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ABSTRACT

Growing attention is being directed toward the microbial communities of the oral cavity and digestive tract due
to their involvement in numerous systemic health conditions. The mouth acts not only as a host environment
for a wide range of potentially pathogenic microorganisms but also as a key access point into the human body.
This role is particularly important in the context of the highly transmissible SARS-CoV-2 virus responsible for
the current pandemic. Microbial populations in the oral and gastrointestinal systems can influence overall
inflammatory status, shape immune function, and reflect the activity of these host responses. The immune
response itself contributes to an individual’s likelihood of acquiring infections, including SARS-CoV-2. This
study aims to explore how specific salivary oral microbiome components may affect susceptibility to SARS-
CoV-2 infection. This study included 106 individuals with documented medical and dental histories who agreed
to provide saliva samples between January 2017 and December 2019. By March 1, 2021, sixteen of these
participants had tested positive for COVID-19 through PCR testing. In this pilot analysis, comparisons of oral
bacterial taxa identified through 16S rRNA sequencing showed distinctions in microbiome profiles between
those who became COVID-19 positive and those who did not. These bacterial taxa may serve as indicators of
heightened vulnerability to SARS-CoV-2 infection among individuals who have not been vaccinated.
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deaths and 272 million documented infections

worldwide by late 2021.

Introduction

The microbial communities within the oral cavity and
digestive tract exist in a finely balanced equilibrium,
and this microbial stability plays a crucial role in
regulating both immune function and inflammatory
capacity in the host [1, 2]. The oral and nasal mucosa
act as primary portals of entry for numerous respiratory
viruses, and the resident microbiome contributes
meaningfully to how these viral infections develop and
progress [3]. Existing research supports the concept
that microbial populations—whether in the gut, oral
cavity, or respiratory system—may influence
susceptibility and response to viral pathogens such as
SARS-CoV-2 [4], which was linked to 5.3 million
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Salivary microorganisms, especially bacteria, help
incoming microbes attach to the oral ecosystem and
may facilitate their eventual passage into host mucosal
surfaces. These salivary microbes may also regulate
viral entry into host cells and determine whether viral
exposure results in a productive, detectable infection.
Additionally, certain oral microbiota can generate
compounds that modify epithelial barrier integrity [5].
Numerous investigations have documented alterations
in gut, oral, and nasopharyngeal microbial profiles
during and after SARS-CoV-2 infection when
compared to uninfected controls [6-11], though the
underlying mechanisms remain unclear. SARS-CoV-2
significantly affects oral physiology, producing
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symptoms such as dysgeusia, xerostomia, loss of taste,
and secondary infections, all of which have the
potential to shift oral microbial composition [12]. It is
therefore reasonable to infer that changes in other oral
microbial communities triggered by SARS-CoV-2 may
contribute to these clinical manifestations.

Further studies have sought to characterize microbiome
changes in the oral and gut environments during active
COVID-19 infection and to examine how these
changes correlate with disease severity [8, 11, 13-15].
Such research highlights bacterial groups that may
increase morbidity in SARS-CoV-2 infection,
particularly within the oropharyngeal region [16, 17].
SARS-CoV-2, a betacoronavirus and the causative
agent of COVID-19, spreads rapidly through several
routes, including oral droplets [18-20]. The oral cavity
is considered a likely route of viral entry, and
substantial evidence confirms that transmission occurs
predominantly via droplets [2]. These droplets
typically gain access to the body through the mucosal
lining of the nasal cavity, primarily through ACE2- and
TMPRSS2-expressing epithelial cells [3]. While much
of the research has focused on the nasal-lung pathway
of infection [4], entry through the oral cavity is also
possible [1, 2]. This is supported by the strong
expression of ACE2 and TMPRSS?2 receptors in both
salivary glands and oral mucosal tissues. However,
despite the presence of oral symptoms in many infected
individuals, it remains uncertain how frequently the
oral cavity serves as the initial site of infection [21].
Once inside the mouth, successful infection requires
that the virus survives in saliva or on oral surfaces long
enough to attach to the mucosa, penetrate the
extracellular matrix through ACE receptor binding,
and subsequently replicate at levels sufficient for
diagnostic detection. This study therefore examines
whether certain salivary microbial taxa may enhance
viral adherence and penetration, thereby increasing the
likelihood of successful infection.

