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A B S T R A C T   

The human oral cavity harbours complex microbial communities with various commensal microorganisms that 
play pivotal roles in maintaining host health and immunity but can elicit local and systemic diseases. The role of 
commensal microorganisms in SARS-CoV-2 infection and disease susceptibility and enrichment of opportunistic 
pathobionts in the oral cavity is poorly understood. The present study aims to understand the altered landscape 
of the oral microbiome and mycobiome in SARS-CoV-2 infected patients (n = 30) and its correlation with risk 
factors compared to non-infected individuals (n = 24) using targeted amplicon sequencing. Diminution of species 
richness, an elevated abundance of opportunistic pathogens (Veillonella, Acinetobacter, Klebsiella, Prevotella, 
Gemella, and Streptococcus) and impaired metabolic pathways were observed in the COVID-19 patients. Similarly, 
altered oral mycobiome with enrichment of known respiratory disease causing pathogenic fungi were observed 
in the infected individuals. The data further suggested that reduction in immunomodulatory microorganisms 
lowers the protection of individuals from SARS-CoV-2. Linear discriminant analysis identified several differen-
tially abundant taxa associated with risk factors (ageing and co-morbidities). We also observed distinct bacterial 
and fungal community structures of elderly infected patients compared to the younger age group members 
making them highly vulnerable to SARS-CoV-2 infection and disease severity. Furthermore, we also assessed the 
dynamics of the oral microbiome and mycobiome in symptomatic and asymptomatic patients, host types, co- 
morbidities, and viral load in the augmentation of specific pathobionts. Overall, the present study demon-
strates the microbiome and mycobiome profiling of the COVID-19 infected individuals, the data further suggests 
that the SARS-CoV-2 infection triggers the prevalence of specific pathobiont.   

1. Introduction 

Advancement in multi-omics technologies over the last decade has 
guided us to interrogate the complex microbial communities and their 
role in human health and diseases. The human oral cavity harbours the 
second-largest microbiome and plays a pivotal role in maintaining host 
health Bao et al., 2020). In contrast, it also serves as an important 
reservoir and direct access for various opportunistic pathogens (Strep-
tococcus, Neisseria, Corynebacterium, Veillonella, Gemella, Haemophilus, 
Rothia, Porphyromonas, etc.), leading to severe periodontal and 

respiratory diseases (Dewhirst et al., 2010; Minty et al., 2019; Baghbani 
et al., 2020; Caselli et al., 2020; Lenartova et al., 2021; Soffritti et al., 
2021. Respiratory viruses enter the human body via the oropharynx and 
nasopharynx, where they establish infections by altering the micro-
biome and escaping the host immunity (Bao et al., 2020). The severe 
acute respiratory syndrome coronavirus (SARS-CoV-2) uses the 
oropharynx as one of the primary sites of entry as salivary glands and 
oral mucosal cells express higher levels of angiotensin-converting 
enzyme 2 (ACE2) and transmembrane serine proteases 2 (TMPRSS2) 
receptors (Pascolo et al., 2020; Chen et al., 2020a, 2020b; Herrera et al., 
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2020). Supporting evidence suggests that the salivary glands of the 
asymptomatic patients act as a potential reservoir for SARS-CoV-2 and 
spread viruses through contaminated salivary droplets (Xu et al., 2020a, 
2020b). Hence, the oral cavity is considered as a potential source for the 
spread of SARS-CoV-2, which influences the microbiota of the oral 
cavity and related body sites, especially both respiratory and gastroin-
testinal tracts, and has a profound effect on the host immunity (Xiang 
et al., 2021). 

Since the outbreak of SARS-CoV-2, in-depth studies have been per-
formed to understand the epidemiology, pathophysiology, evolution, 
and genomics of the virus (Fadaka et al., 2020; van Dorp et al., 2020; 
Moustafa and Planet, 2021). More so, within the context of the human 
microbiome, the relationship between SARS-CoV-2 infection and 
microbiome of gut and nasopharynx has been broadly described (Zuo 
et al., 2020; Yeoh et al., 2021; Nardelli et al., 2021; Rueca et al., 2021; 
Xu et al., 2020a, 2020b; Gupta et al., 2021). Even though the oral cavity 
is the entry point for the SARS-CoV-2 virus, yet our understanding of its 
immediate interaction with the oral microbiome and its underlying 
consequences has been poorly characterized (Iebba et al., 2021; Haran 
et al., 2021; Ward et al., 2021; Soffritti et al., 2021). Despite the low 
abundance of bacterial counterparts, the mycobiome has a significant 
impact on human health and disease (Bandara et al., 2019). The present 
study aims to characterize the oral microbiome and mycobiome of 
SARS-CoV-2 infected and non-infected individuals using targeted 
amplicon sequencing of 16S rRNA gene and internal transcribed spacer 
(ITS) region, respectively. This study demonstrates the association be-
tween the risk factors and oral microbiota (bacteriome and mycobiome) 
in COVID-19 patients and its implication in disease monitoring and 
intervention. 

