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Abstract
Objectives: To enable interactive visualization of the vaginal microbiome across the pregnancy and facilitate discovery of novel insights and gen-
eration of new hypotheses.
Material and Methods: Vaginal Microbiome Atlas during Pregnancy (VMAP) was created with R shiny to generate visualizations of structured 
vaginal microbiome data from multiple studies.
Results: VMAP (http://vmapapp.org) visualizes 3880 vaginal microbiome samples of 1402 pregnant individuals from 11 studies, aggregated via 
open-source tool MaLiAmPi. Visualized features include diversity measures, VALENCIA community state types, and composition (phylotypes, 
taxonomy) that can be filtered by various categories.
Discussion: This work represents one of the largest and most geographically diverse aggregations of the vaginal microbiome in pregnancy to 
date and serves as a user-friendly resource to further analyze vaginal microbiome data and better understand pregnancies and associated 
outcomes.
Conclusion: VMAP can be obtained from https://github.com/msirota/vmap.git and is currently deployed as an online app for non-R users.
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Lay Summary
The vaginal microbiome plays a significant role in birth outcomes, including preterm and spontaneous labor. Despite the increasing number of 
microbiome studies being performed, the information remains separated and difficult to compare due to technical challenges in its aggregation. 
This fact hinders analyses of large and widely-representative data. To address this drawback, we present the Vaginal Microbiome Atlas during 
Pregnancy (VMAP), a web application that enables the visualization of 11 different microbiome studies, including a total of 3880 vaginal micro-
biome samples aggregated leveraging an open-source tool, MaLiAmPi. VMAP offers an online platform for exploring robust vaginal microbiome 
data in the context of pregnancy from multiple studies, providing interactive visualization of diverse microbiome features, allowing a better 
understanding of the role of the vaginal microbiome in preterm birth, and facilitating the generation of new research hypotheses.
Key words: bioinformatics; 16S rRNA sequencing; microbiome; visualization; data integration. 

Introduction
The vaginal microbiome plays a significant role in birth out-
comes, including spontaneous and preterm labor.1–7 An 
increasing number of microbiome studies in the past decade, 
thanks to advances in high-throughput sequencing, have per-
mitted greater insights into the role of the microbiome in 
human health and disease8; however, efforts to aggregate 
microbiome datasets to better understand the microbiome 
through analysis of large, widely-representative data has been 
precluded by technical challenges.9 In particular, the domi-
nant approach to harmonize microbiome data include closed 
reference operational taxonomic units (OTUs) and projection 
to taxonomy. The main drawback is this technology is highly 
dependent on the matching of microbiome communities to 
the reference which hinders the process of harmonization.10

In this work, we present an atlas of the vaginal microbiota 
during pregnancy leveraging data across 11 studies harmon-
ized by the open-source tool, MaLiAmPi.10 This algorithm 
places 16S rRNA gene variable region amplicon sequence 
variants onto a common phylogenetic tree, successfully cor-
recting for the technical differences and retaining more true 
entropy. Although other microbiome atlases exist, such as 
microbioTA,11 here we present a specific atlas of vaginal 
microbiome across pregnancy that encompasses a total of 11 
projects. This dataset represents one of the largest and most 
geographically diverse aggregations of the vaginal micro-
biome in pregnancy to date—3880 samples from 1402 preg-
nant individuals—harmonized into a set of generalizable 
features suitable for integration of new microbiota data post- 
hoc. A rich set of paired metadata is included, including 
collection week during gestation (by specimen), week of 
delivery, and maternal NIH racial category. Approximately 
one-third of the pregnancies in this data set were of women 
delivering preterm, including just over 1/8th who delivered 
early preterm. This dataset and features derived from these 
data can be interactively visualized via our Vaginal Micro-
biome Atlas during Pregnancy (VMAP) application, a 
resource for understanding the vaginal microbiome in the 
context of pregnancy (http://vmapapp.org).

Materials and methods
The dataset was constructed by aggregating and processing 
vaginal microbiome data from the public domain12–16 in 
addition to including newly generated data not yet released 
to the public. The publicly available data were from 9 studies, 
representing 3578 samples across 1268 individuals of whom 
851 delivered term and 247 preterm (32-37 weeks of gesta-
tion) and 170 early preterm (before 32 weeks of gestation). 
Two additional unpublished datasets are included. One is 
from Wayne State University consisting of 159 samples 

across 60 individuals among whom 40 (66.7%) had term 
deliveries and 15 (25.0%) had preterm deliveries and 5 
(8.3%) who had early preterm deliveries. A newly generated 
dataset which comprises 143 vaginal microbiome samples 
from 74 individuals, up to 3 samples (one sample per trimes-
ter) for each individual, with 44 individuals (59.5%) having 
term deliveries, 25 individuals (33.8%) having preterm deliv-
eries, and 5 individuals (6.8%) having early preterm 
deliveries.17

