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Otitis media (OM), defined as infection or inflammation of the middle ear (ME), remains a
major public health problem worldwide. Cholesteatoma is a non-cancerous, cyst-like
lesion in the ME that may be acquired due to chronic OM and cause disabling
complications. Surgery is required for treatment, with high rates of recurrence. Current
antibiotic treatments have been largely targeted to previous culturable bacteria, which
may lead to antibiotic resistance or treatment failures. For this study, our goal was to
determine the microbiota of cholesteatoma tissue in comparison with other ME tissues in
patients with long-standing chronic OM. ME samples including cholesteatoma,
granulation tissue, ME mucosa and discharge were collected from patients undergoing
tympanomastoidectomy surgery for chronic OM. Bacteria were profiled by 16S rRNA
gene sequencing in 103 ME samples from 53 patients. Respiratory viruses were also
screened in 115 specimens from 45 patients. Differences in bacterial profiles (beta-
diversity) and the relative abundances of individual taxa were observed between
cholesteatoma and ME sample-types. Additionally, patient age was associated with
differences in overall microbiota composition while numerous individual taxa were
differentially abundant across age quartiles. No viruses were identified in screened ME
samples. Biodiversity was moderately lower in cholesteatoma and ME discharge
compared to ME mucosal tissues. We also present overall bacterial profiles of ME
tissues by sample-type, age, cholesteatoma diagnosis and quinolone use, including
prevalent bacterial taxa. Our findings will be useful for fine-tuning treatment protocols for
cholesteatoma and chronic OM in settings with limited health care resources.
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INTRODUCTION

Otitis media (OM) or middle ear (ME) infection/inflammation
remains a major public health problem worldwide, with an
estimated 60% of hearing-impaired children under 5 years old
having OM as the cause of hearing loss (GBD 2019 Hearing Loss
Collaborators, 2021). Risk factors for OM include young age, lack
of breastfeeding, allergies, upper respiratory infection, second-
hand smoke exposure, low social status, daycare attendance,
multiple siblings, and family history (Zhang et al., 2014;
Brennan-Jones et al., 2015). OM may persist as recurrent acute
(RA)OM or chronic (C)OM, for which treatment includes
antibiotics and surgery. In the United States, annual health
care use due to office visits, antibiotics, and surgeries for OM
in children is estimated to cost >$5 billion (Suaya et al., 2018).
Antibiotics are prescribed for 67% of children with OM (Hersh
et al., 2016), inappropriately in 10-33% of cases, causing concern
for antibiotic resistance (Fleming-Dutra et al., 2016; DeMuri
et al., 2017). Globally, age-standardized rates for years lived with
disability due to acute OM are still increasing (GBD 2019
Diseases and Injuries Collaborators, 2020). In children, OM
can cause not only permanent hearing loss but also
impairments in speech perception, auditory processing or
phonological awareness while reading, thereby affecting
academic performance (O'Niel et al., 2015; Khavarghazalani
et al., 2016; Cai and McPherson, 2017; le Clercq et al., 2017;
Carroll and Breadmore, 2018). If persisting to adulthood, COM,
even with only mild-to-moderate hearing loss, is associated with
poorer quality of life and mental health, particularly if revision
surgeries were performed (Bakir et al., 2013). After
tympanoplasty surgery, the 10-year recurrence rate of COM is
15-26% (Nardone et al., 2012).

Cholesteatoma is a non-cancerous cyst-like lesion in the ME
that either develops congenitally (rare) or, more commonly, is
acquired in COM. Cholesteatoma was estimated to develop in
10-24% of OM cases (O'Connor et al., 2009; Rosito et al., 2017).
In a tertiary hospital setting in Colorado, out of 67,661 children
seen over 10 years, 36.5% had OM and 12.0% were diagnosed
with COM; of those with COM, 5.1% of children presented with
cholesteatoma (unpublished data from COMPASS database).
Prevalence is higher in adults: of 1,006 adults with OM, 24.4%
had COM; of those with COM, 39.2% had cholesteatoma. These
data show that while COM and cholesteatoma are prevalent in
lower income countries such as the Philippines (Carrillo et al.,
2007; Santos-Cortez et al., 2007), these disease entities are also
significant health issues in high-income countries including the
United States.

