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Abstract: It is important to understand which bacterial taxa are most abundant during
SARS-CoV-2 infection and to promote mitigation strategies for conditions subsequent
to infection. Nasopharyngeal swab samples were collected from patients infected with
SARS-CoV-2 and their family contacts (uninfected and asymptomatic) during the outbreak
of the P.1 variant of SARS-CoV-2 in Parintins, Amazonas–Brazil, in March 2021. The
samples were investigated by a shotgun sequencing metagenomic approach using the
NextSeq 500 Illumina® system. The samples were stratified according to the presence or
absence of SARS-CoV-2, household group, sex, and age. Of the total of 63 individuals,
37 (58.73%) were positive for SARS-CoV-2 and 26 (41.27%) were negative for SARS-CoV-2
and other respiratory viruses (FLU, AdV, HBoV, HCoV, HMPV, RSV, PIV, HRV). The alpha
diversity indexes Chao1, species observed, Simpson, and Inv Simpson demonstrated a
significant difference (p < 0.05) in both the diversity of observed species and the abundance
of some taxa between positive and negative individuals. We also observed an abundance of
opportunists such as Klebsiella pneumoniae, Staphylococcus spp, and Shigella sonnei, previously
associated with the severity of COVID-19. Our results suggest that SARS-CoV-2 infection
causes changes in the microenvironment of the nasopharyngeal region, allowing greater
proliferation of opportunistic bacteria and decreased abundance of commensal bacteria.

Keywords: SARS-CoV-2; P.1 variant; nasopharyngeal; alpha diversity; beta diversity;
metagenomic; Brazilian Amazon
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1. Introduction
Immediately after the emergence of Severe Acute Respiratory Syndrome Coronavirus

2 (SARS-CoV-2) and subsequent coronavirus disease pandemic 2019 (COVID-19) [1], global
scientific efforts have been directed towards understanding viral biology [2,3], epidemiol-
ogy, and pathophysiology of these infections [4]. However, little is known about its effect
on the microbiome of the upper respiratory tract (URT), leaving gaps in knowledge about
the etiological agents secondary to SARS-CoV-2 infection, which may be playing some role
in the clinical worsening of these patients [5].

In this system, the nasopharynx is an anatomically unique region, which serves as a
connection point between the cavities of the ear, nose, and mouth [6,7]. This characteristic
creates a dynamic and complex microenvironment that is colonized by a wide variety
of bacteria [7,8]. These bacteria play a key role in maintaining the health of the upper
respiratory tract, helping to protect against pathogenic invaders and facilitating immune
function [9,10]. In addition, the nasopharynx exhibits a greater diversity of microbial
communities than other parts of the URT [9,11,12].

In general, the mucosal surfaces of the nasopharynx of healthy individuals are colo-
nized by commensal and opportunistic bacteria. The majority are members of the Firmi-
cutes, Actinobacteria, Bacteroidetes, and Proteobacteria phyla [7,9,12,13]. However, large
differences in microbial profiles can be observed between niches at lower taxonomic levels,
especially when this environment is disturbed [9,14–16]. Therefore, any changes in the
diversity and population of the microbiome lead to an interruption in homeostasis, causing
a state of “dysbiosis”.

In this sense, it is known that respiratory viruses alter the composition of the microbial
community of the respiratory tract, resulting in unevenness (upwards or downwards) of
commensal microbial diversity and greater abundance of opportunistic pathogens that
promote the severity of the disease in infected individuals [17–19]. In addition, secondary
infection or co-infection with bacteria is common and usually progressive [8,20]. However,
different viruses interact with different bacterial groups, making the dynamics of interac-
tion and their outcomes even more complicated [9]. In view of the above, growing evidence
from metagenomic approaches indicates that SARS-CoV-2 infection has a significant effect
on the diversity and composition of the bacterial community in the nasopharynx of hu-
mans [15,16,21,22]. The presence of secondary etiological agents in SARS-CoV-2 infections
has significant clinical relevance, as it can contribute to respiratory complications and
worsening of the clinical picture [15,16].

In this scenario, the identification and monitoring of these microorganisms are essential
for the appropriate choice of antimicrobial therapies and intensive care. Therefore, the
clinical importance of investigating and understanding the role of these secondary agents
in the context of COVID-19 is indisputable in order to improve clinical outcomes and
patient survival. To this end, describing the differences in taxon abundance in microbiomes
of infected and uninfected patients can provide information that may shed light on the
conditions following SARS-CoV-2 infection. Therefore, this study aimed to describe the
differences in the nasopharyngeal microbiome of a retrospective cohort of uninfected and
infected individuals with SARS-CoV-2 in a population located in the city of Parintins,
Amazonas, Brazil, in 2021.

2. Materials and Methods
2.1. Ethical Statement

This study was approved by the Human Research Ethics Committee of the Evandro
Chagas Institute, protocol number 79631424.6.0000.0019, in accordance with Resolution
466/2012 of the National Health Council. The authors assure that all procedures contribut-
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ing to this work comply with the ethical standards of the relevant national and institutional
committees on human experimentation and with the Declaration of Helsinki of 1975, as
revised in 2008.

