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a  b  s  t  r  a  c  t

The  composition  of  human  as well  as animal  microbiota  has  increasingly  gained  in interest  since  metabo-
lites  and  structural  components  of  endogenous  microorganisms  fundamentally  influence  all aspects
of  host  physiology.  Since  many  of  the  bacteria  are  still  unculturable,  molecular  techniques  such  as
high-throughput  sequencing  have  dramatically  increased  our  knowledge  of  microbial  communities.  The
majority  of  microbiome  studies  published  thus  far  are  based  on  bacterial  16S  ribosomal  RNA (rRNA)  gene
sequencing,  so  that  they  can,  at least  in principle,  be compared  to determine  the  role  of  the  microbiome
composition  for  host  metabolism  and  physiology,  developmental  processes,  as  well  as different  diseases.
However,  differences  in  DNA preparation  and  purification,  16S  rDNA  PCR  amplification,  sequencing  pro-
cedures  and  platforms,  as  well  as  bioinformatic  analysis  and  quality  control  measures  may  strongly
affect  the  microbiome  composition  results  obtained  in  different  laboratories.  To  systematically  evalu-
ate the  comparability  of  results  and  identify  the  most  influential  methodological  factors  affecting  these
differences,  identical  human  stool  sample  replicates  spiked  with  quantified  marker  bacteria,  and  their
subsequent  DNA  sequences  were  analyzed  by nine  different  centers  in  an  external  quality  assessment
(EQA).  While  high  intra-center  reproducibility  was  observed  in  repetitive  tests,  significant  inter-center

differences  of reported  microbiota  composition  were  obtained.  All  steps  of  the  complex  analysis  workflow
significantly  influenced  microbiome  profiles,  but the  magnitude  of  variation  caused  by  PCR primers  for
16S  rDNA  amplification  was  clearly  the  largest.  In order  to advance  microbiome  research  to  a  more  stan-
dardized  and  routine  medical  diagnostic  procedure,  it is  essential  to establish  uniform  standard  operating
procedures  throughout  laboratories  and  to initiate  regular  proficiency  testing.

©  2016  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC
. Introduction

The analysis of human body microbial ecology by high-
hroughput sequencing has the potential to revolutionize nearly
very field of medicine. In the past few years, the number of
ulture-independent, sequencing-based investigations and publi-
ations on the human and mouse microbiome has significantly
ncreased, now representing one of the most studied and inter-

sting fields in medicine, and one having the highest potential
mpact on clinical practice. A large spectrum of disease pheno-
ypes has been linked to the composition of microbiota: chronic
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inflammatory diseases, obesity, diabetes, allergies, cardiovascular
diseases, some cancer types, lung diseases and even psychiatric ill-
nesses such as autism and depression have been reported to occur
concomitantly with a distinct microbiome composition (Sekirov
et al., 2010; Shreiner et al., 2015; Marsland and Gollwitzer, 2014).
Although the knowledge to date of a causative or curative role for
any of the microbial members detected in these approaches is still
very limited, it can be expected that microbiome data obtained
from gut, lung, mouth and other body sites will serve as an impor-
tant diagnostic or prognostic biomarker for human diseases in the
near future. However, microbiome studies published at an expo-
nential rate over the past several years have often been difficult to
reproduce across investigations. This may  be due to both relevant
variation in the methodology used for microbiome analysis, or sig-

nificant differences in the patient cohorts studied. One of the most
widely applied current methods for microbiota profiling is based
on the sequencing of a very important and convenient bacterial
gene, known as the 16S rRNA gene (Olsen et al., 1986). The complex
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ultistep process of 16S rDNA-based microbiome analysis involves
hysical specimen collection, DNA extraction and purification, PCR
nd amplicon purification or enrichment, sequencing and bioinfor-
atics. Addressing the sources of variation in each of these steps,

nd determining their effect on the final result, is critical in helping
o standardize and optimize the entire process in the future.

In general, medical laboratory diagnostics have traditionally
mphasized the achievement of between-laboratory consensus by
xternal quality assessments, which play a unique role in pro-
iding objective data for tests performed in different laboratories
nder routine conditions, and can guide improvement in the use
f various diagnostic reagents and laboratory practices. For micro-
iome profiling, no data on multicenter quality assessment have
een published thus far. Therefore, with the help of INSTAND
.V., a German WHO-collaborating center for quality assurance
nd standardization in laboratory medicine, we organized the first
icrobiome quality assessments in 2014 and 2015 with participat-

ng laboratories from Austria, Germany and Norway.

