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ABSTRACT

Objective To characterise the oral microbiome, gut
microbiome and serum lipid profiles in patients with
active COVID-19 and recovered patients; evaluate the
potential of the microbiome as a non-invasive biomarker
for COVID-19; and explore correlations between the
microbiome and lipid profile.

Design We collected and sequenced 392 tongue-
coating samples, 172 faecal samples and 155

serum samples from Central China and East China.
We characterised microbiome and lipid molecules,
constructed microbial classifiers in discovery cohort
and verified their diagnostic potential in 74 confirmed
patients (CPs) from East China and 37 suspected
patients (SPs) with IgG positivity.

Results Oral and faecal microbial diversity was
significantly decreased in CPs versus healthy controls
(HCs). Compared with HCs, butyric acid-producing
bacteria were decreased and lipopolysaccharide-
producing bacteria were increased in CPs in oral
cavity. The classifiers based on 8 optimal oral microbial
markers (7 faecal microbial markers) achieved good
diagnostic efficiency in different cohorts. Importantly,
diagnostic efficacy reached 87.24% in the cross-
regional cohort. Moreover, the classifiers successfully
diagnosed SPs with IgG antibody positivity as CPs, and
diagnostic efficacy reached 92.11% (98.01% of faecal
microbiome). Compared with CPs, 47 lipid molecules,
including sphingomyelin (SM)(d40:4), SM(d38:5) and
monoglyceride(33:5), were depleted, and 122 lipid
molecules, including phosphatidylcholine(36:4p),
phosphatidylethanolamine (PE)(16:0p/20:5) and
diglyceride(20:1/18:2), were enriched in confirmed
patients recovery.

Conclusion This study is the first to characterise the
oral microbiome in COVID-19, and oral microbiomes and
lipid alterations in recovered patients, to explore their
correlations and to report the successful establishment
and validation of a diagnostic model for COVID-19.

INTRODUCTION

COVID-19 has rapidly spread worldwide, resulting
in over 100 million infections and over 2 million
deaths.! However, as the gold standard for diag-
nosing COVID-19, nucleic acid testing through
reverse transcription-PCR (RT-PCR) has been
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"2 Lanjuan Li
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Significance of this study

What is already known on this subject ?

» COVID-19 has emerged as a global pandemic,
resulting in over 100 million infections and over
2 million deaths.

» However, as the gold standard for diagnosing
COVID-19, nucleic acid testing through RT-PCR
has been questioned due to a false negative
rate of at least 20%, which was caused by
various factors, including low virus titre,
sampling error and experimental error.

» The concept of the oral and faecal microbiomes
serving as non-invasive diagnostic tools for
specific diseases or viral diseases, including
hepatocellular cancer and rheumatoid arthritis,
has been demonstrated in many studies;
however, it is unclear whether oral microbial
markers could diagnose COVID-19.

» The microbiome and lipids could affect
specific disease progression; however, their
characterisation and correlations in patients
with COVID-19 are unknown.

questioned due to a false negative rate of at least
209%.%* Therefore, it is urgent to search for a new
diagnostic method.

ACE2 is a target of SARS-CoV-2* and is expressed
in the lungs, livers, kidneys, brain, and small intes-
tine epithelium. SARS-CoV-2 activates intestinal
ACE2 receptors, inducing inflammation and
causing GI symptoms and microbiome dysbiosis.® ®
The human microbiome is involved in host immu-
nity and metabolism and is closely related to viral
diseases. Alterations in the microbiome contribute
to the onset and progression of H7N9 avian influ-
enza (H7N9),” HIV® and HBV.” '° Previous studies
have reported gut or airway microbial character-
istics in COVID-19 during hospitalisation and
after recovery.'™ However, oral microbiota in
COVID-19 and recovered patients have not been
reported. Moreover, microbial markers serving as a
non-invasive diagnostic tool have been established
in many diseases. Gu et al'® constructed a classifier
based on five gut microbial markers through 16S
rRNA MiSeq sequencing. The classifier showed
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Significance of this study

What are the new findings?

» Oral and faecal microbial diversity were decreased from
healthy controls (HCs) to patients with COVID-19, and were
similar from suspected patients (SPs) to confirmed patients
(CPs).

» Butyric acid-producing bacteria were decreased and
lipopolysaccharide-producing bacteria were increased in
patients with COVID-19 versus HCs.

» The optimal eight oral microbial markers (seven faecal
microbial markers) were selected by fivefold cross-validation
on a random forest model, and the classifier based on the
optimal microbial markers was constructed and achieved an
area under the curve (AUC) of 98.06% (99.74% in the faecal
microbiome).

» Importantly, oral microbial markers achieved cross-regional
validation of COVID-19 from Central China and East China.

» Oral and faecal microbial markers successfully diagnosed SPs
with 1gG antibody positivity as CPs, with an AUC of 92.11%
(98.01% in the faecal microbiome).

» The linkages among the oral microbiomes, faecal
microbiomes, and serum lipid molecules contribute to CPs
recovery.

How might it impact on clinical practice in the foreseeable

future?

» This is the first study to depict the oral microbiota in patients
with COVID-19, and to characterise oral microbiomes and
lipids in recovered patients through large cohort MiSeq
sequencing.

» Oral and gut microbial and lipid alterations may be involved
in the development and recovery of COVID-19, which implies
that intervention in the changed microbiome and lipids may
contribute to recovery of COVID-19.

» This is the first study to identify specific microbial markers
and successfully construct a diagnostic model, achieving
good diagnostic efficacy in three cohorts from two different
regions of China. Meanwhile, based on the evidence of
microbial characteristics, we first proposed and successfully
diagnosed SPs with 1gG positivity as COVID-19 positive using
this model, suggesting that microbial markers could serve as
an auxiliary tool for the non-invasive diagnosis of COVID-19.

» The linkages between the microbiome and lipidomics may
illustrate the mechanism of recovery of COVID-19.

high accuracy for diagnosing COVID-19 with an area under the
curve (AUC) of up to 0.89. Nevertheless, the diagnostic potential
of the oral microbiome for COVID-19 has not been evaluated.