2.2. Study Population and Sample Collection

In March 2021, the positive case tracking database of the Health Surveillance Foun-
dation and the Municipal Health Department of Parintins, Amazonas, Brazil, was used
to select individuals with a positive laboratory diagnosis for SARS-CoV-2 in the last three
days. The individuals were treated by the medical team of Municipal Health Units and
nasopharyngeal samples were collected by the Respiratory Syndrome Surveillance team.
For collection, rayon swabs and Viral Transport Medium (VTM) containing antibacterials
and antifungals provided by the Ministry of Health were used. The samples were stored
at a temperature of 8 ◦C and immediately sent to the Central Laboratory of the State of
Amazonas to proceed with molecular diagnosis (RT-qPCR). After diagnosis, samples were
stored at −70 ◦C. Individuals who tested positive for SARS-CoV-2 received a home visit
from the Health Surveillance technical team (composed of a nurse and an epidemiologist)
to collect nasopharyngeal swabs from their family members, following the previously
reported flow. After analysis by RT-qPCR (Allplex 2019-nCov Assay Kit), samples were
stored at −70 ◦C and sent on dry ice to the Respiratory Virus Laboratory of the Evandro
Chagas Institute, Ananindeua, Pará, Brazil, for further analysis. Transportation time was
up to 24 h.

2.3. Tests to Detect the Genome of SARS-CoV-2 and Other Respiratory Viruses

Total nucleic acid was used for RT-qPCR molecular diagnostics with the GoTaq® Probe
1-Step RT-qPCR System kit (PROMEGA, Madison, WI, USA). Specific primers and probes
were used for SARS-CoV-2, influenza A virus (FluA), influenza B virus (FluB), adenovirus
(AdV), human bocavirus (HBoV), human coronavirus (HCoV) 229E, HCoV-HKU1, HCoV-
NL63, and HCoV-OC43, human metapenumovirus (HMPV), Human parainfluenza virus
(HPIV 1-3), Respiratory Syncytial Virus (RSV) and human rhinovirus (HRV), according
to the protocol standardized by the CDC [23]. At the end of the reaction, samples were
considered positive up to a 40 cycles threshold. Positive and negative controls were
included in each reaction.

2.4. Shotgun Metagenomic Next-Generation Sequencing

Total nucleic acid was quantified using the Qubit™ dsDNA HS Assay Kit (Invitrogen)
and samples reached a concentration equal to or greater than 1 ng/µL went to the next stage.
The DNA libraries were prepared using the Nextera XT DNA Library Prep Kit (Illumina®,
San Diego, CA, USA) and the Agilent 2200 TapeStation system (Agilent Technologies–
Waldbronn, Germany) plus the High-Sensitivity D1000 Reagents and High-Sensitivity
D1000 ScrenTape kit was used as control of quality for the fragments generated during
library prepararation. Sequencing was carried out using NextSeq Illumina® sequencing
systems. A total of 800 million paired-end reads were available for every 20 samples,
ensuring approximately 40 million reads per sample.

2.5. Bioinformatics Analysis

The quality control of the raw data (reads) in FASTQ format was carried out using the
set of tools implemented in KneadData v.0.6.1. Initially, FASTQC v.0.12.0 [24] was used
to evaluate the number of bases sequenced and compare the quality of the reads before
and after the quality filter, thus guiding the choice of the cut-off value (PHRED ≥ 20).
Trimming was carried out using Trimmomatic v.0.36 [25], removing low-quality readings
and possible adapters. Tandem repeats in the DNA of the sequenced reads were also
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removed using the Tandem Repeat Finder (TRF) tool. Next, reads mapped to the human
reference genome GRCh38 were discarded using Bowtie2 v.2.4.4 [26]. Only paired reads
that passed the filtering were kept, and these were classified as non-host reads. In order
to elucidate the microbiome of SARS-CoV-2 positive and negative patients, the readings
after all previous filtering phases were compared using BlastX implemented in Diamond
v.2.0.11.149 [27] against the NR Database (NCBI’s nonredundant protein database), where
the statistical value, e-value [28], considered was 1.0 × 10 −4, and the BlastX results were
plotted using the KRONA v.2.7 software [29]. The program MEGAN v.6.24.20 [30] was
used to perform taxonomic and functional binning of the sequences based on the resulting
Diamond alignments (DAA format), where the statistical value, e-value [28], considered
was 1.0 and −11; such values consider a high probability of taxonomic homology assigned
to the respective reads when compared to the NR database.

