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Recurrent spontaneous abortion (RSA) is a complex multifactorial disease.
Recently, the microbiota of the female reproductive tract, as an emerging factor in RSA,
has gradually attracted the attention of many clinical researchers. Here, we reported that
the microbiota of the lower and upper female reproductive tracts from patients with RSA
showed no signiﬁcant differences in alpha diversity compared to that of controls. Beta diversity was signiﬁcantly higher in the RSA group than in the control group in the vaginal
microbiota (P = 0.036), cervical microbiota (P = 0.010) and microbiota from uterine lavage
ﬂuid (P = 0.001). In addition, dramatic decreases in gamma interferon and interleukin-6
cytokine levels were observed in the RSA group. In conclusion, our data suggested altered
microbial biodiversity in the vagina, cervix and uterine lavage ﬂuid in the RSA group.
Alterations in the microbiota in the uterine cavity could be associated with altered cytokine
levels, which might be a risk factor for RSA pathogenesis. Moreover, the microbiota composition differed markedly from the lower genital tract to the uterine cavity, and the microbiota in the uterine cavity also distinctly varied between endometrial tissue and uterine lavage ﬂuid in the RSA group. Hence, sampling with these two methods simultaneously
allowed a more comprehensive perspective of microbial colonization in the uterine cavity.

IMPORTANCE As an obstacle to pregnancy, recurrent spontaneous abortion (RSA) can be
caused by a variety of factors, and a current understanding of the etiology of RSA is still
lacking; half of cases have an unknown cause. A substantial fraction of patients show no
improvement after treatment. Since the microbiota of the female reproductive tract has
been proposed as an emerging factor in RSA patients, further investigation is needed to
provide guidance for clinical therapy. In general, this is the ﬁrst report describing the distinct alterations of the vaginal, cervical, and uterine microbiota in RSA, not just that in the
vagina. Furthermore, another major strength of this study derived from the further indepth investigation and analysis of the characteristics of the microbiota colonizing the
upper female genital tract in RSA, which provided a more comprehensive view for investigating the uterine microbiota.
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T

he deﬁnition of recurrent spontaneous abortion (RSA) mostly refers to two or more
consecutive miscarriages before 20 weeks, and 1–3% of childbearing women suffer
from this situation (1). An obstacle to pregnancy, RSA can be caused by a variety of
May/June 2022 Volume 10 Issue 3

Received 5 February 2022
Accepted 28 March 2022
Published 23 May 2022

10.1128/spectrum.00462-22

1

Downloaded from https://journals.asm.org/journal/spectrum on 26 August 2022 by 58.48.224.187.

ABSTRACT

Microbiology Spectrum

factors, including genetics, uterine anomalies, autoimmune diseases, and infection (2).
However, the current understanding of the etiology of RSA is still lacking, and half of
the cases have unknown causes (3). Although preimplantation genetic testing in
assisted reproduction technology can reduce the abortion rate of RSA, a substantial
fraction of patients show no improvement (4). Therefore, it is imperative to further
investigate the potential etiologies and treatment strategies. With rapid advances in
sequencing technologies, a growing number of microorganisms colonizing the female
genital tract can be discovered and recognized (5). Evidence suggests that the compositions and proportions of the microbiota throughout the female genital tract have important implications for fertility (6, 7). A healthy microbiota in the vagina dominated by
Lactobacillus can prevent infection, and a decrease in its abundance might be associated with infertility and adverse pregnancy outcomes in in vitro fertilization (IVF), with
undeﬁned mechanisms (6, 8). The endometrial microbiota has a complex and diverse
composition, and its imbalance is closely related to infertility and the embryo implantation process (6, 9). The characteristics of the microbiota harbored in vaginal secretions
in RSA have been revealed in several studies. Studies have demonstrated that two genera (Atopobium and Prevotella) exhibited signiﬁcantly greater abundance, along with
higher expression of CCL2/CCL8/CCL3/CCL4/CCL5, in RSA patients (10–13). However,
the abundance of Gardnerella in RSA patients remains controversial (10, 13). A recent
study indicated that eight additional taxa were detected in endometrial ﬂuid but not
in endometrial tissue. In total, 20-two taxa showed markedly different abundances
between ﬂuid and tissue samples in patients with recurrent miscarriage (14). However,
most studies focus on the impact of the vaginal microbiota (VM) due to methodological limitations of sampling, and less attention has been given to the cervical and uterine microbiota in RSA patients. There remains a lack of systematic and complete
research on the alterations in and role of the microbiota in the lower and upper female
reproductive tracts of RSA patients. Moreover, imbalanced expression of Th1/Th2/Th17
cytokines and signiﬁcant elevation of interferon (IFN)-g, tumor necrosis factor (TNF)-a,
interleukin (IL)-6, and IL-17A levels in Chlamydia trachomatis (Ct)-positive recurrent
miscarriage patients have been observed (15). Hence, the alterations in the vagina, cervix, and uterine microbiota in RSA patients and whether these alterations in the uterine
cavity lead to a subsequent change in cytokine levels remain to be fully elucidated. In
this study, the composition and diversity of the vaginal, cervical, and uterine microbial
communities in patients with RSA were systematically analyzed, and Th1/Th2/Th17
cytokine levels in the uterine cavity were also measured to further determine the
potential etiology of RSA.
RESULTS
Clinical information of the included patients. To obtain a comprehensive view of
microbiota alterations in RSA patients, samples of 25 RSA and 25 control patients were
included for analysis. The basic clinical information of the included patients in this study
was analyzed and is shown in Table 1. There were no differences in age, BMI, menstrual
cycle, or basal sex hormone levels between the groups, which indicated that these two
sets of clinical data were basically matched in this study. Of note, there was a signiﬁcant
difference in the proportion of patients with chronic endometritis between these two
groups. pH tests of vaginal secretions (Figure S4a in the supplemental material) and cervical canal secretions (Figure S4b in the supplemental material) via pH meter, and uterine
lavage ﬂuid via pH test strips (Figure S4c) showed no signiﬁcant differences in the control
and RSA groups.
Comparison of the diversity and composition of the microbiota between the
RSA and control groups. Six uterine cavity samples were excluded due to DNA extraction issues. In total, 194 samples were analyzed by 16S rRNA gene sequencing (Fig. 1).
A total of 13,888,867 usable reads were obtained and analyzed, and a total of 21,545
OTUs were delineated at a 97% similarity level. Alpha diversity analysis was applied to
assess the richness, diversity, and evenness of the microbiota within the different environments. All comparisons of different samples in the RSA and control groups did not
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TABLE 1 Clinical characteristics of enrolled patients whose samples were collected and
further processed for microbiota sequencinga
Variables
Basic information
Age (yrs)
BMI (kg/m2)
Menstrual cycle

RSA (n = 25)

CON (n = 25)

P value

32.56 6 3.50
22.19 6 3.49
28.34 6 2.85

31.60 6 3.49
21.46 6 2.93
29.44 6 2.51

0.336
0.429
0.154

Basal sex hormone level
FSH (mIU/mL)
LH (mIU/mL)
P (nmol/L)
E2 (pmol/L）
AMH (ng/mL）
Chronic endometritis

4.17 6 3.50
4.00 6 3.29
29.40 6 13.72
484.75 6 346.62
3.34 6 2.17
13 (52.0%)

