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Background and objectives: Disease severity and prognosis of coronavirus

disease 2019 (COVID-19) disease with other viral infections can be affected by

the oropharyngeal microbiome. However, limited research had been carried out

to uncover how these diseases are differentially affected by the oropharyngeal

microbiome of the patient. Here, we aimed to explore the characteristics of the

oropharyngeal microbiota of COVID-19 patients and compare them with those

of patients with similar symptoms.

Methods: COVID-19 was diagnosed in patients through the detection of severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by quantitative reverse

transcription polymerase chain reaction (RT-qPCR). Characterization of the

oropharyngeal microbiome was performed by metatranscriptomic sequencing

analyses of oropharyngeal swab specimens from 144 COVID-19 patients, 100

patients infected with other viruses, and 40 healthy volunteers.

Results: The oropharyngeal microbiome diversity in patients with SARS-CoV-2

infection was different from that of patients with other infections. Prevotella and

Aspergillus could play a role in the differentiation between patients with SARS-

CoV-2 infection and patients with other infections. Prevotella could also

influence the prognosis of COVID-19 through a mechanism that potentially

involved the sphingolipid metabolism regulation pathway.
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fcimb.2023.1161763/full
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1161763/full
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1161763/full
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1161763/full
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1161763/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2023.1161763&domain=pdf&date_stamp=2023-06-02
mailto:kangyulin@craes.org.cn
mailto:cjhcbj@gmail.com
mailto:weimi003@scu.edu.cn
https://doi.org/10.3389/fcimb.2023.1161763
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2023.1161763
https://www.frontiersin.org/journals/cellular-and-infection-microbiology


Lu et al. 10.3389/fcimb.2023.1161763

Frontiers in Cellular and Infection Microbiology
Conclusion: The oropharyngeal microbiome characterization was different

between SARS-CoV-2 infection and infections caused by other viruses.

Prevotella could act as a biomarker for COVID-19 diagnosis and of host

immune response evaluation in SARS-CoV-2 infection. In addition, the cross-

talk among Prevotella, SARS-CoV-2, and sphingolipid metabolism pathways

could provide a basis for the precise diagnosis, prevention, control, and

treatment of COVID-19.
KEYWORDS

COVID-19, Prevotella, metatranscriptomic sequencing, oropharyngeal microbiome,
SARS-CoV-2 infection, sphingolipid metabolism
Introduction

The coronavirus disease 2019 (COVID-19) pandemic is a global

public health crisis with high mortality rates. This disease is caused by

the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).

Viral infection starts from the upper respiratory tract (URT) and may

eventually induce pulmonary disease. In addition, the main

microorganism found in the lower respiratory tract of COVID-19

patients originate from relatedmicroorganisms in the URT (Shen et al.,

2020; Sulaiman et al., 2021). Therefore, confirming the microecological

variations in the URT is necessary in COVID-19 patients.

URT is a constitutive element of the anterior nares, nasal cavity,

sinuses, nasopharynx, eustachian tube, middle ear cavity, oral

cavity, oropharynx, and larynx. A previous study reported that

oropharyngeal microbiome alterations could influence COVID-19

severity, by affecting the inflammatory response (Ma et al., 2021). In

addition, the oropharyngeal microbiome could affect other

respiratory viruses, such as the H7N9 avian influenza (Lu H-f.

et al., 2017). Some of the earliest public health messages around

COVID-19 mentioned that similar symptoms could be related with

severe cases of the flu (Dixon et al., 2021). Therefore, distinguishing

the characteristics of the oropharyngeal microbiome between

patients with COVID-19 and patients with similar symptoms is

necessary for the precise prevention and control of COVID-19.

Here, we utilized metatranscriptomic sequencing analyses to

conduct a comprehensive investigation on the oropharyngeal

microbiome differences in patients with COVID-19 and in patients

with similar symptoms. A total of 144 patients with COVID-19, 100

patients infected with other viruses, and 40 healthy individuals were

included in this study. We found that Prevotella could influence the

prognosis of COVID-19. Our study is the first to uncover the

potential mechanism of Prevotella in SARS-CoV-2 infection.
Material and methods

Study design

In this study, we recruited a total of 144 patients infected with

COVID-19 (Pos), 100 patients infected with other viruses (Sus), and
02
40 healthy volunteers (Ctr). The diagnosis of COVID-19 was

performed based on the Diagnosis and Treatment Scheme for

COVID-19, released by the National Health Commission of

China (Version 7) (Shen et al., 2020; Wu et al., 2020). Patients

infected with other viruses had similar symptoms as COVID-19

patients; however, SARS-CoV-2 was not detected in their clinical

specimens. The inclusion criteria for patients infected with other

viruses included positive clinical manifestations but negative IgM

antibodies or RNA for SARS-CoV-2. According to specific

guidelines (Shen et al., 2020; Wu et al., 2020), the COVID-19

group was further categorized into four severity levels, such as mild

(11 cases), moderate (102 cases), severe (13 cases), and critical

(18 cases).