Metabolite changes can reflect disease progression.'” Short-
chain fatty acids (SCFAs), as lipid metabolites of the microbiome,
are involved in gene expression, inflammation, differentiation
and apoptosis in host cells."® In turn, SCFAs could provide
energy for the microbiome, sustaining its survival. A previous
study" depicted proteomic and metabolomic characterisation
of patients with COVID-19 and distinguished non-severe from
severe patients. However, lipidomics in patients with COVID-19
and recovered patients has not yet been studied.

We hypothesised that the oral and gut microbiomes are
involved in the development of COVID-19 and could serve
as an auxiliary diagnostic tool. Moreover, the interaction
between lipidomics and the microbiome may contribute

to the progression and recovery of COVID-19. To test this
hypothesis, we applied 16S rRNA MiSeq sequencing and lipid-
omics technologies in 392 tongue-coating samples, 172 faecal
samples and 155 serum samples to analyse human microbiome
and lipidomics of patients with COVID-19 and recovered
patients.

METHODS

Study profile

This research was performed based on the prospective spec-
imen collection and retrospective blinded evaluation design
principles.”

A total of 957 samples of 3 types from Central and East China
were collected prospectively, including 496 tongue-coating
samples, 226 faecal samples and 235 serum samples (figure 1).
After rigorous inclusion and exclusion criteria, 719 samples were
included for further analysis. Among them, samples from healthy
controls (HCs) were collected before October 2019 in Henan,
China, and samples from recovered patients were collected 2
days before discharge from isolated regions. Tongue-coating
samples and faecal samples were used for 16S rRNA MiSeq
sequencing, and serum samples were used for ultra-performance
liquid chromatography-mass spectrometry (UPLC-MS) analysis.
Clinical data and participants’ demographics were collected and
analysed (table 1). The online supplemental methods showed
enrolment process, inclusion, exclusion and detailed diagnostic
criteria of the participants. All enrolled patients received stan-
dard treatment according to the routine treatment of ‘diagnosis
and treatment programme trial V.5 (or V.6) guidelines’ issued
by the National Health Commission of the People’s Republic of
China.*'

The collection, transportation, storage and testing of speci-
mens were strictly managed according to highly pathogenic
microorganisms of type Il according to the prevention and
control protocol for COVID-19 (fifth edition).”

Faecal and tongue-coating sample collection and DNA
extraction

Each participant offered a fresh tail stool sample at 06:00-10:00
hours. The samples were inactivated at 70°C for 1 hour and then
divided into three equal parts of 200 mg and immediately stored
at —80°C. We discarded samples that were at room temperature
for >2 hours.

Before taking tongue-coating samples, participants used
sterile water to rinse their mouths twice. The posterior middle
to anterior middle area of the tongue coating was scraped by
a professional operator with a pharyngeal swab. The swab was
immediately placed into a cryotube, virus was inactivated at
56°C for 30 min and then the sample was transferred to the
freezer at —80°C. The DNA extraction process was performed
as we described previously** (online supplemental methods).

PCR amplification, MiSeq sequencing and data processing
PCR amplification and DNA library construction were
performed according to standard protocols, and sequencing was
performed on an Illumina MiSeq platform by Shanghai Mobio
Biomedical Technology, China. Raw Illumina read data for all
samples were deposited in the European Bioinformatics Institute
European Nucleotide Archive database (PRJNA660302). The
details of PCR amplification and sequence data processing are
shown in the online supplemental methods.
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Study design and flow diagram. A total of 957 samples of 3 types from Central China and East China were collected prospectively,

including 496 tongue-coating samples, 226 faecal samples and 235 serum samples. After rigorous inclusion and exclusion criteria, 719 samples were
included for further analysis, including 392 tongue-coating samples (72 CPs, 37 SPs, 22 CPRs, 37 paired SPRs and 150 HCs from Henan and 74 CPs
from Hangzhou), 172 faecal samples (36 CPs, 23 SPs, 18 CPRs, 23 SPRs and 72 HCs from Henan) and 155 serum samples (73 CPs, 30 SPs, 22 CPRs
and 30 SPRs). Oral and faecal samples were sequenced using 165 rRNA MiSeq to characterise the microbiome and construct diagnostic model, and
serum samples were detected using UPLC-MS to characterise lipid molecules. HCs, healthy controls; CPs, confirmed patients; SPs, suspected patients;
CPRs, confirmed patients who recovered; RFC, random forest classifier; SPRs, suspected patients who recovered; UPLC-MS, ultra-performance liquid

chromatography-mass spectrometry.

Operational taxonomy unit clustering and taxonomy
annotation

Reads with equal numbers from all samples were randomly
selected, and operational taxonomy units (OTUs) were binned
by the UPARSE pipeline.”® All OTUs for all samples in the
discovery phase, validation phase and independent phase were
collected. We set the identity threshold to 0.97. According to
the developer’s documents (http://rdp.cme.msu.edu/classifier/
class_help.jsp#conf), RDP classifier V.2.626 was used to anno-
tate sequences.”® We further analysed microbial diversity and
performed taxonomic analysis (details in the online supple-
mental methods).

Identification of the OTU biomarkers and construction of
probability of disease

The discovery OTU frequency profile, validation frequency
profile and independent diagnosis frequency profile were gener-
ated by mapping reads from the discovery cohort, validation
cohort and independent diagnosis cohort against these repre-
sented sequences, respectively. Then, we used the Wilcoxon
rank-sum test to determine the significance (p<0.05), and OTU
biomarkers in the oral and faecal microbiomes were selected
for further analysis. We constructed a diagnostic model through

fivefold cross-validation on a random forest model and evalu-
ated the probability of disease (POD) index and receiver oper-
ating characteristic curve. The process was performed as we
described in a previous study (online supplemental methods).**

Serum sample collection, lipidomics detection and data
analysis

All collected blood samples were prepared by centrifugation at
3000 rpm for 10 min, and the upper layer was carefully collected
to obtain serum. Serum samples were inactivated by adding
ethanol, shaken vigorously, dried in a biosafety hood and then
stored at —80°C. All samples were thawed slowly at 4°C.

