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ABSTRACT The human appendix has historically been considered a vestige of evolutionary development with an unknown func-
tion. While limited data are available on the microbial composition of the appendix, it has been postulated that this organ could
serve as a microbial reservoir for repopulating the gastrointestinal tract in times of necessity. We aimed to explore the microbial
composition of the human appendix, using high-throughput sequencing of the 16S rRNA gene V4 region. Seven patients, 5 to
25 years of age, presenting with symptoms of acute appendicitis were included in this study. Results showed considerable diver-
sity and interindividual variability among the microbial composition of the appendix samples. In general, however, Firmicutes
was the dominant phylum, with the majority of additional sequences being assigned at various levels to Proteobacteria, Bacte-
roidetes, Actinobacteria, and Fusobacteria. Despite the large diversity in the microbiota found within the appendix, however, a
few major families and genera were found to comprise the majority of the sequences present. Interestingly, also, certain taxa not
generally associated with the human intestine, including the oral pathogens Gemella, Parvimonas, and Fusobacterium, were
identified among the appendix samples. The prevalence of genera such as Fusobacterium could also be linked to the severity of
inflammation of the organ. We conclude that the human appendix contains a robust and varied microbiota distinct from the
microbiotas in other niches within the human microbiome. The microbial composition of the human appendix is subject to ex-
treme variability and comprises a diversity of biota that may play an important, as-yet-unknown role in human health.

IMPORTANCE There are currently limited data available on the microbial composition of the human appendix. It has been sug-
gested, however, that it may serve as a “safe house” for commensal bacteria that can reinoculate the gut at need. The present
study is the first comprehensive view of the microbial composition of the appendix as determined by high-throughput sequenc-
ing. We have determined that the human appendix contains a wealth of microbes, including members of 15 phyla. Important
information regarding the associated bacterial diversity of the appendix which will help determine the role, if any, the appendix
microbiota has in human health is presented.
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It has recently been hypothesized that the human appendix func-
tions as a reservoir of beneficial microbes that can be used for

recovery following events of pathogen colonization, diarrheal dis-
ease, or antibiotic treatment (1, 2). Bollinger et al. theorized that
the vermiform appendix serves as a microbial reservoir or “safe
house” for beneficial bacteria capable of repopulating the gut. The
associated lymphoid tissue of the appendix has been recognized to
provide an ideal environment for bacterial growth in biofilms act-
ing as an enteric reservoir (3, 4). Furthermore, the presence of the
appendix may reduce the risk of Clostridium difficile recurrence
(5), the protective effect being attributed to the presence of bene-
ficial microbial biofilms and/or to an immune defense (6). Con-
versely, however, another recent study suggested that the appen-
dix may actually promote C. difficile acquisition, carriage, and
disease (7).

Acute appendicitis is one of the most common causes of ab-

dominal pain, with surgical appendectomy being the standard
choice of treatment, and is still considered a clinical emergency.
There is now evidence that obstructions in the organ are unlikely
to be the primary cause of appendicitis (8), and bacterial infection
is believed to be central to appendix inflammation (9). Despite
this, however, there are limited data on the causal agents of acute
appendicitis and of the microbial composition of the human ap-
pendix. Culturing-dependent studies have documented the dom-
inance of Bacteroides species in both healthy and inflamed appen-
dices (10, 11), in addition to Escherichia coli and Streptococcus spp.
being recovered from the tissue (11). Recent studies using fluores-
cence in situ hybridization (FISH) reported that local invasion
with species of Fusobacterium is the cause in the majority of cases
of suppurative appendicitis (9, 12). The presence of Fusobacterium
spp. in the mucosal lesions correlated positively with the severity
of acute appendicitis, and the presence of other fecal organisms,
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including members of Bacteroides, Eubacterium rectale, Faecali-
bacterium prausnitzii, and Akkermansia muciniphila inversely cor-
related with the inflammation of the organ (9).

In this study, we determined the microbial composition of the
human appendix, using next-generation sequencing technologies.
The data presented constitute, to our knowledge, the first account
of the entire microbiota of this organ and provide insight into the
diversity of its associated taxa. Important information regarding
the bacterial diversity of inflamed appendices is presented, and
although full conclusions cannot yet be made, it is a step toward
assigning a role for the microbiota of the appendix in human
health.

