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Offshore oil production facilities are frequently victims of internal piping corrosion, potentially leading to human and environ-
mental risks and significant economic losses. Microbially influenced corrosion (MIC) is believed to be an important factor in this
major problem for the petroleum industry. However, knowledge of the microbial communities and metabolic processes leading
to corrosion is still limited. Therefore, the microbial communities from three anaerobic biofilms recovered from the inside of a
steel pipe exhibiting high corrosion rates, iron oxide deposits, and substantial amounts of sulfur, which are characteristic of
MIC, were analyzed in detail. Bacterial and archaeal community structures were investigated by automated ribosomal intergenic
spacer analysis, multigenic (16S rRNA and functional genes) high-throughput Illumina MiSeq sequencing, and quantitative PCR
analysis. The microbial community analysis indicated that bacteria, particularly Desulfovibrio species, dominated the biofilm
microbial communities. However, other bacteria, such as Pelobacter, Pseudomonas, and Geotoga, as well as various methano-
genic archaea, previously detected in oil facilities were also detected. The microbial taxa and functional genes identified sug-
gested that the biofilm communities harbored the potential for a number of different but complementary metabolic processes
and that MIC in oil facilities likely involves a range of microbial metabolisms such as sulfate, iron, and elemental sulfur reduc-
tion. Furthermore, extreme corrosion leading to leakage and exposure of the biofilms to the external environment modify the
microbial community structure by promoting the growth of aerobic hydrocarbon-degrading organisms.

Metal corrosion is a major concern for the oil industry, poten-
tially leading to environmental pollution, safety issues, and

major economic losses (1, 2). Offshore oil facilities represent an
important biotope for microorganisms with a corrosive metabo-
lism and are thus markedly affected by microbially influenced
corrosion (MIC). The anaerobic conditions combined with petro-
leum hydrocarbons, organosulfur compounds (e.g., benzothio-
phenes), volatile fatty acids, and other end products of fermenta-
tion present in produced oil and water provide significant
amounts of carbon substrates for microorganisms within piping
and pipeline networks (3). Furthermore, the steel tubes them-
selves and the seawater initially injected for secondary oil recovery
supply abundant electron acceptors like iron and sulfate (4).
Moreover, the ambient temperature in oil-handling facilities (15
to 35°C) is also permissive for microbial growth. However, oppor-
tunities to study biofilms covering the inner walls of pipe networks
of operational oil facilities are scarce; therefore, MIC has been
extensively studied in laboratory experiments with metallic cou-
pons or cultures of specific organisms that are potentially involved
in MIC (5–8). Sulfidogenic bacteria (reducing sulfate, thiosulfate,
and/or sulfur to sulfide) such as some members of the phylum
Deltaproteobacteria (5, 6, 9–11), Firmicutes, or Archaeoglobales
(12); specific iron-oxidizing microorganisms (5, 6, 13–15); metal-
reducing bacteria such as members of the genera Shewanella (16)
and Geobacter (17, 18); and acid-producing fermentative organ-
isms have been incriminated as major actors in MIC, and different
processes have been described (18, 19). The main mechanisms of
MIC are (i) the reduction of iron to iron sulfide through hydrogen
sulfide produced by sulfate-reducing bacteria or archaea in a pro-
cess referred to as chemical MIC (CMIC) (5, 6) and (ii) direct
oxidation of iron (Fe0) by specifically adapted lithotrophic micro-
organisms that withdraw electrons from iron via electroconduc-

tive iron sulfide in a process referred to as electrical MIC (EMIC)
(6, 20). Because of the frequent detection of hydrogenotrophic
bacteria and hydrogenase activity in corrosion samples, cathodic
depolarization of the metal surface by hydrogen-scavenging bac-
teria has also been suggested as an important microbial corrosive
process (21–23). However, the validity of this model is controver-
sial. Previous studies highlighted that incubation of hydrogen-
scavenging bacteria on steel coupons resulted in nonsignificant
corrosion activities (24), and on the basis of thermodynamic and
kinetic considerations, cathodic hydrogen consumption conflicts
with the rapid corrosion rates observed in situ (6, 20). Further-
more, additional metabolisms, such as fermentation and metha-
nogenesis (9, 19, 25), might indirectly increase corrosion through
the production of organic acids or syntrophy with corrosive mi-
croorganisms (18). Direct reduction of iron might also increase
corrosion by removing the Fe(III) oxide coating from metal sur-
faces (26, 27). However, corrosion cannot be linked to a single
microbial species and laboratory studies typically exhibit less se-
vere corrosion than is reported in the field, where corrosion is
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associated with multispecies biofilms (28–30). Likewise, there is
no single corrosive biochemical reaction in biofilms, as demon-
strated by metabolically versatile bacteria such as Desulfovibrio
species, which can scavenge hydrogen, reduce sulfate to hydrogen
sulfide, and/or reduce iron, depending on the environmental con-
ditions (6, 16). However, the composition and activity of micro-
bial communities from corrosive biofilms appear to depend on
various factors like the temperature (12, 30) and the availability of
carbon substrates and electron acceptors (26). Additionally, un-
der certain conditions, microbial biofilms may have a positive
role. Depending on the microbial community composition, bio-
film architecture and environmental conditions, microorganisms
may inhibit or protect against corrosion in process referred to as
MIC inhibition (18, 29, 31), leading to contradictory results.
Therefore, accurate characterization of microbial communities
associated with corrosion, as well as their metabolic potential,
remains fundamental to understanding, anticipating, and pre-
venting MIC.

