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ABSTRACT Iron sheet piles are widely used in ﬂood protection, dike construction,
and river bank reinforcement. Their corrosion leads to gradual deterioration and often makes replacement necessary. Natural deposit layers on these sheet piles can
prevent degradation and signiﬁcantly increase their life span. However, little is
known about the mechanisms of natural protective layer formation. Here, we studied the microbially diverse populations of corrosion-protective deposit layers on iron
sheet piles at the Gouderak pumping station in Zuid-Holland, the Netherlands. Deposit layers, surrounding sediment and top sediment samples were analyzed for soil
physicochemical parameters, microbially diverse populations, and metabolic potential. Methanogens appeared to be enriched 18-fold in the deposit layers. After sequencing, metagenome assembly and binning, we obtained four nearly complete
draft genomes of microorganisms (Methanobacteriales, two Coriobacteriales, and Syntrophobacterales) that were highly enriched in the deposit layers, strongly indicating
a potential role in corrosion protection. Coriobacteriales and Syntrophobacterales
could be part of a microbial food web degrading organic matter to supply methanogenic substrates. Methane-producing Methanobacteriales could metabolize iron,
which may initially lead to mild corrosion but potentially stimulates the formation of
a carbonate-rich protective deposit layer in the long term. In addition, Methanobacteriales and Coriobacteriales have the potential to interact with metal surfaces via direct interspecies or extracellular electron transfer. In conclusion, our study provides
valuable insights into microbial populations involved in iron corrosion protection
and potentially enables the development of novel strategies for in situ screening of
iron sheet piles in order to reduce risks and develop more sustainable replacement
practices.
IMPORTANCE Iron sheet piles are widely used to reinforce dikes and river banks.

Damage due to iron corrosion poses a signiﬁcant safety risk and has signiﬁcant economic impact. Different groups of microorganisms are known to either stimulate or
inhibit the corrosion process. Recently, natural corrosion-protective deposit layers
were found on sheet piles. Analyses of the microbial composition indicated a potential role for methane-producing archaea. However, the full metabolic potential of the
microbial communities within these protective layers has not been determined. The
signiﬁcance of this work lies in the reconstruction of the microbial food web of natural corrosion-protective layers isolated from noncorroding metal sheet piles. With
this work, we provide insights into the microbiological mechanisms that potentially
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promote corrosion protection in freshwater ecosystems. Our ﬁndings could support
the development of screening protocols to assess the integrity of iron sheet piles to
decide whether replacement is required.
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etal constructions are widely used in waterways, such as wharf structures, pile
foundations, and metal sheet piles. Their corrosion poses signiﬁcant safety risks
and has signiﬁcant economic impact, with total costs estimated at 2.2 trillion dollars per
year globally (1). Microbially inﬂuenced corrosion contributes to at least 10 to 20% of
total corrosion damage, which emphasizes the relevance of this process (2, 3). Microorganisms inﬂuence metal corrosion both under oxic and anoxic conditions by changing the chemical environment through metabolic processes and bioﬁlm formation on
metal surfaces (1, 4). Under oxic conditions, both abiotic and microbial processes lead
to the formation of hematite (Fe2O3) and ferric hydroxide [Fe(OH)3] and active acidiﬁcation of the environment, which increases corrosion rates (5). Under anoxic conditions
the iron corrosion is largely inﬂuenced by microbial activity (6). In marine environments,
sulfate-reducing bacteria induce iron corrosion under electroconductive conditions,
which is a major issue in pipeline steel (6, 7). In anoxic freshwater environments, sulfate
reducing Desulfovibrio species can cause corrosion of metal surfaces when sulfate is
abundant (12.5 to 35.2 mM), as shown under laboratory conditions (8–10). Under
low-sulfate conditions, as for most freshwater ecosystems, iron oxidation mainly proceeds via the formation of ferrous hydroxide [Fe(OH)2] that is transformed into magnetite (Fe3O4) with the formation of H2 as main electron sink (11).
In addition to their role in corrosion, microorganisms have also been found to
potentially be involved in corrosion protection through the development of corrosionprotective layers (CPLs). A Dutch study indicated that such natural CPLs were associated
with corrosion inhibition in organic-rich freshwater environments in ﬁve freshwater
ﬁeld sites (12). CPLs are formed by multispecies bioﬁlms which likely exert several
protective mechanisms, including the removal of corrosive substances, e.g., the removal of oxygen through aerobic respiration (13); growth inhibition of corrosion
causing microbes, e.g., through antimicrobial production by noncorrosive microorganisms (14); and the formation of a corrosion protective layer, e.g., through overproduction of extracellular polymeric substances and mineral precipitation (12, 15). Natural
CPLs are therefore a mixture of mineral and biological matrices and are a promising
sustainable alternative to current more harsh corrosion inhibition methods. The layer
stability is, however, highly pH dependent, and the pH in turn is dependent on
microbial processes. The hydrogen (H2) produced through corrosion can be an energy
source for many microorganisms, including hydrogenotrophic methanogenic archaea
that convert this substrate to methane (CH4), a potent greenhouse gas (16). However,
the composition of microbial communities within natural CPLs is largely unknown.
Associating chemical processes with microbial communities is essential in determining
the formation and dynamics of corrosion-protective layers.
We studied 4-m-deep iron sheet piles at a pumping station in Gouderak, ZuidHolland, the Netherlands. The Gouderak pump station was constructed in 1866 and
pushes excess water out of the Stolwijksche Boezem into the river Hollandse IJssel. The
iron sheet piles protect the dikes and banks from erosion. The average life span of these
sheet piles ranges between 50 and 100 years. Their replacement is both a risky and
expensive endeavor. At Gouderak, sheet piles were replaced preemptively 50 years
after installment. Previous studies of iron sheet piles from similar environments in the
Netherlands showed that a CPL often formed on the interface of the sheet pile and the
surrounding sediment (12). This layer was also found on the Gouderak sheet piles. We
investigated the geochemical composition and the microbial communities of the CPLs,
the surrounding sediment, and the bulk sediment. The metabolic potential of the
microorganisms was investigated using Illumina MiSeq sequencing and metagenome
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analysis of the same samples, providing a unique insight into the full functional
potential of natural CPL communities. This data set was also interrogated to study the
microbial community structure using rRNA gene-based phylogeny. The combination of
microbial composition data, metabolic potential, and physicochemical parameters
enabled us to reconstruct a microbial food web that is likely involved in CPL formation.
This study provides insights into the microbiology of corrosion protection processes in
freshwater ecosystems and is a follow-up on the microbial-diversity screening study of
Kip et al. (12). Our ﬁndings could support the development of screening protocols to
investigate the current status of iron sheet piles and to decide whether replacement is
required.

