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Background: The upper respiratory tract (URT) is the portal of entry of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), and SARS-CoV-2 likely interacts with
the URT microbiome. However, understanding of the associations between the URT
microbiome and the severity of coronavirus disease 2019 (COVID-19) is still limited.

Objective: Our primary objective was to identify URT microbiome signature/s that
consistently changed over a spectrum of COVID-19 severity.

Methods: Using data from 103 adult participants from two cities in the United States, we
compared the bacterial load and the URT microbiome between five groups: 20
asymptomatic SARS-CoV-2-negative participants, 27 participants with mild COVID-19,
28 participants with moderate COVID-19, 15 hospitalized patients with severe COVID-19,
and 13 hospitalized patients in the ICU with very severe COVID-19.

Results: URT bacterial load, bacterial richness, and within-group microbiome composition
dissimilarity consistently increased as COVID-19 severity increased, while the relative
abundance of an amplicon sequence variant (ASV), Corynebacterium_unclassified ASV0002,
consistently decreased as COVID-19 severity increased.

Conclusions: We observed that the URT microbiome composition significantly changed
as COVID-19 severity increased. The URT microbiome could potentially predict which
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patients may be more likely to progress to severe disease or be modified to decrease
severity. However, further research in additional longitudinal cohorts is needed to better
understand how the microbiome affects COVID-19 severity.

Keywords: SARS-CoV-2, COVID-19, upper respiratory tract, microbiome, mild, moderate, severe COVID-

19 outcomes

INTRODUCTION

The upper respiratory tract (URT) microbiome is an important
contributor to respiratory health (Man et al,, 2017). The URT
microbiome can impact both short- and long-term clinical
outcomes of common respiratory viruses (including acute
disease severity) (de Steenhuijsen Piters et al., 2016; Rosas-
Salazar et al., 2018; Sonawane et al., 2019), as well as viral load
(Ederveen et al., 2018), acute immune response (Ederveen et al.,
2018; Shilts MH et al., 2020),, and host gene expression patterns
(de Steenhuijsen Piters et al., 2016; Sonawane et al., 2019)
associated with these viruses. During the last major influenza
pandemic in 1918-1919, more people died due to secondary
bacterial infections than due to the virus (Morens et al., 2008).
However, understanding of the association of the URT
microbiome with clinical outcomes related to severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2)—the
respiratory virus responsible for the ongoing coronavirus
disease 2019 (COVID-19) pandemic—is limited, despite the
URT being a major portal of entry for this virus (Gallo et al,
2020). While previous research has focused mostly on
comparing the respiratory microbiome during COVID-19 to
uninfected controls (De Maio et al., 2020; Shen et al., 2020;
Zhang et al.,, 2020; Haiminen et al., 2021; Maes et al., 2021;
Nardelli et al., 2021; Rosas-Salazar et al., 2021; Xu et al., 2021),
studies examining the association between the URT
microbiome and COVID-19 severity have been limited thus
far (Mostafa et al., 2020; Hernandez-Teran et al., 2021; Li et al.,
2021; Merenstein et al., 2021; Rueca et al., 2021; Ventero et al.,
2021). To start filling this gap in knowledge, we compared the
URT microbiome among uninfected adults and adults with
mild, moderate, severe [but without the necessity for intensive
care unit (ICU) admission], and very severe (admitted to the
ICU) COVID-19. We hypothesized that URT microbiome
signatures would be associated with an increase or decrease in
COVID-19 severity.

Abbreviations: ASV, amplicon sequence variant; BLAST, basic local alignment
search tool; CI, confidence interval; COVID-19, coronavirus disease 2019; CT,
cycle threshold; ICU, intensive care unit; IRB, Institutional Review Board; NCBI,
National Center for Biotechnology Information; NTC, no template control; OR,
odds ratio; OTU, operational taxonomic unit; PCoA, principal coordinate analysis;
PERMANOVA, permutational analysis of variance; qPCR, quantitative
polymerase chain reaction; rRNA, ribosomal ribonucleic acid; RT-qPCR, reverse
transcription quantitative real-time PCR; SARS-CoV-2, severe acute respiratory
syndrome coronavirus-2; URT, upper respiratory tract; VUMC, Vanderbilt
University Medical Center.

METHODS

Study Cohorts and Sample Collection
URT swabs were collected during spring 2020 from 114 adult
participants enrolled at two separate sites: 1) 86 participants were
enrolled in Nashville, Tennessee: 65 with mild-to-moderate
COVID-19 and 21 asymptomatic SARS-CoV-2 uninfected
controls, and 2) 28 participants were enrolled in Bronx, New
York, who were hospitalized due to severe COVID-19. In all
participants, SARS-CoV-2 infection was tested by RT-qPCR.
The 65 participants who had mild-to-moderate COVID-19
were enrolled as part of a randomized clinical trial conducted at
Vanderbilt University Medical Center (VUMC) to investigate the
effect of nasal irrigations on disease course, as previously
described (Kimura et al., 2020). These participants were all
seen on an ambulatory basis and none were hospitalized.
Concurrently, 21 SARS-CoV-2 RT-qPCR negative adults
without COVID-19 or other acute respiratory disease
symptoms were recruited from the VUMC community
(clinicians, students, faculty, and staff). All participants
enrolled at VUMC were given swabs and viral preservation
media and performed mid-turbinate swabs as directed; only
the enrollment swabs were included in this analysis. Informed
consent was obtained from all participants, and this study was
approved by the VUMC Institutional Review Board (IRB).
Nasopharyngeal swabs were obtained from patients with
COVID-19-like symptoms admitted to the Montefiore Medical
Center in the Bronx, New York, by hospital staft at admission.
Leftover test swab aliquots in viral preservation media from 28
patients who tested positive for SARS-CoV-2 were sent to
VUMC for further laboratory processing. All patients or their
surrogate decision-makers signed an informed consent at
enrollment, which was approved by the IRB at Albert Einstein
College of Medicine.

Characterization of the Upper Respiratory
Microbiome

Further details are available in the Online Supplement. To
characterize the URT microbiome, all samples were processed
at VUMC with the same method. DNA was extracted with the
PowerSoil HTP Kit (Qiagen), the target hypervariable region V4
of the 16S ribosomal RNA (rRNA) gene was amplified with
previously published primers to construct libraries (Kozich et al.,
2013), and libraries were pooled and then sequenced on an
Mumina MiSeq with 2 x 250 bp reads (Shilts M et al., 2020). A
ZymoBIOMICS mock community controls (Zymo) and 19
negative controls were processed concurrently with the
samples. Sequenced reads were run in R version 4.0.3 through
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dada2 (Callahan et al., 2016) version 1.18.0 to remove low-
quality reads, construct amplicon sequence variants (ASVs), and
assign taxonomy against the SILVA reference database (Pruesse
et al.,, 2007). Potential contaminants were removed with the
“prevalence” method in decontam (Davis et al., 2018) version
1.10.0. Samples with <1,000 reads were removed (N = 7). For
ASVs of interest, if the species was not determined with the
dada2 workflow, we used the standard nucleotide basic local
alignment search tool (BLAST) to search its sequence against the
NCBI 16S rRNA sequences (Bacteria and Archaea) database,
excluding uncultured/environmental sample sequences, available
at https://blast.ncbi.nlm.nih.gov/Blast.cgi. Sequences were
deposited to the Sequence Read Archive at NCBI under
BioProjects PRINA726992 and PRINA726994.

Bacterial load was assessed using universal 16S rRNA primers
as previously described (Barman et al., 2008). Prior to analysis,
bacterial copy number was log transformed.

