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Abstract

Purpose Dissimilatory iron-reducing bacteria have been
described by both culture-dependent and -independent
methods in various environments, including freshwater,
marine sediments, natural wetlands, and contaminated
aquifers. However, little is known about iron-reducing
microbial communities in paddy soils. The goal of this
study was to characterize iron-reducing microbial commu-
nities in paddy soil. Moreover, the effect of dissolved and
solid-phase iron (II) species on the iron-reducing microbial
communities was also investigated by enrichment cultures.
Methods Ferric citrate and ferrihydrite were used respec-
tively to set up enrichment cultures of dissimilatory iron-
reducing microorganisms using 1% inoculum of soil
samples, and the iron reduction was measured. Moreover,
bacterial DNA was extracted and 16S rRNA genes were
PCR-amplified, and subsequently analyzed by the clone
library and terminal restriction fragment length polymor-
phism (T-RFLP).
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Results Phylogenetic analysis of 16S rRNA gene sequences
extracted from the enrichment cultures revealed that
Bradyrhizobium, Bacteroides, Clostridium and Ralstonia
species were the dominant bacteria in the ferric citrate
enrichment. However, members of the genera Clostridium,
Bacteroides, and Geobacter were the dominant micro-
organisms in the ferrihydrite enrichment. Analysis of
enrichment cultures by T-RFLP strongly supported the
cloning and sequencing results.

Conclusions The present study demonstrated that dissimi-
latory iron-reducing consortia in As-contaminated paddy
soil are phylogenetically diverse. Moreover, iron (III)
sources as a key factor have a strong effect on the iron
(IIT)-reducing microbial community structure and relative
abundance in the enrichments. In addition, Geobacter
species are selectively enriched by ferrihydrite enrichment
cultures.

Keywords Arsenic - Dissimilatory iron-reducing bacteria -
Enrichment cultures - Paddy soil - Terminal restriction
fragment length polymorphism (T-RFLP)

1 Introduction

Microbial iron reduction is considered to be a ubiquitous
and important redox process, in which dissimilatory iron-
reducing bacteria can gain energy for growth by coupling
the oxidation of organic compounds or hydrogen to the
reduction of Fe (III) oxides (Lovley et al. 2004). This
biochemical reaction has a profound influence on the global
biogeochemical cycling of elements, including carbon (C),
sulfur (S), nitrogen (N), and phosphorus (P), in addition to
heavy metals and arsenic (As) (Lovley and Phillips 1986;
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Stipp et al. 2002; Kappler and Straub 2005). Furthermore,
numerous dissimilatory iron-reducing bacteria belonging to
different phylogenetic groups have been described by both
culture-dependent and -independent methods in various
environments, including freshwater (Lovley and Phillips
1988), marine sediments (Roden and Lovley 1993), natural
wetlands (Weiss et al. 2003), and contaminated aquifers
(Scala et al. 2006; Lin et al. 2007).

The diversity of soil bacteria and fungi (Ge et al. 2008;
He et al. 2008) and the abundance and community
composition of some soil functional microorganisms such
as ammonia oxidizers (Chen et al. 2008a), methanotrophs
(Zheng et al. 2008), and sulfate reducers (Liu et al. 2009)
have been investigated in paddy soils. However, little is
known about the microorganisms responsible for anaerobic
iron respiration. Paddy soil is intermediate between upland
systems and true aquatic systems, and the alternation
between anoxic and oxic conditions causes periodically
occurring redox reactions. Because of the unique character-
istics of paddy soil, it can provide iron (III)-reducing
bacteria with abundant electron acceptors and decomposi-
tion of organic matter for growth, and it has been estimated
that iron (IIl)-reducing bacteria accounted for 12% of total
bacteria cells in the rhizosphere of wetland plants (Weiss et
al. 2003). Thus, we assume that dissimilatory iron-reducing
bacteria are abundant in paddy soils.

