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Background. Lumenal obstruction has typically been regarded as the cause of acute appendicitis (AA). Recent evidence includ-
ing data from “antibiotics first” trials suggests that this disease may result from invasion of the appendix by specific pathogens. Small
studies have identified an abundance of bacteria from the genus Fusobacterium in appendixes from patients with AA. We aimed to
validate these findings in a larger cohort of children with appendicitis in addition to profiling the appendiceal microbiota in a pop-
ulation of children without appendicitis.

Methods. Appendix swabs were collected from children undergoing appendectomy for AA (n = 60), incidental appendectomy
for reasons other than appendicitis (n = 18), or ileocecectomy for inflammatory bowel disease (n = 7), in addition to samples from
other sites. Bacterial 16S ribosomal RNA gene sequences from each sample were amplified, sequenced, and analyzed with the
UPARSE and QIIME programs.

Results. We found that the normal human appendix harbors populations of Fusobacteria that are generally absent in fecal samples
from healthy adults and children. In patients with AA, Fusobacteria populations proliferate and often persist despite several weeks of
broad-spectrum antibiotics prior to surgery. Relative to non-AA samples, AA samples were depleted of sequences from the genus Bacter-
oides. Phylogenetic analysis of sequence data indicates that F. nucleatum, F. necrophorum, and F. varium are the species of Fusobacterium
observed in AA samples.

Conclusions. These results indicate that the appendiceal niche harbors distinct microbial populations that likely contribute to the
pathogenesis of appendicitis, which may one day be leveraged to improve the diagnosis and/or treatment of patients with AA.
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For generations, surgical removal of the appendix has been
accepted as the preferred method to treat appendicitis and to
prevent septic complications of the disease [1]. More recently,
antibiotic administration has emerged as a reasonable first-
line treatment strategy for patients with uncomplicated appendi-
citis [2]. In a recent trial in Finland, adults with uncomplicated
appendicitis were randomized to receive either 10 days of anti-
biotics or early appendectomy [3]. Outcomes were generally
good for antibiotic-treated patients, although 27% required ap-
pendectomy within 1 year of diagnosis. These results were com-
parable to those seen in other trials [4].

The success of antibiotics in treating most cases of appendicitis
has prompted a reconsideration of appendicitis as an infectious
disease, or at least a disorder of abnormal bacterial colonization.
Until recently, it was widely accepted that appendicitis results
from mechanical obstruction of the appendix by a fecalith or

lymphatic hyperplasia, followed by secondary stasis, bacterial
overgrowth, and occasionally appendiceal necrosis [5]. Careful
studies have now demonstrated that most cases of appendicitis
are not associated with either a fecalith or lymphatic hyperplasia
[6–10]. In parallel, others have suggested that appendicitis repre-
sents a specific disorder of inflammation and immune activation
distinguishable from other forms of intestinal inflammation [11].

Like other complex diseases, appendicitis may represent a
convergence of host genetics and environmental exposures
including diet and microbial colonization. Small studies have
provided compelling evidence that bacterial community com-
position within the appendix differs between patients with
and those without appendicitis [12–16]. Several of these studies
identified an association between appendicitis and the presence
of Fusobacteria in the appendix. Building upon prior studies of
the appendicitis microbiome, this study was designed to deter-
mine if acute appendicitis (AA) is associated with a shift in the
appendiceal microbiota, specifically an abundance of Fusobac-
teria and a depletion of Bacteroidetes.

METHODS

Subject Selection and Sample Collection
All study subjects were children <18 years of age hospitalized at
Children’s Hospital of Pittsburgh of the University of Pittsburgh
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Medical Center, Pennsylvania. All subjects underwent either (1)
appendectomy for AA, (2) interval appendectomy performed 2–3
months after medical treatment for complicated appendicitis, (3)
incidental appendectomy at the time of another procedure, (4) ileo-
colicresectionforinflammatoryboweldisease(IBD),or(5)cholecys-
tectomy. Appendicitis specimens were classified as either simple or
perforated appendicitis according to official surgical pathology
reports. For data analysis, we also incorporated data from our prior
report of 22 appendix swabs [14], for which the classification as
simple or perforated appendicitis was a clinical judgment made by
the operating surgeon without histologic confirmation.

