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A B S T R A C T

This work assessed the role of the hyperthermophilic sulfate-reducing archaeon, Archaeoglobus fulgidus in 
anaerobic iron corrosion, at 70 ◦C, in the presence and the absence of lactate as energy source. Experiments 
performed with A. fulgidus planktonic cells, displayed their capacity to form a biofilm on an iron coupon and 
exhibited their biocorrosive activity. A. fulgidus was shown to cause indirect corrosion by producing sulfide while 
oxidizing lactate. Furthermore, the archaeon could grow lithotrophically by using elemental iron as a mineral 
energy source. Under these latter conditions, A. fulgidus formed chimneys enhancing the direct corrosion process. 
Moreover, physiological modifications occurred under these conditions notably highlighting the probable use of 
CO2 instead of sulfate as a terminal electron acceptor to produce acetate similarly to homoacetogens. All 
together, these results illustrate the metabolic versatility and hence the importance of this hyperthermophilic 
archaeon in microbial induced corrosion (MIC).   

1. Introduction

Corrosion is commonly defined as natural oxidation with subsequent
deterioration of metals and alloys (Perez, 2004; Videla and Herrera, 
2005). As a metal, iron is very unstable in aqueous media. Therefore, it 
dissolves in water according to the following reaction:  

4 Fe0 ↔ 4 Fe2+ + 8 e− ; E0 = − 447 mV (1) 

The metallic surface works as an electrochemical cell combining an 
anodic site and a cathodic site where oxidation and reduction reactions 
occur, respectively, allowing an electron flow from anode to cathode 
(Enning and Garrelfs, 2014; Sherar et al., 2013). In oxic environments, 
electrons that result from Fe0 oxidation reduce molecular oxygen and 
lead to rust or the formation of iron oxides. This aerobic corrosive 
process is mainly attributed to electrochemical reactions (Enning and 
Garrelfs, 2014; Sherar et al., 2013; Liengen et al., 2014). In anoxic 
conditions, electrons that result from Fe0 oxidation reduce protons from 
dissociated water. However, this chemical iron oxidation coupled to 
proton reduction usually remains low (Enning and Garrelfs, 2014; 
Enning et al., 2012; Kaesche, 2012) in environments lacking oxygen or 

acid and metallic facilities (Enning and Garrelfs, 2014). Nevertheless, 
microorganisms drastically accelerate this phenomenon, and anaerobic 
corrosion mainly results from either microbial activity or the end 
products of their metabolism (Videla and Herrera, 2005; Cord-Ruwisch 
and Widdel, 1986; Dinh et al., 2004; Zhang et al., 2015; Liang et al., 
2016). More than 20% of all corrosion loss is recognized to be of mi-
crobial origin and is referred to as microbiologically influenced corro-
sion (MIC) (Zhang et al., 2015; Hamilton, 2003; Dang and Lovell, 2016; 
Beech and Sunner, 2004). Commonly, microorganisms adhere to 
metallic surfaces by forming a biofilm, which enables MIC through two 
mechanisms: (i) indirect corrosion by producing corrosive compounds 
such as sulfides, which provoke chemical attacks on iron, and (ii) direct 
corrosion by oxidizing Fe0 and pulling electrons to reduce electron ac-
ceptors (Enning et al., 2012; Van Ommen Kloeke et al., 1995; Mehanna 
et al., 2009; Venzlaff et al., 2013). In direct corrosion, several theories 
were proposed among which the so called “cathodic depolarization” 
(Von Wolzogen Kuehr C and van der Vlugt L, 1964). This theory suggests 
that H2 resulting from the reduction of dissolved protons in water would 
builds-up a “hydrogen film” (Venzlaff et al., 2013). In presence of 
hydrogenotrophic microorganisms, such as sulfate-reducing bacteria 
(SRB), it has been speculated that hydrogen formed on metallic surface 
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can be scavenged by SRB thus facilitating the oxidative process (Von 
Wolzogen Kuehr C and van der Vlugt L, 1964). However, this theory has 
been extensively questioned as it cannot affect or accelerate iron 
corrosion based on kinetics and thermodynamics perspectives (Enning 
and Garrelfs, 2014; Liang et al., 2016; Costello, 1974; Vigneron et al., 
2016). 