2.6. Statistical Analysis

The taxonomic classification data generated by the MEGAN v.6.25.10. software were
converted into BIOM format and imported into the R statistical software environment,
version 4.1.3. [31], using the phyloseq package [32]. Statistical inferences were made using
the R software [27] and a p-value of less than 0.05 (p-value < 0.05) was considered statistically
significant. The alpha diversity calculations were based on the taxonomic analysis of
abundance at the family and species level and the results were visualized in boxplots. The
alpha diversity indices used were species observed, Chao1, InvSimpson, Simpson, and
Shannon; they were calculated in R using the phyloseq package [32] using the plot_richness
function. Wilcoxon rank sum tests were performed between detectable and nondetectable
groups for SARS-CoV-2, between groups separated by gender and groups separated by
age, to determine the differential abundance of the metagenomic characteristics associated
with these samples. Wilcoxon tests were also carried out for different members of family
groups. Principal co-ordinate analyses (PCoA) of beta diversity were calculated from the
taxonomic analysis of relative abundance at the family and species level. Bray–Curtis
diversity was calculated in R using the R package phyloseq [32] using the ordinate function.
Bar graphs of absolute frequency at the family and species level were generated from
the results of the taxonomic analysis produced by the MEGAN software [30]. The bar
charts were separated into categories based on the presence or absence of SARS-CoV-2
and the results of the frequency of taxa observed in these categories were visualized using
the ggplot package2 [33] package in the R statistical environment. Venn plots were also
produced in order to count the number of taxa identified only in SARS-CoV-2 positive
and negative samples, as well as the number of taxa shared between the two categories.
For the analyses of median and interquartile range of the age, the Lilliefors test and t-test
were used.

3. Results
3.1. Sample Characteristics and Study Population

RT-qPCR diagnosis of 63 nasopharyngeal samples tested identified 26 negative and
37 positive samples for SARS-CoV-2. To rule out the possibility of infection by other
respiratory viruses, the samples (positive and negative) were differentially diagnosed
for influenza A and B viruses, human respiratory syncytial virus, metapneumovirus,
adenovirus, rhinovirus, parainfluenza 1, 2, and 3, bocavirus, and the coronaviruses OC43,
HKU1, NL63, and 229E. The genome of none of the 14 respiratory viruses investigated was
detected. The samples were categorized according to the presence or absence of SARS-
CoV-2, family group, gender, and age. The ages of positive and negative cases presented a
normal distribution. The age of negative cases ranges from 19 to 72 years, with a mean of
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32.7 years (sd ± 13.3). The positive cases had an age range from 20 to 75 years, with a mean
of 40.9 years (sd ± 14.7). The mean age of positive cases was significantly higher than that
of negative cases (p = 0.0263). The age of positive men ranges from 20 to 75 years, with a
mean of 38.8 years (sd ± 13.3). Among positive women, the age ranges from 21 to 73 years,
with a mean of 43.4 years (sd ± 16.4). There was no significant difference between the ages
of positive men and women (p = 0.3501).

A summary of the categories is shown in Table 1. Detailed information on the samples
is described in Supplementary Material S1.

Table 1. Summary of variables analyzed.

No. Samples

Variables n = 63

Individuals infected with SARS-CoV-2 n = 37
Individuals not infected with SARS-CoV-2 n = 26

Male n = 29
Infected n = 20

Not infected n = 9

Female n = 34
Infected n = 17

Not infected n = 17

Total Residences n = 21

Age group 1 (18 to 31 years) n = 26
Age group 2 (32 to 45 years) n = 21
Age group 3 (46 to 59 years) n = 9