Arsenic is a toxic metalloid widely distributed in the
Earth’s crust, most notably in the groundwater of Southeast
Asia, which subsequently polluted rice fields and rice by
irrigation (Williams et al. 2006); additionally, mining
activities also resulted in As contamination in paddy soil
and As accumulation in rice (Zhu et al. 2008). In order to
remediate As-contaminated soils, and reduce potential risks
for humans, it is extremely important to understand the
factors affecting As mobility in subsurface environments. In
addition to geochemical parameters, such as pH, it has been
demonstrated that dissimilatory iron reduction plays a key
role in As release into the waters from shallow reducing
aquifers and paddy soils by reducing and dissolving iron
(ITI) minerals (Horneman et al. 2004; Islam et al. 2004).
Although previous studies have indicated the important role
of the iron-reducing bacteria, the structure and abundance
of these organisms are not completely elucidated and
understood in As-contaminated paddy soils.

In this study, typical paddy soil samples were taken from
Chenzhou, which is one of the major cities for the
production of different metals, and As is present at high
levels in soils impacted by mining and smelting activities
(Liao et al. 2005). The goal of the present study was to
characterize iron-reducing microbial communities in the
paddy soil. Moreover, in order to determine the effect of
dissolved and solid-phase iron (III) species on iron-
reducing microbial communities, enrichment cultures were

obtained by two forms of iron sources. We used 16S rRNA
gene and terminal restriction fragment length polymor-
phism (T-RFLP) methods to investigate the diversity of
iron-reducing bacteria in enrichment cultures.

2 Materials and methods
2.1 Soil sampling

Soil samples were taken from a mining area, Bailutang in
Shizhuyuan (25°48'N, 113°02'E), located in Chenzhou,
Hunan. Soil samples were collected from the top 20 cm
of paddy soil, kept in polyvinylchloride bottles and
submerged in water mimicking the field conditions, and
then transported back to the laboratory. Analytical methods
for soil were referred to the previous publication (Lu 1999).
The physico-chemical properties of the soil are shown in
the Table 1.

2.2 Enrichment conditions

An anoxic carbonate-buffered freshwater medium was used
for enrichment of iron-reducing bacteria in the As-
contaminated paddy soil. The basal medium contained
1 g L' NaCl, 04 g L' MgCl,*6H,0, 0.1 g L'
CaCly*2H,0, 0.25 g L' NH,CI, 0.2 g L' KH,PO,, and
0.5 g L' KCI, The basal medium was autoclaved and
cooled to room temperature under an atmosphere of N/
CO, (90/10, v/v) and 30 ml L' bicarbonate solution
(1 mol L', autoclaved under CO,), 1 ml L' vitamin,
1 ml L trace elements mixture, and 1 ml L™ selenite—
tungstate solution were added (Widdel and Bak 1992). In
order to limit the growth of sulfate-reducing bacteria,
sulfate and sulfide were substituted by 100 pmol L
cysteine as a sulfur source. A widdel flask was used for
batch preparation of anoxic medium and dispensation into
culture serum bottles (100 ml), which were capped with
thick butyl rubber stoppers and aluminum caps.

A fresh soil sample (10 g) was put into 90 ml anoxic
water, mixed homogeneously; then, 5 ml of soil suspension
was added to 45 ml mineral medium containing
30 mmol L' ferric citrate/ferrihydrite and 10 mmol L'
acetate under an atmosphere of N,—CO, (90/10, v/v).
Ferrihydrite was prepared using FeCl; and NaOH as
described previously (Straub et al. 2005), and identified
by X-ray diffraction (data not shown). One enrichment was
designated as HN, referring to the iron source of ferric
citrate, and the other was HN-HFO, referring to ferrihydrite
used as an electron acceptor. There were control treatments
with sterilized soil suspension in the defined medium. Each
enrichment had three replicates. The cultures were incubat-
ed at 30°C in the dark. Standard anaerobic culturing
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Table 1 Physico-chemical properties of the soil

Site Soil type pH DOC (mgkg ™) DON (mgkg ") Element total concentration in soil (mgkg ")