To harmonize the raw amplicon sequence reads from such 
a diverse set of underlying approaches, we developed a novel 
phylogenetic-based approach implemented in an open source 
workflow called MaLiAmPi.10 Briefly, MaLiAmPi is a Next-
flow pipeline based on 4 important steps: (1) The generation 
of ASVs from FASTQ files, (2) The selection of a repository 
of 16S rRNA alleles, (3) The generation of a reference pack-
age containing a phylogenetic tree, and (4) The placement of 
these ASVs onto the reference phylogenetic tree. This pipeline 
is a promising approach for harmonizing microbiome data 
improving the current techniques such as those based on 
closed-OTUs.

We further compute the alpha-diversity of communities 
(diversity measures include Shannon, Inverse Simpson, Bal-
ance weighted phylogenetic diversity [bwpd], phylogenetic 
entropy, quadratic, unrooted phylogenetic diversity, and 
rooted phylogenetic diversity), weighted phylogenetic (KR) 
distance between communities, provide taxonomic assign-
ments to each ASV, and cluster ASVs into phylotypes which 
serve as a taxonomy-independent representative of (phyloge-
netically) closely related organisms. In addition, VALEN-
CIA18 was used to provide the microbiome community state 
type (CST) of each sample.

VMAP is an interactive web application implemented in R 
shiny (version¼ 1.7.5.1) and HTML 5 to visualize, filter, and 
explore microbiome data.

Results
VMAP (http://vmapapp.org) interactively visualizes vaginal 
microbiome features during healthy term or adverse-outcome 
associated pregnancies across 11 studies, representing 3880 
samples from 1402 individuals, of whom 935 delivered at 
term, 287 delivered at preterm, and 180 whose deliveries 
were early preterm. The demographics and information 
about the source studies are presented in Table 1. The vaginal 
microbiome data are from individuals of different racial 
backgrounds, including Black or African American, White, 
American Indian, Alaska native, Asian, and unknown, and of 
varying age. Additionally, samples were collected during the 
3 pregnancy trimesters allowing insight into microbiome 
changes across time (Table S1). Figure 1 depicts a schematic 
of all the features that are captured by the atlas.
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This tool allows customizable visualization of the data at 
several levels including demographics of the cohort at the 
sample or individual level organized by outcome (term, pre-
term, early preterm), race and ethnicity distributions, as well 
as breakdown per project (see web tutorial). Demographics 
are shown as stacked barplots where the relative frequency of 
each type of category selected can be seen. Furthermore, 
stacked barplots are updated according to the demographic 
feature selected (Figure S1). Alpha-diversity measures are 
also shown in several ways including overall correlation plots 
of the individual measures and their distribution as well as 
violin plots across various stratifications (Figure S2). Differ-
ent diversity measures are customizable allowing users to 
select their measures of interest with a legend below the chart 
explaining each of them. CSTs are visualized via alluvial plots 
longitudinally across trimesters allowing for various stratifi-
cations of interest. The alluvial plots allow the observation of 
changes in the relative composition of CSTs across trimesters 
according to the feature selected, representing each stream as 
an individual CST (Figure S3A). The prevalence and relative 

abundance of closely related microbes (as represented by phy-
lotypes) or taxa are displayed as heatmaps (Figure S3B). 
Dimensionality reduction plots, namely Uniform Manifold 
Approximation and Projections (UMAPs), are used to visual-
ize phylotype data per sample or individual comparing differ-
ent features (Figure S4). Finally, it is worth noting that 
VMAP contains a tutorial on what each chart represents and 
how to use the filters to facilitate the use of this application.

Discussion
VMAP provides a means to view a rich set of features derived 
from vaginal microbiota data (including alpha-diversity, 
CSTs, and the composition of specific microbes and taxa) 
associated with core outcomes (delivery group) and metadata 
(eg, NIH racial categories, maternal age) that can be sliced 
and viewed interactively. VMAP can be a resource for those 
wishing to relate and understand vaginal microbiota data 
within the context of pregnancy. The generalizability of these 
features across studies using distinct underlying techniques 

Table 1. Summary of studies, individuals, samples, and 16S rRNA gene sequencing information.

