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Abstract
Background: Eosinophilic esophagitis (EoE) is an allergic disorder characterized by eosinophil-predominant esophageal
inflammation, which can be ameliorated by food antigen restriction. Though recent studies suggest that changes in
dietary composition may alter the distal gut microbiome, little is currently known about the impact of a restricted diet
upon microbial communities of the oral and esophageal microenvironments in the context of EoE. We hypothesize
that the oral and esophageal microbiomes of EoE patients are distinct from non-EoE controls, that these differences
correspond to changes in esophageal inflammation, and that targeted therapeutic dietary intervention may influence
community structure. Using 16S rRNA gene sequencing, we characterized the bacterial composition of the oral and
esophageal microenvironments using oral swabs and esophageal biopsies from 35 non-EoE pediatric controls and
compared this cohort to samples from 33 pediatric EoE subjects studied in a longitudinal fashion before and after
defined dietary changes.
Results: Firmicutes were more abundant in esophageal samples compared to oral. Proportions of bacterial communities
were significantly different comparing all EoE esophageal microbiota to non-EoE controls, with enrichment of
Proteobacteria, including Neisseria and Corynebacterium in the EoE cohort, and predominance of the Firmicutes
in non-EoE control subjects. We detected a statistically significant difference between actively inflamed EoE biopsies
and non-EoE controls. Overall, though targeted dietary intervention did not lead to significant differences in
either oral or esophageal microbiota, reintroduction of highly allergenic foods led to enrichment in Ganulicatella
and Campylobacter genera in the esophagus.
Conclusions: In conclusion, the esophageal microbiome in EoE is distinct from that of non-EoE controls, with
maximal differences observed during active allergic inflammation.

Background
Eosinophilic esophagitis (EoE) is a chronic Th2-mediated
allergic disease of the esophagus characterized by eosinophilic esophageal infiltration. Its pathogenesis is incompletely understood and likely involves both environmental
and genetic factors [1,2]. In 1995, Kelly et al. made the
seminal observation that an amino acid based elemental
diet led to complete resolution of EoE symptoms, esophageal eosinophilia, and associated endoscopic findings in
pediatric patients [3]. Since this initial finding, other
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dietary treatment options for EoE have expanded to include targeted food elimination diets and the empiric
six-food elimination diet (SFED), which has been
shown to be an effective treatment for both children
and adults [4-8]. Food antigens have since been identified as significant causative agents which trigger immune
responses in EoE [9].
Here, we investigate the relationship of diet, the gut
microbiome, and EoE. The effect of diet upon gut microbial composition has been explored previously in obesity
[10-13] and inflammatory bowel disease (IBD) [10,14].
Relevant to EoE, in which a significant proportion of patients have IgE-mediated food allergies [2], Stefka et al.
recently showed that the presence of specific gut commensals are protective against development of food allergy
in mouse models [15], potentially through enhancing
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epithelial barrier function and expansion of FoxP3+ regulatory T cells (Tregs) [16].
Several human studies support the association between
altered gut microbiota and the development of atopic disorders early in life [17-19]. However, the effects are not
consistent and were temporary in several studies [20]. Early
colonization with certain bacterial species may influence
the maturation of secretory immunoglobulin A (IgA),
which is associated with protection against development of
food allergies [21]. A reduction in microbial diversity with
increased proportions of E. coli and C. difficile may be
associated with a higher risk of eczema and allergic
sensitization [22]. Clinical studies have indicated that probiotics may have some limited positive effects on atopic
dermatitis, supporting a role for the gut microbiome, but
this has not been confirmed in other studies [20].
Until recently, the esophagus was considered to have
few cultivatable bacterial species [23]. Initial descriptions
of the esophageal microbiome were focused on comparisons
between the oral and the esophageal microbiome [24,25].
Following the development of community profiling using
sequence-based methods, others have shown that the normal human esophagus has a unique Gram positive (Type I)
dominated bacterial signature, and that shifts to a Gram
negative (Type II) esophageal microbiome may be linked
to gastroesophageal reflux disease (GERD) and Barrett’s
esophagus (BE) [26]. The bacterial profile of the normal
esophagus was subsequently analyzed by Fillon et al.
who used the esophageal string test (EST) to characterize

Figure 1 Flow chart of the experimental design.
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the esophageal microbiome in children without esophageal
pathology [27]. Using the EST, direct comparisons between
the oral and esophageal microbiomes revealed significant
genera differences between these microenvironments.
To date, there have been no reports characterizing the
esophageal microbiome in EoE. Given the well-established
causal relationship between dietary antigens and EoE disease activity, we hypothesized that the esophageal microbiome in EoE subjects would be distinct from subjects
without EoE, and that there would be differences in the
EoE microbiome following dietary manipulation, which
influences disease activity. In this study, we characterize
the esophageal microbiome in children with and without
EoE using 16S rRNA gene sequencing. Because assessments of EoE disease activity are currently dependent
upon endoscopic surveillance, we also compare the
composition of the oral microbiome to the esophageal
microbiome to determine whether the oral microbiome
might serve as a surrogate for monitoring EoE disease
activity.