Creation of Preselected COVID-19
Severity Groups

As we had data from two separate sites (Tennessee and New
York), and URT sampling methods differed between these two
sites (mid-turbinate self-swab versus healthcare provider-
performed nasopharyngeal swab, respectively), we looked for
microbiome trends that were robust to differences in sites and
sampling methods. Therefore, we split the samples from the two
sites into five prespecified severity groups (uninfected controls
and mild-, moderate-, severe-, and very severe-SARS-CoV-2-
infected) to examine if changes in the URT microbiome were
consistent over a spectrum of disease severities. As described
below, severity groups were chosen to be both clinically relevant
and to have an approximately even sample size from each site.

The participants from Tennessee who did not have COVID-
19 or other respiratory illness symptoms and were SARS-CoV-2
negative by RT-qPCR were designated the “uninfected” control
group (N = 20).

All SARS-CoV-2-infected participants from Tennessee, who
had mild-to-moderate illness and were not hospitalized, were given
a symptom score questionnaire. At enrollment, participants were
asked to rate their symptoms over the last 24 h on an ordinal scale,
with 0 indicating the symptom was not present and 7 indicating
the symptom was the most severe. Symptoms included were
cough, eye redness, nasal congestion, headache, sore throat,
sputum production, fatigue, coughing blood, shortness of
breath, nausea/vomiting, diarrhea, muscle or joint pain, chills,
loss of smell or taste, loss of the ability to think clearly, inability
to sleep well, and inability to breathe easily. Summed symptom
scores ranged from 0 to 78, with a median (interquartile range) of
30 (15.5-44.5); two participants did not fill out the symptom
score questionnaire and so were excluded (Figure E1). Those
with a summed symptom score under the median were labeled
the “mild” COVID-19 group (N = 27) and those with a summed
symptom score at or over the median were labeled the
“moderate” COVID-19 group (N = 28).

All SARS-CoV-2-infected participants from New York were
hospitalized. Within this group, patients were divided into the

“severe” group, who were not admitted to the ICU (N = 15), and
the “very severe” group, who were admitted to the ICU (N = 13).

A summary of participant samples included/excluded can be
found in Figure E1. Descriptive statistics were used to
characterize the five disease severity groups for the participants
who were included in the analysis. A Kruskal-Wallis, Wilcoxon
rank-sum, or Pearson chi-squared test, as appropriate, was used
to test for differences in variables between the groups.

Statistical Analysis

Microbiome data processing, as described below, was performed
in R version 3.5.1 using the wrapper MGSAT (Tovchigrechko,
2020). ASV abundances within each sample were normalized
using simple proportions. ASVs with average absolute counts
<10 and those with an average relative abundance <0.0005 were
aggregated into category “other” which was used when
calculating relative abundances but otherwise disregarded.
Ninety-five ASVs remained after this filtering. The R package
vegan (Oksanen et al., 2014) version 2.5-2 was used to calculate
richness and alpha- and beta-diversity at the ASV level. Hill
numbers NO, N1, and N2 were used to assess, respectively,
richness, the exponential Shannon index, and the inverted
Simpson alpha-diversity index (Hill, 1973). Pairwise differences
in microbial community composition between all samples were
assessed with the Bray—Curtis dissimilarity index, computed on
simple proportions, and the PERMANOV A test as implemented
in adonis2 (Anderson, 2001) was used to test for significant
differences between overall microbial composition and severity
groups; age and sex were added to the model. A Tukey HSD post-
hoc test was run to examine the significance of pairwise group
comparisons. The betadisper function in vegan was used to test
for differences in variance between the groups. Variance in Bray-
Curtis dissimilarities between each severity group was examined
further with the Kruskal-Wallis test and ordinal logistic
regression, as described below.

In addition to bacterial load, we preselected the following
variables extracted from the bacterial 16S rRNA microbiome
data to apply the Kruskal-Wallis test for significant differences
between the COVID-19 severity groups: richness, Shannon
alpha-diversity, Simpson alpha-diversity, pairwise Bray-Curtis
dissimilarities within each severity group, and the 95 ASVs that
remained after filtering. The Benjamini-Hochberg correction
was applied to adjust for multiple comparisons. Eta-squared
(effect size) and its 95% confidence intervals (CI) were found
over 1,000 bootstrap replications with the kruskal_effsize
function in the R package rstatix version 0.6.0 (Tomczak and
Tomczak, 2014; Kassambara, 2020).

To further explore how the microbiome changed as COVID-
19 severity increased, we next performed ordinal logistic
regression with the Irm function in the R package rms (version
6.2-0) (Harrell, 2021), setting the COVID-19 severity groups as
the dependent variable and the microbiome components as the
independent variables. Interquartile odds ratios (OR) and their
95% Cls were found with rms:summary.rms and P-values for
each independent variable were calculated with the rms:
anova function.
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As we were interested only in microbiome parameters that
consistently increased/decreased as disease severity increased, to
minimize overfitting the models, and because some of the
microbiome variables may have high collinearity due to how
they are calculated (e.g., the richness, Shannon, and Simpson
alpha-diversity indices assess a similar phenomenon; the ASV
relative abundances could be correlated due to normalization),
we applied a strict selection criteria as to which microbiome
variables would be added to the ordinal logistic regression
models. In addition to bacterial load, microbiome variables
were only added to the model if 1) the adjusted Kruskal-
Wallis test result P <0.1 and 2) its median either consistently
increased or decreased as COVID-19 severity increased.

Age, sex, race, presence of comorbidities, and current
smoking were a priori selected to be added to the model as
independent variables due to their associations with COVID-19
severity. The race/ethnicity categories were simplified to Black,
Hispanic, White, or Other. Comorbidities were reduced to
presence of any comorbidity [comorbidities included obesity
(defined as a body mass index > 30), diabetes, hypertension,
heart disease, or lung disease]. Due to the small number of
participants on antibiotics (N = 2) or inhaled steroids (N = 1), we
did not add these variables to any models.

Two different main ordinal logistic regression models were
built, containing as the independent variables the following:
model 1—age, sex, presence of any comorbidities, current
smoking, race, bacterial load, bacterial richness, and relative
abundance of Corynebacterium_unclassified. ASV0002 and
model 2—within-group pairwise Bray-Curtis dissimilarities,
which had to be tested separately from all the other variables
due to fundamental differences in data structure. The following
data were missing for some participants: race/ethnicity (N = 9),
comorbidities (N = 3), current smoking (N = 1), and bacterial
load (N = 6). We first ran ordinal logistic regression for model 1
(designated model 1A) with only the complete cases (N = 87).
Next, we imputed the missing data over 20 imputations with
Hmisc (Harrell and , with contributions from Charles Dupont
and many others, 2020) (version 4.4.2) function aregImpute and
ran ordinal logistic regression (designated model 1B) using
Hmisc::fit. mult.impute with the imputed data so that all cases
were included (N = 103). Further details are available in the
Online Supplement.

Figures were generated with the R package ggplot2 (Wickham,
2009) version 3.3.3.

RESULTS

Sample Inclusion/Exclusion and
Participant Demographics and Clinical
Characteristics

A flowchart showing participant samples that were retained for
analysis can be found in Figure E1. Demographic and clinical
characteristics of the 103 study participants whose samples were
included for analysis can be found in Table 1. The hospitalized
participants (severe or very severe COVID-19) tended to be

older, were more likely to be Black or Hispanic, and had a
comorbidity rate higher than the non-hospitalized participants.
Among hospitalized patients, those who were admitted to the
ICU had a higher mortality rate, were more likely to be placed on
a ventilator, and had longer hospital stays than those who were
not admitted to the ICU. As the incidence of similar symptoms
was captured between both cohorts, tables reporting symptom
status by COVID-19 severity (Table E1) and age quartile (Table
E2) are available in the Online Supplement.