2. Materials and methods 

2.1. Patient enrolment and sample collection 

Patients with fever were tested for SARS-CoV-2 infection as a pre-
cautionary measure at Dr D. Y. Patil Medical College and Hospital, Pune 
(India). This study was approved by the Institutional Ethics Committee 
of Dr D. Y. Patil Medical College and Hospital (DYPU), Pune (India) 
(DYPV/EC/599/2020). Informed consent was obtained from the par-
ticipants before the sample collection. We had collected data (more than 
300 study participants) on the parameters which may influence the 
overall microbial composition in the saliva. Study participants [SARS- 
CoV-2 infected and non-infected (as healthy control)] which were 
using medications such as antibiotics, antiseptic mouth wash were 
excluded from the study. Data related to the medical history, co- 
morbidities, ongoing symptoms and anthropometric was collected at 
the time of enrolment. All the patients were instructed not to eat/drink 
for at least 3h before the sample collection. Patients were asked to 
collect 2–3ml of saliva inside the sterile container containing the 1ml 
phosphate buffer saline. Patients were supervised and assisted by the 
virologists and laboratory personnel from Dr D. Y. Patil Medical College 
and Hospital, Pune (India), for appropriate sample collection as per the 
biosafety norms laid down by the concerned authorities. Samples for the 
current study were collected between November 2020 to February 2021. 

2.2. RT-PCR analysis 

All the collected saliva samples were stored at − 80◦ C and processed 
for RT-PCR analysis within 24h. RT-PCR analysis was performed as per 
the manufacturer’s instruction (TRUPCR® SARS-CoV-2 Kit). The kit 
employed simultaneous detection of the E gene for the detection of the 
sarbecovirus (genus B-betacoronavirus (B-βCoV)) and RdRP gene for the 
detection of severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2). RNase P was used as an endogenous internal control to check 
the extracted RNA quality, amplification procedure and possible pres-
ence of inhibitors to avoid false-negative results. Results were 

determined based Cycle threshold. 

2.3. DNA extraction, targeted 16S rRNA and ITS gene amplification, and 
sequencing 

The total DNA isolation was performed using Biospin DNA/RNA 
extraction Kit (Prolab Supply Corp) as per the manufacturer’s instruc-
tion. Saliva samples (200 µl) were mixed with proteinase K and lysis 
buffer and incubated for 56 ◦C for 15 mins in the water bath. Further, 
ethanol (250 µl) was added to the tubes and thoroughly mixed. The 
mixture was then transferred to the spin column and centrifuged at 
10,000 g for 1 min. After the washing step, DNA was eluted in the fresh 
tubes with elution buffer. The V4 hypervariable region of the 16S rRNA 
gene was selected for amplification using universal bacterial primers 
515F and 806R (Bates et al., 2011) while ITS1 was amplified using ITS1F 
and ITS2R for fungi (Bokulich and Mills, 2013). The equimolar pooled 
library was sequenced on the in-house Illumina MiSeq platform using 
MiSeq reagent v2 kit-Illumina Inc. (2 ×250 bp chemistry). A detailed 
description of PCR amplification, thermal cycling conditions, library 
preparation, and sequencing is described in Supplementary materials. 

