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Abstract

COVID-19 is caused by an airborne virus, SARS-CoV-2. The upper respiratory tract (URT) is, therefore, the first
system to endure the attack. Inhabited by an assemblage of microbial communities, a healthy URT wards off
the invasion. However, once invaded, it becomes destabilised, which could be crucial to the establishment and
progression of the infection. We examined 696 URT samples collected from 285 COVID-19 patients at three time-
points throughout their hospital stay and 100 URT samples from 100 healthy controls. We used 16S ribosomal RNA
sequencing to evaluate the abundance of various bacterial taxa, a-diversity, and -diversity of the URT microbiome.
Ordinary least squares regression was used to establish associations between the variables, with age, sex, and
antibiotics as covariates. The URT microbiome in the COVID-19 patients was distinctively different from that
of healthy controls. In COVID-19 patients, the abundance of 16 genera was significantly reduced. A total of 47
genera were specific to patients, whereas only 2 were unique to controls. The URT samples collected at admission
differed more from the control than from the samples collected at later stages of treatment. The following four
genera originally depleted in the patients grew significantly by the end of treatment: Fusobacterium, Haemophilus,
Neisseria, and Stenotrophomonas. Our findings strongly suggest that SARS-CoV-2 caused significant changes in
the URT microbiome, including the emergence of numerous atypical taxa. These findings may indicate increased
instability of the URT microbiome in COVID-19 patients. In the course of the treatment, the microbial composition
of the URT of COVID-19 patients tended toward that of controls. These microbial changes may be interpreted as
markers of recovery.
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1 Introduction

The COVID-19 pandemic has claimed 6 million lives
(https://covidl9.who.int/). Caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), the
new disease has proven to be a devastating phenome-
non with an elaborate and all-pervasive infectious
nature. Several studies have addressed possible mech-
anisms of SARS-CoV-2 infection and pathogenesis. Air-
borne transmission is thought to be the primary trans-
mission route for the virus. The microenvironment of
the upper respiratory tract (URT), therefore, is the first
line of defence against the infection and may be crucial
to its establishment and progression.

The URT is home to multiple microbial communi-
ties, or the URT microbiome, that are vital for respira-
tory health (Man et al, 2017). Despite a constant cir-
culation of microbes during inhalation and exhalation,
the composition of the URT microbiome remains rel-
atively stable. However, some pathological conditions
can compromise its balance. For instance, a disrupted
microbiome has been reported in cases of influenza
(Borges et al., 2018), respiratory syncytial virus (Grier et
al., 2021), and rhinovirus (Kloepfer et al., 2017). The URT
microbiome may also house opportunistic bacteria that
might cause co-infections, superinfections of the lower
respiratory tract, and severe complications of viral res-
piratory infections, including COVID-19 (Mostafa et al.,
2020).

Some authors believe that, unlike other viruses,
SARS-CoV-2 does not significantly impact the nasophar-
ynx microbiome in mild COVID-19 (Braun et al., 2021;
De Maio et al, 2020); more publications, however,
report multidirectional and varying degrees of URT
microbiome disturbances in COVID-19 patients (Engen
et al., 2021; Ma et al., 2021). Current studies often report
inconsistent results, which could be attributed to differ-
ences in their design, methods, statistical analysis, and
subject recruitment strategies.

Despite a substantial amount of data, the exact effect
of COVID-19 on the composition of the microbiome
and its dynamics is still unknown. Moreover, studies
rarely address changes in the URT microbiome during
the antiviral therapy — a valuable measure of the out-
come. Identifying and interpreting these changes could
facilitate the development of effective therapies for URT
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dysbiosis, such as probiotics that offset the imbalance
and help restore the body’s defence mechanisms.

In this study, we compared the diversity and abun-
dance of the URT microbiome in COVID-9 patients and
healthy controls to identify host-specific characteristics
that could impact disease severity and outcome. We also
examined short-term changes in the URT microbiome
to determine which microbial shifts could be used as
markers of recovery. Additionally, we addressed some
limitations of previous studies and factored in several
important covariates, such as patients’ medication his-
tories, that might have been overlooked in other studies
and might have affected their findings.

2 Materials and methods

Study design and participants

This multicentre study followed 285 SARS-CoV-2-in-
fected patients aged 18 and above, except for cancer
patients and pregnant women, over the course of their
treatment at five Russian hospitals. The controls (n =
100) were above 18 years of age with no signs of acute
respiratory infections or chronic disease exacerbations.
Patients’ nasopharyngeal swab samples were collected
upon admission to the hospital. The swabs were tested
for the viral RNA using a real-time polymerase chain
reaction (RT-PCR) with the AmpliSens® COVID-19-FL
kit (AmpliSens®, Russia). The patients were classified
by COVID-19 severity based on the following criteria:
body temperature, oxygen saturation (SpO,), CT imag-
ing changes, C-reactive protein (CRP) level, and arterial
lactate level (Table 1). Two types of outcomes were reg-
istered: discharged and dead. A case report form (CRF)
was filled out for every patient (Supplementary materi-
als S1).

Ethical considerations

The study protocol was approved by the local ethics
committee of the Pediatric Research and Clinical Center
for Infectious Diseases (Saint-Petersburg, Russian Fed-
eration; protocol No. 126 from June 26, 2020). All par-
ticipants signed an informed consent form before enrol-
ment.
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TABLE 1 COVID-19 severity criteria

COVID-19 severity Criteria

Asymptomatic No clinical symptoms of respiratory infection

Mild Temperature < 38 °C, cough, weakness, sore throat, and absence of criteria for moderate
and severe course of COVID-19

Moderate Temperature > 38 °C, respiratory rate > 22/min, dyspnoea on exertion, CT imaging
changes typical of viral infection, SpO, < 95%, CRP >10 mg/1