As Pb Cu Cd Zn Fe
Chenzhou Yellow red 6.10 46.3 26.8 42.0 315.0 59.1 1.5 96.2 22,410.2
HBHM? 14.0 27.0 26.0 0.098 94.0 -
EQSS® 30.0 250.0 50.0 0.3 200.0 -

DOC dissolved organic carbon, DON dissolved organic nitrogen, HBHM Hunan background values for heavy metals, £QSS environmental

quality standard for soils
#Pang and Yang (1988)

®GB15612-1995 (grade 2), State Environment Protection Administration 1995

techniques were used throughout the experiments (Widdel
and Bak 1992).

2.3 DNA extraction

DNA of the microbial community was collected when iron
reduction tended to approach a plateau. The presence of
iron oxides in enrichment cultures inhibited DNA isolation.
Therefore, the iron oxides were dissolved before genomic
DNA extraction: 4 ml of the enrichment cultures was
collected anoxically using a 5-ml sterile syringe and 21-
gage needle, dispensed into centrifuge tubes and spun at
16,000xg for 3 min. The supernatant was decanted and the
iron oxide—bacteria floc was resuspended in 1 ml of a filter-
sterilized solution of ammonium oxalate (28 g L") and
oxalic acid (15 g L") and incubated until complete
solubilization of iron was achieved. Total genomic DNA
was extracted from the remaining cells using standard
procedures (Marmur 1961).

2.4 Construction of 16S rRNA gene clone library and
amplified ribosomal DNA restriction analysis

The DNA was used as a template for amplification of nearly
the entire 16S rRNA gene (~1,500 bp) with the bacteria-
specific primers 27F (5'-AGAGTTTGATCMTGGCTCAG-
3" and R1492 (5-TACGGYTACCTTGTTACGACTT-3")
as previously described (Lane 1991). The PCR program
was as follows: 95°C for 5 min and then 32 cycles at 95°C
for 30 s, 55°C for 30 s and 72°C for 30 s, followed by a 10-
min extension time at 72°C. After amplification, gel slices
containing the PCR products were excised and purified
using Wizard® SV Gel and PCR Clean-Up System
(Promega, Madison, WI, USA). PCR products were ligated
into pGEM-T easy vector (Promega) and then cloned into
Escherichia coli JM109 (TaKaRa, Shiga, Japan) in
accordance with the manufacturer’s instructions. Trans-
formants were grown on LB agar containing ampicillin
(100 pg mlI™") and 40 pl of 40 mg ml™' of X-Gal, and
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positive white clones were randomly picked to confirm the
right insert using PCR with primers (T7 and SP6), which
were complementary to the flanking regions of the PCR
insertion site of the pGEM-T easy vector. The PCR
program was described above. All clones containing inserts
of the correct size were stored in LB medium at 4°C.

The PCR products were digested with restriction
endonucleases, Hhal, at 37°C for 4 h. The restriction
enzyme digests were separated on a 2% agarose gel running
in 1xTAE buffer at 100 V for approximately 1 h. Fragments
shorter than 80 bp were not taken into consideration
because they were very close to the detection threshold.
According to amplified ribosomal DNA restriction analysis
(ARDRA) patterns, clones were grouped into OTUs. One
or more clones representing each OTU were sequenced.
The coverage for each clone library was calculated using
the formula C=(1—n;/N)*100%, where n; is the number of
OTUs containing only one clone, and N is the total number
of clones in the clone library. Rarefaction curves were
calculated using the freeware program aRarefact Win
(Holland 2003).

