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Abstract 

The existence of a placental microbiota is debated. The human placenta has historically been considered sterile and 
microbial colonization was associated with adverse pregnancy outcomes. Yet, recent DNA sequencing investiga‑
tions reported a microbiota in typical human term placentas. However, this detected microbiota could represent 
background DNA or delivery‑associated contamination. Using fifteen publicly available 16S rRNA gene datasets, 
existing data were uniformly re‑analyzed with DADA2 to maximize comparability. While Amplicon Sequence Variants 
(ASVs) identified as Lactobacillus, a typical vaginal bacterium, were highly abundant and prevalent across studies, this 
prevalence disappeared after applying likely  DNA contaminant removal to placentas from term cesarean deliveries. 
A six‑study sub‑analysis targeting the 16S rRNA gene V4 hypervariable region demonstrated that bacterial profiles of 
placental samples and technical controls share principal bacterial ASVs and that placental samples clustered primar‑
ily by study origin and mode of delivery. Contemporary DNA‑based evidence does not support the existence of a 
placental microbiota.

Importance
Early‑gestational microbial influences on human development are unclear. By applying DNA sequencing technolo‑
gies to placental tissue, bacterial DNA signals were observed, leading some to conclude that a live bacterial placental 
microbiome exists in typical term pregnancy. However, the low‑biomass nature of the proposed microbiome and 
high sensitivity of current DNA sequencing technologies indicate that the signal may alternatively derive from envi‑
ronmental or delivery‑associated bacterial DNA contamination. Here we address these alternatives with a re‑analysis 
of 16S rRNA gene sequencing data from 15 publicly available placental datasets. After identical DADA2 pipeline 
processing of the raw data, subanalyses were performed to control for mode of delivery and environmental DNA 
contamination. Both environment and mode of delivery profoundly influenced the bacterial DNA signal from term‑
delivered placentas. Aside from these contamination‑associated signals, consistency was lacking across studies. Thus, 
placentas delivered at term are unlikely to be the original source of observed bacterial DNA signals.
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Introduction
The womb has historically been considered sterile 
throughout typical pregnancy [1–3]; yet, the detection of 
microorganisms, especially bacteria, in some placentas 
from complicated pregnancies is an established phenom-
enon [4–7]. For instance, there are demonstrated asso-
ciations between bacterial colonization of the placenta 
and preterm labor [5, 8–15], preterm prelabor rupture 
of membranes (PPROM) [11, 12], histological chorioam-
nionitis [8, 14, 16], and clinical chorioamnionitis [12–14, 
16]. Therefore, research has largely focused on the pres-
ence [9, 17–20] and types of bacteria [21–26] associated 
with the human placenta in the context of spontaneous 
preterm birth and other pregnancy complications.

However, in 2014, bacterial DNA-based evidence was 
presented for a universal low-biomass placental micro-
biota even among placentas from term pregnancies [27]. 
Since placental colonization by bacteria suggests that 
fetal colonization is also feasible, this study revitalized 
the in utero colonization hypothesis, which maintains 
that commensal bacteria residing in the placenta and/or 
amniotic fluid colonize the developing fetus during ges-
tation [3, 28–34]. The in utero colonization hypothesis 
stands in stark contrast to the traditional sterile womb 
hypothesis, which posits fetal sterility until colonization 
at delivery or following rupture of the amniotic mem-
branes [1–3, 35–37, 39–41]. Since publication of this 
seminal study in 2014, many other studies have similarly 
utilized DNA sequencing techniques to investigate the 
existence of a placental microbiota in term pregnancies 
[28, 29, 34, 36, 37, 39–65]. Yet, the existence of a placen-
tal microbiota remains under debate eight years later 
[66–69].

The debate over the existence of a placental microbiota 
is fueled by several issues. First, the placenta cannot be 
readily sampled in utero. Thus, attempts at character-
izing a placental microbiota have entailed collection of 
placental samples following either a vaginal or cesarean 
delivery. While both delivery methods can introduce bac-
terial contamination [36, 38, 40, 42, 51, 70], in the form 
of vaginal and skin bacteria, respectively, vaginal delivery 
likely exposes the placenta to bacterial contamination to 
an extent that would overwhelm any weak bacterial DNA 
signal legitimately present in placental tissue in utero [40, 
42, 56]. Furthermore, since bacterial infection is a well-
known cause of preterm labor and birth [13, 71–74], infec-
tion of the placenta cannot be ruled out as a source of any 
bacterial DNA signals in preterm placental tissues. Thus, 
to establish that a placental microbiota exists, it must be 
documented in placentas from term cesarean deliveries to 
minimize misinterpretation of potential infection-related 
or delivery-associated contamination [3, 29, 75].

Second, a lack of robust technical controls has made it 
difficult to determine if reagent or environmental DNA 
contamination might be the source of bacterial DNA 
signals attributed to placentas rather than a resident 
placental microbiota [27, 29, 46, 53, 54, 57–61, 63–65], 
given that such a theoretically sparse bacterial com-
munity could easily be obfuscated by background DNA 
contamination in laboratories, kits, and reagents [39, 
76–79]. Indeed, several recent studies have shown that 
the bacterial loads [41] and profiles of placentas from 
term cesarean deliveries do not exceed or differ from 
those of technical controls [41, 42]. This issue pertains 
not only to DNA sequencing of placental tissue, but also 
to many other internal organs such as the lung [80–82], 
liver [83], brain [84], or even the blood [85]. Techni-
cal controls and sterile collection conditions are there-
fore essential for the verification of any low-biomass 
microbiota.

Finally, a lack of consistency in the analytical pipe-
lines used to process the DNA sequence data has 
resulted in additional debate, including how sequences 
should be grouped or split into taxonomic units [77, 
86, 87]. Specifically, too coarse or too fine a taxonomic 
resolution could either potentially reveal a shared 
bacterial DNA signal between placental tissues and 
technical controls or a signal unique to the placenta, 
respectively.

Ultimately, if there is a placental microbiota it should 
exist in a majority of, if not all, placentas from women 
delivering at term without complications, and there should 
be some degree of consistency in the bacterial taxa resid-
ing in placentas across studies. For example, the human 
vaginal microbiota worldwide is consistently predomi-
nated by various species of Lactobacillus and, in a smaller 
proportion of women, higher diversity bacterial communi-
ties exist, which consist of nevertheless predictable genera 
such as Prevotella, Sneathia, Megasphaera, Atopobium, 
Mobiluncus, Streptococcus, and Gardnerella [88, 89]. Yet, 
among investigators proposing the existence of a placental 
microbiota, there are conflicting reports regarding its pre-
dominant bacterial members [27–29, 44, 49, 54, 58, 62–65] 
and, when complementary culture results are available, 
placental samples are often culture negative or the bacteria 
recovered are discrepant with the DNA sequencing results 
[19, 28, 40, 41, 44, 56, 90–95].