Results
Patient characteristics

Figure 1 summarizes the enrollment and sampling methods
used in this study. Analysis was carried out for 68 subjects
(59 males, 9 females) ranging from 2 to 18 years of
age (Additional file 1: Table S1A and Additional file 2:
Table S1B). All subjects had no history of antibiotic
use for 4 to 6 weeks prior to the procedure, and the
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majority (66/68) of subjects were treated with a PPI
for 4 to 6 weeks prior to the endoscopy. The two subjects who were not on PPI at the time of endoscopy
were EoE patients who had been previously diagnosed
with EoE while on appropriate PPI therapy.
Thirty-five subjects were designated as non-EoE controls.
Within this group, 29/35 did not have any gastrointestinal
pathology, and 6/35 had mild non-EoE esophagitis. In the
EoE cohort (N = 33), 18 were classified as active EoE (≥15
eosinophils per hpf) and 15 were classified as inactive EoE
(<15 eosinophils per hpf) at the first of two time-points.
Among EoE subjects, 32/33 had no history of systemic or
topical (swallowed) steroid use. Twenty-seven EoE subjects
were enrolled in the longitudinal arm of the study. Seventeen EoE subjects with active disease at the first time-point
underwent food elimination challenge (removal of a food(s)
from the SFED), and 10 subjects with inactive disease at
the first time-point added a food(s) into the diet from the
SFED [7]. Food antigen removal or addition was continued
for 4 to 8 weeks prior to the second time-point, at which
point esophageal biopsies and oral swabs were obtained. In
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total, 88 oral samples and 78 esophageal samples were
collected for analysis.
The oral and esophageal microbiomes harbor distinct
microbial populations

DNA was purified from biopsy or swab specimens, and
the V1V2 region of the bacterial 16S rRNA gene was
amplified by PCR. Products were sequenced using the
454/Roche method, then sequences condensed into operational taxonomic units of 97% sequence identity and
nearest taxonomy assigned for each (Additional file 3:
Table S2). Figure 2 shows a heatmap of samples, indicating the types of bacteria detected in each sample. Strong
distinctions between esophageal and oral samples were
observed. Specifically, several members of the phylum
Firmicutes were detected almost exclusively in the biopsy
samples, including Clostridium, Eubacterium, Megasphaera,
Mogibacterium, and Moryella. In addition, the Atopobium
genus of Actinobacteria was predominantly detected in
esophageal biopsy samples and was absent in the majority
of oral swabs.

Figure 2 Heatmap of esophageal and oral microbiome. Each column corresponds to a specific sample, each row to a type of bacteria identified
in the sequence data. The proportions that each lineage contributed to the full population within each sample are indicated with the color scale
to the right of the figure (values from 0 to 1). Metadata is color-coded at the top, including site sampled, disease status, and number of eos/hpf
(eosinophils per high power field) reported in the biopsies at the time of endoscopy. Time-points: Samples were obtained at single time-points in
non-EoE controls (C.T1), and EoE subjects had two separate sample collections (first: E.T1, second: E.T2).
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Some members of the Bacteroidetes, Firmicutes, and
Proteobacteria were detected in both sites regardless of
phenotype including the genus Prevotella, Streptococcus,
and Neisseria, respectively. We used a Mantel correlation
and a Procrustes test to determine if there was a statistically
significant correlation between the microbiome present in
the two sites across patients. Both tests showed a significant correlation (Mantel correlation = 0.16, P value:
0.008; Procrustes R2: 0.15, P value: 0.009), indicating
sharing of lineages between the oral and esophageal
sites.
The esophageal microbiome in active EoE is characterized
by a distinct microbiome compared to non-EoE controls

We next investigated whether consistent patterns in community structure could be detected for EoE versus nonEoE controls within each sample type. We used UniFrac
to calculate distances between all pairs of samples [28,29]
then used tests of the distance matrices to assess relationships among communities from EoE and non-EoE control
subjects. Communities were compared by membership
(presence-absence information) using unweighted UniFrac
and by relative abundance using normalized weighted
UniFrac.
A permanova-based test showed a trend toward a difference between all EoE and non-EoE control esophageal
samples in community proportions which did not reach
statistical significance (weighted UniFrac distances; Adonis
P values for EoE versus non-EoE control subjects: P =
0.06). This suggested a trend toward differences between
sample groups resulting from differences in bacterial proportions (Additional file 4: Figure S1A,B,C)). Unweighted
UniFrac revealed no differences in community membership (Adonis P values for EoE versus non-EoE control
subjects: P = 0.52). Of note, no differences in membership were found in EoE subjects on a PPI (26/28) when
compared to those not on a PPI (2/28). No significant
differences were observed between EoE and non-EoE control groups in tests of the oral samples (data not shown).
To determine whether the differences between EoE and
non-EoE microbial proportions were due to disease activity, we compared samples from individuals with active
EoE, inactive EoE, and non-EoE controls. Using weighted
UniFrac distances, there were statistically significant
differences between active EoE and non-EoE control subjects. Differences between inactive EoE versus non-EoE
controls in weighted UniFrac were not statistically significant (Adonis P values for active EoE versus non-EoE control subjects: 0.037; inactive EoE versus non-EoE control
subjects: 0.062). Comparisons between active EoE and
inactive EoE using weighted UniFrac did not show significant differences in either community membership
or relative abundance (disease status Adonis P values:
weighted UniFrac P = 0.404; unweighted UniFrac P = 0.171).
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Comparisons of bacterial community membership using
unweighted UniFrac showed no statistically significant differences (Adonis P values for active EoE versus non-EoE
control: 0.124; inactive EoE × non-EoE control: 0.481).
Together, this suggested that an active, eosinophil-rich, inflamed tissue is associated with a distinct shift in relative
abundance of the esophageal microbiota, but not in
community membership. Additionally, richness, Shannon
diversity, and evenness indexes were calculated for each
sample using a Wilcoxon rank-sum test (between nonEoE controls, active EoE, and inactive EoE subjects) and
significant differences were not detected for any comparison (Additional file 3: Table S2 and Additional file 5:
Figure S2).
Because a small number of esophageal samples in the
non-EoE control cohort (six subjects) had histologic evidence of non-eosinophilic esophagitis, we performed a
separate analysis to compare the six non-EoE control samples with esophagitis to the 25 non-EoE samples without
esophageal inflammation. We did not detect a difference between subjects with and without inflammation
(unweighted UniFrac P = 0.577 and weighted UniFrac P =
0.455). We performed an additional analysis comparing
EoE to non-EoE controls after removing the six subjects
with non-EoE esophageal inflammation from the control
cohort, and found that though there was a slight reduction in overall significance [EoE versus non-EoE control
(unweighted UniFrac P = 0.614 and weighted UniFrac P =
0.108), inactive EoE versus non-EoE control (unweighted
UniFrac P = 0.53 and weighted UniFrac P = 0.137) and
active EoE versus non-EoE control (unweighted UniFrac
P = 0.186 and weighted UniFrac P = 0.065)], similar
patterns in esophageal microbiota were observed. Based
upon these findings, we continued to include the six subjects with non-EoE esophagitis as part of the non-EoE
control cohort in the subsequent analyses.
Bacterial lineages associated with EoE and non-EoE
controls