This study was approved by the Medical Ethical Committee of

West China Hospital of Sichuan University (No. 2020 [100], No.

2020 [193], and No.2020 [267]). Written informed consent

complying with the Declaration of Helsinki was obtained from all

participants or their legally authorized surrogates.
Sample collection

Patients were recruited at the West China Hospital of Sichuan

University and its allied hospital between February 2020 and June

2020. The procedure for the oropharyngeal swab sample collection

was performed according to a video of the standard procedure

published by the Chinese Society of Laboratory Medicine (Wang

X. et al., 2020). Briefly, we used a sterile flock swab to collect a

sample by wiping the back wall of the pharynx with moderate

force and avoiding touching the tongue. To prevent

contamination, disposable sterile gloves were used throughout

the sample collection process. To assess any potential sample

contamination, six additional blank control swabs were included.

The 290 collected samples were immediately stored in sterile tubes

containing 2 ml of viral transport medium. All the samples were

transported to the certified SARS-CoV-2 nucleic acid testing

laboratory in a mobile refrigerator and frozen at −80°C.

Biological hazard labels were placed on the transport containers

and packaging materials.
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RNA extraction

To ensure viral inactivation, all samples were placed in a water

bath and heated at 56°C for 45 min. Then, 10 ml protease K (10 mg/

ml) and 10 ml carrier RNA (1 mg/ml) were added to each sample

tube (1.5 ml), before adding 200 or 400 ml of sample (from the virus-

inactivated storage tube). Next, the total RNA of the 290 samples

was extracted using the Concert Viral RNA kit (RC1005: Concert

Biotech, Xiamen, China) with an HF16 nucleic acid purification

instrument, according to the manufacturer’s guidelines.
Metatranscriptomic library construction
and sequencing

After extraction, a standard RNA-seq library was built, using a

next-generation sequencing (NGS) library construction kit (Genskey

1906, Beijing, China). Using specific fragment enzyme reactions,

RNA was fragmented to suitable lengths for sequencing. After RNA

fragmentation, reverse transcription was performed, followed by the

synthesis of the complementary cDNA strand. Index adapters were

ligated to both ends of the cDNA fragments. Ligation products were

purified with DNA clean beads and then amplified through a PCR

reaction with 13 cycles. Library concentration was determined using a

Qubit Fluorometer (Thermo Fisher Scientific, Shanghai, China). We

produced a series of 75 bp single-end sequencing libraries with

approximately 20 million reads per sample, using the NextSeq 500

High Output Kit (75 cycles) and an Illumina NextSeq 500 platform

(Illumina, Inc., San Diego, CA, United States) at Genskey Gene

Company (Beijing, China).
RT-qPCR assay

The target genes of the real-time-quantitative PCR (RT-qPCR)

reaction for SARS-COV-2 detection included the open reading

frames of 1ab (ORF1ab) and of the nucleocapsid protein (N). Both

were amplified using a RT-PCR kit (Sansure Biotech Inc., China)

with a real-time PCR thermal cycler (ABI 7500 system, Applied

Biosystems instruments, USA). The primers used were the following:

SARS-COV-2_ORF1ab-F:5′-CCCTGTGGGTTTTACACTTAA-
3′, SARS-COV-2_ORF1ab-R:5′-ACGATTGTGCATCAGCTGA-3′,
SARS-COV-2_ORF1ab-P:5 ′-FAM-CCGTCTGCGGTATG

TGGAAAGGTTATGG-BHQ1-3′, SARS-COV-2_N-F: 5′-GGG
GAACTTCTCCTGCTAGAAT-3′, SARS-COV-2_N-R: 5′- CAGA

CATTTTGCTCTCAAGCTG-3′, and SARS-COV-2_N-P: 5′-FAM-

TTGCTGCTGCTTGACAGATT-TAMRA-3′.
When reaction products were positive for both the ORF1ab and

N genes (cycle threshold [Ct] < 37), SARS-COV-2 diagnosis was

considered positive. When both were negative (with no Ct value or

Ct ≥ 40), SARS-COV-2 diagnosis was considered negative.