Given these current conflicting conclusions regarding 
the existence of a placental microbiota, here we performed 
a critical review and re-analysis of fifteen publicly avail-
able 16S rRNA gene sequencing datasets from human pla-
cental microbiota studies for which sample distinguishing 
metadata were available [29, 36, 37, 39–44, 50, 53, 57, 96]. 
In this re-analysis we standardized the analytical process 
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to enable assessment of taxonomic consistency in placen-
tal bacterial profiles across studies conducted by different 
laboratories across the world (Fig. S1).

Three primary analyses were performed. The first anal-
ysis was a comparison of the bacterial profiles of placental 
samples to technical controls for studies which included 
at least six controls for background DNA contamination 
[97] since this environmental contamination could be a 
source of the purported placental bacterial DNA signal. 
Ideally, a valid placental microbiota would be expected 
to exhibit a bacterial DNA signal distinct from that of 
kit reagents or surrounding laboratory environments. 
The second analysis was restricted to placentas from 
term cesarean deliveries so as to avoid potential bacte-
rial contamination of placentas that could occur during 
vaginal delivery [36, 42, 51, 98]. If there were a placen-
tal microbiota, the bacterial DNA signals should be clear 
and consistent across placentas from term cesarean deliv-
eries. This analysis was therefore performed using data 
from the six studies for which placental samples could 
be restricted to those from term cesarean deliveries. 
The third and final analysis was restricted to studies that 
targeted the V4 hypervariable region of the 16S rRNA 
gene to control for any variation which might arise due 
to variation in targeted 16S rRNA gene hypervariable 
regions across studies or the DNA sequence processing 
algorithms used. A valid placental microbiota would be 
expected to be independent of study identity and mode 
of delivery.

Collectively, these analyses did not support the pres-
ence of a placental microbiota in typical term pregnan-
cies. Observed bacterial signals were products of mode of 
delivery and background DNA contamination. Although 
there may be a true, consistent, extremely low biomass 
bacterial signal beyond the limits of detection by con-
temporary 16S rRNA gene sequencing, it remains to be 
demonstrated that the placenta harbors a legitimate bac-
terial DNA signal or a viable microbiota in typical human 
pregnancy.

Results
Overview of studies included in this re‑analysis
Fifteen studies (Fig. 1; Table 1) were included in this re-
analysis of investigations of the existence of a placen-
tal microbiota. Seven included sequence data from the 
V4 hypervariable region of the 16S rRNA gene [29, 39, 
41, 43, 44, 50, 96], allowing for direct comparisons of 
sequence data across six of those studies [29, 39, 41, 44, 
50, 96]; one study could not be included in the direct 
comparison due to short read lengths of sequences in 
the publicly available dataset [43]. Three of the remain-
ing studies included sequence data from the V1-V2 16S 

rRNA gene hypervariable region [36-38] two studies 
sequenced the V6-V8 region [40, 53], and one study 
each sequenced the V3-V4 [58], V4-V5 [57], and V5-V7 
[42] regions. All fifteen studies included at least one 
placental sample from a term cesarean delivery, but 
only eight included more than one term cesarean deliv-
ered placenta and sufficient background technical con-
trols [i.e., N = 6 [97]] to infer likely DNA contaminants 
using the R package DECONTAM [36, 39–43, 50, 96] 
(Fig. 2). Two of these studies lacked available metadata 
to discriminate placental samples by gestational age at 
delivery [42, 50], leaving a total of six studies [36, 39–
41, 43, 96] for assessing uniformity of bacterial profiles 
among term cesarean delivered placentas across stud-
ies while accounting for potential background DNA 
contamination (Fig.  2). Notably, five of these six stud-
ies concluded that there was no evidence for a placen-
tal microbiota in uncomplicated term pregnancies [36, 
39–41, 96] (Fig. 2). In contrast, the four studies which 
did not include sequence data from background techni-
cal controls concluded that a placental microbiota does 
exist [29, 53, 57, 58] (Fig. 2).

Lactobacillus ASVs are the most consistently identified 
ASVs across placental microbiota studies
After processing the raw 16S rRNA gene sequence 
data from placental samples from all 15 studies 
through the same DADA2 analytical pipeline, the 
most prominent bacterial ASVs, as defined by mean 
relative abundance, across studies were classified as 
Lactobacillus, Escherichia/Shigella, Staphylococcus, 
Streptococcus, and Pseudomonas. Lactobacillus ASVs 
were among the top five ranked ASVs in eight of the 
15 studies [37, 39, 42, 50, 53, 57, 96], making Lactoba-
cillus the most consistently detected genus in placen-
tal samples across studies with publicly available 16S 
rRNA gene sequencing data.

The detection of Lactobacillus ASVs was not exclusive to 
the targeted sequencing of specifically any one 16S rRNA 
gene hypervariable region; Lactobacillus ASVs were found 
among the top five ASVs in the dataset of at least one 
study targeting the V1-V2, V4, V4-V5, V5-V7, or V6-V8 
hypervariable region(s) of the 16S rRNA gene. Other gen-
era which were not 16S rRNA gene hypervariable region 
specific and were detected in the top five ranked ASVs in 
more than one dataset, but in no more than four, included 
Staphylococcus [40, 44, 54, 96], Streptococcus [38, 40, 42], 
and Pseudomonas [50, 54, 57]. In contrast, Escherichia/
Shigella ASVs were exclusively among the top five ranked 
ASVs in datasets of studies that targeted the V4 hyper-
variable region of the 16S rRNA gene for sequencing (3/7 
such datasets) [29, 39, 96].
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Lactobacillus ASVs in placental samples are typically 
contaminants introduced through vaginal delivery and/
or background DNA contamination
While it can be difficult to identify the definitive source 
of a particular ASV in placental samples, the difference 
in Lactobacillus predominance between vaginally deliv-
ered placentas and cesarean delivered placentas is strik-
ing. Lactobacillus ASVs were among the top five ASVs 

in five of seven datasets which included placentas from 
vaginal deliveries before running the R package DECON-
TAM, and three of four datasets which included placen-
tas from vaginal deliveries after running DECONTAM. 
Consider, for instance, the Lauder et  al. [37] and Leiby 
et al. [38] datasets. While all samples in the Lauder et al. 
dataset [37] had Lactobacillus ASVs, the percentage of 
Lactobacillus normalized reads in cesarean delivered 

Fig. 1 Study inclusion flowchart

Four searches were performed on PubMed to identify studies for 
inclusion in the re‑analysis. Filtering criteria were: primary research 
article, 16S rRNA gene sequencing data, placentas obtained from 
term deliveries, sequencing data accessible with published accession 
number, and sufficient metadata available to parse sequencing data 
into individual samples.

