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Abstract

To explore the differences of vaginal microbes in women with preterm birth (PTB), and to construct prediction
model. We searched for articles related to vaginal microbiology in preterm women and obtained four 16S rRNA-
sequence datasets. We analyzed that for species diversity and differences, and constructed a random forest model
with 20 differential genera. We introduce an independent whole genome-sequencing (WGS) data for validation. In
addition, we collected vaginal and cervical swabs from 33 pregnant women who delivered spontaneously full-term
and preterm infants, performed WGS in our lab to further validate the model. Compared to term birth (TB) samples,
PTB women vagina were characterized by a decrease in Firmicutes, Lactobacillus, and an increase in diversity
accompanied by the colonization of pathogenic bacteria such as Gardnerella, Atopobium and Prevotella. Twenty
genus markers, including Lactobacillus, Prevotella, Streptococcus, and Gardnerella performed well in predicting PTB,
with study-to-study transfer validation and LODO validation, different gestation validation showing good results,
and in two independent cohorts (external WGS cohorts and woman samples WGS cohorts) in which the accuracy
was maintained. PTB women have unique vaginal microbiota characteristics. A predictive model of PTB was
constructed and its value validated from multiple perspectives.

Importance

This study integrates current data on the vaginal microbiome of women with preterm birth to comprehensively
investigate the unique vaginal microbiome of women with preterm birth. A preterm birth risk prediction model
based on 20 characteristic genera was constructed, and its effectiveness was verified by internal, external, and

collected whole genome sequencing data.
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Introduction

Preterm birth (PTB) is commonly defined as delivery at
less than 37 weeks of gestation and is a significant cause
of neonatal death worldwide [1], accounting for 75% of
perinatal mortality. Risk factors for PTB include infection
[2—-4], advanced maternal age, history of PTB, and mater-
nal stress [5], and may be the result of a single or multiple
risk factors combined for adverse outcomes. Although
the health status of preterm infants and pregnant women
has improved significantly with the availability of medical
technology, the disability and even death is still not neg-
ligible. The health problems are not limited to the birth
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and infancy stages, but may continue throughout the
preterm child development and all life [6, 7]. In addition,
PTB also affects the physical and psychological health of
pregnant women [8], and a poor pregnancy outcome can
have a detrimental effect on the psychological stress of
subsequent births, thus demonstrating the importance of
PTB control.

As disease research has moved from the macroscopic
to the microscopic, the existence of a correlation between
dysbiosis of the human microbial environment and dis-
ease occurrence has been widely recognized. Vaginal
microbes (VM) as a female-specific microbial commu-
nity are closely linked to the stability and health of repro-
ductive tract. The predominance of Lactobacillus often
symbolizes a healthy VM environment [9, 10], while
the decrease is associated with dysbiosis and infections
[11]. It has been revealed that elevated estrogen during
pregnancy stimulates the accumulation of glycogen in
the vaginal epithelium, which acts as a source of carbo-
hydrates to facilitate the colonization of lactobacilli and
provides a protective effect [12]. In contrast, deficiency of
Lactobacillus is associated with increased odds of short
cervix [13], and short cervical length is one of the stron-
gest predictors of spontaneous PTB [14]. The association
between reproductive tract infections and the risk of PTB
has been extensively studied in recent years. About 25%
of PTB are attributed to intrauterine infection and sub-
sequent immune response [5]. It has been demonstrated
that there is a degree of sharing of microbes between the
vagina and the uterus [15, 16]. The presence of microbes
isolated from amniotic fluid or amniotic membranes in
PTB women in the lower genital tract [17, 18] suggests
that specific VM may traveling up the genital tract to the
uterus as an infectious agent. In addition, bacterial vagi-
nosis (BV) is a risk factor of PTB [19, 20], which increases
the risk twofold. However, it is not possible to determine
that healthy women without infection are not at risk. It
is known that the VM of pregnant women differ from
those of non-pregnant women [21], and that the process
of pregnancy itself alters the microbial environment, due
to endocrine influences, suggesting that normal women
with specific microbes or specific microbial environ-
ments are also at risk of PTB.