Age group 4 (≥60 yeas) n = 7

3.2. Microbial Diversity of Individuals Infected and Not Infected with SARS-CoV-2

The nasal microbial profile of individuals infected (n = 37) and not infected by SARS-
CoV-2 (n = 26) was determined by shotgun metagenomic sequencing. Each metagenome
was recovered, resulting in approximately 42,705,418 million reads obtained after the
quality filter. The readings corresponding to everyone individuals, were analyzed for the
taxonomic inferences of alpha and beta diversity after filtering and, for alpha diversity at
the family level, statistical parameters such as the Shannon, Simpson, and InvSimpson
indices showed no significant differences (p < 0.05) between individuals infected and not
infected by SARS-CoV-2 (Figure 1a). In contrast, the values observed in the observed and
Chao1 statistical parameters were significantly (p < 0.05) lower in infected individuals
when compared to uninfected individuals (Figure 1a). At the species level, four of the five
parameters analyzed (observed, Chao1, Simpson, and InvSimpson) showed a significant
difference between individuals infected and not infected by SARS-CoV-2 (Figure 1b). The
beta diversity statistical parameters such as principal co-ordinates analysis (PCoA) showed
no significant differences between the two groups, either at the family or species level
(Figure 1c,d).
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Figure 1. Comparison of alpha and beta diversity parameters between individuals infected and
not infected with SARS-CoV-2. (a) Boxplot graphs of alpha diversity indices at the family level.
(b) Boxplot graphs of alpha diversity indices at the species level. A p-value < 0.05 is represented by
an asterisk (*). (c) Analysis of beta diversity at the family level. (d) Analysis of beta diversity at the
species level.
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In total, 136 distinct bacterial taxa at the family level were observed with at least
16 families in each nasopharyngeal sample (Supplementary Material S2). Most of the taxa
(64.70%) were read at least 1000 times and 50 families obtained more than 10,000 readings
each. Among the taxa with the highest number of reads (≥1,000,000 reads), the families
Enterobacteriaceae (20,678,814 reads ~48%), Bacillaceae (5,793,607 reads ~13%), Vibrionaceae
(4,075,955 reads ~9%), Lactobacillaceae (1,778,346 reads ~4%), Bacteroidaceae (1,286,215 reads
~2%), Staphylococcaceae (1,269,907 reads ~2%), Xanthomonadaceae, 1,109,975 reads ~2%), and
Pseudomonadaceae (1,039,830 reads ~2%) made up the majority of the nasal microbiome
nasopharyngeal of infected and uninfected individuals (Figure 2). At the species level,
the abundance of Staphylococcus equorun, Geobacillius thermoleovorans, Bacilus thuringiensis,
Shigella sonnei, and Klebsiella pneumoniae was significantly higher in individuals infected
with SARS-CoV-2 (Figure 3). In contrast, Pseudomonas aeruginosa was considerably increased
uninfected individuals (Figure 3). The unique and shared distribution of bacteria found
in the two groups of participants is represented by Venn diagram, as shown in Figure 4.
In this study, 497 bacterial species were detected, of which 393 and 333 were reported in
infected and uninfected individuals, respectively, and 229 (46.07%) species were common
in both groups of individuals (Figure 4).
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Figure 2. Heat map based on the numbers of reads of the main taxa that have changed in abundance
between individuals infected (prefix P) and not infected (prefix N) by SARS-CoV-2. The clinical
samples are listed in the bottom text line and the names of the bacterial families are shown in the text
column on the left. The blue to red colored boxes represents the observed metagenomic sequencing
reads (reads ranged from 0 to 14 on the logarithmic scale, respectively).
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3.3. Intra-Family and Inter-Family Microbial Profile

In order to describe the nasopharyngeal microbiome of members of the same house-
hold and compare it with that of other households, only households with at least one
infected member and one uninfected member made up this analysis. Thus, of the total
microbiomes analyzed, 42 belonged to individuals from 11 different households. It was ob-
served that the composition of the bacterial community of the nasopharynx of the members
of these households is similar, with a slight variation in abundance (Figure 5). In most cases,
the greater the bacterial diversity, the lower the abundance of taxa in infected individuals.
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3.4. Bacterial Communities Associated with Age Groups and Sex

Alpha diversity was assessed for four age groups (age group 1: 18–31 years; age group
2: 32–45 years; age group 3: 46–59 years; and group 4: ≥60 years) and by gender (male:
n = 29, 9 uninfected and 20 infected; female: n = 34, 17 uninfected and 17 infected) at both
the family and species level. Figure 6 shows the results of alpha diversity at the taxonomic
family level in terms of the absence or presence of SARS-CoV-2. A statistically significant
difference (p < 0.05) was observed according to the nonparametric Wilcoxon test between
age groups 1 and 2 in the Simpson and InvSimpson indices, and, when comparing the
distribution graphs (boxplots) between positive and negative individuals, it was possible
to identify a downward trend in microbial diversity for age group 2 (32–45 years).
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The distribution of the main taxa based on heat maps exposed a difference in their
pattern of abundance (Figure 7). In age group 1 (18–31 years), the bacterial families
Tannerellaceae, Streptococcaceae, Nostococcaceae, and Porphyromonadaceae were more abundant
in infected individuals compared to uninfected ones (Figure 7a). On the other hand, the
species Streptococcus parasanguinis, Streptococcus mutans, and Staphylococcus hominis were
only present in uninfected individuals, and, curiously, Escherichia coli was not observed
(Figure 7b). In contrast, Shigella sonnei, Klebsiella pneumoniae, Geobacillus thermoleovorans, and
Vibrio parahemolyticus were enriched in the microbiomes of infected individuals (Figure 7b).
In age group 2 (32–45 years), Shigella sonnei and Klebsiella pneumoniae were more abundant
in the microbiomes of infected individuals, while Pseudomonas aeruginosa was less abundant.
In age group 3 (46–59 years), the distribution of abundance and taxonomic diversity was
similar between the groups of infected and uninfected individuals. In contrast, in age
group 4, these parameters were markedly increased in infected individuals. In general,
it was shown that some taxa were less abundant in age groups 3 and 4 compared to age
groups 1 and 2, and Klebsiella pneumoniae was significantly more abundant in age group 2
compared to the others.
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We also compared the nasopharyngeal microbiome of men and women infected
and uninfected by SARS-CoV-2 between age groups. It was observed that Pseudomonas
aeruginosa was more abundant among those not infected by SARS-CoV-2 and that Bacillus
thuringiensis was more abundant among those infected by SARS-CoV-2 regardless of sex
and age group. Among the younger population (18–31 years), no significant differences
were observed regardless of sex. For women aged 32 to 45 years, Klebsiella pneumoniae
was observed only in those infected by SARS-CoV-2. In the elderly infected >60 years,
Klebsiella pneumoniae and Staphylococcus equorum were more abundant in women and Bacillus
velezensis, Cronobacter sakazakii, and Bacteroides fragilis were more abundant in men in this
age group (Figure 8).
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4. Discussion
To our knowledge, this is the first study that explicitly focused on the nasopharyngeal

