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A B S T R A C T

The control of microbiologically influenced corrosion (MIC) challenges the oil exploration sector. 
The MIC results from electrochemical reactions facilitated by microorganisms such as sulfate- 
reducing bacteria (SRB), which adhere to the surface of the ducts forming biofilms. SRB uses 
sulfate as the final electron acceptor, resulting in hydrogen sulfide as the final product, a highly 
reactive corrosive, and toxic compound. Due to the high diversity of the SRB group, this study 
evaluated the effect of an Escherichia coli phage, with biofilm degrading enzymes, in preventing 
biofilm formation by microbial consortium P48SEP and reducing H2S production in a complex 
SRB community. Three phage concentrations were evaluated (104, 108 and 1012 UFP/ml). High 
and medium phage concentrations prevented biofilm development, as evidenced by scanning 
electron microscopy, chemical analysis, and cell counts. In addition, the virus altered the 
expression pattern of some bacterial genes and the relative abundance of proteins related to 
biofilm formation and cell stress response. Using a complex culture formed mainly by SRB, it was 
possible to observe the bacterial growth, H2S, and metabolic activity reduction after the phage 
was added. This study shows for the first time the ability of an E. coli-infecting phage to prevent 
the biofilm formation of an SRB consortium and infect and replicate at high concentrations on the 
non-specific host. This new finding turns the use of non-specific phages a promising alternative 
for the control of biocorrosion in oil and gas installations, on the other side, alert to the use of 
large concentration of phages and the influence on bacterial groups with geological importance, 
opening a research field in phage biology.

1. Introduction

Oil demand has increased dramatically in recent decades, being the world’s leading energy source [1]. However, oil pipelines and 
associated infrastructures are subject to different corrosion mechanisms, one of which is microbiologically influenced corrosion (MIC) 
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or biocorrosion, which causes significant economic losses for sector [2]. The MIC results from a series of electrochemical reactions, 
influenced or directly caused by microorganisms, which adhere to the surface of the pipes and eventually form the biofilms [3]. The 
biocorrosion process is estimated to account for 20–40 % of severe corrosion cases in oil exploration and transport. In addition, about 
70–95 % of internal pipeline leaks are mainly caused by MIC [4,5].

The biofilms are formed mainly by a matrix of exopolysaccharides, proteins, and nucleic acids and turn bacteria more resistant to 
biocides and physical removal, protecting microbial cells from the external environment [6–8]. The deeper layers of mature biofilms 
(nearest to the adhered surface) are predominantly anaerobic due to oxygen consumption by aerobic microorganisms in the surface 
layers, creating an ideal environment for sulfate-reducing bacteria (SRB). The SRB constitutes the principal group of microorganisms 
responsible for MIC [9,10] and can reduce sulfate to hydrogen sulfide (H2S), a highly toxic and corrosive product of the SRB meta
bolism. Iron sulfide (FeS) is formed by the chemical reaction between H2S and the iron present in steel. The FeS formed inside the pipes 
ends up being precipitated, which causes the clogging of metallic structures, such as oil pipelines and reservoirs, generating significant 
losses [11]. Furthermore, a high concentration of H2S in the oil storage tanks and pipelines promotes oil acidification, known as 
souring.

The oil industries are constantly looking for new strategies that can control or prevent the formation of biofilms, reducing the 
economic losses caused by MIC and mitigating the environmental impacts. There are limited effective strategies to inhibit biofilm and 
MIC growth in petroleum-related environments, with chemical biocides being the most used method [12]. However, biocides have 
difficulty penetrating the biofilm matrix and reaching the microorganisms in the deep biofilm layer. In addition, biocides are 
expensive, can lead to the generation of resistant bacteria, and represent a significant risk to humans and the environment due to their 
toxicity and persistence in industrial waste [13,14]. An attractive alternative to chemical biocides is solutions based on bacteriolytic 
agents called bacteriophages [15,16].

Most phages have genes in their genome that encode depolymerase, hydrolases, and lytic proteins (lysins) that act as adjuvants for 
phage infection and enable biofilm matrix degradation, allowing bacteriophages access to the initially inaccessible cell receptors on the 
bacterial surface. In addition, planktonic bacteria are more susceptible to the action of antibiotics and other antimicrobial agents, such 
as chemical biocides used to control and prevent biofilms [16–19]. There are few studies about the use of bacteriophages in the control 
of sulfate-reducing bacteria (SRB) [20], and due to the large number of species that make up the SRB group [21,22], the isolation of 
specific phages for each species becomes unfeasible. Therefore, isolated phages for aerobic bacteria that affect the growth of SRB and 
other anaerobic organisms are extremely advantageous as they facilitate the propagation process and reduce production time and cost.

Phage vB_EcoM-UFV13 (UFV13) is a member of the Tequatrovirus genus, presenting a wide range of hydrolases in its genome. It is 
believed that a large amount of virion-associated peptidoglycan hydrolases (VAPGS) may interfere with biofilm formation by inter
acting and degrading the polymeric substances present in the biofilm matrix [23,24]. Indeed, T4-like phages are extremely wide
spread, and occasionally dramatic changes in the host range can occur [25]. Due to these characteristics, we evaluated the influence of 
phage vB_EcoM-UFV13 on biofilm formation by the SRB consortium P48SEP in a carbon steel coupon. Our results showed that phage 
was able to reduce biofilm in a dose-dependent manner. Several analyses were performed to establish the mechanisms, and together, 
revealed the ability of phage to decrease bacterial growth and replicate at high concentrations in the consortium only.

2. Materials and methods

2.1. SRB consortium and biofilm assay

The consortium P48SEP was isolated from the production water of an oil extraction platform in the Campos Basin, Rio de Janeiro, 
Brazil. The consortium was inoculated in Postgate C medium [26] (without FeSO4) and incubated in the anaerobic environment at 
30 ◦C. The optical density (O.D.600) was monitored using a DR3900 spectrophotometer (Hach, Loveland, CO, USA) for 15 days.

