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The composition of the upper respiratory tract microbial community may influence the risk for colonization by the acute otitis
media (AOM) pathogens Streptococcus pneumoniae, Haemophilus influenzae, and Moraxella catarrhalis. We used culture-inde-
pendent methods to describe upper respiratory tract microbial communities in healthy children and children with upper respi-
ratory tract infection with and without concurrent AOM. Nasal swabs and data were collected in a cross-sectional study of 240
children between 6 months and 3 years of age. Swabs were cultured for S. pneumoniae, and real-time PCR was used to identify

S. pneumoniae, H. influenzae, and M. catarrhalis. The V1-V2 16S rRNA gene regions were sequenced using 454 pyrosequencing.
Microbial communities were described using a taxon-based approach. Colonization by S. pneumoniae, H. influenzae, and M.
catarrhalis was associated with lower levels of diversity in upper respiratory tract flora. We identified commensal taxa that were
negatively associated with colonization by each AOM bacterial pathogen and with AOM. The balance of these relationships dif-
fered according to the colonizing AOM pathogen and history of antibiotic use. Children with antibiotic use in the past 6 months

and a greater abundance of taxa, including Lactococcus and Propionibacterium, were less likely to have AOM than healthy chil-
dren (odds ratio [OR], 0.46; 95% confidence interval [CI], 0.25 to 0.85). Children with no antibiotic use in the past 6 months, a
low abundance of Streptococcus and Haemophilus, and a high abundance of Corynebacterium and Dolosigranulum were less
likely to have AOM (OR, 0.51; 95% CI, 0.31 to 0.83). An increased understanding of polymicrobial interactions will facilitate the

development of effective AOM prevention strategies.

Acute otitis media (AOM) is a common pediatric infection and
is the leading diagnosis for the prescription of antibiotics in
U.S. children (20, 60, 65). In the United States, AOM accounts for
close to $1 billion in direct medical expenditures each year (65).
Disease etiology and pathogenesis are complex and begin with
colonization of mucosal surfaces in the upper respiratory tract by
AOM bacterial pathogens (5, 55). Streptococcus pneumoniae is re-
sponsible for up to half of all AOM cases (9, 10, 19). Haemophilus
influenzae and Moraxella catarrhalis are also frequent causes of
AOM in children (10). The majority of AOM episodes occur con-
currently with or soon after viral upper respiratory tract infection
(URI) (11).

In order for bacterial AOM pathogens to colonize the upper
respiratory tract, they must successfully compete with each other
and with commensal members of the upper respiratory tract flora.
Epidemiologic studies have shown that the risk of S. pneumoniae
colonization differs according to whether H. influenzae, M. ca-
tarrhalis, and Staphylococcus aureus are also present (7, 29, 46).
Bacterium-bacterium interactions may also impact AOM inci-
dence. Simultaneous colonization by multiple AOM pathogens is
associated with a greater risk of AOM than that for colonization by
one AOM pathogen (39, 50). Members of the normal flora, such as
alpha-hemolytic streptococci, inhibit the growth of AOM patho-
gens in vitro (58). Healthy children are more likely than children
with AOM to be colonized by alpha-hemolytic streptococci (18).
Collectively, these data indicate that certain commensals influence
the risk of AOM pathogen colonization and the subsequent risk of
disease. Several hundred different bacterial taxa can potentially
colonize the upper respiratory tract of a single individual (1, 38,
40); the majority of these bacterial taxa are not routinely cultured
or studied. Thus, the precise role that specific commensal mem-
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bers of the normal upper respiratory tract flora play in modifying
the risk for AOM pathogen colonization and AOM is largely un-
known.

Opverall levels of diversity of the upper respiratory tract micro-
bial community may also influence the risk for AOM pathogen
colonization and subsequent AOM. Diversity incorporates both
richness (i.e., the number of different species) and evenness (i.e.,
relative population frequencies) (42). Diverse communities have
been shown to be more stable and resistant to invasion by foreign
species (8, 61). Reductions in microbial diversity have been asso-
ciated with Pseudomonas aeruginosa colonization in cystic fibrosis
patients (32) and the progression of such diseases as dental caries
(21).

Antibiotics are prescribed at up to 80% of clinician visits for
otitis media and are among the factors that might influence AOM
pathogen colonization and AOM (20). Prior studies have demon-
strated that the use of antibiotics shifts the relative prevalence of
bacteria within microbial communities and leads to decreased mi-
crobial diversity in the oropharynx and gastrointestinal tract (16,
32). Murine models have revealed that antibiotics alter gastroin-
testinal microbial community composition, leading to increased
susceptibility to infection with Salmonella (54) and altered suscep-
tibility to both enteric (36) and respiratory tract viruses (28).
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Mounting evidence suggests that microbial community com-
position has a profound impact on human health (15). Culture-
independent approaches are increasingly being used to explore
the relationship between microbial community composition, risk
of pathogen colonization, and disease. However, these studies
have often focused on gastrointestinal, vaginal, or oral microbial
communities (33, 48, 56). Prior studies of upper respiratory tract
microbial communities have examined infants or a limited num-
ber of individuals or have not compared individuals in both health
and disease (6, 26, 38, 40). We used 16S rRNA gene pyrosequenc-
ing and a taxon-based analytic approach to characterize the nasal
microbial communities in nasal swabs collected from 240 healthy
children and children experiencing URI with and without concur-
rent AOM. We hypothesized the following: (i) that specific com-
mensal species play an important role in protecting the upper
respiratory tract from colonization by AOM pathogens and re-
ducing the risk of AOM; (ii) that the diversity of the upper respi-
ratory tract flora differs based on colonization by AOM pathogens
and health status; and (iii) that antibiotic use alters the diversity of
the upper respiratory tract flora, the prevalence of colonizing
commensal species, and the prevalence of AOM pathogens.