RESULTS

Seven patients from whom appendices were surgically removed
had been fasting prior to surgery and received preoperative anti-
biotics (Table 1). Both the macroscopic appearance of the appen-
dices and microscopic histopathology were used to determine the
severity of the disease of the organs. Samples A, B, and D were
deemed by macroscopic examination to be the most inflamed,
with the histopathology indicating a diagnosis of acute appendi-
citis, whereas samples C, E, F, and G appeared less inflamed and
therefore were considered healthier samples.

qPCR analysis of appendix samples. Shifts in phyla may be
due to a depletion of or increase in bacteria which may alter the
final bacterial numbers. Quantitative PCR (qPCR), therefore, was
performed to determine total bacterial numbers in the 7 appendi-
ces. Absolute quantification revealed that all appendix samples
harbored between 104 and 106 copies of 16S rRNA/g appendix
(Fig. 1). Statistical analysis using the Kruskal-Wallis test revealed a
significant difference in total 16S rRNA gene copies across the 7
appendix samples (P � 0.01), with sample D having the highest
total numbers (Fig. 1). The microbial loads in the appendices were
compared to the load in the fecal sample from patient B. The stool
sample from patient B had 107 copies of 16S rRNA/g wet stool,
whereas the comparative appendix sample harbored only 104 cop-
ies. This value for the stool sample is comparable to results ob-
tained by similar methods for fecal samples (13), despite the use of
antibiotics in the present study.

Compositional high-throughput sequencing. The microbial
content of the appendices and stool sample were investigated by
high-throughput sequencing (Roche-454 GS-FLX Titanium) of

16S rRNA (V4) amplicons generated from extracted DNA. The
sequence reads averaged 9,934 reads per appendix sample, and
11,010 reads represented the stool sample. Diversity, richness, and
coverage estimations were calculated for each data set at 97% sim-
ilarity levels (Table 2). The Chao1 estimator of species richness
indicated a sufficient level of overall phylotype diversity (Table 2).
The Shannon index is reflective of both species numbers and even-

TABLE 1 Description of patients and appendix samples

Sample

Patient

Macroscopic appearance Microscopic analysisa Antibiotic(s)Gender Age (yr)

A M 14 Congested appendix Acute appendicitis Amoxicillin-clavulanate
Bb M 17 Mucosal hemorrhagic,

red inflamed appearance
Acute suppurative appendicitis Amoxicillin-clavulanate

� gentamicin
C F 20 No perforation No evidence of active

inflammation
Amoxicillin-clavulanate

D M 13 Congested appendix, red appearance Acute appendicitis Amoxicillin-clavulanate
� gentamicin
� metronidazole

E M 25 No perforation, congested surface Serositis Amoxicillin-clavulanate
F M 5 No perforation No evidence of inflammation Amoxicillin-clavulanate
G F 14 No perforation No pathological changes Amoxicillin-clavulanate
a Result of histopathological analysis of the appendix.
b Stool sample also obtained from this patient.

FIG 1 Numbers of bacteria determined by real-time qPCR. Error bars rep-
resent standard errors of the means (n � 3). Red bars represent the appendix
samples A to G, blue bar represents the stool sample.

TABLE 2 Estimation of diversity at the 97% similarity level within each
data set

Samplea Chao1 richness Shannon index Good’s coverage

A 790 5.5 86.8
B 697 5.3 86.7
C 466 4.7 90.8
D 705 4.8 93.8
E 358 4.2 85.7
F 834 5.3 92.4
G 727 5.3 89.4
Stool 694 5 93.9
a Appendix samples A to G and comparative stool sample B.
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ness of their abundance, and therefore the value increases with the
number of unique species or the evenness of species abundance.
The Shannon indices indicated a high level of overall diversity
within samples, with all values exceeding 4.2. Good’s coverage, a
measure of sampling completeness, ranged from 85.7 to 93.8% for
all samples, indicating sufficient overall sampling.

