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Abstract

Background

Buruli ulcer (BU) is an infectious disease caused by Mycobacterium ulcerans and consid-
ered the third most prevalent mycobacterial disease in humans. Secondary bacterial infec-
tions in open BU lesions are the main cause of pain, delayed healing and systemic illness,
resulting in prolonged hospital stay. Thus, understanding the diversity of bacteria, termed
the microbiome, in these open lesions is important for proper treatment. However, ade-
quately studying the human microbiome in a clinical setting can prove difficult when investi-
gating a neglected tropical skin disease due to its rarity and the setting.

Methodology/Principal findings

Using 16S rRNA sequencing, we determined the microbial composition of 5 BU lesions, 3
non-BU lesions and 3 healthy skin samples. Although no significant differences in diversity
were found between BU and non-BU lesions, the former were characterized by an increase
of Bacteroidetes compared to the non-BU wounds and the BU lesions also contained signifi-
cantly more obligate anaerobes. With this molecular-based study, we were also able to
detect bacteria that were missed by culture-based methods in previous BU studies.

Conclusions/Significance

Our study suggests that BU may lead to changes in the skin bacterial community within the
lesions. However, in order to determine if such changes hold true across all BU cases and
are either a cause or consequence of a specific wound environment, further microbiome
studies are necessary. Such skin microbiome analysis requires large sample sizes and
lesions from the same body site in many patients, both of which can be difficult for a rare dis-
ease. Our study proposes a pipeline for such studies and highlights several drawbacks that
must be considered if microbiome analysis is to be utilized for neglected tropical diseases.
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Background

Buruli ulcer (BU) is an infectious disease caused by Mycobacterium ulcerans and considered
the third most prevalent mycobacterial disease in humans. It is most often found in West
and Central Africa, but it can also occur in Asia, Mexico and South America, the Western
Pacific and Australia. [1,2] This skin disease can occur anywhere on the body, yet more
commonly affects the extremities, with symptoms varying from nodules, papules, oedema
to ulcers with undermined edges. [1,2] Experienced clinicians often diagnose BU based on
clinical information only, initiating specific treatment while awaiting laboratory confirma-
tion. [3] Knowing that every stage of BU development resembles clinical features of other
diseases, especially on the lower limbs, this approach runs the risk that a wrong diagnosis is
made, and inappropriate therapy prescribed. [4] This implies the importance of microbio-
logical confirmation in the diagnosis of BU. However, even with antibiotic treatment avail-
able, secondary bacterial infections in open BU lesions are still prominent, causing pain,
delayed healing and systemic illness, resulting in prolonged hospital stays, yet can be diffi-
cult to distinguish from colonization. [5-7] This warrants a closer look into the diversity of
bacteria in these open lesions.

In healthy individuals, the skin forms a natural barrier against various toxic substances and
pathogens. The totality of microorganisms and their collective genetic material present on the
skin is called the skin microbiome. Under normal conditions, resident and transient bacteria
within this microbiome will increase the resistance of the skin against pathogens through
immunomodulation. However, some factors such as underlying diseases and ulceration may
impair the immune defenses of the skin and create changed environments in which commen-
sal bacteria may become opportunistic pathogens. These disrupted bacterial balances might
impact the clinical outcome of the wounds. [8-11]

Characterization of bacteria in colonized and/or infected open BU lesions mostly happens
in a clinical culture-dependent way. However, culture-based techniques select for the faster-
growing bacteria, as some of these species flourish under certain laboratory conditions, while
other species are out-competed, even when they can be cultured in vivo. [12] Until now the
most prominent bacteria cultured from BU swabs were Pseudomonas aeruginosa, Proteus
mirabilis, Staphylococcus sp., Streptococcus (Group A, B and C), and Enterobacteriaceae. [5,6]
With molecular techniques such as 16S rRNA metagenomic sequencing, this bias is reduced,
yielding a more precise overview of the bacteria present within the ulcers and their relative
abundances.