2.4. Bioinformatics and statistical analysis 

The obtained raw reads were quality checked using FastQC 
(Andrews, 2010) followed by pre-processing and analysis using DADA2 
package v1.6.0 (Callahan et al., 2016) in R 3.6.0. The reads were quality 
filtered using filterAndTrim function of DADA2. The primers were 
removed from the reads. Chimaeras were removed using the remov-
eBimeraDenovo function of DADA2. The taxonomy of clean amplicon 
sequence variants was assigned using Silva Database (sil-
va_nr99_v138.1_train_set.fa.gz) for bacteria and UNITE database 
(sh_general_release_dynamic_04.02.2020.fasta) for fungi. Phyloseq 
v3.4.2 R package (McMurdie and Holmes, 2013) was used to generate 
alpha and beta diversity matrices. Alpha diversity metrics were calcu-
lated using the estimate_richness function on rarefied reads (90% of the 
lowest reads). Data visualizations were produced using ggplot2 (Wick-
ham et al., 2016), Reshape2 (Wickham, 2012), vegan (Oksanen et al., 
2013), ggpubr (Kassambara, 2018), and RColorBrewer (Neuwirth and 
Brewer, 2014), in RStudio version 1.2.1335. The fraction of ASVs shared 
among samples was visualized using the UpSet plot (Conway et al., 
2017) R. Pairwise Wilcoxon test was used to compare the difference in 
alpha diversity/bacterial taxa between infected and non-infected in-
dividuals with adjusted p value. Analysis of similarities (ANOSIM) and 
permutational ANOVA (PERMANOVA) was performed on the infected 
and non-infected individuals using the Bray Curtis dissimilarity matrix 
to assess the difference in beta diversity. Non-metric multidimensional 
scaling (NMDS) was performed with Bray-Curtis dissimilarity matrix 
using phyloseq package. Betadispersion analysis was performed using 
betadisper function to test the inter-individual variation. Linear 
discriminant analysis Effect Size (LEfSe) was performed to determine the 
differentially enriched taxa and/or biomarkers between groups. The 
functional prediction of oral microbiota was performed using the 
phylogenetic investigation of communities by reconstruction of unob-
served states (PICRUSt2) (Douglas et al., 2020), and LEfSe analysis was 
performed to identify differentially enriched functions (KEGG cate-
gories) between infected and non-infected individuals. Microbiome 
multivariable association with linear models (MaAsLin2) was used to 
assess the association of covariates with microbiome data. 

2.4.1. Data submission 
The raw sequences were deposited into the NCBI under Bioproject 

(PRJNA780671). 

A. Gupta et al.                                                                                                                                                                                                                                   



Microbiological Research 261 (2022) 127055

3

3. Results 

3.1. Subject clinical characteristics 

Oral rinses were collected from 54 eligible individuals, including 24 
non-infected and 30 SARS-CoV-2 infected patients. In total, 34 males 
(14: non-infected; 20: infected) and 20 females (10: non-infected; 10: 
infected) with age ranging from 15–75) were included in this study. 
Nearly 40% of the infected individuals had comorbid conditions (hy-
pertension, diabetes, and chronic renal disease). The detailed clinical 
characteristics of study participants are presented in Table 1. 

3.2. Oral microbiome profiling in infected individuals 

Microbiome profiling of infected and non-infected individuals and its 
association with host characteristics were elucidated using 16S rRNA 
gene-based targeted sequencing approach. Nearly 5.2 million reads were 
generated from 54 samples with an average of 96264 ± 17662 reads per 
sample. Out of the total raw reads, 4.48 million quality-filtered reads 
were used for the analysis. The results showed that the oral microbiome 
of SARS-CoV-2 infected individuals had lower alpha diversity than non- 
infected ones (Fig. 1a). In total, 1312 ASVs were detected across the 
samples based on the rarefied reads. Out of these ASVs, 421 ASVs were 
found to be shared between these two states (Fig. S1). Pairwise Wilcoxon 
test showed a significant (p < 0.05) decrease in the number of ASVs and 
diminution of species richness (reduction in Shannon and Simpson 
indices values) in the infected individuals (Fig. 1a). 

Oral microbiome analysis revealed an alteration of bacterial abun-
dance in the infected individuals compared to non-infected ones. Pro-
teobacteria, Firmicutes, Bacteroidota, Actinobacteria, and Fusobacteriota 
constituted the major proportion (~96% in non-infected and ~98% in 
infected individuals) of the microbial community in both the states 
(Fig. 1b). Notably, among these dominant phyla, an abundance of Fir-
micutes increased significantly (p < 0.05) in infected ones, while that of 
Proteobacteria and Fusobacteriota reduced significantly (p < 0.05) in the 
same group. Moreover, a few less abundant phyla, including Campilo-
bacteriota, Synergistota, Spirochaeota, Patescibacteria, and Desulfobacter-
ota showed a significant reduction (p < 0.05) in their abundance pattern 
in infected individuals (Fig. S2). For a better taxonomic resolution and 

Table 1 
Demographic details of recruited subjects.   