MATERIALS AND METHODS

Study design and participants. Demographic data, clinical data, and an-
terior nasal swabs considered for the current analysis were restricted to
those collected from 251 children ages 3 years and under (when the inci-
dence of AOM is highest [31]) who were part of a larger, cross-sectional
study of S. pneumoniae colonization in 601 Philadelphia, PA, children,
ages 6 months to 6 years. The children were seen for a well child check or
for URI symptoms (e.g., cough, head/throat pain, or fever) at one of two
primary care clinics (one urban and one suburban in order to increase the
racial diversity of the study sample) within the Pediatric Research Con-
sortium of Children’s Hospital of Philadelphia during the winter respira-
tory virus season (26 January to 29 April 2010). Informed consent for
participation was obtained during the clinic visit. Demographic and clin-
ical data (including a history of antibiotic prescriptions and pneumococ-
cal conjugate vaccination) were extracted from the electronic medical
records at participating sites. The institutional review board (IRB) of the
University of Pennsylvania and Children’s Hospital of Philadelphia ap-
proved the study protocol.

Health outcomes. Children were classified into one of three health
status groups (well, URI alone, and URI with concurrent AOM) using
ICD-9 (International Classification of Diseases, 9th revision) codes. Chil-
dren being seen for a well-child check (V20.2) without any URI or AOM
diagnoses or symptoms were classified as well. ICD-9 codes for defining
URI included a variety of upper respiratory tract infections (460 to 466 or
381 to 382), as well as URI symptoms, including fever, headache, sore
throat, or cough (780.6, 784.0, 784.1, or 786.2, respectively). Children not
falling within the well or URI criteria were removed from the analysis (n =
3). In addition, children with documented asthma or asthma symptoms
alone (i.e., wheezing) without either a code for a well-child visit or a
qualifying URT or AOM ICD-9 code were dropped from the study (n = 8).
The children meeting the criteria for URI were further subdivided into
those with and without concurrent AOM. ICD-9 codes 381.00 to 381.06
and 382.00 to 382.02 were classified as URI with concurrent AOM. ICD-9
codes 381, 381.4, 382, 382.4, and 382.9 were also classified as URI with
concurrent AOM, provided the word “acute” was specified in the descrip-
tor. Data regarding the prescription of antibiotics within the 6 months
prior to sample collection were obtained through medical record review
and used as a marker of antibiotic use. The 6-month time frame was
selected due to the potentially long-term impact antibiotics may have on
the normal flora (30). Data from 240 children are included in the current
analysis.
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Bacterial strains and growth conditions. Anterior nasal swabs were
collected and processed for S. pneumoniae culture and DNA extraction as
previously described (38). Strains used for the real-time (RT) PCR assay
standard curve described below were S. pneumoniae clinical isolate FG23
(serotype 19A; sequence type 199), H. influenzae strain ATCC 49766, and
M. catarrhalis strain ATCC 49143. Growth conditions for S. pneumoniae
were 37°C, 5% CO,, on Trypticase soy agar containing 5% sheep blood
(BD-Diagnostic Systems, Franklin Lakes, NJ). Growth conditions for H.
influenzae and M. catarrhalis were 37°C, 5% CO,, on chocolate agar (BD-
Diagnostic Systems).

Real-time PCR assay and otitis media pathogens. An RT-PCR assay
developed and validated by Kais and colleagues was used to identify the
presence of the three major AOM pathogens (30a). RT-PCR was per-
formed in 20-pl reaction mixtures containing 2x SYBR green master mix
(Applied Biosystems, Life Technologies Corporation, Carlsbad, CA), 0.6
wM primer, and 1 pl of DNA. Cycling conditions for S. pneumoniae
quantitative PCR (qPCR) were as follows: 95°C for 15 min, followed by 40
cycles of 94°C for 20 s, 60°C for 20 s, and 72°C for 20 s, with a final
extension step at 65°C for 30 s. Cycling conditions for H. influenzae and
M. catarrhalis differed only during the annealing step, which was at 50°C.
Dissociation curves were completed to check for the absence of primer
dimers. PCR was carried out in duplicate, and negative controls were
included in each set of reactions. Standard curves were run in parallel
to the clinical samples. A cutoff of 500 CFU/swab was used as the limit
of detection to determine whether each AOM pathogen was present or
absent.

Roche/454 Life Sciences sample preparation. PCR amplification of
hypervariable regions V1 and V2 of the 16S rRNA gene was done using
bar-coded 16S rRNA primers targeting 27F and 338R as previously de-
scribed (38). Samples were pooled in equimolar amounts and submitted
to the Environmental Genomics Core Facility (Engencore) at the Univer-
sity of South Carolina for pyrosequencing on the GS FLX Titanium am-
plicon fusion Roche/454 Life Sciences platform.

Pyrosequencing analysis. Initial cleaning, binning, and processing of
sequence reads were done using the Btrim software program (34). Se-
quences were scanned for linkers and primers while allowing for two
errors, and primer sequences were removed from each sequence read.
Reads missing the 5'-end primer were removed from the data set. Bar
codes were identified within the first 15 bp of each read, and one error was
allowed. Sequence reads were then binned into separate FASTA files, and
the bar code sequences were trimmed. Sequences were aligned and ana-
lyzed using pipelines and tools available from the RDP database project
(13) as previously described (38).

