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Iron reduction is an important biogeochemical process in paddy soils, yet little is known about the
microbial coupling between nitrogen and iron reduction. Here, we investigated the shift of acetate-
metabolizing iron-reducers under long-term nitrogen fertilization using '*C-acetate-based ribosomal
RNA (rRNA)-stable isotope probing (SIP) and pyrosequencing in an incubation experiment, and the
shift of putative iron-reducers in original field samples were investigated by 16S rRNA gene-based
pyrosequencing. During SIP incubations, in the presence of iron(lll) oxyhydroxides, more iron(ll)
formation and less methane production were detected in nitrogen-fertilized (N) compared with
non-fertilized (NF) soil. In "*C-rBNA from microcosms amended with ferrihydrite (FER), Geobacter
spp. were the important active iron-reducers in both soils, and labeled to a greater extent in N (31%
of the bacterial classified sequences) than NF soils (11%). Pyrosequencing of the total 16S rRNA
transcripts from microcosms at the whole community level further revealed hitherto unknown
metabolisms of potential FER reduction by microorganisms including Pseudomonas and Solibacillus
spp. in N soil, Dechloromonas, Clostridium, Bacillus and Solibacillus spp. in NF soil. Goethite (GOE)
amendment stimulated Geobacter spp. to a lesser extent in both soils compared with FER treatment.
Pseudomonas spp. in the N soil and Clostridium spp. in the NF soil may also be involved in GOE
reduction. Pyrosequencing results from field samples showed that Geobacter spp. were the most
abundant putative iron-reducers in both soils, and significantly stimulated by long-term nitrogen
fertilization. Overall, for the first time, we demonstrate that long-term nitrogen fertilization promotes

iron(lll) reduction and modulates iron-reducing bacterial community in paddy soils.
The ISME Journal (2015) 9, 721-734; doi:10.1038/ismej.2014.159; published online 29 August 2014

Introduction

Iron (Fe) is the most abundant redox-active element
on the Earth, thus microbial iron redox cycling has a
fundamental role in environmental biogeochemistry
(Weber et al., 2006a). Dissimilatory ferric iron
[Fe(IIT)] reduction occurs under anoxic conditions
when coupled to other biogeochemical processes,
for instance the oxidation of organic matter or
hydrogen (H,; Lovley et al., 2004). The reduced
ferrous iron [Fe(II)] can then be reoxidized under
anoxic conditions when coupled to nitrite (NO, ) or
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nitrate (NO; ) reduction (Straub et al., 1996), or to
photosynthesis (Hegler et al., 2008), or under
microoxic conditions, regenerating oxidized Fe(IIl)
to sustain Fe(Ill) reduction. Many studies have
focused on dissimilatory Fe(III) reduction because
of its global significance (Lovley et al., 2004; Weber
et al., 2006a). It has been established that this
metabolic process strongly influences carbon (C),
nitrogen (N) and sulfur (S) cycling and indirectly
affects nutrient availability, greenhouse-gas emis-
sions and contaminant transformations (Borch et al.,
2010; Burgin et al., 2011).

Microorganisms that mediate dissimilatory Fe(III)
reduction are phylogenetically diverse (Lin et al.,
2007). Numerous dissimilatory iron-reducing micro-
organisms have been isolated, characterized and
identified from paddy soils mainly by culture-
dependent methods (Wang et al., 2009; Li et al., 2011).
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However, studies on the composition of microbial
community participating in dissimilatory Fe(III)
reduction have been rather limited because of the
unavailability of universal functional gene markers.
Stable isotope probing (SIP) analysis of ribosomal
RNA (rRNA) is considered to be a powerful means to
link the taxonomic identity of microorganisms
to a specific function in complex environments
(Manefield et al., 2002; Vandieken and Thamdrup,
2013). It enables the identification of active acetate-
oxidizing iron-reducing bacteria as a functional
guild for the first time in an Italian anoxic paddy
soil when amended Fe(Ill) oxyhydroxides were
served as electron acceptors (Hori et al., 2010).
With the advent of high-throughput sequencing
techniques, it is expected that the active commu-
nities of iron-reducers could be elucidated with an
unprecedented detail and high-phylogenetic resolution.

Paddy soil represents an intermediate system
between terrestrial ecosystems and aquatic ecosys-
tems, and the alternation between oxic and anoxic
conditions results in periodically occurring redox
reactions. Owing to the unique characteristics of
paddy soil and the elemental abundance of iron,
dissimilatory Fe(Ill) reduction is prevalent and
thought to be central to many other biogeochemical
processes in flooded paddy soils (Yi et al., 2013).

N fertilization is an important management prac-
tice for maintaining soil fertility and increasing rice
yields in paddy soils (Cassman et al., 1998), and
believed to influence global biogeochemical pro-
cesses, because of microbially mediated dissimila-
tory coupling between N and other elements such as
C, Fe and S (Burgin et al., 2011). Previous studies
have shown that the abundance and community
structure of some C-cycling and S-cycling commu-
nities such as methanogens (Mer and Roger, 2001),
methanotrophs (Hanson and Hanson, 1996) and
sulfate-reducers (Liu et al, 2009) in paddy
soils have altered under long-term N fertilization.
Nevertheless, the effect of N fertilization on the
composition of the microbial community responsible
for dissimilatory Fe(IlI) reduction is unknown.
Dissimilatory Fe(III) reduction has been found to
be linked to N cycle in various environments such as
wetland soils (Clément et al., 2005), wastewater
(Sawayama, 2006) and even tropical upland soils
(Yang et al., 2012). Therefore, we hypothesize that
the dissimilatory iron-reducing microbial commu-
nity alters after long-term N fertilizer (as urea) input
in paddy soils.

The objective of this study was thus to investigate
the active acetate-assimilating iron-reducing micro-
bial community shifts under long-term N fertiliza-
tion in a typical paddy soil from Southern China via
an incubation experiment, in which two types of
Fe(Il) oxyhydroxides (that is, ferrihydrite (FER) and
goethite (GOE)) were added as sole terminal electron
acceptor and "*C-acetate-based rRNA-SIP in combi-
nation with recently developed high-throughput
16S rRNA pyrosequencing (454) techniques were
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used. Also, the shift of putative dissimilatory iron-
reducers in original field samples were investigated
by 16S rRNA gene-based pyrosequencing to examine
the relevance between the results obtained from SIP
incubations and those from field samples.

Materials and methods

Soil sampling

The long-term fertilization experiment site (estab-
lished in 1990) was located in the Taoyuan Agro-
ecosystem Research Station (28°55’N, 111°27’E),
central Hunan Province of China; the field informa-
tion is detailed in Supplementary Materials. In our
study, surface soil samples (0—20cm depth) were
collected in September 2010 from the following two
treatments: control without fertilizers (NF) and
nitrogen fertilizer as urea (N). Each fertilization
treatment had triplicate plots (33 m? per plot), which
were randomly arranged in the field, and all plots
were sampled independently. Each soil sample was
partitioned into two sub-samples: one was air dried,
passed through a 2.0-mm sieve and stored at 4 °C for
soil basic properties analyses and SIP incubations,
and the second was stored at —80 °C for direct DNA
extraction and 16S rRNA gene-based pyrosequen-
cing. Soil chemical properties under these two
fertilization treatments were analyzed by the stan-
dard methods (Lu, 1999), and listed in Table 1.