Bioinformatics analyses

First, we used the fastp software (parameters: -q 15 –u 40 -l 50,

version:0.19.5) (Chen et al., 2018) to filter low-quality reads and
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remove adapters. To remove low-complexity reads from raw data, we

used Komplexity (parameters: -t 0.4, version: Nov-2019) (Clarke

et al., 2019). Clean reads were then mapped to the Ensembl 84

(GRCh38) human reference genome to remove host sequences using

HISAT2 (version 2.1.0) with default parameters (Kim et al., 2015).

Read counts before and after human transcript alignment are shown

in Supplementary Table S4. Next, we used Kraken2 to annotate

taxonomic classifications for unmapped reads (version 2.0.9,

parameters: –threads 24 –confidence 0.1) (Wood et al., 2019). For

this purpose, we used a self-built database, containing all complete

genomes from the NCBI Refseq database, including the SARS-COV-

2 reference NC_045512.2. To establish a classification database for

Kraken2 (k=35, ℓ=31), only genomes from archaea, bacteria, fungi,

protozoa, and viruses were retained. Taxonomic abundance was

calculated using Bracken (version 2.5, parameters: -r 75 -l G, S -t

0) (Lu J. et al., 2017). For subsequent analysis, microorganisms

needed to simultaneously meet all the following criteria (1): belong

to bacterial, fungal, or viral species (2); have 10-fold or higher filtered

reads per million (RPM), in comparison with the negative control (3);

no batch effect should be detected; and (4) no known contamination

should be detected. Moreover, (5) only sequences of microbes known

to infect humans should be selected. In order to obtain Prevotella

gene sequences, first, unmapped reads were assembled using SPAdes

(version: 3.13.0) with default parameters, followed by the removal of

scaffolds under 150 bp. Then, the MetaGeneMark tool (Zhu et al.,

2010) was used to predict protein-coding genes from the above

filtered scaffolds. Next, sequences of these predicted genes were

aligned with the sequences of Prevotella from the NCBI Refseq

database, using the basic local alignment search tool (BLAST) with

an e-value=1e-7 as a cutoff criterion (Ye et al., 2006). Sequences with

more than 80% aligned lengths were kept. Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway analysis of Prevotella genes

was performed using the KEGGOrthology Based Annotation System

(KOBAS v3; http://kobas.cbi.pku.edu.cn/kobas3) online tool (Xie

et al., 2011). The p-values were corrected using the Benjamini and

Hochberg procedure (Benjamini and Hochberg, 1995). A corrected

p-value of ≤ 0.05 was considered to be statistically significant.
Statistical analyses

Statistical analyses were performed using the R software

(version 3.5.1). The ratio between the abundance of a specific

genus in a sample and the sum of all genus abundances in the

same sample was used to quantify the relative abundance of each

genus in the oropharyngeal microbiome. The vegan function of the

R package was used to analyze the alpha diversity. Differences

between groups were analyzed using the Mann–Whitney test or the

Kruskal–Wallis test or analysis of variance. False discovery rate

(FDR) values were estimated using the Benjamini–Yekutieli

procedure to control for multiple testing. Principal coordinate

analysis (PCoA) was based on Bray–Curtis dissimilarity (weighed)

distance matrices. We used analysis of similarities (ANOSIM) to

determine significant differences between two or more groups of

sampling units. Finally, the Spearman correlation method was used

to analyze the correlation between microbes and clinical indices,
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being a correlation coefficient of >0.300 considered acceptable. The

relative abundances in the oropharyngeal microbiome between

different groups were calculated using the Wilcoxon rank-sum

test. p-values of <0.05 (*), <0.01 (**), and <0.001 (***) were

considered statistically significant.
Results

Clinical characteristics of the
included participants

The demographics and clinical characteristics of the 284

participants are shown in Table 1. In the Pos group, 22.9% (33/

144) participants were older than 60 years; 58.3% (84/144)
Frontiers in Cellular and Infection Microbiology 04
participants were male; and 7.6% (11/144), 70.8% (102/144), 9.0%

(13/144), and 12.5% (18/144) of the 144 participants in the Pos

group were assigned with mild, moderate, severe, and critical,

respectively. Of the patients, 45.1% (65/144) have used antibiotics.

