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Abstract: Microbially influenced corrosion (MIC) is responsible for significant damage to major
marine infrastructure worldwide. While the microbes responsible for MIC typically exist in the
environment in a synergistic combination of different species, the vast majority of laboratory-based
MIC experiments are performed with single microbial pure cultures. In this work, marine grade
steel was exposed to a single sulfate reducing bacterium (SRB, Desulfovibrio desulfuricans) and various
combinations of bacteria (both pure cultures and mixed communities), and the steel corrosion studied.
Differences in the microbial biofilm composition and succession, steel weight loss and pitting attack
were observed for the various test configurations studied. The sulfate reduction phenotype was
successfully shown in half-strength marine broth for both single and mixed communities. The highest
corrosion according to steel weight loss and pitting, was recorded in the tests with D. desulfuricans
alone when incubated in a nominally aerobic environment. The multispecies microbial consortia
yielded lower general corrosion rates compared to D. desulfuricans or for the uninoculated control.
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1. Introduction

The corrosion of metals immersed in the marine environment is a well-known issue,
which can also be accelerated by the activities of a diverse range of microbes in a process
known as microbially influenced corrosion (MIC) [1,2]. An example of MIC is the rapid
failure of metal structures, typically in the form of localised corrosion around low tide
level, which is referred to as accelerated low water corrosion (ALWC) [3,4]. ALWC has
been reported on steel structures (e.g., sheet piling) in many ports and harbors worldwide.
The reduction in thickness of steel pilings, which can be up to several mm/yr, is one of
indications used to diagnose ALWC [5]. In the UK alone, the short-term cost of ALWC was
estimated to be ~£250 million [3]. Methods to minimise ALWC include the application of
cathodic protection, coatings and the use of special grade steel. Further work, however,
is required in order to obtain a better understanding of the complex roles and types of
microbes involved in ALWC.

Biofilm formation is a biological process that takes place in humid/aquatic environ-
ments, and involves a series of developmental steps. In the natural environment these
intricate microbial structures typically contain a diverse range of microbes with complex
interactions [6,7]. In relation to ALWC, different microbes are likely to play specific roles in
the overall corrosion process, including the development of a biofilm on the steel structure,
nutrient provision/cycling, as well as producing and maintaining an anaerobic environ-
ment. Specific microbes are responsible for the corrosion process [5,8,9]. Sulfate reducing
bacteria (SRB), e.g., Desulfovibrio desulfuricans, are probably the best known bacterial group
in relation to microbial corrosion and ALWC [10,11]. The SRB corrosion process is typically
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associated with a black biofilm on the surface and localised corrosion underneath [12].
In addition to SRB, sulfur oxidising bacteria (SOB) have been implicated in ALWC, and
the presence of both microbial groups will contribute to the sulfur cycle and subsequent
corrosion [5,8,13-17].

While there have been a large number of studies of MIC in the laboratory, most of
these have failed to replicate the accelerated corrosion rates observed in the field. One
of the possible reasons for this is that most tests use single microbial strains in the ex-
periments (most commonly SRB), which is very different to the mixed microbial species
found in biofilms associated with accelerated corrosion in the real environment [9,18-21].
Another possible reason is that the testing arrangement used (e.g., test media, oxygen
levels and test duration) may influence the processes (abiotic and biotic) required for the
accelerated corrosion.

Various laboratory MIC experiments have employed undefined combinations of mi-
crobes (e.g., [5,22-25]). While this might be more similar to the field situation, the largely
unknown combinations of microbes make replication impossible and the roles of any indi-
vidual species cannot be determined. Several MIC studies using known microbial strains in
various combinations have been undertaken, and have showed how the strains collectively
affect corrosion (see Table S1). In some of the latter, the multispecies combinations have led
to increased corrosion and in others decreased corrosion.

The mechanisms responsible for MIC are hypothesised to include transfer of electrons
from the metal of interest to the SRB and/or biochemicals produced as part of metabolic
processes [26,27]. Both require the presence of a suitable electron donor and electron
acceptor. The artificial supply of electron donors could facilitate increased corrosion
compared to real world scenarios since seawater typically has relatively low levels of
organic carbon sources [28]. Several researchers have shown that different test media used
in MIC studies can affect the level of corrosion [29-31]. Additionally, specific strains of SRB
(e.g., Desulfopila corrodens and Desulfovibrio sp. strain IS7) have been linked to the direct
electron uptake from an iron/steel surface [26] and have also been detected in field studies
of ALWC [9,17,23].

This research adds to the understanding of the effect of multispecies microbial consor-
tia in relation to microbial corrosion such as ALWC. The work involved exposing marine
grade steel to an ALWC biofilm from a marine environment, pure culture isolates from
an ALWC biofilm or adjacent locations, D. desulfuricans or to an uninoculated media (i.e.,
negative control). The hypothesis of this work was that the combinations of microbes
would produce increased rates of corrosion compared to tests with single isolates or an
uninoculated control.

