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ARTICLE INFO ABSTRACT

Keywords: Background: The respiratory tract harbors a variety of microbiota, whose composition and
Nasopharyngeal microbiome abundance depend on specific site factors, interaction with external factors, and disease. The aim
Nasopharynx of this study was to investigate the relationship between COVID-19 severity and the nasopha-
COVID-19 ryngeal microbiome.

Staphylococcus . . . . .

Corynebacterium Methods: We conducted a prospective cohort study in Mexico City, collecting nasopharyngeal
Streptococcus swabs from 30 COVID-19 patients and 14 healthy volunteers. Microbiome profiling was per-
Lawsonella formed using 16S rRNA gene analysis. Taxonomic assignment, classification, diversity analysis,
Cutibacterium Core microbiome core microbiome analysis, and statistical analysis were conducted using R packages.

Intubation Results: The microbiome data analysis revealed taxonomic shifts within the nasopharyngeal

microbiome in severe COVID-19. Particularly, we observed a significant reduction in the relative
abundance of Lawsonella and Cutibacterium genera in critically ill COVID-19 patients (p < 0.001).
In contrast, these patients exhibited a marked enrichment of Streptococcus, Actinomyces, Peptos-
treptococcus, Atopobium, Granulicatella, Mogibacterium, Veillonella, Prevotella 7, Rothia, Gemella,
Alloprevotella, and Solobacterium genera (p < 0.01). Analysis of the core microbiome across all
samples consistently identified the presence of Staphylococcus, Corynebacterium, and Streptococcus.
Conclusions: Our study suggests that the disruption of physicochemical conditions and barriers
resulting from inflammatory processes and the intubation procedure in critically ill COVID-19
patients may facilitate the colonization and invasion of the nasopharynx by oral microorganisms.
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1. Introduction

Respiratory tract is characterized by unique anatomical structures, performing various functions and harboring distinct micro-
environments. The nasal cavity, nasopharynx, and oropharynx are part of the upper respiratory tract (URT). Despite their anatomical
proximity, these structures exhibit differences in their microbiota. Genera such as Staphylococcus, Propionibacterium, Cutibacterium,
Corynebacterium, Moraxella, and Streptococcus have been identified as predominant in the nasal cavity [1,2]. Nasopharynx, with its
unique microenvironment characterized by specific pH, temperature, relative humidity, and the presence of pharyngeal tonsils, is
permissive to the colonization by different microorganisms, including Dolosigranulum, Neisseria, and Haemophilus [3]. Due to the
proximity of its connection with the mouth, the oropharynx harbors a distinct microbial community that includes Rothia, Veillonella,
Prevotella, Atopobium, Gemella, and Streptococcus, amongst others [4]. This structure has the highest bacterial load in the respiratory
tract, with many microorganisms originating from oral microbiota [5].

It is well known that respiratory microbiome is a complex ecosystem, comprising diverse microorganisms that participate in
cooperative and competitive interactions among themselves, and with the host, thereby impacting respiratory health and disease. The
coexistence of two microbial species in the same niche from airways ecosystems, with identical needs usually is not feasible [6]. Each
anatomical site within the respiratory tract signifies a distinct niche influenced by interactions with the host immune system and
diverse external factors. Respiratory viral infections, provoke changes in the physicochemical and immunological conditions of the
epithelial barrier that impact in microbial competition for specific ecological niches [7], leading to modifications in microbial colo-
nization. In this context, COVID-19, a highly infectious respiratory disease caused by the SARS-CoV-2 virus, causes inflammation in the
respiratory tract, and in severe cases, respiratory tract damage may progress to respiratory failure and acute respiratory distress
syndrome (ARDS) [8-10] triggering pathogenic immune response associated to epithelial respiratory tract and lung tissue damage [11,
12]. These inflammatory and physicochemical changes in the mucosal membranes may provoke the translocation of microorganisms
from different compartments, such as the gut to the blood [13] or the mouth to the respiratory tract [14]. This phenomenon could be a
cause of secondary infections or co-infections by microorganisms such as Staphylococcus, Streptococcus, Pseudomonas, Klebsiella, and
Acinetobacter, thereby contributing to the severity of COVID-19 [15,16]. These complications often result in extended hospital stays
and can even lead to fatal outcomes [17]. Previous studies have focused on comparing the diversity of the nasopharyngeal microbiome
in COVID-19 [18,19]. Prasad et al. [20] and Mostafa et al. [21] reported a decrease in alpha diversity, while Braun et al. [18] and
Feehan et al. [22] did not find significant differences in alpha diversity indices. Taxonomic changes have been reported in the relative
abundance of Corynebacterium, Dolosigranulum, Staphylococcus, Fusobacterium, Anaerococcus, Enterobacter, Peptostreptococcus, Pre-
votella, Pseudomonas, Mycoplasma, Alloprevotella, Solobacterium, Veillonella, Streptococcus, and Actinomyces genera in COVID-19 patients
compared to healthy individuals [15,22-25]. In general, the results of these studies are still non consistent.