3Fe ⫹ 4H2O → Fe3O4 ⫹ 4H2
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RESULTS AND DISCUSSION
We studied 4-m-deep sheet piles at a pumping station in Gouderak, the Netherlands, that were removed after 50 years of service. Natural CPLs were observed on the
surface of the sheet piles. These deposit layers have the potential to protect iron sheet
piles from corrosion, resulting in a longer life span, with corresponding economic and
environmental beneﬁts. Therefore, we investigated the community structure and metabolic potential of the natural CPL microbial community, the surrounding sediment
more distant to the CPLs, and the top sediment in conjunction with the geochemical
composition of the sediments. The microbial community of the deposit layer was
studied in detail to unravel the microbial interactions that could potentially lead to the
corrosion protection of natural CPLs.
Sediments are rich in organic matter and contain large amounts of calcium and
magnesium oxides. Samples were taken in duplicate at the surface for bulk sediment
(BS), at 3-m-deep adjacent sediments (AS), and deposit layers (DL) (see Fig. 4). Sediment
properties were assessed by X-ray ﬂuorescence and total carbon and sulfur analysis. All
sediment samples at 0- and 3-m depths were rich in organic matter, with an average
of 75.7%. The AS and DL differed in total C and S content: the sediment attached to the
DL contained on average 13.6% C and 0.52% S, whereas AS contained on average
22.8% C and 0.85% S. This indicates a higher carbon turnover around the deposit layers.
High percentages of CaO (average, 6.2%; normal soil value, 1%) and MgO (average,
1.0%), the dominant cations in most soils and sediments, indicate that the system was
buffered by groundwater ﬂuxes (see Table S1 in the supplemental material) (17, 18).
Both cations are important in precipitative layer formation and thus crucial in CPL
dynamics. Through changing alkalinity and carbon dioxide concentrations, calcium and
magnesium can rapidly form, precipitating mineral oxide and carbonate complexes
(19).
Iron corrosion in freshwater ecosystems leads to the formation of iron-oxide
complexes and iron carbonates. Under low sulfate conditions, iron oxidation mainly
proceeds via the formation of ferrous hydroxide that is transformed into magnetite and
hydrogen via the Schikorr reaction:
(1)

In buffered, calco-carbonated freshwater systems corrosion additionally leads to the
formation of a wide variety of minerals, including wustite (FeO), limonite [FeO(OH) ·
nH2O], and the ferrous carbonates siderite (FeCO3) and chukanovite [Fe2(OH)2CO3] (11,
12). The minerals that are formed during biocorrosion in anoxic environments are
relatively stable and can protect metal surfaces from further corrosion. Several recent
studies focused on biological corrosion inhibition by natural corrosion protective layers
(CPLs) (14, 15, 20, 21). Kip et al. detected limonite as candidate enriched mineral in the
deposit layer (12). Furthermore, X-ray crystallography analysis indicated wustite, calcite
(CaCO3), siderite and chukanovite [Fe2(CO3)(OH)2] in two mineral layers on Westerkade
sheet piles (12).
16S rRNA gene-based phylogeny indicated the presence of an organic carbondegrading consortium with enrichment of methanogens in deposit layers. The
microbial compositions of BS, AS, and DL were analyzed using 16S rRNA gene reads
October 2019 Volume 85 Issue 20 e01369-19
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FIG 1 Taxonomic distribution of prokaryotic 16S rRNA gene reads obtained from metagenomic data sets from two
bulk sediment samples at the water-sediment interface (BS; 0-m soil samples 1a to c and 2a and b), two
surrounding sediment samples (AS; 3-m soil samples 1a, 1b/1c, 2a, and 2b/2c) and two deposit layer samples (DL;
samples 1a to c and 2a and b). All taxonomic groups have a relative abundance of ⱖ1%. “Other” includes all
taxonomic groups with a relative abundance of ⬍1%. Taxonomic identiﬁcation is given up to order level.