This study presents a unique opportunity to study corrosive
biofilms covering the inner walls of an oil industry production
piping. Bacterial and archaeal community composition and abun-

dance were investigated by complementary molecular approaches
coupling quantitative PCR (qPCR), ribosomal intergenic spacer
analysis, and multigenic DNA next-generation sequencing. To an-
alyze the microbial functions and actors involved in MIC in detail,
bacterial and archaeal 16S rRNA gene diversity was comple-
mented by sequencing of the dsrAB and mcrA genes, which code
for key enzymes in sulfate reduction (32) and methanogenesis
(33).

MATERIALS AND METHODS
Site description and sampling. In July 2014, corrosion issues were re-
ported in offshore oil facilities in the Gulf of Mexico. After 2 years of
service, a pinhole leak was reported in a topside 10.9-mm-thick vertical
steel pipe carrying oily seawater (produced water and crude oil) at 25°C
and atmospheric pressure, which corresponds to a high corrosion rate of
5.45 mm · year�1. The leak was plugged with silica-based resin (Fig. 1b),
and then the tube section containing the leak site was removed and a
microbial biofilm was observed on the inner wall of the pipe (Fig. 1a and
b). Approximatively 10 cm2 of biofilm was sampled in duplicate from three
locations in the pipe section with sterile swabs presoaked in RNAlater (Life
Technologies, Carlsbad, CA, USA), (i) a site located at the bottom (6
o’clock) of the tube, (ii) at a weld, and (iii) at the leaking point. The swabs

FIG 1 (a) The topside piping section removed for analysis in this study. (b) Closeup view of the inner wall of the tube with the leak site (sealed with white silica)
showing corrosion products. The scale is in centimeters. (c) EDX spectrum of loose deposits present in the biofilm. (d) Optical micrograph of pitting at the leak
site showing the scoops-inside-scoops morphology often observed in MIC.
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were then shipped to the laboratory at 4°C for analysis. Microscopic ob-
servations, energy-dispersive X-ray microanalysis (EDX), and X-ray dif-
fraction (XRD) analysis of the leaking site were performed by the South-
west Research Institute (San Antonio, TX, USA).

DNA extraction and purification. Three months after sampling, head
swabs were aseptically cut in two for independent duplicate DNA extrac-
tions. Nucleic acids were extracted with a FastDNA spin kit for soil (MP
Biomedicals, Santa Ana, CA, USA) with modifications (34). Because of
the small amounts of biomass recovered on the swabs and the occurrence
of enzymatic inhibitors, DNA extraction duplicates were pooled and pu-
rified with a QIAamp DNA minikit (Qiagen, Hilden, Germany) before
PCR amplification. Procedural blanks were subjected to the same extrac-
tion and purification procedures and then analyzed in the same way as
samples to identify potential contaminants.

qPCR. Estimates of the relative abundances of Bacteria and Archaea
were obtained by qPCR with the Bact1369f/Bact1492r and Arc787f/
Arc1059r primer sets, respectively (Table 1). Amplifications were per-
formed in triplicate with a Rotor-Gene Q system (Qiagen, Hilden, Ger-
many) in a final volume of 25 �l with PerfeCTa SYBR green SuperMix
(Quanta Bioscience, Gaithersburg, MD, USA), 0.5 �M each primer, and
0.1 ng of template DNA. The qPCR conditions used were 40 cycles of
denaturation at 95°C for 15 s and then annealing and extension at 60°C for
60 s. Standard curves were prepared in triplicate with dilutions ranging
from 0.001 to 100 nM DNA extracted from Desulfobulbus propionicus
(ATCC 33891) and Methanococcoides methylutens (ATCC 33938). The R2

values of standard curves obtained by qPCR were �0.997, and PCR effi-
ciencies were above 92% and 94% for Archaea and Bacteria, respectively.
Samples were diluted until the crossing point decreased log linearly with
the sample dilution, indicating absence of PCR inhibition. Because of the
partial recovery of the biofilms by the sampling technique and DNA pu-
rification step, qPCR results were expressed in terms of numbers of 16S
rRNA gene copies per nanogram of genomic DNA.