Overall Microbiome Community
Composition Summary

Abundant ASVs were similar among the five severity groups
(Figure 1A). The most abundant ASVs were Staphy
lococcus_unclassified. ASV0001 (23.6%), Corynebacterium_
unclassified. ASV0002 (13.6%), Corynebacterium_unclassified
LASV0003 (7.0%), Dolosigranulum_pigrum.ASV0006 (4.1%), and
Corynebacterium_unclassified. ASV0004 (4.5%). However, when all
ASVs were included, bacterial community composition
(PERMANOVA P < 0.001, R* = 0.08) and dispersion (betadisper
test P = 0.005) differed among the severity groups (Figure 1B). Along
principal coordinate analysis (PCoA) axis 1 (explaining 7.6% of the
variance), the severity groups consistently moved along the same
gradient (Figures 1B and E2). A Tukey HSD post-hoc test was run to
examine group centroid pairwise comparisons: uninfected control
participants compared with the very severe COVID-19 patients were
significant [adjusted P = 0.005, difference (95% CI) = 0.08 (0.02-
0.14)], while mild compared to very severe (adjusted P = 0.054,
difference (95% CI) = 0.06 (—0.001 to 0.12)) and uninfected controls
compared with severe [adjusted P = 0.06 difference (95% CI) = 0.06
(-0.002 to 0.12))] approached significance.

Summary of Kruskal-Wallis and Ordinal
Logistic Regression Testing Results

The full Kruskal-Wallis results testing for significant differences
of the preselected microbiome parameters (i.e., alpha-diversity
indices, beta-diversity, bacterial load, and all ASVs passing the
abundance cutoft) among the COVID-19 severity groups are
available in Table E3. Only bacterial richness, the within-group
Bray-Curtis dissimilarities, and 28 ASVs had an adjusted P <0.1.
Of these 30 microbiome parameters passing the adjusted P-value
cutoft, only bacterial richness, the within-group Bray-Curtis
dissimilarities, and Corynebacterium_unclassified. ASV0002 had
medians that consistently increased or decreased as COVID-19
severity increased. These three microbiome parameters, along
with bacterial load, were examined further with ordinal
logistic regression.

Our results were similar regardless of whether we used only
complete cases (model 1A) or the imputed dataset (model 1B);
therefore, only the results with the complete cases (model 1A) are
presented throughout the rest of the manuscript. The full results
are available in the Online Supplement and Tables E4, E5 and
Figures E3-5.

Due to their association with COVID-19 severity, age, sex,
presence of comorbidities, and current smoking were added to
ordinal logistic regression model 1. While increased age [P = 0.65,
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TABLE 1 | Baseline and clinical characteristics of SARS-CoV-2 uninfected controls and infected study participants included in the analysis.

Characteristic All Uninfected COVID mild CcovID COVID severe COVID very severe P-
(N =103) controls N=27) moderate (N =15) (N=13) value®
(N =20) (N =28)
Baseline characteristics
Age (years) 4 31 (29-39) 49 (31-63) 33 (27-40) 58 (51-73) 55 (52-60) <0.001
(29-58)
Male sex 53 (562%) 12 (60%) 15 (56%) 13 (46%) 5 (33%) 8 (62%) 0.47
Race/ethnicity <0.001
American Indian 1(1%) 0 0 0 0 1(8%)
Asian 5 (5%) 3 (15%) 0 0 1(7%) 1(8%)
Black 17 (17%) 0 5 (19%) 1(4%) 5 (33%) 6 (46%)
Hispanic 12 (12%) 0 1 (4%) 0 7 (5%) 4 (831%)
White 59 (567%) 17 (85%) 15 (56%) 25 (89%) 1(7%) 1(8%)
Unknown 9 (9%) 0 6 (22%) 2 (7%) 0 1(8%)
Recent use of antibiotics 2 (2%) 0 0 0 1(7%) 1(8%) 0.17
Current use of intranasal 1(1%) 0 0 0 0 1(8%) 0.14
medications
Current smoker 5 (5%) 1(5%) 1 (4%) 0 3 (20%) 0 0.05
Obese (BMI > 30) 28 (27%) 4 (20%) 5 (19%) 8 (29%) 5 (33%) 6 (46%) 0.78
Diabetes 12 (12%) 0 1 (4%) 3 (11%) 5 (33%) 3 (23%) 0.01
Hypertension 28 (27%) 2 (10%) 7 (26%) 3 (11%) 9 (60%) 7 (54%) <0.001
Lung disease 12 (12%) 0 5 (19%) 3 (11%) 1(7%) 3 (23%) 0.22
Heart disease 19 (18%) 1(5%) 2 (7%) 0 9 (60%) 7 (54%) <0.001
Clinical characteristics
Symptom score® NA 15 (12-24) 44.5 (32.8— NA NA <0.001
55)
Length of hospital stay (days)® 12 (4.5-31.5) 0 0 0 4.5 (3-7.75) 32 (17-44) <0.001
Patient on ventilator 11 (11%) 0 0 0 0 11 (85%) <0.001
Patient deceased 6 (6%) 0 0 0 1(7%) 5 (39%) <0.001

The data are presented as median (interquartile range) for continuous variables or number (%) for categorical variables. Except for race/ethnicity, the estimates were calculated for

participants with complete data.
SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; BMI, body mass index.

4P-value for the comparison between groups using Kruskal-Wallis or Pearson’s chi-squared test, as appropriate.
Pp_value was calculated with a Wilcoxon rank-sum test with continuity correction only between the mild and moderate severity groups. Severity scores were obtained by asking the
patients to rank their symptoms, with higher values indicating more severe disease. Uninfected control participants and hospitalized patients were not asked to fill out this symptom

score questionnaire.

°P-value was calculated with a Wilcoxon rank-sum test with continuity correction only between the two groups (severe and very severe COVID-19) in which patients were admitted to the hospital.

NA, not applicable.

OR (95% CI) 1.2 (0.55-2.59)], female sex [P = 0.32, OR (95% CI)
1.51 (0.67-3.38)], and presence of comorbidities [P = 0.26, OR
(95% CI) 1.9 (0.77-4.69)] were associated with increased disease
severity, and current smoking was associated with a reduced risk
[P = 0.65, OR (95% CI) 0.61 (0.07-5.07)], only race was
significantly associated with COVID-19 severity [P = 0.02,
respective ORs (95% ClIs) for Black : White, Hispanic : White,
and Other : White were 5.31 (1.24-22.73), 10.8 (2.29-50.83), and
3.19 (0.48-21.04)]. Ordinal logistic regression results for each of
the tested microbiome parameters are described in detail below.

Increased Bacterial Load Was Associated
With COVID-19 Severity

Six samples failed the bacterial load assay and so were excluded
from analysis. Bacterial load was similar in the uninfected
controls and mild and moderate COVID-19 participants
(Figure 2). Among only those infected with SARS-CoV-2,
bacterial load increased as COVID-19 severity increased,
although differences between groups were not statistically
significant [Kruskal-Wallis adjusted P = 0.23, eta-squared
(95% CI) = 0.04 (-0.02 to 0.24)] (Figure 2 and Table E3).
However, when we performed ordinal logistic regression,

bacterial load was significantly associated with disease severity
[P = 0.04, OR (95% CI) = 2.09 (1.04-4.21)].

Increased Bacterial Richness and
Dissimilarity Within Groups Were
Associated With COVID-19 Severity

Bacterial richness and alpha-diversity generally increased as
disease severity increased, although alpha-diversity dropped in
patients with very severe COVID-19 (Figure 3). This change in
richness was near significant with the Kruskal-Wallis test
[adjusted P = 0.050, eta-squared (95% CI) = 0.09 (0.01-0.27)],
while neither the Shannon nor Simpson indices were significant
(Table E3). Richness was further examined with ordinal logistic
regression, and it was near significantly associated with COVID-
19 severity [P = 0.08, OR (95% CI) = 1.51 (0.96-2.37)].