In this study, the relationship between the severity of COVID-19 and the nasopharyngeal microbiome was evaluated. Thus, we
analyzed the bacterial microbiome of patients with different degree of COVID-19 disease severity and compared them to healthy
volunteers. Our analysis, along with the identification of the core microbiome and the changes in nasopharyngeal genera, might
contribute to our understanding of microbial interactions in patients with different clinical presentations of COVID-19.

2. Materials and methods
2.1. Study population

We conducted a prospective cohort study in 44 adult subjects, including 30 SARS-CoV-2 positive individuals by real-time PCR and
14 healthy volunteers negative for SARS-CoV-2 infection. Patients were recruited from the emergency room unit at the Instituto
Nacional de Enfermedades Respiratorias “Ismael Cosio Villegas” (INER) in Mexico City, which is a referral center for respiratory
diseases in Mexico. Nasopharyngeal swabs were collected from fall 2020 to fall 2021 and only patients with positive real-time PCR
analysis for SARS-CoV-2 were recruited. Samples from healthy donors were collected in parallel. Healthy volunteers had no respiratory
symptoms and were negative for the RT-PCR test, at the time of sample collection and for 4 weeks thereafter. COVID-19 severity was
categorized according to WHO’s Living Guideline Clinical Management of COVID-19 (January 13th, 2023), 9 patients had severe
COVID-19 disease and 21 were classified as critically ill requiring mechanical ventilation. The list of the samples and clinical and
demographic information of patients are summarized in Supplementary Table 1.

2.2. Sample processing

Nasopharyngeal swab samples were taken according to the standard guidelines. The sample was placed in UTM®: Universal
Transport Medium™ (Copan Diagnostics, United States) and stored at —70°C until its DNA extraction was performed. Samples were
centrifuged for 20 min at 14,000 RPM, the supernatant was removed and discarded. The pellet was resuspended in 500 pl of Spu-
tolysin® (Calbiochem, Germany) and was mixed on a vortex mixer for 30 s, the suspended mixture stood at room temperature for 15
min. Subsequently, it was centrifuged for 5 min at 1500 rpm, discarding the supernatant. DNA was extracted with the QIAmp UCP
pathogen miniKit (Qiagen), using the mechanical pre-lysis with spin protocol for swabs described in the QIAmp UCP Pathogen Mini
Handbook. The incubation time with Proteinase K was performed during 20 min. Subsequently, the DNA V4 region of 16S rRNA was
amplified by PCR using the primers 515f and 806r [26]. Samples were pooled and barcoded following Illumina 16S metagenomics
protocol (Illumina, USA). The barcodes were pooled in equimolar concentration and sequenced on the Illumina Miseq platform using
the 2 x 250 pair-end method.
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2.3. Bioinformatics analysis and statistics

