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Abstract A survey of bacterial and archaeal community

structure was carried out in 10 shallow tube wells in a high

arsenic groundwater system located in Hetao Basin, Inner

Mongolia by 16S rRNA gene based two-step nested PCR-

DGGE, clone libraries and 454 pyrosequencing. 12 bacte-

rial and 18 archaeal DGGE bands and 26–136 species-level

OTUs were detected for all the samples. 299 bacterial and

283 archaeal 16S rRNA gene clones for two typical sam-

ples were identified by phylogenetic analysis. Most of the

results from these different methods were consistent with

the dominant bacterial populations. But the proportions of

the microbial populations were mostly different and the

bacterial communities in most of these samples from py-

rosequencing were both more abundant and more diverse

than those from the traditional methods. Even after quality

filtering, pyrosequencing revealed some populations

including Alishewanella, Sulfuricurvum, Arthrobacter,

Sporosarcina and Algoriphagus which were not detected

with traditional techniques. The most dominant bacterial

populations in these samples identified as some arsenic,

iron, nitrogen and sulfur reducing and oxidizing related

populations including Acinetobacter, Pseudomonas, Fla-

vobacterium, Brevundimonas, Massilia, Planococcus, and

Aquabacterium and archaeal communities Nitrosophaera

and Methanosaeta. Acinetobacter and Pseudomonas were

distinctly abundant in most of these samples. Methanogens

were found as the dominant archeal population with three

methods. From the results of traditional methods, the

dominant archaeal populations apparently changed from

phylum Thaumarchaeota to Euryarchaeota with the

arsenic concentrations increasing. But this structure

dynamic change was not revealed with pyrosequencing.

Our results imply that an integrated approach combining

the traditional methods and next generation sequencing

approaches to characterize the microbial communities in

high arsenic groundwater is recommended.
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Introduction

Arsenic (As) in groundwater is a serious environmental

issue that affects the health of millions of people in parts of

Bangladesh, West Bengal, Cambodia, China, Japan,

Argentina, Chile and USA (Islam et al. 2004; Sutton et al.

2009; Polya and Charlet 2009; Liao et al. 2011; Farooq

et al. 2012; Jiang et al. 2014; Rodrı́guez-Lado et al. 2013).

Common chronic problems include skin diseases (pig-

mentation, dermal hyperkeratosis, skin cancer) and many

cardiovascular, neurological, hematological, renal and

respiratory diseases, as well as lung, bladder, liver, kidney

and prostate cancers (Smith et al. 2002; Herbert and Snow

2012). Hetao Basin (the Great Bend of Yellow River) of
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Inner Mongolia located in the arid-semiarid region in

northwestern China is typical of an area affected by As

poisoning, with [300,000 victims of arseniasis (He et al.

2009). Most groundwater from this region contains high As

with concentrations varying from 0.35 to 1.74 mg/L, which

exceeds the maximum contaminant level (10 lg/L) by

more than 100 times (Deng 2008).

In the last decade, there have been many studies about

As release and transformation mechanism, with a focus

on geochemical controls and microbial activity (Nord-

strom 2002; Smedley and Kinniburgh 2002; Berg et al.

2007; Guo et al. 2008; Deng et al. 2009; Sutton et al.

2009; Mukherjee et al. 2009; Kocar et al. 2010; Neidhardt

et al. 2012; Rodrı́guez-Lado et al. 2013). These previous

studies showed that As mobilization is a result of com-

plex interplay of microbial mediated reactions and geo-

chemical processes that are sensitive to site-specific

hydrology and sediment composition. To date, many

microorganisms, such as Shewanella sp. strain ANA-3,

Desulfosporosinus sp. strain Y5, Bacillus sp. UWC have

been linked with As mobilization at different aquifers and

sediment depths (Malasarn et al. 2004; Pe0rez-Jime0nez

et al. 2005; Liao et al. 2011). However, previous research

supporting the biogeochemical basis for As mobilization

at Hetao Basin has so far failed to identify the native

microbial populations responsible for high arsenic con-

centration in these aquifers. In recently studies, we have

successfully characterized the in situ microbial commu-

nities in the high arsenic aquifers with traditional Sanger

sequencing methods (Li et al. 2013; Jiang et al. 2014).