Individual variation of the microbiota of the human appen-
dix. The overall phylum distribution of the appendix samples is
shown in Fig. 2 and indicates that the individual composition data
sets show much variation with respect to each other. Across the 7
appendix samples, there was considerable diversity, with 15 phyla
being represented. In general, however, the appendices were dom-
inated by 5 major phyla—Firmicutes, Proteobacteria, Bacteroidetes,
Fusobacteria, and Actinobacteria—with others being detected at
low levels (�1 to 2%) in certain samples, including Deferribacte-
res, Verrucomicrobia, Deinococcus-Thermus, Chloroflexi, Lenti-
sphaera, Viridiplantae, Spirochaetes, candidate division TM7, and
candidate phyla OP10 and OP11.

Firmicutes was generally the dominant phylum, comprising
30% to 75% of the total assignable sequences among the 7 appen-
dix samples. Proteobacteria was also well represented, however,
and in sample C (37%) and E (46%) was the predominant phy-
lum. Although Actinobacteria represented just 3% of the se-
quences on average, sample E harbored relatively high levels
(11%) of this phylum. Bacteroidetes levels varied between samples
(4% to 12%) but generally were not high (Fig. 2). The levels of the
phylum Fusobacteria varied considerably between samples, rang-
ing from �1% to 29% of assignable reads. Fusobacteria was most
highly represented in sample D, from an inflamed appendix.

Subpopulations of the microbiota of the appendix. At the
family level, it appeared that the subpopulations of the assigned
phyla also differed somewhat between samples (Fig. 3). In general,
Lachnospiraceae was the dominant subgroup of Firmicutes and
corresponded to 46% of total assignable sequences in sample A.
However, �12 subpopulations of Firmicutes were identified
within the 7 appendices, with the majority of the remaining reads
being assigned to the families Ruminococcaceae, Lactobacillaceae,
and Streptococcaceae (Fig. 3). Of the subpopulations of Proteobac-
teria identified, a large proportion of reads from each sample was
assigned to the family Enterobacteriaceae. The families Bacte-
roidaceae, Fusobacteriaceae, and Bifidobacteriaceae comprised the

dominant or only families of the phyla
Bacteroidetes, Fusobacteria, and Actino-
bacteria, respectively, in all samples
(Fig. 3).

At the genus level, despite the large di-
versity of bacteria represented, a small
number of taxa comprised the majority of
the bacteria in the samples (Table 3). Al-
though a large number of phyla (�15),
families (�40), and their subpopulations
are represented within the 7 samples
tested indicating a high level of microbial
diversity, it is evident that in certain sam-
ples a few major families and genera com-
prise the majority of the sequences (Ta-
ble 3). It should be noted, however, that
percentages are based on the sequences
that can be assigned at this level, and as-
signments to genus level are difficult, ow-

ing to limited taxonomic assignments within certain families and
phyla. Members of the families Enterobacteriaceae and Lachno-
spiraceae and the genera Fusobacterium, Lactobacillus, Bacteroides,
and Bifidobacterium are represented in the majority of samples at
various levels (Table 3). Fusobacterium spp., in particular Fusobac-
terium nucleatum, are generally regarded as oral pathogens but are
also commonly found in the lining of the gut and have been iden-
tified in the stomach (14) and most notably as the likely etiological
agents of acute appendicitis (9). In addition, the genus Gemella,
usually associated with mucous membranes of oral cavities (15), is
represented in samples A and B. Parvimonas, which is also gener-
ally associated with the oral microbiome and considered a peri-
odontal pathogen (16), was identified in high numbers in samples
D and G (Table 3). Parvimonas micros, however, has been previ-
ously identified from appendix tissue of patients with acute ap-
pendicitis (17).

Comparative analysis of the microbial composition of the
appendix with the microbiota of the gut. The microbiota of the
healthy adult gut is generally thought to be dominated by a small
number of phyla, with considerable interindividual variation (18–
21). Studies on the gut of young adults have indicated that the
majority of bacteria belong to the phylum Firmicutes or Bacte-
roidetes, followed by Proteobacteria and Actinobacteria (18, 19).
The results from the appendix samples in this study indicate, in
addition to the above phyla, the substantial presence of Fusobac-
teria at the phylum level and a more diverse biota at the family and
genus levels compared to data previously presented (20) (Fig. 2
and 3; Table 3).