Sequencing data was processed with R version 4.2.1. Quality trimming, sample inference, paired reads merging, chimera removal,
and taxonomy assignment were performed using DADA2 R package version 3.17 [27]. Silva v138 database was utilized for taxonomic
assignment. ASV abundances were normalized using the Wrench method [28]. The analysis of alpha diversity was performed using the
Microbiome R package version 1.18 [29]. For beta diversity analysis Non-metric multidimensional scaling (NMDS) was used, using the
Bray-Curtis dissimilarity index, and permanova analysis ADONIS2 was used to determine significance. Statistical tests and charts were
performed using Ggstatsplot R package version 0.9.4 [30] and Gtsummary R package version 1.6.2 [31] to evaluate the differences
between groups and demographic characteristics, comorbidities, clinical data, laboratory tests, severity of illness, and clinical
outcome. The core microbiome was defined as taxonomic groups that were present in at least 60 % of the samples with 0.001 % relative
abundance, using the Eulerr, Microbiome, and Microbiomeutilities R packages. Correlation analysis was performed to explore the
relationships between variables of interest. Spearman’s rank correlation coefficient was utilized to assess the strength and direction of
associations between the relative abundances of taxonomic groups and severity of COVID-19. The severity of COVID-19 was cate-
gorized into three ordinal levels: controls (assigned a value of 0), moderate COVID-19 cases (assigned a value of 1), and critical
COVID-19 cases (assigned a value of 2). Correlation analysis was conducted using statistical software R with significance set at p <
0.05.

Additionally, we conducted exploratory data analysis to assess the impact of covariates, including comorbidities, antibiotic usage,
and steroid administration prior to sampling, further the effect of orotracheal intubation for mechanical ventilation. Our analysis
involved a comparative examination of each covariate using the relative abundances of taxonomic groups. To conduct this analysis, we
employed Mann-Whitney statistical tests, utilizing the Ggstatsplot R package (version 0.9.4) and the Gtsummary R package (version
1.6.2).

2.4. Bioinformatic analyses based in databases reported in other studies

Furthermore, to strengthen our analysis, a systematic search was conducted in PubMed of the National Center for Biotechnology
Information (NCBI) to identify studies focusing on the nasopharyngeal microbiota and COVID-19 severity. A total of six relevant
studies were identified, all of which included healthy volunteers and employed high-throughput amplicon sequencing based on the
16S rRNA gene to analyze the microbiome. After reviewing these six studies, we found that only two of them had accessible data on
samples from the nasopharynx in both COVID-19 patients and healthy volunteers. Specifically, Smith et al. [25] conducted their study

Table 1
Demographic characteristics and comorbidities.
Control, N = 14 Severe, N = 9 Critical, N = 21 P-value*

Age 52 (40, 60) 47 (47, 55) 48 (42, 65) 0.8
Gender >0.9
female 6 (43 %) 3 (33 %) 7 (33 %)
male 8 (57 %) 6 (67 %) 14 (67 %)
Height 1.68 (1.54, 1.75) 1.67 (1.64, 1.68) 1.70 (1.60, 1.73) 0.9
Unknown 4 0 0
Weight 72 (62, 81) 82 (74, 85) 80 (75, 91) 0.14
Unknown 4 0 0
BMI categories 0.002
Normal weight 2 (14 %) 1011 %) 2 (9.5 %)
Obesity 0 (0 %) 5 (56 %) 11 (52 %)
Overweight 8 (57 %) 3 (33 %) 8 (38 %)
No data 4 (29 %) 0 (0 %) 0 (0 %)
Comorbidities
Obesity 1 (7.1 %) 0 (0 %) 8 (38 %) 0.031
DM2 1(7.1 %) 1(11 %) 6 (29 %) 0.3
Hypertension 1 (7.1 %) 3 (33 %) 9 (43 %) 0.066
Heart disease 0 (0 %) 0 (0 %) 1(4.8%) >0.9
Renal insufficiency 0 (0 %) 0 (0 %) 1(4.8%) >0.9
Immunosuppression 0 (0 %) 0 (0 %) 0 (0 %)
Asthma 1(7.1 %) 1 (11 %) 0 (0 %) 0.3
COPD 0 (0 %) 0 (0 %) 0 (0 %)
HIV 0 (0 %) 0 (0 %) 0 (0 %)
GERD 2 (14 %) 1 (11 %) 0 (0 %) 0.2
Allergic rhinitis 0 (0 %) 2 (22 %) 0 (0 %) 0.038
Alcoholism 0 (0 %) 2 (22 %) 5 (24 %) 0.12
Smoking 0 (0 %) 1 (11 %) 7 (33 %) 0.031
Initial Antibiotic 0 8 (89 %) 15 (71 %) <0.001
Days hospitalized 0 (0, 0) 11 (0, 16) 29 (13, 37)
Days onset sampling 0 (0, 0) 9(7,12) 10 (8, 14)