Although some useful information have been found, the

disadvantages of the methods are prominent due to its the

limit amounts of sequence data and the relatively high

sequencing cost. With recent advancement in sequencing

technologies, the next generation sequencing, such as

Tag-encoded FLX amplicon pyrosequencing (Roche

Titanium 454 FLX pyrosequencing) is increasingly being

used to characterize microbial community composition

especially for the study of uncultured microbial popula-

tions in environmental samples (Hou et al. 2013; Boué-

tard et al. 2012). But more recently studies showed this

sequencing technology still its defects such as underesti-

mate on the abundant and diverse of archaeal communi-

ties (Sundberg et al. 2013).

In this study, we employed an integrated approach,

including 16S rRNA gene based denaturing gradient

gel electrophoresis (DGGE), clone libraries and

454 pyrosequencing to investigate the structure and

diversity of the in situ microbial communities in the

representative arsenic-rich shallow aquifers by comparing

the results of the traditional and new generation

sequencing methods.

Materials and methods

Sample collection and laboratory analytical methods

Groundwater samples were collected in May 2010 from tube

wells from ten villages in Hangjihouqi, Hetao Basin, Inner

Mongolia (Fig. 1): three located in Shahai district (samples

IMCUGW8, 9, 10) and three in Taiyangmiao (samples IM-

CUGW4, 5, 7), two in Manhui Town (samples IMCUGW1,

3), one in Sandaoqiao (sample IMCUGW6) and one in Er-

daoqiao (sample IMCUGW2). Microbial samples were

collected by on-line filtering of 5–10 L water through

0.2-lm filters (Millipore), and the filters were immediately

frozen in dry ice. All samples were stored with dry ice in the

field and during transportation, and then at -80 �C in labo-

ratory until further analysis. Methods for anion and As

Fig. 1 Map showing location of study area and the sampling sites.

Numbers 1–10 refer to samples IMCUGW1–10
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analysis were from Deng et al. (2009). The geochemical

parameters of water samples were measured in situ using a

multiple parameter water quality meter (Horiba, Japan).

Methane in water samples was analyzed at Lanzhou Insti-

tute of Geology, Chinese Academy of Sciences analyzed

using a MAT-271 mass spectrometry. Water samples used

As concentration and elemental species analysis were fil-

tered and acidified with HCl to pH 1.0 and then analyzed with

IC-HG-AFS (Deng et al. 2009). Anions including NO3
-,

SO4
2- were determined by ion chromatography (DX-120,

Dionex, USA). Fe(II, III) concentration was determined by

the Ferrozine-based assay (Riemer et al. 2004).

DNA extraction, PCR-DGGE analysis and clone library

construction

DNA of the collected microbial samples was extracted

using FastDNA SPIN Kit for soil (Qbiogene, Inc. CA)

according to the manufacturer’s protocols. DGGE was

performed using a D-Code Universal Mutation Detection

System (Bio-Rad) as previously described (Webster et al.

2006; O’Sullivan et al. 2008). A nested PCR approach for

amplification of 16S rRNA gene fragments suitable for

DGGE analysis was used with the standard bacterial

DGGE primers (F27 50-AGA GTT TGA TCM TGG CTC

AG and R907 50-CCG TCA ATT CCT TTG AGT TT)

(Marchesi et al. 1998), or archaeal DGGE primers (F21 50-
TTC CGG TTG ATC CYG CCG GA and R958 50-YCC

GGC GTT GAM TCC AAT T) for the first PCR (DeLong

1992) for the first PCR. The amplicons obtained from the

first PCR were then diluted 1:20 and were used as tem-

plates for the second PCR with bacterial DGGE primers

F357-GC (50 GC-Clamp (CGC CCG CCG CGC GCG GCG

GGC GGG GCG GGG GCA CGG GGG G)-CCT ACG

GGA GGC AGC AG-) and R518 (50-ATT ACC GCG GCT

GCT GG). For the second PCR of archaeal DGGE, primers

Table 1 Geochemical parameters and major ion concentrations of groundwater samples

No.a As (lg/L) CH4 (lg/L) NO3
- (mg/L) SO4

2- (mg/L) Fe (lg/L) As(III)/As(V) Fe(II)/Fe(III)