Currently, there is no comprehensive system for pre-
dicting PTB in clinical practice and individual differences
are ignored. Reducing the incidence of PTB requires pre-
diction and interventions at earlier gestation and even in
the preparatory phase. The development of non-invasive,
low-cost, and controllable microbiological tools is neces-
sary. In addition, the correlation studies between VM and
PTB do not have good consistency [22, 23].

In this study, we integrated VM 16S rRNA-seq from
different regions, involving 337 samples from 4 stud-
ies, including 181 PTB women and 156 TB women. A
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comprehensive and multidimensional analysis of VM in
PTB women was performed. A high-precision PTB pre-
diction model was also constructed and its applicability
was tested in different gestational periods. We also col-
lected 33 whole genome sequencing (WGS) and incor-
porated a WGS data to validate the model. In addition,
co-abundance analysis and Kyoto Encyclopedia of Genes
and Genomes (KEGG) functional prediction analysis
were performed. In conclusion, the aim of this study was
to investigate the possible association between VM and
PTB and to understand the potential mechanism, with
the aim of providing some theoretical basis for the future
development of noninvasive prediction and intervention.

Method

Study participants and sampling

We performed a prospective cohort study of recruit-
ing 33 women with and without risk factors for PTB
between August 2020 and December 2020. The
study was approved by Ethics Service Committees of
Shengjing Hospital of China Medical University (EC
number:2017PS318K). All ethical guidelines for human
research were followed and participants provided written
informed consent. Inclusion criteria were women over
18 years of age and pregnant. Exclusion criteria included
women under 18 years of age, multiple pregnancy, and
sexual intercourse or antibiotic treatment within 72 h of
sampling and HIV or Hepatitis C positive status. In our
own sampling, women were recruited upon presentation
to the third trimester unit during birth surveillance clinic
(28—37*° weeks gestation). Following informed consent,
a high vaginal swab was taken using a speculum from
the posterior vaginal fornix as VM sample. The samples
delivered to the laboratory within 4 h.

DNA extraction and purification

One millilitre of sterile phosphate-buffered saline
(pH=7.4) was added to each swab followed by rigorous
vortexing for 30 s. Total DNA was extracted using the
QIAamp DNA Mini kit (QIAGEN, 51,304) and manu-
facturer’s instructions. Briefly, 1000 ul of swab material
was centrifuged to collect the precipitate, which was
suspended with 500 pl of phosphate-buffered saline, fol-
lowed by mechanical (Tissuelyser-24, Shanghai Jingxin)
physical grinding to break up the cells, and then treated
with chemical lysis solution AL 200 ul and 20 pl protein-
ase K to disrupt the pellet. DNA was eluted with 50 pl
elution buffer and DNA concentration was determined
using the Qubit High Sensitivity Kit according to the
manufacturer’s instructions, and samples were stored at
-20 °C. Finally, all samples were normalized to 100 ng.
Shotgun metagenomic sequencing Libraries of DNA
were prepared according to standard Vazyme protocols.
Briefly, DNA was sheared by heating to 37 °C for 15 min.
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Sequences tags were added and amplification occurred
for 3—4 cycles before samples were purified with AMPure
magnetic beads. DNA was quantified by Qubit dsDNA
HS assay kit. The short double-stranded DNA was then
denatured and cyclized, and finally made into nano-
spheres for on-board sequencing. A sample of sterile
water was processed in parallel with the DNA during
library preparation to act as a negative control. Libraries
were sequenced using 250 bp paired-end kit on the MGI
2000RS platform.

Public data collection

We collected data from published studies in PubMed.
gov containing public available 16S rRNA-seq data on
patients with PTB and TB. Raw sequencing data of
these studies were downloaded using Ascp (v) from
Sequence Read Archive (SRA) and European Nucleo-
tide Archive (ENA) using identifiers: PRJEB43005
[24]. PRJNA725416 [25]. PRJDB10581 [26] and
PRJNA687274 [27]. In addition, one additional cohorts
from shotgun metagenomic sequencing (PRJEB34536)
[28] was also added as independent cohorts for confirma-
tory analysis.

