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Abstract

Emerging evidence suggests the oral and upper respiratory microbiota may play
important roles in modulating host immune responses to viral infection. As the host
microbiome may be involved in the pathophysiology of coronavirus disease 2019
(COVID-19), we investigated associations between the oral and nasopharyngeal
microbiome and COVID-19 severity. We collected saliva (n = 78) and nasopharyngeal
swab (n=66) samples from a COVID-19 cohort and characterized the microbiomes
using 16S ribosomal RNA gene sequencing. We also examined associations between
the salivary and nasopharyngeal microbiome and age, COVID-19 symptoms, and blood
cytokines. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
status, but not COVID-19 severity, was associated with community-level differences in
the oral and nasopharyngeal microbiomes. Salivary and nasopharyngeal microbiome
alpha diversity negatively correlated with age and were associated with fever and
diarrhea. Oral Bifidobacterium, Lactobacillus, and Solobacterium were depleted in patients
with severe COVID-19. Nasopharyngeal Paracoccus was depleted while nasopharyngeal
Proteus, Cupravidus, and Lactobacillus were increased in patients with severe COVID-19.
Further analysis revealed that the abundance of oral Bifidobacterium was negatively
associated with plasma concentrations of known COVID-19 biomarkers interleukin
17F and monocyte chemoattractant protein-1. Our results suggest COVID-19 disease

severity is associated with the relative abundance of certain bacterial taxa.
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disease severity experienced by infected individuals (https://www.

covid19treatmentguidelines.nih.gov/overview/clinical-spectrum/). While

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), is a global public
health crisis. As of October 2022, SARS-CoV-2 has infected over
621000000 people and caused over 6500000 deaths worldwide
according to the Johns Hopkins coronavirus resource center (https://
coronavirusjhu.edu/map.html). A particularly challenging feature

of the COVID-19 pandemic has been the extremely wide range of

SARS-CoV-2 infection may cause only asymptomatic carriage or mild
symptoms in some individuals, it can result in severe lung damage or
death in others.»? Therefore, the identification of early biomarkers that
can infer COVID-19 disease severity is critical.

Accumulating evidence suggests that the oral cavity is a robust
portal for SARS-CoV-2 entry, replication, and shedding. Host factors
important for SARS-CoV-2 entry, including angiotensin converting
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enzyme 2 (ACE2) and serine protease TMPRSS family members
(TMPRSS2 and TMPRSS4), are highly expressed in oral epithelial cells
and salivary glands.~8 Viral infection in the oropharynx is likely to be
influenced by the human oral microbiota, which contains over 700
species of bacteria that help maintain local homeostasis and
modulate immune responses toward invading pathogens.” A growing
body of evidence points toward the role of the oral microbiome in the
establishment and progression of SARS-CoV-2 infection. For
instance, SARS-CoV-2-infected patients have significantly disrupted
oral microbiomes compared to noninfected individuals.'®** Oral
microbial dysbiosis was associated with severe symptoms of
COVID-19, increased local inflammation, duration of COVID-19
symptoms, and more recently, long COVID.22"* |n addition, some
elevated bacterial taxa correlated with systemic inflammatory
markers such as a high neutrophil-lymphocyte ratio, suggesting that
the oral microbiota may be a sensitive biomarker or even have a role
in the activation or suppression of innate and humoral immunity
against SARS-CoV-2 infection.®®

The nasopharyngeal microbiota is also of interest because the
nasal mucosa is a major site of SARS-CoV-2 viral infection,
replication, and dissemination in the host.'® Infection of the nasal
mucosal surfaces occurs in the context of the nasopharyngeal
microbiota, which plays a major role in mucosal homeostasis and
progression of viral infections.x” On one hand, viral infection may
lead to bacterial coinfection, a major cause of mortality in previous
viral pandemics such as the 2009 H1N1 influenza outbreak.*® On the
other hand, pre-existing microbial dysbiosis could induce skewed
inflammatory responses during respiratory viral infections and lead to
increased risk of severe outcomes.'” Several studies have examined
the respiratory tract microbiome during COVID-19 infection and
found that respiratory microbiome alterations are associated with
COVID-19 severity.2%2! However, the specific microbiome changes
that have been associated with severity vary among studies.
Together, these early findings suggest that the airway microbiome
may be an important factor in indicating or influencing COVID-19
clinical outcomes and should be investigated further.1”202

Given the importance of the host microbiome in indicating and
mediating immune responses to respiratory viral infections, we hypothe-
sized that the salivary and nasopharyngeal microbiomes are associated
with COVID-19 disease severity. To test this hypothesis, we collected
saliva and nasopharyngeal swab samples from a well-characterized
COVID-19 cohort and extracted microbial DNA for 16S ribosomal RNA
(rRNA) gene sequencing to identify salivary and nasopharyngeal microbial
features associated with COVID-19 severity.

