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The role of oral microbiota in viral encephalitis and/or viral
meningitis (VEVM) remains unclear. In this hospital-based,
frequency-matched study, children with clinically diagnosed
VEVM (n = 68) and those with other diseases (controls, n =
68) were recruited. Their oral swab samples were collected
and the oral microbiota was profiled using 16S rRNA gene
sequencing. The oral microbiota of children with VEVM ex-
hibited different beta diversity metrics (unweighted UniFrac
distance: P < 0.001, R* = 0.025, Bray-curtis dissimilarity: P
= 0.045, R” = 0.011, and Jaccard dissimilarity: P < 0.001, R?
= 0.017) and higher relative abundances of taxa identified
by Linear discriminant analysis (LDA) with effect size (Enter-
ococcus, Pedobacter, Massilia, Prevotella_9, Psychrobacter,
Butyricimonas, Bradyrhizobium, etc., LDA scores > 2.0) when
compared with the control group. The higher pathway abun-
dance of steroid hormone biosynthesis predicted by oral mi-
crobiota was suggested to be linked to VEVM (g = 0.020).
Further, a model based on oral microbial traits showed good
predictive performance for VEVM with an area under the
receiver operating characteristic curve of 0.920 (95% con-
fidence interval: 0.834-1.000). Similar results were also ob-
tained between children with etiologically diagnosed VEVM
(n = 43) and controls (n = 68). Our preliminary study iden-
tified VEVM-specific oral microbial traits among children,
which can be effective in the diagnosis of VEVM.
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Introduction

Encephalitis and/or meningitis are central nervous system
(CNS) diseases that involve inflammation of the brain pa-
renchyma and/or meninges (Thompson et al., 2012). Viruses
that cross the blood-brain barrier (BBB) cause the viral infec-
tions of CNS, which is the most prevalent cause of encepha-
litis and/or meningitis in pediatrics, called viral encephalitis
and/or viral meningitis (VEVM) (Thompson et al., 2012;
Kong et al., 2015; Ai et al., 2017).

The clinical diagnosis of VEVM is established by clinical ma-
nifestation, laboratory detection, clinical examination, and
neuroimaging (Mutton and Guiver, 2011). The etiological di-
agnosis of VEVM is mainly based on the identification of vi-
ruses or viral antibodies in cerebrospinal fluid (CSF) obtained
by lumbar puncture (LP); however, up to 60% of cases were
etiologically unexplained (Thompson et al., 2012; Lyons, 2018;
Wright et al., 2019). Common pediatric diseases, including
fever, headache, epilepsy, bacterial meningitis, febrile con-
vulsion, etc., have similar clinical features and unknown eti-
ologies as VEVM, resulting in the difficulty of the discrimina-
tion between these conditions and VEVM (Mutton and Gui-
ver, 2011; Thompson et al., 2012; Venter et al., 2014; Ye et al.,
2016; Kennedy et al., 2017). In addition, the injuries caused
by needles and other possible complications, including post-
dural puncture headache, back pain, etc., lead to a lower ac-
ceptance of LP, especially in children (Engelborghs et al.,
2017).

Over 700 taxa comprise the oral microbiota, which is a com-
plex ecosystem and has important influences on human
health and physiology (Sampaio-Maia et al., 2016). The traits
of oral microbiota, consisting of alpha/beta diversity, com-
position, relative abundance, and functional prediction, have
been confirmed to be associated with various diseases and to
be helpful in their diagnosis, including viral infectious dis-
eases like coronavirus disease 2019 (Docktor et al., 2012; Qiao
et al., 2018; Lee et al., 2020; Zhang et al., 2020; Ma et al., 2021).
Viruses have been proved to be able to alter microbial adher-
ence, colonization, and host immune responses (Allen et al.,
2014). Besides, oral microbial dysbiosis also has potential im-
pacts on the integrity of BBB and the CNS, suggesting that
oral microbiota might play a significant role in the mecha-
nisms of neurological diseases (Shoemark and Allen, 2015;
Qiao et al., 2018).

