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Abstract

Purpose—~Preterm birth (PTB) is a major cause of neonatal mortality. The vaginal microbiome is
associated with PTB, but results vary across racial/ethnic populations. Some evidence suggests
gestational age affects this association. We investigated these associations in a novel population,
conducting a post hoc analysis assessing if associations differed between women swabbed at
different gestational ages.

Methods—We compared vaginal microbiomes from women with PTB (N=25) to a random
sample of women with term births (N=100) among participants in the Pregnancy Outcomes,
Maternal and Infant Study (PrOMIS), conducted in Lima, Peru. Using DADA2 we identified taxa
from 16S DNA sequencing and used Dirichlet multinomial mixture models to group into
community state types (CSTSs).

Results—If gestational age at sampling was not considered, no CST, (diverse, Lactobacillus-
dominated or L. /iners-dominated) was associated with PTB. Among women sampled before 12
weeks’ gestation, women with Lactobacillus-dominated CST’s were less likely to have a PTB than
those with a diverse CST. Among those swabbed between 12 to 16 weeks’ gestation the reverse
was true.

Conclusions—Our study supports previous literature suggesting that what constitutes a healthy
vaginal microbiome varies by race/ethnicity. Longitudinal studies are necessary to disentangle
affects of vaginal microbiome differences over gestation.
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Introduction

Preterm birth (PTB) is a major cause of neonatal mortality worldwide (1-3). Infants born
preterm are more likely to suffer from respiratory distress syndrome, necrotizing
enterocolitis, and intraventricular hemorrhage and developmental delays (2,4,5). Twenty-five
to thirty percent of preterm births are attributed to intrauterine infection and subsequent
immune response (4,6,7). The most common pathway to intrauterine infection is ascent from
the vagina and cervix (4); bacterial vaginosis (BV) is associated with 1.5- to 3-fold increases
risk for PTB (4). However, interventions targeting BV have been unsuccessful (6,8).

Next Generation Sequencing technologies make it possible to characterize complex
microbial communities associated with PTB (9-12). However, findings from studies
deploying these novel methods have been inconsistent, due in part to differences in study
design, populations studied, and bioinformatics and statistical analytical techniques (2,13-
15). Nonetheless, available evidence suggests that the vaginal microbiome among pregnant
women is characterized by increased community stability and decreased community
diversity when compared with their non-pregnant counterparts (2,16). For example, Aagaard
et al. reported that the Shannon diversity (a measure of species diversity in a community) of
the vaginal microbiome decreased with increasing gestational age among pregnhant women
(16). This observation was corroborated by Stout ef a/. using a cohort mostly of African
American women. However, following a comparison of a predominantly Caucasian cohort
to a predominantly African American cohort Callahan et a/. concluded that PTB microbiota
associations are population dependent (13). Specifically, L. crispatus and all Lactobacillus
species occurred less frequently in the American-American cohort, although in both cohorts
there was apparent exclusion of Gardnerella vaginalisby L. crispatus.

The patterns of microbiota changes during pregnancy also may be predictive of PTB. Stout
et al. showed that women with subsequent PTB had a significantly greater decrease in
vaginal microbiome diversity, richness and evenness between the first and second trimester
compared to those with term deliveries - by the third trimester, there were no differences in
the vaginal microbiome by term status (17). Fettweis ef a/. found that among women with
PTB, taxa associated with BV tended to decrease in abundance throughout pregnancy, while
L. crispatus increased. Fettweis ef al. also noted that race affected changes over time in the
vaginal microbiome during pregnancy, with Caucasian women exhibiting more stable
microbiomes, although G. vaginalisincreased among Caucasian women with PTB (18). On
balance, available evidence suggests that gestational age-specific changes in the vaginal
microbiome may be predictive of term status, but these findings vary by race/ethnicity.
Whether these alterations are risk factors or risk markers of PTB remains uncertain.

