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Abstract

Microbial colonization can be detrimental to the integrity of metal surfaces and lead to

microbiologically influenced corrosion (MIC). Biocorrosion is a serious problem for aquatic

and marine industries in the world. In Minnesota (USA), where this study was conducted,

biocorrosion severely affects the maritime transportation industry. The anticorrosion activity

of a variety of compounds, including chemical (magnesium peroxide) and biological (surfac-

tin, capsaicin, and gramicidin) molecules were investigated as coating additives. We also

evaluated a previously engineered, extremely stable, non-biocidal enzyme known to inter-

fere in bacterial signaling, SsoPox (a quorum quenching lactonase). Experimental steel

coupons were submerged in water from the Duluth Superior Harbor (DSH) for 8 weeks in

the laboratory. Biocorrosion was evaluated by counting the number and the coverage of cor-

rosion tubercles on coupons and also by ESEM imaging of the coupon surface. Three

experimental coating additives significantly reduced the formation of corrosion tubercles:

surfactin, magnesium peroxide and the quorum quenching lactonase by 31%, 36% and

50%, respectively. DNA sequence analysis of the V4 region of the bacterial 16S rRNA gene

revealed that these decreases in corrosion were associated with significant changes in the

composition of bacterial communities on the steel surfaces. These results demonstrate the

potential of highly stable quorum quenching lactonases to provide a reliable, cost-effective

method to treat steel structures and prevent biocorrosion.

Introduction

Microorganisms are capable of colonizing surfaces of numerous and diverse materials. This

colonization process leads to a firmly adhering and complex microbial community termed

biofilm [1]. Biofilms, which can lead to biofouling, are detrimental to their substrates [2, 3]

and cause biodeterioration of metal surfaces, known as microbiologically influenced corrosion

(MIC) or biocorrosion [4, 5]. Biocorrosion is a severe problem for world maritime industries.

Over 20% of all corrosion is associated with biocorrosion, causing an estimated direct cost of
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30 to 50 billion US dollars annually [6–8]. Structures in the Duluth-Superior Harbor (DSH;

Minnesota, USA), where this study was conducted, are severely affected by biocorrosion. The

DSH is located on Lake Superior, the largest reservoir of freshwater in the world. About 20 km

of steel sheet piling appear to be affected in the DSH, which may cost more than $200 million

to replace [9]. In the past two decades, the severity of steel infrastructure corrosion in the DSH

was recognized [9, 10] and the loss of steel in this harbor due to this severe corrosion was esti-

mated be 2 to 12 times greater than in similar freshwater environments [9, 11]. This rate of

corrosion suggests there is some accelerating process such as MIC [9, 11, 12]. Among the

numerous organisms that colonize the surfaces of metals, sulfate-reducing bacteria (SRB) and

iron-oxidizing bacteria (IOB) were previously associated with accelerated biocorrosion rates

[12, 13, 14]. Corroding steel pilings in the DSH have a rusty appearance characterized by

orange, blister-like, raised tubercles on the surface (S1A Fig) [14]. These tubercles vary in

diameter from a few mm to several cm and when removed, large and often deep pits (6 to10

mm) are revealed in the steel, which is sometimes perforated (S1B Fig). This pattern of corro-

sion is consistent with the appearance of corrosion caused by iron-oxidizing bacteria [13, 14]

and sulfate-reducing bacteria [12], and also similar to corrosion of steel structures recently

observed at other harbors in Lake Superior.

Corrosion rates in the DSH vary with seasonal temperature changes, which is consistent

with biological and chemical processes [10, 11]. Corroded steel surfaces and tubercles in the

DSH, like in many other freshwater and seawater environments, are covered by complex

microbial biofilms that contain bacteria of the types responsible for corrosion of steel [11, 15–

19]. SRB living inside the anoxic zone of the tubercles can either produce hydrogen sulfide,

which reacts with iron forming FeS, or directly use iron as electron donor in the metabolism.

Also bacteriogenic iron oxides, which are made of a mixture of bacterial cells and amorphous

hydrous iron (III) oxide, have reactive porous surfaces and cause enrichment of copper and

other heavy metals that could set up electrical currents in corrosion pits under the tubercles.

both could accelerate the corrosion process [16, 20].

Numerous strategies have been developed and used to combat biocorrosion [21–24]. In

particular, biocidal compounds are widely used [21, 22]. Their relatively low efficacy against

biofilm and more importantly their potential environmental hazard makes these compounds

undesirable. For example, tributyltin (TBT) was phased out in 2008 due to its detrimental envi-

ronmental effects, despite its antifouling effectiveness [25]. Therefore, recent efforts have

focused on biological or benign molecules to combat biocorrosion to address these ecological

and economical concerns [23, 24]. Molecules preventing the adhesion of bacteria or the forma-

tion of biofilms have been tested in various coatings and substrates, including metals [21, 24,

26], silicon, organic polymers and glass [24]. Some compounds of biological origin, including

antibiotics or bacteria producing antibiotics can impede the attachment of freshwater bacteria

and prevent biofouling [27–33]. When mild steel was protected by coatings of biofilm

microbes that produce gramicidins, an antibiotic, the steel corrosion rate was reduced 20

times compare to unprotected surfaces [30].

Another approach has recently emerged after the discovery and better understanding of

bacterial cell communication. Biofilm production in some bacteria, a key step in the biofouling

process, can be regulated by quorum sensing (QS), a mechanism of chemical signaling used by

numerous bacteria [34]. QS is the regulation of gene expression in response to fluctuations in

cell density. QS bacteria produce and release chemical signal molecules, called autoinducers

into their environment [35, 36]. A common class of autoinducers are acyl homoserine lactones

(AHLs). Disruption of this communication has been shown to drastically reduce bacterial bio-

film formation and virulence for numerous pathogens. A typical approach for disrupting QS

consists of using AHL-degrading enzymes called lactonases [37–39]. Through QS disruption,
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lactonases are capable of inhibiting bacterial virulence and bacterial biofilm formation includ-

ing in the context of biofouling [16, 40, 41].