2 | METHODS

2.1 | Study participants

The patients included in this study were part of a prospective
observational cohort of subjects with COVID-19-related symptoms
who presented to Barnes-Jewish Hospital or affiliated Barnes-Jewish

Hospital testing sites in Saint Louis, Missouri, USA, between March and
September of 2020. Inclusion criteria required that subjects were
symptomatic (fever, chills, conjunctival congestion, nasal congestion,
headaches, cough, sputum production, sore throat, shortness of breath,
nausea or vomiting, diarrhea, myalgia, fatigue, rash, lymphadenopathy, or
confusion) and had a physician-ordered SARS-CoV-2 test performed in
the course of their normal clinical care. Diagnosis of COVID-19 was
based on a positive nasopharyngeal swab polymerase chain reaction test.
Participants' symptoms data were collected from surveys conducted
when participants presented to a medical facility for testing and clinically
relevant medical information such as intensive care unit (ICU) admission
was collected from electronic medical records. This study was approved
by the Institutional Review Board at Washington University in St. Louis
(IRB number 202003085). All patients who were enrolled in the study

provided informed consent before participation.

2.2 | Sample collection, processing, and microbial
DNA sequencing

Saliva and nasopharyngeal swab samples were collected at the time
of enrollment, which was during or shortly following evaluation at a
medical facility. The vast majority of samples were collected within
14 days of patients' onset of COVID-19-related symptoms. For saliva
collection, saliva was directly deposited into a container with an
attached funnel and stored in a -80°C freezer until use. Naso-
pharyngeal swab samples were collected by a trained provider by
inserting a swab along the nasal septum, just above the floor of the
nasal passage, to the nasopharynx, until resistance was felt. Then, the
swab was rotated several times before being withdrawn. Naso-
pharyngeal swabs were then placed in viral transport media and
vortexed before being frozen at -80°C until use.

Before microbial DNA extraction, samples were heated at 56°C
for 30 min to inactivate SARS-CoV-2 virus. Microbial DNA extraction
of saliva and nasopharyngeal swab samples, sequencing library
preparation, and 16S rRNA gene sequencing were performed as
described previously.?? Briefly, genomic DNA was extracted from
nasopharyngeal swab and saliva samples using the zymoBIOMICS
DNA Miniprep Kit (Zymo Research) according to the manufacturer's
instructions. This involved uniform mechanical lysis of microbes
followed by DNA purification. 16S rRNA sequencing libraries were
prepared by amplifying and barcoding the V1-V2 region of the 16S
rRNA gene using the Quick-16S NGS Library Prep Kit (Zymo
Research) according to the manufacturer's instructions. Samples
were pooled and sequenced on the lllumina MiSeq platform with
2x250base pair standard run at Washington University DNA
Sequencing Innovation Lab.

2.3 | Sequencing data processing

Amplicon sequence variants (ASVs) were inferred from demuliplexed
fastq files using the DADA2 R package (https://benjjneb.github.io/
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dada2/tutorial.html)>®> and taxonomy was assigned from demuli-
plexed fastq files using the Ribosomal Database Project's Training Set
16. Sequencing data were quality filtered by trimming the last 10
nucleotides of each read to remove low quality tails then performing
denoising using the default settings in the DADA2 pipeline. The

.28 Chimeric

denoising algorithm is described in detail in Callahan et a
sequences—artifacts formed by two or more parent biological
sequences incorrectly joined together—were also removed using
the default settings in the DADA2 pipeline. Statistical analyses were
conducted in R version 3.4.2 and visualization was done with ggplot2
(https://ggplot2.tidyverse.org). Phyloseq, an R package (https://
joey711.github.io/phyloseq/),>* was used to calculate alpha diversity,
beta diversity, and principal coordinates. To perform differential
abundance testing, we used the R Package DESeq2 (https://
bioconductor.org/packages/release/bioc/html/DESeq2.html),2°
which uses a generalized regression model with a logarithmic link,
following a negative binomial distribution. DESeg2 p values were
adjusted for multiple comparisons using the Benjamini-Hochberg
method. Differential abundance analysis was conducted at all
taxonomic levels and differentially abundant genera between the

ICU and non-ICU groups identified by DESeq2 were displayed.