Median (IQR); n (%); *Kruskal-Wallis rank sum test; Fisher’s exact test.
BMI Body Mass Index, DM2 Diabetes Mellitus Type 2, GERD Gastroesophageal reflux disease.
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in France, while Hurst et al. [32] conducted an interesting study on patients from the United States. Both studies provided complete
metadata and available sequences, enabling us to examine nasopharyngeal samples across varying severities of COVID-19 and
compare them to those from healthy volunteers. Thus, in order to determine differences in microbial abundance in patients and
controls and compare their reports with our data, we processed the data obtained from these studies. The sequencing data and meta
data were downloaded from the SRA database for projects PRINA714242 and PRINA703574. Subsequent preprocessing steps
involved quality control measures, including the removal of adapter sequences, elimination of low-quality reads, and filtering out
sequences containing ambiguous bases using the DADA2 package in R. For Smith et al. [25], sequences, we used the filterAndTrim
parameters truncLen = ¢(262,230), maxN = 0, maxEE = ¢(2,2), truncQ = 2, and rm. phix = TRUE. For Hurst et al. [32], we used the
filter parameters truncLen = ¢(150,160), maxN = 0, maxEE = ¢(2,2), truncQ = 2, and rm. phix = TRUE. Following preprocessing, the
sequences underwent error correction, dereplication, merging of paired reads, identification of unique sequence variants, and tax-
onomy annotation using our bioinformatic pipeline.
For more specific details see Supplementary Materials and Methods.

3. Results

A total of 44 subjects were included in the study, all of them were adults residing in Mexico, with a median age of 49 (42-61) years,
and 16 (36 %) were female. Body Mass Index (BMI) categories were as follows: 5 (11 %) had normal weight, 19 (43 %) were over-
weight, 16 (36 %) presented obesity, and 4 (9.1 %) BMI was not reported. The studied groups were classified according to COVID-19
severity. Severe and critical COVID-19 patients were more frequently obese (p = 0.002). We found a statistically significant difference
between the groups in terms of medical history related to tobacco use (p = 0.03) (Table 1). Fever, cough, dyspnea, arthralgias, my-
algias, and decreased SpO2 were the most prevalent symptoms in COVID-19 patients. We found decreased levels of lymphocytes (p =
0.012) and high levels of neutrophils (p = 0.010) in COVID-19 patients when compared to controls. The neutrophil-lymphocyte ratio
(NLR) was statistically significantly different between groups (p = 0.001).

3.1. Respiratory microbiome composition in COVID-19 patients with different clinical presentations

The abundance of amplicon sequence variants (ASV) at the phylum level, revealed an increase in Bacteroidota (p = 0.010) and
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Fig. 1. Richness and alpha diversity indices. a) Richness Chaol index, b) Fisher index showing no significant differences. ¢) Shannon index
revealing a significant difference between the control and critical COVID-19 (p = 0.03). d) Beta diversity of the nasopharyngeal microbiome among
different severity groups of COVID-19. Significance was determined using Kruskal-Wallis test with Dunn’s multiple comparison with a 95 % con-
fidence interval. The NMDS plot is based on Bray-Curtis dissimilarity, and PERMANOVA statistics indicate a significant difference among the three
groups. Each color represents a specific analyzed group. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fusobacteria (p = 0.026) in samples from COVID-19 patients. Actinobacteria and Firmicutes phyla were the most abundant in COVID-19
and healthy controls but showed no significant differences amongst these groups. Shannon index showed an increase in the bacterial
diversity in critically ill COVID-19 patients (p = 0.03) (Fig. 1c) however the remaining alpha indexes did not show significant dif-
ferences between critically ill and severe COVID-19 patients and controls (Fig. 1a and b). Non-metric dimensional scaling (NMDS) was
used to compare beta diversity and revealed significant differences between critically ill COVID-19 patients and controls (R? = 0.09 p
= 0.01) (Fig. 1d). At genus level, Corynebacterium (0.24 [0.06, 0.50]) and Staphylococcus (0.14 [0.03, 0.39]) were the most abundant
(Fig. 2a), with no significant differences between groups (Fig. 2b and c). Importantly, the presence of the genera Lawsonella and
Cutibacterium was low in severe and critically ill COVID-19 patients (p < 0.001) (Fig. 2d and e). Contrariwise, Streptococcus, Actino-
myces, Peptostreptococcus, Atopobium, Granulicatella, and Mogibacterium (Fig. 3 a-f) showed an increase in severe and critical COVID-19
patients (p < 0.01). Other genera that exhibited increased abundance only in critical COVID-19 compared to controls were Veillonella,
Prevotella 7, Rothia, Gemella, Alloprevotella, and Solobacterium (p < 0.01) (Fig. 3 g-D.