This retrospective investigation sought to determine
whether preexisting salivary bacterial diversity
influences susceptibility to SARS-CoV-2 infection.
Saliva samples were obtained from established patients
with documented pre-pandemic medical and dental
histories who were monitored throughout the
pandemic. Because adult salivary microbiome
composition tends to remain relatively stable over time
[22, 23], these samples provided a unique opportunity
to analyze oral microbial profiles prior to infection.
This enabled assessment of whether specific salivary
bacterial taxa are associated with increased
vulnerability to clinically evident COVID-19. Given
the study’s setting and timeframe in central Illinois, the
analysis pertains to susceptibility to infection by the

alpha, beta, and gamma variants of SARS-CoV-2
(https://www.cdc.gov/coronavirus/2019-
ncov/variants/variant-classifications.html).

Materials and Methods

Study population and patient characteristics

This investigation draws on a group of participants
originally enrolled in a larger cross-sectional project
conducted at the University of Illinois at Chicago
College of Dentistry within the General Practice and
Prosthodontic clinics from January 8, 2017, through
June 21, 2019 [24]. Roughly 272 individuals agreed to
join the parent study by signing written informed
consent forms, following the requirements of the
University of Illinois at Chicago Institutional Review
Board 1, which approved the protocol (#2016-0696).
All procedures complied with the ethical standards set
forth in the Declaration of Helsinki.

Participants were eligible if they were at least 18 years
old, had complete medical and dental records—
including current medications—had undergone a full
periodontal assessment, and had received a clinical and
radiographic caries evaluation. Both dentate and
edentulous individuals were allowed, as long as they
were willing to provide a saliva sample.

Individuals were excluded if they had restored dental
implants, wore removable partial dentures, had
maxillofacial abnormalities, or had undergone dental
scaling within the previous three months. Additional
exclusion factors included needing urgent treatment for
an acute condition, having fewer than twenty natural
teeth (for those who were dentate), recent antibiotic use
(within one month), mouthwash use within 12 hours
prior to sampling, receiving any SARS-CoV-2
vaccination before March 1, 2021, or lacking
confirmed information about their COVID-19 status.

Sample collection

As part of a previous investigation, participants
produced stimulated saliva by chewing paraffin for five
minutes, during which samples were collected [25]. All
individuals had undergone comprehensive dental
examinations before participating.

Evaluation of COVID-19 status

Participants were phoned at least three times between
April and May 2021; those who could not be reached
after multiple attempts were excluded from the study.
For those who answered, a standardized telephone
questionnaire was administered to collect information
on any respiratory illnesses occurring from February 1,
2020, to March 1, 2021, confirmatory PCR test results
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for COVID-19, and SARS-CoV-2 vaccination status
prior to March 1, 2021.

Characterization of microbial community structure
DNA was extracted from the collected saliva
specimens, and the V1-V3 regions of bacterial 16S
rRNA genes were amplified using the 27F/534R
primer set through a two-step targeted amplicon
sequencing protocol, as reported previously [25, 26].
During the second PCR, each sample was uniquely
labeled with Fluidigm Access Array barcoded primers
at the University of Illinois at Chicago Sequencing
Core. Sequencing was then carried out on an Illumina
MiSeq platform with the V3 kit, allowing a total of 600
cycles.

For downstream analysis, reverse reads from the
FASTQ files were processed using QIIME2 (v2022.2)
[27]. Reads with an average quality score below 25
were discarded or trimmed, resulting in sequences
truncated to 262 nucleotides. The DADA?2 plugin was
employed to denoise the data and produce feature
tables representing the microbial sequences [28].
Taxonomic identification was performed using the
classify-consensus-blast function with the Blast+
consensus classifier, matching sequences against the
Human Oral Microbiome Database (v15.22) at 98%
identity [29]. Across the 106 saliva samples, the
sequencing depth averaged 25,136 reads per sample,
ranging from 12,645 to 36,906, for a cumulative total
of approximately 2,664,478 reads.

Statistical analysis

Analyses of alpha and beta diversity were conducted
using MicrobiomeAnalyst [30]. Alpha diversity
metrics included Shannon’s Diversity Index, which
accounts for both species richness and evenness, and
Chaol, which estimates species richness. Differences
between groups were evaluated using t-tests within
MicrobiomeAnalyst. Beta diversity was assessed and
visualized using the Bray—Curtis dissimilarity metric,
which is non-phylogenetic.