2. Materials and Methods
2.1. Steel Test Coupons

Marine grade DH36 carbon steel [32] was chosen for this research due to its widespread use
in shipbuilding and offshore structures. The metal coupon dimensions were 25 mm X 25 mm
with a thickness of 6 mm. A 2 mm diameter hole was drilled in each coupon near the
middle of one of the edges (3—4 mm from the edge) to allow coupons to be hung vertically
in the aqueous corrosion tests. The top and bottom surfaces of the coupons were prepared
using an automatic grinding machine (Tegramin-25, Struers, Cleveland, OH, USA) with
a series of silicon carbide papers i.e., 320, 500 and 1200 grit. The edges were manually
ground with 320 grit silicon carbide paper. After grinding, the coupons were cleaned by
immersing in acetone in an ultrasonic bath for 8 min, rinsed thoroughly with distilled
water and then absolute ethanol, and finally dried under warm air. Coupon weight was
measured using a high accuracy analytical balance (MS205DU, readability 0.01 mg, Mettler
Toledo, Mississauga, Canada) shortly before the corrosion tests.
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2.2. Bacteria and Test Media Details

The four marine isolates were Halomonas korlensis, Bacillus aquimaris, Prolixibacter
bellaritvorans and Sulfitobacter pontiacus. Their presumed phenotypes cover a range of
potential functions relevant to oxygen tolerance, biofilm formation and MIC. H. korlensis is
a denitrifier /nitrate-nitrite reducing facultative aerobe [33] that was isolated from marine
sediment [21]. B. aquimaris is a nitrate/metal ion utilising aerobe found in marine environ-
ments/biofilms/corrosion steel surfaces [34,35] that was isolated from an orange ALWC
tubercle [36]. P. bellariivorans is an iron-relating/sugar-fermenting anaerobe [37,38] that
was isolated from an orange ALWC tubercle [36]. Finally, S. pontiacus is an obligate aerobe
which belongs to the Rhodobacteraceae group which are noted for surface association [6]
and can reduce thiosulfate and sulfite to sulfate [39]. It was isolated from a microbial test
kit (used to determine ALWC microbial functions) that was inoculated with an ALWC
tubercle sample.

SRB are frequently associated with microbial corrosion (including ALWC), and a
culture collection strain of an SRB, D. desulfuricans (ATCC 27774), was used. In addition
to the five pure cultures, a consortium of microbes found in an orange tubercle from a
suspected case of ALWC on steel sheet piling was also used in one of the test conditions [36].

Pure cultures of the marine isolates (stored at 80 °C in glycerol), were freshly grown
on marine agar (MA, BD Difco, Franklin Lakes, NJ, USA) plates in an aerobic environment.
These cultures were then used to inoculate 45 mL volumes of autoclaved (121 °C, 1 atm
for 16 min) half-strength marine broth (MBl, BD Difco, Franklin Lakes, NJ, USA), which
were incubated aerobically at 25 °C for 72 h. Since MB has relatively high nutrient levels, it
was diluted to better mimic seawater. Plate counts on MA were performed for all culture
broths using serial ten-fold dilution and triplicate plating.

D. desulfuricans was grown in tryptic soy broth (Merck, Darmstadt, Germany), sup-
plemented with sodium lactate (4 mL/L) and magnesium sulfate (2 g/L). The medium
was adjusted to pH 7.5 prior to autoclaving (121 °C, 1 atm for 16 min), after which 0.5 g/L
of 0.22 pum filter-sterilised ferrous ammonium sulfate was added. D. desulfuricans was
incubated in an anaerobic jar at 25 °C for 72 h, with a gas generator sachet (AnaeroGen,
Oxoid, Basingstoke, Hampshire, UK) and indicator (Resazurin, Oxoid, Basingstoke, Hamp-
shire, UK). A black culture broth was obtained after incubation, which is an indication of
ferrous sulfide production due to sulfate reduction. Plate counts of bacteria were performed
anaerobically on modified tryptic soy agar (TSA+, prepared as for the modified tryptic soy
broth but with 1.5% agar included prior to autoclaving).

An orange tubercle from an ALWC setting had been sampled previously and was
stored frozen at —80 °C. The ALWC consortia inoculum for this work was prepared by
adding 2.5 mL of thawed inner and 2.5 mL of outer tubercle layers to 45 mL of sterile MB1/2
broth (10% inoculation), and incubated aerobically at 25 °C for 72 h. All liquid cultures
were gently shaken (~10 s) once a day to help stimulate microbial growth.

Corrosion tests were performed in 500 mL sterilised glass bottles containing 350 mL
of sterile MB1 with each containing a sterile test coupon suspended by Nylon string. The
coupons and Nylon string were sterilised by immersion in absolute ethanol (Merck) for
30 min, then drying in a sterile dry bottle. Subsequently coupons were placed close to
a Bunsen flame (10-15 cm) for 1-2 min to remove any excess ethanol prior to starting
the corrosion tests. For the tests with pure cultures or orange tubercle material, 2 mL
volumes of their 72 h culture broths were added and mixed thoroughly. A total of six test
configurations were carried out (Table 1). All of the tests were nominally aerobic except
for the test with D. desulfuricans (T6) for which anaerobic conditions were obtained by
placing the test bottles in individual anaerobic bags together with AnaeroGen sachets and
resazurin indicators (Oxoid). All the treatments were conducted statically with 6 individual
replicates. All bottles were incubated in a Thermoline Scientific, Australia incubator at 25 °C.
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Table 1. Relative abundance of microbes inoculated in laboratory corrosion tests and incubated at 25 °C in aerobic or
anaerobic conditions.

