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Abstract

Assessing the distribution of 16S rRNA gene sequences within a biological sample represents the current state-of-the-art for
determination of human gut microbiota composition. Advances in dissecting the microbial biodiversity of this ecosystem
have very much been dependent on the development of novel high-throughput DNA sequencing technologies, like the Ion
Torrent. However, the precise representation of this bacterial community may be affected by the protocols used for DNA
extraction as well as by the PCR primers employed in the amplification reaction. Here, we describe an optimized protocol for
16S rRNA gene-based profiling of the fecal microbiota.
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Introduction

The gut microbiota is presumed to play a key role in human

health and disease through its impact on nutrition, pathogenesis

and immunology [1]. During the last decade extensive efforts have

been made to determine the complexity of the microbial

communities residing in the gut (for review see [2]). In fact, (gut)

disorders such as inflammatory bowel disease [3,4], irritable bowel

syndrome [5], obesity [6,7] and necrotizing enterocolitis [8] have

been considered as deviations from a healthy gut microbiota

composition.

The capability of high through-put sequencing of 16S rRNA

gene sequences by means of Next Generation Sequencing

(NGS) technologies has been pivotal in facilitating the discovery

of gut microbiota biodiversity [9]. The Ion Torrent PGM

instrument represents a recently commercialized bench-top NGS

platform and is marketed as being less costly and with a faster

turnaround as compared to other NGS techniques such as the

454 and Illumina platforms [10,11]. Application of the Ion

Torrent technology to 16S rRNA-based profiling of complex

bacterial communities has been achieved for the investigation of

the aquatic microbial community structure of the Athabasca

river [12], the bacterial and archaeal community dynamics in a

covered anaerobic pond that was utilized to treat waste from a

piggery [13], and the microbial population residing in human

subgingival plaque [14].

Previous studies have pointed out how the obtained biodiversity

image of the gut microbiota is affected by various protocols used

for DNA extraction, as well as by the particular PCR primers used

for amplification of the targeted region of the 16S rRNA gene [15–

17], leading to an underestimation of key components of the gut

microbiota of infants, in particular bifidobacteria [18]. In fact,

based on both culture-based techniques and analysis using species-

specific DNA probes, bifidobacteria were considered to represent

the dominant component of the neonatal gut microbiota, [19–21],

though other microbiota studies have suggested that bifidobacteria

are present at low abundance or even absent in the infant gut

microbiota [22,23].

These findings reinforce the need for a reliable protocol to

investigate the composition of the human gut microbiota. Here,

we describe a procedure specifically designed for the Ion Torrent

PGM technology to determine the biodiversity of the human gut

by means of 16S rRNA gene-based sequence profiling.
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Materials and Methods

Subject Recruitment and Fecal Sample Collection
The study was approved by the Ethical Committee of the

Regional Asturias Public Health Service (SESPA) and informed

written consent was obtained from the mothers. All subjects were

healthy and had not received any antibiotic or probiotic in the

previous 3 months. Stool samples consisted of 6–10 gr of fresh

fecal material, and were immediately frozen upon collection at

280uC until processed for DNA extraction.

Bacterial Strains and Growth Conditions
Ten representatives of abundant microorganisms of the human

gastrointestinal tract were used in this study. These include

Bifidobacterium longum NCIMB 8809, Collinsella intestinalis DSM

13280, Blautia producta DSM 2950, Escherichia coli LMG 2092 and

Klebsiella pneumoniae CECT 143, which they were grown in de Man-

Rogosa-Sharpe (MRS) broth (Difco, Detroit, MI) supplemented

with 0.05% (w/v) L-cysteine (Sigma, St. Louis, MO) (MRSC).

Prevotella copri DSM 18205 and Blautia coccoides DSM 935 were

cultivated in a combination of Reinforced Clostridial Broth

(Merck, Darmstadt, Germany) and Brain-Heart Infusion (Difco),

supplemented with 5% (v/v) heat-inactivated fetal bovine serum

(LabClinics, Barcelona, Spain). For culturing Bacteroides thetaiotao-

micron DSMZ 2079, the latter medium was supplemented with

0.005% haemin (Sigma) and 0.005% Vitamin K1 (Sigma).

Faecalibacterium prausnitzii DSM 17677 was grown in Wilkins-

Chalgren Anaerobe broth (Merck), following the recommenda-

tions included in the DSMZ medium 339. Finally, an active

culture of Methanobrevibacter smithii DSM 861, grown in Methano-

bacterium medium (DSMZ 119) was directly supplied by DSMZ.

Cultures were incubated at 37uC in an MG500 anaerobic

chamber (Don Whitley Scientific, West Yorkshire, United

Kingdom) with an atmosphere of 10% (v/v) H2, 10% CO2, and

80% N2. Taxonomic identity of the microorganisms used for the

16S rRNA gene microbial profiling assays was assessed by

sequencing the V1 and V2 variable regions of the 16S rRNA

gene using primers plb16 (59-AGAGTTTGATCCTGGCTCAG-

39) and mlb16 (59-GGCTGCTGGCACGTAGTTAG-39) [24].

PCR Primer Design
Primers Probio_Uni/Probio_Rev (Table 1) were assessed for

specificity using the ARB software package [25] and the SILVA

108 SSU Reference 16S rRNA gene database release [26]. In

order to validate the designed primers, we used an in silico

approach based on BLASTN matches with corresponding 16S

rRNA gene sequences from various bacteria that are commonly

found in the gut as well as those that are not expected in this

environment, which provided allowed us to evaluate if these

primers may also be used to examine the biodiversity of different

microbial ecosystems. In order to increase the number of

microbial taxa recognized by the primers designed in this study

we introduced a certain level of nucleotide degeneracy.

Deliberate Contamination of Faeces from Germ-free Rats
and DNA Extraction
Pellets for each strain were extensively washed with PBS,

concentrated in a PBS solution and cell counts were calculated in a

Neubauer Chamber. Feces from germ-free Fisher 344 rats (males)

were deliberately contaminated with three different mixes of

microorganisms, named mix P1, mix P2 and mix P3, and

homogenised for 1 min using a stomacher (IUL Instruments,

Barcelona, Spain). In all cases, M. smithii was added at a final

concentration of 1.30E9 cells/g faeces. In the first mix (P1), both

Gram positive and Gram negative microorganisms were added at

a final viable count of 3.84 E9 cells/g feces for each strain. In the

second mix (P2) Gram positive numbers were the same as in the

P1 mix, but Gram negative bacteria were added at a final

concentration of 3.84 E7 cells/g faeces for each strain, resulting in

a cell population in which the numbers of each Gram negative

strain are 2 logs below the numbers of Gram positive strains.

