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Comparing DADA2 and OTU clustering approaches in studying
the bacterial communities of atopic dermatitis
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Abstract

Introduction. The pathogenesis of atopic dermatitis (AD) is not yet fully understood, but the bacterial composition of AD patients’
skin has been shown to have an increased abundance of Staphylococcus aureus. More recently, coagulase-negative Staphylo-
coccus (CoNS) species were shown to be able to inhibit S. aureus, but further studies are required to determine the effects of
Staphylococcus community variation in AD.

Aim. Here we investigated whether analysing metabarcoding data with the more recently developed DADA2 approach improves
metabarcoding analyses compared to the previously used operational taxonomic unit (OTU) clustering, and can be used to study
Staphylococcus community dynamics.

Methods. The bacterial 16S rRNA region from tape strip samples of the stratum corneum of AD patients (non-lesional skin)
and non-AD controls was metabarcoded. We processed metabarcoding data with two different bioinformatic pipelines (an 0TU
clustering method and DADAZ2), which were analysed with and without technical replication (sampling strategy).

Results. We found that OTU clustering and DADA2 performed well for community-level studies, as demonstrated by the identi-
fication of significant differences in the skin bacterial communities associated with AD. However, the OTU clustering approach
inflated bacterial richness, which was worsened by not having technical replication. Data processed with DADAZ likely handled
sequencing errors more effectively and thereby did not inflate molecular richness.

Conclusion. We believe that DADA2 represents an improvement over an OTU clustering approach, and that biological replication
rather than technical replication is a more effective use of resources. However, neither OTU clustering nor DADA?2 gave insights
into Staphylococcus community dynamics, and caution should remain in not overinterpreting the taxonomic assignments at
lower taxonomic ranks.

INTRODUCTION
The pathogenesis of atopic dermatitis (AD) is complex,

aureus abundance and lower overall bacterial richness [2].
More recently, coagulase-negative Staphylococcus (CoNS)
species, such as Staphylococcus epidermidis and Staphy-

involving the immune system, the skin barrier function
and the environment. Further, the bacterial composition of
the skin from AD patients has been shown to differ signifi-

lococcus homidis, were found to have strain-specific and
highly potent killing potential for S. aureus [3]. However, it
remains unknown whether changes in Staphylococcus species

cantly from that of controls [1], with higher Staphylococcus are simply a response to changed skin conditions [4] or are
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driving AD pathogenesis in humans. Large-cohort studies
that include repeated skin microbiome sampling are ulti-
mately required to disentangle this relationship, but have yet
to be performed.

Sequencing techniques such as shotgun metagenomics and
DNA metabarcoding have allowed for whole skin microbial
communities to be characterized simultaneously. Shotgun
metagenomics is a powerful technique used to determine
strain-level differences between highly related S. aureus
and CoNS species [5], but currently it remains prohibitively
expensive for very large studies of the skin microbiome, as
the vast majority of sequencing reads will be host derived
[6]. Therefore skin-associated bacteria have predominantly
been profiled using DNA metabarcoding [7], a method that
targets a single variable region shared across bacteria for
massively parallel sequencing, thereby avoiding host DNA.
It is comparatively inexpensive and computationally less
demanding than shotgun sequencing, but has been shown
to lack the resolution to separate highly related species [6].
These previous metabarcoding studies were analysed using
operational taxonomic unit (OTU) clustering approaches
until fairly recently [8]. However, more recent methods such
as DADA2 [9] and deblur [10] have emerged as comple-
mentary to, or an alternative approach to, OTU clustering,
and have been shown to effectively reduce inflated bacterial
richness to better represent mock bacterial communities,
while also being better at aligning molecular datasets of
larger organisms to morphological observations [11, 12].
While the community profiles derived from OTU clustering
approaches are improved by having technical replication
[13], running samples separately as triplicates uses resources
that could be otherwise used for biological replication (i.e.
sequencing more patients or having temporal replicates). A
large number of biological replicates is particularly important
when attempting to study complex relationships, such as the
role of skin bacteria in AD. It remains unknown if the DADA2
approach reduces biases introduced by sequencing errors
(and therefore variation within technical replicates) to such
an extent that technical replication becomes unnecessary.

In this work we wanted to test whether results from metabar-
coding data were improved by analysis with DADA?2 instead
of OTU clustering within the context of the skin bacteria
associated with AD pathogenesis. Samples were collected
from the stratum corneum from the volar forearm of eight
AD patients (non-lesional skin) and five non-AD controls
via tape stripping of the volar forearm, and the bacterial
communities of each were characterized by performing DNA
metabarcoding of the bacterial 16S rRNA region. Metabar-
coding data were processed by two different bioinformatic
pipelines, an OTU clustering method and using DADA2. We
tested (a) whether DADA2 improved upon OTU clustering in
differentiating between the skin bacterial communities of AD
patients and healthy controls (referred to as ‘bioinformatic
pipeline’). Samples were obtained in triplicate, and results
were analysed with and without technical replication, and
we tested (b) whether analysing data with DADA?2 instead
of OTU clustering reduced the need to perform technical

replicates (referred to as ‘sampling strategy’). Staphylococcus
and specifically S. aureus relative abundance has previously
been observed to increase in abundance with AD [5], and
here we performed a species-specific qPCR assay to quantify
S. aureus. We assessed (c) whether DADA2 could improve
the specificity of taxonomic assignments (in comparison
to OTU clustering) by comparing the abundance and rich-
ness of reads assigned to the genus Staphylococcus, and to
S. aureus specifically (from each bioinformatic pipeline with
and without technical replication) using the results from the
qPCR assay (referred to as ‘specificity’).