We detected serum IgG against SARS-CoV-2 using standard
kits and detected lipidomics through UPLC-MS analysis, and
analysed the original lipid data using LipidSearch V.4.1 and
metaX (online supplemental methods).

Statistical analysis

Differences between two groups were compared by using
Student’s t-test for normal continuous variables, the Wilcoxon
rank-sum test for non-normal continuous variables and the x>
test or Fisher’s exact test for categorical variables. Differences
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Table 1

Clinical characteristics of participants in the oral and stool discovery cohort

Tongue-coating sample of discovery cohort

(n=148) Faecal sample of discovery cohort (n=72)

Healthy controls Confirmed patients Healthy controls Confirmed patients
Clinical indexes (n=100) (n=48) P value (n=48) (n=24) P value
Age (years) 44.88+11.35 48.40+13.90 0.088 48.52+6.50 48.04+10.24 0.836
Sex (female/male) 63/37 28120 0.585 23/25 10114 0.616
Comorbidities 11 (22.9%) 4(16.7%)
Confirmed patient or Wuhan exposure 38 (79.2%) 18 (75%)
Symptoms at admission
Fever 32 (66.7%) 21 (87.5%)
Cough 15 (31.25%) 8 (33.3%)
Sputum 5(10.4%) 3(12.5%)
Headache 3(6.25%) 3(12.5%)
Fatigue 6 (12.5%) 5(20.8%)
Laboratory results
White blood cells 6.09+1.53 5.32+1.95 0.003 5.83+1.39 4.36+1.58 <0.0001
Neutrophils 3.56+1.17 4.26+2.04 0.088 3.32+1.05 3.68+2.03 0.962
Lymphocytes 1.95+0.47 1.77+2.03 <0.0001 1.92+0.52 1.32+0.52 <0.0001
Blood platelet 234.26+49.33 191.42+75.22 <0.0001 226.90+50.80 174.42+60.71 <0.0001
Haemoglobin 143.43£17.25 141.65+34.84 0.026 142.54+13.93 137.08+20.54 0.249
Alanine aminotransferase 22.54+21.31 23.89+14.06 0.115 22.90+16.56 25.05+14.87 0.307
Aspartate aminotransferase 22.57+11.23 25.29+10.47 0.010 21.67+7.83 26.50+10.46 0.009
Total bilirubin 12.70+5.59 13.14+8.45 0.400 11.53+5.02 10.47+6.35 0.120
Serum creatinine 71.15+14.80 67.42+16.50 0.123 68.08+11.89 68.33+16.99 0.583

Continuous variables are presented as the means (SD) or medians (IQR). Categorical variables are presented as percentages. Differences between subjects with COVID-19 (n=48, n=24) and
healthy controls (n=100, n=48) were compared by using Student's t-test for normal continuous variables, the Wilcoxon rank-sum test for non-normal continuous variables and the x* test or
Fisher's exact test for categorical variables. Statistical significance was defined by p<0.05 (two-tailed). Comorbidities included diabetes, high blood pressure, cardiovascular disease, chronic
obstructive pulmonary disease, malignant tumour and chronic liver disease (online supplemental table S1).

among three groups were assessed by using one-way analysis of
variance for normal continuous variables and the Kruskal-Wallis
test for non-normal continuous variables. Differences with a p
value <0.05 (two-sided) were considered statistically signifi-
cant. Statistical analyses were performed using SPSS V.20.0 for
Windows (SPSS, Chicago, Illinois, USA).

RESULTS
Study design and flow diagram
After excluding, 719 samples were included for further analysis
(figure 1), including 392 tongue-coating samples (72 confirmed
patients (CPs), 37 suspected patients (SPs), 22 CPs who recov-
ered (CPRs), 37 paired SPs who recovered (SPRs), 150 HCs
from Henan and 74 CPs from Hangzhou), 172 faecal samples
(36 CPs, 23 SPs, 18 CPRs, 23 SPRs and 72 HCs from Henan)
and 155 serum samples (73 CPs, 30 SPs, 22 CPRs, and 30 SPRs).
Tongue-coating and faecal samples from CPs and HCs were
randomly divided into the discovery phase and validation phase.
In the discovery phase, we characterised the oral microbiome
in 48 CPs and 100 HCs (faecal microbiome in 24 CPs and 48
HC:s), identified the key oral or faecal microbial markers, and
constructed COVID-19 classifiers by a fivefold cross-validation
random forest model. In the validation phase, we verified the
diagnostic efficacy of the COVID-19 classifier based on the oral
microbiome in 24 CPs and 50 HCs (faecal microbiome in 12
CPs and 24 HCs). Furthermore, 74 tongue-coating samples from
Hangzhou were used to validate the cross-regional diagnostic
efficacy of the COVID-19 classifier. In addition, 37 tongue-
coating samples (23 faecal samples) from SPs with IgG posi-
tivity were used to test whether the COVID-19 classifier could
diagnose SPs as COVID-19 positive. Finally, we characterised
the oral and faecal microbiomes and serum lipid molecules in
patients with COVID-19 and recovered patients. Moreover,

correlations between the microbiome and lipids and between the
microbiome and clinical parameters were analysed.

Characteristics of the participants

In the discovery cohort, the clinical characteristics of CPs and
HCs were shown in table 1 (online supplemental table S1). Sex
and age were well matched between two groups. In the tongue-
coating and faecal groups, compared with HCs, white blood
cells (WBCs) (p<0.01), lymphocytes (p<0.0001) and blood
platelets (p<0.0001) were decreased, while aspartate amino-
transferase (p<0.05) was increased in CPs. The most common
signs or symptoms at admission were fever and cough.

