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ABSTRACT 

Sustainable Approaches to Reduce Biofouling and Biocorrosion in 

Seawater and Wastewater Environment 

 

Giantommaso Scarascia 

Biofouling and biocorrosion are due to unwanted deposition of microorganisms on surfaces 

that are exposed to different types of water. This dissertation focuses on the application of 

innovative strategies to inhibit biofouling and biocorrosion. Specifically, the strategies 

examined in this dissertation, namely the use of bacteriophages and quorum quenchers, 

aim to minimize reliance on the conventional chemical cleaning agents and to reduce 

chemical-induced hazards on health, safety and environment.  

First, we analyzed the use of bacteriophages to remove biofoulants on ultrafiltration 

membrane used in seawater reverse osmosis pretreatment. Our findings revealed that 

bacteriophages were able to remain active against membrane-associated Pseudomonas 

aeruginosa at a broad range of temperature, pH and salinity. Bacteriophages were also 

shown to inhibit biofilm and to reduce transmembrane pressure increment, when applied 

alone or in combination with chemical agents.  

Second, this dissertation explores the use of quorum quenchers to inhibit biocorrosion 

in seawater environment. To do so, we first examined for the presence of quorum sensing 

system in sulfate reducing bacteria (SRB). Through transcriptomic analysis, we further 

demonstrate a strong correlation between quorum sensing, biofilm formation and 

biocorrosion. Therefore, the use of quorum sensing inhibitors was suggested to prevent 

biofilm formation and biocorrosion caused by SRB in seawater.  
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Through findings from Chapter 2 and 3, we introduced the use of alternative biocidal 

agents to tackle biofouling and biocorrosion. Compared to quorum quenchers, 

bacteriophages showed better antibiofilm potential and easier applicability at larger scale. 

However, bacteriophages alone were insufficient to reduce biofilm formation as phage 

resistance was observed over long-term experiments. Hence in the last chapter, we further 

explored the use of bacteriophages to alleviate biofouling that occurred during wastewater 

treatment process, by combining their infection with UV irradiation. UV was used both for 

its biocidal effect and to trigger phage infection against bacteria. Our findings indicate that 

the combined treatment was able to remove mature biofoulants from the membrane. 

Overall, this dissertation demonstrates the use of bacteriophages and quorum 

quenchers against biofilm. These two approaches can serve to reduce the amount of 

chemicals used during cleaning, thus providing a more sustainable way of minimizing 

biofilm-associated problems.  
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Chapter 1 

Introduction 

1.1 General Background 

Water scarcity is listed as one of the largest global risks that would bring upon detrimental 

impact over the next decade and this water crisis is projected to further exacerbate in the 

near future (1). Thirty three countries, including Saudi Arabia, Australia and a large part 

of South America, will face increasing water stress by 2040 (2) (Figure 1.1). Common 

freshwater sources are been used at a rate higher than the natural replenishment rate and 

would not be able to meet the growing demand for more water. For this reason, alternative 

water sources have been considered in order to relieve the pressure on common water 

reservoirs and to improve water security in places with limited access to freshwater (3).  

 

Figure 1.1. Forecast of the world water stress by 2040 
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While freshwater accounts only for the 2.5% of the total water, seawater represents 

the main pool of water globally (4). Marine water has been used for the past 50 years in 

sea bordered region to produce drinking water (5). Saudi Arabia, is one of the greatest 

producers of drinking water from seawater desalination (6). Seawater reverse osmosis 

(SWRO) desalination is commonly used to convert saline water to high quality drinking 

water through the use of reverse osmosis (RO) membranes (7). Besides RO membranes, 

ultrafiltration (UF) membranes are also used as pretreatment to reduce the amount of 

biomass that would foul the downstream RO unit (8).  

As with all membrane-based processes, biofouling represents the main bottleneck for 

an efficient water treatment. Biofouling is the unwanted deposition of particles and bacteria 

on the membrane (9). Microorganisms, which count for 10% of the biofouling matrix, 

colonize and grow on the membrane to produce a complex matrix of extracellular 

polymeric substances (EPS) (10). This biological layer contributes to membrane pores 

occlusion and decrease in water flux, in turn increasing energy consumption and economic 

cost (11). Despite the great diversity of bacteria within the biofilm matrix, Pseudomonas 

spp. and Desulfovibrio spp. were often identified on UF membrane used in SWRO 

pretreatment (12). In addition to their contribution in biofouling, these two bacteria are able 

to reduce sulfur species and to produce hydrogen sulfide, a toxic and highly corrosive gas 

that can damage the metal pipelines in seawater (13).  

In addition to SWRO desalination, seawater is also used in other industrial applications 

that include seawater cooling towers and injection system for enhanced oil recovery. In 

most instances, seawater is usually recirculated at least once within the system for a certain 

duration to minimize operating costs associated with continuous pumping of new seawater 
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into the system (14). However, recirculating seawater allows for microbes, minerals and 

nutrients to accumulate within the system (15). Extensive biofilm growth is hence an 

inevitable problem in seawater metal pipelines. Biofilm formation is then intricately linked 

to biocorrosion due to the high sulfate content in seawater environment, which would favor 

sulfate-reducing bacteria (SRB) to grow within biofilm matrix (16).  

Corrosion is an electrochemical process that involves the electrochemical oxidation of 

metal in the presence of oxygen and sulfur and can occur in both aerobic and anaerobic 

environments. This phenomenon is often coupled with microbial induced corrosion (MIC). 

SRB, such as Desulfovibrio spp., are considered to be the main contributors of MIC. As 

SRB attach to the metal surface (17) and reduce sulfate, oxygen is depleted quickly as a 

result of the heavily populated biofilm environment. In addition to this process, SRB are 

able to corrode iron surfaces through the formation of H2S, (chemical microbial induced 

corrosion, CMIC), and/or by directly using Fe as an electron donor. This process is called 

electrical microbial induced corrosion (EMIC) (18). The presence of biofilm increases the 

rate of corrosion by up to 10,000 times, compared with the planktonic state (19). This is 

likely due to poor oxygen diffusion throughout the biofilm that results in anoxic zones, in 

turn favoring SRB growth. The presence of SRB in the biofilm structure subsequently leads 

to localized biocorrosion events (13, 20, 21). It was calculated that the costs of metal 

corrosion ranges between 2% and 3% of the gross domestic product of developed countries 

like the US (22). MIC is believed to account for 20% of the damage caused by corrosion 

(23). 

Another water source that has been explored as an alternative to freshwater is treated 

wastewater. Saudi Arabia, for example, has introduced a series of initiatives to increase the 
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water reuse rates (24). One of the main areas in which treated wastewater can be reused is 

in the agricultural sector since this sector uses up to 88% of the total daily freshwater in 

Saudi Arabia (24). For this purpose, anaerobic membrane bioreactors (AnMBR) is an 

emerging biotechnology that can be used to treat wastewater and obtain a high-quality 

effluent. This effluent is rich in phosphate and ammonium that would function as liquid 

fertilizers for crop cultivation (25). However, similar to seawater membrane-based 

pretreatment, membranes in AnMBR are fouled due to accumulation of the dense sludge 

biomass, which in turn increases the trans-membrane pressure (TMP) and reduces water 

flux (26). The biofoulants were determined to be comprised of core groups of microbial 

populations (e.g. Acinetobacter spp. and Methanobacterium spp.) (27) and other soluble 

microbial products (e.g. glycolipoprotein) (28). 

Unwanted deposition of microorganisms on both membranes or on metal surface can 

contribute to detrimental biofouling and biocorrosion. Current strategies to remove biofilm 

in seawater environment are based on oxidizing agents, such as chlorine, permanganate 

and ozone (29). Antiscalants, acid/alkaline addition and quaternary ammonium compounds 

(QUATS) are also used to clean membranes and deter biofilm growth (6). In particular, 

citric acid is often used in the pretreatment stage of SWRO to chelate inorganic minerals 

and disrupt the stability of biofilm matrix attached on the pretreatment UF membranes (30). 

The same types of biocides, with the addition of some non-oxidizing biocides (e.g. 

methylene-bisthiocyanate (MTB) and tetrakis hydroxymethyl phosphonium sulfate 

(THPS)) (31, 32), are commonly used to eliminate SRB and reduce biocorrosion. Similarly, 

oxidizing agents and acid treatment are also used to reduce membrane biofouling in 

wastewater treatment process (33). Despite their common usage, these biocidal/cleaning 
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agents have limited penetration through a biofilm matrix and are less effective against 

biofilm-associated bacteria (34). Moreover, some chemicals, such as chlorine, can affect 

the structural integrity of materials. Chlorine can also result in the formation of 

carcinogenic and toxic disinfection byproducts, which impose a health, safety, and 

environmental concern (35). Finally, long-term exposure to sub-lethal concentrations of 

biocides has been demonstrated to select for resistant variants of bacterial strains (36). 

To address the concerns arising from the use of conventional biocides and cleaning 

agents, different non-chemical alternatives are investigated in this dissertation to reduce or 

replace the use of chemicals. 

First, bacteriophages, which are viruses that infect bacteria, are able to infect and lyse 

bacteria within the biofilm. In addition, bacteriophages can also carry or induce the release 

of enzymes that degrade carbohydrate of EPS, hence disrupting the biofilm matrix (37). 

Phage therapy has been investigated extensively in clinical settings to tackle pathogenic 

infections (38, 39). On the contrary, only a few studies were focused on phage application 

to reduce membrane biofouling (40-42). Optimal conditions for bacteriophages infection 

of membrane biofilm are still unknown and they need to be evaluated for an ideal 

application to reduce membrane biofouling.  

In addition, bacteriophages can infect the host cell in two different ways. Temperate 

bacteriophages attach to the bacterial cell and integrate their DNA into the host genome 

without lysing the bacterial host. In contrast, lytic bacteriophages can replicate within the 

host and result in cell lysis (43). Various stressors, such as, solar irradiation and UV can 

trigger bacteriophages to switch to the lytic mode (44, 45). UV-C irradiation can offer a 

double effect by boosting phage infection efficacy (45) and, at the same time, act as biocide 
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against bacteria in the biofilm. UV, in fact, causes DNA damage by thymine dimerization, 

inhibiting cell reproduction (46). 

Second, quorum sensing inhibition can also be explored as an alternative way to inhibit 

biofilm formation. Quorum sensing (QS) relies on a set of small signal molecules (e.g., 

acyl-homoserine lactone, furanosyl borate diester and peptides) produced and received by 

the microorganisms within the congregated mass. When the density of microbial cells 

increases, the density of different signal molecules correspondingly increases, and the 

different autoinducers bind to the receptors to activate or inactivate gene cascades (47). 

Examples of target genes that can result in important phenotypic traits include those 

involved in biofilm formation, production of rhamnolipids and genes related to flagella and 

pili synthesis (48, 49). The reasoning behind the quorum sensing inhibition approach as a 

means to limit SRB is based on the assumption that SRB performs QS and that interference 

of the communication channels would reduce biofilm formation and the associated 

metabolism of SRBs. Despite the tremendous wealth of knowledge related to QS in model 

bacterium species like Vibrio harveyi and Vibrio fischeri (50), this mechanism is still 

relatively unknown in SRB and it has to be further elucidated before QS inhibition approach 

can be applied to reduce biocorrosion.  

1.2 Objectives and Contribution 

The overall goal of this dissertation is to develop sustainable strategies to reduce or delay 

unwanted biofilm formation in both seawater and wastewater environment.  

In Chapter 2, we applied bacteriophages specific against P. aeruginosa (a thiosulfate 

reducing bacteria commonly found on fouled membranes in desalination processes) to 
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reduce biofouling on UF membrane. The efficacy of bacteriophages against planktonic and 

biofilm P. aeruginosa was analyzed at different temperatures, salinities and pH in terms of 

bacterial lag phase changes, number of cells in the biofilm and modification of the bacterial 

community structure. Subsequently, bacteriophages were applied alone or in combination 

with citric acid to investigate its ability to reduce UF membrane biofouling. Both TMP and 

number of cells were investigated to assess antifouling effect of different treatments. This 

chapter offers critical knowledge about optimal phage infection conditions to achieve 

efficient bacteriophages action in reducing membrane biofouling of UF membrane used as 

seawater reverse osmosis pretreatment. 

Besides biofouling, biocorrosion represents another biofilm-related problem in 

seawater environment. In Chapter 3, we used Desulfovibrio vulgaris as a model bacterium 

to elucidate the influence of the QS system in SRB on biocorrosion. Different bioreactors 

equipped with carbon steel coupons were assembled and spiked with pure culture of D. 

vulgaris. Stimulation or inhibition of the QS system was performed through the addition 

of AHL or QS inhibitors cocktails to determine the role QS contribution on SRB 

metabolism, biofilm formation and sulfate reduction. Transcriptomic analysis was 

performed to analyze the effect of the different treatment in terms of gene expression 

pattern compared to an untreated control. Phenotypical analyses were also performed to 

examine the effect of QS stimulation or reduction on the bacteria. Finally, coupon surface 

was analyzed the extent of biocorrosion in the presence of different treatments. This 

chapter offered important information to understand the role of QS in SRB and to support 

the possible use of quorum quenchers to reduce biocorrosion in seawater environment. 
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Despite QS influence in biofilm formation and the efficacy of QS inhibition in 

reducing biocorrosion in seawater environment, bacteriophages showed more promising 

antifouling effect that can be more easily scaled-up for translated applications. In addition, 

QS inhibition showed an influence on SRB metabolism only at the early exponential phase 

of bacterial growth and on young biofilms.  

In Chapter 4, we therefore focused on demonstrating the use of bacteriophages o 

further alleviate membrane biofouling in wastewater treatment technology. Specifically, 

we presented a new strategy based on the combination of UV-C irradiation and 

bacteriophages to remove biofoulants on membranes from AnMBR. Biofilm was allowed 

to develop on membranes connected in cross-flow mode to an anaerobic bioreactor fed 

with artificial wastewater. Membranes were harvested at three different biofouling rates 

and the biofilm was treated with bacteriophages against Acinetobacter spp. (previously 

identified to be a core component of the anaerobic membrane biofilm) either alone or in 

combination with UV-C. The effect on cell numbers and cell activity, as well as on protein 

and polysaccharide concentrations in the biofilm matrix were examined. Treatments effect 

on the active biofilm community was also evaluated based on the change in relative 

abundance at genus level. The new strategy was also compared against the conventional 

chemical cleaning process. This part of the dissertation provided important evidences about 

the efficacy of the combination of two cleaning agents to reduce membrane fouling and it 

offers new insights on possible chemical-free biofouling treatments. 
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Chapter 2 

Bacteriophage Infectivity Against Pseudomonas aeruginosa in Saline 

Conditions  

 

 

 

Scarascia, G., Yap, S. A., Kaksonen, A. H., & Hong, P. Y. (2018). Bacteriophage 

infectivity against Pseudomonas aeruginosa in saline conditions. Frontiers in 

Microbiology, 9, 875. 
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Bacteriophage Infectivity Against Pseudomonas aeruginosa in Saline 

Conditions  

Pseudomonas aeruginosa is a ubiquitous member of marine biofilm and reduces thiosulfate 

to produce toxic hydrogen sulfide gas. In this study, lytic bacteriophages of Podoviridae 

family were isolated and applied to inhibit the growth of P. aeruginosa in planktonic mode 

at different temperature, pH and salinity. Bacteriophages showed optimal infectivity at a 

multiplicity of infection of 10 in saline conditions and demonstrated lytic abilities over all 

tested temperature (25, 30, 37 and 45 oC) and pH 6 to 9. Planktonic P. aeruginosa exhibited 

significantly longer lag phase and lower specific growth rates upon exposure to 

bacteriophages. Bacteriophages were subsequently applied to P. aeruginosa-enriched 

biofilm and were determined to lower the relative abundance of Pseudomonas-related taxa 

from 0.17-5.58% in controls to 0.01-0.61% in treated microbial communities. The relative 

abundance of Alphaproteobacteria, Pseudoalteromonas and Planococcaceae decreased, 

possibly due to the phage-induced disruption of the biofilm matrix. Lastly, when applied 

to mitigate biofouling of ultrafiltration membranes, bacteriophages were determined to 

reduce the transmembrane pressure increase by 18% when utilized alone, and by 49% when 

used in combination with citric acid. Collectively, the findings demonstrated that 

bacteriophages can be used as a biocidal agent to mitigate undesirable P. aeruginosa-

associated problems in seawater applications. 

 



 

 

 

23 

 

 

2.1 Introduction  

Seawater reverse osmosis (SWRO) desalination has had a great impact on the production 

of drinking water in the past 40 years (7), and is particularly relied upon by sea-bordered 

countries that face water scarcity issues (5). Similar to all membrane-based technologies, 

SWRO is affected by biofouling. Biofilm formation on membrane detrimentally lowers the 

flux and salt rejection capacity. In order to maintain the desired desalination performance, 

plant operators usually apply higher transmembrane pressure which in turn increases 

energy consumption and economic costs (29, 34).  

Bacteria such as Pseudomonas, Bacillus, Mycobacterium, Acinetobacter are often 

detected on fouled RO membranes (34). In particular, Pseudomonas spp. and Desulfovibrio 

spp. were identified on fouled ultrafiltration (UF) and RO membranes sampled from a 

SWRO pilot plant located in the Arabian Gulf (12). Pseudomonas spp. create an optimal 

niche for Desulfovibrio spp. and other sulfate-reducing bacteria (SRB) by depleting 

oxygen. In addition, SRB and Pseudomonas aeruginosa are able to reduce sulfate and 

thiosulfate, respectively, to produce hydrogen sulfide, a corrosive and toxic gas (12). The 

presence of Pseudomonas spp. and SRB in SWRO are favored by the high sulfate 

concentration prevalent in seawater. In addition, sodium metabisulfite applied to neutralize 

chlorine within the SWRO (12) further provide a source of electron acceptors for these 

bacterial populations.  

To reduce both inorganic and organic foulants on membranes, oxidizing agents such 

as chlorine, permanganate and ozone (29, 51) are used in large concentrations. However, 
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the addition of these chemicals in seawater can result in the formation of carcinogenic and 

toxic disinfection byproducts that can result in public health concerns (35, 52). 

Alternatively, regular cleaning of the membrane would have to be performed with acid 

cleaning (6). Citric acid cleaning is often used in the pretreatment stage of SWRO to chelate 

inorganic minerals and disrupt the stability of biofilm matrix attached on the pretreatment 

UF membranes (30, 53). Despite their common usage, these biocidal agents have limited 

penetration through a biofilm matrix and are less effective against biofilm-associated 

bacteria compared to its effect on planktonic cells (34). Moreover, some chemicals e.g. 

chlorine, can detrimentally impact RO membrane integrity.  

To address the concerns arising from conventional biocides and cleaning agents, this 

study evaluates the use of lytic bacteriophages (i.e., viruses that infect bacteria at high host 

specificity) to inhibit the growth of planktonic Pseudomonas aeruginosa in saline 

conditions. In addition, bacteriophages can also induce the release of depolymerases that 

degrade extracellular polymeric substances (EPS) and hence disrupt biofilm matrix (37). It 

is therefore hypothesized that bacteriophage would be effective to disrupt P. aeruginosa-

associated biofilms formed on seawater filtration membranes. Although bacteriophage 

treatment against P. aeruginosa biofilm has been performed in therapeutic treatments (38, 

39, 54, 55), and as antifouling agents in water and wastewater membrane filtration systems 

(40, 41), the conditions at which the bacteriophages were applied in those studies differ 

from those experienced in a SWRO system. Understanding how environmental conditions 

can impact bacteriophage infectivity is crucial for an effective application of 

bacteriophages in SWRO systems, where the conditions vary between high pH (i.e., the 

usual pH of seawater) to low pH (i.e., when citric acid cleaning is performed), high salinity 
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(i.e., in raw seawater) to low salinity (i.e., after seawater is desalinated), and from low (i.e., 

in the raw seawater) to high temperatures (i.e., seawater retained within the desalination 

unit).  

In this study, the impact of various parameters, namely multiplicity of infection (MOI), 

pH, salinity and temperature, on the activity of seven lytic bacteriophages against 

planktonic P. aeruginosa cells was analyzed. Three bacteriophages were further applied 

against a P. aeruginosa-enriched seawater biofilm at various pH values and temperatures. 

Finally, a cocktail of the three bacteriophages was applied alone and in combination with 

citric acid cleaning to cross-flow seawater ultrafiltration setup, and the membrane modules 

were assessed for their transmembrane pressure and biofilm cell counts.  

 

2.2 Materials and Methods 

2.2.1 Bacteriophage Isolation  

Bacteriophages were isolated from an influent collected from a wastewater treatment plant 

located in KAUST. A 50 mL aliquot of the influent was centrifuged at 8500 g for 20 min 

and thereafter supernatant was filtered through 0.22 μm cellulose acetate syringe filter 

(VWR, Radnor, PA) to remove bacterial cells. The filtrate was mixed with 50 mL Lennox 

broth (LB) supplemented with 35 g/L NaCl and 4 mM Ca2+, and 50 mL of exponentially 

growing P. aeruginosa culture. The mixed culture was incubated for 24 h at 37 °C. 