Test (Incubation Atmosphere) Brief Description Microbes (cfu/mL)
T1 (aerobic) No inoculum None
T2 (aerobic) Orange tubercle Diverse consortium frorp.an orangje tubercle on steel
sheet piling (>10°)
T3 (aerobic) D. desulfuricans D. desulfuricans (2 x 10°)

T4 (aerobic)

T5 (aerobic)

T6 (anaerobic)

B. aquimaris (9 x 10°), H. korlensis (3 x 10°),
S. pontiacus (3 x 10%), P. bellariivorans (7 x 10%)
D. desulfuricans (2 x 10°), B. aquimaris (9 x 10°),

H. korlensis (3 x 10°), S. pontiacus (3 x 10°),

P. bellariivorans (7 x 10%)
D. desulfuricans D. desulfuricans (2 x 10°)

Four marine isolates

Four marine isolates +
D. desulfuricans

2.3. Corrosion Tests

The duration of the corrosion tests was 8 weeks. Testing six replicates allowed a range
of different studies to be performed using separate coupons. Periodic photos of test bottles
were taken to record any changes in media or test coupons.

A total of 40 mL of fresh sterile MB% was added into each test bottle fortnightly (i.e.,
fed-batch culture) to help maintain microbial viability during the study period. Sampling
of the corrosion tests for bacterial counts was undertaken at weeks 2, 4 and 8 of incubation.
This involved pipetting 10 mL of the culture (5 mL from near the test medium surface
and 5 mL near the bottom of the medium) before nutrient amendment. Bacterial counts
were obtained using MA plates for aerobic (T1-T5, Table 1) and TSA* plates for anaerobic
(T6, Table 1) corrosion test using serial ten-fold dilutions and duplicate plating. pH was
measured at the beginning of incubation and then after 4 and 8 weeks of incubation.
Aliquots of liquid cultures were stored in —20 °C for use in subsequent microbial analyses.

After 8 weeks of incubation, all coupons were removed from the test bottles. Shortly
after removal, a gentle stream of sterile MilliQ water was run over the coupons to remove
any planktonic cells from the biofilms. Pictures of the coupons were then taken. Certain
coupon biofilms/corrosion products were examined by scanning electron microscopy
(SEM), X-ray powder diffractometery (XRD) or energy-dispersive X-ray spectroscopy
(EDS). For these, sterile MilliQ water was used to gently wash the coupons three times,
after which they were air-dried in a physical containment level 2 cabinet for 2 h and
then stored in a desiccator. For SEM of coupon biofilms, one coupon per test condition
underwent fixation with glutaraldehyde solution (2.5 vol %) then dehydration via an
ethanol series (25%, 50%, 75%, 90% and 100%) [40]. Coupons for steel surface analyses
(SEM, 3D optical profilometery, weight loss), underwent a series of cleaning steps to remove
biofilms/corrosion products. Individual coupons were sonicated in sterile MilliQ water for
2 min (the fluid from this was stored at —20 °C for subsequent microbial analyses), then in
Clark’s solution [41] for 2 min, followed by rinsing with water and ethanol, drying under
warm airflow and then storing in a desiccator.

2.4. Metal Coupon and Microbial Analysis

SEM (Zeiss SUPRA 40VP-25-38, Oberkochen, Germany) images were taken of the
biofilms and the steel surfaces of separate fixed and cleaned coupons for each of the
test conditions using a range of magnifications (150x to 12,000x). One coupon from
each of the six treatments was used for EDS (Zeiss SUPRA 40VP-25-38, Oberkochen,
Germany and INCA software, version 4.13) to provide semi-quantitative analyses of the
biofilms/corrosion products formed on the coupons. Intensity with weight percent (wt.%)
of chemical elements was averaged from two locations of the biofilm on each coupon
surface. One uncleaned coupon from each of the six treatments was used for XRD (Bruker
D8 Advance, Germany). Compositions of surface products were scanned with a copper line
focus X-ray tube producing Ko radiation from a generator operating at 40 kV and 30 mA.
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Three cleaned coupons from each of the six treatments were used to obtain average
corrosion rates via weight loss using the method described in reference [41]. These coupons
were also used for 3D optical profiling (Bruker Contour GT-K1) to obtain quantitative
information about corrosion morphology. Each metal coupon was scanned over the entire
surface (using 5x objective), and any areas with localised pitting were subjected to more
detailed, higher resolution analysis. Pit depth (um) and relative volume (um?) for pits
greater than 10 um depth were recorded and analysed using VISION 64™ software (Bruker),
and then pit density was calculated by number of pit/mm?.

For corrosion morphology analysis, the pitting depth, relative pit volume and cor-
rosion rates were statistically compared for significant differences among the treatments
(p < 0.05) using one-way ANOVA and Tukey’s post-hoc test (IBM® SPSS™ Statistics ver-
sion 25).

Microbial analysis was based on agar plate counts and 16S rRNA gene metabarcoding.
Relative abundance was determined by a sum of the aerobic and anaerobic counts from the
liquid in each treatment. For metabarcoding, liquid samples of T2, T4 and T5 experiments
(Table 1) obtained at week 2 and week 8, together with biofilm suspensions obtained
following sonication from week 8 samples were sent to a commercial test facility (AGREF,
Adelaide, Australia) for DNA extraction and Illumina MiSeq sequencing. The primer pairs
used were 341F (CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT)
for amplification of the V3-V4 region of 16S rRNA genes. Data were processed using
Quantitative Insights Into Microbial Ecology (QIIME 1.9) followed by METAGENassist [36].