To minimize the number of chimeras, we set strict minimum align-
ment criteria: all sequences had to align to at least 200 bp of the 16S rRNA
gene, and any sequence aligning outside the 27 and/or 338 position of the
16S rRNA gene was discarded. Other methods for chimera detection, such
as Bellerophon, ChimeraSlayer, and Pintail, were not used because they
are optimized for sequences 400 to 500 bp or longer (22). Taxonomic
identification of samples was achieved using the RDP Bayesian classifier
tool at 90% confidence (13, 62). Operational taxonomic units (OTUs)
were defined in an iterative process by grouping together all sequences of
the same genus. When genus-level classification was not possible, se-
quences were classified and grouped at the next lowest taxonomic level.

Data analysis. All statistical analyses were done using the software
program SAS 9.2 unless otherwise specified. Unadjusted associations be-
tween health status and demographic, microbiological, and clinical vari-
ables were evaluated by chi-square test and Student’s ¢ test. Factors affect-
ing microbial community diversity indices (e.g., health status and
antibiotic use) were evaluated with analysis of variance (ANOVA). Dif-
ferences in the abundances of individual taxa by health outcomes were
examined using a modified ¢ test that combines the nonparametric  test,
Fisher’s exact test, and a false discovery rate (set at 0.05) to produce a q
statistic (Metastats statistical software package [63]). The associations be-
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TABLE 1 Characteristics of study population and association with
health status”

No. (%) with health status

URI patient
No. (%) AOM  AOM P

Characteristic of subjects Healthy negative positive  value”

Total 240 73(30.4) 95 (39.6) 72 (30.0)

Age at swab (mo) 0.15
6-<12 55(22.9) 13 (23.6) 22 (40.0) 20 (36.4)
12-<24 114 (47.5) 37(32.5) 39(34.2) 38(33.3)
24-36 71(29.6) 23 (32.4) 34(47.9) 14(19.7)

Gender 0.41
Male 122 (50.8) 38 (31.2) 52 (42.6) 32 (26.2)
Female 118 (49.2) 35(29.7) 43(36.4) 40(33.9)

Race 0.25
Caucasian 101 (42.1) 26 (25.7) 38(37.6) 37 (36.6)
African-American 126 (52.5) 44 (34.9) 52 (41.3) 30 (23.8)
Other® 13(5.4)  3(23.1) 5(385) 5(38.5)

Day care 0.0005
Yes 97 (40.4) 16 (16.5) 45 (46.4) 36 (37.1)

No 143 (59.6) 57(39.9) 50(35.0) 36(25.2)

Other children in 0.39

home
Yes 153 (63.8) 42 (27.4) 62 (40.5) 49 (32.0)
No 87 (36.2)  31(35.6) 33(37.9) 23(26.4)
Days since last
antibiotic use
None within past 140 (58.3) 55 (39.3) 52 (37.1) 33(23.6) 0.007
6 mo
Current use to 7 24 (10.0) 5(20.8) 6(25.0) 13 (54.2)
days
8 to 48 27(11.2)  4(148) 14 (51.8) 9(33.3)
49-84 26(10.8) 3 (11.5) 12 (46.2) 11 (42.3)
85-183 23(9.6) 6(26.1) 11(47.8) 6(26.1)
O = 240.

b P values from x> tests of distribution over health status. Boldface indicates a
significant result.
¢ “Other” includes biracial (n = 7), Asian (n = 4), and answer missing/refused (n = 2).

tween health status and demographic, microbiological, and clinical vari-
ables were examined using logistic regression.

Principal component analysis (PCA) was used to group microbial
community members into factors representing linear relationships
among selected taxa. OTUs more frequent than 0.3% of the microbial
community were included as component taxa (n = 26) in the PCA. An
eigenvalue of 1 and an orthogonal rotation were specified. PCA factor
components had significant loadings of at least £0.4. Associations be-
tween PCA factor scores, PCA component taxa, and health status were
examined using Student’s t test, correlation, and logistic regression. Rare
taxa were not included in PCA analyses.

RESULTS

Study population. Demographic and clinical characteristics of the
study population are shown in Table 1. Seventy percent of the
children were experiencing URI symptoms at the time of sample
collection. Of the 167 children with URI, 72 (43%) were diagnosed
with AOM. Health status did not differ significantly by age, gen-
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TABLE 2 Presence of bacterial AOM pathogens detected by RT-PCR”

No. (%) of subjects with result

Antibiotic use in past

. 6 mo
Bacterium
and result All subjects Yes No P value®
S. pneumoniae 0.05
Positive 94 (39.2) 32 (34.0) 62 (66.0)
Negative 146 (60.8) 68 (46.6) 78 (53.4)
H. influenzae 0.58
Positive 84 (35.0) 37 (44.0) 47 (56.0)
Negative 156 (65.0) 63 (40.4) 93 (59.6)
M. catarrhalis 0.72
Positive 104 (43.3) 42 (40.4) 62 (59.6)
Negative 136 (56.7) 58 (42.6) 78 (57.4)

@ The distribution of AOM pathogens stratified by antibiotic use in the past 6 months is
given.

b P values from x? tests comparing children with and without antibiotic use in the past
6 months. Boldface indicates a significant result.

der, race, or the presence of other children in the home. Compared
to healthy children, a higher proportion of children attending day-
care experienced URI both with and without concurrent AOM.
Fewer children being seen for a healthy visit used antibiotics
within the past 6 months (n = 18 [7.5%]) than those being seen
for URI alone (n = 43 [17.9%]) or URI with concurrent AOM
(n =39 [16.3%]) (Table 1).