2.5 T-RFLP fingerprinting

The primers were used as described above; however, 27F
primer was labeled with 5-hexachloroflurescein (HEX).
PCR conditions and PCR products were purified as
described above. Fifteen microliters of the PCR products
were digested separately with restriction enzymes (Hhal,
Mspl, Tagl, Haelll) at 37°C overnight. The digested DNA
was precipitated with 0.1 vol 3 mol L™ sodium acetate and
2.0 vol 95% ethanol followed by spinning at 16,000xg for
15 min. The DNA pellet was washed with 70% ethanol,
dried, and resuspended in a mixture of 14.5 pl deionized
formamide and 0.5 pl of DNA fragment length internal
standard. The mixture was denatured for 2.5 min at 94°C
and then immediately placed on ice. Electrophoresis was
performed on an ABI 373 DNA sequencer (Applied
Biosystems, Foster City, CA, USA).
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2.6 Sequencing and phylogenetic analyses

Clones representing each distinct ARDRA pattern were sent
to Sangon (Shanghai, China, http://www.sangon.com/) for
sequencing (ABI PRISM 3730 sequencer). The presence of
possible chimeric sequences was investigated by using the
CHIMERA CHECK program of the Ribosomal Database
Project (RDP)II. The obtained sequences were manually
proofread and corrected if necessary, edited, and aligned
using BioEdit version 4.8.5. Nucleotide sequences generat-
ed in this study have been deposited in GenBank database
under accession numbers FJ269043 to FJ269081 and
FJ269081 to FJ269108 (HN and HN-HFO clone libraries,
respectively). All sequences were analyzed by NCBI
BLASTN search program, and the closest relatives to the
clone sequences were extracted and aligned by Molecular
Evolutionary Genetics Analysis (MEGA 3.1) software for
phylogenetic analyses. Phylogenetic trees were constructed
using neighbor-joining method. Robustness of derived
groupings was tested by bootstrap using 1,000 replications.

3 Results

3.1 Physiological characterization in iron (III)-reducing
enrichment

Two types of iron (III) were used to set up enrichment
cultures: one was ferric citrate, and the other was
ferrihydrite. The accumulative iron (II) content in the
enrichment was shown in the Fig. 1. The iron (II)
production by iron-reducing microorganisms (HN) in-
creased sharply, and iron (II) content reached
18.41 mmol L' (see Fig. l1a). While iron-reducing micro-
organisms (HN-HFO) reduced 3.90 mmol L' iron (III) in
7 days, the iron reduction curve tended to reach a plateau
(see Fig. 1b). No iron reduction was observed in the control
inoculated with sterilized soil suspension.

3.2 Screening of 16S rRNA gene clones by ARDRA

ARDRA was performed on 134 and 138 clones, respectively,
randomly chosen from HN and HN-HFO clone libraries. The
ARDRA patterns were obtained with Hhal digestion, and
OTU was defined as a group of clones that had identical
banding patterns. According to ARDRA patterns, 134 clones
were grouped into 33 OTUs in the HN clone library, and 138
clones were grouped into 31 OTUs in the HN-HFO clone
library. Most of the OTUs were represented by two to three
clones, with some OTUs containing a single clone. Then,
approximately 120 clones were screened from 33 OTUs and
31 OTUs for sequencing. Clone libraries were statistically
evaluated by rarefaction analysis in, which the expected
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Fig. 1 Iron reduction by iron-reducing microorganisms. HN denotes
ferric-citrate as an acceptor for HN enrichment (a) and HNHFO
represents ferrihydrite as an acceptor for HN-HFO enrichment (b).
Data are means of triplicates; error bars indicate means+SE

number of different OTUs vs. the number of clones in the
library was calculated. Rarefaction curves tended to ap-
proach the saturation plateau (Fig. 2), indicating that the
clones used in each library’s screening could well cover the
diversity of 16S rRNA genes.