Thereafter, 1% v/v chloroform was added to lyse the bacterial cells, and incubated for 2 h 

at room temperature with constant agitation at 100 rpm. The culture was centrifuged at 

8500 g for 30 min at 4 °C and the supernatant was filtered through 0.22 μm syringe filter 

to remove bacterial cells. Several dilutions, ranging from 10-3 to 10-5 fold, were performed 
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in sodium magnesium (SM) buffer (5.8 g/L NaCl, 0.975 g/L MgSO4, 50 ml/L 50 mM Tris-

Cl 7.5 pH) and 10 μL of each diluted sample was mixed with 100 μL of P. aeruginosa 

culture to detect the presence of plaques using the double layer plate method (56). Seven 

plaques were isolated with sterile inoculating loops, transferred to SM buffer and filtered 

through 0.22 μm syringe filter to remove bacterial cells. The bacteriophages from the seven 

plaques were named P1 through P7 and propagated ten more times using the above-

mentioned procedure.  

 

2.2.2 Infection of Planktonic Cultures with Bacteriophages at Various Conditions 

All bacteriophages were tested for their infectivity against other bacterial species 

(Pseudomonas stutzeri, Pseudomonas otitidis, Pseudomonas pseudoalcaligenes, 

Pseudomonas resinovorans, Aeromonas hydrophila and Aeromonas veronii) using the soft 

agar plaque assay method. After verifying their host specificity, bacteriophage activity 

against P. aeruginosa was analyzed at various multiplicity of infection (MOI) values, 

namely 0.1, 1 and 10. MOI represents the ratio between the number of bacteriophage 

particles determine as phage forming units (PFU/mL) and bacterial cells determined as 

colony forming units (CFU/mL) in a mixture of 1:1 LB broth and SM buffer, pH 7. MOI 

was calculated for each bacteriophage based on the number of plaques formed on agar 

(Figure A1). For each MOI, one control was prepared without bacteriophages. The treated 

cultures and controls were incubated at 37 °C with constant shaking at 200 rpm for 24 h. 

Growth curves of P. aeruginosa were obtained with and without the presence of the seven 

phages. The best MOI value in terms of bacterial inhibition time (in h) and specific growth 

rate reduction (h-1) compared with the control was selected for evaluating the impact of 
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other parameters. Subsequently, bacteriophage infectivity against P. aeruginosa cultures 

was evaluated at different temperatures, pH and salinity, with the same procedure described 

above at a constant MOI of 10. All experiments were performed in triplicates.  

 

2.2.3 Infection of Biofilm with Bacteriophages at Various Conditions   

To examine the effect of bacteriophages on the biofilm structure at various temperatures 

(25 °C, 30 °C, 37 °C and 45 °C) and pH values (5, 6, 7, 8), 28 drip flow reactors (BioSurface 

Technologies Corp., Bozeman, MT) were assembled. Twenty-eight cellulose acetate 

ultrafiltration membranes (Sterilitech Corporation, Kent, WA), each with surface area of 

11.25 cm2, were secured on glass coupons and placed into the drip flow reactors to establish 

biofilm on the membranes. Reactors were covered with aluminum foil to avoid light 

exposure. Seawater from Red Sea was fed into each reactor at a continuous rate of 5 mL 

per minute. The feed was replaced with fresh seawater every 3 d. After 4 weeks, the feed 

solution was replaced with 5 L of P. aeruginosa-enriched seawater. Briefly, P. aeruginosa 

was cultivated overnight on Pseudomonas isolation agar (Sigma-Aldrich, St Louis, MO); 

single colonies were transferred into multiple tubes with 20 mL LB broth and grown at 37 

°C with constant shaking (200 rpm) to reach OD600 of 0.7. After centrifugation at 4100 g 

for 30 min, bacterial pellet was resuspended in 5 L seawater to achieve a cell density of 3.5 

x 107 CFU/mL of P. aeruginosa. This feed was also replaced every 3 d.  

After 4 weeks, to calculate the starting number of Pseudomonas colonies, 4 

membranes were removed from the reactor and washed twice in 1× phosphate-buffered 

saline (PBS) to remove loosely attached biofilm. Membranes were cut into 16 identical 

pieces and were placed individually into collection tubes containing 2 mL 1× PBS. 
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Attached biofilm was sonicated for 5 min by a Q500 sonicator (Qsonica, Newton, CT, US) 

at 30% amplitude with 3 s pulsating steps to detach biomass from the membranes. The 

supernatant was serially diluted for spread plating on Pseudomonas isolation agar and 

incubated at 37 °C for 1 d for colony counting. The remaining membranes were removed, 

rinsed twice in 1× PBS to remove loosely attached biofilm, and aseptically cut into four 

pieces for a total of 96 identical fragments. Each piece was transferred to an individual 15 

mL tube containing LB broth and SM buffer (each in 50 % v/v, salinity 3.5%). 

Bacteriophages P1, P5 and P7 were propagated as described above and were diluted with 

SM buffer to the adequate number of PFU/mL to attain a MOI value of 10. Each 

bacteriophage was then used individually to infect attached biofilm on the membrane at 

four different temperatures (25 °C, 30 °C, 37 °C and 45 °C) and pH values (5, 6, 7, 8) for 

10 h at constant shaking of 200 rpm. A control without bacteriophage inoculation was 

prepared for each temperature and pH condition. After 10 h of phage infection, biofilm was 

sonicated in 3.5 mL of 1× PBS and analyzed based on procedures as described in sections 

2.4 and 2.5. All experiments were conducted in triplicate.  

 

2.2.4 Pseudomonas aeruginosa Colony and Bacteriophage Plaque Counts on 

Membranes 

A 100 μL aliquot of bacterial suspension was used to evaluate the number of colony 

forming units (CFU)/cm2 on Pseudomonas isolation agar, while 1 mL was filtered through 

0.22 μm syringe filter to assess the number of plaque forming units (PFU)/cm2 recovered 

from the different tested conditions.  
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2.2.5 RNA Extraction and 16S rRNA Gene Based High-Throughput Sequencing  

A 2 mL aliquot of the biofilm suspension was utilized for RNA extraction. To avoid RNA 

degradation, 4 mL of RNAprotect® Cell Reagent (Qiagen, Hilden, Germany) was added to 

each bacterial suspension immediately after sampling. The mixture was incubated at room 

temperature for 5 min and then centrifuged for 10 min at 5400 g. After centrifugation, the 

supernatant was removed and the pellet was stored at -80 °C for approximately two weeks 

until RNA extraction.  

RNA extraction from the biomass pellet was performed using the RNeasy® Midi Kit 

(Qiagen, Hilden, Germany) following manufacturer’s protocol and RNA concentration 

was measured with the Invitrogen RNA HS Qubit® 2.0 assay kit (Thermo Fisher Scientific, 

Carlsbad, CA). Extracted RNA was reverse transcribed into first-strand complementary 

DNA (cDNA) using the Invitrogen SuperScriptTM First-Strand Synthesis System (Thermo 

Fisher Scientific, Carlsbad, CA). The cDNA was then used as template to amplify for 16S 

rRNA genes with primer pair 515F (5’- Illumina overhang- GTG YCA GCM GCC GCG 

GTA A-3’) and 907R (5’- Illumina overhang- CCC CGY CAA TTC MTT TRA GT -3’) 

based on the procedure described earlier (57). Purified amplicons were submitted to 

KAUST Genomic Core lab for amplicon sequencing on Illumina MiSeq platform. All high-

throughput sequencing files used in this study are deposited in the European Nucleotide 

Archive (ENA) and are accessible via accession number PRJEB23782. 

  

2.2.6 Biofilm Microbial Community Data Analysis 
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Amplicon sequences were sorted on a Phred score > 30 and primers, adaptors and index 

sequences were removed. After removing any sequences longer than 280 nt, sequence 

chimeras were identified and removed by UCHIME (58). Chimera-free sequences were 

split and a subset containing 100,000 sequences were further analyzed for each sample. 

Taxonomical assignment was obtained at 95% classification reliability level with copy 

number adjustment using the Ribosomal Database Project (RDP) Classifier (59). Relative 

abundance at genus and phylum level was calculated for each sample. Special emphasis 

was made to determine the relative abundance of Pseudomonas-related taxa in the presence 

of bacteriophages compared to the control. Chimera-removed sequence files were also 

sorted for unique operational taxonomic units (OTUs) at 97% 16S rRNA gene similarity. 

Similarity percentages (SIMPER) analysis was performed using Primer-E version 7 to 

identify OTUs that showed a significant difference in their relative abundance between 

infected and non-infected biofilm (60). The OTU identities were checked against the NCBI 

nucleotide database using the BLASTN algorithm.  

 

2.2.7 Effect of Bacteriophage Treatment on UF Membrane Fouling 

A UF filtration system was set up as illustrated in Figure A2. Five UF cellulose acetate 

membranes of pore size 8 kDa (Sterilitech Corporation, Kent, WA) were aseptically cut 

into dimensions of 10 by 2.5 cm each, soaked in deionized water for 24 h, and then rinsed 

in 80% ethanol. Sterile membranes were then individually placed inside cassette modules. 

Subsequently, deionized water was circulated through the modules to reach a stable trans-

membrane pressure (TMP0). The modules were operated in cross-flow mode at room 

temperature with the concentrate recirculating into the feed tank. A constant flux of 12 
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L/m2/h (LMH) was maintained. Artificial seawater (26.29 g/L NaCl, 0.74 g/L KCl, 1.32 

g/L CaCl2 dehydrated, 6.09 g/L MgCl2∙7H2O, 1.92 g/L MgSO4, pH 7.8) was used as feed 

solution. Nutrient broth (HiMedia, Mumbai, India) was added to the feed solution to obtain 

a nutrient concentration of 24 mg/L as described previously (61). Feed bottle was 

inoculated with P. aeruginosa culture at a final concentration of 5×107 CFU/mL and this 

feed was replaced every 3 d. Biofilm was established on each membrane for 6 d with a 

recording of the transmembrane pressure (TMP) every 8 h.  

On the 7th day, the filtration system was kept in offline mode for four different cleaning 

treatments: (i) 5×108 PFU/mL phage cocktail application in SM buffer for 6 h followed by 

deionized water for 3 h, (ii) 0.1 M citric acid treatment alone for 3 h followed by deionized 

water for 6 h, (iii) 5×108 PFU/mL phage cocktail application in SM buffer for 6 h followed 

by 0.1 M citric acid treatment for 3 h, and (iv) 0.1 M citric acid treatment for 3 h followed 

by 5×108 PFU/mL phage cocktail application in SM buffer for 6 h. One membrane was 

used as non-treated control where deionized water was applied for the same 9 h duration 

as that of the treatments. All membranes were flushed for 10 min with deionized water at 

the end of the treatments, and the TMP monitoring was resumed after 1 h from the 

treatment. Cleaning cycles were repeated every 3 d for a total of three cycles.  

At the end of the third cycle, membranes were removed from the modules and three 2 

cm × 2 cm pieces were cut from each membrane sheet and placed in 2 mL 1× PBS to 

enumerate for the Pseudomonas colony counts and total cell counts. Cells were stained 

with SYBR® green (Thermo Fisher Scientific, Waltham, MA, US) and counted by BD 

Accuri C6 flow cytometer (BD, Bioscience, NJ, US). The cleaning experiment on the 

filtration membranes was performed in duplicate as run 1 and run 2.  
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2.2.8 Bacteriophages Morphology and Genome Size Characterization 

Pure bacteriophages P1, P5 and P7 in cultures were fixed with 2.5% v/v glutaraldehyde. A 

5 μL aliquot of each bacteriophage culture was deposited on carbon-coated copper grids 

and negatively stained with 1% w/v uranyl acetate (pH 4.5). Samples were washed with 

sterile water, air-dried, and visualized through transmission electron microscopy (TEM) 

(Tecnai Spirit TWIN, FEI) operated at 120 kV and equipped with an ORIUS SC1000 

camera (Gaitan). Image analysis was carried out using ImageJ Software.  

Direct phage plaques DNA was extracted for the three bacteriophages as described 

previously (62). Briefly, plaques were resuspended in DNase I buffer, filtered and treated 

for 30 minutes with DNase I; DNase was inactivated by 10 μL of 50 mM EDTA and further 

treated with Proteinase K (Thermo Scientific, Waltham, USA) before DNA extraction 

using UltraClean Soil DNA Isolation Kit (MoBio Laboratories, Carlsbad, USA) based on 

manufacturer’s protocol. Bacterial DNA contamination was checked through 16S rRNA 

gene amplification and all plaque DNA samples showed no amplification for 16S rRNA 

genes. Extracted DNA was used to assess genome size through pulsed field gel 

electrophoresis (PFGE). DNA samples were run on 1% w/v agarose gel using the CHEF-

DR III system (Bio-Rad, Hercules, CA, USA) (18 h, 6 V cm-1, 14 °C, angle 120°, switch 

time 0.1-1). Lambda DNA Ladder (New England, Biolabs, Ipswich, MA, USA) was used 

as size marker. 

 

2.2.9 Statistical Analysis 
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One-way ANOVA was performed to evaluate for statistical differences between 

treatments. Statistical differences were considered significant at 95% confidence level (p 

< 0.05).  

 

2.3 Results 

2.3.1 Bacteriophage Infectivity against Planktonic Pseudomonas Aeruginosa  

Plaques were only observed when isolated bacteriophages were infected against P. 

aeruginosa but not against all other tested bacterial hosts. Infectivity of the seven isolated 

bacteriophages against P. aeruginosa growing in planktonic phase was systematically 

analyzed at various MOIs, temperatures, pH values and salinities based on lag phase 

duration and specific growth rates. Lag phase of non-infected control cultures ranged from 

1 to 4 h (Figure 2.1A through D), while specific growth rates ranged from 0.21 to 0.40 h-1 

(Table 2.1). In contrast, the lag phase duration of the infected bacterial culture was 

significantly longer compared to the control (p < 0.0001). The longer lag phase duration 

was observed regardless of the bacteriophage applied.  

At a MOI of 10, the difference in the lag phase duration between bacteriophage-treated 

culture and control was the highest (7.7 h; Figure 2.1A). Bacterial cultures infected with a 

MOI of 10 also showed significantly lower specific growth rates (p < 0.0003) compared 

with the control (Table 2.1). Infection at MOI 0.1 did not result in any specific growth rate 

reduction, while a MOI of 1 for phage P4 and P6 was able to reduce specific growth rates 

(Table 2.1). As such, subsequent experiments to test infectivity at various temperatures, 

pH values and salinities were conducted at a MOI value of 10. 
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Lag phase was at least 3 times longer in bacteriophage-treated cultures compared with 

the control over all temperatures tested (p < 0.0001) (MOI 10, pH 7, salinity 3.5%), with 

particularly longer lag phase at 25 °C and 30 °C (Figure 2.1B). The lag phase was followed 

by a bacterial growth with lower specific rates compared with the control. Significant 

reductions in specific growth rates were observed at 25 °C, 30 °C, 37 °C (p < 0.0003) and 

45 °C (p < 0.03) compared with the respective controls.  

A longer lag phase of ca. 9 h was observed in the presence of bacteriophage regardless 

of the pH at a constant MOI of 10, 37 °C, and 3.5% salinity (p < 0.0001; Figure 2.1C), 

compared to the ca. 3 h lag phase for controls. Specific growth rate reduction was also 

observed when P. aeruginosa was infected at various pH values, with a higher decrease at 

pH 5 and 6 (p < 0.0005) compared with infection at pH 7 and 8 (p < 0.045; Table 2.1). 

Similarly, the lag phase duration was significantly prolonged to ca. 10 h (p < 0.0001) at 

various salinities in the presence of bacteriophages (Figure 2.1D). One-way ANOVA test 

showed significant reduction in specific growth rates in the presence of bacteriophages 

compared to controls at all tested salinities (p < 0.007). 
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Figure 2.1. Average duration of the lag phase in infected and non-infected (control) planktonic 

Pseudomonas aeruginosa culture after phage treatment at various (A) multiplicities of infection (MOIs), 

(B) temperatures, (C) pH values, and (D) salinities. The standard test conditions were MOI 10, 37 °C, pH 7 

and salinity 3.5% when these parameters were not varied. Bars indicate the standard deviation among the 

three biological replicates.  
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Table 2.1. Average specific bacterial growth rate (h-1) for infected Pseudomonas aeruginosa culture in the presence of bacteriophages (P1-P7) and in non-

infected culture (C). Specific growth rates were determined at various MOIs (0.1, 1 and 10), temperatures (25 °C, 30 °C, 37 °C and 45 °C), pH values (5, 6, 7, 

and 8) and salinities (2.5%, 3.5% and 4.5%). Grey shades indicate statistically lower growth rates (p < 0.05 light grey, p < 0.007 grey and p < 0.0006 dark grey) 

compared with the related control. a Temperature 37 °C, pH 7, salinity 3.5%b MOI 10, pH 7, salinity 3.5%; c MOI 10, temperature 37 °C, salinity 3.5%; d MOI 

10, temperature 37 °C, pH 7 

	

Variable Value P1 P2 P3 P4 P5 P6 P7 C 

MOIa 

0.1 0.23 0.22 0.22 0.23 0.23 0.22 0.24 0.21 

1 0.28 0.24 0.27 0.23 0.25 0.24 0.25 0.29 

10 0.22 0.21 0.21 0.22 0.21 0.21 0.22 0.34 

Temperature 

(°C)b 

25 0.25 0.21 0.22 0.22 0.23 0.23 0.23 0.34 

30 0.30 0.28 0.28 0.26 0.27 0.26 0.28 0.38 

37 0.21 0.22 0.20 0.21 0.20 0.19 0.21 0.34 

45 0.20 0.19 0.19 0.20 0.22 0.21 0.22 0.29 

pHc 

5 0.20 0.21 0.18 0.19 0.22 0.23 0.22 0.34 

6 0.17 0.19 0.18 0.20 0.19 0.19 0.18 0.34 

7 0.21 0.26 0.22 0.22 0.23 0.26 0.20 0.33 

8 0.28 0.32 0.27 0.31 0.26 0.29 0.30 0.40 

Salinity (%)d 

2.5 0.25 0.23 0.24 0.23 0.24 0.24 0.24 0.38 

3.5 0.23 0.22 0.22 0.21 0.22 0.20 0.22 0.36 

4.5 0.24 0.24 0.22 0.20 0.21 0.20 0.24 0.32 



 

 

2.3.2 Bacteriophage Infectivity against P. aeruginosa-Enriched Biofilm  

Pseudomonas aeruginosa-enriched seawater biofilm was infected separately with three 

bacteriophages (P1, P5 and P7) at four different temperatures (25 °C, 30 °C, 37 °C and 45 

°C) and pH values (5, 6, 7 and 8) for 10 h. At all tested temperatures and upon infection 

with bacteriophages, the number of viable bacterial cells recovered from Pseudomonas 

isolation agar decreased significantly to an average of 2.8 x 105 CFU/cm2 (p < 0.0001) 

compared with the initial number (1.37 x 106 CFU/cm2) recovered from the membranes 

(Figure 2.2A). In contrast, the controls increased significantly to an average of 6.0 x 106 

CFU/cm2 and the number of bacterial colonies was significantly higher than the initial 

number (p < 0.04). Most of the bacteriophages, specifically P7, showed lower PFU 

recovery at high temperature of 45 °C compared with the other temperatures (Figure 2.2B). 

Bacteriophage P7, in particular, had significantly lower PFU counts than the other 

bacteriophages at 45 °C. The number of PFU counts for P7 was also significantly different 

from the PFU counts obtained after infection at 25, 30 and 37 °C (p < 0.0001 Figure 2.2B).  

At all tested pH values, the number of bacterial colonies in infected biofilm decreased 

significantly to an average of 4.9 x 104 CFU/cm2 compared with the initial spiked numbers 

of 1.7 x 106 CFU/cm2 (p < 0.001; 1.5-2 logs reduction). This is in contrast with the bacterial 

cell count observed for the controls, where the number of bacterial colonies was 

significantly higher than the initial numbers (p < 0.0001; Figure 2.2C). Phages were able 

to replicate by 1.6 to 13 times of the initial number (1.7 x 107 PFU/cm2) at all tested pH 

values (p < 0.05; Figure 2.2D). 
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Figure 2.2. Effect of phage treatment against Pseudomonas aeruginosa enriched biofilm. The effect was 

evaluated in terms of (A) viable colony counts on Pseudomonas isolation agar at various temperatures, (B) 

recovery of plaque counts after 10 h bacteriophage exposure at various temperatures, (C) viable colony 

counts on Pseudomonas isolation agar at various pH values, and (D) the recovery of plaque counts after 10 

h bacteriophage exposure at various pH values. Dashed red lines indicate the number of CFU before 

infection or the number of PFU spiked for biofilm infection. The standard test conditions were MOI 10, 37 

°C, pH 7 and salinity 3.5% when these parameters were not varied. Bars indicate standard deviation among 

the three biological replicates. 

