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In soils and sediments, microbial reduction of iron (hydr)oxides and consequent
formation of secondary iron minerals are important factors influencing many
biogeochemical cycles and processes that include microbial methanogenesis. Here, we
investigated methanogenic activity and microbial community of a paddy soil enrichment
in response to different biomineralization pathways of ferrihydrite, which was reduced
and transformed to magnetite and vivianite in the absence and presence of phosphate,
respectively. For methanogenic degradation of both acetate and propionate, CH4

production rates in the magnetite cultures were significantly enhanced compared
with the vivianite cultures. Characterization of 16S rRNA genes from methanogenic
soil microbial community indicated that, (i) biomineralization of ferrihydrite was an
important factor affecting soil microbial community structure; (ii) Geobacteraceae was
only enriched in the vivianite cultures for both acetate- and propionate-fed incubations;
and (iii) the abundance of Anaerolineaceae was increased in the magnetite cultures
for both acetate- and propionate-fed incubations. The facilitated CH4 production
in the magnetite cultures might be related to the dynamic cycle of Fe(III)–Fe(II)–
Fe(III) or magnetite-stimulated direct interspecies electron transfer between syntrophic
acetate/propionate oxidizers and methanogens, which need further investigation. These
results lend insight into the biogeochemical cycling of Fe, C, and P in anaerobic soils
and sediments, as well as the development of mitigation strategies of CH4 production.

Keywords: biomineralization of ferrihydrite, methanogenesis, phosphate, microbial community, paddy soil

INTRODUCTION

Soils and sediments contain high abundance of iron (hydr)oxides, which are important sorbents
and repositories for organic and inorganic constituents (e.g., carbon tetrachloride, arsenic, and
phosphate) (Cornell and Schwertmann, 2003). Thus, the dissolution and transformation of
iron (hydr)oxides play important roles in controlling the fate and transport of nutrients and
contaminants (Roden et al., 2002; Pedersen et al., 2006; Muehe et al., 2013a,b). Moreover, microbial
reduction of iron (hydr)oxides is an important constituent of carbon and iron cycles by coupling
organic matter mineralization with ferric iron reduction in anaerobic environments (Lovley, 1987;
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Fredrickson and Gorby, 1996). Poorly crystalline iron
(hydr)oxides are more bioavailable to dissimilatory iron-
reducing bacteria (DIRB) than crystalline iron minerals as
electron acceptors in anoxic soils and sediments (Lovley
and Phillips, 1986; Phillips et al., 1993), thus representing a
strong competitor to microbial methanogenesis (Frenzel et al.,
1999; Jäeckel and Schnell, 2000; Lueders and Friedrich, 2002;
Qu et al., 2004).

Poorly crystalline iron (hydr)oxides, such as ferrihydrite, are
the predominate first phase of ferric-bearing minerals in soils
and sediments (Tufano et al., 2009). They will transform to
more stable and insoluble iron-bearing minerals due to their
thermodynamic instability (Benner et al., 2002; Zachara et al.,
2002; Hansel et al., 2003). In natural systems, the environmental
factors controlling the formation of secondary mineralization
products are complex and poorly understood (O’Loughlin et al.,
2010). However, the rate and extent of Fe(II) production and
its reaction with residual Fe(III) oxides and other ligands
(e.g., phosphate, carbonate) are often identified as the primary
controlling factors (Fredrickson et al., 1998; Dong et al., 2000;
Zachara et al., 2002; Borch et al., 2007).

Depending on the geochemical conditions, ferrihydrite
bioreduction leads to the formation of different secondary
mineralization products including siderite (Mortimer
and Coleman, 1997; Fredrickson et al., 1998), magnetite
(Lovley, 1991), vivianite (Fredrickson et al., 1998), and
green rust (Fredrickson et al., 1998; Parmar et al., 2001).
Each secondary product has its own unique characteristics
(such as crystal structure, particle size, redox potential, and
conductivity), which determine its specific impact on the
related biogeochemical processes. Recently, there are increasing
studies investigating the association between biomineralization
of iron (hydr)oxides and microbial methanogenesis (Jiang
et al., 2013; Zhuang et al., 2015b; Zheng et al., 2017; Kato
and Igarashi, 2019); biogenic magnetite and iron sulfides are
demonstrated to enhance methanogenesis in soil and sediment.
As the first attempt, our previous study (Tang et al., 2016)
investigated the response of methanogenic activity to different
transformation pathways of ferrihydrite in the artificial coculture
of Geobacter and Methanosarcina. Methanogenic activity of the
coculture is found to be associated with the type of secondary
mineralization product from ferrihydrite reduction. However,
the pure strains cannot fully reflect microbial ecology in
natural environments.