To analyze the bacterial composition of the consortium, the DNA was extracted as described by Pospiech & Neumann [27]. After 
the extraction, the genetic material was subjected to a polymerase chain reaction (PCR) using the 10f and 1100r primers 
(Supplementary Table 1) [28]. The amplicons were purified using the Promega Wizard® SV Gel and PCR Clean-Up System kit 
(Promega, Madison, WI, USA) following the manufacturer’s recommendations and sequenced. The sequence obtained was compared 
with those deposited in the GenBank database (http://www.ncbi.nlm.nih.gov) using the BLASTn platform (https://blast.ncbi.nlm.nih. 
gov/Blast.cgi). The sequences were aligned using the CLUSTALW [29] and analyzed with the MEGA 7.0.18 software [30]. Subse
quently, the Neighbor-Joining method built a phylogenetic tree with a 1,000× bootstrap.

2.2. Bacteriophage vB_EcoM-UFV13

The vB_EcoM-UFV13 belongs to the bacterial virus collection of the Laboratory of Molecular Immunovirology, Federal University of 
Viçosa (Minas Gerais, Brazil), and it has the enzymatic capability previously described [23,24]. Viral titer was determined using a 
well-established double-layer protocol [31], using the original host Escherichia coli 30.

To evaluate the influence of vB_EcoM-UFV13 phage on biofilm formation by the consortium P48SEP, three different phage con
centrations were evaluated, (i) treatment with low phage concentration 104 PFU/mL, (ii) medium concentration 108 PFU/mL, and (iii) 
high concentration 1012 PFU/mL.
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2.3. Biofilm analyses

2.3.1. Steel coupons
In this work, carbon steel coupons were used, with different surface areas (hereafter called coupon A - 1 cm2 and coupon B - 6 cm2). 

At one end of the coupons, a hole was made through which the coupons were suspended by a nylon thread (Supplementary Fig. 1). 
Before each test, the coupons were blasted with 200 μm glass microspheres, using a blaster with a pressure of 60 lbs (Protecni, 
Araraquara, SP, Brazil), to remove impurities or scale [32]. The coupons were sterilized by ultraviolet radiation (40 cm distance, 15W 
UV light) for 30 min on each side.

2.3.2. Biofilm formation
Biofilm formation by the consortium P48SEP was evaluated in the presence and absence of bacteriophage. The experimental 

systems were assembled in 30- and 90-mL flasks (Supplementary Fig. 1), containing modified Postgate C medium and the inoculated 
bacteria (OD600 0.1). The flasks were anaerobically conditioned at 30 ◦C for 15 days. The phage was inoculated at different con
centrations according to treatments 1, 2, and 3 (104, 108, and 1012 PFU/mL).

2.3.3. Scanning electron microscopy (SEM)
The coupons A containing the biofilm were washed 3 times in PBS 1× pH 7.4 and fixed in paraformaldehyde 3.7 % (v/v) at room 

temperature for 12 h. Coupons were dehydrated in increasing ethanol series (30–100 % v/v) for 10 min each step and repeated three 
times in ethanol 100 %. Then coupons were subjected to a critical point dryer (CPD, Bal-tec®, model 030, Germany) and covered with 
gold (Sputter coater, Balzers, model FDU010, Germany). Finally, the coupons were examined on the Leo 1430 VP Scanning Electron 
Microscope at the Núcleo de Microscopia e Microanálise (Center for Microscopy and Microanalysis), operating at 20 kV [33].

2.3.4. Extracellular polymeric substance (EPS) extraction
The biofilm formed in coupons B were scraped and suspended in PBS 1× buffer, forming a biofilm-derived suspension (BDS). EDTA 

extraction was used for EPS extraction by adding 1 mL of EDTA solution 2 % (w/v) to every 1 mL of BDS. The mixture was stirred for 12 
h at 4 ◦C. Thereafter, samples were filtered on 0.22 μm membrane and dialyzed against deionized water using a 3.5 kDa dialysis 
membrane Spectra/Por® (Fisher Scientific, Göteborg, Sweden) the water was changed twice, every 1 h and a third exchange was made 
at 12 h [34].

2.3.5. Biomolecules quantification
Carbohydrates, proteins, and extracellular DNA (eDNA) were quantified in the BDS. Carbohydrate concentrations were determined 

using the phenol/sulfuric acid method, using D-glucose as standard [35]. For the determination of protein concentration, the bicin
choninic acid assay (BCA) was performed using commercial kits (Thermo Fisher Scientific, Waltham, MA, USA) and bovine serum 
albumin (BSA) as standard [34]. Extracellular DNA was quantified using the Qubit® dsDNA BR reagent kit (Invitrogen, Carlsbad, CA, 
USA) and DNA-λ as standard [33,34].

2.3.6. Cell count
The number of living cells (live/dead assay) present in the biofilm was determined by the live/dead approach using propidium 

iodide (10 μg/mL) and FITC (2 μg/mL) staining for 5 min. After this incubation, the biofilm was fixed with paraformaldehyde 3.5 % (v/ 
v) for 5 min. The coupons were then washed with PBS buffer and placed in the ultrasound bath for 8 min to detach the biofilm, allowing 
the number of cells present in it to be evaluated, and then the solution was centrifuged at low speed (600×g, 5 min) to precipitate the 
products of corrosion. The supernatant was transferred to new tubes and immediately analyzed in the flow cytometer BD Accuri™ C6 
(BD Biosciences, USA), equipped with two lasers (one blue at 488 nm and one red at 640 nm). Bacteria stained with propidium iodide 
were detected using the FL3 detector (610 ± 20 nm), and bacteria stained with FITC by the FL1 detector (530 ± 30 nm). Data were 
analyzed using BD Accuri™ C6 software (BD Biosciences).