The totality of microbes present on the human skin is referred to as the skin microbiome
[11]. This bacterial diversity differs between body sites, primarily based on moisture levels
[13]. Guidelines have been put forward for the clinical analysis of skin microbiome samples.
Patients are to be excluded if antibiotics have been used in the past 7 days, there is cracking
skin on the palms/soles, and many other criteria [14]. Additionally, since the microbiome dif-
fers between body sites, sufficient samples should be taken from the same site on different
patients and controls for proper comparisons.

In this pilot study, we compared the microbial population associated with BU and
non-BU skin samples from patients with ulcers of different etiology, collected in Benin,
and healthy skin samples from similar body sites, collected from the same BU endemic
area and from public datasets, to look for shifts in the microbial diversity associated with
M. ulcerans disease. While the size of this study is small, it does highlight some of the pit-
falls and difficulties associated with undertaking such tropical skin disease microbiome
studies.
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Table 1. Sample information.

Sample ID

BU1
BU2
BU3
BU4
BU5a
BUSb
Non-BU1a
Non-BU1b
Non-BU2a
Non-BU2b
Non-BU3
Non-BU4a
Non-BU4b
H1
H2
H3

H4

Negative
(GTC)
Reagent
Blank

Experimental | Age

group

BU (Cat. 2)
BU (Cat. 2)
BU (Cat. 2)
BU (Cat. 2)
BU (Cat. 2)

non-BU
non-BU

non-BU
non-BU

Healthy
Healthy
Healthy

Healthy
Control

Control

* Human Microbiome Project

20
25
18
7
68

33

40
60

Methods
Sample overview

This microbiome study was nested within a study on ex vivo RNA expression and differential
diagnosis of BU.[15] Ethical approval was obtained for the parent study from the ‘Comité
National Provisoire d’Ethique pour la Recherche en Santé’ (CNPERS) in Benin (registration n":
IRB 00006860), the Institutional Review Board (IRB) of the Institute of Tropical Medicine
(ITM), Antwerp (code: 11 25 4 778) and the Ethics committee of University Antwerp Hospital
(UZA) (registration n": B300201213080). Written informed consent was obtained from four
patients. All other participants provided oral consent and did so after learning that surplus sam-
ples from their routine diagnostic or therapeutic procedure would be used to optimize molecular
analyses on the bacteria causing their illness. Additionally, the healthy control was the mother of
one of the study participants, who provided oral consent. For this add-on of retrospective de-
identified analysis on these surplus samples on the microbiome of Buruli ulcer, no separate IRB
approval has been sought. Patient data were anonymized for all laboratory and data analyses.
Samples were collected from nine patients for whom there was enough material leftover
from the parent study at the Centre de Dépistage et de Traitement de I'Ulcére de Buruli
(CDTUB) in Allada, Benin, in 2011. In that year, there had been a total of 80 patients clinically
suspected of BU at the CDTUB. (Table 1) To be included in this study, patients could not have
used antibiotics in the last month. All nine patients had open lesions and were clinically sus-
pected of being infected with M. ulcerans. Five patients were confirmed BU (category 2: a

1S2404 Sample Country of Wound Antibiotics Study Lost after
PCR type origin location (Any kind) rarefaction
Skin biopsy Benin Right leg No Pilot study
+ Skin biopsy Benin Right leg No Pilot study
+ Skin biopsy Benin Right leg No Pilot study
+ Skin biopsy Benin Leftleg No Pilot study
+ Skin biopsy Benin Buttock No Pilot study
Skin biopsy
- Skin biopsy Benin Right arm No Pilot study
Skin biopsy X
- Skin biopsy Benin Leftleg No Pilot study X
Skin biopsy X
- Skin biopsy Benin Leftleg No Pilot study
- Skin biopsy Benin Leftleg No Pilot study X
Skin biopsy
Skin swab Benin Volar forearm No Pilot study
Skin swab USA Volar forearm No HMP*
Skin swab USA Back of knee No Costello et al.
(2009)
Skin swab The Upper buttock No Zeeuwen et al. X
Netherlands (2012)
Pilot study X
X

https://doi.org/10.1371/journal.pone.0181994.t001
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single large ulcerative lesion 5-15 cm in diameter) by IS2404 PCR, while the other four were
[S2404 PCR negative (non-BU) with skin lesions of unknown etiology. [16]