Finally, in the third mix (P3) the number of each introduced Gram

positive bacterial strain was 2 logs below the Gram negatives:

3.84 E7 cells/g feces for each Gram positive strain, and 3.84 E9

cells/g feces for each Gram negative strain.

Following the homogenization of the various feces-bacterial

mixes, four different DNA extraction procedures were used. i) The

DNA extraction protocol using the MOBIO Power Soil DNA

Isolation Kit (MOBIO Laboratories Inc., Carlsbad, CA) [recom-

mended by the Human Microbiome Consortium (www.hmpdacc.

org)] and from here on referred to as ‘MBio DNA-extraction’; ii)

The MBio DNA-extraction, which included an initial enzymatic

treatment for 1 h (enzymatic mix: Tris 50 mM pH 8.0, 10 mM

MgSO4, 5 mg/ml lysozyme and 100 U/ml mutanolysin), from

here on referred to as ‘MBioEz DNA-extraction’; iii) The QIAamp

DNA Stool Mini kit following the manufacturer’s intructions

Table 1. Primers used in this study.

Primer nameAdapter sequence Key Tag barcode GAT Primer Sequence (59–39) Reference

520F CCATCTCATCCCTGCGTGTCTCCGAC TCAG TGAGCGGAAC GAT AYTGGGYDTAAAGNG [28]

802R CCTCTCTATGGGCAGTCGGTGAT TACNVGGGTATCTAATCC [28]

Probio_Uni CCATCTCATCCCTGCGTGTCTCCGAC TCAG TTGGAGTGTC GAT CCTACGGGRSGCAGCAG In this study

Probio_Rev CCTCTCTATGGGCAGTCGGTGAT ATTACCGCGGCTGCT In this study

P1 CCATCTCATCCCTGCGTGTCTCCGAC TCAG TCTATTCGTC GAT CCTACGGGAGGCAGCAG [27]

P2 CCTCTCTATGGGCAGTCGGTGAT ATTACCGCGGCTGCT [27]

Bact-8F AGAGTTTGATCCTGGCTCAG [22,23]

1391R GACGGGCGGTGTGTRCA [22,23]

Bact-1510R CGGTTACCTTGTTACGACTT [32]

ENV1 AGAGTTTGATNNTGGCTCAG [22,27,28,33]

ENV2 CGGNTACCTTGTTACGACTT [22,27,28,33]

doi:10.1371/journal.pone.0068739.t001
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(Qiagen Ltd., Strasse, Germany), from here on referred to as ‘Qia

DNA-extraction’; iv) The Qia DNA-extraction protocol including

an initial mechanical cell disruption step by inclusion of 0.1 mm

zirconium–silica beads (Biospec Products, Bartlesville, OK) and by

subjecting the sample to three 1 min pulses at maximum speed in

a bead beater (FastPrep FP120 Thermo Savant; Qbiogene, Inc.,

Illkirch, France) with intervals of 1 min on ice and, subsequently,

the mechanical treatment was followed by an enzymatic lysis step

for 1 h at 37uC (enzymatic mix: 50 mM Tris-HCl, pH 8.0,

10 mM MgSO4, 5 mg/ml lysozyme and 50 U/ml mutanolysin)

from here on referred to as ‘QiaEz DNA-extraction’.

Mouse Trial
All animals used in this study were cared for in compliance with

guidelines established by the Italian Ministry of Health. All

procedures were approved by the University of Parma, as executed

by the Institutional Animal Care and Use Committee (Diparti-

mento per la Sanità Pubblica Veterinaria, la Nutrizione e la

Sicurezza degli Alimenti Direzione Generale della Sanità Animale

e del Farmaco Veterinario, Italy). Fecal samples were collected

after removal of animals from their box and no sacrifice of the

animals was performed.

16S rRNA Gene Amplification
Partial 16S rRNA gene sequences were amplified from

extracted DNA using primer pair Probio_Uni and/Probio_Rev,

which targets the V3 region of the 16S rRNA gene sequence, or

employing primer pair P1 and P2 [27], which targets the V3

region of the 16S rRNA gene sequences, or primer pair 520F and

802R [28] corresponding to the V4 region of the 16S rRNA gene

sequences. These primers were designed to include at their 59 end

one of the two adaptor sequences used in the Ion Torrent-

sequencing library preparation protocol linking a unique Tag

barcode of 10 bases to identify different samples. The complete list

of the primers used in this study is reported in Table 1.

The PCR conditions used were 5 min at 95uC, 35 cycles of 30 s

at 94uC, 30 s at 55uC and 90 s at 72uC, followed by 10 min at

72uC. Amplification was carried out by using a Verity Thermo-

cycler (Applied Biosystems). The integrity of the PCR amplicons

was analyzed by electrophoresis on an Experion workstation

(BioRad, UK).

Ion Torrent PGM Sequencing of 16S rRNA Gene-based
Amplicons
The PCR products derived from amplification of specific 16S

rRNA gene hypervariable regions were purified by electrophoretic

separation on an 1.5% agarose gel and the use of a Wizard SV Gen

PCRClean-UpSystem (Promega), followedby a further purification

step involving the Agencourt AMPure XP DNA purification beads

(BeckmanCoulterGenomicsGmbH,Bernried,Germany) inorderto

remove primer dimers. DNA concentration of the amplified

sequence library was estimated through the Experion system

(BioRad). From the concentration and the average size of each

amplicon library, the amount of DNA fragments per microliter was

calculated and libraries for each run were diluted to 3E9 DNA

molecules prior to clonal amplification. Emulsion PCR was carried

out using the Ion OneTouchTM 200 Template Kit v2 DL (Life

Technologies) according to the manufacturer’s instructions. Se-

quencingof theampliconlibrarieswascarriedoutona314 chipusing

the Ion Torrent PGM system and employing the Ion Sequencing

200 kit (Life Technologies) according to the supplier’s instructions.