2.3.7. Evaluation of enzymatic effects
The biofilm was pre-formed for 15 days at 30 ◦C on steel coupons and submitted to the enzymatic treatment with DNase and 

proteinase K to evaluate the role of eDNA and proteins in their stability. Initially, the biofilms were washed with PBS 1× before adding 
100 μg/mL DNase in the specific buffer (400 mM Tris-HCl pH 8.0, 100 mM MgSO4, 10 mM CaCl2) and incubated at 37 ◦C for 1 h. After 
treatment, the biofilms were rewashed three times to remove traces of the enzyme. Then, the adhered cells were stained with pro
pidium iodide (10 μg/mL) and FITC (2 μg/mL) and quantified by flow cytometry as described in topic 2.3.6. The same procedure was 
performed on new coupons using 10 μg/mL of proteinase K in a specific buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl).

2.3.8. Proteomic analysis
The biofilm was extracted according to item 2.3.4, lyophilized, and sent to GenOne (Rio de Janeiro, RJ, Brazil), where it was 

subjected to protein extraction, quantification, and digestion by trypsin after cleavage of the proteins, the samples were submitted to 
LCMS-NanoUltra-HPLC ultimate 3000 and Quadropole-Orbitrap QExactive Plus Gradient for 65 min. Finally, the Proteome Discoverer 
program (Thermo Fisher Scientific, Waltham, MA, USA) was used to identify proteins. The Exponentially Modified Protein Abundance 
Index (emPAI) was used to compare the proteins in the treatments and control. The emPAI value is proportional to protein abundance 
in a protein mixture [36].
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2.4. Phage-consortium interactions

2.4.1. Adsorption assay
An adsorption assay was performed to evaluate if, besides enzyme action on biofilm, the phage could act directly on the bacterial 

surfaces. Briefly, the phage (1012 PFU/mL) was previously stained with SYBR® Gold (Thermo Fisher Scientific, Waltham, Massa
chusetts, USA) in a ratio of 100:0.01 (vol/vol) and incubated overnight in the darkroom at 4 ◦C. SYBR-labeled phages were then mixed 
1:1 (vol/vol) with cells of the P48SEP consortium for 1.5 h at 30 ◦C. After incubation, the bacterial culture was visualized on the EVOS 
M5000 microscope (Thermo Fisher Scientific). The presence of fluorescent cells confirmed the phage adsorption [37,38]. Some 
controls were performed in this experiment. First, the P48SEP consortium was incubated with a solution of SYBR® Gold at a ratio of 
100:0.01 (vol/vol) and incubated for 1.5 h at 30 ◦C. The second control was the bacterial consortium without staining to evaluate the 
presence of proper fluorescence. Furthermore, the analysis was carried out for each species present in the consortium separately.

2.4.2. Gene expression

2.4.2.1. Bacterial genes. Gene expression was evaluated to verify the influence of phage action on bacterial metabolism under the 
three different treatments. Thus, genes responsible for biofilm formation (Pbp, Gt, and Gs), genes involved in the capture, transport and 
storage of iron in cells (bfr, and feoB), present in the genome of O. marinus were selected for analysis. The gyrase A (gyrA) gene was used 
as endogenous control. The other primers used for gene expression analysis were designed using Primer Express Software 3.0 (Thermo 
Fisher Scientific, Waltham, MA, USA) based on the genomic sequence of O. marinus deposited in GenBank under accession number 
NZ_QMIF01000001.1. All primer sets were evaluated using Oligo Analyzer 1.0.2 software, and specificity was estimated by the Primer- 
BLAST tool. The primer sets are described in Supplementary Table S1.

RNA was obtained using a commercial extraction solution with a previous mechanical cell lysis step. In a microtube containing 0.5 
g zirconium beads (0.1 mm diameter) were added 1 mL of BDS, 20 % SDS solution (w/v), and 0.7 mL of Trizol® (Invitrogen, Carlsbad, 
CA, USA). The mechanical lysis was performed on the Bead Ruptor (Omni International, Kennesaw, GA, USA) homogenizer for 1 min. 
The tubes were incubated at 60 ◦C for 30 min, subjected to second mechanical lysis under the same condition, and centrifuged 
(12,000×g, 10 min, 4 ◦C). The aqueous phase was transferred to new tubes and subjected to RNA extraction using the Trizol® Reagent 
(Sigma-Aldrich, St. Louis, MO, USA). The RNA obtained was treated with DNase using an RQ1 RNase-Free DNase kit (Promega, 
Madison, WI, USA), following the manufacturer’s instructions. RNA’s concentration and purity were estimated in Nanodrop ND-2000 
(Thermo Fisher Scientific, Waltham, MA, USA). The RNA integrity was analyzed by 1 % agarose gel electrophoresis stained with 
ethidium bromide in TBE 1× buffer and observed under ultraviolet light. GoScript Reverse transcription System (Promega, Madison, 
WI, USA) synthesized complementary DNA (cDNA). The amplification of gyrase previous to the reverse transcription step was used as a 
control of DNase treatment.

Initially, qPCR efficiency was evaluated using SsoFast® EvaGreen Supermix (Bio-Rad Laboratories, Hercules, CA, USA). The final 
reaction volume was 20 μL, containing 1× SsoFast® EvaGreen supermix, primer at 200 nM final concentration, and cDNA sample at 
different concentrations (5; 0.5; 0.05; 0.005 ng). Assays were performed in triplicate on the Eco® Real-Time PCR system (Illumina, San 
Diego, CA, USA). The final qPCR reaction conditions were 40 cycles, being the denaturation at 95 ◦C for 30 s, annealing at 56 ◦C for 60 
s, and elongation at 72 ◦C for 60 s, using primers for the bacterial gyrase A genes (gyrA).