Cholesteatoma has a propensity for insidious growth and
erosion of the ossicles or temporal bone that houses neural
structures and may lead to disabling complications such as
hearing loss, facial nerve palsy, vertigo, or intracranial
extension. Surgery is required for treatment, with high rates of
recurrence even after >10 years (Kuo et al., 2012; Nardone et al.,
2012). Histologically, cholesteatoma is filled by keratin debris
and lined by keratinized squamous epithelium (matrix), which is
similar to the outer epidermal layer of the tympanic membrane
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
(TM) but with Langerhans cells and basal cells (Lim and
Saunders, 1972). Between the matrix and ME mucosa, there is
a layer of loose connective tissue (i.e., perimatrix) containing
collagen fibers and fibrocytes, typically with inflammation
between the perimatrix and ME mucosa (Lim and Saunders,
1972). Under the operating microscope, these tissues can be
differentiated well: the cholesteatoma is the encapsulated
collection of keratin debris within the ME space, while the
hyperplastic, severely inflamed mucosa that is in contact with
the cholesteatoma appears as granulation tissue that is distinct
from normal-looking but infected ME mucosa (Saunders et al.,
2011). Fifty years after its histology was resolved, there is still no
consensus on how a cholesteatoma forms, except that the process
is probably a hybrid of theories (Maniu et al., 2014; Kuo et al.,
2015): [a] desquamated keratin accumulates in a retraction
pocket formed by negative ME pressure; [b] squamous
epithelium of the TM migrates to the ME; [c] ME mucosa
transforms into keratinizing epithelium; [d] keratin-filled
microcysts form within the basal layer of the TM and invade
subepithelial tissue. Better understanding of cholesteatoma
pathology will aid in implementation of standard classifications
of lesions to guide management and predict surgical outcomes
(James et al., 2019). It was suggested that an exaggerated
inflammatory response causes cholesteatoma growth,
proliferation, and bony erosion (Maniu et al., 2014; Kuo et al.,
2015). Biofilm formation and aberrant gene expression are also
associated with cholesteatomas (Chole and Faddis, 2002; Maniu
et al., 2014; Kuo et al., 2015; Baschal et al., 2019).

Pseudomonas aeruginosa and Staphylococcus aureus are the
most prevalent bacteria cultured from suppurative COM and
cholesteatomatous OM (Ricciardiello et al., 2009). In previous
bacterial profiling between different patients, the relative
abundances of Alloiococcus, Haemophilus and Clostridiales
were increased in cholesteatomas vs. healthy ME, non-
cholesteatomatous OM, or tympanosclerotic plaques (Neeff
et al., 2016; Kalcioglu et al., 2018). In another recent study of
untreated cholesteatoma, no differences in bacterial or fungal
profiles were found between cholesteatoma and ME mucosa
(Weiss et al., 2019). In these previous microbiota studies, no
biodiversity or relative taxa abundance estimates were
significant, whether when comparing by case-control status or
by sample-types, and when correcting for multiple testing [e.g.
false discovery rate (FDR)] (Neeff et al., 2016; Minami et al.,
2017; Kalcioglu et al., 2018; Weiss et al., 2019). On the other
hand, in other studies up to 36% of cholesteatomas were reported
as positive for human papillomavirus (HPV), a virus that can
induce aggressive growth of tissue lesions such as papillomas or
cancers (Bergmann et al., 1994; Franz et al., 2007).

In this study, we collected ME samples from Filipino patients
undergoing tympanomastoidectomy for COM and submitted
them for [1] broad-range bacterial 16S rRNA gene amplification
and sequencing and [2] PCR screening for HPV and common
viral otopathogens. Our goal was to determine if the microbiota
of cholesteatoma tissue is different from other ME samples
within the context of long-standing, insufficiently treated
suppurative COM.
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MATERIALS AND METHODS

Study Design
Prior to initiation, this study was approved by the University of the
Philippines Manila Research Ethics Board (UPMREB 2015-238-01)
and the Colorado Multiple Institutional Review Board (protocols
16-1525, 16-2673, and 17-1679). Informed consent was obtained
from all study participants, including parents of minors. Patients
who were diagnosed to have COM with or without cholesteatoma
and scheduled for tympanomastoidectomy surgery at the Philippine
General Hospital were recruited for study. Preparation for surgery
was done according to standard procedures. No antiseptic or
antibiotic wash or powder was directly applied to the middle ear
before or during surgery. During surgery, different types of ME
samples, namely cholesteatoma tissue, ME discharge (obtained by
sterile Puritan applicator swab), MEmucosal tissue, and granulation
tissue, were collected per patient. All tissues and discharge were
collected by the surgeon upon identification under the operating
microscope. Each ME sample was placed separately in an Oragene
P117 kit (DNA Genotek, Ottawa, Ontario, Canada), which
preserved microbial DNA/RNA while shipping to Colorado.
Microbial DNA and RNA were isolated from all ME samples
using the MasterPure Complete DNA and RNA Purification Kit
(Lucigen, Middleton, WI, USA) for DNA samples and the AllPrep
DNA/RNA/miRNA Universal Kit (Qiagen, Hilden, Germany) for
RNA samples, respectively.