4.10 6 3.85
4.09 6 2.97
29.80 6 16.94
369.40 6 194.10
3.07 6 1.65
6 (24.0%)

0.947
0.922
0.927
0.155
0.638
0.041*

aBMI:

detect any signiﬁcant difference in the Chao1 or Shannon index (Fig. 2a, d, g, and j).
The rarefaction curves of the sequenced samples tended to a constant level, which
suggested that sufﬁcient sequencing depth was obtained (Fig. S1 in the supplemental
material).
Comparison of the vaginal microbiota (VM) between the RSA and control groups.
Principal coordinate analysis (PCoA) was used to determine the trends of variation in
the microbiota between the two groups via dimensionality reduction, and each dot
distributed within the ﬁgure represents a single sample. Slight separation of these two
groups in the VM was observed, and PCo1 and PCo2 accounted for 43.4% and 10.1%
of the variation, respectively (Fig. 2b). To determine the signiﬁcance of the distribution
of differences between groups of samples, permutational multivariate analysis of variance (PERMANOVA) based on Bray–Curtis dissimilarity was used. A signiﬁcantly higher
beta diversity of the VM in the case group than in the control group (P = 0.036) was
demonstrated (Fig. 2c). The taxonomic composition of the microbiota was investigated
at the phylum and genus levels in the different sample communities, and the average