Given the available evidence, we conducted a pilot case-control study, nested within a well-
characterized prospective cohort of pregnant Peruvian women, to describe the association of
maternal early-pregnancy vaginal microbiome signatures, determined using 16S rRNA gene
sequence-based methods, with PTB. Our study adds to the growing literature suggesting
modifications of the association between changes in the vaginal microbiota during
pregnancy and risk of PTB by race/ethnicity.
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Materials and Methods

Study population

The sample for the present study was drawn from participants enrolled in the Pregnancy
Outcomes, Maternal and Infant Study (PrOMIS) Cohort who provided vaginal swabs
(N=785) between October 2013 and May 2014. Details of the PrOMIS cohort have been
described previously (19). Briefly, the study population consists of women attending
prenatal care clinics at the Instituto Nacional Materno Perinatal (INMP) in Lima, Peru.
Women who initiated prenatal care prior to 16 weeks’ gestation were eligible; if they were
younger than 18 years of age, did not speak and read Spanish, or had completed more than
16 weeks’ gestation they were excluded. Enrolled consenting participants were interviewed
by trained research personnel using a structured questionnaire to elicit information regarding
maternal socio-demographic, lifestyle characteristics, and medical and reproductive
histories. All participants provided written informed consent. The institutional review boards
of the INMP, Lima, Peru and the Harvard School of Public Health Office of Human
Research Administration, Boston, MA approved all procedures used in this study.

Of the 785 selected participants, 35 women spontaneously delivered or had premature
rupture of membranes and delivered at less than 37 weeks of gestation. After excluding
women with multiple pregnancies, stillbirth, medical complications of pregnancy including
pre-eclampsia, a total of 25 PTB cases (gestational age at delivery < 37 completed weeks)
remained for microbiome analyses. A total of 529 women had term delivery, single live birth
and no medical complications (i.e., pre-eclampsia and no placental abruption). Randomly
sampled 100 women who delivered at term (=37 weeks of gestation; mean + SD = 39.0

+ 1.0) were selected as term controls (ratio of 4:1). The 100 participants selected for this
analysis did not differ when compared to all participants in the PrOMIS cohort.

Sample collection

Maternal vaginal swabs were self-collected using (i) dry Dacron sterile polyester (Starplex
Scientific Starswab Il Collection and Transport Systems) and (ii) ESwab (Copan Liquid
Amies Elution Swab Collection and Transport System) swabs at 9 weeks of gestation, on
average. The ESwab swabs were placed in the ESwab tube containing 1ml of modified
Liquid Amies solution. The swabs were immediately stored on ice and transported to the
laboratory for storage at —80°C prior to processing. The second swab was used to create a
vaginal smear on the glass slide for BV analysis.

Definition of preterm birth

We defined PTB according to the American College of Obstetricians and Gynecologists
(ACOG) guidelines (20). Gestational age was determined using the last menstrual period and
confirmed by ultrasound examination, conducted prior to 20 weeks of gestation. Using
information collected from maternal medical records, we categorized PTB cases according
to the three pathophysiological groups previously described (i.e., spontaneous PTB, preterm
premature rupture of membranes, and medically induced PTB) (21,22). Women who
delivered prior to 37 completed weeks of gestation as a result of medical intervention were
not eligible for this study.
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The 16S rRNA gene V4 variable region PCR primers 515/806 with barcode on the forward
primer were used in a 30 cycle PCR using the HotStarTaq Plus Master Mix Kit (Qiagen,
USA) under the following conditions: 94°C for 3 minutes, followed by 28 cycles of 94°C for
30 seconds, 53°C for 40 seconds and 72°C for 1 minute, after which a final elongation step
at 72°C for 5 minutes was performed. After amplification, PCR products were checked in
2% agarose gel to determine the success of amplification and the relative intensity of bands.
Multiple samples were pooled together (e.g., 100 samples) in equal proportions based on
their molecular weight and DNA concentrations. Pooled samples were purified using
calibrated Ampure XP beads. Then the pooled and purified PCR products were used to
prepare DNA libraries by following Illumina TruSeq DNA library preparation protocol.
Sequencing was performed at MR DNA (www.mrdnalab.com, Shallowater, TX, USA) on a
MiSeq following the manufacturer’s guidelines. Reagent controls using certified DNAfree
water were run through library preparation and PCR and did not generate libraries. For
quality control, samples submitted for sequencing included a random sample of technical
replicates. All library preparation and sequencing were done at MR DNA.