We used the linear discriminant analysis effect size
(LEfSe) test to determine which taxonomic groups were
responsible for the changes observed with weighted UniFrac
in EoE [30]. Taxonomic cladograms of OTUs comparing active EoE (21 samples) versus non-EoE control (31 samples)
and inactive EoE (20 samples) versus non-EoE control (31
samples) are shown in Figure 3. The Neisseria genus of the
Proteobacteria was enriched in the EoE samples, as was
Corynebacterium. A relative abundance plot showing the
major genera enriched in active EoE samples compared to
non-EoE controls is shown in Figure 4. These lineages have
been previously implicated in inflammation at other body
sites [31,32], providing a parallel with EoE. The Streptococcus
and Atopobium genera were consistently enriched in
non-EoE control samples. Relative abundance plots for
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Figure 3 Comparison of lineages enriched in EoE (28) versus non-EoE control (31) esophageal samples using LEfSe. (A) Comparison of active EoE
(21) versus non-EoE control (31). (B) Comparison of inactive EoE (20) versus non-EoE control (31). The “denovo” indication shows the OTU number.

lineages enriched in non-EoE controls compared to active
EoE are shown in Additional file 6: Figure S3.
Effect of dietary elimination on the esophageal
microbiome in EoE

The SFED is an established treatment for EoE, with
outcomes that compare favorably with both targeted
elimination diets and an elemental diet. Following the
establishment of a SFED, an EGD is typically performed
to establish reduction in esophageal eosinophilia. Once
endoscopic remission is established, groups of foods from
the SFED are added back into the diet and surveillance
EGD is performed several weeks after addition of the new
food group. In our patient cohort, we included subjects
before (time-point 1) and after (time-point 2) a clinically
recommended diet change and hypothesized that dietary
manipulation using foods from the SFED would not only
lead to alterations in the esophageal inflammatory state
but would also change esophageal microbial composition.
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Figure 4 Relative abundance plots for Neisseria (A) and Corynebacterium (B) in active EoE samples compared to non-EoE controls.
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Figure 5 Comparison of lineages enriched under different diet regimens. D = addition of food from the six-food elimination diet (SFED) (10);
OD = open diet (4); RD = restricted diet (13); d = removal of food from the SFED (7).

using LEfSe). Corresponding relative abundance plots for
Granulicatella and Campylobacter in subjects with a restricted diet who later added an allergenic food as compared to non-EoE controls are shown in Figure 6.

Discussion
In this study, we report a characteristic esophageal microbiome in pediatric EoE patients that is influenced by EoE
disease activity and is distinct from the esophageal microbiome of non-EoE control subjects. Diet changes did not
detectably influence the composition of the esophageal
microbiome, but the sample was small and heterogeneous,
so further work is needed in this area. We also show a
modest but significant correlation between the oral and
esophageal microbiomes in the cohort used in this study,
regardless of disease status.

The esophageal microbiome of non-EoE control subjects showed a predominance of Gram (+) bacteria of
the Streptococcus genus. This is in agreement with previous findings in control adult subjects [33] and pediatric
subjects [27] without esophageal inflammation. Subjects
included in the study by Yang et al. were predominantly
elderly males [33], whereas the majority of subjects in
the analysis by Fillon et al. were pediatric females [27],
showing consistency between age groups and genders. In
contrast to both studies, the majority of our subjects are
pediatric males with nearly 100% concurrent and documented PPI use, providing a further indication of the resilience of the Streptococcus-dominated microbiome in
the uninflamed esophagus in all age groups and genders.
We observed differences in the esophageal microbiota
when comparing samples from active EoE to non-EoE
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Figure 6 Relative abundance for Granulicatella (A) and Campylobacter (B) in non-EoE controls and subjects before (RD) and after (D) addition of
food from the SFED.