After sequencing, the individual sequence reads were filtered by the

PGM software to remove low quality and polyclonal sequences.

Sequences matching the PGM 39 adaptor were also automatically

trimmed.AllPGMquality-approved, trimmedand filtereddatawere

exported as sff files.

Sequence-based Microbiota Analysis
The sff files were processed using QIIME [29]. Quality control

retained sequences with a length between 150 and 200 bp, mean

sequence quality score .25, with truncation of a sequence at the

first base if a low quality rolling 10 bp window was found.

Presence of homopolymers .6 bp, and sequences with mis-

matched primers were omitted. In order to calculate downstream

diversity measures (alpha and beta diversity indices, Unifrac

analysis), 16S rRNA Operational Taxonomic Units (OTUs) were

defined at $97% sequence homology. All reads were classified to

the lowest possible taxonomic rank using QIIME and a reference

dataset from the Ribosomal Database Project [30].

OTUs were assigned using uclust [31]. The hierarchical

clustering based on population profiles of most common and

abundant taxa was performed using UPGMA clustering (Un-

weighted Pair Group Method with Arithmetic mean, also known

as average linkage) on the distance matrix of OTU abundance.

This resulted in a Newick formatted tree, which was obtained

utilizing the QIIME package.

Nucleotide Sequence Accession Numbers
The raw sequences reported in this article have been deposited

in the NCBI Short Read Archive (SRA) (SAMN02009352,

SAMN02009353, SAMN02009354, SAMN02009355,

SAMN02009356, SAMN02009357).

Results and Discussion

Design of a Suitable PCR Primer Pair for 16S rRNA Gene
Sequence Profiling on the Ion Torrent NGS Platform
Previous investigations on taxonomic classification of the human

gutmicrobiotawerebasedonPCRprimers that target the16S rRNA

gene. Inorder todevelopaspecificandreliable16SrRNAgene-based

primer set that is suitable for IonTorrent sequencing technology, we

selected, based on currently available literature [27,28], primer pairs

that generate an amplicon of a maximum size of 200 bp and that

target the V4 or V3 hypervariable region of the 16S rRNA gene,

corresponding topositions563–797and341–534 (coordinates based

on the16S rRNAgeneofEscherichia coli strainK-12 substr.MG1655).

In addition, a novel primer set, i.e. Probio_Uni/Probio_Rev, was

designed for the purpose of this study by modification of the well

establishedprimer setP1/P2, originally designedby [27].Compared

tootherprimerpairsmentionedabove, theProbio_Uni/Probio_Rev

primer pair perfectly matches with a higher number of human gut

microbiota components as detected by an in silico analysis against

Ribosomal Database Project’s (RDP) sequences. As displayed in

Figure 1, the Probio_Uni/Probio_Rev primer pair theoretically

targets all 16S rRNA gene sequences of the gut microbiota bacterial

ordersweselectedwithanaverage similarityof94.4%andgenerating

Figure 1. Heat map showing the order classification rates for optimal choice of primers. Cells are colored on a gradient from 0% to 100%
matches of the primer with the 16S rRNA gene target sequences of the indicated microbial order. The size of the amplicons generated by the various
primer pairs are indicated. Furthermore, the percentage of the amplification rate from each primer pair on the various microbial taxa here described is
indicated at the top of the heat map.
doi:10.1371/journal.pone.0068739.g001
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an optimal Ion Torrent amplicon with an average length of 181 bp.

Specifically, compared to the primer pair P1/P2 [27], the

Probio_Uni/Probio_Rev primer pair perfectly targets (is fully

complementary without mismatches) relevant 16S rRNA gene

sequences of Archaeoglobales, Thermococcales, Sulfolobales, Cenarchaeales,

Methanococcales andMethanopyrales (Fig. 1).

Development of an Appropriate Methodology for DNA
Amplification
Precise assessment of the composition of the human gut

microbiota crucially depends on the reliability and specificity of

the PCR primers employed to amplify the 16S rRNA gene of

Figure 2. Fecal levels of different microorganisms as analyzed by PCR using different 16S rRNA gene-based primers. Panel a depicts
PCR amplification targeting the 16S rRNA gene of different enteric bifidobacteria as well as key intestinal bacteria using the primers described by [22]
[27,32,33,43] and the primer set Probio_Uni/Probio_Rev. Panel b. displays the microbial profile of the amplicons generated by the primer sets
described by [22,32,33] according to the following taxa: Bifidobacteriaceae, Enterobacteriaceae, Enterococcaceae, Lactobacillales, Bacteroidetes group,
and Atopobium group.
doi:10.1371/journal.pone.0068739.g002

Table 2. Relation between the percentages of 16S rRNA gene sequences obtained using the four different DNA extraction
methods and the mixes P1, P2 and P3.