Fig. 2 Conclusions of thirteen studies evaluating the existence of a 
placental microbiota, which included data from multiple placentas 
delivered via cesarean section at term

The studies are principally separated and contrasted depending upon 
whether they included technical controls to account for potential 
background DNA contamination.
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placental samples was 23% compared to 46% in vaginally 
delivered placental samples. In the Leiby et al. [38] data-
set only four of 23 (17%) cesarean delivered placentas had 
any Lactobacillus ASVs, and they made up only 2% of the 
total reads from their respective samples. In contrast, 35 
of 116 (30%) placentas from vaginal deliveries had Lacto-
bacillus ASVs, and they made up 22% of the total reads 
from those 35 samples.

Lactobacillus ASVs were among the top five ranked 
ASVs in three [39, 57, 96] of the six datasets which could be 
restricted to placental samples from cesarean term deliver-
ies (Table 2). Yet, after removing potential background DNA 
contaminants using DECONTAM, only the Olomu et  al. 
[39] dataset still retained a Lactobacillus ASV in the top five 
ranked ASVs (Table  2). Notably, the authors of that study 
identified the origin of Lactobacillus in placental samples as 
well-to-well DNA contamination from vaginal to placental 
samples during 16S rRNA gene sequence library generation.

Furthermore, Lactobacillus ASVs were also more 
prominent in samples of placental tissues of maternal 
origin, such as the decidua or basal plate, than placental 
tissues of fetal origin, such as the amnion, chorion, or 
villous tree. After separating placental sample data from 
non-labor term cesarean deliveries by fetal and maternal 
origin, with the exception of the Olomu et al. [39] study, 
Lactobacillus ASVs were absent from placental samples 
of fetal origin (Table S1). In contrast, among samples 

of maternal origin from the Theis, Winters et  al. data-
set [96], Lactobacillus was the most relatively abundant 
ASV even after removal of likely DNA contaminants with 
DECONTAM, and in the Lauder et  al. [37] study, only 
the maternal side of the single cesarean delivered pla-
centa had a high predominance of Lactobacillus.

The bacterial ASV profiles of placental samples 
and background technical controls cluster based on study 
origin
Beta diversity between placental samples and techni-
cal controls was visualized through Principal Coordi-
nates Analysis (PCoA)  for each study in the re-analysis 
to assess the extent of influence of background DNA 
contamination on the bacterial ASV profiles of placental 
samples (Fig. 3). A majority of placental samples cluster 
with their respective technical controls across the stud-
ies. Specifically, in five of eleven studies, technical con-
trols covered the entire bacterial profile spectrum of 
placental samples (Fig.  3A-E), and in the remaining six 
studies which included technical controls, the bacterial 
profiles of most placental samples largely clustered with 
those of technical controls (Fig. 3F-K). Placental samples 
in the latter group which did not cluster with technical 
controls were characterized by a predominance of Lac-
tobacillus (Fig.  3F-H), Cutibacterium (Fig.  3I,K), Gard-
nerella (Fig.  3F), Pseudomonas (Fig.  3F), Ureaplasma 

Table 2 Summary of prominent bacterial ASVs in term cesarean delivered placental samples before and after removal of background 
DNA contaminants using the R package DECONTAM. The top five ASVs as determined by mean relative abundance across placental 
samples after DADA2 processing are provided for studies which could be restricted to term cesarean delivered placental samples. 
Asterisks indicate ASV sequence genus level classifications which were assigned by NCBI BLAST with the highest percent identity in 
excess of 95%. The Liu et al. [57] dataset could not be assessed post‑DECONTAM since no technical controls were included in the study.

ASV1–5 are rank designations based on percent relative abundance

Lactobacillus ASVs are bolded to emphasize prevalence and lack thereof after likely-contaminant removal

Study 16S rRNA gene 
hypervariable 
region

ASV1 ASV2 ASV3 ASV4 ASV5

Before DECONTAM
Olomu V4 Escherichia/Shigella Lactobacillus Lactobacillus Finegoldia Fenollaria

Parnell V4 Leptospira Leptospira Leptospira Cutibacterium Leptospira

Theis V4 Achromobacter Delftia Phyllobacterium Clostridium sensu stricto 5 Stenotrophomonas

Theis, Winters V4 Lactobacillus Staphylococcus Escherichia/Shigella Serratia* Streptococcus

Liu V4‑V5 Pseudomonas Pantoea* Pantoea* Lactobacillus Pantoea*

Sterpu V6‑V8 Cutibacterium Staphylococcus Streptococcus Streptococcus Streptococcus

After DECONTAM
Olomu V4 Fenollaria Acinetobacter Lactobacillus Campylobacter Peptoniphilus

Parnell V4 Leptospira Leptospira Leptospira Cutibacterium Leptospira

Theis V4 Achromobacter Alcaligenaceae Escherichia/Shigella Achromobacter Alcaligenaceae

Theis, Winters V4 Corynebacterium Serratia* Mycoplasma Corynebacterium Fusobacterium

Sterpu V6‑V8 Staphylococcus Gardnerella Staphylococcus Staphylococcus Streptococcus
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(Fig.  3G), Mesorhizobium (Fig.  3I), Prevotella (Fig.  3J), 
Actinomyces (Fig. 3J), Streptococcus (Fig. 3J), Veillonella 
(Fig. 3J), and Staphylococcus (Fig. 3K). Notably, the bac-
terial profiles of most placental samples from term cesar-
ean deliveries were not significantly different from those 
of technical controls in either dispersion or structure 
(Table S2). In cases where the structure of the bacterial 
profiles differed between placental samples and techni-
cal controls, but the dispersion of the bacterial profiles 
did not, it was only the bacterial profiles of the exte-
rior surfaces of the placenta which differed from those 
of controls. In these cases, the bacterial profiles of the 
exterior surfaces of placental samples were character-
ized by Cupriavidus, Serratia, Corynebacterium, and 

Staphylococcus (Table S2), the latter two of which are 
well-known commensal bacteria of the human skin [99].