3. Results
3.1. Surfaces of Coupons Before Cleaning

Photos of coupon surfaces were taken directly after removal from the test solution
at the end of the 8-week immersion period (see Figure 1). The T1 and T3 test condition
coupons had orange and black corrosion products on the surfaces, the T4 coupons were rel-
atively free of corrosion products and black films were present on the remaining treatments
(i.e., T2, T5 and T6).

The surfaces of individual test replicate coupons set aside for biofilm/corrosion
product examination were observed using the SEM (Figure 2), and analysed by EDS
(Figure 3). The coupon from the uninoculated test (T1) was covered in a general corrosion
product, which appears to be a form of iron oxide. The images of the coupon exposed
to the orange tubercle biofilm inoculum (T2) showed a biofilm present, with phosphorus
and a relatively high sulfur content detected by the EDS (Figure 3). The coupon from the
D. desulfuricans inoculum under aerobic incubation (T3) visually had a thicker biofilm on
the surface compared to the coupon from the D. desulfuricans inoculum under anaerobic
incubation (T6) (Figure 2). The biofilm of the T3 coupon also had much more sulfur present
(relative to iron) compared to the T6 coupon, according to EDS (Figure 3). For the defined
mixed microbial species tests (T4 and T5), the consortia including D. desulfuricans (T5)
visually had a much denser biofilm compared to the sparse biofilm of T4 (Figure 2). No
sulfur was detected in the mixed consortia without D. desulfuricans (T4) (Figure 3), while a
small amount of sulfur in the biofilm was detected in the defined microbial consortia when
the D. desulfuricans were present (T5) (Figure 3). The iron:sulfur ratios shown in Figure 3
provide an indication of the relative amount of sulfur detected in surface product analysis.
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Figure 1. Photos of uncleaned and cleaned coupons after 8-weeks immersion in half-strength marine
broth for the six different microbial testing conditions, together with 3D surface profiles of cleaned
coupons showing surface and pit morphology.

Figure 2. SEM images of biofilms/corrosion products on surfaces of coupons tested after 8-weeks incubation in the six

different test conditions. All of these coupons underwent fixation (dehydration and 2% glutaraldehyde immersion) prior
to imaging.
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Figure 3. EDS spectra of the biofilms/corrosion products formed on DH36 coupons tested in the six different treatments

after 8-week incubation.

The XRD spectra peaks of individual phases were identified by comparing the diffrac-
tion pattern to a known standard from the diffraction powder database of the International
Centre for Diffraction Data (Diffrac Eva software, version 4.1). Unfortunately, the XRD
spectra obtained (Figure S1) provided ambiguous results for corrosion products/biofilms,
with the three peaks observed in each scan matching that of iron. It is possible that the
intensity of iron dominated the scanning spectra or that the corrosion products formed
were amorphous in nature.

3.2. Corrosion Evaluation

Example photos of the surfaces of test coupons after removing any biofilms and
corrosion products are shown in Figure 1. The key difference observed was that while
the uninoculated samples (T1) showed signs of general corrosion and occasional pitting,
most of the coupons tested in different biotic conditions appeared to suffer from sparse
localised pitting corrosion. SEM scans of the cleaned surfaces (Figure 4) confirmed that the
uninoculated control (T1) coupon had a combination of general and localised corrosion
attack, as did the coupon tested in the D. desulfuricans aerobic test configuration (T3). The
coupons from the other tests (T2, T4, T5 and T6) contained localised corrosion but were
relatively free from general corrosion. Finally, the diameters of pits observed for coupons
tested with D. desulfuricans (T3, T5 and T6) appeared to be generally larger than those for
the other test configurations.
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Figure 4. SEM images of surfaces of cleaned test coupons after 8-week immersion in the six different test conditions.

To further characterise the morphology of localised corrosion, 3D optical profiling was
performed on one side of one of the cleaned coupons for each test condition (see examples
in Figure 1). The pit density, which was calculated for all treatments based on the number
of pits (>10 um) per mm?2, was ~2 (pit/ mm?) for T1, (uninoculated treatment), and T2,
T4 and T5 (mixed consortia inoculum), and ~1 (pit/ mm?) for T3 and T6 (D. desulfuricans
alone). The coupons with the largest pits were from tests containing D. desulfuricans (T3,
T5 and T6, see details in Figure 5). Apart from the coupon from T4 (four isolates) which
had one pit deeper than 30 pm, only the coupons from tests with D. desulfuricans (T3 and
T6) had any pits greater than 30 um depth (five and six pits, respectively). The deepest pit
found was 50.2 um for the coupon tested in D. desulfuricans under anaerobic conditions
(T6), compared to 27 pm for the deepest pit for the uninoculated control (T1). The average
pit volumes (of five deepest pits) were nearly an order of magnitude greater for the tests
containing D. desulfuricans (T3, T5 and T6) compared to the tests lacking D. desulfuricans.

[J Relative Volume +SE O Pit Depth +SD A Corrosion Rate +SD

1500000 - 90 §
_ 1350000 - 0 §
% 1200000 o
g 70 Q
= 1050000 - '~
g 60 =
£ 900000 &
2 50 2
S 750000 - -
@ 0 3
> J
- 600000 2
T 450000 o 8

300000 - 20 §

w

150000 - 10 2

0 0 8
T T3 T4 T5 T6
b b b

Volume 0.96° 075" 7.59° 0.93 6.15" 12.96  (x10°pm?)