MIX Species
Cell
number

% each
strain

16S copy
number

relative abundance not
normalized relative abundance normalized

P1 MBio MBioEz Qia QiaEz MBio MBioEz Qia QiaEz

B. longum 3,84E+09 10,71 4 2,99 57,36 3,39 23,47 1,07 43,68 1,35 20,54

B. coccoides+B. producta 7,68E+09 21,42 1+ 1,61 1 3,5 0,58 2,30 3,05 5,59 2,03

C. intestinalis 3,84E+09 10,71 2* 31,58 18,47 18,75 17,58 22,57 28,13 14,98 30,78

F. prausnitzii 3,84E+09 10,71 1 47,14 4,62 42,04 3,61 67,38 14,07 67,19 12,64

E. coli 3,84E+09 10,71 7 2,32 1,53 6,6 24,4 0,47 0,67 1,51 12,21

K. pneumoniae 3,84E+09 10,71 8 3,45 2,6 11,37 4,18 0,62 0,99 2,27 1,83

P. copri 3,84E+09 10,71 1* 2,23 0,41 2,09 0,58 3,19 1,25 3,34 2,03

B. thetaiotaomicron 3,84E+09 10,71 5 8,38 13,2 11,74 25,47 2,40 8,04 3,75 17,84

M. smithii 1,30E+09 3,63 2 0,01 0,08 0 0,06 0,01 0,12 0,00 0,11

P2

B. longum 3,84E+09 18,59 4 5,64 18,59 3,52 2,15 1,72 7,21 1,11 0,69

B. coccoides+B. producta 7,68E+09 37,18 1+ 2,86 2,43 9,06 6,35 3,49 3,77 11,42 8,17

C. intestinalis 3,84E+09 18,59 2* 27,11 33,14 32,12 35,76 16,56 25,72 20,25 23,01

F. prausnitzii 3,84E+09 18,59 1 63,94 39,88 52,87 52,33 78,12 61,90 66,66 67,35

E. coli 3,84E+07 0,19 7 0,08 3,21 0,63 0,8 0,01 0,71 0,11 0,15

K. pneumoniae 3,84E+07 0,19 8 0,05 1,26 0,82 1,2 0,01 0,24 0,13 0,19

P. copri 3,84E+07 0,19 1* 0,03 0,12 0,1 0,17 0,04 0,19 0,13 0,22

B. thetaiotaomicron 3,84E+07 0,19 5 0,19 0,84 0,75 0,86 0,05 0,26 0,19 0,22

M. smithii 1,30E+09 6,29 2 0 0 0 0 0,00 0,00 0,00 0,00

P3

B. longum 3,84E+07 0,23 4 0,1 0,2 0,05 0,29 0,09 0,26 0,05 0,42

B. coccoides+B. producta 7,68E+07 0,46 1+ 0 0 0,02 0,02 0,00 0,00 0,09 0,12

C. intestinalis 3,84E+07 0,23 2* 0,32 0,33 0,14 0,2 0,57 0,86 0,31 0,58

F. prausnitzii 3,84E+07 0,23 1 0,35 0 0,29 0,08 1,24 0,00 1,27 0,47

E. coli 3,84E+09 22,79 7 14,06 14,33 24,5 48,13 7,10 10,67 15,28 40,15

K. pneumoniae 3,84E+09 22,79 8 27,77 17,97 36,86 9,24 12,28 11,70 20,12 6,74

P. copri 3,84E+09 22,79 1* 13,86 1,53 8,75 0,48 49,01 7,97 38,21 2,80

B. thetaiotaomicron 3,84E+09 22,79 5 42,02 65,4 28,26 41,46 29,72 68,15 24,68 48,42

M. smithii 1,30E+09 7,71 2 0 0,15 0 0,1 0,00 0,39 0,00 0,29

The sequence of B. coccoides and B. producta were indistinguishable and were included in the same group.
*Means that only draft genomes are available, thus the 16S copy number is probably underestimated.
+ Means that no sequenced genomes are available, thus the genera average 16S copy number was used.
The normalized relative abundance was calculated by division of the relative abundances of every species by their predicted 16S copy number. Results of each sample
were normalized so that their sum is 100%.
doi:10.1371/journal.pone.0068739.t002
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specific groups of the bacterial community. Comparative assays

were performed by amplification reactions using the same samples

as templates and either different sets of previously described PCR

primers targeting bacterial [32] [22,27,28,32,33], or the newly

designed PCR primer pair (Probio_Uni/Probio_Rev) aimed at

amplification of the 16S rRNA gene of key gut microbiota

members such as those belonging to the genera Bifidobacterium,

Bacteroides, Collinsella, Prevotella, Escherichia, Blautia, Faecalibacterium,

Klebsiella and Methanobrevibacter. Notably, no or very little PCR-

mediated amplification product was obtained when DNA,

extracted from commonly encountered human gut bifidobacterial

species (Bifidobacterium breve, Bifidobacterium bifidum, Bifidobacterium

longum, Bifidobacterium adolescentis, Bifidobacterium catenulatum/Bifido-

bacterium pseudocatenulatum, Bifidobacterium angulatum and Bifidobacter-

ium gallicum) (for review see [34]), was used as a template and

employing Bact-8F/Bact-1510R, ENV1/ENV2 and Bact-8F/

1319R primer combinations. The dissection by quantitative real-

time qPCR of the microbial composition according to several

common intestinal microbiota taxa (e.g., Bifidobacteriaceae, Entero-

bacteriaceae, Enterococcaceae, Lactobacillales, Bacteroidetes group, and

Atopobium group) of amplicons obtained from fecal DNA extracted

using the method involving an enzymatic lysis based on previously

published PCR primers [22,27,28,32,33] yielded very different

microbial profiles (Fig. 2). In particular, the microbial taxon

Bifidobacterium appears to be completely absent when employing

primer combinations ENV1/ENV2 and Bact-8F/Bact-1510R

[22,33]. This is consistent with these primers exhibiting the lowest

level of homology with the corresponding 16S rRNA gene

sequences of members of the taxa Bifidobacteriaceae, Lactobacillus

and Enterobacteriaceae (Fig. 1). Altogether these results lead us to

conclude that the apparent lack of bifidobacterial sequences from

certain previously published 16S rRNA gene profiling gut

microbiota studies is in part due to PCR primers that were biased

against key members of the gut microbiota such as bifidobacteria.

Thus, many of the published studies describing the bacterial

composition of the infant gut seem to have significantly

underestimated the incidence and diversity of these commensals.

Setting up of a Valid Methodology for Sample Processing
Various studies investigating the human fecal microbiota

biodiversity have reported highly variable and sometimes contra-

dictory results [22,23,35]. Although these results may have been

due to biological variation between individuals, it has been shown

that sample preparation methods, such as DNA extraction does

play a significant role in explaining the reported variations [16]. In

order to address this issue we evaluated four fecal DNA extraction

methods, i.e. involving different commercial kits and by introduc-

ing an initial enzymatic treatment prior to the actual DNA

extraction protocol (see materials and methods), and assessed

which of these methods would provide the most accurate

representation of microbial populations in fecal samples by means

of 16S rRNA gene-based profiling using the Ion Torrent PGM

technology. Germ-free fecal samples from rats were mixed with

various combinations of nine different microbial strains belonging

to the following species: Bifidobacterium longum, Collinsella intestinalis,

Blautia coccoides, Blautia producta, Faecalibacterium prausnitzii, Escherichia

coli, Prevotella copri, Klebsiella pneumoniae, Bacteroides thetaiotaomicron and

the Archeal strain Methanobrevibacter smithii, representing some of

the most abundant bacterial species in the human gastrointestinal

tract, according to several reports [36,37], while M. smithii is the

most frequently found archeal bacterium in the human gut [38].