Microbiota Profiling
Bacterial 16S rRNA genes were amplified from DNA samples
using primers specific for the V1V2 region (27FYM 5’-
AGAGTTTGATYMTGGCTCAG and 338R 5’-TGCTGCCT
CCCGTAGGAGT), as previously described (Santos-Cortez
et al., 2018; Bootpetch et al., 2020; Frank et al., 2020). All work
was performed in either a biosafety level 2 hood or a HEPA-
filtered PCR hood following 15 minutes of ultraviolet irradiation.
Three to four negative reagent controls were included in each
batch of DNA extraction, PCR, and sequencing to detect
contaminants. PCR amplicons were normalized and pooled
using a SequalPrep Normalization Plate Kit (Invitrogen/
Thermo Fisher Scientific, Waltham, MA, USA) and pools
quantified using a Qubit® 2.0 Fluorometer (Invitrogen).
Paired-end sequencing was conducted on the Illumina Miseq
platform using the 600 cycle v3 kit (San Diego, CA, USA).
Illumina Miseq paired-end reads were aligned to human
reference genome hg19 with bowtie2 and matching sequences
discarded (Langmead and Salzberg, 2012). The remaining non-
human paired-end sequences were demultiplexed then
assembled using phrap (Ewing and Green, 1998; Ewing et al.,
1998). Pairs that did not assemble were discarded. Assembled
sequence ends were trimmed over a moving window of 5
nucleotides until average quality was met or exceeded 20.
Trimmed sequences with more than 1 ambiguity or shorter
than 250 nt were discarded. Potential chimeras identified with
Uchime (usearch6.0.203_i86linux32) (Edgar et al., 2011) using
the Schloss (Schloss and Westcott, 2011) Silva reference
sequences were removed from subsequent analyses. Assembled
sequences were aligned and classified with SINA (1.3.0-r23838)
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
using the 418,497 bacterial sequences in Silva 115NR99 as
reference configured to yield the Silva taxonomy (Pruesse
et al., 2007; Pruesse et al., 2012; Quast et al., 2013). Taxonomic
assignment by SINA used the lowest common ancestor approach
with default parameters. Operational taxonomic units (OTUs)
were produced by binning sequences with identical taxonomic
assignments. This process generated a median of 71,960
sequence/sample (IQR: 17391-107146) for 103 ME samples. In
contrast, 12 negative control samples yielded a median of 21.5
(IQR: 17-184.3) sequences per control sample.

Statistical Analysis
The software packages R v4.1.0 (Team, 2019) and Explicet
v2.10.5 (Robertson et al., 2013) were used to analyze and
visualize data. For microbiome analysis, differences in overall
composition (i.e., beta-diversity) were assessed through
permutational ANOVA [PERMANOVA (Anderson et al.,
2011; Oksanen et al., 2019)] with the Bray-Curtis dissimilarity
index. PERMANOVA p-values were inferred through 106 label
permutations and FDR-corrected for multiple comparisons
(Benjamini and Hochberg, 1995) when multiple pairwise tests
were performed. Alpha-diversity indices (i.e., Sobs, Shannon H,
Shannon H/Hmax) were assessed by linear regression modeling;
p-values were FDR-adjusted when multiple pairwise tests were
performed. PERMANOVA and linear regression were
performed on the main outcome (sample-type) both as one-
way tests and adjusting for covariates (patient ID, age, sex,
cholesteatoma diagnosis, or medications) as noted in the text.
Individual taxa differing between treatment groups were
identified using the ANOVA-like differential expression
(ALDEx2) R package (Fernandes et al., 2013; Fernandes et al.,
2014). The distribution of taxa in each sequence library was
estimated through 1000 Dirichlet Monte Carlo re-samplings of
sequence count data. To account for the compositional nature of
microbiome sequence data, datasets were then subjected to a
center log-ratio transformation with all features used as the
denominator. The aldex.glm module was used to assess
between-group differences in taxon relative abundances while
adjusting for patient covariates; both nominal p-values and FDR-
corrected p-values (Benjamini and Hochberg, 1995) were
inferred using this approach, as noted in the text and figures.

Viral Profiling
To determine whether viruses play a role in cholesteatoma, the
ME samples were screened for presence of HPV DNA by qPCR
using the PowerUp SYBR Green (Applied Biosystems/Thermo
Fisher) reagent and a Bio-Rad instrument (Hercules, CA, USA).
We also screened for eight common respiratory viruses that are
known to be associated with OM, namely: two DNA viruses –
human adenovirus (HAdV) and human bocavirus (HBoV); and
six RNA viruses – rhinovirus (RV), enterovirus (EV), respiratory
syncytial virus (RSV), coronavirus-229E/NL63/OC43 (hCoV),
human metapneumovirus (hMPV), influenza A/B or InfA/InfB
[Table S1; (Loeffelholz et al., 2011; Nokso-Koivisto et al., 2015)].
Microbial RNA was converted into cDNA using the Superscript
IV Reverse Transcriptase (Thermo Fisher) with random
hexamer primers. Control plasmids matched to specific
April 2022 | Volume 12 | Article 746428
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primers for each virus were used as positive control.
Additionally, beta-actin was used as positive control and was
successfully amplified in every sample.
RESULTS