After calculating pairwise Bray-Curtis dissimilarities between
all samples and examining only the within-group pairs, we
observed that dissimilarity between samples increased as
COVID-19 severity increased (Figure 3). Within-group
dissimilarities were significantly different with a Kruskal-
Wallis test [adjusted P < 0.001, eta-squared (95% CI) = 0.16
(0.13-0.21)] and were significantly associated with COVID-19
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severity in our ordinal logistic regression model [P < 0.001, OR
(95% CI) = 2.69 (2.28-3.17)]. When we looked at all Bray—Curtis
dissimilarities, within-group dissimilarities in the very severe
COVID-19 group were among the highest, similar to the
dissimilarities between different COVID-19 severity groups
(Figure E6).

A Corynebacterium ASV Decreased in
Abundance With Increased COVID-19
Severity

Corynebacterium_unclassified. ASV0002 relative abundance was
found to be significantly different between severity groups with
Kruskal-Wallis test [adjusted P = 0.04, eta-squared (95% CI) =
0.10 (0.03-0.26)], decreasing as disease severity increased
(Figure 4). However, in our ordinal logistic regression model,
Corynebacterium_unclassified. ASV0002 relative abundance was
not significantly associated with disease severity [P = 0.11 and
OR (95% CI) = 0.69 (0.42-1.09)]. The full-length sequence
matched with 100% identity to both Corynebacterium accolens
and Corynebacterium macginleyi.

SARS-CoV-2 [ISARS-CoV-2
infected infected
severe (not in [Isevere (in the

the ICU) icu)

ASV

[ ] corynebacterium_unciassified. ASV0078

| | streptococcus_unciassified ASV0009
Moraxella_unclassified. ASV0017

| | corynebacterium_unciassified.ASV001 1

| | streptococcus_unciassified. ASV0008

[ Peptoniphilus_unciassified_unclassified.ASV0007
Lawsonella_clevelandensis. ASV0010

1) uninfected

[ saRs-cov-2 intected mild
‘SARS-CoV-2 infected moderate
SARS-CoV-2 infected severe (not i the ICU)

SARS-CoV-2 infected severe (in the ICU)

FIGURE 1 | (A) Stacked bar charts of the relative abundance of the 12 most abundant amplicon sequence variants (ASVs) are shown for each study participant.
The most abundant ASV, Staphylococcus_unclassified. ASV0001, was abundant both in uninfected controls and participants with the full range of COVID-19
severities. The second most abundant ASV, Corynebacterium_unclassified. ASV0002, was highly abundant in uninfected control participants and those with mild-to-
moderate COVID-19, but was of low abundance in those with severe or very severe COVID-19. (B) A principal coordinate analysis (PCoA) plot of the Bray—Curtis
dissimilarities over the first two axes is shown. Dots represent individual data points and diamonds show the centroids. The 90% confidence data ellipses are shown
for each of the COVID-19 severity groups. Overall, microbial community composition was significantly dissimilar among the severity groups (P < 0.001).

DISCUSSION

While data on bacterial co-infections in patients with COVID-19
are exponentially increasing during the first year of the pandemic
(Lansbury et al., 2020), there are still gaps in our knowledge as to
whether the respiratory microbiome plays a significant role in
COVID-19 severity and outcomes. The URT microbiome is an
important contributor to respiratory health (Man et al., 2017),
impacts the severity of other respiratory viruses (de Steenhuijsen
Piters et al., 2016; Rosas-Salazar et al., 2018; Sonawane et al,,
2019), and can influence acute immune response (Ederveen et al.,
2018; Shilts et al., 2020), and the URT is a major portal of entry
for this virus (Gallo et al., 2020). To better understand how the
URT microbiome could impact COVID-19 severity and
outcomes, our study showed that URT bacterial load, richness,
and within-group dissimilarity increased, while the relative
abundance of a Corynebacterium ASV decreased, as COVID-
19 severity increased.

Previous studies have examined the association of SARS-
CoV-2 infection with the respiratory microbiome (De Maio et al.,
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FIGURE 2 | Log-transformed bacterial load is shown for each of the COVID-19 severity groups. Each box represents the median and interquartile range, and the
mean is shown by the white diamond. Individual points are shown as open circles. Bacterial load of the uninfected control participants was similar to that of those
with mild-to-moderate COVID-19. Among those with COVID-19, there was a trend toward increasing bacterial load as disease severity increased.

Richness or diversity estimate
3

T
o (]
60
- i

Severity

5 Uninectod

S SARS-CoV-2 infected mild

ES SARS-CoV-2 infected moderate

B3 SARS-CoV-2 infected severe (not in the ICU)
B3 SARS-CoV-2 nfected severe (in the ICU)

Pairwise Bray-Curtis dissimilarities

Lt

FIGURE 3 | Bacterial richness and alpha- and beta-diversity results are plotted for each of the COVID-19 severity groups. Each box represents the median and
interquartile range, and the mean is shown by the white diamond. Individual points are shown as open circles. In the first three facets, bacterial richness and alpha-
diversity are shown for each of the patient groupings. Richness and alpha-diversity (Shannon and Simpson indices) were lowest in the uninfected control participants
and generally increased as COVID-19 severity increased. Alpha-diversity (Shannon and Simpson indices) decreased in patients in the ICU with very severe COVID-
19. The last facet shows within-group pairwise Bray—Curtis dissimilarities plotted on the y-axis for each of the COVID-19 groups. Larger values indicate that the URT
microbial community between the two samples was more dissimilar, while smaller values indicate the opposite. Uninfected control participants had the most similar

among those with very severe COVID-19 were very dissimilar to each other.

URT microbiome to each other, while the URT microbiome within each group became more dissimilar as COVID-19 severity increased. The URT microbiomes

2020; Mostafa et al., 2020; Shen et al., 2020; Zhang et al., 2020;
Haiminen et al.,, 2021; Maes et al., 2021; Nardelli et al., 2021;
Rosas-Salazar et al., 2021; Rueca et al., 2021; Ventero et al., 2021;
Xu et al,, 2021), focusing mostly on comparing SARS-CoV-2-
infected and uninfected control patients, rather than on
associations of the URT microbiome with disease severity
among those with SARS-CoV-2. However, there have been
studies that have examined the URT microbiome over a
spectrum of different COVID-19 severities (Mostafa et al.,
2020; Hernandez-Teran et al., 2021; Li et al., 2021; Merenstein
et al.,, 2021; Rueca et al., 2021; Ventero et al., 2021). Similar to
others, we found that overall URT community composition

significantly differed among COVID-19 severity groups
(Mostafa et al., 2020; Rueca et al., 2021; Ventero et al., 2021).
Interestingly, similar to what has been observed in the URT, gut
microbiome community composition was found to be distinct in
patients with severe compared with milder presentations of
COVID-19 (Yeoh et al, 2021). In the URT, other previous
studies have found that patients with mild COVID-19 had an
URT microbiome similar to asymptomatic controls, although
neither study included patients with severe disease (De Maio
et al., 2020; Rosas-Salazar et al., 2021).

While Mostafa et al. observed lower alpha-diversity and
richness in patients with COVID-19 compared with those with
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increased.

suspected COVID-19, but who tested negative for the virus,
alpha-diversity results were not reported among patients of
different severity groups (Mostafa et al., 2020). We found that
bacterial richness and alpha-diversity showed a trend toward
increasing as disease severity increased; however, alpha-diversity
dropped in those patients who had the most severe COVID-19
disease. Rueca et al. also observed that COVID-19 patients in the
ICU had a lower richness/alpha-diversity than those with mild or
moderate COVID-19 (Rueca et al, 2021). Similarly, the oral
microbiome was found to have reduced microbial alpha-diversity
in patients with COVID-19, compared with those with non-
respiratory diseases, and that alpha-diversity decreased with
COVID-19 severity (Soffritti et al., 2021).