The bacterial ASV profiles of vaginally delivered placental 
samples also cluster with their respective vaginal samples 
across studies
Six studies [29, 37, 39, 50, 57] in the re-analysis included 
vaginal or vaginal-rectal swab samples as a complement 
to placental samples; four of these studies also included 
technical controls [37, 39, 50]. While most technical 
controls did not cluster with vaginal samples, placental 
samples typically clustered with vaginal samples and/or 
technical controls (Fig.  4A-D), or if technical controls 
were not included in the study, with vaginal samples 

Fig. 3 Principal Coordinates Analyses of the beta diversity of bacterial DNA profiles between placental samples and technical controls in published 
placental microbiota studies

Studies were included if technical controls were sequenced and made publicly available to account for background DNA contamination. Beta 
diversity between placental (red open circles) and technical control (black open circles) samples is illustrated by study in PCoA plots based on the 
Bray‑Curtis dissimilarity index. Genus level classifications of the top ten ASVs in placental samples and technical controls by total reads are plotted at 
their weighted average positions (grey diamonds). Asterisks indicate ASV sequence genus level classifications which were assigned by NCBI BLAST 
with the highest percent identity in excess of 95%.
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(Fig. 4E-F). Notably, nine Lactobacillus ASVs were shared 
between the top ranked ASVs of placental and vaginal 
swab samples across five studies [37, 39, 50, 57] (Fig. 4).

Placental and technical control samples co‑cluster by study 
and placental samples additionally cluster by mode 
of delivery
In order to fully utilize the capacity for ASVs to be directly 
compared across placental microbiota studies, taxonomy 
and ASV count tables were merged based on the exact ASV 
sequence data for six [29, 39, 41, 44, 50, 96] of seven studies 
[29, 39, 41, 43, 44, 96] which sequenced the V4 hypervari-
able region of the 16S rRNA gene using the PCR primers 
515F and 805R. Principal Coordinates Analysis illustrated 
that placental and technical control samples formed distinct 
clusters based on study origin (Fig. 5A; NPMANOVA using 

Bray-Curtis; placental samples: F = 16.0, P = 0.001; techni-
cal controls: F = 4.64, P = 0.001). The only exception was the 
Theis, Winters et  al. dataset [96], which encompassed the 
bacterial profiles of placental samples from the other stud-
ies. This was likely due to the inclusion of samples in Theis, 
Winters et al. [96] from multiple regions of the placenta (i.e., 
amnion, amnion-chorion interface, subchorion, villous tree, 
and basal plate) as well as placentas from term and preterm 
vaginal and cesarean deliveries (Fig.  5A). When stratify-
ing by study and thereby taking study origin into account, 
placental and technical control samples did not exhibit 
distinct bacterial DNA profiles (Fig.  5A; NPMANOVA: 
n = 775, F = 6.66; P = 0.512). When technical controls were 
excluded from the PCoA, discrete clustering of placental 
samples by study origin was still apparent (Fig. 5B). Further-
more, the bacterial DNA profiles of placental samples were 

Fig. 4 Principal Coordinates Analyses of the beta diversity of the bacterial DNA profiles of placental and vaginal/vaginal‑rectal samples in placental 
microbiota studies

Prior published studies were included if vaginal or vaginal‑rectal samples were sequenced and made publicly available alongside placental samples. 
The top ten ASVs shared between placental samples and technical controls, and the top ten ASVs in vaginal samples are plotted at their weighted 
average positions in the ordination space (grey diamonds) and their genus level classifications are noted. Agglomerated genus level classifications 
were plotted for the Liu dataset instead of ASVs since no ASVs were greater than 1% mean relative abundance across placental samples. Asterisks 
indicate ASV sequence genus level classifications which were assigned by NCBI BLAST with the highest percent identity in excess of 95%.
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clearly affected by mode of delivery across studies (Fig. 5C; 
NPMANOVA: n = 690, F = 23.9, P = 0.001). Unsurpris-
ingly, common vaginal bacteria such as Lactobacillus, Urea-
plasma, and Gardnerella were predominant in the profiles 
of placental samples from vaginal deliveries (Fig. 5C).

Bacterial profiles of placental and technical control 
samples characterized using the V4 hypervariable region 
of the 16S rRNA gene share prominent ASVs
While placental samples from each study exhibited char-
acteristic patterns of predominant ASVs, some ASVs 
such as ASV2533-Escherichia/Shigella, ASV6218-Lacto-
bacillus, and ASV6216-Lactobacillus were predominant 
in the datasets of several studies (Fig. 6A-B, E). However, 
across studies, nearly every ASV that was consistently 
predominant in the bacterial DNA profiles of placen-
tal samples, was also consistently predominant in the 
profiles of the technical control samples from the same 
dataset (Fig. 6). For instance, in two studies, all ASVs with 
a mean relative abundance greater than 1% in placental 
samples were also greater than 2% mean relative abun-
dance in technical control samples (Fig. 6B-C). In a third 
study, all ASVs other than ASV5229-Cutibacterium were 
also greater than 2% mean relative abundance across 
technical control samples (Fig.  6D). These data collec-
tively indicate that prominent placental ASVs were likely 
derived from background DNA contamination captured 
by the technical control samples.

Discussion
Principal findings of the study
In this re-analysis of fifteen placental microbiota studies, 
of the ASVs which were ranked in the top five ASVs for 
relative abundance in any one study, Lactobacillus ASVs 
were clearly the most prevalent across studies. Yet, Lac-
tobacillus ASV prevalence was explained by background 
DNA contamination, contamination from the birth canal 

Fig. 5 Placental and technical control samples cluster by study 
origin, mode of delivery, and gestational age at delivery

A) Beta diversity between placental (open circles) and technical 
control samples (open triangles) from studies which sequenced the 
V4 hypervariable region of the 16S rRNA gene is visualized through 
principal coordinate analysis (PCoA) based on the Bray‑Curtis 
dissimilarity index. B) Beta diversity of placental samples without 
technical control samples from each study. C) Placental samples 
from the same six studies were characterized by mode of delivery 
and gestational age at delivery. Weighted average positions of ASVs 
greater than 1% were plotted as grey diamonds and labelled with 
genus level classifications. Asterisks indicate ASV sequence genus 
level classifications which were assigned by NCBI BLAST with the 
highest percent identity in excess of 95%.
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during vaginal delivery, or well-to-well contamination from 
vaginal samples during the sequence library build process. 
Overall, the bacterial DNA profiles of placental samples 
were highly similar to those of technical controls in their 
respective studies. Indeed, a secondary analysis of the six 
studies which targeted the V4 hypervariable region of the 
16S rRNA gene for sequencing, showed that the bacterial 
DNA signal of both placental and technical control samples 
clustered by study of origin rather than by sample type. In 
addition, the top two ASVs in placental samples from each 
of the six studies in the secondary analysis were also the top 
ranked ASVs in technical controls from the corresponding 
study. Considered in isolation, placental samples clustered 
by mode of delivery, suggesting that the process of deliv-
ery greatly affected the bacterial DNA profiles of placentas. 
Therefore, placental samples included in this re-analysis do 
not provide evidence of a consistent bacterial DNA signal 
in typical term pregnancy independent of mode of delivery. 
Instead, the modest consistency in bacterial DNA signals 
identified across studies was associated with general back-
ground DNA contamination or contamination introduced 
during vaginal delivery.