In an attempt to investigate the response of methanogenic soil
exposed to different pathways of iron biomineralization,
the methanogenic activity and microbial community
of a methanogenic paddy soil enrichment degrading
acetate or propionate were compared under different
biomineralization pathways of ferrihydrite, acting as a
surrogate of bioavailable iron (hydr)oxides in soils. The
different pathway of ferrihydrite biotransformation in this
study was manipulated by changing the concentration
of phosphate. In the presence and absence of phosphate,
ferrihydrite bioreduction was expected to form mineral
product of vivianite and magnetite, which further affected
methanogenic activity and microbial community structure

of the paddy soil enrichment. Results from this study might
provide an enhanced understanding of microorganisms
involved in biogeochemical cycling of carbon and iron in
natural environments.

EXPERIMENTAL METHODS

Anaerobic Incubation Experiments
The soil used in this experiment was sampled from the 0-
to 20-cm layers in a rice paddy field located at the South
China Botanical Garden. The physiochemical properties of
the soil sample were determined (Zhuang et al., 2015b), and
the results included pH (6.4), organic matters (26.9 g/kg),
total Fe (19.5 g/kg), NO3

− (0.92 g/kg), SO4
2− (1.2 g/kg),

total phosphorus (0.63 g/kg), and total nitrogen (2.3 g/kg).
Before anaerobic incubation, the soil samples were immersed in
deionized water for 1 month to remove the presence of electron
acceptors, such as Fe(III), nitrate, and sulfate, then air-dried
and sieved (<74 µm). All of the anaerobic incubations were
carried out in 275-ml serum bottles, each containing 50 ml
of anaerobic medium, 0.5 g of dry soil, 30 mM ferrihydrite
(if required), and 5.0 mM acetate or 3.0 mM propionate
as a methanogenic substrate. The details for treatments were
described in Supplementary Table S1.

Prepared as previously described with slight modifications
(Kato et al., 2012), the anaerobic medium consisted of 10 mM
NH4Cl, 0.5 mM MgCl2, 0.5 mM CaCl2, 5 mM NaHCO3, 10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
and 1 ml L−1 each of a trace element solution and Se/W solution.
The composition of the trace element solution are nitrilotriacetic
acid (12.8 g/L), FeCl3·6H2O (1.35 g/L), MnCl2·4H2O (0.1 g/L),
CoCl2·6H2O (0.024 g/L), CaCl2·2H2O (0.1 g/L), ZnCl2 (0.1 g/L),
CuCl2·2H2O (0.025 g/L), H3BO3 (0.01 g/L), Na2MoO4·2H2O
(0.024 g/L), NaCl (1.0 g/L), and NiCl2·6H2O (0.12 g/L). The
Se/W solution consists of Na2SeO3·5H2O (0.026 g/L) and
Na2WO4·H2O (0.003 g/L).

The different biomineralization pathways of ferrihydrite were
regulated by the presence or absence of phosphate. One treatment
was conducted with phosphate-free PSN medium, and the other
was conducted using anaerobic medium containing 4.0 mM
phosphate. The stock solution of ferrihydrite was synthesized by
neutralizing 0.4 M ferric chloride solution with 1 M NaOH to
a pH of approximately 7.0 (Schwertmann and Cornell, 2000).
All of the bottles were sealed with Teflon R©-coated septa and
aluminum crimp caps after being bubbled with N2:CO2 [(80:
20) v/v] gas at a rate of 10 ml min−1 for 1 h. Four feeding
cycles were carried out for acetate-fed enrichments, and each
dose was approximately 4.7–5.1 mM. Three feeding cycles were
conducted for propionate-fed enrichments, and each dose was
approximately 2.7–3.0 mM. A new feeding cycle was initiated as
acetate or propionate was reapplied after its complete depletion
in the previous cycle. The incubation period timelines for each
treatment were presented in Supplementary Table S2. All of
the experiments were conducted in biological triplicates and
incubated at 30◦C at a constant temperature incubator without
agitation in the dark.

