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Rheumatic heart disease refers to the long-term damage of heart valves and results from
an autoimmune response to group A Streptococcus infection. This study aimed to analyze
the microbiota composition of patients with rheumatic heart disease and explore potential
function of microbiota in this disease. First, we revealed significant alterations of
microbiota in feces, subgingival plaques, and saliva of the patients compared to control
subjects using 16S rRNA gene sequencing. Significantly different microbial diversity was
observed in all three types of samples between the patients and control subjects. In the
gut, the patients possessed higher levels of genera including Bifidobacterium and
Eubacterium, and lower levels of genera including Lachnospira, Bacteroides, and
Faecalibacterium. Coprococcus was identified as a super-generalist in fecal samples of
the patients. Significant alterations were also observed in microbiota of subgingival
plaques and saliva of the patients compared to control subjects. Second, we analyzed
microbiota in mitral valves of the patients and identified microbes that could potentially
transmit from the gut or oral cavity to heart valves, including Streptococcus. Third, we
further analyzed the data using random forest model and demonstrated that microbiota in
the gut, subgingival plaque or saliva could distinguish the patients from control subjects.
Finally, we identified gut/oral microbes that significantly correlated with clinical indices of
rheumatic heart disease. In conclusion, patients with rheumatic heart disease manifested
important alterations in microbiota that might distinguish the patients from control subjects
and correlated with severity of this disease.
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INTRODUCTION

Rheumatic heart disease (RHD) is a cardiovascular disease
characterized by damages to heart valves, triggered by an
autoimmune response to group A Streptococcus (GAS)
infection (Woldu and Bloomfield, 2016). RHD causes an
estimated 300,000 death annually with 30–40 million current
cases globally and imposes significant disease burden on low-
income countries and some indigenous populations (Watkins
et al., 2017). The backbone of RHD therapy is penicillin-based
treatment for acute rheumatic fever and replacement of severely
damaged heart valves, without an effective vaccine (Tompkins
et al., 1972; Nishimura et al., 2014; Woldu and Bloomfield, 2016).
There has not been any significant advance in recent history of
this field (Watkins et al., 2018). Thus, it is imperative to consider
novel strategies for better control of RHD.

Humanmicrobiota has been proven to play essential roles in a
wide range of diseases including cardiovascular diseases (Tang
et al., 2019). Colon harbors the vast majority of commensal
bacteria (Belkaid and Hand, 2014), which can influence immune
homeostasis, trigger inflammation, and invade extra-intestinal
tissues (Hooper et al., 2012; Anhe et al., 2020). Many studies have
focused on revealing the role of gut microbial dysbiosis in the
development of cardiovascular diseases such as pulmonary
arterial hypertension (Kim et al., 2020), unruptured
intracranial aneurysms (Li et al., 2020), chronic heart failure
(Kummen et al., 2018), and atherosclerosis (Koren et al., 2010).
However, the role of the gut microbiota in RHD has not
been studied.

The second most complex population of microbes of human
body resides in the oral cavity and influences both oral and
systemic health (Zhang et al., 2018; Bui et al., 2019). Periodontal
pathogens can alter subgingival microbial composition and host–
microorganism interactions, leading to local inflammation and
subsequent destruction of periodontal tissues (Hajishengallis
et al., 2012). The presence of periodontal bacteria DNA in
cardiac tissues and atherosclerotic plaques has suggested
connections between oral infections and cardiovascular
diseases (Koren et al., 2010; Ziebolz et al., 2018). Periodontitis,
a common inflammatory oral disease, increases the risk of
adverse pregnancy outcomes, atherosclerosis, stroke,
rheumatoid arthritis, diabetes, and other systemic diseases
(Pihlstrom et al., 2005). However, there is a paucity of
information related the potential role of oral microbiota in RHD.

