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ARTICLE INFO ABSTRACT

Keywords: Since its first appearance, the SARS-CoV-2 has spread rapidly in the human population, reaching the pandemic
Nasopharyngeal microbiome scale with >280 million confirmed infections and more than 5 million deaths to date (https://covid19.who.int/).
COVID-19 These data justify the urgent need to enhance our understanding of SARS-CoV-2 effects in the respiratory system,

Nasal swabs
Meta-transcriptomics
SARS-CoV-2

including those linked to co-infections.

The principal aim of our study is to investigate existing correlations in the nasopharynx between the bacterial
community, potential pathogens, and SARS-CoV-2 infection.

The main aim of this study was to provide evidence pointing to possible relationships between components of
the bacterial community and SARS-CoV-2 in the nasopharynx. Meta-transcriptomic profiling of the nasopha-
ryngeal microbial community was carried out in 89 SARS-Cov-2 positive subjects from the Campania Region in
Italy. To this end, RNA extracted from nasopharyngeal swabs collected at different times during the initial phases
of the pandemic was analyzed by Next-Generation Sequencing (NGS). Results show a consistently high presence
of members of the Proteobacteria (41.85%), Firmicutes (28.54%), and Actinobacteria (16.10%) phyla, and an
inverted correlation between the host microbiome, co-infectious bacteria, and super-potential pathogens such as
Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, Pseudomonas aeruginosa, Acinetobacter
baumannii, and Neisseria gonorrhoeae.

In depth characterization of microbiota composition in the nasopharynx can provide clues to understand its
potential contribution to the clinical phenotype of Covid-19, clarifying the interaction between SARS-Cov-2 and
the bacterial flora of the host, and highlighting its dysbiosis and the presence of pathogens that could affect the
patient’s disease progression and outcome.
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1. Introduction

Coronavirus disease 2019 (COVID-19) is caused by the Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) [1]. Human coro-
navirus is a group of seven single-stranded RNA viruses, belonging to the
Coronaviridae family, able to infect humans. Three of them, Severe Acute
Respiratory Syndrome coronavirus (SARS-CoV), Middle East Respira-
tory Syndrome coronavirus (MERS-CoV), and Severe Acute Respiratory
Syndrome coronavirus 2 (SARS-CoV-2), belonging to the Betacoronavirus
genus, can cause severe infections that can lead to deaths [2]. Like the
other human coronaviruses, SARS-CoV-2 is mainly transmitted through
the upper respiratory tract by aerosolized droplets carrying viral parti-
cles [3], binding to the angiotensin-converting enzyme 2 ACE-2 recep-
tor, whose expression is particularly high in the nasal and oral cavity
cells [4,5]. Generally, COVID-19 patients show a wide clinical picture
after 2-14 days post-viral exposure, ranging from absence of clinical
manifestation, presence of mild symptoms, such as cold, fatigue, nausea,
and fever to more severe symptoms, such as respiratory distress and
pneumonia [6]. Several studies indicate that multiple factors such as
age, sex, lifestyle, diabetes, cigarette smoke, and use of antibiotics affect
the severity of COVID-19 manifestation [7,8]. In addition, it has been
recently documented a decrease in the microbiota diversity of the upper
respiratory tract as well as an increase in opportunistic pathogens in
SARS-CoV-2 infected patients, both with a key role in determining the
clinical manifestation of the disease [9], an observation supported by
the evidence that SARS-CoV-2 infections are frequently associated with
an increase in secondary bacterial co-infections that leads to a clinical
worsening [10,11].