Differential abundance of taxa between participants
who tested positive for COVID-19 and those who
remained negative was determined using MaAsLin2
with a zero-inflated negative binomial regression
model and CSS normalization [31, 32]. To control for
batch effects, the sequence run was included as a
random effect in the model. Only taxa with a minimum
of two reads were considered, and those present in
fewer than 10% of samples were excluded from
analysis.

For evaluating demographic and clinical characteristics
of the study population, two-tailed Fisher’s Exact tests
and Student’s t-tests were performed using

KaleidaGraph (Synergy Software). In MaAsLin2
analyses, q-values were calculated using the
Benjamini-Hochberg procedure to control for false
discovery.

Results and Discussion

Participants and population description

In April 2021, attempts were made to reach
approximately 272 participants who had previously
provided saliva samples between November 2017 and
December 2019. Of these, 166 individuals were
excluded either because they could not be contacted or
because they were unsure of their COVID-19 infection
status. The remaining 106 participants had confirmed
COVID-19 status as of March 1, 2021. Within this
cohort, 16 participants had previously tested positive
for COVID-19 via PCR and were assigned to the
positive group, while the remaining 90 participants,
who reported no respiratory illness from February 1,
2020, to March 1, 2021, and never received a positive
PCR result, comprised the negative group.

The study examined differences in the salivary
microbiome between these two groups. Table 1
provides an overview of participant characteristics at
the time of sample collection, including age, dental
health measures, tobacco use, and the number of
prescription medications. Both groups were generally
similar, although tobacco use tended to be more
common among individuals in the COVID-19 positive

group.

Table 1. Demographics of the study population.
COVID-19 COVID-19

Characteristic Negative  Positive value*
(n=90) (n=16)
Gender 0.493
Male 36 (40.0%) 7 (43.8%)
Female 54 (60.0%) 9 (56.3%)
Tobacco Use 0.126
Yes 14 (15.6%) 5 (31.3%)
No 76 (84.4%) 11 (68.8%)
Periodontal Disease 0.604
Yes 40 (44.4%) 5(31.3%)
No 50 (55.6%) 10 (62.5%)
Dentate Status 0.312

Dentate (has teeth) 80 (88.9%) 14 (87.5%)

Edentulous (no teeth) 10 (11.1%) 2 (12.5%)
Age (years) 523+15.7 472+133 0.23
Number of Medications 3.27 £4.62 1.73+£3.17 0.22

Number of Carious

. 450+7.88 4.13+£6.45 0.86
Lesions

“Statistical significance for gender, periodontal health, tobacco use,
and dentate status was evaluated using Fisher’s exact test.

Statistical significance for age, number of medications, and caries
was assessed using Student’s t-test.
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analysis and differentially

Analysis of alpha diversity revealed no detectable
differences between the COVID-19 positive and
negative groups (Figure 1). Similarly, overall beta
diversity comparisons did not indicate significant
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variation between the groups (Figure 2). Such findings
are consistent with saliva samples, which represent a
composite of microbial taxa originating from multiple
oral niches.
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Figure 1. Comparison of salivary microbiome diversity between participants who reported COVID-19
infection and those who did not. Shannon Diversity index analysis revealed no significant difference in
species richness between the groups (t =—0.616, p = 0.543). Likewise, Chaol index comparisons confirmed

similar levels of microbial richness (t=—1.19, p = 0.2510).

04
..... ° .
e® °
P o
> 0.2 _ °
BN 4 o0 °
< o
~ © o °* w N\ COvVID
= - o ° \ o
- g ° Oc 1 ®e0 9 0 O°(, oL @ Covid Negative
: o 0 © ° A '{}
2 00 \ o ° O F e s O : ) Covid Positive
2 L X oy o0 o °® % 4
o %0 ° 49 °
- ° ¢ o
o [¥] o
o [+) o
PYYS ® @0e © °
0.2 e
04 0.0 0.2 0.4

0.2 .
Axis.1 [25.6%)

Figure 2. Principal coordinates analysis (PCoA) depicting the salivary microbiome profiles of participants
with and without COVID-19, based on Bray—Curtis distance metrics.