FIG 1 Schematic illustration of the study design.
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FIG 2 Comparison of the alpha and beta diversity of the microbiota in the vagina, cervix and uterine cavity between the RSA and control groups. Alpha
diversity including Chao 1 and Shannon index (a, d, g, j) of different samples in the two groups. PCoA plots (b, e, h, k) from the control and RSA groups.
Each point in PCoA plots represents one sample. Beta diversity based on Bray–Curtis metrics of the control and RSA groups (e, f, i, l). The upper and lower
lines of the box represent the upper and lower interquartile range (IQR); horizontal lines represent the medians; upper and lower edges, maximum and
minimum (extremum within 1.5 times IQR range); points on the outside of the upper and lower edges represent outliers. P values were determined by a
two-tailed Mann–Whitney U test. Data are presented as medians with IQRs.
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relative abundances of the corresponding bacterial taxa were compared. For the VM at
the phylum level, Firmicutes (92.15% 6 22.49% versus 94.03% 6 18.99%, P = 0.367)
was the dominant phylum in both groups. Actinobacteria (6.99% 6 22.22% versus
4.29% 6 17.18%, P = 0.528), the second dominant phylum in the vagina, was slightly
decreased in abundance in the RSA group (Fig. 3a and Table S1). Lactobacillus (92.06% 6
22.49% versus 91.28% 6 27.12%, P = 0.421) was the dominant genus in the vagina in both
groups. Compared with those in the RSA group at the genus level, two bacterial taxa,
Biﬁdobacterium and Gardnerella spp., showed a higher relative abundance in the control
group, but the difference was not signiﬁcant (Fig. 3b and Table S2 in the supplemental
material).
Comparison of the cervical microbiota (CaM) between the RSA and control
groups. Moderate separation of these two groups in the CaM was observed. PCo1 and
PCo2 accounted for 34.9% and 14.1% of the variation, respectively (Fig. 2e). The result
in Fig. 2f also demonstrated a signiﬁcantly higher beta diversity of the CaM in the case
group than in the control group (P = 0.010). Similar to the VM, Firmicutes and
Actinobacteria were also the top two most important phyla in the CaM in both groups.
Both Firmicutes (74.18% 6 30.35% versus 64.42% 6 32.31%, P = 0.265) and
Actinobacteria (5.96% 6 15.67% versus 3.37% 6 6.85%, P = 0.528) showed higher relative abundances in the control group, while Proteobacteria (2.67% 6 3.91% versus
6.60% 6 7.31%, P = 0.051) showed a higher relative abundance in the RSA group.
Bacteroidetes (0.54% 6 1.22% versus 2.00% 6 4.81%, P = 0.011) and Crenarchaeota
(0% 6 0.01% versus 0.04% 6 0.09%, P = 0.010) showed distinctly higher abundances
in the RSA group (Fig. 3c and Table S1 in the supplemental material). Similar to the VM
at the genus level, Lactobacillus, Biﬁdobacterium, and Gardnerella spp. also showed
higher relative abundances in the control group, but the differences were not signiﬁcant, while the rest of the other bacterial taxa, including Cutibacterium (0.59% 6 0.78%
versus 0.95% 6 1.01%, P = 0.045), Atopobium (0.04% 6 0.22% versus 0.76% 6 3.77%,
P = 0.007), and Staphylococcus spp. (0.14% 6 0.35% versus 0.30% 6 0.60%, P = 0.043),
showed a signiﬁcant tendency toward increasing abundance in the RSA group (Fig. 3d
and Table S2).
Comparison of the uterine microbiota between the RSA and control groups.
While the microbiota of endometrial tissue (EnM) highly overlapped, signiﬁcant separation of the PCoA results for the microbiota of uterine lavage ﬂuid (UfM) was found
between the RSA and control groups (Fig. 2h and k). The beta diversity results further
suggested that only the UfM showed remarkable differences between the case group
and the control group (P = 0.001), but no statistically signiﬁcant changes in the EnM
were observed (P = 0.133) (Fig. 2i and l). For the EnM, Proteobacteria (4.61% 6 3.86%
versus 6.97% 6 14.52%, P = 0.782) became the predominant phylum in the RSA
patients, while Firmicutes (6.51% 6 10.48 versus 4.05% 6 4.46%, P = 0.610) still played
a dominant role in the control group (Fig. 3e and g, Table S1). Lactobacillus spp. still
represented the major constituent but with a remarkable decrease in abundance in
the uterine cavity, and the uterine cavity gradually turned into a multimicrobial environment. Proteobacteria was a large phylum including Acinetobacter, Hydrogenophilus,
Schlegelella, Serratia, Delftia, and so on. Instead of Lactobacillus, Acinetobacter spp.
(3.11% 6 13.68% versus 0.24% 6 0.27%, P = 0.663) belonging to the Proteobacteria
became the predominant genus in RSA group (Fig. 3f and Table S2 in the supplemental
material). Lactobacillus spp. (4.08% 6 10.06% versus 2.51% 6 4.00%, P = 0.882) in the
EnM showed a tendency toward lower abundance in the RSA group (Fig. 3f and
Table S2). For the UfM, Firmicutes (11.55% 6 16.83% versus 18.87% 6 19.14%,
P = 0.131) and Proteobacteria (6.95% 6 5.52% versus 16.84% 6 16.89%, P = 0.007)
showed higher abundances in the RSA group (Fig. 3h and Table S1). Lactobacillus spp.
(8.65% 6 16.83% versus 7.80% 6 13.39%, P = 0.670) in the UfM also showed a tendency toward lower abundance in the RSA group (Figure S3i and S3k). Four genera,
Anaerobacillus (0% 6 0% versus 1.56% 6 5.79%, P = 0.011), Erysipelothrix (0% 6 0.01%
versus 1.00% 6 2.67%, P = 0.011), Bacillus (0.76% 6 0.94 versus 0.25% 6 0.39, P = 0.012),
and Hydrogenophilus spp. (0.41% 6 0.46% versus 0.48% 6 0.96%, P = 0.032), showed
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FIG 3 Taxonomic classiﬁcation of the vaginal, cervical and uterine microbiota at the phylum and genus levels from the control and RSA groups.
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signiﬁcantly different abundances in the UfM, while nonsigniﬁcant differences were
observed in the EnM between the RSA and control groups (Fig. 3e to h, Tables S1 and S2).
Functional annotation of the bacterial communities in the RSA and control
groups. As shown in Fig. 4, microbial functions in the vagina, cervix and uterine cavity
were predicted by Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt), and the metabolic pathways with signiﬁcant differences
between groups were determined by Kyoto Encyclopedia of Genes and Genomes (KEGG).
Functional divergence analysis revealed two pathways in the VM (mRNA surveillance
pathway and basal transcription factors), one pathway in the CaM (isoﬂavonoid biosynthesis), two pathways in the EnM (phenylpropanoid biosynthesis and dorsoventral axis
formation), and 11 pathways in the UfM (e.g., dorsoventral axis formation, pathogenic
Escherichia coli infection and Wnt signaling pathway) with signiﬁcant differences.
Correlations among and alterations in the microbiota from the vagina, cervix
and uterine cavity. The alpha diversity was signiﬁcantly increased along the lower to
upper female reproductive tract, as the richness and diversity increased in both
groups (Figure S2a, b, e, and f in the supplemental material). PCoA and beta diversity
analysis also showed distinct differences between the microbiota in the lower and
upper female reproductive tracts in both groups (Figure S2c, d, g, and h, Table S3).
Based on the results in Figure S2i and l, the relative abundances of Lactobacillus,
Biﬁdobacterium, Atopobium and Gardnerella spp. showed a sharply decreasing trend,
while other bacterial taxa, such as Bacillus, Schlegelella, Anaerobacillus, Erysipelothrix,
Halomonas, etc., showed an opposite trend from the lower genital tract to the upper
genital tract in both groups. A total of 215 common OTUs in the control group and
208 common OTUs in the RSA group were also found in different samples along the
female genital tract (Figure S2j and m). Network analysis was performed to ﬁnd the
inherent patterns of co-currence or co-exclusion of speciﬁc microbial communities
driven by spatiotemporal changes and environmental processes. The microbiota in
the control group displayed a more complex network than the RSA group but most
nodes showed positive correlations along the female reproductive tract in both
groups (Figure S2k and n).
Comparison of the microbiota between the two types of uterine samples. To
investigate the differences in microbial signatures between the two types of uterine
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samples, further analysis of the uterine microbiota in the RSA and control groups was
performed. The Chao1 and Shannon indices of the EnM and UfM showed no statistically signiﬁcant differences in the control and RSA groups, respectively (Figure S3a and
S3d in the supplemental material). Regarding beta diversity, PCoA showed that in the
control group, the EnM and UfM samples highly overlapped, and PERMANOVA based
on Bray–Curtis dissimilarity showed no distinct difference in the comparison of the
EnM and UfM (P = 0.281) (Fig. S3b and c). However, a different comparison result was
shown in the case of the RSA group. PCoA of the RSA group suggested that the UfM
and EnM samples were scattered in a relatively greater fashion (Figure S3e). As shown
in Figure S3f, a signiﬁcant difference between the EnM and UfM in the RSA group was
found (P = 0.001). The overlapping area shown in the Venn diagram indicates the common OTUs between the corresponding groups. There were 3767 and 3446 common
OTUs between the 2 groups of samples in the control and RSA groups, respectively
(Fig. S3g and j).
Lactobacillus spp. could be found in the uterine cavity with low relative abundance
(,10%). In the control group, the relative abundances of Lactobacillus (4.08% 6 10.06%
versus 8.65% 6 16.83%, P = 0.017), Acinetobacter (0.24% 6 0.27% versus 0.63% 6 0.73%,
P = 0.020), and Vibrio spp. (0.03% 6 0.05% versus 0.31% 6 0.65%, P = 0.032) in the EnM
were signiﬁcantly lower than those in the UfM (Figure S3h and i in the supplemental material). In the RSA group, the relative abundances of Lactobacillus (2.51% 6 4.00% versus
7.80% 6 13.39%, P = 0.016), Acinetobacter (3.11% 6 13.68% versus 3.91% 6 15.79%,
P = 0.044), Cutibacterium (0.91% 6 0.54% versus 2.28% 6 2.68%, P = 0.043), Bacteroides
(0.09% 6 0.15% versus 1.01% 6 3.02%, P = 0.023), Halomonas (0.12% 6 0.19% versus
0.75% 6 1.87%, P = 0.005), and Muribaculaceae spp. (0.10% 6 0.14% versus 0.71% 6
1.46%, P = 0.042) in the EnM were signiﬁcantly higher than those in the UfM (Figure S3k
and l).
As shown in Figure S3m and n in the supplemental material, the relative abundances
of microbiota constituents from the kingdom to genus level with signiﬁcant differences
between groups were described by the logarithmic scores of the linear discriminant analysis (LDA). Different uterine cavity samples displayed with different expression of bacterial
taxa. At the genus level, 8 types of differentially abundant genera in the UfM (e.g.,
Nesterenkonia, Lactobacillus, Acinetobacter, Vibrio spp. and so on) and 2 genera
(Sphingobacterium and Magnetovibrio spp.) in the EnM with an LDA score .2 were found
in the control group (Figure S3m in the supplemental material). Highly abundant bacterial
taxa with an LDA score .2 in the RSA group included 13 genera (RB41, Weissella,
Bacteroides, Cutibacterium, Acinetobacter spp. and so on) in the UfM and 3 genera
(Saccharopolyspora, Ruminiclostridium, and Tepidimonas spp.) in the EnM.
Measurement of human Th1/Th2/Th17 cytokine levels. Nine patients for each
group were included to investigate alterations in human inﬂammatory cytokine levels
in uterine lavage ﬂuid. Statistical analysis of the clinical information of the included
patients showed no differences between the two groups (Table S4 in the supplemental
material). Human Th1/Th2/Th17 cytokines, including IL-17A, IFN-g, TNF, IL-10, IL-6, IL-4,
and IL-2, in uterine lavage ﬂuid were quantiﬁed and analyzed. As shown in Fig. 5a, the
expression levels of IFN-g and IL-6 in the RSA group were signiﬁcantly lower than those
in the control group (P = 0.013 and P = 0.038, respectively). Spearman’s correlation
analysis between the top 15 most abundant bacterial taxa in the UfM and human Th1/
Th2/Th17 cytokines in uterine lavage ﬂuid were performed. Statistically signiﬁcant correlations between Aliihoeﬂea and IL-17A, Acinetobacter and IFN-g, Serratia and TNF, and
Staphylococcus and Serratia and IL-6 were found (Fig. 5b).
DISCUSSION
This study was the ﬁrst attempt to systematically characterize microbial dysbiosis in
both the lower and upper reproductive tracts in RSA patients. Alterations in microbial
biodiversity in the vagina, cervix and uterine lavage ﬂuid were found in RSA patients.
The microbiota composition differed markedly from the lower genital tract to the
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FIG 5 Expression of IL-17A, IFN-g, TNF, IL-10, IL-6, IL-4 and IL-2 in uterine lavage ﬂuid and its relationship with the microbiota from uterine lavage ﬂuid.
Spearman’s correlation analysis among the 15 most abundant bacterial genera in UfM and the cytokine level; only results with signiﬁcant differences are
shown. Data are presented as medians with IQRs (a) and (b). In c, summary results of the alterations of the microbiota within the female reproductive tract
in RSA patients.