Here, we aimed to investigate the microbiota composition
and structure of RHD patients and explore potential function of
microbiota in RHD. We first analyzed microbiota of fecal
samples, subgingival plaques and saliva by 16S rRNA gene
sequencing to detect alterations between RHD patients and
control subjects. We then analyzed microbiota of mitral valves
and compared the results with gut and oral microbiota in RHD
patients to determine microbial connections between mitral
valves and gut/oral cavity. Finally, we explored the possibility
using microbiota to discriminate RHD patients from control
subjects and analyzed correlations between gut/oral microbiota
and severity of RHD.
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MATERIALS AND METHODS

Study Cohort
A total of 20 RHD patients and 20 age- and sex-matched control
subjects were enrolled in this study. RHD patients with
symptomatic severe mitral valvular disease and with a history
of acute rheumatic fever were enrolled (Reményi et al., 2012;
Nishimura et al., 2017). The exclusion criteria were:
inflammatory bowel diseases, irritable bowel syndrome,
autoimmune diseases, diarrhea, liver diseases, renal diseases,
acute infection, smoking, and use of antibiotics or probiotics 3
months before sample collection.

The study protocol was reviewed and approved by the
Human Ethics Committee, Shanghai Chest Hospital, Shanghai
Jiaotong University and conducted in accordance with the
Principles of Good Clinical Practice and the Declaration of
Helsinki. Written informed consent was obtained from all the
subjects who participated in the study.

Sample Collection and DNA Extraction
Fecal samples, subgingival plaques, and saliva were collected
from RHD patients and control subjects. Fecal samples were
collected in falcon tubes within 24 h of patients’ admission to the
hospital and immediately frozen in −80°C. All subjects were
instructed to avoid eating, drinking, and use of a toothbrush or
mouth rinse 1 hour before sampling of subgingival plaques and
saliva. Subgingival plaques were collected using a dental explorer.
Saliva was collected and mixed with 2× lysis buffer at a ratio of
1:1. A total of 16 mitral valves were collected during valve
replacement surgeries and were immediately frozen in liquid
nitrogen under sterile conditions. Samples were kept in sterile
containers and stored at −80°C. Bacterial DNA was extracted
using Tiangen kits according to the manufacturer ’s
recommendations and stored at −80°C until further analyses.

High-Throughput Sequencing and
Processing
The V3/V4 regions of 16S rRNA genes were amplified with
specific primers of 338F-806R. The PCR products were
quantified with PicoGreen dsDNA Assay Kit (Invitrogen,
Carlsbad, USA) and sequenced on Illumina Novaseq PE250
platform to generate paired-end reads (2 × 480 bp).

Procession of the sequencing data was performed on QIIME2
platform. Analysis of sequencing data was based on amplicon
sequence variants (ASVs) (Bokulich et al., 2018). After chimera
detection, high-quality sequences with 97% similarity were
clustered into the same ASV. Classification of ASVs was
performed based on the Greengenes Database.

Data Analysis
Richness and a-diversity were measured by Chao1 and Shannon
index based on the genus profiles. b-diversity was visualized
using principal coordinate analysis (PCoA) based on the Bray–
Curtis distances. ZP-plot was used to identify of key module
members (Deng et al., 2012). Within-module connectivity (Zi)
and among-module connectivity (Pi) were calculated as
March 2021 | Volume 11 | Article 643092
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previously described (Deng et al., 2012). Microbes were classified
into four categories: peripherals (Zi ≤ 2.5, Pi ≤ 0.62), connectors
(Zi ≤ 2.5, Pi > 0.62), module hubs (Zi > 2.5, Pi ≤ 0.62), and
network hubs (Zi > 2.5, Pi > 0.62) according to the criteria
previously set (Deng et al., 2012). Network hubs were considered
as super-generalists, which were highly connected within their
own modules and among modules (Deng et al., 2012). Raw data
of relative abundances of genera were transformed to “log10” and
Log100 was shown as “−8” in figures.

Linear discriminant analysis effect size (LEfSe) was used to
identify features that differed between groups. The threshold of
the logarithmic LDA score for discriminative features was set to
3.0. Identified taxa were plotted in cladograms. A random forest
classifier was trained to distinguish the two groups based on the
genera abundance profile of RHD patients and control subjects.
The important genera of the classifier were ranked by Gini index.
The performance of the classifier model was evaluated by 10-fold
cross-validations and further applied to construct receiver
operating characteristic (ROC) curve. The cross-validation
accuracy was measured as the area under the ROC curve
(AUC). Heatmaps were hierarchically clustered to represent
the microbe-clinical indices associations based on the
Spearman correlation coefficients.