SIP incubations and biogeochemical analyses

Before incubation, soil samples from triplicate
plots within each fertilization treatment were
mixed thoroughly, and then slurries were prepared
as described previously (Hori et al., 2007).
To activate the soil microbes and deplete indigenous
electron acceptors such as nitrate, available
sulfate and Fe(Ill) (oxyhydr)oxides, the slurry was

Table 1 Chemical properties of NF and N paddy soils

Soil property Fertilization practice®
NF N

pH (H.O) 5.3+0.02 b 5.5+0.03 a
Total C mgg " soil 19+1.2b 22+1.8a
Total N mgg " soil 1.8+0.17b 2.3%0.29a
Total Fe mgg " soil 27+1.0a 24+0.51b
Amorphous Fe(Ill) oxide mgg ' soil 2.3+0.13b 3.1+0.21a
Microbial biomass C pgg " soil 807+63 b 945+72 a
Microbial biomass N pgg ' soil 63+4.3b 86+6.7 a
Nitrate pgg ' soil 2.9+0.18a 2.8+0.16 a
Ammonium pgg ' soil 24+1.7b 52+t1.5a
Dissolved organic C pgg " soil 89+4.2b 106*59a
Dissolved organic N pgg " soil 22+£1.0b 26t1.4a

Acetate pmol g~ * soil 0.28+0.01b 0.77+0.05 a

Abbreviations: N, nitrogen fertilized; NF, non-fertilized.
Control without fertilizers (NF); nitrogen fertilizer as urea (N).
PMean + standard deviation (n=3). Values within the same row
followed by the same letter do not differ at P<0.05.



pre-incubated anoxically in the dark at 25 °C for 21
days (Hori et al., 2010). Aliquots (5ml) of the well-
mixed slurry were placed into 25-ml serum vials.
Three treatments were set up: (i) FER, (ii) GOE and
(iii) control without any Fe(Ill) oxyhydroxide addi-
tion (CTR). Both Fe(IlI) oxyhydroxides were synthe-
sized as described earlier (Schwertmann and
Cornell, 1996), and added at a final concentration
of 140 ymol g~ * soil dry weight. The pmol amount of
FER added was calculated using the formula
Fe;HOy; x 4H,0 (Kappler and Straub, 2005). Vials
were then sealed with butyl rubber septa and
crimped with aluminum caps, and headspaces were
flushed with N,. Labeled experiments (n= 3, each)
were initiated by adding [U-'°C]-labeled acetate
(1, 2-'®C,-acetate, 99 atom%; Cambridge Isotope
Laboratories, Andover, MA, USA) to each vial at a
final concentration of 3.3 umolg~" soil dry weight
(about 2mwm in pore water), and incubated statically
for 4 days at 25°C. Twice during the incubation
(after 1.5 and 3 days), '*C-acetate was supplemented
to the microcosms at a final concentration of
3.3umol g " soil dry weight. Thus, in total, 30 pmol
of *C-acetate were added to both soil slurries. In
addition, parallel unlabeled experiments were
established only for molecular analyses, and they
were performed by the same procedure with the
exception that the substrate was '*C-unlabeled
acetate.

For the labeled experiments, the destructive
sampling was performed in triplicate at days O,
0.5, 1, 1.5, 2, 3 and 4. Total CH, and CO, in
headspace samples of each vial were analyzed using
a robotized sampling and analyzing system as
described previously (Molstad et al., 2007). The
'3C atom percentage of CH, and CO, was measured
by GC-isotope ratio mass spectrometry (Thermo
Finnigan Delta V Advantage, Bremen, Germany) as
described earlier (Conrad et al., 2000). Pore water
samples for volatile fatty acids analysis were
taken, centrifuged and filtered as previously
described (Krumboéck and Conrad, 1991). Volatile
fatty acids were determined by ion chromatography
(Dionex ICS-3000 system, Dionex, Sunnyvale, CA,
USA; Li et al.,, 2011). Ferrous iron [Fe(II)] and
total extractable Fe in soil slurry samples were
measured as described by Achtnich et al. (1995).
Briefly, about 0.5g of slurry sample was pipetted
into 4.5ml of 0.5M HCIl for 24h extraction, and
extracted Fe(Il) was determined using the ferrozine
method. Total extractable Fe was analyzed by the
same procedure with the exception that the extrac-
tant was 5-ml of 0.25 M hydroxylamine hydrochlor-
ide in 0.25M HCl. The amount of hydroxylamine
reducible Fe(IlI) was calculated as the difference
between total extractable Fe and Fe(II) (Lovley and
Phillips, 1987; Achtnich et al., 1995). Furthermore,
pH of soil slurries was determined using a pH meter
(FE20, Mettler-Toledo, Zurich, Switzerland). The
rest of the soil slurry samples were stored at —80 °C
for subsequent molecular analyses.
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Soil slurry RNA extraction and SIP gradient fractionation
For both labeled and unlabeled experiments, RNA
was extracted from soil slurry sample from each set
of each treatment after 4 days of the incubation
using the protocol of Griffiths et al. (2000) with the
modification that glass beads was included in the
lysis procedure, and this procedure was performed
twice. The RNA extraction method is detailed in the
Supplementary Materials. TRNA was purified by
the RNeasy mini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions,
and quantified using UV-vis Spectrophotometer
(ND-1000, NanoDrop Technologies, Wilmington,
DE, USA). Extracted rRNA (approximately 500 ng)
was mixed well with cesium trifluoroacetate
gradients to achieve an initial buoyant density
(BD) of 1.790gml ' before ultracentrifugation at
130000g for 65h at 20°C (Xia et al., 2011).
Centrifuged rRNA gradients were fractionated,
the cesium trifluoroacetate BD of each fraction
measured and rRNA precipitated from fractions as
described previously (Lueders et al., 2004a).

Domain-specific PCR quantification of density-resolved
rRNA

rRNA from each gradient fraction of each treatment
was quantified in triplicate by real-time reverse
transcription PCR in an iCycler iQ Thermocycler
(Bio-Rad, Hercules, CA, USA) with primers Ba519f/
Ba907r and Ar109f/Ar912rt targeting all Bacteria
and Archaea, respectively (Lueders et al., 2004a).
Detection chemistry and thermal profiles were the
same as described earlier (Lueders et al., 2004a).
Standardization of bacterial and archaeal templates
was done as described by Lueders et al. (2004b).

Terminal restriction fragment length polymorphism
(T-RFLP) analysis of density-resolved rRNA

rRNA from each gradient fraction of each treatment
was subjected to reverse transcription PCR for
T-RFLP profiling. PCR primers used and amplifica-
tion conditions were as reported earlier (Hori et al.,
2007); 25 and 30 cycles were performed for
amplification of bacterial and archaeal templates,
respectively. Amplicons were digested using Mspl
and Taql for Bacteria and Archaea, respectively.
Digestion product was purified and size-separated
as described previously (Cao et al., 2012).

16S rRNA-based pyrosequencing

Selected density fractions of rRNA were reversely
transcribed into complementary DNA (cDNA)
using PrimeScript 1st strand cDNA synthesis kit
(TaKaRa Biotech, Dalian, China) following the
manufacturer’s instructions, and subjected to
pyrosequencing. The V4-V5 hypervariable regions
of 16S rRNA genes were amplified using a primer
set: 515f (5'-GTGCCAGCMGCCGCGG-3') and 907r
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(5’-CCGTCAATTCMTTTRAGTTT-3'), containing the
454 FLX adapters and barcodes for sample identifi-
cation (Zhou et al.,, 2011). Each 50-ul reaction
mixture contained 2 pl of template cDNA, 0.8 um of
each primer, 0.4mm of each dANTP (TaKaRa Bio,
Otsu, Japan), 5pul of 10 x PCR buffer (Mg®" plus;
TaKaRa Bio), 1.5 U of TaKaRa Taq HS and 10 ug of
BSA (TaKaRa Bio). Amplifications were performed
using the thermal conditions as reported earlier (Xu
et al., 2014). After purification with Wizard sv gel
and PCR clean-up system (Promega, Madison, WI,
USA), equal amounts of the PCR products with
different barcodes were mixed and submitted to the
BGI Shenzhen (Shenzhen city, China) for pyro-
sequencing on a 454 GS FLX + system.