control subjects. Similar to previously published findings, members of the genera Corynebacterium and Neisseria of the phylum Proteobacteria were enriched in the
setting of esophageal inflammation [24,34,35]. The presence of Gram (-) organisms including Neisseria has been
reported in previous studies of the esophagus [26,36]
and correlated to inflammatory states. However, in contrast to these studies which characterized adult non-EoE
GERD cohorts, ours is the first to explore microbial
communities specifically in EoE. While our results might
suggest a common microbiome shared by all forms of
esophageal inflammation, our study was limited by a
small number of subjects with non-EoE esophageal inflammation making it challenging to address if the presence of non-EoE related inflammation could affect such
correlations. Interestingly, however, the microbial composition of our very small cohort of non-EoE controls
with esophageal inflammation was not distinct from those
without esophageal inflammation and was still distinct
from microbiota present in inflamed mucosa of subjects
with EoE. A future larger study specifically comparing the
EoE to non-EoE (GERD) esophageal microbiome would
be highly informative in this regard.
Understanding the cause and effect relationship between disease state and the microbiome is a subject of
great debate addressed in gnotobiotic studies. Baumler and
colleagues found that Salmonella is increased in gut inflammation and proposed that inflammation promotes
proliferation of Salmonella by production of compounds
that Salmonella can use as terminal electron acceptors
[37,38]. In different disease states, gnotobiotic mouse
models have been used to determine whether gut commensals provoke or prevent inflammation. While enteric
bacteria are necessary for the development of murine
colitis [39], germ-free mice are more prone to the development of allergen sensitization [40,41]. EoE poses
a unique challenge in this area, as it is clinically characterized by food allergen sensitization and chronic
inflammation.

Although we were unable to detect global differences
between subjects on an unrestricted diet and those that
added or removed a highly allergenic food, our LEfSe
analysis revealed a possible enrichment of two genera,
Campylobacter and Granulicatella, following the addition
of a food antigen in the SFED. Campylobacter species
have been associated with inflammatory states of gastrointestinal tract including periodontal disease, Barrett’s
esophagus, and IBD [34]. This data suggests addition of
foods leads to increased inflammation and changes in
the microbiome. Others found that seropositivity to
Campylobacter jejuni had a greater association to the
development of atopy [42]. The specific correlation of
these species in the pathogenesis of EoE requires further
study.
The dietary additions and eliminations in this study
were performed according to the clinical recommendations of the primary gastroenterology/allergy team and
foods which were added or eliminated varied among EoE
subjects. Although an initial goal of our study was to compare the microbiome of EoE subjects before and after an
amino acid based elemental diet, the number of patients
placed on an elemental diet at our institution and others
has declined significantly due to the recently proven efficacy of the SFED [5,8,43]. Therefore, we did not have adequate power to determine the effects of specific foods
upon the differences in the microbiome. The effect of milk
will be fascinating to study in the future as it is the most
common allergen in EoE [8] and has a definite effect on
gut microbiota [44].
Previous studies have characterized the oral microbiome
in the absence of inflammation. The oral microbiomes of
children and adults show a predominance of Firmicutes,
Proteobacteria, Actinobacteria, and Fusobacteria [45]. In
other studies, Streptococcus, Prevotella, Neisseria, Haemophilus, Porphyromonas, Gemella, Rothia, Granulicatella,
Fusobacterium, Actinomyces, Veillonella, and Aggregatibacter are predominant organisms in saliva of healthy subjects
[46]. Comparisons between the oral and esophageal flora
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have been previously reported, showing predominance of
Streptococcus, Fusobacterium, Neisseria, Haemophilus, and
Prevotella in both sites [25]. This is consistent with our results in which Streptococcus, Neisseria, and Prevotella were
predominant organisms in both the oral and esophageal
environments.
In the current study, we aimed to study the correlation
between these two microbial populations and determine
whether the 16S rRNA gene tag analysis of the oral mucosa could serve as a biomarker of disease activity. By having a single sample per individual, we are able to avoid
autocorrelation issues arising from having two samples
from the same individual. The Mantel correlation and
Procrustes values suggest a weak, albeit significant, correlation between the two datasets (oral and esophageal
biota). We did not detect differences in the oral microbiome between active EoE and inactive EoE or non-EoE
control samples, suggesting that in pediatric EoE, bacterial
communities are stable and might not be altered by dietary modification. Thus, the data do not support use of oral
samples in lieu of biopsies for EoE surveillance.

Conclusions
We report distinctive microbiota in patients with active
EoE compared to non-EoE controls. No significant differences were seen in inactive EoE samples compared to
non-EoE controls. This difference suggests that the increase in Neisseria and Corynebacterium may be due to
inflammation and not EoE itself. Our subjects were treated
with a variety of dietary interventions. Although this study
is underpowered to detected differences among the treatments, some possible effects were observed that can serve
as hypotheses for future studies.
Methods
Subjects

Subjects enrolled in the study (IRB# 10-007737) were
undergoing diagnostic esophagogastroduodenoscopy (EGD)
at The Children’s Hospital of Philadelphia (CHOP). Inclusion criteria included an age between 6 months and
21 years, ongoing proton pump inhibitor (PPI) use for
at least 4 weeks prior to EGD, no antibiotic use for at
least 4 weeks prior to EGD, and no other esophageal
disease or chronic inflammatory diseases of the gastrointestinal (GI) tract. Non-EoE control subjects showed
no histopathologic abnormalities in the esophagus or
distal GI tract and were not previously diagnosed with
EoE. Both newly diagnosed EoE subjects and subjects
who had previously been diagnosed with EoE based on
clinical guidelines [2] were recruited and analyzed at
two different time-points, before and after a specific diet
change based upon recommendations of the gastroenterologist and/or allergist. At the first time-point,
subjects were either on an open diet without restrictions
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(OD) or a restricted diet (RD) in which specific food
antigens had already been removed based upon suspected causality in the subject’s EoE disease activity.
Prior to the second time-point, selected foods from
the SFED were either added to the diet (D) or eliminated from the diet (d). The experimental plan is
shown in Figure 1, and subject metadata are shown
in Additional file 1: Tables S1A and Additional file 2:
Table S1B.
All EoE subjects were further stratified as active (≥15
eosinophils/high-power field (hpf )) or inactive (<15
eosinophils/hpf ) based on EoE diagnostic criteria [2].
After written informed consent and/or assent was obtained, oral swabs from the inner cheeks, hard palate,
and distal third of the tongue were collected using a
sterile microbrush and stored on dry ice prior to processing. Esophageal biopsies from the distal third of
the esophagus were collected during EGD using sterile
forceps and immediately placed on dry ice.
Sample processing