The human body hosts millions of microbes, including bacteria,
fungi, and viruses, most of them representing the microbiota, that can be
divided into core microbiota and variable microbiota. The former rep-
resents the predominant microbial species existing in healthy condi-
tions, while the variable one is exclusive of each individual and depends
on its lifestyle and genome [12]. The human microbiota starts forming
directly after birth and plays an essential role in human health and
disease. Indeed, it increases the acquisition of nutrients by providing
unique and specific enzymes to digest food and synthesize vitamins,
provides a physical barrier that protects against external pathogens with
a competitive exclusion, and stimulates the immune system of the host
[13]. Inflammatory states and pathologies can alter the equilibrium of
the microbiota causing microbial dysbiosis and reduction in the di-
versity of the microbial community, an event that promotes prolifera-
tion of pathogenic or opportunistic species. In healthy humans, the
nasopharyngeal microbiome is one of the largest and is principally
composed of the following genera: Bifidobacterium, Corynebacterium,
Staphylococcus, Streptococcus, Dolosigranulum, and Moraxella belonging
to the respective Actinobacteria, Bacteroidetes, Firmicutes, and Pro-
teobacteria phyla [14]. In recent years, meta-transcriptomic profiling of
bacteria, viruses, and other microbes has emerged as a powerful tool to
identify the active members of the microbiome in complex samples and
explore the dynamic changes in bacterial populations over time in
response to different environmental conditions, including the presence
of co-infections [15]. In the present study, we investigated in-depth the
nasopharyngeal microbiome composition in COVID-19 patients, evalu-
ating with a Next-generation RNA sequencing (RNA-Seq) approach, the
presence and abundance of bacterial RNAs in 89 nasopharyngeal swabs,
collected in the Campania Region (Italy) during 3 different seasonal
periods during COVID-19 pandemic. The principal aim of the study is to
investigate the bacterial microbiota composition of the nasopharynx in
SARS-CoV-2 infected patients, elucidating the presence of species
belonging to the normal bacterial flora of the nasopharynx, opportu-
nistic pathogens, and pathogen species associated with severe illness of
the upper respiratory tract.
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2. Materials and methods

A total of 89 patients from the Campania Region in (Italy) with
confirmed SARS-CoV-2 infection were selected during the three main
Covid-19 waves in Italy: I period (March-May 2020); II period (Sep-
tember-November 2020); III period (January-February 2021). The
study was approved by the Ethics Committee of “Campania Sud”
(approval code: 206/2021) and was conducted according to the Decla-
ration of Helsinki. Patients were stratified as follows: 27 cases were from
the I period, 43 from period II, and 19 from period III. The median age of
patients (IQR) was 55 years (ranging from 3 to 99); regarding the
gender, 46% of them were female (n = 41) and 54% were male (n = 48).
The clinical outcome observed ranged from asymptomatic to severe
infection and death. The demographic and basal characteristics of the
participants are summarized in Table 1.

Nasopharynx swab specimens from patients were collected following
standardized procedures by the healthcare personnel in charge. Total
RNA has been extracted from swabs and RNA amount and integrity were
assessed with a Qubit 2.0 fluorometer assay (Thermo Fisher Scientific,
Waltham, MA, USA) and a 4200 TapeStation instrument (Agilent
Technologies, Santa Clara, CA, USA), respectively, as described earlier
[16]. Real-Time Quantitative Reverse Transcription PCR (qRT-PCR) was
used to assess the presence and amount of SARS-CoV-2 RNA in each
sample as follows: 2 pl RNA were converted in cDNA by using SensiFAST
cDNA Synthesis Kit (Bioline) and primer sequences amplifying a region
in the N gene of SARS-CoV2 (Forward Primer: GGGGAACTTCTCCTGC-
TAGAAT; Reverse Primer: CAGACATTTTGCTCTCAAGCTG). The
observed Ct (qQRT-PCR cycle threshold) values were variable, ranging
between a minimum of 12,18 and a maximum of 34,96, corresponding
to a viral copy number ranging from 1,5 x 107 to 8 copies/mL. Libraries
were prepared using the Illumina TruSeq stranded total RNA protocol,
starting from 100 ng of RNA. Eight samples were sequenced on Illumina
platform NextSeq 500 (Illumina, San Diego, California) (2 x 75 nt) and
eighty-one samples were sequenced on I[llumina platform NovaSeq 6000
(Illumina, San Diego, California) (2 x 100 nt), yielding nearly 100
million high-quality paired-end reads per sample. Raw sequencing data
were analyzed in HOME-BIO pipeline [17] to obtain bacterial taxonomy
profiling of samples by querying RefSeq complete bacterial genome-
s/proteins database. The Quality Control module was set with default
parameters, to remove low-quality sequences and filter out reads aligned
to the human reference genome (GRCh38.p13 release 37). Classification
data were obtained using default confidence threshold (0.5) and then
imported in R software (version 3.6.3) for normalization in RPMs (reads
per million) values mapped to the bacterial database. As a control, we
collected meta-transcriptomic data generated from nasopharyngeal
swab specimens for 25 SARS-CoV-2 negative patients with no other viral