DNA extraction, amplification and 16S rRNA gene-
based pyrosequencing in field samples
High-molecular weight community DNA was
extracted from field samples from triplicate plots
within each fertilization treatment, using the freeze-
grinding, SDS-based method (Zhou et al., 1996) and
was purified by a low-melting agarose gel followed
by phenol extraction. DNA quantity and purity were
determined by UV-vis Spectrophotometer as
described above. The purified DNA was amplified
for pyrosequencing using a primer set: 577f
(5'-AYTGGGYDTAAAGNG-3') and 926r (5-CCGT
CAATTYYTTTRAGTTT-3'), containing the 454
FLX adapters and barcodes. This primer set also
targeted the V4-V5 hypervariable regions of 16S
rRNA genes (Yang et al., 2014). PCR was conducted
using the same conditions as for 16S rRNA-based
pyrosequencing but with different primers. PCR
products with different barcodes were purified and
then mixed in equal amounts for pyrosequencing on
a 454 GS FLX system.

Processing of pyrosequencing data

Acquired raw pyrosequencing data were processed
following the procedure described earlier (Xu et al.,
2014), using the Quantitative Insights Into Microbial
Ecology toolkit-version 1.6.0 (Caporaso et al., 2010).
Briefly, after removing any low quality or ambiguous
reads, qualified sequences were clustered into
operational taxonomic units at 97% identity
threshold. The most abundant sequence in the
cluster for each operational taxonomic unit was
chosen as a representative sequence for that
operational taxonomic unit, and was assigned to
taxonomy using the ribosome database project
Classifier (version 2.2) with a minimum confidence
threshold of 80% (Cole et al., 2005).

For 16S rRNA-based pyrosequencing, beta diver-
sity (UniFrac) analysis was conducted on a ran-
domly chosen subset of 3990 sequences per sample
to correct for unequal sequencing depth across samples.

For 16S rRNA gene-based pyrosequencing, following
the taxonomic analysis at the genus level by
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ribosome database project Classifier, sequences
related to putative dissimilatory iron-reducing bacteria
were selected according to published reviews (Lovley
et al., 2004; Lovley, 2006; Weber et al., 2006a)
because of the absence of functional gene markers
for dissimilatory iron-reducing microorganisms.

Statistical analysis

Details of statistical analysis are given in the
Supplementary Materials. SPSS (version 16.0, SPSS
Inc., Chicago, IL, USA) software was used to perform
standard statistical tests, including one-way and two-
way analysis of variance, on the soil biogeochemical
and taxonomic data.

For 16S rRNA-based pyrosequencing, differences
in microbial communities among different rRNA
fraction samples were analyzed using the phylogeny-
based unweighted UniFrac distance metric (Lozupone
and Knight, 2007). Average relative abundance data of
predominant genus-level taxonomy in each treatment
for each soil were transformed [log,(x+ 1)] and then
served as input for the R PhyloTemp function to
generate a heat map (Campbell et al., 2010).

For 16S rRNA gene-based pyrosequencing, a non-
parametric multivariate statistical test, adonis and
canonical correlation analysis were performed using
vegan package (version 2.0-8) (Oksanen et al., 2013)
in R version 3.0.0 (The R Foundation for Statistical
Computing, Vienna, Austria).

Accession number of nucleotide sequences

The 16S rRNA-based and 16S rRNA gene-based
pyrosequencing reads have been deposited at
GeneBank with accession number SRP033091 and
SRP043656, respectively.

Results

Iron reduction in SIP incubations

For NF and N soils, Fe(II) was formed in the FER and
GOE treatments, but was rarely detected in the CTR
treatment (Figures 1a—c). In the presence of FER,
Fe(II) concentration in the N soil increased mark-
edly from 75pumolg " at day 0 to 153 umolg ' at
day 4, and the extent of increase was much larger
than that in the NF soil (increased by 47 pmolg~"
after 4 days). Following the addition of GOE, a slight
but significant (P<0.05) increase in Fe(II) concen-
tration was observed after 4 days in both soils, and
the extent of this increase in the N soil (by
20 pmol g~ *) was also much higher than that in the
NF soil (by 7.6 umolg~"'). Total extractable Fe in
both soils treated with FER, GOE and CTR remained
constant at about 155, 75 and 63 umolg ' through-
out the incubation, respectively (Figures 1d—f).

Acetate turnover in SIP incubations
During the first 1.5 days, acetate consumption in the
FER treatment (4.1-6.1pmolg ") was significantly
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Figure 1 Time course of ferrous iron (a—c), total extractable iron (d—f) and acetate (g—i) during the anoxic incubations of non-fertilized
(NF) and N-fertilized (N) paddy soil slurries in the ferrihydrite (FER; left panels a, d, g), goethite (GOE; middle panels b, e, h) and control
(no ferric iron oxyhydroxide amended, CTR; right panels c, f, i) treatments. The arrows in g—i indicate that *C-acetate was replenished to
soil microcosms after days 1.5 and 3. The error bars represent the standard deviations of three replications.

greater than in the GOE (3.6—4.3 pmolg ") and CTR
(2.5-2.7umolg~"') treatments in both soils
(Figure 1g—i). Owing to almost complete degradation
of the acetate in both soils treated with FER
(approximately 77-97% degraded) within 1.5 days,
®C-acetate was replenished to the microcosms
after 1.5 and 3 days of incubation. In total,
acetate consumption in the N soil treated with
Fe(Ill) oxyhydroxides (that is, FER and GOE)
was 8.0-12 umolg~" after 4-day incubation, which
was apparently larger than in the NF soil
(6.8—7.9umolg~"'). Other volatile fatty acids (for
example, propionate or butyrate) were not observed
during the incubation.

Total CH, production after 4 days was largely
suppressed by up to 35% by the addition of FER

(31-35%), but not much by GOE (5.5-12%) in both
soils (Figure 2a). Furthermore, headspace CH,
concentration was significantly lower in all treat-
ments in the N (3.0-4.7umolg ') than NF soils
(4.3-6.2 umol g ). Headspace CO, accumulation in
both soils was also significantly inhibited by FER
(20-25%) and GOE (6.2—8.2%; Figure 2b); whereas
headspace CO, concentration in all treatments in the
N soil was much higher than that in the NF soil after
4 days.

To trace the fate of '°C-acetate, the *C-atom
percentage of headspace CH, and CO, was
monitored throughout the incubation. After 4 days,
the extent of increase in **C atom percentage of CH,
and CO, in the presence of Fe(Ill) oxyhydroxides
was slightly but significantly (P<0.05) greater than
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Figure 2 Changes of gaseous biogeochemical parameters in the non-fertilized (white bars; NF) and N-fertilized (black bars; N) paddy soil
slurries treated with ferrihydrite (FER), goethite (GOE) and control (CTR) after 4-day incubation. (a—f) The concentrations of CH, (a) and
CO. (b), *C atom percentage of CH, (c) and CO, (d), the concentrations of **CH, (e) and "*CO. (f) at the end of 4-day incubation. The
different capital letters above the horizontal line denote significant differences among FER, GOE and CTR treatments at P<0.05
regardless of fertilization practices. The error bars represent the standard deviations of three replications.

that in the CTR treatment in both soils, respectively
(Figures 2c and d). Furthermore, the 'C atom
percentage of CH, in the presence of Fe(III) oxyhydr-
oxides (approximately 80%) revealed no significant
difference between NF and N soils; in contrast, the
*3C atom percentage of CO, in the N soil treated with
Fe(Ill) oxyhydroxides (up to 24%) was significantly
higher than that in the NF soil (up to 18%). Overall,
both headspace '*CH, and '*CO. concentrations
were largely suppressed in the presence of FER,
but not much by GOE in both soils (Figures 2e and f).
In addition, compared with the NF soil, lower
headspace '*CH, concentration and higher head-
space '*CO, concentration were detected in the N
soil in all treatments. These were consistent with
the patterns obtained for total CH, and CO,,
respectively.

The mass of balance of the *C-acetate added and
gas products showed that 60 umol of **C from added
acetate (2 x 30 pumol *3C-acetate) was converted to
16—22 pmol of **CH, plus "*CO, in the gas and liquid
phases in all treatments in both soils (Table 2). The
"*C recovery in all treatments in both soils was only
27-36%.