 

2.3.3 The Effect of Phage Treatment on Biofilm Microbial Community Based on 

16S rRNA Gene-Based Amplicon Sequencing Data Analysis 

Overall Proteobacteria was the most abundant phylum with an average relative abundance 

of 95%. At genus level, Vibrio and unclassified Vibrionaceae together accounted for ca. 

34.5% to 65% of the microbial community regardless of the tested condition. 

Pseudoalteromonas was found to be present at high relative abundance of up to 37.3% of 
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total microbial community, while Alteromonas, Arcobacter and Thalassospira showed a 

relative abundance lower than 10%. Unclassified Pseudomonadaceae and Pseudomonas 

spp. were present in all samples at an average relative abundance of 0.75% and 0.62% 

respectively. The relative abundance of these unclassified Pseudomonadaceae and 

Pseudomonas spp. in infected biofilm ranged from 0.01% to 0.61% of the total community, 

while in the controls they ranged from 0.17% to 5.58% (Table 2.2). Specifically, at 25 °C, 

30 °C and 45 °C, the relative abundance of both Pseudomonas-related taxa in 

bacteriophage-treated samples was significantly lower compared with the control (p < 

0.05). Similarly, when the same experiment was carried out at various pH values, the 

average of relative abundance of both taxa was significantly lower in bacteriophage-

infected samples compared with the controls at all tested pH values (p < 0.03).  

From SIMPER analysis, the average dissimilarity between infected biofilm and 

control ranged from 13.8% to 17.4%. Unclassified Pseudomonadaceae and Pseudomonas 

accounted for the three main populations impacted by bacteriophages (Table A1). Other 

genera affected by bacteriophages were Pseudoalteromonas, unclassified 

Alphaproteobacteria, unclassified Planococcaceae and unclassified Rhodobacteraceae 

(Table A1). An OTU-based analysis of biofilm infected at various temperatures and pH 

values further showed that the only OTU associated with genus Pseudomonas that was 

significantly impacted by the phage treatment shared at least 98% similarity with 

Pseudomonas aeruginosa (Table A2). Finally, an OTU of at least 98% similarity with 

Pseudoalteromonas shioyasakiensis along with other OTUs related to Thalassospira, 

Alcanivorax and Aestuatiibacter genera were also affected by bacteriophage application 

(Table A2). 
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Table 2.2. Average of the relative abundance in percentage among the three biological replicates of two 

Pseudomonas-related taxa (Unclassified Pseudomonadaceae and Pseudomonas). Grey shade indicates 

statistically higher average relative abundance of the related taxa in the control (C) compared with biofilm 

infected with bacteriophages P1, P5 or P7. a MOI 10, pH 7, salinity 3.5%; b MOI 10, temperature 37 °C, 

salinity 3.5%. 

 

2.3.4 Effects of Ultrafiltration (UF) Membrane Cleaning Treatments on 

Transmembrane Pressure (TMP) 

Non-treated UF membrane showed a rapid increase in its TMP and reached critical fouling 

after 130 h of operation. When the first cleaning cycle was implemented at 144 h, the 

membrane treated with citric acid alone showed a 30% reduction in TMP, while 

bacteriophage treatment alone resulted in 18% reduction. Bacteriophage in combination 

with citric acid, regardless of the sequence of treatment, resulted in a TMP decrease of ca. 

49%. The same trend was observed for all subsequent cleaning cycles, albeit with 

Variable Value 

Unclassified Pseudomonadaceae Pseudomonas 

P1 P5 P7 C P1 P5 P7 C 

Temperature 

(°C)a 

25 °C 0.05 0.06 0.07 0.27 0.05 0.07 0.08 0.27 

30 °C 0.01 0.04 0.01 0.29 0.02 0.07 0.02 0.27 

37 °C 0.12 0.14 0.12 0.17 0.18 0.18 0.15 0.21 

45 °C 0.61 0.43 0.32 2.50 0.59 0.38 0.29 2.78 

pHb 

5 0.13 0.07 0.13 5.58 0.10 0.06 0.11 4.26 

6 0.20 0.18 0.30 3.72 0.17 0.14 0.26 2.48 

7 0.1 0.08 0.23 3.23 0.07 0.08 0.18 2.46 

8 0.15 0.13 0.24 4.40 0.13 0.08 0.21 3.50 
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decreasing efficacy towards TMP drop with every cycle (Figure 2.3A). The slopes of TMP 

increase exhibited by membranes subjected to bacteriophage cleaning alone for all cleaning 

cycles were significantly lower than those of other treatments (Paired t-test, P < 0.01, 

Figure A3). There was no statistical difference between the slopes of TMP increase for the 

respective treatment among the three cleaning cycles (Figure A4).  

The lower TMP was due to a lower average number of bacterial cells attached on the 

membranes after the cleaning treatment. To exemplify, the average number of bacterial 

cells on non-treated membrane fragment was 8.3 x106 CFU/cm2. Instead, all treatments 

significantly reduced both the bacterial colony counts and total cell counts (p < 0.0001), 

with the highest log reduction of 1.1-logs observed when the combined cleaning was 

conducted (Figure 2.3B and 2.3C).  

Lower TMP and cell counts were also observed in the duplicate experiment (Figure A5). 



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Run 1 of the ultrafiltration membrane experiment. (A) Transmembrane pressure (TMP) profiles of ultrafiltration membranes. TMP was normalized 

against the initial TMP (TMP0) for each membrane. Different treatments were applied, namely CA = Citric acid; PH = Phage; CA+PH = Citric acid followed by 

phage; PH+CA = Phage followed by citric acid; C = no treatment. Dashed red lines indicate the point at which treatment was applied over three different cycles. 

(B) Bacterial sell numbers from plate counts in terms of CFU/mL, (C) and from flow cytometry in terms of cell number/mL, were measured on three 2×2 cm 
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pieces for each membrane at the end of the experiment. Bars indicate standard deviation among the three biological replicates. Letters indicate statistical 

difference compared with the control (a: p < 0.0006, b: p < 0.007). 

 



 

 

 

2.3.5 Bacteriophage Genome Size and Morphology  

The genome sizes of bacteriophages P1, P5 and P7 were determined through pulse field 

gel electrophoresis (Figure A6), and were observed to share a similar genome size of 

approximately 48 kbp. This genome size fits in the reported range of both Podoviridae and 

Siphoviridae families (41.6 kbp to 79.4 kbp and 34.5 kpb to 61.1 kbp respectively (63)).  

Bacteriophages P1, P5 and P7 were further characterized for their morphology through 

transmission electron microscopy (TEM). Bacteriophages P1 and P5 had similar 

morphology, both had an icosahedral head of ∼ 55 nm and ∼ 47 nm, respectively, and short 

tail of ∼ 12 nm and ∼ 9 nm, respectively (Figure A7A and B). Phage P7 was often found 

in agglomerates (Figure A7D) and showed ∼ 60 nm icosahedral head and with no easily 

identifiable tail (Figure A7C). Following the Ackermann classification (64), these 

morphological traits suggest that the three bacteriophages could possibly belong to the 

order Caudovirales, family Podoviridae, as characterized by icosahedral head with short 

or no tail.  

 

2.4 Discussion 

In this study, the feasibility of applying bacteriophages to mitigate biofouling caused by P. 

aeruginosa in applications involving seawater is investigated. Infectivity against P. 

aeruginosa in both planktonic phase and biofilm were systematically studied under a range 

of salinity, temperature and pH conditions that are representative of different stages of 

seawater desalination process. In addition, bacteriophages when applied in combination 
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with conventional citric acid cleaning procedure were found to be effective in reducing the 

transmembrane pressure increment.  

To infect bacterial hosts, bacteriophages first attach to host cells and integrate their 

DNA into the host genome without killing the hosts. Subsequently, in response to 

environmental or other signal cues from the bacterial hosts (65), bacteriophages then enter 

into lytic infection mode and result in the death of bacterial hosts through the induction of 

a suite of proteins including holins, endolysins and spanins. These proteins collectively 

disrupt the cell membranes and achieve cell lysis (66, 67). Furthermore, bacteriophages 

possess enzymes that degrade the extracellular polymeric substances of biofilm matrix 

(37), in turn dispersing the biofilm structure to increase the susceptibility of bacterial cells 

to biocides or chemical cleaning. This is especially relevant for tackling membrane fouling 

issues in SWRO plants since traditional chemical cleaning and chlorination have limited 

effect in eradicating bacteria such as Pseudomonas spp. and SRB (12, 68), both of which 

have been found to be associated with membrane fouling and production of corrosive 

hydrogen sulfide (12). 

Most host-specific bacteriophages like the ones isolated in this study exhibit lytic 

actions that are specific against a limited number of hosts, and the use of host-specific 

bacteriophages can potentially minimize unintentional ecological impacts on the 

indigenous microbial community present within the ecosystem. However, to facilitate the 

use of bacteriophages as antifouling agent for seawater applications, parameters such as 

bacteriophage-host ratio, temperature, pH and salinity need to be taken in consideration. In 

natural marine environments, bacteriophages distribution and proliferation are determined 

by the productivity and density of the specific host population. In our study, the highest lag 



 

 

 

46 

phase extension and slowest specific growth rate were also observed for P. aeruginosa 

infected at a MOI of 10 (Figure 2.1A and Table 2.1) and in saline media (Figure 2.1D and 

Table 2.1). In natural marine environments, bacteriophages distribution and proliferation 

are determined by the productivity and density of the specific host population. In this study 

a MOI value of 10 was the optimal for bacteriophage infection. It is likely that this MOI 

value maximized encounter rates between bacteriophage and bacterial cell, hence ensuring 

that nearly all host cells are infected by at least one bacteriophage particle. 

Besides an optimal bacteriophage-host ratio, temperature plays a fundamental role in 

governing the attachment, proliferation and cell lysis efficiencies. Attachment is dependent 

on capsid proteins of bacteriophages and surface proteins on bacterial hosts, both of which 

are sensitive to high temperatures. The findings of this work suggest that the isolated 

bacteriophages were able to infect within a broad temperature range of 25 to 45 oC. 

However, the highest tested temperature resulted in a lower reduction in specific growth 

rates of P. aeruginosa compared to the other temperatures (Table 2.1). The lower lytic 

efficiency at 45 oC can be accounted for by a lower bacterial growth and replication (Figure 

2.2A), which may have provided lower surface area for bacteriophage adsorption (69). 

Also, the high temperature of 45 oC affected bacteriophage replication as evidenced from 

the lower PFU recovery compared to other temperatures (Figure 2.2B). Among the isolated 

bacteriophages, P7 seemed to be particularly sensitive to high temperature of 45 °C. The 

PFU recovery for this bacteriophage showed a complex trend in which it first decreased at 

30 °C compared with the one at 25 °C (p = 0.004) and it subsequently increased again at 

37 °C (p = 0.04) before decreasing at 45 °C (p < 0.0001). The exact reasons to account for 

this cyclical behavior are not known. However, it may be possible that this bacteriophage 
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was more affected than P1 and P5 by the different host metabolic activity at different 

temperatures. Bacterial density and metabolic activities are, in fact, key factors for an 

efficient bacteriophage proliferation (70). High temperatures can also result in lower 

infection efficiency due to alteration made in the capsid proteins and bacterial surface 

receptors, hence inhibiting the initial phage attachment (69). Similarly, Kwiatek and 

colleagues observed a 1 order of magnitude reduction in the virus particles concentration 

when bacteriophages from Podoviridae family were maintained at 50 °C (71). 

In addition to temperature, pH is another important parameter that affects 

bacteriophage activity. Environmental pH can change the charge state of the amino acids 

in bacteriophage capsids, which in turn lead to modifications in the capsid structure (72). 

Moreover, at pH close to the isoelectric point, virus aggregation was observed in MS2 

bacteriophage (73), which can contribute to significant bias during PFU enumeration. 

Despite this, the pH range analyzed in this study exhibited no apparent effect on 

bacteriophage infectivity against both planktonic cells (Figure 2.1C, Table 2.1) and biofilm 

(Figure 2.2C and 2.2D), suggesting the applied pH was feasible for application in SWRO, 

which is generally operated within this pH range.  

In an earlier study, bacteriophages were stored at a similar pH range and were 

determined to be stable (71). Coincidentally, both in this and the earlier study, isolated lytic 

bacteriophages were possibly associated with the Podoviridae family. Podoviridae were 

shown to survive large temperature fluctuations compared to bacteriophages with smaller 

genome sizes (74). A complete genome sequencing of the isolated bacteriophages is not 

done for this study and it was therefore not possible to provide better and definitive 

information about bacteriophage classification and infection mechanisms at different 
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conditions. However, based on morphological traits, Podoviridae are generally 

characterized by a big icosahedral head and short tail, which were observed for the 

bacteriophages in this study. These phenotypic characteristics observed may have 

accounted for the stability of the bacteriophages observed over the wide range of 

temperatures and pH values. A complete genomic and taxonomical characterization for all 

bacteriophages used in this study would be necessary to confirm this hypothesis.  

When evaluated for their host specificities, it was determined that the bacteriophages 

were not only able to delay the growth of planktonic cells, but were also able to statistically 

reduce the relative abundance of Pseudomonas-related taxa within the biofilm (Table 2.2). 

Specifically, OTU analysis showed that P. aeruginosa was detrimentally impacted by the 

bacteriophages (Table A2). However, it was also observed that other taxa such as 

unclassified Alphaproteobacteria and Rhodobacteraceae decreased in their relative 

abundance. Bacteriophages used in this study showed no infectivity against non-P. 

aeruginosa bacterial hosts. This means that the effect on other bacteria within the biofilm 

matrix was likely due to an indirect action rather than a direct virus infection. Indeed, these 

two taxa are within the most abundant Proteobacteria phylum, and the reduction may be 

due to the loss of bacterial cells upon bacteriophage-induced biofilm disruption. 

Pseudoalteromonas was also detrimentally impacted by bacteriophage application. This 

genus has been reported to play an important role in marine biofilm by contributing to the 

EPS production (75, 76) and its decrease in relative abundance reiterate the effect of 

bacteriophages on biofilm matrix. Finally, the decrease in relative abundance of Gram-

positive Planococcaceae could be due to a higher susceptibility to phage lysins since in the 
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absence of outer membrane, those proteins can make direct contact with cell wall 

carbohydrates and peptidoglycans even if Planococcaceae is not the target host (77). 

Developing resistance to bacteriophage remains to be of a concern. This was 

exemplified when bacteria eventually overcame the bacteriophage to grow albeit at a lower 

specific growth rate compared to the same host grown in absence of bacteriophage (Table 

2.1). Similar trend was also observed in a separate study for P. aeruginosa infected with 

Podoviridae phages (78). The bacterial growth after a prolonged lag phase indicates the 

evolution of resistance to bacteriophage infection after a certain period of bacteria-virus 

interaction. Small gene mutation or change/loss of receptor proteins among a 

subpopulation of cells can result in the loss of bacteriophage infectivity (79). Bacterial 

resistance to bacteriophage infection can also occur by the production of competitive 

inhibitors that bind to phage receptor or by preventing phage DNA entry (80). It was 

observed that P. aeruginosa phage resistance can affect also the expression of virulence 

factors (81, 82) but incurs a fitness cost for the bacteria in terms of specific growth rate and 

metabolic activity (83). This can potentially account for the lower specific bacterial growth 

rates observed in presence of bacteriophages (Table 2.1). Besides gaining resistance, 

bacterial regrowth could possibly be related to the establishment of phage lysogeny which 

leads to the presence of prophages in the bacterial cells instead of cell lysis, hence allowing 

bacterial regrowth. Further studies would have to be carried out to determine the cause of 

this bacterial regrowth observed in presence of bacteriophages. 

Subsequently, when bacteriophages were applied to the P. aeruginosa-enriched 

biofilm attached on UF membranes, it was observed that the starting TMP at each initial 

point of cleaning cycle was higher than the previous cycle (Figure A4 and A5). This 
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suggests a slight loss in bacteriophage efficacy with each application. Since the slopes of 

TMP increase after each cleaning cycle were not significantly different, the increase of 

initial TMP at each cleaning cycle was most likely not due to changes in metabolic rates 

or infectivity rates. Instead, this can potentially be explained by an increased production of 

EPS that would provide a physical barrier between bacteriophages and their receptors (80). 

Earlier studies have reported a higher reduction in TMP decline compared to this study 

(i.e., ca. 18% decrease). For instance, Goldman and colleagues observed a 47% reduction 

in the UF permeability drop after phage application compared with the control (42). 

However, bacteriophages were introduced in the feed solution and not directly on the 

formed biofilm, and the higher reduction may be due to a combined effect on both 

planktonic and biofilm-associated bacteria. In a full-scale SWRO, direct application of 

bacteriophage to a large volume of seawater would be impractical and costly as this means 

a large dose of bacteriophage would be required to maintain infectivity at an optimal MOI. 

In another study, Bhattacharjee et al., observed a 53% and 78% flux recovery after 1 and 2 

days of phage application, respectively (40). However, hollow-fiber membranes were 

conditioned with nutrient rich medium instead of environmental waters, and both 

bacteriophages and host may be more metabolically active to facilitate interactions.  

Isolation of new bacteriophages or application of phages cocktail can be adopted to 

mitigate problems associated with phage resistance and lysogeny. However, isolating new 

bacteriophages can be challenging and time-consuming for long-term operations. 

Alternatively, this study demonstrated the feasibility of combining bacteriophages 

application with the common membrane cleaning procedure. Approximately 49% TMP 

recovery and 1.1 log biofilm removal was observed when UF membrane was treated with 
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bacteriophages and citric acid, regardless of the order of application (Figure 2.3). This 

confirms that bacteriophages are not affected by the acidic pH and that they can be easily 

integrated with the common membrane treatment procedure to enhance the cleaning 

efficacy. Citric acid chelates inorganic minerals and disrupts the stability of biofilm matrix 

attached on the pretreatment UF membranes (30, 53). Bacteriophages are able to further 

disrupt the biofilm structure, hence allowing for a better cleaning efficacy. Similarly, 

bacteriophages were applied successfully in combination with chlorine treatment against 

P. aeruginosa biofilm (84). These findings suggest that bacteriophage can be applied 

synergistically with existing biocides or cleaning strategies to effectively mitigate 

biofouling associated with P. aeruginosa. Alternatively, other bacteriophages specific 

against other host targets, for example Pseudoalteromonas which is typically present in 

high abundance on a marine biofilm layer, can also be isolated and verified for their lytic 

efficiency against this new host based on the procedure described in this study. Finally, it 

could be interesting to analyze the effect of bacteriophages treatment in preventing biofilm 

formation rather than removing an establish biofilm structure. In this context, the lower 

cell density could represent a limitation for bacteriophages activity and infectivity. A 

cocktail of bacteriophages from different taxonomical families targeting different bacterial 

host could also represent a better approach to maximize the impact of the infection and to 

further mitigate seawater membrane biofouling in the future for bigger scale operating 

systems.  

 

2.5 Conclusion 
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This study demonstrated the ability of bacteriophages to infect planktonic P. aeruginosa 

and to reduce biofilm formation. Infectivity at different environmental conditions was 

systematically evaluated and bacteriophages showed great versatility to infect P. 

aeruginosa over a wide temperature and pH range. Although the bacteriophages were able 

to effectively reduce the relative abundance of Pseudomonas-related taxa, other taxa 

including Pseudoalteromonas and predominant Proteobacteria within a marine biofilm 

were also affected, suggesting that the bacteriophages lyse P. aeruginosa and disrupt the 

biofilm matrix. Finally, bacteriophages were demonstrated to be feasible for reducing P. 

aeruginosa biofouling on a lab-scale UF membrane. Specifically, the best reduction in 

transmembrane pressure was obtained when bacteriophage treatment was combined with 

citric acid cleaning. Collectively, the findings demonstrate that bacteriophages can be used 

as a biocidal agent to mitigate undesirable P. aeruginosa-associated problems in seawater 

applications.  
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Figure A1. Phage forming units for each bacteriophage propagated with the double layer plate method. 

Bars indicate standard deviation 
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Figure S2. Cross-flow ultrafiltration membrane setup 
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Figure A3. Values of TMP/TMP0 increment slopes, averaged from the three cycles of UF membrane 

cleaning. A and b represent homogenous subgroups by two-tailed t-test 
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Figure A4. Values of TMP/TMP0 increment slopes for each cycle of membrane cleaning 

 



 

 

Figure A5. Run 2 of the ultrafiltration membrane experiment. (A) Transmembrane pressure (TMP) profiles of ultrafiltration membranes. TMP was normalized 

against the initial TMP (TMP0) for each membrane. Different treatments were applied, namely CA = Citric acid; PH = Phage; CA+PH = Citric acid followed by 

phage; PH+CA = Phage followed by citric acid; C = no treatment. Dashed red lines indicate the point at which treatment was applied over three different cycles. 