For further comparison, we used one fecal sample (patient B),
and the microbial composition was compared to that of its corre-
sponding appendix sample at the phylum (Fig. 2), family (Fig. 3),
and genus (Table 3) levels. At phylum level, the stool sample har-
bored Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria
(Fig. 2). However, the appendix sample from the same patient
had, in addition to the above 4 phyla, a significant proportion of
sequences from the phylum Fusobacteria (7%), and a low percent-
age of reads were also assigned to the phyla Deferribacteres, Verru-
comicrobia, and Viridiplantae and the candidate division OP11.
Examination of the subpopulations (Fig. 3; Table 3) clearly shows
that there is more diversity in the appendix sample than the fecal
sample. Of the subpopulations of the phylum Firmicutes, only

FIG 2 Phylum distribution among appendix samples (A to G) and the stool sample.
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Lachnospiraceae, Ruminococcaceae, and Streptococcaceae were rep-
resented in the stool, whereas the subpopulation of Firmicutes in
the appendix sample comprised 11 families, with the most reads
being assigned to Lachnospiraceae (Fig. 3). Taken together, these
data suggest that there is a more diverse microbial composition in
the human appendix than in the human intestine. It is also evi-
dent, however, that despite some apparent differences, the micro-
biota in both samples share some of the dominant biota repre-
sented at the phylum, family, and genus levels (Fig. 2 and 3;
Table 3).

DISCUSSION

This study represents a first look at the bacterial composition of
the human appendix by next-generation sequencing technologies.
Overall, this work reveals that the appendix harbors a wealth of
microbiota distinct from other niches within the human micro-
biome and shows considerable interindividual variation. How-

ever, comparison of the differences be-
tween samples may be limited, given that
the patients in this study varied in age,
gender, and clinical presentation (Ta-
ble 1). Also, antibiotic use has been widely
documented to disturb the gut microbi-
ota (for a review, see reference 22), and
due to the nature of the clinical admit-
tance of the patients participating in this
study, it was unavoidable that antibiotics
were taken prior to surgery. However, it
should be emphasized that the appendix
may “protect” the microbiota from full
antibiotic exposure, given that it is out-
side the main flow of intestinal contents.
The possibility that the composition of
the stool sample used in this study was not
affected by antibiotic use cannot be ruled
out; however, the microbiota of the stool
sample in this study is not dramatically
different from those examined in previ-
ous studies (18–20).

qPCR analysis of the total bacterial
numbers suggests that the appendix con-
tains fewer bacteria than the comparative
fecal sample (Fig. 1). Culturing tech-
niques also indicated a lower overall bac-
terial count in the appendix than in the
comparative stool sample (data not
shown). This is expected, as the bacterial
density increases from the upper (ileum
and jejunum) to lower (cecum) colonic
sites (23, 24). Compositional sequencing
revealed a diverse microbiota, with at
least 15 phyla being identified in the hu-
man appendix. In addition to the 4 major
phyla associated with the gut, Fusobacte-
ria were represented extensively among
the samples (Fig. 2). The presence of this
phylum and the proportionate reads as-
signed to the genus Fusobacterium is in-
teresting, as species of Fusobacterium have
been suggested to be causative agents of

acute appendicitis (9, 12). Appendicitis is a clinical diagnosis, and
therefore its uniformity cannot be assumed. The severity of the
disease of the appendix samples in this study was based on a mac-
roscopic and histopathological analysis (Table 1). The levels of
Firmicutes, Proteobacteria, and Bacteroidetes varied among sam-
ples, regardless of disease state (Fig. 2), whereas the levels of Acti-
nobacteria were highest in the nonperforated sample E (11%). The
phylum Fusobacteria and the genus Fusobacterium were most rep-
resented in sample D (Table 3). Appendix sample D was obtained
from a red and inflamed appendix, and a clinical diagnosis of
acute appendicitis was made. Fusobacterium spp. were also found
at various levels among the other appendix samples except sam-
ples E and F, which were deemed to be healthier samples in this
study (Tables 1 and 3).

