery 24

Cesarean delivery 12

doi:10.1371/journal.pone.0166794.t002
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interest in this study, we considered both absolute latency duration (< 48 hours, between 48
hours and < 7 days, and > 7 days following membrane rupture), and latency duration as a
proportion of maximum possible latency. According to the guidelines of the American College
of Obstetrics and Gynecologists [38] and Society of Obstetrics and Gynecologists of Canada
[5], conservative/expectant management of PPROM is recommended for gestational ages 24
to 33 weeks and induction of labour is warranted after 34 weeks. Thus, the composite variable,
"proportional latency", was calculated using the following equation:

delivery — GAPPROM
34 — GAPPROM

Proportional latency =

Clinical variables were analyzed for relationship to latency and we found that proportional
and absolute latency were negatively correlated with body mass index (BMI) (ps =-0.511,
n =31, p = 0.003).

Samples for microbiome analysis

Over the study duration, 82 vaginal samples were collected. Vaginal samples collected within
24 hours following PPROM and prior to administration of antibiotics were categorized as T,
samples (time zero, n = 24). Subsequently, weekly samples were collected until delivery, when
a delivery sample was collected if possible. Average number of samples per woman was two
(range 1-7).

Gram stain results

Nugent’s scoring of 19/24 T samples were predominantly inconsistent with bacterial vaginosis
(BV) (> 7), with 73.9% (17/23) having normal scores (<4), and 8.7% (2/23) having intermedi-
ate scores (4-6). One sample had missing data. Altogether, 43 weekly vaginal Gram stains were
evaluated. Only one was consistent with BV, 13 (30.2%) were normal and 25 (58.1%) had inter-
mediate scores. Of the seven delivery samples, five had intermediate and two had normal
scores.

Microbial profiles

For the 70 vaginal swab samples which yielded sufficient PCR product for ¢pn60-based micro-
biome profiling, an average of 12,675 cpn60 sequence reads were obtained per sample (range
36-99,358; median 6,296). One sample (week 2, woman 60) yielded only 36 sequence reads
and was excluded from statistical analyses. Rarefaction analysis of alpha diversity measures
(Shannon’s diversity index and Chaol estimated number of species) indicated that all other
samples had received adequate coverage for inclusion in further analysis. Raw sequence data
files for the samples described in this study were deposited to the NCBI Sequence Read
Archive (Accession SRP077099, BioProject PRINA326844).

T, microbiome profiles clustered into profile types, each dominated by one or two species
including Lactobacillus crispatus, L. iners, P. timonensis, Gardnerella vaginalis (subgroups A
and C), Corynebacterium sp. and Escherichia coli (Fig 2). Half (12/24) of T, samples were dom-
inated (>50% of the microbiome) by one or more species of Lactobacillus. In eight cases, a sin-
gle Lactobacillus sp. comprised at least 50% of the microbiome: L. crispatus (n = 4), L. iners
(n = 3) and L. jensenii (n = 1), corresponding to previously described Community State Types
(CST) I, IIT and V, respectively [39, 40]. Profiles dominated by G. vaginalis subgroup A (n =2)
correspond to CST IVC [39]. The remaining profiles included mixtures of G. vaginalis A and
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Fig 2. Average linkage hierarchical clustering of cpn60 based microbiome profiles of T, vaginal samples from 24 women. Nearest neighbour
species representing at least 10% of the microbiome of at least one woman are included.

doi:10.1371/journal.pone.0166794.g002
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C or were dominated by other non-Lactobacillus species and more closely resembled CST
IVA, which is defined by its heterogeneity [39].

Shannon’s diversity index and Chaol diversity of T, samples were not significantly different
between proportional latency and absolute latency groups (Table 2) (Kruskal-Wallis, p > 0.05).
Microbiome profile clusters were not statistically associated with outcomes of GA at PPROM,
latency (absolute or proportional), or chorioamnionitis (clinical or histopathological) (Fig 2).