derived from 14 metagenomic data sets (Fig. 1; see also Table S2 in the supplemental
material) and metagenome-assembled genomes (MAGs) (Table 1; see also Table S3).
16S rRNA gene-based analysis showed equal relative abundances of Bacillales (12.4%),
Clostridiales (10.1%), and Flavobacteriales (5.8%) in all locations. Anaerolineales (2.9%),
Betaproteobacteriales (2.4%), and Bacteroidales (1.9%) were also omnipresent, but overall relatively less abundant. The Bathyarchaeota phylum was more abundant in AS
(14.7%), less abundant in DL (5.1%), and least abundant in BS (1.7%). The Bathyarchaeota relative abundances strongly differed between AS samples 1 and 2 (21.5 and
8.0%, respectively). This, however, could not be explained by geochemical properties
(Table S1). The same pattern was found for the candidate phylum Atribacteria (JS1),
which showed highest relative abundance in AS sample 1 (7.6%) but showed only low
abundance in DL (0.9%) and was not detected in BS.

TABLE 1 Characteristics of the four metagenome-assembled genomes with a completeness of ⬎95%a
% coverage of:
CheckM taxonomy sister
lineage (order)
Methanobacteriales
Coriobacteriales (ﬁrst MAG)
Syntrophobacterales
Coriobacteriales (second MAG)