Children in this study were recruited from one urban (n = 121)
and one suburban (n = 119) site. The distribution of children by
race and previous antibiotic use significantly differed by site (P <
0.0001 for both). At the urban site, 118 (97.5%) of the children
were African-American. In contrast, 8 (6.7%) of the children at
the suburban site were African-American. Antibiotic use was
higher at the suburban site; 59% of children at the suburban site
were prescribed antibiotics within the 6 months prior to swab
collection, compared to 25% at the urban site (P < 0.001). The
majority of antibiotic prescriptions were for B-lactam antibiotics.
Out of 101 prescriptions, 56 (55.4%) were for amoxicillin, 22
(21.8%) were for amoxicillin and clavulanate, and 16 (15.8%)
were for cephalosporins (e.g., cefdinir).

Detection of otitis media pathogens. Pneumococcal conju-
gate vaccine-specific data were available for 235 of 240 children.
Of these 235 children, all received at least two doses and most, 232
(99%), had received the appropriate number of doses for their age.
S. pneumoniae was isolated by culture in 103 (43%) of the samples
from the entire study population and in 31(43%) of the samples
from the subgroup of children with AOM.

The presence of AOM pathogens, determined by RT-PCR, is
given in Table 2. S. pneumoniae culture and RT-PCR results were
in significant agreement (kappa statistic, 0.76; P << 0.0001). The
proportion of children colonized with S. pneumoniae, H. influen-
zae, or M. catarrhalis was 39%, 35%, or 43%, respectively. Chil-
dren in the study who received antibiotics within the past 6
months were less likely to be colonized by S. preumoniae (Table 2). In
contrast, the presence of H. influenzae and M. catarrhalis did not
differ significantly by history of antibiotic use. The distribution of
S. pneumoniae colonization determined by RT-PCR did not differ
significantly by health status (P = 0.58, x> test of health status and
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FIG 1 Distribution of Shannon diversity and evenness indices for samples as a function of the presence of three acute otitis media pathogens identified by
RT-PCR. Diversity indices for samples with no AOM pathogens (dark blue bar) were significantly higher than those for samples with 1 pathogen present (lighter
blue), which were significantly higher than those for samples with 2 or 3 AOM pathogens (lightest blue) (Duncan multiple range test, P < 0.05).

presence or absence of S. pneumoniae). The proportions colonized
with H. influenzae and M. catarrhalis were significantly higher
among children with AOM than among healthy children (46%
versus 22% [P = 0.002] and 53% versus 30% [P = 0.006], respec-
tively).

Diversity in upper respiratory tract microbial communities.
After processing, a total of 477,327 sequences with an average
length of 324 bp were obtained. A mean (standard deviation [SD])
of 1,989 (615) sequences were obtained per nasal swab. Using the
RDP pyrosequencing pipeline and a maximum cluster distance
cutoff of 3% (97% identity), the mean (SD) Shannon diversity and
evenness indices were 3.0 (0.85) and 0.58 (0.12), respectively.

Shannon diversity and evenness indices did not differ signifi-
cantly by age, gender, race, use of day care, or the presence of other
children in the home (data not shown). Shannon diversity and
evenness indices differed with the presence of AOM pathogens;
diversity indices were lowest when more than one AOM pathogen
was present and highest when all three AOM pathogens were ab-
sent (Fig. 1). There was a significant interaction between health
status and antibiotic use in the past 6 months (ANOVA, P = 0.001
and 0.002 for Shannon and evenness, respectively). Diversity in-
dices were significantly higher for healthy children than for those
experiencing URI alone or with concurrent AOM (ANOVA, P =
0.006 for the Shannon diversity index and P = 0.02 for evenness)
but only in children who used antibiotics in the past 6 months.
The interactions between health status and antibiotic were also
significant for children who used antibiotics within the past 7, 14,
and 21 days (data not shown). Due to the interactions between
health status and antibiotic use, as well as the potential long-term
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impact of antibiotics on the microbial community, we stratified all
subsequent analyses by antibiotic use in the past 6 months.

Abundance of OTUs. In total, 541 operational taxonomic
units (OTUs) were identified among the 240 children. OTU pro-
portions occurring at 10.3% in the overall bacterial population
(n = 26 OTUs) are listed in Table 3 in order of decreasing fre-
quency. The most prevalent taxa were the AOM-associated genera
Streptococcus, Haemophilus, and Moraxella and the commensals
Corynebacterium and Dolosigranulum. Mean levels of Dolosig-
ranulum were significantly lower in children who had received
antibiotics in the past 6 months (Metastats q value = 0.02) (Table
3). In contrast, mean levels of Rothia and Actinomyces were higher
in children who had received antibiotics (q-value = 0.02 and 0.03,
respectively).