Pit Depth  23.6° 21.9° 36.1° 23.0 26.3° 4515 (um)

Cor.Rate  60.1° 5.0° 77.1° 37" 4.4° 10.0° (um/year)

Figure 5. Summary of the corrosion attack on steel samples from the six different treatments.
Averages of 5 highest values of relative volume and pit depth as well as average corrosion rate are
shown with statistical analyses. Significant differences (p < 0.05) were shown by different series of
superscript letters on each parameter.
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The average corrosion rates of the DH36 coupons after 8 weeks of incubation in the
different test scenarios were determined via mass loss (Figure 5). The highest corrosion
rates among the six treatments obtained (p < 0.05) were for the T3 (D. desulfuricans tested
aerobically) and T1 (uninoculated) test conditions. For all the other test conditions very low
average corrosion rates were measured; always much less than the uninoculated control,
indicating a form of corrosion inhibition. Given that the localised attack of the uninoculated
control (T1) was relatively minor, the relatively high weight loss for this test condition will
have been dominated by general /uniform corrosion.

3.3. Test Solutions

Over the 8-week duration of the corrosion tests, the colours of the test solutions
changed (see Figure 6), which is a potential indication of the metabolic and corrosion
processes that took place. Of particular interest was the general blackening of solutions
for tests T2 (orange tubercle inoculum), T5 (four isolates + D. desulfuricans aerobic) and T6
(D. desulfuricans anaerobic), and the black precipitation layer observed at the bottom of test
condition T3 (D. desulfuricans aerobic). This blackening might be an indication of sulfate
reduction and FeS production.

o= 14 A
ﬂ Week
ZX Y

{ -
f | ¥
£

Figure 6. Changes in appearance of test bottles of six treatments during 8 weeks of immersion.

In general, the pH values of the solutions (Table 2) were reasonably constant for all
of the test conditions over the 8-week incubation period, with pH values staying within
+0.5 of the initial value of 7.54. The greatest changes observed were for T4, which went
slightly more basic to 7.9, and T6 which went slightly more acidic to just below 7.0.
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Table 2. Bacterial counts and pH during 8-week incubation test of six treatments (Table 1). Initial pH of sterile media before
inoculation was ~7.54. Total plate count in each treatment was the sum of both aerobic and anaerobic counts on marine agar
(MA) and tryptic soy agar (TSA*) media, respectively.

Total Bacterial Plate Count (cfu/mL) pH Measurement
Test (T1-T5: Oy; T6: AnO»)
Initial Week 2 Week 4 Week 8 Week 4 Week 8

T1 (uninoculated) - - - - 7.58 £ 0.02 7.55 £+ 0.02
T2 (orange tubercle) >10° 107-108 1x 108 108-10° 7.47 £0.03 7.32 £0.06
T3 (D. desulfuricans) 2 x 100 7 x 10° 2 x 106 103-10* 7.56 + 0.04 7.73 4+ 0.10
T4 (Four isolates) 4 % 100 4 % 107 6 x 107 9 x 107 7.74 £ 0.05 7.90 £ 0.06
T5 (Four isolates + 6 x 10° 3 x 107 1x 108 106-107 7.32 4+ 0.04 7.42 +0.06
D. desulfuricans)

T6 (D. desulfuricans) 2 x 100 5 x 107 5 x 107 10%-10° 6.98 + 0.10 6.98 + 0.09

3.4. Analysis of Microbial Populations

Total plate count results are provided in Table 2. While a reduction in counts for the
D. desulfuricans inoculum tests (T3 and T6) was seen between the start and the end of the
tests, in general the microbial populations were reasonably constant throughout incubation
times. It is also worth noting that no colonies were observed in the aerobic plate tests for
D. desulfuricans alone treatments (T3 and T6), suggesting that these solutions were free of
any aerobic microbial contamination.

Figure 7 summarises the metabarcoding analysis of the mixed microbial consortium
treatments (i.e., T2, T4 and T5) at week 2 (planktonic) and week 8 (planktonic and biofilm).
The solution inoculated with the orange tubercle (T2) has, as expected, the most diverse
community. While there were few bacterial taxa that reduced in relative abundance in the
T2 solution during the test (e.g., Exiguobacterium spp. dropped from 13% to 3% in planktonic
phase from 2 to 8 weeks), many bacteria maintained their presence in both planktonic
and biofilm phases (e.g., Clostridiales and Rhizobiales). However, several bacteria were
only detected after 8 weeks including Desulfarculus baarsii, Desulfosporosinus spp. and
Thioalkalivibrio sp. Reasonable differences can also be seen between the planktonic and
biofilm phases of the T2 solution at 8 weeks (e.g., Rhodobacteraceae spp. and Clostridium
thiosulfatireducens more abundant in the biofilm phase).

The metabarcoding results for the combinations of isolates (T4 and T5) identified all
of the bacteria inoculated in each test configuration in at least one of the time/phases
tested. For both of these test configurations the proportion of P. bellariivorans tended to
decrease from week 2 to week 8, and H. korlensis was only ever found in any reasonable
level in the biofilm phase. A key difference between the two test configurations was for
B. aquimaris, which had a strong presence in the T4 liquid (four isolates) but was only
detected at low levels in the T5 liquid (four isolates + D. desulfuricans). S. pontiacus was
detected at reasonably consistent levels for both test solution types throughout the tests
and in both the planktonic and biofilm phases.