Non-infected Infected 

Total no of subjects 24 30 
Gender   
Male (%) 14 (58) 20 (67) 
Female (%) 10 (42) 10 (33) 
Age   
Range 15–65 15–75 
Mean/Median 45/43.5 47/48.5 
Condition   
Symptomatic  10 
Asymptomatic  20 
aComorbidity  12  

a Comorbidity: patients having diabetes, chronic renal disease, and 
hypertension 

Fig. 1. Microbial community composition in oral cavity of infected and non-infected individuals. (a) Changes in alpha diversity parameters. Pairwise Wilcoxon test 
was performed to assess the statistical significance (p value is mentioned). (b) Microbial community composition at phylum–level. (c) Heat-map based relative 
abundance distribution of major families. (d) Relative abundance of major genera between infected and non-infected groups. 
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its alteration in the infected individuals, heat-map based analysis of 
prominent bacterial families followed by a pairwise Wilcoxon test was 
performed (Fig. 1c and Fig. S3). The results showed significant 
(p < 0.05) diminution of bacterial families such as Neisseriaceae, Pas-
teurellaceae, Pseudomonadaceae, Porphyromonadaceae, Leptotrichiaceae, 
Fusobacteriaceae, Selenomonadaceae, Gemellaceae, etc. in the infected 
patients. ANOSIM (p < 0.05) and PERMANOVA (p < 0.05) based sta-
tistical tests further confirmed the difference in the microbial commu-
nity pattern between the two states. Furthermore, a marked difference in 
the abundance of various genera was observed in the infected patients 
than that of non-infected ones. A remarkable increase in the abundance 
of Streptococcus, Veillonella, Prevotella, Bacillus, Klebsiella, Idiomarina, 
Acinetobacter, Arenibacter, Gemella, Chryseobacterium, Capnocytophaga, 
etc. was observed in the infected patients. At the same time, Neisseria, 
Haemophilus, Pseudomonas, Lautropia, Rothia, Leptotrichia, Porphyr-
omonas, Actinobacillus, Granulicatella, Fusobacterium, Aggregatibacter, 
Alloprevotella, Selenomonas, etc. decreased substantially (Fig. 1d and 
Fig. S4). 

3.2.1. Differentially abundant taxa associated with host types (gender and 
age) 

Further, we investigated alterations in the microbial community 
structure in the infected and non-infected individuals based on the host 
types; subjects were classified into four distinct age groups (age group 
1:15–30 years, age group 2: 31–45 years, age group 3: 46–60, and age 
group 4: 61 and above) and gender (male and female). It was evident 

that species richness and evenness decreased with age in the infected 
individuals compared to non-infected ones (Fig. 2a). The oral micro-
biome of infected individuals showed alteration in the abundance of 
various taxa in different age group category (Fig. 2b and c) which was 
well supported by pairwise PERMANOVA analysis (Table S1). To un-
derstand the dynamics of microbes associated with host age during 
SARS-CoV-2 infection, the differential abundance of microbial taxa was 
identified using LefSe. Distinct microbial taxa were found to be enriched 
(LDA score > 4.0, p < 0.05, FDR adjusted p-value of <10%) in the 
infected and non-infected individuals across these age groups. Coryne-
bacterium and Porphyromonas enriched in infected individuals of age 
group 1, while Marinobacter was the most differentially abundant taxon 
in age group 4 (Fig. 2d). Similarly, LEfSe analysis was performed to 
assess the biomarkers associated with male and female infected in-
dividuals. The results showed that Marinobacter was significantly 
(p < 0.05, FDR adjusted p-value of <5%) abundant in infected males. At 
the same time, Gemella, Streptococcus, and Solobacterium were signifi-
cantly (p < 0.05, FDR adjusted p-value of <5%) enriched in infected 
females (Fig. 2e). MaAsLin based analysis identified overlapping taxa as 
detected by lefse, however, it found few other taxa which were associ-
ated with different age groups, gender, and disease state (Table S2). 

3.2.2. Dynamics of microbes associated with symptomatic and 
asymptomatic patients and co-morbidities 

The dynamics of microbes associated with COVID-19 conditions and 
comorbidities were evaluated to understand the shift in the oral 