Non-invasive diagnostic model for COVID-19 based on the
oral microbiome

Rarefaction analysis of the discovery cohort showed that OTU
richness in each group approached saturation (figure 2A and
online supplemental figure STA). As estimated by the Shannon
index and Simpson index, oral microbial diversity was signifi-
cantly decreased in the CPs versus HCs (all p<0.001) (figure 2A
and online supplemental figure S1B, online supplemental table
S2). The Venn diagram showed that 1392 of 2407 OTUs were
common to both groups, while 685 OTUs were unique to the
CPs (online supplemental figure S1C). Principal coordinate anal-
ysis (PCoA) analysis was performed to display microbiome space
between samples, and beta diversity results showed a significant
distinction of oral microbial communities between both groups
(figure 2B and online supplemental figure S1D).

At the genus level (figure 2D), five dominant bacteria,
Prevotella, Neisseria, Veillonella, Streptococcus and Porphyro-
monas, together accounted for 60% on average in both groups
(online supplemental table S3). The average composition and
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Figure 2 Non-invasive diagnostic model for COVID-19 based on the oral microbiome. (A) Rarefaction analysis between the number of samples and
the number of OTUs. As the number of samples increased, the number of OTUs approached saturation in CPs (n=48) and HCs (n=100). Compared with
the HCs, the number of OTUs in CPs was decreased. As estimated by the Shannon index, oral microbial diversity was significantly decreased in CPs
compared with HCs. (B) The PCoA based on OTU distribution showed that the oral taxonomic composition was significantly different between both
groups. (C) Compared with HCs, five genera were significantly enriched, while five genera were significantly reduced in CPs. (D) Average compositions
and relative abundance of the bacterial community in both groups at the genus level. (E) Heatmap of the relative abundances of differential OTUs

for each sample in both groups. The POD value was significantly increased in CPs compared with HCs, and achieved good diagnostic efficacy in the
discovery cohort (F and G), the validation cohort (H and I) and the independent cohort (J and K). Compared with HCs, the POD value was significantly
increased in SPs (L), achieving an AUC value of 0.9211 (M). *P<0.05, **p<0.01, ***p<0.001. AUC, area under the curve; CPs, confirmed patients;
HCs, healthy controls; OTUs, operational taxonomy units; PCoA, principal coordinate analysis; POD, probability of disease; SPs, suspected patients.
Centerline, median; box limits, upper and lower quartiles; circle or square symbol, mean; error bars, 95% Cl.

relative abundance of the oral microbiome at the genus and
phylum levels are displayed in figure 2D and online supplemental
figure S1F. Different analyses at the phylum level are presented
in online supplemental figure S1E (online supplemental
table S4).

Compared with HCs, five genera including Porphyro-
monas and Fusobacterium were depleted, while five genera
including Leptotrichia and Selenomonas were increased in
CPs (all p<0.05) (figure 2C) (online supplemental table S4).
Among them, Porphyromonas and Fusobacterium belong to
butyrate-producing bacterial families,”” while Leptotrichia and
Selenomonas produce lipopolysaccharides. As a SCFA, butyric
acid plays an important anti-inflammatory role.!* Moreover,
lipopolysaccharide could activate the nuclear factor kappa B
(NF-xB) pathway and toll-like receptor, promote proinflamma-
tory cytokines and activate immunoreactions.”® Therefore, the
decrease in butyric acid-producing bacteria and the increase in

lipopolysaccharide-producing bacteria may be involved in the
inflammatory response in patients with COVID-19.

The heatmap shows that 3 OTUs were enriched in CPs, while
45 OTUs were enriched in HCs (figure 2E, online supplemental
table S5). We further performed linear discriminant analysis
(LDA) effect size (LEfSe) analysis and selected the most represen-
tative genera closely correlated with CPs based on LDA (online
supplemental figure S1G and table S6).

To assess the diagnostic value of oral microbial markers for
COVID-19, we constructed a random forest classifier model
between 100 HCs and 48 CPs. Initially, 8 OTUs that could accu-
rately identify differences between both groups were selected as
the optimal marker set through fivefold cross-validation in the
random forest model (online supplemental figure STH,I). Then,
we calculated the POD index of the discovery cohort by using
an 8-OTU set (online supplemental tables S7-§10). The POD
index was markedly higher in CPs than in HCs (figure 2F), and
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Figure 3  Oral microbial characterisation among CPs, SPs and HCs. (A) Levels of antibodies against SARS-CoV-2 in CPs (n=22), SPs (n=37) and

HCs (n=6) during recovery. The positive judgement value of the kit was 10 U/mL (value >10 U/mL was defined as positive, and value <10 U/mL was
defined as negative). The antibody levels in the figure were calculated as log, (value). (B) Rarefaction analysis between the number of samples and
the number of OTUs. As the number of samples increased, the number of OTUs approached saturation in CPs (n=72), SPs (37) and HCs (n=150).
Compared with the HCs, the number of OTUs in CPs and SPs was decreased. As estimated by the Shannon index, the oral microbial diversity of

CPs and SPs was similar but significantly decreased compared with that of the HCs. (C) The PCoA based on OTU distribution showed that the oral
microbial communities in the CPs and SPs were similar but significantly different from those in the HCs. (D) Average compositions and relative
abundances of the bacterial communities in the three groups at the genus level. (E) Heatmap for the relative abundances of differential OTUs for each
sample in the three groups. The PCoA showed that there was no significant difference in the oral microbiome distribution between CPs and SPs (F) or
between CPRs and SPRs (G). (H) Average compositions and relative abundance of the bacterial community in the four groups at the genus level. CPs,
confirmed patients; CPRs, confirmed patients who recovered; HCs, healthy controls; OTUs, operational taxonomic units; PCoA, principal coordinate
analysis; SPs, suspected patients; SPRs suspected patients who recovered. Centerline, median; box limits or upper and lower lines, upper and lower
quartiles; circle or square symbol, mean; error bars, 95% Cl.
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it reached an AUC of 98.06% (95% CI 96.31% to 99.82%, Oral microbial characterisation among CPs, SPs and HCs
p<0.0001) (figure 2G). These data showed that oral microbial Nucleic acid testing by RT-PCR is recognised as the gold standard
markers could specifically identify patients with COVID-19 for COVID-19.> However, the high false negative rate caused by