The average alanine transaminase (ALT) was 22.5, the average high-

sensitivity C-reactive protein (CRP) test result was 8.75, the average

lymphocytes (LYMPH) test result was 24.2, the average monocytes

(MONO) test result was 6.2, the average neutrophils (NEUT) test

result was 66.1, and the average procalcitonin (PCT) test result was

0.03. Regarding treatment prognosis, 56.9% (82/144) patients have

recovered, 16.7% (24/144) have improved, 20.1% (29/144)

remained in the hospital, 0.69% (1/144) patient died, and 5.56%

(8/144) patients had no relevant information available. Of note, age

was significantly different among the three groups (p <

0.001; Table 1).
TABLE 1 Demographics and clinical characteristics of the participants.

Characteristics Pos (n=144) Sus (n=100) Ctr (n=40) F-value Pr (>F)

Age 8.472 < 0.001

1–20 years 7 (4.9%) 7 (7.0%) 3 (7.5%)

20–40 years 45 (31.3%) 57 (57.0%) 14 (35.0%)

40–60 years 59 (40.9%) 23 (23.0%) 14 (35.0%)

>60 years 33 (22.9%) 13 (13.0%) 9 (22.5%)

Gender 0.602 0.548

Female (%) 60 (41.7%) 40 (40.0%) 20 (50.0%)

Male (%) 84 (58.3%) 60 (60.0%) 20 (50.0%)

Smoking history

Ongoing 12 (8.3%) 7 NA

Never 123 (85.4%) 85 NA

Ever 9 (6.3%) 8 NA

Disease severity

Mild 11 (7.6%) NA NA

Moderate 102 (70.8%) NA NA

Severe 13 (9.0%) NA NA

Critical 18 (12.5%) NA NA

Length of stay

≥14 days 121 (84.0%) NA NA

≥28 days 47 (32.6%) NA NA

No relevant information 8 (5.6%) NA NA

Symptoms

Cough 93 (64.6%) 86 (86%) NA

Fever 89 (61.8%) 100 (100%) NA

Sputum 54 (37.5%) 58 (58%) NA

(Continued)
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TABLE 1 Continued

Characteristics Pos (n=144) Sus (n=100) Ctr (n=40) F-value Pr (>F)

Fatigue 27 (18.8%) 20 (20%) NA

Sore throat 15 (10.4%) 56 (56%) NA

Muscle and joint pain 15 (10.4%) 34 (34%) NA

Headache 14 (9.7%) 43 (43%) NA

Gastrointestinal symptoms 12 (8.3%) 8 (8%) NA

Dyspnea 9 (6.3%) 3 (3%) NA

Runny nose 8 (5.6%) 24 (24%) NA

Conjunctivitis 2 (1.4%) 0 NA

Comorbidities

Yes 79 (54.9%) 56 (56%) NA

No 65 (45.1%) 44 (44%) NA

Antibiotics use

Yes 65 (45.1%) 16 (16%) NA

No 79 (54.9%) 84 (84%) NA

Clinical indicators value

Hb (g/L) 146 (60–182) NA NA

PLT (×109/L) 175 (63–368) NA NA

NEUT (%) 66.1 (3.1–95.4) NA NA

LYMPH (%) 24.2 (1.8–53.1) NA NA

MONO (%) 6.2 (0.11–20.5) NA NA

EO (%) 0.1 (0.0–3.8) NA NA

BASO (%) 0.1 (0.0–1.3) NA NA

HCT (L/L) 43.1 (0.2–51.5) NA NA

PCT (ng/ml) 0.03 (0.01–109) NA NA

CRP (mg/L) 8.75 (0.1–119.2) NA NA

ALT (IU/L) 22.5 (3–151) NA NA

AST (IU/L) 23 (9.8–502) NA NA

TBil (mmol/L) 8.4 (2.0–45.9) NA NA

CREA (mmol/L) 69 (14–969) NA NA

Outcome

Recovery 82 (56.9%) NA NA

Improved 24 (16.7%) NA NA

Continue to stay 29 (20.1%) NA NA

Death 1 (0.69%) NA NA

No relevant information 8 (5.56%) NA NA
F
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Differences in the characterization of
oropharyngeal bacteria between infection
with SARS-CoV-2 and infection with
other viruses

Overall, 780 bacterial genera were identified in the 284 studied

samples. The relative abundance of the top 10 bacterial profiles in the

Pos, Sus, and Ctr samples are shown in Figures 1A–C, respectively.