Sample collection

The sampling was done after cleaning the lesions, using the following methods: purulent sam-
ples (skin biopsies) were taken from the necrotic tissues in the center of the lesion, from the
necrotic tissues beneath the undermined edges of the ulcer, or punch biopsies (4 mm in diam-
eter) under local anesthesia from surrounding tissues. In order to ensure the preservation of
RNA (which is very unstable) for the parent study these biopsies were cut into pieces of 2-3
mm3 and added to an in-house non-sterile 5M Guanidium Thiocyanate (GTC) solution (13
ml) supplemented with 98 ml of 2-mercaptoethanol to stabilize the RNA within 5 minutes
after taking the skin sample. After mixing the solution with the skin sample, the tube was
stored for minimum 1 hour at room temperature after which the tube was transferred to a -
80°C freezer. The samples were then shipped to the ITM (Antwerp, Blegium) on dry ice.

DNA extraction

Total genomic DNA was extracted from the samples using the PowerSoil ™ DNA Isolation
Kit (MO BIO Laboratories, Carlsbad, CA, US) according to the manufacturer’s protocol. After
extraction, the DNA concentration was measured with the Qubit dsDNA BR assay kit (Invitro-
gen, Carlsbad, CA, USA) using the Qubit®) 2.0 Fluorometer. The integrity of the gDNA was
assessed by 1% agarose gel electrophoresis at 50 V for 2 hours. The extracted DNA was stored
at -80°C before further PCR analysis.

V3-V4 16S rRNA library preparation

A two-step, tailed PCR approach was used according to the Illumina protocol for 16S metage-
nomic sequencing library preparation. Both the V3 and V4 regions of the 16S ribosomal RNA
genes were amplified with the S-D-Bact-0341-b-S-17 and S-D-Bact-0785-a-A-21 primers. The
initial amplicon PCR reaction was conducted in a final volume of 25 pl (2x KAPA Hifi Hot-
Start ReadyMisx, 2.5 ul Microbial Genomic DNA (5 ng/ul in 10 mM Tris pH 8.5), and 10 pl of
amplicon PCR primer mix (50/50 Forward/Reverse)). The cycling parameters used were: 3
min at 95°C, followed by 25 cycles of 30s at 95°C, 30s at 55°C and 30s at 72°C with a final
extension at 72°C for 5 min after which the temperature was held at 4°C. Afterwards, the
index PCR was performed with Nextera XT Index 1 Primers (N7XX) and Index 2 Primers
(S5XX) from the Nextera XT Index Kit (Illumina), and with 5 pl amplicon derived from the
previous PCR. The index PCR reaction was run in a final volume of 50 pl (2x KAPA Hifi Hot-
Start ReadyMix, 5 pl DNA, 10 pl PCR Grade water, and 10 pl of Nextera XT Index Primer mix
(50/50 primer1/primer2)). Limited cycling parameters were 3 min at 95°C, followed by 8
cycles of 30s at 95°C, 30s at 55°C and 30s at 72°C with a final extension at 72°C for 5 min and
holding of the DNA at 4°C. The PCR products were both cleaned up using Agencourt AMPure
XP beads (Beckman Coulter Genomics) and freshly prepared 80% ethanol. The average length
and the integrity of the 16S amplicons were assessed by 1.5% agarose gel electrophoresis at 100
V for 30 min. The libraries were diluted to 4 nM using 10 mM Tris pH 8.5 and pooled together
by aliquoting 5 pl of diluted DNA from each library and mixing them. Library denaturing,
MiSeq sample loading and sequencing were done at the Centre of Medical Genetics of the Uni-
versity of Antwerp. In this run, also a minimum of 10% PhiX was included as an internal con-
trol for low diversity libraries. Paired-end sequencing was performed using MiSeq v3 reagents
and 2x 300 bp reads.
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Selection of control samples