SIP of bacterial and archaeal 16S rRNA

rRNA-based SIP technique was applied in all
treatments in both soils to trace microorganisms
capable of **C-acetate incorporation (defined as
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labeled treatments) after 4-day incubation. The
incorporation of **C into rRNA was corroborated by
parallel incubation of microcosms with **C-unlabeled
acetate as the substrate (defined as wunlabeled
treatments).

For both soils, the gradients in all unlabeled
treatments after 4 days clearly showed peaks of
bacterial and archaeal rRNA in a ‘light’ RNA fraction
(BD of 1.782gml~*; Figure 3 and Supplementary
Figure 1). In contrast, the bulk of bacterial rRNA in
all labeled treatments had apparently shifted toward
‘heavier’ BDs and now banded between 1.791 and
1.806 gml . The amounts of bacterial rRNA were
considerably higher in the ‘heavy’ RNA fractions
from the labeled treatments than those from the
corresponding unlabeled treatments. This suggests
that the targeted bacterial populations were success-
fully labeled during microcosm incubations with
13C-acetate. However, an enrichment of archaeal
rRNA in the ‘heavy’ fractions was not detected in all
labeled treatments (Supplementary Figure 1).

Bacterial and archaeal community dynamics in density
gradient fractions of rRNA

For both soils, pair-wise comparisons of bacterial
rRNAs in the ‘heavy’ fractions between the labeled
and unlabeled treatments showed distinct commu-
nity composition (Supplementary Figures 2-4),
further suggesting the labeling of targeted bacterial
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Table 2 The fate of *C-acetate after 4-day anoxic incubations of NF and N soil slurries in the treatments with FER, GOE and CTR

FER GOE CTR
NF N NF N NF N
13C from acetate added (umol) 60 60 60 60 60 60
Gaseous "*CH, (umol) 9.9 7.6 13 9.5 14 11
Gaseous *CO, (umol) 2.6 4.1 2.7 4.7 3.1 5.0
Dissolved **CO,* (umol) 3.3 (7.7)° 8.0 (7.9) 2.8 (7.6) 7.3 (7.8) 2.6 (7.5) 5.1 (7.6)
3C recovery® (%) 27 33 31 36 33 35

Abbreviations: CTR, control; FER, ferrihydrite; GOE, goethite; N, N-fertilized; NF, non-fertilized.
“Dissolved *CO, components including carbonic acid, bicarbonate and carbonate were estimated by using the gaseous **CO, concentration and

the pH of the soil slurries after the incubation.

"The pH of soil slurries in each treatment after the incubation is presented in the parenthesis.
“13C recovery is the total proportion of **C from gaseous and dissolved products to the '*C from acetate added.

FER

—A— “C-NF \L
—&— "C.NF ¢

0.8
0.6

0.4 -

Ratio of maximum quantities

0.2

0.0

[«
(]

0.8

0.6

0.4 -

Ratio of maximum quantities

0.2

u <4 ==

0.0

T T

175176 1.771.78 1.791.80 1.81 1.82 1.83 1.751.76 1.77 1.78 1.79 1.80 1.81 1.82 1.83 1.75 1.76 1.77 1.78 1.79 1.80 1.81 1.82 1.83

CsTFA buoyant density (g ml™)

Figure 3 Quantitative distribution of density-resolved bacterial 16S rRNAs obtained from non-fertilized (NF; a—c) and N-fertilized (N;
d—f) soil slurries treated with ferrihydrite (FER; a and d), goethite (GOE; b and e) and control (CTR; ¢ and f) after 4-day anoxic incubation
with either labeled (**C) or unlabeled (**C) acetate as the substrate. Bacterial template distribution within rRNA gradient fractions was
quantified with real-time reverse transcription PCR. The normalized data are the ratio of the copy number in each gradient fraction to the
maximum quantities from each treatment. The rRNA fractions subjected to pyrosequencing analysis are marked with arrows.

populations during microcosm incubations. Further-
more, in all labeled treatments, the bacterial T-RFLP
fingerprinting patterns in the ‘heavy’ fractions in the
NF soil were highly distinct from those in the N soil
(Supplementary Figures 2—4a and c). Nevertheless,
in both soils, a terminal restriction fragment of 159
bp in the ‘heavy’ fractions significantly increased in
relative abundance following the addition of Fe(III)
oxyhydroxides (Supplementary Figures 2—3a and c).

In the highest density fraction (BDs of 1.811 and
1.816 gml ' for NF and N soils, respectively), this
terminal restriction fragment became predominant
in the presence of Fe(Ill) oxyhydroxides in both
soils, and its relative abundance in the N soil
(24-46%) was much higher than that in the NF soil
(11-22%).

For the archaeal T-RFLP fingerprinting patterns,
a terminal restriction fragment of 187bp was
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exclusively dominant throughout the density frac-
tions in both labeled and unlabeled treatments
(Supplementary Figures 5-7), and no significant
difference was found in its relative abundance
between the labeled and wunlabeled treatments,
suggesting that archaeal populations were not
labeled during microcosm incubations.

Phylogenetic identification of microorganisms
assimilating "*C-acetate

Based on the patterns of quantitative distribution
and T-RFLP fingerprints, the ‘heavy’ TRNA fractions
with BDs of 1.791-1.801 gml ~* (fractions 5, 6 and 7)
in both labeled and unlabeled treatments for both
soils were selected to subject to 16S rRNA-based
pyrosequencing to identify the active microbial
communities represented in these TRNA fractions.
The overview of pyrosequencing results of 36 TRNA
fraction samples (three labeled/unlabeled treatments x
three rRNA fractions per treatment x two soils) were
shown in Supplementary Table 1.

We clustered these samples based on the phylo-
genetic lineages that they contain via the application
of principal coordinate analysis to a matrix of
unweighted UniFrac distances. As shown in
Figure 4, three TRNA fraction samples from the
same treatment grouped together. For both soils,
pair-wise comparisons of samples between the
labeled and unlabeled treatments showed distinct
separation along principal coordinate 1 (PC1) and
principal coordinate 2 (PC2), further suggesting the
labeling of targeted microorganisms during anoxic

incubations. In the labeled or unlabeled treatments,
samples from the FER and GOE treatments were
well separated from samples from the CTR treatment
along PC1 and PC2. Overall, all 36 samples fell into
two discrete clusters, samples from the N soil
completely clustered to the right of the samples
from the NF soil along PC1, even though each soil
contains different incubation treatments (that is, the
FER, GOE and CTR treatments).

High-quality bacterial and archaeal sequence
reads were assigned to different phylogenetic taxa
at genus level by ribosome database project
Classifier, respectively. For the active bacterial
communities, the 10 most dominant genera in each
treatment were selected, and their average relative
abundances were compared with those in other
treatments (Supplementary Figure 8). For both
soils, six genera (belonging to Proteobacteria and
Firmicutes), including Dechloromonas, Geobacter,
Clostridium, Pseudomonas, Solibacillus and Bacillus,
had significantly (P<0.05) higher abundances in the
labeled treatments compared with the correspond-
ing unlabeled treatments, and thus were thought to
be potential acetate-assimilating microorganisms.
Among these potential "®C-acetate-assimilating
populations, five genera including Geobacter,
Dechloromonas, Clostridium, Bacillus and
Solibacillus were stimulated by FER addition in
the NF soil (Figure 5a). The relative abundances of
Geobacter and Solibacillus spp. in the N soil
also increased significantly (by 13- and 5.0-folds,
respectively) following the addition of FER
(Figure 5b), but to a greater extent compared with

PC1vs PC2
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Figure 4 Principal coordinate analysis (PCoA) of unweighted UniFrac distances of 16S rRNA genes from 36 samples (three labeled/
unlabeled treatments x three rRNA fractions per treatment x two soils). The analysis was conducted on a randomly selected subset of
3990 sequences per sample. The scatterplot is of principal coordinate 1 (PC1) vs principal coordinate 2 (PC2). The percentage of the
variation in the samples described by the plotted PCs is shown on the axes. All three rRNA fractions of each treatment are represented by
a single color. Ellipses in solid line denote the samples from the **C-labeled treatments for NF (circles) and N (triangles) soils. Ellipses in
dotted line denote the samples from the **C-unlabeled treatments for NF and N soils.
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Figure 5 Net proportional changes in relative abundance of the potential '*C-acetate-assimilating bacterial populations at genus level in
NF (a) and N (b) soils following the addition of ferrihydrite (FER) and goethite (GOE). The relative abundance is expressed as the average
percentage of the targeted sequences to the total high-quality bacterial sequences of three rRNA fraction samples (fractions 5, 6 and 7) in
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the NF soil (by 8.2- and 3.5-folds, respectively).
Moreover, Pseudomonas spp. were stimulated by
FER addition in the N soil. In the presence of GOE,
the relative abundance of Geobacter spp. increased
significantly (by 4.7- to 6.5-folds) in both soils, but
to a lower extent compared with the FER treatment
(by 8.2- to 13-folds). Furthermore, Clostridium spp.
(by 1.7-folds) in the NF soil and Pseudomonas spp.
(by 3.1-folds) in the N soil were enriched by GOE
amendment.