Total DNA samples, extracted by different methods from feces

contaminated with microbial mixes of these ten microorganisms in

different proportions, were used as template for amplification with

the primers developed in this study, i.e., Probio_Uni and

Probio_Rev. Gnotobiotic feces were used as negative controls in

the four extraction procedures, yielding as expected no amplicons.

The Ion Torrent sequencing platform, as optimized here, was

shown to detect all bacterial strains present in the samples,

independent of the relative amount of each strain. However, M.

smithii was not consistently detected in all samples analyzed. Since

the primers Probio_Uni and Probio_Rev match with a high score

to the 16S rRNA gene sequences of this archaea, our results

suggest incomplete lysis of archaeal cells. In this regard,

Methanobrevibacter cells are covered by pseudomurein, a polymer

that is similar to bacterial peptidoglycan with the exception of the

l-N-acetyltalosaminuronic acid linked (b-1,3) to d-N-acetylgluco-

samine (GlcNAc) and the absence of D-amino acids in the

interpeptide bridges [39]. Therefore, it seems that methods

focused on pseudomurein digestion are needed for optimizing

methanobacteria lysis. Overall, our results point that this

microorganism is present in the human intestine in quantities

higher than previously reported in some microbiota studies.

Notably, our results indicate that several species, such as F.

prausnitzii, C. intestinalis and B. thetaiotaomicron, are normally

overestimated, whereas others, such as B. longum, are underesti-

mated.

In order to determine which of the four tested DNA extraction

methods provided the most reliable representation of the fecal

bacterial community, we determined the proportion of each

microbial group using the percentages of sequences obtained after

16S rRNA gene-based microbial profile analysis and compared

this to the known number of microorganisms added to each

sample. As previously shown, the evaluation of the abundance of

members of the gut microbiota based on 16S rRNA gene profiling

might be influenced by the copy number of 16S rRNA gene

sequences [40].

Thus, we decided to normalize the number of reads linked to

microbial taxon for the copy number of 16S rRNA gene loci

present in their genome sequences (Table 2 and Figure S1). The

detected difference, expressed in log units, between the number of

microorganisms added and the number of sequences, either

normalized for the copy number of 16S rRNA gene loci or not

normalized, was calculated for each microorganism. The Bray-

Curtis dissimilarity indexes were then calculated between the

experimental data obtained for each bacterial mix (P1, P2 and P3)

and the true levels of added microbes present in these mixes. This

approach allows the identification of the best method without

introducing subjective biases. In fact, the method showing the

lowest mean value is considered to provide the most accurate

Figure 3. Rarefaction curves generated for 16S rRNA gene sequences and Principal Coordinate Analysis (PCoA) based on the
phylotypes identified from different PCR primer sets as well as from different samples (stool samples of infants and fecal samples
of mothers). Panels a and c display the rarefaction curves and the PCoA from stool samples of infants. Panels b and d show the rarefaction curves
and the PCoA from fecal samples of mothers. In panels c and d percentages shown along the axes represent the proportion of dissimilarities captured
by the axes. Each symbol represents the 16S rRNA gene sequences from each sample which are displayed in a different colour and shape according
to the PCR primer pair. In panels a and b the plots depicted on the left represent the rarefaction curves determined using the PD index whereas the
plots show on the right constitute the rarefaction curves obtained using the Chao index. A 95% confidence intervals was added to the rarefaction
curves.
doi:10.1371/journal.pone.0068739.g003
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overall representation of the bacterial communities in feces, based

on the fact that the obtained Bray-Curtis dissimilarity index value

is the lowest for the situation where the observed discrepancy

between the number of microorganisms added and detected is the

smallest. Thus, when normalization for the copy number of 16S

rRNA gene loci was not considered, we found that the Qia-DNA

extraction method yielded the most reliable results out of the four

methods tested here, since it provides the most accurate reflection

of the fecal microbiota composition. In contrast, the MBioEz-

DNA extraction method generated the least accurate results. The

Bray-Curtis distances using the four different methods were 0.17

(Qia), 0.23 (QiaEz), 0.29 (MBio) and 0.45 (MBioEz). However, if

normalization for the number of 16S rRNA gene copies was taken

into account, the Qia and QiaEz-DNA extraction methods

showed the best results, with Bray-Curtis distance values being

0.17, 0.16, 0.39, and 0.42 for the Qia, QiaEz, MBio, and MBioEz-

DNA extraction methods, respectively. We also noticed that an

initial enzymatic treatment to enhance cell lysis increases the

representation of some species, such as B. thetaiotaomicron. It is

worthwhile mentioning that results are expected to be different

when alternative DNA extraction protocols are used. In fact, other

studies have recently indicated that the Qia-DNA extraction

method is not as accurate as alternative bead-beating methods

[41,42].

Comparison of Gut Microbiota Profiling using Different
Primer Sets
In order to further evaluate the efficacy of different primer sets,

including Probio_Uni/Probio_Rev, P1/P2 [27], 520F/802R [43]

to delineate the microbiota composition of human fecal samples,

we sequenced 16S rRNA gene-based amplicons achieved with

either of these primers pairs, using the same DNA stock extracted

from two different fecal samples. For this purpose two human fecal

DNA samples were used, one retrieved from a three month infant

stool sample, which based on previous published data was

considered to possess a low level of complexity [18] and another

one extracted from a mother’s fecal sample assumed to include a

diverse composition of microbiota [18,32,43]. In total, 1,276,969

sequence reads, representing 633,877 and 643,092 reads per

infant- and mother sample, respectively, were generated on the

Ion Torrent PGM machine (Table 3). The decrease in the rate of

phylotype detection and the plateauing of various diversity indices

for this set of PCR primers demonstrated that a large part of the

diversity in these libraries had been detected, even though a higher

number of phylotypes was identified for the primer pair

Probio_Uni/Probio_Rev as compared to the other PCR primer

sets (Fig. 3).