Statistics
a-diversity was compared using non-parametric Kruskal–Wallis
tests and post hoc Dunn’s test with FDR correction. b-diversity was
tested by the ANOSIM method. Raw data of relative abundances of
genera were compared using non-parametric Mann–Whitney tests.
Correlation analysis was performed using Spearman’s correlation.
Post hoc power analysis was used to calculate power with
significance level set to 0.05 and effect size based on Chao1. The
power was 0.88, 0.18 and 0.93 for gut, subgingival plaques and
saliva, respectively. Statistical analyses were performed using SPSS
23.0, QIIME2, R package (V3.5.1), or GPower (V3.1.9.4).
RESULTS

Alterations of Gut Microbiota in Rheumatic
Heart Disease Patients
The demographic data for the enrolled RHD patients and control
subjects were summarized in Supplemental Table 1. To detect gut
microbial alterations, we analyzed the microbiota in fecal samples of
control subjects and RHD patients using 16S rRNA gene
sequencing. Gut microbiota of RHD patients showed significantly
lower richness illustrated by Chao1 and a-diversity (within-sample
diversity) illustrated by Shannon index compared to those of control
subjects (Figures 1A, B). Principal coordinate analysis (PCoA)
based on Bray–Curtis distance was performed to determine
b-diversity (between-sample diversity) of gut microbiota, which
demonstrated significant difference between RHD patients and
control subjects (Figure 1C). To understand interactions among
different microbes in gut microbiota of RHD patients, ZP-plot was
used to analyze topological roles, and Coprococcus was identified as
a super-generalist (shown as network hubs) (Figure 1D). Among
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the 15 most abundant genera, relative abundance of
Faecalibacterium and Bacteroides significantly decreased, while
that of Shigella, Gemmiger, Bifidobacterium, Ruminococcus,
Streptococcus and Dorea significantly increased in gut microbiota
of RHD patients compared to control subjects (Figure 1E). In
addition, relative abundance of Blauita showed a trend of increase
without statistical significance in gut microbiota of RHD patients
(Figure 1E). We next employed linear discriminant analysis effect
size (LEfSe) to identify taxa that discriminate microbial composition
between disease states. LEfSe identified higher levels of taxa
including Arthrobacter, Bifidobacterium, Porphyromonas,
Melissococccus, Eubacterium, Ruminococcus, Dorea, Gemmiger,
etc., as well as lower levels of taxa such as Staphylococcus,
Lachnospira, Faecalibacterium, and Oxalobacter in fecal samples
of RHD patients (Figure 1F). These results demonstrated
considerable changes of the gut microbiota in RHD patients
compared to control subjects.

Alterations of Subgingival Plaque
Microbiota in Rheumatic Heart Disease
Patients
Next we analyzed the microbiota in subgingival plaque samples
of control subjects and RHD patients using 16S rRNA gene
sequencing. Subgingival plaque microbiota showed no
differences of richssness and a-diversity between the two groups
illustrated by Chao1 and Shannon index (Figures 2A, B). Results
of PCoA based on Bray–Curtis distance demonstrated moderate
difference in b-diversity between RHD patients and control
subjects (Figure 2C). There was no super-generalist based on
modular topological roles in subgingival plaque microbiota of
RHD patients (Figure 2D). Among the 15 most abundant genera,
relative abundance of Corynebacterium and Selenomonas
significantly decreased, while that of Streptococcus and Blautia
significantly increased in subgingival plaque microbiota of RHD
patients compared to control subjects (Figure 2E). LEfSe
identified higher levels of taxa including Streptococcus,
Ruminococcus, Blautia, Dorea, Lachnoanaerobaculum, Roseburia,
Gemmiger, as well as lower levels of taxa such as Corynebacterium,
Staphylococcus, Lactobacillus and Selenomonas in subgingival
plaque samples of RHD patients (Figure 2F).