METHODS
Study population

Eight adult AD patients ranging between 19 and 67 years
old were included in the study, comprising five women and
three men. Patients had no systemic treatment for AD or
topical or systemic antibiotics for at least 3 months prior
to sampling. Topical corticosteroid had been used by all
patients within the last 30 days, but all had a break of at
least 6 days prior to sampling. The inclusion criteria were age
>18 years old and AD diagnosed according to UK criteria
[14], whilst the exclusion criteria included breastfeeding,
pregnancy and UV therapy within the 8 weeks prior to
sampling (Table S1, available in the online version of this
article). Five healthy controls were also sampled, including
two men and three women ranging from 21 to 59 years old.
The five controls had no history of manifestations of AD or
any other skin disease.

Tape stripping of the skin

Samples from both AD patients and controls were collected
from non-lesional skin from the mid-volar forearm using tape
strips (D-Squame, TX, USA; 15) Tapes were placed on the
volar forearm and underwent standardized pressure using
a D-Squame standard pressure instrument (D-Squame, TX,
USA) for 10 s. Tapes were removed and placed in DNA/RNA-
free 1.5 ml sterile tubes (Eppendorf, Germany) and placed
on ice, before being moved for long-term storage at —80 °C.

DNA extraction

DNA extraction from tapes was performed using a DNeasy
Blood and Tissue kit (Qiagen, Germany) with minor modi-
fications. Initially, tapes were placed in a lysing matrix E
column (MP Biomedicals, UK) with 600 pl of ATL buffer,
and underwent mechanical lysis with two periods of shaking
at 30 Hz s™* for 30 s using a TissueLyser II (Qiagen, Denmark).
Supernatant was subsequently transferred to a clean 1.5 ml
tube and incubated overnight at 56 °C with 20 pl of proteinase
K. After lysis, extractions were performed as per the manu-
facturer’s instructions. Extracted DNA was diluted to 1 ng pl™
for metabarcoding and qPCR analyses, while an extraction
negative was performed in tandem with samples throughout,
which consisted of substituting a tape with 1 pl of molecular-
grade water.
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Library preparation

Metabarcoding was performed on the V3-V4 16S rRNA
region for bacteria using 341F (5'-CCTAYGGGRBG-
CASCAG-3') and reverse 806R (5-GGACTACNNGGG-
TATCTAAT-3') primers. Additionally, internal tags ranging
between six and eight base pairs long were added to primers
to increase the number of samples multiplexed per library.
PCRs consisted of 1 pl of DNA extracts (1 ng ul™) or 1 pl of
extraction negative, 0.2 ul of AmpliTaq Gold (Applied Biosys-
tems, Forster City, CA, USA), 2.5 ul of x 10 buffer, 2.5 pl of 25
mM MgCI2, 1 ul of each primer (at 25 mM pl™), 0.2 pl of 25
mM dNTPs (Invitrogen, CA, USA), and cycling conditions
consisting of: 95 °C for 5 min, then 36 cycles of 95 °C for
30, 56 °C for 30 s and 72 °C for 30 s, and a final extension of
72 °C for 10 min. Samples were analysed in triplicates, with
each replicate separately tagged. Samples were pooled into
three pools (each containing one of the triplicates for each
sample) and purified using a QiaQuick PCR Purification kit
(Qiagen, Denmark) following the manufacturer’s instruc-
tions. In order to convert samples into Illumina sequencing
libraries, a TruSeq DNA PCR-Free Library Preparation kit
(Illumina, CA, USA) was used as per the manufacturer’s
instructions. In order to remove adapters, a final purifica-
tion step was performed using AMPure XP magnetic beads
(1:1.5 vol of beads to PCR product; Beckman Coulter, Inc.,
Denmark), before the completed library was sent for 250 base
pair paired-end sequencing on the Illumina MiSeq platform
(National High-Throughput Sequencing Centre of Denmark,
Denmark).

Bioinformatic analysis

A custom script was used to demultiplex libraries into
samples, with reads assigned to samples when an exact
match of both the forward and reverse tags was found
(available from http://github.com/tobiasgf/lulu). During
the demultiplexing process, adapters, primers and internal
tags were also removed using CutAdapt (v1.9.1) [16], and
unpaired reads below 100 bp were removed. Demultiplexed
reads were deposited in the Sequence Read Archive, the
National Center for Biotechnology Information (NCBI;
accession number PRJNA534028), and are freely available
for download.