1 23.0 BD 244.0 1945 1,060.0 0.25 0.34

2 82.0 BD 16.0 389 112.5 0.22 0.25

3 335.0 BD 19.0 84 495.0 0.72 1.15

4 343.0 BD 18.0 113 482.5 0.43 0.38

5 541.0 6.3 14.0 53 107.5 0.67 2.30

6 640.0 BD 29.0 127 2,257.5 0.62 1.24

7 917.0 35.2 9.0 38 400.0 0.97 2.56

8 928.0 568.2 7.0 3.4 1,642.5 0.52 0.40

9 936.0 30.8 16.0 32 607.5 0.92 3.70

10 1,001.0 292.0 9.0 36 557.5 0.58 0.45

BD below detection limit
a Sample IMCUGW1–10 was numbered as 1–10 respectively

Table 2 Phylogenetic

affiliation of the bacterial 16S

rRNA gene V3 region

sequences and relative

intensities of DGGE bands and

sequences from NCBI database

with the highest similarity to

each band

Sample IMCUGW1–10 was

numbered as S1–S10

respectively. No band or band

intensity under 15 % of the

highest peak within a lane
a Band intensities quantified

using Quantity One software

Band

no.

Classifier GenBank no./

identity (%)

Relative DGGE band intensitya

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

Band1 Flavobacterium JX290476/99 – – – – 55 – 10 52 16 –

Band2 Massilia KC788032/99 92 27 49 19 30 60 7 – – 10

Band3 Acinetobacter JX104148/100 38 43 51 17 29 46 – 50 75 30

Band4 Acinetobacter JX104146/100 – – 37 23 45 60 19 44 69 21

Band5 Acidovorax EU434529/99 29 – 78 – – – – – 35 –

Band6 Acinetobacter KF478231/98 17 23 19 13 – 74 – 12 – –

Band7 Planomicrobium KF177265/99 – – – – – – – – 76 12

Band8 Pseudomonas JN585304/100 15 71 20 45 19 31 – 34 – 22

Band9 Aquabacterium KC424519/99 – – – 24 23 42 – – – –

Band10 Aquabacterium NR_024871/97 – – – – – 42 – – – –

Band11 Thiobacillus HM535225/98 27 – 120 – – – – 10 – 19

Band12 Brevundimonas KF479633/100 39 80 29 39 33 35 70 37 –

Other unidentified bands 102 – – – – – 102 – 100 –
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were SAf (50 GC-Clamp-CCT AYG GGG CGC AGM

AGG) and PARCH519R (50-GTA AAA CGA CGG CCA

G) (Nicol et al. 2003). Bands showing intensity under a

certain value (15 % of the highest peak within a lane) were

omitted from further analyses. DGGE band densities were

analyzed by Quantity One 4.6.2 (Bio-rad, USA). At least

one band per banding position was excised and sequenced.

At least 12 bacterial and 18 archaeal major DGGE bands

designated as IMCUGWBD-Band1–12 and IMCUGWAD-

Band1–18 respectively were visible and excised from the

gel, re-amplified, purified and sequenced. The affiliations

of the 16S rRNA gene sequence were determined by

comparing with the GenBank database. Fragments of the

16S rRNA gene for clone libraries were amplified using the

same sets of primers with the first run of the nested PCR for

DGGE, and ligated into pGEM-T Easy vector using the

manufacturer’s protocol (Promega). The recombinant

plasmids were used to transform competent Escherichia

coli JM109 cells. Clone library construction was referenced

from previously study (Li et al. 2013). Randomly selected

white clones were screened by colony PCR amplification

of the 16S rRNA gene inserts using M13 primers. Py-

rosequencing analyses were performed by detecting bac-

terial and archaeal V4–V8 variable regions of the 16S

rRNA genes with the primers (515F 50 GTG CCA GCM

GCC GCG GTA A and 1391R 50 GAC GGG CGG TGT

GTR CA). PCRs were performed with the following ther-

mocycler program: denaturation at 95 �C for 5 min, 30

cycles of denaturation at 94 �C for 1 min, annealing at 56

and 52 �C (for the first and second PCRs, respectively) for

1 min, and extension at 72 �C for 1 min, and final exten-

sion at 72 �C for 10 min.