3.3 Community of profiling of iron (IlI)-reducing
enrichment

The distribution of the taxonomic groups differed between
HN and HN-HFO enrichments based on clone library
(Fig. 3) and T-RFLP results (Table 2). Bacteroidetes
constituted 33.8% of 16S rRNA gene sequences from HN
enrichment containing dissolved iron (III). Twenty nine
percent of 16S rRNA gene sequences were related to o-
Proteobacteria and 24.8% of the sequences belonged to f3-
Proteobacteria. Firmicutes constituted 9.8% of 16S rRNA
gene sequences and 1.5% and 0.8% belonged to -
Proteobacteria and Planctomycetes, respectively (see
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Fig. 2 Rarefaction analysis of the 16S rRNA gene clone libraries
obtained from the HN and HN-HFO was carried out using the
software, aRarefactWin. Dashed lines represent 99% confidence
intervals. The homologous coverage C is depicted for each library

Fig. 3a). In contrast to the HN enrichment, no o-
Proteobacteria and Planctomycetes-related sequences were
detected in the HN-HFO enrichment containing an iron (III)
mineral as the electron acceptor. However, 6-Proteobac-
teria-related sequences were obtained and accounted for
17.4% of the whole clones. In addition, 44.2% of 16S
rRNA gene sequences were related to Bacteroidetes, 34.1%
of the clones were related to Firmicutes and 2.9% and 1.4%
of the clones belonged to y-Proteobacteria and (3-Proteo-
bacteria, respectively (see Fig. 3b).

Four restriction enzymes were used to create different
fingerprints for each of the initial enrichment culture
samples in T-RFLP analysis. Hhal and Mspl consistently
yielded the highest number of resolvable peaks and were

[ a-proteobacteria
33.8% H B-proteobacteria

O y-proteobacteria

f Firmicutes

y W Planctomycetes

0.8% N

</ & Bacteroidetes
9.8%1 s 24.8%

1.4%

2.9%

[ B-proteobacteria

O y-proteobacteria
44.2%

[ §-proteobacteria

B Firmicutes

34.1%

71 Bacteroidetes

Fig. 3 Phylogenetic affiliation of 16S rRNA cloned genes obtained
from enrichment culture containing ferric citrate (a) or ferrihydrite (b)
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used in subsequent analyses. Tagl and Haelll produced
significantly lower number of resolvable peaks compared
with Hhal and Mspl, which was most likely due to
conservation of enzyme recognition site sequences. The T-
RFs size for each clone sequence was also generated by the
restriction enzymes Hhal and Mspl via silico restriction
digestion. Table 2 shows the impact of dissolved and solid-
phase iron (III) on the composition and relative abundance
of bacterial groups, and T-RF size generated by the
restriction enzymes Hhal and Mspl is also listed. Analysis
of the HN fingerprint generated by digestion with Hhal/
Mspl revealed the presence of 9/8 peaks above background
fluorescence. The HN-HFO fingerprint included 7/7 resolv-
able peaks as generated by digestion with Hhal/Mspl. Two
T-RFs (86, 150) dominated the HN enrichment and three T-
RFs (86, 92, 162) were dominant in the HN-HFO
enrichment by the restriction enzymes Mspl. Five T-RFs
(64, 92, 94, 96, 198) and three T-RFs (91, 97, 99)
dominated the HN enrichment and HN-HFO enrichment,
respectively, by the restriction enzymes Hhal (see Table 2).

3.4 Phylogenetic analysis of iron (III)-reducing enrichment

The phylogenetic trees of the clone sequences and their most
similar GenBank sequences are shown in Figs. 4 and 5. There
were marked differences in the phylotypes observed in iron-
reducing bacteria enrichments between HN and HN-HFO.
Bradyrhizobium, Bacteroides, Clostridium, and Ralstonia
species were the dominant bacteria in the HN enrichments
(see Fig. 4). Thirty five clones from HN enrichment
represented by HN1 and HN2 sequences were closely related
to Bradyrhizobium elkanii and Bradyrhizobium sp, respec-
tively. HN11 and HN56 sequences representing 24 clones
were closely related to Bacteroides sp., and HN3 represent-
ing 15 clones were closely related to uncultured Clostridia-
ceae. HN4 representing nine clones showed high sequence
similarity to Ralstonia sp., and a single sequence (HN122)
showed high sequence similarity to uncultured Planctomy-
cete. However, members of the genera Clostridium, Bacter-
oides, and Geobacter were the dominant microorganisms in
the HN-HFO enrichments (see Fig. 5). Thirty nine clones
from HN-HFO enrichment belonged to the genera Clostrid-
ium, and 38 clones belonged to the genera Bacteroides. HN-
HFO16 and HN-HFO140 representing 19 clones were
closely related to Geobacter uraniumreducens, while HN-
HFO54 representing five clones was closely related to
Geobacter sulfurreducens.