Fig. 2. Dynamics of microbial community and its association with host age and gender. (a) Changes in alpha diversity parameters based on different age groups. (b) 
Microbial community composition at genera-level across the different age groups. (c) Non-metric multidimensional scaling based on a Bray-Curtis dissimilarity 
matrix at different age groups. Blue and pink shades represented the infected and non-infected patients. Lighter to darker shades showed age group 1–4. Centroid was 
also denoted in each age category. (d) Identification of differentially-abundant genera in various age groups. (e) Identification of differentially-abundant genera 
among infected and non-infected male and female individuals. 
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microbiome. NMDS based analysis showed the dispersion of asymp-
tomatic patients while symptomatic patients cluster together. PERMA-
NOVA analysis showed significant (p < 0.05) difference between the 
two conditions (Fig. 3a). However, betadisper analysis (p < 0.05) 
showed that the microbial community during asymptomatic infection 
was more stochastic than symptomatic patients. LEfSe based analysis 
revealed that Bergyella was the most differentially abundant (p < 0.05) 
bacterial taxon in symptomatic patients (Fig. 3b). The microbiome of the 
asymptomatic patients was characterized by a preponderance of Tan-
nerella, Phocaeicola, Delftia, Bosea, and Achromobacter with LDA score 
> 3 (Fig. 3b). In addition, the microbiome of infected patients with 
comorbidities showed a reduction in the abundance of Rothia, Porphyr-
omonas, Haemophilus, Granulicatella, Gemella, Fusobacterium, Delftia, 
Corynebacterium, Bergeyella, and Prevotella, which constituted the sig-
nificant proportion in non-comorbid patients (Fig. 3c and d). To get 
deeper insights into the association of microbial taxa and viral load 
(based on Ct values) (Mishra et al., 2021), LefSe analysis revealed that 
patients with high viral load (Ct value < 25) were enriched with Gran-
ulicatella, Leptotrichia, and Zoogloea (Fig. S5). 

3.2.3. Predicted oral microbiome function using PICRUSt2 
Functional potential of oral microbiome inferred by PICRUSt2 and 

differentially enriched function derived through KEGG categories were 
identified through LDA analysis (Fig S9 and Fig. 4). Overall, carbohy-
drate metabolism, amino acid metabolism, metabolism of cofactors and 
vitamins, replication and repair, energy metabolism, etc. were the major 
metabolic pathways detected in both the states (Fig S9). We observed 

that 169 KEGG categories showed significant (p < 0.05) differences in 
their abundance. Out of these 169 KEGG categories, only five were 
enriched (LDA score >3, p < 0.05) in infected individuals associated 
with lipid metabolism, glutathione peroxidase, selenocompound meta-
bolism or other amino acids (Fig. 4). On the contrary, signaling and 
genetic process, replication and repair, folate biosynthesis, lipopoly-
saccharide biosynthesis, peptidoglycan biosynthesis and degradation 
proteins, arginine and proline metabolism, macrolide transport system, 
putrescine transport, etc. decreased significantly in the infected 
individuals. 

3.3. Oral mycobiome profiling in infected individuals 

In addition to bacteriome, we have evaluated the changes in the oral 
mycobiome and its relation to the COVID-19. Non-bacterial components 
of the oral cavity are well known for their ability to cause various res-
piratory diseases. The results showed decreased species richness in the 
oral mycobiome of SARS-CoV-2 infected individuals than non-infected 
ones (Fig. 5a). Mycobiome data revealed a significant (Pairwise Wil-
coxon test, p. adjusted value < 0.05) decrease in the abundance of 
Cladosporium, Gibberella, Mortierella, Saitozyma, and Parengyodontium. 
However, reduction in relative abundance of Bipolaris, Aspergillus, 
Alternaria, and Vishniacozyma was observed in the infected patients with 
p.adjusted value < 10% based on pairwise Wilcoxon test (Fig. 5b). In 
contrast, abundance of Cutaneotrichosporon, Candida, Wallemia, Tricho-
sporon, and Kodamaea was not found to be significantly (Pairwise Wil-
coxon test, p. adjusted value > 0.05) increased in the infected patients 