We found that Corynebacterium_unclassified. ASV0002
relative abundance decreased as COVID-19 severity increased.
The species of this ASV could not be definitively identified as it
matched with 100% identity to both C. accolens and C.
macginleyi. However, as C. macginleyi is usually found in the
eye (Sagerfors et al., 2021), while C. accolens is a common nose
inhabitant (Bomar et al., 2016), we expect this ASV more likely to
be C. accolens. Similarly, Mostafa et al. found, with whole
genome metagenomic sequencing, that C. accolens incidence
was significantly decreased in the URT of patients with SARS-
CoV-2 compared with uninfected controls (Mostafa et al., 2020).
Corynebacterium accolens can inhibit Streptococcus pneumoniae
and Staphylococcus aureus growth, possibly through triolein
hydrolysis, which releases oleic acid (Bomar et al., 2016;
Menberu et al., 2021). In addition to inhibiting bacterial
pathogens, oleic acid is capable of inhibiting other enveloped
viruses, such as herpes and influenza (Kohn et al., 1980).
Oleoylethanolamide, an oleic acid derivative, may inhibit the
release of proinflammatory cytokines induced by SARS-CoV-2
(Ghaffari et al., 2020), potentially reducing the risk of a patient

E?
W%

FIGURE 4 | Relative abundance of the one ASV that was identified as significantly differentially abundant by Kruskal-Wallis testing between the COVID-19 groups
and that also had a median which consistently changed as COVID-19 severity increased. Each box represents the median and interquartile range, and the mean is
shown by the white diamond. Individual points are shown as open circles. Corynebacterium_unclassified. ASV0002 abundance decreased as disease severity

Corynebacterium_unclassified. ASV0002

B3 Uninfected

E3 SARS-CoV-2 infected mild

B3 SARS-CoV-2 infected moderate

E SARS-CoV-2 infected severe (not in the ICU)
‘ SARS-CoV-2 infected severe (in the ICU)

developing a cytokine storm, which is associated with severe
disease and high mortality (Hojyo et al., 2020).

In studies examining the URT microbiome in relation to
COVID-19 severity, while the specific taxa associated with
disease severity have been inconsistent, there has been a trend
toward a depletion of commensal bacteria and an increase in
known pathogens, in patients with the most severe disease. For
example, in our study, we identified a Corynebacterium ASV that
decreased with COVID-19 severity, while Rueca et al. found that
Bifidobacterium and Clostridium were depleted in those in the
ICU (Rueca et al,, 2021), and in another study, the most severe
COVID-19 patients had reduced Neisseria, Rothia, and
Prevotella (Li et al., 2021). In contrast, Salmonella, Scardovia,
Serratia, and Pseudomonadaceae were more abundant in the
nasopharynx of ICU patients compared with those with mild or
moderate symptoms, while Ventero et al. found Alloprevotella,
Catonella, Lachnoanaerobaculum, Oribacterium, multiple
Prevotella, Treponema, and Unclassified Erysipelotrichaceae
operational taxonomic units (OTUs) to be more abundant and
Unclassified Chloroplast to be less abundant in patients with
severe compared with those with mild COVID-19 (Ventero
et al., 2021).

While the lack of consistent bacterial taxa associated with
COVID-109 severity is likely partially due to differences in patient
location and sequencing/analysis methodologies between
studies, potential viral-induced URT microbiome dysbiosis
could be contributing to this inconsistency. The “Anna
Karenina principle” proposes that stressors, such as viral
infection, could have stochastic effects on microbiome
community composition (Zaneveld et al., 2017). In our study,
we observed that within-group pairwise sample dissimilarities
increased as COVID-19 severity increased; those with very severe
COVID-19 had URT microbiomes that were the most distinct
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from each other. An interpretation of these findings could be that
we observed increasing microbiome dysbiosis or destabilization
as disease severity increased. Other studies have similarly
reported respiratory microbiome dysbiosis in patients with
COVID-19 compared with controls (Engen et al., 2021;
Merenstein et al., 2021) and in those with the most severe
disease (Hernandez-Teran et al., 2021). SARS-CoV-2-induced
instability in the microbiome might make it challenging to
identify specific taxa associated with disease severity as the
changes could be stochastic and less likely to be shared among
different patients, a finding also reported by Li et al., who found
that patients with the most severe COVID-19 each had a distinct
respiratory microbiome (Li et al., 2021). The SARS-CoV-2-
induced URT microbiome dysbiosis itself, rather than
consistent changes in specific bacterial taxa, could be
associated with an increased risk of severe disease. However,
while the overall antibiotic usage in our study was low, in other
manuscripts examining the association of respiratory
microbiome with COVID-19 severity, patient antibiotic use
was either not reported (Mostafa et al., 2020; Rueca et al.,
2021; Ventero et al, 2021), reported as high in all groups
(Merenstein et al., 2021), or reported as highest in patients
with the most severe COVID-19 (Hernandez-Teran et al,,
2021; Li et al, 2021). Potentially, dysbiosis in some patients
could be linked to administration of antibiotics rather than the
SARS-CoV-2 infection. However, as we observed a similar URT
dysbiosis in spite of having a very low incidence (2/103 patients)
of antibiotic use prior to sample collection, this suggests that the
virus itself could be associated with dysbiosis.

Our study has numerous strengths, such as a low rate of
antibiotic usage allowing us to minimize their confounding effect
on the URT microbiome, larger sample size compared with
previously published studies, and the inclusion of patients
from more than one geographic region and with both severe
and mild-to-moderate COVID-19. Furthermore, unlike most
prior studies, we included asymptomatic participants
uninfected with SARS-CoV-2 as controls. Additionally, all
samples were collected during the spring of 2020, thus
eliminating seasonal variation in the microbiome and likely co-
infection with winter respiratory viruses (e.g., influenza and
respiratory syncytial virus). Another strength of our study is
that the hospitalized patient swabs were taken at admission, and
therefore, we are more likely to have captured the early URT
microbiome associated with the development of severe COVID-
19 rather than the “hospital microbiome” acquired after a
hospital stay. Finally, to our knowledge, we are the first to
show an increase in overall bacterial load in severe hospitalized
SARS-CoV-2-infected patients compared with mild-moderate
outpatients and asymptomatic controls.

However, our study has several limitations. 1) There could be
geographical differences in the URT microbiome between patients
from New York and Tennessee, and all samples from Tennessee
were collected via mid-turbinate self-swabs, while the samples from
New York were nasopharyngeal samples collected by hospital staff.
Similar SARS-CoV-2 viral loads were obtained from mid-turbinate
self-swabs and nasopharyngeal swabs collected by healthcare

workers from the same patient (Tu et al., 2020); however, the
impact of these differing sampling methods on the bacterial load
and/or microbiome is unknown. We attempted to control for the
influence of geography and sampling method by examining only
trends that were consistent across both sites; however, we cannot
rule out the roles location or sampling method may play in the
URT microbiome. 2) The racial/ethnic makeup differed between
groups and race/ethnicity was not recorded for nine participants.
We found no strong associations between race/ethnicity and the
URT microbiome in infants (Shilts et al., 2015), but to our
knowledge, there have not yet been any comprehensive studies
examining the association between the URT microbiome and race/
ethnicity in adults. 3) The participants from New York were older
and had more comorbidities than those from Tennessee; although
we adjusted for the effect of race/ethnicity, age, and comorbidities
in our ordinal linear regression, it is possible that there was some
residual confounding.