ARISA. Automated ribosomal intergenic spacer analysis (ARISA) was
carried out for low-resolution assessment of the structure of biofilm mi-
crobial communities as previously described (35, 36). ARISA-PCR was
performed with the ITSf/ITSreub and 934f/71r primer sets (Table 1), tar-
geting the bacterial and archaeal 16S-23S RNA intergenic regions, respec-
tively. PCRs were carried out in duplicate with AccuPrime Pfx DNA poly-
merase (Invitrogen, Carlsbad, CA, USA), 0.5 �M each primer, and 1.5 �l
of template DNA in a 25-�l reaction volume. The PCR conditions used
were 35 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s
and extension for 1 min 20 s at 72°C, followed by a final extension step at
72°C for 12 min. A 1-�l sample of each PCR product was analyzed accord-
ing to the manufacturer’s protocol on a DNA 7500 Chip with an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Data
were recovered and normalized as previously detailed (36) and then ana-
lyzed with PAST software (37).

Illumina MiSeq library preparation and sequencing. To minimize
the effect of primer selectivity and recover a larger proportion of the
microbial diversity present, 16S rRNA gene PCRs were carried out with
two different primer sets, S-D-Bact-0516-a-S-18/S-D-Bact-0907-a-A-20,
targeting the V4-V5 regions of the bacterial 16S rRNA genes, and S-D-
Arch-0008-b-S-18/S-D-Arch-0519-a-A-19, targeting the V1-V2-V3 re-
gions of the archaeal 16S RNA genes (Table 1) (38). These primer pairs
amplify fragments of approximately 420 and 530 bp, respectively. Addi-
tionally, the diversity of sulfate reducers and methanogens was investi-
gated by amplification and sequencing of the dissimilatory (bi)sulfite re-
ductase (dsrAB) metabolic gene with the DSR2060f/Dsr4RdegN primers
(39) and the methyl coenzyme M reductase mcrA gene with the MLf/MLr
primers (33) (Table 1). These primer sets produce PCR products of 380
and 550 bp, respectively, allowing the generation of contigs from the
paired-end sequences. MiSeq adaptors (Table 1) were fused to the 5=
regions of the primers. All PCRs were conducted in triplicate with nega-
tive controls and AccuPrime Pfx DNA polymerase (Invitrogen, Carlsbad,

TABLE 1 PCR primers used for PCR, ARISA, and real-time qPCR

Primer Function Target group Sequence (5=–3=)
Amplicon
size (bp)

Annealing
temp (°C)

Primer
concn
(�M) Reference

ITSf ARISA Bacteria GTC-GTA-ACA-AGG-TAG-CCG-TA Variable 55 0.5 75
ITSreub GCC-AAG-GCA-TCC-ACC

934f ARISA Archaea AGG-AAT-TGG-CGG-GGG-AGC-A Variable 55 0.5 76
71r TCG-GYG-CCG-AGC-CGA-GCC-ATC-C

BACT1369F Q-PCR Bacteria CGG-TGA-ATA-CGT-TCY-CGG 142 60 0.6 77
BACT1492R GGW-TAC-CTT-GTT-ACG-ACT-T

ARC787F Q-PCR Archaea ATT-AGA-TAC-CCS-BGT-AGT-CC 273 60 0.5 78
ARC1059R GCC-ATG-CAC-CWC-CTC-T

S-D-Bact-0516-a-S-18 Sequencing Bacteria TGC-CAG-CAG-CCG-CGG-TAA 420 58 0.5 38
S-D-Bact-0907-a-A-20 CCG-TCA-ATT-CMT-TTG-AGT-TT

S-D-Arch-0008-b-S-18 Sequencing Archaea TCY-GGT-TGA-TCC-TGS-CGG 530 58 0.5 38
S-D-Arch-0519-a-A-19 GGT-DTT-ACC-GCG-GCK-GCT-G

DSR2060f Sequencing DsrAB CAA-CAT-CGT-YCA-YAC-CCA-GGG 380 50 0.5 79
Dsr4RdegN GTR-TAR-CAG-TTD-CCR-CA