Associations between individual commensal taxa and AOM
pathogens. Because colonization is a critical step in the pathogen-
esis of AOM, we next examined whether the presence of specific
commensals differed by the presence of each bacterial AOM
pathogen. Taxa that differed significantly within each group are
depicted in Fig. 2. Bars pointing to the left indicate commensals
that were negatively associated with colonization by each AOM
pathogen, and bars pointing to the right indicate a positive asso-
ciation. As expected, the levels of Streptococcus, Haemophilus, and
Moraxella were higher among children colonized by S. pneu-
moniae, H. influenzae, and M. catarrhalis, respectively. The levels
of Streptococcus were also higher in children colonized by M. ca-
tarrhalis who had not received antibiotics in the past 6 months.
These data indicate a higher propensity for cocolonization by
Streptococcus species and M. catarrhalis. Among children given
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TABLE 3 Frequencies of operational taxonomic units in all samples and
grouped by antibiotic use in the past 6 months

Mean frequency (SD)*
Antibiotic use within past 6
mo
Classification All samples Yes No value?
Genus
Moraxella 22.04 (20.57) 21.18 (21.67) 22.65 (19.81) 0.68
Streptococcus 16.47 (17.61) 16.21 (16.82) 16.66 (18.21) 0.85

Corynebacterium 14.59 (15.25) 13.32 (15.61) 15.5 (14.97) 0.38

Dolosigranulum 11.9 (14.15) 7.47 (10.01) 15.06 (15.78) 0.02
Haemophilus 5.11 (10.54) 6.65 (12.57) 4.02 (8.70) 0.12
Staphylococcus 4.11 (8.25) 4.10 (7.98) 4.12 (8.46) 0.89
Lactococcus 2.25(3.72) 2.91 (4.40) 1.78 (3.07) 0.12
Anoxybacillus 2.07 (3.69) 2.68 (4.31) 1.63 (3.11) 0.12
Enhydrobacter 0.80 (2.35) 0.82 (2.27) 0.79 (2.42) 0.85
Rothia 0.70 (1.64) 1.07 (2.33) 0.44 (0.78) 0.02
Neisseria 0.67 (1.59) 0.94 (1.90) 0.48 (1.30) 0.12
Gemella 0.44 (0.82) 0.55 (1.01) 0.36 (0.64) 0.15
Actinomyces 0.44 (0.94) 0.65 (1.27) 0.28 (0.57) 0.03
Veillonella 0.41 (0.81) 0.56 (1.05) 0.30 (0.56) 0.08
Granulicatella 0.40 (0.70) 0.52 (0.89) 0.32 (0.52) 0.12
Propionibacterium 0.34 (0.67) 0.33 (0.40) 0.35 (0.81) 0.85
Streptophyta 0.34 (1.93) 0.58 (2.92) 0.16 (0.52) 0.25
Family
Pasteurellaceae 2.8 (8.39) 4.08 (11.01) 1.88 (5.73) 0.12
Moraxellaceae 1.68 (4.80) 1.79 (5.14) 1.60 (4.56) 0.85
Enterobacteriaceae 0.82 (1.39) 1.01 (1.73) 0.68 (1.06) 0.15
Order
Actinomycetales 0.37 (0.27) 0.40 (0.27) 0.36 (0.27) 0.32
Corynebacterineae 0.31 (0.29) 0.27 (0.26) 0.33 (0.30) 0.12
Class
Gammaproteobacteria  0.98 (2.22) 0.84 (1.66) 1.08 (2.54) 0.50
Betaproteobacteria 0.78 (2.95) 0.40 (1.81) 1.04 (3.53) 0.12
Phylum
Proteobacteria 0.51 (0.85) 0.42 (0.63) 0.57 (0.97) 0.19
Bacteroidetes 0.46 (0.72) 0.46 (0.49) 0.47 (0.85) 0.85
Rare taxa combined 8.21 (8.00) 9.80 (9.08) 7.09 (6.94) 0.06

“ For all samples, n = 240. By antibiotic use within past 6 months: yes, n = 100; no, n =
140.

b g value from Metastats test of difference in frequencies between antibiotic use groups.
Boldface indicates a significant result.

antibiotics in the past 6 months, 2, 6, and 5 taxa identified at the
genus level were negatively associated with colonization by S.
pneumoniae, H. influenzae, and M. catarrhalis, respectively
(Fig. 2). Among children without antibiotics in the past 6 months,
9, 6, and 6 genus-level taxa were negatively associated with colo-
nization by S. pneumoniae, H. influenzae, and M. catarrhalis, re-
spectively (Fig. 2). The abundance of Lactococcus species was neg-
atively associated with the presence of each AOM pathogen
regardless of prior antibiotic use.

Relationships among correlated taxa by AOM pathogen and
health status. Members of the commensal flora may coaggregate
or may have a higher propensity for cocolonization based on sim-
ilar requirements for nutrients or their utilization of waste prod-
ucts and secondary metabolites (51, 64). Therefore, we used PCA
to identify groups of correlated commensal taxa (factors). Sepa-
rate PCAs for each antibiotic use group (with or without antibiotic
use in the past 6 months) each produced four independent factors.
Factor loadings from the PCAs for each antibiotic use group are
shown in Table 4. Positive loadings indicate high levels of a given
taxon, and negative loadings indicate low levels of a given taxon.
Factor component loadings were similar for children with and
without antibiotic use in the previous 6 months, with the follow-
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ing exceptions: (i) Streptococcus sp. positively loaded on factor 1
for children who had used antibiotics in the past 6 months and
negatively loaded on factor 4 among children with no antibiotic
use in the past 6 months, (ii) members of the phylum Proteobac-
teria loaded significantly on factor 3 and Dolosigranulum species
loaded on factor 4 in children without antibiotic use in the past 6
months; Proteobacteria and Dolosigranulum did not significantly
load on any factors in children with antibiotic use in the past 6
months.