Patient Characteristics
Microbial DNA was isolated from 118 specimens from 54
patients enrolled in this study. Out of 118 microbial DNA
samples, bacteria were profiled in 103 (87.3%) samples from 53
patients by broad-range 16S rRNA gene PCR amplification and
Illumina amplicon sequencing of the V1V2 variable region
(Table 1). The Goods coverage index was ≥98% for each
sample, indicating excellent depth of sequence coverage. The
cohort with sequence data was 49% male and had a mean age of
36.8 years old (SD: ± 14.7 years; age range: 15-73 years).
Sequence data was available from cholesteatoma tissue (“Chol”;
N = 25), granulation tissue (“Gran”; N = 34), ME mucosal tissue
(“MEMuc”; N = 17), and ME discharge (“MEDisc”; N = 27;
Table 1). Almost all patients were diagnosed with suppurative
COM, except for two with chronic adhesive OM. Thirty-six
patients had cholesteatoma (67.9%, Table 1). In addition to
hearing loss in all patients, additional complications due to OM
were found in 13 (24.5%) patients, including one with brain
abscess, six with post-auricular soft tissue abscess, and six
patients with dizziness and/or damage to the semicircular
canal(s). In one severe case, the patient had acute meningitis,
facial paralysis and labyrinthitis. Nine (17%) patients had a
previous history of tympanomastoid surgery for COM (i.e. 2-
27 years prior to current surgery); of these nine, five patients had
cholesteatoma on the same ear while one patient had the
previous surgery on the opposite ear.

Microbial Diversity of Middle
Ear Specimens
Initial univariable PERMANOVA tests found significant
associations between overall microbiota composition (i.e., beta-
diversity) and sample-type (p=0.006; Figure 1A), age (p=2.9e-05;
Figure 1B), cholesteatoma diagnosis (p=1e-06; Figure 1C),
quinolone use (p=0.0006; Figure 1D) and use of other broad-
spectrum antibiotics (p=0.03; data not shown). The effects of
these variables on ME microbiota were visualized through both
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
principal component plots (left panels, Figure 1) and bar charts
(right panels, Figure 1), the latter of which also show pairwise
differences between different variable levels. In contrast, no
differences in beta-diversity were observed in association with
biological sex (p=0.20) or cephalosporin use (p=0.37). Only a few
patients were positive for [a] use of local steroid as a component
of antibiotic otic drops and [b] for FUT2 or SPINK5 variants
(Table 1), which we have previously shown to be determinants of
ME microbiota (Santos-Cortez et al., 2018; Frank et al., 2020;
Elling et al., 2022); consequently, steroid use, FUT2 genotype,
and SPINK5 genotype were excluded from all analyses.

Alpha-diversity indices were also influenced by sample-type,
cholesteatoma diagnosis, and quinolone use in univariable
analyses (Figure 2). Age had little, if any, effect on alpha-
diversity. In general, microbial diversity was increased in
MEMuc samples compared to Chol and MEDisc samples as
measured by richness (Chao1) and Shannon diversity (H)
indices, while Gran samples were intermediate between these
extremes. Cholesteatoma diagnosis was associated with
decreased richness (p=0.006), whereas patients treated with
quinolone antibiotics exhibited significantly increased richness
(p=0.04), evenness (p=0.0009), and Shannon diversity
(p=3.0e-05).

Regardless of the sample-type collected, 16S rRNA gene
sequence profiles (Figure 1) were dominated by a diverse set
of bacteria belonging to the phyla Actinobacteria (e.g.,
Corynebacterium), Bacteroidetes (e.g., Prevotella), Firmicutes
(e.g., Bacillus, Streptococcus), and Proteobacteria (e.g.,
Stenotrophomonas). Of the 157 taxa identified in the set of
Chol samples, 18 taxa were observed in ≥75% of the Chol
samples (Figure S1, Table S2), defining a core microbiota for
cholesteatomas. Fourteen of these taxa were observed at ≥75%
prevalence in all four sample-types (Figure S1), while 30 taxa
were observed at ≥50% prevalence in all sample-types (data not
shown). The highly prevalent, shared taxa consisted of a variety
of commensal and potentially pathogenic bacteria from genera
such as Corynebacterium, Propionibacterium, Prevotella,
Staphylococcus, Streptococcus, Haemophilus, and Pseudomonas.

We next compared the relative abundances of individual taxa
across sample-types and age quartiles (Figure S2). Consistent
with the beta-diversity results, few taxa were differentially
abundant between Chol and the other sample-types, even
when relatively lax criteria were used to designate features of
TABLE 1 | Clinical information and collected middle ear (ME) samples from 53 Filipino patients with chronic otitis media.