Bioinformatics

Reads were demultiplexed using idemp and then trimmed of adapters, quality-trimmed, and
quality-filtered using DADAZ2. Of 8,811,003 total reads, 8,320,983 passed quality filtering.
Error rates were learned on a subset of the samples and used to infer sequence variants
separately for each run, then paired ends were merged. Runs were then merged, chimeras
were removed, and taxonomy was assigned using the Silva v132 database (23)
(Supplemental Methods). Technical replicates were visually examined for differences
(Supplemental Figure 2). For a single sample sequenced in triplicate, one replicate did not
match the other two replicates and was excluded from further analysis. All other replicates
were similar to each other and counts from replicates were summed. We removed any
amplicon sequence variants (ASVs) that were not bacterial and collapsed ASVs assigned to
the same species together. We conducted diversity analyses on rarefied and unrarefied
samples. For the community state type (CST) and ALDEX2 analyses, we filtered phyla
occurring in <1 sample on average and ASVs present at < 00.5% relative abundance in every
sample.

Statistical analysis

We created Dirichlet multinomial mixture models using R v3.3.2 and the
DirichletMultinomial v1.6.0 package (24) to assign all samples to CSTs. We determined the
number of CSTs by comparing the Laplace approximation of the negative log models and
identifying the point at which an increase in Dirichlet components resulted in minor
reductions in model fit. We compared the results of the community state typing to results
from a complete linkage hierarchical clustering method using Euclidian distances on the
matrix of microbe relative abundances.

We used logistic models to test the association between PTB and CST, controlling for parity
and Mestizo ethnicity, as these factors may influence vaginal microbiota and risk of preterm
delivery. To test if individual taxa were differentially abundant between term and preterm
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samples, we used R v3.3.2 and the ALDEX2 package (25). Logistic models and ALDEX2
analyses were performed on the entire sample as well as separately among those sampled
before 12-weeks’ gestation (N=55) and those sampled at 12- to 16-weeks’ gestation (N=69).
As sensitivity analyses, we 1) included a parameter modeling dispersion for these models
and 2) excluded non-Mestizo individuals due to a lack of non-Mestizo cases sampled at 12-
to 16-weeks’ gestation (Supplemental Tables 5-8). We calculated measures of multiplicative
and additive effect modification (Supplemental Tables 9-11) (26,27). Additionally, we
examined key dominating Lactobacillus sp. for patterns of exclusion with Gardnerella sp., as
suggested by Callahan ef al. (13), stratified by gestational age at sampling.

Results

Study population

At an alpha=0.05, cases and controls were not statistically significant for any patient
demographic or microbial features in the unstratified analysis (Table 1). Only 24.0% of cases
were educated beyond high school, while 47.0% of controls were (p=0.075). Additionally,
8.00% of cases were underweight in early pregnancy, while no controls were (p=0.066).

Mothers sampled at or after 12- to 16-weeks’ gestation were slightly younger than mothers
sampled before 12-weeks’ gestation, with respective mean ages of 26.9 vs 29.6 (p = 0.019).
No other differences were statistically significant (Supplemental Table 1). Cases sampled at
or after 12-weeks’ gestation were less likely to be educated beyond high school than controls
(10.0% vs 53.3%, p= 0.018). The same trend existed in those sampled before 12-weeks’
gestation, but the difference was not statistically significant (p=0.562). All cases among non-
Mestizo women had vaginal samples from before 12-weeks’ gestation (Supplemental Table
2).

Microbial diversity

When considered altogether, there were no differences in alpha diversity measures by case
status. After stratifying by trimester of microbiome assessment, cases had lower alpha
diversity than controls among those sampled at or after 12-weeks’ gestation (respective
mean Shannon 1.01 vs 1.49, p=0.053) — regardless of whether samples were rarefied (Figure
1). The same relationship held when limiting the sample to Mestizo women (Supplemental
Figure 3). Microbial communities did not cluster together by PTB status or gestational age at
sampling on an NMDS plot of Bray-Curtis distances (Supplemental Figure 4).