Table 1
Patient cohort description.

March-Apr-May Sept-Oct-Nov 2020 Jan-Feb 2021 (n
2020 (n = 27) (n =43) =19)
Age (years)
0-20 3(11%) 3 (7%) 5 (26%)
21-40 4 (15%) 8 (19%) 1 (5%)
41-60 4 (15%) 15 (35%) -
61-80 10 (37%) 13 (30%) 6 (32%)
>80 3(11%) 4 (9%) 7 (37%)
Unknown 3 (11%) -
Gender
Male (%) 16 (59%) 27 (63%) 5 (26%)
Female (%) 8 (30%) 16 (37%) 14 (74%)
Unknown 3 (11%) - -
Disease severity
Asymptomatic 11 (41%) 15 (35%) -
Mild 7 (26%) 6 (14%) -
Moderate 2 (7%) - 4 (21%)
Severe 5 (2 dead) (19%) 4 (1 dead) (9%) 1 (5%)
Unknown 27%) 18 (42%) 14 (74%)
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infections [18]. Fastq files were quality checked with FastQC and
analyzed with the HOME-BIO pipeline. Raw read counts were normal-
ized in RPM and differential distribution of phyla and genera was
computed as a ratio between the mean values of RPM in the SARS-CoV-2
positive dataset versus the control dataset. Statistical significance was
computed by applying a t-test followed by Bonferroni correction. Only
comparisons with a p-value < 0.05 were considered significant.

3. Results and discussion

3.1. Evaluation of the bacterial microbiota composition of the
nasopharynx in SARS-CoV2 positive patients and healthy donors

A first analysis of the bacterial microbiota composition in nasopha-
ryngeal swabs of SARS-CoV-2 positive patients revealed the presence of
three dominant phyla, also reported as highly represented in the naso-
pharynx of healthy humans [19]: Proteobacteria (41.85%), Firmicutes
(28.54%), Actinobacteria (16.10%). Less abundant but still detectable
phyla, given the great sensitivity of the method employed, were repre-
sented by Bacteroidetes (12.70%), Fusobacteria (0.46%), Candidatus
Saccharibacteria (0.15%), and Spirochaetes (0.15%) (Fig. 1A).

By comparison, among the most abundant phyla detected in the
control group, we found an increased amount of Proteobacteria
(69.75%) and a decreased percentage of Firmicutes (8.50%), while
Actinobacteria were less variable between the two groups (17.69%)
(Fig. 1B). It is worth mentioning an observed variability in relative
abundances of phyla within infected individuals, a result that could
depend on the dynamic ecological niche of the individual nasopharynx
[20] and/or biological fluctuations in response to SARS-CoV-2 in-
fections, an interesting possibility recently suggested by
Hernandez-Teran et al. [21].

To go further in depth, we computed the differential distribution of
phyla between infected and non-infected individuals (p-value <0.05),
observing that 5 phyla were more represented in SARS-CoV-2 positive
patients (Tenericutes, Candidatus Saccharibacteria, Fusobacteria, Bac-
teroidetes, Firmicutes), while 4 phyla were predominant in SARS-CoV-2
negative vs positive patients (Proteobacteria, Planctomycetes, Verru-
comicrobia, Deinococcus-Thermus).