Sample Collection and Processing

All sample collections were performed with informed consent
under an approved institutional protocol. We collected appen-
dix swabs from all appendectomy patients. Immediately follow-
ing removal of the appendix, a sterile cotton swab was inserted
to sample lumenal fluid. We also collected preoperative saliva
samples in a sterile cup from all cholecystectomy patients and
from a subset of appendectomy patients. Finally, we collected a
rectal swab from another subset of patients undergoing appen-
dectomy or ileocolic resection.

Samples were cryopreserved after collection and microbial
DNAwas later extracted from each swab using the PowerSoil DNA
Isolation kit (MO BIO Laboratories, Inc, Carlsbad, California).
Samples were added directly into bead tubes containing solu-
tion C1 (60 µL) and then incubated at 65°C for 10 minutes.
Tubes were then shaken horizontally for 3–4 minutes at maxi-
mum speed using a vortex adaptor. All remaining steps followed
the manufacturer’s protocol.

Sequencing and Analysis of Bacterial 16S rRNA Genes
16S ribosomal RNA (rRNA) amplicons were produced utilizing
fusion primers adapted for the Roche GS FLX Titanium pyro-
sequencing platform or the Illumina MiSeq. Detailed methods
on primer design, library construction, and sequencing can be
found in the Supplementary Methods.

Computational Analysis of 16S Amplicons
Computational analysis was done using the UPARSE, QIIME,
LEfSe, and Corbata programs [17–20] for analysis of the micro-
biome, and PhyML [21] was used for phylogenetic analysis. De-
tailed bioinformatic methods can be found in the Supplementary
Methods.

Data Deposition
Sequencing data from this study have been posted to the Na-
tional Center for Biotechnology Information (biosample acces-
sions SAMN04247151-SAMN04247331).

RESULTS

Study Cohort
A list of study subjects, samples collected, and sequencing re-
sults is provided in Supplementary Table 1. The mean age of

study subjects was 11.5 years (range, 3–18 years). Eighty-five
swabs of the appendiceal lumen were collected from 52 appen-
dectomy patients with AA, 8 interval appendectomy patients,
18 incidental appendectomy patients without appendicitis,
and 7 patients undergoing ileocolic resection for IBD. Of the
52 patients with AA, 37 had simple appendicitis and 15 had
perforated appendicitis. Interval appendectomy patients gener-
ally received 10–14 days of broad-spectrum antibiotics, most
commonly ertapenem, after being diagnosed with complicated
appendicitis (in addition to drainage of associated abscesses if
indicated). They subsequently underwent interval laparoscopic
appendectomy within 3 months of initial diagnosis. The inci-
dental appendectomy patients underwent their procedures for
a variety of indications including chronic abdominal pain and
intestinal malrotation, and the appendix was verified to be nor-
mal in each instance.

Microbial Diversity in the Human Appendix
To first characterize the bacterial communities of the normal
uninflamed human appendix, we compared data from 18 inci-
dental appendectomy specimens to publicly available datasets
obtained from fecal samples of healthy adults and age-matched
children [22, 23] (Figure 1). The α-diversity (local species diver-
sity) was significantly lower in the normal appendix than in
adult and pediatric stool samples (nonparametric Monte
Carlo test, 999 permutations, P = .003 and .003, respectively).

To examine β-diversity, we constructed principal coordinate
analysis (PCoA) plots of the taxonomic distances between the
samples in each group. We observed that healthy appendix sam-
ples clustered together in PCoA space when the Jaccard and un-
weighted UniFrac distance metrics were used (Figure 1 and
Supplementary Figure 1). Interestingly, however, this separation
of samples was not observed when the analysis was performed
using weighted UniFrac distances (Supplementary Figure 1).