To assess the strength and direction of the association between different genera and the severity of COVID-19 illness, a Spearman
rank correlation analysis was done. We observed moderate to strong negative correlations of Corynebacterium (tho = —0.334, p-value
= 0.026), Cutibacterium (rho = —0.509, p-value = 0.0004), and Lawsonella (rho = —0.562, p-value = 7.192e-05) with COVID-19
severity. In Contrast, Streptococcus exhibited a strong positive correlation with COVID severity (rho = 0.637, p-value = 3.315e-06),
while several other genera including Prevotella, Actinomyces, Solobacterium, Atopobium, Mogibacterium, Alloprevotella, Veillonella,
Rothia, Granulicatella, and Peptostreptococcus demonstrated moderate positive correlations with COVID-19 severity (Supplementary
Fig. 1).

3.2. Analysis of confounding covariates

The analysis of antibiotic use before sampling revealed a statistically significant effect (p < 0.05) among the genera Prevotella 7,
Alloprevotella, Rothia, and Granulicatella between the control group and COVID-19 patients. Regarding comorbidities, only Solo-
bacterium showed statistical significance (p = 0.03). However, the previous administration of steroids demonstrated a significant effect
across almost all genera of interest in this study (p < 0.05) (Supplementary Table 2). Notably, Staphylococcus and Cutibacterium did not
exhibit significant differences based on steroid administration.
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Fig. 2. a) Taxonomy bar plot showing the top 20 microbiome profiles at the genus level, ranked by relative abundance, in control, severe, and
critical patients. b) and c¢) Violin plot displaying the relative abundance of Staphylococcus and Corynebacterium genera. No significant differences
were observed between severity groups. c¢) and d) Decrease in the relative abundance of Lawsonella and Cutibacterium genera in critical COVID-19
patients. Significance was determined using the Kruskal-Wallis test with Dunn’s multiple comparison, 95 % confidence interval, where * p < 0.05,
** p < 0.01, and *** p < 0.001.
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Fig. 3. Genera with increased relative abundance in critical COVID-19 patients. Significance was determined using the Kruskal-Wallis test with
Dunn’s multiple comparison 95 % confidence interval, where * p < 0.05, ** p < 0.01, and *** p < 0.001.

3.3. Microbiome composition after intubation

Since previous studies have indicated that the use of invasive respiratory devices can disrupt the microenvironment and alter
microbial populations [33], we decided to investigate whether such changes occurred in our studied groups of patients. For this
analysis, we divided the group of critical patients into two subgroups: Pre-intubation and Post-Intubation, based on the timing of
sample collection about the time of intubation for mechanical ventilatory support. The first subgroup comprised patients sampled
before intubation [n = 7], with an average time of 1.85 days (range 0-5 days) between sample collection and orotracheal intubation.
The second subgroup consisted of patients sampled after intubation (n = 14), with an average time of 2 days (range 0-7 days) between
orotracheal intubation and sample collection. It is crucial to note that each subgroup consists of different patients. For additional
details about the critical patient’s intubation time line refer to Supplementary Fig. 2. Based on this analysis we found a statistically
significant increase in the alpha diversity indices: Chaol (p = 0.001), Fisher (p = 0.03), and Shannon (p = 0.05) (Supplementary
Figs. 3a, 3b, and 3c) among critically ill COVID-19 patients sampled before and after receiving mechanical ventilation support.
Furthermore, beta diversity analysis using the Bray-Curtis index demonstrated significant differences between the Pre-intubation and
Post-intubation samples (R2 = 0.08, p = 0.03) (Supplementary Fig. 3d). Analysis of the genus composition after intubation revealed
that the distribution of Corynebacterium, Staphylococcus, Lawsonella, Cutibacterium, Streptococcus, Veillonella, Rothia, and Granulicatella
was not different between the two groups. Interestingly, Prevotella 7, Atopobium (p < 0.001), Solobacterium (p = 0.003), and Acti-
nomyces (p = 0.008), exhibited an increased abundance after placement of the orotracheal tube (Supplementary Fig. 4).