Demultiplexed reads were subsequently analysed via two
bioinformatic pipelines, the first being an OTU clustering
approach as outlined in Bay et al. [17], and the second using
DADA2 [within the R (v3.5.0) statistical computing envi-
ronment [9]]. For the DADA?2 approach, reads underwent
further quality filtering as error rates were calculated and
removed from the dereplicated reads. An initial sequence
table was constructed before chimaeras were identified using
the removeBimeraDenovo function. Finally, taxonomy was
assigned using DADA2’s native naive RDP Bayesian classifier
against the Silva 128 database [18]. DADA?2 produces alter-
naitve sequence variants (ASVs; Table S2), individual unique
and quality-filtered sequences analogous to operational taxo-
nomic units (OTUs; Table S3).

For both pipelines, samples were rarefied to an even sampling
depth (5000 reads) (one triplicate from an AD patient and one
from a healthy control was subsequently removed due to low
reads counts for the OTU clustering approach only), and from
the extraction negative (<100 reads). Data were processed
with different sampling strategies, either with triplicates
(technical replication), with OTUs or ASV's were considered
present if detected in two out of the three replicates, or as
single samples (randomly selected single samples from each
triplicate). Finally, data were normalized by conversion to
relative abundances for subsequent statistical analyses.

After rarefaction and merging of reads, there were 1011
OTUs in the triplicate dataset and 1974 OTUs in the single
samples (4593 OTUs created before the merging of triplicates
and rarefaction). Similarly, from a total of 3480 ASVs, there
were 741 and 662 ASVs remaining in the triplicate and single
samples after processing.

In order to provide species-level annotations, reads assigned
to the genus Staphylococcus via both pipelines were compared
to reference Staphylococcus species. Initially, entire 16S rRNA
regions from 35 Staphylococcus species (with 2 strains of 6 of
the most common species) were mined from the NCBI data-
base. OTUs/ASVs and reference sequences were processed
within Geneious (v2020.2), starting with a cLustaL W
multiple alignment [19]. Reference Staphylococcus sequences
were trimmed to match the amplicon region before phyloge-
netic construction using FastTree 2 [20]. Reads and reference
sequences underwent phylogenetic reconstruction (separately
for OTU clustering and DADA?2 approaches) and the OTUs/
ASVs identified as S. aureus were identified manually.

Quantification of bacterial 16S rRNA copy numbers

Total bacterial 16S rRNA copy numbers were calculated using
qPCR. Reaction and cycling conditions were as in metabar-
coding, with the substitution of 1 pl of water with SYBR Green.
A PCR product was diluted to 1 ng ml™ before undergoing
a dilution series (to 107%), and dilutions of 10~ to 10~ were
run together with samples and the extraction negative, in
triplicate, on an Mx3005P qPCR system (Agilent, Santa Clara,
CA, USA) within qPCR specific tube strips (Eppendorf, WA,
USA). Standards were manually quality checked for tilting
and linearity before samples were quantified against them
[21]. Finally, samples were converted to copy numbers using
mean amplicon lengths.

Species-specific qPCR assay

For the S. aureus assay, the femB region was targeted with the
forward primer 5'-AATTAACGAAATGGGCAGA-3', reverse
primer 5-TGCGCAACACCCTGAACTT-3' and probe
FAM-5-AGAAATTAACTGGATGGTACGCGCGAAGA-
BHQI-3' (black hole quencher) [22]. Reactions consisted
of: 2.5 ul of template DNA (3 ng pl™), 900 nM of forward
primer and 900 nM of the reverse primer, 2.5 pM of the probe
and 12.5 pl of TagMan universal PCR Master Mix (Thermo
Fisher Scientific, Denmark), before being equilibrated to 25 pl
total volume with molecular-grade water. Cycling conditions
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Table 1. Metabarcoding of the bacterial 16S rRNA region from single tape strips was performed, singly or in triplicates (sampling strategy). Reads were
processed with either OTU clustering or DADA2 (bioinformatic pipeline) and differences in OTU richness, Staphylococcus richness and Staphylococcus
relative abundances between AD sufferers and healthy controls were compared using Wilcoxon rank sum tests. Differences in the overall bacterial
community composition and Staphylococcus community compositions were assessed using envfit function within R