The metabarcoding data were further analysed for putative functions using METAGE-
Nassist to interpret microbial metabolism and other traits, the results of which are presented
in Table S2. Key aspects of the sulfur cycle, including sulfate reduction (detected at high
levels in all samples at week 8) and sulfur oxidation (for the orange tubercle configuration
at week 8) were detected.
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Figure 7. Microbial communities identified by 16S rRNA gene metabarcoding of mixed consortium treatments (T2, T4 and

T5), for planktonic communities (at weeks 2 and 8) and for the attached biofilms obtained by sonication (at week 8).

4. Discussion
4.1. Surfaces of Coupons Before Cleaning

The black corrosion products on the surfaces and sulfur detected in the biofilms (by
EDS) of coupons from several treatments (T2, T3, T5 and T6) indicates iron sulfide produc-
tion, and active sulfate reduction. This matches well with the presence of D. desulfuricans,
when specifically added to the tests (i.e., T3, T5 and T6) and the relatively high potential for
sulfate reduction determined from the METAGENassist analysis of the T2 orange tubercle
inoculum. The iron:sulfur ratios calculated for the biofilms indicated that the highest to
lowest relative amounts of sulfur detected were for T3 > T2 > T6 > T5, which qualitatively
matches the thicknesses of the biofilms observed in SEM images.

One somewhat unexpected observation was that the nominally aerobic test with the
D. desulfuricans (T3) produced a visually thicker biofilm than that for the corresponding
anaerobic test with D. desulfuricans (T6). While they are more commonly known as strict
anaerobes, many sulfate-reducing bacteria, including the culture collection strain used in
this work, can survive/grow in aerobic environments [42,43]. It is also possible that the
visually thicker biofilm observed for the D. desulfuricans aerobic incubation (T3) is a result
of a stress response by the bacteria. Although the aerobic tests (including the T3 treatment)
were nominally aerobic at the start of the tests it is likely that the oxygen concentration
in the solutions dropped over time due to microbial oxygen consumption, making the
environment more suitable for optimal growth of D. desulfuricans. A suggestion for future
work would be to monitor the oxygen concentration in the solutions as a function of time.

4.2. Corrosion Attack

Coupon weight loss indicates that T1 (uninoculated) and T3 (D. desulfuricans aerobic)
treatments demonstrated greater general corrosion attack than the other treatments. How-
ever, T6 (D. desulfuricans anaerobic), T3 (D. desulfuricans aerobic) and T5 (four isolates + D.
desulfuricans aerobic) treatments had significantly greater localised pitting than the other
treatments. The pitting results for D. desulfuricans anaerobic incubation (T3) (average pit
depth 45 pm) were greater than for previous tests for the same bacterial strain using a mod-
ified Baar’s medium (average pit depth ~27 um) with the same steel type [32]. However,
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the corresponding weight loss data for the previous modified Baar’s medium tests with
D. desulfuricans were much greater (~80 pm/year) than obtained in this work (10 pm/year).
It is important to note that in addition to pitting, general corrosion of the steel surface was
observed in the previous study. This indicates that test medium used can have an impact
on steel corrosion and pitting outcomes. Previous work indicated that the addition of Fe
ions/lactate to modified Baar’s medium can have a significant effect on the weight loss
results, which are indicative of any general corrosion taking place [40]. No addition of Fe
ions to the bulk test solutions was performed in the current work.

The main hypothesis for the work was that a consortium of microbes would result in
greater corrosion rates than single isolates (T3 and T6) or an uninoculated control (T1). This
was because a range of phenotypes were considered important in promoting ALWC. The
consortium tests (T2, T4 and T5) actually showed the three lowest weight losses (typically
indicative of general corrosion) of all of the tests performed. Microbial corrosion (including
ALWC), however, is more often linked to localised rather than general /uniform corrosion.
In relation to localised corrosion, the average pit depths were smaller for the consortia
treatments (T2, T4 and T5) than for sole D. desulfuricans tests (T3 and T6). The volume of pits
for the T5 treatment (four isolates + D. desulfuricans) were similar to the sole D. desulfuricans
tests (T3 and T6), which were much greater than for any of the other test treatments.

One possible reason for the lower levels of corrosion obtained for the mixed microbial
communities compared to the uninoculated control or single D. desulfuricans tests was
that the types of microbes present (orange tubercle, T2) or chosen (pure cultures) were
inappropriate for ALWC. The orange tubercle inoculum (T2), was taken from a site which
had pitting corrosion and diagnosed ALWC beneath the orange tubercle. Thus, this orange
tubercle consortium should have been appropriate to generate optimal ALWC conditions
in our laboratory tests. Indeed, we previously found increased corrosion when orange
tubercles (taken from another site with suspected ALWC) were used as inocula in laboratory
tests, compared to an uninoculated control test [25]. The metabarcoding analysis of T2
identified several microbes present in both the biofilm and planktonic phases that were
capable of sulfate reduction (more detail below) and sulfur was clearly identified in the
biofilm by EDS.