The relationship between VEVM and oral microbiota re-
mains unclear. The current study aimed to explore the alter-
ations of oral microbiota and their diagnostic performance
in Chinese children with VEVM.
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Materials and Methods

Study design and participants

The hospital-based study recruited children who were given
LPs in the Children’s Hospital of Fudan University in Shang-
hai, China, from January 2018 to December 2019. The study
protocol was reviewed and approved by the ethical commit-
tee of the School of Public Health, Fudan University (IRB-
#2017-09-0637).

Children included in this study were: (1) aged from one
month to 16 years old (the upper age limit of the children al-
lowed to visit the hospital), (2) both CSF and oral swab sam-
ples can be collected, and (3) informed consents from the par-
ticipants’ guardians were obtained. Children were excluded
from this study when they received antibiotic treatments within
one week before having LPs. A total of 512 children were re-
cruited, 398 of whom met the inclusion/exclusion criteria
above.

Oral swab samples were collected from the buccal mucosa
using sterile swabs immediately after the LPs. The swabs were
labeled with serial numbers and immediately frozen at -20°C,
then transported to the laboratory and stored at -80°C within
24 h. General sociodemographic and clinical data were col-
lected from the hospital’s electronic medical records.

Clinical and etiological diagnosis of VEVM

Clinical diagnosis for viral encephalitis was established based
on the diagnostic criteria (Wang, 2013; Jiang et al., 2015),
including (1) acute onset, (2) symptoms of cerebral paren-
chyma damage including fever, headache, projectile vomit-
ing, lethargy, convulsion, conscious disturbance, and/or fo-
cal neurological signs, (3) focal or diffuse abnormalities in
electroencephalogram (EEG), (4) brain edema or focal/dif-
fuse lesions in computed tomography (CT) and/or magnetic
resonance imaging (MRI) tests, (5) elevated CSF leukocyte
and protein levels, and (6) the lack of evidence for bacterial,
tubercle bacillus, or fungal infection. And the diagnostic cri-
teria of viral meningitis were based on the followings (Tup-
peny, 2013; Ai et al., 2017): (1) acute onset, (2) symptoms such
as fever, headache, vomiting, and/or nuchal rigidity without
parenchymal involvement, (3) elevated CSF leukocyte and

Children having LPs in Children’s Hospital of Fudan University
from January 2018 to December 2019 (n=512)

elevated or normal CSF protein levels, and (4) the lack of
evidence for bacterial, tubercle bacillus, or fungal infection.

Among the 398 eligible children, 68 children were clini-
cally diagnosed with VEVM (denoted as VEVMc), and 330
children were diagnosed with other diseases, including fever,
headache, epilepsy, febrile convulsion, etc. For all VEVMc
children, we applied polymerase chain reaction (PCR) or re-
verse transcription polymerase chain reaction (RT-PCR) to
detect viruses in CSF, and the detailed experimental methods
have been reported in our previous study (Zhu et al., 2021).
The measured viruses, including enterovirus (EV), herpes
simplex virus (HSV)-1, HSV-2, mumps virus (MuV), Epstein-
barr virus, cytomegalovirus, and varicella-zoster virus, which
were the most prevalent pathogens among children with
VEVM in China (Zhang et al., 2013; Kong et al., 2015; Xie
et al., 2015; Ai et al., 2017). Among the 68 children with
VEVMpc, 43 children were positive in PCR or RT-PCR re-
sults (denoted as VEVMPp), and 25 children were negative in
PCR or RT-PCR results (denoted as VEVMN). From chil-
dren with other diseases (n = 330), a frequency-matched
method was used to match the VEVMc group on age, gen-
der, and diagnostic season with a ratio of 1:1, which pro-
duced the control group (n = 68). The study flowchart is
shown in Fig. 1.