Variable Cholesteatoma Tissue Granulation Tissue ME Mucosa ME Discharge All Samples All Patients

N 25 34 17 27 103 53
Age (mean ± SD; years) 32.4 ± 16.6 34.1 ± 12.9 35.2 ± 12.6 35.1 ± 17.1 34.1 ± 14.8 36.8 ± 14.7
Sex (%male) 13/25 (52.0) 17/34 (50.0) 9/17 (52.9) 14/27 (51.9) 53/103 (51.5) 26/53 (49.1)
Cholesteatoma (%) 25/25 (100.0) 22/34 (64.7) 11/17 (64.7) 19/27 (70.4) 77/103 (74.8) 36/53 (67.9)
Quinolone (%) 10/22 (45.5) 12/28 (42.9) 7/15 (46.7) 12/24 (50.0) 41/89 (46.1) 19/46 (41.3)
Cephalosporin (%) 18/22 (81.8) 26/28 (92.9) 12/15 (80.0) 20/24 (83.3) 76/89 (85.4) 40/46 (87.0)
Other broad-spectrum antibiotics (%) 4/22 (18.2) 4/28 (14.3) 3/15 (20.0) 4/24 (16.7) 15/89 (16.9) 5/46 (10.9)
Steroid (%) 2/22 (9.1) 1/28 (3.6) 0/15 (0) 2/24 (8.3) 5/89 (5.6) 2/46 (4.3)
FUT2 variant (%) 1/18 (5.6) 2/24 (8.3) 1/8 (12.5) 1/20 (5.0) 5/70 (7.1) 2/39 (5.1)
SPINK5 variant (%) 2/17 (11.8) 1/23 (4.3) 1/11 (9.1) 2/21 (9.5) 6/72 (8.3) 2/38 (5.3)
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A

B

C

D

FIGURE 1 | Variability in composition of middle ear microbiota. Pairs of plots show beta-diversity across sample-types (A), age quartiles (B), cholesteatoma
diagnosis (C), or quinolone use (D). The left column displays principal coordinates analysis (PCoA) plots of the first two PC axes, color- and symbol-coded by the
indicated variables. Smaller symbols designate individual subjects while larger symbols represent group means along both PC axes. Ellipses designate 90%
confidence level for a multivariate t-distribution. The right column displays barcharts summarizing the mean relative abundances of predominant taxa (>2%RA) in
each group; rarer taxa are grouped into the “Other” category. Results of PERMANOVA tests are indicated above barcharts. Red lines/symbols indicate p-values
across all 4 groups. Blue lines/symbols indicate FDR-corrected p-values for pairwise comparisons.
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interest (nominal-p≤0.1, fold-change≥1.5). No taxa had FDR-
corrected p-values≤0.1 in pairwise comparisons of sample-types.
In contrast, even when using more stringent cutoffs (i.e., FDR-
corrected-p≤0.05, fold-change≥1.5), numerous taxa differed in
relative abundance between subjects in the first (Q1) and fourth
(Q4) age quartiles (Figure 3). Younger age (Q1) was associated
with elevated levels of diverse Firmicutes, along with
Mycoplasma and Prevotella, while older subjects (Q4) harbored
elevated levels of Proteobacteria (e.g., pseudomonads,
comamonads) and Propionibacterium.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
In a multi-variable PERMANOVA model (Table S3B), age
(p=0.02), cholesteatoma diagnosis (p=3.6e-05), and quinolone
use (p=0.0009) remained significant after adjusting for all other
variables, while sample-type approached significance (p=0.09).
Use of other broad-spectrum antibiotics was no longer
significant (p=0.34) in this analysis (data not shown). Based on
these findings, the following sections examine the complex
interrelationships between cholesteatoma diagnosis, quinolone
use, sample-type, and age in influencing ME microbiota.
Although sample-type had less apparent effect than the other
A