In this project, we evaluated the anticorrosion activity of a variety of chemical (magnesium

peroxide), biological (surfactin, capsaicin, and gramicidin), and enzymatic (a quorum quench-

ing lactonase) coating additives on steel coupons in DSH water for 8 weeks in the laboratory.

We quantified corrosion by counting tubercles and examining ESEM images of samples and

determined the microbial community composition on steel coupons coated with a cross-

linked silica gel containing the different additives (Table 1).

Materials and methods

Production and purification of the SsoPox W263I lactonase

The SsoPox W263I was produced as previously described [32]. Briefly, E. coli strain BL21

(DE3)-pGro7/GroEL (Takara Bio) was grown in 500 mL of ZYP medium [42] (supplemented

with 100 μg/ml ampicillin, 34 μg/ml chloramphenicol) and 0.2% (w/v) arabinose (Sigma-

Aldrich) was added to induce the expression of the chaperones GroEL/ES [32]. Lactonase puri-

fication was performed as previously explained [32]. Cell lysates with overexpressed lactonase

were used as a raw extract. Purified lactonase samples were obtained using a single heating

step at 70 ˚C for 30 min, followed by differential ammonium sulfate precipitation, dialysis and

exclusion size chromatography. Pure SsoPox W263I enzyme samples were quantified using a

spectrophotometer (Synergy HTX, BioTek, USA) at OD280nm and a protein molar extinction

coefficient as calculated by PROT-PARAM (Expasy Tool software) [43]. This purification pro-

tocol yielded high purification grade enzyme (>95% purity) [44].

Steel coupons and silica gel coatings

Steel coupons (5x2x0.95 cm) were cut from hot rolled ASTM-A328 steel, the same material

used to construct steel sheet pilings used for most docks and bulkheads in the Duluth-Superior

Harbor (DSH). The steel coupons were washed with soapy water (Micro-90, International

Products Corp.), lightly brushed for a few seconds with a test tube brush, and then rinsed with

Milli-Q water to remove any loose material. Each coupon was designated with a unique num-

ber and weighed before being randomly assigned to a specific experimental treatment.

Currently, there are several bio-encapsulation and coating methods for applying anti-corro-

sion biochemicals or antifouling bacteria onto submerged steel surfaces (e.g., water tanks and

ship hulls). Natural polymers are bio-compatible but lack mechanical strength and stability,

while synthetic polymers are strong and stable but bio-compatibility is a problem [45]. Here,

Table 1. List of antifouling biochemical compounds, enzyme and bacteria tested in the experiment.

Antifouling Treatments Description

Surfactin A very powerful surfactant commonly used as an antibiotic produced by Bacillus subtilis.
It prevents biofilm attachment and formation by changing the hydrophilicity of the

growth surface [27, 28].

Magnesium peroxide

(MgO2)

Reduces SRB abundance and sulfate reduction rate under anoxic conditions by

decreasing the sulfide concentration in the environment [33].

Capsaicin An active component of chili peppers. It is cytotoxic to biofilm-forming bacteria [29].

Gramicidin (A, B, and

C)

Antibiotic compounds obtained from the soil bacterial species Bacillus brevis. They are

active against Gram-positive bacteria and select Gram-negative microorganisms [30].

SsoPox W263I lactonase An improved variant of the hyperthermostable lactonase SsoPox from Sulfolobus
solfataricus, exhibiting higher catalytic rates. This enzyme degrades acyl-homo N-

acylhomoserine lactones (AHLs), the signaling molecules involved in bacterial quorum

sensing [31, 32].

https://doi.org/10.1371/journal.pone.0217059.t001
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we used a silica gel coating matrix for the short-term testing of the anti-corrosion biochemicals

because of its bio-compatibility and ability to encapsulate biologically active materials [45].

The activity of biochemicals and enzymes can last for as long as several months in silica gel,

even after all cells are dead [45]. Silica gel coatings also have the property of not being very

durable, which allowed corrosion to occur within the time frame of this study.

The silica gel matrix (a silicon alkoxide cross-linked silica nanoparticle gel), was made by a

condensation process (polymerization) of TM40 silica nanoparticles and tetraethoxysilane

(Sigma Aldrich Corp. St. Louis, MO, USA) following the procedure of Mutlu et al. [45]. All

anti-corrosion biochemicals (surfactin, MgO2, capsaicin, gramicidins) except the lactonase

enzyme were purchased from Sigma Aldrich. They and the lactonase enzyme were separately

added to 15 ml of the silica gel matrix in 50 ml plastic centrifuge tubes to develop the different

coatings (Table 2). The exact concentration of each biochemical (20 to 50 μg/ml) was chosen

by the concentration that affected biofilm formation or reduced biocorrosion reported by

previous research [27–30, 33]. The 100 μg/ml lactonase concentration was determined by pre-

liminary experiments in our labs (S3 Table), which was the lowest concentration that demon-

strated the reductions in the number and coverage of corrosion tubercles compared to the

control. These coatings were applied by dipping coupons into the appropriate silica gel mix-

ture for 1 min, and then the coating on the coupon surface was air-dried at room temperature

for 2 hrs.

Durability of lactonase-based coatings

We measured the durability of the lactonase containing silica coating exposed to harbor water.

Previous reports highlight the extraordinary stability of these enzymes in various conditions,

including aqueous environments, and over month periods [46], The silica coating we used is

known to partly dissolve after a few weeks [47]. The measured enzyme decay is therefore due

to the dissolving of the silica gel in water, leaking of the enzyme from the coating, the degrada-

tion of the enzyme, or a combination of all three losses. We used a chromogenic assay [32] to

determine the enzyme longevity in the silica gel matrix. While it did not allow us to deconvo-

lute these potential losses, this measure did estimate the durability of the bioactive coating in

DSH water. Plastic shaft applicators with 3 mm diameter polyester tips (Thermo Fisher Scien-

tific, USA) were coated with the lactonase treated silica gel coating. The silica gel coating was

made using the same method described above. The final SsoPox W263I enzyme concentration

was 100 μg/ml. The applicators were dipped into the freshly prepared coating, air dried at

room temperature overnight, and then exposed to DSH water in microcosms at 15˚C. The lac-

tonase enzyme activity on triplicate enzyme-coated applicators was measured weekly for 6

Table 2. Control and experimental treatments. Control and experimental coupons coated with various anti-corrosion biochemicals or enzyme. Two controls, bare steel

(no coating) and coupons with only the silca gel matrix, were used for comparisons to experimental coupons. Each treatment or control had three replicate steel coupons

that were in different microcosms. Both control sets of coupons were placed in the same microcosm (#1), and all treatments sets were placed in their own microcosms (#2–

6). A total of 6 aquarium microcosms were used in the experiment.