3.4. Nasopharyngeal core microbiome

One of the challenges in microbiome research is to identify microorganisms that are consistently and stably present in most
samples, within a specific niche. In our analysis, the common core of the microbes presents in the analyzed samples, consisted of the
genera Staphylococcus, Corynebacterium, and Streptococcus. Healthy controls and COVID-19 severe cases shared the genera Dolosi-
granulum, Lawsonella, and Anaerococcus. Regardless of this, additional bacterial genera Peptoniphilus, Pseudomonas, and Acinetobacter
were identified in COVID-19 severe cases. While critically ill patients showed an enrichment of the genera Gemella, Prevotella,
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Veillonella, Atopobium, Granulicatella, Actinomyces, Oribacterium, Fusobacterium, and Porphyromonas (Fig. 4).

3.5. Insights from other studies of nasopharyngeal microbiome in COVID-19 patients

After the COVID-19 epidemic, people started looking into how the body’s microbiome affects the disease. As a result, we identified
different studies with accessible raw data, obtained from nasopharynx samples from COVID-19 patients and healthy volunteers [25,
32]. From these studies, we selected and downloaded raw data to perform comparative bioinformatic analyses with our data. In the
analysis that we performed from the data published by Smith et al. [25], we observed an increase in the abundance of the genera
Staphylococcus and Veillonella, accompanied by a decrease in Corynebacterium, Dolosigranulum, and Lawsonella among critically ill
COVID-19 patients. In contrast, the study conducted by Hurst et al. [32], did not reveal statistically significant decreases in any genera
between severity groups and healthy volunteers; only an increase in Fusobacterium was noted in moderate COVID-19 patients.
Importantly, Corynebacterium, Staphylococcus, and Streptococcus were consistently present in all samples from healthy volunteers across
both studies (Table 2).

4. Discussion

Here, we conducted a comparative analysis of the diversity and composition of the nasopharyngeal microbiome to explore its
potential relationship with COVID-19 severity. Also, using a taxonomic profiling approach, we identified core microbiome genera
associated with the nasopharynx in both healthy volunteers and COVID-19 patients.

Our main findings were 1) alpha diversity indexes were not different between severe and critically ill COVID-19 patients and
controls and 2) COVID-19 patients present significant changes in the relative abundance of genera Lawsonella and Cutibacterium that
were diminished, whereas genera Streptococcus and Actinomyces amongst other genera from oral microbiota were increased in severe
but particularly in critically ill patients.

In line with our results, previous studies performed in other populations also described homogeneous alpha indexes of diversity in
COVID-19 severe patients [18,22,34]. In this regard, Feehan et al. [22], described that alpha diversity did not differ in COVID-19
independently of the clinical status, but interestingly the alpha index was modified by other factors such as age and tobacco use.
Contrasting those findings Shilts et al. and Ventero et al. [35,36], reported a decrease in alpha diversity in critically ill COVID-19
patients or those with fatal outcomes.

Another relevant finding of our study was that genera Staphylococcus, Streptococcus, and Corynebacterium were present as a core
in all individuals including controls and COVID-19 patients. Furthermore, we identified in COVID-19 severe cases genera Peptoniphilus,
Pseudomonas, and Acinetobacter and critically ill patients an enrichment of the genera Gemella, Prevotella, Veillonella, Atopobium,

Dolosigranulum
Lawsonella
Anaerococcus

Critical

Core

Gemela Staphylococcus

Prevotella :

Veillonella Corynebacterium Severe
Atopobium Streptococcus Peptoniphilus

Actinomyces Pseudomonas
Oribacterium Acinetobacter
Granulicatella

Fusobacterium

Porphyromonas

Fig. 4. Nasopharyngeal Core Microbiome. Microorganisms shared across communities, are present in at least 60 % of the samples with 0.001 % of
relative abundance.