Studies Accession IDs SDY465, PRJEB11895, PRJEB21325, PRJEB30642, 
PRJNA242473, PRJNA294119, PRJNA393472, 
PRJNA430482, PRJNA504518, PRJEB12577, SDY2187

Centers Imperial College London, Stanford University, University of 
Maryland, University of Pennsylvania, Virginia 
Commonwealth, Washington University, Wayne State 
University

Individuals n 1402
Age range, n (%) Unknown 578 (41.2)

Below 28 383 (27.3)
Above 29 441 (31.5)

Race, n (%) Race: American Indian or Alaska Native 8 (0.6)
Race: Asian 84 (6.0)
Race: Black or African American 824 (58.9)
Race: Native Hawaiian or Other Pacific Islander 3 (0.5)
Race: White 414 (29.6)
Race: unknown 69 (5.0)

Ethnicity, n (%) Ethnicity: Hispanic or Latino 46 (3.3)
Ethnicity: others 95 (6.8)
Ethnicity: unknown 1261 (89.9)

Delivery, n (%) Term 935 (66.7)
Preterm 287 (20.5)
Early preterm 180 (12.8)

Samples n 3880
Delivery, n (%) Term 2779 (71.6)

Preterm 745 (19.2)
Early preterm 356 (9.2))

Trimester, n (%) First 283 (7.3)
Second 2635 (67.9)
Third 962 (24.8)

Study, n (%) SDY465 (A) 231 (6.0)
PRJEB11895 (B) 33 (0.9)
PRJEB21325 (C) 144 (3.7)
PRJEB30642 (D) 134 (3.5)
PRJNA242473 (E) 168 (4.3)
PRJNA294119 (F) 145 (3.7)
PRJNA393472 (G) 957 (24.7)
PRJNA430482 (H) 216 (5.6)
PRJNA504518 (I) 1467 (37.8)
PRJEB12577 (J) 83 (2.1)
SDY2187 (S) 143 (3.6)
SDY2187 (W) 159 (4.1)

16S rRNA sequencing V Region sequences V1—V2, V1—V3, V3—V4, V3—V5, or V4
Instruments 454 GS FLX Titanium, Illumina HiSeq 2500, Illumina HiSeq 

4000, Illumina MiSeq, or Illumina NextSeq 550
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(eg, targeting different 16S rRNA gene variable regions or 
novel sequencing platforms) and the ability to integrate new 
data into the existing set of features are significant advances 
for microbiome research. For example, this data set and 
approach were successfully employed as the basis for a 
machine learning (“DREAM”) challenge predicting preterm 
and early-preterm birth where over 300 teams participated 
with the goal of building machine learning models to predict 
which women would deliver preterm.17 This challenge used 
this novel approach to integrate data post-hoc to validate 
machine learning models against datasets unavailable to par-
ticipants. VMAP will enable the scientific community to visu-
alize and study all of this information, both to better 
understand the role of the microbiome in preterm birth and 
to generate new research hypotheses. In addition, filtering by 
metadata information can reveal trends in microbiome data 
in specific groups of interest, such as age groups or 
trimesters.

The resource has limitations that should be considered. It 
is based on publicly available data which might not have full 
clinical or demographic annotations of the samples in the 
metadata. While the sample size of the study is considerable 
with representation of individuals of diverse backgrounds, it 
may not be representative of the entire population of preg-
nant women from around the world.

This work serves as the basis for several potential follow- 
up opportunities. Our VMAP visualization resource can fur-
ther be extended to include non-pregnancy datasets as well as 
microbiome data across body sites by leveraging the 
MaLiAmPi harmonization technique that can incorporate 

additional datasets post hoc.10 In addition, other adverse 
pregnancy outcomes such as recurrent pregnancy loss can be 
investigated and included in the expansion of this resource 
with the aim of observing differences and similarities as well 
as improving the understanding of these reproductive condi-
tions. Finally, the microbiome data can further be integrated 
with other omics measures to better understand healthy 
human pregnancy and those associated with adverse out-
comes. VMAP will be valuable for more robust interpretation 
of novel datasets seeking to relate the vaginal microbiome to 
pregnancy outcomes—serving as a large and regularized set 
of data and metadata for comparison.

Conclusion
VMAP offers a platform for exploring robust vaginal micro-
biome data in the context of pregnancy from multiple studies, 
providing interactive visualization and assessment of diverse 
features. Despite current limitations such as clinical annota-
tion accuracy, VMAP opens avenues into further work— 
extending to other outcomes and incorporating additional 
microbiome data including non-pregnancy datasets, data 
from other body sites, and other omics measures—for a 
deeper understanding of human health.

Acknowledgments
We thank members of the Sirota Lab, University of Califor-
nia, San Francisco, for useful discussion.

Figure 1. VMAP RShiny App. VMAP encompasses information from different microbiome studies gathering demographic information, birth outcomes, 
diversity measures, CST, and phylogeny (left). A user can visualize demographic features of the cohort, diversity measures (including correlations 
between them) by outcome of interest, alluvial plots of CSTs, dimensionality reduction plots of phylogeny, and heatmaps of taxonomical features (right). 
The visualizations are customizable by the filters in the bar on the left, allowing one to choose which projects and samples to visualize. Abbreviation: CST 
¼ community state types. Created with BioRender.com.
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