Many microbial groups such as acetogenic bacteria (Enning and 
Garrelfs, 2014; Kato et al., 2015; Mand et al., 2014, 2015), 
nitrate-reducing bacteria (Enning and Garrelfs, 2014; Hubert et al., 
2005), sulfate and thiosulfate-reducing prokaryotes (Enning and Gar-
relfs, 2014; Liang et al., 2016; Magot et al., 1997) and methanogenic 
archaea (Costello, 1974; Vigneron et al., 2016; Mand et al., 2015; 
Davidova et al., 2012; Liang et al., 2014) have been identified as being 
involved in MIC. While MIC has been widely studied in sulfate-reducing 
bacteria (e.g., Desulfovibrio spp.) that are known to be widespread in 
natural environments (Enning and Garrelfs, 2014; Zhang et al., 2015; 
Hamilton, 2003; Dang and Lovell, 2016; Beech and Sunner, 2004; Van 
Ommen Kloeke et al., 1995), very few studies regarding sulfate-reducers 
belonging to the Archaea domain have been reported. Within the 
Archaea, sulfur-reducing, non-sulfate-reducing and sulfide-producing 
hyperthermophilic members of the order Thermococcales (e.g., Thermo-
coccus spp.), which grow in co-culture with hydrogenotrophic metha-
nogens, were demonstrated to be highly corrosive (Davidova et al., 
2012; Liang et al., 2014; Duncan et al., 2009). They were also found to 
be biocorrosive in enrichment cultures in the presence of thiosulfate as a 
terminal electron acceptor (Liang et al., 2014). In this respect, anaerobic 
hyperthermophilic Archaea representatives, and in particular 
sulfate-reducing archaea such as Archaeoglobus species, may be active 
contributors to corrosion at high temperature, notably in oilfield facil-
ities and hot oil reservoirs where their presence has been demonstrated 
on several occasions (Enning and Garrelfs, 2014; Davidova et al., 2012; 
Duncan et al., 2009; Ollivier and Magot, 2005). 

Archaeoglobus fulgidus is a hyperthermophilic sulfate-reducing 
archaeon that has been isolated from shallow submarine hot vents in 
the Mediterranean Sea (Stetter, 1988), volcanic environments (Zellner 
et al., 1989), various hot oil field waters in the North Sea (Stetter et al., 
1993; Beeder et al., 1994), a continental reservoir (L’Haridon et al., 
1995) and a deep aquifer basin (Fardeau et al., 2009). One of the most 
studied and well-characterized strain is A. fulgidus VC-16, which was the 
first sulfur-metabolizing archaeon whose genome was sequenced (Klenk 
et al., 1997; Henstra et al., 2007; Hocking et al., 2014). It is an orga-
notrophic and lithoautotrophic archaeon that grows on a variety of 
energy sources including lactate, hydrogen, and carbon monoxide 
(Stetter, 1988; Klenk et al., 1997; Vornolt et al., 1995) as well as 
aliphatic hydrocarbons (Khelifi et al., 2010, 2014). In addition to sul-
fate, thiosulfate and sulfite are also used as terminal electron acceptors 
(Stetter, 1988). Notably, hydrogen is only oxidized in the presence of 

thiosulfate (Stetter, 1988; Klenk et al., 1997). Interestingly, the ability of 
A. fulgidus to form biofilms under stress conditions such as
metal-enriched environment was demonstrated (Lapaglia and Hartzell,
1997). Therefore, A. fulgidus VC-16 represents a good candidate to study
anaerobic biocorrosion processes at high temperature. Indeed, Islam & 
Karr had reported the corrosive ability of A. fulgidus by measuring
weight loss (Islam and Karr, 2013). Besides, Jia et al. (2018), recently,
performed a corrosion study with A. fulgidus. In their experiments, a
robust biofilm initially developed on an iron coupon with organic matter
in an enriched seawater medium. This mature biofilm was then exposed
to different conditions of carbon starvation. They showed that the
formed biofilm was very corrosive under organic carbon starvation and
that the sulfate-reducing archaeon was able to use elemental iron as an
electron donor (Jia et al., 2018).

In this work, planktonic cells of A. fulgidus were grown in a mineral 
culture medium containing a carbon steel coupon in presence and 
absence of an organic electron donor and with sulfate as terminal 
electron acceptor. The aim of the study is to deepen our understanding 
of the mechanisms of direct and/or indirect corrosion by A. fulgidus VC- 
16 and, specifically, under oligotrophic conditions, which are encoun-
tered, more particularly, in oilfield waters. 

2. Materials and methods

2.1. Metal sample preparation

Coupons (Control 5, Mexico) made of SAE 1010 carbon steel (127 
mm × 12.7 mm x 0.25 mm) served as the source of metallic iron. Beside 
Fe, their mass percentage composition is (wt %) C 0.10, Mn 0.45, P 0.04, 
S 0.05. These metallic coupons were mirror-polished by a specialized 
subcontractor (CHROMALU) and surface-activated for 2 min in diluted 
HCl (2 M) until the formation of a substantial amount of hydrogen 
bubbles. Each steel coupon was then rinsed immediately three times in 
distilled water for 10 s, sterilized by UV light for 20 min on each side and 
stocked in a drying chamber. 