Several types of control samples were obtained for this study. One control sample was taken
from the forearm of a healthy individual in Benin (a family member of one of the patients).
The forearm was chosen because lesions on the upper limbs are more likely to be BU com-
pared to lesions on the lower limbs. [17] The sample was stored and processed in the same way
as our other clinical samples. For comparisons, we also included the data from three healthy
individuals from three other publically available studies. Although attempts were made to find
exact matches in terms of sequencing approaches, this was not possible. These control samples
were chosen based on skin sites similar to our specimens and all were collected using swabs.
16S rRNA sequencing data from upper buttock (Dutch) and back of the knee (American) were
obtained from the MG-RAST database of metagenomic studies [18] (project ids 2329 [19] and
81 [20]; 454-based V3-V4 and V2 sequencing respectively). Trimmed 16S metagenomic data
(HM16STR) from an American volar forearm were obtained through the Human Microbiome
Project Data Analysis and Coordination Center (HMP-DACC) [21] (study ID SRP002860;
sample ID SRS144130; 454-based V3-V4 sequencing). Reads were obtained from the databases
as post quality processed datasets but were further processed in the same manner as samples
collected in this study. Additionally, to aid in identifying contamination, a negative control
consisting only of the GTC buffer in which scissors and forceps were rinsed was collected in
the same hospital, and also a reagent blank control consisting of all the reagents used during
DNA extraction and 16S rRNA library preparation. The data set supporting the results of this
article is available in the European Nucleotide Archive as project PRJEB14948, http://www.ebi.
ac.uk/ena/data/view/PRJEB14948.

Data analysis

Before processing Illumina sequencing data (See S1 Fig), we did an overall quality assessment
of the raw reads using FastQC v.0.11.3. [22] The sequence read pairs were then combined
using their overlapping portions, trimmed to remove very short (<45 bp) and very long (>610
bp) sequences and screened to remove reads with ambiguous nucleotide calls using the
MOTHUR v.1.34.1 software [23] according to the standard operating procedure for the MiSeq
system. [24] From these reads we removed the remaining human DNA by classifying them
against a database of the human genome (GRcH38) with the Kraken tool (v. 0.10.5). [25] Chi-
meras were removed from our dataset in QIIME v.1.9.0 [26] by comparing them against the
chimera-checked Greengenes 16S rRNA sequence database (v. 13.5) [27] using Usearch ver-
sion 6.1. [28] Afterwards these reads were combined with the pre-processed reads from healthy
swabs from the public studies. In order to remove other PCR artefacts and to keep reads of the
right marker gene, we applied a prefiltering step at a cut off level of less than 60% similarity
before picking operational taxonomic units (OTUs). Open-reference OTU picking was then
performed consisting of a closed-reference OTU picking step that clusters the sequences to the
Greengenes database at 97% similarity with UCLUST [29] and a de novo OTU picking step
which clusters the unclassified sequences to each other at 97% similarity. [30] As a last step,
the singletons were removed so that only OTUs with a minimum of two sequences were kept
in the OTU table.

Next, we attempted to identify and remove potential contaminating OTUs deriving from
reagents used during DNA extraction and 16S rRNA library preparation. For that purpose, we
applied the method of Jervis-Bardy ef al. [31] in which the relative abundances of the OTUs
were correlated with the amplicon concentrations of the samples after library preparation in R
v.3.0.0. [32] A significant inverse Spearman correlation would denote a contaminating OTU
that needed to be filtered from our OTU table.
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After contaminant removal, the OTU table was rarefied so that all samples were brought to
a same sequencing depth of 1000 sequences. Second, since the 16S gene is present in multiple
copies within some bacterial genomes, this variation in 16S copy number results in inflated
counts for those species with high copy numbers. [33] We accounted for this bias by dividing
the OTU counts by the predicted 16S copy number abundance of the associated species using
PICRUSt (Online Galaxy version 1.0.0). [34] This generated a normalized OTU table with all
OTUs still present, but with correct count numbers.