uterine cavity, and the microbiota in the uterine cavity also distinctly varied between
endometrial tissue and uterine lavage ﬂuid in the RSA group. Furthermore, alterations
in the microbiota in the uterine cavity could be associated with altered cytokine levels,
which might be a risk factor for RSA pathogenesis. However, this is only a preliminary
study; validation of the ﬁndings with a larger sample size of patients and investigation
of the underlying mechanism are in need of further research.
RSA, as a clinical challenge with largely unknown factors, has imposed heavy psychiatric and ﬁnancial burdens on families and society (1). Despite advancements in the
understanding of its etiologies, clinical treatment does not always yield substantial
improvement due to rising incidence rate and complex etiopathogenesis of RSA (11). A
moderate amount of evidence suggests that chronic endometritis is associated with
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the occurrence of RSA and that chronic endometritis treatment can improve the pregnancy outcomes of RSA (16–18). Since chronic endometritis is commonly caused by
infection (19), it is particularly important to subsequently investigate the microbes along
the female genital tract, especially the upper female genital tract, in RSA. Research on the
microbiota in the female reproductive tract has been conducted for a long time, but
many of the relationships with the occurrence of diseases are unknown. In recent years,
many studies on the VM in RSA have been successively published (4, 11–13), but relevant
studies on the microbiota of the upper female genital tract are scarce.
To further clarify the speciﬁc differences in the microﬂora along the female reproductive tract between the RSA and control groups, the diversity and compositions at
the genus level were determined in this study. In contrast to previous results (12, 13),
our data showed that the VM in the RSA group did not exhibit signiﬁcant differences
in alpha diversity in this study but showed a signiﬁcant alteration in beta diversity. For
the VM at the genus level, no signiﬁcant difference between these two groups was
detected, but the beneﬁcial microorganisms Biﬁdobacterium spp. showed a tendency
toward decreasing abundance in the RSA group, while the abundance of Atopobium
spp. increased in the RSA group. Biﬁdobacterium strains with a long history as probiotics have been demonstrated to have markedly higher abundance in healthy women
(20). Consistent with a previous study (12), Gardnerella spp. in our study also showed
higher abundance in the control group. The imbalance of bacterial vaginitis-related
microbes, including Gardnerella and Atopobium spp., has been reported in RSA patients
and can result in elevated peripheral and uterine natural killer cell counts (10–12). The
same trend was also seen in the CaM, which exhibited a signiﬁcant shift in beta diversity. For the CaM, a trend toward decreasing abundance of Lactobacillus in the RSA group
was found. Lactobacillus is the dominant genus in the vagina and cervix in healthy
women, and its reduced abundance may cause an infection state and be related to infertility (8). Similar to those in the VM, Atopobium spp. in the cervix also showed a signiﬁcant
increase in abundance in the RSA group, which further demonstrated their possible pathogenicity in the occurrence of RSA. Two other genera, Cutibacterium and Staphylococcus
spp., have been previously discovered in the placenta and were considered a potential
core microbe in the uterine cavity (21, 22). A signiﬁcant difference of pH value in the control and RSA groups was not detectable, probably because of the status of asymptomatic
microecological disorder in the patients enrolled. This assumption was made because the
patients with acute genital tract inﬂammation, such as bacterial vaginosis and vulvovaginal candidiasis, or human papillomavirus infection were excluded in this study.
Distinct bacterial community structures were observed in the uterine cavity in the RSA
group. No dominant bacteria were found in either group, and a multimicrobial system in
the uterine cavity was further conﬁrmed in this study. In this study, only the UfM was
found to exhibit signiﬁcant beta diversity, while the EnM did not differ markedly between
the control and RSA groups. Upon comparison of the UfM between the RSA and control
groups, several bacterial taxa with signiﬁcantly higher relative abundances in RSA group
were found, including Anaerobacillus, Erysipelothrix, and Hydrogenophilus spp. Consistent
with previous ﬁndings, Anaerobacillus spp. was also found to have a distinctly higher
abundance in endometrial tissue that was CD138 positive (23). Since the proportion rate
of chronic endometritis in the RSA group was signiﬁcantly higher than that in the control
group, an increased abundance of Anaerobacillus spp. was entirely plausible in this study.
Erysipelothrix spp. have also been isolated from the uterus and placenta in animals, but
they are mostly considered a primary or opportunistic pathogen (24). Hydrogenophilus
spp., as thermophilic aerobic betaproteobacteria, are commonly found in geothermal
environments (25). Consistent with a previous study (9), our study also indicated that pH
results of uterine lavage ﬂuid between the groups were not signiﬁcantly different.
To our knowledge, this was the ﬁrst report to ﬁnd Hydrogenophilus spp. in the uterine cavity, and their function in the uterine cavity remains unknown. In addition, a signiﬁcant reduction in the abundance of Bacillus spp. in uterine lavage ﬂuid was also
found in the RSA group. Bacillus spp. have been reported in the uterine microbiota of
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healthy postpartum dairy cows, and the presence of Bacillus pumilus could result in
higher mRNA expression of interleukin 1a, IL-6, IL-8, and CXCL1-3, causing an inﬂammatory reaction in the endometrium (26, 27). Consistent with a previous study (14), a
signiﬁcant difference in beta diversity between the UfM and EnM was found in the RSA
group. Interestingly, this phenomenon was not found in the control group. In the control group, the proﬁle of the UfM was similar to that of the EnM. Although common
OTUs were shared in these samples, signiﬁcant differences still existed in microbial
community structure in different uterine samples. There is an assumption that some
microorganisms are likely to be on the luminal surface, while other bacteria colonize
deeper endometrial tissue. Together with the above evidence, these results suggested
that signiﬁcant alterations in the surface-adhered microorganisms might be the potential cause of RSA. This evidence also indicated that different methods for collecting the
microbiota should be considered to provide a more thorough and wider comprehensive exploration of the microbiota in the uterine cavity.
Alterations in the uterine microbiota compared with that of controls usually result
in altered cytokine levels (15). Dramatic drops in IFN-g and IL-6 levels were observed in
the RSA group in this study, and Spearman’s correlation analysis demonstrated that
the abundances of several bacterial taxa were weakly but statistically signiﬁcantly negatively related to the expression levels of Th1/Th2/Th17 cytokines (Fig. 5c). However,
the bacterial taxa associated with the altered cytokines showed no signiﬁcant differences in the RSA group and vice versa, probably because of the small sample size used in
the cytokine analysis. However, the interactions of the microbiota and cytokines should
be noted, and further studies with larger sample sizes are warranted to explore this
relationship.
Metabolic divergence analysis revealed that the dorsoventral axis formation pathway in the uterus was remarkably different between the RSA and control groups. A
case report indicated that a spontaneously aborted male fetus with fatal defects probably arose from an abnormal dorsoventral axis formation process (28). Dorsoventral
axis formation is an important process for determining the development of embryo
limbs and trunks and is regulated by Wnt signaling (29, 30). Alterations in the Wnt signaling pathway were found in the RSA group, and it is well known that the Wnt signaling pathway is essential for the implantation and decidualization processes (31).
Hence, these functional alterations differed considerably in the control and RSA
groups, and the difference might exert an important effect on the occurrence of RSA.
Pathogenic Escherichia coli infection was also distinctly different between the control
and RSA groups. It has been reported that Escherichia coli infection of the female reproductive tract is an important factor contributing to severe uterine inﬂammation and
disturbance of the proﬁle of cytokines, including leukotrienes, TNF, and IL-6 (32, 33).
Overall, shifts in the microbial community structure might result in changes in metabolic and inﬂammatory status.
In this study, we also reported that the microbiota composition was signiﬁcantly
altered from the vagina to the uterine cavity, with increased richness and increased diversity in both groups. Highly abundant Lactobacillus, Atopobium, and Gardnerella spp. were
found in the VM and CaM in the RSA group, while the abundances of Acinetobacter,
Anaerobacillus, Erysipelothrix, Bacillus, and Hydrogenophilus spp. were signiﬁcantly elevated in the uterine microbiota in the RSA group. These results indicated that the key
microbiota involved in pathogenic processes were different in the vagina, cervix and uterine cavity. Hence, suitable treatment regimens in the clinic for microbiota disorders in the
female reproductive tract should be provided, with regulation at different locations.
However, further rigorous clinical trials with lager sample size are still needed to clarify
speciﬁc clinical treatment strategies.
CONCLUSION
In conclusion, the evidence in this study suggested that signiﬁcant alterations in
the microbial proﬁle of the vagina, cervix and uterine cavity were present in RSA
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patients, and the key microbiota in different locations involved in pathogenic processes were different, which indicated that different treatments should be considered.
The microbiota in the uterine cavity was distinctly different from that in the lower genital tract, and signiﬁcant differences between the two types of uterine microbiota were
also found in both groups. In general, our study demonstrated that the uterine cavity
was colonized with some microbial community structures and that their disorder
might result in several differentially abundant pathways and ﬂuctuations in IFN-g and
IL-6 levels, which might represent potential pathogenic pathways causing RSA. Hence,
the pathogenesis of the microbiota along the female reproductive tract in RSA merits
further investigation to provide a more theoretical and experimental basis for clinic
applications.
MATERIALS AND METHODS