Coupon Set Treatments Microcosm # References

1 Bare steel control without coating 1

2 Control with crosslinked silica gel coating 1

3 SsoPox lactonase enzyme (100 μg/ml) in silica gel coating 2 [32]

4 Surfactin (50 μg/ml) in silica gel coating 3 [27]

5 Capsaicin (20 μg/ml) in silica gel coating 4 [29]

6 Gramicidin (50 μg/ml) in silica gel coating 5 [30]

7 MgO2 (50 μg/ml) in silica gel coating 6 [33]

https://doi.org/10.1371/journal.pone.0217059.t002
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weeks using a paraoxon enzyme activity assay [32]. Briefly, after each applicator exposed in

harbor water was retrieved, it was briefly air dried for few minutes. Then, each applicator was

put into 5 mL of 20 mM paraoxon in PTE buffer pH 8 (50 mM Tris, 150 mM NaCl, 0.2 mM

CoCl2) for 1 hr. Paraoxon hydrolysis was monitored by measuring absorbance at 412 nm with

a spectrophotometer (V-1200 Spectrophotometer, VWR International).

Experimental design and sampling

Five treatments and two controls were investigated to estimate corrosion and changes in bacte-

rial communities on steel coupons (Table 2). Each treatment or control contained three repli-

cate steel coupons that were incubated in separate experimental microcosms constructed from

10-gallon glass aquaria (Aqueon Glass, 50.8 cm × 25.4 cm × 30.5 cm) (S2 Fig). Both control

sets of coupons were placed in the same microcosm (#1), and all treatments sets were placed in

their own microcosms (#2–6). A total of 6 aquarium microcosms were used in the experiment.

Surface water was collected from the Duluth-Superior harbor under the Blatnik Bridge using a

bucket one day before the experiment started on June 18, 2015. This water was used to fill each

microcosm, which contained an aquarium pump (Aquarium Systems Mini-Jet 404) to con-

stantly circulate the water (~ 2 L hr-1) and an acrylic plastic cover with one corner cut out to

allow for gas exchange. The coupons in each microcosm were randomly placed in the center of

polypropylene scintillation vial racks and immersed in the microcosms for 8 weeks before

being recovered for analyses. The microcosms were incubated in a 15˚C cold room with con-

tinuous florescent lighting during the experiment. The water in each microcosm was

exchanged every 2 weeks with fresh surface water collected at the same site in the Duluth-

Superior harbor to prevent buildup of decomposition products (i.e. Fe (III) ion) in the water

because the microcosms are closed systems [13].

Corrosion analyses

Biocorrosion was evaluated by measuring the number and coverage of corrosion tubercles. The

coupons in each treatment were photographed at the end of the experiment with a digital cam-

era immediately after being removed from the harbor water. Tubercle numbers hand counted

and total tubercle area was measured in these digital images using the analyze menu within

ImageJ software (NIH, Bethesda, MD, USA). A Hitachi TM-3030 environmental scanning elec-

tron microscope (ESEM) was used for the initial surface inspection of the exposed coupons

(150X to 300X magnification with 5kV observation condition and standard backscattered elec-

tron observation mode) before cleaning. Surface roughness of the steel coupons in each treat-

ment was measured after the exposed coupons were cleaned with the ASTM G1-90 iron and

steel chemical cleaning procedure (Stirred vigorously for 2 min in 37% HCl, 50 g/L SnCl2 solu-

tion at room temperature and brushed the steel surface, then rinse with water and air dried).

The ESEM was used again to view details of the cleaned coupon surfaces and the 3D-View soft-

ware was used to generate average surface roughness measurements (SRa) of the cleaned cou-

pon surfaces using the multi-line scanning method (10 lines per image). The magnification was

200X with 5kV observation condition and standard backscattered electron observation mode.

Five randomly selected areas on each coupon were used for calculating surface roughness. Anal-

ysis (one-way, non-paired T-tests between each treatment and control) of the tubercle numbers,

tubercle coverage, and surface roughness were performed using Microsoft Excel software.

Microbial analyses

After photographing but before cleaning the steel coupons for ESEM analyses, all material

from each control or experimental coupon including biofilm and tubercles was scraped into a
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sterile 50 ml polypropylene centrifuge tube (Corning, NY USA) using a stainless-steel spatula.

DNA in a 0.5 g subsample of this surface material from each coupon was extracted using a

PowerSoil DNA kit (MoBio Laboratories, Carlsbad, CA USA). The extracted DNA was used to

sequence the V4 region of 16S rRNA gene and describe changes in the composition of bacterial

communities. We selected the V4 region of 16S rRNA gene because the Illumina (San Diego,

CA USA) MiSeq 2x300 16S rRNA V4 protocol can provide a higher number of good quality

overlapped pair-end sequence reads compared to sequencing other 16S rRNA gene variable

regions (i.e. V1-V3) [48]. And, the relatively short reads with the 16S rRNA V4 region can still

provide good resolution at the order through family taxonomic levels [49]. DNA were quanti-

fied with a NanoDrop 2000 Spectrophotometer (Thermo Scientific, Waltham, MA USA) and

then used for a qPCR assay and partial 16S rRNA gene sequencing at the University of Minne-

sota Genomics Center.