4 Discussion

In the present study, clone library analysis, combined with
T-RFLP method, was used to assess the diversity of iron
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Table 2 TR-F distribution data generated by digestion with Hhal/Mspl

Phylogenetic group HN (Hhal/Mspl) a HN-HFO (Hhal/Mspl) b
T-RF Percentage T-RF Percentage

«-Proteobacteria 82,343/150 6.7%/45.6% 29.3% — — —
[3-Proteobacteria 64,198/141,480 20.5%/12.6% 24.8% 209/492 2.7%/— 1.4%
y-Proteobacteria 205/490 2.8%/— 1.5% 202/490 1.8%/— 2.9%
d-Proteobacteria - - - 92/163 33.4%/23.7% 17.4%
Bacteroidetes 92,94,99/89,91 67.6%/35.5% 33.8% 96,99/89,94 49.3%/65.4% 44.2%
Firmicutes /206 —/5.8% 9.8% 195/120,167 5%/7.8% 34.1%
Planctomycetes —/295 - 0.8% - - -

Shown are the percentages of TR-F for the individual enrichments. Percentages were calculated for TR-Fs representing various groups as (TR-Fs
peak area/total peak area of the individual fingerprint)x 100%. a and b were calculated from Fig. 3

(ITI) reducers in the paddy soil. Both approaches are
important molecular genetic tools with which to monitor
the diversity, structure, and dynamics of microbial popula-
tions. The abundance of iron-reducing bacteria was calcu-
lated based on clone library data and T-RFLP data, which
are shown in Fig. 3 and Table 2. In the HN enrichment, for
example, 29.3% of 16S rRNA gene sequences were related
to o-Proteobacteria, while T-RFLP data showed that 6.7%
and 45.6% T-RFs were related to o-Proteobacteria by
using digestion enzymes Hhal/Mspl. These differences
could be due to insufficient clonal library screening or to
biases introduced during the clone process. In addition, the
T-RFLP technique is inherently biased for underestimating
the diversity in a given sample owing to the conservation of
enzyme recognition site sequences in a given gene across
different organism (Marsh et al. 2000). Although there were
no identical data from two methods, that can obtain similar
conclusions. Our results suggest that community composi-
tion of bacteria can be better investigated using these two
approaches together.

As can be seen from Fig. 1, much more iron was reduced
with ferric citrate than with ferrihydrite. It is easier to
reduce ferric citrate than ferrihydrite by iron-reducing
bacteria, and ferrihydrite reduction by iron-reducing bacte-
ria can be stimulated by secondary bacteria (Straub and
Schink 2004). Weiss et al. (2003) found that there was high
content of poorly crystalline iron (IIT) in the soil, and the
percentage of poorly crystalline iron (IIT) was significantly
correlated with the percentage of iron-reducing bacteria.
Moreover, plant root exudates and plant debris can release
organic acids (e.g., citrate), which are known to chelate Fe
(II); thus, high levels of dissolved iron (III) were observed
in paddy soils (Ratering and Schnell 2001). Therefore,
ferric citrate and ferrihydrite were used in our experiments
to investigate iron-reducing microbial communities follow-
ing the natural inhibits; no such report has been published
as we are aware of. We observed a significant effect of the