1.

2.
3.
4.
5.
6.
7.

Patients whose informed consent was obtained after having been duly informed of the nature
of the study and who voluntarily agreed to participate after being fully aware of the potential
risks, beneﬁts and any discomfort involved.
Maternal age: 18–42 years.
BMI: 18.5–30.0 kg/m2 (both inclusive).
Nonpregnant, with a regular menstrual cycle.
Negative serological tests for hepatitis B surface antigen (HBsAg), hepatitis C virus (HCV), and
human immunodeﬁciency virus (HIV).
No antibiotic use, vaginal drug use or cervical treatment in the past 30 days and no sexual
activity in the past 2 weeks.
Two or more consecutive spontaneous abortions occurred in the individuals in the RSA group,
and infertile patients due to male factors were included in the control group.

Exclusion criteria:
1.
2.

3.
4.
5.

Patients with chromosome abnormalities according to the analysis of the chromosome karyotypes
in peripheral blood.
Any pathological ﬁnding affecting the endometrial cavity preliminarily detected by transvaginal
ultrasound, such as adenomyosis, submucosal myomas or intramural myomas . 4 cm, or
hydrosalpinx, must have been previously conﬁrmed and operated on at least 3 months before
the endometrial samples were obtained (note: patients were allowed to participate if the
pathology was corrected before performing any study procedure).
Polycystic ovary syndrome and hypothyroidism, hyperthyroidism, diabetes, antithrombotic
syndrome or Sjogren's syndrome.
Patients with acute genital tract inﬂammation, such as bacterial vaginosis and vulvovaginal
candidiasis, or HPV infection.
Illness or unstable medical conditions that may have put the patient at risk of safety and
compliance in the study.

Sample collection and total DNA extraction. Before sampling, patients were placed in the lithotomy position, and the cervix and vagina were fully exposed with a sterile speculum. The operator wore
sterile gloves for sampling and performed the whole sampling process in a sterile situation, and the
sampling process is shown in Fig. 1.
Vaginal secretions from the upper one-third of the vaginal sidewalls were obtained with a sterile cotton swab, and the lower rod of the swab was separated into a tube containing sterile transfer medium
(4U003S. CN, Copan).
After wiping the secretion from the external opening of the cervix with sterile dry cotton, a ﬂocked
cotton swab was placed into the cervix canal, and the vaginal wall was carefully not touched.
According to the standard operating procedure of hysteroscopy examination, the vagina and the
external opening of the cervix were disinfected by iodophor after vaginal and cervical canal secretions
were collected, and a sterile dry cotton ball was used to clean the disinfectant the surface of the cervix
to prevent the disinfectant ﬂowing into the uterine cavity. The inner sheath of an artiﬁcial insemination
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Study design. To compare the differences in the microbiota between the RSA group (n = 25) and
the control group (n = 25), different samples, including vaginal secretions, cervical secretions, intrauterine lavage ﬂuid, and endometrial tissue, were collected from patients on their receptive days (5–7 days
after luteinizing hormone surge, LH 1 5–7). To more comprehensively understand the characteristics of
intrauterine microorganisms, endometrial tissue samples and uterine lavage ﬂuid were collected simultaneously. The ovulation date was determined by transvaginal ultrasound and/or urine LH test paper
and further conﬁrmed by serum progesterone quantiﬁcation on the day of sampling. Chronic endometritis was diagnosed according to the pathological results with immunohistochemical staining of CD138
positive plasma cells (34).
Patient enrollment and recruitment. This study was approved by the Ethics Committee of
Reproductive Medicine, the Third Hospital of Peking University (No. 2019SZ-067). All patients in this
study were enrolled according to the inclusion and exclusion criteria.
Inclusion criteria:

Microbiology Spectrum

tube (AIC18, Smiths Medical) was then gently introduced trans-cervically into the uterine cavity under
the protection of the outer sheath and connected with a 5 mL sterile syringe. Then, 2 mL of sterile normal saline was injected, quickly withdrawn and transferred to an empty sterile tube.
Under the protection of the outer sheath, the endometrial negative pressure catheter was placed
into the uterine cavity for suction and curettage. The catheter was removed, and then the endometrial
tissue was transferred into a sterile tube.
In this study, negative controls including normal saline and transfer medium were used to exclude
potential bacterial contaminations from DNA processing and library preparation. All samples were
sealed, put into liquid nitrogen immediately and stored at 280°C before DNA extraction. Then, total bacterial genomic DNA samples were extracted using an OMEGA Soil DNA Kit (M5635-02, Omega Bio-Tek)
according to the manufacturer’s instructions and stored at 220°C prior to further analysis. Samples were
labeled by abbreviations as follows: VM is the abbreviation for the vaginal microbiota, CaM is the abbreviation for the cervical microbiota, UfM is the abbreviation for the microbiota of uterine lavage ﬂuid and
EnM is the abbreviation for the microbiota of endometrial tissue. C is the abbreviation for the control
group, and A is the abbreviation for the RSA group.
16S rDNA amplicon pyrosequencing. PCR ampliﬁcation of the bacterial 16S rRNA gene V3–V4
region was performed using the forward primer 338F (59-ACTCCTACGGGAGGCAGCA-39) and the reverse
primer 806R (59-GGACTACHVGGGTWTCTAAT-39). Sample-speciﬁc 7-bp barcodes were incorporated into
the primers for multiplex sequencing. The PCR components contained 5 m L of buffer (5), 0.25 m L of
Fast PFU DNA polymerase (5 U/m L), 2 m L (2.5 mM) of dNTPs, 1 m L (10 m M) of each forward and reverse
primer, 1 m L of DNA template, and 14.75 m L of ddH2O. Thermal cycling consisted of initial denaturation
at 98°C for 5 min, followed by 25 cycles consisting of denaturation at 98°C for 30 s, annealing at 53°C for
30 s, and extension at 72°C for 45 s, with a ﬁnal extension of 5 min at 72°C. PCR amplicons were puriﬁed
with Vazyme VAHTSTM DNA Clean Beads (N411-03, Vazyme) and quantiﬁed using a Quant-iT PicoGreen
dsDNA assay kit (P7589, Invitrogen). After the individual quantiﬁcation step, amplicons were pooled in
equal amounts, and paired-end 2  250 bp sequencing was performed using the Illumina NovaSeq platform with a NovaSeq 6000 SP reagent kit (500 cycles) at Shanghai Personal Biotechnology Co., Ltd.
(Shanghai, China).
Sequence analysis. Microbiome bioinformatic analysis was performed with QIIME2 2019.4, with
slight modiﬁcations, according to the ofﬁcial tutorials (https://docs.qiime2.org/2019.4/tutorials/) (35).
Brieﬂy, raw sequence data were demultiplexed using the demux plugin followed by primer trimming
with the cutadapt plugin. Sequences were then quality ﬁltered, denoised, and merged, and chimeras
were removed using the DADA2 plugin (36). Nonsingleton amplicon sequence variants (ASVs) were
aligned with mafft and used to construct a phylogeny with fasttree2 (37). Alpha diversity metrics (Chao1
and Shannon) and beta diversity metrics (Bray–Curtis dissimilarity) were estimated using the diversity
plugin, with samples rareﬁed to 60,000 sequences per sample. Taxonomy was assigned to ASVs using
the classify-sklearn naive Bayes taxonomy classiﬁer in the feature-classiﬁer plugin against the SILVA
release 132 database (38, 39).
Bioinformatic analysis. Sequence data analysis was mainly performed using the QIIME2 and R packages (v3.2.0). OTU-level alpha diversity indices, such as the Chao1 richness estimator and Shannon diversity
index, were calculated using the OTU table in QIIME2. Beta diversity analysis was performed to investigate
the structural variation in microbial communities across samples using Bray–Curtis metrics (40, 41) and
visualized via PCoA and unweighted pair-group method with arithmetic means (UPGMA) hierarchical clustering (42). The signiﬁcance of the differentiation of microbiota structure among groups was assessed by
PERMANOVA using QIIME2. The taxonomy compositions and abundances were visualized using MEGAN
and GraPhlAn (43, 44). A Venn diagram was generated to visualize the shared and unique OTUs among
samples or groups using the R package “VennDiagram” based on the occurrence of OTUs across samples/
groups regardless of their relative abundances (45). Taxon abundances at the phylum, class, order, family,
genus and species levels were statistically compared among samples or groups by Metastats (46). LDA
effect size was performed to detect differentially abundant taxa across groups using the default parameters
(47). The generalization error was estimated using 10-fold 2 cross-validation. The expected “baseline” error
was also included, which was obtained by a classiﬁer that simply predicts the most common category label.
Microbial functions were predicted by PICRUSt2 in the KEGG (https://www.kegg.jp/) database (48).
Cytokine testing. Uterine lavage ﬂuid (RSA: n = 9; Control: n = 9) was collected, and inﬂammatory
cytokine levels were measured via a BD CBA Human Th1/Th2/Th17 Cytokine Kit (560484, BDPMG).
According to the manufacturer’s instructions, cytokine capture beads, including those for IL-17A, IFN-g,
TNF, IL-10, IL-6, IL-4, and IL-2, were mixed with 50 m L samples and then incubated with PE-conjugated
detection antibodies at room temperature for 3 h. The mixture was then analyzed on a BD FACSCelesta
(Becton, Dickinson), and data were analyzed using FlowJo software.
Statistical analysis. GraphPad Prism version 7.0 (GraphPad Software) and SPSS version 26.0 were
used for statistical analysis. One-way analysis of variance followed by Tukey’s post hoc test was used to
evaluate the statistical signiﬁcance of differences for multiple comparisons, and Student's t test was
used for comparison of two-group data. For comparing categorical data, a x 2 test was performed, with
Fisher’s correction when necessary. For nonparametric tests, the two-tailed Mann–Whitney U test was
used to evaluate statistical signiﬁcance between two groups, and the Kruskal–Wallis test followed by
Dunn’s post hoc analysis was used for three or more groups. Data are shown as the means 6 SEMs/SDs
or as the medians with interquartile ranges. Spearman’s correlation analysis between two factors was
performed. P , 0.05 was considered statistically signiﬁcant.
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Data availability. Sequence reads for the 194 specimens included in this study have been deposited
in the National Center for Biotechnology Information (NCBI) under reference number PRJNA774109 and
PRJNA813906.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF ﬁle, 5.7 MB.
SUPPLEMENTAL FILE 2, XLSX ﬁle, 0.02 MB.
ACKNOWLEDGMENTS
We sincerely thank doctors Jianhuai Zheng, Feng Deng, Hongmei Yan, Jing Han and
Xiaoguo Du and nurses Xuemei Gou for assisting in collecting specimens. Finally, thank
all the patients who contributed to this study.
This study is supported by the National Science Fund for Distinguished Young
Scholars (No:81925013) and the National Key Research and Development Program of
China (2021YFC2700303).
All we declare that there are no conﬂicts of interest regarding the publication.