(B) Cell numbers from plate counts in terms of CFU/mL, (C) and from flow cytometry in terms of cells number/mL, were measured on three 2x2 cm pieces for 

each membrane at the end of the experiment. Bars indicate standard deviation among the three biological replicates. Letters indicate statistical difference 

compared with the control (a: p < 0.0006, b: p < 0.007 and c: p < 0.05) 
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Figure A6. Pulsed field gel electrophoresis images of P1, P5 and P7 genomes. λ and a indicate lambda and 

1 kbp ladder respectively used as markers 
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Figure A7. Transmission electron microscopy images of the isolated bacteriophage P1 (A), P5 (B), P7 (C) 

and P7 in aggregates (D) 
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Table A1. Similarity percentages (SIMPER) analysis of the average composition of the microbial 

communities in phage infected and non-infected biofilms. Only the top 10 bacterial populations impacted 

by bacteriophages application are shown. Groups P1, P5 and P7 denote the bacteriophages used as 

treatment. Group C denotes control. Grey shaded rows denote the Pseudomonas-related taxa.  

 Taxa 
Average 

Abundance 

Average 

Abundance 

Average 

Dissimilarity 

Contribution 

% 

Cumulative

% 

P
1

 &
 C

 a
v

er
a

g
e 

d
is

si
m

il
a

ri
ty

: 
1
4

.6
9

%
 

 Group P1 Group C    

Unclassified Pseudomonadaceae 0.41 1.59 1.2 8.14 8.14 

Pseudomonas 0.4 1.42 1.04 7.08 15.22 

Pseudoalteromonas 4.33 3.42 0.93 6.34 21.56 

Unclassified Planococcaceae 1.66 0.76 0.93 6.3 27.86 

Unclassified Alphaproteobacteria 1.12 1.7 0.59 4.05 31.91 

Unclassified Rhodobacteraceae 0.79 1.26 0.48 3.28 35.19 

Unclassified Proteobacteria 0.91 1.38 0.48 3.28 38.47 

Unclassified Bacteria 0.95 1.39 0.45 3.05 41.52 

Sneathiella 0.75 1.18 0.45 3.03 44.55 

Thalassospira 1.24 0.85 0.4 2.71 47.26 

P
5

 &
 C

 a
v

er
a

g
e 

d
is

si
m

il
a

ri
ty

: 
1
7

.4
2

%
 

 Group P5 Group C    

Unclassified Planococcaceae 1.98 0.76 1.27 7.28 7.28 

Unclassified Pseudomonadaceae 0.38 1.59 1.25 7.17 14.45 

Pseudomonas 0.36 1.42 1.1 6.29 20.74 

Pseudoalteromonas 4.24 3.42 0.85 4.88 25.62 

Unclassified Proteobacteria 0.79 1.38 0.61 3.5 29.12 

Unclassified Alphaproteobacteria 1.12 1.7 0.6 3.46 32.58 

Alcanivorax 0.71 1.24 0.55 3.18 35.75 

Sneathiella 0.7 1.18 0.49 2.84 38.59 

Unclassified Rhodobacteraceae 0.79 1.26 0.49 2.8 41.39 

Terasakiella 0.8 1.27 0.49 2.79 44.17 

P
7

 &
 C

 a
v

er
a

g
e 

d
is

si
m

il
a

ri
ty

: 

1
3

.7
8

%
 

 Group P7 Group C    

Unclassified Planococcaceae 2.23 0.76 1.49 10.8 10.8 

Unclassified Pseudomonadaceae 0.42 1.59 1.18 8.57 19.36 
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Pseudomonas 0.4 1.42 1.03 7.5 26.86 

Pseudoalteromonas 4.14 3.42 0.73 5.28 32.14 

Terasakiella 0.69 1.27 0.59 4.24 36.38 

Unclassified Alphaproteobacteria 1.3 1.7 0.41 2.97 39.35 

Unclassified Proteobacteria 1.07 1.38 0.31 2.27 41.62 

Aestuariibacter 0.21 0.52 0.31 2.27 43.9 

Sneathiella 0.89 1.18 0.3 2.15 46.05 

Unclassified Rhodobacteraceae 0.97 1.26 0.29 2.1 48.15 



 

Table A2. OTUs affected by bacteriophage infection are listed together with the closest match identified by 

the BLASTN algorithm. The average relative abundance is calculated among the three biological replicates. 

Group P1, P5 and P7 denote the bacteriophage used as treatment. Group C denotes control. Grey shaded 

rows denote the Pseudomonas-related taxa 

OTU 
Average 

Abundance 

Average 

Abundance 
Bacteria Score 

Query 

cover 
E-value Identity 

 Group P1 Group C      

        

OTU968 0.35 0.81 Pseudomonas aeruginosa 499 97% 3.00E-141 98% 

OTU1725 0.38 2.14 Pseudomonas aeruginosa 534 100% 8.00E-152 99% 

OTU951 4.46 3.95 
Pseudoalteromonas 

shioyasakiensis 
503 100% 2.00E-142 98% 

OTU1718 3.32 2.13 
Pseudoalteromonas 

shioyasakiensis 
540 100% 2.00E-153 99% 

OTU1832 0.72 0.41 Thalassospira tiepidiphila 527 100% 1.00E-149 100% 

 Group P5 Group C      

OTU968 0.35 0.81 Pseudomonas aeruginosa 499 97% 3.00E-141 98% 

OTU1725 0.33 2.14 Pseudomonas aeruginosa 534 100% 8.00E-152 99% 

OTU951 4.55 3.95 
Pseudoalteromonas 

shioyasakiensis 
503 100% 2.00E-142 98% 

OTU1718 2.89 2.13 
Pseudoalteromonas 

shioyasakiensis 
540 100% 2.00E-153 99% 

OTU972 0.27 0.55 Alcanivorax xenomutans 529 100% 4.00E-150 99% 

 Group P7 Group C      

OTU968 0.31 0.81 Pseudomonas aeruginosa 499 97% 3.00E-141 98% 

OTU1725 0.48 2.14 Pseudomonas aeruginosa 534 100% 8.00E-152 99% 

OTU951 4.14 3.95 
Pseudoalteromonas 

shioyasakiensis 
503 100% 2.00E-142 98% 

OTU1718 3.5 2.13 
Pseudoalteromonas 

shioyasakiensis 
540 100% 2.00E-153 99% 

OTU1744 0.13 0.4 
Aestuatiibacter 

aggregatus 
497 100% 1.00E-140 98% 

 

Chapter 3 
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Quorum Sensing Effect on the Ability of Desulfovibrio vulgaris to Form 

Biofilm and to Biocorrode Carbon Steel in Saline Conditions 

 

 

Scarascia, G., Lehmann, R., Machuca, L. L., Morris, C., Cheng, K. Y., Kaksonen, A., & 

Hong, P. Y. (2019). Effect of Quorum Sensing on the Ability of Desulfovibrio vulgaris To 

Form Biofilms and To Biocorrode Carbon Steel in Saline Conditions. Applied and 

Environmental Microbiology, 86(1). 

 

Scarascia, G., Wang, T., & Hong, P. Y. (2016). Quorum sensing and the use of quorum 

quenchers as natural biocides to inhibit sulfate-reducing bacteria. Antibiotics, 5(4), 39. 
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Sulfate reducing bacteria (SRB) are key contributors to microbial induced corrosion (MIC), 

which can lead to serious economic and environmental impact. The presence of a biofilm 

significantly increases the MIC rate. Inhibition of the quorum sensing (QS) system is a 

promising alternative approach to prevent biofilm formation in various industrial settings, 

especially considering the significant ecological impact of conventional chemical-based 

mitigation strategies. In this study, the effect of the QS stimulation and inhibition on 

Desulfovibrio vulgaris was described in terms of anaerobic respiration, cell activity, 

biofilm formation and biocorrosion of carbon steel. All these traits were repressed when 

bacteria were in contact with QS inhibitors, while they were enhanced upon exposure to 

QS signal molecules as compared to the control. The difference in the treatments was 

confirmed by transcriptomic analysis performed at different time points after treatments 

application. Genes related to lactate and pyruvate metabolism, sulfate reduction, electrons 

transfer and biofilm formation were downregulated upon QS inhibition. On the contrary, 

QS stimulation led to an upregulation of the above-mentioned genes compared with the 

control. In summary, these results reveal the impact of QS on the activity of D. vulgaris, 

paving the way towards the prevention of corrosive SRB biofilm formation via QS 

inhibition. 

 

 

 

 

3.1 Introduction 
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Sulfate reducing bacteria (SRB) are anaerobic microorganisms that utilize hydrogen and a 

range of organic compounds, such as lactate, acetate, pyruvate and malate, to reduce sulfate 

and produce hydrogen sulfide (H2S) (85). Sulfate reducers are generally thought to play an 

important role in corrosion of metal surfaces exposed to seawater (86, 87). Although 

corrosion is mainly a chemical process involving metal oxidation and dissolution, it was 

found that SRB utilize hydrogen during sulfate reduction, which in turn affect the chemical 

dissolution of metal surfaces (88). Corrosive H2S produced by SRB further compromises 

the structural integrity of metals (i.e., chemical microbial induced corrosion, CMIC). 

Furthermore, members of SRB such as Desulfovibrionaceae and Desulfobulbaceae can 

directly uptake electrons from the metal through pili, nanowires or outer membrane 

proteins and cause corrosion (i.e., electrical microbial induced corrosion, EMIC) (18, 88).  

For both CMIC and EMIC, the presence of a biofilm matrix establishes anoxic niches 

in which SRB proliferate resulting in localized corrosion and pits (89). In addition, biofilm 

matrix facilitates direct contact between the metal surface and bacterial outer membrane 

proteins (e.g. cytochromes and hydrogenases), or with electro-conductive nanowires (90, 

91). In Desulfovibrio vulgaris, biofilm formation is dependent on filament and flagellar 

biosynthesis (92, 93). Coincidentally, in Pseudomonas aeruginosa and Vibrio cholerae, 

some of their genes related to biofilm formation (e.g. rhamnolipids (94) and extracellular 

polymeric substance (95) production) are controlled by quorum sensing (QS) system. This 

led us to wonder if biofilm formation and subsequently biocorrosion could also be 

associated with the QS in D. vulgaris.  

QS is a communication system based on the exchange of small molecules called 

autoinducers. When the density of cells reaches a threshold, autoinducer binds to receptors 
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to initiate a cascade of reactions that lead to either expression or repression of certain genes 

(47). QS systems of Vibrio fischeri (96), Vibrio harveyi (50) and Pseudomonas aeruginosa 

(97) are relatively well studied compared to that in SRB, where the exact mechanism of 

QS in SRB as well as its linkage to biocorrosion remains largely unknown.  

Data mining in the NCBI database revealed the presence of QS protein homologs in 

many SRB (98). In particular, homologs of proteins involved in the QS-controlled 

phosphorylation cascade (LuxR and LuxO) and in the acyl homoserine lactone (AHL) 

synthesis were found in D. vulgaris (98, 99). This is verified by the detection of different 

carbon chains of AHLs, including C8-AHL, C10-AHL and C12-AHL, in pure cultures of 

D. vulgaris (100, 101). Furthermore, it was found that exposing SRB to QS inhibitors in 

saline conditions diminished  biofilm formation, sulfate reduction and AHL production 

(101). This finding suggests a possible connection between QS and the above-mentioned 

bacterial functions. Nevertheless, a complete understanding of the QS effect at the gene 

level is still missing. Neither is the role of QS in SRB-induced biocorrosion well elucidated.  

This study aims to understand the role of the QS system in SRB and to identify which 

genes correlate with the QS system using D. vulgaris as model marine bacterium. 

Specifically, we aim to assess the influence of the QS system on biofilm formation and 

biocorrosion in seawater environment. To achieve these objectives, the QS system of D. 

vulgaris was perturbed using either a stimulating cocktail of AHLs or an inhibitory cocktail 

of QS inhibitors (QSI). Bacterial response to the two treatments was analyzed in terms of 

cell activity, lactate and sulfate consumption, biofilm formation and biocorrosion capacity. 

These bacterial traits were also investigated through gene expression pattern upon 

treatments application. The results indicate a correlation between the expression or 



 

 

 

 

67 

repression of genes (e.g. cell activity, biofilm formation, sulfate reduction, electron transfer 

and lactate metabolism) with the stimulation or repression of the QS system (through AHL 

or QSI application). This study provides an improved understanding on the role of QS in 

D. vulgaris in initiating biocorrosion, and it suggests the effectiveness of the QS inhibition 

approach to control SRB-associated biocorrosion.  

 

3.2 Materials and methods 

3.2.1 Bacterial Cultivation Conditions 

Desulfovibrio vulgaris Hildenborough (102) was propagated in marine Desulfovibrio 

Postgate medium (DSMZ) with a concentration of 50 mM lactate and 25 mM sulfate. The 

medium had the following composition: 25.0 g/L NaCl, 0.5 g/L K2HPO4, 1.0 g/L NH4Cl, 

2.4 g/L Na2SO4, 0.1 g/L CaCl2 · 2 H2O, 0.97 g/L MgSO4, 0.005 g/L FeSO4 · 7 H2O, 1.0 

g/L yeast extract and 0.1 % w/v sodium resazurin as O2 indicator. After heat sterilization, 

the medium was supplemented with filter sterilized (0.22 μm) sodium lactate (50 mM) and 

a solution composed of 0.1 g/L sodium thioglycolate and 0.1 g/L ascorbic acid. The pH of 

the medium was adjusted to 7.5, and aseptically transferred to sterile tubes or vials sealed 

with butyl rubber stoppers. The medium was purged with N2 for 15 minutes and placed in 

the anaerobic chamber (Coy Laboratory Products Inc., Grass Lake, MI, USA), where L-

cysteine (100 mg/L) was added as oxygen scavenger. For all the experiments, a 5% (v/v) 

bacterial inoculum was maintained and the cultures were incubated at 30 °C without 

shaking. 

 

3.2.2 Anaerobic Reactors Set Up 
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Four serum bottles were equipped with five carbon steel coupons 1030 (ChemWorld, 

Taylor, MI, USA) each with a surface area of 1.4 cm2. Coupons were wet polished with 

sand paper up to 600 grit finish, cleaned with ethanol and dried with nitrogen. After UV 

sterilization, the coupons were immersed in 800 mL of the marine Desulfovibrio Postgate 

modified medium (DSMZ). The medium in each serum bottle was purged with N2 for 1 h 

before bacterial inoculation in the anaerobic chamber. One serum bottle was not inoculated 

serving as abiotic control. All the serum bottles were incubated at 30 °C without shaking 

for seven days. After 72 h of incubation, one serum bottle was injected with a cocktail of 

N-octanoyl-homoserine lactone (C8-HSL), N-decanoyl-homoserine lactone (C10-HSL) 

and N-dodecanoyl-homoserine lactone (C12-HSL) (Cayman chemical, Ann Arbor, MI, 

USA) each at a concentration of 5 μM (AHL treatment). The concentration of the three 

AHL used in our study was not physiologically relevant as they are higher than the baseline 

concentration produced by D. vulgaris. However, it was necessary to excite the bacterial 

QS system and to improve detection sensitivity when performing subsequent RNA-seq 

analysis, as was shown in an earlier study (94). At the same time, one serum bottle was 

injected with a cocktail of quorum sensing inhibitors (QSI) used in previous study (101). 

The cocktail was composed of (Z-)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone 

(100 μM), 3-oxo-C12-(2-aminocyclohexanone) (100 μM) and γ-aminobutyric acid (5 mM) 

(QSI treatment). The treatments were spiked after 72 h from incubation based on the 

indication of our earlier study which showed that the alteration of the QS system has a 

more pronounced effect in the early exponential phase (101). The remaining inoculated 

serum bottle was not injected serving as biotic control. The experiment was repeated to 

obtain a total of three biological replicates. In addition, the possible impact of the two 
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treatments on the coupon surface was assessed. An abiotic experiment with the addition of 

QSI and AHL cocktail was performed in triplicates.  

 

3.2.3 Planktonic Cells Analysis 

Bacterial culture aliquot (5 mL) was sampled every 12 h from the serum bottles in an 

aseptic manner. The sampling was conducted in the anaerobic chamber to avoid any 

oxygen contamination.  

To assess cell activity during the incubation period, the level of Adenosine 

Triphosphate (ATP) per cell was calculated. For cell enumeration, 100 μL of bacterial 

suspension were diluted 103 times, stained with SYBR® green (Thermo Fisher Scientific, 

Waltham, MA, USA) and counted by BD Accuri C6 flow cytometer (BD, Bioscience, NJ, 

USA). ATP concentration was quantified using the Celsis Amplified ATP reagent kit and 

an Advance luminometer (Celsis, Westminster, London, UK). 

Theoretically, 2 moles of lactate consumed and 1 mole of sulfate reduced led to the 

production of 2 moles of acetate (103), as shown in the following reaction:             

                      2C3H5O3
- + SO4

2- = 2C2H3O2
- + 2HCO3

- + HS- + H+                

Lactate and acetate concentrations were quantified using High Performance Liquid 

Chromatography (HPLC) equipped with an HPX-87 H ion exchange column 300 x 7.8 mm 

(BioRad, CA, USA) and a UV detector. Sulfuric acid 5 mM was used as mobile phase at a 

flow rate of 0.6 mL/min. Sulfate concentration in the planktonic phase was quantified using 

an ICS-1600 Ion Chromatography (Dionex Corporation, Sunnyvale, CA, USA) using KOH 

as eluent. Data from the chromatography analysis were processed using Chromeleon 7.0 
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software. Lactate, acetate and sulfate consumption rate was calculated before and after the 

treatments.  

 

3.2.4 Coupon Biofilm Harvesting and Surface Analysis 

After 7 days of incubation, the coupons from the serum bottles were harvested aseptically, 

after which biofilm and surface characterization were performed to assess the effect of the 

different treatments.  

All the coupons from each serum bottle were washed, placed separately in 1 mL of 1 

PBS and sonicated for 5 minutes to detach the biofilm from the metal surface. The cell 

suspension was assessed for the number of attached cells and ATP concentration using 

protocols as described above. The other three coupons were removed from the PBS and 

placed in Clark’s solution for 30 s to remove any recalcitrant biofilm and corrosion 

products (104).  

One coupon was observed under a FEI Teneo (Thermo Fisher Scientific, Hillsboro, 

Oregon, USA) Scanning Electron Microscope (SEM) to examine the degree of surface 

corrosion and the presence of pits caused by the formed biofilm. The second coupon was 

analyzed through Atomic Force Microscopy (AFM) to determine the surface roughness. 

For each coupon, two areas of 50  50 μm each were analyzed using a Bruker Dimension 

ICON equipment (Santa Barbara, CA, US) in soft tap mode at a constant spring of 40 N/m 

and a resonant frequency of 300 kHz. The AFM images were analyzed on Pico Image 

Software (Keysight Technologies Inc., Santa Rosa, CA, US). The last coupon was used to 

determine the maximum depth of the pits using a Dektak profilometer (Brunker, Billerica, 

MA, USA). For each coupon, two sections of 500 μm in length were analyzed. In addition, 
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SEM, AFM and surface profile analysis were performed to assess the abiotic effect of both 

AHL and QSI molecules alone on the coupon surface. 

 

3.2.5 Electrochemical and Corrosion Analysis 

Quantitative evaluation of biocorrosion was obtained through electrochemical 

measurements and weight loss analysis. Four Communicable Disease Centre (CDC) 

bioreactors (BioSurface Technologies, Bozeman, MT) equipped with five carbon steel 

(1030) coupons (BioSurface Technologies, Bozeman, MT) were operated at 30 °C with 

continuous stirring in batch mode for seven days with continuous N2 purging. The reactors 

were filled with 600 mL of marine Desulfovibrio Postgate modified medium and three of 

them were inoculated (5%) with D. vulgaris in the exponential phase. One reactor was not 

inoculated (i.e., abiotic control). After 72 h, one reactor was injected with the QSI cocktail 

and one with the AHL cocktail. The abiotic control was inoculated with both cocktails, 

while the remaining inoculated reactor was used as control. Coupons in the reactors 

(surface area 1.3 cm2) were previously electrocoated with a protective layer of Powercron® 

6000CX (PPG industrial coatings) and one surface (exposed surface) was polished up to 

600 grit finish. Three coupons for each reactor were weighted before to initiated the 

experiment for the weight loss analysis.  