2.4 | Cytokine quantification
Participant blood samples were collected within 24 h of emergency

department presentation in ethylenediaminetetraacetic acid-
containing vacutainers (BD Biosciences), transported on ice, spun
down at 2500 g for 10 min at 4°C, and stored at -80°C until further
analysis. Cell-free plasma was analyzed using a human magnetic
cytokine panel providing simultaneous measurement of 35 cytokines
(Thermo Fisher Scientific). The assay was performed according to the
manufacturer's instructions with each subject sample performed in
duplicate and then analyzed on a Luminex FLEXMAP three-

dimesniaonal instrument.

2.5 | Statistics

Differences between study groups were compared using the
nonparametric Mann-Whitney U test for continuous variables and
X2 test or Fisher's exact test for categorical variables. Alpha diversity
(Shannon index or observed species richness) differences between
groups were compared using Mann-Whitney U test. For beta
diversity, principal coordinates analysis (PCoA) of weighted and
unweighted UniFrac distances was performed to represent distances
between microbial communities and differences in beta diversity
between groups were evaluated using permutational multivariate
analysis of variance (PERMANOVA) as implemented in the adonis
function of the R package Vegan version 2.5-7. To evaluate
correlations between age and alpha diversity, we used Spearman's
rank correlation coefficient. To evaluate correlations between blood

marker concentrations and relative abundance of bacterial genera
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depleted or enriched in severe COVID-19 patients, we used
Spearman's rank correlation coefficient with false discovery rate
(FDR) adjustment to correct for multiple comparisons. For all
statistical tests, a p value of <0.05 after controlling for multiple
comparisons using the Benjamini-Hochberg method or FDR correc-
tion when appropriate, was considered to indicate significance.

3 | RESULTS

(1) Patients with SARS-CoV-2 infection harbored significant compo-
sitional differences in the salivary and nasopharyngeal microbiome
compared to patients without SARS-CoV-2.

We collected saliva (n=78) and nasopharyngeal swab (n=66)
samples from patients who presented for SARS-CoV-2 testing with
symptoms consistent with COVID-19. The saliva samples included 60
from SARS-CoV-2-positive patients and 18 from SARS-CoV-2-negative
patients, and the nasopharyngeal swab samples included 54 from SARS-
CoV-2-positive patients and 12 from SARS-CoV-2-negative patients.
Demographics and clinical outcomes of this study population, stratified by
COVID-19 status, are shown in Table 1 for saliva samples and Table 2 for
nasopharyngeal swab samples. For patients from whom saliva samples
were collected, age was significantly higher in individuals who tested
positive for SARS-CoV-2 (p=0.03). Congestive heart failure was also
significantly higher in the SARS-CoV-2-positive group (p=0.03). For
patients from whom nasopharyngeal swab samples were collected,
significantly more patients who tested positive for SARS-CoV-2 were of
African American race (p =0.001). For both saliva and nasopharyngeal
swab samples, significantly more SARS-CoV-2-positive patients had
diabetes and were hospitalized than SARS-CoV-2-negative patients.
There were no other significant differences in other baseline character-
istics such as sex, body mass index (BMI), current smoking status, chronic
pulmonary disease, and obesity.

We profiled the salivary and nasopharyngeal microbiome by 16S
rRNA gene sequencing. After quality filtering, the total number of reads
for saliva samples was 1389 970, and the mean number of reads was
17 820 per subject. For nasopharyngeal swab samples, the total number
of reads was 563 829 and the mean was 8543 per subject. The top five
abundant phyla in the salivary microbiome were Firmicutes, Actinobac-
teria, Bacteroidetes, Proteobacteria, and Fusobacteria. Compared to
patients without COVID-19, patients with COVID-19 harbored a reduced
abundance of Proteobacteria and Fusobacteria in the salivary microbiome
(Figure 1A). The top five abundant phyla in the nasopharyngeal
microbiome were Firmicutes, Actinobacteria, Proteobacteria, Bacteroi-
detes, and Fusobacteria, and there were no significant differences in their
abundances between patients infected with SARS-CoV-2 and patients
not infected with SARS-CoV-2 (Figure 1B).