Frontiers in Earth Science | www.frontiersin.org 2 December 2019 | Volume 7 | Article 325

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-07-00325 December 14, 2019 Time: 15:46 # 3

Zhuang et al. Mineralization Pathways of Ferrihydrite in Paddy Soil

Chemical Analysis
The concentrations of CH4 were determined using a GC7900
gas chromatograph (TECHCOMP Instruments, Shanghai,
China) equipped with a flame ionization detector (FID). The
temperatures of the inlet, the oven, and the detector were 120,
80, and 170◦C, respectively. The injection volume was 200 µl,
and the minimum detection limit of CH4 was 2 ppmv. The gas
in the headspace was taken using a gas-tight syringe (Hamilton,
Switzerland). Gas sampling was conducted every 3–5 days in
the early phase and every 1–2 days in the middle and later
stages of the experiment. The concentrations of propionate
and acetate were determined with HPLC (Shimadzu) using an
SPD-15C column (150 mm × 4.6 mm; 5 µm pore size), and the
lower detection limit was 1 mg L−1. The HCl-extractable Fe(II)
concentrations were determined via the ferrozine technique, as
described previously (Lovley and Phillips, 1986).

X-ray diffraction (XRD) analysis was used to identify the
species of secondary mineralization products. Considering that
the silicate and clay mineral in soil samples interfere with
the spectrum of iron minerals, the identification of secondary
minerals from ferrihydrite bioreduction was conducted in the
anaerobic incubations inoculated with the bacterial suspension
free from soil particles, which was prepared by incubating paddy
soil in PSN medium.

Before XRD analyses, the samples were centrifuged at
4,000 rpm for 5 min, washed twice with deionized water (5 min
each time), and then dried overnight in a vacuum desiccator.
All of the XRD analyses were performed with a PANalytical
(Netherlands) X’pert Pro MPD (at 40 kV and 40 mA) using
CuKα 1,2 radiation (0.15406 and 0.15444 nm), with a scan rate
of 0.1◦θ/min.

Microbial Community Analysis
The soil enrichments at the end of the incubation period
(when CH4 production approached a plateau in the last feeding
cycle) and the initial soil were subjected to DNA extraction,
16S rRNA gene amplification, and 16S rRNA sequencing
for microbial community analysis. DNA was extracted using
a PowerSoilTM DNA isolation kit (MO BIO Laboratories,
United States) according to the manufacturer’s instructions. The
primer set 515F (GTGCCAGCMGCCGCGGTAA) and 806R
(GGACTACHVGGGTWTCTAAT) was used for amplifying the
V4 hypervariable regions of the bacterial and archaeal 16S
rRNA genes. A 30-µl PCR mixture contained 0.75 units Ex Taq
DNA polymerase (TaKaRa, Dalian, China), 1 × Ex Taq loading
buffer (TaKaRa, Dalian, China), 0.2 mM dNTP mix (TaKaRa,
Dalian, China), 0.2 µM each primer, and 100 ng template
DNA. The amplification conditions used were as follows: an
initial denaturation temperature of 94◦C for 5 min; 35 cycles
of 94◦C for 30 s; 53◦C for 60 s and 72◦C for 60 s; and a final
elongation step at 72◦C for 7 min. The amplicons were sequenced
on an Illumina MiSeq platform by Novogene Bioinformatics
Technology (Beijing, China).

Pairs of reads from the original DNA fragments were merged
by using FLASH (Magoč and Salzberg, 2011) after low-quality
reads were removed by Perl scripts. Then, sequences were

analyzed with the QIIME software package (Caporaso et al.,
2010) and the UPARSE pipeline (Edgar, 2013) with default
parameters. Operational taxonomic units (OTUs) were defined
at the sequence similarity level of 97%, and a representative
sequence from each OTU was assigned to a taxonomic identity
using Ribosomal Database Project (RDP) classifier (version
2.2) with a default confidence threshold of 0.8–1.0. Principal
coordinates analysis (PCoA) was conducted based on the Bray-
Curtis distance. To visualize the microbial communities, we
constructed a heat map by applying the heatmap.2 function
implemented in the gplots R package. Most dominant phyla (at
the family level) with a maximum abundance of more than 1%
in all samples were included in the heat map. The raw sequence
data have been deposited in the sequence read archive of NCBI
with the following accession number: SRR565746.