DNA extraction and 16S rRNA gene sequencing

For the 136 oral swab samples (68 children with VEVMc and
68 controls), genomic DNA was extracted using the cetyl-
trimethylammonium bromide (CTAB) method. The V3-V4
hypervariable regions of 16S rRNA genes were then ampli-
fied using the primers (341F-CTAYGGGRBGCASCAG and
806R-GGACTACNNGGGTATCTAAT) with specific bar-
codes, followed by sequencing on an Ton $5™ XL platform
(Thermofisher Scientific Co. Ltd.) to generate 600 bp single-
end reads. The reads were assigned to their corresponding
samples according to their unique barcodes, and then the
barcodes and primer sequences were removed.

Statistical and bioinformatics analyses

The comparisons of the sociodemographic and clinical char-
acteristics were performed between the VEVMec group and

Fig. 1. Flowchart of study participants. The
flowchart shows the enrollment of children
for subsequent oral microbiota analysis. LP,
lumbar puncture; PCR, polymerase chain

114 children excluded due to receiving
antibiotic treatments within one week
before having LPs

reaction; RT-PCR, reverse transcription poly-
merase chain reaction.
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the control group, as well as among the VEVMP group, the
VEVMN group, and the control group. Continuous variables
with a normal distribution were compared by Student’s t test
for two groups or one-way ANOVA (Analysis of Variance)
for three groups. Continuous variables with a non-normal
distribution were compared by the Wilcoxon test for two
groups or the Kruskal-Wallis test for three groups. Normality
was assessed by the Shapiro-Wilk test. The proportions of cat-
egorical variables were compared by the Chi-square test (or
Fisher’s exact test). When the comparisons among all three
groups showed significant differences, the pairwise multiple
comparisons were performed by the post-hoc test with the
false discovery rate (FDR) correction.

The sequence data were processed using the Quantitative
Insights into Microbial Ecology 2 (QIIME 2, Version 2019.7)
platform, with plugins DADA2, feature-table, feature-clas-
sifier, and phylogeny (Bolyen et al., 2019). The quality con-
trol and the construction of the amplicon sequence variant
(ASV) table were conducted using the DADA?2 pipeline (Call-
ahan et al, 2016). After filtering sequences with low abun-
dances (less than ten reads), sequences only present in a few
samples (less than five samples), and chimeras, taxonomic
classification was assigned to ASV's using the Silva database
(version 132).

Further analyses and visualizations were performed using
R 3.6.1. Alpha diversity analyses, including the calculation of
Shannon index, observed species, Evenness, and Faith phy-
logenetic diversity (PD), were conducted to assess the rich-
ness and evenness of oral microbiota. Statistical differences
were determined with the Wilcoxon test for two groups or
the Kruskal-Wallis test for three groups. Principal coordi-
nates analyses (PCoA) were conducted to examine beta di-
versity metrics across groups based on the weighted UniFrac
distance, unweighted UniFrac distance, Bray-curtis dissimi-
larity, and Jaccard dissimilarity metrics. PERMANOVA (Per-
mutational Multivariate ANOVA) tests were used to evaluate
the significance of beta diversity differences among groups.
When the comparisons among all three groups showed sig-
nificant differences, the P values from pairwise PERMANOVA
tests were corrected for multiple testing using FDR.

Compositional analyses with stacked bar charts were con-
ducted to exhibit taxonomic compositions of the oral micro-
biota in different groups at the phylum, family, genus, and
species levels. Linear discriminant analysis (LDA) with effect
size (LEfSe) tests were performed to identify the differentially
abundant taxa between groups, using LDA scores > 2.0 as a
threshold of significance (Segata et al., 2011). Cladograms of
a taxonomy-based tree were used to visualize the differentially
abundant taxa extending from the phylum to genus levels, and
bar charts were used to demonstrate these taxa at the genus
and species level.