different types of iron (III) on the microbial community
structures and relative abundance in the enrichments. This
might be due to the fact that these compounds have
different redox potentials; the reduction of ferric citrate to
the ferrous form occurs at a much higher redox potential
(+372 mV) than ferrihydrite (—100 to +100 mV). Owing to
the complexity of natural environments and the wealth of
microbial capacities, it is not surprising that different
microorganisms developed different strategies in reducing
diverse iron (II) species under various conditions. For
example, Geobacter metallireducens can cope with the
difficulty of transferring electrons from the cell to the
surface of barely soluble electron acceptors by physical
contact (Nevin and Lovley 2000). In addition to direct
electron transfer to iron minerals, some evidence indicates
that Shewanella algae and Geothrix fermentans produce
and release both iron (IIl)-chelators and electron shuttles
(Lovley et al. 2004). Furthermore, diverse membrane-
bound and soluble carriers, such as c-type cytochromes,
quinines, and multicopper oxidases, can play a role in the
reduction of insoluble and soluble substrates (Gralnick and
Newman 2007). For example, evidence in Geobacter spp.
indicates that different cellular compounds are involved in
the reduction of dissolved ferric-citrate and ferrihydrite
(Straub and Schink 2004). Therefore, in one case, we
preferentially stimulate the microbes that prefer dissolved
iron (IIT) species; in the other case, we get the ones that
prefer the iron (III) mineral. However, the difference in
microbial community structures may also be attributed to
citrate, which is a fermentable substrate for bacteria, in
addition to the fate of iron to a certain extent.

Our findings demonstrate that the actual assemblage of
iron (II) reducers in the paddy soil is more complex.
Besides the well-known Geobacter species, several domi-
nant species were observed in the enrichments. The
presence of Ralstonia species in the HN enrichment has
been described in environments contaminated with toxic
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Fig. 4 Phylogenetic tree of 16S
rRNA gene sequences

(~1,500 bp) of iron-reducing
bacteria, retrieved from HN en-
richment. A phylogenetic tree
was constructed from neighbor-
joining method using MEGA
3.1 software. Robustness of de-
rived groupings was tested by
bootstrap using 1,000 replica-
tions. The scale bar represents
0.02 substitutions per nucleotide
site
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metals (Konstantinidis et al. 2003; Mergeay et al. 2003),
and they have also been shown to be able to reduce selenite
to elemental selenium (Roux et al. 2001). Thus, the
relatively high abundance of Ralstonia may be related to
the relatively high level of trace metals (e.g., Cd and Pb) in
the Chenzhou paddy soil.
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J Soils Sediments (2009) 9:568-577

575

Fig. 5 Phylogenetic tree of 16S
rRNA gene sequences

(~1,500 bp) of iron-reducing
bacteria, retrieved from HN- 66
HFO enrichment. A phyloge-
netic tree was constructed from
neighbor-joining method using
MEGA 3.1 software. Robust- 76|
ness of derived groupings was
tested by bootstrap using 1,000
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HN-HFO53

HN-HFO116
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replications. The scale bar rep-
resents 0.02 substitutions per 39
nucleotide site

100
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1

00 Anaerospora hongkongensis (AY372052)

0 HN-HFO4

68 Uncultured actinobacterium (AB074931)
10 E
97 HN-HFO74

HN-HFO140

HN-HFO18
HN-HFO54
100° Geobacter sulfurreducens (U13928)
100

HN-HFO10

HN-HFO96

Clostridium viride (X81125)
HN-HFO106

Clostridium papyrosolvens (X71852)

Firmicutes

HN-HFO91
Symbiobacterium sp (AB052396)

Geobacter uraniumreducens (EF527427) Deltaproteobacteria

HN-HFO22
Pseudomonas sp (DQ180956)
1o HN-HFO29

Gammaproteobacteria

100

0.02

reduction represents only a minor pathway for electron flow
(Lovley et al. 2004). In the present study, acetate was
present as the sole electron donor in the enrichments;
however, the residual organic matter from soil inocula may
have provided sufficient organic substrates to support
fermentation. While these microbes themselves may not
be important iron reducers, they can channel electrons from
anaerobic oxidation via humic acids towards iron reduction
(Benz et al. 1998). In addition, there have been recent
reports on the implication of Clostirdium species in As (V)
reducing activity (Rhine et al. 2005). Therefore, the high As
level in the Chenzhou paddy soil might be a key factor that
impacts the abundance of these organisms.