MLf Sequencing McrA GGT-GGT-GTM-GGA-TTC-ACA-CAR-TAY-GCW-
ACA-GC

550 55 0.5 33

MLr TTC-ATT-GCR-TAG-TTW-GGR-TAG-TT

Adaptor F Sequencing TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
Adaptor R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
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CA, USA), 0.5 �M each primer, and 1.5 �l of template DNA in a 25-�l
reaction volume. For 16S rRNA genes, the PCR conditions comprised 35
cycles of denaturation at 95°C for 30 s, annealing at 52°C for 30 s, and
extension for 30 s at 72°C, followed by a final extension step at 72°C for 5
min. dsrAB and mcrA amplifications used the same PCR parameters, ex-
cept that the annealing temperature was adjusted to 50°C and 55°C for
dsrAB and mcrA, respectively. Replicate amplicons were pooled and pu-
rified from agarose gels with a Qiagen MinElute gel purification kit (Qia-
gen, Hilden, Germany). PCR products were indexed with a Nextera XT kit
(Illumina Inc., San Diego, CA, USA) according to manufacturer’s recom-
mendations. Indexed amplicons were quantified with a Qubit dsDNA HS
assay kit (Life Technologies, Carlsbad, CA, USA) and diluted to give an
equimolar mix of products at a final concentration of 4 nM for MiSeq
library preparation. The DNA library was diluted at 4 pM, and then
paired-end Illumina MiSeq sequencing was performed with the Illumina
MiSeq v3 kit (Illumina Inc., San Diego, CA, USA), as recommended by the
manufacturer, to obtain two 300-bp paired-end sequences.

Data sets were split into reads from individual indexed amplicons
in silico by MiSeq reporter software. Reads were assembled into single
paired-end sequences, which were curated by Qiime (40). Sequences with
low-quality scores or flagged as chimeras by UChime were removed.
Alignment and determination of the taxonomic affiliation of the reads
were carried out with the Silva release 119 (41), dsrAB (39), and mcrA (42)
sequence databases as references.

Nucleotide sequence accession number. Raw sequences were depos-
ited in the NCBI database under BioProject accession no. PRJNA302156.

RESULTS
Corrosion observations. After sampling, the surface of the tube
section was observed with a light microscope to examine the cor-
rosion morphology and by EDX and XRD analyses. Corrosion
morphologies known as “scoops inside scoops” were observed
(Fig. 1d), and EDX profiles of cross sections of the deposits indi-
cated substantial quantities of iron (47.18 weight percent), sulfur
(16.29 weight percent), chloride (9.33 weight percent), and bar-
ium (17.76 weight percent) along the tube inner wall (Fig. 1c). The
quantity of sulfur identified by EDX analysis far exceeds the stoi-
chiometric ratio of sulfur present as barium sulfate, indicating
that most of the sulfur present occurs as iron sulfide. XRD analysis
of the same deposits confirmed the presence of barium sulfate,
iron hydroxide/chloride, and iron oxides, which is characteristic
of MIC.

Relative abundance of bacterial and archaeal 16S rRNA
genes. The relative abundances of bacteria and archaea in the bio-
films were estimated by qPCR. Overall, bacterial 16S rRNA genes
were predominant within the biofilms, encompassing 90% of the
total 16S rRNA genes at the weld (5.69 � 105 16S rRNA gene
copies/ng of DNA) and bottom (1.13 � 106 16S rRNA gene cop-
ies/ng of DNA) of the pipe, as well as up to 96% at the leak site
(1.51 � 105 16S rRNA gene copies/ng of DNA) (Fig. 2). In con-
trast, the archaeal abundances were around 1.47 � 104 and 3.43 �
104 16S rRNA gene copies/ng of DNA at the weld and bottom of
the tube section and close to 5.73 � 103 16S rRNA gene copies/ng
of DNA at the leak site (Fig. 2). Therefore, microbial abundance
was 7.5 times lower at the leak site than at the bottom of the pipe.
No archaea were detected in the DNA extraction control (blank),
while around 5 � 103 bacterial 16S rRNA gene copies/ng were
quantified in the blank, indicating a potential overestimation of
bacterial abundance of only 0.05 to 2% due to contaminating
DNA in DNA extraction kit components.

Biofilm microbial community composition. Microbial com-
munity composition and diversity within the biofilm were inves-

tigated by ARISA fingerprinting and 16S rRNA, mcrA, and dsrAB
gene sequencing. No archaeal dsrAB or mcrA sequences were de-
tected in the procedural blank, while the bacterial 16S rRNA se-
quences detected in the procedural blank were dominated by
Burkholderiales-related sequences (90% of the sequences), result-
ing in a microbial community structure that was extremely differ-
ent from that recovered from the biofilm samples (Fig. 3a; Tables
2 and 3). Further, sequences detected in the procedural blank
(Burkholderia, Enterobacteriaceae) have previously been identified
as recurring contamination from DNA extraction kits and are
often observed in analysis of samples where DNA concentrations
are low (43). Congruently with this, the sample where the highest
proportion of potential contaminant sequences was detected had
the lowest bacterial and archaeal abundances based on qPCR anal-
ysis of 16S rRNA genes. These contaminants represented �2% of
the sequences in data generated from the weld and bottom sam-
ples and 6% of those from the leak site, indicating that �94% of
the sequences originated from the biofilms. Overall, ARISA fin-
gerprinting and 16S rRNA gene sequencing indicated relatively
low biodiversity within the bottom and weld samples (Simpson’s
1 � D � 0.74; Table 3) and a slightly higher diversity at the leak site
(Simpson’s 1 � D � 0.82; Table 3). Similarity analyses of both
ARISA and 16S rRNA sequence data sets indicated comparable
microbial communities in the biofilms sampled at the weld and at
the bottom of the tube (Bray-Curtis similarity indices of �0.73;
Table 2). In contrast, the microbial profile of the sample from the
leak site exhibited a slightly different pattern (Bray-Curtis similar-
ity indices of �0.663; Table 2).