In addition, to evaluate whether the effect of seasonality and
behavior (introduction of the widespread use of a face mask, increased
attention to social distancing, etc.) could have influenced the composi-
tion of the nasopharyngeal microbiota, we divided SARS-CoV-2 patients
based on the period of sampling considering the three COVID-19 waves
in our Region; in detail, 27 patients were from the first period (March-
-May 2020), 43 patients in the second period (September-November
2020) and 19 in the third period (January-February 2021). As shown in
Fig. 1C, the analyses did not reveal significant qualitative differences
among phyla detected in the three sampling periods, but we noticed
differences in the percentages assigned to each category. Indeed, the
highest variability over time was observed for the Proteobacteria
phylum. Of note, it has been reported that the overall population of
Proteobacteria in the upper respiratory trait decreases upon aging or due
to smoking, two factors correlated with high severity of SARS-CoV-2
infection and mortality rate, leading to the hypothesis that a decrease in
the population of Proteobacteria could increase the susceptibility to
viral infection and replication leading to severe disease [22], an obser-
vation also supported by the increased amount of Proteobacteria seen in
the control group (Fig. 1B).

3.2. Effects of SARS-CoV-2 infection on the host-microbiome of the
nasopharynx and possible bacterial co-infections

Due to the complex interaction that potential pathogens establish
with the healthy bacterial flora, respiratory tract infections have been
associated with changes in the microbiome [23]. In the specific case of
SARS-CoV2 infection, still, there are controversial results: indeed, a
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recent study comparing the nasopharyngeal microbiota of positive and
negative COVID-19 patients has revealed no significant differences in
bacterial diversity or composition [24], while another study has iden-
tified an increase in opportunistic pathogen species and a reduction in
the abundance of normal bacterial flora [25]. To evaluate whether the
SARS-CoV-2 infection could have perturbed the equilibrium between
commensal bacteria, we went more in-depth into the taxonomic classi-
fication by exploring the bacterial genera present in the nasopharynx of
COVID-19 patients. Previous evidence demonstrated that the nasopha-
ryngeal microbiome of healthy humans is primarily populated by mi-
crobes belonging to the phyla Actinobacteria, Bacteroidetes, Firmicutes,
and Proteobacteria, with a predominance of Bifidobacterium, Coryne-
bacterium, Staphylococcus, Streptococcus, Dolosigranulum, and Moraxella
genera [23,26]. By comparing the abundance of 304 common bacterial
genera identified in SARS-CoV-2 and non-infected patients (Fig. 2A), we
identified 42 genera that predominated in the infected patients, among
whom is worth mentioning Streptococcus, which was also the most
abundant bacterial genera, followed by Prevotella, Rothia, Staphylo-
coccus, and Veillonella, whose abundance, in addition, was similar in the
three periods of sampling (Fig. 2B). In accordance with our results,
Prevotella and Veillonella were identified as bacterial genera with
increased abundance in COVID-19 patients compared with healthy
controls [27].

Interestingly, in SARS-CoV-2 patients compared to the control group
we noticed a predominance of common potential respiratory pathogens
belonging to the Streptococcus and Staphylococcus genera, accompanied
by a reduced presence of commensal Bifidobacterium and Dolosi-
granulum. In accordance with the literature, in case of respiratory in-
fections a dysbiosis of the microbiota occurs, with an increase in
pathobionts such as Streptococcus pneumoniae, Haemophilus influenzae,
Staphylococcus aureus, and Moraxella catarrhalis, with a decrease of the
normal bacterial flora, mainly composed by Lactococcus, Anoxybacillus,
Corynebacterium, Bifidobacterium and Dolosigranulum sp. [25,28].

To evaluate if these changes in the microbiota composition of the
nasopharynx could be directly correlated with the SARS-CoV2 viral titer,
we classified infected patients into two groups, based on the amount of
SARS-CoV-2 RNA detected (High and Low viral copy number amount,
expressed as Ct value < 20 and Ct value > 25, respectively) and analyzed
the differences at a genus level.