Dissimilatory sulfite reductase (dsrA) gene qPCR was performed to quantify the abundance

of sulfate-reducing bacteria (SRB) in all samples in addition to 16S rRNA gene sequencing. A

modified procedure from Kondo et al. [50] was used to estimate the abundance of SRB by

quantifying copies of the dsrA gene. Quantitative PCR was performed in a 25 μl reaction vol-

ume consisting of 12.5 μl Brilliant II SYBR Green Master Mix (Agilent Technologies), 1.0 μl

of 10 μM forward DSR-1F (5’- ACS CAC TGG AAG CAC GGC GG -3’) and reverse

DSR-R (5’- GTG GMR CCG TGC AKR TTG G -3’) primers, 2.0 μl of 10 mg/ml bovine

serum albumin, 3.5 μl of nuclease-free water, and 5.0 μl of DNA template (10 ng total) on a

Rotor-Gene 3000 (Corbett Life Science, NSW, Australia) qPCR thermal cycler. A standard

curve was developed using Desulfovibrio vulgaris subsp. vulgaris genomic DNA (ATCC

29579D-5) amplified with the DSR1F and DSR-R primer set. The standard curve ranged from

0.1 pg to 0.1 ng (400 to 4 x 108 copies of the dsrA gene) of this genomic DNA. The qPCR analy-

ses were performed in triplicate on each sample.

DNA sequence processing and analysis

DNA from microbial communities on the surface of all steel coupons was shipped overnight

and sequenced using an Illumina MiSeq at the University of Minnesota Genomics Center,

which generated a total of 15,555,272 sequences of the 254 bp portions of the 16S rRNA gene

V4 region. Thirty samples were multiplexed in each analysis to theoretically obtain about

500,000 sequences per replicate coupon sample. Illumina sequence data from this study

were submitted to the NCBI Sequence Read Archive (SRA) under accession number

SAMN09580244.

Sequence data were processed and analyzed using the MOTHUR program [51]. To ensure

high quality data for analysis, sequence reads were removed that contained ambiguous bases,

homopolymers >7 bp, more than one mismatch in the primer sequence, or an average per

base quality score below 25. Sequences that only appeared once in the total set were assumed

to be a result of sequencing error and also removed before further analysis. Chimeric

sequences were also removed using the UCHIME algorithm within the MOTHUR program

[52]. After sequence quality control and chimera removal, the total data set was reduced to

7,590,591 sequences and used for bacterial taxonomy and community analyses. The number of

sequences remaining for each coupon after quality control ranged from 123,203 to 492,370.

The number of sequences for each replicate coupon was normalized by taking a randomly

selected subsample of 123,203 sequences to control for differences in the number of original

sequence reads while still capturing as much diversity as possible.

These remaining sequences were clustered into operational taxonomic units (OTUs) at a

cutoff value of� 97%. Taxonomy was assigned to OTU consensus sequences by using the
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Ribosomal Database Project (RDP) taxonomic database. MOTHUR was also used to generate

a Bray-Curtis dissimilarity matrix and calculate coverage. Bacterial communities from differ-

ent samples were compared using ANOSIM, a nonparametric procedure that tests for signifi-

cant differences between groups, using Bray-Curtis distance matrices in MOTHUR. Bacterial

communities on tubercles from different treatments were compared using nonmetric multi-

dimensional scaling (NMDS) ordinations in the program PC-ORD (MJM Software Designs,

Gleneden Beach, OR USA).

Results and discussion

Longevity of the bioactive silica gel coating

One challenge of using enzymes is their lack of stability in different environmental conditions.

We used the SsoPox-W263I lactonase enzyme, an engineered variant, in this experiment

because of its high catalytic efficiencies against lactones and its extraordinary capacity to with-

stand harsh chemicals, proteases, and bacterial contents [32, 37, 39]. The enzyme is stable over

a wide range of temperatures from -18˚C to>70˚C and can stay active for > 9 months [46].

Despite its intrinsic high stability, the lactonase SsoPox W263I may denature over time from

the action of environmental proteases [46].

The enzymatic activity of the silica gel coating was greatly reduced after 42 days of exposure

in DSH water, with a ~50% loss of activity during each week of exposure (S3 Fig). We are

unable to deconvolute the relative contributions of any loss of the silca gel coating, leaking of

the enzyme from the silica gel coating, or the potential degradation of the enzyme. The weak

durability of this coating was a desired property for this study because it allowed for the devel-

opment of biocorrosion within the time frame of the experiment. Interestingly, significant

reductions in corrosion tubercle formation were observed on the coated steel coupon surfaces

after 8 weeks despite the rapid decay in lactonase activity in the coating (only 30% remaining

after 2 weeks). This finding indicates that most of the action of the lactonase enzyme occurred

in the early stage of bacterial surface colonization and corrosion.

Quorum quenching lactonase-containing coating showed the greatest

corrosion reduction

Corrosion occurred on the steel coupons within 8 weeks of submersion in the DSH water (Fig

1). Corrosion tubercles formed and grew on the steel surfaces, and the silica gel coating alone

did not prevent the growth of tubercles (Fig 2). While the use of a weak coating matrix was

desired so that corrosion could occur within the time course of the experimental setup, we

noted during the initial inspection that the silica gel coating was significantly peeled off (i.e.

Fig 1E) by the end of the experiment in all treatments.

There were various amounts of corrosion of the steel coupons in different treatments illus-

trated by the number and percent coverage of corrosion tubercles (Fig 2). However, the

observed corrosion reductions compared to the silica gel coating control were statistically sig-

nificant for only a few additives, surfactin, MgO, and the lactonase enzyme for the tubercle

count, and only surfactin and lactonase for tubercle coverage. The surfactin treatment reduced

the number and coverage of tubercles on steel coupon surfaces (31, and 37%, respectively).