Sequencing and data analysis

Pyrosequencing of the V4 region of the 16S rRNA gene

was carried out from the 515F-end of the amplicons with

Roche (454) genome sequencer FLX?system (454 Life

Sciences, USA) at SeqWright Inc (Houston, USA). Low

quality reads were removed in Mothur for quality screening

(Schloss et al. 2009). The following analysis was accom-

plished with QIIME software package. All the remaining

reads were de-noised and trimmed to a uniform length of

238 bp, clustering analysis at the similarity levels of 80, 90,

95 and 97 % using UCLUST (Edgar 2010). These OTU

(operational taxonomic unit) levels approximately corre-

spond to the phylum, order, genus, and species level,

respectively (Schloss and Handelsman 2004). The most

abundant sequences from each cluster were chosen as

representatives and these representative sequences were

aligned with the PyNAST method (Knight et al. 2010). The

aligned sequences were sent for chimera-checking and

taxonomic assignment through ChimeraSlayer (Costa

et al. 2009) and BLAST (Vick et al. 2010) online

using 16S.gold.NAST_ALIGNED.fasta and gg_97_otus_

4feb2011.fasta (http://greengenes.lbl.gov) respectively. All

chimeric sequences were discarded.

For clone library construction, positive clones were

sequenced using primers M13 on an ABI 3100 automated

sequencer. The raw sequences were trimmed by using

DNAman 6.0. and classified by RDP online (http://rdp.

cme.msu.edu/). Potential chimeric sequences were identi-

fied with Bellerophon (http://foo.maths.uq.edu.au/*huber/

bellerophon.pl). Phylogenetic and statistical analyses were

Fig. 2 a PCR-based DGGE fingerprints of bacterial 16S rRNA gene

fragments. Lanes 1–10 corresponded to samples IMCUGW1–10

respectively. Sequence from band 1 belonged to Bacteroidetes;

Sequences from bands 2, 5, 9, 10, 11 belonged to Betaproteobacteria;

Sequences from bands 3, 4, 6, 8 belonged to Gammaproteobacteria;

Sequence from band 7 belonged to Firmicutes; Sequence from band

12 belonged to Alphaproteobacteria. b Bacterial community compo-

sition on genus level based on relative DGGE band intensities. Bands

showing intensity under 15 % of the highest peak within a lane were

omitted. Samples umbers S1–S10 refer to samples IMCUGW1–10
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performed with Bioedit 7.0.9, MEGA 4.0 and DOTUR 1.53

(Song et al. 2010). Sequences with 97 % identity were

defined as one OTU. The most similar 16S rRNA

sequences in each OTU from the GenBank databases were

chosen to construct phylogenetic trees. Rarefaction ana-

lysis was used to evaluate the saturation of the sampled

clones, and was performed with Shannon diversity index

and clone numbers. Coverage (C) value was calculated to

evaluate the representativeness of the analyzed clones for

species diversity in samples according to the formula:

C ¼ 1� n=Nð Þ � 100%, where n is the number of 16S

rDNA types appearing only once in the library and N is the

total number of positive clones detected (Li et al. 2010).

Shannon indices were calculated by using the DOTUR

program.

Nucleotide sequence accession numbers

The sequences obtained in this study have been deposited in

the GenBank database. The 16S rRNA genes derived by

DGGE named IMCUGWBD-Band1–12 and IMCUGWAD-

Band1–18 were given the accession numbers AB622794–

AB622805 and AB622753–AB622770 respectively and

the 16S rRNA gene clones were given the accession

numbers as AB622771–AB622793, AB622731–AB622752,

AB623001–AB623006, JX196251–JX196266 and JX196317–

JX196333.

Results

Sample characteristics and chemical composition

Groundwater samples were analyzed for chemical constit-

uents to assess the geochemical conditions at each site.

Arsenic concentrations were between 23 and 1,001 lg/L.

The concentrations of NO3
-, SO4

2-, irons and methane

indicate a difference in geochemical conditions between

these tube wells. Four samples with As concentration more

than 917 lg/L were distinctly characterized with high

concentrations of methane. Most of the high As ground-

water samples contained low concentrations of SO4
2- and

NO3. Sample IMCUGW1 is characterized with low con-

centration of As, low ratios of As(III)/As(V) and Fe(II)/

Fe(III), and high concentration of NO3
-, and SO4

2-

(Table 1).