GC content (%)
32.7
66.4
45.7
64.3

Completeness
(%)
98.9
96.9
96.8
95.0

Redundancy
(%)
1.1
9.0
1.3
4.7

Strain
heterogeneity (%)
100
41.2
0.0
15.8

Genome
size (Mbp)
2.18
2.48
3.32
2.70

AS aligned
reads
0.1
1.5
0.0
0.1

DL aligned
reads
8.7
9.2
18.1
11.3

aTaxonomy

sister lineage, GC content, completeness, strain heterogeneity, and genome size were assessed by CheckM. The percent coverage data provide the
average aligned read coverage for each sampling location per metagenome-assembled genome (MAG). AS, adjacent soil; DL, deposit layer.
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The potential organic matter-degrading community is dominated by Bacillales,
Clostridiales, and Flavobacteriales. The average total organic matter content was high
(76%) in the metal sheet pile environment due to the presence of peat sediments.
Organic matter-degrading guilds are essential for the formation of a methanogenic
food web resulting in local changes that can induce CPL formation. Bacillales (12%),
Clostridiales (10%), and Flavobacteriales (5.8%) were relatively highly abundant in all
samples. These phyla are common members of soil microbial communities (22–24). A
study on crude oil contaminated soils indicated their preference for organic carbon-rich
environments, which matches our observations in soils with high organic carbon
contents (25).
Bacillus spp. are often abundant in soils amended with long-chain alkanes, polysaccharides and polycyclic aromatic hydrocarbons, indicating their potential role in organic matter degradation (26–29). Their high relative abundance observed in our study
might be explained by their ability to form spores and the production of antimicrobial
compounds and antifungal volatiles (30–32). Clostridiales are common anaerobic soil
inhabitants that can metabolize a wide variety of complex carbohydrates, including
cellulose, leading to the production of ethanol, acetate, CO2, and H2, which are essential
intermediates in biological organic carbon cycling (23, 33). Flavobacteriales are often
detected in low-temperature, organic-rich soils and sediments, where they are linked to
changes in carbon availability (34, 35). A recent metagenomic study by Rasigraf et al.
(36) also found high relative abundances of Flavobacteriales in cooccurrence with
methanogenic archaea in oligotrophic brackish sediments with large amounts of
reactive iron. They were also detected in soil lignolytic communities that are essential
for organic compound cycling (24). This supports our observation of Flavobacteriales in
sediments with plant-based organic matter and reactive iron species.
Anaerolineales (average, 2.9%), Betaproteobacteriales (average, 2.4%), and Bacteroidales (average, 1.9%) were also detected in all samples. These orders include common
soil inhabitants (22, 37, 38). Betaproteobacteria (Syntrophaceae) and Bacteroidales are
indicators of soils with higher pH (⬎6.5) and relatively low C:N ratios (⬍12.5) (22). Their
occurrence matches with the buffered conditions and high organic matter contents of
the sediments in this study. All three orders likely play a role in organic matter
degradation, although their exact contributions remain unknown.
Deltaproteobacteria, Bacteroidetes, and Bathyarchaeota potentially have a central role in acetate metabolism. To study central carbon metabolism, we investigated
acetate kinase (ackA) and acetyl-coenzyme A synthetase (ACS) gene diversity in DL and
AS. Reads were extracted from the quality-processed read data sets. Protein blasts
(BLASTP) resulted in the most AckA hits for DL to the Deltaproteobacterium bacterium
HGW species from a groundwater metagenome study (11.6%) (39), whereas AS reads
mostly mapped to the Bacteroidetes bacterium RBG from sediment metagenomes
(11.0%) (40) (Table S6). For ACS, most DL reads matched to Methanobacterium species
from coal seam gas formation water (11.0%) (41), Methanoregulaceae from sediment
metagenomes (5.3%) (42), and Bathyarchaeota (4.3%) (40, 43). Of the ACS reads, 19.3%
were most identical to HGW species from a groundwater metagenome study (39). For
AS, 29.8% of the sequences showed highest identity to Bathyarchaeota ACS sequences
from sediment metagenomes (40), groundwater metagenomes (43), and hot springs
metagenomes (44). A total of 12.6% of the ACS reads mapped to Chloroﬂexi sequences
from sediment metagenomes (40) (Table S7). These ﬁndings are supported by 16S rRNA
gene read analyses that indicate that Bathyarchaeota are more abundant and potentially have a central role in organic matter degradation in AS.
Potentially heterotrophic Bathyarchaeota and the candidate phylum Atribacteria (JS1) were more abundant in adjacent sediment. Bathyarchaeota are generally
described as heterotrophic microorganisms with the genomic potential to metabolize
cellulose, lignin, and aromatic compounds (45–47). They were previously detected in
methanogenic communities, where they can have close spatial associations with
Methanomicrobia (48, 49). Interestingly, a study by Xiang et al. (48) found a signiﬁcant
correlation between occurrence of Bathyarchaeota and Methanomicrobia, indicating a
aem.asm.org 5
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potential syntrophic association between the two phyla (48). Here, we also observed
the cooccurrence of Methanomicrobiales (2.9% in DL and 1.1% in AS [sample 2]) and
Bathyarchaeota (5.1% in DL and 14.7% in AS). Their role in methane cycling communities, however, still needs to be elucidated.
Candidate phylum Atribacteria (JS1) is found globally in anoxic marine sediments,
deep biospheres, and petroleum reservoirs (50–52). Genomic data mining indicates that
candidate phylum JS1 species most probably have heterotrophic fermenting and
syntrophic lifestyles (52). A recent study by Glass et al. (53) found candidate JS1 bacteria
with low temperature and salinity adaptation in subseaﬂoor gas hydrates. This indicates
a wide tolerance range and a preference of JS1 for methane-rich environments.
Network analyses support the cooccurrence of candidate phylum JS1 with H2 and
formate-scavenging methanogens and propionate metabolizers (54). They are less
abundant in the deposit layer communities but might play a role in the nutrient cycling
of deeper sediments.
Coriobacteriales, Syntrophobacterales, and the actinobacterial order OPB41 are
key members of the deposit layer microbial communities. De novo assembly and
consensus binning resulted in a total of 16 MAGs with an estimated genome completeness ⬎50% (data not shown). A total of 81% of the reads were aligned to MAGs.
We obtained four nearly complete MAGs (⬎95% completeness) that were all highly
enriched in DL but showed low abundance in AS (average aligned read coverage of the
MAGs, ⬍1.5%) and BS (average aligned read coverage of the MAGs, ⬍0.02%) (Table 1).
Initial taxonomic classiﬁcation by CheckM indicated two Coriobacteriales MAGs, one
Syntrophobacterales MAG, and one Methanobacteriales MAG that together contained
47% of the mapped reads of the deposit layer microbial community. These four MAGs
were analyzed for their potential role in nutrient cycling and natural CPL formation.
The two highly complete Coriobacteriales MAGs contained 20.5% of all mapped DL
reads. Although Coriobacteriales were not detected with the 16S rRNA gene survey, the
large number of reads aligning to the MAGs indicates their potentially important role
in DL. Coriobacteriales are an order within the Actinobacteria that are known for their
important role in nutrient cycling of soils (55, 56). Actinobacteria have a central role in
decomposition of dead organic matter, including lignin solubilization (55). A study by
Gupta et al. (57) on acidic mine drainage soils indicated that Coriobacteriaceae can
perform extracellular electron transport probably through use of c-type cytochromes
and monomethylmenaquinone-6, its major respiratory quinone, as shown by growth
on anodes in fuel cells (58, 59). The production of menaquinone-6 homologues of
vitamin K2 seems to be a common attribute of the Coriobacteriaceae (59). The potential
for extracellular electron transport can be an important feature when iron is abundantly
present.
16S/23S rRNA genes were only obtained from one of the two Coriobacteriaceae
MAGs. The 16S rRNA gene (1,509 nucleotides [nt]) was most identical (97% nt identity)
to an uncultured actinobacterium clone, EMTBiocatB-13, from the biocathode of a
thermophilic fuel cell catalyzing electromethanogenesis (KM819482.1) (60). Regarding
cultivated bacteria, it had the highest identity to Raoultibacter sp. strain Marseille-P8396
(90% nt identity). The 23S rRNA gene (2,633 nt) was most identical (85% nt identity) to
Gordonibacter massiliensis Marseille-P2775 isolated from a human fecal sample (61).
These ﬁndings indicate that the two environmental Coriobacteriales MAGs are distantly
related to Coriobacteriales isolated from human microbiomes. 30S and 50S rRNA
analyses showed highest identity of the ﬁrst Coriobacteriales MAG (89% average amino
acid [aa] identity) to Actinobacteria bacterium 66_15 isolated from a terrestrial environment in the Schrader Bluff formation on the Alaska North Slope (taxonomy ID
1635289) (62). The second Coriobacteriales MAG was most identical (90% aa identity) to
Actinobacteria bacterium HGW-Actinobacteria-1 and Actinobacteria-6, which were detected in deep terrestrial subsurface sediments that were actively transforming H2 and
metals (39) (see Tables S10, S11, S14, and S15 in the supplemental material).
Both MAGs contained the Wood-Ljungdahl pathway for carbon ﬁxation (Tables S11
and S15). From the second MAG, two ACS genes were identiﬁed with the highest
aem.asm.org 6