Fig. 3. Association of microbial communities with COVID-19 conditions and co-morbidities. (a) Non-metric multidimensional scaling showed difference in the 
microbial community composition between symptomatic and asymptomatic infected patients. (b) Identification of differentially-abundant genera between symp-
tomatic and asymptomatic infected patients. (c) Microbial community composition at genera-level between infected patients with or without comorbidities. (d) 
Identification of differentially-abundant genera in infected patients with or without comorbidities. 
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(Fig. 5b). We further investigated the shift in the mycobiome community 
structure in the infected and non-infected individuals based on their host 
types. The alpha diversity indices showed the decrease in the species 
richness and evenness with age in the infected individuals compared to 
non-infected ones, except for age group 4, where an increase in ASVs 
was evident (Fig. 5c). Pairwise PERMANOVA analysis did not show a 
significant difference between the microbiome profile across the various 
age groups (Table S3). However, oral mycobiome of infected individuals 
showed dysbiosis with alteration in the abundance of few taxonomic 
groups in each age group category (Fig. 5d). The abundance of Cuta-
neotrichosporon, Candida, and Kodamaea increased in all the age group 
categories of infected patients. In contrast, few specific taxa (Alternaria 
in age group 3 and Trichosporon in age group 4) were enriched in 
particular age groups (Fig. 5d). The contrasting difference in the 
mycobiome community structure was well evident in the male and fe-
male infected patients compared to its non-infected counterparts in 
terms of few taxonomic groups (Fig. 6a). The dynamics of fungus asso-
ciated with COVID-19 conditions and comorbidities were evaluated to 
understand the shift in oral mycobiome of the infected patients only. A 
contrasting mycobiome shift was observed between the symptomatic 
and asymptomatic infected individuals. (Fig. 6b). Alternaria, Aspergillus, 
Cladosporium, and Saitozyma were predominant in the symptomatic 
infected patients compared to asymptomatic infected patients (Fig. 6b). 
However, Cutaneotrichosporon, Candida, Kodamaea, Trichosporon, and 
Wallemia dominated the infected patients with comorbidities (Fig. 6c). 

4. Discussion 

Over the last decade, it has been witnessed that gut microbiota plays 
an essential role in maintaining human health and is also linked to 
diseases (Wang et al., 2017) Although the human oral cavity hosts the 
second-largest microbiota after the gut, its role in the pathogenesis of 
respiratory diseases has been understudied and requires greater atten-
tion (Bao et al., 2020). Xiang et al. (2021) observed that few of the 
opportunistic pathobionts of the oral cavity enter the lower respiratory 
and digestive tracts and colonize there. It has been reported that com-
plex interplay among virus-host-oral microbiome during the influenza 

infections and presently in SARS-CoV-2 conditions at various stages of 
infection cycle may lead to changes in the microbial composition at local 
and distal organs (lung and gut), which results in secondary infections 
(Imai and Tanaka, 2021). Previous studies have suggested that the lung 
microbiota is more related to the microbiota of the oropharynx than that 
of the nasopharynx and gastrointestinal tract (Venkataraman et al., 
2015; Segal et al., 2016). Thus, understanding the microbiome across 
the lung-oral axis is essential to get deeper insights into the pathogen-
esis, disease severity, and metabolic impairment of respiratory illness. 
The present study focuses on the comparative analysis of oral micro-
biome and mycobiome of SARS-CoV-2 infected and non-infected in-
dividuals and its correlation with host types, disease severity, and 
comorbidities. 

The study revealed that SARS-CoV-2 infection resulted in altering 
bacterial species richness and enhancement of various opportunistic 
pathogens in the oral cavity. Our results are in line with the previous 
studies where the diminution in species richness and dysbiosis in the 
oral microbiome of SARS-CoV-2 patients or patients infected with other 
respiratory viruses have been observed, pointing towards the possibil-
ities of secondary infections in the patients (Edouard et al., 2018; Iebba 
et al., 2021; Ma et at., 2021; Wu et al., 2021). The increased abundance 
of Veillonella, Acinetobacter, Klebsiella, Prevotella, Gemella, and Strepto-
coccus have been previously reported from the oropharyngeal and 
nasopharyngeal microbiome of COVID-19 affected patients indicating 
their association with SARS-CoV-2 infection and disease severity [21, 
22, 45, 46]. Veillonella has been previously identified as a differentially 
abundant taxon in COVID-19 patients and a cause of chronic anaerobic 
pneumonitis and is well represented in Bronchoalveolar lavage fluid 
(BALF) of COVID-19 patients (Shah et al., 2008; Ma et al., 2021; Iebba 
et al., 2021). Similarly, Klebsiella, Acinetobacter, and Streptococcus have 
been identified as indicators for ventilator-associated pneumonia or 
COVID-19 severity in the previous studies (Lu et al., 2014; Ma et al., 
2021). The enhanced abundance of Streptococcus species leads to the 
upregulation of the adhesion receptors for viral entry during respiratory 
viral infection (Man et al., 2017). Prevotella and Gemella species have 
been overrepresented in COVID-19 patients and, therefore, may involve 
in producing proteins that can promote SARS-CoV-2 infection and 