Factor scores for component taxa were used as variables in
separate logistic regression analyses to predict the presence of
AOM pathogens (Table 5). Factor 1 taxa were negatively associ-
ated with the presence of S. pneumoniae among children without
antibiotic use in the past 6 months (Table 5). Children with high
levels of Rothia, Gemella, Actinomyces, Veillonella, and Granulica-
tella were 51% less likely to be colonized with S. prneumoniae.
Factor 2 and 4 taxa were negatively associated with colonization by
each AOM pathogen (S. pneumoniae, H. influenzae, and M. ca-
tarrhalis) regardless of antibiotic use (Table 5). There were no
significant differences in mean factor scores when children with
URI with and without concurrent AOM were compared (data not
shown). Logistic regression models were used to predict the odds
of an AOM diagnosis using healthy children as the reference group
(Table 6). Factor 2 taxa were negatively associated with AOM
among children with antibiotic use in the past 6 months. Thus,
children with high levels of Lactococcus, Anoxybacillus, members
of the Enterobacteriaceae, and Propionibacterium were 54% less
likely to have AOM than healthy children (Table 6). In contrast,
factor 4 taxa were negatively associated with AOM among chil-
dren without antibiotic use in the past 6 months (Table 5); those
with low levels of Streptococcus, Haemophilus, and members of the
Pasteurellaceae and high levels of Corynebacterium and Dolosig-
ranulum were 49% less likely to have AOM.

DISCUSSION

Specific commensal species may play a role in protecting the upper
respiratory tract from colonization by AOM pathogens and AOM.
Our data indicate that colonization by AOM pathogens is associ-
ated with lower levels of diversity in the upper respiratory tract
flora. We identified commensal taxa that were negatively associ-
ated with colonization by each AOM bacterial pathogen and with
AOM. These negative relationships are suggestive of a competitive
relationship between members of the commensal flora, which
may in turn alter the risk of AOM. Moreover, the balance of these
relationships differed according to the particular AOM pathogen
and by antibiotic use. Unlike our earlier studies, where samples
from healthy children were not included and the focus was on S.
pneumoniae (38), the current study includes samples from healthy
children and an examination of all three major bacterial AOM
pathogens.

Diversity of the nasal flora. Ecological studies suggest that di-
verse bacterial communities should be more resistant to disrup-
tion (8, 61). The pathogenesis of AOM is thought to involve over-
growth of AOM pathogens during URI, followed by invasion of
the middle ear space. This model of disease is consistent with our
observation that AOM pathogen colonization was associated with
lower levels of diversity in upper respiratory tract flora. We also
observed high levels of diversity in healthy children and lower
levels of diversity during URI and AOM. However, these trends
were significant only in children with prior antibiotic use. Because
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A Moraxella B Moraxella c Moraxella
Streptococcus Streptococcus Streptococcus
Corynebacterium Corynebacterium Corynebacterium
Dolosigranulum Dolosigranulum Dolosigranulum
Haemophilus **Haemophilus — Haemophilus
Staphylococcus Staphylococcus Staphylococcus
Lactococcus Lactococcus | Lactococcus
Anoxybacillus Anoxybacillus : Anoxybacillus
Enhydrobacter Enhydrobacter I Enhydrobacter

Rothia Rothia _- Rothia —

Neisseria Neisseria I Neisseria I
Gemella Gemella Gemella

Actinomyces Actinomyces - Actinomyces :
Veillonella Veillonella I Veillonella

Granulicatella Granulicatella Granulicatella -

Propionibacterium Babx no Propionibacterium mabx no Propionibacterium — Habx o
Streptophyta mabx yes Streptophyta Mabx yes Streptophyta I mabx yes
20 -1.0 0.0 1.0 2.0 3.0 20 -1.0 0.0 1.0 2.0 3.0 20 -1.0 0.0 1.0 2.0 3.0

FIG 2 Relative abundances of genus-level taxa by the presence or absence of individual AOM pathogens stratified by antibiotic use. Relative abundance was
calculated as the ratio of positive to negative taxon sample frequencies and 1 (i.e., positive/negative — 1) for S. pneumoniae (A), H. influenzae (B), or M. catarrhalis
(C). Only ratios significantly different from 1 are shown (g < 0.05). Data are stratified by reported use of antibiotics (abx) within 6 months of sample collection.
«k, data for Haemophilus (B) were multiplied by 0.1 to keep all taxa on the same scale (the actual value is 8.7).

our data are cross-sectional, we could not determine whether di-
verse upper respiratory tract communities are more resistant to
colonization by AOM pathogens or whether colonization by
AOM pathogens causes a loss of diversity.

Associations between individual commensal taxa and AOM
pathogens. The prevalence of Lactococcus species was significantly
lower in children colonized with S. prneumoniae, H. influenzae, or
M. catarrhalis. Laufer et al. has previously shown that Lactococcus
species were protective for S. pneumoniae colonization in children
who were experiencing URI (38). Lactococcus species may play a
role in protecting the upper respiratory tract microbial commu-
nity from colonization by potentially pathogenic species. Lactic
acid bacteria have been shown to produce a range of antimicrobial
substances, such as organic acids, hydrogen peroxide, fatty acids,
and bacteriocins (3, 4, 45). Alternatively, the negative association
of Lactococcus and each of the three AOM pathogens may be in-
dicative of a more general mode of competition, such as modula-
tion of host immune responses. A control S. pneumoniae mucosal
vaccine vector, comprised of Lactococcus lactis lacking vaccine an-
tigen, stimulated nonspecific host immunity and provided some
protection against S. pneumoniae respiratory tract infection in
mice (25).