Alterations of Salivary Microbiota in
Rheumatic Heart Disease Patients
We further analyzed microbiota in saliva of control subjects and
RHDpatients using 16S rRNA gene sequencing. Salivarymicrobiota
of RHD patients showed significantly higher richness illustrated by
Chao1 and similar a-diversity illustrated by Shannon index
compared to those of control subjects (Figures 3A, B). Results of
PCoA based on Bray–Curtis distance demonstrated significantly
different b-diversity between RHD patients and control subjects
(Figure 3C). There was no super-generalist based on modular
topological roles in salivary microbiota of RHD patients (Figure
3D). Among the 15 most abundant genera, relative abundance of
Prevotella, Haemophilus, Veillonella, Campylobacter, and
Actinomyces significantly decreased, while that of Streptococcus
and Rothia significantly increased in salivary microbiota of RHD
March 2021 | Volume 11 | Article 643092
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patients compared to control subjects (Figure 3E). LEfSe identified
higher levels of taxa including Piscicoccus, Rothia, Abiotrophia,
Melissococcus, Streptococcus, Parvimonas, Clostridium,
Lachnoanaerobaculum, etc., as well as lower levels of taxa such as
Actinomyces, Rhodococcus, Prevotella, Staphylococcus, Veillonella,
Afipia, Sphingomonas, etc. (Figure 3F).

Comparisons of Microbiota Composition
Between Mitral Valves and Other Body
Sites in Rheumatic Heart Disease Patients
Subsequently, we analyzed the microbiota in mitral valves of RHD
patients (n = 16) using 16S rRNA gene sequencing. The 15 most
abundant genera in mitral valves of RHD patients were Ralstonia,
Pelomonas, Acinetobacter, Neisseria, Sphingomonas, Streptococcus,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
Agrobacterium, Thermus, Shigella, Rothia, Fusobacterium,
Prevotella, Afipia, Caulobacter, and Burkholderia (Supplemental
Figure 1A). There was no super-generalist based on modular
topological roles in microbiota of mitral valves of RHD patients
(Supplemental Figure 2). We next compared microbiota in mitral
valves with gut and oral microbiota in these 16 RHD patients. PCoA
based on Bray–Curtis distance demonstrated distinct b-diversity
among microbiota of mitral valves, gut, and oral cavity, although
microbiota of mitral valves in some RHD patients had similar
b-diversity with oral microbiota (Figure 4A). As expected,
b-diversity of subgingival plaque microbiota and salivary
microbiota are similar (Figure 4A). Taxonomic composition plots
at phylum level showed that mitral valves contained significantly
more Proteobacteria and less Firmicutes compared to gut,
A B D

E

F

C

FIGURE 1 | Alterations of gut microbiota in patients with rheumatic heart disease. Microbiota of fecal samples from patients with rheumatic heart disease (RHD) and
control subjects (Ctrl) were analyzed using 16S rRNA gene sequencing. (A) Richness of fecal microbiota assessed by Chao1. (B) a-diversity of fecal microbiota
assessed by Shannon index. (C) b-diversity analyzed by principal coordinate analysis (PCoA) based on Bray–Curtis distance of fecal microbiota at genus level.
(D) Determination of module-based topological roles (peripherals, connectors, module hubs, or network hubs) of fecal microbiota in RHD patients using ZP-plot at
genus level. The size of dots represents abundance of each genus. (E) Relative abundances of the fifteen most abundant genera in fecal microbiota. (F) Taxonomic
cladogram of fecal microbiota based on LEfSe. Red color indicates increase and blue indicates decrease of taxa in RHD compared to Ctrl. LDA = 3. Mann–Whitney
test was used. n = 20: 20. *P < 0.05; **P < 0.01; ****P < 0.0001.
March 2021 | Volume 11 | Article 643092
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subgingival plaques, and saliva (Figure 4B), similar to the results of
a previous study in atherosclerotic plaques (Koren et al., 2010). We
further searched for microbes shared by mitral valves and other
body sites using three criteria: (1) detected in mitral valve and at
least another body site of an individual RHD patient; (2) detected in
mitral valves and another body site of more than eight RHD
patients (50%) simultaneously; (3) relative abundance ranked
among top 35 (Supplemental Figure 1). Mitral valves and fecal
samples shared Streptococcus, Shigella, Lactobacillus, and
Bacteroides in all 16 patients, Oscillospira in 15 patients, Blautia in
11 patients, and Prevotella in nine patients (Figure 4C). Mitral
valves and subgingival plaques shared Streptococcus and
Fusobacterium in all 16 patients, Neisseria and Shigella in 15
patients, Prevotella in 13 patients, Bacteroides in 12 patients,
Campylobacter in 10 patients, and Veillonella in nine patients
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
(Figure 4D). Mitral valves and saliva shared Streptococcus and
Fusobacterium in all 16 patients, Neisseria in 15 patients, Prevotella
in 13 patients, Campylobacter in 10 patients, as well as Rothia and
Veillonella in nine patients (Figure 4E).