The findings of this study in the context of prior reports
Currently, the extent of bacterial presence within the pla-
centa is under debate. There have been numerous reviews, 
commentaries, and editorials, which have sought to syn-
thesize and resolve conflicting results regarding the exist-
ence of a placental microbiota [3, 30, 32, 33, 66–68, 77, 
100–144]. Although there has been disagreement about 
the existence of a placental microbiota in typical human 
pregnancy, there is a consensus that any given body site, 
including the placenta, can be at least transiently infected 
by microorganisms. Several reviews have emphasized that 
microorganisms in placental tissue would not be able to 
survive for long durations given the structure of the pla-
centa and the immunobiological response of the host [3, 
110]. In contrast, some have proposed that microorgan-
isms could survive intracellularly within the basal plate of 
the placenta and thus effectively evade the host immune 
system [68, 145]. Many reviews addressing prior micro-
biota datasets have been challenged to draw conclusions 
given the multiple confounding factors which could sig-
nificantly influence results: the specific 16S rRNA gene 
hypervariable region targeted for sequencing, brand and 
lot number of the DNA extraction kits, gestational age at 

delivery and sampling, mode of delivery of the placenta, 
inadequate metadata for deposited sequence data, and 
a general lack of technical controls to account for back-
ground DNA contamination. Regardless, many have 
viewed the current evidence for placental and/or in utero 
colonization as theoretically tenuous given the existence of 
germ-free mammals [146, 147] and the strong potential for 
background bacterial DNA to influence DNA sequencing 
surveys of low microbial biomass samples [36, 37, 39–41, 
91, 112]. Finally, similar to the results presented here in this 
re-analysis, the prevalence of Lactobacillus across placental 
samples in prior studies has been acknowledged, yet so too 
has been the high variability in the bacterial taxa reported 
within placental tissues across studies. Indeed, variability is 
high even across studies of similar cohorts from the same 
research groups [27, 41, 44, 63–65, 96].

Mode of delivery must be taken into account 
when investigating the existence and structure 
of a placental bacterial DNA signal
Eight studies [27, 38, 43, 44, 52, 54, 57, 59] concluded 
that the bacterial DNA signals in placentas from cesar-
ean deliveries were not significantly different from those 
in placentas delivered vaginally. Yet, five other studies 
[36, 42, 51, 96, 98] have reported that the bacterial DNA 
signals in placentas from vaginal and cesarean deliver-
ies significantly differ. The latter studies have reported 
increased prevalence and relative abundance of Lacto-
bacillus and other vaginally associated taxa in placentas 
from vaginal deliveries. Additionally, even the rupture of 
membranes, a prerequisite for labor and vaginal delivery, 
provides microorganisms access to the amniotic cavity 
[148] and thus the placenta, with prolonged access lead-
ing to microbial invasion and infection [149, 150]. Nota-
bly, bacterial culture of placentas from vaginal deliveries 
have significantly higher positivity rates [18, 96], higher 
total colony counts [40], and a higher prevalence of bac-
terial colonies from Lactobacillus and Gardnerella, both 
of which are typical residents of the human vagina [88]. 
In contrast, placentas from cesarean deliveries consist-
ently yield bacteria which typically predominate on the 
skin, such as Propionibacterium, Staphylococcus, and 
Streptococcus [40, 99].

Importantly, through robust analysis of the entire bac-
terial DNA signal from hundreds of placental samples, 
this re-analysis clearly highlights the influence of mode 

(See figure on next page.)
Fig. 6 Heatmaps of the bacterial DNA profiles of placental and technical control samples from studies which sequenced the V4 hypervariable 
region of the 16S rRNA gene demonstrating a high degree of overlap between these two sample types

ASVs are listed by study if they had a mean relative abundance greater than 1% across placental samples (green bar). Red asterisks indicate ASVs 
which had a mean relative abundance greater than 2% across all technical control samples (purple bar) from that study. Regular asterisks indicate 
ASV sequence genus level classifications which were assigned by NCBI BLAST with the highest percent identity in excess of 95%.
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Fig. 6 (See legend on previous page.)
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of delivery on the bacterial DNA signal from placental 
samples by demonstrating mode of delivery-associated 
clustering across six studies. Furthermore, it is apparent 
that removing the exterior layers (i.e., amnion, chorion, 
and basal plate) of a placenta delivered vaginally is not 
sufficient to eliminate delivery associated DNA contami-
nation of the sample since the diversity and structure of 
bacterial DNA profiles from the inner layers (i.e., subcho-
rion, villous tree) of the placenta differed significantly 
between cesarean and vaginal deliveries. Evidence in the 
literature combined with this re-analysis warrants care-
ful consideration of mode of delivery and even time since 
rupture of membranes [52, 149, 150] when investigating 
the bacterial DNA signal from placental samples.

Background bacterial DNA limits analysis of bacterial 16S 
rRNA gene signal from the placenta
Theoretically, a low bacterial biomass community is detect-
able using 16S rRNA gene sequencing when its concentra-
tion is at least 10–100 CFU/mL [151]. However, discerning 
a true tissue-derived low bacterial DNA signal from other 
potential sources is exceedingly difficult. This re-analysis, 
along with eight other studies [36, 37, 39–41, 91, 96], found 
that placental samples and technical controls share highly 
abundant bacterial taxa when 16S rRNA gene sequenc-
ing is used. Since technical controls represent the envi-
ronment and reagents to which the placenta is exposed 
post-delivery, it follows that a majority of the bacterial 
DNA signal from placental samples is also acquired from 
those environments and reagents. While a placental tissue 
limit of bacterial detection through DNA sequencing is 
yet to be determined, other low-bacterial-biomass sample 
types such as oral rinse, bronchoalveolar lavage fluid, and 
exhaled breath condensate were predominated by stochas-
tic noise below  104 16S rRNA gene copies per sample [152]. 
Even the bacterial DNA signal from a pure culture of Sal-
monella bongori serially diluted to a final concentration of 
 103 CFU/mL was mostly contamination [78]. If these limits 
are comparable to those in placental tissue, then stochastic 
noise and background DNA contamination would predom-
inate the bacterial DNA signal from placental tissue leav-
ing any true DNA signal well beyond the detection limits of 
16S rRNA gene sequencing. Therefore, it follows that 16S 
rRNA gene sequencing by itself without additional verifica-
tion is inadequate to make a clear assessment of the exist-
ence of a placental microbiota.