The lactonase additive gave the strongest corrosion reduction, with the number and coverage

of tubercles both being reduced by ~50%. It should be noted that the lactonase concentration

used in this study was higher than the concentrations of other tested chemicals because the

enzyme is not a biocidal molecule, it only interferes with microbial chemical signaling, and

this concentration of lactonase was previously shown to inhibit biofilm formation [37, 40, 53,
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Fig 1. Photographs (A, B, and C) and ESEM images (D, E, and F) of experimental steel coupons after exposure to

DSH water for 8 weeks. A, D: Silica gel only control. B, E: Lactonase silica gel treatment. C, F: Surfactin silica gel

treatment. Inspection of experimental steel coupons were made at similar magnifications (150x-300x). Occasionally,

peeling of the coating (i.e. upper left corner of image E) was observed in each treatment. This is consistent with the nature

of the silica gel coating that dissolves after several weeks in aqueous environments [45, 47].

https://doi.org/10.1371/journal.pone.0217059.g001
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54]. We note that due to the use of low concentrations, observed effects of the tested additives

are likely to relate to specific effects on bacteria rather than changes in the coating properties.

While the efficacy of surfactin on biofouling and biocorrosion has been previously docu-

mented [27, 28], the ability of lactonase enzymes to inhibit corrosion has only been suggested

[23, 55] but not experimentally verified. Quorum quenching (QQ) approaches, in particular

using AHL lactonases, have been studied but focused on the QS systems of gram-negative bac-

teria and are known to inhibit biofilm formation [56]. The effect of QQ enzymes on more

complex bacterial communities is unclear. Yet, reports demonstrate the ability of QQ enzymes,

and particularly lactonases, to have a biological effect beyond isolated gram-negative bacterial

stains including the inhibition of biofouling [57, 58]. Specifically, the ability of heterologously

expressed lactonases to decrease fouling in membrane bioreactors was repeatedly demon-

strated [41, 56–58]. In this study, we demonstrated the ability of a purified, extremely stable

lactonase to inhibit biocorrosion over a period of 8 weeks in a complex aquatic microbial

community.

All coating additives including the quorum quenching lactonase enzyme

changed the microbial community on the steel surface

16S rRNA gene sequence analysis (Fig 3) revealed different bacterial communities developed

on coupons in all treatments. Each treatment group had data points representing microbial

communities from triplicate experimental coupons. The NMDS analysis showed that the dif-

ferent treatments were well separated, with a lowest stress value of 0.16 and an R-squared value

of 0.89. The ANOSIM test (S1 Table) indicated that differences between bacterial communities

on experimental and control coupons were significant (p<0.05) for all treatments. Conversely,

there was no statistical difference between the communities on the two types of control cou-

pons (p = 0.611), suggesting that the silica gel coating had no significant effect on the composi-

tion of bacterial community on the steel surface. While it was anticipated that biocidal

compounds within the silica gel coating might have an effect on bacterial community compo-

sition at the steel surface, it is intriguing that the lactonase enzyme treatment also altered the

microbial composition at the surface. Lactonases, and the one used in this study in particular,

are not biocides and have no demonstrated effect of bacterial growth [37, 57–59]. Changes in

microbial communities induced by lactonase enzymes were also observed in a recent report

about a membrane bioreactor [59]. Interestingly, while coating additives that reduced biocor-

rosion (e.g. surfactin and lactonase) induced changes in the surface microbiome, other tested

molecules (e.g. gramicidin, capsaicin) also altered the surface microbial community without

Fig 2. Number and percent coverage of corrosion tubercles, and surface roughness measurements for steel coupons from

different experimental treatments. Mean values and standard deviations are shown (n = 3). Means followed by one or two asterisks

were different from the silica gel coating control at the significance levels of p<0.05 or p<0.01, respectively. There were no

differences in surface roughness (SRa) between any treatments (p’s>0.05).

https://doi.org/10.1371/journal.pone.0217059.g002
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significantly affecting the extent of corrosion. Therefore, specific targeting of microbes within

the surface microbiome might be necessary for maximal corrosion inhibition.

A heatmap based on the relative abundances and diversity of sequences from the top 50

bacterial orders (Fig 4), and a bar graph representing relative community composition of top

10 bacterial orders were used to compare bacterial communities in the different treatments

(Fig 5). The full heatmap and bar graph comparing the triplicate samples for each treatment is

shown in S4 and S5 Figs. Members of the Burkholderiales (30%), Rhodocyclales (8%) and Rhi-
zobiales (8%) were the dominant bacteria found on all coupons. Certain orders of bacteria

such as the Burkholderiales, Pseudomonadales and Rhodospirillales were greatly reduced in

both the lactonase and surfactin treated samples compared to the silica gel control (S2 Table).

Members of the Burkholderiales are known to be able to oxidize iron, which has been reported

to accelerate corrosion of iron [60–62]. The Rhodospirillales, and Pseudomonadales are known

to contain families of iron oxidizing bacteria, to produce polysaccharides, and accelerate bio-

film formation [63]. Sequences from the Rhodocyclales, which have previously been identified

to contain families of iron-reducers [64], increased in relative abundance in all treatment sam-

ples comparing to the controls. These results might indicate that reductions in the number

and area of tubercles in the lactonase and surfactin treatments could be caused by differences

in bacterial community composition within surface biofilms and corrosion tubercles.

Although sequences from SRB orders such as Desulfobacterales, Desulfuromonadales and

Desulfovibrionales were found in all samples, their relative abundances were very low (<0.1%)

compared to bacterial orders containing iron oxidizers. Within the time course of the experi-

ment no significant corrosion pits, where anaerobic SRB are most likely to be found, developed

on the coupon surfaces. Also, the dsrA gene was not detected in any microbial community

DNA samples by qPCR. This result was consistent with a previous steel corrosion study that

demonstrated 16S rRNA sequences from SRB-containing families were rare on coupons

exposed in the DSH for less than a year while SRB containing families were more common on

steel coupons exposed for more than 6 years, especially in corrosion pits that had formed [15].