Severe Respiratory rate > 30/min, SpO, < 93%, PaO,/FiO, < 300 mmHg, impaired
consciousness/agitation, hemodynamic instability, SAD < 90 mmHg, DAD < 60 mmHg,
diuresis < 20 ml/h, CT imaging changes typical of severe viral infection > 50%, arterial
lactate > 2 mmol/l, gSOFA > 2

TABLE 2 Timetable of swab collection from COVID-19 patients and controls

Analysis/timepoint Timepoint 0 (TPO), Timepoint 1 (TP1), Timepoint 2 (TP2),
upon admission to the first week of the second week of the
hospital! hospital stay hospital stay

COVID-19 patients

Assessment of SARS-CoV-2 viral load \/ - -

Metagenomic analysis \/ \/ \/

Healthy controls

Metagenomic analysis \/ - -

1 Swabs from healthy controls were collected at outpatient departments.

Sample collection

The COVID-19 patients provided 1-3 nasopharyngeal
swabs for metagenomic analysis of the URT micro-
biome and one nasopharyngeal swab for SARS-CoV-2
viral load assessment. The healthy controls provided 1
nasopharyngeal swab for the URT microbiome analysis.
The patients were instructed to gargle and rinse their
mouths with regular drinking water. The posterior phar-
ynx, sidewalls, and crypts of the tonsils were rubbed
with the disposable sterile sampling swabs three to five
times in a circular motion. The swabs were transported
to the laboratory at 4-8 °C, frozen, and stored at -70 °C
until DNA extraction. Table 2 presents the timetable for
sample collection.

Droplet digital PCR-based assessment of SARS-CoV-2
viral load

DNA samples were extracted using the ‘RIBO-prep’ kit
(AmpliSens®, Moscow, Russia) following the manufac-
turer’s instructions. The precipitate was dissolved in
50 ml of the RNA buffer. Reverse transcription was per-
formed using the ‘REVERTA-L' kit (AmpliSens®) follow-
ing the manufacturer’s instructions. cDNA samples were
subsequently used in droplet digital PCR (ddPCR) car-
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ried out on the QX100 system (Bio-Rad, Hercules, CA,
USA) and T100 thermal cycler (Bio-Rad). The following
probe and primers (China CDC for N-gene) were used
for the assessment:

N-F GGGGAACTTCTCCTGCTAGAAT

N-R CAGACATTTTGCTCTCAAGCTG

N-Probe-FAM TTGCTGCTGCTTGACAGATT

The ddPCR reaction components and their volumes
are shown in Supplementary Table S1. The amplification
protocol is provided in Supplementary Table S2.

Results were quantified using the QX100 Droplet
Reader (Bio-Rad). For cluster separation, a threshold of
5,000 relative fluorescence units (RFUs) was set for all
assessments. The results were presented as the number
of target cDNA copies per 20 pl.

Sequencing

DNA was extracted from 0.2-ml samples using the
QIAamp® DNA Mini Kit (Qiagen, Hilden, Germany),
following the manufacturer’s instructions. The Illu-
mina protocol (16S Metagenomic Sequencing Library
Preparation) was used for 16S library preparation and
sequencing. The DNA was amplified using standard 16S
rRNA gene primers complementary to the V3-V4 region.


https://doi.org/10.6084/m9.figshare.25144397

148

The Phusion High-Fidelity DNA Polymerase (Thermo
Fischer, Waltham, MA, USA) was used for the PCR
and amplicon indexing of the V3-V4 region. Individual
amplicons were PCR-indexed and pooled. Sequencing
was carried out on the Miseq instrument using the 600-
cycle MiSeq Reagent Kit v3 (Illumina, San Diego, CA,
USA). The 4150 TapeStation System (Agilent Technolo-
gies, Santa Clara, CA, USA) and NEBNext Library Quant
Kit for llumina (NEB, Ipswich, MA, USA) were used to
qualify the mean size and concentration of the DNA
libraries. In each sequencing run, the mock community
samples (D6305 ZymoBIOMICS Microbial Community
DNA Standard, Zymo Research, Irvine, CA, USA) were
added to the sample pool.

Bioinformatic analysis

Processing and quality filtering of paired-end reads

A total of 813 samples were analysed, including the
mock communities used as controls (ZymoBIOMICS™).
The DADA2 software package with default settings was
used to process and filter the reads, except for minQ =
6 (Callahan et al., 2016). After filtration, denoising, and
merging, 61.4%, 60.8%, and 56.8% of the raw reads were
saved; after removing chimeras, 42.1% of the raw reads
were saved. The number of amplicons varied in each
run. The average number of amplicon sequencing vari-
ants (ASVs) was 7,000 per run.

ASV processing

The USEARCH software and UNOISE3 algorithm were
used to denoise the amplicons and obtain zero-radius
OTUs (ZOTUs) (Edgar and Flyvbjerg, 2015). The ZOTUs
were aligned against the 16S-reference database of
22,504 complete 16S rRNA gene sequences from the
Genbank (accessed on July 28, 2021) and the represen-
tative subset of the Greengenes database (https://www
.drive5.com/usearch/manual/download_gg97.html).
Chimeras and ‘badly’ aligning ZOTUs were removed,
and two clusters were obtained: OTUs99 (clustering
identity = 99%) and OTUs97 (clustering identity = 97%)
(https://www.drive5.com/usearch/manual/uparse_otu
_radius.html). The number of ZOTUs, OTUs99%, and
OTUs97% sequences were 4,488, 3,303, and 1,048,
respectively.

OTU abundance table

Unfiltered raw reads were merged and pooled using the
‘usearch’ tool with default settings and mapped (60% of
the original raw reads) to the ZOTUs and OTUs to cre-
ate abundance tables. To compare a- and B-diversities in
patients and controls, the library size was normalised by
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rarefying the OUT table to 11,000 sequences per sample
using the USEARCH software (v.11.0.667_64).

Taxonomic annotation

Taxa were annotated using the Sintax algorithm, the
Ribosomal Database Project’s (RDP) training set of
21,000 sequences (available at https://www.drive5.com
/usearch/manual/sintax_downloads.html), and a boot-
strap cutoff of 20% (Edgar).