To assess community level alterations of the salivary and
nasopharyngeal microbiomes during SARS-CoV-2 infection, we
compared alpha diversity and beta diversity between COVID-19
and non-COVID-19 patients. We observed a significant decrease in
alpha diversity of salivary microbial communities of SARS-CoV-2-
positive patients compared to SARS-CoV-2-negative patients
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TABLE 1 Patient characteristics for

SARS-CoV-2 SARS-CoV-2
Variable Negative (n = 18) Positive (n = 60) p Value saliva samples
Age (years), mean (SD) 44.85 (16.31) 54,51 (16.40) 0.03
Sex: Male, n (%) 10 (55.56) 40 (66.67) 0.561
BMI, mean (SD) 30.4 (9.73)° 34.43 (10.87) 0.146
Race: African American, n (%) 9 (50) 40 (66.67) 0.315
Current smoker: Yes, n (%) 4 (22.22) 6 (10) 0.227°
Hospitalization, n (%) 2 (11.112) 57 (95) <0.001°
Ventilator, n (%) 0(0) 7 (11.67) 0.192°
Death due to COVID, n (%) 0 (0) 3(5) 1°
Chronic pulmonary disease: Yes, n (%)° 5(35.71) 16 (30.77) 0.724
Congestive heart failure: Yes, n (%)° 0 (0) 14 (26.92) 0.03°
Diabetes: Yes, n (%)° 3(21.43) 30 (57.69) 0.033°
Obesity: Yes, n (%)° 1(7.14) 15 (28.85) 0.159°
Hypertension: Yes, n (%)° 5(35.71) 31 (59.62) 0.111

Note: Significance was evaluated on the basis of the Mann-Whitney U test and the x? test or Fisher's
exact test.

Abbreviations: COVID, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.

2One missing value.
bp Value calculated using Fisher's exact test.

“Four missing values in SARS-CoV-2-negative group and eight missing values in SARS-CoV-2-positive

group.
SARS-CoV-2 SARS-CoV-2 TABLE 2 Patient characteristics for

Variable negative (n=12) positive (n = 54) p Value nasopharyngeal swab samples
Age (years), mean (SD) 57.63 (17.87) 64.34 (13.68) 0.241

Sex: Male, n (%) 4 (33.33) 30 (55.56) 0.283

BMI, mean (SD) 26.58 (7.49) 29.57 (8.08) 0.178

Race: African American, n (%) 3 (25) 42 (77.78) 0.001°

Current smoker: Yes, n (%) 0 (0) 7 (12.96) 0.330°

Hospitalization, n (%) 2 (16.67) 54 (100) <0.001?

Ventilator, n (%) 1(8.33) 16 (29.63) 0.163°

Death due to COVID, n (%) 0 (0) 6(11.11) 0.582°

Chronic pulmonary disease: Yes, n (%)° 1 (10) 15 (31.91) 0.2532

Congestive heart failure: Yes, n (%)° 0 (0) 12 (25.53) 0.1°

Diabetes: Yes, n (%)° 2 (20) 29 (61.7) 0.032°2

Obesity: Yes, n (%)° 2 (20) 6 (12.77) 0.619°

Hypertension: Yes, n (%)° 4 (40) 34 (72.34) 0.069?

Note: Significance was evaluated on the basis of the Mann-Whitney U test and the x? test or Fisher's
exact test.

Abbreviations: COVID, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.

@p Value calculated using Fisher's exact test.

bTwo missing values in SARS-CoV-2-negative group and seven missing values in SARS-CoV-2-positive
group.
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FIGURE 1 Relative abundances of the top five most abundant bacterial phyla in the salivary (A) and nasopharyngeal (B) microbial
communities of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-positive subjects and SARS-CoV-2-negative controls. Statistical
significance was assessed using Mann-Whitney U test and analysis was adjusted for multiple comparisons using the Benjamini-Hochberg

method. *p < 0.05; **p <0.01.
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FIGURE 2 Salivary and nasopharyngeal microbial dysbiosis in coronavirus disease 2019 patients. Alpha diversity of salivary (A) and
nasopharyngeal (B) microbiomes of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-positive and SARS-CoV-2-negative patients.
Principal coordinates analysis of weighted (C, D, left) and unweighted (C, D, right) UniFrac distances of salivary (C) and nasopharyngeal

(D) microbial communities of SARS-CoV-2-positive and SARS-CoV-2-negative subjects. Statistical significance was assessed using
Mann-Whitney U test for panels (A and B), and using permutational multivariate analysis of variance for panels (C and D).