High corrosion rates of ~100-125 um/year (from weight loss) were previously [25]
found for tests with orange tubercle inocula compared to ~40 um/year in uninoculated
controls when using a similar test arrangement (e.g., steel type, test duration) to that used
in the current work. These previous higher corrosion rates were observed for samples with
uniform corrosion across sample surfaces and with little localised corrosion. Two obvious
key differences between the previous [25] and current studies were the initial microbial
community structure of the inocula and the types of nutrients added to the test solutions.
While a Deltaproteobacteria SRB (Desulfarculus baarsii) was detected in the orange tubercle
inoculum (T2) test, this strain has not typically been linked to corrosion. In the previous
study [25], an unidentified species from the Desulfobulbaceae family of Deltaproteobac-
teria was found at reasonably high levels (up to ~40%) in the planktonic phase. This
family includes Desulfopila corrodens which was directly linked to rapid corrosion in ALWC
studies [23].

Glucose (a carbon and electron donor source) and yeast extract were components of
the earlier test medium [25], while peptone and yeast extract were present in relatively
low amounts in the current work’s medium. It has been shown that the types of nutrients
available for microbial growth and the physicochemical conditions can have substantial
effects on the composition of microbial communities that ensue (e.g., [44,45]). These two
features likely explain the microbial differences observed between the earlier [25] and the
current research. Additionally, changes in the level of carbon sources present in test media
can affect the extent of corrosion caused by a single SRB strain (e.g., [29]).

The majority of microbes chosen for the defined consortium tests survived in rea-
sonable numbers throughout the test period, although there were some clear changes in
the microbial species composition over the test duration (discussed in more detail below).
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There was also clear evidence of sulfate reduction, as seen by the black solution and pres-
ence of sulfur in the biofilm for the defined mixed microbial treatment, which included
D. desulfuricans (T5), indicating that D. desulfuricans were metabolically active. As discussed
above, it is possible that relatively low levels of carbon sources/electron donors in the test
media may have altered physicochemical processes (i.e., sulfate reduction) that play a role
in microbial corrosion and had an effect on corrosion rates.

There have been varying reports on the effect of the presence of different species of
Bacillus on corrosion with some indicating increased corrosion [46—48] and others showing
corrosion inhibition [49-53]. Both defined mixed microbial treatments, with (T5) or without
(T4) D. desulfuricans, had similar levels of general corrosion but qualitatively different
biofilm thicknesses, where T5 was greater than T4 (Figures 1 and 2). The 165 rRNA gene
metabarcoding showed very different relative amounts of B. aquimaris. T5 had a lower
general corrosion level than either of the tests with D. desulfuricans alone (T3 and T6),
indicating that the additional microbes reduced the corrosion mediated by D. desulfuricans.
This could indicate corrosion inhibition, perhaps due to competition for substrates among
the added pure cultures.

4.3. Analysis of Microbial Populations

Although the D. desulfuricans strain used is a facultative anaerobe, plate counts showed
that there were still reasonable numbers (103~10* cfu/mL) of viable D. desulfuricans present
in solutions after 8 weeks when tested in nominally aerobic test conditions. The presence of
sulfur in the biofilms of the coupons from these tests (e.g., T3) indicated that D. desulfuricans
were metabolically active despite the possible presence of oxygen in the bulk solution.
Metabarcoding analysis of the planktonic and biofilm phases of the defined consortium
including D. desulfuricans (T5) showed a relatively high abundance of D. desulfuricans
throughout this nominally aerobic test. Given the specific inclusion of aerobic microbes
in T5 it is highly likely that they used the available oxygen creating anaerobic conditions,
which are optimal for the growth of D. desulfuricans. This is important as it shows how test-
ing with microbial consortia can produce an environment conducive to anaerobic microbes
such as D. desulfuricans in a more natural way rather than by exogenously producing low
oxygen levels by means such as nitrogen purging. There have been some reports on the
potentially important role of oxygen in MIC of SRB [22,54-57] and of other microbes [58,59].
In any case, results from the current work support further studies on this topic.

The microbial consortium composition in the orange tubercle inoculum test (12)
differed over time in the planktonic phase (between 2 weeks and 8 weeks) and also between
the planktonic and biofilm phases at 8 weeks. This is expected as the environmental
conditions in the laboratory test was quite different to the tubercle’s native location. The
nature of the community succession will be different in the planktonic and biofilm phases
as there will be local differences in oxygen content and corrosion products from the carbon
steel could act as a nutrient source for certain microbes [6,60].