Result reproducibility

To assess reproducibility, run-to-run sequencing of the
mock communities was carried out using the Zymo-
BIOMICS mock community D6305 DNA standard
(Zymo Research, Orange County, CA, USA). In most
cases, the reproducibility ratio was high. However, with
D6300, biases were observed during the DNA isolation
of some taxa of gram-positive bacteria: Streptococcus
aureus, 50% loss rate; Enterococcus faecium, over 90%
loss rate; Listeria, over 90% loss rate. OTUs97% pro-
vided the highest reproducibility ratio.

Statistical analysis

Ordinary least squares regression (Statsmodels, Linear
Regression Module for Python 3.8) was used to estab-
lish associations between the variables. Age, sex, and
antibiotics (7 groups, including beta-lactams, fluoro-
quinolones, macrolides, tetracyclines, polymyxins, gly-
copeptides, and nitroimidazoles) were used as covari-
ates. The data was modelled with the following function:

Y = Bixy + Baxy + Paxs + Paxy + By,

where y is the dependent variable; x;, x,, x5, and x4 are
sex, age, antibiotics (vector) and the independent vari-
able, respectively. To obtain 3, the sum of the square dif-
ferences between the observed and predicted values was
minimised. The F-test was used to calculate the p-value
and significance of the independent variables. The Bon-
ferroni correction was applied to avoid multiple testing
problems.

Microbial composition and diversity metrics were
assessed using sex, age, and antibiotics as covariates.
The Scikit-bio 0.5.6 Package (Python 3.8 package) was
used to calculate a-diversity metrics. Principal compo-
nent analysis (PCA) (Python 3.8 package skbio) was
used to analyse B-diversity. The first two principal
components were used in the regression analysis. The
ellipses on the scatter plots show a 2-standard deviation
(SD).
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To estimate changes in the URT microbiome between
the timepoints, log regression coefficients (RCs) were
calculated. The significance was assessed using a Z-test.

A network analysis was carried out to analyse cor-
relations between different microbial taxa. The results
of the analysis were used to construct a network graph,
where each individual taxon is shown as a node and
the correlations between them are shown as edges con-
necting the nodes (based on the Bonferroni-corrected
Spearman correlation coefficients). The graph shows
only significant taxa (correlation coefficients > 0.3).
Low-abundance taxa (relative abundance < 1%) were
excluded to avoid false-positive results. The jActiveMod-
(https://apps.cytoscape.org/apps/jactivemodules,
accessed on April 20, 2022) were used to detect clus-
ters within the network.

To remove possible ‘noise’ during the construction of

ules

a Venn diagram, a cut-off value of 0.1% was introduced
for the mean abundance of taxa in COVID-19 patients
and controls.

3 Results

Demographic and clinical characteristics of the
participants

This multi-center study followed 285 patients with a
median age of 68 years: 126 men, 142 women, and 17
participants who had chosen not to specify their sex or
gender. The participants had been admitted to one of
the five hospitals in Moscow and Saint Petersburg and
had been diagnosed with COVID-19. The median time
from symptom onset to hospitalisation was four days
(interquartile range (IQR): 2.0-7.0). Moderate COVID-
19 was diagnosed in 44.2% of the patients; severe, in
47.0%; and mild, in 8.8%. Table 3 presents the demo-
graphic and clinical characteristics of the patients.

A total of 849 URT samples were collected at three
time points (TP): upon hospitalisation (TP0O; n = 285);
after the median period of 5.0 days after hospitalisation
(IQR: 5.0-6.0 days) (TP1L; n = 230); and after the median
period of 12 days (IQR: 11.0-12.0 days) (TP2; n = 181) after
hospitalisation. TP1 and TP2 were at least three days
apart but not more than 12 days apart (Figure 1).

Upon enrolment, SARS-CoV-2 RNA levels were mea-
sured in all patients. Over half of them had an unde-
tectable viral load at the time of testing, despite pos-
itive COVID-19 diagnoses. In 47.8% of patients, the
viral load was detectable and varied between 1 and
17,760 copies/ml (with a median of 18.0 copies/ml;
IQR: 4.8-151.0 copies/ml). Approximately one-third of
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the patients had normal pulse oximetry readings. Low
and critical oxygen saturation were observed in 51.1
and 13.5% of the patients, respectively. Four out of five
patients required respiratory support at some point dur-
ing the treatment period; four patients required intu-
bation. Predictably, serum levels of C-reactive protein
(CRP) were significantly elevated in most patients, with
a median of 51.2 mg/I (IQR:19.9-123.5 mg/1).

Table 3 presents the treatment details. The most
frequently administered antibiotics were beta-lactams
(50.2%) and macrolides (48.8%); 26.5% of the patients
were not treated with antibiotics. Other commonly used
medications included anticoagulants (23.9%), interfer-
ons (13.0%), and IL-6 inhibitors (10.2%). The observed
mortality rate was 6%. The rest of the patients recovered
and were discharged from the hospital with no follow-
up.

A group of 100 healthy individuals with a median
age of 60.0 years (IQR: 54.5-65.5) served as controls:
15 men, 68 women, and 17 people who did not specify
their sex/gender.

Microbiome composition in patients and controls
Three genera, Prevotella, Streptococcus, and Veillonella,
dominated the URT microbial communities in both
patients and controls, accounting for over 50% of the
URT microbiome (Figure 2, Supplementary Table S3).
These were followed by Leptotrichia, Granulicatella, and
Rothia in patients and Haemophilus, Neisseria, and Lep-
totrichia in controls.