bacterial composition of uninfected and SARS-CoV-2-infected individuals from a pop-
ulation in the Amazon region where the P.1 variant emerged. In this study, we found
dysbiosis in the nasopharynx of individuals infected with SARS-CoV-2 when compared to
uninfected individuals (p < 0.05). Subgroup analyses showed that young adults infected
with SARS-CoV-2 (age groups of 18–31 and 32–45) had a higher abundance of opportunistic
pathogens. In addition, men and women had a similar bacterial community, as observed
among members of the same household.

Our data suggest that SARS-CoV-2 infection favored the decrease in alpha diversity
when evaluating the richness metric (p < 0.05: observed species, Chao 1, Simpson and
InvSimpson), demonstrating a difference in diversity and abundance of the observed
species between individuals infected and not infected by SARS-CoV-2. These results are in
accordance with previously published studies [16,22,34–37].

It is worth noting that the nasopharyngeal bacterial microbiome of the individuals stud-
ied consists of at least 16 bacterial groups. However, the abundance of each taxon varied
between the infected and uninfected groups. In infected patients, bacteria from the Enter-
obacteriaceae, Bacillaceae, Vibrionaceae, Lactobacillaceae, Bacteroidaceae, and Staphylococcaceae
families were frequently detected, supporting the findings of previous studies [38–40].

Studies have reported the communication of the gut and nasal microbiome and that
SARS-CoV-2 infection change the gut microbiome, allowing pathogenic bacteria such as
Enterobacteriaceae to thrive and triggering more severe disease outcomes [39,41,42]. In
addition, Gratiela Gradisteanu et al. (2023) explained that SARS-CoV-2 infection led to
exacerbated changes in the microbiome in patients with type 2 diabetes, characterized by
higher levels of Enterobacteriaceae [43].
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Regarding the influence of Bacteroidaceae on the course of SARS-CoV-2 infection, Tao
Zuo et al. (2020) reported that Bacteroides spp play an important role as a member of the
gut microbiome against COVID-19 infection, negatively regulating angiotensin-converting
enzyme 2 (ACE2) and reducing the entry of SARS-CoV-2 [39]. The genus Bacteroide is
known to perform immunomodulatory actions in the human gastrointestinal system [44]
and, consequently, potentially exerts the same action in the respiratory system. In this sense,
previous studies have reported that these members constitute the central microbiome of
the nasal community and harbor various opportunistic pathogens, which alter the host’s
immune response during influenza infections, which may be occurring in SARS-CoV-2
infections [36].

Research shows that the abundance of Bacillaceae species may increase the inflamma-
tory response and impact the severity of COVID-19 [40]. Conversely, Sadia Alam et al.
(2020) proposed using compounds derived from Bacillus spp as potential inhibitors of key
proteases in the coronavirus replication cycle [45]. Therefore, enriching this taxon could
have an ambiguous effect, either contributing to the clinical condition of individuals or
aiding in controlling the infection.

As researchers delved deeper into the taxonomic classification, we observed that
Klebsiella pneumoniae and Staphylococcus spp were the most frequently identified pathogens
in the nasopharynx of SARS-CoV-2 infected individuals. According to Sharifipour et al.
(2020), in a study of COVID-19 patients, almost half (10 out of 21) of the patients de-
veloped secondary bacterial infections in the lungs caused by Klebsiella pneumoniae and
Staphylococcus spp. Sadly, this ultimately resulted in death despite receiving antibiotic
treatment [46]. Although, in the present study, these bacteria were expressively abundant
in the nasopharyngeal microbiome, the communication of the entire respiratory tract allows
the movement and increase in abundance of bacteria from one region to another [8].

We also draw attention to the significant number of readings associated with Geobacil-
lius thermoleovorans in both groups (infected and uninfected), although they were more
abundant in patients infected with SARS-CoV-2. It was reported that this bacterium
was markedly increased in children with severe COVID-19 and Multisystem Inflamma-
tory Syndrome [47]. However, a study on potential probiotic candidates revealed that
Geobacillius thermoleovorans has an inhibitory effect against pathogenic bacteria, especially
Gram-negative bacteria [48]. In our study, the abundance of Geobacillius thermoleovorans
was concomitantly observed with a lower abundance of Pseudomonas aeruginosa and Es-
cherichia coli among individuals infected with SARS-CoV-2. Interestingly, other authors
demonstrated a higher abundance of Pseudomonas aeruginosa and Escherichia coli and the
absence of Geobacillius thermoleovorans [49,50]. Therefore, we hypothesize that this taxon
has a potential suppressive effect on other bacteria harmful to human health; however,
under stress, it can become pathogenic.