A total of 140,588 bacterial 16S rRNA gene sequences were
obtained from the biofilm samples (see Table S1 in the supple-
mental material). Bacterial 16S rRNA gene surveys of all of our
biofilm samples were dominated mainly by deltaproteobacterial
lineages (Desulfovibrio and Pelobacter species; up to 88% of the
sequences at the weld) (Fig. 3a). Clostridiales (Acetobacterium and
Syntrophomonas), Thermotogales (Geotoga), Gammaproteobacte-
ria (Pseudomonas), and Alphaproteobacteria (Rhodospirillaceae)

FIG 2 rRNA gene abundances per nanogram of genomic DNA of Bacteria and
Archaea from biofilms sampled at the leak site, the bottom, and a weld of the
tube. Blank corresponds to the DNA extraction and purification negative con-
trol.
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lineages were also detected as a minority of the sequences in all of
the samples. Sequences from organisms related to known aerobic
hydrocarbon-degrading gammaproteobacterial lineages (Oceano-
spirillaceae and Marinobacter, 8.1% of the sequences) were de-
tected only in the leak site sample (Fig. 3a).

A total of 135,341 archaeal 16S rRNA gene sequences were
identified (see Table S1 in the supplemental material). The
archaeal communities in all of the biofilm samples were com-

posed of various methanogens affiliated with five different or-
ders (Methanobacteriales, Methanococcales, Methanomicrobiales,
Methanosarcinales, and Methanomassiliicoccales) (Fig. 3b). 16S
rRNA gene sequences indicated that Methanobacterium (�70%)
and Methanolobus (�20%) species were predominant at the
weld and at the bottom of the tube, while sequences from
Methanosarcina and Methanomassiliicoccales represented �10%
of the total. In contrast, at the leak site, the archaeal community
was dominated by Methanobacterium (�35%), Methanomassili-

FIG 3 (a) Phylogenetic affiliations of bacterial 16S rRNA and dsrAB genes at the leak site, the bottom, and a weld of the tube. Shades of blue and green denote
gammaproteobacterial and deltaproteobacterial lineages, respectively. (b) Phylogenetic affiliations of archaeal 16S rRNA and mcrA genes at the leak site, the
bottom, and a weld of the tube section. Shades of orange denote lineages from the order Methanosarcinales. Blank represents sequences amplified from the DNA
extraction and purification negative control. The amount of PCR product obtained from mcrA gene amplification of material from the leak site sample was too
small for sequencing.

TABLE 2 Bray-Curtis similarity indices based on pairwise comparisons
of ARISA profiles (lightface) and 16S rRNA gene taxonomic affiliations
(boldface)

16S rRNA gene

ARISAa

Blank Weld Bottom Leak site

Blank 1 0.051 0.0438 0.147
Weld 0.01 1 0.879 0.405
Bottom 0.024 0.73 1 0.429
Leak site 0.079 0.593 0.663 1
a Maximum divergence between samples is represented by 0, and perfect similarity is
represented by 1.

TABLE 3 Diversity indices based on 16S rRNA gene taxonomic
affiliations based on pairwise comparisons of ARISA profiles and 16S
rRNA gene taxonomic affiliations

Index Blank Weld Bottom Leak site

Simpson’s 1 � D 0.17 0.78 0.74 0.82
Shannon’s H 0.45 1.85 1.73 2.17
EH

b 0.13 0.27 0.32 0.51
a Maximum divergence between samples is represented by 0, and perfect similarity is
represented by 1.
b Equitability (evenness).
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icoccales (�35%), and archaea related to Methanosarcina (�20%)
(Fig. 3b).