. Material and methods

.1. Sample preparation and shipment

To properly address all of the steps of gut microbiome analy-
is in a realistic manner, we decided not to use defined bacterial
ixtures or chemostat cultured microbiome cultures, but instead

omogenized and spiked human fecal samples. A total of 1.5 g of
resh formed stool from a healthy human donor were collected in

 sterile container and subsequently suspended in 4.5 ml  of ster-
le PBS buffer. The stool suspension was homogenized by rigorous

ixing and subsequently divided into 40 × 100 �l aliquots, corre-
ponding to 33.3 mg  of wet weight stool. In order to investigate the
ecovery performance of preset bacterial ratios by all participants,
very sample was spiked with quantitative amounts of three exo-
enic eubacterial species Salinibacter ruber DSM 13855T (1E + 06
6S rDNA copies per sample), Rhizobium radiobacter DSM 30147T

3E + 08 16S rDNA copies per sample) and Alicyclobacillus acidiphilus
SM 14558T (6E + 07 16S rDNA copies per sample). Total 16S rDNA
opy numbers for spike-in bacteria were calculated from measured
ptical densities and genomic 16S rRNA gene copy numbers, which
ere obtained from the rrnDB 16S copy number database (Lee et al.,

009). All bacteria were purchased from the DSMZ (German Col-
ection of Microorganisms and Cell Cultures GmbH, Braunschweig,
ermany). One additional sample served as a non-spiked control
ample. Spiked stool suspensions were stored at −80 ◦C until ship-
ent to the nine participating laboratories. Samples were shipped

rom the EQA center in Regensburg as duplicates on dry ice with-
ut thawing. The participating institutions received the duplicate
tool samples together with a 100-ng aliquot of DNA extract (at

 concentration of 10 ng/�l) originating from the same individual
ample (deposited as sample number R02 in sequencing raw data
nalysis).

.2. Extraction of nucleic acids

Four nonconsecutive, randomly picked stool samples from the
ntire EQA set were selected for DNA extraction and subsequent
omogeneity testing. Samples were thawed on ice and DNA was
xtracted from the total material content of the sample tubes using
roteinase K pretreatment followed by mechanical disruption.

herefore, samples were subjected to five consecutive freeze/thaw
ycles between liquid nitrogen and boiling water and repeated bead
eating. DNA was subsequently isolated from the lysates using the
agNA Pure 96 system (Roche).
dical Microbiology 306 (2016) 334–342 335

2.3. Amplification of V3–V6 16S rDNA hypervariable regions and
454-pyrosequencing

For homogeneity testing, the hypervariable V3–V6 regions of
the 16S-rRNA gene were amplified from the DNA extracts of four
randomly picked samples through 30 PCR cycles using Platinum
Taq polymerase (Life Technologies) and barcoded fusion primers
341F/1061R containing Titanium/Lib-L adaptors. PCR products
(790 bp) were purified from agarose gels (QIAquick PCR Purifica-
tion Kit, Qiagen) and repurified with Agencourt AMPure XP Beads
(Beckmann-Coulter). DNA copy numbers of the amplicons contain-
ing Titanium/Lib-L adaptors on both ends were determined using
the KAPA Library Quant Real-time PCR Kit (KAPA Biosystems) and
pooled at an equimolar ratio. The amplicon library was subjected
to sequencing on a Roche 454 GS Junior+ and the GS FLX+ system
in parallel using GS FLX Titanium XL+ chemistry with an acyclic
flow pattern. Flowgrams were denoised and low quality reads were
filtered using the FlowClus software package v1.1 with standard
parameters (Gaspar and Thomas, 2015). Sequences longer than 400
and shorter than 800 bp after quality filtering were demultiplexed
by barcode sequences. Quality filtered raw data reads were pro-
cessed as described in the raw data analysis section below. Datasets
were included as participant numbers P1 (GS Junior + ) and P7 (GS
FLX + ) to the comparative dataset (P1 to P9). Both datasets were
generated starting from individual 16S rDNA amplicon libraries.

2.4. Quantification of 16S rDNA copy numbers by qRT-PCR

Amounts of spike-in bacteria A. acidiphilus,  S. ruber, and R.
radiobacter were assayed in fecal DNA preparations by a 16S rDNA
targeted qRT-PCR on a LightCycler 480 II Instrument (Roche).
Species-specific primers and hydrolysis probes and LightCycler
480 Probes Master reagents were used for detection. Full length
16S rDNA amplicons cloned into pGEM-T.Easy vector (Invitrogen)
served as the quantification standard.

Total 16S rRNA gene copy numbers were determined using uni-
versal eubacterial 16S rDNA primers 764F and 907R, and SYBR
Green I Master (Roche) qPCR reagents. 16S rRNA gene copy num-
bers were calculated from plasmid standards of cloned full-length
16S rDNA genes into the pGEM T-Easy. Primer names and sequences
are listed in Supplementary Table 4.