from HCs. various factors, including low virus titres and sampling mistakes,
Meanwhile, 24 CPs and 50 HCs in the validation cohort were missed many CPs, thereby increasing the transmission range.
used to verify the diagnostic efficacy of microbial biomarkers Thus, it is urgent to search for a new auxiliary tool for the non-

for CPs. The POD index (figure 2H) was significantly higher invasive diagnosis of COVID-19. We collected samples from 79
in CPs than in HCs, with an AUC value of 95.75% (95% CI SPs and their matched SPRs, and after excluding patients with
90.99% to 100%) between both groups (p<0.0001) (figure 21). IgG antibody negativity during recovery, samples from 37 SPs
Additionally, we further collected 74 tongue-coating samples and matched SPRs were used to validate the diagnostic value.
from Hangzhou CPs, which served as an independent diag- The POD index (figure 2L) was markedly high in SPs versus
nostic. The POD index (figure 2]) was markedly high in 74 HCs, with an AUC of 92.11% (95% CI 86.15% to 98.07%)
Hangzhou CPs versus HCs, with an AUC value of 87.24% between SPs and HCs (p<0.0001) (figure 2M), suggesting that
(95% CI 80.5% to 93.98%) between both groups (p<0.0001) this classifier may serve as an auxiliary tool for the non-invasive
(figure 2K). These results suggested that this classifier based on diagnosis of COVID-19. Moreover, serum IgG levels among 22
the oral microbiome for COVID-19 has powerful diagnostic CPs, 37 SPs and 6 HCs were measured (figure 3A). IgG in CPs
efficacy. and SPs was significantly increased compared with that in HCs
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Figure 4 Oral microbial restoration along with recovery of patient with COVID-19. (A) Rarefaction analysis between the number of samples and

the number of OTUs. As the number of samples increased, the number of OTUs approached saturation in CPs (n=72), CPRs (22) and HCs (n=150).
Compared with the HCs, the number of OTUs in CPs and CPRs was decreased. As estimated by the Shannon index, oral microbial diversity in the CPRs
was similar to that in the CPs but significantly decreased compared with that in the HCs. (B) The PCoA based on OTU distribution showed that the oral
microbial communities in the CPRs were different from those in the CPs and HCs. (C) Along with the recovery of COVID-19, the relative abundances of
five genera gradually increased and were significantly different among the three groups, while the abundances of five genera gradually decreased and
were significantly different among the three groups. (D) Heatmap for the relative abundances of differential OTUs for each sample in the three groups.
The red box represents a gradual increase in abundance of OTUs from left to right and the green box represents a gradual decrease in abundance of
OTUs from left to right. *P<0.05, **p<0.01, ***p<0.001. CPs, confirmed patients; CPRs, confirmed patients who recovered; HCs, healthy controls;
OTUs, operational taxonomic units; PCoA, principal coordinate analysis. Centerline, median; box limits, upper and lower quartiles; circle or square

symbol, mean; error bars, 95% Cl.

(p<0.0001, online supplemental table S11) and was higher than
the upper limit of normal detection.

Each disease has its own unique oral microbial characteris-
tics.”* We speculated that the same microbial characteristics may
be derived from the same disease and analysed oral microbial
characteristics among CPs, SPs and HCs to demonstrate the
feasibility of identifying SPs with IgG positivity as CPs from the
perspective of the microbiome.

The oral microbial diversity of CPs (n=72) and SPs (n=37)
was similar (p>0.05) but significantly decreased versus HCs
(n=150) (p<0.001) (figure 3B and online supplemental figure
S2A and table S12). PCoA and heatmap showed that the oral
microbiomes in CPs and SPs were similar but different from
those in HCs (figure 3C,E and online supplemental figure S2B
and table S14). A Venn diagram showed that 1280 of 2184
OTUs were shared between CPs and SPs (online supplemental
figure S2C). The average compositions of the microbial genera
and phyla are displayed in figure 3D and online supplemental
figure S2D (online supplemental figure table S13). These results
indicated that the oral microbial abundances and composition
in SPs were basically consistent with those in CPs and different
from those in HCs.

PCoA showed that there was no significant difference in the
oral microbiome distribution between CPs and SPs, as well as
CPRs and SPRs (figure 3F,G). Furthermore, at the genus level
(figure 3H, online supplemental table S15), oral microbiome
variation between CPs and CPRs was approximately consistent
with that between SPs and SPRs. These data indicated that oral
microbial characteristics in SPs with positive IgG were consis-
tent with those in CPs, and diagnosing SPs with positive IgG as
COVID-19 by oral microbiome is feasible.

Oral microbial restoration along with recovery of patient with
CcoviD-19
The oral microbial diversity in the CPRs was similar to that in
the CPs but significantly decreased compared with that in the
HCs (p<0.001) (figure 4A and online supplemental figure S2E
and table $16). PCoA showed that the oral microbial distribu-
tion in CPRs was different from that in CPs and HCs (figure 4B,
online supplemental figure S2F). A Venn diagram showed that
985 of 1012 OTUs in CPRs were shared with HCs, and 953
OTUs were shared with CPs (online supplemental figure S2G).
The average composition and relative abundance of the oral
microbiome for three groups at the phylum and genus levels are