2.4.2.2. Phage genes. To assess if the genes of the vB_EcoM-UFV13 phage were transcribed into the cells present in the consortium, the 
total RNA was extracted from the culture 90 min after phage contact. The RNA was treated with DNase and used to obtain the cDNA. 
The cDNA was used in the common PCR reaction with primers for five different genes, two structural (cap and tail fiber), two non- 
structural (helicase and phage sigma factor), and bacterial gyrase (gyrA) as control (Supplementary Table 1).

2.5. Bacterial growth curve

After evaluating the influence of bacteriophages on the biofilm and the ability to adsorb and interfere with the expression of 
bacterial genes, we sought to assess the effect on the growth of bacterial isolates and the consortium. The consortium was previously 
cultured for 24 h. This process was repeated three times to achieve a fully activated culture. Afterward, the isolates and bacterial 
consortium were cultured in the presence of phage at the three different concentrations. All cultures were started at OD600 0.1, and the 
growth was accompanied for 15 days using a DR3900 spectrophotometer.

2.6. Evaluation of productive infection

The capacity of phage vB_EcoM-UFV13 to infect and replicate in bacteria present in the consortium P48SEP was evaluated. The 
tubes were incubated for 15 days in anaerobic conditions at 30 ◦C, and the growth curve was monitored, as previously mentioned 
(Topic 2.5). Tubes containing Postgate C medium were inoculated with culture at final OD600 0.1, and the virus was inoculated at the 
concentration of 1012 PFU/mL. Samples were collected at 30 min intervals, filtered in 0.22 nm pore membrane, and titrated in the 
original host Escherichia coli 30.
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2.7. Pilot-scale assay

The results obtained with consortium P48SEP were evaluated in a complex community on a pilot scale. An established culture 
(UORio), gently provided by Cenpes/Petrobras, comes from a mixture of water from different platforms and the injection water 
catchment maintained in anaerobioc conditions in Postgate E medium without Fe+ supplementation. This complex culture was 
expanded to 400 mL (5 % total volume of the tank) and added to a hermetically closed tank containing 6.8 L of synthetic seawater 
(0.003 g NaF, 0.02 g SrCl2.6H2O, 0.03 g H3BO3, 0.1 g KBr, 0.7 g KCl, 1.113 g CaCl2.2H2O, 4 g Na2SO4, 10.78 g MgCl2.6H2O, 23.5 g 
NaCl, 0.02 g Na2SiO3.9H2O, 0.001 g Na4EDTA and 0.2 g NaHCO3 per liter) supplemented with 800 mL of nutritive solution (4 mL 
sodium lactate (50 %)), 1 g yeast extract, 0.25 g glucose, and distilled water to complete 1 L). The unpurified bacteriophages UFV13 
and a previously described T7-like bacteriophage [39] were added at ~108 PFU/mL, and the control solution (residual culture medium 
after bacterial growth at the same conditions to phage production) was added to the tank at the beginning of the exponential growth of 
the culture, at an equal volume of the treatments. The bacterial growth was assessed by optical density and metabolic state by H2S 
production [40], and ATP quantification using a luminometer (LuminUltra Photonmaster, HACH Loveland, CO, USA) [41]. The ATP 
was quantified three times during the experiment, the first at the beginning, the second one day after the phage inoculum, and the end 
of the experiment (18◦ day). All other parameters were monitored for 18 days.

2.8. Statistical analysis

All treatments in this work were performed in triplicate. Statistical analysis was performed using GraphPad® software version 9.3.1 
(GraphPad, La Jolla, CA, USA), using one-way analysis of variance (ANOVA) with 95 % accuracy to evaluate the significance in the 
differences between the control and treatments, and Tukey’s test to multiple comparisons.

Fig. 1. Phylogenetic analysis. A) Light microscopy and B) Transmission electron microscopy (TEM), both from the P48SEP consortium; the 
arrowhead points to Oceanotoga teriensis, an arrow indicating the Oceanidesulfovibrio marinus. C) Phylogenetic tree based on the partial sequence of 
the 16S rRNA of the isolates UFV1 (O. marinus) and UFV2 (O. teriensis), both marked with a red asterisk. The tree was built using the Neighbor- 
Joining method with Bootstrap value represented in the branches for 1000 repetitions. The sequence accession number in the GenBank is shown 
in parentheses.
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3. Results

3.1. Identification and phylogenetic analysis using the 16S rRNA

The P48SEP consortium was identified as formed by two bacteria presenting different morphologies (Fig. 1A and B). Using optical 
microscopy, it is possible to verify the presence of two distinct bacteria (Fig. 1A). The bacterium O. teriensis showed greater contrast, 
with a dark color, indicated in the figure by the arrowhead. While O. marinus has a grayish color and lower contrast, indicated by the 
arrow, but both show the formation of bacilli. The differences are more evident in transmission electron microscopy (Fig. 1B), 
O. teriensis cells have a structure known as a toga at their ends, this structure is a characteristic of the Petrotogaceae family. Such a 
structure is not observed in O. marinus cells. Being the most abundant SRB Oceanidesulfovibrio marinus (named O. marinus P48SEP 
P48SEP_1 GenBank number NZ_QMIF01000001.1), and the second isolate was identified as Oceanotoga teriensis UFV_LIMV02 (16S 
rRNA partial sequence, accession number MW349105.1). The phylogenetic analysis using the 16S rRNA gene confirms the taxonomic 
identification of the isolates (Fig. 1C). The alignment of the sequences of the isolates with the sequences of the GenBank database 
revealed that the P48SEP_1 isolate is related to members of the genus Oceanidesulfovibrio with 100 % identity with the species Oce
anidesulfovibrio marinus (accession number DQ365924.1). The second UFV2 isolate aligned with 100 % identity with the Oceanotoga 
teriensis species (accession number EU588727.1).