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identities to the Actinobacteria bacterium HGW-Actinobacteria-6 (94 and 88% aa identities) (39) (Table S15). The most closely related ACS sequences of cultivated representatives belonged to Thermodesulfovibrio thiophilus and T. aggregans (67 and 65% aa
identities, respectively).
The functional roles of environmental Coriobacteriales species are mostly unknown
(63). Desulfobacterales and Coriobacteriales were detected as main benzene degraders
in a DNA-stable isotope study with [13C]benzene (64). Comparative analyses of 12C and
13C-labeled samples further indicated the enrichment of Methanosarcinales (64). Here,
we observed two Coriobacteriales MAGs in cooccurrence with methanogens, supporting a central role in organic matter-degrading methanogenic cultures.
Syntrophobacterales were relatively more abundant in DL, with an average 3.0%
abundance compared to 1.3% in AS sample 2. Metagenomic binning resulted in one
nearly complete Syntrophobacterales MAG containing 18.1% of total mapped DL reads
and no reads from AS. The partial 16S and 23S rRNA genes were retrieved (1,564 and
2,016 nt) with the highest identity for the 16S rRNA gene to Syntrophaceae-related
clones (96%) and Syntrophus aciditrophicus strain SB (93%), which was also the best hit
for the 23S rRNA gene (65). The 16S rRNA gene was most identical to sequences from
a methanogenic hexadecane-degrading culture enriched in Syntrophaceae (66). For
additional 30S and 50S ribosomal subunit and functional gene analyses, see Tables S12
and S13 in the supplemental material. Some Syntrophobacterales species can reduce
sulfate but most syntrophically oxidize fatty acids and alcohols to acetate, H2, and CO2
(67). Their metabolism could thus fuel methanogenic archaea. Cooccurrence of Syntrophobacterales and both acetoclastic and hydrogenotrophic methanogens is common in
soils and lake sediments (68, 69). A study by Lueders et al. (70) showed that Syntrophobacterales syntrophically oxidized propionate in cooccurrence with Methanobacterium and Methanosarcina species. These ﬁndings indicate that Syntrophobacterales
potentially have key roles in organic compound conversion to methanogenic substrates in the organic-rich sediments surrounding the metal sheet piles.
The actinobacterial order OPB41 was enriched in the deposit layers and had an
average relative abundance of 4.7%. These organisms cooccur with Methanobacteriaceae in coal beds (71, 72). In coal-bearing strata of the Cherokee Basin, USA, the
actinobacterial order OPB41 cooccurred with Clostridia, Deltaproteobacteria, and an
archaeal community that was dominated (⬎80% relative abundance) by methanogens
(Methanococcales, Methanobacteriales, Methanomicrobiales, and Methanosarcinales)
(72). Here, we also found cooccurrence of OPB41 with both hydrogenotrophic and
acetoclastic methanogens.
The methanogenic community is enriched 18-fold in deposit layers compared
to the surrounding sediment. More than 18% of the reads were aligned to methanogen MAGs with more than 50% genome completeness. The methanogenic community consisted of hydrogenotrophic Methanobacteriales (4.9%), Methanomicrobiales
(2.9%), and versatile Methanosarcinales (1.8%). Methanogens were enriched 18-fold in
DL compared to AS in which only Methanomicrobiales were detected in AS sample 2
(1.1%). Metagenome binning resulted in MAGs from the orders Methanobacteriales
(three MAGS obtained from DL with 8.7, 3.2, and 2.7% of total mapped reads),
Methanomicrobiales (one MAG with 2.9% of total mapped deposit reads), and Methanosarcinales (one MAG with 0.9% of mapped DL reads) (Table 1; see also Table S4 in the
supplemental material). The diversity of the methanogenic community supports a
central role of H2 and acetate transfer. Acetate is essential for the growth of acetoclastic
methanogens, but it is also important in supporting the growth of hydrogenotrophic
Methanomicrobiaceae (73). 16S rRNA gene reads from the metagenomic data sets were
extracted per phylogenetic group and assembled de novo for deeper phylogenetic
analysis. This resulted in two Methanobacterium 16S rRNA gene contigs. Contig 1
(685 bp, 49⫻ coverage) was most identical (99%) to the hydrogenotrophic methanogen Methanobacterium palustre strain F (NR_041713.1) isolated from a mesophilic
corn-fed on-farm biogas plant (74). Contig 2 (839 bp, 29⫻ coverage) was most identical
aem.asm.org 7
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(98%) to Methanobacterium kanagiense strain 169 (NR_112749.1) isolated from an
anaerobic propionate-oxidizing enrichment culture from a rice paddy ﬁeld soil (75).
To further investigate methanogen diversity of the deposit layers, the diversity of
the methyl-coenzyme M reductase alpha subunit, mcrA, was investigated. mcrA reads
were extracted from the raw read data sets, and their analysis generally supported the
high diversity of the methanogenic community. Of the translated mcrA reads, 22.7%
were most identical to that of Methanobacterium sp. strain Maddingley MBC34
(EKQ53862) isolated from a coal seam gas formation water sample (41) (Table S5). Of
the translated reads, 6.2% gave best hits to sequences from uncultured archaeon
sequences from Lake Pavin 90-m-depth samples which were dominated by sequences
linked to hydrogenotrophic methanogenic archaea (76) (Table S5). There were no hits
to McrA sequences of anaerobic methanotrophic archaea.
The methanogenic community of deposit layers was dominated by a Methanobacteriales MAG related to a Methanobacterium sp. Due to its high abundance in
the deposit layers (8.7% of mapped reads) and completeness of the MAG (98.9%), the
ﬁrst Methanobacteriales MAG was investigated more closely. Phylogenetic analysis
based on a partial 16S rRNA gene sequence (925 nt) showed the highest identity to
Methanobacterium oryzae strain FPi (NR_028171.1, 97%) isolated from a rice paddy ﬁeld
soil (77, 78). The 23S rRNA gene (2,970 nt) was most identical to the hydrogenotrophic
methanogen Methanobacterium palustre strain F (KF882001.1, 97%), which was also
detected in the 16S rRNA gene de novo assembly approach. M. palustre was isolated
from a peat bog (79). Both M. oryzae and M. palustre were isolated from organic
carbon-rich freshwater environments. For further identiﬁcation, a total of 55 30S and
50S ribosomal proteins were identiﬁed. Forty-nine proteins gave best hits to multispecies Methanobacterium sequences (89% average aa identity); at the species level, the
average identity was 84%, with most hits to Methanobacterium congolense (35% of
proteins, 83% aa identity), Methanobacterium sp. strain SMA-27 (16% of proteins, 84%
aa identity), and Methanobacterium formicicum (11% of proteins, 85% aa identity) (Table
S8). These ﬁndings and the high strain heterogeneity observed by CheckM indicate the
presence of multiple novel Methanobacteriales strains in DL. For detailed functional
gene analyses, see Table S9.
Elemental iron is a potential substrate for acetogenic and methanogenic
communities. Methanogens were relatively more abundant and more diverse at the
iron sheet piles than in the surrounding and top sediment. The hydrogen partial
pressure does not seem to be the driving factor of methanogen community composition since the more-abundant Methanobacterium spp. have lower afﬁnity for H2 than
the less-abundant Methanomicrobiales (80). Since sulfate is not relevant at the study
site, signiﬁcant competition with sulfate-reducing hydrogen oxidizers is unlikely (81).
This suggests that there might be a central role for elemental iron in structuring the
microbial community in CPLs.
The ability to accept electrons via direct interspecies electron transfer (DIET) can be
an important factor in shaping the methanogenic community. Methanosarcinales possess c-type cytochromes that play a role in DIET, as shown for cocultures with Geobacter
metallireducens (82). A recent study by Yee et al. (83) showed the ability of Methanosarcina species to directly accept electrons from insoluble electron donors, including
conductive particles and biocathodes that show similarities to the metal sheet piles in
our study. A study by Jaramillo et al. (84) observed a competition of Methanosarcina
species with acetogens in nonsulﬁdic environments. The study’s observations of higher
methanogenesis rates without a mixed community that includes Clostridiales indicated
a competition to obtain electrons from elemental iron. This ﬁnding supports a central
role for elemental iron in structuring the community.
Methanomicrobiales and Methanobacteriales do not possess c-type cytochromes (85).
However, the archaellum of Methanobacteriales species Methanospirillum hungatei,
which is structurally related to the type IV pilus, is electrically conductive (86). Similar
observations have been well described for Methanococcus species (87). In addition, iron
minerals such as magnetite (Fe3O4) and, to a lesser extent, limonite and wustite were
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FIG 2 Scheme illustrating the potential microbial food web of the deposit layer and the surrounding iron
sheet pile (indicated by “Fe”) and organic-rich sediment. The microbial community of the surrounding
sediment has the capacity to degrade organic matter (OM) to volatile fatty acids (VFA), alcohols, H2, and
CO2. Syntrophobacterales can syntrophically oxidize VFA and alcohols to H2, CO2, and acetate. Methanogens can use substrates produced by the bacterial community and potentially directly obtain electrons
from iron oxidation. Black arrows indicate microbial conversions, red arrows indicate redox reactions that
involve extracellular electron transfer, and blue arrows indicate abiotic iron oxidation.