PICRUSt2 (Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States 2) (Douglas ef al., 2020)
was applied to predict the functions of oral microbiota using
Kyoto Encyclopedia of Genes and Genomes (KEGG) ortho-
logs. The predicted pathways were grouped by three hierar-
chical levels, and the differential pathways were found using
Welch’s t-test with FDR. Spearman correlation analysis was
performed to assess the relationships between discriminative
genera and pathways with FDR correction.
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In order to examine whether VEVM can be classified based
on the relative abundances of oral microbiota at the genus
level, the random forest (RF) machine learning algorithm was
used to construct a model with ten-fold cross-validation (five
replicates). Two-thirds of the samples were selected to train
the classifier by sampling with replacement, and the remain-
ing samples were used for validation. A mean decrease accu-
racy (MDA) value of each variable was calculated and ranked
in a descending order to investigate the degree of its contri-
bution to the RF model. The minimum number of discrim-
inative taxa used for the model was dependent on the min-
imum classification error rate. The receiver operating char-
acteristic (ROC) curve was then constructed and the area
under the ROC curve (AUC) was calculated to evaluate the
RF classifier (Robin et al., 2011). The statistical significance of
the improvement in AUC was determined using Delong’s
test (DeLong et al., 1988). All tests were two-tailed, and the
Pvalues (or FDR g values) < 0.05 were considered statistically
significant.

Results

Participants’ characteristics

The profiles of demographic and clinical characteristics of
the participants were presented in Supplementary data Table
S1. Among the participants, the headache was more often
observed in the VEVMc and VEVMPp group than in the con-
trol group (P < 0.05, Supplementary data Table S1 and g <
0.05, Supplementary data Fig. S1), while cough and convul-
sion were more frequent in the control group than in the
VEVMc and VEVMP group (P < 0.05, Supplementary data
Table S1 and g < 0.05, Supplementary data Fig. S1). Higher
CSF leukocyte count, CSF protein level, and y-glutamyl trans-
peptidase were found in the VEVMc and VEVMp group (P <
0.05, Supplementary data Table S1 and g < 0.05, Supplemen-
tary data Fig. S2). Compared to the control group, the blood
platelet count was higher only in the VEVMc group (P < 0.05),
while the proportion of abnormal C-reactive protein was
lower only in the VEVMc group (P < 0.05) (Supplementary
data Table S1). The frequency of vomiting was higher only
in the VEVMP group than in the control group (g < 0.05, Sup-
plementary data Fig. S2). Other clinical characteristics were
similar between the VEVMc/VEVMp group and the control
group. Moreover, there were significant differences in head-
ache, vomiting, and CSF leukocyte count between the VEVMp
group and the VEVMN group (g < 0.05, Supplementary data
Figs. S1-S2); and it was also significantly different in CSF
leukocyte count, CSF protein level, and blood platelet count
between the VEVMN group and the control group (g < 0.05,
Supplementary data Fig. S2).

Alpha and beta diversities of oral microbiota

Among the 136 participants, a total of 5,643,390 raw sequ-
ence reads were obtained, and the quality filtering retained
5,213,070 reads with an average of 38,331 reads per sample
(ranges: 18,097 reads to 52,787 reads). The Shannon index,
observed species, Evenness, and Faith PD of oral microbiota
were similar between the VEVMc and the control group (P >
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Fig. 2. Comparisons of alpha and beta diversities of the oral microbiota between the VEVMCc group and the control group. Boxplots display the comparisons
of alpha diversity metrics of (A) Shannon index, (B) observed species, (C) Evenness, and (D) Faith PD between two groups. Boxes show the interquartile
ranges, lines inside the boxes show medians, and circles show outliers. PCoA was used to visualize compositional relationships between two groups according
to beta diversity metrics of (E) weighted UniFrac distance (P = 0.734, R*=0.004), (F) unweighted UniFrac distance (P < 0.001, R*=0.025), (G) Bray-curtis
dissimilarity (P = 0.045, R® = 0.011), and (H) Jaccard dissimilarity (P < 0.001, R* = 0.017). The percentage on axis 1 and 2 labels are the proportion of variance
explained by that axis. Faith PD, Faith phylogenetic diversity; ns, no significance (P > 0.05); PCoA, principal coordinates analysis

0.05, Fig. 2A-D). Similar results were observed among the on Bray-curtis dissimilarity and Jaccard dissimilarity between