The - and B-diversity measurements were undertaken using QIIME. Here we analyzed the
bacterial diversity within the three groups (o.-diversity) and compared the diversity between
the three groups (B-diversity). For the a-diversity, we calculated the OTU richness using the
Chaol index, while the overall diversity (evenness) was measured with the Shannon Index and
the Simpson’s Index. [35-37] For the B-diversity, we applied a non-phylogenetic based
method, named the Bray-Curtis Index. [38] To measure the reliability of the estimates, we
applied the jackknifing technique, in which we subsampled and calculated the Bray-Curtis
index 100 times. These Bray-Curtis dissimilarities were used for a Principal Coordinates Anal-
ysis (PCoA).

To look for significant differences in o-diversity between BU, non-BU and healthy lesions a
non-parametric two-sample t-test via Monte-Carlo permutation with Bonferroni multiple test cor-
rection (P<0.05) was employed in QIIME. Statistical comparison of the metagenomes of the sam-
ples to distinguish ecological influences such as BU/non-BU disease was done using STAMP. [39]
With this tool, taxonomic and compositional differences can be assessed between BU samples,
non-BU samples and between the healthy microbiome and BU/non-BU microbiome, by looking
at the abundance of metagenomic sequences. All two-way comparisons were done using the non-
parametric Welch’s t-test with Benjamini-Hochberg FDR multiple test correction (P<0.05).
Reported p-values are those corrected for multiple testing.

Results

From a total of 10,717,644 assembled reads, only 2,509,293 sequences were kept after quality fil-
tering, pre-processing and removal of host-reads and chimeras. The high removal rate is due to
the large amount of host DNA sequenced from the clinical samples. In order to ensure that all
samples, both sequenced by this study and from public databases, met the same standards, a
pre-filtering step was included. Although the reads of the samples from three healthy individuals
(total: 2,577,253 sequences) were filtered in their respective studies, this pre-filtering step still
resulted in a reduction of acceptable quality reads, resulting in a total of 2,332,978 sequences.
This stringent filtering was used to ensure high confidence removal of any non-bacterial signal.

OTU selection and taxonomy assignment

After clustering the sequences at a 97% similarity level with the open-reference OTU picking
method and removing singletons, we observed a total of 7,903 different OTUs, from which
6,283 were picked de novo (i.e. not assigned to a specific known species). From these OTUs we
also filtered potential contaminants, since these could influence the composition of our sam-
ples, especially those with a low bacterial content such as swabs (sample H1). A total of 61
OTUs, denoted by a significant inverse spearman correlation, were observed in the controls
and samples, and filtered from the dataset since they were considered reagent-contaminating
OTUs. (See S1 Table) Afterwards, another 161 OTUs were removed which were present in
both the healthy swab H1 and the Blank reagent control. This lowered the overall number of
OTUs to 7,681 (13-4,077 OTUs per sample). After rarefaction, only twelve samples remained
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in the dataset. Samples non-BU1b, Non-BU2 (a;b), Non-BU4a, and healthy control H4 were
lost due to insufficient read numbers. (Table 1)

Diversity analysis

Although skin microbiome samples are often only compared within body sites, the low sample
size required comparison between all samples. The a-diversity calculations for all three groups
are shown in Fig 1. Species richness (Fig 1A and 1B) was only significant between BU and
healthy individuals (respectively p = 0.027 and p = 0.009), with a similar pattern observed in
species evenness (p = 0.036). (Fig 1C) The overlapping outliers regarding the degree of domi-
nance expressed by the Simpson index, showed no differences (Fig 1D).

Differences in B-diversities were visualized using the Bray-Curtis distances between the
three experimental groups in a PCoA plot. (Fig 2) In this plot the samples are projected based
on differences regarding their OTUs and abundances. The first 2 principal coordinates (PC1
and PC2 representing respectively 23.56% and 12.77% of the total variance in the dataset) sepa-
rate the three groups although sample H1 (Arm swab from a healthy resident in Benin) is
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Fig 1. a-diversity calculations for BU (n = 6;

5 patients), non-BU (n = 3; 3 patients), and healthy (n = 3; 3 patients) samples. Whiskers in the boxplot

represent minimum and maximum a-diversity values within the three groups. Significant differences were only seen between BU and healthy samples: (A)
p =0.027; (B) p =0.009; (C) p = 0.036; non-parametric two sample t-test via Monte-Carlo permutation with Bonferroni multiple test correction.