2.5. Reporting of results

Each of the nine participating centers analyzed the micro-
bial communities according to their established protocols starting
from DNA extraction to visualization of final results. Participat-
ing laboratories were asked to send their final analysis report
together with their raw sequencing files in fastq- (Illumina), sff-
(454) or BAM- (IonTorrent) file format. A questionnaire was pro-
vided to obtain methodological details for DNA extraction, PCR
amplification including 16S rDNA amplification primer sequences,
bioinformatic pipelines used for data analysis, as well as 16S rRNA
reference databases.

2.6. Computational analyses of sequencing raw data

Illumina paired end reads were joined using fastq-
join (Aronesty, 2011) and then filtered with QIIMEı́s
split libraries fastq.py workflow script using default parame-
ters, with the exception of applying a phred quality threshold of
19. IonTorrent (P2) data and 454 data generated with Titanium

XLR70 chemistry (P9) were denoised with FlowClus using default
parameters, despite removing reads shorter than 100 or 300
and longer than 300 or 600, respectively. For all raw data sets
USEARCH v6.1 (Edgar, 2010) was used to remove chimeric 16S
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DNA sequences from filtered reads. Downstream analyses of
uality and chimera filtered reads for participants P1 to P9 were
erformed using the QIIME 1.9.1 software package (Caporaso
t al., 2010). Default parameters and software packages were used
nless otherwise stated. Each of the quality filtered sequencing
ead datasets for participants P1 to P9 were separately assigned
o operational taxonomic units (OTUs) with a threshold of 97%
airwise identity using QIIMEı́s reference-based workflow scripts
nd the SILVA release 119 16S-rRNA reference database. After-
ards, participant P1 to P9 OTU tables were merged. No additional
ltering threshold for low abundant OTUs was applied in order
ot to circumvent the detection of very low abundant marker
acteria. The relative abundance of eubacterial sequences were
alculated for each sample (R01 to R34) at each taxonomic level to
dentify bacterial taxa. R version 3.2.3 (R Developement Core Team,
008) was used for subsequent analyses of OTU tables and dtables
nd data visualization. The vegan v2.3-2 (Oksanen et al., 2015)
ackage was used for ordination analyses based on Bray-Curtis
issimilarities. Ordination ellipses were created by calculating the
5% confidence intervals around the centroid. Database coverage of
rimer pairs from each participant were evaluated using TestPrime
.0 (Klindworth et al., 2013) against the SILVA SSU release 123
6S ribosomal RNA database, allowing no primer mismatches. We
erformed the Adonis test over the Bray-Curtis distances using the
donis function of vegan to evaluate sources of variations among
agegories: participants, 16S hypervariable V-regions, sequencing
echnology, DNA extraction method. The number of permutations
as set to 999.

. Results

.1. Participant questionnaires

In order to compare the performance of nine different clin-
cal and basic research laboratories in performing 16S rDNA
mplicon-based microbiome analysis, we produced EQA sample
ets comprised of duplicate homogenized human stool samples
piked with quantitative amounts of three defined marker bacte-
ia. To further assess the level of methodological variance, identical
liquots of a DNA extract prepared from one individual EQA sample
ere also delivered to the participants, including a questionnaire

ocused on the methodological aspects of their standard operat-
ng procedures for microbiome profiling. Table 1 summarizes the
ecorded data. Participants who had different levels of practical
xperience in performing microbiome analyses reported a wide
ange of practices and approaches starting with initial DNA extrac-
ion to 16S rDNA-based PCR amplification to the final data analysis
ipelines. Five participants applied pretreatment steps for DNA

solation, including repeated bead beating protocols or enzymatic
retreatment followed by a manual or automated DNA purification
orkflow. Six of the nine participants implemented data anal-

sis pipelines based on mothur (Schloss et al., 2009) or QIIME
Caporaso et al., 2010) software packages, while two others used
ombinations of available open source and proprietary software
ools, and one participant reported using solely proprietary tools
or analysis of sequencing reads. Different releases of the SILVA
Quast et al., 2013), Greengenes (DeSantis et al., 2006) or Ribosomal
atabase Project (RDP, Cole et al., 2014) 16S ribosomal databases
ere used by all participants for sequence alignment or taxon-

my  assignment. With the GS Junior+, the 454 GS FLX+ system

both Roche/454), the Illumina MiSeq (Illumina) and IonTorrent
GM (Life Technologies) instruments, all major next-generation-
equencing (NGS-) technologies presently used for 16S rRNA gene
ased microbiome analyseswere covered. Ta
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Each participant was  asked to analyze at least one of the stool
amples sent together with the already extracted DNA. Eight of
ine participants reported results for the DNA sample, while partic-

pant P4 failed to generate PCR amplicons from the extracted DNA.
eplicate testing of extracted DNA was performed by some of the
articipants. All reported data from repetitive testing was included

n the subsequent data analysis. Assignment of analyzed samples
o reported results can be found in Supplementary Table 2.