Community state types

Three CSTs emerged from Dirichilet multinomial modeling. These included 1) a more
diverse CST, 2) a CST dominated by a Lactobacillus species (hereafter referred to as
Lactobacillus ASV2) and 3) a CST dominated by L. /iners (Figure 2). Lactobacillus ASV2
was identified as either L. acidophilus or L. crispatusby a BLAST search.

Microbial characteristics by subject and swab characteristics

In the unstratified sample, only classification using the Hay-Ison criteria was associated with
CST (p<0.001), with more individuals in the diverse CST classified as intermediate or BV
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(Supplemental Table 3). The same association with Hay-Ison criteria existed in both strata of
gestational age at swab. Among those sampled at or after 12-weeks gestation, more
unplanned pregnancies existed in the L. /ners-dominated CST than in other CSTs (p=0.01)
(Supplemental Table 4).

Association with PTB

Overall, no CST was associated with PTB in crude or adjusted logistic models (Table 2).
When stratified by timing of microbiome assessment, there was a marginal association
(p<0.10) with the Lactobacillus-ASV2-dominated CST in the fully adjusted (OR 4.65, 95%
Cl: (0.81, 29.96)) model (Table 3). An effect modification analysis suggests the presence of
effect-measure modification on the multiplicative (Ratio of ORs, Lactobacillus ASV?2
dominated vs diverse CST (95% Cl): 10.41 (1.21, 101.18); p=0.04, L. iners dominated vs
diverse CST (95% Cl): 9.47 (0.86, 129.05); p=0.07) but not additive scale (Supplemental
Tables 9-11).

Alternative clustering technique

In dendrograms showing clustering and accompanying heatmaps showing composition,
CSTs and the hierarchical clustering technique clustered samples similarly (Figure 2).
Samples collected during 12- to 16-weeks’ gestation — but not those collected before 12-
weeks gestation — clustered by CST and preterm status.

Joint distribution of key taxa

We examined the joint distribution of Lactobacillus species with Gardnerella species.
Consistent with the analysis by Callahan ef al., we observed that Gardnerella species
displayed exclusionary patterning with L. crispatus and a co-occurring pattern with L. /ners
(13). In our sample, Lactobacillus ASV2 appeared to have an exclusionary pattern with
Gardnerella (Supplemental Figure 7).

Individual taxa

No taxa associated with PTB in unstratified or stratified analysis after Benjamini-Hochberg
correction for multiple testing. Prior to correction for multiple testing, two ASVs were
associated (p<0.05) in the first trimester (Supplemental Figures 8-9).

Discussion

We conducted a 16S rRNA gene taxonomic screen characterizing the vaginal microbiome
during the first and early second trimester of gestation among 25 PTB cases and 100 term
controls sampled from a well characterized cohort of pregnant Peruvian women. We
identified three community states: one dominated by L. /ners, one by another Lactobacillus
species and one more diverse. Vaginal microbial communities did not associate with PTB
overall. The direction of associations between Lactobacillus-dominated communities and
PTB differed between women sampled at different gestational ages. The finding that vaginal
microbiomes do not associate with PTB is consistent with some results of studies conducted
among non-Caucasian women (2,13). Thus, our results support the hypothesis that
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Lactobacillus-dominated community types are not universal indicators of a healthy pregnant
vaginal microbiome in all populations.

The types of vaginal microbial communities in our sample are similar to those reported
elsewhere, including communities dominated by Lactobacillus species and more diverse
communities. The Peruvian women in our sample have vaginal microbiota more similar to
African American and Hispanic US women than to Caucasian or Asian women (28,29).

In the unstratified analysis, we found no association between vaginal communities and PTB.
This contradicts previous literature suggesting a protective association between
Lactobacillus-dominated vaginal communities and PTB (13-15). However, studies among
non-Caucasian women have reported either weaker or null associations of Lactobacillus-
dominated communities with PTB (2,13,30). In a primarily African American cohort,
Romero et al. reported no associations of microbial CSTs with PTB (2). Callahan et al.
found no statistically significant differences in relative abundances of Lactobacillus or
Gardnerella by term status in a cohort of predominately African American women although
they did report statistically significant difference of L. crispatus (13). Among a mixed cohort
of both African American and Caucasian women, Fettweis et al. reported term women had
higher abundances of L. crispatus than preterm women, but when stratified by race, these
differences were greater among Caucasian women than among African American women
(18). Vaginal microbiota and PTB rates differ by race and geographic locale; the association
between the vaginal microbiota and PTB also appears to differ, and race/locale should be
considered in evaluations of this association.