Statistical Analysis
Significant differences among treatments were tested by the
ANOVA method using the SPSS software package (SPSS
Inc., 2003). Differences between values were considered to be
statistically significant at P < 0.05.

RESULTS

Different Mineralization Pathways of
Ferrihydrite
Here, we manipulated the different secondary mineralization
pathways induced by the bioreduction of ferrihydrite with and
without the addition of phosphate in the soil enrichments.
After an incubation period of 18 days, in the phosphate-
free acetate-fed incubations, the reddish brown ferrihydrite
was changed to black solids that can strongly be attracted
by magnets, whereas the secondary minerals from ferrihydrite
bioreduction in the presence of phosphate did not possess
magnetic characteristics. The ultimate iron minerals were
characterized using XRD. The iron particles in the phosphate-
free incubations were identified as magnetite by the characteristic
diffraction pattern of lines 311, 400, 422, 511, and 440 in XRD
measurements (Supplementary Figure S1A), and the presence
of phosphate resulted in the formation of vivianite as the
secondary mineralization product (Supplementary Figure S1B).
With a longer incubation period (40 days) in the propionate-
fed incubations, the transformation of ferrihydrite occurred via
similar pathways resulting in the predominant production of
magnetite and vivianite in the absence and presence of phosphate,
respectively (Supplementary Figure S2).

Regardless of the presence of phosphate, ferrihydrite reduction
coupled with acetate/propionate degradation resulted in similar
Fe(II) generation and accumulation in both soil enrichments
(Supplementary Figures S3, S4). In the acetate-fed incubations,
the total HCl-extractable Fe(II) production accumulated to the
maximum values of 19.6 and 16.7 mM on day 6 in the cultures
with and without phosphate, respectively (Supplementary
Figure S3A). From day 12 on, Fe(II) concentrations were
stabilized approximately 13 mM, and acetate was further
degraded via methanogenesis (Supplementary Figure S3B).
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For the propionate-fed incubations, the total HCl-extractable
Fe(II) production accumulated to the maximum values of 16.8
and 15.5 mM on day 10 in the cultures with and without
phosphate, respectively. Fe(II) concentrations were maintained
in the range of 12–14 mM during the subsequent incubation
time (Supplementary Figure S4A). Acetate was produced as
an intermediate during ferrihydrite reduction coupling with
propionate degradation (Supplementary Figure S4B).

Methanogenesis From Acetate in
Response to Different Mineralization
Pathways of Ferrihydrite
For a concise description, in the following sections, “BM-
cultures” and “BV-cultures” are used to denote anaerobic
incubations with the biogenic formation of magnetite and
vivianite as a consequence of biomineralization of ferrihydrite
in the absence and presence of phosphate, respectively.

“FF-cultures” and “FFP-cultures” are used to denote the
anaerobic incubations without ferrihydrite in the absence and
presence of phosphate, respectively.

The conversion of acetate to CH4 in all incubations was
compared in terms of CH4 cumulative yield (Figure 1A) and
maximum CH4 production rates (Figure 1B). Data showed that
CH4 production patterns were rather similar in the ferrihydrite-
free cultures (FF- and FFP-cultures), regardless of the presence
of phosphate, and approached the maximum CH4 production of
865 ± 32 and 870 ± 41 µmol at the end of the incubation. In the
first feeding cycle, methanogenesis in both BM- and BV-cultures
was suppressed by the bioreduction of ferrihydrite. In the second
to fourth feeding cylces, 94–102% of the electrons expected
from acetate oxidation were recovered as CH4 (Supplementary
Table S3) according to stoichiometric conversion of acetate
to CH4 (CH3COO− + H+ → CH4 + CO2). The BM- and
BV-cultures accumulated a total CH4 production of 755± 21 and
712± 12 µmol, respectively, at the end of incubation.

FIGURE 1 | CH4 yield (A) and CH4 production rate (B) in the acetate-fed cultures (different letters indicate significant differences among four treatments in a feeding
cycle; the arrows denote the addition of acetate).
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FIGURE 2 | Acetate degradation in different treatments: (A) ferrihydrite-free cultures, (B) ferrihydrite-free + P cultures, (C) biogenic-magnetite cultures, and (D)
biogenic-vivianite cultures (the arrows denote the addition of acetate).