Fig 3. Nonmetric multidimensional scaling plot showing the differences between bacterial communities in different treatments

on corroding steel coupons. Each treatment group has data points representing microbial communities from triplicate experimental

coupons.

https://doi.org/10.1371/journal.pone.0217059.g003

Biological and enzymatic quorum quencher coating additives to reduce biocorrosion of steel

PLOS ONE | https://doi.org/10.1371/journal.pone.0217059 May 16, 2019 10 / 18

https://doi.org/10.1371/journal.pone.0217059.g003
https://doi.org/10.1371/journal.pone.0217059


Fig 4. Heatmap comparing the relative abundance of partial 16S rRNA sequences and OTU richness for the top 50 bacterial

orders in all samples from each treatment and control. Diversity is indicated by the number of OTUs in each bacterial order.

https://doi.org/10.1371/journal.pone.0217059.g004
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This study suggests that the early phase of biocorrosion was not driven by SRB. The lack of

SRB presence could explain why the surface roughness differences were not significant despite

significant differences in tubercle counts and coverage between the controls and some

treatments.

Fig 5. Bar graph showing the community composition of the 10 most abundant bacterial orders by total sequence counts for all

treatment and control samples.

https://doi.org/10.1371/journal.pone.0217059.g005
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Conclusions

The potential of various compounds, including a quorum quenching lactonase, to inhibit bio-

corrosion were evaluated. We found that biocidal molecules such as surfactin and magnesium

peroxide were capable of preventing the corrosion process that can be microbiologically influ-

enced. More surprisingly, an extremely stable, engineered lactonase enzyme additive reduced

corrosion and exhibited the greatest corrosion inhibition in our study. This finding is intrigu-

ing because, in contrast to the biocidal molecules that are dominating the antifouling and anti-

corrosion coatings market [21, 22], this enzyme has been shown to be non-toxic. In addition

to being biodegradable, lactonase proteins show no toxicity [54, 55], and little to no effect on

bacterial fitness [46, 52,65], do not need to enter microbial cells, and do not need to bind to a

receptor [56, 66]. They act instead by hydrolyzing signaling molecules secreted into the

medium to affect bacterial behavior and inhibit biofilms [38, 39, 67], including the biofilms of

complex microbial communities [55]. These properties differ from any molecules currently

available in coatings, and make lactonases an appealing candidate to the development of potent

and environmentally friendly coatings.

Our study also revealed that corrosion inhibition observed for the lactonase and surfactin

additives was concomitant to significant changes in the bacterial community composition,

which were different and distinct from the changes induced by the other the molecules tested

that showed no corrosion inhibition. This outcome indicates that favoring or disfavoring spe-

cific microbes at steel surfaces may provide a promising strategy to maximize the inhibition of

corrosion while limiting impacts on other microbes and the environment. More studies will be

necessary to fully understand the effects of coating additives, including lactonases, on micro-

bial communities involved in biofouling and biocorrosion.

Supporting information

S1 Fig. Examples of corrosion observed in the Duluth-Superior Harbor. A: Orange corro-

sion tubercles below the water line on a steel piling at the Midwest Energy dock. B: Severe cor-

rosion that has perforated the sheet steel near Hallett Dock 5, which was exposed during low

water levels in 2007.

(TIF)

S2 Fig. Schematic of an experimental microcosm. The coupons were randomly distributed

in the center of plastic scintillation vial holders. Each microcosm was incubated in a 15˚C tem-

perature-controlled room with continuous florescent lighting during the experiment. Each

microcosm was equipped with an aquarium pump to constantly circulate the water (~ 2 L

hr-1).

(TIF)

S3 Fig. Changes in SsoPox lactonase enzymatic activity in the silica gel coating during

exposure in DSH water at 15˚C for 6 weeks. The enzyme concentration used in this experi-

ment was 100 μg /ml.

(TIF)

S4 Fig. Heatmap comparing the relative abundance of partial 16S rRNA sequences and

OTU richness for the top 50 bacterial orders in the replicate samples (n = 3) for each treat-

ment and control.

(TIF)

Biological and enzymatic quorum quencher coating additives to reduce biocorrosion of steel

PLOS ONE | https://doi.org/10.1371/journal.pone.0217059 May 16, 2019 13 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217059.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217059.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217059.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217059.s004
https://doi.org/10.1371/journal.pone.0217059


S5 Fig. Bar graph showing the community composition of the top 10 most abundant bacte-

rial orders by total sequence counts in each treatment and control triplicate samples.

(TIF)

S1 Table. Results of ANOSIM test for differences between bacterial communities on exper-

imental and control coupons.

(DOCX)

S2 Table. List of top 5 percent reduction in relative abundance for the top 20 bacterial

orders in lactonase and surfactin treatment samples compared to the silica gel coating con-

trol samples.

(DOCX)

S3 Table. Preliminary experiment results for lactonase dosage response. Reduction in num-

ber and percent coverage of corrosion tubercles, and surface roughness measurement on steel

coupons with different lactonase concentrations after exposure to Duluth-Superior Harbor

water for 6 weeks.

(DOCX)

Acknowledgments

Disclaimer: The statements, findings, conclusions, and recommendations are those of the

author(s) and do not necessarily reflect the views of NOAA, the Sea Grant College Program, or

the U.S. Department of Commerce.

The authors wish to thank AMI Consulting Engineers for providing steel coupons, the Nat-

ural Resources Research Institute for use of the Hitachi ESEM, and Anqi Zhao for assistance in

graphs coding with R. This research was supported by funding from the Minnesota Sea Grant

Program to REH and SH with additional funding from a University of Minnesota MnDRIVE

Initiative postdoctoral fellowship grant to REH and ME. The work by REH and SH used fed-

eral funds under award NA14OAR4170080 from Minnesota Sea Grant, National Sea Grant

College Program, National Oceanic and Atmospheric Administration, U.S. Department of

Commerce. This paper is journal reprint No. JR658 of the Minnesota Sea Grant College

Program.

Author Contributions

Data curation: Randall E. Hicks.

Formal analysis: Siqian Huang.

Funding acquisition: Siqian Huang, Mikael Elias, Randall E. Hicks.

Investigation: Siqian Huang, Celine Bergonzi, Michael Schwab, Randall E. Hicks.

Methodology: Siqian Huang, Celine Bergonzi, Michael Schwab, Mikael Elias.

Project administration: Randall E. Hicks.

Supervision: Randall E. Hicks.

Validation: Siqian Huang.

Visualization: Siqian Huang.