Fig. 4. Predicted microbial metabolic profiling based on PICRUSt 2 analysis. Difference in the microbial KEGG orthology was identified through LefSE and top 32 
KEGG ID was presented in the figure. 
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disease severity (Khan and Khan, 2020; Haran et al., 2021). Most of 
these enriched bacteria belong to a group of periodontitis-correlated 
taxa, indicating the close association between periodontitis and 
SARS-CoV-2 infection (Ma et al., 2021). Periodontal-associated cyto-
kines are known to involve the proliferation of pathogenic microbes in 
oral cavities and their contact with the lungs via altering the respiratory 
epithelium, thereby causing secondary infections in COVID-19 patients 
(Xiang et al., 2021). Interestingly, these opportunistic pathogens are 
enriched in BALF of COVID-19 patients suggesting the transmission of 
these pathobionts from the oral cavity to the lower respiratory system 
indicating that the oral cavity harbours such pathobionts (Bao et al., 
2020; Zijie et al., 2020). SARS-CoV-2 infection provides an optimum 
environment for specific commensals to thrive as pathogens leading to a 
more complex diseased state such as those observed in co-infections. For 
example, cytokine storms linked with hyper inflammation during 
SARS-CoV-2 infection lead to notable changes in the oral microbiome 
landscape (Bao et al., 2020). 

Immunomodulatory microorganisms (members of Bacteroidota and 
Fusobacteriota), which play a significant role in regulating the host im-
munity and health state, have been substantially decreased, leading to 

enhanced viral replication and disease progression, as previously dis-
cussed (Yamamoto et al., 2021; Wu et al., 2021). The members of Bac-
teroidota are also known to downregulate the ACE2 gene expression in 
the murine gut (Donati Zeppa et al., 2020; Koester et al., 2021). Simi-
larly, Fusobacterium is involved in a defensive role against viral in-
fections via the surface sialylation process (Nardelli et al., 2021). A 
decrease in Fusobacterium abundance in the oral microbiome may reduce 
the sialic acid metabolism, thus compromising the protection of in-
dividuals from SARS-CoV-2. Other than these bacterial taxa, reduction 
in Neisseria and Haemophilus may result in severe dysbiosis in the oral 
microbiome, leading to the enrichment of various opportunistic patho-
gens. The decrease in these two taxa is in concordance with the previous 
oral microbiome of COVID-19 patients (Ma et al., 2021). Furthermore, 
our study suggests a more substantial impairment in the metabolic 
pathways involved in genetic information processing, membrane 
transport, replication and repair, folate biosynthesis, etc., in the 
COVID-19 patients. Our observations agree with the earlier study sug-
gesting that the members of the oropharyngeal microbiome in such 
patients have less potential for membrane transport of ions, lipids, ste-
rols, peptides, proteins, and carbohydrates (Ma et al., 2021). 

Fig. 5. Fungal community compositions in oral cavity of infected and non-infected individuals. (a) Changes in alpha diversity parameters in infected and non- 
infected individuals. (b) Microbial community composition at genera–level (top 20). (c) Changes in alpha diversity parameters across the different age groups. 
(d) Relative abundance of major genera across the different age groups. 
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It has been reported that the host types (age and gender) and 
comorbidities influence the severity in COVID-19 patients (Gupta et al., 
2021; Ma et al., 2021). Our data suggest a strong association between 
indigenous bacterial taxa and host types in SARS-CoV-2 infected in-
dividuals. It has been clearly understood that the oral microbiota of 
elderly patients shows depletion in species richness and evenness 
compared to other age groups, indicating the vulnerability of 
SARS-CoV-2 infection. This might be due to the alterations in ACE-2 
expression levels, immunological profiling, oxidative stress, and mito-
chondrial dysfunction, which play a prominent role in the higher sus-
ceptibility of the aged population (Farshbafnadi et al., 2021; Pietrobon 
et al., 2020). Hence, elderly patients need to receive careful monitoring 
and timely medication for those with comorbidities to reduce their 
mortality rate. COVID-19 pandemic has affected more men than women 
to both mortality and severity (Gadi et al., 2020; Jin et al., 2020). Our 
data shows that infected male and female patients harbour distinct oral 
microbiota, which might influence the host immune response to infec-
tion. Based on the LefSe/MaAslin2 analysis, we could identify differ-
ences in bacterial taxa with age groups and gender, which could be used 
as non-invasive biomarkers for dysbiosis in SARS-Cov-2 infections or 
other viral respiratory diseases. 