.2. QRT-PCR analyses of spiked-in marker bacteria and sample
omogeneity

Four nonconsecutive samples from the entire sample set were
andomly chosen for homogeneity testing using qRT-PCR-based
etermination of 16S rRNA gene copy numbers for total and
piked marker bacteria. A. acidiphilus and R. radiobacter were
ncluded to assess the recovery of defined quantitative ratios
y the participants’ standard operating procedures for NGS-
ased microbiota profiling. S. ruber was spiked to a total of
.0E + 06 rRNA gene copies per sample to survey the capacity
or low abundant species detection by the different sequencing
latforms, since we expected a platform-inherent variation in
equencing depth. An average of 9.2E + 09 ± 1.0E + 09 (arithmetic
ean ± standard deviation) total eubacterial 16S rRNA gene copies
ere determined per sample. Inter-sample variation in measured

6S rDNA copies was lower than 10% of the mean. An aver-
ge of 5.7E + 07 ± 1.2E + 07 (A. acidiphilus), 2.7E + 08 ± 3.3E + 07 (R.
adiobacter) and 6.8E + 05 ± 2.1E + 05 (S. ruber) were measured for
piked-in bacterial marker species, while the non-spiked control
ample tested negative for each of the spiked-in bacterial species.
he relative abundance calculated from qRT-PCR-determined 16S
DNA copy numbers was 0.6, 2.9 and 0.007% for A. acidiphilus,  R.
adiobacter and S. ruber, respectively.

Homogeneity of microbiota profiles examined at the EQA cen-
er by sequencing of amplified V3–V6 variable 16S rDNA regions
sing two different sequencing platforms (included as participants
1 and P7 to the data set) showed a high degree of similarity. Micro-
iota profiles determined at the genus level are depicted in Fig. 1.
elative abundance profiles of individual taxa corresponded very
ell both within and between the GS Junior+ (P1) and the GS FLX+

P2) datasets.

.3. Microbial community profiling by 16S ribosomal RNA
mplicon sequencing

Taxa distributions reported from the participants according to
heir standard operating procedures for data analysis and distri-
utions reanalyzed from sequencing raw data were compared on
he family level for the eleven most frequently occurring taxa. In
rder to eliminate sources of bias introduced by varying data anal-
sis pipelines and post-sequencing steps, microbiota profiles were
dditionally studied by a joint analysis of raw sequencing data pro-
ided by all participating laboratories (P1 to P9). Analyzed raw
ata reads per sample (Table 1) varied from 7298 (R26, P7, GS
LX + ) to 371.900 (R11, P3, Illumina MiSeq). An average of 1077
TUs per sample were detected, with a maximum of 2.226 (R32,
9, GS FLX+/Titanium XLR70 chemistry) and a minimum of 464
R25, P7, GS FLX+/XL + ) identified OTUs. The number of OTUs ana-
yzed within each participating group showed a high degree of
imilarity, indicating a high intra-center reproducibility. However,
hen compared between centers, distributions of taxonomically

ssigned OTUs varied tremendously from the phylum to genus

evel. Fig. 1 graphically displays the relative abundance of identi-
ed taxa on the genus level. While almost all taxa were affected by

nter-center deviations, particularly bacterial species of the genus
ifidobacterium were detected at a level of high abundance (16%, P4)
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to complete absence in participating groups P5 and P9. Prevotella,
which was  on average the most prevalent genus in the P2 dataset,
varied from highest abundance (40%, R09, P2) to a minimum abun-
dance of 0.15% (R30, P8).

When comparing taxa profiles between datasets originating
from stool or DNA samples (marked with asterisks in Fig. 1) within
one participating group, differences between sample types were,
in general, less pronounced than inter-center deviations. How-
ever, varying effects of different DNA extraction methods (Table 1)
implemented by participants on obtained microbiota profiles were
evident. Effects were analyzed in more detail in a later section.

Furthermore, wide discrepancies were reported for the rela-
tive abundance of individual classified taxa. Supplementary Table
1 comparatively summarizes the relative abundance obtained
on the family level. Highly abundant families Ruminococcaceae
and Lachnospiraceae, both members of phylum Firmicutes, were
reported by all participants, similarly to taxonomic assignment
after raw data analysis. Significant differences between reported
and reanalyzed relative abundance were observed for the families
Bacteroidaceae, Veillonellaceae, Acidaminococcaceae and Pep-
tostreptococcaceae. Reads assigned to the family Enterococcaceae
were reported only by participant P5 with a relative abundance of
9.25%. Surprisingly, the presence of reads classified as Enterococ-
caceae could not be verified from raw data reads, indicating marked
differences in applied downstream bioinformatic analyses.