Writing – original draft: Siqian Huang, Mikael Elias.

Biological and enzymatic quorum quencher coating additives to reduce biocorrosion of steel

PLOS ONE | https://doi.org/10.1371/journal.pone.0217059 May 16, 2019 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217059.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217059.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217059.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217059.s008
https://doi.org/10.1371/journal.pone.0217059


Writing – review & editing: Siqian Huang, Celine Bergonzi, Michael Schwab, Mikael Elias,

Randall E. Hicks.

References
1. O’Toole G, Kaplan HB, Kolter R. Biofilm formation as microbial development. Annual Reviews in Micro-

biology. 2000; 54(1):49–79.

2. Characklis WG, James D Bryers IB. Bioengineering Report. Fouling biofilm development: a process

analysis. Biotechnol Bioeng., Vol. XXIII, Pp. 1923–60 (1981). Biotechnol Bioeng. 2009; 102(2):309, 10–

47. https://doi.org/10.1002/bit.22227 PMID: 19090542.

3. Coetser SE, Cloete TE. Biofouling and biocorrosion in industrial water systems. Crit Rev Microbiol.

2005; 31(4):213–32. Epub 2006/01/19. https://doi.org/10.1080/10408410500304074 PMID: 16417202.

4. Flemming HC. Biofouling in water systems—cases, causes and countermeasures. Appl Microbiol Bio-

technol. 2002; 59(6):629–40. Epub 2002/07/26. https://doi.org/10.1007/s00253-002-1066-9 PMID:

12226718.

5. Videla HA, Herrera LK. Microbiologically influenced corrosion: looking to the future. Int Microbiol. 2005;

8(3):169–80. PMID: 16200495.

6. Buck E, Maddux G, Sullivan R. Internal corrosion cost impact study: United States natural gas explora-

tion and production industry. Gas Res Inst rep. 1996;GRI-96/0056(96–1466).

7. Dowling N, Mittelman M, White D. The role of consortia in microbially influenced corrosion. Mixed cul-

tures in biotechnology. McGraw Hill, New York. 1991:341–72.

8. Koch GH. Historic congressional study: corrosion costs and preventative strategies in the United States.

NACE rep. FHWA-RD-01-156. 2002. https://www.nace.org/uploadedFiles/Publications/ccsupp.pdf

9. Marsh C, Bushman J, Beitelman A, Buchheit R, Little B. Freshwater corrosion in the Duluth-Superior

Harbor—summary of the initial workshop findings. Special Publication ERDC. CERL SR-05-3, US Army

Corps of Engineers. 2005.

10. Ray R, Lee J, Little B. Factors contributing to corrosion of steel pilings in Duluth-Superior Harbor. Corro-

sion. 2009; 65(11):707–17.

11. Oster R. Modeling the corrosive loss of port infrastructure in the Duluth-Superior harbor and the north

shore of Lake Superior. M.Sc. Thesis, University of Minnesota. 2012. https://conservancy.umn.edu/

bitstream/handle/11299/131055/Oster_Ryan_May2012.pdf?sequence=1&isAllowed=y

12. Hamilton WA. Sulphate-reducing bacteria and anaerobic corrosion. Annu Rev Microbiol. 1985; 39

(1):195–217. Epub 1985/01/01. https://doi.org/10.1146/annurev.mi.39.100185.001211 PMID:

3904600.

13. Bostrom JR. Microbiological and chemical aspects of corrosion of sheet steel in the Duluth-Superior

Harbor. M.Sc. Thesis, University of Minnesota. 2010. https://conservancy.umn.edu/bitstream/handle/

11299/103234/Bostrom_Jonathan_December2010.pdf?sequence=1&isAllowed=y

14. Ray RI, Lee JS, Little BJ, Gerke T. The anatomy of tubercles: A corrosion study in a fresh water estuary.

Mater Corros. 2010; 61(12):993–9.

15. Thomas JJ. Fine-scale bacterial community and chemical changes within steel corrosion tubercles in

the Duluth-Superior harbor. M.Sc. Thesis, University of Minnesota. 2016. https://conservancy.umn.edu/

bitstream/handle/11299/183315/Thomas_umn_0130M_17656.pdf?sequence=1&isAllowed=y

16. Enning D, Venzlaff H, Garrelfs J, Dinh HT, Meyer V, Mayrhofer K, et al. Marine sulfate-reducing bacteria

cause serious corrosion of iron under electroconductive biogenic mineral crust. Environ Microbiol.

2012; 14(7):1772–87. Epub 2012/05/24. https://doi.org/10.1111/j.1462-2920.2012.02778.x PMID:

22616633.

17. Usher K, Kaksonen A, MacLeod I. Marine rust tubercles harbour iron corroding archaea and sulphate

reducing bacteria. Corros Sci. 2014; 83:189–97.

18. Sand W, Gehrke T. Microbially influenced corrosion of steel in aqueous environments. Rev Environ Sci

Biotechnol. 2003; 2(2–4):169–76.

19. Cheung CS, Walsh FC, Campbell SA, Chao W, Beech IB. Microbial contributions to the marine corro-

sion of steel piling. Int Biodeterior Biodegradation. 1994; 34(3–4):259–74.

20. Little BJ, Lee JS. Microbiologically influenced corrosion: John Wiley & Sons; 2007.

21. Abdolahi A, Hamzah E, Ibrahim Z, Hashim S. Application of environmentally-friendly coatings toward

inhibiting the microbially influenced corrosion (MIC) of steel: a review. Polym Rev. 2014; 54(4):702–45.

22. Sadekuzzaman M, Yang S, Mizan M, Ha S. Current and recent advanced strategies for combating bio-

films. Compr Rev Food Sci Food Saf. 2015; 14(4):491–509.