Regarding the differences in the bacterial microbiome of the nasopharynx of infected
and uninfected individuals within and between families, the results showed that each of the
uninfected individuals comprises a more or less similar microbial community within their
household, with discrete varying abundances of a few taxa, just as described by Abhishek
Gupta et al. (2022) [37], further corroborating the idea that individuals who reside together
and/or share common ecological niches contain similar microbial communities that can be
subsequently shaped by factors intrinsic to the individual, diet, lifestyle, work occupation,
etc. [51,52].

Alternatively, we also looked into how the nasopharyngeal microbiome varies depend-
ing on the age and sex of the individuals. What we found was that, while infected adults
have similar niche characteristics, there were higher levels of certain taxa in the nasophar-
ynx of younger adults compared to middle-aged adults. We also observed an increase in
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opportunistic pathogens (Shigella sonnei, Klebsiella pneumoniae, and Staphylococcus spp.) in
the age groups of 18–31 and 32–45 in individuals infected with SARS-CoV-2. Interestingly,
the microbiome of the infected nasopharynx in the 46–59 age group seemed to be the least
affected, with no differences in microbial abundance when compared to the negative group.
These findings support the conclusions of Abhishek Gupta et al. (2022), who suggested
that microbial groups are linked to different age groups and have varying responses to
SARS-CoV-2 infection [37].

Despite observing an increase in the point abundance of a few bacterial groups found
in infected male or female individuals, supporting the hypothesis that they may respond
differently during SARS-CoV-2 infection [11,49], our results are in line with previous studies
carried out on COVID-19 patients, where no significant association of age and sex was
found [37,46,49].

Furthermore, we did not detect other respiratory viruses as co-pathogens in COVID-
19 patients. A plausible hypothesis for why no co-infection of SARS-CoV-2 with other
respiratory viruses was detected could be related to reduced opportunities for transmission,
since, during 2021, strict lockdowns, travel restrictions, and widespread use of masks
likely led to a drastic reduction in the circulation of other respiratory viruses, including the
ones we investigated (FLU, AdV, HBoV, HCoV, HMPV, RSV, PIV, and HRV) [53,54]. This
potentially reduced the chances of finding other respiratory pathogens, leading to fewer
potential co-infections at that time.

Our work also has some limitations. Unfortunately, due to the emergency public
health situation at the time, it was not feasible to follow up patients and collect serial
nasopharyngeal swabs from these individuals. In addition, due to the heterogeneity of our
samples (age, disproportionate number of individuals—positive and negative) and lack of
clinical and sociodemographic information, we were limited to establishing associations
between the dysbiosis events of the nasopharyngeal microbiome found in our study and
the individual characteristics of the study participants.

5. Conclusions
Overall, this study describes for the first time the nasopharyngeal microbiome of

SARS-CoV-2-infected and uninfected individuals from a Brazilian Amazonian community.
Our results suggest that SARS-CoV-2 infection has facilitated the abundance of opportunis-
tic pathogens, unbalancing the resident commensal microbiome due to the viral infection.
We also observed potential bacterial groups (Geobacillius thermoleovorans and Bacteroides
spp.) with antagonistic effects to opportunistic pathogens (Pseudomonas aeruginosa and Es-
cherichia coli) that could serve as prognostic biomarkers of the nasopharyngeal microbiome
of patients with COVID-19. These biomarkers could help in the screening of high-risk pa-
tients, allow for more personalized treatment, and help in the proper allocation of medical
resources. In addition, the identification of biomarkers can contribute to the development
of new therapies and interventions to improve patient prognosis.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/microorganisms13051088/s1, Table S1: Information on
positive and negative samples for SARS-CoV-2.; Table S2: List of all bacterial families and their
respective reading numbers for each study sample.

Author Contributions: W.A.J. and I.O.S.: carried out sample collection and experiments. A.M.S.C.,
J.A.F., L.S.B., S.P.S., W.D.C.J., P.S.L. and D.M.T.: contributed to sequencing performance. J.F.C. and
K.C.P.: carried out bioinformatic and statistical analyses. A.M.S.C., M.S.S., F.N.T., L.S.S.F. and M.C.S.:
carried out study conception and design, supervision, review, and background acquisition. A.M.S.C.,
M.S.S. and F.N.T.: carried out the formal writing of the manuscript and the preparation of the original
draft. All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/microorganisms13051088/s1


Microorganisms 2025, 13, 1088 15 of 17

Funding: This research was funded by the Public Ministry of Labor through the Research Support and
Development Foundation, grant number 4648 MPT/IEC/FADESP; Sergio Arouca National School of
Public Health (ENSP), the Oswaldo Cruz Foundation (FIOCRUZ), the Foundation for Scientific and
Technological Development in Health (FIOTEC), and the Centers for Disease Control and Prevention
(CDC) USA, GRANT NUMBER: NU2GGH002174; Evandro Chagas institute, Ministry of Health–
Brazil, and Pro-Rectory of Research and Postgraduate Studies—PROPESP, of Federal University
of Pará (UFPA); and National Council for Scientific and Technological Development (CNPq) for
granting me the doctoral scholarship. Its contents are the sole responsibility of the authors and do
not necessarily represent the official position of the funders.