3.4. Detection of spiked eubacterial marker species

Homogenized stool samples were quantitatively spiked with
grown cells of three eubacterial marker species R. radiobacter, A.
acidiphilus and S. ruber at fixed 16S rDNA copy numbers. Ratios
of R. radiobacter/A. acidiphilus 16S rRNA gene copies (RA ratio) as
quantified by qRT-PCR was  4.7. To assess whether preset spike-
in ratios were accurately reproduced by the participantı́s standard
operating procedures, spike-in ratios were calculated from the rel-
ative abundance of taxonomically assigned OTUs clustered from
reanalyzed raw sequencing data (Fig. 4A). DNA sequences of uni-
versal 16S rDNA targeted amplification primers provided by the
participants were evaluated for the coverage of spiked bacterial
species, and showed no mismatches when compared to full-length
16S rDNA sequences of S. ruber, R. radiobacter and A. acidiphilus
obtained from the Silva 123 release.

The maximum measured ratio was 21.6 (stool sample R13,
participant P4) while the minimum was 0.37 (stool sample R16,
participant P5). Expected Rhizobium to Alicyclobacillus ratios (4.7)
were best recovered by participants P1, P2, P6 and P7, who deter-
mined mean ratios of 4.8, 4.4, 6.8 and 4.8, respectively. In general,
ratios lower than expected were observed for participant P5 (mean
RA ratio of 1.4) due to underestimation of R. radiobacter reads, while
P3 (RA ratio 13.1) and P4 (RA ratio 19.3) showed high ratios caused
by depreciation of A. acidiphilus reads. To assess detection of low
abundant species, cultivated cells of S. ruber were spiked into each
sample at 1E + 06 16S rRNA gene copies. This number of cells was
estimated to be around the detection threshold of metagenomics-
based methods described by Lagier et al. (2012). However, less
than half of the participating laboratories (P1, P2, P3 and P5) were
successful in detecting S. ruber by 16S rDNA-based community pro-
filing (Fig. 4B). No significant correlation between sequencing depth
and rare spike-in detection was  observed.

3.5. Beta diversity between participants, sequencing technology
and amplified hypervariable 16S rDNA regions
To investigate causes that led to potential inter-laboratory devi-
ations between community profiles, beta diversity was analyzed
by non-metric multidimensional scaling of Bray-Curtis dissimilari-
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Fig. 1. Community composition reveals high inter-center variability. Relative genus-level distribution of assigned operational taxonomic units (OTUs) for shipped stool and
DNA  samples as revealed by reanalysis of the quality assessment raw data for each participant (P1 to P9). Closed reference OTUs were picked against the SILVA release 119
16  rRNA database. Results (R01-R34) generated from shipped DNA samples are indicated by asterisks (See full legend in Supplementary Fig. 1. The underlying OTU Table is
deposited as Supplementary Table 3).

Fig. 2. Ordination analyses. Two dimensional nonmetric multidimensional scaling (NMDS) plots based on the Bray-Curtis measure for participants P1 to P9. Dissimilarities
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ere  calculated from the relative abundance of assigned operational taxonomic uni
onfidence interval around cluster centroids. Ordination was performed based on 

Vregion) of the 16S rRNA gene (C). Asterisks denote data points originating from D

ies, which were calculated from the relative abundance of assigned
TUs. Ordination analyses showed that the communities clustered
erfectly according to the participating laboratories (Fig. 2A). These
ndings again reflect a high degree of intra-center reproducibil-

ty (compare Fig. 1). Effects of DNA extraction methods on the
scertained community structure were visible by a greater ordi-
ation distance of DNA sample dissimilarities to the data points
erived from stool samples within one participating group, while
echnical replicates from the same stool samples were clustered
losely together (Fig. 2A). DNA samples are marked with aster-
sks). From this perspective, participants P3, P8 and P9 showed the
argest variability. Compared to the DNA sample extraction method,
articipant P3 reported automated DNA extraction without any
retreatment step, while participant P8 used a manual phenol-

hloroform extraction method. Participant P9 used repeated bead
eating followed by enzymatic digestion but used manual DNA
xtraction. Sequencing technology itself does not seem to have

 clear direct impact on the sample dissimilarities (Fig. 2B) since
Us) based on the reanalyzed quality assessment raw data. Ellipses indicate the 95%
s: Participants (A), used sequencing technology (B) and amplified variable regions
mples. The stress value is 0.073 (R2 = 0.995).