The significance test in UniFrac [44] reported P-Values

(Bonferroni corrected) equal to 1e-02 for every pair of samples

of both mother and infant sets, meaning that the results are highly

significant (if P-values #0.05 are considered to be statistical

significant). This method was used to evaluate if the cluster

distribution of the sequences achieved with the different PCR

primers differs from random expectations. Principal Coordinate

Analysis (PCoA), applied using the UniFrac program, showed that,

while the datasets obtained with the P1/P2 and Probio_uni/

Probio_rev primer pairs cluster together, the dataset achieved with

the 520F/802R primer pair is rather different (Fig. 3). This

suggests that the microbial composition assessed by this latter

primer set is different than those detected by either P1/P2 or

Probio_uni/Probio_rev.

Clustering of de-noised high quality reads generated 18,910 and

2,361 OTUs for the mother and infant samples, respectively. As

expected the microbial composition of the two fecal samples

T
a
b
le

3
.
Q
u
an

ti
ta
ti
ve

d
at
a
o
f
th
e
1
6
S
rR
N
A
g
e
n
e
se
q
u
e
n
ce

d
at
as
e
ts

u
se
d
in

th
is
st
u
d
y.

D
a
ta
se

t*
S
a
m
p
le

N
u
m
b
e
r

o
f
re
a
d
s

N
u
m
b
e
r
o
f
re
a
d
s
re
m
o
v
e
d
b
e
ca

u
se

o
f:

F
in
a
l
re
a
d
n
u
m
b
e
r

R
e
d
u
ce

d
b
y
(%

)

O
u
ts
id
e
b
o
u
n
d
s

(1
6
0
–
3
0
0
)

A
m
b
ig
u
o
u
s

b
a
se

s
M
e
a
n
q
u
a
li
ty

,
1
5

H
o
m
o
p
o
ly
m
e
r

ru
n
s
.
6
b
p

P
ri
m
e
r

m
is
m
a
tc
h
.
1

L
o
w

q
u
a
li
ty

w
in
d
o
w

tr
u
n
ca

ti
o
n

re
su

lt
s
in

,
1
6
0
b
p

M
M
5
2
0
F/
8
0
2
R

1
7
1
5
5
9

1
0
3
7
5
7

3
9
.5
2
%

M
P
ro
b
io
_
U
n
i/
P
ro
b
io
_
R
e
v

2
3
1
6
6
0

1
4
6
6
8
8

3
6
.6
8
%

M
P
1
/P
2

2
3
9
8
7
3

1
5
2
9
9
5

3
6
.2
2
%

T
O
T
A
L

6
4
3
0
9
2

1
3
0
3
8
7

0
0

1
8
2
9
0

2
5
4
5
9

6
5
5
1
6

4
0
3
4
4
0

3
7
.2
7
%

I
I5
2
0
F/
8
0
2
R

1
8
0
9
1
7

1
3
3
5
9
2

2
6
.1
6
%

IP
ro
b
io
_
U
n
i/
P
ro
b
io
_
R
e
v

2
5
1
6
3
2

1
5
1
7
9
0

3
9
.6
8
%

IP
1
/P
2

1
8
6
7
8
0

1
4
5
7
3
0

2
1
.9
8
%

T
O
T
A
L

6
3
3
8
7
7

3
7
3
9
6

0
8
0
6
0

6
0
2
9

9
0
7
0
1

5
9
8
7
8

4
3
1
1
1
2

3
1
.9
9
%

*T
h
e
M

d
at
as
e
t
st
an

d
s
fo
r
m
o
th
e
r’
s
fe
ca
l
sa
m
p
le

d
at
as
e
t;
I
d
at
as
e
t
co
rr
e
sp
o
n
d
to

th
e
in
fa
n
t’
s
st
o
o
l
sa
m
p
le

d
at
as
e
t.

d
o
i:1
0
.1
3
7
1
/j
o
u
rn
al
.p
o
n
e
.0
0
6
8
7
3
9
.t
0
0
3

Microbial Diversity of the Fecal Microbiota

PLOS ONE | www.plosone.org 9 July 2013 | Volume 8 | Issue 7 | e68739



Microbial Diversity of the Fecal Microbiota

PLOS ONE | www.plosone.org 10 July 2013 | Volume 8 | Issue 7 | e68739



displayed a much simpler OTU organization in the infant stool

sample as compared to that of the mother. At genus level,

sequencing reads could be assigned to 83 main individual taxons,

of which 30 were present in all the three PCR-primer dataset in at

least one of the two samples (Fig. 4). Furthermore, we analyzed the

similarities and differences in the composition of the fecal sample

assayed using the three PCR primer sets by hierarchical clustering

based on population profiles of the most common and abundant

taxa (Fig. 4). The clustering patterns are also reflected in the

corresponding bar diagram (Fig. 4), highlighting bias in resolution

of the PCR primer sets against specific microbial taxa. Microbiota

composition observed with these different primer sets, highlighted

a discrepancy with respect the Enterococcaceae, Lachnospiraceae,

Lactobacillaceae, Streptococcaceae and Veillonellaceae (Fig. 4). In fact,

primer set Probio_Uni/Probio_Rev displayed a higher proportion

of members of these bacterial groups compared to the other set of

primers, where a lower number or no phylotypes corresponding to

the above mentioned microbial taxa were identified (Fig. 4). The

latter finding thus reinforces the importance of a reliable PCR

primer set for the appropriate delineation of the biodiversity of the

human gut.

Conclusions
Appropriate primer selection as well as DNA extraction

protocols in microbiota studies using 16S rRNA gene sequencing

approach is essential to enable trustworthy representation of the

organisms present in an environment such as human gut

ecosystem. In this context, dominant infant gut microbiota

members such as bifidobacteria are under-represented in many

published metagenomic studies of the microbial biodiversity of the

infant gut [22] due to technical biases. In fact, the presence of a

thick cell wall of bifidobacterial cells as well as a polysaccharide

surface layer [45] might render these microorganisms recalcitrant

to cell lysis, thus causing a low recovery of their chromosomal

DNA. In contrast, other key members of the gut microbiota such

as Faecalibacterium and Bacteroides might be over-represented in most

of the current human gut metagenomic studies. Here, we were

able to demonstrate that the bias observed against the detection of

bifidobacteria was due to the DNA extraction as well as PCR

steps. We have shown that erroneous conclusions about the

presence/absence as well as relative proportion of bifidobacteria

are likely if primers that do not sufficiently complement the target

16S rRNA gene sequence are used. Noticeably, the error

frequencies predicted to occur within DNA sequences generated

by IonTorrent is equivalent to that estimated for other NGS

technologies such as 454, i.e., about 1% [9]. Such a low level of

error should not affect the final OTUs prediction, since these are

calculated at 97% of nucleotide identity.