Microbiota Discriminates Rheumatic Heart
Disease Patients From Control Subjects
To explore the diagnostic value of microbiota in discriminating
RHD patients from healthy controls, we constructed random
forest classifiers. According to random forest classifier based on
gut microbiota, the top 15 important gut genera were
Ruminococcus, Dorea, Arthrobacter, Lachnospira, Shigella,
Gemmiger, Bifidobacterium, Ralstonia, Faecalibacterium,
Subdoligranulum, Burkholderia, Blautia , Turicibacter,
Streptococcus, and Selenomonas (Supplemental Figure 3A).
A B D

E

F

C

FIGURE 2 | Alterations of subgingival plaque microbiota in patients with rheumatic heart disease. Microbiota of subgingival plaques (SP) from patients with
rheumatic heart disease (RHD) and control subjects (Ctrl) were analyzed using 16S rRNA gene sequencing. (A) Richness of SP microbiota assessed by Chao1.
(B) a-diversity of SP microbiota assessed by Shannon index. (C) b-diversity analyzed by principal coordinate analysis (PCoA) based on Bray–Curtis distance of SP
microbiota at genus level. (D) Determination of module-based topological roles (peripherals, connectors, module hubs, or network hubs) of SP microbiota in RHD
patients using ZP-plot at genus level. The size of dots represents abundance of each genus. (E) Relative abundances of the fifteen most abundant genera in SP
microbiota. (F) Taxonomic cladogram of SP microbiota based on LEfSe. Red color indicates increase and blue indicates decrease of taxa in RHD compared to Ctrl.
LDA = 3. Mann–Whitney test was used. n = 20: 20. *P < 0.05.
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Area under the curve (AUC) of the gut microbiota was 0.74
(Figure 5A). As for subgingival plaque microbiota, the top 15
important subgingival plaque genera were Roseburia ,
Acinetobacter, Turicibacter, Bifidobacterium, Lactobacillus,
Leptotrichia, Faecalibacterium , Lachnoanaerobaculum ,
Clostridium, Streptococcus, Atopobium, Blautia, Gemmiger,
Filifactor, and Granulicatella (Supplemental Figure 3B). AUC
of subgingival plaque microbiota was 0.89 (Figure 5B). In saliva,
the top 15 important salivary genera were Streptococcus, Shigella,
Rothia, Pelomonas, Lachnoanaerobaculum, Parvimonas,
Arthrobacter, Clostridium, Abiotrophia, Afipia, Streptobacillus,
Ralstonia, Turicibacter, Cardiobacterium, and Haemophilus
(Supplemental Figure 3C). AUC of salivary microbiota was
1.00 (Figure 5C).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
Microbial Taxa Correlate With Clinical
Indices in Rheumatic Heart Disease
Patients
Mitral valves are the most common heart valves affected by RHD
(Russell et al., 2017). Mitral stenosis and regurgitation cause
depressed left atrial compliance and elevated left atrial pressure,
leading to atrial remodelling and increased left atrial diameter
(LAD). Furthermore, pulmonary hypertension is one of the most
frequent medical complications in RHD (Watkins et al., 2018). We
explored the relationship between these clinical indices and
microbial taxa differentially enriched or important to discriminate
RHD patients from healthy controls. The results showed that
Bacteroides and Eubacterium in the gut negatively correlated
with LAD; Roseburia and Lachnoanaerobaculum in subgingival
A B D

E

F

C

FIGURE 3 | Alterations of salivary microbiota in patients with rheumatic heart disease. Microbiota of saliva from patients with rheumatic heart disease (RHD) and
control subjects (Ctrl) were analyzed using 16S rRNA gene sequencing. (A) Richness of salivary microbiota assessed by Chao1. (B) a-diversity of salivary microbiota
assessed by Shannon index. (C) b-diversity analyzed by principal coordinate analysis (PCoA) based on Bray–Curtis distance of salivary microbiota at genus level.
(D) Determination of module-based topological roles (peripherals, connectors, module hubs, or network hubs) of salivary microbiota in RHD patients using ZP-plot at
genus level. The size of dots represents abundance of each genus. (E) Relative abundances of the fifteen most abundant genera in salivary microbiota.
(F) Taxonomic cladogram of salivary microbiota based on LEfSe. Red color indicates increase and blue indicates decrease of taxa in RHD compared to Ctrl. LDA = 3.
Mann–Whitney test was used. n = 20: 20. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
March 2021 | Volume 11 | Article 643092
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plaques, on the other hand, positively correlated with LAD (Figure
6A). Blautia in the gut negatively correlated with pulmonary artery
systolic pressure (PASP); Corynebacterium and Roseburia in
subgingival plaques, on the other hand, positively correlated with
PASP (Figure 6B).
DISCUSSION