Oral swabs and esophageal biopsies were separately stored
in sterile Eppendorf tubes on dry ice, then transferred
to a −80°C freezer until processing. Bacterial DNA extraction from oral swabs and esophageal biopsies was
performed in a sterile tissue culture hood using the MoBio
PowerSoil DNA Isolation Kit (Mo Bio Laboratories,
Carlsbad, CA, USA) and DNeasy Blood and Tissue Kit
(Qiagen, Maryland, USA), respectively.
For bacterial DNA isolation from oral swabs, sterile
scissors were used to cut the swab tip into the MoBio
Power-Bead tube, and DNA was isolated according to
manufacturer’s instructions. For extraction of bacterial
DNA from biopsies, samples were incubated in a lysozyme
solution containing 20 mg/ml lysozyme in 180 μl of 20
mM Tris-HCl (pH 8.0), 2 mM EDTA, and 1.2% Triton
X-100, at 95°C for 5 min and 37°C for 60 min, followed
by manufacturer’s instructions to complete DNA extraction. DNA was amplified by adding 10 μl of DNA
to 40 μl of PCR mixture containing 5 μl of 10× PCR
Buffer (Invitrogen, Carlsbad, CA, USA), 200 μM each
dNTP, 50 pmol barcoded primer [47], and 2 units of
AccuPrime TaqDNA polymerase. Reactions were performed on an Eppendorf Mastercycler pro Model 6325
(Hauppauge, NY, USA) using the following conditions:
initial denaturation at 95°C for 5 min followed by 30
cycles (30 for swabs and 35 for biopsies) of 95°C × 30 s,
56°C × 30 s, and 72°C × 1 min 30 s. The reaction was
terminated after an 8-min extension at 72°C. The amplification reactions were performed in quadruplicate.
Products were pooled and bead purified using magnetic
beads from Angencourt AMPure XP (Beckman Coulter
Inc., Brea, CA, USA) and a DynaMag-Spin Magnetic
Particle Concentrator (Invitrogen Dyna AS, Oslo, Norway).
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DNA sequencing and bioinformatics analysis

Pooled DNA samples were sequenced using the Roche/454
Genome sequencer or Genome Sequencer Junior platforms (454, Branford, CT, USA). The sequences obtained
were processed using the QIIME software package [48]
using default parameters and the R statistical package [49]
unless otherwise stated. Briefly, sequences were collapsed
into operational taxonomic units (OTUs) at 97% similarity, from which a representative sequence was selected.
These representative sequences were used for taxonomic
classification, OTU table creation, and UniFrac calculations. Samples yielding less than 300 sequences and OTUs
containing only one sequence across all samples were removed from further analysis [50]. A multiple rarefaction
procedure was implemented as follows to increase the
confidence that the community assessed was a representative of the actual community present in the sample and to
remove biases caused by uneven sampling depth across all
samples: after filtering, the remaining samples were rarefied down to 500 sequences 100 times, and an average of
the sequence counts for these rarefactions was used. The
final OTU table was filtered to contain OTUs which
were present in at least ten samples (Additional file 3:
Table S2).
Statistical analysis

Global microbiome changes were analyzed using weighted
and unweighted UniFrac distances across all samples.
Statistical differences were assessed using the Adonis test
implemented in the R package Vegan v2.0-10 [51]. Adonis
permutations were restricted using strata to account
for the repeated measure nature of the data when
testing the disease status and dietary intervention variables. Richness and evenness were also assessed using
the Vegan Package. For the dietary intervention test,
only samples within diets corresponding to open diet
(N = 4), restricted diet (N = 13), elimination (N = 7),
and reintroduction of an allergenic food (N = 10)
were considered in order to reduce variability in the
dataset. OTU differences across groups were analyzed
using LEfSe [30]. Only one sample per subject per site
of sampling was used in the statistical tests unless
otherwise stated.