Two coupons were soldered with a copper wire and they served as working electrode 

for the electrochemical measurements. A platinum coated mesh was used as counter 

electrode and a double junction Ag/AgCl electrode (3.5 M) was used as reference electrode 

(RE). The RE was held in a Luggin capillary filled with agar (1.5% w/v) containing 3% 

KCl (w/v). All electrochemical measurements were conducted using a Gamry-600 
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potentiostat connected to an Electrochemical multiplexer ECM8 (Gamry instrument, 

Warminster, PA, USA). Linear Polarization Resistance (LPR) from -0.1 to 0.1 V with a 

scan rate of 1 mV/s was measured daily to obtain the corrosion rate using the Gamry 

software. At the end of the incubation exposure, three coupons were weighed to measures 

weight loss after biofilm and corrosion products removal using Clark’s solution. Total 

corrosion rate related to all the incubation time expressed as millimeters per year was 

calculated following standard methods (104). The experiment was repeated two more times 

for a total of three replicates. 

 

3.2.6 RNA Extraction and Sequencing 

Samples from the inoculated serum bottles (control, AHL treatment and QSI treatment) 

were taken after 6, 24 and 48 h from the treatment application. Biomass preservation and 

RNA extraction were performed as described previously (105). Briefly, 15 mL of 

suspended culture were centrifuged at 6500 g for 30 minutes and the pellet was 

resuspended in 2 mL of 1× PBS. Thereafter, 4 mL of RNAprotect® cell reagent (Qiagen, 

Hilden, Germany) were added to avoid RNA degradation and the solution was incubated 

at room temperature for 5 min. After incubation the mixture was centrifuged at 6500 g and 

the pellet was stored at -80 °C until RNA extraction. RNA was extracted using RNeasy® 

Midi Kit (Qiagen, Hilden, Germany) including a DNase treatment and RNA concentration 

was measured using Invitrogen RNA HS Qubit® 2.0 assay kit (Thermo Fisher Scientific, 

Carlsbad, CA, USA). 

RNA quality was assessed with a 2200 Tapestation Bioanalyzer (Agilent 

Technologies, Santa Clara, CA, USA). Afterwards, samples were enriched in mRNA by 
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rRNA removal using the Ribo Zero rRNA removal kit (Illumina, San Diego, CA, USA). 

Finally, RNA-seq libraries were prepared and submitted to the KAUST genomic Core Lab 

for RNA sequencing on Illumina HiSeq 4000 platform. The raw reads data are available 

on the European Nucleotide Accession Short Reads Archive repository under the accession 

number PRJEB33204. 

 

3.2.7 RNA Transcriptomic Analysis 

D. vulgaris DNA was extracted and the whole genome was sequenced using the PacBio 

platform. The genome sequence was assembled as described elsewhere (106-108). The 

structural annotation of the final genome assembly was performed with Rast (109). 

Genome assembly revealed the presence of a circular chromosome with 3526512 bp length 

and a plasmid with 201796 bp, accounting for a total of 3538 genes. The in-house 

assembled genome shared highest similarity with the reference genome of Desulfovibrio 

vulgaris Hildenborough (102), indicating no contamination to the SRB culture. The 

assembled genome is available on the ENA SRA repository with the accession number 

ERZ1028879. 

Transcriptomic analysis was performed with CLC Genomic Workbench 8.0 (CLC 

Bio, Cambridge, MA, USA) as described elsewhere (44). The in-house assembled and 

annotated D. vulgaris genome described above was used as reference genome. RNA-seq 

reads were first mapped to the whole bacterial genome to assess the quality of the samples 

and the absence of contamination. The rest of the analysis was performed mapping the 

reads only to the coding sequence of the annotated genome. Reads were mapped to the 

genome only if the fraction aligned sequence was greater than 0.9 and if the number of 
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nucleotides matching other genome regions was lower than 10. The percentage of mapped 

reads to both coding sequences only and to the whole genome can be found in Table B1.  

After reads mapping, biological replicates were assigned to the same category and a 

mean expression value was calculated. Additionally, a scaling correction was applied to 

normalize each expression value with the total number of reads. Normalized gene 

expression value was defined as reads per kilobase million (RPKM). The different effect 

of each of the two treatments was compared with the control at the same time point. A 

Baggerly proportion-based test was used as statistical comparison (110). A fold change of 

2 and a p-value < 0.05 were selected as threshold parameters in the selection of differently 

expressed genes. Based on their upregulation (fold change > 2) or downregulation (fold 

change < -2) in the two treatments, a scoring system was applied to each gene. A minimum 

total score of 2 was used to consider a gene to be likely correlated with the QS system. A 

gene with a score of 3 or higher was considered strongly correlated with the QS system. 

Genes that did not fit with these parameters (fold change, p-value and scoring system) were 

not considered for further analysis. Genes that showed strong correlation with the QS were 

analyzed to evaluate if genes in their same operon were also affected by QS modulation. 

Operons structure was found in the OperonDB database. Operon grouping for this database 

was performed through an algorithm that infer the probability that two adjacent genes 

belong or not to the same operon (111). In addition, to further evaluate the baseline 

temporal trend for the control samples, the gene expression of control samples after 24 h 

and 48 h from the moment of the treatments in AHL and QSI samples was compared with 

the one after 6 h. More details are provided in Appendix B. 
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3.2.8 Transcription Factor Binding Sites Analysis 

The analysis of LuxR family boxes sequencing was performed to confirm that the different 

genetic expression was effectively influenced by QS system alteration. Fimo v5.0.5 (112) 

was used to predict transcription factor binding site motifs in a sequence window reaching 

from 400 bp upstream until 50 bp downstream of each gene transcriptional start site. The 

results were filtered retaining only hits with a p-value < 0.05. In addition, to correct the 

initial motif prediction significance p-value for the multiple hypothesis test we performed 

the Benjamini-Hochberg procedure. This test provides the minimal false discovery rate 

(FDR), a more stringent threshold at which the corresponding p-value is considered 

significant. Hits with an FDR of q < 0.05 were further indicated. Fimo was provided with 

binding site motifs of 13 transcription factors of the LuxR family, obtained from the 

collectTF database (113). The following transcription factors were included (transcription 

factors symbol followed by the UniProt identifier in parentheses): hapr (A0A0H3Q915), 

lasR (P25084), lasR (P54292), luxR (A7MXJ7), luxR (B5EV73), luxR (P35327), opaR 

(Q79YV4), rsaL (G3XD78), smcR (Q7ME71), traR (P33905), vpsT (Q9KKZ8), vqsR 

(Q9I0P6), vsrD (Q8XVU0). In addition, the las-rhl motif defined in Schuster et al. (94) 

was also included.  

 

3.2.9 Statistical Test 

To evaluate statistical differences, one-way ANOVA was performed with a confidence 

level set at 95% (p < 0.05).  

 

3.3 Results 
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3.3.1 Effect of QS Modulation on Planktonic Bacteria 

ATP concentration per cell increased at the same rate prior to AHL or QSI treatment 

(Figure 3.1A). At 72 h, AHL or QSI treatment was applied. This treatment time was 

selected based on the previous finding that, in D. vulgaris, a possible connection between 

sulfate reduction and the alteration of the QS system is most significant during the early 

exponential phase (101). After QSI treatment, ATP concentration per cell was significantly 

lower compared with the control (p < 0.05), with a difference that ranged from 0.12 to 0.30 

pM/cell. In contrast, AHL treatment resulted in an ATP concentration in average of 0.16 

pM/cell higher than that of control (Figure 3.1A). Despite the difference in ATP 

concentration per cell, the different treatments did not result in a significant change (p > 

0.05) in cell number among control, AHL and QSI treatments (Figure B1). 

Lactate was not utilized in the abiotic control but was consumed at similar rates in all 

the conditions prior to treatment (Figure 3.1B and Table B2). After AHL application, 

lactate consumption rate was 0.45 ± 0.05 mM/h and was significantly higher compared 

with the other conditions (p < 0.05) (Table B2). Total lactate utilization at the end of the 

experiment shows that QSI treatment resulted in the lowest total consumption compared 

with the control and AHL treatment (p < 0.05) (Table B2). Sulfate consumption (Figure 

3.1C) followed a similar trend of lactate utilization, with a significantly lower sulfate 

reduction rate upon QS inhibition (p < 0.05) (Table B2).  

Due to increased lactate utilization rates upon AHL treatment, acetate was 

consequentially produced at a faster rate (0.71 ± 0.10 mM/h) compared with both control 

and QS inhibition condition (p < 0.05) (Table B2), and the acetate concentration 

stabilized at ca. 48 mM (Figure 3.1D). 



 

 



 
 

 

Figure 3.1. Concentration of ATP per cell (A), Lactate (B), Sulfate (C) and Acetate (D) in the planktonic 

phase during the experimental time in the control, quorum sensing inhibitors treatment (QSI), AHL 

treatments (AHL) and abiotic control conditions. The dashed red line indicates the moment of the treatment 

injection (72 h). Error bars show the standard deviation from three biological replicates. Statistical 

differences were evaluated through one-way ANOVA, with a confidence level of 95% (p < 0.05) 

 

3.3.2 Biofilm and Surface Characterization 

Coupon biofilm analysis showed that a significantly higher number of cells and ATP per 

surface unit were obtained in AHL treatment, while QSI addition significantly decreased 

both parameters compared to the control (p < 0.05) (Figure 3.2A).  

QSI and AHL treatments altered the impact of biocorrosion on the carbon steel coupon 

surface. Surface roughness and maximum pits depth (Figure 3.2B) were both higher when 

the coupons were in AHL-treated cultures compared to the control (p < 0.05), whereas 

these surface topography values were significantly lower when QSI was applied (p < 0.05). 

The extent of surface biocorrosion can be observed in Figure B2A through S2C, where 

scanning electron microscopy (SEM) images showed higher density of pits were obtained 

when bacteria were in contact with the AHL cocktail. The medium alone caused slight or 

no signs of biocorrosion (Figure B2D). Atomic force microscopy (AFM) photos of coupon 

surfaces reiterated the same observation (Figure B3).  

No apparent surface pits were observed in abiotic controls that contained only the AHL 

and QSI molecules (Figure B4). 



 



 

Figure 3.2. Coupon biofilm ATP concentration and cell density (A), surface roughness index and 

maximum pit depth (B), corrosion rate calculated through linear polarization resistance (C) and total 

corrosion rate measured by weight loss analysis (D) in the control, quorum sensing inhibitors treatment 

(QSI) AHL treatments (AHL) and abiotic control conditions. Error bars show the standard deviation from 

three biological replicates. Statistical differences were evaluated through one-way ANOVA, with a 

confidence level of 95% (p < 0.05) 

 

3.3.3 Corrosion Evaluation Through Electrochemical and Weight Loss Analysis 

Linear polarization resistance (LPR) and weight loss analysis were conducted to 

quantitatively evaluate the respective daily and total corrosion rates arising from the 

different treatments. Increase in the corrosion rate was observed at the 4th day, after one 

day from treatments exposure, for all the biotic conditions. AHL-treated samples showed 

a rapid increase in the corrosion rate that reached 1.1 mm/y, while QSI treatment resulted 

in a lower increase in the corrosion rates compared to control and AHL treatment (Figure 

3.2C). In all conditions, corrosion rates started to decrease after the 5th day. Weight loss 

analysis further confirmed that the highest total corrosion rate was achieved upon AHL 

treatment (0.41 mm/y, p < 0.05), while the lowest was obtained in presence of QSI (ca. 

0.08 mm/y, p < 0.05) (Figure 3.2D).  

 

3.3.4 Overview of Gene Expression 

Genes that correlate with the QS system perturbation were selected based on the scoring 

system presented in the Supporting Information 1. A total of 162 genes, accounting for 4.6 

% of the total genes present in D. vulgaris, were found to correlate with QS stimulation or 

inhibition using a score of ≥ 2. Particularly, 45 of these genes (1.3 % of the total genes) 

were highly correlated with the QS system (score 3 or above). Figure 3.3 shows the 

summarized number of differentially expressed genes, while Table B3 lists the genes fold-
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changes compared to the control for each of the treatment at each time point. In general, at 

6 h of AHL or QSI treatment, the number of downregulated genes was comparable between 

the two treatments, although there were more genes showing upregulation in presence of 

AHL, in particular the ones related to biofilm formation, electron transfer and the 

regulatory genes (Figure 3.3). Subsequently, the stimulation of the QS system through 

AHL treatment resulted in an upregulation of most of the genes at 24 and 48 h. An opposite 

trend was observed upon QSI treatment, where most of the genes were downregulated 

(Figure 3.3).  

 

3.3.5 Regulatory Genes 

Both QS stimulation (by AHL treatment) and inhibition (by QSI treatment) led to 

expression of genes encoding regulatory proteins such as transcriptional and response 

regulators and histidine kinases (Table B3.1). Transcriptional regulator and histidine kinase 

are part of the gene machinery that allows the QS system to regulate different bacterial 

functions. A histidine kinase and two transcriptional regulators belonging to the LuxR 

family were strongly correlated with QS stimulation or inhibition, indicating that the 

assigned scoring system is able to pinpoint QS-associated genes.  

Furthermore, some of these genes that correlated with the QS stimulation or inhibition 

were found to be grouped in the same operons and, therefore likely to work in the same 

pathway or interact with each other (Table B3.1). 



 

 

 

Figure 3.3. Number of differently expressed genes grouped in functions in AHL and QSI treatment in the three time points compared with the relative control. 

Upregulated genes are shown in red while downregulated genes are shown in blue. The size of the circle represents the number of differently expressed genes 

(DEGs) 



 

 

3.3.6 Cell Activity and Membrane Transport 

The two treatments showed an important influence on cell activity. ATP synthase genes 

were upregulated 24 h and 48 h from AHL addition and downregulated after QSI treatment 

compared with the relative control (Figure 3.3 and Figure 3.4 in yellow), suggesting higher 

cellular activity in AHL treated samples compared with the other conditions. This 

observation is in agreement with the higher ATP concentration measured in AHL-treated 

samples (Figure 3.2A).  

Genes encoding for the large and small subunits of ribosomal proteins were 

upregulated in AHL treatment, indicating higher protein production and cell activity 

(Figure 3.3). Conversely, QSI treatment had a slightly lower impact in the downregulation 

of these genes compared with the control. From this group, 4 large and 4 small ribosomal 

subunits were strongly correlated with the QS system modulation (Table B3.3), and were 

located in a total of three operons (Table B3.3).  

Similarly, the expression of genes related to membrane transfer, particularly those 

encoding for ATP-binding cassette (ABC) transporters also correlated with AHL and QSI 

treatments (Table B3.4). Some of the ABC transporter genes were involved in the 

biogenesis of cytochromes and thus facilitate electron transfer.  



 



 

Figure 3.4. Simplified representation of the D. vulgaris cell including proteins encoded in genes related to 

lactate and pyruvate metabolism (in green), sulfate reduction (in blue), electron transfer (in red) and ATP 

synthases (in yellow). Proteins shown in solid color are encoded in genes that were controlled by the QS 

system (protein complexes are shown in solid color when one of their components was controlled by QS). 

Dark or light color represents higher or lower grade of QS influence respectively. Net pattern indicates 

proteins encoded in genes that were not impacted by the QS modulation (CM: cytoplasmic membrane, OM: 

outer membrane). The figure was adapted from Strittmatter et al. (114) 

 

3.3.7 Metabolism and Anaerobic Respiration 

D. vulgaris is able to use various electron donors, such as lactate, pyruvate and hydrogen 

to reduce sulfate and generate energy (102). Figure 3.4 illustrates genes related to lactate 

and pyruvate metabolism, sulfate reduction and electron transfer that were affected by QS 

system perturbation in our study. 

Genes related to lactate oxidation such as lactate dehydrogenase (ldh), pyruvate-

flavodoxin oxidoreductase (pfor) and acetate kinase (ack) were upregulated in AHL-treated 

samples at 24 and 48 h from exposure compared with the control (Figure 3.4 in green). In 

QSI-treated samples, these genes were instead downregulated at 24 h from exposure, while 

at 48 h, QSI treatment affected only a smaller number of genes (Table B3.5). Also, pfl 

encoding for pyruvate formate-lyase correlates with the QS treatment.  

Genes involved in the sulfate reduction pathway (Figure 3.4 in blue) including sulfate 

adenylyltransferase (sat), adenylsulfate reductase (apsAB) and dissimilatory sulfite 

reductase (dsrABC) were affected by the inhibition or the stimulation of the QS system. 

Among them, 3 genes related to the dissimilatory sulfite reductase were grouped in the 

same operon and, most likely transcribed in the same pathway. Furthermore, similar trend 

was observed for genes encoding for sulfur carrier and sulfotransferase (Table B3.6). This 
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is with the exception of ppa gene that encodes for proteins involved in the hydrolysis of 

pyrophosphate.  

 

3.3.8 Electron Transfer 

Electron carriers are required for sulfate reduction and to establish proton motive force. 

Figure 3.4 (in red) and Table B3.7 showed that genes encoding for ferroxidin (Fd), 

cytochromes (Cyt), hydrogenases (Hase) and formate dehydrogenase (Fdh) were strongly 

correlated with the addition of either AHL or QSI molecules. Some of the cytochromes 

were transcribed and regulated together in the same operons. Genes associated to 

membrane complexes such as DsrMKJOP, QmoABC, Coo and Rnf were also affected by 

the two different treatments (Table B3.7). In particular, genes related to QmoABC were 

found in the same operon together with the ones related to ApsAB (Table B3.6 and B3.7) 

even if they participate in two different bacterial functions, namely electron transfer and 

sulfate reduction. However, not all electron transfer genes are affected by QS. For example, 

Tmc, Hmc, Qrc, Nuo and Och, most of which are associated with membrane complexes, 

were not influenced by any of the treatments compared to the control (Figure 3.4, net 

pattern).  

 

3.3.9 Biofilm Formation  

Genes associated with biofilm formation were related to flagellar biosynthesis, pili 

assembly and extracellular polymeric substances (EPS) synthesis and transport. Seven 

genes associated with pili assembly (rcpC, tadB and tadD) and EPS (DVU_0670 and 
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glycotransferases) were highly correlated with the addition of both treatments (Table B3.8). 

Some of these genes were transcribed together in the same operon (Table B3.8). 

 

3.3.10 CRISPR Genes  

Almost all the genes encoded for clustered regularly interspaced short palindromes 

(CRISPR) associated proteins were upregulated compared with the control after AHL 

treatment (Figure 3.3). However, unlike the other genes in which QSI treatment would lead 

to a corresponding downregulation of the same genes, QSI inhibition did not result in any 

impact on these CRISPR genes. 

 

3.3.11 Hypothetical Proteins 

Seven hypothetical proteins with unknown functions were also affected by both AHL and 

QSI treatments (Table B3.10). Among them, two genes were strongly correlated with the 

QS alteration. One of these genes is located in a cluster of other genes with unknown 

functions, while the second one is surrounded by genes encoding for bacteriophage-related 

proteins (Figure B5).  

 

3.3.12 Baseline Gene Expression Change in Time in Control Samples 

Given that D. vulgaris naturally produces AHL, a separate analysis was made on the gene 

expressions in the control without any additional AHL or QSI application. This is done to 

determine if differential gene expressions described in earlier subsections when comparing 

AHL application vs. control at each individual time point were also observed when AHL 

are produced at baseline levels. Over time, some of the genes in Table B3 were 
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differentially expressed in the control samples. In general, a downregulation trend was 

observed when comparing the gene expression of the control samples at 24 h and 48 h with 

the one at 6 h (Table B4). All these genes were even more downregulated compared with 

the same control samples after QSI addition. However, genes involved in biofilm formation 

and in the regulatory funcrions were mostly upregulated at time 24 h and 48 h, coinciding 

with an increase in cell density and likely AHL amount produced (Table B4). In addition, 

by 48 h, some genes related to membrane transports and electron transfer were aslo 

upregulated, although majority of the genes in these categories remained downregulated 

compared to 6 h. However, these genes that were upregulated in control samples were 

expressed at even higher level when AHL was further applied. For example, the two LuxR 

family genes that were found to be upregulated in the 48 h control samples were even more 

upregulated when comparing AHL samples with the relative control at the same time point 

(Table B3.1). This confirms the ability of our AHL treament to increase detection 

sensitivity of gene expressions, while not deviating too much from the actual response of 

the bacterial culture.  

 

3.3.13 Confirmation Analysis of LuxR Family Motif Sequences  

The expression of genes is regulated by the presence of transcription factors that control 

the transcription of the gene. To confirm that the different genetic expression was 

effectively influenced by QS system alteration, we searched for LuxR family boxes 

sequencing from 400 bp upstream until 50 bp downstream of each gene in Table B3. A 

total of 238 hits with a p-value < 0.05 were found (Table B5). The number of hits were 

greater than the 162 genes detailed in Table B3 because some of these genes were 
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characterized by more than one motif sequence. Particularly, for 116 genes over 162 genes 

influenced by QS system, we found at least one transcription factor sequence related to the 

LuxR or of the las-rhl family. This indicates that most of the genes that were affected by 

the addition of the treatments were characterized by transcription factor related to QS. In 

addition, by performing the Benjamini-Hochberg procedure to correct the initial motif 

prediction significance p-values for the multiple hypothesis tests, a more stringent q-value 

was obtained. Based on this, we found that 19 % of the hits had a q-value < 0.05 (Table B5 

in bold), and were related to genes of various bacterial functions connected to the LuxR 

family transcription regulator vqsR. 