Prior reports of 16S rRNA gene sequencing on placentas 
from term pregnancies
With the prior considerations in mind, out of the 40 stud-
ies which performed 16S rRNA gene sequencing on pla-
cental samples, 32 included at least some term deliveries. 
However, only 16 focused exclusively on placentas from 

term deliveries [28, 37, 39–41, 43, 49, 53, 54, 56–58, 62–65]. 
Additionally, only nine of these studies focused exclusively 
on placentas from cesarean deliveries [28, 39, 41, 49, 56, 58, 
62, 64, 65] and only three included technical controls and 
their DNA sequencing data thus accounting for gestational 
age, mode of delivery, and background DNA contamina-
tion [39, 41, 49]. Two of three concluded that there was no 
evidence for a placental microbiota in the context of term 
cesarean delivery [39, 41].

Many studies have reported evidence for a low biomass 
placental microbiota [27, 29, 30, 43–47, 49, 50, 52–54, 57, 
58, 60, 61, 63–65, 92, 93, 145, 153] but only nine of these 
studies exclusively sampled placentas from term deliveries 
[43, 49, 53, 54, 57, 58, 63–65]. Predominant bacterial taxa 
reported in these studies included Pseudomonas [54, 64, 
65], Lactobacillus [49, 54], Bacteroidales [64], Enterococ-
cus [63], Mesorhizobium [43], Prevotella [58], unclassified 
Proteobacteria [57], Ralstonia [43], and Streptococcus [54]. 
Two studies from this term delivery subset, which sam-
pled multiple regions of the placenta, observed gradients 
of Lactobacillus relative abundance across levels of the pla-
centa, but in opposite directions [43, 49].

In contrast, five studies did not find evidence for a 
microbiota in placentas from term deliveries since neither 
the placental bacterial DNA signal from 16S rRNA gene 
sequencing [37, 39–41] nor the bacterial load as deter-
mined by quantitative real-time PCR [37, 39–41, 56] were 
significantly different from technical controls. One study 
even noted that no operational taxonomic units greater 
than 1% relative abundance in placental samples, were less 
than 1% in technical control samples, emphasizing the 
overlap between the two sample types [37]. Three of these 
studies [40, 41, 56] also attempted to culture viable bac-
teria from placental tissue, but were rarely successful. In 
cases where culture was successful, viable bacteria often 
conflicted with the DNA sequencing results suggesting 
that cultured bacteria were likely contaminants [40, 41].

Clinical significance
Non‑viable or viable bacterial DNA could feasibly be filtered 
from maternal blood by the placenta leading to a placental 
bacterial DNA signal
The placenta is a transient internal organ with functions 
that include promotion of gas exchange, nutrient and 
waste transport, maternal immunoglobulin transport, 
and secretion of hormones critical for fetal growth and 
development [154]. These exchanges and transfers occur 
due to diffusion gradients between fetal and maternal 
blood, the latter of which bathes the chorionic villi in the 
intervillous space of the placenta [108]. This maternal 
blood, which cannot be fully drained from the placenta 
before biopsy or sampling, can undoubtedly contain 
bacterial particles or even the remnants of a low-grade 
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bacterial infection [56, 112, 155]. Because of its structure, 
the placenta functions as a filter and retains these par-
ticles or bacteria, dead or alive. A bacterial DNA signal 
due to this filtering process would be extremely weak and 
transient. In addition, the bacterial taxa identified would 
be highly variable since they do not correspond to a spe-
cific niche, which is consistent with the findings of this 
re-analysis.

Infection is a potential source for the placental bacterial DNA 
signal
Instead of in utero colonization, it is more likely that the 
bacterial DNA signal coming from a subset of placental 
samples is caused by infection. It is curious to note that 
specific bacteria are associated with stronger bacterial 
DNA signals and inflammation in placental tissue result-
ing in adverse pregnancy outcomes including preterm 
birth and/or preterm prelabor rupture of membranes 
(PPROM) [52, 55, 98]. Spontaneous preterm birth has 
been shown to increase bacterial load [55] and the rela-
tive abundances of several taxa in placental samples 
including but not limited to Ureaplasma [26, 36, 38, 42, 
51, 52, 156, 157], Fusobacterium [51, 52], Mycoplasma 
[42, 51, 52], Streptococcus [36, 51], Burkholderia [27], 
Escherichia/Shigella [55], Gardnerella [51], Gemella [52], 
and Pseudomonas [50]. Ureaplasma urealyticum, Myco-
plasma hominis, Bacteroides spp., Gardenerella spp., 
Mobiluncus spp., various enterococci, and Streptococ-
cus agalactiae (also known as Group B Streptococcus 
or GBS) are frequently associated with histologic acute 
chorioamnionitis as well as uterine infection [16, 26, 
108, 157]. GBS is also a major cause of early onset neo-
natal sepsis and has been commonly isolated at autopsy 
in addition to E. coli, and Enterococcus [16, 158]. While 
metagenomics sequencing could identify genes with 
pathogenic potential to determine pathogenicity of bac-
teria (bacterial DNA) detected in the placenta, it is dif-
ficult to infer pathogenicity exclusively from 16S rRNA 
gene sequencing data. Nevertheless, the DNA of the 
notoriously pathogenic bacterial genera detailed above 
were all found in placental tissue, suggesting an invasive 
phenotype rather than commensal colonization.

Recommendations for future studies
In order to establish the existence of a viable placental 
microbiota several criteria need to be met, which have 
been detailed previously [36, 41]. Studies which aim to 
assess the viability of a bacterial DNA signal in a pur-
ported low biomass sample type should start with the 
null hypothesis that the entire DNA signal results from 
contamination and subsequently attempt to reject it 
with experimental evidence [159]. Therefore, any study 
evaluating a potential microbiota of the placenta should 

attempt to demonstrate viability through both culture 
and DNA sequencing. Placentas should come from term 
cesarean deliveries without labor to obviate contami-
nation during vaginal delivery and subjects should be 
screened to ensure that only healthy women are sampled 
(i.e., no history of antenatal infection, pre-eclampsia, 
recent antibiotic use, signs of infection or inflamma-
tion). Additionally, future studies need to include ample 
sequenced technical controls in order to identify and 
account for sources of contamination, which will inevita-
bly exist no matter how rigorous and/or sterile the pro-
tocol [75]. Universal sources of contamination include 
environmental DNA, reagents used to process samples 
and build sequence libraries, and even the sequenc-
ing instruments themselves. Further, biological repli-
cates from the same placenta should also be included to 
ascertain the consistency of any bacterial DNA signal. 
Moreover, it should not be assumed that all remain-
ing sequences are legitimate after post-hoc contaminant 
removal by algorithms such as DECONTAM, especially 
in low microbial biomass environments such as the 
placenta.