D. Galeana-Cadena et al.

Heliyon 10 (2024) e31562

Table 2
| Comparison with other previously published studies.
Data Set Smith et al. [25] Hurst et al. [32] This study
COVID-19 0 5 0
asymptomatic
COVID-19 moderate 15 22 0
patients
COVID-19 severe 11 0 9
patients
COVID-19 critical 23 0 21
patients
Healthy volunteers 12 4 14
Total Subjects 61 31 44
Source Nasopharyngeal Nasopharyngeal Nasopharyngeal
Geography France USA Mexico
Year 2021 2022 2023
Analysis 16S rRNA gene, V3-V4 16S rRNA gene, V4 16S rRNA gene, V4

Genus with Increased

Staphylococcus, Veillonella

no significant difference

Streptococcus, Actinomyces, Prevotella_ 7,

Relative Abundance
by COVID Severity

Peptostreptococcus, Veillonella, Rothia,
Solobacterium, Atopobium, Granulicatella,
Gemella, Mogibacterium, Alloprevotella
Genus with decreased Fusobacterium Lawsonella, Cutibacterium
relative abundance
by COVID Severity
Nasopharynx Core
Microbiome in

Healthy Individuals

Corynebacterium, Dolosigranulum, Lawsonella

Staphylococcus, Corynebacterium, Dolosigranulum,
Streptococcus, Lawsonella, Anaerococcus,

Corynebacterium, Staphylococcus, Escherichia-
Shigella, Methylobacterium- Methylorubrum,
Acinetobacter, Streptococcus, Pseudomonas,
Lawsonella

PRJINA714242

Corynebacterium, Staphylococcus,
Dolosigranulum, Lawsonella,
Anaerococcus, Streptococcus
PRJINA703574

Accession number PRJNA981220

Granulicatella, Actinomyces, Oribacterium, Fusobacterium, and Porphyromonas. The meta-analysis of Reubens et al. [37] regarding
studies on the diversity of the upper respiratory tract (URT) microbiome is consistent with our results, in that they find a trend in
COVID-19 infections showing a reduction in some bacterial genera and an increase in others. However, the inclusion of both naso-
pharyngeal and oropharyngeal samples in their meta-analysis is a limitation that could explain discrepancies between their study and
ours such as the observed higher abundance of Cutibacterium in their population.

We meticulously considered the potential influence of covariates beyond COVID-19 severity. Despite the presence of these cova-
riates, we were able to identify discernible alterations in taxonomic composition among critically ill COVID-19 patients, suggesting
that Lawsonella and Cutibacterium decrease additionally to Streptococcus increase was independent of confusing factors such as
comorbidities, intubation, and prior antibiotic intake. We also observed statistically significant differences between groups by severity
of COVID-19 related to the previous administration of steroids. However, it is important to note that steroids were primarily
administered to critically ill patients.

Additionally, we found a moderate negative correlation between the severity of COVID-19 and the genera Lawsonella and Cuti-
bacterium. Interestingly, although the genus Corynebacterium did not exhibit significant differences among groups, it showed a negative
correlation with COVID-19 severity. In contrast, we observed a significant positive correlation between the severity of COVID-19 and
the presence of oral cavity-associated genera in nasopharyngeal samples.

In this context, we suggest that this invasion of oral microorganisms may result from the disruption of physical-chemical barriers
caused by inflammation during COVID-19, leading to ecological niche competition. Particularly, critically ill COVID-19 patients
experience increased mouth breathing before mechanical ventilation support, facilitating the entry of microorganisms such as
Streptococcus, Rothia, Veillonella, and Granulicatella from the oral cavity into the respiratory tract. Moreover, intubation disrupts
barriers, allowing the invasion of microorganisms such as Prevotella 7, Actinomyces, Solobacterium, and Atopobium into the
nasopharynx.

Some of these bacterial genera are considered part of the healthy human microbiome and are found in various anatomical sites
[38], primarily in the oral microbiome [39]. These bacteria have also been linked to oral diseases and pathologies in other organs or
systems when there is ectopic colonization [39-41]. In the case of the Streptococcus genus in the oral cavity, its presence has been
documented on the tongue, mucous membranes, saliva, and dentogingival plaque. Interestingly, different species colonize distinct
parts of the mouth [39]. Importantly, Streptococcus pneumoniae has been associated with high case-fatality rates in COVID-19 patients
[16].