DADA2 OTU
Single samples Triplicate samples Single samples Triplicate samples
F-value P-value F-value P-value F-value P-value F-value P-value
Opverall richness 15 0.524 17.0 0.724 15 0.524 18.0 0.833
Staphylococcus richness 17 0.712 20.5 1.000 26 0.418 28.5 0.237
Staphylococcus relative 37 0.011 37.0 0.011 37 0.011 37.0 0.011
abundance (%)
R P-value R P-value R? p-value R? P-value
Overall composition 0.356 0.008 0.355 0.017 0.440 0.019 0.457 0.007
Staphylococcus composition 0.617 0.003 0.616 0.001 0.135 0.005 0.570 0.003

were: 50 °C for 2 min followed by 95 °C for 10 min, before
alternating for 55 cycles between 95 °C for 15 s and 60 °C for 1
min, with end-point collection of fluorescence. Pure S. aureus
DNA extract was used as the standard, which was diluted
to 10~ with molecular-grade water. Samples, standards and
the extraction negative were run in qPCR specific tube strips
(Eppendorf, WA, USA) within an Mx3005P qPCR system
(Agilent, Santa Clara, CA, USA). S. aureus was quantified
against a dilution series, prepared in 10-fold decrementing
steps ranging from 10* pul™' to 10° ng pl™'. Samples (from the
eight AD patients and five controls) were also run in triplicate,
and were only considered present in a sample if occurring in
more than one of the triplicates, with the mean value used in
downstream analyses. Using these criteria, all samples with
positive occurrences amplified between 8 and 33 cycles.

Statistical analyses

All statistical analyses were performed within the computing
environment R (v 3.5.0; R Core Development Team, 2005)
and visualized using ggplot2 [23]. To visualize the overall
bacterial communities, Bray—-Curtis similarity matrices were
formed, before being plotted as non-metric multidimensional
scaling analysis using the Vegan package [24]. Differences
between AD patients and controls were initially tested using
the envfit function within the Vegan package [24] before
undergoing multivariate response generalized linear model
analysis of variance (MGLM-ANOVA) using the MVABUND
package [25]. Significant differences between AD patients and
controls in each of overall bacterial richness were detected
using Wilcoxon rank sum and signed rank tests using R’s
native statistics package. Additionally, while corticosteroid
use by AD patients was stopped 6 days prior to sampling,
the effect of treatment time was correlated against bacterial
richness using generalized linear modelling (GLM), and
compositional effects were tested for using the envfit function.

The Staphylococcus community was partitioned from the
overall metabarcoding community produced via both the
DADA2 and OTU clustering approaches separately, and

analyses were repeated (nMDS, envfit and MGLM-ANOVA),
with the addition of a further Wilcoxon rank sum and signed
rank test performed to test for significant variation between
AD patients and controls in Staphylococcus relative abun-
dance [26]. Shannon’s diversity was calculated within Vegan
[24], while Berger—Parker indices were calculated using the
Diverse package [27], which also underwent Wilcoxon rank
sum and signed rank tests for significant variation between
AD patients and controls.

Student’s paired t-tests were performed to check for signifi-
cant differences in overall richness, and Staphylococcus rich-
ness and abundance associated with sampling strategy or
bioinformatic pipeline, and unpaired Student’s ¢-tests were
performed to test for significant differences between AD
patients and controls (including qPCR data). Staphylococcus
relative abundance and richness from each bioinformatic
pipeline and sampling strategy were independently corre-
lated against S. aureus abundance produced via qPCR using
Spearman’s rank correlation coeflicient [28], also using R’s
native statistics package. Additionally, the reads annotated as
S. aureus specifically (through phylogenetic analysis) from
each approach were correlated against S. aureus abundance
from qPCR using paired Student’s t-tests. Finally, differences
in total 16S rRNA copy numbers between AD patients and
healthy controls were analysed with a Wilcoxon rank sum and
signed rank test, and correlated against S. aureus abundance
(produced with qPCR) using a paired Student’s ¢-test.

RESULTS
Community analyses

There was consistency in the community profiles produced
across bioinformatic pipelines and sampling strategies
(Table 1), with the overall composition being shown to
vary significantly between AD patients and healthy controls
(Fig. 1a, b, Table 2), but overall bacterial richness did not
(Fig. 1c). However, Shannon’s diversity measures revealed
no significant differences between bioinformatic pipeline or
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Fig. 1. Metabarcoding of the bacterial 16S rRNA region from single tape strips was performed, singly or in triplicates (sampling strategy).
Reads were processed with either (a) OTU clustering or (b) DADA2 (bioinformatic pipeline) and differences between AD sufferers and
healthy controls were visualized using non-metric multidimensional scaling (with arrows pointing to group centroids). Differences in
(c) bacterial richness (as OTU or ASV richness), (d) Staphylococcus richness (as OTU or ASV richness) and (e) Staphylococcus relative
abundance between AD sufferers and healthy controls were visualized using boxplots.

sampling strategy. While Berger—Parker indices did not vary
with replication strategy, the community profiles produced
with DADA2 were significantly fewer even between both
sampling strategies (Table S4). Additionally, the length of
corticosteroid treatment prior to sampling did not corre-
late with richness or variation in community composition
within AD patients in any of the datasets (Table S5).