2.2. Growth of A. fulgidus VC-16 

Archaeoglobus. fulgidus strain VC-16 (DSM 4304) was isolated from a 
marine hydrothermal vent (Stetter, 1988). It was provided by the 
Deutsche Sammlung von Mikrooganismen und Zellkulturen (Braunsch-
weig, Germany). It was cultured in a defined culture medium (Khelifi 
et al., 2010) that was modified as follows (g⋅L− 1 unless indicated): 
NH4Cl, 0.3; KCl, 0.1; CaCl2⋅2H2O, 0.1; NaCl, 18; Na2SO4, 2.37; yeast 
extract, 0.1; Fe2SO4⋅7H2O, 1.42 mg; NiSO4⋅6H2O, 1.6 mg; 
Na2WO4⋅2H2O, 38 μg; Na2SeO3⋅5H2O, 3 μg; MOPS, 3 g; resazurin, 1 mg 
and Balch trace element solution (Balch et al., 1979), 10 ml L− 1. The pH 
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collected with a resolution of 512 × 512 pixels and a scan rate of 0.5 Hz. 
Specimens were cleaned as explained above, dried and then character-
ized by AFM. 

2.7. Electrochemical measurements and characterization 

Experiments were carried out in a 1 L K0047 corrosion cell kit 
(AMETEK) that was sterilized with 96% ethanol prior to use. 0.8 L of 
sterile medium was added and purged by a stream of sterile N2–CO2 
(80:20) gas for 2–3 h prior to inoculation and first measurement. The 
corrosion cell was subsequently tightly closed and placed into a poly-
ethylene glycol bath at 70 ◦C for approximately 40 min. The latter step 
allowed the culture medium to reach and maintain the growth tem-
perature of A. fulgidus. A 1 cm2 working electrode (iron coupon) was 
exposed to the culture medium (electrolyte), the reference electrode was 
a saturated calomel electrode (SCE) and a graphite rod served as a 
counter electrode. Electrochemical experiments were carried out using a 
potentiostat/galvanostat (BES EG®&R), and data were acquired using 
Softcorr III software. The free corrosion potential Ecorr was followed by 
connecting the working and reference electrodes of the electrochemical 
cell during their incubation in the electrolyte. After 8 days, Ecorr moni-
toring was stopped and followed by linear sweep voltammetry. The 
latter was performed over a range of ΔE = − 600 mV–800 mV at a rate of 
0.166 mV s− 1, starting 50 mV beneath the Ecorr. Electrochemical char-
acterization was performed to compare the four conditions cited above 
(Cf. 2.3). 

2.8. Statistical analyses 

The significance of the results was examined by multifactor analysis 
of variance for concentration (ANOVA) followed by post hoc tests 
(Fisher’s least significant difference tests). These analyses were per-
formed using STATGRAPHICS Centurion XVI.II. P < 0.05 was consid-
ered statistically significant. 

3. Results

To explore the initiation timeline of corrosion, A. fulgidus VC-16 was
grown with lactate and/or an iron coupon as electron donor(s) and 
sulfate as a terminal electron acceptor at 70 ◦C for three weeks. These 
assays were compared to abiotic controls that contained an iron coupon 
and sulfate either in presence or in absence of lactate. Both assays and 
controls were incubated under the same experimental conditions. 
Experimental settings used in the whole study were optimized to avoid 
any biasness of the biological response to corrosion. For instance, oxy-
gen scavenger or modulators of electrochemical measurements have 
been removed and replaced by neutral components (see material and 
methods). 

3.1. Iron surface crust 

After three weeks of incubation at 70 ◦C, iron surfaces were observed 
by SEM to assess development of A. fulgidus on the metallic coupon. 
Observations showed that precipitates had accumulated on the steel 
surface of abiotic controls (Fig. 1B) and A. fulgidus-inoculated assays 
(Fig. 1C and D). When compared to non-incubated metal reference 
(Fig. 1A), the iron coupon surface incubated in the culture medium was 
covered by a thick black crust (Fig. 1B). No difference was observed 
between the abiotic controls containing an iron coupon, sulfate, with or 
without lactate. Thus, only the abiotic control with lactate was repre-
sented. Aside from the crust produced on the abiotic control (Fig. 1B), 
tangled materials were observed on the coupons from the A. fulgidus- 
inoculated assays in the presence of lactate (Fig. 1C). These tangled 
materials were less developed when lactate was lacking in the culture 
medium (Fig. 1D). Besides, particular chimney-like structures were 
observed, in the latter (Fig. 1D). Within 3 weeks, A. fulgidus grown on 

of the medium was adjusted to 7.0. The medium was prepared anoxi-
cally in penicillin bottles with a headspace of N2–CO2 (4:1). Following 
sterilization, the medium was amended with sodium carbonate (2 g. 
L−  1), sodium thioglycolate (0.2 g L−  1), sodium ascorbate (0.2 g L−  1), 
MgCl2⋅6H2O (3.0 g L−  1), 10 ml L−  1 of a vitamin solution (Wolin et al., 
1963) and lactate (10 mM), except when stated. 

The present medium was optimized to enable only biological 
response to corrosion process. Indeed, Na2S, and L-cysteine commonly 
used as oxygen scavengers were removed from the medium because they 
cause rapid chemical corrosion. They were replaced by sodium thio-
glycolate and sodium ascorbate, which are completely harmless on 
carbon steel. Moreover, since KH2PO4 and K2HPO4 distorted electro-
chemical signals, they were replaced by MOPS to buffer the culture 
medium. Actually, the medium was optimized to enable only biological 
response to corrosion process. 