Overall, we found trends that changed in the URT
microbiome as COVID-19 severity increased, which were
consistent across different locations and sampling methods.
The URT microbiome could represent a potentially modifiable
biomarker/signature for predicting which patients may develop
more severe disease. Given our cross-sectional study design, we
cannot identify if an altered URT microbiome predisposes
patients to more severe COVID-19, or if the URT microbiome
changes upon SARS-CoV-2 infection. Further research in
additional cohorts is warranted to better understand how the
URT microbiome interacts with SARS-CoV-2 to influence
disease severity.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Vanderbilt University Medical Center IRB. All
patients or their surrogate decision makers signed an informed
consent at enrollment, which was approved by the IRB at Albert
Einstein College of Medicine. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

MS, CR-S, KK, BS, SR, SM, EP, JT, EJ, and SD contributed to the
study design. EJ, MA, VP, MB, DB, MO'N, NA, ES, KK, BW, VG,
MF, and JT contributed to the sample collection. MS, BS, HHB,
HMB, MA, and SD contributed to the sample processing. CR-S
and MS contributed to the statistical analysis. SD and JT

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

January 2022 | Volume 11 | Article 781968


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Shilts et al.

Upper Respiratory Microbiome During COVID-19

obtained the research funding supporting this study. MS, CR-S,
and SD wrote the initial version of the manuscript and all
authors reviewed and approved the final version.

FUNDING

This work was supported by funds from the National Institute of
Allergy and Infectious Diseases (under award numbers
R21ATI142321-02S1, R21AI142321, R21AI154016, and
R21AI149262); Centers for Disease Control and Prevention
(CDC) 75D3012110094; the National Heart, Lung, and Blood
Institute (under award numbers K23HL148638 and
RO1HL146401); and the Vanderbilt Technologies for Advanced
Genomics Core (grant support from the National Institutes of
Health under award numbers UL1RR024975, P30CA68485,
P30EY08126, and G20RR030956). This research was also
supported by NIH/National Center for Advancing

REFERENCES

Anderson, M. J. (2001). A New Method for Non-Parametric Multivariate Analysis
of Variance. Austral Ecol. 26, 32-46.

Barman, M., Unold, D., Shifley, K., Amir, E., Hung, K., Bos, N., et al. (2008).
Enteric Salmonellosis Disrupts the Microbial Ecology of the Murine
Gastrointestinal Tract. Infect. Immun. 76, 907-915. doi: 10.1128/
1A1.01432-07

Bomar, L., Brugger, S. D, Yost, B. H., Davies, S. S., and Lemon, K. P. (2016).
Corynebacterium Accolens Releases Antipneumococcal Free Fatty Acids From
Human Nostril and Skin Surface Triacylglycerols. mBio 7 (1), €01725-15. doi:
10.1128/mBio.01725-15

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and
Holmes, S. P. (2016). DADA2: High-Resolution Sample Inference From
Iumina Amplicon Data. Nat. Methods 13, 581-583. doi: 10.1038/nmeth.3869

Davis, N. M., Proctor, D. M., Holmes, S. P., Relman, D. A., and Callahan, B. J.
(2018). Simple Statistical Identification and Removal of Contaminant
Sequences in Marker-Gene and Metagenomics Data. Microbiome 6, 226. doi:
10.1186/s40168-018-0605-2

De Maio, F., Posteraro, B., Ponziani, F., Cattani, P., Gasbarrini, A., and
Sanguinetti, M. (2020). Nasopharyngeal Microbiota Profiling of SARS-CoV-
2 Infected Patients. Biol. Proced. Online 22, 18. doi: 10.1186/s12575-020-
00131-7

de Steenhuijsen Piters, W. A., Heinonen, S., Hasrat, R,, Bunsow, E., Smith, B.,
Suarez-Arrabal, M. C,, et al. (2016). Nasopharyngeal Microbiota, Host
Transcriptome, and Disease Severity in Children With Respiratory Syncytial
Virus Infection. Am. J. Respir. Crit. Care Med. 194, 1104-1115. doi: 10.1164/
rcem.201602-02200C

Ederveen, T. H. A., Ferwerda, G., Ahout, I. M., Vissers, M., de Groot, R.,
Boekhorst, J., et al. (2018). Haemophilus Is Overrepresented in the
Nasopharynx of Infants Hospitalized With RSV Infection and Associated
With Increased Viral Load and Enhanced Mucosal CXCL8 Responses.
Microbiome 6, 10. doi: 10.1186/s40168-017-0395-y

Engen, P. A, Nagib, A., Jennings, C., Green, S. ]., Landay, A., Keshavarzian, A., et al.
(2021). Nasopharyngeal Microbiota in SARS-CoV-2 Positive and Negative
Patients. Biol. Proced. Online 23, 10. doi: 10.1186/s12575-021-00148-6

Gallo, O., Locatello, L. G., Mazzoni, A., Novelli, L., and Annunziato, F. (2021). The
Central Role of the Nasal Microenvironment in the Transmission, Modulation,
and Clinical Progression of SARS-CoV-2 Infection. Mucosal Immunol. 14(2),
305-316. doi: 10.1038/s41385-020-00359-2

Ghaffari, S., Roshanravan, N., Tutunchi, H., Ostadrahimi, A., Pouraghaei, M., and
Kafil, B. (2020). Oleoylethanolamide, A Bioactive Lipid Amide, as A Promising
Treatment Strategy for Coronavirus/COVID-19. Arch. Med. Res. 51, 464-467.
doi: 10.1016/j.arcmed.2020.04.006

Translational Science (NCATS) Einstein-Montefiore CTSA
Grant Number UL1 TR002556. The contents are solely the
responsibility of the authors and do not necessarily represent
the official views of the funding agencies.

ACKNOWLEDGMENTS

We thank Dr. Thomas J. Ow for his help in sample collection and
patient interviews.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.
781968/full#supplementary-material

Haiminen, N., Utro, F,, Seabolt, E., and Parida, L. (2021). Functional Profiling of
COVID-19 Respiratory Tract Microbiomes. Sci. Rep. 11, 6433. doi: 10.1038/
541598-021-85750-0

Harrell, F. E., With Contributions From Charles Dupont and Many Others. (2020)
Hmisc: Harrell Miscellaneous. R Package Version 4.4-2. Available at: https://
CRAN.R-project.org/package=Hmisc.

Hernandez-Teran, A., Mejia-Nepomuceno, F., Herrera, M. T, Barreto, O., Garcia,
E., Castillejos, M., et al. (2021). Dysbiosis and Structural Disruption of the
Respiratory Microbiota in COVID-19 Patients With Severe and Fatal
Outcomes. Sci. Rep. 11, 21297. doi: 10.1038/s41598-021-00851-0

Hill, M. O. (1973). Diversity and Evenness: A Unifying Notation and Its
Consequences. Ecology 54, 427-432. doi: 10.2307/1934352

Hojyo, S., Uchida, M., Tanaka, K., Hasebe, R., Tanaka, Y., Murakami, M., et al.
(2020). How COVID-19 Induces Cytokine Storm With High Mortality.
Inflamm. Regener. 40, 37. doi: 10.1186/s41232-020-00146-3

Kassambara, A. (2020) Rstatix: Pipe-Friendly Framework for Basic Statistical Tests.
R Package Version 0.6.0. Available at: https://CRAN.R-project.org/package=
rstatix.