In the first feeding cycle, the BM- and BV-cultures produced
CH4 with a much lower rate than that in the ferrihydrite-
free cultures due to the competition for acetate between
methanogens and Fe(III)-reducing bacteria. In the second
to fourth feeding cycles, the maximum CH4 production
rates in the BM-cultures were 84.6 ± 1.97, 101.2 ± 2.56,
and 92.8 ± 4.72 µmol day−1 g−1 dry soil, which were
significantly greater than those in the FF-, FFP-, and BV-cultures
(specific rates for each cycle are summarized in Supplementary
Table S4). The kinetics of acetate degradation corresponded
to the kinetics of CH4 production, and a higher acetate
degradation rate corresponded to a higher CH4 production
rate (Figure 2).

Methanogenesis From Propionate in
Response to Different Mineralization
Pathways of Ferrihydrite
Compared with the lag phase of acetate degradation to CH4
(8 days), the conversion of propionate to CH4 was initiated
after a longer lag phase (25 days). The patterns of CH4
cumulative yield (Figure 3A) and maximum production rates
(Figure 3B) in the propionate-fed cultures were very similar
to those of the acetate-fed cultures. It is noted that CH4
production rates increased with the feeding cycles for all of
the incubations. The maximum CH4 production rates in the
BM-cultures derived from the three cycles were 21.7 ± 0.17,

52.9 ± 1.5, and 81.5 ± 4.7 µmol day−1 g−1 dry soil,
which were 41, 79, and 48% greater than those in the BV-
cultures, respectively.

The faster propionate degradation rates corresponded to the
higher CH4 production rates (Figure 4). As propionate was
degraded, the concentration of acetate followed a pattern
of steady increase to a peak and subsequent decrease,
suggesting that acetate was an intermediate metabolite in
propionate degradation to CH4. The maximum acetate
concentrations were observed to be 1.4, 1.3, 1.0, and
1.1 mmol·L−1 in the FF-, FFP-, BM-, and BV-cultures,
respectively. Each mole of propionate yielded 1.57–1.78 mol
of CH4, which was close to the theoretic stoichiometry of
the complete degradation of propionate to CH4 (Eqs 1–4,
1 mol propionate yields 1.75 mol CH4). Acetate produced
from propionate oxidation (Eq. 1) was further converted to
CH4 by methanogens.

CH3CH2COOH + 2H2O → CH3COOH + CO2 + 3H2
(1)

CH3COOH→ CH4 + CO2 (2)

CO2 + 4H2 → CH4 + 2H2O (3)

Sumofreactions : 4CH3CH2COOH + 2H2O →

7CH4 + 5CO2 (4)
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FIGURE 3 | CH4 yield (A) and CH4 production rate (B) in the propionate-fed
cultures (different letters indicate significant differences among four treatments
in a feeding cycle; the arrows denote the addition of propionate).

Based on the stoichiometry from Eq. 4, it was calculated that
CH4 production accounted for 90–102% of the electrons expected
from propionate oxidation in each feeding cycle (Supplementary
Table S5), suggesting that methanogenesis was the sole electron-
accepting process for metabolism.

Microbial Community Analysis of the
Acetate-Fed Incubations
From DNA samples in the acetate-fed incubations, we obtained
an average of 62,787 ± 10,214 high-quality 16S rRNA
gene sequence reads, and the sequences were clustered into
2,914 ± 488 OTUs per sample. Figure 5 displayed the microbial
community clustering using PCoA-weighted UniFrac distances.
Samples from the ferrihydrite-free incubations (FF and FFP)
were separated by principle component 1; samples from the
incubations suffering ferrihydrite bioreduction (BM and BV)
were closely clustered.

The relative abundances of OTUs at the phylum level
in the initial soils and acetate-fed cultures are described in
Supplementary Figure S5. The most predominant phyla
of bacteria identified in all of the incubations belonged
to Proteobacteria (26.5–43.2%), Firmicutes (12.6–18.9%),
Chloroflexi (9.0–18.7%), and Bacteroidetes (4.8–14.6%).
Compared with the initial soil sample (0.5%), methanogenic
degradation of acetate enriched the relative abundance of
Euryarchaeota in the acetate-fed cultures (1.3–13.3%). To further
investigate the key microorganisms involved in methanogenesis
from acetate, we plotted a heat map showing the shift in relative