Interestingly, 47 genera were present only in patients,
while only 2 were exclusive to controls (Figure 3,
Supplementary Table S4). A total of 86 genera were
present in both the patients and controls. The most fre-
quently detected COVID-19-specific genera were Methy-
lobacterium, Lactiplantibacillus, and Schwartzia, found
in 19.78, 10.07, and 10.07% of patients, respectively.
The most frequently detected genera unique to con-
trols were Aeromonas and Oblitimonas, found in 1.22%
and 3.66%, respectively (Supplementary Table S4). The
number of COVID-19-specific genera reduced over time:
to 46 by TP1 (Supplementary Table S5) and 37 by TP2
(Supplementary Table S6).

Microbial richness and diversity of the URT in patients

and controls

We estimated a-diversity of the URT microbiota based
on the Shannon and Chao indices. To compare the
diversity metrics in patients and controls, we built a
linear regression model using ordinary least squares
and adjusted it for age, sex, and antibiotics. Compared
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TABLE 3 Patient characteristics
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Characteristics Value
Sex, abs. (%)
Male 126 (44.2)
Female 142 (49.8)
No data 17 (6.0)
Age, median (IQR)?, years 68.0 (57.0-74.0)
Time between symptom onset and hospitalisation, median (IQR), days 4.0 (2.0-7.0)
Severity of COVID-19 pneumonia, abs. (%)
Mild 25 (8.8)
Moderate 125 (44.2)
Severe 133 (47.0)
SARS-CoV-2 viral load
Undetectable (negative result), abs. (%) 153 (52.2)
Detectable (positive result), abs. (%) 140 (47.8)

Viral load, median (IQR), copies/mlP
Oximetry, abs. (%)¢
Normal
Low
Critical
Respiratory support, absd. (%)
No supplemental O,
Low-flow O,
High-flow O,
Intubation
CRP¢, median (IQR), mg/L
Antibiotics used, abs. (%)
No antibiotics
Beta-lactams
Fluoroquilones
Macrolides
Tetracyclines
Polymyxins
Glycopeptides
Nitroimidazoles
Other medications, abs. (%)
Antiviralsf
Interferon
Tocilizumab
Janus kinase inhibitors
11-6 inhibitors
Glucocorticoids
Anticoagulants
Died

18.0 (4.8-151.0)

97 (35.4)
140 (5L1)
37 (13.5)

54 (18.9)

218 (76.5)
9(3.2)

4(14)

51.2 (19.9-123.5)

75 (26.5)
142 (50.2)
95 (33.6)
138 (48.8)

37 (13.0%)
13 (4.6)

6 (2.1)

29 (10.2)
10 (3.5)

68 (23.9)
17 (6.0)

IQR = interquartile range.

In patients with a detectable viral load.

Normal, 295%; low, 90-94%; critical, <89%.

Absolute value.

CRP = C-reactive protein.

One of the following: lopinavir/ritonavir, umifenovir, ribavirin, rimantadine.

- 0o a 6o o ®
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diagram names 2 most common genera found only in
the patients (the left column) and controls (the right
column).

Methylobacterium 19.78%
Lactiplantibacillus 10.07%

FIGURE 3

with the controls, the patients showed a substantially
depleted composition of commensal bacteria, as con-
firmed by the significantly lower Shannon and Chao
indices (P = 1.25e-5 and P = 2.73e-7, respectively) (Fig-
ure 4A and Supplementary Figure SIA).

We also split patients by COVID-19 severity and out-
comes and analysed a-diversity in each subgroup. The
Shannon and Chao diversity indices in the moder-
ate/severe COVID-19 patients tended to be lower than
in mild COVID-19 patients; however, these differences
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Predominant genera in the upper respiratory tract in the patients and controls.

did not reach statistical significance (Figures 4B and
Supplementary Figure SIB). Alfa-diversity was not asso-
ciated with the outcome, fatal or non-fatal; however, the
URT microbiota in deceased patients tended to be more
markedly depleted (Figures 4C and Supplementary Fig-
ure S1C).

For B-diversity analysis, we used PCA to measure
UniFrac distance and Bray-Curtis dissimilarity between
URT samples and made adjustments for age, sex, and
antibiotic intake. Based on Bray-Curtis dissimilarity,
patients and controls formed 2 distinct clusters (PCl,
P = 0.06; PC2, P = 9.04e-04) (Figure 5); whereas,
UniFrac-weighted PCA demonstrated no significant dif-
ference between patient and control samples (PCl,
P = 0.83; PC2, P = 0.21) (Supplementary Figure S2).
There was no evidence of clustering by COVID-19 sever-
ity (for Bray-Curtis: PCl, P = 0.68; PC2, P = 0.96; for
Unifrac: PC1, P = 0.40; PC2, P = 0.75) or treatment out-
comes (For Bray-Curtis: PC1, P = 1.00; PC2, P = 0.72; For
Unifrac: PCL, P = 0.62; PC2, P = 0.83) (Supplementary
Figures S3 and $4).

The association analysis of SARS-CoV2 viral load and
diversity metrics showed that neither a-diversity (Shan-
non, P = 0.27; Chao, P = 0.25) nor B-diversity was
associated with serum SARS-CoV-2 RNA levels in the
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patients (for Bray-Curtis: PC1, P = 0.96; PC2, P = 0.98;
for Unifrac: PCl1, P = 0.74; PC2, P = 0.86) (Figure 6 and
Supplementary Figure S5).

Differences in the URT microbial communities between
the patients and controls

We calculated age- sex-, and antibiotics-adjusted logistic
regression coefficients (RCs) to compare the taxonomic
enrichment in the URT samples of the patients and
controls. Sixteen genera were found to be significantly
reduced in the patients compared to controls, including
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Neisseria (RC = 0.14; P = 2.93e-09), Chryseobacterium
(RC = 0.10; P = 4.89e-06), Haemophilus (RC = 0.14:
P = 1.23e-08), Pseudomonas (RC = 0.12; P = 2.53e-07),
Limosilactobacillus (RC = 0.15; P = 3.4le-11), Fusobac-
terium (RC = 0.10; P = 7.06e-05), Eubacterium (RC =
0.10; P = 1.37e-05), Escherichia/Shigella (RC = 0.11; P =
1.11e-06), Butyrivibrio (RC = 0.11; P = 2.16e-05), Solobac-
terium (RC = 0.11; P = 3.3e-06), Aggregatibacter (RC =
0.13; P = 1.56e-08), Catonella (RC = 0.09; P = 1.85e-4),
Pedobacter (RC = 0.11; P = 1.06e-06), Phyllobacterium
(RC =0.09; P = 6.73e-05), Stenotrophomonas (RC = 0.15;
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FIGURE 7 Differentially abundant taxa between COVID-19 patients and healthy individuals.