Additional files
Additional file 1: Table S1A. Characteristics of non-EoE control pediatric
subjects. Data include site of sample collection, disease status, symptoms,
demographics, history of atopic disease, diet, endoscopic findings, histologic
findings, and peak eosinophils per high power field.
Additional file 2: Table S1B. Characteristics of EoE pediatric subjects.
Data includes site of sample collection, time-point of data collection,
disease status (active ≥ 15 eosinophils/high power field (hpf)) or inactive
(<15 eosinophils/hpf), symptoms, demographics, history of atopic disease,
specific dietary interventions, duration of intervention, endoscopic findings,
histologic findings, and peak eosinophils per hpf.
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Additional file 3: Table S2. OTU table with taxa, sequence numbers
per samples, Shannon diversity, and evenness values. Bacterial DNA
sequences were condensed into OTUs of 97% sequence identity, and
nearest taxa were assigned to each sequence. OTUs listed were present
in at least ten samples.
Additional file 4: Figure S1. Ordination comparing EoE and non-EoE
control samples. (A) Pairwise distances were calculated between samples,
then data plotted using Principal Coordinates Analysis. The centroid of
the non-EoE control samples and the EoE samples are indicated on the
plot. Lines connect each sample to the appropriate centroid. (B) and (C)
show the same plot color-coded according the proportion of Neisseria
and Streptococcus present in each sample.
Additional file 5: Figure S2. Richness, Shannon diversity, and evenness
indexes. Comparisons between control, inactive EoE, and active EoE using
a Wilcoxon rank-sum test.
Additional file 6: Figure S3. Relative abundance for genus Streptococcus
and Atopobium in active EoE versus non-EoE controls.
Abbreviations
EGD: Esophagogastroduodenoscopy; EoE: Eosinophilic Esophagitis; EST: Esophageal
string test; GERD: Gastroesophageal reflux disease; HPF: High-power field;
IBD: Inflammatory Bowel Disease; IgA: Immunoglobulin A; LEfSe: linear discriminant
analysis effect size; PPI: Proton pump in inhibitor; SFED: Six-food elimination diet;
Tregs: regulatory T cells.
Competing interests
The authors declare that they do not have any competing interests.
Authors’ contributions
AJB collected and prepared human samples and drafted manuscript; ABM
collected and prepared human samples; CH ran the microbiome analysis and
drafted manuscript and figures; KKD ran supplementary analysis and drafted
figures; JMS provided input on analysis of diet; FDB analyzed data and aided
in study design; MLW provided study concept and design, drafted manuscript,
and supervised the overall study. All authors provided critical review of the
manuscript. All authors read and approved the final manuscript.
Acknowledgements
We thank the patients and families at The Children’s Hospital of Philadelphia
(CHOP) for their participation in this study. We also wish to thank the endoscopy
suite staff, faculty, and fellows in the CHOP Division of Gastroenterology,
Hepatology, and Nutrition for their time, support, and technical assistance with
this study. We are grateful to Laurie Zimmerman for technical assistance in the
preparation of the manuscript.
Funding sources
This work was supported by the Abbott Nutrition United States (Project
1013, to M.L.W.); NIH R01 DK087789 (to M.L.W and J.M.S.); Project UH2
DK083981 (to F.D.B.); Penn Digestive Disease Center (P30 DK050306); NIH
1F32DK100088 (to A.B.M.); The Joint Penn-CHOP Center for Digestive, Liver,
and Pancreatic Medicine; S10RR024525; UL1RR024134, and K24-DK078228;
and the University of Pennsylvania Center for AIDS Research (CFAR) P30 AI
045008. JMS is also funded through the Consortium for Eosinophilic
Gastrointestinal Disease Researchers (CEGIR). The CEGIR (U54 AI117804) is
part of the Rare Diseases Clinical Research Network (RDCRN), an initiative of the
Office of Rare Disease Research (ORDR), National Center for Advancing Translational
Sciences (NCATS) and is funded through collaboration between NCATS, NIAID,
and NIDDK. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Center for Research
Resources, National Institutes of Health, or Pennsylvania Department of Health.
Author details
1
Division of Gastroenterology, Hepatology, and Nutrition, The Children’s
Hospital of Philadelphia, Philadelphia, PA 19104, USA. 2Department of
Microbiology, Perelman School of Medicine, University of Pennsylvania, 3610
Hamilton Walk, Philadelphia, PA 19104, USA. 3Division of Allergy and
Immunology, The Children’s Hospital of Philadelphia, Philadelphia, PA, USA.
4
Department of Pediatrics, Perelman School of Medicine, University of
Pennsylvania, Philadelphia, PA, USA. 5Depto. de Alimentos e Nutrição
Experimental, Faculdade de Ciências Farmacêuticas, Universidade de São
Paulo, São Paulo, SP 05508-000, Brazil.