LEfSE was used to identify taxonomic differences between
the incidental appendectomy specimens and the pediatric and
adult fecal samples (Figure 1B). We found that appendix swabs
were enriched for sequences from the genera Fusobacterium
and Prevotella (P = 1.32 × 107 and .017, respectively). In con-
trast, appendix samples contained a lower abundance of the
genus Faecalibacterium and genera belonging to the Rumino-
coccaceae and Clostridiales (P < .05 for each taxon). On bal-
ance, the microbiome of the normal appendix emerges as
distinct from that of the fecal samples in these analyses, both
at the level of ecologic diversity and taxonomic composition.

Bacterial Community Composition Within Inflamed and

Noninflamed Appendixes

We next compared bacterial communities present within inci-
dental appendectomy specimens and AA specimens (both sim-
ple and perforated). To assess whether microbiome changes in
appendicitis reflect disease-specific alterations or simply non-
specific inflammation, we also included 7 appendix specimens
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removed at the time of ileocolic resection for IBD. We found no
significant difference in α-diversity between incidental, ileoce-
cectomy, and appendicitis samples (Supplementary Figure 2).
The β-diversity analysis (Figure 2A and Supplementary Fig-
ure 3) indicated that many but not all normal appendixes
grouped together within PCoA space. Similarly, AA samples
were found to cluster together in a large group of samples,
whereas the ileocecectomy samples were widely dispersed in

PCoA space without clustering. To address the possible con-
founding effect of age differences, we performed β-diversity
comparisons of samples from a narrow age range (12–17
years) to more closely reflect the age of ileocecectomy patients.
In this limited analysis, we found that significant differences
in β-diversity persisted between appendicitis-positive and
-negative samples (permutational multivariate analysis of vari-
ance, P = .007; Supplementary Figure 4).

Figure 1. Microbial diversity within healthy appendixes, adult fecal samples, and pediatric fecal samples [27, 28]. A, Principal coordinate analysis plot of abundance Jaccard
distances between samples from the 3 groups. B, Relative abundance of taxonomic groups predicted to be enriched (left panel) or depleted (right panel) in appendix samples
relative to fecal samples.
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We found that AA samples were strongly enriched with the
genus Fusobacterium (mean abundance, 28.4% vs 7.8% and
9.6% in incidental and ileocecectomy samples; P = .0001) (Fig-
ure 2B). Appendicitis samples were also enriched with sequenc-
es from Parvimonas (mean abundance, 1.8% vs 0.4% and 0.6%
in incidental and ileocecectomy samples; P = .005). In contrast,
we found that incidental samples were enriched with the genus
Bacteroides (mean abundance, 38.9% vs 27.1% and 20.2% in
ileocecectomy and appendicitis samples; P = .02). To discover
taxa that differed in ubiquity, we compared appendicitis and
nonappendicitis samples with a ubiquity-ubiquity plot con-
structed in Corbata (Figure 3). Fusobacterium exhibited the
highest ubiquity of all genera in AA samples in contrast to neg-
ative samples (present in 85% of all positive samples and 33% of
incidental and ileocecectomy samples). Campylobacter, Parvi-
monas, and another oral taxon, Dialister, were also frequently
identified in appendicitis samples. These results indicate that
these taxa, including Fusobacterium, are more commonly ob-
served in appendicitis samples even when they are not present
at high abundance.