P = 2.42e-11), and Lautropia (RC = 0.10; P = 6.85e-05)
(Figure 7).

Neither COVID-19 severity nor treatment outcomes
affected the bacterial enrichment in the URT samples;
there was no significant difference between the sub-
groups split by COVID-19 severity or outcomes. No rela-
tionship was found between microbial abundance and
viral load.

Changes in patients’ URT microbiome

We longitudinally profiled patients’ URT microbiome
throughout their hospital stay to evaluate short-term
changes. All calculations were adjusted for age, sex, and
antibiotics.

We observed a minor loss in a-diversity at TP1 com-
pared with the baseline, followed by a minor increase at
TP2 compared with TP1; however, none of these changes
reached statistical significance. We obtained P = 0.43
of the change in the Shannon indices between TP1 and
TPO; P = 0.48 of the change in the Shannon indices
between TP2 and TP1; P = 0.10 of the change in the
Chao indices between TP1 and TPO; and P = 0.34 of
the change in the Chao indices between TP2 and TP1
(Figure 8 and Supplementary Figure S6). The assess-
ment of changes in the a-diversity metrics in the patient
subgroups (mild/moderate/severe COVID-19; fatal out-
come/non-fatal outcome) also demonstrated no marked
difference throughout this period (Supplementary Fig-
ures S7, S8, S9, and S10), except for a significant reduc-

tion in the Chao indices in the patients with a non-fatal
outcome (P = 0.04; Supplementary Figure SI0A). We
found no association between the degree of changes in
a-diversity over time, COVID-19 severity (Supplemen-
tary Figures S7D and S8D), or treatment outcome (Sup-
plementary Figures S9C and S10C).

Then, we sought to evaluate how patients’ URT
microbiome changed between the timepoints. Based on
the Bray-Curtis dissimilarity, both along PC2 and PC3,
TP3 samples were more similar to controls (P = 0.51
and P = 0.43, respectively) than the samples collected
upon admission (P = 0.003 and P = 0.004, respectively)
(Figure 9; Interactive Supplement 1). More specifically,
patients’ URT microbiome showed a significant shift
toward the controls over time. However, the UniFrac
analysis showed no significant over-time changes in bac-
terial composition (Supplementary Figure S11).

We also used the Bray-Curtis dissimilarity matrix to
estimate the inter-sample variability in patients’ sam-
ples collected at different timepoints and compare them
with that of controls. We measured standard deviations
(SDs) of the samples along PCI and PC2 to estimate the
dispersion and measured mean distances from the sam-
ples to the centre of one of the four clusters they belong
to (healthy controls, patients at TPO, TP, or TP2). The
highest dispersion was observed in the patients at TPO
(SD along PCl, 0.26; SD along PC2, 0.20), but it tended
to decrease by TP1 (SD along PCl, 0.26; SD along PC2,
0.17) and TP2 (SD along PCl, 0.25; SD along PC2, 0.14).
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The healthy controls demonstrated the lowest disper-
sion (SD along PCl, 0.20; SD along PC2, 0.14). The high-
est mean distance to the centre of the cluster was also
observed in the patients at TPO (0.29), which was sig-
nificantly higher than that in the controls (0.21) (P =
0.006). At TP1 and TP2, the mean distance decreased to
0.28 and 0.26, respectively; the differences in the mean
distances between TP1 vs controls and TP2 vs controls
were insignificant (P = 0.56 and P = 0.32, respectively).

To estimate differential microbial abundance at dif-
ferent time-points, we calculated RCs with unadjusted
and Bonferroni-adjusted P-values. Five genera, includ-
ing Anaeroglobus (RC = 0.49; P = 0.027), Lactobacil-
lus (RC = 0.34; P = 0.044), Oribacterium (RC = 0.32;
P = 7.98e-05), Tannerella (RC = 0.30; P = 0.002), and
Treponema (RC = 0.24; P = 6.26e-05), were signifi-
cantly reduced at TP1 compared to baseline, but over
time their abundance showed a tendency toward an
increase (Figure 10, Supplementary Table S7). Six gen-
era, including Fusobacterium (RC = 7.55; P = 0.002),
Haemophilus (RC = 11.67; P = 2.96e-06), Neisseria (RC =
7.57; P = 0.003), Rickettsia (RC = 2.56; P = 0.003), Sphin-
gomonas (RC = 3.57; P = 0.002), and Stenotrophomonas
(RC = 3.05; P = 0.032) grew substantially by TP2. The
abundance of Haemophilus (RC = 8.32; P = 0.002), Rick-
ettsia (RC = 2.44; P = 0.002), Sphingomonas (RC = 3.59;
P = 6.18e-04), and Stenotrophomonas (RC = 4.57; P =
2.55e-5), as well as Streptococcus (RC = 1.75; P = 0.008)
increased remarkably between TPO and TP2 (Figure 10,
Supplementary Table S7).
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We also attempted to examine microbial abundance
changes in deceased patients. We tracked changes in
those genera, the abundance of which had changed
between the time points in all patients. Interestingly,
this subgroup showed a tendency toward a decrease in
the abundance of numerous taxa, such as Anaeroglobus,
Fusobacterium, Haemophilus, Lactobacillus, Oribacte-
rium, Neisseria, Sphingomonas, and Tannerella, that had
become more abundant by TP2 in the entire cohort (Fig-
ure 11).