To our knowledge, this work is the first one to present
comprehensive characterization of the microbiota in RHD
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
patients. Our study demonstrated that RHD patients had
altered gut and oral microbiota, which was likely to translocate
to mitral valves and correlate with severity of the disease. These
results provided new insights on etiology, diagnosis, prevention,
and treatment of RHD.

We identified significant alterations in the microbial profile
of gut in RHD patients. We observed that relative abundances of
Bifidobacterium and Eubacterium increased and those of
Faecalibacterum and Bacteroides decreased in RHD patients.
Moreover, Coprococcus served as a super-generalist in gut
microbiota of RHD patients. Bifidobacterium has been
A B

D

E

C

FIGURE 4 | Comparisons of microbiota composition between mitral valves and other body sites of patients with rheumatic heart disease. Microbiota of mitral valves
from patients with rheumatic heart disease (RHD) were analyzed using 16S rRNA gene sequencing. (A) Comparison of microbial b-diversity (PCoA) among gut,
subgingival plaques (SP), saliva, and mitral valves (valve) of RHD patients. (B)Taxonomic composition of microbiota at different body sites of RHD patients at phylum
level. (C) Illustration of genera detected in both fecal sample (f) and mitral valve (v) of each RHD patient. The numbers (1–16) denote RHD patients. The column on
right indicates the number of patients who possess the corresponding genus in both sites. (D) Illustration of genera detected in both subgingival plaque (sp) and
mitral valve (v) of each RHD patient. (E) Illustration of genera detected in both saliva (s) and mitral valve (v) of each RHD patient. n = 16.
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considered a probiotic that can alter host microbiota in favor of
a “healthier” composition (Toscano et al., 2017). Eubacterium,
Faecalibacterum, Bacteroides, Coprococcus, and Blautia are
important propionate- or butyrate-producing bacteria (Hoyles
and Swann, 2019; Blaak et al., 2020). Propionate can enhance
generation of macrophage and dendritic cell precursors in
the bone marrow (Trompette et al., 2014) and butyrate
can facilitate extrathymic generation of T-reg cells (Arpaia
et al., 2013). Butyrate also helps to maintain the integrity of
the intestinal epithelium and reduce injury in distant organs
such as lungs (Haak et al., 2018; Hoyles and Swann, 2019).
Therefore, it seemed counterintuitive that Bifidobacterium and
Eubacterium increased in the gut microbiota of RHD patients.
We postulated that during the progression of RHD the decrease
of some beneficial genera such as Faecalibacterum and
Bacteroides contributed to disruption of immune homeostasis,
resulting in passive increase of some other beneficial genera
such as Bifidobacterium and Eubacterium in response to
lasting immune dysbiosis. Similarly, previous studies have
demonstrated an increase of Bifidobacterium or Eubacterium in
patients with inflammatory bowel disease (Wang et al., 2013) or
systemic lupus erythematosus (He et al., 2016). We also observed
that Bacteroides, Eubacterium, and Blautia in the gut negatively
correlated with severity of RHD, suggesting beneficial roles of
these three genera in RHD. However, neither Bifidobacterium nor
Faecalibacterum significantly correlated with any clinical indices
of RHD (Data not shown). The detailed functions and
mechanisms of these individual microbes in RHD remain to be
further delineated.