abundance of the most abundant bacterial and archaeal taxa at
the family level in all of the samples (Figure 6). Relative to the
initial soil samples (D0), the bacterial family Pseudomonadaceae
was enriched in all of the acetate-fed cultures at the end of
incubation. Compared with the ferrihydrite-free cultures (FF and
FFP), acetate conversion to CH4 in the presence of ferrihydrite
bioreduction (BM and BV) enriched the relative abundance of
the families Anaerolinaceae, Clostridiaceae, Peptococcaceae,
Myxococcaceae, and Syntrophaceae, and the extents of
enrichment in the BM-cultures were greater than those in the
BV-cultures. The relative abundance of Syntrophomonadaceae
was also increased, but members of this family are not known to
be capable of oxidizing acetate (Sobieraj and Boone, 2006). In
terms of methanogens, Methanocellaceae abundance was highly
enriched in the ferrihydrite-free incubations (FF and FFP), while
Methanosarcinaceae abundance in the FFP-cultures was highest.

Microbial Community Analysis of the
Propionate-Fed Incubations
From DNA samples in the propionate-fed incubations, we
obtained an average of 65,818 ± 5,647 high-quality 16S rRNA
gene sequence reads, and the sequences were clustered into
2,836 ± 460 OTUs per sample. PCoA plot (Figure 7) indicated
that principle component 1 clearly separated the propionate-
fed incubations from the initial soil samples, whereas principle
component 2 separated the ferrihydrite-free (FF and FFP) and
ferrihydrite bioreduction incubations (BM and BV).

The relative abundances of OTUs at the phylum level in
the initial soil and propionate-fed cultures are described in
Supplementary Figure S6. The major bacterial populations
belonged to the phyla Proteobacteria (22.0–36.4%), Firmicutes
(12.9–24.1%), and Chloroflexi (9.6–21.3%). Compared with
the initial soil sample (0.5%), methanogenic degradation of
propionate increased the relative abundance of Euryarchaeota
in the propionate-fed cultures (2.5–20.9%). As shown in
Figure 8, relative to the initial soil samples, the families of
Syntrophaceae and Desulfovibrionaceae were enriched in all the
propionate-fed cultures at the end of incubation. The increase
in Syntrophomonadaceae was not of a concern here because
they are irrelevant in their utilization of propionate (Sobieraj
and Boone, 2006). Methanogenic propionate degradation in the
presence of ferrihydrite bioreduction (BM and BV) enriched the
relative abundances of the bacterial families Desulfobacteraceae,
Desulfovibrionaceae, and Syntrophobacteraceae and the archaeal
families Methanosarcinaceae and Methanocellaceae. The
microbial community characteristics of the BM- and BV-
cultures are distinct: Methanocellaceae, Methanosarcinaceae,
and Anaerolineaceae were highly enriched in the BM-
cultures, whereas Methanosarcinaceae, Gracilibacteraceae,
Peptococcaceae, Geobacteraceae, and Myxococcaceae were
significantly increased in the BV-cultures.

DISCUSSION

Phosphate is an important nutrient element for microbial
growth and an environmental factor influencing the bioreduction
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FIGURE 4 | Propionate degradation and the appearance and disappearance of acetate in different treatments: (A) ferrihydrite-free cultures, (B) ferrihydrite-free + P
cultures, (C) biogenic-magnetite cultures, and (D) biogenic-vivianite cultures (the arrows denote the addition of propionate).

FIGURE 5 | Principal coordinates analysis (PCoA) of microbial communities in
initial soil samples and acetate-fed samples based on the weighed UniFrac
distance (D01–D03: triplicates of initial soil sample; FF1–FF3: triplicates of
ferrihydrite-free cultures; FFP1–FFP3: triplicates of ferrihydrite-free + P
cultures; BM1–BM3: triplicates of biogenic-magnetite cultures; and BV1–BV3:
triplicates of biogenic-vivianite cultures).

FIGURE 6 | Heat map of the relative abundance of the most abundant
operational taxonomic units (OTUs) (the abundance >2%) from initial soil
samples and acetate-fed samples (D0: initial soil sample; FF: ferrihydrite-free
cultures; FFP: ferrihydrite-free + P cultures; BM: biogenic-magnetite cultures;
and BV: biogenic-vivianite cultures).
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FIGURE 7 | Principal coordinates analysis (PCoA) of microbial communities in
initial soil samples and propionate-fed samples based on the weighed UniFrac
distance (D01-D03: triplicates of initial soil sample; FF1–FF3: triplicates of
ferrihydrite-free cultures; FFP1–FFP3: triplicates of ferrihydrite-free + P
cultures; BM1–BM3: triplicates of biogenic-magnetite cultures; and BV1–BV3:
triplicates of biogenic-vivianite cultures).