Bacteroides species were also dominant in the HN and
HN-HFO enrichment culture. Microorganisms belonging to
the Bacteroides were mostly derived from human fecal and

61 I: Shewanella putrefaciens (AY321590)
100~ Shewanella sp (AY690713)
HN-HFO122

L
Dechlorosoma sp (AF323491) Betaproterobacteria

100

Bacteroidetes

100 Bacteroides sp (AF139525)
W‘j‘j HN-HFO1
100 HN-HFO47

oral sources, as well as from other mammalian organs such
as the rumen (Holdeman et al. 1984; Paster et al. 1994).
However, several strains have been isolated from rice
residue in irrigated rice-field soil recently (Ueki et al.
2006a, b, 2007, 2008). In addition, 16S rRNA gene
sequences affiliations to Bacteroides were also detected in
iron-reducing enrichment (Lin et al. 2007). Although iron
reduction of these organisms was not identified in these
studies, these strains could utilize a range of substrates to
produce acetate, propionate, and succinate for dissimilatory
iron-reducing bacteria, which demonstrated that these
bacteria affiliated with Bacteroides play an important role
in paddy soil.

Interestingly, one clone belonging to Planctomycetes
was obtained in the present study (see Fig. 4). Planctomy-
cetes were considered to be solely aquatic microorganisms
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until they were discovered unexpectedly in soil by culture-
independent 16S rRNA methods (Liesack and Stackebrandt
1992). Meanwhile, they have been found in many habitats,
such as brackish water lagoon, activated sludge, and
wastewater (Neef et al. 1998). Moreover, three Candidatus
genera were recently suggested for the not-yet cultured
anaerobic planctomycetes performing anaerobic ammonium
oxidation (Schmid et al. 2000; Jetten et al. 2003). Further-
more, it was assumed that dissimilatory reducing bacteria can
use NH, " as an energy source under anaerobic and reduced
conditions (Clément et al. 2005). Recent study also showed
that ammonium can enhance Fe (II) production in As-
contaminated paddy soil (Chen et al. 2008b). Thus, we
hypothesize that the members of Planctomycetes may use
iron (III) as an electron acceptor while oxidizing NH," for
energy production. However, nitrite, nitrate, or nitrogen
should be measured to lend further support to the hypothesis.

To our knowledge, some sequences identified in our
study were closely related to species such as Bradyrhi-
zobium that have not been reported to perform dissimilatory
iron reduction. Although results from our enrichment
cultures and molecular approaches provide some informa-
tion regarding microbial community members catalyzing
iron reduction in the As-contaminated paddy soil, it must be
stressed that isolation of such organisms and further
characterization of their capacity for dissimilatory iron
(ITI) reduction, particularly in relation to metal bioavail-
ability, are essential. In addition to bacterial community,
specific archaea (e.g., methanmogenic archaea) may have
also contributed to iron reduction in the soil; therefore, the
archeal community should be investigated in future
research. In addition, the effect of As on iron-reducing
microbial community should be answered in further studies.

To sum up, results from the present study indicated that
dissimilatory Fe (III)-reducing consortia in As-contaminated
paddy soil are phylogenetically diverse. Knowledge of
microbial community may further our understanding of C/
N/Fe biogeochemical processes and microbial functions in
paddy soil.

5 Conclusions

The present study demonstrated that the dissimilatory iron-
reducing consortia in As-contaminated paddy soil are
phylogenetically diverse, and phylogenetic diversity of
dissimilatory ferric iron reducers can be better investigated
by clone library analysis combined with T-RFLP method.
Moreover, iron (III) sources as a key factor have a strong
effect on the iron (III)-reducing microbial community
structure and relative abundance in the enrichments. In
addition, Geobacter species are selectively enriched by
ferrihydrite enrichment cultures.
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