Precultures were inoculated at 10% (vol/vol) under anoxic condi-
tions and incubated for 2 days at 70 ◦C. 

2.3. Corrosion tests 

Corrosion tests were performed in 25-ml Bellco tubes filled with 
A. fulgidus culture medium. A metallic coupon and/or lactate were 
added to the sterilized culture medium. A. fulgidus inoculum was washed 
once with substrate-free medium before being added at 10% v/v. The 
tubes were filled completely and incubated horizontally at 70 ◦C so the 
biofilm of A. fulgidus could develop on the larger surface of the metallic 
coupon in biological assays. The same inoculum was added to all assays. 
Corrosion test kinetics and analyses were carried out in one shot 
experiment where 4 conditions, in presence and absence of iron coupon, 
were performed: (i) abiotic, (ii) abiotic with lactate, (iii) A. fulgidus, (iv) 
A. fulgidus with lactate. Three tubes were sacrificed per condition for 
each time of monitoring.

2.4. Chemical measures and analyses 

The sulfate concentration was quantified by ion chromatography 
(761 Compact IC Metrohm, Metrohm) using a Metrosep Anion Supp1 
column (Metrohm). The lactate (electron donor) and acetate (end- 
product of lactate oxidation) concentrations were determined by HPLC 
(Thermo Scientific) using an Aminex HPX-87H-300 x 7.8 column (Bio- 
Rad). The concentration of soluble Fe2+ was measured using the color-
imetric method described by Lovley et al. (Lovley and Phillips, 1986) 
after solubilization of the black precipitate for approximately 5 min with 
0.35 M HCl. 

2.5. Scanning electron microscopy and elemental identification 

Iron coupons were incubated for 20 days in A. fulgidus-inoculated 
culture medium. A 1 cm2 coupon surface was cut from each crust- 
covered specimen and fully dried before scanning electron microscopy 
(SEM). SEM was performed in secondary electron imaging mode (SE2) 
with acceleration voltage of 5 kV, using a Zeiss Supra 40 VP microscope, 
equipped with a GEMINI column and coupled with an X-max 20 mm2 

energy-dispersive X-ray analyzer (Oxford Instruments). To observe pits, 
the corrosion crusts were removed by immersion in a 6 M 
hexamethylenetetramine-HCl solution with 3 M NH4Cl for 5 min. After 
immersion, the iron specimens were rubbed with a toothbrush, rinsed 
with water and fully dried. 

2.6. Atomic force microscopy 

Topographic images of surface were recorded with an Atomic Force 
Microscopy (AFM) in intermittent contact mode. AFM experiments were 
performed in air using a Multimode AFM with Nanoscope V SPM 
controller. Silicon cantilever was used with a spring constant of 40 N 
m−  1 and a resonant frequency of around 300 kHz. All images were 



iron coupon developed a microbial biofilm supported by the presence of 
tangled materials (Fig. 1C–D). 

3.2. Iron surface deposits composition 

Composition of materials and crusts deposited on iron surfaces 
(Fig. 1B–D) was analyzed by energy-dispersive X-ray spectroscopy 
(EDX). The tangled material in A. fulgidus containing lactate assays 
(Fig. 1C) revealed that high mass percent of Fe (42.4%), S (14.8%), O 
(14.1%) and C (12.5%) constituted these filamentous materials. Other 
elements such as Na (8%), Cl (4.5%), Si (2.7%) and Mg (1.3%) were also 
identified at lower concentrations (Table 1). The composition of crust in 
abiotic control (Fig. 1B) was quite different with very low concentra-
tions of S (1.9%) and Si (0.4%) elements. In comparison, chimneys 
observed in lactate lacking assays (Fig. 1D) contained no Si and low S 
elements (1%). However, in these assays without lactate, Si and S were 
present but mainly in the filamentous tangled materials underneath the 
chimneys as revealed by SEM-EDX analyses (Fig. 2). Furthermore, theses 
analyses confirmed that the A. fulgidus chimneys were mainly composed 
of Fe, C, O, Na, and Mg (Fig. 2 and Table 1). Our data provide clear 
evidence that composition of deposits differs between the conditions 
studied. 

3.3. Corrosion pits 

The selective removal of the crust from iron coupons was performed 
to observe corrosion damages. SEM observations revealed clear changes 
of the metal surface aspect for treated iron coupons with different types 
of pits (Fig. 3). In addition, AFM images illustrated that these metallic 
coupons had rugged topographies, confirming the SEM observations 

(Fig. 3A–D). In the abiotic control (Fig. 3B), AFM analysis showed pits 
with depths of up to 700 nm and 1–2 μm widths. Although pits on the 
metal incubated with A. fulgidus had same depths to that of the abiotic 
control, they were two-fold wider (Fig. 3C). These pits were deeper and 
wider when organic electron donor was added to the culture medium 
(Fig. 3D). 