Ren Z, et al. Gut 2021;0:1-13. doi:10.1136/gutjnl-2020-323826
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Figure 5 Gut microbiome as non-invasive diagnostic model for COVID-19. (A) Rarefaction analysis between the number of samples and the number
of OTUs. As the number of samples increased, the number of OTUs approached saturation in CPs (n=24) and HCs (n=48). Compared with the HCs,

the number of OTUs in CPs was decreased. As estimated by the Shannon index, gut microbial diversity was significantly decreased in CPs compared
with HCs. (B) The PCoA based on OTU distribution showed that the gut taxonomic composition was significantly different between both groups. (C)
Average compositions and relative abundances of the bacterial communities in both groups at the genus level. (D) Compared with HCs, five genera
were significantly enriched, while five genera were significantly reduced in CPs. (E) Heatmap for the relative abundances of differential OTUs for each
sample in both groups. The POD value was significantly increased in CPs compared with HCs, achieving good diagnostic efficacy in the discovery

cohort (F and G), validation cohort (H and ). Compared with HCs, the POD

value was significantly increased in SPs (J), achieving an AUC value of

0.9801 (K). **P<0.01, ***p<0.001. AUC, area under the curve; CPs, confirmed patients; HCs, healthy controls; OTUs, operational taxonomy units;
PCoA, principal coordinate analysis; POD, probability of disease; SPs, suspected patients. Centerline, median; box limits, upper and lower quartiles;

circle or square symbol, mean; error bars, 95% ClI.

displayed in online supplemental figure S2H,] (online supple-
mental table S17). Difference analysis at the phylum and genus
levels is shown in online supplemental figure S21 and figure 4C
(online supplemental table S18). Along with the recovery of
COVID-19, the abundances of five genera such as Porphy-
romonas, Haemophilus and Family XIII incertae_sedis were

persistently increased (p<0.001), while five genera including
Leptotrichia, Megasphaera and Selenomonas were persistently
decreased (p<0.01). Notably, Megasphaera was increased with
dental caries progression.”” These similar results indicated
that intervention with these bacteria may have an impact on
patient outcomes. The heatmap also showed that oral microbial
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Figure 6 Gut microbial alterations among CPs, SPs and HCs. (A) Levels of antibodies against SARS-CoV-2 in CPs (n=18), SPs (n=23) and HCs

(n=6) during recovery. The positive judgement value of the kit was 10 U/mL (a value >10 U/mL was defined as positive, and a value <10 U/mL was
defined as negative). The antibody levels in the figure were calculated as log,(value). (B) Rarefaction analysis between the number of samples and

the number of OTUs. As the number of samples increased, the number of OTUs approached saturation in CPs (n=36), SPs (n=23) and HCs (n=72).
Compared with the HCs, the number of OTUs in CPs and SPs was decreased. As estimated by the Shannon index, the faecal microbial diversity of CPs
and SPs was similar but significantly decreased compared with that of the HCs. (C) The PCoA based on OTU distribution showed that the gut microbial
communities in the CPs and SPs were similar but significantly different from those in the HCs. (D) Average compositions and relative abundances of
the bacterial communities in the three groups at the genus level. (E) Heatmap of the relative abundances of differential OTUs for each sample in the
three groups. The PCoA showed that there was no significant difference in the faecal microbiome distribution between CPs and SPs (F) or between
CPRs and SPRs (G). (H) Average compositions and relative abundances of the bacterial communities in the four groups at the genus level. HCs, healthy
controls; CPs, confirmed patients; SPs, suspected patients; OTUs, operational taxonomy units; PCoA, principal coordinate analysis; CPRs, confirmed
patients who recovered; SPRs, suspected patients who recovered. Centerline, median; box limits or upper and lower lines, upper and lower quartiles;

circle or square symbol, mean; error bars, 95% Cl.

communities in CPRs were different from those in CPs and HCs,
and the abundances of discrepant OTUs in CPRs ranged between
CPs and HC:s (figure 4D and online supplemental table S19). We
performed LEfSe analysis and selected the most representative
genera among three groups on LDA (online supplemental figure
S2K and table S20). These data indicated that oral microbiome
may be involved in the recovery of patients with COVID-19.

Gut microbiome as non-invasive diagnostic model for
CovID-19

In addition to the oral microbiome, the gut microbiome is
also closely related to viral diseases, such as HBV,” HCV* and
HIV?! Thus, we sequenced 24 CPs and 48 HCs in the discovery
cohort. Faecal microbial diversity was significantly decreased in
CPs versus HCs (p<0.001, figure SA and online supplemental
figure S3A,B and table S21). A Venn diagram showed that 1003
of 1704 OTUs were unique to CPs (online supplemental figure
S3C). PCoA and non-metric multidimensional scaling (NMDS)

revealed an evident distinction in faecal microbial communities
(figure 5B and online supplemental figure S3D).

The average composition and relative abundance of the faecal
microbiome for both groups at the genus and phylum levels are
displayed in figure 5D and online supplemental figure S3F (online
supplemental table S22). Difference analyses at the phylum and
genus levels are presented in online supplemental figure S3E and
figure 5C (online supplemental table $23). Compared with HCs,
five genera were depleted, while five genera were increased in
CPs (p<0.05). The heatmap shows that 7 OTUs were enriched
in CPs, while 27 OTUs were enriched in HCs (figure SE and
online supplemental table S24). We further selected the most
representative genera correlated with CPs based on LEfSe anal-
ysis (online supplemental figure S3G and table S25).

To assess the diagnostic value of faecal microbial markers for
COVID-19, we constructed a random forest classifier model
between 48 HCs and 14 CPs based on 7 optimal marker sets
(online supplemental figure S3H,I and tables $26-528). Then,
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Figure 7  Gut microbial restoration along with recovery of patients with COVID-19. (A) Rarefaction analysis between the number of samples and
the number of OTUs. As the number of samples increased, the number of OTUs approached saturation in CPs (n=36), CPRs (n=18) and HCs (n=72).
Compared with the HCs, the number of OTUs in CPs and CPRs was decreased. As estimated by the Shannon index, faecal microbial diversity in

CPRs was increased versus CPs but significantly decreased versus HCs. (B) The PCoA based on OTU distribution showed that the faecal microbial
communities in the CPRs were different from those in the CPs and HCs. (C) Along with the recovery of COVID-19, the relative abundances of five
genera gradually increased and were significantly different among the three groups, while the abundances of five genera gradually decreased and
were significantly different among the three groups. (D) Heatmap of the relative abundances of differential OTUs for each sample in the three groups.
The red box represents a gradual increase in abundance of OTUs from left to right and the green box represents a gradual decrease in abundance of
OTUs from left to right. *P<0.05, **p<0.01, ***p<0.001. HCs, healthy controls; CPs, confirmed patients; OTUs, operational taxonomy units; PCoA,
principal coordinate analysis; CPRs, confirmed patients who recovered. Centerline, median; box limits, upper and lower quartiles; circle or square

symbol, mean; error bars, 95% Cl.

we calculated the POD index of the discovery and validation
cohorts. The POD index was markedly high in CPs versus HCs
(figure SF), with an AUC of 99.74% (95% CI 99.16% to 100%,
p<0.0001) (figure 5G). In the validation phase, the POD index
(figure SH) was markedly high in CPs (n=12) versus HCs
(n=24), with an AUC of 99.31% (95% CI 97.66% to 100%,
p<0.0001) (figure SI). These results demonstrated the great
diagnostic potential of this classifier for COVID-19.