3.2. Biofilm morphology analysis in carbon steel coupons

The SEM imaging was performed to evaluate the influence of phage vB_EcoM-UFV13 on the morphology of biofilm formed on the 
surface of coupons (Fig. 4A–D). The biofilm formed in the absence of the virus (Fig. 2A) has extensive extracellular material (EPS), 
forming a dense biofilm with bacterial clumps. The EPS allows the creation of a non-homogeneous and porous biofilm on the metal 
surface, promoting water flux and physical-chemical changes, creating a favorable environment for the electrochemical reactions 
responsible for localized corrosion known as pits [42]. Although the phage UFV13 has decreased bacterial growth only at higher 
concentrations, treatments with medium and high phage concentrations (Fig. 2C and D) effectively decreased the biofilm formed. 
There was a reduction in biofilm in the lower titer (104 PFU/mL) (Fig. 2B), but less significant in the other 2 treatments.

3.3. Biofilm composition analysis

Given the importance of the three main components of the bacterial biofilm matrix, polysaccharide, protein, and extracellular DNA 
content in the biofilm were quantified. In the presence of phage at the two higher concentrations (108 and 1012 PFU/mL) was possible 
to observe a significant decrease in carbohydrate and protein concentration in BDS, but not when was used the lower concentration 
(104 PFU/mL) (Fig. 3A and C). Contrariwise, there was a slight increase in the carbohydrate concentration in the matrix at this 
concentration. At the same time, the quantification of extracellular DNA showed a significant reduction in the three treatments 
(Fig. 3B).

Fig. 2. Scanning electron microscopy (SEM). Micrographics of biofilms formed by the bacterial consortium on the carbon steel surface in the 
presence of vB_EcoM-UFV13 and their absence (control) at 3500× magnification. White arrows show cracks on the surface of biofilm (A and B) and 
the metal (C). A) absence of phage (control) and presence of phage at B) concentration 104; C) 108; D) 1012 PFU/mL. Bars represent 10 μm.
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3.4. Cell count

Flow cytometry assessed the number of viable cells in biofilms formed at different concentrations of vB_EcoM-UFV13. A significant 
decrease was observed in the number of live cells adhered to the coupon surface in the presence of phages at concentrations of 108 and 
1012 PFU/mL (Fig. 3D); compared to the control. No significant changes were observed in the treatment with low viral concentration.

3.5. Proteomic analysis

Proteomic analysis was performed from samples of biofilm treated with different concentrations of vB_EcoM-UFV13 and untreated 
(control) to evaluate possible changes in the protein composition in the extracellular polymeric substance that constitutes the biofilm. 
One hundred eighty-three proteins were detected from both species in the consortium P48SEP (Supplementary Table 2). However, 
twelve proteins related to biofilm formation and stress response were selected from differentially expressed proteins for quantitative 
analysis, four proteins related to O. teriensis (S-layer, ABC transport, peptide/nickel transport and flagellin) and eight proteins 
belonging to O. marinus (60 kDa chaperonin, extracellular solute-binding, Omp, extracellular ligand-binding, sulfate adenylyl
transferase, molybdenum ABC transporter, periplasmic [NiFe] hydrogenase and sulfite reductase) (Fig. 4).

Almost all proteins found had their relative amounts affected by the presence of the bacteriophage (Fig. 4); however, although some 
proteins had visible changes, these changes were not statistically significant.

3.6. Adsorption capacity

Given the dramatic changes caused on biofilm by phage, we evaluated the possibility of the phage being adsorbed by some bacteria 
in the consortium. Although this phage is not specific to any bacteria in the consortium, fluorescence microscopy revealed that the 
phage was being adsorbed by one of the two cells that make up the P48SEP consortium (Fig. 5A). SYBR Gold I is a dye capable of 
penetrating the capsids of bacteriophages and intercalating into their nucleic acid [43]. The consortium’s fluorescence was evaluated 
when placed in contact only with SYBR Gold and the consortium’s own autoflowering P48SEP (Fig. 5B and C), in both situations, did 
not show fluorescence. When separately analyzing the species that make up the consortium, in the presence of vB_EcoM-UFV13 
previously stained with SYBR Gold, it revealed that the fluorescence is visible only for the species O. marinus (Fig. 5D), while the 
second species O. tereinsis did not show fluorescence (Fig. 5E). Showing that phage vB_EcoM-UFV13 is capable of binding to and 

Fig. 3. Biofilm composition. A) Quantification of sugar, B) DNA, and C) protein in carbon steel coupon biofilms in the absence of phage (control) 
or in the presence of vB_EcoM-UFV13 at concentrations of 104, 108, and 1012 PFU/mL. Bars represent the standard deviation. Statistically significant 
differences when compared to control (*P < 0.05, **P < 0.01, ***P < 0.001), (n = 3). D) Quantification of viable cells in the P48SEP bacterial pool 
formed in carbon steel coupons without phage (control) or in the presence of vB_EcoM-UFV13 at 104, 108, or 1012 PFU/mL concentrations. Error 
bars represent standard deviation. Statistically, differences when compared to the control (*P < 0.05), (n = 3).
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Fig. 4. Biofilm proteomics. Relative abundance of Oceanotoga teriensis and Oceanidesulfovibrio marinus proteins in the biofilm. The values observed 
on the Y axis refer to the Exponentially Modified Protein Abundance Index (emPAI), which provides approximate relative quantification. Statistical 
differences when compared to the control (*P < 0.05, **P < 0.01), (n = 3).
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adsorbing by O. marinus.

3.7. Gene expression

One principal component of the biofilms reported in the literature is carbohydrates [44]. They assist in the cell adhesion process 
and protect cells against antimicrobial agents. Knowing their importance, three genes involved in the polysaccharide synthesis and 
transport pathway were selected.

The expression of carbohydrate biosynthesis-related genes (Pbp, Gs, and Gt) by cells in biofilms submitted to medium and high 
phage concentrations did not present significant alterations in control (Fig. 6). There was a significant increase in expression levels of 
all genes evaluated in the cells present in the biofilm treated with low phage content (treatment 104 PFU/mL), when compared to the 
control.