1. Ruth BA, Bjarne CO, Janine E, Marie KA, Sheena L, Saskia M, Willianne N,
Braulio P, Siobhan Q. 2018. ESHRE guideline: recurrent pregnancy loss.
Human Reproduction Open 2018:hoy004.
2. Shahine L, Lathi R. 2015. Recurrent pregnancy loss: evaluation and treatment. Obstet Gynecol Clin North Am 42:117–134. https://doi.org/10
.1016/j.ogc.2014.10.002.
3. Simpson JL. 2007. Causes of fetal wastage. Clin Obstet Gynecol 50:10–30.
https://doi.org/10.1097/GRF.0b013e31802f11f6.
4. Bilibio JP, Gama TB, Nascimento ICM, Meireles AJC, Aguiar ASC,
Nascimento FC, Lorenzzoni PL. 2020. Causes of recurrent miscarriage after
spontaneous pregnancy and after in vitro fertilization. Am J Reprod
Immunol 83:e13226. https://doi.org/10.1111/aji.13226.
5. Chen C, Song X, Wei W, Zhong H, Dai J, Lan Z, Li F, Yu X, Feng Q, Wang Z,
Xie H, Chen X, Zeng C, Wen B, Zeng L, Du H, Tang H, Xu C, Xia Y, Xia H,
Yang H, Wang J, Wang J, Madsen L, Brix S, Kristiansen K, Xu X, Li J, Wu R,
Jia H. 2017. The microbiota continuum along the female reproductive
tract and its relation to uterine-related diseases. Nat Commun 8:875.
https://doi.org/10.1038/s41467-017-00901-0.
6. Riganelli L, Iebba V, Piccioni M, Illuminati I, Bonﬁglio G, Neroni B, Calvo L,
Gagliardi A, Levrero M, Merlino L, Mariani M, Capri O, Pietrangeli D,
Schippa S, Guerrieri F. 2020. Structural variations of vaginal and endometrial microbiota: hints on. Front Cell Infect Microbiol 10:350. https://doi
.org/10.3389/fcimb.2020.00350.
7. Wee BA, Thomas M, Sweeney EL, Frentiu FD, Samios M, Ravel J, Gajer P,
Myers G, Timms P, Allan JA, Huston WM. 2018. A retrospective pilot study
to determine whether the reproductive tract microbiota differs between
women with a history of infertility and fertile women. Aust N Z J Obstet
Gynaecol 58:341–348. https://doi.org/10.1111/ajo.12754.
8. Hong X, Ma J, Yin J, Fang S, Geng J, Zhao H, Zhu M, Ye M, Zhu X, Xuan Y,
Wang B. 2020. The association between vaginal microbiota and female
infertility: a systematic review and meta-analysis. Arch Gynecol Obstet
302:569–578. https://doi.org/10.1007/s00404-020-05675-3.
9. Moreno I, Codoñer FM, Vilella F, Valbuena D, Martinez-Blanch JF, JimenezAlmazán J, Alonso R, Alamá P, Remohí J, Pellicer A, Ramon D, Simon C.
2016. Evidence that the endometrial microbiota has an effect on implantation success or failure. Am J Obstet Gynecol 215:684–703. https://doi
.org/10.1016/j.ajog.2016.09.075.
10. Kuon RJ, Togawa R, Vomstein K, Weber M, Goeggl T, Strowitzki T, Markert
UR, Zimmermann S, Daniel V, Dalpke AH, Toth B. 2017. Higher prevalence
of colonization with Gardnerella vaginalis and gram-negative anaerobes in
patients with recurrent miscarriage and elevated peripheral natural killer
cells. J Reprod Immunol 120:15–19. https://doi.org/10.1016/j.jri.2017.03.001.
11. Fan T, Zhong X-M, Wei X-C, Miao Z-L, Luo S-Y, Cheng H, Xiao Q. 2020. The
alteration and potential relationship of vaginal microbiota and chemokines for unexplained recurrent spontaneous abortion. Medicine (Baltimore, MD) 99:e23558. https://doi.org/10.1097/MD.0000000000023558.
12. Zhang F, Zhang T, Ma Y, Huang Z, He Y, Pan H, Fang M, Ding H. 2019.
Alteration of vaginal microbiota in patients with unexplained recurrent
May/June 2022 Volume 10 Issue 3

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

miscarriage. Exp Ther Med 17:3307–3316. https://doi.org/10.3892/etm
.2019.7337.
Jiao X, Zhang L, Du D, Wang L, Song Q, Liu S. 2022. Alteration of vaginal
microbiota in patients with recurrent miscarriage. J Obstet Gynaecol 42:
248–248. https://doi.org/10.1080/01443615.2021.1904851.
Liu Y, Wong KK, Ko EY, Chen X, Huang J, Tsui SK, Li TC, Chim SS. 2018. Systematic comparison of bacterial colonization of endometrial tissue and
ﬂuid samples in recurrent miscarriage patients: implications for future endometrial microbiome studies. Clin Chem 64:1743–1752. https://doi.org/
10.1373/clinchem.2018.289306.
Prasad P, Singh N, Das B, Raisuddin S, Dudeja M, Rastogi S. 2017. Differential
expression of circulating Th1/Th2/Th17 cytokines in serum of Chlamydia trachomatis-infected women undergoing incomplete spontaneous abortion.
Microb Pathog 110:152–158. https://doi.org/10.1016/j.micpath.2017.06.031.
Bouet PE, Hachem HE, Monceau E, Gariépy G, Kadoch IJ, Sylvestre C. 2016.
Chronic endometritis in women with recurrent pregnancy loss and recurrent implantation failure: prevalence and role of ofﬁce hysteroscopy and
immunohistochemistry in diagnosis. Fertil Steril 105:106–110. https://doi
.org/10.1016/j.fertnstert.2015.09.025.
McQueen DB, Bernardi LA, Stephenson MD. 2014. Chronic endometritis in
women with recurrent early pregnancy loss and/or fetal demise. Fertil
Steril 101:1026–1030. https://doi.org/10.1016/j.fertnstert.2013.12.031.
Ewington LJ, Tewary S, Brosens JJ. 2019. New insights into the mechanisms underlying recurrent pregnancy loss. J Obstet Gynaecol Res 45:
258–265. https://doi.org/10.1111/jog.13837.
Cicinelli E, De Ziegler D, Nicoletti R, Colaﬁglio G, Saliani N, Resta L, Rizzi D,
De Vito D. 2008. Chronic endometritis: correlation among hysteroscopic,
histologic, and bacteriologic ﬁndings in a prospective trial with 2190 consecutive ofﬁce hysteroscopies. Fertil Steril 89:677–684. https://doi.org/10
.1016/j.fertnstert.2007.03.074.
Zhao C, Wei Z, Yang J, Zhang J, Yu C, Yang A, Zhang M, Zhang L, Wang Y,
Mu X, Heng X, Yang H, Gai Z, Wang X, Zhang L. 2020. Characterization of
the vaginal microbiome in women with infertility and its potential correlation with hormone stimulation during in vitro fertilization surgery.
mSystems 5. https://doi.org/10.1128/mSystems.00450-20.
Leoni C, Ceci O, Manzari C, Fosso B, Volpicella M, Ferrari A, Fiorella P, Pesole
G, Cicinelli E, Ceci LR. 2019. Human endometrial microbiota at term of normal pregnancies. Genes 10:971. https://doi.org/10.3390/genes10120971.
Theis KR, Romero R, Winters AD, Jobe AH, Gomez-Lopez N. 2020. Lack of
evidence for microbiota in the placental and fetal tissues of rhesus macaques. mSphere 5. https://doi.org/10.1128/mSphere.00210-20.
Lozano FM, Bernabeu A, Lledo B, Morales R, Diaz M, Aranda FI, Llacer J,
Bernabeu R. 2021. Characterization of the vaginal and endometrial microbiome in patients with chronic endometritis. Eur J Obstet Gynecol Reprod
Biol 263:25–32. https://doi.org/10.1016/j.ejogrb.2021.05.045.
Kolbjørnsen Ø, Bergsjø B, Sveen J, Opriessnig T. 2018. Erysipelothrix rhusiopathiae serotype 5-associated metritis in a Norwegian Red heifer.
APMIS 126:160–165. https://doi.org/10.1111/apm.12788.
10.1128/spectrum.00462-22

14

Downloaded from https://journals.asm.org/journal/spectrum on 26 August 2022 by 58.48.224.187.