Data preprocessing

Clean reads were obtained from the raw sequencing data
using VSEARCH (v2.18.0) [29], as follows. The paired-
end reads were merged using default parameters. All
sequences were trimmed by using VSEARCH according
to different sequencing region. Sequences with zero mis-
matches were extracted and an error rate for the overlap
of >0.1 were discarded. After dereplicating and denois-
ing, according to the VSEARCH operational taxonomic
unit (OTU) analysis pipeline, identifying representative
sequences form unique sequences. Then, OTUs were
clustered based on 97% sequence identity. Taxonomy
classification was assigned based on the naive Bayes clas-
sifier using the VSEARCH against the rdp_16s_v16 ref-
erence sequences [30]. After removing Chloroplast from
taxonomy, the classification from phylum to genus level
was further identified on a Bayesian Lowest Common
Ancestor (LCA) method [24].

Community state type analysis

The community state types (CST) was proposed by Ravel
et al. [31] and later supplemented by Gajer et al. [32]. For
CST analysis, based on the relative abundance at spe-
cies level and genus level, using hierarchical clustering
with the Jensen-Shannon divergence and Ward linkage
to assign each sample [25]. Then, significant differences
were analyzed for different CST types in TB and PTB
groups using Kruskal-Wallis test. At the same time, the
differences of CST classification were compared in alpha
diversity index Chaol, Simpson and Shannon.
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Analysis of microbial composition and diversity

The representative sequences obtained from the OTUs
were used to calculate sparse distance matrix, then con-
struct evolutionary tree using USEARCH (v11) [33].
Alpha (Shannon-Wiener index, Simpson index and
Chaol index) and beta diversity (Bray—Curtis distance)
were calculated at minimum sequence depth with the
feature units table. Among them, alpha diversity is esti-
mated using the vegan package (v2.5-7) running in R
software v4.0.2, while beta diversity was performed using
USEARCH (v11). Subsequently, we performed principal-
coordinate analysis (PCoA) based on our Bray-Curtis
dissimilarity matrix using the amplicon package (https://
github.com/microbiota/amplicon). Finally, the significant
differences of PCol and PCo2 between different groups
were tested using wilcox test and Kruskal-Wallis test
[34].

Difference analysis between OTUs and taxonomy

The significance of differential abundance between TB
and PTB groups was tested on a single OTU using a two-
sided blocked Wilcoxon rank-sum test implemented in
the R (V4.0.2) “amplicon” package (https://github.com/
microbiota/amplicon). Differential taxon abundance
between TB and PTB groups was performed on normal-
ized abundance data at each taxonomic rank using linear
discriminant analysis (LDA) effect size (LEfSe) [35]. Sta-
tistical parameters were used with an alpha value of 0.05
for the Kruskal-Wallis/Wilcoxon tests and a threshold of
2.0.

Co-occurrence and clustering analysis

Correlation relationships between core microbes associ-
ated with PTB were determined by co-abundance net-
work analysis [36]. Taxa are represented by different node
colors, node degrees are represented by node sizes, and
correlations are represented by the width of the connect-
ing lines. Networks were generated by calculating asso-
ciations between taxa through Spearman correlations
(P<0.05, correlation coefficient>0.7, node degrees>2).
The network was visualized using Gephi (v0.9).

Model construction and features extraction

To distinguish TB from PTB, we built random forest (RF)
models based on OTUs. All the RF models were built
using the randomForest R package. And the stratified
10-fold cross-validation was used to configure training
and testing data sets. The top features from the top-per-
forming model were selected as “important features” and
the top microbial features as “biomarkers” [34]. Finally,
all the resulting probabilities served as the input for the
pROC R packages to compute the AUC values and draw
the receiver operating characteristic (ROC). In order to
validate the performance of the important features to


https://github.com/microbiota/amplicon
https://github.com/microbiota/amplicon
https://github.com/microbiota/amplicon
https://github.com/microbiota/amplicon

Li et al. BMC Pregnancy and Childbirth (2024) 24:428

differentiate TB from PTB, according to the above analy-
sis method with reference to the published methods [34],
we performed study-to-study transfer validation and
LODO validation on the entire sample.