The gut microbiota of RHD patients manifested some
similarities but more differences comparing to that of patients
with other diseases. We observed increases in most of the
abundant genera in the gut microbiota of RHD patients. The
reason may be that RHD patients were subjected to high levels of
stress and gut inflammation that reduced gastrointestinal motility
and clearance capacity, leading to bacterial overgrowth in turn.
This phenomenon has been previously observed in patients with
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
type 1 diabetes, chronic heart failure, or other critical illness
(Btaiche et al., 2010; Pasini et al., 2016; Malik et al., 2018). The
gut microbial profile of RHD patients differed significantly from
other cardiovascular diseases such as chronic heart failure and
pulmonary arterial hypertension (Kummen et al., 2018; Kim et al.,
2020). For example, gut microbiota of patients with chronic heart
failure had relatively low abundance in Bifidobacterium and high
in Prevotella (Kummen et al., 2018), whereas our results
demonstrated that the gut microbiota of RHD patients had
relatively high abundance in Bifidobacterium and no difference
in Prevotella. Some genera in RHD patients had similar alterations
as in patients with pulmonary arterial hypertension, including
decreased Bacteroides and increased Bifidobacterium (Kim et al.,
2020). However, alterations of some other genera were completely
different between RHD patients and patients with pulmonary
arterial hypertension. For example, the abundance of
Eubacterium increased in RHD patients, while it decreased in
patients with pulmonary arterial hypertension (Kim et al., 2020).
Thus, we propose that the same bacteria may respond to different
stimuli specifically and play different roles in various disease
conditions. Further animal experiments should be implemented
to confirm their specific functions. It is the unique microbial
profile that makes it possible to discriminate RHD patients from
healthy controls or even other diseases.

We also identified significant microbial alterations in oral
cavity of RHD patients. A large variety of microbiota resides in
different locations of the oral cavity (Avila et al., 2009). We
analyzed the microbiota of saliva and subgingival plaques in this
study. Salivary microbiota of RHD patients showed higher
richness than that of control subjects, likely because of poor
oral hygiene (Maharaj and Vayej, 2012; Belstrom et al., 2018).
The difference in b-diversity of salivary microbiota between
RHD and control subjects was more dramatic in comparison
with that of gut and subgingival plaque microbiota. In line with
this, the diagnostic value of salivary microbiota was the greatest
according to random forest analysis. The results underpinned
the theory that saliva represented a significant source of
A B C

FIGURE 5 | Gut and oral microbiota differentiate rheumatic heart disease patients from control subjects. (A) Receiver operating characteristic (ROC) curve according
to random forest model for fecal microbiota. A greater area under the ROC curve (AUC) indicates better performance. (B) ROC curve according to random forest
model for subgingival plaque microbiota. (C) ROC curve according to random forest model for salivary microbiota.
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discriminatory biomarkers for oral and systemic diseases
(Yoshizawa et al., 2013). For example, salivary microbes were
able to correlate with clinical indices and stratify active and
moderately active patients of rheumatoid arthritis (Zhang et al.,
2015). Similar results were obtained in Crohn’s disease, another
autoimmune disease (Zhang et al., 2020). Although microbes in
saliva had large potential to differentiate RHD from control
subjects, there was no correlation between any single salivary
microbe and RHD severity. The reason may be that salivary
microbes closely interacted with each other and functioned as a
whole (Jenkinson and Lamont, 2005). Our data showed that
genus such as Roseburia , Lachnoanaerobaculum , and
Corynebacterium in subgingival plaques correlated with RHD
severity, although the functions of these genera in periodontal
disease or RHD remain to be further explored.

Our results also showed that Streptococcus significantly
increased in saliva of RHD patients. There are 74 species under
the genus of Streptococcus (Wong and Yuen, 2012). GAS is
responsible for pharyngitis and the post-infection sequela,
including RHD (Soderholm et al., 2018). GAS can survive the
oral immune defense system and remain viable for long periods
(Walker et al., 2014). Not all Streptococcus spp. are harmful. For
instance, Streptococcus salivarius K12 is a probiotic intended for
use in the oral cavity and can antagonize the growth of GAS (Di
Pierro et al., 2016). Therefore, it needs to be further determined
which species of Streptococcus contributed to the changes we
observed in the oral microbiota of RHD patients. Streptococcus
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
also increased in subgingival plaques of RHD patients, likely a
consequence of the increase of this genus in saliva (Avila
et al., 2009).