At 8 weeks incubation both planktonic and biofilm phases in T2 contained microbes
potentially capable of sulfide/sulfur oxidation (e.g., Thioalkalivibrio sp.) and sulfate reduc-
tion (e.g., Desulfosporosinus spp. and D. baarsii). A combination of both sulfur oxidisers
and sulfate reducers could form a closed sulfur cycle, which has previously been reported
to potentially lead to rapid corrosion [5,8,13-17]. However, extensive corrosion was not
seen in T2. It is possible that the system may have needed more time to develop an active
corrosion state. Although strains of the Deltaproteobacteria (including D. desulfuricans) are
the most commonly regarded sulfate reducers, other microbial groups also are capable for
sulfate reduction. These include Desulfosporosinus spp., which is a member of the Firmicutes
phylum. Various microbes relevant to the nitrogen cycle (e.g., nitrogen fixation, nitrite re-
duction and ammonia oxidation) were identified in the liquid and biofilm of T2 at 8 weeks.
Nitrifying bacteria are important as they can potentially produce fixed nitrogen that is
used to support/maintain the growth of anaerobic bacteria such as SRB [14]. However,
conditions would need to be aerobic to support their nitrifying phenotype.
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A number of interesting spatio-temporal changes were observed in the microbial com-
munities of the defined consortia tests (T4 without and T5 with D. desulfuricans). Although
H. korlensis comprised a reasonable proportion of the initial inoculum in both T4 and T5
(7% and 5%, respectively), this bacterium was only detected in relatively small relative
abundances in the biofilm phase at week 8 (<10% of total). This might suggest a preference
for biofilm growth. Large differences were seen in the numbers of B. aquimaris present
in the T4 and T5 treatments. It was the most abundant bacterium in both the planktonic
phase and biofilms in T4, but it was only found in low abundances in T5. No explanation
could be suggested for these differences, but since the presence of D. desulfuricans was the
only difference, this could point to some interaction. P. bellariivorans made up ~1% of the
initial inoculum according to viable cell counts, but it was quite abundant in T5 when in
combination with the D. desulfuricans relative to its abundance without D. desulfuricans in
T4. In T5, P. bellariivorans was more abundant than B. aquimaris or H. korlensis according to
metabarcoding at weeks 2 and 8; despite that both of these latter bacteria comprised more
cells in the initial inoculum relative to P. bellariivorans. These observed changes show how it
is difficult to predict the species development in mixed consortia tests, which is likely to be
affected by numerous factors including the test medium composition and physicochemical
conditions. An increasing number of reports are starting to be produced investigating
the development of multispecies biofilms (e.g., [61] and the references in Table S1). It will
be interesting to keep a track of the development of this area of research and see what
additional insights it might be able to provide microbial corrosion research.

The overall aim of this work was to investigate whether defined microbial species
communities could be used to generate conditions conducive to the rapid corrosion of
steel, similar to what occurs in ALWC in the marine environment. Notable differences in
the biofilms and the microbial consortia were observed for the treatments tested. Lower
uniform corrosion and weight loss were recorded for treatments with multispecies commu-
nities, however, the results for localised corrosion (typically more indicative of microbial
corrosion) were not as straightforward, with one of the multispecies treatments (the de-
fined consortium with D. desulfuricans) producing large sized pitting while another (orange
tubercle inoculum) had much lower localised corrosion. Table 3 has been provided to help
summarise some of the main observations of the work undertaken.

Table 3. Summary of observations from corrosion experiments using a variety of test conditions. Colours of cells have been

used to highlight related results observed in different test conditions.

Test (Inoculum, Aeration Status) Comments

T1 (uninoculated, aerobic)

T2 (orange tubercle, aerobic)

T3 (D. desulfuricans, aerobic)

T4 (Four isolates, aerobic)

T5 (Four isolates + D. desulfuricans, aerobic)

Té6 (D. desulfuricans, anaerobic)

Oxygen in solution led to general corrosion

Some localised corrosion but with relatively low volumes

Aerobic bacteria likely utilised oxygen and reduced general corrosion
SRB present, sulfate reduction suspected

Some localised corrosion but with relatively low volumes

Oxygen in solution led to general corrosion

SRB present, sulfate reduction suspected

Localised corrosion with relatively high volumes

Aerobic bacteria likely utilised oxygen and reduced general corrosion
Some localised corrosion but with relatively low volumes

Aerobic bacteria likely utilised oxygen and reduced general corrosion
SRB present, sulfate reduction suspected

Localised corrosion with relatively high volumes

Anaerobic environment reduced general corrosion

SRB present, sulfate reduction suspected

Localised corrosion with relatively high volumes
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5. Conclusions

The aim of this study was to investigate laboratory tests that mimic the complex com-
munities present in real world cases of MIC/ALWC. As part of this work, a model SRB, D.
desulfuricans, was used throughout an 8-week corrosion study. The general corrosion rates
of many of the mixed microbial test configurations were lower than that of an uninoculated
control. Despite that the three mixed microbial tests (T2, T4 and T5) were nominally aerobic,
it is likely the test solutions became anaerobic due to oxygen use by aerobic microbes in
the milieu which may have been responsible for the reduced general /uniform corrosion.
Greater localised corrosion was observed for all of the tests that included D. desulfuricans.
However, the defined mixed community with D. desulfuricans did not lead to increased
corrosion compared to tests with D. desulfuricans alone. The composition of the mixed
microbial communities changed over the duration of the test and key differences were
observed between the planktonic and biofilm communities. More laboratory-based experi-
mental work is required to determine optimal microbial communities and test conditions
for ALWC studies. Finally, the metabolomic or transcriptomic aspects relevant to the
microbe/corrosion processes should be considered for a further study. It is likely that such
studies would give further useful insights into MIC and ALWC.

Supplementary Materials: The following are available online at https://www.mdpi.com/2624-5
558/2/2/8/s1, Table S1: Summary of example MIC studies using defined multispecies microbial
consortia (WL—weight loss test method, CR—corrosion rate), Table S2: Putative metabolic activities
of microbes present in metabarcoding profiles identified using METAGENassist, Figure S1: XRD
scans of products formed on DH36 coupons in six treatments at 8 weeks. The three highest peaks
observed match to the Fe component of the carbon steel coupons used.
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