The phage genes were also expressed. However, although structural genes were amplified, the sigma factor could not be detected 
(Supplementary Fig. 2).

Fig. 5. Adsorption assay. A) P48SEP treated with phage previously labeled with SYBR. Fluorescence microscopy of O. marinus bright (arrowhead) 
due to adsorption of phage labeled with SYBR, and O. teriensis (arrow) opaque, indicating non-adsorption of the phage; B) P48SEP incubated with 
SYBR alone; C) Only the P48SEP consortium, to evaluate autofluorescence; D) O. marinus alone incubated with labeled phage; and E) O. teriensis 
alone incubated with labeled phage. The + sign indicates the presence of fluorescence, while the – sign indicates the absence of fluorescence.

Fig. 6. Transcription analyses. Evaluation of transcriptional expression of genes: exopolysaccharide biosynthesis protein (Pbp), glycogen synthase 
(Gs), glycosyl transferase (Gt), bacterioferritin (bfr) and iron transport proteins (feo) in treated biofilms. Differences were statically obtained when 
compared to the control (*P < 0.05, **P < 0.01, ****P < 0.0001), (n = 3).
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3.8. Phage-host interactions

To analyze the action of phage vB_EcoM-UFV13 on consortium P48SEP, the optical density of the consortium was monitored. No 
changes in optical density were observed in treatments with low and medium phage concentrations during the analyzed period 
compared to the control. However, treatment with 1012 PFU/mL reduced bacterial growth compared to the other treatments and 
control. Conversely, no difference was observed in the O. marinus and O. teriensis growth in the presence of phage at the three different 
concentrations evaluated (Fig. 7A).

Different from the observed in the consortium, the phage did not have a productive infection when each bacterial isolate was 
cultured alone. The ability of phage to replicate in the consortium indicates the necessity of a co-culture to perform a productive 
infection (Fig. 7B).

3.9. Pilot-scale assay

This experiment showed that the effect observed in the P48SEP consortium is more common than previously thought. Adding 
phages to the complex culture causes a reduction of H2S, optical density, and metabolic activity (Fig. 8). The H2S production increases 
1 day after the nutrient solution addition for tanks 2 and 3, while tank 1 increases on the same day. One day after phage inoculum (day 
10), tank 2 reduced the H2S rate (Fig. 8A). All tanks increased until day 12, except tank 2, which received the bacteriophage UFV13. All 
tanks start to increase the OD600 one day after the nutrient solution, with tanks 1 and 3 to continues to increase until day 13.

On the other hand, the UFV13 treatment (tank 2) had a consistent reduction on the same day of the phage inoculum (day 10), not 
reaching the concentration values of the other tanks (Fig. 8B). Unlike H2S concentration, the UFV13 phage inoculum caused an in
crease in the mercaptans concentration (Fig. 8C), which was not observed in tank 1 and delayed in 3. The UFV13 phage also caused a 
reduction in the metabolic status of the culture, evidenced by ATP reduction, not observed in the other 2 tanks (Fig. 8D).

4. Discussion

In this work, we describe for the first time the influence of a non-specific Escherichia coli-infecting phage on a culture consortium 
formed by two bacteria able to reduce sulfurated molecules, an ordinary sulfate-reducing bacterium, O. marinus, and the O. teriensis. 
This capability was confirmed in a pilot-scale experiment using a complex culture obtained from an oil exploring environment.

From phylogenetic analysis, it is possible to verify that the bacterial isolates groups with the species Oceanotoga teriensis OCT74T 

and O. marinus. This demonstrates that the bacterial consortium P48SEP consists of the species O. marinus, a representative of the 
group of sulfate-reducing bacteria (SRB), and O. teriensis, a species able to reduce sulphurated compounds. The O. teriensis OCT74T was 
isolated from a production water sample collected in offshore oil exploration and initially characterized. It is an anaerobic, Gram- 
negative, rod-shaped presenting a sheath-like outer structure (‘toga’), chemoorganotrophic, multiple flagellated bacterium, with 
the ability to grow using different carbon sources and to reduce thiosulfate and elemental sulfur to hydrogen sulfide [45]. O. marinus 
was first isolated from marine sediments in Tunisia. Gram-negative, non-sporulated, motile, vibrio-shaped or sigmoid, strictly 

Fig. 7. Phage-host interaction. A) Bacterial growth curve in the presence of different phage concentrations. The bacterial isolates (Ocean
idesulfovibrio marinus and Oceanotoga teriensis) and consortium (P48sep) growth curves are presented. B) Replication curve of phage vB_EcoM-UFV13 
in the isolates and consortium. The supernatant was filtered and titrated in E. coli 30. Graphs represent 3 experiments (1, 2, and 3) performed 
in triplicate.
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anaerobic, mesophilic, and moderately halophilic. It uses sulfate, sulfite, thiosulfate, and elemental sulfur as electron acceptors but not 
nitrate or nitrite. Overall, H2 (with acetate as a carbon source), formate, fumarate, lactate, malate, pyruvate, succinate, and fructose 
can be used as electron donors in the presence of sulfate as a terminal electron acceptor. O. marinus is capable of incompletely oxidizing 
lactate to acetate, while fumarate and pyruvate are fermented [46].