Microbial communities by DGGE profiling

At least 12 bacterial and 18 archaeal major DGGE bands

designated as IMCUGWBD-Band1–12 and IMCUGWAD-

Band1–18 respectively. Of the 12 bacterial sequences, five

sequences belonged to the Betaproteobacteria, four to

Gammaproteobacteria, one to Alphaproteobacteria, and

the remaining two were Bacteroidetes and Firmicutes

(Table 2; Fig. 2). Of the 18 archeaal sequences, twelve

Table 3 Phylogenetic

affiliation of the archaeal 16S

rRNA gene V3 region

sequences and relative

intensities of DGGE bands and

sequences from NCBI database

with the highest similarity to

each band

Sample IMCUGW1–10 was

numbered as S1–S10

respectively. No band or band

intensity under 15 % of the

highest peak within a lane
a Band intensities quantified

using Quantity One software
b Candidatus genus

Band

no.

Classifier GenBank no./

identity (%)

Relative DGGE band intensitya

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

Band1 Nitrosopumilusb AB546961/95 72 – – – – – 75 – – –

Band2 Nitrosopumilusb AB546961/96 92 36 19 126 – – – – – –

Band3 Nitrosopumilusb AB546961/96 158 118 26 184 – – – – – –

Band4 Nitrosopumilusb AB546961/96 159 162 59 184 – – – – 33 –

Band5 Nitrosopumilusb AB546961/96 – – – – – 61 – – 47 –

Band6 Nitrosopumilusb AB546961/93 – – – – – 105 – – – –

Band7 Euryarchaeota NR_102926/94 – – – – 30 – 27 – – 36

Band8 Methanobacterium EU333914/91 – – – – – – 26 125 – –

Band9 Euryarchaeota FN429784/96 – – – – 76 – – – – 58

Band10 Methanobacterium EU333914/100 – – – – – – 41 184 40 23

Band11 Euryarchaeota JF937789/91 – – – – – 99 – – 38 –

Band12 Euryarchaeota KC661621/86 60 68 36 – 51 55 – – – 61

Band13 Euryarchaeota AJ867628/90 – – – 50 – 114 – – 23 –

Band14 Thermoplasma JQ071780/99 – 129 106 – – 110 – – – –

Band15 Halobacteriaceae EF690619/97 – – – – 101 – 34 24 27 87

Band16 Euryarchaeota AB476720/98 – – – – – – – – – 108

Band17 Euryarchaeota AB476720/93 – 72 77 – 59 – 16 – – 28

Band18 Euryarchaeota FM204947/98 – – 32 – 29 – – – – –

Other unidentified bands 100 – – 100 – 20 – – 36 –
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belonged to the Euryarchaeota and six to Thaumarchaeota

(Table 3; Fig. 3).

DGGE band patterns of bacteria and archaea showed

great bacterial complexity. Several major bacterial bands 3,

4, 6, 8 and 12 which showed a high similarity with genus

Acinetobacter, Psuedomonas, Brevundimonas and Massilia

respectively, were dominated in most of the samples

(Table 2; Fig. 2). The dominant archaeal populations

changed from phylum Thaumarchaeota to Euryarchaeote

as the As concentration became higher than 335 lg/L.

Band 1, 2, 3, 4 and 5 were found highly similar with the

sequences identified as Candidatus Nitrosopumilus. This

population is distinctly dominated in those samples with

relatively low arsenic including IMCUGW1-4. Band 7, 8

and 10 was identified as methanogens which were domi-

nant in sample IMCUGW7, 8, 9 and 10. This result was

consistent with the increased concentration of methane in

water samples (Table 3; Fig. 3). Band 15 was similar to

family Halobacteriaceae which was found to be dominant

in alkaline-saline soil (Keshri et al. 2013).