Apparently, the relative abundance of Actinomyces, Bacteroides,

Campylobacter, Fusobacterium, Prevotella, Primorskyibacter, and

Rothia obviously changed among the Pos, Sus, and Ctr groups

(Figure 1D). In addition, among the above seven bacterial genera,

the lefse result showed that Prevotella was enriched in the Pos group,

Fusobacterium was enriched in the Sus group, and Actinomyces was

enriched in the Ctr group (Figure 1E). Only the abundance of

Prevotella significantly changed among the Pos, Sus, and Ctr groups

(p < 0.05; Supplementary Table S1; Figure 1F). Then, we evaluated

whether the abundance of Prevotella could accurately differentiate
Frontiers in Cellular and Infection Microbiology 06
between the Pos and Sus groups and between the Pos and Ctr

groups. As a result, Prevotella showed an AUC of 0.669 between the

Pos and Sus groups and an AUC of 0.762 between the Pos and Ctr

groups (Figure 1G). In addition, we evaluated whether Prevotella could

play a role in host immune response evaluation. The abundance of

Prevotella in the Pos group was significantly and positively correlated

with the value of CRP R = 0.55, p < 0.01; Figure 1H).
Differences in the characterization of
oropharyngeal fungi between infection
with SARS-CoV-2 and infection with
other viruses

Overall, 177 genera of fungi were identified in the 284 studied

samples. The relative abundance of the top 10 fungal profiles in the Pos,

Sus, and Ctr samples are shown in Figures 2A–C. Specifically, the

relative abundance of Aspergillus, Malassezia, and Daldinia obviously
D

A B

E F

G

H

C

FIGURE 1

Oropharyngeal bacterial characterization among Pos, Sus, and Ctr. Average compositions of relative abundance of the top 10 bacterial genera for
(A) Pos, (B) Sus, and (C) Ctr. (D) Alterations of all the top 20 bacterial genera among the three groups. (E) Differentially abundant bacteria among Pos,
Sus, and Ctr. (F) The relative abundance of Prevotella among the three groups. (G) The ROC curve of Prevotella between Pos and Sus and between Pos
and Ctr. (H) The correlation between the abundance of Prevotella and the value of CRP. LDA score was represented as the degree of difference among
the three groups. The p-values were confirmed by the Wilcoxon rank-sum test. LDA, linear discriminant analysis; ROC, receiver operating characteristic;
AUC, area under curve; CRP, C-reactive protein. p-values of <0.05 (*), <0.01 (**), and <0.001 (***) were considered statistically significant.
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changed among the Pos, Sus, and Ctr groups (Figure 2D). In addition,

among the above three fungi, the lefse result showed thatAspergilluswas

enriched in the Pos group, Malassezia was enriched in the Sus group,

and Daldinia was enriched in the Ctr group (Figure 2E). Only

Aspergillus significantly varied among the Pos, Sus, and Ctr groups (p

< 0.05; Supplementary Table S2; Figure 2F). Then, we evaluated whether

Aspergillus could accurately differentiate among the Pos and Sus and the

Pos and Ctr groups. As a result, Aspergillus had an AUC of 0.537

between the Pos and Sus groups and an AUC of 0.687 between the Pos

and Ctr groups (Figure 2G). In addition, we evaluated whether

Aspergillus could play a role in host immune response evaluation.

However, Aspergillus abundance in the Pos group showed no

significant correlation with any clinical indicators related to host

immune response.
Frontiers in Cellular and Infection Microbiology 07
Differences in the characterization
of oropharyngeal viruses between
infection with SARS-CoV-2
and infection with
other viruses

The relative abundance of SARS-CoV-2 in the Pos samples was

significantly higher than that in the Sus and Ctr samples (Figure 3;

Supplementary Table S3; p < 0.05). However, the relative

abundance of Porcine type-C oncovirus, Human alphaherpesvirus

1, Human betaherpesvirus 5, Human gammaherpesvirus 4, Human

mastadenovirus C, Human metapneumovirus, Rhinovirus A, and

Rhinovirus C showed no significant differences among the Pos, Sus,

and Ctr groups (Figure 3; Supplementary Table S3; p > 0.05).
D

A B

E F G

C

FIGURE 2

Oropharyngeal fungal characterization among Pos, Sus, and Ctr. Average compositions of relative abundance of the top 10 fungal genera for (A) Pos,
(B) Sus, and (C) Ctr. (D) Alterations of all the top 20 fungal genera among the three groups. (E) Differentially abundant fungi among Pos, Sus, and Ctr.
(F) The relative abundance of Aspergillus among the three groups. (G) The ROC curve of Aspergillus between Pos and Sus and between Pos and Ctr.
LDA score was represented as the degree of difference among the three groups. The p-values were confirmed by the Wilcoxon rank-sum test. LDA,
linear discriminant analysis; ROC, receiver operating characteristic; AUC, area under curve. p-values of <0.05 (*), <0.01 (**), and <0.001 (***) were
considered statistically significant.
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Differences in the characterization of
oropharyngeal microbiome diversity
between infection with SARS-CoV-2 and
infection with other viruses