Gut microbial alterations in different groups

Next, we collected and sequenced samples from 23 SPs and
matched SPRs who were positive for IgG during recovery. The
POD index (figure 5]) was significantly increased in SPs versus
HCs, with an AUC of 98.01% (95% CI 95.11% to 100%,
p<0.0001, figure 5K), suggesting that this classifier could
also serve as an auxiliary tool for the non-invasive diagnosis
of COVID-19. Moreover, serum IgG levels among 18 CPs, 23
SPs and 6 HCs were measured (figure 6A). IgG levels during
recovery were significantly increased in CPs and SPs versus HCs
(p<0.0001, online supplemental table S18).

Similar gut microbiota characteristics may be derived from
the same disease. Thus, we analysed faecal microbial character-
istics among CPs (n=36), SPs (n=23) and HCs (n=72). Faecal
microbial diversity in CPs and SPs was similar but significantly

decreased versus HCs (p<0.001, figure 6B and online supple-
mental figure S4A and table S29). PCoA and NMDS (figure 6C
and online supplemental figure S4B) showed similar faecal
microbiota between CPs and SPs but differed from HCs. A Venn
diagram showed that 722 of 1421 OTUs were shared between
CPs and SPs (online supplemental figure S4C). The average
composition of the faecal microbiome at the genus and phylum
levels is displayed in Figure 6D and online supplemental figure
S4D (online supplemental table S30). The heatmap (figure 6E,
online supplemental table S31) showed that 18 OTUs were
enriched, while 30 OTUs were depleted in CPs and SPs versus
HCs. PCoA showed that there was no significant difference in
faecal microbiome distribution between CPs and SPs or between
CPRs and SPRs (figure 6F,G). Furthermore, at the genus level
(figure 6H, online supplemental table S32), faecal microbial
variation between CPs and CPRs was approximately consistent
with those between SPs and SPRs. These results indicated that
faecal microbial characterisation from SPs was basically consis-
tent with that from CPs.

Faecal microbial diversity in CPRs (n=18) was increased
versus CPs (n=36) (Shannon index, p<0.05) but significantly
decreased versus HCs (n=72) (p<0.001) (figure 7A and online
supplemental figure S4E and table S33). PCoA and NMDS
(figure 7B and online supplemental figure S4F) showed that
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Figure 8 Linkages between the microbiome and lipidomics contribute to CPs recovery. (A) Average compositions and relative abundance of lipids
in the CPs (n=73) and CPRs (n=22) at the subclass level. (B) The PCA showed that the lipid distribution in the CPRs (n=22) was different from that in
the CPs (n=73). (C) Twenty enriched pathways with the most significant differences between the CPs (n=73) and CPRs (n=22) were identified based
on KEGG. The size of the points represents the metabolite number. (D) Heatmap showing the partial Spearman’s correlation coefficients among 28
distinctive oral OTUs and 28 distinctive gut OTUs between CPs (n=11) and HCs (n=18). Red colour represents positive correlations and green colour
represents negative correlations. (E) The relationship among the 22 discriminative oral microbial OTUs, 4 discriminative faecal microbial OTUs and 10
discriminative lipid molecules in CPs (n=36) and CPRs (n=18). The colours of points show the different phyla of the genera. The size of the points of
each genus shows the mean relative abundance. The circle points represent the faecal microbiome, square points represent the lipid molecule and
diamond points represent the tongue-coating microbiome. The transparency of the lines represents the negative logarithm (base 10) of the p value of
correlation (Spearman’s), red lines represent negative correlations, blue lines represent positive correlations and the width of the lines represents the
size of the correlation (Spearman’s). HCs, healthy controls; CPs, confirmed patients; OTUs, operational taxonomy units; CPRs, confirmed patients who

recovered.

faecal microbial communities in CPRs were different from those
in CPs and HCs. A Venn diagram showed that 769 of 816 OTUs
in CPRs were shared with HCs, and 615 OTUs were shared with
CPs (online supplemental figure S4G).

The average composition and abundance of the faecal micro-
biome for three groups at the phylum and genus levels are
displayed in online supplemental figure S4H,J (online supple-
mental table S34). Difference analyses at the phylum and
genus levels are presented in online supplemental figure S41
and figure 7C (online supplemental table S35). Along with the
recovery of COVID-19, five genera were persistently increased
(p<0.05), while five genera were persistently decreased
(p<0.01). Among them, Lachnospira can produce SCFAs by
fermenting fibre,*? and Faecalibacterium has anti-inflammatory
properties by inhibiting NF-kB and interferon-gamma and has
been recognised as a potential biomarker for human health.*’
Therefore, these bacteria may contribute to patient recovery by
reducing inflammatory cytokine storms and promoting immune
system improvement.**

The heatmap showed that the faecal microbial community in
CPRs was different from that in CPs and HCs, and the abun-
dances of discrepant OTUs in CPRs ranged between CPs and
HCs (figure 7D, online supplemental table S36). We performed
LEfSe analysis and selected the most representative genera

among three groups on LDA (online supplemental figure S4K
and table S37).