Microbial community by cloning

Sample IMCUGW1 and IMCUGW9 were used for clone

library construction of 16S rRNA gene sequences. In total

299 bacterial and 283 archaeal randomly selected white

clones were sequenced. 28 and 24 bacterial and 30 and 26

achaeal OTUs were defined at [97 % similarity level,

respectively. The coverage of the clone libraries were 93.9

and 94.0 % for bacteria and, 93.6 and 92.1 % for archaea,

respectively. The shannon index of the clone libraries were

2.29 and 2.56 for bacteria and, 2.70 and 2.78 for archaea,

respectively. Phylogenetic analysis showed that the results

of bacterial 16S rRNA gene clone libraries were mostly

consistent with those of DGGE which were mainly com-

posed of proteobacterial sequences, with the relative

abundances being 81.4 and 89.6 % for sample IMCUGW1

and IMCUGW9, respectively. The proteobacterial clone

sequences were respectively affiliated with Gammaprote-

obacteria (62.9 and 68.6 %), Betaproteobacteria (9.5 and

17.0 %), Alphaproteobacteria (7.5 and 4.0 %). The class

Gammaproteobacteria in these two samples was mainly

related to genus the Pseudomonas (30.4 and 29.4 %) and

Acinetobacter (29.7 and 28.8 %), respectively. Aquabac-

terium dominated in both of these two samples with the

proportions of 5.4.0 and 4.6 %. The other major groups in

sample IMCUGW1 included Arthrobacter and Rhizobium

(3.4 and 2.7 %, respectively). Sample IMCUGW9 con-

sisted of three other major genera including Psychrobacte,

Brevundimonas, and Flavobacterium (4.6, 3.2 and 4.6 %

respectively) (Fig. 4).

The obtained archaeal 16S rRNA gene clone

sequences fell into Thaumarchaeota, Crenarcheota and

Euryarchaeota. The major archaeal groups were signifi-

cantly different between these two samples. Consistent

with the DGGE results, Nitrosophaera was dominant in

relative abundance of 78.8 % in sample IMCUGW1.

Euryarchaeota in sample IMCUGW9 comprised 21.9 % of

the archaeal community, and Methanosaeta belonging to

this phylum was the only dominant population in sample

IMCUGW9 (Fig. 5).

Microbial community by pyrosequencing

From the result of pyrosequencing, 49, 283 microbial 16S

rRNA reads from ten samples were yielded. A variety of

taxa were observed at the 97 % OTU level, with 26–136

observed and 43–267 predicted OTUs (based on Chao1)

and coverage values ranging from 39.4 to 77.5 %. Bacterial

Fig. 3 a PCR-based DGGE fingerprints of archaeal 16S rRNA gene

fragments. Lanes 1–10 corresponded to samples IMCUGW1–10

respectively. Sequences from bands 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,

16, 17, 18 belonged to Euryarchaeote; Sequences from bands 1, 2, 3,

4, 5 belonged to Thaumarchaeota. b Archaeal community composi-

tion on family or genus level based on relative DGGE band

intensities. Bands showing intensity under 15 % of the highest peak

within a lane were omitted. Samples umbers S1–S10 refer to samples

IMCUGW1–10
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Fig. 4 Phylogenetic

relationships between bacterial

the 16S rRNA (partial

sequences, *900 bp) gene

sequences of sample

IMCUGW1 and 9 and closely

related sequences from the

GenBank database. Sequence

accession numbers are shown in

front of the samples numbers.

One representative clone type

within each operational

taxonomic unit is shown, and

the number of clones within

each phylotype is shown in the

parentheses. Clone sequences

from this study are coded as

follows with

IMCUGW1BD12(5) as an

example: bacterial 16S rRNA

gene clone number 5 from the

IMCUGW1 sample. Scale bars

indicate the Jukes-Cantor

distances. Bootstrap values

of [50 % (for 1000 iterations)

are shown. Aquifex pyrophilius

is used as outgroup

1884 P.Li.et al.
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Fig. 5 Phylogenetic

relationships between archaeal

the 16S rRNA (partial

sequences, *900 bp) gene

sequences of sample

IMCUGW1 and 9 and closely

related sequences from the

GenBank database. Sequence

accession numbers are shown in

front of the samples numbers.

One representative clone type

within each operational

taxonomic unit is shown, and

the number of clones within

each phylotype is shown in the

parentheses. Clone sequences

from this study are coded as

follows with

IMCUGW9AC7(4) as an

example: archeal 16S rRNA

gene clone number 4 from the

IMCUGW9 sample. Scale bars

indicate the Jukes-Cantor

distances. Bootstrap values

of [50 % (for 1,000 iterations)

are shown
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populations are the main groups in all samples. The

obtained bacterial 16S rRNA gene clone sequences could

be grouped into Alpha-, Beta- Delta-, Epsilon-, and Gam-

maproteobacteria, Bacteroidetes, Firmicutes, Chloroflexi,

Actinobacteria, Firmicutes, and Elusimicrobia (Fig. 6).