To validate the applicability of the model, 2 WGS
cohort data were used as independent validation predic-
tion datasets. Data processing was performed using fastp
(v0.21.0) to obtain high quality data. Then MEGAHIT
(v1.2.9) was used to splice the sequences, and MetaGen-
eMark (v3.8) was used to perform gene prediction on
the spliced sequences, and the redundancy was removed
to obtain the unique gene set. Finally DIAMOND
(v0.9.32.133) was used to match to Non-Redundant Pro-
tein Sequence Database for species identification. Spe-
cies abundance was calculated using salmon (v1.4.0), and
the applicability of the random forest model was verified
based on species abundance.

Functional profile analysis

The PICRUSt2 software package (https://github.com/
picrust/picrust2) can directly predict metagenomic func-
tions based on an arbitrary OTU/ASV table. KEGG were
used to detect intergroup enrichment pathways.

Result

Samples and characteristics of the data sets

In this study, we firstly investigated public available 16S
rRNA-seq data from four studies. In total, we collected
337 samples from pregnancy women (including first
trimester: 8—13%% weeks gestation; second trimester:
14-27%° weeks gestation; third trimester: 28—42 weeks
gestation), 181 from TB subjects, and 156 samples from
PTB. Total 33 samples with WGS data from Shengjing
Hospital of China Medical University and another study
with 36 samples of WGS data from public data were
identified for verifying the predictive model for PTB.

Identification of the potential confounder in meta-analysis
Due to the differences existed among these studies in
both the technical differences and biological differences
in four studies, the heterogeneity and confounders of the
potential studies was investigated. From the remaining
337 samples, a total of 20,097,432 reads were grouped
into 1835 amplicon sequence variants (ASVs). Microbial
species contained were significant difference in individu-
als and ASVs were identified to enlighten the variances
by birth outcome. The Chaol index of alpha diversity was
significantly higher in PTB group only in study of “Japan”
and “India’ no significantly difference were found in
other two studies (Fig. 1A). The Chaol Index was high-
est in the study of “USA” among the four studies, how-
ever, the it was a little but non-significant difference
between PTB and TB cohorts. Moreover, in PTB cohort,
the Simpson’s index and the Shannon index, were higher
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than those in TB cohort, but there was no significant dif-
ference in the “USA” cohort (Fig. 1A). In addition, beta
diversity indicated PTB and TB almost overlapped and
showed insignificant distances for all samples from PTB
and TB cohort (Fig. 1B). Weighted-Unifrac distances cal-
culated by the Anosim analysis represented the analysis
of similarities. The greater differences among “studies” in
phylum level (R=0.273, P=0.001) (Fig. 1C) and in genus
level (R=0.1886, P=0.001) (Fig. 1D). Based on Bray-
Curtis Anosim analysis, the results suggested there were
significant differences between PTB and TB cohorts in
phylum level (R=0.097, P=0.001) (Fig. 1E) and in genus
level (R=0.1002, P=0.001) (Fig. 1F). R value was more
than zero means there were significant difference and the
differences were greater among studies than those within
PTB and TB groups in phylum level. The factor “study”
was demonstrated as a predominant effect on microbial
diversity in phylum level.

CST of term and PTB

More than half of the 337 samples were CST IV. Nearly
26.4% had CST III, while just 20.7% classified as CST I
and II (Fig. 2A). Because of the small proportion of
women with CST I and II, we combined these into a
single CST category for statistical analyses (referred
to as nomn-iners Lactobacillus CST). According to birth
outcome, there were no significant difference in CST IV
abundance, Lactobacillus Iners abundance and non-iners
Lactobacillus abundance (Fig. 2B). Among the individu-
als in TB, Lactobacillus Iners abundance and non-iners
Lactobacillus abundance were significantly higher than in
CST IV (P=0.041). No significant difference of CST dis-
tribution was indicated in PTB group (P=0.67) (Fig. 2C).
During the CST categories (CST I, II, III, and IV), box
plots of the alpha-diversity indicate that CST IV had
significantly higher Chaol diversity, Simpson index and
Shannon index compared to the non-iners Lactobacil-
lus CST (Fig. 2D). The results show that CST does not
enough classification for birth outcome, and we should
focus on the compositional and functional alterations to
total VM impact on PTB.