(Figure 2A). Similarly, alpha diversity was significantly reduced in the
nasopharyngeal microbiome of SARS-CoV-2-positive patients com-
pared to SARS-CoV-2-negative patients, but only the richness index
was significant (Figure 2B). Both salivary and nasopharyngeal
microbial communities of SARS-CoV-2-positive patients differed
markedly from those of SARS-CoV-2-negative patients based on
PCoA of UniFrac distances (Figure 2C,D). In nasopharyngeal samples,

this difference was only significant based on PCoA of unweighted
UniFrac distances (Figure 2D). The microbiome differences we
observed between COVID-19-positive and COVID-19-negative
subjects are consistent with previous studies on the oral and airway
microbiome in COVID-19.2°"2? As there were some substantial
differences in baseline characteristics between the two groups, we
also compared the salivary and nasopharyngeal microbiome between
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selected sex-, age-, and race-matched SARS-CoV-2 positive (n =18
for saliva samples, n = 9 for nasopharyngeal swab samples) and SARS-
CoV-2 negative (n =18 for saliva samples, n=9 for nasopharyngeal
swab samples) patients to validate our findings. We observed similar
results for saliva samples, but no significant differences between
SARS-CoV-2-positive and SARS-CoV-2-negative patients for naso-
pharyngeal swab samples, which may be due to the low number of
samples available in the matched case-control group (Supporting

Information: Figure S1).

(2) No compositional differences in the salivary and nasopharyngeal
microbiome between COVID-19 patients who were later admitted to
ICU and those who were not. Salivary and nasopharyngeal microbial
communities are associated with COVID-19 symptoms and age.

To investigate microbial features associated with severe out-
comes of COVID-19, we then focused on SARS-CoV-2-positive
patients (n=60 for saliva samples, n=54 for nasopharyngeal
samples) and stratified them by COVID-19 severity according to
ICU admission status. Demographics, symptoms, and clinical out-
comes of the SARS-CoV-2-positive patients, stratified by ICU

admission, are presented in Tables 3 and 4. For saliva samples, 18

TABLE 3 Patient characteristics of SARS-CoV-2-positive
patients for saliva samples, stratified by ICU admission

ICU Non-ICU
(n=18) (n=42)

57.78 (14.38) 53.11 (17.16) 0.439

Variable p Value

Age (years), mean (SD)

Sex: Male, n (%) 13 (72.22) 27 (64.29) 0.765

BMI, mean (SD) 38.82 (14.57) 32.55(8.37) 0.181

Race: African American, n (%) 8 (44.44) 32 (76.19) 0.036
Current smoker, n (%) 0 (0) 6 (14.29) 0.165°
Symptom: Fever, n (%) 9 (50) 21 (50) 1
Symptom: Diarrhea, n (%) 4 (22.22) 10 (23.81) 1°
Hospitalization, n (%) 18 (100) 39 (92.85) 0.5471°

Ventilator, n (%) 7 (38.89) N/A -

Death due to COVID, n (%) 3(16.67) 0 (0) 0.024°

Chronic pulmonary disease: 6 (37.5) 10 (27.78) 0.483
Yes, n (%)°
Congestive heart failure: Yes, 4 (25) 10 (27.78) 1?2
n (%)°
Diabetes: Yes, n (%)° 12 (75) 18 (50) 0.1317
Obesity: Yes, n (%)° 5 (31.25) 10 (27.78) 0.799
Hypertension: Yes, n (%)° 10 (62.5) 21 (58.33) 0.777

Note: Significance was evaluated on the basis of the Mann-Whitney U
test and the x? test or Fisher's exact test.

Abbreviations: COVID, coronavirus disease 2019; ICU, intensive care unit;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

2p value calculated using Fisher's exact test.
bTwo missing values in ICU group and six missing values in non-ICU group.

patients were admitted to an ICU and 42 were not. Of the 18 ICU
patients, 7 (38.89%) required mechanical ventilation and 3 (16.67%)
died; no subjects in the non-ICU group died. The percentage of
African American patients was higher in the non-ICU group than the
ICU group (p=0.036). For nasopharyngeal samples, 30 were
admitted to an ICU and 24 were not. Of the 30 ICU patients, 16
(53.33%) required mechanical ventilation and 5 (16.67%) died; 1
(4.17%) subject in the non-ICU group died. We did not observe a
difference in alpha diversity between ICU and non-ICU groups in the
salivary microbiome nor the nasopharyngeal microbiome (Supporting
Information: Figure S2A,B). The salivary and nasopharyngeal micro-
bial compositions in the ICU group were not significantly different
from those of the non-ICU group (Supporting Information:
Figure S2C,D).