3.4. Electrochemical activity of A. fulgidus on iron coupon 

3.4.1. Effect of A. fulgidus on the free corrosion potential of iron 
Electrochemical potential/time characterizations were carried out to 

assess deterioration of the metallic surface when it was immersed in 
A. fulgidus culture medium. Indeed, open circuit potential (Ecorr) was
monitored for 1 cm2 immersed iron coupon in inoculated and abiotic
culture medium in the presence or absence of lactate as an organic
electron donor over 8 days (Fig. 4A). Under abiotic conditions (sterile
electrolyte), the organic electron donor had no influence on the poten-
tial. Therefore, we chose to present only curve of controls in medium
containing lactate (Fig. 4A). Within the first few hours, the Ecorr curves
of all conditions decreased to more electronegative potentials and
increased to more positive values after one day. In A. fulgidus-inoculated
media with lactate, lowest Ecorr potentials were observed after one day
of stabilization in comparison to other conditions. The abiotic control
reached, approximately, − 480 mV/SCE from day 3 and remained stable
until day 5. It showed abrupt decrease to reach − 600mV/SCE. However,
it increased at day 6 to gain the initial level of − 480 mV/SCE again.
These abrupt decrease and increase corresponded to an artifact. A
similar but smaller artifact was also observed few hours later in the
A. fulgidus-inoculated assay without lactate; however, the artifact was
not detected in the assay with lactate. In the absence of lactate as an

Fig. 1. Scanning electron micrographs (SEM) of crusts on iron surfaces after incubation for 3 weeks. (A) non-incubated metal reference; (B) abiotic control; (C) 
A. fulgidus with lactate; and (D) A. fulgidus without lactate showing a chimney (bars, 10 μm).



electron donor, the Ecorr showed a slight increase compared to the 
abiotic condition before day 1. However, this increase does not last as 
Ecorr reached − 550 mV/SCE at day 2 and remained stable without any 

variation. When lactate was added to the A. fulgidus-inoculated medium, 
Ecorr values were even more negative (− 650 mV/SCE) compared to the 
A. fulgidus-inoculated medium lacking lactate (Fig. 4A). These data
suggest that the presence of A. fulgidus leads to more electronegative
potential and hence to electron uptake from the metal as it is corrosive.

3.4.2. A. fulgidus current-potential response to corrosion 
After day 8 of culture in the corrosion cell, open circuit potential 

measurements (Fig. 4A) were stopped and followed by potentiodynamic 
characterization to assess corrosion rate (Fig. 4B). The potentiodynamic 
curves obtained allowed the extrapolation of Tafel’s slopes from which 
the corrosion current densities were calculated (icorr). Current densities 
of approximately 80, 105 and 500 μA/cm2 were obtained for the abiotic 
control and assays without and with lactate, respectively (Fig. 4B). In the 
A. fulgidus-inoculated condition containing lactate, the corrosion current
density was six times greater than that of the abiotic control and five 
times higher than that of A. fulgidus with iron coupon as the only elec-
tron donor. Besides, passivation phenomena were observed for the mi-
crobial assays that were greater in the medium lacking lactate (Fig. 4B). 
Thus, the presence of the archaeon increase corrosion rate. 

3.5. A. fulgidus microbial activity 

Lactate and sulfate consumption as well as the formation of Fe2+

from Fe0 oxidation were monitored over a month of incubation at 70 ◦C 
with the aim to evaluate Fe0 oxidation and corrosion processes due to 
sulfide production. In these experimental settings, we added A. fulgidus- 
inoculated controls without iron coupon, with sulfate and with or 
without lactate. In assays containing lactate and an iron coupon, the 
Fe2+ concentration increased drastically up to four times than what 
detected in the abiotic control (Fig. 5A). The higher concentration was 
reached around day 4 and further increased until the end of the moni-
toring (Fig. 5A). In A. fulgidus-inoculated assays containing iron coupon 
only, the concentration of Fe2+ slowly increased. Only after 4 days of 
incubation, it was different of that of the abiotic control and then 
became two times greater than that of the abiotic control (Fig. 5A). 
Interestingly, under these lithotrophic conditions, no sulfate consump-
tion was detected (Fig. 5C) and small amounts of acetate were produced 
leading to the accumulation of about 0.9 mM acetate at the end of the 
experiment (Fig. 5D). Although, the culture medium contained 0.1 g.L− 1 

yeast extract, A. fulgidus was not able to grow and no acetate was pro-
duced in absence of an iron coupon (data not shown). All these results 

Abiotic control 

Elements Mass (%) Atomic (%) 

C 20.7 34.1 
O 37.0 45.7 
Na 2.9 2.5 
Mg 4.8 3.9 
Si 0.4 0.3 
S 1.9 1.2 
Cl 1.6 0.9 
Ca 4.6 2.3 
Fe 26.1 9.2 
Total: 100 100  

Tangled material 

Elements Mass (%) Atomic (%) 

C 12.5 27.7 
O 14.1 23.4 
Na 8.0 9.2 
Mg 1.2 1.3 
Si 2.7 2.6 
S 14.7 12.3 
Cl 4.5 3.4 
Ca nd nd 
Fe 42.4 20.2 
Total: 100 100  

Chimney 

Elements Mass (%) Atomic (%) 

C 16.9 32.7 
O 24.6 35.7 
Na 8.1 8.2 
Mg 1.6 1.5 
Si nd nd 
S 1.0 0.7 
Cl 5.0 3.3 
Ca nd nd 
Fe 42.8 17.8 
Total: 100 100  

Fig. 2. Scanning electron micrograph (SEM) and X-ray microanalysis (EDX maps) of a chimney observed after the exposure of an iron specimen to a culture of 
A. fulgidus for 3 weeks in the absence of lactate as an electron donor. (EHT = 5 kV, 4.00KX).