B

C

D

FIGURE 2 | Alpha-diversity indices vary by sample-type and age. Violin plots show within-group distributions of values across sample-types (A), age quartiles (B),
cholesteatoma diagnosis (C), or quinolone use (D). Open blue circles indicate individual samples while filled black circles designate group means. Results of linear
mixed-effects tests are indicated above violin plots. Red lines/symbols indicate p-values across all four groups. Blue lines/symbols indicate p-values for pairwise
comparisons with false discovery rate correction.
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factors in driving differences between ME microbiotas, we
nevertheless stratified analyses by sample-type. This was
because the practical goals of this study were to determine 1)
whether choice of sample-type influences microbiome results
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
and 2) whether the effects of medications or other factors on ME
microbiota differ by sample-type. Indeed, age, cholesteatoma
diagnosis, and quinolone use all varied in their associations
with ME microbiota across sample-types (Table S3).
FIGURE 3 | Association of cholesteatoma diagnosis with middle ear microbiota. Each panel compares microbiota for either Gran, MEMuc, or MEDisc samples
between patients without and with cholesteatoma diagnosis; for comparison, each panel includes Chol samples from patients with cholesteatoma. The left column
(under the heading “Beta-Diversity”) displays barcharts summarizing the mean relative abundances of predominant taxa (>2%RA) in each comparison group; rarer
taxa are grouped into the “Other” category. Results of PERMANOVA tests (adjusted for age and quinolone use) are indicated above barcharts. Blue lines/symbols
indicate FDR-corrected p-values for pairwise comparisons. The right columns (under the heading “Alpha-Diversity”) display violin plots for each comparison group.
Open blue circles indicate individual samples while filled black circles designate group means. Results of linear mixed-effects tests (adjusted for age and quinolone
use) are indicated above violin plots. Blue lines/symbols indicate p-values for pairwise comparisons with false discovery rate correction.
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Effects of Cholesteatoma on
ME Microbiota
We next assessed how cholesteatoma diagnosis affected microbiota
in the different ME sample-types. In addition, we sought to
determine whether microbiota of cholesteatoma tissue samples
(Chol) differed from the other sample-types (Gran, MEMuc,
MEDisc) when analyses were stratified by cholesteatoma
diagnosis. In PERMANOVA analyses of beta-diversity that
adjusted for age and quinolone use (left panels, Figure 3), both
Gran (p=0.0008) and MEDisc (p=0.002) samples differed
significantly between patients with and without cholesteatoma
diagnosis, while no differences were observed in MEMuc samples
(p=0.17). Similarly, Chol samples (by default from patients with
cholesteatoma diagnosis) also differed significantly from Gran
(p=9e-06), MEMuc (p=0.002), and MEDisc (p=0.002) samples
from patients without cholesteatoma diagnosis. In contrast, Chol
samples did not differ significantly from Gran, MEMuc, or MEDisc
subjects with cholesteatoma diagnosis.

In analyses of alpha-diversity (middle and right panels,
Figure 3), subjects with and without cholesteatoma diagnosis
exhibited few differences in Gran, MEMuc, or MEDisc samples;
only MEMuc samples from cholesteatoma patients had lower
evenness (p=0.05) and Shannon Diversity (p=0.03) compared
with non-cholesteatoma patients. Regardless of cholesteatoma
diagnosis, Chol tissue samples exhibited decreased richness
compared to both Gran and MEMuc samples, while Shannon
Diversity was also lower in Chol tissues compared with MEMuc.

Next, we sought to identify individual taxa differing by
cholesteatoma diagnosis and sample-type (Figures 4, S3). Likely
due to the relatively small number of subjects per comparison
group, few taxa differed significantly in relative abundance
following FDR correction of p-values; consequently, we report
exploratory results using less stringent cutoffs (nominal-p≤0.05,
fold-change≥1.5). Multiple taxa differed between subjects with and
without cholesteatoma diagnosis in both Gran and MEDisc
comparisons (Figure 4), whereas only one taxon (Leptotrichia)
met the cutoff criteria for MEMuc. Cholesteatoma diagnosis was
associated with increased abundances of the genera
Campylobacter, Peptococcus, Porphyromonas, and Prevotella in
both Gran and MEDisc samples. Conversely, the genera Bacillus
and Propionibacterium were enriched in both Gran and MEDisc
samples of subjects without cholesteatoma. Finally, among
subjects with cholesteatoma diagnosis, only three taxa differed
significantly between Chol tissue and MEMuc, while no taxa were
differentially abundant between Chol tissues and either Gran or
MEDisc (Figure S3).

Effects of Quinolone Antibiotic Use
on ME Microbiota
Our initial analyses (Figure 1) indicated that quinolone use was
significantly and independently associated with altered ME
microbiota (beta-diversity) after adjusting for other covariates
(age, cholesteatoma diagnosis, sample-type). The effects of
quinolone use were observed in subjects both with [p(adjusted)
=0.001; adjusted for age and sample-type] and without [p
(adjusted)= 0.01; adjusted for age and sample-type]
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
cholesteatoma diagnosis (Figures S4B). PCoA analysis (Figure
S4A) suggested that quinolone use magnified the differences in
microbiota observed between subjects with and without
cholesteatoma diagnosis. Fewer taxa were differentially abundant
in subjects without cholesteatoma (n=3 taxa) than those with
cholesteatoma (n=25 taxa), perhaps reflecting the differences in
sample size between these groups (Figures S4C, D). In
cholesteatoma patients, quinolones reduced the abundances of
Corynebacterium, Staphylococcus, and diverse Proteobacteria (e.g.,
Haemophilus, Enterobacter), with concomitant increases in
Firmicutes (e.g., Peptococcus, Enterococcus, Lachnospiraceae)

Analyses stratified by sample-type (Figure S5, Table S3)
documented that quinolone use had significant effects in Gran
[p(adjusted)=0.055] and MEMuc samples [p(adjusted)=0.02],
respectively, adjusted for age and cholesteatoma diagnosis), but
not Chol [p(adjusted)=0.13] or MEDisc [p(adjusted)=0.24]
samples. PCoA plots (Figure S5A) provided further evidence
that quinolone use had a larger effect on ME microbiota than
sample-type. Finally, despite the significant differences in beta-
diversity (Figure S5B), few taxa were differentially abundant in
association with quinolone use in either Gran (n=5 taxa) or
MEMuc (n=2 taxa) samples.