We also investigated whether community-level microbial altera-
tions were associated with several major symptoms of COVID-19
including fever, coughing, shortness of breath, diarrhea, and nausea/
vomiting, by comparing the alpha diversity of the salivary or

nasopharyngeal microbiome in patients with or without these

TABLE 4 Patient characteristics of SARS-CoV-2-positive
patients for nasopharyngeal swab samples, stratified by ICU
admission

ICU Non-ICU
(n=30) (n=24)

66.54 (11.81) 61.60 (15.53) 0.21

Variable p Value

Age (years), mean (SD)

Sex: Male, n (%) 17 (56.67) 13 (54.17) 0.927
BMI, mean (SD) 27.93(7.34) 31.61(8.64) 0.077
Race: African American, n (%) 23 (76.67) 19 (79.17) 0.913
Current smoker, n (%) 3(10) 4 (16.67) 0.687°
Symptom: Fever, n (%) 10 (33.33) 11 (45.83) 0.512
Symptom: Diarrhea, n (%) 1(3.33) 4 (16.67) 0.159°
Hospitalization, n (%) 30 (100) 24 (100) -

Ventilator, n (%) 16 (53.33) N/A -

Death due to COVID, n (%) 5(16.67) 1(4.17) 0.21°
Chronic pulmonary disease: 9 (34.62) 6 (28.57) 0.659
Yes, n (%)°
Congestive heart failure: Yes, 4 (15.38) 8(38.1) 0.1°
n (%)°
Diabetes: Yes, n (%)° 18 (69.23) 11 (52.38) 0.237
Obesity: Yes, n (%)° 1(3.85) 5(23.81) 0.076*
Hypertension: Yes, n (%)° 19 (73.08) 15 (71.43) 0.9

Note: Significance was evaluated on the basis of the Mann-Whitney U
test and the x? test or Fisher's exact test.

Abbreviations: COVID, coronavirus disease 2019; ICU, intensive care unit;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

2P value calculated using Fisher's exact test.

PFour missing values in ICU group and three missing values in non-ICU
group.
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symptoms. We observed significantly greater salivary microbiota
alpha diversity in COVID-19 patients reporting diarrhea compared to
those not reporting diarrhea (Figure 3A). In addition, alpha diversity
of the nasopharyngeal microbiota was reduced in patients with fever
compared to those without fever, though this was only significant for
richness (Figure 3A).

For both salivary and nasopharyngeal microbial communities,
alpha diversity was significantly negatively correlated with age in
patients with COVID-19 (Figure 3B,C). PCoA of unweighted, but not
weighted UniFrac distances, showed significant dissimilarity in the
salivary microbiome by age (Figure 3D). A similar trend was observed
in the nasopharyngeal microbiome but fell short of significance

(p=0.052, Figure 3E). Since unweighted UniFrac distances only
evaluate differences in taxa between groups, unlike weighted
UniFrac distances which also assess the abundance of each taxon,
this result suggests that there are compositional differences with age,
but the different bacterial taxa may have a relatively low abundance.
These correlations did not achieve significance in patients without
COVID-19, but the overall
Information: Figure S3A-D).

trends were similar (Supporting

(3) Several bacterial genera in the salivary and nasopharyngeal
microbiome are differentially abundant between COVID-19 patients
who were later admitted to an ICU and those who were not. Relative
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FIGURE 3 Associations between salivary and nasopharyngeal microbiomes of severe acute respiratory syndrome coronavirus 2-positive

patients and coronavirus disease 2019 symptoms and age. (A) Alpha diversity, represented by richness, in saliva (red) and nasopharyngeal swab
(blue) samples, for patients with a given symptom (dark red or dark blue) or without (light red or light blue). Age versus alpha diversity
represented by the Shannon index and richness of salivary (B) and nasopharyngeal (C) microbial communities. Principal coordinates (PC) analysis
of weighted (D, E, left) and unweighted (D, E, right) UniFrac distances for salivary (D) and nasopharyngeal (E) microbial communities with age.
The shaded areas in panels (B and C) indicate the 95% confidence intervals. Statistical significance was assessed using the Mann-Whitney U test
for panel (A), Spearman's rank correlation coefficient for panels (B and C), and permutational multivariate analysis of variance for panels

(D and E). *p < 0.05.
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abundance of saliva Bifidobacterium is associated with plasma
concentrations of interleukin (L-17F) and monocyte chemoattractant
protein-1 (MCP-1).

To evaluate whether microbial differences by COVID-19 severity
exist at the taxa level, we compared the salivary and nasopharyngeal
microbiomes of ICU and non-ICU COVID-19 patients at the genus
level using DESeq2 for differential abundance analysis. In saliva
samples, the genera Bifidobacterium (p=0.00016), Lactobacillus
(p=0.0018), and Solobacterium (p =0.026) were significantly more
abundant in the non-ICU group (Figure 4A). In nasopharyngeal
samples, Paracoccus (p = 0.0026) was significantly more abundant in
the non-ICU group and Proteus (p = 0.000036), Cupravidus (p = 0.023),
and Lactobacillus (p = 0.023) were significantly more abundant in the
ICU group (Figure 4B). Differential abundance data is summarized in
Figure 4C.