Functional gene survey. The 16S rRNA gene inventory was
complemented by analysis of dsrAB genes, coding for the dissim-
ilatory (bi)sulfite reductase involved in sulfate reduction, and
mcrA genes, coding for a methyl coenzyme M reductase involved
in methanogenesis pathways. A total of 396,292 dsrAB sequences
were obtained for the biofilm samples (see Table S1 in the supple-
mental material). Four different (93% sequence identity) dsrAB
gene sequences related to dsrAB from Desulfovibrio species were
detected, confirming the occurrence of this sulfate-reducing lin-
eage in the biofilms. Sequences from the two dominant dsrAB
operational taxonomic units (OTUs) were affiliated with the
Desulfovibrio desulfuricans lineage, while sequences from the mi-
nority OTUs were distantly related to an uncharacterized De-
sulfovibrio group. However, no dsrAB sequences affiliated with
Desulfobacteraceae and Desulfonauticus were identified, despite
their detection in a 16S RNA gene survey of the sample from the
leak site (Fig. 3a), probably because of primer specificity (Desul-
fobacteraceae and Desulfonauticus dsrAB sequences have more
than three mismatches with database sequences at the primer tar-
get sites).

Consistent with the archaeal 16S rRNA gene survey, mcrA
genes were detected by PCR in the three biofilm samples. How-
ever, probably because of the lowest abundance of archaea in the
leak site sample, amplification of mcrA DNA from this part of the
biofilm was too weak to allow sequencing of the amplicons. A total
of 74,378 mcrA sequences were recovered from the bottom and
weld samples (see Table S1 in the supplemental material). The
mcrA sequences recovered were affiliated mainly with Methanolo-
bus vulcani and Methanosarcina barkeri (Fig. 3b). Methanococca-
les-, Methanomicrobiales-, and Methanomassiliicoccales-related
sequences were also identified but in much lower relative abun-
dances (�1%). No Methanobacterium-related sequence was de-
tected because of the poor coverage of the Methanobacteriales lin-
eage by the ML primers (more than seven mismatches with
database sequences).

DISCUSSION

In this study, we identified various microbial populations, previ-
ously detected in oil facilities (4, 44) and corrosive biofilms (25,
45), potentially involved in MIC.

The microorganisms detected were mainly mesophilic, corre-
sponding to the temperature at these surface facilities (�25°C)
and were previously detected in these environments (44, 46, 47).
Dissolved hydrocarbons in this stream and the continuous recy-
cling of the seawater from the sump to the production system
might have enriched some of these microorganisms at these loca-
tions. ARISA and multigenic sequencing highlighted the similar
microbial community compositions of biofilms sampled at the
weld and at the bottom of the tube, indicating microbial homoge-
neity in all parts of the piping section. However, differences in
microbial abundance and community composition were observed
at the point of leakage. At the leak site, microbial abundance de-
creased 7.5-fold, whereas bacterial diversity increased (Simpson’s
1 � D � 0.82; Table 3). This is probably a consequence of ingress
of oxygen to the biofilm at the leak site by connection with the
external environment. Indeed, the presence of oxygen would be
toxic for most of the anaerobic lineages detected elsewhere in the
other biofilms, leading to a decrease in microbial abundance. Ox-

ygen inputs would also explain the higher diversity detected since
lineages identified specifically at the leak site by 16S rRNA gene
sequencing (Marinobacter, Oceanospirillaceae) are affiliated with
gammaproteobacterial aerobic hydrocarbon degraders (48, 49).
Finally, differential sensitivity to oxygen might also explain the
modification of the methanogenic archaeal community. The
opening to the external environment offered by the leak site ap-
peared to change the microbial community composition by mod-
ifying the availability of electron acceptors and promoting aerobic
metabolism. Intrusion of oxygen might also exacerbate the corro-
sion due to the chemical attack of oxygen on the steel (29, 50),
potentially leading to the iron oxides detected by EDX and sec-
ondary oxidation of iron sulfides to highly corrosive elemental
sulfur (51).