observed in natural CPLs by Kip et al. (12). These can compensate for the lack of
pilin-associated c-type cytochromes, as shown for Geobacter sulfurreducens (88). The
methanogen diversity might be further explained by the absence of mixing and
disturbances, which could result in the formation of small niches (89). At low temperatures, hydrogenotrophic methanogens with higher afﬁnity for H2 than homoacetogens can win the competition in syntrophic reactions of fatty acid decomposition (90).
This could explain the relatively high metabolic complexity and diversity of the methanogenic archaea in DL.
Role of iron under anoxic conditions. The microbial community in DL is distinctive
from that in AS. It is therefore tempting to speculate that the microbial community is
responsible for the formation of the CPLs. Several methanogenic archaeal MAGs were
enriched in the metagenomes of DL. Genomic metabolic potential analysis of the MAGs
unique to DL indicated that they form an anaerobic food chain degrading organic
matter under methanogenic conditions (Fig. 2). The background community was
typical for organic-rich sediments and showed similarities between AS and DL. The
sheet piles are initially placed in a mildly corrosive environment, potentially facilitating
growth of methanogenic archaea. Closely related methanogens were shown to
use elemental iron as a direct electron source (3). Dinh et al. (3) isolated a
Methanobacterium-like species under low-sulfate conditions with supplementation of
elemental iron. Interestingly, this species grew faster when iron was provided, and
strictly hydrogenotrophic growth was slow and only obtained at pH ⬎7.5. This growth
strategy could also be facilitated in the initial phase of iron sheet pile placement in the
anoxic methanogenic sediments. Some hydrogenotrophic methanogens can also directly reduce ferrihydrite, whereas some acetoclastic methanogens can switch between
methanogenesis and iron reduction (91, 113–115).
In addition, in a study on anaerobic benzene-oxidizing, iron-reducing cultures,
Kunapuli et al. (92) hypothesized that electrons from benzene degradation can be
directly transferred to ferric iron or shared between community members, including
October 2019 Volume 85 Issue 20 e01369-19
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FIG 3 (A) Picture of sediment and deposit layers visible on a sheet pile sampled at the pumping station of Gouderak. (B)
Picture of deposit layer at Rotterdam Harbor sheet piles after careful removal of sediment layers. Pictures were taken by N.K.