To investigate whether the bacterial genera we identified as
enriched or depleted in severe COVID-19 were correlated with
systemic immune responses, we tested associations between the
relative abundances of each genus and plasma concentrations of
cytokines/blood markers in selected patients with COVID-19. We
observed that a greater abundance of genus Bifidobacterium in the
salivary microbiome was associated with lower levels of IL-17F and
MCP-1 (Figure 4D,E). Correlations between all profiled cytokines
and bacterial genera enriched or depleted in severe COVID-19
cases are given in Supporting Information: Table S1 for saliva
samples and Supporting Information: Table S2 for nasopharyngeal

swab samples.

4 | DISCUSSION

In this study, we profiled the salivary and nasopharyngeal microbiome
of a COVID-19 cohort and validated that COVID-19 patients had
significantly different microbial communities compared to those of
non-COVID-19 patients. We then focused on the COVID-19 patients
to identify microbial markers that are associated with disease
severity. While there were no community level differences in the
salivary and nasopharyngeal microbiomes of ICU and non-ICU
groups, several bacterial genera including Bifidobacterium, Lactobacil-
lus, Solobacterium, Proteus, Cupriavidus, and Paracoccus, correlated
with COVID-19 severity. We also showed salivary and naso-
pharyngeal microbiota may be associated with COVID-19 symptomes,
and relative abundance of Bifidobacterium in saliva was associated
with plasma concentrations of IL-17F and MCP-1.

Several studies have already characterized the oral microbiome
in COVID-19 patients. In agreement with our results, multiple groups
reported significant reductions in oral microbiome diversity in
COVID-19 patients compared to non-COVID-19 controls.'22427
Multiple studies have also reported inverse correlations between oral
microbiome alpha diversity and symptoms severity.1?1%27 One study
identified a substantial decrease in alpha diversity in critical
COVID-19 patients (defined as respiratory failure requiring mechani-
cal ventilation, shock, or organ failure requiring ICU admission)

compared to noncritical COVID-19 patients and healthy controls.'®
The discrepancy between this result and our observations may
suggest that classification of COVID-19 severity and sampling site
are potential factors that may modify the correlations between
microbiome and COVID-19. Few studies have performed differential
abundance analysis of the oral microbiota between severe and
nonsevere COVID-19 patients. One study that utilized metagenomic
sequencing of oropharyngeal swab samples from COVID-19 patients
identified several species that were associated with COVID-19
severity, none of which were members of genera identified as
associated with severity in our study.'®> There could be several
reasons for this discrepancy, including different patient demographics
or differences in sequencing and analysis methods. More studies are
needed to confirm these results and more confidently identify oral
microbiota which may be helpful biomarkers of COVID-19 severity or
modify host immune responses to impact viral progression.

So far, data have been mixed on the effect of COVID-19 on
nasopharyngeal microbiota composition. Several early studies
reported no major alterations in the nasopharyngeal microbiome
after SARS-CoV-2 infection, while others reported substantial
community level alterations to the nasopharyngeal microbiota after
SARS-CoV-2 infection.?8732 Several studies have reported associa-
tions between nasopharyngeal microbiota and COVID-19 severity,
with limited consistency in specific taxa associated with disease
severity between studies.!”*33* Recent evidence suggests that the
contradictory results observed in COVID-19 respiratory microbiome
studies may be driven by confounders such as time in ICU, oxygen
support, and mechanical ventilation.®> These confounders may also
partially explain discrepancies between our results and previous
COVID-19 oral and airway microbiome studies.

Multiple studies have found that decreased levels of Bifidobac-
terium in the gut microbiome is associated with COVID-19
severity.17'36'39 We observed a similar trend in the oral microbiome,
with Bifidobacterium being depleted in the saliva of ICU COVID-19
patients compared to non-ICU patients. Several studies have
described the potential of Bifidobacterium to trigger immunomodu-
latory responses and maintain host physiological homeostasis.*°~42
Mouse studies have also demonstrated the ability of oral and
intranasally administered Bifidobacterium probiotics to protect against
viral-induced lung inflammation and injury.*>** It has also been
shown that certain strains of Bifidobacterium have the potential to
suppress IL-17 production.*®> Our study demonstrated a significant
negative correlation between abundance of Bifidobacterium in the
salivary microbiome and plasma levels of IL-17. The exact mecha-
nisms by which IL-17 may contribute to inflammation and lung injury
in SARS-CoV-2 infection are incompletely understood, but IL-17
response is known to mediate acute lung injury induced by viral
infection.*® Furthermore, we found relative abundance of Bifidobac-
terium in the salivary microbiome was negatively correlated with
plasma concentrations of MCP-1, another biomarker of severity in
COVID-19 patients.47 Indeed, some strains of Bifidobacterium have
been shown to downregulate MCP-1 levels in vitro and in vivo,