Core microbiome and highly prevalent organisms

A total of 670 OTUs were detected in 70 vaginal samples with 9 OTUs accounting for >50% of
sequence reads obtained. Twenty nearest neighbour taxa accounted for 77% of the data (S1
Table). The most abundant OTU (12.4% of the sequence reads) was 97.1% identical to Prevo-
tella timonensis (S1 Table) and was detected in 34/36 women (64/70 samples). An OTU
sequence with 99.6% identity to Megasphaera sp. UPII 199-6, a type I Megasphaera, was
detected in all 70 vaginal samples (comprising 0.0076% to 22.6% of individual microbiome
profiles). OTU sequences with best matches to any Megasphaera spp. were combined with ref-
erence sequences to construct the phylogenetic tree (S1 Fig). Four additional OTU sequences
clustered with M. micronuciformis, M. elsdenii, and Megasphaera sp. BV3Cl16-1.

OTU sequences identical to L. iners were detected in all Ty samples (n = 24). In three sam-
ples, L. iners was dominant, accounting for >50% of total reads.

Prevotella spp. were detected in all vaginal samples, and were dominant (accounting for
>50% of reads) in 1/24 T, samples and 10/46 weekly samples. Fourteen different Prevotella
spp. were detected in all T samples, along with 15 other Prevotella-like OTU sequences with
weaker (80-95%) similarity to reference sequences, suggesting possibly novel taxa (S2 Fig).
The most prevalent species were P. timonensis and P. bivia, detected in 92% and 42% of T,
samples respectively.

Mollicutes

Mollicutes (Mycoplasma and/or Ureaplasma) were detected by family-specific PCR in 81%
(29/36) of women, Ureaplasma spp. in 53% (19/36), U. parvum in 39% (14/36) and U. urealyti-
cum in 17% (5/36) of women. Both Ureaplasma species were detected together in only one
sample. When only T samples were considered, 70.8% (17/24) were PCR positive for Molli-
cutes. Both proportional and absolute latency were significantly shorter in women whose T,
samples were PCR positive for Mollicutes compared to women who were Mollicutes negative
(Fig 3, panels A, B). Women whose T, samples were positive for Mollicutes had significantly
lower GA at delivery (Fig 3, panel C), delivering correspondingly lower birth weight infants
(Fig 3, panel D). In order to gain species-level information about Mycoplasma and to confirm
the specificity of the PCR, we performed pyrosequencing of Mollicutes-specific 16S rRNA sec-
ondary PCR products pooled from ten samples (representing eight women). All reads

(n = 28,278) could be classified as M. hominis, U. parvum or U. urealyticum. No reads were
classified as M. genitalium. To rule out the possibility that the Mollicutes specific PCR failed to
amplify M. genitalium, we confirmed its performance using purified genomic DNA from M.
genitalium (ATCC, Manassas, VA). For additional confirmation of the absence of M. genita-
lium, we subsequently screened all samples with an M. genitalium species-specific PCR as
described in the Methods. All samples were PCR negative for M. genitalium.

Instability of the vaginal microbiota over the latency period

All women received one or more broad-spectrum antibiotics (range 1-7 types). The variations
in the types and duration of antibody therapy in this small cohort size did not allow for any
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Fig 3. Proportional latency (A), absolute latency (B), GA at birth (C) and infant birthweight (D) for
women with Mollicutes PCR positive or negative T, vaginal samples. Distributions were compared using
a Mann-Whitney U test with P <0.05 considered significant.

doi:10.1371/journal.pone.0166794.9003

associations to be drawn between antibiotic administration and microbiome changes in the
latency period. In all 19 women for whom multiple samples were available, the apparent com-
position of the vaginal microbiota changed dramatically over the latency period (Fig 4). In 4/5
cases where Lactobacillus dominated the T microbiome, its proportional abundance had
decreased substantially by the subsequent sample time point. Eight of 19 women for whom
multiple samples were available had one or more samples dominated (>50% of the micro-
biome) by Prevotella spp. (Fig 4). Of the remaining 11 women, five had Prevotella spp. as the
proportionally most abundant taxon in at least one sample.