Network analysis of the microbial communities in the
patients and controls

We constructed a co-occurrence network using metage-
nomic samples from 285 COVID-19 patients and 100
healthy controls to analyse correlations between dif-
ferent microbial taxa (Figure 12; Interactive Supple-
ment 2). The graph also shows the differences in the
bacterial abundance between patients and controls, as
well as the previously calculated abundance changes in
patients during the treatment (see sections ‘Differences
in the URT microbial communities between patients
and controls’ and ‘Changes in patients’ URT micro-
biome’).

Each node in the network represents an individual
taxon. The colour reflects the difference in the taxon’s
relative abundance between COVID-19 patients and
healthy controls (blue for overrepresented in patients;
green for overrepresented in controls); the size of the
node is proportional to the significance of the differ-
ence; and the shape shows whether the abundance of
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FIGURE 9  The Bray-Curtis dissimilarity between the upper respiratory tract microbiota in the patient samples collected at different

time-points during their treatment and control samples. (A) the Bray-Curtis distances plotted along PCI and PC2. Significant
differences were observed only along PC2 between the TPO samples and the control samples (P = 0.008). (B) The Bray-Curtis
distances plotted along PC2 and PC3. Significant differences were found on both PC2 (P = 0.004) and PC3 (P = 0.003) between
the TPO samples and control samples; on PC3 (P = 0.01), between the TP1 samples and control samples. TPO: time-point 0
(upon admission to the hospital); TP1: time-point 1 (after a median of 5.0 days); TP2: time-point 2 (after a median of 12.0 days).

BENEFICIAL MICROBES 15 (2024) 145-164



UPPER RESPIRATORY TRACT MICROBIOME IN COVID-19 PATIENTS 157

P
3 mmm TP1/TPO
e TP2/TP1
2 <
[
g
2 17
o
kel
L
g o -I—
-1 4
_2 4
3 5 3 = § 5 g g g - g
o = < S @ = = S S = v
> ] 2 ] 9 s L g 1S g S
S v] ) Q (o] o o S S < Q
P g 3 g = g = 2 5 & g
© S e 8] 2 £ S =
g & T 8 S & 5
2 & S
<
L
%)
taxa
FIGURE 10 Inter-time-point changes in the relative abundance of the upper respiratory tract microorganisms in the COVID-19 patients
during their treatment. TP1/TPO — change registered at time-point 1 (after a median of 5.0 days following admission to the
hospital) compared with time-point 0 (upon admission to the hospital). TP2/TP1 - change registered at time-point 2 (after a
median of 12.0 days following admission to the hospital) compared with time-point 1 (after a median of 5.0 days following
admission to the hospital). Red frames show significant changes.
61 ™
s TP1/TPO
4 mmm TP2/TP1
2 B
[
g ol e *
5 e L
he
L
> 27
o
—44
—6 4
_8 L T T T T T T T T T T T
u jul w o () 0 0 5] [
3 § 3 3 3 5 2 g g 3 £
s} = < S 0 = = S S = v
=Y ] s 8 a g < g g g s
S I+ ) Q 7] Q o ) S < Q
g 3 g g = 3 < 2 2 & 8
8 S © 3 = S S =
S a T 3 3 s IS
h 2 @ S
<
2
0
taxa
FIGURE 11 Inter-time-point changes in the relative abundance of the upper respiratory tract microorganisms in the deceased COVID-19

patients during their treatment. TP1/TPO — change registered at time-point 1 (after a median of 5.0 days following admission
to the hospital) compared with time-point O (upon admission to the hospital). TP2/TP1 — change registered at time-point 2
(after a median of 12.0 days following admission to the hospital) compared with time-point 1 (after a median of 5.0 days
following admission to the hospital). None of the changes were significant.
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the taxon has changed during the treatment. The edges
denote positive (pink) or negative correlations between
the taxa, while their width is proportional to the signifi-
cance of the correlation.

The network has 137 nodes, arranged in one major
and three minor independent clusters, and 556 edges.
The average number of neighbouring nodes is 8.28 per
each node. The network density is 0.064; network diam-
eter is 9; the clustering coefficient is 0.49. The network
centralisation is 0.14; the characteristic path length is
3.89.

Most correlations between the bacterial taxa were
positive. The Neisseria-Haemophilus — Fusobacterium
triangle (that had emerged as the taxa more typical of
the healthy controls) showed some of the strongest rela-
tionships in the major cluster of the network.

All the negative correlations in the network involved
Streptococcus and Prevotella, with the strongest negative
correlation formed between these two taxa.

4 Discussion
In our study, we compared the URT microbiome in
COVID-19 patients and healthy controls. The COVID-
19 patients demonstrated distinctive URT microbiome
and dynamics. The Bray-Curtis dissimilarity showed
that their URT microbiota differed dramatically from
those of the healthy controls. SARS-CoV-2 infection
was associated with a severe URT dysbiosis and loss of
microbial diversity, as evidenced by lower Shannon and
Chao indices in the COVID-19 patients. Moreover, we
observed a trend toward lower a-diversity in the patients
with more severe COVID-19 and in deceased patients,
suggesting an aggravation of URT dysbiosis along with
disease progression. To minimise the effects of such
variables as age, gender, and antibiotics, all results were
adjusted accordingly. Thus, the observed differences
support the hypothesis that SARS-CoV-2 alone might
cause changes in the URT microbiome.

The URT microbiome in the healthy controls demon-
strated a substantially higher a-diversity. However, in
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their URT specimens, we observed only two unique gen-
era as opposed to 47 genera exclusively found in the
COVID-19 patients, indicating that microbiome dysbio-
sis differs on case by case basis. Specifically, micro-
biomes disturbed by stress factors tend to change in a
multitude of different ways. We believe that this vast
number of atypical taxa in our cohort of patients con-
firms the destabilising effect of COVID-19 on the URT
microbiome.