In our study, Lactobacillus-dominated communities had an inverse association with PTB
among women swabbed before 12 weeks’ but a direct association among those swabbed at
or after 12 weeks’ gestation. We observed effect modification on the multiplicative scale.
These findings fit with observations in longitudinal studies — for example, Stout et a/. found
greater decreases in vaginal microbiome diversity over pregnancy in women with PTB than
term birth (17) and Fettweis et al. found increases in L. crispatus abundance over the course
of pregnancy among African American women who delivered preterm (18). However, our
analysis was post-hoc, taking advantage of variation in timing of vaginal swab collection and
we lacked repeated measures of the vaginal microbiome over pregnancy. Therefore, we
cannot disentangle causal from noncausal mechanisms of the observed effect heterogeneity.
It is possible that the women sampled before 12 weeks’ are not exchangeable with those
sampled at or after 12 weeks’ gestation. Although we controlled for important confounding
factors, we cannot exclude the possibility of residual confounding by unmeasured variables
such as administration of vaginal progesterone during pregnancy or placement of cervical
cerclage.

Our study has other limitations that should also be considered. Our negative controls had
very low biomass and were not sequenced. Thus, we cannot assess low-level contaminants.
However, low-level contamination is unlikely to have severely affected our CSTs, which
were characterized by typical, high-abundance vaginal organisms. Additionally, we could
not confidently assign a species level identification to the Lactobacillus sequence
dominating our second community. Confidence intervals in the stratified analysis were large,

Ann Epidemiol. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

BLOSTEIN et al.

Page 8

due in part to the relatively small sample size — sample size may have impacted our power to
detect differences. Future studies exploring the association between serial measures of
vaginal microbiome across pregnancy and risk of PTB are warranted.

Our study has several strengths. First, our study was conducted in a well-characterized
Peruvian cohort, and is one of only a handful of such studies in Latin America; the results
highlight similarities and differences in pregnant vaginal microbiomes in different countries.
Second, the determination of vaginal microbiomes collected during the first and early-
second trimester of gestation served to clarify the temporal relationship between changing
microbiome community characteristics and subsequent risk of PTB. Third, our use of high-
throughput 16S rRNA gene sequence-based methods for microbial profiling allowed for
simultaneously investigating the entire microbial community.

In conclusion, in this cohort of Peruvian women, a Lactobacillus-dominated CST did not
appear protective for PTB. We found no association between microbial communities and
PTB but did observe potential effect heterogeneity between vaginal communities and PTB
by gestational age at microbiome assessment. Our findings may indicate the importance of
considering race/ethnicity, geographic locale, and timing of vaginal sampling in studies of
PTB and vaginal microbiomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Alpha diversity of vaginal communities in pregnant women who delivered <37 weeks
(n=25) or at term (n=100) both unstratified and stratified by gestational age at vaginal swab (<12
weeks 15 preterm birth, 54 term births; =12 weeks 10 preterm births, 45 term births)

Violin plots showing the Shannon diversity of vaginal swabs by term status both when
unstratified and stratified by gestational age at gestational swab. Violins show distribution of
Shannon diversity when microbial samples have A) not been rarefied to even depth and B)
have been rarefied to even depth. Means shown as large, inverted triangles.
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Figure 2: Dendogram clustering method compares well to CST clustering; samples cluster by
CST and preterm status in swabs from at or after 12 weeks to 16 weeks’ gestational age but only
by CST in swabs taken before 12 weeks’ gestational age

Heatmap showing correlations between bacterial oligotypes and individual samples, with a
dendogram derived from a Euclidian matrix clustering technique on the left-hand side.
Dendogram clustering is in accordance with Dirichlet multinomial derived community state
types (colored bar under the dendrogram) in both trimesters of sampling, however, swabs
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only cluster by preterm status (shown in black on bar directly on the heatmap) in the second
trimester swabs.
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Table One:

Prevalence of selected socio-demographic, medical and reproductive health variables by preterm birth status in

a sample of Peruvian women

Term N=100 N(%) or Mean (sd)  Preterm N=25 N(%) or Mean (sd)  p-value
Community state type: 0.811
Diverse 50 (50.0%) 12 (48.0%)
Lactobacillus ASV2 dominated 26 (26.0%) 8 (32.0%)
Lactobacillus iners dominated 24 (24.0%) 5 (20.0%)
Gestational age at swab: 0.791
< 12 weeks 54 (54.5%) 15 (60.0%)
> or = 12 to 16 weeks 45 (45.5%) 10 (40.0%)
Shannon Diversity 1.35(0.73) 1.17 (0.72) 0.283
Maternal age 27.9 (6.15) 30.1(7.37) 0.165
Maternal age (categories): 0.808
1810 19 6 (6.00%) 1 (4.00%)
20 t0 29 57 (57.0%) 12 (48.0%)
30 to 34 19 (19.0%) 6 (24.0%)
35 and older 18 (18.0%) 6 (24.0%)
Education: 0.075
>12th grade 47 (47.0%) 6 (24.0%)
7th to 12th grade 48 (48.0%) 18 (72.0%)
< or = 6th grade 5 (5.00%) 1 (4.00%)
Mestizo: 0.432
No 26 (26.0%) 4 (16.0%)
Yes 74 (74.0%) 21 (84.0%)
Married: 0.349
No 23 (23.0%) 3 (12.0%)
Yes 77 (77.0%) 22 (88.0%)
Employment: 0.964
No 41 (41.0%) 11 (44.0%)
Yes 59 (59.0%) 14 (56.0%)
Trouble paying for basics: 0.754
No 50 (50.0%) 11 (44.0%)
Yes 50 (50.0%) 14 (56.0%)
Planned pregnancy: 0.349
No 50 (51.0%) 16 (64.0%)
Yes 48 (49.0%) 9 (36.0%)
Early pregnancy BMI: 0.066
<185 0 (0.00%) 2 (8.00%)
18.5-24.9 47 (47.0%) 11 (44.0%)
25-29.9 35 (35.0%) 6 (24.0%)
>or=30 17 (17.0%) 5 (20.0%)
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Term N=100 N(%) or Mean (sd)  Preterm N=25 N(%) or Mean (sd) p-value
Missing 1 (1.00%) 1 (4.00%)
Nulliparous: 1.000
Parous 46 (46.5%) 12 (48.0%)
Nulliparous 53 (53.5%) 13 (52.0%)
Bacterial vaginosis (Hay-Ison criteria): 0.669
I 15 (15.0%) 6 (24.0%)
Missing 3 (3.00%) 0 (0.00%)
N 56 (56.0%) 14 (56.0%)
VB 26 (26.0%) 5 (20.0%)

The second CST’s dominating organism - labeled ASV2 - was identified as either L. acidophilusor L. crispatus by a BLAST search.
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Table 2:

Results of logistic regression for preterm birth status (Odds ratios and 95% CI) in a sample of Peruvian
women

Model 12 OR (95% CI)d 25 Model 2b OR (95% CI)d 25 Model 3° OR (95% CI)d 25
cases / 100 controls cases / 99 controls cases / 99 controls
1 actobacillus ASV2 dominated 1.28 (0.45, 3.5) 1.25 (0.43, 3.49) 1.27 (0.44, 3.56)

(reference Diverse community)

L. iners dominated (reference 0.87 (0.25, 2.64) 0.85 (0.25, 2.59) 0.87 (0.25, 2.68)
Diverse community)

aUnadjusted

bAdjusted for parity status (one individual missing parity status)

cAdjusted for parity and Mestizo status (one individual missing parity status)
dProfiIe likelihood-based confidence intervals reported

eThe second CST’s dominating organism - labeled ASV2 - was identified as either L. acidophilus or L. crispatusby a BLAST search.
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