No Viruses Identified in ME Tissues from
Chronic OM Patients
For viral studies, 115 ME samples (23 cholesteatoma, 22 mucosal
tissue, 35 granulation tissue, 35 discharge/swabs) from 45
patients with COM were screened for nine viruses. No viral
presence was detected in any of the screened ME samples.
DISCUSSION

In this study, we examined the bacterial and viral microbiotas of
cholesteatoma tissue and other ME specimens that were collected
from Filipino patients undergoing tympanomastoidectomy
surgery for long-standing COM. No viruses were identified in
any ME sample, indicating that COM with or without
cholesteatoma is primarily a bacterial disease. There was strong
overlap in the bacteria found between sample-types whether
from the same or across different patients (Figure S1).
Considering that multiple samples were taken from a limited
field at the same ME surgery for each ear, the similarity in
community composition is somewhat expected. Nonetheless, we
found that the cholesteatoma tissues had moderately less
biodiversity than did ME mucosal samples as indicated by
richness and Shannon diversity indices (Figure 2). Likewise,
ME discharge had less alpha-diversity than MEmucosal samples,
while granulation tissue had higher richness than cholesteatoma
samples (Figure 2).

Overall, our results indicate that factors such as quinolone use
and cholesteatoma diagnosis had much more substantial effects
on ME microbiota composition than did the particular sample-
type collected (Figures 1, 3, S4, S5). For example, granulation
tissues and ME discharge from patients with cholesteatoma
diagnosis differed substantially from those with suppurative
April 2022 | Volume 12 | Article 746428
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COM without cholesteatoma (Figure 3). Overall, these findings
suggest that the microbiota of middle ears with cholesteatoma
have a different profile than middle ears with suppurative COM
only, which may necessitate a change in approach to treatment.

Differences in biodiversity also were documented across ages
of patients with COM (Figures 1, 2), with greater diversity in
patients >33 years old compared to teenagers (Figure 1; Q1 vs
Q3 and Q4). To place this finding within context, the Philippine
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
General Hospital serves a large, indigent population from
different regions of the country (Santos-Cortez et al., 2007),
many of whom may not have had access to specialists in their
locality. Thus, the differences by age bracket may, in fact, be
reflective of the duration of ME infection, rather than
chronological age per se. If the study participants did have
some form of antibiotic or surgical treatment prior to sample
collection, a large majority is assumed to have received sporadic
FIGURE 4 | Individual taxa differing between patients with and without cholesteatoma diagnosis. Between-group differences in the relative abundance of individual
bacterial taxa were identified using the ANOVA-like differential expression (ALDEx2) test, which considers the compositional nature of microbiota datasets. The three
panels show results stratified by sample-type (Gran, MEMuc, or MEDisc). Vertical dashed lines indicate fold-change cutoffs≥1.5. Horizontal dashed lines show p-
value cutoffs for comparisons (nominal p ≤ 0.05). Blue circles in the upper left quadrants denote taxa enriched in patients without cholesteatoma diagnosis while red
circles in the upper right quadrants denote taxa enriched in patients with cholesteatoma diagnosis.
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treatment since the initial infection. By usual protocol, at initial
consult, the patients are prescribed antibiotic otic drops (e.g.,
Ofloxacin, Neomycin-Polymixin B with or without steroids).
However due to limited facilities and long waitlists, it may take
months from the initial consult before surgery is performed. This
situation is common among populations with limited access to
otologic health care, particularly in lower-income countries or
marginalized groups. Taken together, the differences that we
observed across age quartiles are likely to reflect [1] long-
standing, untreated or inadequately treated OM, and [2] recent
antibiotic use on top of a potentially long history of antibiotic
prescription (local or oral) and high likelihood of antibiotic
resistance (Xu et al., 2020).

In addition to quinolone, other antibiotics may also have
indirectly influenced our findings on ME bacterial profiles.
Notably Pseudomonas, which is a common target of antibiotic
otic drops, had greater relative abundance in older patients
(Figure S2). This finding may indicate antibiotic resistance
and/or extensive formation of treatment-resistant biofilms due
to long-standing infection. On the other hand, the most
abundant taxa in cholesteatoma tissues were Corynebacterium,
Porphyromonas, and Staphylococcus, with 11.5%, 8.3%, and 8.0%
mean abundances (Table S1, Figure 1). Staphylococcus is often
isolated from COM samples, but may be resistant to penicillin,
macrolides or quinolones (Xu et al., 2020).