suggesting an anti-inflammatory effect of certain Bifidobacterium
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strains.*®4? Further work is needed to confirm these associations and
elucidate any potential role of Bifidobacterium SARS-CoV-2 infection.

It has been proposed that Lactobacillus in the nasal microbiome could
protect against SARS-CoV-2 infection.® However, we found nasal
Lactobacillus was positively associated with COVID-19 severity, while
saliva Lactobacillus showed an opposite trend. This raises the possibility of
a potential body site-specific effect of Lactobacillus in SARS-CoV-2
infection and COVID-19 outcome. For instance, previous studies showed
that Lactobacillus in the gut microbiome was enriched in patients who
recovered from COVID-19.3% In addition, mice that were orally
supplemented with Lactobacillus rhamnosus before intranasal inoculation
with SARS-CoV-2 membrane glycoprotein exhibited decreased IL-6 in
bronchoalveolar lavage fluid compared to mice that did not receive L.
rhamnosus.>* A prospective trial of 18 healthy subjects also showed
decreased plasma IL-6 concentrations after oral intake of Lactobacillus
planatrum.52 On the other hand, Lactobacillus in the upper respiratory
tract microbiome was significantly associated with mortality in SARS-
CoV-2-positive patients.> It is worth noting that several studies, including
a previous study from our group, have shown associations between
increased Lactobacillus in the airway microbiome and respiratory diseases
such as asthma and chronic obstructive pulmonary disease, indicating
Lactobacillus may not be beneficial when present in the airways.?2%4-5¢

Finally, we found the salivary microbiome of COVID-19 patients
was associated with diarrhea, with COVID-19 patients with diarrhea
having higher species abundance compared to those who did not
have diarrhea. We also found that the nasal microbial community
alpha diversity was significantly reduced in COVID-19 patients with
fever than those without fever. While these results represent a
potential link between oral and nasopharyngeal microbiota and
COVID-19 pathophysiology, further research is needed to determine
whether microbial dysbiosis predisposes the host to certain symp-
toms, if the observed microbial alterations are responses to patients'
symptoms and immune states, or if both respond to some other
factor. In addition, we found that both salivary and nasopharyngeal
microbiome alpha diversity negatively correlated with age in
COVID-19 patients. The reduced diversity in salivary and naso-
pharyngeal bacterial species with aging could potentially predispose
the elderly to severe COVID-19.

Our study has several shortcomings which should be addressed. This
study had a limited sample size and may be underpowered to detect
certain differences between groups of interest. Some of the medical
records of study participants were incomplete, which limited our ability to
assess for some potentially confounding medication use or comorbidities

such as immune suppression. There were substantial differences in rates

of hospitalization, congestive heart failure, diabetes, and hypertension,
between the SARS-CoV-2-positive and SARS-CoV-2-negative groups,
which could potentially impact our microbiome data. Although we
included a matched case-control analysis, the sample size and power
were greatly reduced. Our COVID-19 cohort included only symptomatic
patients, and mildly symptomatic or asymptomatic individuals with
COVID-19 may exhibit distinct microbiome features. The human
microbiome can be influenced by diet, and information on diet was not
collected in this study. In addition, the oral microbiome is influenced by
oral diseases and oral hygiene, and these were not controlled for in the
present study.”” Cytokine data was not available for all patients enrolled
in the study, limiting the sample size for associations between the
microbiome and systemic immune response. Furthermore, the human
microbiome is highly variable across populations. In this study, all samples
were collected in the greater St. Louis metropolitan area, potentially
limiting its generalizability to the wider population.

In summary, we found several salivary and nasopharyngeal
bacterial genera associated with COVID-19 severity. Although our
findings cannot infer causality and should be validated in future
studies with larger sample sies, this work provides additional
information to characterize associations between COVID-19 and
the human microbiome. This work may serve as a foundation for
additional studies to uncover the underlying mechanisms linking the

oral and airway microbiome to COVID-19 outcomes.
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