FIGURE 8 | Heat map of the relative abundance of the most abundant
operational taxonomic units (OTUs) (the abundance >1%) from initial soil
samples and propionate-fed samples (D0: initial soil sample; FF:
ferrihydrite-free cultures; FFP: ferrihydrite-free + P cultures; BM:
biogenic-magnetite cultures; and BV: biogenic-vivianite cultures).

and mineralization pathway of iron (hydr)oxides, acting as
sorbing oxyanions to change the surface reactivity of iron
(hydr)oxides (Borch et al., 2007). In the present study,

due to the strong surface complexation of phosphate with
ferrihydrite, the presence of phosphate promoted the formation
of vivianite. Magnetite was the most appreciable mineralization
product in the absence of phosphate in this study, which
was consistent with previous studies (Kukkadapu et al., 2004;
Tang et al., 2016). Without ferrihydrite bioreduction in the
paddy soil enrichments, phosphate exerted very slight effects on
methanogenic degradation of acetate and propionate, however,
by means of changing the biomineralization pathway of
ferrihydrite, the addition of phosphate significantly influenced
methanogenic processes. This finding might cast a new light
on the biogeochemical cycling of C, Fe, and P in anoxic
soils and sediments.

PCoA (Figures 5, 7) revealed that, in the absence of
ferrihydrite reduction, phosphate was an important factor
affecting communities in the acetate-fed incubations but was
not the case for the propionate-fed incubations. For both
acetate- and propionate-fed incubations, the BM- and BV-
cultures were always clustered together and distinct from
the other samples, which suggest that biomineralization of
ferrihydrite is an important contributor to microbial community
structural changes.

Geobacteraceae, the representative dissimilatory Fe(III)-
reducing bacteria responsible for microbial Fe(III) reduction
in paddy soils (Hori et al., 2010; Yi et al., 2013), was only
enriched in the BV-cultures for both cases of feeding with acetate
and propionate. The low abundance of Geobacteraceae in the
BM-cultures might be related to the low level of phosphate
during ferrihydrite reduction because phosphate availability
has been reported to limit the growth of Geobacter species
(N’Guessan et al., 2010). The communities of Clostridium have
been demonstrated to be closely correlated with microbial
Fe(III) reduction (Li et al., 2017), and some species of
family Peptococcaceae are iron reducers (Kunapuli et al., 2007;
Burkhardt et al., 2010). Thus, the enrichment of Peptococcaceae
and Clostridiaceae in the BM-cultures might have resulted
from ferrihydrite bioreduction with acetate. As a metal-reducing
family, the relative abundance of Desulfovibrionaceae (Tebo and
Obraztsova, 1998) was increased in the BM-cultures fed with
propionate and might play an important role during Fe(III)
reduction coupling with propionate oxidization.

For all of the incubations, Methanocellaceae and
Methanosarcinaceae are the predominant methanogens. All
of the species in the Methanocellaceae family are found in
rice field soils (Sakai et al., 2008, 2010; Lü and Lu, 2012), and
many of them are the dominant methanogens in the paddy
soil cultured with acetate (Rui et al., 2011). They produce CH4
from H2/CO2 or formate, and acetate is required as a carbon
source for growth. The family Methanosarcinaceae is the most
versatile of all families of methanogenic archaea with respect
to the diversity of substrates used for CH4 generation (Oren,
2014). Recently, Methanosarcina barkeri has been reported
to be capable of conserving energy from CO2 reduction to
CH4 with the electrons received via direct interspecies electron
transfer (DIET) (Rotaru et al., 2014). In the present study,
both the biomineralization of ferrihydrite and the presence of
phosphate affected the relative abundances of Methanocellaceae
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and Methanosarcinaceae in both acetate- and propionate-fed
incubations (Figures 6, 8).