VEVMP group, the VEVMN group, and the control group any two groups (q < 0.05), while the metric of unweighted

(P> 0.05, Supplementary data Fig. S3A-D). UniFrac distance was only significantly different in the VEVMp
The differences of the beta diversity metrics, including and VEVMN group compared with the control group (g <

unweighted UniFrac distance (P < 0.001, R*=0.025), Bray- 0.05) (Supplementary data Table S2).

curtis dissimilarity (P = 0.045, R® = 0.011), and Jaccard dis-

similarity (P < 0.001, R* = 0.017), were significant between Taxa of oral microbiota

the VEVMc group and the control group (Fig. 2E-H). Similar
results were also obtained among the VEVMp group, the
VEVMN group, and the control group (unweighted UniFrac
distance: P < 0.001, R* = 0.035; Bray-curtis dissimilarity: P =
0.013, R* = 0.022; Jaccard dissimilarity: P < 0.001, R* = 0.027,
Supplementary data Fig. S3E-H), as shown in the PCoA plots.
Further multiple pairwise comparisons showed that there
were significant differences in the beta diversity metrics based

Among the 136 participants, 10 phyla, 18 classes, 35 orders,
65 families, 147 genera, and 235 species were obtained based
on the sequences. At the phylum level, the proportions of
the top five phyla (Firmicutes, Proteobacteria, Bacteroidetes,
Actinobacteria, and Fusobacteria) in total were 98.6%, 99.1%,
97.8%, and 98.5% respectively for the VEVMc group, the
VEVMp group, the VEVMN group, and the control group
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Fig. 3. Compositions of the oral microbiota. Average relative abundances of (A) the top five most abundant phyla, (B) the top 10 most abundant families, and
(C) the top 10 most abundant genera in the VEVMc group, the VEVMp group, the VEVMN group, and the control group.
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(Fig. 3A). At the family level, the proportions of the top 10
families (Streptococcaceae, Prevotellaceae, Micrococcaceae,
Neisseriaceae, Actinomycetaceae, Burkholderiaceae, Pasteur-
ellaceae, Porphyromonadaceae, Carnobacteriaceae, and Veillo-
nellaceae) in total were 81.1%, 84.1%, 76.1%, and 82.8% for
the VEVM¢ group, the VEVMP group, the VEVMN group,
and the control group, respectively (Fig. 3B). At the genus
level, the proportions of the top 10 genera (Streptococcus,
Rothia, Neisseria, Actinomyces, Prevotella_7, Porphyromonas,
Lautropia, Alloprevotella, Haemophilus, and Granulicatella)
in total were 74.4%, 77.7%, 68.7%, and 77.0% for the VEVMc
group, the VEVMP group, the VEVMN group, and the con-
trol group, respectively (Fig. 3C).

Further, 60 differentially taxa that varied significantly in
abundance between the VEVMc group and the control group
based on LEfSe analysis (LDA scores > 2.0) were identified.
These taxa included one order, 10 families, 27 genera, and
22 species (Fig. 4A). 27 differentially abundant taxa at the
genus level were shown by bar charts (Fig. 4B), almost com-
pletely covering the 20 differentially abundant genera between
the VEVMP group and the control group (except Corynebac-

terium, Supplementary data Fig. S4B). The result of LEfSe
analysis between the VEVMN group and the control group
was shown in Supplementary data Fig. S5, which was slightly
different from the result obtained between the VEVMc group
and the control group. The composition and the differentially
abundant taxa at the species level among groups were also
shown in Supplementary data Fig. S6.

Functional prediction of oral microbiota

The functional prediction results showed that the pathway of
steroid hormone biosynthesis exhibited higher abundances
in both the VEVMc group (q = 0.020) and the VEVMP group
(q = 0.003) compared to the control group. VEVMc-enriched
genera, including Psychrobacter (R = 0.312, q < 0.001), Brady-
rhizobium (R = 0.247, g = 0.004), Pedobacter (R = 0.229, q =
0.007), and Caulobacter (R = 0.169, q = 0.049), were positi-
vely correlated to the pathway abundance of steroid hormone
biosynthesis (Fig. 5). No pathways differed significantly be-
tween the VEVMN group and the control group in abun-
dance (g > 0.05).
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characteristic.