To explore the differences in microbial richness and community

structure, we compared the alpha and beta diversities of samples

from patients infected with SARS-CoV-2 and patients infected with

other viruses. As a result, minimal alpha diversity changes were

observed among the Pos, Sus, and Ctr groups, including the

Observed, Shannon (Figures 4A, B; p > 0.05), Chao1, and

Simpson indices (Supplementary Figures S1A, B; p > 0.05). In

addition, the beta diversity results showed that the Pos group was

mainly separated from the Ctr and Sus groups (Figure 4C). The

analysis of similarities (ANOSIM) plot reveals that the intergroup

difference was greater than the intra-group difference (Figure 4D,

R= 0.183, p = 0.001).
Prevotella played a potential role in SARS-
CoV-2 infection

In our study, the abundance and diversity of the oropharyngeal

microbiome in patients with SARS-CoV-2 infection were different

from those in the patients infected with other viruses. Therefore, we

further analyzed the potential function of the oropharyngeal

microbiome in SARS-CoV-2 infection in order to uncover its

potential mechanism in the infection. As a result, the relative

abundance of Gram-negative bacteria (Figure 5A; p < 0.001) in

the Pos group was slightly higher than that in the Sus and Ctr

groups. The major bacteria contributing to this phenotype were

Prevotella and Bacteroides (Figure 5B). The relative abundance of

Gram-positive bacteria in the Pos group was significantly lower

than that in the Sus and Ctr groups (Figure 5C; p < 0.001). The

major bacteria contributing to this phenotype were Rothia and
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Actinomyces (Figure 5D). These results indicate that the

oropharyngeal bacteria in samples with SARS-CoV-2 infection

were mainly Gram-negative, especially Prevotella. Then, we

attempted to analyze the potential role of Prevotella. The relative

abundance of Prevotella was significantly and positively correlated

with the value of some clinical indicators (Supplementary Figure

S2A), including alanine transaminase (ALT; R = 0.50, p < 0.01) and

Outcome (R = 0.44, p < 0.05). It is worth noting that the higher the

Outcome value, the worse the prognosis (1, recovery; 2, improved or

continue to stay; and 3, death). In addition, the relative abundance

of Prevotella was significantly and positively correlated with the

number of Prevotella genes involved in these pathways

(Supplementary Figure S2B), including arachidonic acid

metabolism (ACM; R = 0.55, p < 0.01), galactose metabolism

(GM; R = 0.54, p < 0.01), isoquinoline alkaloid biosynthesis (IAB;

R = 0.50, p < 0.01), other glycan degradation (OGD; R = 0.53, p <

0.01), sphingolipid metabolism (SM; R = 0.61, p < 0.001), and

steroid hormone biosynthesis (SHB; R = 0.51, p < 0.01).

Interestingly, the relative abundance of Prevotella showed a

positive correlation trend with the relative abundance of SARS-

CoV-2 (Supplementary Figure S3A; R = 0.028, p > 0.05). The values

of ALT (R = 0.41, p < 0.05) and CRP (R = 0.62, p < 0.001) were

significantly and positively correlated with the Outcome value

(Supplementary Figure S3B). The percentage of lymphocytes

(LYMPH; R = −0.57, p < 0.01) and monocytes (MONO; R =

−0.41, p < 0.05) were significantly and negatively correlated with

the Severity value. Nevertheless, the percentage of neutrophils

(NEUT; R = 0.50, p < 0.01) and the Procalcitonin value (PCT; R

= 0.54, p < 0.01) were significantly and positively correlated with the

Severity value (Supplementary Figure S3C). Notably, the higher the

Severity value, the more serious it is (1, mild; 2, moderate; 3, severe;

4, critical). In addition, sphingolipid has been reported to be closely

related to SARS-CoV-2 infection (Torretta et al., 2021; Vitner et al.,

2022). Based on these results, we deduced the potential mechanism

of Prevotella in the SARS-CoV-2 infection (Figure 6).
Discussion

Our study was the first to use metatranscriptomic sequencing

and analysis to uncover the different composition of the

oropharyngeal bacteria, fungi, and viruses between patients

infected with SARS-CoV-2 and patients infected with other

viruses. This study also reveals the potential roles of the

oropharyngeal microbiome in SARS-CoV-2 infection.