 

3.4 Discussion 

Understanding the QS functionality in SRB represents a crucial step to develop a QS 

inhibition approach and to effectively reduce biofilm formation and biocorrosion. Earlier 

studies revealed the presence of proteins that are homologous to the transcriptional 

regulator LuxR in D. vulgaris Hildenborough (98, 99). In the present study, two genes 

encoding for proteins of the LuxR family were upregulated naturally in the control 

temporal baseline (Table B3.1). D. vulgaris, in fact, produces AHL molecules itself, with 

increasing cell density (101). Moreover, these two genes were strongly correlated with the 

QS system alteration (Table B3.1), showing an even higher magnitude of up- or 

downregulation in AHL and QSI samples, respectively. In addition, upregulation or 

downregulation of other transcriptional regulator and histidine kinase genes followed QS 

stimulation and inhibition, respectively (Figure 3.3). Proteins encoded by these genes are 

fundamental because they are part of the cellular machinery that allows the QS system to 
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regulate different bacterial functions (47). Interestingly, two of these genes encode for QS 

family protein (YebC and LysR) that were found to control biofilm formation and AHL 

production in P. aeruginosa (115, 116). These transcriptional regulators can possibly be 

part of the QS system in D. vulgaris and regulate similar functions as that in P. aeruginosa. 

More detailed studies are required to determine the individual role of the proteins encoded 

by these genes in D. vulgaris.  

The above observations suggest the ability of the applied treatments and analysis 

conducted in this study to elucidate pathways, including those already known, that are 

involved in QS signal response. For instance, it was observed that energy production and 

protein transcription in D. vulgaris correlated with AHL and QSI treatments. Applying 

AHL or QS inhibitors did not impact the total cell number (Figure B1), confirming that QS 

does not affect bacteria growth, but it affected cells activity, the capacity to generate energy 

and to produce proteins and enzymes. In fact, the amount of ATP per cell produced after 

AHL treatment was higher compared with the other conditions (Figure 3.1A). This greater 

cell activity was confirmed by the transcriptomic analysis. Upregulation and 

downregulation of genes related to ATP synthase (Figure 3.4 in yellow) and proteins 

transcription (ribosomal subunit genes) correlated with AHL and QSI treatment, 

respectively (Figure 3.3).  

Besides affecting cellular activity and the production of proteins and enzymes, QS 

alteration appeared to also correlate with the expression of genes related to transport of 

materials through the membrane. For example, ATP-binding cassette (ABC) transporters 

are generally involved in the transport of nutrients and amino acids into the cell. Many 

genes encoding for these proteins showed upregulation or downregulation compared with 
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the control depending on the type of QS perturbation (Figure 3.3). In addition, the same 

was observed for the expression of genes encoding for membrane efflux pumps (Table 

B3.4), which facilitate the transfer of protons across the periplasmic membrane and are 

required to sustain a higher ATP synthesis. Furthermore, some of the genes in this class 

encoded for transporter protein involved in the biosynthesis of cytochromes. Upregulation 

of membrane transport related genes was also observed when QS signal generation-

deficient mutant of  P. aeruginosa was provided with AHL to stimulate the QS system 

(117).  

The higher activities associated with transporters and efflux pumps could have 

indirectly resulted in the higher cell activity and protein synthesis discussed earlier for D. 

vulgaris. However, the expression of genes related to other membrane proteins involved in 

the electron transfer to the sulfate reduction pathway (Tmc, Hmc and Qrc) were not 

affected by QS (Figure 3.4 in net pattern). Unlike DsrMKJOP and QmoABC, which are 

considered essential for sulfate reduction and showed differential gene expressions upon 

AHL and QSI applications, Tmc, Hmc and Qrc are not always present in all SRB and they 

play a role only in presence of certain organic substrates (118). In contrast, along with 

heterodisulfide (hdr) reductase, dsrMKJOP and qmoABC, other genes encoding for 

periplasmic hydrogenases, cytochromes and ferredoxins also correlated with QS. These 

results are in agreement with an earlier study on P. aeruginosa, in which the stimulation of 

the QS system led to the upregulation of genes related mainly to cytochromes (94). 

As can be expected, considering the regulation of electron transfer genes by QS 

modulation, sulfate reduction was also observed to likewise be affected by both AHL and 

QSI treatments (Figure 3.1B and 3.1C). For instance, several genes involved in sulfate 
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reduction and lactate metabolism were differently expressed in the presence of AHL and 

QSI treatments compared with the relative control (Figure 3.3). D. vulgaris oxidizes lactate 

to pyruvate and then, with the addition of acetyl coenzyme A, to acetate. Pyruvate can also 

be converted to formate through the pyruvate-formate lyase (pfl). Formate is then oxidized 

to CO2 by formate dehydrogenase (fdh), an enzyme involved in the periplasmic electron 

movement. Electrons from lactate are available for sulfate reduction. When sulfate is 

internalized, it is converted to adenylylsulfate (APS) by the sulfate adenylyltransferase 

(sat). APS is reduced to sulfite by the APS reductase (aprAB) and then converted to 

hydrogen sulfide by the dissimilatory sulfite reductase (dsrABC) (119). Particularly, apsB 

and qmoABC were found in the same operon, indicating that they were transcribed and 

regulated together, even if they belong to different bacterial function. This suggests the 

interconnection of electron transfer and sulfate reduction pathways and the synergistic QS 

effect on both of them. All the cited essential genes involved in lactate oxidation and sulfate 

reduction pathways showed a correlation with QS modulation in our study (Figure 3.4 in 

green and in blue respectively and Table B3.5 and B3.6). Similar impact on metabolism 

related genes was also described for in Burkholderia glumae, in which phosphate 

metabolism and the biosynthesis of various amino acids were controlled by QS (120). 

Furthermore, it was found that AHL addition led to the upregulation of a gene encoding 

for a sulfite reductase in P. aeruginosa (94). P. aeruginosa is a thiosulfate reducer 

possessing part of the genetic machinery that is found in D. vulgaris. A previous study also 

showed that D. vulgaris exposed to each individual compound of the QSI cocktail used in 

our study showed a decline in sulfate reduction (101), suggesting a relationship between 

sulfate reduction and QS. This finding, together with our results, support the idea that 
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sulfate reduction and subsequently biocorrosion might be indeed linked to QS. While QSI 

treatment was correlated with a general downregulation of the above cited bacterial 

functions after 6 h of treatment, the AHL treatment effect was not as apparent after 6 h of 

treatment (Figure 3.3). This could be due to a longer bacterial acclimatization to the AHL 

treatment or to a slower molecular assimilation of AHL compared to QSI. 

In this study, the amount of biofilm on the carbon steel surface formed under the 

different conditions (Figure 3.2A) correlated with the expression of genes related to EPS 

production, flagella and pili biosynthesis (Table B3.7 and B3.8). The expression of these 

genes was affected in an opposite way depending on whether AHL or QSI were applied 

(Figure 3.3). The same genes were also upregulated over the temporal baseline of the 

control samples, suggesting that an actual gene response was captured in our analysis 

despite artificially inflating the amount of AHL concentrations for increasing detection 

sensitivity. These genes were previously found to be crucial for biofilm formation in D. 

vulgaris (92, 93). By impacting biofilm formation, QS could indirectly affect biocorrosion 

(Figure 3.2B, C, D). Surface contact facilitated by the biofilm structure could enhance the 

EMIC process both directly, through nanowires (121) and cytochromes (91), or indirectly 

via electrons carriers (122). Furthermore, the higher sulfate consumption and the 

upregulation of genes related to sulfate reduction in AHL-treated samples might indicate 

higher production of H2S in the environment. This gas is highly oxidative and it reacts with 

the metal surface stimulating the corrosion process.  

 This study also unveiled a less described role of QS in bacterial protection. The 

CRISPR adaptive immune system provides resistance to bacteriophages (123). Recent 

studies have shown that QS can modulate the activity of the CRISPR system by activating 
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the expression of cas genes (120). It was proposed that maintaining the CRISPR system 

under QS control allows an efficient response when the risk of phage infection is high 

(124). Likewise, we found that AHL addition was correlated with an upregulation of 

different CRISPR genes (Figure 3.3 and Table B3.9). In addition, from the analysis of the 

position in D. vulgaris genome of QS-controlled genes with unknown function, it was 

observed that the hypothetical protein 205 (hp 205) is placed next to genes related to phage 

eliminase and phage tail (Figure S5). However, CRISPR genes were not downregulated 

when QSI inhibitors were applied, suggesting that different non-QS based pathway of 

silencing these genes. Further studies would be required to clarify the QS role on these 

functions in D. vulgaris. 

 

3.5 Conclusion 

In summary, QS alteration is correlated with the modulation of different key functions 

including ATP production, protein transcription, membrane transport, lactate oxidation, 

sulfate reduction, biofilm formation and biocorrosion in D. vulgaris. The QS-associated 

effects were observed at both phenotypic and molecular level. At the molecular level, a lot 

of the genes that are differentially expressed were characterized by the transcription 

regulator vqsR. However, further and more in-depth studies are required to determine the 

exact mechanism or causative effect of AHL and QSI on the QS system of D. vulgaris. 

Nevertheless, our findings provide important indications about the role of QS in SRB, and 

open up the possibility to exploit a QS inhibition approach to reduce biofilm formation and 

biocorrosion related to SRB.  
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Transcriptomic Analysis Significance Conditions 

As described in the materials and methods section, RNA transcriptomic analysis was performed to 

assess which genes were correlated with the perturbation of the quorum sensing system in D. 

vulgaris. Two treatments were applied to either stimulate (AHL treatment) or inhibit (QSI 

treatment) the QS system. The experiment was performed in triplicate. 

A fold change factor of 2 and a p-value < 0.05 were used as threshold parameters to determine 

whether a gene was up- or downregulated in each treatment compared to the relative control at the 

same time point of 6, 24 and 48 h from the treatment exposure. To further assess if the expression 

of a gene was effectively correlated with the deployment of the two treatments, a scoring system 

was determined. Based on the up or down regulation and its anticipated response in presence of 

AHL or QSI treatment, a score was assigned to each gene based on schematic illustrated below.  

  Treatment Score 

Up regulation  AHL    1 

  AHL    -1 

Down regulation  AHL    0 

  QSI      -1 

No response  QSI      1 

  QSI     0 

 

The scoring system was applied for each gene at each time point. The final score for a particular 

gene was calculated as the sum of the score assigned for all time points.  

A minimum total score of 2 was used to consider a gene to be correlated with the addition of the 

two treatments. A gene with a score of 3 or higher was considered strongly correlated with the QS 

system alteration. Genes that did not fit with these parameters (fold change, p-value and scoring 

system) were not considered for further analysis.  

To better explain the score assignment, a few examples are shown below to illustrate the scoring 

system: 
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 AHL/Control QSI/Control 

Score 

 6 h 24 h 48 h 6 h 24 h 48 h 

Gene a -1 1 1 1 1 0 3 

Gene b 0 0 1 0 1 0 2 

Gene c 1 1 1 1 1 0 5 

Gene d -1 0 0 -1 1 1 0 

Gene e 0 0 -1 -1 0 0 -2 

Gene f 0 0 1 -1 1 0 1 

 

Genes that showed strong correlation with the two treatments were analyzed to evaluate if genes in 

their same operon were also affected by QS alteration. In Table S2 genes grouped in the same 

operon were indicated with the same symbol in the relative column. To further evaluate the natural 

trend in time for the control samples, the gene expression of control samples after 24 h and 48 h 

from the treatments in AHL and QSI samples was compared with the one after 6 h. Similarly, as 

described above A fold change factor of 2 and a p-value < 0.05 were used as threshold parameters 

to determine whether a gene was up- or downregulated. 
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Figure B1. Planktonic cell density in each condition measured during the experimental time. Error bars 

show the standard deviations of the results from the three biological replicates
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Figure B2. Scanning electron microscopy (SEM) images of carbon steel coupon surface of control (A), AHL treatment (B), QSI treatment (C) and abiotic 

control (D) at the end of the experiment (day 7) 
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Figure S3. Atomic force microscopy (AFM) images of carbon steel coupon surface of control (A), AHL treatment (B), QSI treatment (C) and abiotic control (D) 

at the end of the experiment (day 7)
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Figure B4. Impact of AHL and QSI cocktails alone on carbon steel coupon surface. SEM and AFM images 

and surface profiles after AHL exposure (A, C and E respectively) and after QSI exposure (B, D and F 

respectively



 

 

 

 

 

Figure B5. Genes encoding for hypothetical proteins strongly controlled by QS. The genes (in red) are shown in their location in the genome 

together with their neighboring genes. The arrows indicate the direction of the transcription 



 
 

Table B1. Summary of RNA-seq reads mapped to coding sequence only and genic and intergenic regions of the D. vulgaris genome. The average values of the 

three replicates are reported together with their standard error 
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Sample 
Total number of 

reads 

Mapped 

reads % 

Non-spec. 

mapped 

reads % 

Unmapped 

reads % 

Mapped 

reads % 

Non-spec. 

mapped 

reads % 

Unmapped 

reads % 

Coding sequences only Genic and intergenic regions 

Control (t = 6 

h) 

27810366.7 ± 

764297.5 
54.8 ± 2.4 8.2 ± 0.5 37.0 ± 2.5 82.7 ± 2.9 12.7 ± 1.8 4.7 ± 1.33 

Control (t = 

24 h) 

31810948.0 ± 

2399736.0 
46.1 ± 0.7 6.5 ± 0.3 47.4 ± 1.0 73.9 ± 4.8 21.5 ± 4.2 4.6 ± 0.7 

Control (t = 

48 h) 

29751141.3 ± 

3324443.1 
23.9 ± 1.9 3.1 ± 0.3 73.0 ± 2.1 70.5 ± 1.4 22.2 ± 0.9 7.2 ± 0.5 

AHL (t = 6 h) 
28792747.3 ± 

2972979.9 
17.6 ± 2.1 2.6 ± 0.1 79.7 ± 2.2 71.9 ± 2.9 19.7 ± 2.1 8.3 ± 1.0 

AHL (t = 24 h) 
23871663.3 ± 

3532418.0 
11.8 ± 1.7 1.5 ± 0.2 86.7 ± 1.9 65.9 ± 0.5 13.4 ± 0.6 20.7 ± 1.0 

AHL (t = 48 h) 
21809868.7 ± 

842078.8 
5.0 ± 1.3 0.7 ± 0.2 94.3 ± 1.6 64.9 ± 1.0 14.1 ± 0.3 21.0 ± 1.3 

QSI (t = 6 h) 
25628542.0 ± 

1174042.4 
26.0 ± 5.1 3.5 ± 0.4 70.5 ± 5.5 65.5 ± 4.7 24.7 ± 4.0 9.8 ± 2.8 

QSI (t = 24 h) 
22802428.7 ± 

1692458.5 
16.0 ± 4.0 1.9 ± 0.2 82.1 ± 4.1 68.9 ± 4.9 12.8 ± 3.3 18.3 ± 1.7 

QSI (t = 48 h) 
27865962.7 ±  

1002030.8 
13.4 ± 3.4 2.1 ± 0.6 84.4 ± 4.0 61.3 ± 0.6 26.9 ± 1.1 11.8 ± 0.9 

	



 

 

Table B2. Kinetics rate (mM/h) of the consumption of lactate and sulfate and the production of acetate before and after the treatment. Total concentration change 

(mM) is also reported. Average slopes and the total change for the three replicates are shown with the standard error 

Compound Condition 

Before exposure  After exposure  
Total change 

(mM) 
Kinetics rate 

(mM/h) 

R2 Kinetics rate 

(mM/h) 

R2 

Lactate 

Control -0.21 ± 0.03 0.93 -0.28 ± 0.03 0.92 -42.7 ± 0.4 

AHL -0.22 ± 0.03 0.92 -0.45 ± 0.05 0.95 -48.9 ± 0.1 

QSI -0.26 ± 0.04 0.91 -0.16 ± 0.01 0.98 -35.1 ± 0.1 

Abiotic control -0.01 ± 0.01 0.52 -0.03 ± 0.004 0.85 -3.4 ± 0.1 

Sulfate 

Control -0.08 ± 0.003 0.99 -0.22 ± 0.02 0.97 -22.7 ± 0.2 

AHL -0.07 ± 0.01 0.98 -0.30 ± 0.04 0.93 -24.6 ± 0.01 

QSI -0.08 ± 0.01 0.97 -0.12 ± 0.01 0.97 -17.9 ± 0.3 

Abiotic control -0.005 ± 0.002 0.54 -0.02 ± 0.002 0.96 -2.3 ± 0.3 

Acetate 

Control 0.18 ± 0.03 0.92 0.33 ± 0.05 0.88 40.1 ± 0.2 

AHL 0.17 ± 0.02 0.96 0.71 ± 0.10 0.95 48.0 ± 0.3 

QSI 0.17 ± 0.01 0.97 0.24 ± 0.01 0.99 34.7 ± 0.12 

Abiotic control 0.001 ± 0.001 0.10 0.003 ± 0.002 0.20 0.2 ± 0.01 
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Table B3. Gene expression in AHL and QSI treated samples compared with the control. Red and blue cells indicate up and down regulation respectively 

compared with the control in the same time point. Gene name in red indicates strong correlation with the QS system on that particular gene. Genes with the same 

operon symbol were found in the same operon. Operons analysis was conducted only on genes that showed strong correlation with the two treatments. The last 

two columns show the temporal baseline gene expression in the 24 and 48 h control samples compare with 6 h control 

 

6h 24h 48h 6h 24h 48h

1.Regulatory gene

Probable transcriptional regulatory protein YebC -3.13 1.12 2.12 -2.45 -2.76 1.10 2 -1.43 -5.17

Transcriptional regulator ArgP, LysR family 2.32 3.25 1.16 1.62 1.64 1.18 2 1.23 1.96

transcriptional regulator cII, putative 2.75 4.40 1.40 1.27 1.73 1.68 2 1.05 1.98

Transcriptional regulator DegU, LuxR family 3.15 1.56 2.99 -2.77 -1.45 -1.32 3 ■ 1.65 4.06

Transcriptional regulator, AcrR family_1 -4.13 4.21 6.96 -3.41 1.45 1.12 2 2.16 5.06

Transcriptional regulator, AcrR family_6 -2.36 1.41 2.06 -2.04 -2.02 -1.79 2 ■ -1.21 -1.88

Two-component transcriptional response regulator, LuxR family_1 2.67 2.34 3.04 -2.85 -2.28 1.10 5 1.85 5.01

sigma-54-dependent transcriptional regulator_4 2.56 2.30 1.13 1.75 1.53 1.08 2 1.43 2.16

Sensory box histidine kinase/response regulator_3 2.09 2.03 -1.05 1.40 -1.20 -1.23 2 1.42 1.77

sigma-54-dependent transcriptional regulator_5 2.14 3.00 1.43 1.55 1.61 1.55 2 ☐ 1.11 1.67

Response regulator receiver protein_2 1.62 4.86 2.26 -1.06 1.37 -1.29 2 -1.39 1.01

Two-component system sensor histidine kinase. BaeS family 2.24 3.88 1.65 1.36 1.12 -1.17 2 1.05 1.60

Transcriptional regulator, MarR family_3 -1.84 1.79 2.33 -2.02 -1.12 1.11 2 -1.52 -1.59

Signal transduction histidine kinase_6 -1.74 1.47 2.15 -2.01 -2.02 1.24 3 ☐ 1.43 2.75

2.ATP synthase

ATP synthase beta chain (EC 3.6.3.14) -5.34 2.38 4.00 -3.55 -1.40 -1.12 2 -1.91 -5.08

ATP synthase epsilon chain (EC 3.6.3.14) -5.00 2.33 4.53 -3.00 1.01 1.14 2 -1.05 -4.59

ATP synthase F0 sector subunit c (EC 3.6.3.14) -5.15 3.07 3.14 -3.28 1.14 -1.17 2 ● -1.07 -1.78

ATP synthase gamma chain (EC 3.6.3.14) -6.17 2.51 5.52 -2.54 -1.22 -1.18 2 -1.67 -4.69

ATP synthase protein I_1 -1.19 3.92 2.81 1.96 -3.82 1.09 3 ● -1.32 -1.14

Control 

48h/control 6h
Annotated Desulfovibrio vulgaris  gene

AHL/Control QSI/Control
score Operon

Control 

24h/control 6h
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6h 24h 48h 6h 24h 48h