Table 1 
Elements composition of crust deposits on metal surfaces by Energy-Dispersive 
X-ray spectroscopy analysis. Presentation of mass percent and Atomic percent 
of elements. nd: non detected.



suggest that acetate production should result from lithotrophic growth 
on iron with CO2 to be used as terminal electron acceptor. Under 
organotrophic conditions, kinetics of the lactate oxidized and the sulfate 
reduced were a little faster in A. fulgidus-inoculated controls without 
iron coupon than in assays with iron. Indeed, in the absence of iron, all 
the lactate was consumed after 5 days of incubation while small amounts 
remained even after 10 days in its presence (Fig. 5B). These results 
suggest that lactate oxidation is delayed in presence of iron. However, in 
both cases, the redox ratio was around 1.2 sulfate reduced per lactate 

oxidized (Fig. 5B and C). Interestingly, when A. fulgidus was grown with 
lactate and an iron coupon, acetate production occurred concomitantly 
to the consumption of lactate (Fig. 5D) from the 2nd day until the 6th 
day. Following this fast acetate production, the production continues 
with the kinetic tendency of the assay under lithotrophic growth con-
dition. The acetate concentration reached a maximum of 1.45 mM at day 
13 and then decreased slightly (1 mM remaining at day 32). Thus, ac-
etate was first accumulated and slowly consumed afterwards when the 
medium became lactate deficient (after day 13). The increase of acetate 

Fig. 3. Corrosion pits on iron steel SEM micrographs (left) and their corresponding 3D AFM images (right) obtained after 3 weeks of incubation. Corrosion crusts 
were removed before observation. (A) Unincubated metal reference; (B) abiotic control; (C) A. fulgidus without lactate and (D) A. fulgidus with lactate. 



concentration between day 6 and 13, seemed to follow the same ten-
dency of the lithotrophic condition. 

4. Discussion

While Lapaglia and Hartzel (Lapaglia and Hartzell, 1997) demon-
strated that A. fulgidus VC-16 was able to form different biofilm 

structures after 12–18 h under a high concentration of nickel, here we 
establish that when grown on iron coupon as a sole mineral energy 
source. This hyperthermophilic archaeon formed tangled materials 
(Fig. 1C–D) also corresponding to a microbial biofilm (Motos et al., 
2015; Rastelli et al., 2016)This biofilm was much more developed in the 
presence of lactate as an organic carbon and energy source. 

Indeed, after crust removal, the pits observed on iron surface (Fig. 3) 

Fig. 4. Monitoring of the corrosion by electrochemical process. A) Kinetics of the open circuit potential vs. the saturated calomel electrode (SCE). B) Potentiody-
namic curves performed vs. SCE (scan rate 0.166 mV s− 1). Abiotic control; A. fulgidus without lactate; and A. fulgidus with lactate. 

Fig. 5. Physiology of A. fulgidus in the presence and absence of an iron coupon. Fe2+ released (A), remaining lactate (B) and sulfate (C), and acetate produced 
(D). Abiotic control with iron steel; A. fulgidus with an iron coupon and lactate; A. fulgidus with lactate and without an iron coupon; A. fulgidus 
with an iron coupon and without lactate; and A. fulgidus without an iron coupon and without lactate. Statistical analyses were performed using a multifactor 
analysis of variance (ANOVA) followed by a Fisher’s least significant difference (LSD) procedure to assess significant differences among the conditions. a, b, c, d, e 

Significant differences for the Fe2+, lactate and sulfate (p < 0.000) and acetate (p < 0.0001) concentrations. 



absence of sulfate. They also demonstrated that CO2 may be used as a 
terminal electron acceptor by this microorganism to produce acetate 
(Henstra et al., 2007). In this respect, under the above-mentioned cul-
ture conditions, we propose that A. fulgidus could oxidize iron by using 
CO2 as terminal electron acceptor through the Wood-Ljungdahl meta-
bolic pathway with acetate being an end-product of metabolism 
(homoacetogenesis), thus bypassing the reduction of SO4

2− . The net re-
action below (3) would therefore correspond to the combination of the 
two half-reactions (1) and (2):  