Additional commensal members of the flora were negatively
associated with colonization by AOM pathogens. But, the partic-
ular balance of these associations differed by individual AOM
pathogen examined and by antibiotic use. For example, Staphylo-
coccus and Neisseria species were less prevalent in children colo-
nized by S. pneumoniae. This was the case only in children with no
antibiotic use in the prior 6 months. In contrast, Staphylococcus
and Neisseria species were not significantly associated with colo-
nization by H. influenzae. Nasal probiotic sprays have been pro-
posed as a means to alter the upper respiratory tract flora to pre-
vent AOM. A streptococcal spray has been shown to reduce the
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recurrence of AOM (52); however, a separate intervention did not
result in decreased colonization with AOM pathogens or protec-
tion against AOM (57). Our data suggest that effective probiotic
sprays for AOM prevention would have to contain multiple spe-
cies or be targeted toward specific pathogens.

Relationships between commensal members of the flora and
AOM pathogens also differed by antibiotic use. A prior longitudi-
nal study of acute otitis media in children aged 6 months to 3 years
linked antimicrobial use in the prior 7 days with a 2.6-fold-in-
creased risk of AOM complicating URI (47). The higher risk of
AOM associated with antibiotic use may simply be a marker of
heavier antibiotic use in URI- and AOM-prone children. How-
ever, our observation of differences in microbial community
structure based on antibiotic use raises the intriguing possibility
that antimicrobial-induced disruptions of the normal flora alter
susceptibility to colonization and infection by URI- and AOM-
associated pathogens.

Relationships among correlated taxa by AOM pathogen col-
onization and health status. (i) Rothia, Neisseria, Gemella, Acti-
nomyces, Veillonella, Granulicatella, and the Bacteroidetes.
Rothia, Neisseria, Gemella, Actinomyces, Veillonella, Granulica-
tella, and Bacteroidetes were identified as correlated taxa in the first
factor identified in both antibiotic use groups. Our previous study
indicated that Actinomyces, Rothia, Neisseria, and Veillonella were
highly correlated and associated with an increased risk of otitis
media among children who were all experiencing URI (38). Levels
of these taxa were also higher among children with previous anti-
biotic use (38). In the current study, these taxa were not associated
with an increased risk of AOM. However, mean levels of Rothia
and Actinomyces were higher in children with antibiotic use in the
past 6 months. Results from these two studies suggest that Actino-
myces, Rothia, Neisseria, and Veillonella may preferentially cocolo-
nize and their prevalence is altered by antibiotic use.
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TABLE 4 Factor loadings for component taxa for factors from principal
component analyses”

TABLE 5 Association between principal component analysis factor
scores and colonization by AOM pathogens”

Factor loading by antibiotic use in past

OR (95% CI) by antibiotic use in past

6 months 6 mo
PCA factor component Yes No AOM pathogen and factor Yes No
Factor 1 S. pneumoniae
Streptococcus 51 [See factor 4] Factor 1 1.03 (0.84, 2.02) 0.49 (0.27, 0.89)
Rothia 71 87 Factor 2 0.46 (0.23,0.91) 0.63 (0.40, 0.98)
Neisseria 61 Factor 3 1.33 (0.83, 2.15) 1.45 (0.92, 2.27)
Gemella 76 65 Factor 4 0.58 (0.36, 0.93) 0.66 (0.45, 0.95)
Actinomyces 65 87
Veillonella 84 88 H. influenzae
Granulicatella 85 89 Factor 1 0.72 (0.44, 1.19) 0.56 (0.30, 1.05)
Bacteroidetes” 45 Factor 2 0.43 (0.22, 0.86) 0.49 (0.26, 0.93)
Factor 3 0.42 (0.16, 1.13) 0.70 (0.41, 1.20)
Factor 2 Factor 4 0.25 (0.13, 0.50) 0.40 (0.26, 0.93)
Lactococcus 97 96
Anoxybacillus 97 94 M. catarrhalis
Propionibacterium 48 Factor 1 0.70 (0.44, 1.11) 0.66 (0.42, 1.03)
Enterobacteriaceae“ 89 83 Factor 2 0.42 (0.22,0.79) 0.44 (0.24, 0.78)
Factor 3 1.90 (0.94, 3.86) 1.23 (0.84, 1.80)
Factor 3 Factor 4 0.57 (0.36, 0.89) 0.68 (0.47, 0.97)
Enhydrobacter 93 88 ? Odds ratios and 95% confidence intervals from logistic regression analyses. Separate
Moraxellaceae® 92 85 analyses were performed for each AOM pathogen and antibiotic use group. Boldface
Gammaproteobacteriad 91 87 indicates a significant result.
Proteobacteria” 52
Factor 4 (iii) Enhydrobacter, Moraxellaceae, Gammaproteobacteria,
Streptococcus [See factor 1] —49 .

. and Proteobacteria. As a group, the prevalence of the factor 3 taxa
Corynebacterium 79 74 .
Dolosieranulum . Enhydrobacter, Moraxellaceae, Gammaproteobacteria, and Proteo-

g . . . . .
Haemophilus _s53 _s5 l{acterza did not significantly differ by AOM pathogen coloniza-
Pasteurellaceae’ —56 —57 tion or presence of AOM.

Corynebacterineac® 83 77 (iv) Corynebacterium, Haemophilus, Pasteurellaceae, and

@ A separate PCA was performed for each antibiotic group. Factor loadings are given for
all components. Note that some taxa appear as a component for one group’s factor but
not for the other, e.g., Neisseria is a component of factor 1 for the antibiotic “yes” group
but not for the “no” group.

b Phylum.

¢ Family.

“ Class.

¢ Suborder.