Oral microbiota-based predictive model for VEVM

The relative abundances of eighteen discriminative genera
were used to establish the RF model for predicting VEVMc
(Fig. 6A). Most of these genera were also discovered by the
analysis of LEfSe except Serratia, Abiotrophia, and Pseudo-
chrobactrum (Fig. 4B). The AUC of the RF model was 0.920
(95% confidence interval [CI]: 0.834-1.000). At the optimal
cutoff value of 0.521, the model above demonstrated a 90.7%
predictive accuracy for discriminating children with VEVMc
from controls, with a sensitivity of 86.4% and a specificity of
95.2% (Fig. 6B). The positive predictive value (PPV) and
negative predictive value (NPV) were 95.0% and 87.0%,
respectively.

Eight discriminative genera, appearing also in the results
of LEfSe (Supplementary data Fig. S4B), were used in con-
structing the RF model to distinguish children with VEVMp
from controls with the same method (Fig. 6C). The AUC of
the RF model in predicting VEVMp was 0.945 (95% CI: 0.840—
1.000), with a sensitivity of 91.7% and a specificity of 95.5%
(Fig. 6D). The AUC for predicting VEVM has been im-
proved from 0.920 to 0.945, but without statistical signifi-
cance (Delong’s test, P = 0.533).

Discussion

The current study identified different beta diversity, differ-
entially abundant taxa, and a higher pathway abundance of
the oral microbiota in children with VEVM compared to con-
trols; the microbiota-based model showed a relatively good
performance in predicting either clinically diagnosed VEVM
or its subset with definite etiologies.

In this study, children with clinically diagnosed VEVM ex-
hibited different beta diversity compared with controls (Fig.
2), which were manifested by the differentially abundant taxa,
including Enterococcus, Pedobacter, Massilia, Prevotella_9,
Psychrobacter, Butyricimonas, Bradyrhizobium (Fig. 4), etc.
Children with clinically diagnosed VEVM also showed a higher
pathway abundance of the steroid hormone biosynthesis pre-
dicted from the oral microbiota (q = 0.020). Similar results
were also obtained between children with etiologically diag-
nosed VEVM and controls (Supplementary data Figs. S3 and
S4). The microbiota-based models predicted for clinically di-
agnosed VEVM with an AUC of 0.920 (95% CI: 0.834-1.000)
and etiologically diagnosed VEVM with an AUC of 0.945
(95% CI: 0.840-1.000) (Fig. 6).

Oral microbiota in children altered with increasing age
(Dzidic et al., 2018); however, the compositions have devel-
oped into adult-like patterns among children older than one
month (Chu et al., 2017). In our design, children older than
one month were included, and the age has been matched be-
tween the VEVMc group and the control group. The differ-
ence in the beta diversity of oral microbiota between the
VEVM group and the control group indicated their different
oral microbial compositions in our study. Similar results have
been found in other viral infections, like coronavirus (Ma et
al., 2021), hepatitis B virus (Ling et al., 2015), and HSV-1 (Lee
et al., 2020). However, the decreased alpha diversity of the
oropharyngeal microbiota was found in patients with corona-
virus disease 2019 (Ma et al., 2021), which was not observed
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in our results, suggesting that the alterations of oral microbiota
in children with viral infections may be complex or virus-
specific. Several VEVM-enriched microbial taxa found in the
current research have been reported in relation to specific hu-
man diseases previously. For example, Enterococcus in CSF
could be one of the causes for bacterial encephalitis, although
it was relatively uncommon (Granerod et al., 2010); Brady-
rhizobium was present in the colon-biopsy specimens of pa-
tients with cord colitis but not in controls, and was considered
as an opportunistic human pathogen (Bhatt et al., 2013).