Interestingly, we noticed that in the High SARS-CoV-2 group, genera
involved in the immunological homeostasis of nasopharyngeal micro-
biota decreased in favor of multidrug-resistant pathogens (Fig. 3).
Indeed, the Streptococcus, Veillonella, Proteus, Treponema, Brevudimonas,
Bifidobacterium and Lacticaseibacillus genera were generally less abun-
dant in patients with high SARS-CoV-2 RNA detected; in addition, in
accordance with a recent study comparing the nasopharyngeal micro-
biota in SARS-CoV-2 positive and negative patients [3], a decrease in the
relative abundance of Rothia was also recorded in patients with high
SARS-CoV-2 RNA. On the contrary, the genera Staphylococcus, Coryne-
bacterium, Dolosigranulum, Pseudomonas, Pasteurella, and Steno-
trophomonas were more abundant in the high than in the low
SARS-CoV-2 group; these genera include pathogen species that are
among the main causes of hospital infections, also with drug-resistant
strains associated with a high mortality rate [29]. Despite minor dif-
ferences in the relative abundance of these genera, our data are in
agreement with other studies surveying the nasopharynx microbiota
composition in COVID-19 patients [30]. These data suggest that
SARS-CoV-2 is associated with a dysbiosis of the microbiota and a higher
risk of bacterial co-infection.

3.3. Identification of super-pathogen bacteria associated with SARS-CoV-
2 infection

Given its role in the clearance of pathogens from the middle ear and
paranasal sinuses, the nasopharynx typically hosts both pathogenic and
non-pathogenic bacteria. Viral infections, however, could alter the
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Fig. 1. Bacterial microbiota composition in the nasopharynx of COVID-19 patients. Relative percentage of abundance for the main phyla identified in SARS-CoV-2

positive (panel A) and negative (panel B) patients and in SARS-CoV-2 patients across three periods of sampling (panel C).
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Fig. 2. Comparison between bacterial genus identified in SARS-CoV-2 positive patients and control group (A) and taxonomy profiling, expressed as a percentage of
the total, in three different periods of sampling (B).
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Fig. 3. Percentage of relative abundance for bacterial genera identified in nasopharyngeal swabs from patients with High or Low SARS-CoV-2 RNA amount.

normal clearance patterns, allowing bacterial colonization and subse-
quent risk of co-infections [31,32]. Meta-transcriptomic analysis of
SARS-CoV-2 patients detected 974 bacterial species with an rpm>5 in all
samples. Interestingly, we noticed in a medium-high % of patients the
presence of bacterial species included in the WHO global priority
pathogens list (global PPL) of public health concern for antibiotic

resistance [33], such as Staphylococcus aureus (98%), Klebsiella pneu-
moniae (80%), Streptococcus pneumoniae (52%) and Neisseria gonorrhoeae
(79%); less abundant but still detectable, we also found Pseudomonas
aeruginosa (19%) and Acinetobacter baumannii (16%). The most abun-
dant, among the above mentioned, was Staphylococcus aureus; this
bacterial strain, indeed, accounted for more than the 10% of all reads
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associated with the species in 21 out of 89 patients. Klebsiella pneumoniae
was the second most frequent, representing 2% of all reads in 12 pa-
tients, followed by Neisseria gonorrhoeae (5 patients), Streptococcus
pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumannii (1
patient) (Table 2). Klebsiella pneumoniae and Streptococcus pneumoniae
are among the most common causes of community-acquired pneumonia,
while Staphylococcus aureus and Pseudomonas aeruginosa have been
frequently associated with hospitalization; furthermore, Streptococcus
pneumoniae has been also associated with intubation for mechanical
ventilation [34]. Neisseria gonorrhoeae, the etiologic agent of gonorrhea,
a sexually transmitted infection, mainly colonizes the genital mucosa,
but it can also colonize the nasopharyngeal cavity giving rise to in-
fections in this atypical anatomic site [35,36]. However, colonization of
the nasopharynx by these pathogens is a multifactorial process involving
virulence factors of the pathogen, possible interactions with the micro-
biota, and genetic factors of the host [37].