We hypothesise that these 47 COVID-19-specific gen-
era could have emerged due to the microbiome insta-
bility caused by SARS-CoV-2, since, unlike a healthy
URT microbiome, a compromised one is more prone to
stochastic compositional shifts and ‘occasional acquisi-
tions’ of new taxa. This hypothesis is consistent with
the fact that the patients’ URT specimens collected
upon admission to the hospital demonstrated a signif-
icantly higher dispersion than that of controls, suggest-
ing higher inter-individual variation that can be inter-
preted as a marker of microbiome instability. The dis-
appearance of some COVID-19-specific genera by TP1
and TP2 appears to indicate a trend towards a more
stabilised URT ecosystem during treatment. Again, this
is in line with our finding suggesting a gradual reduc-
tion in the dispersion of patients’ specimens over time,
which is likely to confirm increasing microbiome stabil-
ity.

Poor oral hygiene and oxygen support in the COVID-
19 patients might have contributed to the emergence
of new genera in their URT specimens. Indeed, some
of these taxa were found to be associated with oral
cavity diseases. For example, Scardovia was previously
reported in patients with caries (McDaniel et al., 2021),
as well as in COVID-19 patients admitted to intensive
care units (Rueca et al., 2021). Schwartzia was associ-
ated with periodontal disease (Sisk-Hackworth et al,
2021), while Olsenella was detected in dentine sam-
ples from patients with irreversible pulpitis (Selvaku-
mar et al, 2021). In addition, several taxa identified
as COVID-19-specific in our study, such as Methylobac-
terium, Serratia, Salmonella, and Moraxella, can poten-
tially include pathogenic species capable of causing
serious infections, particularly in an immunocompro-
mised host. This is in line with the hypothesis that
COVID-19 patients are prone to bacterial superinfec-
tions that often cause the aggravation of pneumonia
and an increased the risk of death (Zhou et al., 2020).

We should take into consideration that the COVID-19
patients, unlike healthy controls, were in a specific hos-
pital environment, where they were exposed to multiple
microorganisms not usually found elsewhere. Moreover,
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it is extremely challenging to differentiate between the
core microbiome species and transient ones, given the
constant gas exchange between the airways and the
environment. Therefore, some of these taxa acquired by
the patients can be transient, especially those with a low
abundance. Nevertheless, the reduction in the number
of COVID-19-specific taxa by the end of the treatment
(when patients were still in hospital), as well as decreas-
ing stochasticity might signal that the URT microbiome
trends towards stabilisation, somehow trying to resist
the acquisition and ‘anchorage’ of the new species from
the environment.

Studies on the microbial diversity in COVID-19 pa-
tients have reported different findings. Some reported
a lower microbial diversity in COVID-19 patients than in
healthy controls (Ren et al., 2021; Soffritti et al., 2021),
while others found no such correlation (De Maio et
al., 2020; Miller et al., 2021). Many authors reported a
significantly diminished richness of species in patients
with increasingly severe disease symptoms (Ma et al.,
2021; Soffritti et al., 2021) or in deceased patients (Ven-
tero et al, 2022). Meanwhile, other studies reported
a higher bacterial richness and diversity in COVID-19
patients than in controls (Rosas-Salazar et al., 2021) or
an increased diversity in response to increasing disease
severity (Shilts et al, 2021). On the one hand, these
conflicting findings might be due to differences in the
study designs, laboratory testing techniques, data anal-
ysis, etc. On the other hand, they could be explained
by an extreme instability of the diseased microbiome
that manifests itself in a higher a-diversity in COVID-
19 patients or in patients with more severe COVID-19
symptoms, although one would expect the opposite.

Therefore, increased microbial diversity might not
always be an indicator of a healthier microbiome
and should be interpreted with caution. Most authors,
nonetheless, agree that the SARS-CoV-2 infection results
in a significant URT dysbiosis. Our findings corroborate
and build upon the results of earlier studies.

The abundance of 16 genera significantly decreased
in the COVID-19 patients upon their admission to the
hospital compared with the healthy controls. Some
of these genera have already drawn the attention of
other researchers who analysed the airway micro-
biome in COVID-19. The depletion of Neisseria and/or
Haemophilus in COVID-19 patients has been reported
by several authors (Iebba et al, 2021; Rosas-Salazar et
al., 2021). De Castilhos et al. found that a lower abun-
dance of Neisseria subflava and Haemophilus spp. was
associated with an increased risk of mortality (de Castil-
hos et al., 2022). Merenstein et al. reported significantly
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reduced levels of Neisseria and Haemophilus in patients
with more severe COVID-19 symptoms, whereas in a
healthy URT microbiome, these bacteria are usually
abundant (Merenstein et al., 2022). Pozzi et al. (2022)
showed that Haemophilus was underrepresented in hos-
pitalised COVID-19 patients compared with outpatients.
In the study by Nardelli et al. (2021), Fusobacterium
periodonticum was one of the most markedly reduced
microorganisms in COVID-19 patients compared with
controls. Fusobacterium depletion in COVID-19 patients,
compared with healthy individuals, was also reported by
Ren et al. (2021).

It is challenging to conclusively determine the causes
of the depletion of each individual taxon observed in
our cohort of COVID-19 patients, especially given the
multitude of relationships between the URT-inhabiting
microorganisms, as demonstrated by the network anal-
ysis. Most probably, the changes could be attributed to
the general URT dysbiosis caused by SARS-CoV-2, which
disrupts the interactions between the commensal bac-
teria. Nonetheless, exact reasons could be hypothesised,
at least for some of these microorganisms. For example,
non-pathogenic Neisseria species are known to prevent
colonisation of the URT mucosa by pathogenic microor-
ganisms (Dorey et al., 2019) and are thought to modulate
the local innate immune response (Powell et al., 2018).

We also sought to evaluate short-term changes in the
patients’ microbiome during their in-hospital stay. We
performed a metagenomic analysis of the URT speci-
mens obtained after a median of 5 days (TP1) and 12
days (TP2) since the admission to the hospital and com-
pared them to the baseline specimens. Alpha-diversity
did not change significantly and remained at the same
level throughout the entire study period, presumably
because the URT microbial community cannot be fully
restored within such a short period of time.