Our data suggested potential transmission of microbes from
the gut or oral cavity to heart valves of RHD patients. Some
genera were shared by mitral valves and gut or oral cavity in
RHD patients, indicating that microbes in the gut and/or oral
cavity might translocate to the mitral valves. In the context of
immunological cascade caused by GAS infection, gut microbial
dysbiosis may increase endotoxin production and weaken gut
barrier function, leading to increase of intestinal permeability
and subsequent bacterial translocation (Camilleri, 2019). Oral
cavity is another potential origin of the microbiota in mitral
valves. Transmission of oral microbes to other body sites can be
caused by invasive dental procedure or even normal daily
activities such as tooth brushing and food intake (Smith and
Nehring, 2020). Our results demonstrated that the microbiota in
mitral valves partially overlapped with that in oral cavity.
Intriguingly, Campylobacter was distributed in most mitral
valves and oral cavity but only presented in one fecal sample
of RHD patients, pointing to the possibility of oral-to-valve but
not gut-to-valve translocation of this microbe. Streptococcus was
abundantly distributed in mitral valves of every RHD patient.
This is consistent with the theory that GAS or its components
can enter the circulation and gain access to the subendothelial
collagen matrix (Tandon et al., 2013). Neisseria, Lactobacillus,
Campylobacter and Prevotella were detected in the mitral valves
of most RHD patients. It would be reasonable to speculate that
these microbes, together with Streptococcus, could translocate
from the gut and/or oral cavity to the mitral valves, creating
antigens that provoke autoimmune response against host cardiac
tissues over the progression of RHD.

Our data provided new insights on the etiology, diagnosis,
prevention, and treatment of RHD. First, unique microbial
profiles of RHD broadened the concept of genetic susceptibility
to RHD. Only a minority (1–2%) of populations living in GAS-
endemic areas develop RHD (Carapetis et al., 2000) and specific
genetic markers have been linked to RHD (Gray et al., 2017).
Microbiota, considered as the second genome of the human
body, may play a role in genetic predisposition to RHD (Grice
and Segre, 2012). Second, unique microbial profiles may serve as
a supplemental diagnostic tool for RHD patients. Our results
illustrated that it was feasible to differentiate RHD patients from
control subjects using microbiota. Third, our data suggested that
the microbiota played important roles in RHD treatment. Broad-
spectrum antibiotics may eliminate beneficial microbes and
sometimes cause secondary infections (Kelly and LaMont,
2008). Antibiotics designed with the narrowest spectra
targeting GAS or regular use of probiotics may reduce the
ecologically undesirable side effects of non-discriminative
antibiotic chemoprophylaxis (Lemon et al., 2012). At last,
the microbiota may serve as a viable therapeutic target for
halting progression to severe mitral stenosis and for post-
surgery management. The microbiota may influence immune
homeostasis, trigger inflammation, invade tissues, and
create antigens (Hooper et al., 2012; Tandon et al., 2013;
A

B

FIGURE 6 | Correlations between microbial genera and clinical indices in
patients with rheumatic heart disease. (A) Heatmap showing correlations
between different genera and LAD. (B) Heatmap showing correlations
between different genera and PASP. LAD indicates left atrial diameter; and
PASP, pulmonary artery systolic pressure. SP indicates subgingival plaque.
Spearman’s rank correlation coefficients are illustrated in squares. *P < 0.05;
**P < 0.01.
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Anhe et al., 2020). It is feasible to treat diseases through
manipulation of the microbiota. For example, fecal microbiota
transplantation has been safely performed in the treatment of
diarrhea and sepsis in critical care (Li et al., 2015). Moreover,
microbiota affects drug pharmacokinetics. The rate of absorption
and bioavailability of many oral drugs depends on their exposure
to bacterial enzymes before entering the circulation (Li and Jia,
2013). For RHD patients with prosthetic valves, the gut
microbiota has been implicated to affect anticoagulant therapy
that is mandatory after surgery (Wang et al., 2020). Our study is a
start point for potential microbiota-targeting therapies, although
more studies are required to establish causative links between the
microbiota and RHD.

In conclusion, we described important alterations in the
microbiota of RHD patients, provided evidence that microbiota
in gut and oral cavity might translocate to mitral valves,
demonstrated the possibility of distinguishing patients from
control subjects using microbiota, and identified gut/oral
microbes that correlated with severity of RHD. Our study
paved a promising path for using microbiota as a potential
diagnostic, prophylactic, and therapeutic tool for RHD.
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