This community similarity between bioinformatic pipelines
and sampling strategies was also similar in named bacterial

Table 2. Metabarcoding of the bacterial 165 rRNA region from
single tape strips was performed, singly or in triplicates (sampling
strategy). Reads were processed with either OTU clustering or DADA2
(bioinformatic pipeline) and differences in bacterial richness (as OTU
or ASV richness), Staphylococcus richness (as OTU or ASV richness)
and Staphylococcus relative abundances between single and triplicate
datasets, as well as methodologies were compared using Student's
paired t-tests

OTU DADA2
t-value t-value t-value P-value
Opverall richness -4.775 <0.001 6.497 <0.001
Staphylococcus richness -1.975 0.072 1.62 0.131
Staphylococcus relative 0.034 0.973 0.387 0.705
abundance

diversity, with Bacillales, Pseudomonadales, Corynebac-
teriales and Burkholderiales being the most abundant
orders in all approaches, averaging 31.8, 16.9, 13.7 and
10.9% relative abundance, respectively (Fig. 2). There was,
however, substantial interpersonal variation in the bacte-
rial community at the order level, and differences between
bioinformatic pipeline and sampling strategy were small in
comparison (Fig. 2).

There were 15 genera with a mean relative abundance of
>1% across samples, with Staphylococcus, Pesudomonas,
Cornebacterium and Variovorax being the most abundant
(Fig. 3), and even at this more specific taxonomic rank there
were no obvious differences associated with downstream
analyses, while varying considerably between individuals.

Given the importance that Staphylococcus species have
within AD and their high abundance within our samples,
the OTUs or ASVs assigned to Staphylococcus species were
further investigated. There were 63 and 94 OTUs assigned
to Staphylococcus species in the triplicate and single sample
datasets, respectively, with only a single OTU being assigned
to the species level (S. aureus) using the automated approach.
More ASV's were assigned to the genus Staphylococcus in the
triplicate dataset (42) than the single sample dataset (38),
with 2 ASVs being assigned to S. aureus, 4 being assigned
to S. epidermidis and 1 being assigned to S. lentus using the
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Fig. 2. Metabarcoding of the bacterial 165 rRNA region from single tape strips was performed, singly or in triplicates (sampling strategy).
Reads were processed with either OTU clustering or DADA2 (bioinformatic pipeline) and order-level relative abundances of AD patients
and healthy controls were compared. For readability, orders with less than 1% mean relative abundance were categorized as minor.

automated approach. Each bioinformatic technique and
sampling strategy demonstrated significant differences in the
Staphylococcus community composition between AD patients
and healthy controls (Table 1). All approaches also found that
that Staphylococcus relative abundance rose significantly with
AD in comparison to the healthy controls (Fig. le, Table 2),
although Staphylococcus richness did not increase signifi-
cantly (Fig. 1d).

Comparing sampling strategies and bioinformatic
pipelines

The effect of sampling strategy (with and without technical
replication) was compared using each bioinformatic pipeline
(Table 2), revealing that richness measures significantly varied,
but community compositions did not. For the OTU analysis,
overall bacterial richness significantly reduced from pooling
technical replicates, as mean richness fell from 239 to 165
OTUs for the AD patients, and 345 to 209 OTUs for healthy
controls (Fig. 1c). However, neither Staphylococcus OTU
richness nor Staphylococcus relative abundance varied signifi-
cantly between sampling strategies (Fig. 1d, e). Similarly, total
bacterial richness varied (ASVs) with sampling strategy when
processed with the DADA?2 pipeline. Conversely, technical
replication increased bacterial ASV richness, from 82 to 97
ASVsin the AD patients, and 106 to 119 ASVs in the healthy
controls (Fig. 1d, e). Sampling strategy did not significantly
affect Staphylococcus richness or Staphylococcus relative abun-
dances processed with DADA2.

Differences in the overall bacterial communities, Staphy-
lococcus richness and relative abundance were investigated
between bioinformatic pipelines (Table 3), which were
remarkably consistent. The OTU clustering approach was
associated with considerably increased overall bacterial
richness compared to DADA2 with both sampling strate-
gies, with means of 292 OTUs and 94 ASVs without tech-
nical replicates, and 187 OTUs to 107 ASVs with technical
replication (Fig. 1c). Similarly, Staphylococcus richness was
significantly higher when using the OTU approach compared
to the DADA?2 approach across sampling strategies (Fig. 1d),
with means of 17 OTUs and 7 ASVs without technical repli-
cates, and 13 OTUs to 7 ASVs with technical replication.
Meanwhile, Staphylococcus relative abundance did not differ
between sampling strategies (Fig. le), with higher Staphylo-
coccus relative abundance found within AD treatments across
all approaches (with mean relative abundances ranging from
8.9-11.3% for healthy controls, and 43.4-44.5% for AD
patients).