When the PPROM cohort was compared to a cohort of healthy, non-pregnant women for
whom longitudinal data was available [41], the Bray-Curtis dissimilarity between samples
within PPROM cohort individuals was significantly greater (ANOVA, F; 11, = 95.78,
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Fig 4. Vaginal microbiome profiles over the post-PPROM latency period. Data is presented as proportion of the total sequence
reads obtained for each sample, with the height of the ordinate corresponding to 100%. Sampling times are indicated with vertical
broken lines, and collection time (weeks) for each sample is indicated on the abscissa. Samples indicated as collected at "0+" were
collected within 3 days following PPROM, but were post-antibiotic treatment. Sample identification numbers appear in the upper left
corner of each panel. The legend includes nearest neighbour species that account for at least 10% of the sequence reads in at least one
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sample. All women received one or more broad-spectrum antibiotics including Ampicillin, Erythromycin, Amoxicillin, Metronidazole,
Clindamycin, Cefazolin, Nitrofurantoin, and/or Penicillin G.

doi:10.1371/journal.pone.0166794.9g004

p < 0.0001) than the average dissimilarity for samples within individuals in the healthy, non-
pregnant cohort, indicating greater instability of PPROM associated microbiomes (S3 Fig).

Neonatal outcomes

Neonatal outcomes are summarized in Table 3. APGAR score at 1 minute was positively corre-
lated to gestational age at delivery (ps = 0.631, n = 35, p = 0.0001), as was APGAR score at 5
minutes (ps = 0.592, n = 35, p = 0.0001).

All but one infant born to women in this study survived. One infant, delivered vaginally at
25 weeks after a three-day latency period (birth weight 570 g), died of late onset sepsis at 46
days of life. Blood culture of the infant tested positive for E. coli at 12 days of life. E. coli was
present in the vaginal microbiome of the mother (T vaginal sample, detected at 0.02% of the
total microbiome). The mother’s microbiome was dominated by L. iners (32% of reads), fol-
lowed by G. vaginalis. The vaginal T, sample was positive for Mollicutes and U. urealyticum.

Discussion
Main findings
Highly diverse vaginal microbiomes were found in women at time of rupture of membranes

with variability throughout latency. Of note, none of the microbiomes represented classic

Table 3. Neonatal outcomes. Continuous variables are reported as means + 95% Cl [range]. Categorical

variables are reported as N [%].
Gender

Male

Female
Birth weight (grams)

25
11
1812.9 [570-3410]

Extremely low birth weight (<1000 g) 6 [16.7%)]
Very low birth weight (<1500 g) 4111.1%)]
Low birth weight (<2500 g) 20 [55.6%]
Normal 6[16.7%)]
Small for gestational age (n = 35)
Moderate (<10" percentile) 2[5.7%)]
Severe (<3™ percentile) 2[5.7%)]
Bronchopulmonary dysplasia (n = 32)
None 23[71.8%]
Mild 4[12.5%)]
Severe 3[9.4%]
Apgar 1 minute score (n = 35)
<7 (Critical and low) 19
7-10 (Normal) 16
Apgar 5 minute score (n = 35)
<7 (Critical and low) 5
7-10 (Normal) 30
MAIN score 563.2 [0-1878]
NICU admission (n = 34) 23[68]

Days of stay in NICU
doi:10.1371/journal.pone.0166794.t003

24.57[0.81-137.74]
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bacterial vaginosis, nor was a specific microbiome profile type associated with latency or neo-
natal outcomes. However, it was notable that two taxa associated with vaginal dysbiosis, Mega-
sphaera sp. type I, and Prevotella spp. were found in all samples. Presence of Mycoplasma and/
or Ureaplasma was associated with lower gestational age and delivery and lower birth weight.

Strengths and limitations

The strength of this study is that it is an in-depth prospective study which characterizes the
microbiome following preterm premature rupture of membranes, providing new insights into
the microbial profile of this fastidious, hard to culture bacterial community in these high risk
pregnancies. The main limitations of this study are the relatively small number of women fol-
lowed and the lack of pre-rupture samples as prediction of PPROM is very difficult. The stan-
dard use of broad-spectrum antibiotics in the context of PPROM means that the natural
changes of the microbiome during latency can no longer be evaluated. Ongoing studies by our
group are assessing the microbiomes of women in pregnancy, to establish the pre-rupture
microbiome and to try to ascertain causality rather than association of microbial profiles with
adverse perinatal outcomes.