Institutional Review Board Statement: This study was approved by the Human Research Ethics
Committee of the Evandro Chagas Institute, protocol number 79631424.6.0000.0019.

Informed Consent Statement: Since these samples come from the laboratory surveillance network
and were collected during the outbreak of the P.1 variant of SARS-CoV-2, in which health services
were overwhelmed and disorganized, obtaining express authorization from individuals is extremely
difficult. In this context, we request that the Informed Consent Form (ICF) be waived, but with
the commitment to maintain confidentiality regarding the data collected and, when publishing
the research results in scientific meetings or journals, they will be presented without names or
any information that identifies the participants, in accordance with the Guidelines and Regulatory
Standards for Research Involving Human Subjects (CNS Resolution No. 466/2012, CNS Resolution
No. 510/2016 and CNS Resolution No. 738/2024). To increase confidentiality and ensure participant
anonymity, we undertake to encode participant identification data when assembling the database. To
this end, the names of the participants will be replaced by a numerical record ensuring anonymity.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: We would like to express our sincere gratitude to the Evandro Chagas Insti-
tute and the Virology Section for their generous support in providing access to their outstanding
infrastructure. Alse we would like to extend our heartfelt thanks to researches Luciana Flannery
and Roberto Esteves for their unwavering support throughout the research process. Your guidance,
expertise, and valuable insights you have shared, which have greatly enriched the research.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected

with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef] [PubMed]
2. Otto, S.P.; Day, T.; Arino, J.; Colijn, C.; Dushoff, J.; Li, M.; Mechai, S.; Van Domselaar, G.; Wu, J.; Earn, D.J.; et al. The origins

and potential future of SARS-CoV-2 variants of concern in the evolving COVID-19 pandemic. Curr. Biol. 2021, 31, R918–R929.
[CrossRef] [PubMed]

3. Boni, M.F.; Lemey, P.; Jiang, X.; Lam, T.T.-Y.; Perry, B.W.; Castoe, T.A.; Rambaut, A.; Robertson, D.L. Evolutionary origins of
the SARS-CoV-2 sarbecovirus lineage responsible for the COVID-19 pandemic. Nat. Microbiol. 2020, 5, 1408–1417. [CrossRef]
[PubMed]

4. Wang, H.; Zhao, W. WHO-Convened Global Study of Origins of SARS-CoV-2: China Part (Text Extract). Infect. Dis. Immun. 2021,
1, 125–132. [CrossRef]

5. Yamamoto, S.; Saito, M.; Tamura, A.; Prawisuda, D.; Mizutani, T.; Yotsuyanagi, H. The human microbiome and COVID-19:
A systematic review. PLoS ONE 2021, 16, e0253293. [CrossRef]

6. Dickson, R.P.; Erb-Downward, J.R.; Martinez, F.J.; Huffnagle, G.B. The Microbiome and the Respiratory Tract. Annu. Rev. Physiol.
2016, 78, 481–504. [CrossRef]

7. Cleary, D.W.; Clarke, S.C. The nasopharyngeal microbiome. Emerg. Top. Life Sci. 2017, 1, 297–312. [CrossRef]
8. Hanada, S.; Pirzadeh, M.; Carver, K.Y.; Deng, J.C. Respiratory viral infection-induced microbiome alterations and secondary

bacterial pneumonia. Front. Immunol. 2018, 9, 2640. [CrossRef]
9. Li, N.; Ma, W.T.; Pang, M.; Fan, Q.L.; Hua, J.L. The commensal microbiota and viral infection: A comprehensive review. Front.

Immunol. 2019, 10, 1551. [CrossRef]

https://doi.org/10.1016/S0140-6736(20)30183-5
https://www.ncbi.nlm.nih.gov/pubmed/31986264
https://doi.org/10.1016/j.cub.2021.06.049
https://www.ncbi.nlm.nih.gov/pubmed/34314723
https://doi.org/10.1038/s41564-020-0771-4
https://www.ncbi.nlm.nih.gov/pubmed/32724171
https://doi.org/10.1097/ID9.0000000000000017
https://doi.org/10.1371/journal.pone.0253293
https://doi.org/10.1146/annurev-physiol-021115-105238
https://doi.org/10.1042/ETLS20170041
https://doi.org/10.3389/fimmu.2018.02640
https://doi.org/10.3389/fimmu.2019.01551


Microorganisms 2025, 13, 1088 16 of 17

10. Man, W.H.; de Steenhuijsen Piters, W.A.; Bogaert, D. The microbiota of the respiratory tract: Gatekeeper to respiratory health.
Nat. Rev. Microbiol. 2017, 15, 259–270. [CrossRef]