Analysis of the salivary microbiome revealed only
modest differences between participants who tested
COVID-19 positive and those who did not. MaAsLin2
analysis (Table 2) identified several bacterial taxa—
including Schaalia cardiffensis, Bergeyella (genus),

Bacteroidetes [G-5]

s bacterium HMT 511,

Neisseria elongata,

and Prevotella dentalis—that

showed variation in abundance between the groups at a
false discovery rate (FDR) below 0.1 [31, 32].
Multivariate modeling, which accounted for age,
tobacco use, and medication count, is illustrated in
Figure 3.
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Table 2. Identification of salivary bacterial taxa with differential abundance in participants who subsequently
tested positive for COVID-19, as determined using MaAsLin2.

Rank / Taxon Coefficient Std. P- FDR-adjusted Direction in
® Error value g-value COVID-19+
g_ Bacteroidetes (G.5) s__bacterium HMT_511 1.59 0.3890 427 %107 0.0070 Higher
g_ Schaalia s__cardiffensis 1.23 0.321 1.31 x 10+ 0.0108 Higher
g_ Neisseria s__elongata —-1.05 0.296 3.69 x 10 0.0203 Lower
g_ Bergeyella (unclassified species) 0.94 0.278 7.52x 10 0.0310 Higher
g_ Prevotellas__dentalis 1.52 0.479 1.52x 1073 0.0503 Higher

*Q or FDR values less than 0.1 (1.00E-01) are regarded as statistically significant. The coef represents the model coefficient (i.e., the estimated
effect size), stderr is the standard error of that coefficient, and qval is the adjusted p-value obtained through the Benjamini-Hochberg false
discovery rate (FDR) correction.
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+ g__Veillonellaceae_.G.1..
-H Schaalia.s__cardiffensis
L] g Lactobacillis.s __fermentum 15
radyrhizobiacéae.
e Leptotrichia.s wadei
g_Strep!ococcus"
Ottowia.s_s, ?MT 894 10
‘ —bacterium HMT 511
- qg_ Tregonem‘as Sp. HMT_262
B ia.s mu_‘lagunosa
+ Bergeye 5
+ Nelssenas —oralis
S_Alloprevoleﬂzs sp._ HMT_914
- —_Campylobacter's__gracilis ~
+ + Anaeroglobus.s_~géminatus 0
~Peptos replococaceae XI..G.4..
= g__Actinomyces.s__sp._ 897

®
!E
- -

+ —Parvimonas.

+ s__.Eubacterium._brach

+ - g Porphyromonas.s ndodontalus -5
+ - g Absconditabacteria_.SR1. .G.1

+

_Sacchanbactena TM7._.G.3. s _Bactenum HMT_351

: topobium.
+ Rhizobiales. -10
g ~—Leptotrichia.5~ $p. HMT_498 144
Prevotella.s “maculosa
~Arachnia.s_“fubra
- g Lachnospiraceae_.G.2..s__bacterium_HMT_096 -15
- g ~Tannerella.s__forsythia

+

LR O

Prevotella.s —$p._ HMT_309
Variovorax.s__paradoxus
~Oribacterium’s__sp. HMT 078
—Fretibacterium3__fastidioSum
—Mitsuokella.s__sp. HMT_521
—Prevotella.s_"micans
+ Prevotella.s” nanceiensis
- —Neisseria.s —élonﬁata
— Neisseria.s__baci |form|s
—Ralstonia.s™sp.
- orynebac(é‘ﬁum‘ 5 durum
+ g__Peptostreptococcuss __stomatis
- —Capnocytophaga.s__[€adbetteri
+ - § — Streptococcus.s__ constellatus

LR

Catonella.s__morbi
Fretibacteritim.
* "~ Delftia.s__acidovorans
g_TreponeﬁTas maltophilum
Selenomonas.s__noxia
—Leptotrichia.

+
+

+ g _Vellonella.s”_sp. HMT_917

—Hor=

283

82 o

oW o

I's €

= 2

55

[ =

w

Figure 3. Statistically significant associations (FDR < 0.25) between bacterial taxa and clinical variables, as
identified by MaAsLin2 multivariable analysis. Every reported link (e.g., future COVID-19 diagnosis and
salivary microbiota) was adjusted for all other covariates, including the participant’s smoking status, age, and
the total number of prescribed medications.