Since 16S rRNA gene sequencing limits of detection 
have not yet been thoroughly interrogated in placen-
tal tissue, serial dilutions of spiked-in live bacteria or 
cell-free DNA should be included in a portion of tissue 
samples to demonstrate the feasibility of recovering the 
bacterial DNA signal from placental tissue. When mul-
tiplexing samples, unique dual index primer sets should 
be used to eliminate the possibility of barcode hopping 
which is another source of sample “contamination” [160, 
161], and before sequencing, low biomass samples should 
be segregated from higher biomass samples to avoid well-
to-well contamination [39, 162]. Furthermore, 16S rRNA 
gene sequencing results should be complemented with 
shotgun metagenomics sequencing to allow for strain 
level microbiome analyses that can more effectively link 
DNA detected in placental tissues to its source. With 
strain-level resolution, bacterial DNA signals can be 
identified as being unique to the placenta in an individ-
ually-specific manner within a study and thus suggestive 
of a placental microbiota, or shared across the placental 
samples in a study indicating universal sample contami-
nation. If multiple sequencing methods or other investi-
gative methods such as culture are utilized, concordance 
should be sought among the data from these multiple 
methods to determine the legitimacy of potentially cred-
ible microbial signals. Finally, in conjunction with pub-
lishing, all sequence data and accompanying detailed 
metadata should be submitted to a public database and 
code for any data analyses or manipulations should be 
made publicly available so that others can replicate and 
verify the results.
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Strengths of this study
Broad searches of the available literature were utilized to 
ensure that all publicly available 16S rRNA gene sequenc-
ing data of placental samples (with associated metadata 
to partition pooled sample data) were incorporated into 
the re-analysis, which re-examined the data with in-depth 
comparisons of term placental samples to technical con-
trols. This allowed for the detection of background DNA 
contamination in the bacterial DNA signal from placental 
tissue. In addition, potential confounding variables such 
as mode of delivery, gestational age at delivery, and 16S 
rRNA gene target hypervariable region were controlled 
for whenever possible. By utilizing DADA2 to process the 
sequence data, variation and biases due to post-sequenc-
ing processing were eliminated. This enabled ASV-to-
ASV comparisons for six studies which targeted the same 
16S rRNA gene hypervariable region using the same PCR 
primers, a first in the placental microbiota field.

Limitations of this study
The quality and public availability of data and metadata 
were the primary limiting factors of this re-analysis. 
Unfortunately, the availability of metadata or even the 
data themselves is a pervasive issue in the microbiome 
field [163–165]. While study cohort statistics were well 
reported overall, detailed metadata for each subject are 
required in order to perform a proper re-analysis. Ideally, 
any study investigating the existence of a viable placen-
tal microbiota would, at a minimum, include associated 
metadata by subject for potential confounders (e.g., ges-
tational age at delivery, and mode of delivery).

Additionally, the impacts of individual low abundance 
ASVs (i.e., less than 1% mean relative abundance) were 
not evaluated. While some of these ASVs could poten-
tially represent DNA signals from viable bacteria, most 
were likely stochastic environmental DNA contamina-
tion. Finally, while the R package DECONTAM was used 
to remove likely contaminants by comparing the preva-
lence of ASVs in biological samples and technical con-
trols, this tool would be unable to identify contaminants 
introduced during sampling, delivery, or to identify taxa 
which were truly present in a sample but also happened 
to be present in most control samples. In addition, the 
contaminant identification accuracy of DECONTAM 
also diminishes when used on low biomass samples such 
as placental samples where the majority of the sequences 
are likely contaminants [75, 166].

Conclusion
As we extend the boundaries of DNA sequencing tech-
nologies we need to tread carefully, especially in purported 
low-biomass sites such as the placenta. Although DNA 
sequencing is required to capture bacteria that are unable 

to grow under typical culture conditions, the limitations of 
current DNA sequencing technology make detection of a 
legitimate signal or determination of viability unattainable 
at such low levels [76, 78]. DNA sequencing in and of itself 
is insufficient to demonstrate the existence of a microbi-
ome in an organ previously believed to be sterile since the 
presence of DNA merely alludes to former viability not 
necessarily concurrent with the time of sampling.

Only after demonstrating a valid, viable bacterial DNA 
signal from term cesarean deliveries, through sterile pro-
tocol, with technical controls, and associated culture 
positive data, can we evaluate the degree to which the 
maternal immune system tolerates these bacteria with-
out eliciting a deleterious immune response and whether 
their presence resembles commensal existence or infec-
tion. Finally, the placental microbiota may or may not 
exist, but it is quite clear that attempts to maintain ste-
rility and avoid contamination have not been successful 
since the vast majority of sequencing reads from placen-
tal samples can be attributed to multiple modes of con-
tamination. Therefore, sequencing methodologies require 
significant improvement before a placental microbiota 
can be established as 16S rRNA gene sequencing appears 
to lack the ability to discriminate between a markedly low 
biomass microbiota and background DNA contamina-
tion at present.

Materials and methods
Study inclusion criteria
Searches for “human placental microbiome”, “placenta 
microbiota”, “placental microbiomes”, and “placenta 16S” 
were queried on PubMed with a cutoff date of 6/16/21 
to identify studies addressing the existence of a placen-
tal microbiota or lack thereof. Additionally we included 
our recent preprint [96] in this pool of studies. Of the 
387 unique studies identified, 58 performed primary 
research and 41 implemented 16S rRNA gene sequenc-
ing on placental samples (Fig.  1). Therefore, we focused 
on 16S rRNA gene sequencing data.  16S rRNA gene 
sequencing is a well-characterized way of detecting and 
classifying bacterial communities within biological sam-
ples [167–169], and it is potentially sensitive enough to 
detect the typically low number of 16S rRNA bacterial 
gene copies hypothesized to be in the placenta [34, 170]. 
33 of the 41 studies which implemented 16S rRNA gene 
sequencing included at least one placental sample from 
an uncomplicated delivery at term [27–29, 36, 37, 39–45, 
47, 49–65, 96, 153]. However, only 15 of these 33 studies 
included publicly available 16S rRNA gene sequence data 
(i.e., sequencing files uploaded to a public database with a 
published and accurate accession number with sufficient 
metadata to partition pooled sample data) [29, 36, 37, 
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39–44, 50, 53, 57, 58, 96]. Thus, the re-analysis ultimately 
included 15 studies.