Comparing results to qPCR

Results from qPCR revealed significantly greater S. aureus
richness in AD patients compared to healthy controls (with
no S. aureus found within controls; W=32.5, P=0.045), which
was poorly represented by all the metabarcoding approaches.
The qPCR quantification of S. aureus was correlated against
Staphylococcus richness and relative abundance produced
via each sampling strategy and both bioinformatic pipeline,
revealing no significant correlations (Table S6). We further
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attempted to add high-quality species-level annotations to
both datasets through phylogenetic analyses against reference
Staphylococcus species (Figs S2 and S3), to ultimately identify
S. aureus OTUs/ASVs. However, there were no significant
correlations between S. aureus abundance produced with

Table 3. Metabarcoding of the bacterial 16S rRNA region from
single tape strips was performed, singly or in triplicates (sampling
strategy). Reads were processed with either OTU clustering or DADA2
(bioinformatic pipeline) and differences in OTU richness, Staphylococcus
richness and Staphylococcus relative abundances between single and
triplicate datasets, as well as methodologies were compared using
Student's paired t-tests

Single sample comparisons Triplicate comparisons
t-value P-value t-value P-value

Overall richness 15.0 0.524 17.0 0.724
Staphylococcus 4.485 0.001 2.759 0.017
richness
Staphylococcus -0.810 0.434 -0.504 0.623
relative
abundance

qPCR or any of the metabarcoding approaches (Table S7),
with S. aureus falsely identified in multiple samples across
pipelines, with and without replication (Fig. 4).

There was also no significant difference in 16S rRNA copy
numbers between AD patients and HC controls (W=24,
P=0.622), and nor was there any correlation between
S. aureus abundance (produced with qPCR) and 16S rRNA
copy numbers (t=—1.274, P=0.223) (Table S8).

DISCUSSION

Here we demonstrated the power of metabarcoding with
universal 16S rRNA primers by replicating larger studies
of AD with a limited sampling size [2], and our findings
confirm significant differences in the overall bacterial and
Staphyloccocus community compositions between AD non-
lesional skin and control skin. Encouragingly, we found little
difference in community-level comparisons performed with
DADAZ2 and OTU clustering, with or without the inclusion
of technical replicates. Therefore the wealth of metabar-
coding studies that have investigated the role of bacteria
within AD, which have mostly been performed with OTU
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Fig. 4. Metabarcoding of the bacterial 16S rRNA region from single tape strips was performed, singly or in triplicates (sampling strategy).
Reads were processed with either OTU clustering or DADA2 (bioinformatic pipeline). S. aureus abundance was quantified with species-
specific gPCR assay and compared to S. aureus relative abundance from metabarcoding datasets.

clustering approaches, continue to provide considerable
community-level insight.

However, technical replication significantly reduced the
overall number of bacterial OTUs (mean of 36% fewer
OTUs per sample), and OTUs assigned to Staphylococcus
from the OTU clustering approach (mean of 25% fewer
OTUs per sample). This suggests that sequencing errors
may artificially inflate molecular richness, as has previ-
ously been noted in other environments [29]. Data analysis
with DADA? increased the number of ASVs with technical
replicates (mean increase of 14% more ASV per sample),
suggesting that DADA2 accounts for sequencing errors
more accurately, and is less likely to inflate bacterial rich-
ness. Rarefaction curves suggested under-sequencing in
both approaches, and the increased number of reads per
sample included in the triplicate analysis are most likely
the reason for the increased ASV richness observed with
DADAZ2 (Fig. S1). Given the greater consistency between
technical replicates, a DADA2-based approach would most
likely benefit from an increased number of biological repli-
cates rather than technical replication, so long as adequate
sequencing depth is achieved. Previously, between 10000
and 15000 reads per sample was suggested to generally
represent over 95% of total bacterial diversity, and the
results here are in agreement with this figure [30].

The taxonomic compositions of communities were similar
to previous descriptions regardless of sequencing strategy,

despite potentially confounding effects of corticosteroid
treatment and low sampling numbers. Communities were
dominated by Cornebacterium and Staphylococcus species
[31], and interpersonal variation far exceeded any impacts
of variation associated with methodology. Closer inspec-
tion of the Staphylococcus communities revealed that
AD patients and healthy controls differed significantly in
composition across different metabarcoding approaches,
echoing previous findings with more precise methodologies
(such as culturing of bacteria [32] and shotgun metagen-
omics [5]), suggesting credible OTU/ASV assignments at
the genus level [8]. However, crucially in this work, we high-
light that metabarcoding provided inadequate taxonomic
identification to investigate within-Staphylococcus commu-
nity dynamics, as so few OTUs and ASV's were assigned to
a species using automated approaches. Even with manual
curation of species-level Staphylococcus OTU/ASV assign-
ments, there was still a mismatch between species-specific
qPCR results and S. aureus abundance calculated from all
metabarcoding analyses. Incomplete lineage sorting and
high sequence homology have previously been noted for
the genus Staphylococcus [33], and it is therefore unlikely
that any universal 16S rRNA region resolves Staphylococcus
species effectively, no matter the bioinformatic pipeline or
level of replication. However, it should be noted that the
level of variation within the 16S rRNA region is highly vari-
able between taxa, and higher taxonomic resolution may
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be obtained when studying other taxonomic groups with
these primers [34].