Consistent with the result of DGGE, the bacterial com-

munities were mainly composed of proteobacterial

sequences, with the relative abundances 42.4–98.8 %. The

proteobacterial sequences were mainly affiliated with

Alpha-, Beta- and Gammaproteobacteria, and the latter

class was the distinctly dominant group with the pro-

portions from 42.2 to 98.5 %. The major groups on

genus level mainly included Acinetobacter, Pseudomonas,

Flavobacterium, Brevundimonas, Aquabacterium, Psych-

robacter, Alkanindiges, Thiobacillus, Arthrobacter,

Alishewanella, and Sulfuricurvum, Sporosarcina, Planom-

icrobium, with Pseudomonas and Acinetobacter distinctly

being dominant with the percentages of 0–82.7 and

1.0–96.7, respectively (Fig. 6).

Average archaeal abundance was very low with the

highest two value 1.0 % (IMCUGW07) and 4.6 % (IM-

CUGW10). The mainly archaeal groups of these samples

are Euryarchaeota, Thaumarchaeota and Crenarchaeota

with the former phylum is relatively high (the highest is

IMCUGW10, 3.67 %). The main populations in Eur-

yarchaeota are related to methanogens. In the results of

Fig. 6 Frequencies of bacterial

16S rRNA gene sequences from

high arsenic groundwater

samples with major bacterial

groups ([1 %) on genus or

family level of 454

pyrosequencing. Samples

numbers S1–S10 refer to

samples IMCUGW1–10

Fig. 7 Comparison of major

bacterial phyla ([1 %) from

high arsenic groundwater

samples analyzed by

pyrosequencing (denoted as P),

PCR-DGGE (denoted as D) and

cloning (denoted as C) methods.

Samples numbers 1–10 refer to

samples IMCUGW1–10.

Samples number from this study

is coded as follows with C9 as

an example: bacterial 16S rRNA

gene sequence frequencies of

IMCUGW9 sample analyzed by

16S rRNA gene clone library

method. The phylum

Proteobacteria is shown at class

level resolution
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pyrosequencing, a few sequences related to Halobacteria-

ceae or Candidatus Nitrosopumilus were also found, which

is accordance with the results of DGGE and clone libraries.

From the results of the three different methods, some

arsenic, iron, nitrogen and sulfur reducing and oxidizing

related populations have been found. Acinetobacter was

documented to distinctly dominate the microbial popula-

tion as observed in most samples. This bacterial genus is

more likely to be more As resistant than function other

species reported in previously studies (Sutton et al. 2009),

and some of them can even oxidize or reduce arsenic (Fan

et al. 2008). Recently a partial sequence of the arsenic

reductase (arsC) gene from strain Acinetobacter sp.

VKPM14 (accession No. ABQ28709) has been submitted

to the Genbank of EMBL. The other dominant population

was identified as genus Pseudomonas which also possesses

the function of arsenate reduction and tolerance (Frei-

kowski et al. 2010; Srivastava et al. 2010; Sutton et al.

2009). In addition, some possible As-related microorgan-

isms include Acidovorax, Aquabacterium, Hydrogenoph-

aga and Methylotenera, Planococcus, Flavobacterium,

Brevundimonas, Thiobacillus and Arthrobacter were also

detected to dominate the microbial population in As con-

taminated environment which have been previously found

in association with As-oxidation, As resistance, denitrifi-

cation, sulfide oxidation and Fe(II)-oxidation (Sutton et al.

2009; Fisher et al. 2008; Hohmann et al. 2011). The genus

Psychrobacter was firstly reported as an arsenate-reducing

bacterium by Liao et al. (2011), was also predominant in

some of our high arsenic samples. The genus Alkaliphilus

was reported as the type species from alkaline sediment to

reduce metals such as Fe(III), Co(III), and Cr(VI) (Jiang

et al. 2006).