Illumina based results were irregularly distributed over the entire
ordination plot. However, inter-laboratory variations were best
explained by covered hypervariable (V-) regions and primers which
were selected for 16S rDNA-based amplicon sequencing (Fig. 2C)
according to their compatibility with sequencing platform require-
ments. This was  further confirmed by the statistical analysis using
an Adonis test. EQA participants (R2 = 0.84, p = 0.001) and amplified
V-regions (R2 = 0.67, p = 0.001) were both factors which explained
the highest proportion of variation (Table 2) in the ordination anal-
ysis causing significant changes in the analyzed microbial taxa.

3.6. Evaluation of SILVA release 123 16S ribosomal database
primer coverage
Universal 16S rDNA targeted primers used in this study were
reported by the participating laboratories (Table 1). Coverage of
eubacterial database records varied significantly among the partic-
ipants when 91.2 (P1, P7), 77.2 (P2), 86.0 (P3, P6), 73.9 (P4), 79.8
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Table  2
Summary statistics of Adonis test measures among tested groups. The analyzed
groups: EQA participants and amplified hypervariable 16S rDNA regions explained
84%  and 67% of the data varation, respectively.

Test Category R2 value p-value

Participant 0.84 0.001
V-region 0.67 0.001
DNA extraction method 0.57 0.001
Sequencing technology 0.47 0.001

Genus
Hafnia
Bifidobacterium
Gordon ibacter
Prevotella
Robinsoniella
Sutterella
Desulfovibrio
Sarcina
Weisse lla
Bilophila
Collinsella
Streptococcus
Turic ibacter
Alistipes
Dialister
Solobacterium
Akkermansia
Subdoligranulum
Var ibaculum

16S rRNA 
V-Region

V1V2
V3V6

V3V1
V4 V3V4

P9 P4 P2 P5 P1 P7 P8 P3 P6 Participant

Fig. 3. Evaluating the SILVA 123 release coverage of universal 16S rDNA target
primers. Heatmap and hierarchical clustering dendrogram based on the SILVA
release 123 16S rRNA sequence database coverage of PCR amplification primers as
used by the participants (P1 to P9). Numbers and row centered heatmap colors indi-
c
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uniform sample. In addition, we minimized bias introduced by
ate the percentage of database coverage of PCR primers for nineteen selected high
bundant genera evaluated using TestPrime 1.0. Black boxes indicate Dendrogram
lusters.

P5), 85.3 (P8) and 60.2 (P9) percent coverage of the current SILVA
elease 123 16S database was evaluated using TestPrime. However,
verall coverage was significantly increased by allowing one or two
rimer mismatches. Only one pair of amplification primers allowed
onsiderable coverage (64.8% database coverage, P6) of archaeal
pecies. However, no reads were assigned to archaeal taxa in the
ntire dataset.

Considering the database coverage of the participants’ primer
equences for most frequently occurring genera in the dataset,
ierarchal cluster analyses from calculated Pearsonı́s correlation
oefficients were performed to identify possible causes of inter-
enter variance based on the amplified variable 16S regions (Fig. 3).

enerated clusters were in perfect accordance to cluster groups

dentified by NMDS ordination analyses (see Fig. 2C) based on
ypervariable 16S regions amplified by the participants. Results
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from participating laboratories P3, P6 and P8 (V3–V4 variable 16S
regions) as well as P2, P4 (V4) or P1 and P7 (V3–V6) are grouped
according to their amplified V-regions, while P5 (V1–V2) and P9
(V3–V1) build separate clusters. Thus, coverage of amplification
primers used to bacterial taxa present in the examined micro-
biota are conceivably a major source of inter-center variance in
this study.

3.7. Variations of microbiota profiles on the phylum level using
different DNA preparation protocols

Extracted nucleic acid from one individual stool sample from the
EQA sample set was  sent to the participating laboratories in order
to investigate the effects of different DNA extraction methods on
the microbiota community structures obtained. The various insti-
tutions used a wide variety of different methodological approaches
for DNA extraction, with or without implemented mechanical and
enzymatic pretreatment steps, followed by a manual or automated
nucleic acid purification from crude extracts (Table 1). For both
DNA and stool samples, means of the relative abundance of OTUs
classified to the phylum level were compared from reanalyzed raw
sequencing reads. Participants P3, P8 and P9 showed the greatest
variation in relative phylum abundance between DNA and stool
samples, while differences for other participants were less promi-
nent. For participant P3, who  performed automated DNA extraction
without any pretreatment step, reanalysis of raw sequencing data
revealed a reduced amount of Actinobacteria in DNA samples (13%)
compared to extracted stool samples (24%), with a simultane-
ous increase in Bacteroidetes (14.8% compared to 6.8 between
DNA and stool samples, respectively) and Firmicutes (70.3–66.2%,
respectively). Participant P8, who carried out manual phenol-
chloroform extraction of DNA from stool specimens, reported a
greatly reduced relative reduction in phyla Bacteroidetes (1.0 com-
pared to 8.7%) and Actinobacteria (24.6 compared to 12.43%) in
stool samples when compared to DNA sample types, while Firmi-
cutes was  increased in DNA samples (73.9 and 77.3%, respectively).
A decrease in the relative abundance of the genus Prevotella, a
member of the phylum Bacteroidetes family, is mainly responsible
for the observed approx. 8-fold reduction in this phylum. Partici-
pant P9 conducted similar pretreatment steps for DNA preparation
compared to the EQA center, but used a manual vs. an automated
purification procedure. In this case, the manual purification method
possibly led to a greater intra-center variance since R. radiobacter
to A. acidiphilus spike-in ratios varied on a large scale (Fig. 4A), as
did the phylum abundance. Comparing means of the relative abun-
dance in DNA and stool sample types revealed an enrichment of
OTUs from the phylum Bacteroidetes (32.5% compared to 13.3%,
respectively) between stool and DNA samples, while Firmicutes
showed a significantly higher abundance in DNA (74.4%) compared
to stool samples (61.0%) Table 3.