Potentially corrosive microorganisms. Since they have been
detected in association with highly corrosive biofilms, all of the
microorganisms found in this study might play a direct or indirect
a role in corrosion. The detection of various iron oxides and cor-
rosion products (9, 20) and the high corrosion rate observed in the
piping section (5.45 mm · year�1), which far exceeds the highest
reported in vitro corrosion rates reported for single bacterial
strains (up to 0.88 mm · year�1 for Desulfobulbus sp. strain IS6
[52]), suggest that the mechanisms underlying MIC are diverse
and may interact (Fig. 4). In these biofilms, Bacteria, representing
more than 98% of the microbial population estimated by qPCR,
particularly Desulfovibrio species, detected as highly predominant
on the basis of both bacterial 16S rRNA and dsrAB gene analyses,
were likely the main culprits of MIC, as has been proposed previ-
ously (16, 53, 54). Desulfovibrio species are metabolically diverse
and often versatile, coupling hydrogen or volatile fatty acid con-
sumption with sulfate, iron, or nitrate reduction according to
electron acceptor availability or alcohol fermentation in the ab-
sence of electron acceptors (55). Different mechanisms explaining
the corrosion activity of Desulfovibrio spp. have been suggested.
Production of corrosive phosphorus compounds through phos-
phate reduction by Desulfovibrio desulfuricans (56), which is the
closest cultivated relative of the organisms identified in the bio-
films studied here, was suspected. However, iron phosphide was
not detected in the system, and this corrosion process is contro-
versial (9, 57). Desulfovibrio ferrophilus strain IS5 can also exploit
iron directly as an electron donor, coupling sulfate reduction to
iron oxidation in the EMIC process (6). However, this metabolic
capacity is not shared by all Desulfovibrio lineages and appears to
be restricted to specific strains. Further, no genetic marker is avail-
able to identify this metabolic feature; thus, we cannot exclude the
possibility that the Desulfovibrio species detected in our study con-
tains this pathway and some corrosion of the piping may be a
result of direct iron oxidation by Desulfovibrio species. Corrosive-
ness of Desulfovibrio by cathodic hydrogen scavenging was previ-
ously investigated in single-species biofilm, but no increase in cor-
rosion was detected in those studies (20, 24). Therefore, since
sulfate was present in the piping environment and iron sulfide was
detected in the biofilm, the corrosiveness of Desulfovibrio species
seems more likely to be due to chemical MIC and production of
corrosive sulfide (Fig. 4). Furthermore, in laboratory experiments
when H2 concentrations are not limiting, Desulfovibrio desulfuri-
cans can reduce sulfate and iron simultaneously (16). This might
suggest that, in proximity to hydrogen-producing fermenters, de-
tected in our 16S rRNA gene survey, some Desulfovibrio bacteria
might potentially catalyze the reduction of both sulfate and iron
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oxide at the same time. This metabolism would remove any iron
oxide coating and reexpose steel to corrosive products like H2S,
which is simultaneously produced, likely resulting in a significant
part of the high corrosion rates observed (Fig. 4).

Desulfovibrio species were not the only hydrogen sulfide-pro-
ducing bacteria detected in the 16S rRNA gene survey. Indeed,
sequences affiliated with Geotoga, a mesophilic genus of the order
Thermotogales previously isolated from oil reservoirs (58), were
also detected. Geotoga species are fermentative bacteria capable of
reducing elemental sulfur to hydrogen sulfide as a “hydrogen
sink” (58). Elemental sulfur was detected at the site of corrosion,
providing a potential niche for Geotoga in the corroding system.
Thereby, like Desulfovibrio species, Geotoga species might contrib-
ute to chemical MIC (Fig. 4).

Sequences affiliated with Pelobacter bacteria represented around
10% of the reads in all of the samples, suggesting a potentially
important role within the corrosive biofilm. Pelobacter bacteria
are commonly present in marine sediments (59), oil reservoirs
(12, 46), and microbial fuel cells (60). Cultivated lineages of Pelo-
bacter bacteria are able to grow by fermentation of various hydro-
carbon-derived substrates (acetylene, polyethylene glycol, trihy-
droxybenzenes), generating hydrogen that might be consumed in
syntrophic metabolism with hydrogen scavengers such as meth-
anogens or Acetobacterium bacteria (61, 62), both also detected in
the corrosion biofilm. However, in the presence of iron oxides,
sulfide, and/or elemental sulfur, as detected by EDX microanalysis
of the biofilms, Pelobacter bacteria grow by indirect reduction of
iron via a cryptic sulfur reduction/oxidation cycle, with Fe(III)
reduction being coupled to the chemical oxidation of sulfide to S0

(63, 64). This metabolism might have substantial consequences
for steel corrosion. Similarly to Desulfovibrio sulfate and iron core-

duction, dissolution of ferric iron from metal surfaces could reex-
pose the underlying metal to corrosive products such as the simul-
taneously produced S0, leading to potentially continuous high
corrosion rates (Fig. 4). Pseudomonas species were detected as a
significant proportion of the bacterial community in all of our
samples (15% of the sequences at the bottom of the pipe). Under
anaerobic conditions, some Pseudomonas species can reduce iron
oxides directly with H2 by using a metabolic pathway involving
various cytochromes (65). Therefore, like Pelobacter species, Pseu-
domonas species might reexpose the piping metal to corrosive
products, enhancing corrosion (Fig. 4) (16, 17).

Organic acid-producing members of the order Clostridiales
and the genera Acetobacterium and Syntrophomonas together rep-
resented 5% of the bacterial 16S rRNA gene sequences recovered.
Cultivated Acetobacterium species are chemolithotrophs, scaveng-
ing hydrogen in a syntrophic relationship with methanogens such
as members of the order Methanomicrobiales or Methanosarcina
barkeri (66), both detected in 16S rRNA and mcrA gene surveys,
whereas Syntrophomonas bacteria produce organic acids and H2

from the fermentation of long-chain fatty acids (67). Organic ac-
ids produced from fermentation, such as lactate, would subse-
quently supply Desulfovibrio species, which are known to use lac-
tate as an electron donor, leading to sulfide production and
corrosion. Alternatively, organic acids might also dissolve iron
and therefore enhance corrosion rates (Fig. 4) (18, 19).