Kimura, K. S., Freeman, M., Wessinger, B., Gupta, V., Sheng, Q., Huang, L., et al.
(2020). Interim Analysis of an Open-Label Randomized Controlled Trial
Evaluating Nasal Irrigations in non-Hospitalized Patients With Coronavirus
Disease 2019. Int. Forum Allergy Rhinol. 10 (12), 1325-1328. doi: 10.1002/
alr.22703

Kohn, A., Gitelman, J., and Inbar, M. (1980). Unsaturated Free Fatty Acids
Inactivate Animal Enveloped Viruses. Arch. Virol. 66, 301-307. doi: 10.1007/
BF01320626

Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K., and Schloss, P. D.
(2013). Development of a Dual-Index Sequencing Strategy and Curation
Pipeline for Analyzing Amplicon Sequence Data on the MiSeq Illumina
Sequencing Platform. Appl. Environ. Microbiol. 79, 5112-5120. doi: 10.1128/
AEM.01043-13

Lansbury, L., Lim, B., Baskaran, V., and Lim, W. S. (2020). Co-Infections in People
With COVID-19: A Systematic Review and Meta-Analysis. J. Infect. 81, 266
275. doi: 10.1016/j.jinf.2020.05.046

Li, Z., Li, Y., Li, L, Mo, X, Li, S., Xie, M., et al. (2021). Alteration of the Respiratory
Microbiome in COVID-19 Patients With Different Severities. J. Genet.
Genomics $1673-8527 (21), 00344-1. doi: 10.1016/j.jgg.2021.11.002

Maes, M., Higginson, E., Pereira-Dias, J., Curran, M., Parmar, S., Khokhar, F., et al.
(2021). Ventilator-Associated Pneumonia in Critically Il Patients With
COVID-19. Crit. Care (Lond. Engl.) 25 (1), 130. doi: 10.1186/s13054-021-
03460-5

Man, W. H,, de Steenhuijsen Piters, W. A., and Bogaert, D. (2017). The Microbiota
of the Respiratory Tract: Gatekeeper to Respiratory Health. Nat. Rev.
Microbiol. 15, 259-270. doi: 10.1038/nrmicro.2017.14

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

January 2022 | Volume 11 | Article 781968


https://www.frontiersin.org/articles/10.3389/fcimb.2021.781968/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2021.781968/full#supplementary-material
https://doi.org/10.1128/IAI.01432-07
https://doi.org/10.1128/IAI.01432-07
https://doi.org/10.1128/mBio.01725-15
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1186/s40168-018-0605-2
https://doi.org/10.1186/s12575-020-00131-7
https://doi.org/10.1186/s12575-020-00131-7
https://doi.org/10.1164/rccm.201602-0220OC
https://doi.org/10.1164/rccm.201602-0220OC
https://doi.org/10.1186/s40168-017-0395-y
https://doi.org/10.1186/s12575-021-00148-6
https://doi.org/10.1038/s41385-020-00359-2
https://doi.org/10.1016/j.arcmed.2020.04.006
https://doi.org/10.1038/s41598-021-85750-0
https://doi.org/10.1038/s41598-021-85750-0
https://CRAN.R-project.org/package=Hmisc
https://CRAN.R-project.org/package=Hmisc
https://doi.org/10.1038/s41598-021-00851-0
https://doi.org/10.2307/1934352
https://doi.org/10.1186/s41232-020-00146-3
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://doi.org/10.1002/alr.22703
https://doi.org/10.1002/alr.22703
https://doi.org/10.1007/BF01320626
https://doi.org/10.1007/BF01320626
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1016/j.jinf.2020.05.046
https://doi.org/10.1016/j.jgg.2021.11.002
https://doi.org/10.1186/s13054-021-03460-5
https://doi.org/10.1186/s13054-021-03460-5
https://doi.org/10.1038/nrmicro.2017.14
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Shilts et al.

Upper Respiratory Microbiome During COVID-19

Menberu, M. A, Liu, S., Cooksley, C., Hayes, A. ], Psaltis, A. J., Wormald, P. J.,
et al. (2021). Corynebacterium Accolens Has Antimicrobial Activity Against
Staphylococcus Aureus and Methicillin-Resistant S. Aureus Pathogens Isolated
From the Sinonasal Niche of Chronic Rhinosinusitis Patients. Pathogens 10 (2),
207. doi: 10.3390/pathogens10020207

Merenstein, C., Liang, G., Whiteside, S. A., Cobian-Giiemes, A. G., Merlino, M. S.,
Taylor, L. J., et al. (2021). Signatures of COVID-19 Severity and Immune
Response in the Respiratory Tract Microbiome. mBio 12, €0177721. doi:
10.1128/mBio.01777-21

Morens, D. M., Taubenberger, J. K., and Fauci, A. S. (2008). Predominant Role of
Bacterial Pneumonia as a Cause of Death in Pandemic Influenza: Implications
for Pandemic Influenza Preparedness. J. Infect. Dis. 198, 962-970. doi: 10.1086/
591708

Mostafa, H. H., Fissel, J. A., Fanelli, B., Bergman, Y., Gniazdowski, V., Dadlani, M.,
et al. (2020). Metagenomic Next-Generation Sequencing of Nasopharyngeal
Specimens Collected From Confirmed and Suspect COVID-19 Patients. mBio
11, e01969-e01920. doi: 10.1128/mBi0.01969-20

Nardelli, C., Gentile, I., Setaro, M., Di Domenico, C., Pinchera, B., Buonomo, A. R.,
et al. (2021). Nasopharyngeal Microbiome Signature in COVID-19 Positive
Patients: Can We Definitively Get a Role to Fusobacterium Periodonticum?
Front. Cell Infect. Microbiol. 11, 625581. doi: 10.3389/fcimb.2021.625581

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R,, O'Hara, R. B,
et al. (2020). Vegan: Community Ecology Package. R Package Version 2.0-10
Available at: https://CRAN.R-project.org/package=vegan.

Pruesse, E., Quast, C., Knittel, K., Fuchs, B. M., Ludwig, W., Peplies, J., et al. (2007).
SILVA: A Comprehensive Online Resource for Quality Checked and Aligned
Ribosomal RNA Sequence Data Compatible With ARB. Nucleic Acids Res. 35,
7188-7196. doi: 10.1093/nar/gkm864

Rosas-Salazar, C., Kimura, K. S., Shilts, M. H., Strickland, B. A., Freeman, M.,
Wessinger, B., et al. (2021). SARS-CoV-2 Infection and Viral Load Are
Associated With the Upper Respiratory Tract Microbiome. J. Allergy Clin.
Immunol 147 (4), 1226-1233.e2. doi: 10.1164/ajrccm-conference.2021.203.1_
MeetingAbstracts.A1222

Rosas-Salazar, C., Shilts, M. H., Tovchigrechko, A., Schobel, S., Chappell, J. D.,
Larkin, E. K., et al. (2018). Nasopharyngeal Lactobacillus Is Associated With
Childhood Wheezing Illnesses Following Respiratory Syncytial Virus Infection
in Infancy. J. Allergy Clin. Immunol. 142, 1447-1456. doi: 10.1016/
j-jaci.2017.10.049

Rueca, M., Fontana, A., Bartolini, B., Piselli, P., Mazzarelli, A., Copetti, M., et al.
(2021). Investigation of Nasal/Oropharyngeal Microbial Community of
COVID-19 Patients by 16S rDNA Sequencing. Int. ]. Environ. Res. Public
Health 18 (4), 2174. doi: 10.3390/ijerph18042174

Sagerfors, S., Poehlein, A., Afshar, M., Lindblad, B. E., Briiggemann, H., and
Soderquist, B. (2021). Clinical and Genomic Features of Corynebacterium
Macginleyi-Associated Infectious Keratitis. Sci. Rep. 11, 6015. doi: 10.1038/
541598-021-85336-w