The most conventional methods to assess phage activity are the double-layer assay and spot assay, which permit visualization of the 
lysis plaques, but these techniques are laborious and time-consuming, especially for fastidious bacteria. An alternative to indirectly 
assess the lytic activity is monitoring the optical density. The cell concentration estimated by the optical density has the advantage of 
being faster and does not lose the sample [47]. Bacterial growth monitoring provides essential information about cellular physiology, 
such as nutritional and energetic characteristics, and enables a better understanding of survival and proliferation conditions under 
different treatments [48]. The reduction in the optical density of the bacterial culture in the presence of a lytic phage is indicative of 
cell lysis or metabolic activity reduction. However, it is necessary to highlight the use of the growth curve to estimate that bacterial 
activity has some flaws related to the stationary phase [49]. This work observed the reduction in the bacterial growth curve only at 
higher phage concentrations and only in the consortium, no effect was observed on the O. teriensis and O. marinus curves in the 
presence of phages at different concentrations. This behavior the need for a second bacterial species, that is, the bacterial consortium, 
so that the phage has a productive infection and can cause bacterial lysis. This effect can be explained by the characteristic of phages T4 
infection, which interferes in the host’s cellular machinery [50], as Fazzino, Anisman [51] showed to lytic phages, which can act 
dramatically on bacterial communities that are cross-fed, altering the metabolism of non-host species through multiple mechanisms. 
The attack on host species by lytic phage promotes changes in the metabolite levels available in the medium, reducing community 
growth. The exact multiplicity of infection (MOI) was impossible to determine since bacterial cell count presents inconsistency due to 
the colony (CFU) being shared by the two bacteria of the consortium; from flow cytometry analysis, we could determine that bacterial 
consortium presented a specific ratio formed by approximately 76 % Oceanotoga teriensis e 24 % Oceanidesulfovibrio marinus (data not 
shown). Furthermore, MOI is not recommended to be used in phage therapy experiments due to the difficulty of being established in 
some experiments [52].

The RT-PCR analysis clarifies the phage genes’ role in bacterial growth reduction and showed that several phage genes were 
transcribed, with the exception of the sigma factor (Supplementary Fig. 2), which is central in late gene transcription (most structural 
proteins, e.g., tail, fiber, and head). Although cap and tail gene expression could be detected, the lack of sigma factor can be related to 
the inability of phage to cause bacterial lysis without the presence of a second species. Several phage genes are described to affect 
bacterial metabolic pathways, such as altering membrane lipid biosynthesis and degrading host DNA [50]. These characteristics show 
that O. marinus UFV_LIMV02 is susceptible to infection by the UFV13 phage, but becomes susceptible and permissive to the phage in 
the presence of the bacteria O. teriensis.

The treatment with high phage concentration was adequate to prevent the appearance of cracks in the metal surface and reduce the 
biofilm on the surface of the coupon. Several studies demonstrated that the SRB activity accelerates metal cracking, and some different 
roles are described. In the first role, SRB removes H0 from the steel surface, which lowers the concentration and suppresses the H0 

permeation, which reduces crack propagation. However, although it is the core of the widely accepted cathodic depolarization theory 
of MIC induced by SRB, it is not accepted by all researchers. The second role is described as producing sulfur ions (S2− ) in the external 
environments, which recombine with H0 and avoid H2 forming, allowing the hydrogen atoms to diffuse to the plastic zone of the 
cracks, causing the steel’s embrittlement. More recent literature describes other processes, chemical-MIC (CMIC) and electrical-MIC 

Fig. 8. Pilot assay. In the pilot, the assay evaluated 4 parameters of bacterial metabolism. A) H2S concentration, B) Optical density (OD), C) 
Mercaptans, and D) adenosine triphosphate (ATP). The ATP was sampled at the beginning of the experiment (1), one day after phage inoculum (2), 
and at the end of the experiment (3). The ATP assay presented significant differences in almost all pair comparisons, except for Tank 3 in samples 2 
and 3.

A.J.C. Santos et al.                                                                                                                                                                                                    Heliyon 10 (2024) e37934 

11 



(EMIC), which drive iron corrosion in sulfate-containing anoxic environments. EMIC occurs by direct electron uptake and was 
observed in only a few highly corrosive SRB isolates. On the other hand, SRB can influence corrosion by excreting the chemical H2S 
(CMIC) if sulfate and suitable electron donors are present [42,53–55].

Besides the crack reduction observed at treatments with phage at 104 and 108 PFU/mL, the phage UFV13 application decreased the 
biofilm formation in medium and high phage concentrations. Similar results were reported for controlling biofilms formed by True
perella pyogenes, a non-host species, using phage vB_EcoM-UFV13. The eight proteins with hydrolase domains (VAPHs) on the phage 
genome were related to biofilm prevention by acting in the biofilm adhesion [23]. They can degrade the cell wall components of 
bacteria present in the P48SEP consortium and the EPS of the biofilm, as previously described [56,57]. The main components present 
in the biofilm matrix (polysaccharides, proteins, and extracellular DNA) provide several benefits to organisms present in this envi
ronment, including protection against antimicrobial agents and facilitating the surface adhesion process [44,58,59], and were also 
reduced. Although, in this case, bacterial cells are not killed by hydrolases, the destabilization of the biofilm structure due to the 
degradation of the main components that assist in the cell adhesion process leads to a decrease in the bacterial count present in the 
biofilm [60]. Thus, the enzymatic degradation of the main components of the extracellular matrix can be an essential strategy in 
controlling and preventing biocorrosion in metallic structures used in offshore oil exploration.

While bacteria are constantly evolving, creating mechanisms of resistance to bacteriophages, one of which is the blocking of 
cellular receptors through polysaccharide capsules that protect the entire bacterial surface [61]; in response, some phages have en
zymes on their tails, such as hydrolases, capable of degrading this protection [62–64]. Consequently, when no sufficient enzyme types 
are present, an increase in the expression of genes related to the synthesis of capsules could explain the increase observed in the sugar 
present in the biofilm treated with a low phage concentration (Fig. 5A).