methanogens (92). The interactions between methanogenesis and iron reduction are
highly complex, and there are strong indications that both processes can occur
simultaneously (93–95).
Besides biotic processes, iron dissolves slowly and forms H2 with protons (H⫹) from
water (Fe ⫹ 2H2O ↔ Fe2⫹ ⫹ H2 ⫹ 2OH–; E0= ⫽ – 0.03 V). Although this is a slow
process, it can be accelerated by microbial hydrogen consumption, such as hydrogenotrophic methanogenesis. This could be relevant in shaping the initial microbial
community over the life span of iron sheet piles.
A possible reason for the subsequent formation of the CPLs could be the change of
pH elicited by the activity of the ferrotrophic/hydrogenotrophic methanogens. In
contrast, the degradation of complex organic compounds under lower methanogenic
activity leads to an equilibrium at more acidic pH that is less optimal for mineral
precipitation (96). At the iron sheet piles, the presence of methanogens leads to the
consumption of CO2 that is in equilibrium with carbonate and will result in a local pH
increase at the iron sheet pile surface. Because of calcium- and magnesium-rich
groundwater ﬂuxes, a locally increased pH can facilitate the precipitation of iron,
calcium, and magnesium minerals.
This deposit layer additionally protects the iron sheet pile from corrosion by
buffering the sheet pile surface from direct acidiﬁcation. Since the microbial community
in and surrounding the DL stays active, the CPL can be maintained (see Fig. 4). This
signiﬁcantly increases the life span of iron sheet piles, reducing safety risks and the
economic costs of replacement. Our current understanding of natural CPLs, however,
remains limited. More research conﬁrming the role and metabolic activity of key players
in CPL formation in freshwater ecosystems is therefore highly needed.
MATERIALS AND METHODS
Sample collection and physicochemical analysis. The pumping station of Gouderak (Zuid-Holland,
the Netherlands, 51°59=1.233⬙N, 4°40=20.654⬙E) was constructed in 1866 and is used for land drainage. It
removes water from the Stolwijksche Boezem into the river Hollandse IJssel. Sheet piles that were
installed 50 years ago were pulled out of the ground on 31 May 2012 and 6 June 2012 for renovation
work on the pumping station and its surroundings. The sheet piles were 5 to 6 m long and driven up to
4 m into the sediment. The part exposed to the atmosphere was occasionally submerged at high tide.
The belowground part of the sheet pile did not show any signs of corrosion. However, different deposit
layers were visible at various depths (Fig. 3). Samples were taken from the sheet pile directly after
extraction.
Sediment samples were taken from the top layer (bulk sediment [BS]) and at three meters depth
surrounding the sheet pile, at most 5 cm from the sheet pile (adjacent sediment [AS]) (Fig. 4). Deposit
layers were sampled as aseptically as possible and, where possible, layers were scraped off. Samples
taken on 31 May were immediately stored under anoxic conditions, transported on ice, and stored at
–20°C. Samples from 6 June were stored at –20°C after transport. See Table S3 in the supplemental
material for additional sample information.
Physicochemical parameters (total C and S, SiO2, AlO3, TiO2, Fe2O3, MnO, CaO, MgO, Na2O, K2O, P2O5,
soil organic matter, Cr, Ni, Sr, Ba, Zr, Si, Al, Ti, Fe, Mn, Ca, Mg, Na, K, and P) were analyzed by Deltares
October 2019 Volume 85 Issue 20 e01369-19
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FIG 4 Overview of the sheet pile sampling procedure. The sheet pile is located at the boundary between
the dike and the canal. The bulk sediment (BS) sample was taken at the top of the sediment layer; the
surrounding/adjacent sediment (AS) and the deposit layers (DL) were sampled at 3 m below the
sediment water interface. The AS samples were taken 1 to 5 cm away from the DL.