For the active archaeal communities in the labeled
treatments, Methanosarcina was the most predomi-
nant genus in both soils, and no significant
difference in the relative abundance of this genus
was observed between NF and N soils within each
treatment (Supplementary Figure 9a). Similar trends
were also detected in the unlabeled treatments for
both soils (Supplementary Figure 9b).

Phylogenetic identification of putative dissimilatory
iron-reducing bacteria in field samples

Different putative dissimilatory iron-reducing
bacterial community structure in original field
samples detected by 16S rRNA gene based-pyrose-
quencing as showed that samples from the N soil
were clustered together and separated by the first
axis from those from the NF soil (Supplementary
Figure 10). Significant (P<0.05) difference was
observed between the NF and N soil when a
non-parametric multivariate statistical test, adonis,
was performed. Figure 6 summarizes the relative
abundance of putative dissimilatory iron-reducing
bacterial community in both soils at genus level. Six
genera (belonging to Proteobacteria, Acidobacteria
and Firmicutes), including Geobacter, Geothrix,
Desulfobulbus, Clostridium, Anaeromyxobacter and
Desulfovibrio were detected in both soils (Figure 6).
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Among these genera, the relative abundances of
Geobacter and Geothrix spp. in the N soil were
significantly higher than those in the NF soil,
whereas Clostridium spp. had a significantly
higher abundance in the NF compared with
the N soils. In addition, Desulfosporosinus and
Dechloromonas spp. were observed only in the NF
soil, and Pseudomonas, Desulfitobacterium and
Acidiphilium spp. only in the N soil.

The possible relationships between putative dis-
similatory iron-reducing bacterial community struc-
ture and environmental factors were discerned with
canonical correspondence analysis (Supplementary
Figure 10). According to variance inflation factors
with 999 Monte—Carlo permutations, three signifi-
cant factors, amorphous Fe(IlI) oxides, total C and N,
were chosen in the canonical correlation analysis
biplot. The first axis, which was positively corre-
lated with concentrations of amorphous Fe(III)
oxides, total N and C, explained 33.9% of the
structural variation observed, whereas the second
axis explained 30.1% of the variation.

Discussion

In this study, we investigated the shift of acetate-
metabolizing iron-reducers under long-term N
fertilization in a "*C-acetate-based SIP incubation
experiment. Furthermore, the shift of putative
dissimilatory iron-reducers in original field samples
were also investigated by 16S rRNA gene-based
pyrosequencing to examine the relevance between
the results obtained from SIP incubations and those
from field samples. During SIP incubations, long-
term N fertilization promotes Fe(Ill) reduction
and shifts the acetate-assimilating iron-reducing
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bacterial community in paddy soils. Although FER
and GOE were selecting for distinct dissimilatory
iron-reducing bacterial populations, the Geobacter
spp. were identified as the most important iron-
reducing bacteria and greatly stimulated by long-
term N fertilization. These SIP results were
supported by those obtained from the original field
samples. Taken together, we demonstrate that long-
term N fertilization promotes iron(III) reduction and
modulates iron-reducing bacterial community in
paddy soils.

Effect of long-term N fertilization on iron reduction

During the SIP incubations, significant Fe(II) forma-
tion was found in the presence of FER and GOE, and
apparently enhanced in the N-fertilized soil. This
indicated that long-term N fertilization could pro-
mote this microbially mediated rather than chemical
process. Furthermore, the electrons released and
used for added or indigenous Fe(Ill) (oxyhydr)ox-
ides reduction were calculated from the acetate
consumption alone in all treatments for both soils
after 4 days based on the theoretical stoichiometry,
because of the absence of other volatile fatty acids
(for example, propionate or butyrate) throughout the
incubation (Table 3). The total amount of electrons
released from the acetate was compared with that
utilized to reduce amended or indigenous Fe(III)
(oxyhydr)oxides. For both soils, it was estimated
that exceptionally high amount of electrons flowed
into Fe(III) reduction occurred in the FER treatment
(74-84%) compared with the GOE (14-31%) and
CTR (4.6—11%) treatments. In addition, the amount
of electrons transferred to FER (234meqe ) was
much greater in the N soil than that in the NF soil
(142meqe ). These results further indicated that
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Table 3 The electron balance calculated after 4-day anoxic incubations of NF and N soil slurries in the treatments with FER, GOE

and CTR

FER GOE CTR
NF N NF N NF N
Fe(Il) formation (pmol) 142 234 23 60 6.0 15
Acetate consumption (pumol) 24 35 21 24 16 17
Electron production (meqe ) 192 279 164 194 130 136
Electron flowed into Fe(Ill) reduction (meqe ~) 142 234 23 60 6.0 15
Percentage of electron flowed into Fe(III) reduction (%)* 74 84 14 31 4.6 11

Abbreviations: CTR, control; FER, ferrihydrite; GOE, goethite; N, N-fertilized; NF, non-fertilized.
“Indicates the proportion of the amount of electron flowed into amended or indigenous Fe(IIl) to the total amount of electron production.

long-term N fertilization enhanced Fe(III) reduction
in paddy soils, especially FER reduction, probably
due to the shift of iron-reducing microbial
community.

Nitrogen fertilization shifts acetate-assimilating iron-
reducing bacterial community
An inherent limitation associated with SIP techni-
que is the necessity of adding a **C-labeled substrate
in relatively large amounts, thus greatly elevating
the in situ availability. In our study, the "*C-acetate
concentration added (3.3pmolg~" dry soil) was
relevant to the indigenous acetate concentrations
(ranging from 0.9 to 4.5 umol g ") in both soils after
the pre-incubation, but about 10-50 times higher
than usually observed under field conditions (Yao
et al., 1999; Kriiger et al., 2005). This may cause a
discrepancy between the experimental and the
actual field conditions. We minimized this discre-
pancy by application of highly sensitive RNA-SIP
and limiting the isotope probing to a rather short
time (4 days). Under these conditions, the low
recovery of inorganic "*C in the presence of Fe(IlI)
oxyhydroxides (Table 2) implicated that part of the
"¥C not recovered was incorporated into the rRNA.
This was further validated by larger quantity of
electrons transferred to Fe(Ill) (Table 3), and specific
3G assimilation into rRNA after 4-day incubation
(Figure 3 and Supplementary Figures 1-7). Overall,
it is apparently essential for SIP to achieve efficient
labeling of rRNA, and thus the increase of acetate
concentrations is a necessary compromise.