Interpretation

Understanding the microbiome associated with PTB and PPROM is critical to creating strate-
gies to prevent this reproductive outcome and to determine when to initiate delivery. To date,
characteristics of the vaginal microbiome during the latency period following PPROM have
been poorly understood. Here, the diversity and instability of women’s microbiomes following
PPROM was striking. Hierarchical clustering of T profiles did not reveal specific associations
between microbiome profiles and gestational age at PPROM, latency duration, or development
of chorioamnionitis. However, although the full profile did not predict outcomes, presence of
Mollicutes was a strong predictor of shorter latency. Additionally, analysis of weekly samples
collected during the latency period revealed an unstable microbiome different from classic
bacterial vaginosis but consistent with a dysbiosis. Of note, despite antibiotic therapy being
given to prolong pregnancy, there was not a restoration of a normal Lactobacillus dominant
microbiome in these women during the latency period. In fact, in 4/5 cases where Lactobacillus
dominated the microbiome at PPROM, its proportional abundance decreased during subse-
quent latency time points. In the original studies of the use of antibiotics for latency, there
were no in depth genomic based analyses available of the microbiome pre and post antibiotic
therapy.

Historically, BV has been identified as a risk factor for PTB and PPROM [8, 42-46]. Here,
none of the T samples had Nugent scores consistent with BV. Amniotic fluid leaking after
membrane rupture may have resulted in a more dilute sample, reducing bacteria available for
scoring. However, a lack of consistency of T microbiota with BV was also apparent in the
sequence-based profiles, with few T, sample microbiome profiles dominated by G. vaginalis
(5/24) or Atopobium vaginae (0/24), which are strongly associated with a Nugent score diagno-
sis of BV [47]. Classic BV profiles were thus not the dominant profile at onset or shortly after
PPROM.

Approximately half of the T, sample profiles were dominated by Lactobacillus. Among
these, the most common Lactobacillus was L. iners, either alone or in combination with L. jen-
senii. L. iners is associated both with normal and BV microbiota, and is reported as a dominant
organism when the vaginal microbiota is in a transition state, either from normal to BV or vice
versa [48-50], while L. iners-dominated microbiomes have been associated with spontaneous
PTB [51]. The hemolytic and mucinolytic potential of L. iners could be involved in its survival
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during disturbed vaginal conditions, and may be suggestive of its pathogenic potential [52]. In
contrast, longitudinal stability of vaginal microbiota in pregnant women with term deliveries
has been associated with L. crispatus dominated profiles [19].

Prevotella spp. was detected in all samples from all women and dominated some profiles
either at T or subsequent time points during latency. In contrast, a cpn60-based study of 91
vaginal samples from clinically healthy, non-pregnant, Canadian women detected Prevotella in
only 57% of samples, with the most frequently detected species (P. timonensis) present in 45%
of samples [41]. Here, we identified 14 known species based on comparison of OTU sequences
to the cpnDB reference database [HILL et al. 2004], which currently contains cpn60 sequences
for 46 Prevotella spp. An additional 15 Prevotella-like OTU sequences with no significant simi-
larity to these 46 species, may include novel taxa. Given the suggested role of Prevotella in syn-
ergistic relationships with BV associated organisms [53, 54] and their production of
lipopolysaccharide in the vaginal environment [55], the prevalence and diversity of Prevotella
in PPROM associated vaginal microbiota warrants further investigation.

OTU sequences corresponding to Megasphaera type 1 were detected in all samples. Mega-
sphaera spp. have been associated with BV [56, 57]. Two OTU sequences clustered with M.
micronuciformis F0359, an obligate anaerobe isolated from the human oral cavity in the
Human Microbiome Project. Identification of bacterial species associated with the oral micro-
biome in amniotic fluid of women who experience PTB has been observed previously,
although the significance of this relationship and whether it is indicative of transfer of organ-
isms is unknown [58, 59].