2 HCO3
− + 9 H+ + 8 e− ↔ CH3COO− + 4 H2O (2)  

4 Fe0 + 2 HCO3
− + 9 H+ ↔ CH3COO− + 4 Fe2+ + 4 H2O (3) 

Indeed, from day 13–32, the acetate concentration produced and 
Fe2+ released (Fig. 5A–D) are in accordance with equation (3). In this 
respect, we could hypothesize that under our culture conditions, 
A. fulgidus could grow lithoautotrophically on iron steel using dissolved
CO2 as a terminal electron acceptor instead of sulfate. Such conclusion is
reinforced by the fact that A. fulgidus is known to be able to use
hydrogen, and consequently electrons delivered from hydrogen oxida-
tion only when thiosulfate, but not sulfate served as terminal electron
acceptor (Hocking et al., 2014). The absence of sulfate consumption in
such culture conditions is also supported by the absence of FeS in the
chimneys. Nevertheless, supplementary studies would be necessary to
deepen this hypothesis.

In the presence of lactate, a more complex scenario was observed. 
The analysis of A. fulgidus-inoculated controls (no iron) shows that the 
ratio sulfate/lactate consumed was stable and was around 1.3 from early 
days. Thus, considering that a part of the lactate used is incorporated in 
the biomass as carbon source, the balance sheet is in accordance with a 
complete oxidation of lactate according to the following stoichiometric 
equation (Stetter, 1988; Möller-Zinkhan and Thauer, 1990), as already 
reported for A. fulgidus (Stetter, 1988):  

CH3–CHOH–COO- + 1.5 SO4
2− → 3 HCO3

− + 1.5 HS- + 0.5 H+ (4) 

Nonetheless, in the assays containing both lactate and iron, acetate 
accumulated concomitantly to the oxidation of lactate (Fig. 5 B and D). 
Herein, we suggest that lactate oxidation was no more complete as in 
stoichiometric equation (4) because acetate accumulated even poorly. 
Hence, the ratio of sulfate/lactate (around 1.2) and the acetate produced 
(Fig. 5D) would approximately correspond to the stoichiometric equa-
tion below:  

CH3–CHOH–COO- + 1.33 SO4
2− → 0.17 CH3COO− + 1.33 HS- + 2.66 HCO3

−

+ 0.5 H+ (5) 

Moreover, acetate produced after the depletion of lactate (from day 6 
to day 13) would result from homoacetogenesis with iron, correspond-
ing to the reaction (3). This hypothesis is supported by the stabilization 
of the remaining sulfate concentration. The total acetate produced could 
be attributed, therefore, to direct corrosion process. Thus, we can sug-
gest that direct corrosion may occur concomitantly to indirect corrosion 
in A. fulgidus-inoculated assays containing lactate when cells adhere to 
the metallic surface. A. fulgidus might use acetate as carbon and/or en-
ergy source, as already reported for Archaeoglobus veneficus (Huber et al., 
1997) and Archaeoglobus profundus (Burggraf et al., 1990), respectively. 
Yet, these metabolic features have not been reported for A.fulgidus so far. 
Overall, iron presence slightly affects A. fulgidus metabolism leading to 
the incomplete oxidation of lactate. 

We propose a schematic mechanism to illustrate electron flow from 
Fe0 to A. fulgidus cells in the presence and absence of lactate (Fig. 6). In 
the presence of lactate (Fig. 6A), A. fulgidus enables indirect iron 
corrosion through the secretion of corrosive sulfide that chemically at-
tacks the iron coupon. The archaeon may also oxidize iron directly as the 
metabolism is modified in the presence of an iron coupon. The latter 
possibility is not shown. In Fig. 6B, a schematic mechanism illustrates 

indicate the ability of A. fulgidus to corrode iron either in the presence or 
absence of lactate as an organic electron donor although pits were wider 
and deeper when lactate was added. These observations are supported 
by electrochemical analysis (Fig. 4). Actually, in terms of thermody-
namic tendency, a more negative Ecorr indicates that the working elec-
trode is more prone to donate electrons. Throughout the experiment, the 
most substantial electronegative potentials were observed for the 
A. fulgidus-inoculated assays and more importantly in assays with lactate 
(Fig. 4). These lower measured potentials of A. fulgidus-inoculated media 
correspond to an accelerated corrosion process (Venzlaff et al., 2013; 
Wu et al., 2015; Raman et al., 2008; Cheng et al., 2009; Alfar-
o-Cuevas-Villanueva et al., 2006), confirmed by our measured current 
densities. It could be related to intense microbial activity (Cheng et al., 
2009) and correlated to the SEM and AFM observations (Figs. 1C and 
3D). The evolution of the Ecorr to more cathodic potentials was a 
consequence of the biofilm formation, the development of associated 
corrosion products (Fig. 1B–D) and the passivation phenomena also 
observed on polarization curves (Fig. 4B). In addition to biofilm estab-
lishment, cell growth can lead to the production of corrosive metabolites 
such as sulfides (Cheng et al., 2009). In presence of lactate, passivation 
phenomena were weakened by the intense microbial activity. The 
passivation that developed in the absence of lactate could be due to a 
more stable layer of corrosion products. The anodic corrosion potentials 
(Fig. 4A) and current densities (Fig. 4B) supported all these results and 
confirmed an oxidation state of Fe0. Hence, corrosiveness could be 
related to indirect processes (e.g., sulfide production) and to direct 
mechanisms (e.g., metal oxidation).