First, minimal changes were observed in alpha diversity among

the Pos, Sus, and Ctr groups, including the Observed, Shannon,

Chao1, and Simpson indices. These observations are consistent with

previous findings showing no significant differences in alpha

diversity between COVID-19 patients and healthy controls

(Miller et al., 2021). The beta diversity results showed that the

Pos group was slightly separated from the Ctr and Sus groups. This

indicates that the effect of SARS-CoV-2 infection on oropharyngeal

microbial community distribution is different from that of other

viral infections. This is partially consistent with the findings of a

previous report revealing that the pattern of SARS-CoV-2 infection
FIGURE 3

Oropharyngeal viral characterization among Pos, Sus, and Ctr. The
relative abundance changes of 11 oropharyngeal viral species
(including SARS-CoV-2) among Pos, Sus, and Ctr.
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is quite distinct from that of other human pathogenic respiratory

viruses, such as the influenza A virus and the respiratory syncytial

virus (Simmonds et al., 2021).

Another important aspect to mention is that the relative

abundance of Aspergillus decreased progressively among the Pos,

Sus, and Ctr groups, with an AUC of 0.537 between the Pos and Sus

groups and an AUC of 0.687 between the Pos and Ctr groups. This

indicated that the abundance of Aspergillus could also play a role in

distinguishing the infection with SARS-CoV-2 from the infection

with other viruses. A previous study also showed that secondary

bacterial and fungal coinfections with SARS-CoV-2 could be mainly

due to Aspergillus (Blaize et al., 2020; Rabagliati et al., 2021). This

finding further corroborates our findings.

One of the most exciting findings of our study is that the relative

abundance of Prevotella varied significantly among COVID-19

patients (Pos), patients infected with other viruses (Sus), and

healthy volunteers (Ctr). The AUC of 0.669 between the Pos and

Sus groups and the AUC of 0.762 between the Pos and Ctr groups

indicated that Prevotella could function as a biomarker in

distinguishing between patients infected with SARS-CoV-2 and
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patients infected with other viruses. Previous findings showing

that Prevotella was the main bacterium in the URT of COVID-19

patients (Wang Z. et al., 2020) and the decreased abundance of

Prevotella in patients with viral respiratory tract infections

(influenza A, influenza B, rhinovirus, metapneumovirus, and

respiratory syncytial virus) (Edouard et al., 2018) could support

our findings. In addition, the relative abundance of Gram-negative

bacteria in the Pos group was slightly higher than that in the Sus

and Ctr groups. The major bacteria contributing to this phenotype

were Prevotella and Bacteroides. The oropharyngeal bacteria in

samples with SARS-CoV-2 infection are mainly Gram-negative

bacteria, especially Prevotella. This observation is consistent with

previous findings showing that Gram-negative pathogens are the

major cause of bacterial pneumonia in critical COVID-19 patients

(Dudoignon et al., 2021). More importantly, the abundance of

Prevotella in the Pos group was significantly and positively

correlated with the value of CRP (R = 0.55, p < 0.01), which

indicated that Prevotella could function as a biomarker in host

immune response evaluation in SARS-CoV-2 infection. In addition,

also the interaction between CRP and the immune response to
D

A B

C

FIGURE 4

Oropharynx microbial diversity characterization among Pos, Sus, and Ctr. Alpha diversity among Pos, Sus, and Ctr, including (A) Observed index (NS:
p>0.05) and (B) Shannon index (NS: p>0.05). (C) Principal coordinate analysis (PCoA) based on Bray–Curtis (weighed) distance showed obvious
changes in beta diversity among Pos, Sus, and Ctr. The colors represent three different groups. PCoA1 and PCoA2 represent the top 2 principal
coordinates that captured most of the diversity. The fraction of diversity captured by the coordinate is valued as a percentage. (D) The analysis of
similarities (ANOSIM) based on Bray–Curtis (weighed) distance (R > 0 and p < 0.05). The R means the statistical value of ANOSIM; y-axis value means
Bray–Curtis rank; and 999 was used for the permutations. NS, not significant.
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pathogens has been previously reported (Sproston and Ashworth,

2018), and CRP has been related to the innate immune system (Du

Clos, 2000).