11. Rosas-Salazar, C.; Kimura, K.S.; Shilts, M.H.; Strickland, B.A.; Freeman, M.H.; Wessinger, B.C.; Gupta, V.; Brown, H.M.; Rajagopala,
S.V.; Turner, J.H.; et al. SARS-CoV-2 infection and viral load are associated with the upper respiratory tract microbiome. J. Allergy
Clin. Immunol. 2021, 147, 1226–1233.e2. [CrossRef] [PubMed]

12. Edouard, S.; Million, M.; Bachar, D.; Dubourg, G.; Michelle, C.; Ninove, L.; Charrel, R.; Raoult, D. The nasopharyngeal microbiota
in patients with viral respiratory tract infections is enriched in bacterial pathogens. Eur. J. Clin. Microbiol. Infect. Dis. 2018,
37, 1725–1733. [CrossRef] [PubMed]

13. Santacroce, L.; Charitos, I.A.; Ballini, A.; Inchingolo, F.; Luperto, P.; De Nitto, E.; Topi, S. The human respiratory system and its
microbiome at a glimpse. Biology 2020, 9, 318. [CrossRef] [PubMed]

14. Lloyd-Price, J.; Mahurkar, A.; Rahnavard, G.; Crabtree, J.; Orvis, J.; Hall, A.B.; Brady, A.; Creasy, H.H.; McCracken, C.; Giglio,
M.G.; et al. Strains, functions and dynamics in the expanded Human Microbiome Project. Nature 2017, 550, 61–66. [CrossRef]
[PubMed]

15. Ventero, M.P.; Cuadrat, R.R.C.; Vidal, I.; Andrade, B.G.N.; Molina-Pardines, C.; Haro-Moreno, J.M.; Coutinho, F.H.; Merino,
E.; Regitano, L.C.A.; Silveira, C.B.; et al. Nasopharyngeal Microbial Communities of Patients Infected With SARS-CoV-2 That
Developed COVID-19. Front. Microbiol. 2021, 12, 637430. [CrossRef]

16. Ma, S.; Zhang, F.; Zhou, F.; Li, H.; Ge, W.; Gan, R.; Nie, H.; Li, B.; Wang, Y.; Wu, M.; et al. Metagenomic analysis reveals
oropharyngeal microbiota alterations in patients with COVID-19. Signal Transduct. Target. Ther. 2021, 6, 191. [CrossRef]

17. Belvoncikova, P.; Splichalova, P.; Videnska, P.; Gardlik, R. The Human Mycobiome: Colonization, Composition and the Role in
Health and Disease. J. Fungi 2022, 8, 1046. [CrossRef]

18. Candel, S.; Tyrkalska, S.D.; Álvarez-Santacruz, C.; Mulero, V. The nasopharyngeal microbiome in COVID-19. Emerg. Microbes
Infect. 2023, 12, e2165970. [CrossRef]

19. Gao, Z.; Yu, L.; Cao, L.; Yang, M.; Li, Y.; Lan, Y.; Tang, R.; Huang, Y.; Luan, G.; Liu, Y.; et al. Analysis of coexisting pathogens in
nasopharyngeal swabs from COVID-19. Front. Cell. Infect. Microbiol. 2023, 13, 1140548. [CrossRef]

20. Hoque, M.N.; Sarkar, M.H.; Rahman, M.S.; Akter, S.; Banu, T.A.; Goswami, B.; Jahan, I.; Hossain, M.S.; Shamsuzzaman, A.K.M.;
Nafisa, T.; et al. SARS-CoV-2 infection reduces human nasopharyngeal commensal microbiome with inclusion of pathobionts. Sci.
Rep. 2021, 11, 24042. [CrossRef]

21. De Maio, F.; Posteraro, B.; Ponziani, F.R.; Cattani, P.; Gasbarrini, A.; Sanguinetti, M. Nasopharyngeal Microbiota Profiling of
SARS-CoV-2 Infected Patients. Biol. Proced. Online 2020, 22, 20–23. [CrossRef] [PubMed]

22. Lai, C.K.C.; Cheung, M.K.; Lui, G.C.Y.; Ling, L.; Chan, J.Y.K.; Ng, R.W.Y.; Chan, H.C.; Yeung, A.C.M.; Ho, W.C.S.; Boon, S.S.; et al.
Limited Impact of SARS-CoV-2 on the Human Naso-Oropharyngeal Microbiota in Hospitalized Patients. Microbiol. Spectr. 2022,
10, e0219622. [CrossRef] [PubMed]

23. Centers for Disease Control and Prevention. Training Course in Real-Time RT-PCR Assays for Non-Influenza Respiratory Viruses;
Instituto Adolfo Lutz: São Paulo, Brazil, 2013.

24. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online: http://www.
bioinformatics.babraham.ac.uk/projects/fastqc (accessed on 5 February 2024).

25. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef] [PubMed]

26. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef]
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