REFERENCES

25. Zhang S, Wang YN, Wang L, Tsang YF, Li H, Fu X. 2018. Role of electron
donor in CO(2) ﬁxation of chemoautotrophic bacteria and its preconditions: veriﬁcation in Alcaligenes hydrogenophilus. Enzyme Microb Technol 118:37–43. https://doi.org/10.1016/j.enzmictec.2018.06.010.
26. Bogado Pascottini O, Spricigo JFW, Van Schyndel SJ, Mion B, Rousseau J,
Weese JS, LeBlanc SJ. 2021. Effects of parity, blood progesterone, and
non-steroidal anti-inﬂammatory treatment on the dynamics of the uterine microbiota of healthy postpartum dairy cows. PLoS One 16:e0233943.
https://doi.org/10.1371/journal.pone.0233943.
27. Gärtner MA, Peter S, Jung M, Drillich M, Einspanier R, Gabler C. 2016.
Increased mRNA expression of selected pro-inﬂammatory factors in
inﬂamed bovine endometrium in vivo as well as in endometrial epithelial
cells exposed to Bacillus pumilus in vitro. Reprod Fertil Dev 28:982–994.
https://doi.org/10.1071/RD14219.
28. Cuschieri A, Said E, Calleja-Agius J. 2004. Defect in dorso-ventral patterning, asplenia, and conotruncus in a spontaneously aborted fetus. Fetal
Pediatr Pathol 23:265–274. https://doi.org/10.1080/15227950490923697.
29. Tickle C. 2015. How the embryo makes a limb: determination, polarity
and identity. J Anat 227:418–430. https://doi.org/10.1111/joa.12361.
30. Sokol SY. 1999. Wnt signaling and dorso-ventral axis speciﬁcation in vertebrates. Curr Opin Genet Dev 9:405–410. https://doi.org/10.1016/S0959
-437X(99)80061-6.
31. Zhang Q, Yan J. 2016. Update of Wnt signaling in implantation and decidualization. Reprod Med Biol 15:95–105. https://doi.org/10.1007/s12522-015
-0226-4.
32. O'Brien VP, Gilbert NM, Lebratti T, Agarwal K, Foster L, Shin H, Lewis AL.
2019. Low-dose inoculation of Escherichia coli achieves robust vaginal
colonization and results in ascending infection accompanied by severe
uterine inﬂammation in mice. PLoS One 14:e0219941. https://doi.org/10
.1371/journal.pone.0219941.
ska AA, Piotrowicz E,
33. Korzekwa AJ, Łupicka M, Socha BM, Szczepan
Bara
nski W. 2016. In vitro cow uterine response to Escherichia coli, leukotrienes and cytokines. Vet Immunol Immunopathol 182:59–62. https://doi
.org/10.1016/j.vetimm.2016.10.001.
34. Rimmer MP, Fishwick K, Henderson I, Chinn D, Al Wattar BH, Quenby S.
2021. Quantifying CD1381 cells in the endometrium to assess chronic
endometritis in women at risk of recurrent pregnancy loss: a prospective
cohort study and rapid review. J Obstet Gynaecol Res 47:689–697.
https://doi.org/10.1111/jog.14585.
35. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K,
Brejnrod A, Brislawn CJ, Brown CT, Callahan BJ, Caraballo-Rodríguez AM,
Chase J, Cope EK, Da Silva R, Diener C, Dorrestein PC, Douglas GM, Durall
DM, Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J, Gauglitz JM,
Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, Guo J, Hillmann B, Holmes
S, Holste H, Huttenhower C, Huttley GA, Janssen S, Jarmusch AK, Jiang L,
Kaehler BD, Kang KB, Keefe CR, Keim P, Kelley ST, Knights D, et al. 2019.
Author Correction: Reproducible, interactive, scalable and extensible

May/June 2022 Volume 10 Issue 3

Microbiology Spectrum

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

microbiome data science using QIIME 2. Nat Biotechnol 37:1091. https://
doi.org/10.1038/s41587-019-0252-6.
Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP.
2016. DADA2: High-resolution sample inference from Illumina amplicon
data. Nat Methods 13:581–583. https://doi.org/10.1038/nmeth.3869.
Price MN, Dehal PS, Arkin AP. 2009. FastTree: computing large minimum
evolution trees with proﬁles instead of a distance matrix. Mol Biol Evol 26:
1641–1650. https://doi.org/10.1093/molbev/msp077.
Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, Huttley
GA, Gregory Caporaso J. 2018. Optimizing taxonomic classiﬁcation of
marker-gene amplicon sequences with QIIME 2's q2-feature-classiﬁer plugin. Microbiome 6:90. https://doi.org/10.1186/s40168-018-0470-z.
Kõljalg U, Nilsson RH, Abarenkov K, Tedersoo L, Taylor AF, Bahram M,
Bates ST, Bruns TD, Bengtsson-Palme J, Callaghan TM, Douglas B,
Drenkhan T, Eberhardt U, Dueñas M, Grebenc T, Grifﬁth GW, Hartmann M,
Kirk PM, Kohout P, Larsson E, Lindahl BD, Lücking R, Martín MP, Matheny
PB, Nguyen NH, Niskanen T, Oja J, Peay KG, Peintner U, Peterson M,
Põldmaa K, Saag L, Saar I, Schüßler A, Scott JA, Senés C, Smith ME, Suija A,
Taylor DL, Telleria MT, Weiss M, Larsson KH. 2013. Towards a uniﬁed paradigm for sequence-based identiﬁcation of fungi. Mol Ecol 22:5271–5277.
https://doi.org/10.1111/mec.12481.
Lozupone C, Knight R. 2005. UniFrac: a new phylogenetic method for comparing microbial communities. Appl Environ Microbiol 71:8228–8235.
https://doi.org/10.1128/AEM.71.12.8228-8235.2005.
Lozupone CA, Hamady M, Kelley ST, Knight R. 2007. Quantitative and
qualitative beta diversity measures lead to different insights into factors
that structure microbial communities. Appl Environ Microbiol 73:
1576–1585. https://doi.org/10.1128/AEM.01996-06.
Ramette A. 2007. Multivariate analyses in microbial ecology. FEMS Microbiol Ecol 62:142–160. https://doi.org/10.1111/j.1574-6941.2007.00375.x.
Huson DH, Mitra S, Ruscheweyh HJ, Weber N, Schuster SC. 2011. Integrative analysis of environmental sequences using MEGAN4. Genome Res
21:1552–1560. https://doi.org/10.1101/gr.120618.111.
Asnicar F, Weingart G, Tickle TL, Huttenhower C, Segata N. 2015. Compact
graphical representation of phylogenetic data and metadata with GraPhlAn. PeerJ 3:e1029. https://doi.org/10.7717/peerj.1029.
Zaura E, Keijser BJ, Huse SM, Crielaard W. 2009. Deﬁning the healthy “core
microbiome” of oral microbial communities. BMC Microbiol 9:259.
https://doi.org/10.1186/1471-2180-9-259.
White JR, Nagarajan N, Pop M. 2009. Statistical methods for detecting differentially abundant features in clinical metagenomic samples. PLoS
Comput Biol 5:e1000352. https://doi.org/10.1371/journal.pcbi.1000352.
Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS,
Huttenhower C. 2011. Metagenomic biomarker discovery and explanation. Genome Biol 12:R60. https://doi.org/10.1186/gb-2011-12-6-r60.
Douglas GM, Maffei VJ, Zaneveld J, Yurgel SN, Brown JR, Taylor CM,
Huttenhower C, Langille MGI. 2020. PICRUSt2: an improved and customizable approach for metagenome inference. bioRxiv 672295.

10.1128/spectrum.00462-22

15

Downloaded from https://journals.asm.org/journal/spectrum on 26 August 2022 by 58.48.224.187.

Female Reproductive Tract Microbiota in RSA Patients