4. Discussion

In this study, we  evaluated the performance of independent
laboratories, which had developed and implemented individ-
ual operational procedures for microbial community profiling
using 16S rDNA amplicon-based next-generation-sequencing tech-
niques. Our primary aim was  to assess the comparability of
microbiome analyses by implementing an external quality assess-
ment scheme. By sending homogenized and spiked stool samples,
we ensured that every result obtained originated from only one
sampling and storage procedures, which are known to have a
decisive influence on the microbial composition in analyzed spec-
imens (Dominianni et al., 2014; Bahl et al., 2012). We  found that
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Fig. 4. Detection of spiked eubacterial marker species by EQA participants. Boxplot of R. radiobacter to A. acidiphilus ratios (A) per participant calculated from the relative
abundance of taxonomically assigned OTUs on the genus level. The black dashed line indicates the expected R. radiobacter/A. acidiphilus ratio as quantified by qRT-PCR.
Boxplot  of taxonomically assigned OTUs to genus Salinibacter (B) per participant. Data was  obtained from reanalyzed raw sequencing data of participating institutions (P1 to
P9).

Table 3
Variation of the relative abundance between analyzed DNA and stool samples. Calculated relative abundance from assigned OTUs at the taxonomic level of phylum for
analyzed DNA and stool samples. Nucleic acids from DNA samples were extracted at the EQA center, while DNA from stool samples were extracted at the participating
institute. n.d. = not detected.

Phylum Actinobacteria Bacteroidetes Cand. Division TM7  Firmicutes Proteobacteria Tenericutes

Mean Relative Abundance (%) Stool DNA Stool DNA Stool DNA Stool DNA Stool DNA Stool DNA

P1 5.28 5.57 29.56 26.36 0.06 0.04 63.39 66.69 1.32 1.02 0.38 0.33
P2  6.44 9.95 44.36 37.95 0.01 0.01 45.98 45.42 0.72 0.86 2.5 5.83
P3  13.02 24.55 14.77 6.76 0.05 0.06 70.33 66.21 1.74 2.2 0.1 0.22
P4  16.87 n.d. 2.43 n.d. 0.01 n.d. 78.14 n.d. 0.82 n.d. 1.74 n.d.
P5  0.43 0.51 22.46 15.29 0.01 0.02 75.79 82.31 0.74 0.56 0.55 1.3
P6  19.42 12.12 6.92 6.31 0.01 0.04 70.72 78.14 2.5 1.78 0.4 1.6
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P7  6.33 6.67 30.84 27.5 

P8  24.62 12.43 0.96 8.74 

P9  2.41 2.5 32.5 13.27 

he reported relative abundance from the phylum to the genus
evel exhibited an unexpectedly high degree of compositional
ifferences between the participating centers, while only slight

ntra-center deviations were observed. Procedures for data analysis
ed to substantial differences as shown by comparison of reported
nd reanalyzed data. In particular, this was impressively demon-
trated in our study when OTUs that were classified to the genus
nterococcus by one participant reached up to nine percent relative
bundance, while reanalyzed and fellow participants showed no
resence. Various in-depth studies have already comprehensively

dentified sources of errors introduced by the use of data analysis
ipelines (D’Argenio et al., 2014), which may  be introduced dur-

ng initial quality filtering of raw sequencing reads (Schloss, 2010),
TU clustering (Chen et al., 2013; Schmidt et al., 2014), quality and
omposition of 16S ribosomal databases, or in general by improper
pplication of implemented algorithms and metrics.