Biological and enzymatic quorum quencher coating additives to reduce biocorrosion of steel

PLOS ONE | https://doi.org/10.1371/journal.pone.0217059 May 16, 2019 15 / 18

https://doi.org/10.1002/bit.22227
http://www.ncbi.nlm.nih.gov/pubmed/19090542
https://doi.org/10.1080/10408410500304074
http://www.ncbi.nlm.nih.gov/pubmed/16417202
https://doi.org/10.1007/s00253-002-1066-9
http://www.ncbi.nlm.nih.gov/pubmed/12226718
http://www.ncbi.nlm.nih.gov/pubmed/16200495
https://www.nace.org/uploadedFiles/Publications/ccsupp.pdf
https://conservancy.umn.edu/bitstream/handle/11299/131055/Oster_Ryan_May2012.pdf?sequence=1&isAllowed=y
https://conservancy.umn.edu/bitstream/handle/11299/131055/Oster_Ryan_May2012.pdf?sequence=1&isAllowed=y
https://doi.org/10.1146/annurev.mi.39.100185.001211
http://www.ncbi.nlm.nih.gov/pubmed/3904600
https://conservancy.umn.edu/bitstream/handle/11299/103234/Bostrom_Jonathan_December2010.pdf?sequence=1&isAllowed=y
https://conservancy.umn.edu/bitstream/handle/11299/103234/Bostrom_Jonathan_December2010.pdf?sequence=1&isAllowed=y
https://conservancy.umn.edu/bitstream/handle/11299/183315/Thomas_umn_0130M_17656.pdf?sequence=1&isAllowed=y
https://conservancy.umn.edu/bitstream/handle/11299/183315/Thomas_umn_0130M_17656.pdf?sequence=1&isAllowed=y
https://doi.org/10.1111/j.1462-2920.2012.02778.x
http://www.ncbi.nlm.nih.gov/pubmed/22616633
https://doi.org/10.1371/journal.pone.0217059


23. Scarascia G, Wang T, Hong P-Y. Quorum Sensing and the Use of Quorum Quenchers as Natural Bio-

cides to Inhibit Sulfate-Reducing Bacteria. Antibiotics. 2016; 5(4):39.

24. Nir S, Reches M. Bio-inspired antifouling approaches: the quest towards non-toxic and non-biocidal

materials. Curr Opin Biotechnol. 2016; 39:48–55. Epub 2016/01/17. https://doi.org/10.1016/j.copbio.

2015.12.012 PMID: 26773304.

25. Gipperth L. The legal design of the international and European Union ban on tributyltin antifouling paint:

direct and indirect effects. J Environ Manage. 2009; 90 Suppl 1:S86–95. Epub 2008/11/04. https://doi.

org/10.1016/j.jenvman.2008.08.013 PMID: 18976851.

26. Rani B, Basu BBJ. Green inhibitors for corrosion protection of metals and alloys: an overview. Int J Cor-

ros. 2012; 2012:380217.

27. Vlamakis H, Chai Y, Beauregard P, Losick R, Kolter R. Sticking together: building a biofilm the Bacillus

subtilis way. Nat Rev Microbiol. 2013; 11(3):157–68. Epub 2013/01/29. https://doi.org/10.1038/

nrmicro2960 PMID: 23353768.

28. Korenblum E, de Araujo LV, Guimaraes CR, de Souza LM, Sassaki G, Abreu F, et al. Purification and

characterization of a surfactin-like molecule produced by Bacillus sp. H2O-1 and its antagonistic effect

against sulfate reducing bacteria. BMC Microbiol. 2012; 12(1):252. Epub 2012/11/08. https://doi.org/10.

1186/1471-2180-12-252 PMID: 23131170.

29. Xu Q, Barrios CA, Cutright T, Zhang Newby Bm. Evaluation of toxicity of capsaicin and zosteric acid

and their potential application as antifoulants. Environ Toxicol. 2005; 20(5):467–74.

30. Zuo R, Wood TK. Inhibiting mild steel corrosion from sulfate-reducing and iron-oxidizing bacteria using

gramicidin-S-producing biofilms. Appl Microbiol Biotechnol. 2004; 65(6):747–53. https://doi.org/10.

1007/s00253-004-1651-1 PMID: 15278311

31. Chow JY, Xue B, Lee KH, Tung A, Wu L, Robinson RC, et al. Directed evolution of a thermostable quo-

rum-quenching lactonase from the amidohydrolase superfamily. J Biol Chem. 2010; 285(52):40911–20.

Epub 2010/10/29. https://doi.org/10.1074/jbc.M110.177139 PMID: 20980257.

32. Hiblot J, Gotthard G, Chabriere E, Elias M. Structural and enzymatic characterization of the lactonase

SisLac from Sulfolobus islandicus. PLoS One. 2012; 7(10):e47028. Epub 2012/10/17. https://doi.org/

10.1371/journal.pone.0047028 PMID: 23071703.

33. Chang Y-J, Chang Y-T, Hung C-H. The use of magnesium peroxide for the inhibition of sulfate-reducing

bacteria under anoxic conditions. J Ind Microbiol Biotechnol. 2008; 35(11):1481. https://doi.org/10.

1007/s10295-008-0450-6 PMID: 18712535

34. Parsek MR, Greenberg E. Sociomicrobiology: the connections between quorum sensing and biofilms.

Trends Microbiol. 2005; 13(1):27–33. https://doi.org/10.1016/j.tim.2004.11.007 PMID: 15639629

35. Papenfort K, Bassler BL. Quorum sensing signal–response systems in Gram-negative bacteria. Nat

Rev Microbiol. 2016; 14(9):576. https://doi.org/10.1038/nrmicro.2016.89 PMID: 27510864

36. Miller MB, Bassler BL. Quorum sensing in bacteria. Annu Rev Microbiol. 2001; 55(1):165–99. Epub

2001/09/07. https://doi.org/10.1146/annurev.micro.55.1.165 PMID: 11544353.

37. Guendouze A, Plener L, Bzdrenga J, Jacquet P, Remy B, Elias M, et al. Effect of Quorum Quenching

Lactonase in Clinical Isolates of Pseudomonas aeruginosa and Comparison with Quorum Sensing

Inhibitors. Front Microbiol. 2017; 8:227. Epub 2017/03/07. https://doi.org/10.3389/fmicb.2017.00227

PMID: 28261183.
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