(Utrecht, the Netherlands) using X-ray ﬂuorescence. Total C and S were determined by ﬂash combustion
and CO2 analysis with a LECO SC-632 IR detector. Additional parameters were determined for the sites
Giessenburg and Nieuwlekkerland (see Kip et al. [12] for extensive details).
Molecular analysis. (i) DNA extraction and sequencing. DNA was extracted from 0.25 to 0.3 g of
(ground) sample using a PowerSoil DNA isolation kit (Qiagen, Venlo, the Netherlands) according to the
manufacturer’s protocol, with 10-min bead beating at 30 Hz instead of vortexing. The DNA concentration
of each sample was measured using an ND-1000 spectrophotometer (Thermo Fisher Scientiﬁc, Waltham,
MA). Sequencing libraries were constructed using a TruSeq Nano kit (Illumina, Inc., San Diego, CA) and
sequenced using an MiSeq desktop sequencer (Illumina; Macrogen, Inc., Seoul, South Korea). Samples
with a low DNA yield were excluded due to technical restrictions.
(ii) Metagenome analysis. Quality-trimming, sequencing adapter removal and contaminant ﬁltering
of Illumina paired-end sequencing reads were performed using BBDuk (BBTOOLS v37.76) (97). Processed
reads for selected samples were coassembled de novo using metaSPAdes v3.11.1 (98) at default settings.
metaSPAdes iteratively assembled the metagenome using k-mers of lengths 21, 33, 55, 77, 99, and 127.
Reads were mapped back to the assembled metagenome for each sample separately using BurrowsWheeler Aligner 0.7.17 (BWA) (99), employing the “mem” algorithm. The sequence mapping ﬁles were
processed using SAMtools 1.6 (100). Metagenome binning was performed for contigs greater than
1,500 bp. To optimize binning results, ﬁve binning algorithms were used: BinSanity v0.2.6.1 (101),
COCACOLA (102), CONCOCT (103), MaxBin 2.0 2.2.4 (104), and MetaBAT 2 2.12.1 (105). The ﬁve bin sets
were supplied to DAS Tool 1.0 (106) for consensus binning to obtain the ﬁnal bins. The quality of the
generated genome bins was assessed through a single-copy marker gene analysis using CheckM 1.0.7
(107). Genomes were annotated with Prokka 1.12 (108) using the NCBI Reference Sequence Database
(RefSeq), release 85 (109). The predicted coding sequences were submitted to the KEGG Automatic
Annotation Server (KAAS [last update, 3 April 2015]) (110) for pathway analyses using the 40 most closely
related organisms available in the KEGG Organisms Database as a reference (https://www.genome.jp/
kegg/catalog/org_list.html; last update, 18 December 2018 [see the supplemental material for the KAAS
analysis reference genomes]). Genome annotations were examined using the Artemis genome browser,
release 16.0.0 (111). For 16S rRNA gene analysis, unprocessed Illumina MiSeq reads were mapped against
the SILVA SSU nonredundant database version 132 and de novo assembled as described in in ‘t Zandt
et al. (112). In short, sequencing reads were assembled de novo using stringent similarity and length
fraction parameters of 0.95 to obtain nearly complete 16S rRNA gene sequences. Speciﬁc marker protein
sequences for methane cycling (methyl-coenzyme M reductase [McrA], particulate methane monooxygenase [PmoA], and soluble methane monooxygenase [MmoX]) and acetate metabolism (acetate kinase
[AckA], ACS, and carbon monoxide dehydrogenase [CODH]) were selected and downloaded from the
NCBI (see the supplemental material for NCBI database generation). Analysis of trimmed reads was
performed using the BLASTX (BLAST 2.2.25⫹) algorithm with an E value of 0.0001, extracting ﬁrst hits as
a target sequence. Output sequences were manually checked and ﬁltered on bitscore to obtain true hits.
For McrA, the bitscore was set to ⱖ100, for PmoA and MmoX no true sequences were obtained, for AckA
the bitscore was set to ⱖ80, for ACS the bitscore was set to ⱖ80, and for CODH no true target hits were
obtained. For each draft genome bin the selected genes were also obtained. For the ﬁnal species
identiﬁcation, the bitscore-ﬁltered reads were blasted against the NCBI nonredundant protein database
(13 December 2018) using CLC Genomics Workbench 11 with custom settings Expect 10.0, Word size 3,
Matrix BLOSUM62 and gap costs Existence 11, Extension 1. To extract reads that matched the 16S rRNA
gene used for taxonomic classiﬁcation, all reads were mapped against the SILVA SSU 132 data set using
CLC Genomics Workbench v11. Length and similarity fraction were set to 50 and 70%, respectively, and
values for mismatch, insertion and deletion cost to 2, 3 and 3, resulting in a total of 63,478 mapped reads
(0.25% of total). The extracted 16S rRNA gene reads were also used for de novo assembly. 16S rRNA gene
contigs were assessed using nucleotide BLAST against the NCBI GenBank as described by in ‘t Zandt et
al. (112).
Data availability. MiSeq sequencing data were deposited in the European Nucleotide Archive under
accession number ERP008629.
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