Subgroup Analysis of Appendicitis Specimens

We sought to test the hypothesis that microbial diversity within
perforated appendixes is distinct from cases of simple appendici-
tis. We compared microbial diversity among 3 groups of patients
with appendicitis: patients with simple appendicitis, patients with
perforated appendicitis, and patients with complicated appendi-
citis undergoing interval appendectomy 2–3 months after initial
diagnosis and treatment of appendicitis. As expected, α-diversity
was significantly reduced in samples from interval appendectomy
subjects when compared to both simple and perforated appendi-
citis samples (nonparametric Monte Carlo test, P = .05 and .006

for simple and perforated samples, respectively). The β-diversity
analysis indicated that samples from these groups overlap con-
siderably within PCoA space (Figure 4A). Importantly, a high
abundance of Fusobacterium and relatively low abundance of
Bacteroides was observed in all 3 groups of appendicitis speci-
mens (Figure 4B). This was surprising because the interval
appendectomy patients received prolonged courses of broad-
spectrum antibiotics with <3 months for the microbiome to
recover prior to surgery. Despite overall similarities in communi-
ty structure, we observed several taxa that were enriched within 1
of the 3 appendicitis subgroups (LEfSe P < .05) (Figure 4B). No-
tably, perforated samples were predicted to be enriched in Parvi-
monas, Prevotella, and unidentified genera from the family
Ruminococcaceae, Mogibacteriaceae, and Rikenellaceae. Simple
appendicitis samples were enriched with Odoribacter, and inter-
val samples were enriched with Veillonella and an unclassified
genus of the Lachnospiraceae.

Microbial Communities in Rectal Swabs and Saliva Samples From

Patients With and Without Appendicitis

It was recently reported that rectal swabs can be informative in
identifying appendicitis-associated changes in the microbiome
[16]. In a subset of patients with appendicitis (n = 11) and with-
out appendicitis (n = 4), we profiled microbial diversity within
rectal swabs and compared these results to data from corre-
sponding appendix swabs. To identify relationships between
the microbiota of the appendix and the rectum, we compared
β-diversity of appendix samples and rectal swabs. A dendro-
gram was generated from weighted UniFrac distances with sam-
ples jackknifed to 100 sequences (minimum coverage) or 1000
sequences (excluding 2 appendix samples with <1000 reads).
We found that paired samples (ie, appendix and rectal swabs

Figure 2. Microbial diversity within incidental appendectomy specimens, acute appendicitis (AA) specimens, and ileocecectomy specimens. A, Principal coordinate analysis
plot of abundance Jaccard distances between samples from each group. B, Relative abundance box plots of taxa with high average relative abundances (>0.01) across sample
groups. Labels of taxa predicted to be biomarkers (P < .05) are as follows: ileocecectomy (red), AA (green), incidental appendectomy (blue).
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from the same subject) did not branch together. Rather, all sup-
ported nodes within the dendrogram grouped samples accord-
ing to body site rather than study subject.

We compared rectal swabs and found no significant difference
in α-diversity within samples from appendicitis and nonappendi-
citis patients (Supplementary Figure 6). Similarly, we did not see
significant community-wide differences in β-diversity within rec-
tal swabs from patients with appendicitis and without appendici-
tis, or at the level of taxonomic differences between these groups.

Having observed that the appendicitis microbiome is
enriched with Fusobacterium, a genus commonly associated

with periodontal disease [24], we hypothesized that the oral mi-
crobiota of children with appendicitis might differ from that of
children without appendicitis. To test this hypothesis, we col-
lected saliva from 22 AA patients, 7 patients undergoing inci-
dental appendectomy, and 3 patients undergoing ileocolic
resection. We also collected saliva samples from 12 patients
undergoing cholecystectomy without appendectomy. The
α-diversity was similar in all sample groups with the exception
of interval appendectomy patients, who exhibited reduced sali-
vary diversity (Supplementary Figure 7). Overall, we did not ob-
serve different community composition in saliva samples from

Figure 3. Ubiquity of taxa observed in appendectomy specimens in acute appendicitis (AA) samples minus interval appendectomies, compared to ubiquity of taxa in in-
cidental appendectomies. Shown is a Corbata ubiquity-ubiquity (U-U) plot of genera observed in AA samples and genera observed in incidental appendectomies. Numbers in
parentheses indicate ubiquity of genera in both incidental and AA samples.
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appendicitis-positive subjects when compared to appendicitis-
negative subjects (Supplementary Figure 8). Analysis of bacterial
abundance patterns with LEfSe did not reveal any taxa enriched
specifically within the saliva of patients with and without
appendicitis.