Genital Mycoplasma and Ureaplasma have been previously associated with adverse mater-
nal/fetal outcomes [60-62]. Cervical colonization of genital mycoplasmas is associated with
PTB and PPROM. These organisms have been isolated from amniotic fluid and the chor-
ioamnion of women with PPROM and preterm labour [15, 63]. Since cpn60 genes are
known to be absent in some Mollicutes [64], specific PCR was used to detect these organ-
isms. Here, 80% of women were PCR positive for Mycoplasma and/or Ureaplasma, at the
higher end of the range reported in pregnant women (10-84%) [65-68]. M. genitalium, an
organism associated with cervicitis and infertility issues in women [68-70], was not detected
in any woman in this study. This population had low rates of cervicitis, comparable to other
studies that either did not detect the species in amniotic fluid or were not able to demon-
strate associations with adverse pregnancy outcomes [68, 71]. Here, the presence of vaginal
Mollicutes was associated with significantly lower GA at delivery, and correspondingly lower
birth weight, supporting previous suggestions of a potential role for these organisms in
adverse pregnancy outcomes.

Antibiotic and steroid administration, given as part of standard guidelines for PPROM <32
weeks [5], may have contributed to the diverse and abnormal microbiome profiles observed
through latency. Another potential contributor is leakage of amniotic fluid (pH 7 to 7.5) [72]
through the normally acidic vaginal environment. These factors likely contributed to the rapid
transition to an abnormal microbial profile during latency in the four women who had Lacto-
bacillus dominated profiles at PPROM.

Perhaps most important to note was the microbiota instability over the latency period. The
microbial profiles and quantitative assessment of ecological distance between samples within
and between women are in stark contrast to the generally stable microbial community
observed in longitudinal studies of healthy, non-pregnant [40, 41] and pregnant women [73].
Stability in terms of maintenance of a core set of metabolic capabilities of the human micro-
biome is correlated to health, even when the community structure varies in its taxonomic com-
position [74]. It is highly likely that the antibiotic and steroid therapy, used in a standard
fashion, may be playing a substantive role, but is affecting women in different ways.
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Taken together, results here provide an unprecedented characterization of the vaginal
microbiota following PPROM, and support previous suggestions of a role for Mollicutes in
adverse outcomes associated with PPROM. Results also demonstrate the value of application
of culture-independent methods for microbial profiling to better understand this important
clinical problem.

Conclusions

Women with PPROM had mixed, highly variable vaginal microbiota but the specific type of
microbiome profile at PPROM did not correlate with latency duration. The highly unstable
vaginal microbiota of women in this study demonstrates the need for more intense study of
the relationship of genital tract microbiota with PPROM, including functional analysis of these
microbial communities. Future work should involve larger studies including sampling before/
after membrane rupture, to ascertain the predisposing microbiome leading to membrane
rupture.

Supporting Information

S1 Fig. Phylogenetic tree of Megasphaera-like study sequences (represented by circles,

n = 6) combined with Megasphaera reference sequences. The tree is based on a 315 bp align-
ment and was constructed using the F84 distance algorithm followed by neighbour joining
using the PHYLIP software package (Felsenstein J. PHYLIP—phylogeny inference package
(version 3.2). Cladistics. 1989;5: 164-6). Bootstrap values (>50%) are indicated at nodes.
(TIF)

S2 Fig. Phylogenetic tree of Prevotella-like study sequences and Prevotella reference
sequences. Study sequences detected in Ty samples are indicated by triangles. Sequences repre-
sented by circles were detected only in weekly or delivery vaginal samples. The tree is based on
a 300 bp alignment and was constructed using the F84 distance algorithm followed by neigh-
bour joining using the PHYLIP software package (Felsenstein J. PHYLIP—phylogeny infer-
ence package (version 3.2). Cladistics. 1989;5: 164-6). Only 28 of the 36 identified Prevotella-
like OTU could be included in the tree since the remaining sequences did not provide suffi-
cient overlap to be included in the alignment. Bootstrap values (>>50%) are indicated at node.
(TIF)

S3 Fig. Bray-Curtis distances between vaginal microbiome profiles of women with
PPROM, and clinically healthy, non-pregnant reproductive aged women.
(TIF)

S1 Table. Prevalence of nearest neighbour species accounting for at least 1% of the total
sequence reads in the study.
(DOC)
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