To go further in-depth in describing the complexity of the bacterial
microbiota in COVID-19 patients, we then focused our attention on the
most abundant bacterial species, identified in at least 25% of the whole
cohort of 89 patients. These included pathogens and opportunistic
pathogens that might take advantage of a microbial dysbiosis of the
upper respiratory tract, as well as bacterial species known to be a part of
the normal bacterial flora of the nasopharynx. Of note, unsupervised
hierarchical clustering revealed a discrete segregation of 55 abundant
bacterial species into two main groups (Fig. 4).

As main representative species of the first group, we noticed the
presence of Staphylococcus aureus, Klebsiella pneumoniae, Pseudomonas
aeruginosa typically associated with pneumonia, opportunistic patho-
gens such as Moraxella catarrhalis [38], Finegoldia magna [39], Acineto-
bacter baumannii [40], and Enterococcus faecium [41], as well as normal
commensal highly abundant in the human nasopharynx such as several
Lactobacilli [42], Corynebacterium propinquum, Dolosigranulum pigrum
[43], etc.

The second big cluster was dominated by Streptococci such as Strep-
tococcus salivarius, Streptococcus oralis, and other bacteria predominating
in periodontal diseases such as members of the Prevotella genus, Schaalia
odontolitica, Veillonella parvula, Capnocytophaga gingivalis, Rothia dento-
cariosa, etc [44], in line with other studies even showing an increase in
periodontal bacteria generally linked to poor oral hygiene and con-
firming their association with SARS-CoV-2 infection [27,45].

In agreement with our data, recent studies reported the presence of
co-infections and superinfections associated with poor outcomes and
increased mortality in more than 20% of patients with SARS-CoV-2
infection, with Klebsiella pneumoniae, Streptococcus pneumoniae, and
Staphylococcus aureus as the most frequently identified bacteria [9].
Notably, these species can produce serious respiratory illnesses on their
own. From this evidence, virus-host microbiota interplay seems to be a
common feature of COVID-19 pathogenesis, with a disturbance of resi-
dent bacterial community, an event linked to disease severity and

Table 2
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spread, as recently reported [3]. In agreement with this, our results
indicate the presence of a dis-biotic and pro-inflammatory microbiota in
COVID-19 patients, with a significant diminution in species richness of
the nasopharynx; importantly, among bacteria identified as particularly
abundant in a relevant number of patients, we also detected species
reported as potential counteractors of COVID-19, such as Rothia muci-
laginosa and Streptococcus oralis [46]. Another important observation is
the identification of oral pathogens involved in periodontal diseases,
including, among others, species belonging to the Prevotella and Veillo-
nella genera, that might take advantage of oral and nasopharyngeal
dysbiosis, and can propagate in distant organs such as heart [47] and
lung [48]. In a consistent number of patients, potential pathogens and
commensal bacteria belonging to these two clusters displayed an
opposite abundance, leading to the observation that, a reduction in the
normal bacterial flora, as reported in other COVID-19 patients, is
frequently associated with increased susceptibility to pathogen bacteria
of the respiratory system and over-proliferation of opportunistic path-
ogens of the oral cavity. In this regard, the nasopharynx and the oral
cavity could act as a potential reservoir for a dysbiotic microbiota with
pathogenic potential [49,50], thus underlying the importance of char-
acterizing the microbiota during SARS-CoV-2 infections, as this
approach might identify the presence of bacterial species associated
with an increased risk of disease severity and guide the therapeutic
strategy.

4. Conclusions

In this study, we applied meta-transcriptomic analysis to obtain a
comprehensive picture of the whole microbiota, using a minimally
invasive procedure from a very small amount of starting sample, thereby
implementing a diagnostic approach for the diagnosis of the upper res-
piratory tract co-infections, useful to guide clinical management of the
SARS-CoV-2 positive patients.