3.Ribosomal gene

LSU ribosomal protein L10p (P0) -6.58 1.01 4.26 -3.06 -2.20 -2.50 3 ○ -1.56 -7.85

LSU ribosomal protein L11p (L12e) -14.20 -1.76 5.52 -4.40 -4.63 -4.39 3 ○ -1.78 -17.56

LSU ribosomal protein L14p (L23e) -8.12 1.09 7.72 -2.95 -2.02 1.39 2 ► -1.60 -11.83

LSU ribosomal protein L15p (L27Ae) -10.24 1.01 7.99 -3.06 -2.94 1.41 2 ► -1.61 -14.39

LSU ribosomal protein L16p (L10e) -10.25 1.12 7.46 -3.37 -2.27 1.24 2 ► -1.66 -13.24

LSU ribosomal protein L17p -7.51 5.12 16.46 -3.48 1.40 1.53 2 -1.75 -6.47

LSU ribosomal protein L23p (L23Ae) -11.94 1.58 10.63 -2.88 -2.33 1.26 2 ► -1.58 -13.78

LSU ribosomal protein L24p (L26e) -4.30 -1.71 4.32 -2.84 -3.86 1.40 2 ► -1.57 -10.83

LSU ribosomal protein L25p -10.14 -1.08 6.75 -3.14 -3.45 -2.04 3 -1.48 -11.82

LSU ribosomal protein L2p (L8e) -7.53 -1.15 4.25 -2.90 -3.06 1.03 2 ► -1.68 -10.08

LSU ribosomal protein L30p (L7e) -13.18 1.40 13.44 -3.71 -2.01 1.42 2 ► -1.78 -18.84

LSU ribosomal protein L4p (L1e) -7.18 1.09 5.26 -3.11 -2.58 -1.06 2 ► -1.72 -8.41

LSU ribosomal protein L5p (L11e) -8.65 1.41 12.51 -3.53 -2.15 1.59 2 ► -1.61 -13.62

LSU ribosomal protein L6p (L9e) -10.49 2.09 3.70 -3.03 -5.26 -1.29 3 ► -1.66 -15.76

LSU ribosomal protein L7p/L12p (P1/P2) -9.33 3.50 15.08 -2.28 -1.03 1.89 2 ○ -1.46 -6.35

LSU ribosomal protein L9p -8.13 -1.06 3.83 -2.94 -2.63 -1.38 2 ☐ -1.48 -7.93

SSU ribosomal protein S11p (S14e) -10.66 1.02 5.75 -3.15 -2.38 1.05 2 -1.61 -9.49

SSU ribosomal protein S13p (S18e) -7.59 -1.45 5.78 -2.50 -2.59 1.18 2 -1.46 -12.33

SSU ribosomal protein S15p (S13e) -5.76 3.25 6.86 -5.20 1.44 -6.07 3 -3.45 -7.64

SSU ribosomal protein S17p (S11e) -6.83 5.76 21.10 -3.32 1.91 1.94 2 ► -1.70 -6.03

SSU ribosomal protein S18p -6.48 -1.38 4.16 -3.13 -4.19 -1.97 2 ☐ -1.24 -6.92

SSU ribosomal protein S19p (S15e) -9.72 -1.51 6.57 -3.97 -3.39 1.10 2 ► -1.69 -18.52

SSU ribosomal protein S21p -7.34 -1.22 5.62 -2.79 -2.03 1.46 2 -1.81 -10.92

SSU ribosomal protein S4p (S9e) -16.35 -1.32 7.35 -3.53 -3.57 1.01 2 -1.48 -14.76

SSU ribosomal protein S5p (S2e) -7.48 1.13 6.10 -2.71 -2.44 1.12 2 ► -1.52 -10.01

SSU ribosomal protein S6p -5.18 3.91 1.24 -2.27 -4.59 -2.96 3 ☐ -1.37 -6.59

SSU ribosomal protein S7p (S5e) -4.24 -1.42 3.15 -2.34 -2.11 -2.09 3 ► -1.44 -6.90

SSU ribosomal protein S8p (S15Ae) -10.37 -1.12 8.08 -3.03 -2.74 1.09 2 ► -1.60 -14.19

LSU ribosomal protein L27p -1.02 2.35 2.64 1.58 1.28 -1.30 2 -1.10 -1.50

SSU ribosomal protein S16p -1.19 6.49 5.25 -2.03 -4.02 -2.20 5 -1.97 1.13

SSU ribosomal protein S1p_1 -1.76 1.02 2.41 -1.09 -2.11 1.01 2 1.08 -1.71

Control 

24h/control 6h

Control 

48h/control 6h
Annotated Desulfovibrio vulgaris  gene AHL/Control QSI/Control score Operon
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4.Membrane transport

ABC transporter involved in cytochrome c biogenesis, ATPase component CcmA -2.19 3.62 3.55 -2.83 1.11 1.21 2 ☐ -2.58 -1.33

ABC transporter, ATP-binding protein (cluster 3, basic aa/glutamine/opines)_1 -2.31 1.99 2.62 -2.49 -2.03 1.35 2 -1.46 -1.63

ABC transporter, substrate-binding protein (cluster 3, basic aa/glutamine/opines)_1 -4.73 1.13 4.22 -2.20 -2.17 1.48 2 -1.26 -2.94

ABC transporter, substrate-binding protein (cluster 3, basic aa/glutamine/opines)_3 -4.89 1.13 3.46 -4.45 -2.46 1.96 2 -2.18 -8.11

ABC transporter, substrate-binding protein (cluster 3, basic aa/glutamine/opines)_5 -2.83 2.60 2.09 -4.42 1.60 -1.13 2 -5.13 -2.59

ABC transporter, substrate-binding protein (cluster 3, basic aa/glutamine/opines)_6 -6.86 1.55 2.88 -4.27 -1.68 1.16 2 -3.16 -7.52

ABC-type amino acid transport/signal transduction system, periplasmic component/domain_1 4.20 4.58 1.69 1.97 1.96 1.71 2 1.12 3.20

ABC-type efflux pump membrane fusion component YbhG 2.18 2.26 -1.60 1.18 1.37 -1.24 2 -1.12 1.87

Phosphate ABC transporter, periplasmic phosphate-binding protein PstS (TC 3.A.1.7.1)_1 -5.73 -1.18 2.76 -3.03 -3.41 1.47 2 -1.47 -6.70

Phosphate transport system permease protein PstC (TC 3.A.1.7.1)_1 -2.12 1.60 2.41 -2.45 -2.36 1.41 2 -1.73 -1.57

ABC transporter, ATP-binding protein (cluster 3, basic aa/glutamine/opines)_5 -1.93 3.18 2.39 -2.53 1.09 -1.06 3 -2.64 -2.43

ABC transporter, ATP-binding protein (cluster 3, basic aa/glutamine/opines)_6 -1.53 3.75 1.85 -2.21 1.50 1.20 2 -2.58 -2.40

ABC transporter, ATP-binding protein (cluster 5, nickel/peptides/opines) 2.10 5.13 1.43 1.18 1.45 1.29 2 -1.35 1.64

ABC transporter, ATP-binding protein_3 3.16 4.32 1.19 1.78 1.65 1.14 2 1.21 2.45

ABC-type antimicrobial peptide transport system, ATPase component 1.79 2.41 1.40 1.17 -2.90 -3.97 3 1.00 2.35

Efflux transport system, outer membrane factor (OMF) lipoprotein_3 -3.01 2.08 3.61 -1.32 -1.11 1.29 2 -1.22 -4.18

ABC transporter, ATP-binding protein (cluster 3, basic aa/glutamine/opines)_2 -1.48 2.41 2.72 -2.09 1.03 1.82 3 -1.87 2.85

Phosphate transport system regulatory protein PhoU_2 -1.93 2.39 2.07 -2.44 -1.14 -2.11 4 -1.57 -1.58

ABC transporter involved in cytochrome c biogenesis, CcmB subunit -1.63 3.68 1.56 -2.81 1.59 1.09 2 ☐ -3.29 -1.57

Annotated Desulfovibrio vulgaris  gene
AHL/Control QSI/Control

score Operon
Control 

24h/control 6h

Control 

48h/control 6h
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5.Metabolism

Acetate kinase, ack  (EC 2.7.2.1) -3.38 2.75 5.76 -3.01 -1.24 1.17 2 -1.64 -1.20

Acetyl-coenzyme A carboxyl transferase (EC 6.4.1.2) -2.80 2.16 2.75 -3.01 -1.29 1.31 3 -2.34 -1.94

Pyruvate-flavodoxin oxidoreductase (EC1.2.7.-), pfor -5.33 6.03 2.04 -3.43 -2.48 -1.02 3 -1.90 -6.19

2-oxoglutarate/2-oxoacid ferredoxin oxidoreductase, beta subunit (EC 1.2.7.-)_2 -5.29 1.74 4.81 -4.73 -1.42 -2.24 2 -1.24 -1.10

2-oxoglutarate/2-oxoacid ferredoxin oxidoreductase, delta subunit,  (EC 1.2.7.-)_2 -8.51 -1.02 5.77 -3.18 -3.37 1.29 2 -1.42 -10.03

Pyruvate formate-lyase activating enzyme (EC1.97.1.4)_1 pfl  activating enzyme 3.15 5.68 2.07 1.62 -2.18 1.20 2 1.29 2.74

Acetyl-CoA synthetase (EC 6.2.1.1)_1 -1.79 3.83 5.51 -1.39 1.10 1.04 2 -1.24 -1.11

Acetyltransferase, GNAT family_1 -2.93 1.03 3.01 -2.24 -2.43 1.07 2 -1.73 -1.94

Acyl carrier protein -7.05 8.77 19.03 -3.92 -2.91 1.86 3 -2.47 -5.28

Phosphoenolpyruvate synthase (EC 2.7.9.2) -4.38 -1.00 3.31 -3.23 -2.42 1.32 2 -1.53 -6.25

2-oxoglutarate/2-oxoacid ferredoxin oxidoreductase, gamma subunit (EC 1.2.7.-)_1 -1.69 1.18 2.77 -1.30 -2.05 -1.24 2 1.08 -1.40

Predicted lactate dehydrogenase, ldh -2.50 1.14 2.15 -2.54 -2.10 1.65 2 -1.48 -1.52

L-lactate dehydrogenase (EC 1.1.1.27), ldh 1.04 1.35 -1.11 -1.34 -2.47 -2.05 2 -1.34 1.04

6.Anaerobic respiration

Adenylylsulfate reductase alpha-subunit (EC1.8.99.2)_1 apsA -10.90 2.12 2.75 -3.31 -1.24 -1.94 2 ▲ -1.38 1.04

Adenylylsulfate reductase beta-subunit (EC1.8.99.2)_1 apsB -6.95 2.32 2.87 -2.15 -2.16 -1.43 3 ▲ -1.22 -1.09

Dissimilatory sulfite reductase clustered protein dsrD -15.75 5.01 25.84 -6.01 1.54 -2.38 3 ☐ -1.66 -15.08

Dissimilatory sulfite reductase, alpha subunit (EC 1.8.99.3), dsrA -7.64 -1.25 3.15 -5.58 -2.63 -2.00 3 ☐ -1.92 -8.90

Dissimilatory sulfite reductase, beta subunit (EC 1.8.99.3), dsrB -12.13 1.58 7.35 -5.45 -2.00 -2.19 3 ☐ -1.96 -10.73

Sulfate adenylyltransferase (EC 2.7.7.4), sat -4.49 4.05 1.58 -2.97 -6.26 -1.22 2 -1.32 -1.80

Sulfite reductase, assimilatory-type (EC 1.8.-.-) -4.56 1.79 5.56 -2.49 -2.63 -1.09 2 -1.78 -6.19

Sulfotransferase family protein -4.72 2.51 2.69 -3.97 -1.00 -1.22 2 -3.23 -1.37

Sulfur redox associated protein, dsrC -5.69 10.23 18.86 -4.86 1.17 1.90 2 -2.65 -5.64

Sulfur carrier protein ThiS adenylyltransferase (EC 2.7.7.73) 2.51 3.62 -1.08 1.31 1.59 -1.00 2 1.33 3.16

Adenylylsulfate reductase alpha-subunit (EC1.8.99.2)_2, apsA 2.81 5.42 1.49 1.50 1.62 -1.17 2 -1.11 1.78

Control 

24h/control 6h

Control 

48h/control 6h
Annotated Desulfovibrio vulgaris  gene

AHL/Control QSI/Control
score Operon
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7.Electron transfer

[NiFe] hydrogenase nickel incorporation-associated protein HypB -3.03 1.11 2.10 -2.01 -2.05 -1.31 2 -1.34 -1.67

Cytochrome c oxidase polypeptide I (EC 1.9.3.1) -2.96 -1.38 1.43 -2.69 -2.12 -2.20 2 -1.75 -1.41

Cytochrome c-type biogenesis protein CcmE, heme chaperone -4.51 1.13 3.40 -2.27 -2.23 -1.03 2 ☐ -1.91 -6.62

Cytochrome d ubiquinol oxidase subunit II (EC 1.10.3.-) -3.19 1.32 4.90 -2.13 -2.13 1.79 2 -1.46 -6.25

Electron transport complex protein rnfA -3.84 -1.93 2.41 -2.13 -4.49 1.09 2 -1.05 -5.14

Electron transport complex protein rnfC -3.95 -1.78 2.00 -2.02 -5.12 -1.09 2 1.04 4.44

HybA, Fe-S-cluster-containing hydrogenase components -3.63 1.26 3.62 -2.30 -2.56 -1.31 2 -1.63 -5.83

Periplasmic HynAB-type cytochrome-c3 [NiFe] hydrogenase, large subunit (EC 1.12.2.1)_1 -3.18 2.13 1.27 -1.17 -5.18 -2.04 2 ☐ 1.26 -1.57

Periplasmic HynAB-type cytochrome-c3 [NiFe] hydrogenase, small subunit (EC 1.12.2.1)_1 2.05 2.93 3.11 1.65 1.57 -1.24 3 ☐ 1.25 1.41

Anaerobic respiratory complex protein qmoA -5.92 -1.18 2.58 -3.42 -2.75 1.17 2 ▲ -2.85 -6.11

Anaerobic respiratory complex protein qmoB -4.95 1.15 2.46 -3.64 -2.32 1.91 2 ▲ -2.95 -5.36

Anaerobic respiratory complex protein qmoC -4.32 1.46 2.57 -3.10 -1.61 -2.08 2 ▲ -2.94 -1.88

Sulfite reduction-associated complex DsrMKJOP protein dsrJ -6.00 1.11 4.03 -4.43 -2.36 -2.33 3 ☐ -1.75 -6.52

Sulfite reduction-associated complex DsrMKJOP protein dsrK -5.15 1.20 3.51 -3.67 -2.30 1.69 2 ☐ -1.64 -5.35

Sulfite reduction-associated complex DsrMKJOP protein dsrM -3.01 1.01 2.59 -2.62 -2.65 1.27 2 ☐ -1.56 -1.95

Carbon monoxide-induced hydrogenase small subunit cooL -1.50 -1.03 2.12 -1.58 -2.28 -1.36 2 1.16 -1.14

Heterodisulfide reductase subunit C-like protein, hdrC -1.32 -1.12 3.34 -1.35 -2.22 1.33 2 -1.09 -1.86

Periplasmic HynAB-type cytochrome-c3 [NiFe] hydrogenase, large subunit (EC 1.12.2.1)_2 -1.38 2.06 2.17 -2.60 1.03 1.83 3 2.24 -1.70

Putative hydrogenase cytochrome b subunit 2.73 2.65 6.41 -3.48 -1.29 -1.02 4 -1.91 -5.63

Energy-conserving hydrogenase (ferredoxin), subunit F -1.13 2.24 3.26 1.29 -1.50 1.26 2 1.18 -1.41

Cytochrome c family protein_3 3.19 6.62 2.45 -2.11 1.06 -1.08 4 3.01 -1.57

Ferredoxin_1 2.99 2.63 6.70 -2.86 -1.13 1.01 4 -1.51 4.83

Ferredoxin_4 2.30 6.95 26.94 -2.20 1.94 1.79 4 -1.47 4.21

Quad-[4Fe-4S] ferredoxin, HycB/HydN/HyfA family_1 -1.65 2.02 4.91 -1.21 -1.54 1.18 2 -1.50 4.77

Energy-conserving hydrogenase (ferredoxin), subunit D 1.05 1.06 2.54 1.49 -2.33 -1.18 2 1.39 -1.46

Cytochrome b561 2.71 3.39 3.66 -2.73 1.04 1.63 4 -1.97 -1.31

Formate dehydrogenase O alpha subunit, fdh (EC1.2.1.2)_1 -1.18 -1.68 2.04 -3.09 -3.53 1.10 3 -1.40 -6.01

Formate dehydrogenase O alpha subunit, fdh (EC1.2.1.2)_6 -1.81 -1.39 3.09 -3.12 -3.39 -1.47 3 -1.53 -6.93

Flavodoxin -5.08 -1.19 2.71 -3.02 -3.82 1.02 2 1.09 -6.42

Flavoredoxin -1.70 2.36 2.44 -2.10 1.43 1.02 3 -1.63 -1.18

Cytochrome c-type biogenesis protein CcmC 2.48 3.01 1.02 -2.55 -1.07 -1.21 3 ☐ -2.19 -1.32

cytochrome c -5.53 1.32 4.90 -3.11 -3.17 -1.23 3 -1.40 -1.15

Annotated Desulfovibrio vulgaris  gene
AHL/Control QSI/Control

score Operon
Control 

24h/control 6h

Control 

48h/control 6h
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8.Biofilm formation

exopolysaccharide production protein, putative_1 13.59 6.70 1.35 -7.07 1.98 -1.12 3 3.44 10.25

Flagellar basal-body P-ring formation protein FlgA 8.00 5.41 1.40 4.25 1.81 -1.22 2 2.60 6.01

Flagellar basal-body rod protein FlgF 2.20 1.68 1.62 -2.05 1.09 -1.01 2 1.58 2.38

Flagellar biosynthesis protein FlhF 3.96 3.37 1.03 2.91 1.79 -1.17 2 2.03 4.41

Flagellar L-ring protein FlgH 3.12 2.69 1.27 2.60 1.24 -1.19 2 1.86 2.59

Type IV pilin PilA_1 -4.08 1.90 3.61 -2.76 -1.52 -1.09 2 -1.20 -1.09

Glycosyl transferase, group 1 family protein_2 14.93 7.40 1.40 8.24 -2.60 -1.05 2 3.67 11.73

Glycosyl transferase, group 1 family protein_3 11.34 6.35 1.30 5.68 -2.05 -1.17 2 2.81 9.16

Glycosyl transferase, group 2 family_1 15.89 6.15 1.29 7.85 -2.04 -1.19 2 3.75 11.52

Glycosyltransferase_2 -2.55 2.25 2.89 -2.90 1.16 -2.69 4 3.19 9.94

Flagellum-specific ATP synthase FliI 2.30 3.58 1.32 1.51 1.27 -1.06 2 1.02 1.69

Flagellin protein FlaA_4 -1.21 -1.08 2.42 -1.04 -3.32 1.43 2 1.16 1.44

Glycosyl transferase, group 1 family protein_4 -1.34 1.79 3.34 -2.12 1.97 -3.08 3 2.51 6.60

Glycosyl transferase, group 1_1 1.26 2.18 2.30 1.04 -1.08 1.59 2 -1.51 -1.45

Flagellar basal-body rod protein FlgG 3.03 2.84 1.25 1.51 -1.24 -1.04 2 1.73 2.24

Flagellar biosynthesis protein FlhA 6.52 5.03 1.57 1.70 1.25 -1.06 2 1.36 2.95

Flagellar biosynthesis protein FlhB 3.19 4.61 1.83 1.09 1.42 1.14 2 1.48 2.78

Flp pilus assembly protein RcpC 2.67 2.22 -1.22 -2.51 -1.01 -1.43 3 ☐ 1.72 2.88

Flp pilus assembly protein TadB 3.25 3.38 1.16 -2.70 1.05 -1.12 3 ☐ 2.02 3.23

Flp pilus assembly protein TadD 3.52 3.01 1.03 -2.61 1.07 1.10 3 ☐ 2.34 6.76

hypothetical protein_378 pilus assembly protein -3.36 -1.56 2.20 -2.01 -2.19 1.04 2 2.11 3.94

Type IV prepilin peptidase TadV/CpaA 2.13 1.48 1.35 -2.30 -1.43 -1.47 2 ☐ 1.73 1.40

glycosyl transferase, family 8 -1.98 -1.72 1.14 -2.25 -1.93 -2.82 2 2.01 5.23

Flagellar cap protein FliD -1.56 -1.37 2.14 -1.05 -2.86 -1.02 2 2.38 5.73

Flp pilus assembly protein, pilin Flp_2 2.72 -1.71 -1.86 -5.20 -2.70 -1.49 3 ☐ 2.24 5.57

Control 

24h/control 6h

Control 

48h/control 6h
Annotated Desulfovibrio vulgaris  gene

AHL/Control QSI/Control
score Operon
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9.CRISPR gene

CRISPR-associated protein Cas2 -1.95 8.62 16.01 -2.10 2.82 1.94 2 -1.34 2.63

CRISPR-associated protein Cas1 1.02 3.01 3.29 -1.02 1.14 -1.04 2 1.09 -1.18

CRISPR-associated protein, Csd1 family 1.05 3.55 3.95 1.07 1.09 -1.09 2 1.19 -1.25

CRISPR-associated protein, Csd2/Csh2 family 1.31 2.28 3.69 1.12 1.07 1.06 2 1.12 -1.68

CRISPR-associated RecB family exonuclease Cas4 1.23 2.89 3.22 1.02 1.02 1.10 2 1.06 -1.25

10.Hypothetical protein

hypothetical protein_757 -11.56 3.45 3.36 -11.58 1.28 -2.38 3 3.13 3.52

hypothetical protein_775 2.29 4.00 2.49 1.81 1.30 2.63 2 1.12 1.48

hypothetical protein_178 1.53 3.19 2.69 -1.13 1.93 1.22 2 -1.54 -1.27

hypothetical protein_205 2.16 6.68 2.02 1.46 1.84 -1.02 3 -1.15 -1.02

hypothetical protein_FIG00603351 -6.05 -1.93 3.87 -2.83 -4.34 1.35 2 1.84 6.57

hypothetical protein_774 -3.57 1.33 4.85 -2.05 -2.01 1.01 2 -1.12 -4.35

hypothetical protein_802 -2.25 1.89 2.85 -2.09 -2.01 1.44 2 -1.50 -1.85

Annotated Desulfovibrio vulgaris  gene
AHL/Control QSI/Control

score Operon
Control 

24h/control 6h

Control 

48h/control 6h



 
 

Table B4: Number of differently expressed genes between control samples at 24 h and 48 h from the 

treatments in QSI and AHL samples compared to the one at 6 h. Red and blue cells indicate upregulation 

and downregulation respectively. 