Is there a role for the microbiota of the human appendix in gut
health? The function of the appendix as a microbial reservoir for
the gut has recently received much attention (1, 2). Based on this

FIG 3 Family-level comparison of appendix samples (A to G) and the stool sample. Similar bar colors
correspond to samples within a particular phylum. Families of lower abundance are grouped.
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study, the appendix appears to harbors a large diversity of gut
microbes, including significant amounts of “beneficial bacteria”
or indicators of gut health, including the genera Bacteroides, Lac-
tobacillus, and Bifidobacterium (Table 3). It is plausible that these
bacteria are present in biofilms on the epithelial layer of the ap-
pendix and may serve as a reservoir for replenishing populations
that have been eradicated from the gut. The genus Clostridium was
not largely represented in any appendix sample (Table 3), and
therefore these results do not indicate that the appendix serves as
an organ to carry this organism, as previously suggested (7).

The composition of the appendix microbiota differed some-
what from that of the stool sample microbiota in this study (Fig. 2
and 3; Table 3). This is not surprising, however, based on their
differing ecological conditions. The appendix is an extension of
the cecum, which has a lower pH and higher fatty acid content
than the gut and in consequence has been found to harbor bacteria
different from those found in fecal samples (23). However, despite
some variation, the profiles were not radically different, and the
appendix does contain a high proportion of intestinal microbes.
In addition to these, however, there were also a number of phyla
that are not generally regarded as gut microbes, including
Deinococcus-Thermus, Spirochaetes, and Chloroflexi. Deinococcus-
related organisms are largely associated with extreme environ-
ments but have recently been identified in the human stomach
(14) and in endodontic infections (25). The presence of these
phyla indicates that environmentally resistant organisms reside
within the appendix. At the genus level, Parvimonas and Gemella,
which are generally considered pathogenic organisms of the oral
cavity (15, 16), were represented. The high incidence of oral
pathogens in the appendix samples is interesting, as microbial
community analysis previously indicated that the oral cavity and
gastrointestinal tract share few bacterial species (26).

This study presents the first comprehensive view of the micro-
biota of the human appendix. It would appear that this organ
harbors a diverse microbiota and that although it shares a substan-
tial amount of microbes with the intestinal tract, it has its own
defined microbiome. The study presented here provides some in-
sights into the composition of the human appendix and informa-
tion on pathogens present that may possibly contribute to appen-
dicitis. The microbial diversity may be shaped through the
coevolution of the microbial communities and specific ecological
factors of the appendix tissue. It may also be the case that the
microbial dynamics of surrounding intestinal niches influence the
microbiota of this organ. Further studies of this diverse biota may
be fruitful in ultimately assigning it a role in gut health.

MATERIALS AND METHODS
Participants. Approval for the study protocol was obtained from the
Clinical Research Ethics Committee of the Cork Teaching Hospitals,
Cork, Ireland. Informed consent was obtained from all subjects or from
parents of children, in accordance with the local Clinical Research Ethics
Committee guidelines. The subject details, preoperative antibiotics ad-
ministered and the macro- and microscopic details of the appendices are
outlined in Table 1. Material from 7 appendices removed during laparo-
scopic emergent appendectomy was used in this study. One stool sample
(patient B) was also taken for comparative analysis. All patients had been
fasting for �15 h prior to surgery. Samples were transported under an-
aerobic conditions and kept at 4°C until processing.