(ii) Lactococcus, Anoxybacillus, and the Enterobacteriaceae.
PCA factor 2 taxa included the genera Lactococcus, Anoxybacil-
lus, and members of the family Enterobacteriaceae for both an-
tibiotic use groups. Anoxybacillus bacteria are thermophilic
spore-forming facultative anaerobes that may contaminate
processed food products and are not generally thought to be
human colonizers (49, 53). Anoxybacillus was previously de-
tected in nasopharyngeal samples from children (6). These taxa
may represent environmental contamination, or they may be
members of the upper respiratory tract community. Propi-
onibacterium were positively correlated with factor 2 taxa in
children with antibiotic use in the previous 6 months. Factor 2
taxa were negatively associated with colonization by each of the
three bacterial AOM pathogens and with AOM in children who
used antibiotics in the past 6 months. These data are consistent
with our prior study, which identified Lactococcus and Propi-
onibacterium as highly correlated, associated with decreased
colonization by S. pneumoniae, and associated with a decreased
risk of otitis media (38).
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the Corynebacterineae. These taxa were components in the
fourth factor identified in both antibiotic use groups. Dolosigranu-
lum species were positively correlated with factor 4 taxa in chil-

TABLE 6 Association between principal component analysis factor

scores and AOM
OR (95% CI) by antibiotic use in past
6 months”
PCA factor and group Yes” No*
Factor 1
Healthy (ref?) 1.0 1.0
AOM 0.69 (0.39, 1.22) 1.12 (0.73, 1.72)
Factor 2
Healthy (ref) 1.0 1.0
AOM 0.46 (0.25, 0.85) 1.18 (0.70, 1.99)
Factor 3
Healthy (ref) 1.0 1.0
AOM 1.97 (0.65, 6.01) 0.66 (0.36, 1.21)
Factor 4
Healthy (ref) 1.0 1.0
AOM 0.63 (0.32, 1.22) 0.51 (0.31, 0.83)

“ Boldface indicates a significant result. Children with URI alone (without AOM) were
excluded from the analysis (n = 43 antibiotic users; n = 52 antibiotic nonusers).

b Antibiotic use in past 6 months: healthy group, n = 18; AOM group, n = 39.

¢ No antibiotic use in past 6 months: healthy group, n = 55; AOM group, n = 33.

4 ref, reference.
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dren with antibiotic use in the previous 6 months. Streptococcus
species were negatively correlated with factor 4 taxa in children
without antibiotic use in the previous 6 months. The observed
protective effect of factor 4 taxa for AOM may be due to the lower
levels of Haemophilus and Streptococcus or high levels of Coryne-
bacterium and Dolosigranulum. Several lines of evidence suggest
that Corynebacterium and Dolosigranulum play a protective role in
the upper respiratory tract. In our previous study, mean levels of
Corynebacterium and Dolosigranulum were correlated and were
protective against S. pneumoniae colonization (odds ratio
[OR],0.55; 95% confidence interval [CI], 0.35 to 0.86) and otitis
media (OR, 0.54; 95% CI, 0.30 to 0.96) (38). Konno et al. used
culture-based approaches to examine the nasopharyngeal flora in
patients with acute URI and healthy controls (35). The prevalence
of Corynebacterium was lower in children less than 6 years of age
with acute URI than with healthy children (26.2% versus 52.9%, P
< 0.001) (35). It is also important to note that these taxa may
occasionally be pathogenic (12, 27, 37).

We used a taxon-based, rather than phylogenetics-based, ap-
proach to examine microbial community composition in the na-
sal mucosa. Phylogenetics-based methods, such as Fast UniFrac
(24), have also been used to explore differences in microbial com-
munity structure. In our hands these methods did not perform
well in differentiating nasal microbial communities (data not
shown). Phylogenetic methods have often been used to compare
different tissue sites within the host (40) or differences between
microbial community composition due to chronic health condi-
tions (32, 41). The upper respiratory tract is home to a large num-
ber of closely related pathogenic and nonpathogenic species (17).
Therefore, our inability to detect differences between microbial
communities using phylogenetic methods may be due to func-
tional phylogenetic redundancy among colonizing taxa in the na-
sal passages that is not significantly altered during URI or short-
term colonization by AOM pathogens.

There are several limitations to our study. (i) These data were
cross-sectional, and longitudinal studies are needed to establish
the temporality of these associations. (ii) We did not collect data
on specific respiratory viruses, which may alter the composition of
the upper respiratory tract flora and differ in their pathogenic
mechanisms and propensity to cause AOM (11, 23, 44, 47). (iii)
We used data regarding antibiotic prescriptions as a marker of
antibiotic use. Some parents may not have filled the prescription
and/or children may not have taken the antibiotic. (iv) The ma-
jority of sequences could be classified only at the genus level. In-
creased numbers of alpha-hemolytic streptococci have been iso-
lated from the nasopharynx of healthy children compared to those
for OM-prone children (43, 59). We could not achieve species-
level identification of alpha-hemolytic streptococci using short-
read 16S rRNA pyrosequencing technologies.

An understanding of polymicrobial interactions is necessary
for the development of effective AOM prevention strategies.
These studies provide the groundwork for improving our com-
prehension of the complex nasal microbial communities of
children. Longitudinal studies are needed to determine causal-
ity. Future laboratory studies should examine the underlying
mechanisms involved. Corynebacterium, Dolosigranulum, Lacto-
coccus, and Propionibacterium strains could also be studied to as-
sess their impact on AOM pathogenesis using animal models of
disease. Such studies may lead to the development of new preven-
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tion and treatment methods, including therapies aimed at dis-
rupting interspecies quorum sensing or signaling (2).
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