https://doi.org/10.1371/journal.pone.0181994.9001
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separated from the other healthy samples (H2 and H3; swabs from US citizens), and shares
more OTUs with the diseased groups. The BU samples group together, except for sample BU3,
which resembles the non-BU samples more. This may be an indication for a BU related signal,
although it is weak, especially in such a small dataset. If we remove the American samples (H2
and H3) so that only the Benin samples are compared, we see a separation with BU samples
and non-BU1a on one side, and the healthy and other non-BU samples on the other side (PC1:
27.00% of total variance). However, there is still a big spread between healthy sample H1, BU
sample BU3, and the two non-BU samples non-BU3 and non-BU4b. (S2 Fig)

Taxonomic characterisation

Relative abundance comparisons can be a strong indicator of microbiome differences between
disease conditions. Here, a comparison was done at the phylum level between samples. (Fig 3)
The healthy skin samples, which act here as controls, were dominated by Actinobacteria

(16.0-68.1%), as expected, but differed greatly in their phylum distributions based on country

Phylum classification
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mGNO2
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Fig 3. Phylum taxonomy level classifications. Bar plot showing the relative proportions of the phyla within
all the samples.

https://doi.org/10.1371/journal.pone.0181994.g003

PLOS ONE | https://doi.org/10.1371/journal.pone.0181994  July 27, 2017

8/16


https://doi.org/10.1371/journal.pone.0181994.g002
https://doi.org/10.1371/journal.pone.0181994.g003
https://doi.org/10.1371/journal.pone.0181994

:@.’ PLOS | ONE The microbiome of Buruli ulcer

of origin. Comparisons between disease groups, however, showed no significant signals at the
phylum level.

Overall, we identified 187 genera among which none showed significant differences in
abundance between the three groups. (See S3 Fig) Among these 187, we detected the genus
Mycobacterium in only three out of five BU patients (BU1; BU4; BU5a,b), despite all samples
being 152404 PCR positive, but its relative abundance (0.0020%; 0.0147%; 0.0002% and
0.0001%, resp.) was only a small fraction of the total microbial composition.

Gram-stain and oxygen tolerance

The physical properties of the bacterial cell wall (Gram-positive or -negative) and the oxygen
tolerance of the bacteria are also very important factors in infection. Thus, we compared the rel-
ative abundances of Gram-positive and Gram-negative microbes, and their aerotolerance across
the three groups. No significant difference was seen in terms of gram-positive versus gram-neg-
ative bacteria (54 Fig). When comparing the oxygen tolerance, we observed a high abundance
of strictly aerobe bacteria for the healthy skin (25.50 + 7.50%), as was expected. (Fig 4) The BU
lesions were almost entirely dominated by obligate anaerobes (64.72 + 27.16%), which was sig-
nificantly different from the healthy samples (p = 0.0325), but not from the non-BU samples

(p = 0.56). This is in sharp contrast with non-BU lesions, which contained a high proportion of
facultative anaerobes (55.30 + 27.13%).

Discussion

Using 16S rRNA sequencing we were able to define the microbial composition of several BU
and non-BU lesions. Although weak signals of differences were observed, our low sample size
did not allow us to draw definite conclusions. However, the investigation of this sample set

Aerotolerance

Legend

B3 strct acrobe

EI Facultative anaerobe

‘ B3 obiigate anaerobe

o ==

BU NonBU

Relative abundances (%)

Fig 4. Oxygen tolerance within the three groups: Whiskers in the boxplot represent minimum and
maximum values within the three groups. The BU lesions were almost entirely dominated by obligate
anaerobes, which was significantly different from the healthy samples (p = 0.0325; Welch’s t-test with
Benjamini-Hochberg FDR multiple test correction). The Non-BU group showed an increase in facultative
anaerobic bacteria.

https://doi.org/10.1371/journal.pone.0181994.g004
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highlights many pitfalls and measurements to be accounted for when undertaking clinical
microbiome studies.