Phylogenetic Analysis of Fusobacterium Sequences in Samples

From Patients With Appendicitis

To learn more about which Fusobacterium species are associated
with appendicitis, we constructed a phylogenetic tree based on
16S sequences from the SILVA database (version 119.1) [25] to
resolve operational taxonomic units (OTUs) classified as Fuso-
bacterium at the genus level (Supplementary Figure 9). The
most abundant OTU (by total read counts) assigned to the Fuso-
bacterium genus (labeled OTU_2), clearly branches within the F.
nucleatum clade of the phylogenetic tree and is principally found
in appendix samples (vs saliva and rectal samples). The second
most abundant OTU (labeled OTU_434) also branches within
the F. nucleatum clade. These 2 OTUs are clearly distinct but
are often found concomitantly.

The third and fourth most common Fusobacterium OTUs in
our dataset (OTU_19 and OTU_22) branch in the phylogenetic
tree with species of F. necrophorum and F. varium, respectively,
and are almost exclusively found in the appendix. Three appen-
dix samples harbor abundant populations of these 2 species:
F. necrophorum in subjects 11 (simple) and 52 (perforated),
and F. varium in subject 67 (interval). Along with F. nucleatum,
F. necrophorum has been previously associated with acute ap-
pendicitis [12]. There are currently no reports of F. varium
being associated with appendicitis, though it has been previous-
ly shown to induce a proinflammatory response in colonic cells
contributing to ulcerative colitis [26].

OTU_788 branches within the F. periodonticum clade, which
itself branches paraphyletically within the F. nucleatum clade.
Although it is also present in appendix samples at low abun-
dance, OTU_788 is the most abundant species of Fusobacterium
found in saliva samples from this study.

DISCUSSION

Recent evidence that uncomplicated appendicitis can be treated
with antibiotics and without surgery is changing our understand-
ing of the disease. Although it is premature to conclude whether
appendectomy should be abandoned in favor of antibiotic thera-
py, our results provide compelling evidence that appendicitis can
be considered a disorder of the host–microbe relationship, at least
in some cases. As with other inflammatory disorders (eg, Crohn
disease), there are several plausible mechanisms by which mi-
crobes might contribute to the pathogenesis of appendicitis. It
is possible that a single causative pathogen is responsible, but a
more realistic explanation may be that the disease represents an
inappropriate immune response to changes in the composition
of the microbiome. Appendiceal dysbiosis could be mediated by
environmental factors (eg, low fiber content in the Western diet).

Prior culture-based studies of the bacteriology of appendicitis
have been inconclusive. They have identified a wide range of
organisms but have not identified clear differences in the appen-
diceal microbiota of patients with and without appendicitis
[27–31]. Organisms isolated from inflamed appendices include
Bacteroides, Peptostreptococcus, Fusobacterium, and Bilophila.
Recent culture-independent studies have expanded our knowl-
edge in this area. In 2 companion papers, Swidsinski et al used
a FISH technique and observed a striking preponderance of
Fusobacteria in appendix tissue specimens from patients with ap-
pendicitis [12, 13].More recently, 3 small studies used 16S rRNA

Figure 4. Microbial diversity within simple, perforated, and interval appendectomy samples. A, principal coordinate analysis (PCoA) plot of abundance Jaccard distances
between samples from each group. No separation of groups is apparent in PCoA space. B, Relative abundance box plots of taxa with high average relative abundances (>0.01)
across sample groups. Labels of taxa predicted to be biomarkers (P < .05) are as follows: simple appendicitis (red), perforated appendix (blue), interval appendectomy (green).
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gene sequencing to demonstrate differences in the microbial
communities of patients with and without appendicitis [14–16].