Finally, other proteobacterial lineages were detected in all of
our biofilms, but their role in corrosion remains unclear. Mem-
bers of the family Rhodospirillaceae within the class Alphaproteo-
bacteria were previously found in oil facilities and biofilms (15,
68), and like Pseudomonas and Desulfovibrio species (18, 53, 69),
these Alphaproteobacteria could contribute to biofilm formation

FIG 4 Conceptual model (not to scale) of microbial communities and processes involved in MIC of the tube section. Each microbial group was characterized
by their potential metabolic functions: fermentation, iron oxidation, iron reduction, sulfate reduction, elemental sulfur reduction, and biofouling.
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by polysaccharide production, for example (Fig. 4) (68). By creat-
ing a confined environment, these bacteria might enhance inter-
species interactions leading to corrosion (29).

On the basis of qPCR analysis, archaea represented a minority
of the total microbial community. However, they may play an
important role in the ecosystem (19, 30). All of the archaea de-
tected in 16S rRNA gene surveys were related to methanogenic
lineages belonging to five different orders. Methane is chemically
inert toward iron; thus, potential MIC by methanogens relies on
different mechanisms. Although Methanobacterium lineages were
not detected by mcrA sequencing because of the lack of coverage of
the genus Methanobacterium by the mcrA primers, they repre-
sented 70% of the archaeal community detected by 16S rRNA
gene sequencing. Methanobacterium spp. are hydrogen scavengers
and have been frequently detected in corrosive biofilms (6, 25)
and in syntrophic consortia with fermentative bacteria (25) (e.g.,
Pelobacter and Syntrophomonas, also identified in these biofilms)
(Fig. 4). However, direct utilization of iron by specific Methano-
bacterium species has been reported, with corrosion rates of up to
0.37 mm · year�1 (6, 13). This suggests that the predominant
archaeal lineage present in the biofilms could contribute to corro-
sion by EMIC and partially explain the presence of iron oxides
subsequently used by the iron reducers detected in the biofilm
(Fig. 4).

Organisms related to Methanosarcina barkeri and Methanolo-
bus vulcani were both detected in our 16S rRNA and mcrA gene
surveys. M. barkeri is a metabolically versatile methanogen and
can grow on hydrogen, methylated compounds, methanol, or ac-
etate (70, 71), while M. vulcani uses only methanol as a growth
substrate (72). However, in the presence of elemental sulfur, as
detected at the biofilm-metal interface in the corroding piping
section, these methanogens, as well as Methanobacterium species,
can switch their metabolism to dissimilatory elemental sulfur re-
duction and produce high concentrations of hydrogen sulfide
(73), potentially contributing to CMIC in this way (Fig. 4).

Additionally, sequences related to organisms of the order
Methanomassiliicoccales were detected by 16S rRNA and mcrA
gene sequencing. Members of this order were previously identi-
fied in the digestive tracts of various animals and are known to
grow on methanol with hydrogen (74). To our knowledge, this is
the first report of Methanomassiliicoccales from an oil-related en-
vironment. As a consequence of the moderate temperature, vari-
ous carbon substrates and hydrogen availability, as well as low
levels of oxygen, oil processing and transport facilities might rep-
resent a new biotope for some members of the order Methano-
massiliicoccales. However, the involvement of these methanogens
in EMIC or CMIC remains to be determined.

Conclusion. Previous investigations of MIC focused on single-
species biofilms (6) or incubation of metal coupons (5, 25), and
opportunities to study biofilms covering the inner walls of piping
and pipelines from operational oil facilities are limited. In this
study, the microbial community structure and abundance of steel-
corrosive biofilms were investigated in detail, revealing various
microbial lineages with different but complementary metabolisms
(fermentation and hydrogen consumption) potentially involved
in metal corrosion. Sulfate-, elemental sulfur-, and iron-reducing
microorganisms were predominant in the biofilms and are likely
to have made an important contribution to the high corrosion rate
and corrosive products measured in this particular piping section.
However, other organisms, by their potential fermentative metab-

olism or production of exopolysaccharides, might provide essen-
tial substrates (hydrogen, volatile fatty acids) and a favorable
environment for microbial growth and corrosive activities. How-
ever, since most of the microbial lineages identified are metabol-
ically versatile, an integrated study of corrosion chemistry and
kinetics by metatranscriptomic analysis might lead to a better un-
derstanding of the interaction between microbial activities and
redox chemistry involved in MIC.
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