Alterations of VM composition in PTB

At the microbiota community phylum and genus level,
VM highly varied between PTB and TB cohorts. At the
phylum level, the VM was dominated by members of
Firmicutes and Proteobacteria, followed by Actinobacte-
ria and Bacteroidetes (Fig. 3A). Moreover, the dominant
phylum Fimicutes and Preteobacteria and Actinobac-
teria had significantly decreased abundance (P<0.05)
in PTB. At the genus level, results revealed Lactobacil-
lus, Enterobacter, Gardnerella, Atopobium, etc. were
the dominant genus (Fig. 3B). STAMP were used to
identify the difference and analysis the difference in
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mean proportions between both cohorts with P values.
Similarly, Fimicutes in phylum level and Lactobacillus
in genus level were significantly enriched in TB cohort
(Fig. 3C). At the genus level, Proterobacteria, Actino-
bacteria, Candidauts_Sacchribacteria and Atopobium
genus, Enterobacter genus enriched in PTB (Fig. 3D).
Furthermore, the Wilcox test revealed 42 ASVs with sig-
nificantly different abundance in the PTB (Fig. 3E). To

further investigate the variation of VM in PTB, we per-
formed LEfSe analysis based on the species annotation
results. Proteobacteria, Enterobacter, Actinobacteria and
19 other genera were enriched in PTB (Fig. 3F).

Microbial classification models for PTB
A robust RF model was constructed with a core set
of important features, including 20 core differential
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microbial genera such as Lactobacillus, Prevotella, Strep-
tococcus, Gardnerella and Atopobium as biomarkers. The
model achieved an AUC of 0.88 for distinguishing PTB
from TB (Fig. 4A). To test the generalizability and robust-
ness of the identified significant features, we conducted
study-to-study transfer validation and LODO validation
for all vaginal samples. In the TB versus PTB model, the
AUC for the study-to-study transfer validation ranged
from 0.52 to 0.98 with a mean of 0.697 (Fig. 4B). The
AUC for the LODO analysis ranged from 0.60 to 0.67
(mean AUC=0.63).

Moreover, we further investigated the capability to dis-
tinguish PTB from TB in different pregenancy weeks. We
also used the 20 characteristic genera screened as the
final variables for model prediction and calculated the
AUC for different gestational periods. We found that the
model in different gestational stages also showed good
values, with AUC of 0.726, 0.889, 0.903 for each trimes-
ters, respectively (Fig. 4C).

In order to validate the applicability of the model under
different sequencing methods, we first introduce a pub-
lished external WGS data. WGS data input is based on
an RF model constructed at the genus level (20 genera as
biomarkers) with an output AUC of 0.738 (Fig. 4D). In

addition, we entered the sequencing data collected from
33 subjects into the RF model with an output AUC of
0.638 (Fig. 4E).

PTB women have unique VM co-abundance network

We constructed a network of significantly co-occurring
(r>0.7, P<0.05) bacterial families in both groups using
Spearman correlation test. We observed that the majority
of bacteria in the network belonged to Firmicutes, Acti-
nobacteria and Proteobacteria (Fig. 5A). It can be seen
that the network complexity was higher in both TB sam-
ples than PTB samples (Fig. 5B). In addition, in the PTB
group, we found Prevotella, Gardnerella, and Atopobium

as the main hubs and with stronger interactions than in
TB.

Analysis of functional VM pathways in PTB women

We predicted 165 unique level 3 KEGG Oryhology (KO)
pathways in the PTB group versus the TB group vaginal
microbiome, of which 79 showed significant intergroup
differences. Among them, ko00860, ko01051, ko00780
etc. were enriched in PTB group while ko00121, ko00052,
ko00473, etc. were enriched with TB (Fig. 6).
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Fig. 3 The structure ananlysis of the microbial community between pre-term birth group and full term birt group. (A) Cycle graphs of microbial abun-
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group and those enriched in the full term birth

Discussion

PTB is an important cause of neonatal death, and a non-
invasive and accurate early prediction method is urgently
needed to reduce the incidence. Based on this, we inte-
grated the VM 16S rRNA-seq data from four different
regions of women, explored VM differences, and con-
structed a robust PTB risk prediction model.