However, there were some rapid changes in the tax-
onomic composition of the specimens by the end of
the in-hospital stay. First and foremost, there was a
significant increase in the abundance of six genera,
including Fusobacterium, Haemophilus, Neisseria, Rick-
ettsia, Sphingomonas, and Stenotrophomonas. This find-
ing is particularly interesting because four of them were
differentially abundant between the patients at TPO
and the controls: Fusobacterium, Haemophilus, Neis-
seria, and Stenotrophomonas. This suggests that the
URT microbial composition of COVID-19 patients not
only changes during the treatment but also approaches
that of healthy controls. Such an increase in the gen-
era overrepresented in a healthy URT could be inter-
preted as a sign of microbiome stabilisation and ‘heal-
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ing’ One might attribute this positive dynamic to the
treatment, such as the administration of antibiotics.
However, antibiotics are known to cause microbial dis-
balance, rendering some beneficial microorganisms col-
lateral damage (Patangia et al., 2022) Their administra-
tion alters the URT microbiome, leading to dysbiosis
and the colonisation of the URT by opportunistic and
resistant pathogens (Pérez-Cobas et al., 2022). There-
fore, it is highly improbable that these positive changes
were due to the treatment. Moreover, the abundance
of three of these four ‘healthy’ URT genera (Fusobac-
terium, Haemophilus, Neisseria) decreased, although not
significantly, in the patients who died after TP1, proba-
bly suggesting the aggravation of URT dysbiosis.

The analysis of Bray-Curtis dissimilarity between the
specimens collected from the patients at three different
timepoints and controls provided further evidence of a
rapid URT microbiome ‘healing’. The patients’ samples
at TP2 (end of treatment) were compositionally signifi-
cantly closer to the control samples than to the patients’
samples at TPO (baseline). Thus, the COVID-19 patients
in our study clearly demonstrated a certain degree of
normalisation of the URT microbiome soon after their
admission to the hospital, despite the fact that many of
them were treated with antibiotics.

This study has several limitations. Most patients
had moderate to severe COVID-19; very few had mild
COVID-19; hence, the cohort was relatively homoge-
nous. Individuals with minor COVID-19 symptoms are
usually treated in outpatient settings; therefore, they
are not represented in our study that focused on hos-
pitalised individuals. Due to difficulties with enrolment
and ethical considerations, there were very few criti-
cally ill patients in this study. Thus, the absence of mild
and extremely severe COVID-19 cases might have pre-
vented us from finding significant clustering of the URT
samples by disease severity and outcome. There was no
post-discharge follow-up due to a number of technical-
ities; hence, we could not analyse long-term outcomes,
survival, or further changes in the patients’ URT micro-
biota. A follow-up might have provided valuable infor-
mation on the long-term dynamics and prognosis and
facilitated a better discrimination between the core and
transient — hospital-specific — taxa.

All the patients underwent treatment with medi-
cations, including antiviral and/or antibacterial drugs.
The treatment certainly affected their URT microbiome,
especially antibiotics. Antibacterial therapy was used as
a covariate; however, we cannot definitively conclude
it had no effect on our findings. With the given study
design, it is almost impossible to specifically distinguish
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between the effects of SARS-CoV-2 and those of numer-
ous confounders, such as pharmacotherapy, respira-
tory support, a specific hospital environment, immune
shifts in the airway mucosa, etc. Further studies should
warrant a more detailed insight into the COVID-19-
associated URT microbiome and a better understanding
of interactions between SARS-CoV-2 and airway micro-
bial communities.

Lastly, given the relative stability of the human
microbiome, the URT microbiome of the controls was
sampled only at the initial time-point and was used as
a reference for all time-points in COVID-19 patients.
Although it is affected by a range of factors, such as
the environment, lifestyle, age, and others, a healthy
human microbiome is known to be relatively stable.
Studies have shown that it can remain unchanged for
years (Faith et al, 2013). Therefore, no further sample
collection of the control URT microbiomes was car-
ried out after the initial sampling. Tracking the naturally
occurring alterations in a healthy URT microbiome was
outside the scope of the present research, which focused
on specifically analysing the URT microbiome in mod-
erately and severely ill COVID-19 patients and tracking
their recovery dynamics.

Our work has several strengths, one of which is a rel-
atively large sample size. With a substantial number of
both COVID-19 patients recruited at different hospitals
and controls, we were able to provide more accurate and
reliable findings on the URT microbiome and its associ-
ation with the SARS-CoV-2 infection. Furthermore, we
made proper adjustments to minimise the confound-
ing effect of several covariates, including age, sex, and
antibiotics, which are known to affect the microbial
composition but were often insufficiently analysed in
previously published studies. We tried to address this
issue by conducting a multivariate analysis using the
appropriate covariates. Another strength of our study
is its longitudinal design, which allowed us to trace the
dynamics of microbial changes occurring shortly after
the patient’s admission to the hospital. The majority of
studies on this subject were cross-sectional and did not
assess changes in the URT microbial communities over
time, although they might have given valuable informa-
tion about the processes occurring in the URT.

5 Conclusions
In our study, the SARS-CoV-2 infection was associated

with a significant destabilisation of the URT micro-
biome in hospitalised patients. The infection had a par-
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ticularly serious impact on several taxa. SARS-CoV-2 is a
strong stressor and appears to increase the URT micro-
biome’s susceptibility to occasional stochastic changes
that result in general destabilisation. This destabil-
isation might be a predisposing factor for bacterial
and/or viral superinfections, especially in the hospital
setting, where there is a high probability of nosoco-
mial transmission of pathogens. Nevertheless, the URT
microbiome demonstrated resilience against stochastic
changes and the capacity to ‘undo’ the damage over
time, as shown by the rapid restoration of a ‘health-
ier’ composition and decreasing stochasticity soon after
hospitalisation.
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