As with the matrix components, some bacterial proteins were affected by phage treatment. Flagellin is present in relevant quantities 
only in the presence of phage, which may be a bacterial response to phage action on the biofilm or adhesion molecules. This protein is a 
component of the flagella and is associated with the initial microorganisms’ adhesion process to the surfaces [65]. There was no 
statistically significant change (albeit a reduction can be observed at higher phage concentrations) in the relative abundance of the 
O. teriensis S-layer in the presence of bacteriophage (Fig. 7). The S-layer has a crucial role in the emergence of resistant bacteria to 
phage attack by blocking the phage from reaching bacterial surface receptors, making them inaccessible to the phage receptor binding 
proteins [66]. The concentrations of outer membrane proteins (Omp), extracellular ligand-binding receptor, and peptide/nickel 
transport system substrate-binding and ABC transport proteins did not differ in relative abundance. Such proteins are possible cellular 
receptors and carrier viral genetic material after phage adsorption [66,67]. The proteins sulfate adenyltransferase and sulfite reductase 
had their relative abundance levels increased in the presence of phage vB_EcoM-UFV13 (Fig. 7). These two proteins are part of the 
sulfate reduction pathway in Oceanidesulfovibrio ssp., which is used to obtain energy from the organic compounds or hydrogen 
oxidation (electron donors) coupled to sulfate reduction, with hydrogen sulfide as a final product [68,69]. Briefly, sulfate is activated 
with the expense of two ATP molecules through the activity of sulfate adenylyltransferase (sat), producing adenosine-5′-phospho
sulfate (APS). APS is reduced by APS reductase (apr), generating sulfite and AMP. Finally, a reduction of six electrons from sulfite to 
sulfide occurs using hydrogen as the electron source through dissimilatory sulfite reductase (dsr) coupled with oxidative phosphor
ylation [70,71]. Some proteins or protein families found augmented in this work are related to sulfide accumulation response, such as 
iron compound ABC transporter, nickel ABC transport system (NikO), and ferrous iron transport protein B [72]. Despite this increase in 
some proteins, phage-treated samples showed different protein-produced patterns and gene expression compared to control. Similar 
results were found when biocides were used as stressors [73]. Future studies are needed to evaluate whether the presence of phage 
caused an increase in the energy demand of cells, which consequently promoted an increase in the expression of enzymes involved in 
the sulfate reduction pathway.

Finally, a decrease in the relative abundance of 60 kDa chaperonin in the biofilm was observed in the presence of phage vB_EcoM- 
UFV13 (Fig. 6). This protein mainly prevents inappropriate association between subunits and protein domains during the folding 
process and facilitates their correct folding [74]. However, studies using E. coli that have mutations in the 60 kDa chaperonin-encoding 
gene have been unable to propagate T4 and T5 phages, showing that this protein is essential for bacteriophage assembly [75,76]. The 
decrease in chaperonin expression is a cell strategy to prevent the correct folding of its proteins and, consequently, the phage proteins 
to avoid the release of new phage progeny. Some cells activate the programmed death by disrupting essential cellular processes, such as 
translation, transcription, and replication, or by inducing membrane leakage to prevent the release of new phages and the consequent 
spread of phages to the surrounding bacterial population; this process is known as an abortive infection [61].

At lower concentrations, vB_EcoM-UFV13 was able to alter the gene expression levels of all analyzed genes. The low viral load 
probably triggered an adaptive response to the phage’s antimicrobial action, altering the gene expression pattern related to exopo
lysaccharide biosynthesis, as observed elsewhere [77,78]. Bacteria use this mechanism to block the process of virus adsorption by 
promoting receptor concealment through a physical barrier [23,67]. The results agree with what had already been observed in sugar 
quantification (Fig. 5A), in which there was an increase in the carbohydrate amount present in the biofilm when using the phage at 104 

PFU/mL.
The increase in the abundance of proteins related to the transport and storage of iron has already been reported in other studies 

with biofilm [79–81], showing that high levels of iron signalize Pseudomonas aeruginosa the formation of microcolonies and eventually 
ripen biofilms. In contrast, low iron levels discourage biofilm growth [79,82].

The relationship between bacteria and phages constantly evolves, meaning bacteria evolve by creating and improving anti-phage 
mechanisms, while phages adapt to overcome these apparatuses [61]. The presence of phages in the biofilm triggered the bacterial 
defense system to prevent the stages of the phage life cycle, such as blocking cell receptors to prevent adsorption and injection of the 
genetic material of the phages by increasing the production of carbohydrates; otherwise, it was through the disturbance of essential 
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cellular processes, such as translation and transcription.
The pilot-scale experiment showed the effect of this phage on a complex culture. After phage addition, the culture metabolism was 

strongly reduced, and the condition was maintained until the experiment ended. The phage affects some bacterial populations, which 
can be related to reduced H2S production with a concomitant increase in the mercaptan’s production. Different bacterial groups 
produce these compounds. This behavior has been previously reported for lytic phages [51]. However, this is the first time it has been 
described as a lytic phage acting in a complex culture without the presence of the original host. The metabolic interdependence of 
different bacterial groups in the sulfur cycle is known [83], and the role of different bacterial groups on mercaptans (methyl 
mercaptan) and H2S production in a different environment (oral microbiota) was also described [84]. The T4-like phages can take over 
the host metabolism [50] and belong to a ubiquitous virus superfamily, in which the specificity is determined by a complex modular 
adhesin, a protein designed to exploit a set of modular recognition sequences sophisticatedly. Besides, previous work demonstrates the 
dominance of prophages classified to the extinct family Myoviridae in the genomes of the Oceanidesulfovibrio genus [85].

Although further investigation is needed to understand all of the metabolic changes involved in bacterial growth reduction, this 
study showed that medium (108 PFU/mL) and high (1012 PFU/mL) administration of vB_EcoM-UFV13 was able to prevent the for
mation and development by consortium P48SEP. In addition, such viral concentrations promoted a decrease in the main molecules 
responsible for bacteria adhesion and the biofilm stabilization processes. The phage also reduced the number of living cells present in 
the biofilm. This work shows for the first time the ability of an E. coli-specific bacteriophage to prevent biofilm formation from SRB. It 
reduces the metabolic state of a complex community formed by SRB, a promising alternative for biocorrosion control in oil pipelines 
and storage tanks.
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