The differing colonization rates between healthy controls
and AD patients found within the qPCR assay mirrored
results from a previous meta-analysis [35]. We therefore
believe that qPCR currently represents a useful comple-
ment to DNA metabarcoding of the 16S rRNA region
when studying the microbiome of AD patients. It allows
for highly reliable quantification and separation of Staphy-
lococcus species and probes have already been designed for
CoNS species, including S. epidermidis and S. homidis [36].
The combination of qPCR and metabarcoding would allow
for the screening of the very large numbers of samples over
time that are probably required to disentangle the effects of
S. aureus and CoNS species within AD in a relatively rapid
and inexpensive manner, until the continuing reduction in
sequencing costs and improvements to computing power
make metagenomic approaches more cost-effective.

Funding information
This work was funded by the LEO Foundation grants 1110001001 and
LF-0C-19-000036.

Acknowledgements

We would like to thank Paal Skytt Andersen of the Statens Serum
Institut (Copenhagen, Denmark) for providing us with a pure S. aureus
culture.

Author contributions

C. J. B. performed the bioinformatics and data analysis with support
from with M. A. (formal analysis). L. R. performed laboratory work. S.
W. K designed the gPCR approach (methodology), while M. L. C. and T.
A. provided samples and assisted in experimental design (resources
and conceptualization). A. J. H. supervised the research and obtained
funding, while all authors were involved in the writing process,
reviewing and editing the manuscript.

Conflicts of interest
The authors declare that there are no conflicts of interest.

Ethical statement

The study was performed after ethical approval from the National
Committee in Health Research Ethics, Copenhagen, Denmark (H-1-
2014-039), and written consent was provided by all participants.

References
1. Park H-Y, Kim C-R, Huh I-S, Jung M-Y, Seo E-Y et al. Staphylococcus
aureus colonization in acute and chronic skin lesions of patients
with atopic dermatitis. Ann Dermatol 2013;25:410-416.

2. ShiB, Leung DYM, Taylor PA, Li H. MRSA colonization is associated
with decreased skin commensal bacteria in atopic dermatitis. J
Invest Dermatol 2018;138:1668-1671.

3. Nakatsuji T, Chen TH, Narala S, Chun KA, Two AM et al. Antimi-
crobials from human skin commensal bacteria protect against
Staphylococcus aureus and are deficient in atopic dermatitis. Sci
Transl Med 2017;9:eaah4680.

4. Simpson EL, Villarreal M, Jepson B, Rafaels N, David G et al.
Patients with atopic dermatitis colonized with Staphylococcus
aureus have a distinct phenotype and Endotype. J Invest Dermatol
2018;138:2224-2233.

5. Byrd AL, Deming C, Cassidy SKB, Harrison 0J, Ng W-I et al.
Staphylococcus aureus and Staphylococcus epidermidis strain
diversity underlying pediatric atopic dermatitis. Sci Transl Med
2017;9:eaals65b1.

6. Kong HH. Details matter: designing skin microbiome studies. J
Invest Dermatol 2016;136:900-902.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Bjerre RD, Bandier J, Skov L, Engstrand L, Johansen JD. The role
of the skin microbiome in atopic dermatitis: a systematic review.
Br J Dermatol 2017;177:1272-1278.

Ramadan M, Solyman S, Yones M, Abdallah Y, Halaby H et al. Skin
microbiome differences in atopic dermatitis and healthy controls
in Egyptian children and adults, and association with serum immu-
noglobulin E. OMICS 2019;23:247-260.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA et al.
DADAZ2: high-resolution sample inference from Illumina amplicon
data. Nat Methods 2016;13:581-583.

Amir A, McDonald D, Navas-Molina JA, Kopylova E, Morton JT et al.
Deblur rapidly resolves single-nucleotide community sequence
patterns. mSystems 2017;2.

. Froslev TG, Kjoller R, Bruun HH, Ejrnaes R, Brunbjerg AK et al.

Algorithm for post-clustering curation of DNA amplicon data yields
reliable biodiversity estimates. Nat Commun 2017;8:1-11.

Tsuji S, Miya M, Ushio M, Sato H, Minamoto T et al. Evaluating
intraspecific genetic diversity using environmental DNA and
denoising approach: a case study using tank water. Environmental
DNA 2020;2:42-52.

Alberdi A, Aizpurua O, Gilbert MTP, Bohmann K. Scrutinizing
key steps for reliable metabarcoding of environmental samples.
Methods Ecol Evol 2018;9:134-147.

Williams HC, Burney PG, Hay RJ, Archer CB, Shipley MJ et al. The
UK Working Party's diagnostic criteria for atopic dermatitis. I. deri-
vation of a minimum set of discriminators for atopic dermatitis. Br
J Dermatol 1994;131:383-396.

Clausen M-L, Slotved H-C, Krogfelt KA, Agner T. Measurements of
AMPs in stratum corneum of atopic dermatitis and healthy skin—
tape stripping technique. Sci Rep 2018;8:1-8.

Martin M. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J 2011 May 2;17:10-12.