Generation of 16S rRNA amplicons for 454 sequencing. Total bacte-
rial metagenomic DNA was extracted from appendix and stool samples
(triplicate samples for each subject) using the QIAamp DNA stool minikit
(Qiagen) (27). 16S rRNA bacterial gene amplicons (V4) were generated
with a view to sequencing using the Roche Genome Sequencer FLX plat-
form. Amplicons of 239 bp were generated using a combination of one
forward primer, i.e., F1 (5= AYTGGGYDTAAAGNG), and a combination
of 4 reverse primers, R1 (5= TACCRGGGTHTCTAATCC), R2 (5= TACC
AGAGTATCTAATTC), R3 (5= CTACDSRGGTMTCTAATC), and R4 (5=
TACNVGGGTATCTAATC). These primers also contained an A (F
primer) or B (R primers) adapter and different versions of the F primer,
each containing a distinct multiple identifier (MID), were employed for
each sample. PCRs were performed using Biomix Red (MyBio), and con-
ditions were as follows: 94°C for 2 min followed by 35 cycles of 94°C for
1 min, 52°C for 1 min and 72°C for 1 min followed by a temperature step
of 72°C for 2 min. All samples were completed in duplicate. PCR products
were cleaned using Agentcourt AMPure kit (Beckman Coulter Genomics)
as per manufacturer’s instructions. Samples were quantified using
Quant-iT Picogreen quantification kit (Biosciences, Ireland) and the
Nanodrop 3300 (Thermo Scientific). Equimolar solutions of samples
were pooled for sequencing, cleaned, and requantified (as described
above). Emulsion based clonal amplification was completed as part of the
454 pyrosequencing process. Sequencing was performed at the Teagasc
454 sequencing facility on a Genome Sequencer FLX platform (Roche
Diagnostics Ltd.) according to the manufacturer’s protocols.

Bioinformatic analysis. 16S rRNA sequencing reads were quality
trimmed using a locally installed version of the Ribosomal Database Proj-
ect (RDP) Pyrosequencing Pipeline and applying the criteria as previously
described (28). Trimmed FASTA sequences were searched with BLAST
(29) against a locally installed version of the SILVA 16S rRNA database
(30). The resulting BLAST output was parsed using MEGAN (version 4.6)
(31) using modified accession look-up tables for mapping the SILVA as-
signments to NCBI taxonomy. MEGAN assigns reads to NCBI taxono-
mies by employing the Lowest Common Ancestor algorithm. Bit scores
(bit-score of 86) as previously described for 16S rRNA data (32) were used
from within MEGAN to filter the results prior to tree construction and
summarization of taxa. Phylum, family and genera counts for each subject
were extracted from MEGAN. Clustering and diversity analysis of the

TABLE 3 Comparison of the dominant subpopulations of the
appendix samples A to G and the stool sample (S)

Genus

Abundance (%) ina:

A B C D E F G S

Enterobacteriaceae members 9 25 36 9 49 27 25 11
Lachnospiraceae incertae sedis 10 6 11 16
Ruminococcaceae incertae sedis 8 4 3 7 4 6
Fusobacterium 3 8 9 41 7
Lactobacillus 16 4 4 23 7
Bacteroides 7 9 7 7 4 4 5 18
Bifidobacterium 4 3 3 12 15
Eubacterium 10
Streptococcus 10 5
Parvimonas 21 18
Parabacteroides 8
Oscillibacter 3
Gemella 5 3
Faecalibacterium 3 4
Alistipes 5
Mucispirillum 5 5
Allobaculum 9
Blautia 7
Other genera 23 34 28 9 10 27 29 14
Not assigned 11 8
a Only genera representing �3% of assignable sequences have values listed here. Values
are representative of the relative abundances of total sequences assignable at genus level.
All genera representing �3% of assignable sequences are grouped together as “Other
genera.”
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sequence data was performed using the MOTHUR software package (33,
34).

qPCR-based analysis. Absolute quantification of total bacterial num-
bers was performed by qPCR using the Roche 480 LightCycler platform.
To quantify total 16S rRNA bacterial counts, a standard curve was estab-
lished using 109 to 102 copies of 16S rRNA/�l. Values were then converted
to copies of 16S rRNA/g appendix or wet stool using the previously pub-
lished formula (35). Samples were made up of 2 �l of PCR grade water, 1
�l of forward primer F1 (5’ AYTGGGYDTAAAGNG) (0.15 �M), 1 �l of
the reverse primer R1 (5’ TACCRGGGTHTCTAATCC) (0.15 �M), 1 �l
DNA, and 5 �l of SYBR green (Roche Diagnostics Ltd.), giving a final
reaction volume of 10 �l. All samples, negative controls (where template
DNA was replaced with PCR-grade water), and standards were run in
triplicate.

Statistical analyses. Minitab release 15.1.1.0 (Minitab Inc.; 2007) was
used to run nonparametric statistics (Kruskal-Wallis tests) to determine
differences between the microbial numbers from the appendices as deter-
mined by PCR. Statistical significance was accepted at a P value of �0.05.
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