In this study we have designed a PCR primer set allowing

accurate detection of bifidobacteria as well as other main members

of the human gut microbiota, which, in combination with a fast

and cheap sequencing approach like the Ion Torrent PGM, is

suitable for the investigation of the microbial composition of the

human gut microbiota.

Supporting Information

Figure S1 Ratio of 16S rRNA gene sequences obtained
after the analysis of the artificially contaminated
gnotobiotic fecal samples. Four different DNA extraction

procedures (Qia, QiaEz, MBio and MBioEz DNA-extractions)

and three different mixes of microorganisms (P1, P2 and P3) were

used (see material and methods section). A, B and C represent the

results obtained for the three different mixes (P1, P2 and P3,

respectively) when the relative abundance of 16S rRNA gene

sequences was not normalized. D, E and F represent the results

obtained for the three different mixes (P1, P2 and P3, respectively)

when the relative abundance of 16S sequences was normalized

considering the predicted 16S copy number of the strains. In the

center of each panel, the expected result according to the real

microbial population present in each sample is depicted, and the

graphics on the corners show the results using the four different

extraction methods. The sequence of Blautia coccoides and Blautia

producta were indistinguishable and were included in the same

group.

(TIF)

Acknowledgments

We thank Dr. Fabio Raffaldi and Dr. Nicola Segata for excellent technical

support.

Author Contributions

Conceived and designed the experiments: MV AM DV MG BS RM.

Performed the experiments: CM AH EF SD FT GL. Analyzed the data:

MV AM. Contributed reagents/materials/analysis tools: MV AM. Wrote

the paper: MV AM DV.

References

1. Young VB (2012) The intestinal microbiota in health and disease. Curr Opin

Gastroenterol 28: 63–69.

2. Clemente JC, Ursell LK, Parfrey LW, Knight R (2012) The impact of the gut

microbiota on human health: an integrative view. Cell 148: 1258–1270.

3. Tamboli CP, Neut C, Desreumaux P, Colombel JF (2004) Dysbiosis in

inflammatory bowel disease. Gut 53: 1–4.

4. Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermudez-Humaran LG, et al.

(2008) Faecalibacterium prausnitzii is an anti-inflammatory commensal

bacterium identified by gut microbiota analysis of Crohn disease patients. Proc

Natl Acad Sci U S A 105: 16731–16736.

5. Kassinen A, Krogius-Kurikka L, Makivuokko H, Rinttila T, Paulin L, et al.

(2007) The fecal microbiota of irritable bowel syndrome patients differs

significantly from that of healthy subjects. Gastroenterology 133: 24–33.

6. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, et al. (2006) An

obesity-associated gut microbiome with increased capacity for energy harvest.

Nature 444: 1027–1031.

7. Delzenne NM, Neyrinck AM, Backhed F, Cani PD (2011) Targeting gut

microbiota in obesity: effects of prebiotics and probiotics. Nat Rev Endocrinol 7:

639–646.

8. de la Cochetiere MF, Piloquet H, des Robert C, Darmaun D, Galmiche JP, et al.

(2004) Early intestinal bacterial colonization and necrotizing enterocolitis in

premature infants: the putative role of Clostridium. Pediatr Res 56: 366–370.

9. Rothberg JM, Hinz W, Rearick TM, Schultz J, Mileski W, et al. (2011) An

integrated semiconductor device enabling non-optical genome sequencing.

Nature 475: 348–352.

10. Liu L, Li Y, Li S, Hu N, He Y, et al. (2012) Comparison of next-generation

sequencing systems. J Biomed Biotechnol 2012: 251364.

Figure 4. Number of sequences per phylotype for each PCR primer pair and sample (stool samples of infants and fecal samples of
mothers). The y axis displays the OTUs at family level detected in this study; each row represents a different OTU. Increasing darkness of the colour
scale corresponds to higher estimated relative abundance. At the bottom of the heatmap a representation of the abundance of different phylotypes
at the genus level detected by different PCR primer set for each sample has been displayed.
doi:10.1371/journal.pone.0068739.g004

Microbial Diversity of the Fecal Microbiota

PLOS ONE | www.plosone.org 11 July 2013 | Volume 8 | Issue 7 | e68739



11. Quail MA, Smith M, Coupland P, Otto TD, Harris SR, et al. (2012) A tale of

three next generation sequencing platforms: comparison of Ion Torrent, Pacific
Biosciences and Illumina MiSeq sequencers. BMC Genomics 13: 341.

12. Yergeau E, Lawrence JR, Sanschagrin S, Waiser MJ, Korber DR, et al. (2012)

Next-generation sequencing of microbial communities in the Athabasca River
and its tributaries in relation to oil sands mining activities. Appl Environ

Microbiol 78: 7626–7637.
13. Whiteley AS, Jenkins S, Waite I, Kresoje N, Payne H, et al. (2012) Microbial

16S rRNA Ion Tag and community metagenome sequencing using the Ion

Torrent (PGM) Platform. J Microbiol Methods 91: 80–88.
14. Junemann S, Prior K, Szczepanowski R, Harks I, Ehmke B, et al. (2012)

Bacterial community shift in treated periodontitis patients revealed by ion
torrent 16S rRNA gene amplicon sequencing. PLoS One 7: e41606.

15. Sim K, Cox MJ, Wopereis H, Martin R, Knol J, et al. (2012) Improved detection
of bifidobacteria with optimised 16S rRNA-gene based pyrosequencing. PLoS

One 7: e32543.

16. Salonen A, Nikkila J, Jalanka-Tuovinen J, Immonen O, Rajilic-Stojanovic M, et
al. (2010) Comparative analysis of fecal DNA extraction methods with

phylogenetic microarray: effective recovery of bacterial and archaeal DNA
using mechanical cell lysis. J Microbiol Methods 81: 127–134.