In the case of acetate, Anaerolinaceae, Clostridiaceae,
Peptococcaceae, and Syntrophaceae were enriched in the
BM-cultures compared with the BV-cultures. Although most
Clostridiaceae species are fermenting bacteria, Jiang et al.
(2013) reported a syntrophic interaction between Clostridium
and Methanosarcina converting acetate to CH4 during the
biotransformation of akaganeite to goethite. Compared with
the BM-cultures, Desulfovibrionaceae, Geobacteraceae, and
Enterobacteriaceae increased in the BV-cultures. Geobacter
spp. are capable of establishing syntrophic interactions
with methanogenic archaea in the presence of acetate, and
methanogenesis can be facilitated by conductive minerals
(Kato et al., 2012; Yamada et al., 2015; Zhuang et al., 2015b;
Tang et al., 2016). This implied that different microorganisms
might be involved in CH4 production by syntrophic acetate
oxidation in the BM- and BV-cultures. In the case of propionate,
the bacterial families Anaerolineaceae, Desulfovibrionaceae,
and Syntrophobacteraceae were enriched the BM-cultures.
Of them, Syntrophobacteraceae is capable of converting
propionate to acetate and syntrophically interacting with H2-
and formate-utilizing methanogens (Boone and Bryant, 1980;
Kuever, 2014; Liu and Conrad, 2017). In the BV-cultures,
the relative abundances of Gracilibacteraceae, Peptococcaceae,
Geobacteraceae, and Myxococcaceae were highly increased.
This finding suggested that the syntrophic propionate-oxidizing
communities were changed by biomineralization of ferrihydrite.

It is noted that the family Anaerolineaceae was highly
enriched in the BM-cultures fed with either acetate or propionate.
Anaerolineaceae species have been demonstrated to be the
most predominant bacteria in alkanes-dependent methanogenic
culture (Liang et al., 2015). Members of the class Anaerolineae
have a filamentous morphology, which may facilitate their
cooperation with other microorganisms (Sekiguchi et al., 2001;
Yamada et al., 2005), such as methanogens. On the other hand,
Anaerolineae have been found as the predominant populations
on the anodes of microbial fuel cell inoculated with soil,
especially with rice field soils (Ishii et al., 2008; Cabezas
et al., 2015), and thus they might possess the capability of
extracellular electron transfer. Thus, Anaerolineae might have
the ability to provide electrons directly to other microorganisms,
likely Methanosarcinaceae species that are capable of accepting
electrons via DIET (Rotaru et al., 2014).

Interestingly, the biotransformation of ferrihydrite to
magnetite (BM-cultures) facilitated CH4 production from
both acetate and propionate in the present study. There are
two potential explanations: (i) the dynamic iron cycling of
Fe(III)(ferrihydrite)–Fe(II)(liquid)–Fe(III)(magnetite) might
accelerate the electron flow from acetate/propionate oxidation
to hydrogenotrophic methanogenesis, similar to that proposed
by Jiang et al. (2013). In their hypothesis, syntrophic acetate
oxidizing bacteria reduced akaganeite to release Fe(II), which
was readsorbed and reprecipitated as structural Fe(III) with
goethite formation. Methanogens harnessed electrons from
Fe(II) for CO2 reduction to CH4, which accelerated CH4

production from acetate. (ii) Conductive magnetite served as
a conduit for DIET between syntrophic acetate/propionate
oxidizers and methanogens possibly between Anaerolineaceae
and Methanosarcinaceae. Many studies have demonstrated that
the presence of magnetite nanoparticles can accelerate syntrophic
methanogenesis by stimulating DIET (Kato et al., 2012; Viggi
et al., 2014; Li et al., 2015; Yamada et al., 2015; Zhuang et al.,
2015a). It would be interesting to further investigate DIET-
mediated methanogenesis in our experimental system, especially
the DIET function of Anaerolineaceae.

CONCLUSION

In this study, different mineralization pathways of ferrihydrite
in paddy soil enrichments were regulated by the concentration
of phosphate. Experimental results indicated that both
methanogenic activities and microbial community structure
during the conversion of acetate/propionate to CH4 were
affected by the biomineralization of ferrihydrite. When magnetite
was formed as the predominant secondary iron minerals,
methanogenesis from acetate and propionate was facilitated
relative to those incubations with vivianite formation from
ferrihydrite reduction. The accelerated CH4 production from
acetate and propionate in the magnetite cultures might be related
to the Fe(III)–Fe(II)–Fe(III) cycle or magnetite-facilitated DIET
and needs further investigation.
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