Linkages between the microbiome and lipidomics contribute
to CPs recovery

Metabolites play an important role in COVID-19 progression.'”
However, lipidomics characterisation of COVID-19 and recov-
ered patients has not been reported, nor has the role it plays in
the rehabilitation process. Thus, we detected 155 samples using
a UPLC-MS untargeted lipidomics approach, including samples
from 73 CPs, 30 SPs, 22 CPRs and 30 SPRs. We acquired good
quality data (online supplemental figure SSA-D). A total of 808
lipid molecules were identified and quantified (online supple-
mental table S38). At the subclass level, phosphatidylcholine
(PC), triglyceride (TG) and sphingomyelin (SM) accounted for
809% on average in four groups (figure 8A, online supplemental
figure SSE and table S39).

PCA and heatmap (figure 8B and online supplemental
figure S6A and table S40) showed that there was an evident
difference between CPs and CPRs, where 47 lipid molecules,
including SM(d40:4), SM(d38:4) and monoglyceride(33:5),
were depleted, and 122 lipid molecules, including PC(36:4p),
PE(16:0p/20:5) and diglyceride(20:1/18:2), were enriched
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in CPRs. Furthermore, 20 enriched pathways with the most
significant differences between CPs and CPRs were identified
(figure 8C), including thermogenesis and necroptosis. The
results of SPs and SPRs are presented in online supplemental
figure SSF-G and S6B.

We analysed the correlations of 28 oral and 28 faecal distinc-
tive microbial OTUs between CPs and HCs. Among them,
11 oral microbiomes such as OTU2284 (Porphyromonas),
OTU1642 (Haemophilus) and OTU1868 (Prevotella) were posi-
tively correlated with HC-enriched OTU1153 (Roseburia) but
negatively correlated with CP-enriched OTU1741 (Halomonas)
(p<0.05) (figure 8D, online supplemental table S41).

The human microbiome participates in the occurrence
and development of disease by secreting metabolites into the
blood.” ** Thus, the correlations among the oral and faecal
microbiomes and lipidomics were analysed in the CPs and CPRs.
Spearman’s correlation analysis showed correlations among 4
faecal microbial OTUs, 22 oral microbial OTUs and 10 lipid
molecules (figure 8E). CPR-enriched TGs (26:0/18:1/18:2)
were negatively correlated with 4 CP-enriched faecal OTUs,
including OTU953 (Streptococcus), OTU920 (Rothia) and
OTU624 (Halomonas) (p<0.05), and positively correlated
with CPR-enriched oral OTU1801 (Fusobacterium) (p<0.05).
Interestingly, CPR-enriched OTU1801 (Fusobacterium) was
positively related to 10 CPR-enriched lipid molecules and nega-
tively related to OTU624 (Halomonas), OTU920 (Rothia) and
OTU953 (Streptococcus), which are enriched in faecal samples
from CPs.

Additionally, we performed Spearman’s correlation analysis
(online supplemental figure SSH) between 7 clinical indicators
and 68 OTUs and found that WBCs were positively correlated
with 25 OTUs, including OTU2628 (Porphyromonas) and
OTU2247 (Neisseria) (p<0.05), and negatively correlated with §
OTUs, including OTU1135 (Veillonella) and OTU186 (Leptotri-
chia) (p<0.05). Lymphocytes were positively correlated with 37
OTUs, including OTU1891 (Neisseria) and OTU2628 (Porphy-
romonas) (p<0.05), and negatively correlated with 4 OTUs,
including OTU1135 (Veillonella) and OTU390 (Megasphaera)
(p<0.05). Correlations between the faecal microbiome and
clinical indicators are presented in online supplemental figure
S51. Altogether, these results showed that distinctive lipid mole-
cules were closely related to oral and gut microbiome variation,
and distinctive lipids and microbiomes were closely related to
COVID-19 recovery.

DISCUSSION

Our study first found compositional and functional alterations
in the COVID-19-associated oral microbiome, identified specific
microbial markers and constructed a diagnostic model, achieving
good diagnostic efficacy in three cohorts from two different
regions of China. Compelling studies have demonstrated that
the oral microbiome is closely related to viral diseases and could
serve as a non-invasive diagnostic tool for specific diseases or
viral diseases. Zhang et al’’ presented an oral microbial diag-
nostic model and validated its diagnostic efficacy in rheumatoid
arthritis (RA). Flemer et al*® studied oral microbiome alterations
in colorectal cancer and established a diagnostic model based on
16 oral microbial markers, achieving good diagnostic efficacy.
Thus, we first proposed that oral microbial markers may be a
potential non-invasive diagnostic tool for COVID-19. Mean-
while, we first proposed and successfully diagnosed SPs with IgG
positivity as patients with COVID-19 by using our diagnostic
model.

Each disease has its own unique oral and gut microbial
alterations.** Oral microbiota dysbiosis in RA manifests as an
increase in Lactobacillus salivarius and depletion of Haemoph-
ilus spp.*” Porphyromonas, Tannerella and Fusobacterium were
enriched in periodontitis.*” In our study, we found that microbial
alterations in SPs with IgG positivity were consistent with CPs,
which supports our idea of using a microbial model to diagnose
SPs as CPs from the perspective of the microbiome. Microbial
markers combined with RT-PCR may further improve detection
efficacy for patients with potential COVID-19 in the population,
reducing infection sources and transmission ranges.

The microbiome is closely related to disease recovery. Oral
microbiome dysbiosis in RA and periodontitis were partly
normalised after treatment,’” *° suggesting that the microbiome
plays an important role in recovery. We first reported the char-
acterisation of oral microbiota and lipidomics in convalescent
patients with COVID-19 and found key bacteria and lipid mole-
cules that may be involved in the development and prognosis
of COVID-19. The microbiota may affect COVID-19 progres-
sion by secreting lipid molecules into the blood. The correla-
tions between the microbiome and lipids were reported in our
work. The oral and gut microbiomes were correlated with clin-
ical indexes such as WBCs and lymphocytes, respectively. With
further study of the possible mechanism of the microbiome
affecting diseases, the use of microbial-assisted diagnosis, treat-
ment and prognosis is promising for COVID-19.
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