To our knowledge, this study represents the largest published
dataset of 16S rRNA gene sequences obtained by sampling the
human appendix. We analyzed lumenal swabs, which we ac-
knowledge may provide information that differs from analysis
of appendiceal tissue. Consistent with prior reports, we ob-
served a striking abundance of Fusobacteria in appendicitis
samples. In addition to F. nucleatum, we identified other Fuso-
bacterium species, including F. varium and F. necrophorum. Fu-
sobacterium species (particularly F. nucleatum) are normal
colonizers of the oral cavity and lower gastrointestinal tract
that are well known for their contribution to periodontal dis-
ease. Unlike most gram-negative strict anaerobes, Fusobacteria
possess significant pathogenic potential owing to their well-
documented capacity to invade human mucosal surfaces and
to activate an immune response [32]. The most well-studied Fu-
sobacterium infection is Lemierre syndrome, but Fusobacteria
isolates have additionally been identified as the cause of ear in-
fections, pneumonia, brain or liver abscesses, and, as noted,
periodontal disease. Associations have also been made recently
between Fusobacterium colonization and colorectal cancer [32],
IBD [33], and the onset of Crohn disease [34]. It is not known
whether these associations reflect the “escape” of oral pathogens
[35] or whether Fusobacteria can appear independently and
thrive at these body sites (including the appendix) .

An unexpected finding in our study was the high abundance
of Fusobacterium in the appendix of 4 of 8 interval appendec-
tomy patients for which the swabs were collected 2–3 months
later. Surprisingly, the appendiceal microbiota in these cases
strongly resembled the samples of appendicitis patients under-
going urgent surgery. This finding supports the notion of the
appendix as a “reservoir” for gut microbes during acute environ-
mental disturbances such as antibiotic therapy [36, 37]. The
clinical relevance of this observation is unclear, but the possibil-
ity exists that patients harboring persistent Fusobacterium pop-
ulations after first-line antibiotic therapy may be at risk for
subsequent disease recurrence.

The abundance of Fusobacteria in our cohort was also asso-
ciated with an abundance of Parvimonas and a depletion of the
genus Bacteroides. These results validate findings from prior
studies. Specifically, the abundance of Fusobacterium within ap-
pendicitis specimens was identified in 5 prior studies [12–16].
The enrichment of Parvimonas was also observed in each of
the 3 prior sequencing-based studies [14–16]. Strikingly, Swid-
sinksi et al similarly observed a depletion of Bacteroides in ap-
pendicitis in their FISH-based investigations [12, 13]. Together,
these studies provide compelling evidence that the appendiceal
dysbiosis is not a “nonspecific” set of microbial changes related
to gut inflammation, but rather that these changes are likely
unique to the appendix itself. This concept aligns with the report
that the mucosal inflammatory changes seen in appendicitis are

distinct from changes observed elsewhere in the gastrointestinal
tract [11].

A notable finding in this study was that histologically normal
appendectomy specimens contained a low abundance of Fuso-
bacterium populations that were generally not seen in healthy
fecal samples. This indicates that the appendix represents a
unique microbial niche distinct from the large intestine, which
supports the growth of Fusobacterium. We speculate that, in the
presence of specific genetic and environmental factors, Fusobac-
terium populations expand and contribute to the pathogenesis
of AA. Such a paradigm represents a marked departure from
classical teachings about the disease, but it would be in line
with the apparent efficacy of first-line antibiotic therapy as treat-
ment for appendicitis. An unresolved dilemma is why the dis-
ease is so common in developed nations and rarely seen in
developing countries [38]. Further research may allow for ad-
vances in understanding the complex relationship between
host genetics, microbiome, environment, and disease phenotype.
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