Microbiome studies may uncover previously unassociated bacteria

Although few samples were processed, an interesting finding is that most of the uncovered
strictly anaerobe bacteria were never cultured in previous BU studies, stressing the impor-
tance of whole community studies like the one presented here. [5-7] Such differences
between culture and metagenomics sampling have been seen previously [40], suggesting
that microbiome analyses should complement culture-based studies to uncover the full
complement of bacterial diversity. What also could have also led to the lack of detection of
strictly anaerobe bacteria in previous BU studies is the application of a different sampling
method. By using superficial swabs it is possible that these anaerobes could not be detected,
while skin biopsies go deeper into the ulcers thereby easily reaching anaerobic regions.
Another explanation for their absence is the lack of effort and time in culturing these obli-
gate anaerobes. After a short incubation period only those bacteria that grow easily on cul-
ture media are detected. [41,42]

Setting-specific aspects of microbiome studies in resource-limited
countries

This study was undertaken as a pilot investigation into the feasibility of a skin ulcer micro-
biome analysis in a tropical setting. Many limitations and obstacles were presented during the
course of this study. Firstly, several problems are introduced due to the setting of the disease.
Microbiome sequencing protocols will result in data derived from any and all microbes,
including contaminants, as seen in previous clinical microbiome studies [40]. Therefore, it is
important to ensure that samples are kept contamination-free as much as possible. Obtaining
sterile material such as storage buffer, swabs and transport equipment can be difficult in
remote African health centers where most BU cases are observed, especially when transport
and storage is required for sequencing. Reagent contamination can be mitigated with statistical
methods as outlined by Jervis-Bardy et al. [31] but other contaminations may still influence
results in complex community analyses. Another important step in ensuring the correct com-
munity is sampled is refraining from wound cleaning and antibiotic treatment prior to sam-
pling. These are essential steps to avoid perturbation of the microbial communities inside the
ulcers. [11] These are also unlikely occurrences in such settings where antibiotic use is often
undertaken without proper regimens or prescriptions [43]. Improvements could also be made
through application of one sampling method (skin biopsies) on a fixed location (or multiple
locations) within the ulcers in order to control for the microhabitats within the wound, each of
which is characterized by their physiological parameters and bacterial composition. [44,45]
Finding which area is most relevant for sampling is difficult, but warrants investigation. How-
ever, comparisons between healthy samples (likely swabs) and lesions (routinely biopsies) may
be difficult, especially as even some biopsies did not contain adequate bacterial DNA for use
within this study (as can be seen with exclusion at the rarefaction stage). This may be due to
sample fixation at the site or biological reasons such as sparse bacterial communities within
lesions. Sampling differences must also be taken into account when attempting to use controls
derived from public data. Such data should be comparable (extraction protocol, 16S region
sequenced etc.) to the undertaken study to ensure all biases are removed. Thus, we suggest that
the standard human microbiome project (HMP) sequencing protocols should be followed for
comparability, as was done in this study.
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Appropriate controls are crucial for uncovering BU-specific signals