A limited subset of oral bacterial taxa was found to  associations with COVID-19. Multivariable analysis
differ in abundance in participants who later tested (Figure 3) indicated that variations in these taxa may
positive for COVID-19. Among these, Prevotella and  be partially influenced by differences in age, tobacco
Neisseria are particularly notable due to previous use, and medication counts across the studied groups.
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One Prevotella species was observed at higher
abundance in saliva samples from individuals who
subsequently became SARS-CoV-2 positive (Table 2).
Prior studies have reported enrichment of Prevotella
pallens in saliva from patients with active COVID-19,
whereas taxa such as Rothia mucilaginosa and certain
Streptococcus species were decreased [13]. Another
study comparing patients with active COVID-19 to
healthy controls found elevated levels of Haemophilus
parainfluenzae, Veillonella infantium, Soonwooa
purpurea, Prevotella salivae, Prevotella jejuni, and
Capnocytophaga gingivalis in the oral mucosa,
alongside reductions in other taxa [7]. Conversely, a
separate study did not observe increased Prevotella at
the genus level in COVID-19 saliva samples [33].
Enrichment of Prevotella genes in lung samples from
COVID-19 patients and computational predictions of
potential roles for Prevotella-encoded proteins in host-
virus interactions suggest that elevated Prevotella may
contribute directly to viral infection and disease
progression in some individuals [34]. Differences in
16S rRNA regions analyzed across studies complicate
direct nonetheless, the increased
abundance of the single Prevotella species in
individuals who became COVID-19 positive (Figure
3; Table 2) provides tentative support for this
hypothesis.

Low abundance of Neisseria has been proposed to
contribute to heightened inflammation in COVID-19
patients [35]. Several studies have reported reduced
Neisseria levels in infected individuals, with Iebba et
al. noting particularly lower levels of Neisseria
elongata in oral rinses from COVID-19 patients at FDR
<0.11 [7, 8, 15]. Consistent with these findings,
Neisseria elongata was present at lower levels in
participants who later contracted COVID-19 (Table 2),
suggesting that reduced abundance of this species may
precede infection.

Although the taxa differing between the groups could
serve as potential markers of susceptibility to COVID-
19, the underlying mechanisms remain unclear.
Variations in viral susceptibility may reflect host
genetics, immune status, inflammatory responses, or
microbial interactions [36]. At the start of this study, it
was uncertain whether the oral cavity serves as a
primary site of SARS-CoV-2 infection, and this
remains unresolved [37, 38]. Therefore, the observed
differences in salivary microbiota among COVID-19
positive participants could reflect lifestyle factors
influencing systemic susceptibility. This concept aligns
with previous evidence linking oral microbiome
variations to disease risk elsewhere in the body [39].
This study has several limitations. It is a retrospective,
observational, single-center study, and minor

comparisons;

differences in oral microbiota may result from multiple
indirect factors. The small number of COVID-positive
participants limits the statistical power [39, 40].
Additionally, a few individuals in the COVID-negative
group could have experienced unrecognized infections
[41], though the large negative cohort minimizes the
potential impact of this issue. Salivary analysis
employed V2-V3 16S rRNA sequencing, capturing a
broad but incomplete representation of oral bacteria
[42]. Other limitations include: (1) absence of
functional gene analysis, (2) collection of saliva
samples in some cases more than a year before the
pandemic, (3) lack of precise dates for COVID-19
positivity, and (4) no consideration of dental
restorations such as crowns, though patients with
implants were excluded. A prospective study with
more frequent saliva collection could address several
of these constraints.

Given the March 1, 2021 cutoff for determining prior
infection and the U.S. study location, the findings may
primarily pertain to the alpha and beta SARS-CoV-2
variants [43]. Furthermore, salivary characteristics
such as viscosity, pH, and levels of immunoglobulins
or inflammatory cytokines were not assessed, although
these factors may influence the oral microbiome’s
ability to prevent microbial adherence and viral
penetration [44].

Conclusion

The presence of these bacterial taxa in saliva may be
linked to a higher susceptibility to early SARS-CoV-2
infection among unvaccinated individuals. This study
provides a foundation for further investigations into the
complex oral microbiome and its potential role in either
protecting against or promoting infection by
respiratory viruses.
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