Here, the potential mechanism of Prevotella involvement in the

SARS-CoV-2 infection is illustrated in Figure 6. The potential

mechanism supports that Prevotella can participate in the

immune homeostasis of the lower respiratory tract (Huffnagle

et al., 2017). Prevotella species are anaerobic Gram-negative

bacteria that can promote inflammatory disease features.

Pulmonary inflammation, which is associated with the

accumulation of the pulmonary microbiome with Prevotella

(Segal et al., 2013; Yuan et al., 2022), was more severe in

infections with SARS-CoV-2 than in infections with other viruses.

Another mechanism involved was the sphingolipid metabolic

pathway. This pathway modulates viral replication, affects host

cellular signaling pathways needed for viral propagation, and

regulates host innate and adaptive immune responses to the

infection (Vijayan and Hahm, 2014). In addition, sphingosine

could inhibit the interaction of SARS-CoV-2 with its ACE2

receptor (Törnquist et al., 2021). Humans with oropharyngeal

microbiome dysbiosis are vulnerable to infection by SARS-CoV-2,

thereby increasing inflammation. On the other hand, SARS-CoV-2

infection changed the balance of Prevotella and increased

inflammation. Our results showed that Prevotella was enriched in

the Pos group. We derived that SARS-CoV-2 elevation may induce
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the increase in Prevotella, and its genes could be involved in the

sphingolipid metabolic pathway, and the sphingosine in turn may

inhibit the increase in SARS-CoV-2. Therefore, Prevotella could

participate in the sphingolipid metabolism pathway, influencing

COVID-19 prognosis.

Our study has some limitations. First, incomplete clinical data

prevented us from comparing the variants of participant

characteristics and showing the correlation between the

abundance of Prevotella and the value of CRP in the Sus group.

Second, antibiotic effects, which could be a confounding factor on

the respiratory tract flora, were not analyzed in our study. Third, we

have not achieved any relevant explanation about the porcine type-

C oncovirus because it was reported to be a pathogen associated

with porcine infection (Ye et al., 2022), and its effects on human

beings lack relevant studies. Fourth, the relative abundance of

Prevotella showed a positive correlation trend with the relative

abundance of SARS-CoV-2; however, the result was not statistically

significant, having a low R-value. As such, the relationship between

Provotella and the disease outcome had to be analyzed by univariate

methods. Fifth, we explained the potential pathway through which

Prevotella plays a role in COVID-19; however, there is lack of

biological experiments and lack of the overall functional factors.

Efforts would be made to explore the overall molecular mechanisms

of the oropharyngeal microbiome (especially Prevotella) effects in

the development of COVID-19.
D

A B

C

FIGURE 5

Gram-negative and Gram-positive bacteria among Pos, Sus, and Ctr. (A) The relative abundance of Gram-negative in Pos was a little greater than
that in Sus (p < 0.001). (B) The major bacteria contributing to this phenotype were Prevotella and Bacteroides. (C) The relative abundance of Gram-
positive in Pos was lower than that in Sus (p < 0.001). (D) The major bacteria contributing to this phenotype were Rothia and Actinomyces. The p-
values were confirmed by the Wilcoxon rank-sum test. p-values of <0.05 (*), <0.01 (**), and <0.001 (***) were considered statistically significant.
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To summarize, this study revealed the differences in the

oropharyngeal microbiome between patients infected with SARS-

CoV-2 and patients infected with other viruses. Furthermore, and for

the first time, our analyses explored the potential mechanism of the

oropharyngeal microbiome in SARS-CoV-2 infection. We found

distinct oropharyngeal microbiome diversity in patients infected

with SARS-CoV-2 and in patients infected with other viruses.

Prevotella and Aspergillus could play a role in distinguishing the

two types of infections. Prevotella could influence the prognosis of

COVID-19 through its role in sphingolipid metabolism regulation.

In conclusion, we provided evidence that the oropharyngeal

microbial characteristics of the SARS-CoV-2 infection are different

from those of the infection with other viruses. Prevotella could

function as a biomarker of COVID-19 and of host immune

response evaluation in SARS-CoV-2 infection. The cross-talk

among Prevotella, SARS-CoV-2, and sphingolipid metabolism

pathway could provide a basis for the precise diagnosis,

prevention, control, and treatment of COVID-19.
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