For future BU microbiome studies to increase chances of finding significant differences not
only do we want better quality samples and an increased sample size, but also appropriate con-
trols. The age range should be similar for the three groups (BU, non-BU and healthy individu-
als, as was done here). In general, BU patients are younger than non-BU patients with children
between 5-15 years mostly affected. [2,46,47] Since many of the bacteria detected in our BU
and non-BU samples are members of the gut flora, it is important to note that such composi-
tions can change with age [48][49] The age of the patients may thus play a role. In addition to
ensuring a wide, yet comparable, spread of ages, samples from contralateral unaffected skin
are needed to control for genetic differences, for specific body sites with diverse ecology and
bacterial distribution, and to compare with as healthy skin controls. [8,20] Such samples are
often not obtained routinely, making retrospective microbiome studies often infeasible and
therefore requiring dedicated prospective studies to be undertaken. Furthermore, more con-
trol samples are needed from healthy individuals from the same geographical area rather than
from public databases, as the microbiome of these patients may be influenced by confounders
such as ethnicity, geography, daily activities, etc. [50] This was observed here as the public
database American samples differed greatly from the Benin healthy control. A larger database
of African-derived microbiome samples is needed if correct controls are to be provided for
such studies. Also the usage of negative controls and blank reagent controls is important to
determine potential contaminants derived from the storage buffer, and reagents and kits used
during sample processing, especially for clinical samples such as these. [51] Lastly, it is impor-
tant to keep in mind that microbiome studies cannot always determine the actual cause of an
infection by comparing the prevalence and abundances of pathogens, as evidenced by the low
abundance of the known causative agent, M. ulcerans. [52] Only three of five PCR-confirmed
BU samples had reads mapped to the Mycobacterium genus. This may be due to low DNA
yield, insufficient high-quality reads or overly stringent filtering steps. However, several studies
of TB-associated microbiomes also found little or no M. tuberculosis-associated reads in posi-
tive samples. [53-55] This suggests that the causative agent of the disease may not be highly
abundant in the sample and that such sequencing methods may not be appropriate for clinical
detection of mycobacteria.

Small samples sizes must be overcome with large prospective studies

Lastly, as with many neglected tropical diseases, an adequate sample size is difficult to obtain.
Statistical estimation of a sample size was not possible since prior information on BU micro-
biome studies is non-existent. Therefore, it requires estimating the correct sample size based
on studies with a ‘similar’ setup. Studies comparing healthy skin and psoriatic lesions, with
skin biopsies as a sampling method had 10-15 patients per sample group [56,57]. As samples
should ideally be compared within body site, this requires 30 samples per body site (10 each
from BU, non-BU and a healthy control group). This is likely difficult for neglected diseases
that are not restricted to a specific body site such as BU, where cases in the whole world were
only 2037 in 32015 [58], and would require local non-BU diseases with exact body site match-
ing for proper comparisons. This is not a problem restricted to BU, as similar numbers would
be required for other neglected tropical skin diseases such as yaws (up to 20,000 cases per year
in some countries [59]) and even more prominent skin diseases such as cutaneous leishmania-
sis (700,00-1.2 million cases per year [60]) and leprosy (250,000 cases per year [61]), for which
a previous microbiome study was undertaken but with no matching non-leprosy lesions or
local healthy controls [62]. However, although difficult, it is not infeasible as 80 clinical BU
suspects were seen in the CDTUB in 2011 and the parent study recruited 135 such patients.
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Recommendations for future BU-associated microbiome studies

This pilot study demonstrates some potential trends of bacterial diversity differences between
BU, non-BU and healthy skin environments. In order to determine if these alterations were
due to a specific wound environment, underlying pathophysiological conditions created by M.
ulcerans, or wound location on the body, and if there is a specific microbial shift associated
with BU lesions, further microbiome studies with a larger sample size, standardized methodol-
ogy and appropriate study design are necessary Such a study would need to be prospective, to
ensure intra-patient controls are taken, and to match healthy and non-BU samples to body
sites. It would also need to last long enough to reach sufficient numbers of samples. An optimal
sampling approach (swab or biopsy) comparable with healthy controls is required and perhaps
with samples within closely matching public databases, especially in terms of geographic ori-
gin. Patients should be excluded based on certain criteria such as antibiotic usage and any
DNA extraction and sequencing should follow the recommended HMP protocol, as was used
here. If such stipulations are followed, the data analysis pipeline outlined within this study
would provide ample power and resolution to uncover any changes in the microbiome associ-
ated with BU lesions.

Supporting information

S1 Fig. Workflow of data analysis and statistics.
(PDF)

S2 Fig. PCoA plot representing the distances between samples, expressed by the Bray-Cur-
tis metric. Each point represents a different sample, while the colored circles, triangles, and
squares represent BU, non-BU, and Healthy, respectively. In this plot we did not integrate the
two samples from the healthy US citizens.

(PNG)

S3 Fig. Taxa summary at genus-level.
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$4 Fig. Distribution of Gram-positivity and -negativity among the experimental groups.
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