Benitez et al. Microbiome (2015) 3:23

Received: 9 December 2014 Accepted: 23 April 2015

References
1. Muir AB, Lim DM, Benitez AJ, Modayur Chandramouleeswaran P, Lee AJ,
Ruchelli ED, et al. Esophageal epithelial and mesenchymal cross-talk leads
to features of epithelial to mesenchymal transition in vitro. Exp Cell Res.
2013;319(6):850–9.
2. Liacouras CA, Furuta GT, Hirano I, Atkins D, Attwood SE, Bonis PA, et al.
Eosinophilic esophagitis: updated consensus recommendations for children
and adults. J Allergy Clin Immunol. 2011;128(1):3–20. e26; quiz 21-22.
3. Kelly KJ, Lazenby AJ, Rowe PC, Yardley JH, Perman JA, Sampson HA.
Eosinophilic esophagitis attributed to gastroesophageal reflux: improvement
with an amino acid-based formula. Gastroenterology. 1995;109(5):1503–12.
4. Spergel JM, Brown-Whitehorn T, Beausoleil JL, Shuker M, Liacouras CA.
Predictive values for skin prick test and atopy patch test for eosinophilic
esophagitis. J Allergy Clin Immunol. 2007;119(2):509–11.
5. Gonsalves N, Kagalwalla AF. Dietary treatment of eosinophilic esophagitis.
Gastroenterol Clin North Am. 2014;43(2):375–83.
6. Kagalwalla AF, Amsden K, Shah A, Ritz S, Manuel-Rubio M, Dunne K, et al.
Cow’s milk elimination: a novel dietary approach to treat eosinophilic
esophagitis. J Pediatr Gastroenterol Nutr. 2012;55(6):711–6.
7. Kagalwalla AF, Sentongo TA, Ritz S, Hess T, Nelson SP, Emerick KM, et al.
Effect of six-food elimination diet on clinical and histologic outcomes in
eosinophilic esophagitis. Clin Gastroenterol Hepatol. 2006;4(9):1097–102.
8. Spergel JM, Brown-Whitehorn TF, Cianferoni A, Shuker M, Wang ML, Verma R,
et al. Identification of causative foods in children with eosinophilic esophagitis
treated with an elimination diet. J Allergy Clin Immunol. 2012;130(2):461–7. e465.
9. Noti M, Wojno ED, Kim BS, Siracusa MC, Giacomin PR, Nair MG, et al. Thymic
stromal lymphopoietin-elicited basophil responses promote eosinophilic
esophagitis. Nat Med. 2013;19(8):1005–13.
10. Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY, Keilbaugh SA, et al.
Linking long-term dietary patterns with gut microbial enterotypes. Science.
2011;334(6052):105–8.
11. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE, et al.
A core gut microbiome in obese and lean twins. Nature. 2009;457(7228):480–4.
12. Schwiertz A, Taras D, Schafer K, Beijer S, Bos NA, Donus C, et al. Microbiota
and SCFA in lean and overweight healthy subjects. Obesity (Silver Spring).
2010;18(1):190–5.
13. Brown CT, Davis-Richardson AG, Giongo A, Gano KA, Crabb DB, Mukherjee
N, et al. Gut microbiome metagenomics analysis suggests a functional
model for the development of autoimmunity for type 1 diabetes. PLoS One.
2011;6(10):e25792.
14. Alenghat T, Osborne LC, Saenz SA, Kobuley D, Ziegler CG, Mullican SE, et al.
Histone deacetylase 3 coordinates commensal-bacteria-dependent intestinal
homeostasis. Nature. 2013;504(7478):153–7.
15. Stefka AT, Feehley T, Tripathi P, Qiu J, McCoy K, Mazmanian SK, et al.
Commensal bacteria protect against food allergen sensitization. Proc Natl
Acad Sci U S A. 2014;111(36):13145–50.
16. Cao AT, Yao S, Stefka AT, Liu Z, Qin H, Liu H, et al. TLR4 regulates IFN-gamma
and IL-17 production by both thymic and induced Foxp3+ Tregs during
intestinal inflammation. J Leukoc Biol. 2014;96:895–905.
17. Ismail IH, Oppedisano F, Joseph SJ, Boyle RJ, Licciardi PV, Robins-Browne
RM, et al. Reduced gut microbial diversity in early life is associated with later
development of eczema but not atopy in high-risk infants. Pediatr Allergy
Immunol. 2012;23(7):674–81.
18. van Nimwegen FA, Penders J, Stobberingh EE, Postma DS, Koppelman GH,
Kerkhof M, et al. Mode and place of delivery, gastrointestinal microbiota,
and their influence on asthma and atopy. J Allergy Clin Immunol.
2011;128(5):948–55. e941-943.
19. Lau S, Gerhold K, Zimmermann K, Ockeloen CW, Rossberg S, Wagner P, et al.
Oral application of bacterial lysate in infancy decreases the risk of atopic
dermatitis in children with 1 atopic parent in a randomized, placebo-controlled
trial. J Allergy Clin Immunol. 2012;129(4):1040–7.
20. Eigenmann PA. Evidence of preventive effect of probiotics and prebiotics
for infantile eczema. Curr Opin Allergy Clin Immunol. 2013;13(4):426–31.
21. Urwin HJ, Miles EA, Noakes PS, Kremmyda LS, Vlachava M, Diaper ND, et al.
Effect of salmon consumption during pregnancy on maternal and infant
faecal microbiota, secretory IgA and calprotectin. Br J Nutr. 2014;111(5):773–84.