Corynebacterium is also commonly identified in COM but is
typically viewed as a commensal, even potentially otoprotective
in acute OM (Lappan et al., 2018; Jorissen et al., 2021). In
contrast, Porphyromonas, Fusobacterium and Campylobacter
(Figure 1, Figure 3) are less commonly isolated from patients
with COM or cholesteatoma (Brook, 1995; Yusuf et al., 2015).
Porphyromonas and Fusobacterium are more common in other
anaerobic infections of the head and neck, such as within the oral
cavity, oropharynx, and sinuses (Brook, 2011; Yusuf et al., 2015).
However, recent 16S rRNA sequencing has identified these
bacteria more often in COM cases, indicating the utility of
sequencing towards greater understanding of the microbial
communities in COM (Santos-Cortez et al., 2016; Johnston
et al., 2019). Similar to anaerobic infections of the sinuses and
head and neck tissues, the presence of Porphyromonas or
Fusobacterium is likely due to seeding of necrotic or damaged
tissue by anaerobic bacterial pathogens after failure of antibiotic
treatment (Brook, 2011). These anaerobes may also facilitate
biofilm formation (Wang et al., 2018). Identification of these
bacteria in cholesteatoma samples that may not be reached by
and/or are resistant to the usual otic drops suggest an important
opportunity to administer intravenous or oral antibiotics with
proper bacterial coverage (e.g., clindamycin, metronidazole,
chloramphenicol) immediately after cholesteatoma removal.
When the post-surgical ear dressing or packing is removed,
instillation of antibiotic drops according to culture and
sensitivity test results will help minimize risk of COM
recurrence. Local information on antimicrobial susceptibility
patterns, which may vary considerably within a few years (del
Rosario et al., 1990; Abes et al., 1998; Ayson et al., 2006; Suzuki
et al., 2015; Suzuki et al., 2020), will need to be updated regularly
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and is necessary to efficiently treat COM and cholesteatoma,
particularly for the patients described here who lack regular
access to health care. Also at the local level, the range of
ototopical prescriptions might need to be expanded in order to
include antibiotics with proper coverage of target bacteria for
post-surgical treatment of cholesteatoma, e.g. chloramphenicol,
clindamycin, bacitracin, gramicidin, sulphacetamide, or
rifampicin otic drops (van Dongen et al., 2015; Brennan-Jones
et al., 2020; de Jong et al., 2020).

There are several limitations of this study. The limited sample
size allowed us to identify significant differences in alpha- and
beta-diversity but may have been too limited to comprehensively
identify differentially abundant taxa, particularly after FDR-
correction. The differences in the surgical findings per patient
also did not allow us to collect all four sample-types from each
patient and reduced the number of samples for paired analyses.
Because of restricted access to the ME and to the patients included
in this study, all analyses are cross-sectional rather than
longitudinal. Lastly, short-read 16S rRNA sequencing limits
phylogenetic resolution and, therefore, we took the conservative
approach of classifying sequences only to the genus-level.
Furthermore, microorganisms such as archaea, fungi, and
viruses were not targeted for broad-range sequencing. If feasible,
given the low microbial biomasses observed in these specimens,
future metagenomic sequence analyses will increase the
phylogenetic depth and breadth of these studies. Bacterial
species/strain identification will be more helpful in future
patients whose ME samples may be submitted for culture and
testing of antibiotic sensitivity for the taxa identified in this study.

While having a control population with no history of OM is
desirable, we purposefully did not aspire to collect samples from
healthy controls, (e.g., from patients undergoing cochlear
implantation). There is ongoing debate whether the healthy
ME is sterile (Jervis-Bardy et al., 2019; Lee et al., 2021). In our
own pilot study of ME swabs from healthy ME of cochlear
implant patients with no previous history of OM, no microbial
DNA was isolated in 4 out of 5 patients. In one patient, DNA was
amplified and submitted to sequencing; upon review of clinical
history, this patient had a history of tympanomastoidectomy on
the ear opposite to the sampling site, suggesting that the sampled
ear was also seeded by previous ME infection, and thus not
accurately described as a “healthy control”. Our data therefore
support the sterile state of the healthy ME (Jervis-Bardy et al.,
2019), precluding any comparison with the microbiota of our
patients with COM.

To summarize, in this cohort of patients with long-standing
COM, we found that age, cholesteatoma diagnosis, and
quinolone use were significantly and independently associated
with ME bacterial profiles. Biodiversity was moderately lower in
cholesteatoma and ME discharge compared to ME mucosal
tissues. Cholesteatoma also had less biodiversity than
granulation tissue samples. The findings from this study will be
useful in guiding surgical or medical treatment protocols for
cholesteatoma and COM, especially in settings with limited
health care resources. On a more practical level, these findings
indicate that the details of patients’ medical histories and
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demographic factors are more critical for studies of ME
microbiota than the choice or availability of particular types of
ME specimens.
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