16S rRNA-based pyrosequencing results from the
SIP incubations revealed that long-term N fertiliza-
tion alters the structures of acetate-assimilating iron-
reducing bacterial populations in the presence of
Fe(Ill) oxyhydroxides (that is, FER and GOE) in
paddy soils (Figure 5). In fact, the shifts of soil
microbial communities induced by N fertilization
have been found in many studies, and they might
have mostly resulted from the changes in soil
chemical properties (for example, pH) after long-
term N input (Hallin ef al., 2009; Shen et al., 2010;
Ramirez et al., 2010). In our study, one possible
explanation for this interesting result could be the

significant enhancement of soil labile organic C
such as dissolved organic carbon under long-term N
fertilization (Table 1). This might stimulate the iron-
reducing bacterial community and thus promote
Fe(Ill) reduction, given that the process of Fe(Ill)
reduction coupled to anoxic oxidation of organic
compounds has been considered as the second most
important electron sink in paddy soils (Lovley and
Phillips, 1986; Yao et al., 1999). Another possible
explanation could be the substantial increment of
soil ammonium (Table 1) resulting from wurea
hydrolysis after long-term N fertilization. It has been
suggested that in addition to organic compounds,
iron-reducing microorganisms could use ammo-
nium as an alternative electron donor for Fe(III)
reduction under anoxic and reduced conditions
(Chen et al., 2008; Yang et al., 2012).

Among the active iron-reducing bacterial popula-
tions detected, Geobacter spp. are of interest
because of their sole respiratory (dissimilatory)
metabolism type (Lovley et al., 2004), and the
apparent enrichment by FER and GOE addition in
both soils (Figure 5), although different forms of
Fe(Ill) oxyhydroxide were selecting for distinct
populations of iron-reducing bacteria. The quantity
of electron transferred to Fe(Ill) by dissimilatory
iron-reducing microorganisms is much greater than
that by fermentative iron-reducing microorganisms
(Lovley, 2006). It is believed, therefore, that the
dissimilatory microorganisms have a more impor-
tant part in Fe(IlI) reduction process. Members of
Geobacter are a well-known branch of dissimilatory
iron reducers (Lovley and Phillips, 1988), they have
the ability to oxidize acetate completely to carbon
dioxide with Fe(Ill) serving as the sole electron
acceptor and also have been found in many other
anoxic environments (Weber et al., 2006a). Intrigu-
ingly, in the presence of FER and GOE, this
population had an apparently higher relative abun-
dance in the N (16-31% of total bacterial classified
sequences) than the NF soils (6.6—11%). This might
explain why the amount of electron transferred to
FER and GOE in the N soil was much more than that
in the NF soil (Table 3).

It is also noteworthy that Dechloromonas spp.
were detected as the most abundant iron reducers
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accounting for up to 14% of active bacterial
communities among the FER-reducing bacteria in
the NF soil (Figure 5a). Uncultured Dechloromonas
spp. were also observed in anaerobic enrichment
cultures with freshwater sediments under condi-
tions of Fe(Ill) reduction and nitrate-dependent
Fe(II) oxidation, but there was no direct evidence
thus far about their involvement in Fe(III) reduction
(Weber et al., 2006b). In this study, as reducing
conditions prevailed throughout the incubation, and
no other electron acceptors were available, it is
assumed that these mnovel, as-yet-uncultured,
Dechloromonas spp. might be involved in FER
reduction. However, it is not clear why the
stimulation of Dechloromonas spp. only occurred
in the NF soil treated with FER, and needs further
investigations.

Our SIP results suggested the metabolic diversity
of Fe(Ill) reduction might be far more complicated
than previously appreciated. For example, Pseudo-
monas, Clostridium and Bacillus spp. have always
been reported to reduce Fe(Ill) via fermentative
metabolisms (Ottow and Glathe, 1971; Jones et al.,
1984; Lin et al., 2007). Fe(Ill) reduction is only a
minor pathway for electron disposal by these
fermentative microorganisms, and they could not
obtain any energy from this reduction process for
growth (Lovley, 2006). Nevertheless, they can
potentially reduce Fe(IIl) through respiratory meta-
bolisms (Balashova and Zavarzin, 1980; Pollock
et al., 2007; Li et al., 2011). Interestingly, although
there was no report to date about the iron-reducing
capability of the Solibacillus spp., they were
observed in anoxic enrichment cultures containing
acetate (non-fermentative substrate) with a paddy
soil when FER was present as the sole electron
acceptor, indicating a possible dissimilatory
iron-reducing capability of this population
(Yi et al., 2012).

Nitrogen fertilization shifts putative dissimilatory
iron-reducing bacterial community under field conditions
Long-term N fertilization also alters putative
dissimilatory iron-reducing bacterial community in
the field samples (Figure 6 and Supplementary
Figure 10), which supports the SIP results discussed
above. The community in the N soil was positively
affected by the contents of amorphous Fe(III) oxide,
total C and N. The higher level of amorphous Fe(III)
oxide, total C and N in the N soil compared with the
NF soil might favor iron-reducing bacterial growth
because of higher substrate and nutrient availability,
and thus lead to a shift of putative dissimilatory
iron-reducing bacterial community under field
conditions.

The putative dissimilatory iron-reducing bacterial
populations (belonging to Proteobacteria, Acido-
bacteria and Firmicutes) detected in the field
samples were partly different from those found in
the SIP incubations (belonging to Proteobacteria and

The ISME Journal

Firmicutes; Figures 5 and 6). This probably resulted
from the complex forms of indigenous Fe(IlI)
(oxyhydr)oxides, relatively low availability of
organic substrate such as acetate and redox fluctua-
tions under field conditions. Among those putative
iron-reducing bacterial populations detected,
Geobacter spp. were the most abundant population
in both soils, further indicating their important role
in dissimilatory Fe(Ill) reduction in paddy soils.
Moreover, the relative abundances (1.5-2.0% of the
bacterial classified sequences) of this genus in both
soils under field conditions were roughly equivalent
to those (1.4-2.4%) detected in the CTR treatment
(with *C-acetate addition alone) for both soils after
the SIP incubations, suggesting that although the
"“C-acetate was added at a relatively high level
during the SIP incubations as discussed above, the
temporal change of SIP-labeled microbial commu-
nities could allow some extrapolation to the actual
field conditions (Schwarz et al., 2007). As with the
SIP results, Geobacter spp. were also significantly
stimulated by long-term N fertilization. This
evidence, together with the shift of putative
dissimilatory iron-reducing bacterial community
under field conditions induced by long-term N
fertilization as discussed above, confirms that the
SIP results permit some extrapolation to the actual
field conditions in our study.

Conclusion

In summary, for the first time, our results revealed
that long-term N fertilization promotes Fe(III) reduc-
tion and shifts the acetate-assimilating iron-redu-
cing bacterial community in paddy soils using
rRNA-SIP combined with pyrosequencing techni-
ques in an incubation experiment. Although differ-
ent forms of Fe(Illl) oxyhydroxide were selecting
for distinct dissimilatory iron-reducing bacterial
populations, the well-known Geobacter spp. were
identified as active iron-reducing bacteria in the
presence of FER and GOE, and greatly stimulated by
long-term N fertilization. In addition to the Geobacter
spp., some of the Proteobacteria- and Firmicutes-
related bacteria not known as dissimilatory iron
reducers to date may also be involved in FER or GOE
reduction in different soils. These SIP results from
microcosm incubations permit some extrapolation
to the actual field conditions. The results of this
study suggest the importance of long-term N
fertilization on iron cycling in paddy soils, high-
lighting the complex biogeochemical interactions of
element transformations than previously appre-
ciated. The mechanism of shift of iron-reducing
bacterial community induced by long-term N ferti-
lization needs further elucidation.

Conflict of Interest

The authors declare no conflict of interest.



Acknowledgements

We thank Lars Molstad (UMB Nitrogen group, Norwegian
University of Life Sciences) for providing software and
constructing the robotized incubation system for analyzing
gas kinetics. This study was conducted with financial
support from the National Natural Science Foundation of
China (41090282 and 41090284) and the Strategic Priority
Research Program of Chinese Academy of Sciences
(XDB15020300 and XDB15020400).

References

Achtnich C, Bak F, Conrad R. (1995). Competition for
electron donors among nitrate reducers, ferric iron
reducers, sulfate reducers, and methanogens in anoxic
paddy soil. Biol Fert Soils 19: 65-72.