Shen, Z., Xiao, Y., Kang, L., Ma, W., Shi, L., Zhang, L., et al. (2020). Genomic
Diversity of Severe Acute Respiratory Syndrome-Coronavirus 2 in Patients
With Coronavirus Disease 2019. Clin. Infect. Dis. An Off. Publ. Infect. Dis. Soc.
America 71 (15), 713-720. doi: 10.1093/cid/ciaa203

Shilts, M., Rosas-Salazar, C., Lynch, C. E., Tovchigrechko, A., Boone, H., Russell, P.
B., et al. (2020). Evaluation of the Upper Airway Microbiome and Immune
Response With Nasal Epithelial Lining Fluid Absorption and Nasal Washes.
Sci. Rep. 10 (1), 20618. doi: 10.1038/s41598-020-77289-3

Shilts, M. H., Rosas-Salazar, C., Tovchigrechko, A., Larkin, E. K,, Torralba, M., Akopov,
A, et al. (2015). Minimally Invasive Sampling Method Identifies Differences in
Taxonomic Richness of Nasal Microbiomes in Young Infants Associated With Mode
of Delivery. Microb. Ecol. 71 (1), 233-42. doi: 10.1007/s00248-015-0663-y

Shilts, M. H., Rosas-Salazar, C., Turi, K. N., Rajan, D., Rajagopala, S. V., Patterson,
M. F, etal. (2021). Nasopharyngeal Haemophilus and Local Immune Response

During Infant Respiratory Syncytial Virus Infection. J. Allergy Clin. Immunol
147 (3), 1097-1101.e6. doi: 10.1016/j.jaci.2020.06.023

Soffritti, I., D'Accolti, M., Fabbri, C., Passaro, A., Manfredini, R., Zuliani, G.,
et al. (2021). Oral Microbiome Dysbiosis Is Associated With Symptoms
Severity and Local Immune/Inflammatory Response in COVID-19 Patients:
A Cross-Sectional Study. Front. Microbiol. 12, 687513. doi: 10.3389/
fmicb.2021.687513

Sonawane, A. R, Tian, L., Chu, C. Y., Qiu, X., Wang, L., Holden-Wiltse, ., et al.
(2019). Microbiome-Transcriptome Interactions Related to Severity of
Respiratory Syncytial Virus Infection. Sci. Rep. 9, 13824. doi: 10.1038/
$41598-019-50217-w

Tomczak, M. ,and Tomczak, E. (2014). The Need to Report Effect Size Estimates
Revisited. An Overview of Some Recommended Measures of Effect Size. Trends
Sport Sci. 1, 19-25.

Tovchigrechko, A. (2020) MGSAT Semi-Automated Differential Abundance
Analysis of Omics Datasets. Available at: https://github.com/andreyto/mgsat.

Tu, Y., Jennings, R., Hart, B., Cangelosi, G., Wood, R., Wehber, K., et al. (2020).
Swabs Collected by Patients or Health Care Workers for SARS-CoV-2 Testing.
N. Engl. . Med. 383 (5), 494-496. doi: 10.1056/NEJMc2016321

Ventero, M. P., Cuadrat, R. R. C,, Vidal, I, Andrade, B. G. N., Molina-Pardines, C.,
Haro-Moreno, J. M., et al. (2021). Nasopharyngeal Microbial Communities of
Patients Infected With SARS-CoV-2 That Developed COVID-19. Front.
Microbiol. 12, 637430. doi: 10.3389/fmicb.2021.637430

Wickham, H. (2009). Ggplot2: Elegant Graphics for Data Analysis (New York:
Springer).

Xu, R, Lu, R, Zhang, T., Wu, Q., Cai, W., Han, X,, et al. (2021). Temporal
Association Between Human Upper Respiratory and Gut Bacterial
Microbiomes During the Course of COVID-19 in Adults. Commun. Biol. 4,
240. doi: 10.1038/s42003-021-01796-w

Yeoh, Y., Zuo, T., Lui, G., Zhang, F., Liu, Q,, Li, A., et al. (2021). Gut Microbiota
Composition Reflects Disease Severity and Dysfunctional Immune Responses
in Patients With COVID-19. Gut 70 (4), 698-706. doi: 10.1136/gutjnl-2020-
323020

Zaneveld, J. R,, McMinds, R., and Vega Thurber, R. (2017). Stress and Stability:
Applying the Anna Karenina Principle to Animal Microbiomes. Nat.
Microbiol. 2, 17121. doi: 10.1038/nmicrobiol.2017.121

Zhang, H., Ai, J., Yang, W., Zhou, X., He, F.,, Xie, S., et al. (2020).
Metatranscriptomic Characterization of COVID-19 Identified A Host
Transcriptional Classifier Associated With Immune Signaling. Clin. Infect.
Dis. An Off. Publ. Infect. Dis. Soc. America 73(3), 376-385. doi: 10.1093/cid/
ciaa663

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Shilts, Rosas-Salazar, Strickland, Kimura, Asad, Sehanobish,
Freeman, Wessinger, Gupta, Brown, Boone, Patel, Barbi, Bottalico, O’Neill, Akbar,
Rajagopala, Mallal, Phillips, Turner, Jerschow and Das. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

January 2022 | Volume 11 | Article 781968


https://doi.org/10.3390/pathogens10020207
https://doi.org/10.1128/mBio.01777-21
https://doi.org/10.1086/591708
https://doi.org/10.1086/591708
https://doi.org/10.1128/mBio.01969-20
https://doi.org/10.3389/fcimb.2021.625581
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1093/nar/gkm864
https://doi.org/10.1164/ajrccm-conference.2021.203.1_MeetingAbstracts.A1222
https://doi.org/10.1164/ajrccm-conference.2021.203.1_MeetingAbstracts.A1222
https://doi.org/10.1016/j.jaci.2017.10.049
https://doi.org/10.1016/j.jaci.2017.10.049
https://doi.org/10.3390/ijerph18042174
https://doi.org/10.1038/s41598-021-85336-w
https://doi.org/10.1038/s41598-021-85336-w
https://doi.org/10.1093/cid/ciaa203
https://doi.org/10.1038/s41598-020-77289-3
https://doi.org/10.1007/s00248-015-0663-y
https://doi.org/10.1016/j.jaci.2020.06.023
https://doi.org/10.3389/fmicb.2021.687513
https://doi.org/10.3389/fmicb.2021.687513
https://doi.org/10.1038/s41598-019-50217-w
https://doi.org/10.1038/s41598-019-50217-w
https://github.com/andreyto/mgsat
https://doi.org/10.1056/NEJMc2016321
https://doi.org/10.3389/fmicb.2021.637430
https://doi.org/10.1038/s42003-021-01796-w
https://doi.org/10.1136/gutjnl-2020-323020
https://doi.org/10.1136/gutjnl-2020-323020
https://doi.org/10.1038/nmicrobiol.2017.121
https://doi.org/10.1093/cid/ciaa663
https://doi.org/10.1093/cid/ciaa663
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Severe COVID-19 Is Associated With an Altered Upper Respiratory Tract Microbiome
	Introduction
	Methods
	Study Cohorts and Sample Collection
	Characterization of the Upper Respiratory Microbiome
	Creation of Preselected COVID-19 Severity Groups
	Statistical Analysis

	Results
	Sample Inclusion/Exclusion and Participant Demographics and Clinical Characteristics
	Overall Microbiome Community Composition Summary
	Summary of Kruskal–Wallis and Ordinal Logistic Regression Testing Results
	Increased Bacterial Load Was Associated With COVID-19 Severity
	Increased Bacterial Richness and Dissimilarity Within Groups Were Associated With COVID-19 Severity
	A Corynebacterium ASV Decreased in Abundance With Increased COVID-19 Severity

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