Here, we underlie how SARS-CoV-2 infection disturbs the symbiosis
between commensal bacteria and opportunistic pathogens that colonize
the nasopharyngeal cavity, resulting in an over-proliferation of patho-
genic bacteria that predispose to the development of co-morbidities.
Indeed, although the balance between microbes populating the naso-
pharynx is very complex, as it is subjected to variables such as sex, age,
pathology, seasons, etc., our study has shown a significant difference
between the microbiota composition of SARS-CoV-2 positive and
negative control patients, and a clear correlation between high SARS-
CoV-2 burden and proliferation of super-pathogenic bacterial species
such as Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus
pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumannii,
accompanied by a reduced abundance and bacterial diversity in the
nasopharynx.

Taken together, our findings suggest that the nasopharyngeal
microbiota could be a factor potentially associated with the clinical

Relative abundance of super-pathogen bacteria in nasopharyngeal samples from COVID-19 patients.

Bacterial Species OMS Patients in which the n° patients in which the pathogen n° patients in which the pathogen  n° patients in which the pathogen
priority pathogen has been represents >10% of total reads represents >5% of total reads represents >2% of total reads
identified
Staphylococcus High 98% 21 30 34
aureus
Klebsiella Critical 80% 0 2 12
pneumoniae
Neisseria High 79% 0 0 5
gonorrhoeae
Streptococcus Medium 52% 0 0 1
pneumoniae
Pseudomonas Critical 19% 0 0 1
aeruginosa
Acinetobacter Critical 16% 0 0 1

baumannii




R. Giugliano et al.

Microbial Pathogenesis 165 (2022) 105506

o

Morganella_morganii
Pseudomonas_aeruginosa
Gardnerella_vaginalis
Bifidobacternum_breve
Lacticaseibacillus_paracasei
Lacticaseibacillus_zeae
Brevundimanas_diminuta
Corynebactenum _argentoratense
Moraxella_catarrhals
Corynebactenum_segmeniosum
Dalosigranulurm_prgrum
Corynebactenum_propinguum
Finegoldia_magna
Proteus_mirabilis
Stenotrophomonas_maltophilia
Corynebactenum_stratum
Staphyviococcus_epidermidis
Staphylococcus_aureus
Pasteurella_multocida
Meisseria_gonorrhoeae
Klebsiella_pneumonias
Staphylococcus_haemolyticus
Acinetobactier baumanne
Lacticaseibacillus_rhamnosus
Enterococcus_faecium
Treponema_panaum
Treponema_putidum
Brevundimonas_mediterranea
Prevotella_sp._oral_taxen_289
Capnucytophaga _gingivalis
,_.trepmcoccus sp._oral_taxon_431
._.trepmcc-r.:cus sp._oral_taxon_061
Streptococcus_sp._A1Z
Prevatella mf-ﬁnmogemca
Prevatella_intermedia
Schaalia_odontolytica
Rothia_mucilaginosa
Prevolella_denticola
Prevotella_oris
Prevotella_scopos
Veillonella_nakazawae
‘Veillonella_atypica
Prevotella_jeguni
Streptococcus_sp. HSISM1
Streptococcus_sp._ LPBO220
StreptocOCCUs_Darasanguinis
Streptococcus_salvanus
Streplococcus_mutans
Streptococcus_gordonil
Streptococcus_oralis
‘eillonella_parvula
Streptococcus_cristatus
Streptococcus_mitis
Streptococcus_sanguinis
Rothia dentocariosa

Fig. 4. Heatmap showing median centered expression values of 55 bacterial species across 89 samples from SARS-CoV-2 positive patients. Unsupervised hierarchical
clustering, generated with Multi-Experiment Viewer (MeV 4.5.1) using default parameters revealed clear segregation of samples in two major clusters, characterized
by a different abundance of commensal, opportunistic pathogens, and super-pathogen bacteria.

manifestation of COVID-19, as highlighted by the observed dysbiosis
and the presence of pathogens that could affect disease progression and
outcome. These results indicate that it is worth deepening this kind of
analysis on much larger cohorts of patients from different geographical
areas.
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