Eliminating potential bias introduced by the wide variety of
ownstream bioinformatic procedures implemented, we  aimed
o increase comparability by uniformly reanalyzing the entire
QA data sets from next-generation-sequencing raw data pro-
ided by the participants. Potential methodological distortion of

ommunity profiles may  still arise from DNA extraction (Yuan
t al., 2012), unequal amplification of individual 16S rRNA genes
uring PCR amplification (Pinto and Raskin, 2012; Suzuki and
iovannoni, 1996), generation of sequencing libraries (van Dijk
 0.05 60.75 64.23 1.67 0.95 0.37 0.59
 0.02 73.86 77.32 0.37 1.22 0.05 0.22
 0.02 60.97 74.44 0.27 1.64 3.78 8.09

et al., 2014) or technologically inherent error characteristics of
next-generation-sequencing platforms (Liu et al., 2012; Luo et al.,
2012; Salipante et al., 2014). However, large inter-center variabil-
ity was  still present in our study after reanalysis of EQA raw data.
By sending DNA samples, readily extracted from the EQA sample
set, we could further show that different DNA extraction methods
had, as expected, a specific influence on the observed microbiota
profiles. As analyzed by NMDS ordination analyses, the selection
of amplification primers and the covered hypervariable 16S rDNA
regions deduced from them were determined to be the probable
main cause of difference between centers within the EQA dataset.
Individual coverage of certain taxa by selected DNA  sequences of
universal 16S rDNA primers is probably one main decisive fac-
tor, since hierarchal clusters calculated from SILVA release 123
database coverage of primers perfectly matched ordination groups
based on covered variable 16S rDNA regions. Tremblay et al. (2015)
analyzed mock communities using different primer sets targeting
the V3, V6–V8 and V7–V8 hypervariable regions using the Illu-
mina MiSeq and the 454 Titanium FLX instrument. In accordance
with our findings, observed relative abundance varied signifi-
cantly between mock communities amplified with different primer

sets, while sequencing platforms had only a minor impact. In the
same manner, Lozupone et al. (2013) found that samples from the
human microbiome project (HMP) where storage and DNA extrac-
tion were performed according to the same protocols, but which
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ere amplified using different primers covering V1–V3 or V3–V5,
ypervariable 16S rDNA regions clustered separately in principal
oordinate analyses. For this reason, direct comparison of micro-
iome studies carried out with different primer sets are hardly
ossible. As shown in our study, intra-laboratory variance was rel-
tively small and reliable comparisons could at least be made for
atasets amplified with primer sets targeting the same hypervari-
ble 16S rDNA regions. Additionally, discriminative effects of read
ength (Kuleshov et al., 2015; Hiergeist et al., 2015), as well as
mplified discriminative variable and conserved sites of the 16S
RNA gene (Vinje et al., 2014), have to be considered. Comprehen-
ive validation of universal 16S rDNA amplification primers and
ffective comparisons of covered relevant bacterial taxa are neces-
ary (Klindworth et al., 2013) to ensure a consistent representation
f microbiota profiles in microbiome analyses.

The addition of verifiable quantitative amounts of exogenic bac-
erial marker species allowed us to further investigate the recovery
f defined ratios between bacterial species. Our analyses revealed
ajor differences in the correct retrieval of expected proportions,

t least for known species. Spike-in controls are widely used in
ther research fields like RNA-Seq (Li et al., 2014), and should be
onsidered as controls for validation of protocols and as process
ontrols in microbiome research. Since marker gene-based stud-
es are highly dependent on high quality reads and the accuracy
f next-generation-sequencing, and downstream data analyses
lgorithms will continue to improve, close attention should be par-
icularly paid to the further development and standardization of
et-lab protocols, as well as their specific adjustment to micro-

iome analyses. This would allow for uniform DNA extraction and
CR amplification in order to minimize the methodological vari-
nce that outweighs biological differences and, moreover, allow
or appropriate interpretation of cross-study comparisons in the
uman microbiome field. In addition, researches should be encour-
ged to accurately deposit methodological details (their standard
peration procedures (SOPs)) to public sequence databases such as
he European Nucleotide Archive (ENA), to enable traceability of

ethodological bias and to further improve the inter-center com-
arability of microbiome analysis data.

. Conclusion

High inter-laboratory deviations were observed from our
rst external quality assessment of 16S rDNA next-generation-
equencing-based microbiota profiling. Our findings primarily
ndicate that the standardization and development of methods
o increase cross-study comparability is urgently needed. This
s particularly important in light of the accelerating transition
f sophisticated methods in microbiome analysis from research
o clinical routine diagnostics, which places very complex qual-
tative demands on laboratories. With the International Human

icrobiome Standards (IHMS) project, initial efforts have already
een undertaken to encourage methodological standardization of
icrobiome analyses, and the development of uniform standard

perating procedures (Sinha et al., 2015). Here, we  reported on the
rst inter-laboratory quality assessment scheme for microbiome
nalyses in a comparative study.
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