Rothia is primarily found on the dorsum of the tongue and is associated with nitrate reduction in the oral cavity [39]. However, its
translocation to other parts of the body can lead to endocarditis or pneumonia [42]. Veillonella is present in almost the entire oral cavity
of healthy individuals [39]. Additionally, an increase in its abundance has been observed in patients with caries [43] and has been
reported as a cause of lung abscesses with empyema [44]. Granulicatella is part of the periodontal microbiota in healthy patients, and
its decrease has been described in patients with periodontitis [45]. Nevertheless, its translocation to the bloodstream can lead to
endocarditis [46].

Prevotella has been described in various anatomical sites [38], as well as throughout the mouth and saliva of healthy individuals,
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being the second most abundant genus after Streptococcus [47]. It is associated with both periodontal disease and endodontic infections
[47] and has been reported as a cause of aspiration pneumonia [48] and Lemierre syndrome characterized by vein thrombosis,
oropharyngeal infection, and metastatic septic emboli [49]. Furthermore, in the murine model, Prevotella intermedia has a synergistic
effect on pneumococcal pneumonia, increasing inflammatory cytokine levels, bacterial loads in the lungs, and mortality [S0]. Acti-
nomyces is present in subgingival plaque and on the tongue [39] and is associated with dental caries [51]. It is important to mention
that Actinomyces israelii is the causative agent of actinomycosis, a chronic suppurative granulomatous infection and, in some cases, can
be complicated by presenting microabscesses, pneumonia, or septicemia [52].

The potential clinical implications of our findings suggest that the invasion of microorganisms from the oral cavity initiates before
intubation, highlighting the clinical relevance of oral hygiene. Oral hygiene is already recognized as an important approach to
reducing the risk of ventilator-associated pneumonia [53]. Sampson et al. [54], suggest that there is a link between poor oral health
and COVID-19 complications. We highlighted the need for further research to explore strategies like oral hygiene in severe COVID-19
patients to mitigate the risk of critical illness.

Our analysis of data from other studies involving COVID-19 patients categorized by severity revealed varying taxonomic changes,
suggesting potential influences of geographic variables, genetics, and diet. Understanding the stability of the microbiome is crucial for
elucidating its role in host health and disease susceptibility. Across multiple studies from different countries, we consistently observed
the presence of Staphylococcus, Corynebacterium, and Streptococcus genera in samples from healthy volunteers. While some species
within these genera are known to be beneficial, others may have pathogenic effects, raising questions about their functional signifi-
cance in respiratory health.

Lawsonella and Cutibacterium are commonly found in the nasal cavity [55], facial skin [56], and nasopharynx [57]. Cutibacterium
has been reported to promote skin health and produce substances with antimicrobial properties [58], suggesting potential roles as
commensals within the respiratory tract. Nevertheless, it has also been reported as a human pathogen [59,60]. Furthermore, it is
possible that these bacteria were carried out during sampling via nasopharyngeal swabs. Hence, the presence of some taxonomic
groups in the nasopharynx or potential consideration as contaminants from the nasal cavity or skin warrants further investigation.

In other viral respiratory infections, such as influenza, specific dominant taxonomic groups are recognized, often linked with
pathobionts or opportunistic pathogens such as Acinetobacter baumannii, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Strepto-
coccus pneumoniae [61,62]. In adults with Rhinovirus infection, Allen et al. observed a decline in Haemophilus and Neisseria, alongside
an increase in Propionibacterium [63]. Additionally, in adults with Respiratory Syncytial Virus (RSV) infection, Cuthbertson et al. found
no statistically significant differences in taxonomic groups or diversity in oropharyngeal samples [64]. These findings highlight the
importance of continuing research to shed light on how each viral infection alters physicochemical conditions, immune responses, the
microbiome, and anatomical barriers.

Our study has some limitations including, the small sample size, temporal considerations due to variations in the circulating
COVID-19 variants, and limited taxonomic resolution. However, it is important to highlight that recruitment of cases of severe and
critically ill COVID-19 was done carefully and using strict inclusion criteria in order to avoid bias in the selection of patients and
controls.

In conclusion, our study suggests that inflammatory processes and intubation procedures in critically ill COVID-19 patients may
disrupt physicochemical conditions, immune responses, microbiome, and barriers. This disruption could potentially facilitate the
colonization and invasion of oral microorganisms in the nasopharynx and may be correlated with the severity of COVID-19.
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