17. Andersson AF, Lindberg M, Jakobsson H, Backhed F, Nyren P, et al. (2008)

Comparative analysis of human gut microbiota by barcoded pyrosequencing.
PLoS One 3: e2836.

18. Turroni F, Peano C, Pass DA, Foroni E, Severgnini M, et al. (2012) Diversity of
bifidobacteria within the infant gut microbiota. PLoS One 7: e36957.

19. Turroni F, Foroni E, Pizzetti P, Giubellini V, Ribbera A, et al. (2009) Exploring
the diversity of the bifidobacterial population in the human intestinal tract. Appl

Environ Microbiol 75: 1534–1545.

20. Fanaro S, Chierici R, Guerrini P, Vigi V (2003) Intestinal microflora in early
infancy: composition and development. Acta Paediatr Suppl 91: 48–55.

21. Favier CF, Vaughan EE, De Vos WM, Akkermans AD (2002) Molecular
monitoring of succession of bacterial communities in human neonates. Appl

Environ Microbiol 68: 219–226.

22. Palmer C, Bik EM, DiGiulio DB, Relman DA, Brown PO (2007) Development
of the human infant intestinal microbiota. PLoS Biol 5: e177.

23. Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, et al. (2011)
Succession of microbial consortia in the developing infant gut microbiome. Proc

Natl Acad Sci U S A 108 Suppl 1: 4578–4585.
24. Kullen MJ, Sanozky-Dawes RB, Crowell DC, Klaenhammer TR (2000) Use of

the DNA sequence of variable regions of the 16S rRNA gene for rapid and

accurate identification of bacteria in the Lactobacillus acidophilus complex.
J Appl Microbiol 89: 511–516.

25. Ludwig W, Strunk O, Westram R, Richter L, Meier H, et al. (2004) ARB: a
software environment for sequence data. Nucleic Acids Res 32: 1363–1371.

26. Field D, Garrity G, Gray T, Morrison N, Selengut J, et al. (2008) The minimum

information about a genome sequence (MIGS) specification. Nat Biotechnol 26:
541–547.

27. Zhang C, Zhang M, Wang S, Han R, Cao Y, et al. (2010) Interactions between
gut microbiota, host genetics and diet relevant to development of metabolic

syndromes in mice. ISME J 4: 232–241.
28. Claesson MJ, O’Sullivan O, Wang Q, Nikkila J, Marchesi JR, et al. (2009)

Comparative analysis of pyrosequencing and a phylogenetic microarray for

exploring microbial community structures in the human distal intestine. PLoS

One 4: e6669.

29. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, et al. (2010)

QIIME allows analysis of high-throughput community sequencing data. Nat

Methods 7: 335–336.

30. Cole JR, Wang Q, Cardenas E, Fish J, Chai B, et al. (2009) The Ribosomal

Database Project: improved alignments and new tools for rRNA analysis.

Nucleic Acids Res 37: D141–145.

31. Edgar RC (2010) Search and clustering orders of magnitude faster than BLAST.

Bioinformatics 26: 2460–2461.

32. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, et al. (2005)

Diversity of the human intestinal microbial flora. Science 308: 1635–1638.

33. Wang M, Ahrne S, Jeppsson B, Molin G (2005) Comparison of bacterial

diversity along the human intestinal tract by direct cloning and sequencing of

16S rRNA genes. FEMS Microbiol Ecol 54: 219–231.

34. Ventura M, Canchaya C, Tauch A, Chandra G, Fitzgerald GF, et al. (2007)

Genomics of Actinobacteria: tracing the evolutionary history of an ancient

phylum. Microbiol Mol Biol Rev 71: 495–548.

35. Werner JJ, Koren O, Hugenholtz P, DeSantis TZ, Walters WA, et al. (2012)

Impact of training sets on classification of high-throughput bacterial 16s rRNA

gene surveys. ISME J 6: 94–103.

36. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, et al. (2010) A human gut

microbial gene catalogue established by metagenomic sequencing. Nature 464:

59–65.

37. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, et al.

(2012) Human gut microbiome viewed across age and geography. Nature 486:

222–227.

38. Samuel BS, Hansen EE, Manchester JK, Coutinho PM, Henrissat B, et al.

(2007) Genomic and metabolic adaptations of Methanobrevibacter smithii to the

human gut. Proc Natl Acad Sci U S A 104: 10643–10648.

39. Albers SV, Meyer BH (2011) The archaeal cell envelope. Nat Rev Microbiol 9:

414–426.

40. Kembel SW, Wu M, Eisen JA, Green JL (2012) Incorporating 16S Gene Copy

Number Information Improves Estimates of Microbial Diversity and Abun-

dance. PLoS Comput Biol 8: e1002743.

41. Ariefdjohan MW, Savaiano DA, Nakatsu CH (2010) Comparison of DNA

extraction kits for PCR-DGGE analysis of human intestinal microbial

communities from fecal specimens. Nutr J 9: 23.

42. Smith B, Li N, Andersen AS, Slotved HC, Krogfelt KA (2011) Optimising

bacterial DNA extraction from faecal samples: comparison of three methods.

Open Microbiol J 5: 14–17.

43. Claesson MJ, Cusack S, O’Sullivan O, Greene-Diniz R, de Weerd H, et al.

(2011) Composition, variability, and temporal stability of the intestinal

microbiota of the elderly. Proc Natl Acad Sci U S A 108 Suppl 1: 4586–4591.

44. Lozupone C, Hamady M, Knight R (2006) UniFrac–an online tool for

comparing microbial community diversity in a phylogenetic context. BMC

Bioinformatics 7: 371.

45. Fanning S, Hall LJ, Cronin M, Zomer A, MacSharry J, et al. (2012)

Bifidobacterial surface-exopolysaccharide facilitates commensal-host interaction

through immune modulation and pathogen protection. Proc Natl Acad Sci U S A

109: 2108–2113.

Microbial Diversity of the Fecal Microbiota

PLOS ONE | www.plosone.org 12 July 2013 | Volume 8 | Issue 7 | e68739