Bay L, Barnes CJ, Fritz BG, Thorsen J, Restrup MEM et al.
Universal dermal microbiome in human skin. mBio 2020 Feb
2511,

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T et al. The SILVA
ribosomal RNA gene database project: improved data processing
and web-based tools. Nucleic Acids Res 2013;41:D590-D596.

Thompson JD, Gibson TJ, Higgins DG. Multiple sequence align-
ment using ClustalW and ClustalX. Curr Protoc Bioinformatics
2003;00:2.3.1-2.3.2.

Price  MN, Dehal PS, Arkin AP. FastTree 2--approximately
maximum-likelihood trees for large alignments. PLoS One
2010;5:e9490.

Wilcox TM, McKelvey KS, Young MK, Jane SF, Lowe WH et al.
Robust detection of rare species using environmental DNA: the
importance of primer specificity. PLoS One 2013;8:e59520.

Leung AD, Schiltz AM, Hall CF, Liu AH. Severe atopic dermatitis
is associated with a high burden of environmental Staphylococcus
aureus. Clin Exp Allergy 2008;38:789-793.

Wickham H. ggplot2: elegant graphics for data analysis. Springer
2016:266 p.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR et al.
Package ‘'vegan'. Community ecology package, version, 2; 2013. pp.
1-295.

Wang Y, Naumann U, Wright ST, Warton DI. mvabund - an R
package for model-based analysis of multivariate abundance data.
Methods Ecol Evol 2012;3:471-474.

Wilcoxon F. Individual comparisons by ranking methods. In: Kotz S,
Johnson NL (editors). Breakthroughs in Statistics: Methodology and
Distribution [Internet]. New York, NY: Springer Series in Statistics;
1992. pp. 196-202.

Guevara MR, Hartmann D, Mendoza M. Diverse: an R package to
analyze diversity in complex systems. R J 2016;8:60.

Zar JH. Significance testing of the Spearman Rank correlation
coefficient. J Am Stat Assoc 1972;67:578-580.



Barnes et al., Journal of Medical Microbiology 2020

29.

30.

31.

32.

33.

Huse SM, Welch DM, Morrison HG, Sogin ML. Ironing out the
wrinkles in the rare biosphere through improved OTU clustering.
Environ Microbiol 2010;12:1889-1898.

Bukin YS, Galachyants YP, Morozov IV, Bukin SV, Zakharenko AS
et al. The effect of 16S rRNA region choice on bacterial community
metabarcoding results. Sci Data 2019;6:1-14.

Oh J, Byrd AL, Park M, Kong HH, Segre JA. Temporal stability of the
human skin microbiome. Cell 2016;165:854-866.

Francuzik W, Franke K, Schumann RR, Heine G, Worm M. Propi-
onibacterium Acnes Abundance Correlates Inversely with Staphy-
lococcus aureus: Data from Atopic Dermatitis Skin Microbiome
[Internet]. Medical Journals Limited; 2018.

Ghebremedhin B, Layer F, Konig W, Konig B. Genetic classification
and distinguishing of Staphylococcus species based on different

34.

35.

36.

partial gap, 16S rRNA, hspé0, rpoB, sodA, and tuf gene sequences.
J Clin Microbiol 2008;46:1019-1025.

Schloss PD. The effects of alignment quality, distance calculation
method, sequence filtering, and region on the analysis of 16S rRNA
gene-based studies. PLoS Comput Biol 2010 Jul 8;6:e1000844.

Totté JEE, van der Feltz WT, Hennekam M, van Belkum A, van
Zuuren EJ et al. Prevalence and odds of Staphylococcus aureus
carriage in atopic dermatitis: a systematic review and meta-
analysis. Br J Dermatol 2016;175:687-695.

Jukes L, Mikhail J, Bome-Mannathoko N, Hadfield SJ,
Harris LG et al. Rapid differentiation of Staphylococcus aureus,
Staphylococcus epidermidis and other coagulase-negative staphy-
lococci and meticillin susceptibility testing directly from growth-
positive blood cultures by multiplex real-time PCR. J Med Microbiol
2010;59:1456-1461.

the world.

Five reasons to publish your next article with a Microbiology Society journal

1. The Microbiology Society is a not-for-profit organization.
2. We offer fast and rigorous peer review — average time to first decision is 4—6 weeks.
3. Our journals have a global readership with subscriptions held in research institutions around

4. 80% of our authors rate our submission process as ‘excellent’ or ‘very good".
5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.




	Comparing DADA2 and OTU clustering approaches in studying the bacterial communities of atopic dermatitis
	Abstract
	﻿﻿Introduction
	Methods
	Study population
	Tape stripping of the skin
	DNA extraction
	Library preparation
	Bioinformatic analysis
	Quantification of bacterial 16S rRNA copy numbers
	Species-specific qPCR assay
	Statistical analyses

	Results
	Community analyses
	Comparing sampling strategies and bioinformatic pipelines
	Comparing results to qPCR

	Discussion
	References