Balashova VV, Zavarzin GA. (1980). Anaerobic reduction
of ferric iron by hydrogen bacteria. Microbiology 48:
635-639.

Borch T, Kretzschmar R, Kappler A, van Cappellen P,
Vogel MG, Voegelin A et al. (2010). Biogeochemical
redox processes and their impact on contaminant
dynamics. Environ Sci Technol 44: 15-23.

Burgin AJ, Yang WH, Hamilton SK, Silver WL. (2011).
Beyond carbon and nitrogen: how the microbial
energy economy couples elemental cycles in diverse
ecosystems. Front Ecol Environ 9: 44-52.

Campbell BJ, Polson SW, Hanson TE, Mack MC,
Schuur EAG. (2010). The effect of nutrient deposition
on bacterial communities in Arctic tundra soil.
Environ Microbiol 12: 1842—1854.

Cao P, Zhang LM, Shen JP, Zheng YM, Di HJ, He JZ. (2012).
Distribution and diversity of archaeal communities in
selected Chinese soils. FEMS Microbiol Ecol 80:
146-158.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K,
Bushman FD, Costello EK et al. (2010). QIIME allows
integration and analysis of high-throughput commu-
nity sequencing data. Nat Methods 7: 335-336.

Cassman KG, Peng S, Olk DC, Ladha JK, Reichardt W,
Dobermann A et al. (1998). Opportunities for
increased nitrogen-use efficiency from improved
resource management in irrigated rice systems. Field
Crop Res 56: 7-39.

Chen XP, Zhu YG, Hong MN, Kappler AN, Xu YX. (2008).
Effect of different forms of nitrongen fertilizers on
arsenic uptake by rice plants. Environ Toxicol Chem
27: 881-887.

Clément JC, Shrestha J, Ehrenfeld JG, Jaffé PR. (2005).
Ammonium oxidation coupled to dissimilatory reduc-
tion of iron under anaerobic conditions in wetland
soils. Soil Biol Biochem 37: 2323-2328.

Cole JR, Chai B, Farris RJ, Wang Q, Kulam SA, McGarrell
DM et al. (2005). The Ribosomal Database Project
(RDP-II): sequences and tools for high-throughput
TRNA analysis. Nucleic Acids Res 33: D294-D296.

Conrad R, Klose M, Claus P. (2000). Phosphate inhibits
acetotrophic methanogenesis on rice roots. Appl
Environ Microbiol 66: 828—831.

Griffiths RI, Whiteley AS, O’Donnell AG, Bailey MJ.
(2000). Rapid method for coextraction of DNA
and RNA from natural environments for analysis
of ribosomal DNA- and rRNA-based microbial
community composition. Appl Environ Microbiol 66:
5488-5491.

Iron-reducing microbial community in paddy soils
L-J Ding et al

Hallin S, Jones CM, Schloter M, Philippot L. (2009).
Relationship between N- cycling communities and
ecosystem functioning in a 50-year-old fertilization
experiment. ISME ] 3: 597—-605.

Hanson RS, Hanson TE. (1996). Methanotrophic bacteria.
Microbiol Rev 60: 439-471.

Hegler F, Posth NR, Jiang J, Kappler A. (2008). Physiology
of phototrophic iron(Il)-oxidizing bacteria: implica-
tions for modern and ancient environments. FEMS
Microbiol Ecol 66: 250-260.

Hori T, Miiller A, Igarashi Y, Conrad R, Friedrich MW.
(2010). Identification of iron-reducing microorganisms
in anoxic rice paddy soil by '®C-acetate probing.
ISME ] 4: 267-278.

Hori T, Noll M, Igarashi Y, Friedrich MW, Conrad R.
(2007). Identification of acetate-assimilating micro-
organisms under methanogenic conditions in anoxic
rice field soil by comparative stable isotope probing of
RNA. Appl Environ Microbiol 73: 101-109.

Jones JG, Davison W, Gardener S. (1984). Iron reduction by
bacteria: range of organisms involved and metals
reduced. FEMS Microbiol Lett 21: 133—136.

Kappler A, Straub KL. (2005). Geomicrobiological cycling
of iron. Rev Mineral Geochem 59: 85—108.

Kriiger M, Frenzel P, Kemnitz D, Conrad R. (2005).
Activity, structure and dynamics of the methanogenic
archaeal community in a flooded Italian rice field.
FEMS Microbiol Ecol 51: 323-331.

Krumbdéck M, Conrad R. (1991). Metabolism of position-
labelled glucose in anoxic methanogenic paddy soil
and lake sediment. FEMS Microbiol Ecol 85: 247—-256.

Li H, Peng J, Weber KA, Zhu Y. (2011). Phylogenetic
diversity of Fe(Ill)-reducing microorganisms in rice
paddy soil: enrichment cultures with different short-
chain fatty acids as electron donors. J Soil Sediment
11: 1234-1242.

Lin B, Hyacinthe C, Bonneville S, Braster M,
Cappellen PV, Roling WFM. (2007). Phylogenetic and
physiological diversity of dissimilatory ferric iron
reducers in sediments of the polluted Scheldt estuary,
Northwest Europe. Environ Microbiol 9: 1956—1968.

Liu XZ, Zhang LM, Prosser JI, He JZ. (2009). Abundance
and community structure of sulfate reducing
prokaryotes in a paddy soil of southern China under
different fertilization regimes. Soil Biol Biochem 41:
687-694.

Lovley DR, Holmes DE, Nevin KP. (2004). Dissimilatory
Fe(III) and Mn(IV) reduction. Adv Microb Physiol 49:
219-286.

Lovley DR, Phillips EJP. (1986). Organic matter miner-
alization with reduction of ferric iron in anaerobic
sediments. Appl Environ Microbiol 51: 683—689.

Lovley DR, Phillips EJP. (1987). Rapid assay for micro-
bially reducible ferric iron in aquatic sediments. Appl
Environ Microbiol 53: 1536—1540.

Lovley DR, Phillips EJP. (1988). Novel mode of microbial
energy metabolism: organic carbon oxidation coupled
to dissimilatory reduction of iron or manganese. Appl
Environ Microbiol 54: 1472—1480.

Lovley DR. (2006). Dissimilatory Fe(IlI)- and Mn(IV)-
reducing prokaryotes. Prokaryotes 2: 635—658.

Lozupone CA, Knight R. (2007). Global patterns in
bacterial diversity. Proc Natl Acad Sci USA 104:
11436-11440.

Lu RK. (1999). Analytical Methods for Soil and Agricul-
tural Chemistry. China Agricultural Science and
Technology Press: Beijng.

733

The ISME Journal



Iron-reducing microbial community in paddy soils
L-J Ding et al

734

Lueders T, Manefield M, Friedrich MW. (2004a).
Enhanced sensitivity of DNA- and rRNA-based stable
isotope probing by fractionation and quantitative
analysis of isopycnic centrifugation gradients. Environ
Microbiol 6: 73-78.

Lueders T, Pommerenke B, Friedrich MW. (2004b).
Stable-isotope probing of microorganisms thriving at
thermodynamic limits: syntrophic propionate oxidation
in flooded soil. App! Environ Microbiol 70: 5778-5786.

Manefield M, Whiteley AS, Griffiths RI, Bailey MJ. (2002).
RNA stable isotope probing, a novel means of linking
microbial community function to phylogeny. Appl
Environ Microbiol 68: 5367-5373.

Mer JL, Roger P. (2001). Production, oxidation, emission
and consumption of methane by soils: A review. Eur J
Soil Biol 37: 25-50.

Molstad L, Dorsch P, Bakken LR. (2007). Robotized
incubation system for monitoring gases (O,, NO, N,O
and N,) in denitrifying cultures. ] Microbiol Meth 71:
202-211.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR,
O’Hara RB et al. (2013). Vegan: Community Ecology
Packagehttp://CRAN.R-project.org/package=vegan.