The results of our analysis showed that PTB women
have a unique VM profile. In order to exclude the influ-
ence of CST on the results, we analyzed data at the
CST level. The results showed no significant correlation
between CST and PTB rates, indicating that the differ-
ent CST of women in the four studies had no significant
effect on the results. However, this is contrary to the
results of some of the current studies [37, 38]. Anne and
colleagues found that vaginal CST III or IV was associ-
ated with an increased risk of PTB in a African American
women study [25]. In the same year, a similar conjecture
was made and a positive association between CST IV and
PTB was successfully confirmed by researchers [38]. We

speculate that the reason for the difference may be due
to differences in sample source, size, or a combination
of multiple factors. A recent study by Johanna and col-
leagues may explain some of the differences. The metage-
nomic community state types they developed make up
for the shortcomings of current classification methods
in capturing functional information, and their definition
of metagenomic subspecies can analyze the composi-
tion of vaginal microbiome in a higher dimension, which
is missing in our results [39]. In general, the dominance
of Firmicutes and Lactobacillus decreased in PTB, while
Proteobacteria, Actinobacteria, Bacteroidetes, etc. were
significantly enriched.

Alterations in the abundance of signature microbes
potentially trigger PTB. The decrease in the abundance
of Firmicutes, Lactobacillus, is an important sign of dys-
biosis in the vaginal environment and is present in almost
all gynecological classes of diseases [40—42]. Lactobacil-
lus has an irreplaceable role in the vagina, it ensures the
acidic environment of the vagina. Intrauterine infections
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and inflammatory diseases are risk factors for PTB [5],
and the decrease in the dominance of Lactobacilli in the
vagina during pregnancy may accelerate the invasion and
upward movement of pathogens [43, 44]. In addition, the
role of Lactobacilli in immunity cannot be ignored, as
immune interference by high-risk bacteria may affect the
normal immune function of women during pregnancy,
with adverse consequences [45]. Furthermore, the cor-
relation between Lactobacilli and gynecological diseases
such as BV and HPV infections requires extra caution in
the treatment of pregnant women [46], and the impact of
the fetus should be taken into account. In general, abun-
dant vaginal Lactobacilli in healthy pregnant women
may protect the cervicovaginal epithelial barrier, inhibit

pathogenic invasion, and modulate the immune response,
reducing the incidence of PTB, whereas dysbiosis has
the opposite effect. Increased abundance of Bacteroide-
tes was also strongly associated with PTB. Yang-Ah and
colleagues detected communities characterized mainly
by Bacteroidetes and L. crispatus in a Korean study only
in women with PTB [47], and enrichment of Bacteroide-
tes was present in patients with premature rupture of
membranes. In addition, enrichment of gut Bacteroidetes
was also positively correlated with PTB and detected in
the gut of preterm infants [48], amniotic fluid microbes
could be its potential source. Interestingly, Enterobacter
is not a common vaginal bacterium, but is highly rep-
resented in both PTB and TB groups, especially in the
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“Indian” cohort. Enterobacter is widespread in nature and
its members include commensal gut bacteria (Entero-
bacter cloacae), conditionally pathogenic bacteria and
pathogenic bacteria [49]. The presence and increased of
Enterobacter in the vagina generally represents a dys-
biosis and is closely related to clinical infections [50].
We speculate that long-term regular checkups in preg-
nant women may have contributed to the colonization
of Enterobacter. The poor health care environment in
India compared to other regions may have contributed to
the high percentage of Enterobacter. In addition, a study
found that an increase in Enterobacter in women with
premature rupture of membranes was positively corre-
lated with downregulation of glycolytic metabolites [51],
which has the potential value. Moreover, a study found
that Enterobacter abundance was negatively correlated
with gestational age in fetal fecal and may be involved in
the inflammatory response that triggers PTB [52]. The
potential origin of Enterobacter in feces is amniotic fluid
swallowing, and the relationship with maternal VM is
self-evident. In conclusion, we suggest that the uncon-
ventional composition of VM is a potential risk factor for
PTB, and that the immune response to infection caused
by pathogenic microbes traveling up the vagina to the
amniotic membrane and amniotic fluid may be the most
important pathway.

The AUC of the RF model we constructed was 0.877.
The biomarkers were extremely similar to the results of
Sunwha Park et al. [23], but our AUC was greater. Not
only that, the multiperspective model validation, is our
relative advantage. The use of microbes can circumvent
the disadvantages of current screening methods, and its
non-invasive and low cost are its greatest advantages. In
addition, future prospective studies using microbial to
predict may even advance PTB screening to the prepa-
ration stage, which may have an unexpected effect on
reducing the incidence worldwide.