Processing of 16S rRNA gene sequence data using DADA2
Fastq files of the 16S rRNA gene sequence data from 
samples included in each study were downloaded from 
publicly accessible databases. If a study included fastq 
files that contained sequence data from multiple sam-
ples, the data were demultiplexed using QIIME2 (version 
2020.2) [171] and SED (GNU Sed 4.7), a stream editor for 
text processing [172].

Sequence datasets from each study were individually 
processed using the Differential Abundance Denoising 
Algorithm (DADA2), which is an R package designed to 
partition 16S rRNA gene sequences into distinct Ampli-
con Sequence Variants (ASVs) and to taxonomically clas-
sify the resultant ASVs [173]. R version 3.6.1 [174] was 
used for DADA2 processing and all downstream analyses. 
Processing followed the 1.16 DADA2 guidelines (https:// 
benjj neb. github. io/ dada2/ tutor ial. html), except when 
stated otherwise. Samples that had an average sequence 
quality score which dipped below 30 before the expected 
trim length cutoffs were removed from the dataset. Trim 
length cutoffs were set to maximize the read length and 
number of passing samples while still removing poor 
quality base calls from the ends of reads. Reads were then 
filtered using the filterAndTrim() function with multi-
thread set to TRUE to enable parallel computation and 
decrease real time spent computing. Error rates of base 
calling in the filtered sequences were inferred from the 
data using the learnErrors() function with multithread 
set to TRUE. Using the inferred error rates, sequences 
were partitioned into ASVs with pool and multithread set 
to TRUE. If the dada() function failed to complete parti-
tioning after 7 days for a particular study’s dataset, which 
occurred for only one study [36], pool was set to FALSE 
for sample independent sequence partitioning.

If forward and reverse sequences were not yet merged, 
they were merged using the mergePairs() function. In 
cases where the forward and reverse reads were already 
merged in publicly available data files, the DADA2 merg-
ing step was omitted and the code adjusted for merged 
input sequences. Merged sequences with lengths greater 
or less than 20 nucleotides from the expected ampli-
fied region were removed from the data set since they 
were most likely due to non-specific merging of forward 
and reverse reads resulting in extra-long or extra-short 
reads. Chimeric sequences were detected and removed 
using the removeBimeraDenovo() function with multi-
thread set to FALSE. This employs the default consensus 
method instead of the pooled method. The consensus 

method determines chimeric sequences in each sample 
and then compares detected chimeric sequences across 
samples for a consensus. Taxonomy was assigned to 
sequences using the Silva 16S rRNA gene bacterial data-
base (v 138) [168, 175]. Species assignments were added, 
when possible.

For each study, merged datasets of ASV counts and 
taxonomic classifications were filtered using functions 
from the R package dplyr [176] to remove ASVs that were 
classified as mitochondrial, chloroplast, or not of bacte-
rial origin. ASVs not classified at the phylum level and 
samples which did not have at least 100 sequence reads 
after filtering were removed from the data set.

Removal of likely DNA contaminants 
through the prevalence‑based method of the R package 
DECONTAM
To control for background DNA contamination, the R 
package DECONTAM was used to identify and remove 
sequences which were more prevalent in technical con-
trols than in placental samples. For likely sequence 
contaminant removal, only studies which included at 
least six technical controls [36, 37, 39–43, 50, 96] were 
included based on the recommendation of the authors 
of DECONTAM [97]. Technical controls included air 
swabs, blank DNA extraction kits, and template-free 
PCR reactions. The DECONTAM prevalence-based 
function isNotContaminant(), recommended for use 
with low-biomass samples, was used to remove ASVs 
based on chi-square tests of ASV presence-absence 
tables [97]. Thresholds were study specific with the goal 
of excluding most of the low prevalence likely-contam-
inant ASVs while retaining high prevalence ASVs not 
likely to be contaminants. Despite using these stringent 
study specific thresholds, the results were unchanged if 
the default threshold of 0.5 was used instead.

Normalization of 16S rRNA gene sequence datasets 
within and across studies
All datasets were normalized using the function rar-
efy_even_depth() from the R package phyloseq (1.30.0) 
[177]. Following the normalization process, samples 
whose sequence libraries did not have at least 100 reads 
were excluded. The remaining samples were subsampled 
without replacement (i.e., the same sequence was never 
reselected when subsampling) to the minimum number 
of sequences per sample within a study. RNGseed was 
set to 1 to fix the seed for reproducible random number 
generation. This normalization approach was utilized 
since 16S rRNA gene read counts can vary by five orders 
of magnitude among samples in a single study. Given this 

https://benjjneb.github.io/dada2/tutorial.html
https://benjjneb.github.io/dada2/tutorial.html
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degree of variability, normalization to the same sequence 
depth is justified and required for accurate comparisons 
of 16S rRNA gene profiles among samples [178].

Data visualization
Heatmaps illustrating the relative abundances of ASVs 
were prepared using the ComplexHeatmap R package 
(version 2.2.0) [179]. Samples were grouped by sample 
type and ASVs were ordered based on ASV mean relative 
abundances within samples.

The function vegdist() from the R package vegan (ver-
sion 2.5–6) [180] was used to create Bray-Curtis dis-
similarity matrices which were then used as the basis for 
Principal Coordinates Analysis plots that were generated 
using the pco() function from the R package ecodist (ver-
sion 2.0.7) [181]. The Bray-Curtis index was used because 
it takes into account both the composition and structure 
of 16S rRNA gene sequence bacterial profiles  [182]. The 
Lingoes method was used to correct for negative eigenval-
ues so that dissimilarity between samples could be com-
pletely explained in Euclidean space [183].

All code to produce the published figures from the raw 
data is included in the supplementary materials in an R 
markdown file available at https:// github. com/ jp589/ 
Place ntal_ Micro biota_ Reana lysis.

Statistical analysis
Homogeneity of 16S rRNA gene sequence profiles between 
placental samples and technical controls was tested using 
betadisper() from the R package vegan (version 2.5–6) [180]. 
Differences in 16S rRNA gene profile structure between pla-
cental samples by sampling level and technical controls were 
evaluated using the function pairwise.adonis() from the R 
package pairwiseAdonis (version 0.4) [184].

All code to recapitulate these analyses are included 
in an R markdown file available at https:// github. com/ 
jp589/ Place ntal_ Micro biota_ Reana lysis.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12866‑ 023‑ 02764‑6.
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