Ottow JCG, Glathe H. (1971). Isolation and identification
of iron-reducing bacteria from gley soils. Soil Biol
Biochem 3: 43-55.

Pollock J, Weber KA, Lack J, Achenbach LA, Mormile MR,
Coates JD. (2007). Alkaline iron(Il) reduction by a
novel alkaliphilic, halotolerant, Bacillus sp isolated
from salt flat sediments of Soap Lake. Appl Microbiol
Biotechnol 77: 927-934.

Ramirez KS, Lauber CL, Knight R, Bradford MA, Fierer N.
(2010). Consistent effects of nitrogen fertilization on
soil bacterial communities in contrasting systems.
Ecology 91: 3463-3470.

Sawayama S. (2006). Possibility of anoxic ferric ammo-
nium oxidation. J Biosci Bioeng 101: 70-72.

Schwarz JIK, Lueders T, Eckert W, Conrad R. (2007).
Identification of acetate-utilizing Bacteria and
Archaea in methanogenic profundal sediments of
Lake Kinneret (Israel) by stable isotope probing of
rRNA. Environ Microbiol 9: 223-237.

Schwertmann U, Cornell RM. (1996). Iron Oxides in the
Laboratory: Preparation and Characterization, 2nd
edn. WILEY-VCH: Verlagsgesellschaft: Weinheim.

Shen J, Zhang L, Guo J, Ray JL, He J. (2010). Impact of
long-term fertilization practices on the abundance
and composition of soil bacterial communities in
Northeast China. Appl Soil Ecol 46: 119—-124.

Straub KL, Benz M, Schink B, Widdel F. (1996).
Anaerobic, nitrate-dependent microbial oxidation of
ferrous iron. Appl Environ Microbiol 62: 1458—1460.

Vandieken V, Thamdrup B. (2013). Identification of
acetate-oxidizing bacteria in a coastal marine surface
sediment by RNA-stable isotope probing in anoxic
slurries and intact cores. FEMS Microbiol Ecol 84:
373-386.

Wang XJ, Yang J, Chen XP, Sun GX, Zhu YG. (2009).
Phylogenetic diversity of dissimilatory ferric iron
reducers in paddy soil of Hunan, South China. J Soil
Sediment 9: 568-577.

Weber KA, Achenbach LA, Coates JD. (2006a).
Microorganisms pumping iron: anaerobic microbial iron
oxidation and reduction. Nat Rev Micro 4: 752—-764.

Weber KA, Urrutia MM, Churchill PF, Kukkadapu RK,
Roden EE. (2006b). Anaerobic redox cycling of iron
by freshwater sediment microorganisms. Environ
Microbiol 8: 100-113.

Xia W, Zhang C, Zeng X, Feng Y, Weng J, Lin X et al.
(2011). Autotrophic growth of nitrifying community in
an agricultural soil. ISME ] 5: 1226—1236.

Xu HJ, Li S, Su JQ, Nie SA, Gibson V, Li H et al. (2014).
Does urbanization shape bacterial community compo-
sition in urban park soils? A case study in 16
representative Chinese cities based on the pyrose-
quencing method. FEMS Microbiol Ecol 87: 182—-192.

Yang WH, Weber KA, Silver WL. (2012). Nitrogen loss
from soil through anaerobic ammonium oxidation
coupled to iron reduction. Nat Geosci 5: 538-541.

Yang Y, Quensen J, Mathieu J, Wang Q, Wang J, Li MY et al.
(2014). Pyrosequencing reveals higher impact of silver
nanoparticles than Ag* on the microbial community
structure of activated sludge. Water Res 48: 317-325.

Yao H, Conrad R, Wassmann R, Neue HU. (1999). Effect of
soil characteristics on sequential reduction and
methane production in sixteen rice paddy soils from
China, the Philippines, and Italy. Biogeochem 47:
269-295.

Yi W, Wang B, Qu D. (2012). Diversity of isolates
performing Fe(IIl) reduction from paddy soil fed by
different organic carbon sources. Afr J Biotechnol 11:
4407-4417.

Yi W, You J, Zhu C, Wang B, Qu D. (2013). Diversity,
dynamic and abundance of Geobacteraceae species in
paddy soil following slurry incubation. Eur J Soil Biol
56: 11-18.

Zhou J, Bruns MA, Tiedje JM. (1996). DNA recovery from
soils of diverse composition. App! Environ Microbiol
62: 316-322.

Zhou J, Wu L, Deng Y, Zhi X, Jiang YH, Tu Q et al. (2011).
Reproducibility and quantitation of amplicon
sequencing-based detection. ISME ] 5: 1303—1313.

This work is licensed under a Creative

Commons Attribution 3.0 Unported
License. The images or other third party material in
this article are included in the article’s Creative
Commons license, unless indicated otherwise in the
credit line; if the material is not included under the
Creative Commons license, users will need to obtain
permission from the license holder to reproduce the
material. To view a copy of this license, visit http:/
creativecommons.org/licenses/by/3.0/

Supplementary Information accompanies this paper on The ISME Journal website (http://www.nature.com/ismej)

The ISME Journal


http://CRAN.R-project.org/package=vegan
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.nature.com/ismej

	title_link
	Introduction
	Materials and methods
	Soil sampling
	SIP incubations and biogeochemical analyses

	Table 1 
	Soil slurry RNA extraction and SIP gradient fractionation
	Domain-specific PCR quantification of density-resolved rRNA
	Terminal restriction fragment length polymorphism (T-RFLP) analysis of density-resolved rRNA
	16S rRNA-based pyrosequencing
	DNA extraction, amplification and 16S rRNA gene-based pyrosequencing in field samples
	Processing of pyrosequencing data
	Statistical analysis
	Accession number of nucleotide sequences

	Results
	Iron reduction in SIP incubations
	Acetate turnover in SIP incubations

	Figure™1Time course of ferrous iron (a-c), total extractable iron (d-f) and acetate (g-i) during the anoxic incubations of non-fertilized (NF) and N-—fertilized (N) paddy soil slurries in the ferrihydrite (FER; left panels a, d, g), goethite (GOE; middle 
	SIP of bacterial and archaeal 16S rRNA
	Bacterial and archaeal community dynamics in density gradient fractions of rRNA

	Figure™2Changes of gaseous biogeochemical parameters in the non-fertilized (white bars; NF) and N-—fertilized (black bars; N) paddy soil slurries treated with ferrihydrite (FER), goethite (GOE) and control (CTR) after 4-day incubation. (a-f) The concentra
	Table 2 
	Figure™3Quantitative distribution of density-resolved bacterial 16S rRNAs obtained from non-fertilized (NF; a-c) and N-—fertilized (N; d-f) soil slurries treated with ferrihydrite (FER; a and d), goethite (GOE; b and e) and control (CTR; c and f) after 4-
	Phylogenetic identification of microorganisms assimilating 13C-acetate

	Figure™4Principal coordinate analysis (PCoA) of unweighted UniFrac distances of 16S rRNA genes from 36 samples (three labeledsolunlabeled treatmentstimesthree rRNA fractions per treatmenttimestwo soils). The analysis was conducted on a randomly selected s
	Phylogenetic identification of putative dissimilatory iron-reducing bacteria in field samples

	Figure™5Net proportional changes in relative abundance of the potential 13C-acetate-assimilating bacterial populations at genus level in NF (a) and N (b) soils following the addition of ferrihydrite (FER) and goethite (GOE). The relative abundance is expr
	Discussion
	Effect of long-term N fertilization on iron reduction

	Figure™6Average relative abundance of putative dissimilatory iron-reducing bacterial community structures at genus level in NF and N soils under field conditions. The abundance is expressed as the average percentage of the targeted sequences to the total 
	Nitrogen fertilization shifts acetate-assimilating iron-reducing bacterial community

	Table 3 
	Nitrogen fertilization shifts putative dissimilatory iron-reducing bacterial community under field conditions

	Conclusion
	A6
	ACKNOWLEDGEMENTS