We found a unique microbial co-abundance network in
PTB women. In addition, the key hubs in the PTB net-
work also present in the PTB prediction model. We can
find that the key hubs (Gardnerella, Prevotella, Atopo-
bium, etc.) are closely related to BV [53], and the associa-
tion between BV and adverse pregnancy outcomes such
as PTB [46], miscarriage [54], and premature rupture of
membranes [55] has been reported in articles as early
as around the 1980s [56]. An experiment in a pregnant
mouse model by Luz-Jeannette and colleagues found that
vaginal colonization by G. vaginalis may induce cervical
remodeling and thus PTB by causing local inflamma-
tion and inducing an immune response in pregnant mice
[57], which may be one of the mechanisms by which BV-
associated bacteria induce PTB. A cellular assay showed
that Sneathia induced upregulation of the secretion of
pro-inflammatory cytokines IL-la, IL-1p and IL-8 in
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human vaginal epithelial cells, altering the immune meta-
bolic profile and causing local inflammation and tissue
damage [58], further demonstrating the harmfulness of
BV-associated bacteria. In addition, Gardnerella is also
associated with a short cervix [13, 59], possibly related
to the regulation of human milk oligosaccharides, and
the enrichment of Prevotella, Atopobium in PTB has also
been demonstrated [60, 61].

Based on 16S rRNA-seq, PICRUSt was used to infer
bacterial community function. The results reveal that
changes in VM may lead to significant changes in gene
function expression and that these changes may be fac-
tors that induce PTB development. We found bacterial
chemotaxis was enriched in PTB. Bacterial chemotaxis
is defined as the direct movement of bacteria to environ-
mental conditions and is widely distributed among vari-
ous pathogenic bacteria that cause host infections [62],
may be one of the reasons and mechanisms of the rising
movement of pathogenic bacteria.

The advantage of this study is that the VM data of PTB
women from different regions were pooled for analysis,
the sample size was large. Most of the existing PTB pre-
diction models are limited to the model construction, we
validated the model by sampled WGS and an external
WGS cohorts to ensure the validity and robustness.

This study is not without limits. 16S rRNA-seq analysis
methods cannot be accurately annotated to the species,
which may have some bias in the bacterial change and
model construction. Some studies have shown that there
are “PTB-inducing bacteria” in the members of Lactoba-
cillus [24]. The elevated L. iners may be associated with a
short cervix and was found to coexist at a high rate with
G. vaginalis. In addition, the potential to discover VM
presented in vaginal tract is associated with PTB is lim-
ited by the relationship between PTB and neonatal infec-
tion. Although the newborns were mainly affected and
may suffer from neonatal infection, the model was only
identified to predict PTB, not for neonatal infection. PTB
is a syndrome involving multiple pathological processes,
a thorough investigation of the predisposing conditions
requires a cross-section of disciplines, the collection of
larger and more representative samples, and a focus on
individualized differences. Nevertheless, our study pro-
vides favorable evidence that VM influence PTB, consoli-
dates the current consensus, extends the membership of
‘risk microbes, and serves as a useful recommendation
for the future noninvasive prediction. Future research
should focus on mechanism and investigate how external
microorganisms travel up the reproductive tract to the
uterus; conduct VM environmental monitoring at an ear-
lier stage and artificially intervene in the dysbiosis vaginal
flora of women with pregnancy preparation; and focus on
individualized monitoring interventions for more effec-
tive clinical application.



Li et al. BMC Pregnancy and Childbirth (2024) 24:428

In conclusion, the results of this meta-analysis reveal
a potential induction of PTB by VM dysbiosis, as evi-
denced by a decrease in the dominance of lactobacilli and
an increase in the colonization and prevalence of patho-
genic bacteria, but CST in women had little effect. The
potential mechanisms may be related to the pathogenic
microbes or non-conventional VM composition causing
local inflammation, resulting in damage to the protective
vaginal barrier, and the upstream movement of microbes
to the uterus. Finally, we constructed a PTB prediction
model based on 20 differentially characterized genera,
which has a high diagnostic value.
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