Discussion

With the rapid development of high-throughput sequencing

technology, the limitation of traditional Sanger sequencing

technology have become increasingly prominent. The

microbial biosphere is considerably larger and more

diverse than previous studies using traditional Sanger

sequencing. Reliably assessing microbial abundance and

diversity is increasingly required. The next-generation

sequencing approaches such as 454 pyrosequencing are

facilitating this endeavor. Pyrosequencing showed much

greater detection capability than the traditional sequencing

methods (Kautz et al. 2013). The deep sequencing to

explore the microbial community diversity that has been

undetected by the traditional methods due to methodolog-

ical constraints is the key advantage that makes this new

sequencing technology more attractive (Pinto and Raskin

2012). However, there are still some inadequacies for the

current technology. For instance, the entire length of the

16S rRNA gene cannot be sequenced; PCR based methods

introduce biases such as the amplification efficiency in

multi-template PCR reactions and primer mismatches

could affect the results of microbial community structure

analyses (Pinto and Raskin 2012).

In our study, the microbial communities in ten high arsenic

groundwater samples were comparatively detected among the

utility of 16S rRNA amplicon 454 pyrosequencing, Sanger-

sequenced clone libraries, and DGGE. Most of the results

from these three different methods were consistent with the

dominant bacterial populations (Figs. 7 and 8). The most

dominant bacterial populations in these high arsenic samples

detected by these three methods were Acinetobacter, Pseu-

domonas, Flavobacterium, Brevundimonas, Massilia,

Fig. 8 Comparison of known

major bacterial genera or family

([1 %) from high arsenic

groundwater samples analyzed

by pyrosequencing (denoted as

P), PCR-DGGE (denoted as D)

and cloning (denoted as C)

methods. Samples numbers

1–10 refer to samples

IMCUGW1–10. Samples

number from this study is coded

as follows with C9 as an

example: bacterial 16S rRNA

gene sequence frequencies of

IMCUGW9 sample analyzed by

16S rRNA gene clone library

method
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Planococcus, and Aquabacterium. Acinetobacter and Pseu-

domonas were distinctly abundant in most of these samples.

However the proportions of these bacterial populations were

mostly different (Figs. 7 and 8). The bacterial communities in

most of these samples from pyrosequencing were both more

abundant and more diverse than those from the traditional

methods. Even after quality filtering, pyrosequencing

revealed some other populations including Alishewanella,

Sulfuricurvum, Arthrobacter, Sporosarcina and Algoriphagus

which were not detected with traditional techniques. More-

over, the proportions of most of the predominant populations

in these ten samples were distinctly different with those of

traditional methods. These differences are to be expected and

could be explained by the detection of rare microbes, but they

might in part also be due to a higher error rate of 454

sequencing (Kautz et al. 2013).

The bacterial communities of these samples were always

distinctly both more abundant and more diverse than those

of archaea by 454 pyrosequencing. Similar result has been

found in very recent study (Sundberg et al. 2013). From

sanger-sequenced clone libraries and DGGE results

(Figs. 3 and 5), the dominant archaeal populations appar-

ently changed from pylum Thaumarchaeota (distinctly

dominated by Candidatus Nitrosopumilus) to Eur-

yarchaeota (mainly dominant with methanogens) as the

arsenic concentrations increasing. Methanogens were

found as the dominant population in four samples with

extremely high arsenic concentrations. While from the

result of pyrosequencing, average archaeal abundance was

very low. Only two samples (IMCUGW07 and IM-

CUGW10) have been detected with the archaeal percent-

ages higher than 1.0. The relatively abundant populations

are methanogens, which was accordance with the results of

DGGE and clone libraries. However, none of the other

dominant populations including Candidatus Nitrosopumi-

lus and Halobacteriaceae which were both detected in

DGGE and cloning, were revealed with pyrosequencing.

The possible reason of the difference could be the primers

used in our 454 pyrosequencing might have low number of

mismatches (Hou et al. 2013; Dodsworth et al. 2011; Zhou

et al. 2011). Modified sets of primers with high number of

mismatches for archaeal populations might improve the

results. Therefore, based on the direct comparison of these

traditional sequencing techniques, an integrative approach

combining the traditional methods and next generation

sequencing approaches to characterize the microbial com-

munities in high arsenic groundwater is recommended.
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