In the absence of lactate, a thin microbial biofilm with chimneys 
developed on the iron coupon after 3 weeks of incubation (Fig. 1D). 
Recently, similar chimneys were also observed for the first time, in the 
absence of an organic electron donor with the mesophilic sulfate- 
reducing bacterium, Desulfopila corrodens (Enning et al., 2012; Dinh 
et al., 2004). The D. corrodens chimneys structures took 3 months to form 
at 28 ◦C and pH ≥ 9. They were considered to be ion conductive pre-
cipitates composed of FeS and FeCO3 and were suggested to allow ion 
flow from the dissolving iron into the bacterial cells (Enning and Gar-
relfs, 2014; Venzlaff et al., 2013). The chimneys observed in the 
A. fulgidus VC-16 inoculated-assays were thinner than those of 
D. corrodens and formed within only 2–3 weeks at 70 ◦C. Moreover, 
those formed by A. fulgidus were observed in medium at pH 7. Therefore, 
the chimney formation rate of A. fulgidus may be linked to higher tem-
peratures and/or differences in pH. The S and Si elements were specif-
ically coupled to the microbial biofilm (Alfaro-Cuevas-Villanueva et al., 
2006) underneath the A. fulgidus chimneys. In contrast, S was found in 
the chimney composites formed by D. corrodens (Enning et al., 2012). All 
together, these results suggest that the chimneys formed by A. fulgidus 
differed slightly from those of D. corrodens since there is no FeS in the 
composition of the A. fulgidus VC-16 chimneys (Fig. 2). Chimney struc-
tures were not observed in the assays containing lactate (Fig. 1C). Under 
the latter condition, we can expect that chimneys did not form or the 
dense microbial biofilm or precipitates covered these chimneys. 
Nevertheless, it is clear from our experiments that these chemical 
structures result from microbial activity on iron coupons.

Besides the observation of biofilm and chimney formation, we 
demonstrate that A. fulgidus VC16 can use the iron coupon (Fe0) as a sole 
electron donor oxidizing it to Fe2+ similarly to other anaerobic micro-
organisms such as iron-oxidizing microorganisms and few sulfate- 
reducing bacteria. Thus, our results confirm the previous study of Jia 
and coworkers (2018) who had established corrosive activity of 
A. fulgidus VC16 under carbon starvation (Jia et al., 2018). Moreover, we 
showed that growth of A. fulgidus (e.g., biofilm formation) in 
iron-containing assays without lactate was not linked to sulfate reduc-
tion (Figs. 1D and 5C). Interestingly, small amounts of acetate accu-
mulated under these conditions (Fig. 5D). Previous studies by Henstra 
and coworkers (2007) revealed that A. fulgidus may perform homo-
acetogenesis using CO as an energy source either in the presence or



how A. fulgidus VC-16 can act as a direct Fe0 oxidizer. First, we must take 
into account the known key roles of hydrogenases and cytochromes in 
direct electron transfer (Van Ommen Kloeke et al., 1995; Mehanna et al., 
2009; Hernandez and Newman, 2001; Deutzmann et al., 2015). 
A. fulgidus has been recognized to possess several cytochromes (Klenk
et al., 1997) such as cytochrome-C3 hydrogenase, which is known to be
an excellent electron carrier (Van Ommen Kloeke et al., 1995; Booth G
and Tiller, 1960), as well as two hydrogenases, one of which is peri-
plasmic (Hocking et al., 2015). The involvement of hydrogenase in
direct electron uptake is not new. Indeed, microorganisms like Desulfo-
vibrio vulgaris Hildenborough, for example, have already been shown to
uptake electron directly from iron and transfer it to periplasmic hy-
drogenase (Van Ommen Kloeke et al., 1995). In addition, chimneys
formed by A. fulgidus may act as ion bridges to enable direct electron
uptake from the iron coupon by the archaeal cells.

5. Conclusion

Our study provides evidence that A. fulgidus VC-16 possess the ability
to corrode iron indirectly by producing sulfide while oxidizing lactate 
and directly by oxidizing iron steel. Throughout our study, we glimpse 
the many metabolic possibilities of A. fulgidus modulated by the pres-
ence of iron and also by the presence or absence of a suitable organic 
electron donor. Moreover, we provide evidence that A. fulgidus, which 
possibly thrives in hot oil reservoirs (Davidova et al., 2012; Duncan 
et al., 2009; Cord-Ruwisch et al., 1987), may be a highly corrosive mi-
crobial agent possibly damaging oilfield facilities in terms of oil reser-
voir souring similarly to other sulfate-reducing bacteria. Further work is 
needed to clearly identify the economic losses in the oil industry that are 
due to its presence in deep hot petroleum reservoirs (Davidova et al., 
2012; Duncan et al., 2009). 
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