Additionally, we could explore the difference in the microbial com-
munity structure in symptomatic and asymptomatic patients and co-
morbid conditions and viral load. Our data reveals enrichment of 
pathogenic bacterial taxa in symptomatic patients responsible for 
inducing the expression of various virus binding receptors, thus 
increasing the viral replication and co-infections (Ichinohe et al., 2011; 
Shah, 2021). In concordance with the previous studies where viral loads 
are associated with enrichment of specific groups of bacterial taxa, our 
study identifies Leptotrichia and Granulicatella as a differentially abun-
dant genus linked with high viral load. These two members are previ-
ously reported in higher abundance in patients with a longer COVID-19 
symptom duration (Haran et al., 2021). In contrast, Rosas-Salazar et al. 
(2021) found the higher abundance of Granulicatella elegans in low viral 
load nasal samples. 

Fungi, the other major group of microorganisms, play a significant 
role in oral and respiratory diseases (Deo and Deshmukh, 2019). Zhang 
et al. (2020) reported that 221 patients with laboratory-confirmed 
SARS-CoV-2 pneumonia had a 7.7% bacterial coinfection rate and 
3.2% fungal co-infection rate. It has also been reported that fungal 
co-infections are common complications of viral pneumonia. Hence, 
they demand a detailed investigation in COVID-19 patients, as a high 
positive rate of fungal antigenemia has been reported in such patients 
(Lei et al., 2020; Zhou et al., 2020). Overall, the present study revealed 
the dysbiosis of oral mycobiome in the infected patients, decreasing 

species richness and counts. Interestingly, within the infected elderly 
cohort (age group 4), oral mycobiome reflected a higher fungal count, 
which is in line with the findings by Soffritti et al. 2021. Our study re-
veals the presence of various commensals fungal genera in the oral 
cavity of non-infected patients. Due to the SARS-COV-2 infection, a 
fraction of commensal fungi such as Cutaneotrichosporon, Candida, 
Wallemia, Trichosporon, and Kodamaea have been enriched in COVID-19 
patients. It has been reported that fungi in the oral cavity are responsible 
for the increased inflammation and hypersensitivity due to their enzy-
matic and catabolic/toxic activities, which ultimately favours the 
increased viral load and secondary infections (Chen et al., 2020a, 
2020b). Cutaneotrichosporon has been previously isolated from the cystic 
fibrosis patients responsible for the progression of respiratory diseases 
(van der Bruggen et al., 2018). Similarly, Trichosporon spp. is 
life-threatening and are associated with invasive disease in immuno-
compromised/immunocompetent patients (Hickey et al., 2009). These 
members are known to cause pulmonary deep-seated mycotic infections, 
hypersensitivity pneumonitis, and superficial infections (Nakajima 
et al., 2007). Increased abundance of Wallemia has been previously re-
ported in allergic airway diseases in the mice models (Wheeler et al., 
2016), while Kodamea is considered one of the opportunistic agents of 
fungemia in immunocompromised patients (Al-Sweih et al., 2011). 
Various species of Candida are known to cause multiple respiratory 
diseases such as cystic fibrosis, pneumonia, bronchiectasis, etc. (Weaver 
et al., 2019). Our findings are in concordance with the previous reports 
where COVID-19 patients carried higher numbers of Candida spp. (Chen 
et al., 2020a, 2020b; Salehi et al., 2020). This suggests that COVID-19 
patients are more susceptible to Candida spp. Furthermore, our data 
reveals that the oral mycobiome did not show presence of mucormycosis 
causing fungi such as Rhizopus, Mucor, Rhizomucor, Apophysomyces, and 
Lichtheimia therefore it could be implied that mucormycosis is not 
indigenous in oral cavity at the time of admission. 

Our study unequivocally revealed that SARS-CoV-2 infected patients 
exhibit unique microbial signatures with increased abundance of both 
pathogenic bacterial (Veillonella, Acinetobacter, Klebsiella, Prevotella, 
Gemella, and Streptococcus) and fungal (Cutaneotrichosporon, Candida, 
Wallemia, Trichosporon, and Kodamaea) members. Although, the current 
study provides a detailed investigation of microbiome and mycobiome, a 
sequential analysis with more subjects and immunological parameters 
would provide a better understanding of the virus and microbiome in-
teractions to establish a novel perspective towards disease biology and 
diagnostics. 

Fig. 6. Dynamics of fungal community and its association with gender, COVID-19 conditions, and co-morbidities. (a) Difference in the fungal community 
composition among infected and non-infected male and female individuals. (b) Relative abundance of major fungal genera between symptomatic and asymptomatic 
infected patients. (c) Relative abundance of major fungal genera between infected patients with or without comorbidities. 
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