Viral infections may cause inflammation and lead to pro-
nounced neuro-endocrine and metabolic alterations (Joosten
et al., 2000). Mehta et al. (2015) reported the CSF cortisol (a
steroid stress-response hormone) level in patients with viral
meningitis was higher than that in controls. In addition, oral
microbiota has been proved to synthesize enzymes needed
for steroid hormone synthesis and catabolism (Markou et al.,
2009). The current study found the pathway of steroid hor-
mone biosynthesis predicted by the oral microbiota was en-
riched in children with VEVM, and positively correlated with
some VEVM-enriched genera. This finding suggests the po-
tential mechanism between steroid hormone biosynthesis
and VEVM pathogenesis.

Low viral contents in CSF, difficulties in viral culture, and
initial non-specific clinical features of VEVM can result in
the misdiagnosis and the delayed treatment of VEVM (Kong
et al., 2015; Gao et al., 2017). In our study, children with
VEVM presented with many similar clinical characteristics
when compared to those with other diseases, and the sim-
ilarities also appeared between children with VEVMp and
children with VEVMN (Supplementary data Table S1 and
Figs. S1-S2). These similarities implied the difficulty in differ-
entiating VEVM from other common pediatric disorders and
making a clear distinction between VEVMp and VEVMN in
routine clinical practices. Thus, new methods for the diag-
nosis of VEVM are still required. Xing et al. (2020) used next-
generation metagenomic sequencing to diagnose viral en-
cephalitis, achieving an AUC of 0.659 (95% CI: 0.566-0.751).
Mori et al. (2017) found serum vascular endothelial growth
factor was able to discriminate virus-positive and virus-neg-
ative encephalitis in a study of Bangladeshi children with
an AUC of 0.82 (95% CI: 0.66-0.98). The primary infection
and replication of the major causative agents of VEVM us-
ually occur in the oral cavity (Thompson et al., 2012; Ro-
zenberg, 2013). Hence, the alterations of oral microbiota
might appear preceding the onset of clinical symptoms or
the changes of clinical indicators in CSF (Thompson et al.,
2012). However, the utility of oral microbiota in the diag-
nosis of VEVM was rarely reported in previous researches.
The current study established a predictive method for dis-
tinguishing children with VEVM from those with other sim-
ilar diseases based on the oral microbial traits with a higher
value of AUC, which implied that our method may be su-
perior to those reported previously.

Our findings have important implications for current cli-
nical practices. Firstly, the oral microbiota-based predictive
method may help clinicians in the preliminary diagnosis and
initiation of antiviral treatments earlier for VEVM, which
probably brings out a better prognosis and reduces the un-
necessary injuries or complications induced by invasive LPs.
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Secondly, the oral microbiota-based method performed well
in predicting the VEVM, which implied that the studies on
the methods of identifying viruses from the oral cavity are
encouraging. Additionally, oral microbial metabolism might
be involved in the pathogenesis of VEVM, and the exact me-
chanisms are worthy of further exploration in the future.

This study nevertheless exhibited certain limitations. Firstly,
there was a possible patient selection bias in this study. Child-
ren who refused to take LPs or donate oral samples and who
received antibiotic treatments within one week before hav-
ing LPs were excluded. Secondly, the study only sampled a
single site in the oral cavity. Oral microbiota exhibits different
compositions at different locations including in the saliva,
dental plaque, subgingival sulcus, and mucosa (Santigli et al.,
2017). Samplings at different oral cavity niches may offer more
complete microbiota information. Thirdly, due to the low in-
cidence of VEVM and a broad age range of participants, fu-
ture studies with larger sample sizes may finely discover the
role of oral microbiota in children with VEVM of different
ages. Moreover, the oral microbiota was also affected by food
intake (Katagiri et al., 2019), but this information was not
available in our study. Comprehensive food investigations
are needed to clarify the exact role of food intake in oral mi-
crobiota in future studies.

In conclusion, the current study found VEVM-enriched
oral microbiota and established a relatively effective model
in predicting VEVM in Chinese children, which will provide
new insights into the role of oral microbiota in VEVM.
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