Page 10 of 11

22. Penders J, Gerhold K, Stobberingh EE, Thijs C, Zimmermann K, Lau S, et al.
Establishment of the intestinal microbiota and its role for atopic dermatitis
in early childhood. J Allergy Clin Immunol. 2013;132(3):601–7. e608.
23. Suerbaum S. Microbiome analysis in the esophagus. Gastroenterology.
2009;137(2):419–21.
24. Pei Z, Yang L, Peek Jr RM, Levine SM, Pride DT, Blaser MJ. Bacterial biota
in reflux esophagitis and Barrett’s esophagus. World J Gastroenterol.
2005;11(46):7277–83.
25. Norder Grusell E, Dahlen G, Ruth M, Ny L, Quiding-Jarbrink M, Bergquist H,
et al. Bacterial flora of the human oral cavity, and the upper and lower
esophagus. Dis Esophagus. 2013;26(1):84–90.
26. Yang L, Lu X, Nossa CW, Francois F, Peek RM, Pei Z. Inflammation and
intestinal metaplasia of the distal esophagus are associated with alterations
in the microbiome. Gastroenterology. 2009;137(2):588–97.
27. Fillon SA, Harris JK, Wagner BD, Kelly CJ, Stevens MJ, Moore W, et al. Novel
device to sample the esophageal microbiome - the esophageal string test.
PLoS One. 2012;7(9):e42938.
28. Lozupone C, Knight R. UniFrac: a new phylogenetic method for comparing
microbial communities. Appl Environ Microbiol. 2005;71(12):8228–35.
29. Lozupone CA, Hamady M, Kelley ST, Knight R. Quantitative and qualitative
beta diversity measures lead to different insights into factors that structure
microbial communities. Appl Environ Microbiol. 2007;73(5):1576–85.
30. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al.
Metagenomic biomarker discovery and explanation. Genome Biol.
2011;12(6):R60.
31. Mukhopadhya I, Hansen R, El-Omar EM, Hold GL. IBD - what role do
Proteobacteria play? Nat Rev Gastroenterol Hepatol. 2012;9(4):219–30.
32. Larsen JM, Musavian HS, Butt TM, Ingvorsen C, Thysen AH, Brix S. COPD and
asthma-associated Proteobacteria, but not commensal Prevotella spp.,
promote TLR2-independent lung inflammation and pathology. Immunology.
2014;144:333–42.
33. Yang L, Chaudhary N, Baghdadi J, Pei Z. Microbiome in reflux disorders and
esophageal adenocarcinoma. Cancer J. 2014;20(3):207–10.
34. Macfarlane S, Furrie E, Macfarlane GT, Dillon JF. Microbial colonization of the
upper gastrointestinal tract in patients with Barrett’s esophagus. Clin Infect
Dis. 2007;45(1):29–38.
35. Blackett KL, Siddhi SS, Cleary S, Steed H, Miller MH, Macfarlane S, et al.
Oesophageal bacterial biofilm changes in gastro-oesophageal reflux disease,
Barrett’s and oesophageal carcinoma: association or causality? Aliment
Pharmacol Ther. 2013;37(11):1084–92.
36. Liu N, Ando T, Ishiguro K, Maeda O, Watanabe O, Funasaka K, et al.
Characterization of bacterial biota in the distal esophagus of Japanese
patients with reflux esophagitis and Barrett’s esophagus. BMC Infect Dis.
2013;13:130.
37. Thiennimitr P, Winter SE, Winter MG, Xavier MN, Tolstikov V, Huseby DL, et al.
Intestinal inflammation allows Salmonella to use ethanolamine to compete
with the microbiota. Proc Natl Acad Sci U S A. 2011;108(42):17480–5.
38. Stecher B, Robbiani R, Walker AW, Westendorf AM, Barthel M, Kremer M,
et al. Salmonella enterica serovar typhimurium exploits inflammation to
compete with the intestinal microbiota. PLoS Biol. 2007;5(10):2177–89.
39. Sellon RK, Tonkonogy S, Schultz M, Dieleman LA, Grenther W, Balish E, et al.
Resident enteric bacteria are necessary for development of spontaneous
colitis and immune system activation in interleukin-10-deficient mice. Infect
Immun. 1998;66(11):5224–31.
40. Noval Rivas M, Burton OT, Wise P, Zhang YQ, Hobson SA, Garcia Lloret M,
et al. A microbiota signature associated with experimental food allergy
promotes allergic sensitization and anaphylaxis. J Allergy Clin Immunol.
2013;131(1):201–12.
41. Hazebrouck S, Przybylski-Nicaise L, Ah-Leung S, Adel-Patient K, Corthier G,
Wal JM, et al. Allergic sensitization to bovine beta-lactoglobulin: comparison
between germ-free and conventional BALB/c mice. Int Arch Allergy Immunol.
2009;148(1):65–72.
42. Linneberg A, Ostergaard C, Tvede M, Andersen LP, Nielsen NH, Madsen F,
et al. IgG antibodies against microorganisms and atopic disease in
Danish adults: the Copenhagen Allergy Study. J Allergy Clin Immunol.
2003;111(4):847–53.
43. Kagalwalla AF, Shah A, Li BU, Sentongo TA, Ritz S, Manuel-Rubio M, et al.
Identification of specific foods responsible for inflammation in children with
eosinophilic esophagitis successfully treated with empiric elimination diet.
J Pediatr Gastroenterol Nutr. 2011;53(2):145–9.

Benitez et al. Microbiome (2015) 3:23

Page 11 of 11

44. Veiga P, Pons N, Agrawal A, Oozeer R, Guyonnet D, Brazeilles R, et al.
Changes of the human gut microbiome induced by a fermented milk
product. Sci Rep. 2014;4:6328.
45. Cephas KD, Kim J, Mathai RA, Barry KA, Dowd SE, Meline BS, et al.
Comparative analysis of salivary bacterial microbiome diversity in
edentulous infants and their mothers or primary care givers using
pyrosequencing. PLoS One. 2011;6(8):e23503.
46. Ling Z, Liu X, Wang Y, Li L, Xiang C. Pyrosequencing analysis of the
salivary microbiota of healthy Chinese children and adults. Microb Ecol.
2013;65(2):487–95.
47. Wu GD, Lewis JD, Hoffmann C, Chen YY, Knight R, Bittinger K, et al. Sampling
and pyrosequencing methods for characterizing bacterial communities in the
human gut using 16S sequence tags. BMC Microbiol. 2010;10:206.
48. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK,
et al. QIIME allows analysis of high-throughput community sequencing data.
Nat Methods. 2010;7(5):335–6.
49. A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. http://www.R-project.org/.
50. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, et al.
Ultra-high-throughput microbial community analysis on the Illumina HiSeq
and MiSeq platforms. ISME J. 2012;6(8):1621–4.
51. Oksanen J, Blanchet F, Kindt R, Legendre P, Minchin P, O’Hara R, et al. vegan:
Community Ecology Package. R package version 2.0-10. 2013. http://CRAN.Rproject.org/package=vegan.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