 

 Control h 24/h 6 Control h 48/h 6 

Regulatory gene 1 0 5 1 

ATP synthase 0 0 0 3 

Ribosomal gene 0 1 0 28 

Membrane transport 0 7 4 8 

Metabolism 0 2 1 3 

Anaerobic respiration 0 2 1 5 

Electron transfer 2 4 4 12 

Biofilm formation 13 0 20 0 

CRISPR gene 0 0 0 0 

Hypothetical protein 1 0 2 1 

 



 
Table B5. Transcription factors associated with each of the differently expressed genes 

 

motif ID motif sequence Desulfovibrio vulgaris  annotation gene name start stop strand score p-value q-value

vqsr_Q9I0P6 TCGCCGAGGCGCTCGCGG Dissimilatory sulfite reductase, beta subunit (EC 1.8.99.3), dsrB 193 210 - 16.46 2.38E-07 0.0063

trar_P33905 TCGTGGAAAAGTGCACCT Putative hydrogenase cytochrome b subunit 81 98 + 12.77 9.41E-07 0.0367

vqsr_Q9I0P6 TCGCCGCACGGGTCGCCA Flp pilus assembly protein TadD 76 93 + 13.22 1.56E-06 0.0208

vqsr_Q9I0P6 TCGGTGCGGCCCTGGCGC Dissimilatory sulfite reductase, alpha subunit (EC 1.8.99.3), dsrA 274 291 - 10.66 3.37E-06 0.0279

vqsr_Q9I0P6 TCGCCCCGCGCCTAGCGG Flp pilus assembly protein TadB 263 280 + 9.26 4.78E-06 0.0279

trar_P33905 TCGGGCAGAATCTCACGT SSU ribosomal protein S7p (S5e) 427 444 - 10.39 5.86E-06 0.114

vqsr_Q9I0P6 TCGCCAGACCCCTGTCGA LSU ribosomal protein L11p (L12e) 296 313 + 8.70 6.15E-06 0.0279

vqsr_Q9I0P6 AGGCCCCGCGGCTGGCGA exopolysaccharide production protein, putative_1 112 129 + 8.69 6.28E-06 0.0279

vqsr_Q9I0P6 TCGCCGCACCGGTCCCGA Signal transduction histidine kinase_6 78 95 + 8.12 8.45E-06 0.0321

lasr_P54292 ACCGACGAGATCATGGAATT Sulfite reduction-associated complex DsrMKJOP protein dsrJ 129 148 + 6.43 9.90E-06 0.316

vqsr_Q9I0P6 GAGCCGCCCCGCTGGCCT Dissimilatory sulfite reductase clustered protein dsrD 118 135 + 7.71 1.04E-05 0.0336

vqsr_Q9I0P6 TCGCGGACGCAGTGGCCT Acyl carrier protein 256 273 + 7.44 1.14E-05 0.0336

lasr_P54292 TTGTGCGAAATCTGGTAGGC LSU ribosomal protein L6p (L9e) 371 390 + 4.80 1.63E-05 0.316

luxr_P35327 GCCCCTAAAAACTGTCACGT hypothetical protein_205 247 266 - 7.43 1.68E-05 0.65

las-rhl ACATGCCATTCATGGAAGGT SSU ribosomal protein S15p (S13e) 249 268 + 6.16 1.71E-05 0.131

vqsr_Q9I0P6 GCGCCGCACCCTAGACGT SSU ribosomal protein S15p (S13e) 13 30 - 5.87 2.42E-05 0.0532

vqsr_Q9I0P6 CCTCCGCAGCCTCGGCCT Formate dehydrogenase O alpha subunit, fdh (EC1.2.1.2)_1 304 321 + 5.87 2.42E-05 0.0532

las-rhl GCCTGCCCGTGGTGGCAAGC Glycosyl transferase, group 1 family protein_4 137 156 + 1.49 2.57E-05 0.131

las-rhl ACCGGCCGATTCGGGTAGGA Phosphate transport system regulatory protein PhoU_2 375 394 + 1.49 2.57E-05 0.131

vqsr_Q9I0P6 GCGCCTCACCAACGGCCT SSU ribosomal protein S7p (S5e) 178 195 + 5.19 2.92E-05 0.0532

vsrd_Q8XVU0 CATACCCCCCATACCGGGGATA SSU ribosomal protein S16p 121 142 - -0.76 3.39E-05 1

vqsr_Q9I0P6 TTGTCGAGCGCCTAGCCT Glycosyltransferase_2 73 90 + 4.59 3.39E-05 0.0532

vqsr_Q9I0P6 TCGCACGGGCACTGGCGG Phosphate transport system regulatory protein PhoU_2 109 126 + 4.46 3.40E-05 0.0532

vqsr_Q9I0P6 TCGACAGGGGTCTGGCGA LSU ribosomal protein L11p (L12e) 296 313 - 4.46 3.41E-05 0.0532

lasr_P25084 AAGCCGCCACATCGCATGGGTGG SSU ribosomal protein S6p 283 305 - 11.86 3.47E-05 0.67

vqsr_Q9I0P6 CCCCCCCGGCCATGGCGA Cytochrome c family protein_3 68 85 + 4.16 3.63E-05 0.0532

vqsr_Q9I0P6 TAACCGCGGCCCTGCCGC Cytochrome c-type biogenesis protein CcmC 347 364 + 3.59 4.02E-05 0.0532

vqsr_Q9I0P6 ACGCCGTGGGTCGGGCGT Acetyl-coenzyme A carboxyl transferase (EC 6.4.1.2) 46 63 + 3.47 4.09E-05 0.0532

vqsr_Q9I0P6 TTGCCGGGCTTCTGGCCA LSU ribosomal protein L25p 281 298 + 3.47 4.09E-05 0.0532

vqsr_Q9I0P6 CCGCCGCGTCGCTGGACG Cytochrome c family protein_3 308 325 - 3.46 4.10E-05 0.0532

las-rhl ACCGGCCGCATCCTGCGGTT Acetyl-coenzyme A carboxyl transferase (EC 6.4.1.2) 304 323 + 1.21 4.27E-05 0.157

vqsr_Q9I0P6 TTGCCGCCGCGCTGGTCG Glycosyl transferase, group 1 family protein_4 233 250 + 3.18 4.36E-05 0.0532

lasr_P54292 GCCTGCACAAGCTGGGATGT Periplasmic HynAB-type cytochrome-c3 [NiFe] hydrogenase, large subunit 207 226 + 1.51 4.65E-05 0.362
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lasr_P54292 ACCGGCCGCATCCTGCGGTT Acetyl-coenzyme A carboxyl transferase (EC 6.4.1.2) 304 323 + 1.48 4.71E-05 0.362

lasr_P54292 GCCTGGCAAATCTTGCCTCA hypothetical protein_757 335 354 + 1.48 4.71E-05 0.362

vqsr_Q9I0P6 TCGCGGCCGACTTGGTGA Acyl carrier protein 94 111 - 2.61 5.00E-05 0.0532

vqsr_Q9I0P6 GCGTCGCTGGACGGGCGA Cytochrome c family protein_3 303 320 - 2.61 5.04E-05 0.0532

vqsr_Q9I0P6 TCGCCTCGCAGATGCCGC hypothetical protein_205 163 180 + 2.49 5.18E-05 0.0532

vqsr_Q9I0P6 TCGCCGCCCACCTTGCTT LSU ribosomal protein L6p (L9e) 349 366 - 2.49 5.18E-05 0.0532

vqsr_Q9I0P6 CCGCCGCCGGGCTTGCCC SSU ribosomal protein S16p 91 108 - 2.48 5.20E-05 0.0532

vsrd_Q8XVU0 AAACCCCGTAACCTTGGGAATG LSU ribosomal protein L11p (L12e) 56 77 - -1.04 5.27E-05 1

lasr_P25084 GAACCATCTGTTTTCCCAGAGTA Transcriptional regulator DegU, LuxR family 264 286 - 11.27 5.33E-05 0.67

vqsr_Q9I0P6 GCGTTGCCGCACTGGCCA SSU ribosomal protein S15p (S13e) 152 169 + 2.32 5.45E-05 0.0537

trar_P33905 ACGTGAGATTCTGCCCGA SSU ribosomal protein S7p (S5e) 427 444 + 4.19 5.59E-05 0.44

lasr_P54292 ACCGGCCGATTCGGGTAGGA Phosphate transport system regulatory protein PhoU_2 375 394 + 0.85 5.61E-05 0.362

vqsr_Q9I0P6 GCGTCACGGGCATGGCGT hypothetical protein_205 179 196 + 2.20 5.72E-05 0.0543

vqsr_Q9I0P6 ACGCCGTAGCAGAGGCGT Flp pilus assembly protein RcpC 280 297 - 1.93 6.09E-05 0.0559

lasr_P25084 GCCGTGCCCGTTCTCTTCGCGAC ATP synthase protein I_1 86 108 - 11.06 6.15E-05 0.67

luxr_A7MXJ7 CTTGTGATGGAATTAACAATG Adenylylsulfate reductase beta-subunit (EC1.8.99.2)_1 apsB 232 252 - 10.81 6.27E-05 1

hapr_A0A0H3Q915 TCACGGATGGTGTTCTCGGG Sulfite reduction-associated complex DsrMKJOP protein dsrJ 72 91 - 0.38 6.40E-05 1

trar_P33905 ACCCGAAGTACTGCTCAT Phosphate transport system regulatory protein PhoU_2 131 148 + 3.91 6.78E-05 0.44

trar_P33905 TCACGAAGAACAGCACAC Glycosyltransferase_2 414 431 - 3.91 6.78E-05 0.44

vqsr_Q9I0P6 ACGCCTCGGCACCGACCC Putative hydrogenase cytochrome b subunit 298 315 + 1.63 7.21E-05 0.0608

vqsr_Q9I0P6 CTGCCGCCGCCCTCGCCT Ferredoxin_1 170 187 + 1.62 7.31E-05 0.0608

vqsr_Q9I0P6 ACCCCGCACCGGCGGCGA Cytochrome c-type biogenesis protein CcmC 432 449 - 1.62 7.31E-05 0.0608

luxr_B5EV73 ACGTGAAGGCTGGTGCCTGC Periplasmic HynAB-type cytochrome-c3 [NiFe] hydrogenase, large subunit_2 193 212 + 0.91 7.41E-05 1

lasr_P25084 ACCGCACCTCTTCGGCAAGGACG Cytochrome b561 34 56 + 10.78 7.46E-05 0.67

vqsr_Q9I0P6 TGGCCTTGGCCCAGTCGT Cytochrome b561 78 95 - 1.34 7.99E-05 0.0619

vqsr_Q9I0P6 AGGCCGTGGGACTGCCGT Cytochrome b561 111 128 + 1.34 7.99E-05 0.0619

rsal_G3XD78 GATGTACCCTGCGTA Glycosyltransferase_2 304 318 + 8.63 8.09E-05 1

las-rhl GCCTGCACAAGCTGGGATGT Periplasmic HynAB-type cytochrome-c3 [NiFe]hydrogenase, large subunit_2 207 226 + 0.93 8.23E-05 0.157

las-rhl GTCTGGCAGGTGTGGGCGGT Cytochrome b561 240 259 + 0.93 8.23E-05 0.157

las-rhl ACAGCCCAGTTCAATCAGGT Periplasmic HynAB-type cytochrome-c3 [NiFe]hydrogenase, large subunit_2 257 276 + 0.93 8.23E-05 0.157

las-rhl ACTCGCAAGGCCTGGCAAAT hypothetical protein_757 326 345 + 0.93 8.23E-05 0.157

vqsr_Q9I0P6 TCTGCGCAAGGCGGGCGA Glycosyltransferase_2 218 235 + 1.34 8.28E-05 0.0619

vqsr_Q9I0P6 ACGCCGAGGGCATGACCC Two-component transcriptional response regulator, LuxR family_1 14 31 + 1.21 8.51E-05 0.0619

vqsr_Q9I0P6 TCCGCCATGCATTGGCGA hypothetical protein_757 41 58 + 1.07 8.60E-05 0.0619

vqsr_Q9I0P6 CCGCCTCATCGCTGAAGA Acetyl-coenzyme A carboxyl transferase (EC 6.4.1.2) 12 29 + 1.06 9.06E-05 0.0635
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luxr_B5EV73 GCCAGCAAGATAGGGCATTC Cytochrome c family protein_3 5 24 + 0.63 9.08E-05 1

opar_Q79YV4 TGTTGATTGTTCAGACGGTC Periplasmic HynAB-type cytochrome-c3 [NiFe] hydrogenase, small subunit _1 118 137 - 5.39 9.11E-05 1

luxr_B5EV73 GCCCGCTGGATGGTGCTGTC ATP synthase protein I_1 134 153 - 0.49 9.31E-05 1

vsrd_Q8XVU0 TATCCGCCATGCATTGGCGATC hypothetical protein_757 39 60 + -1.32 9.54E-05 1

vqsr_Q9I0P6 TGGCCTCGAGGGCGGCGT Glycosyl transferase, group 1 family protein_4 110 127 - 0.94 9.67E-05 0.066

smcr_Q7ME71 CACATGATCTCTAAAAAAATCCTG hypothetical protein_757 358 381 - -1.67 9.69E-05 1

vqsr_Q9I0P6 TCGCCGCCGCGCTGGTCT Two-component system sensor histidine kinase. BaeS family 97 114 + 15.48 3.95E-07 0.0261

vqsr_Q9I0P6 TCGCCGAGGCGTCGACCA ABC transporter involved in cytochrome c biogenesis 211 228 + 13.64 1.27E-06 0.0296

vqsr_Q9I0P6 TGGCCTCGGGCTTGGCCG Energy-conserving hydrogenase (ferredoxin), subunit D 262 279 - 13.23 1.56E-06 0.0296

las-rhl AGCTGCCAGACCTGCCATGC Electron transport complex protein rnfC 238 257 + 11.66 1.78E-06 0.0694

vqsr_Q9I0P6 TCGTCTAGCGACTTGCGA LSU ribosomal protein L17p 288 305 - 12.09 2.45E-06 0.0296

vqsr_Q9I0P6 TCGCCTCGGGGTGCGCCT Glycosyl transferase, group 1_1 279 296 - 11.67 2.72E-06 0.0296

vqsr_Q9I0P6 CCGCCGCCCCCATGGCGA Transcriptional regulator, MarR family_3 98 115 - 10.25 3.61E-06 0.0296

vqsr_Q9I0P6 TCGCCGCCGCGCTTGCCG SSU ribosomal protein S1p_1 105 122 + 10.25 3.61E-06 0.0296

vqsr_Q9I0P6 TCGGCGCGGCCCTGAAGA Carbon monoxide-induced hydrogenase small subunit cooL 135 152 + 9.79 4.01E-06 0.0296

vqsr_Q9I0P6 TTGCCGCGCAGCTGGCCC LSU ribosomal protein L15p (L27Ae) 179 196 - 9.26 4.78E-06 0.0296

vqsr_Q9I0P6 TTGCCGCGCAGCTGGCCC LSU ribosomal protein L30p (L7e) 349 366 - 9.26 4.78E-06 0.0296

vqsr_Q9I0P6 CCGCCTCGGCCGTGGCAT

Efflux transport system, outer membrane factor

(OMF) lipoprotein_3
70 87 - 8.99 5.23E-06 0.0296

vqsr_Q9I0P6 TCTCCGCACCGCTGGCAG CRISPR-associated protein Cas1 101 118 + 8.99 5.39E-06 0.0296

vqsr_Q9I0P6 TTGCCGCGGGGGGGGCCA

ABC transporter, substrate-binding protein

(cluster 3, basic aa/glutamine/opines)_1
121 138 + 8.69 6.28E-06 0.0318

lasr_P25084 CCCGTGCCACAACTGCTGGGACG Response regulator receiver protein_2 173 195 + 13.90 6.71E-06 0.41

vqsr_Q9I0P6 TTGCCGCGGGACTCGCCC Acetyltransferase, GNAT family_1 41 58 - 8.41 7.23E-06 0.0318

vqsr_Q9I0P6 CCGCCTCGGGGATGTCGA Carbon monoxide-induced hydrogenase small subunit cooL 54 71 - 8.41 7.23E-06 0.0318

luxr_B5EV73 GCCTGCAGGATCATGCCCTC CRISPR-associated protein, Csd2/Csh2 family 395 414 - 7.11 8.03E-06 0.806

vqsr_Q9I0P6 CCGCTGCGCCACAGGCGT Sulfur carrier protein ThiS adenylyltransferase (EC 2.7.7.73) 346 363 - 8.12 8.45E-06 0.0349

las-rhl ACCTGCGTGAACTTGCACGC Cytochrome c-type biogenesis protein CcmE, heme chaperone 208 227 + 6.44 9.58E-06 0.125

las-rhl ACCTCCCAGTGCTGGTACGA Adenylylsulfate reductase alpha-subunit (EC1.8.99.2)_1 apsA 312 331 + 6.44 9.58E-06 0.125

rsal_G3XD78 GAGGAAAACCGGATA Acetyltransferase, GNAT family_1 231 245 - 13.44 9.84E-06 1

vqsr_Q9I0P6 TCGTGGCGGGACTGGTCA Glycosyl transferase, group 1_1 82 99 + 7.54 1.10E-05 0.0414

vqsr_Q9I0P6 GCGCCGAGGCGTTCGCCG Electron transport complex protein rnfA 60 77 + 7.43 1.19E-05 0.0414

vqsr_Q9I0P6 TCGCCGCGCTGCTGCTCT

ABC transporter, substrate-binding protein

(cluster 3, basic aa/glutamine/opines)_1
426 443 + 7.42 1.22E-05 0.0414

lasr_P54292 TGCTGCGCAATCTGGCGGCG CRISPR-associated protein, Csd1 family 299 318 + 5.33 1.39E-05 0.578

vqsr_Q9I0P6 TCGATGCGCGGCAGGCGT Two-component system sensor histidine kinase. BaeS family 302 319 - 7.13 1.43E-05 0.0414

trar_P33905 GCGTGAAGATTTGCCCCC Adenylylsulfate reductase alpha-subunit (EC1.8.99.2)_1 apsA 13 30 + 5.86 1.51E-05 0.763

trar_P33905 TCTTGAAGAGATGCTCGT LSU ribosomal protein L17p 149 166 - 5.86 1.51E-05 0.763

vqsr_Q9I0P6 TGGCCTCCGCATCGGCCA CRISPR-associated RecB family exonuclease Cas4 145 162 + 6.86 1.54E-05 0.0414

vqsr_Q9I0P6 TCGCCTCATCCTGCGCGA Sulfite reductase, assimilatory-type (EC 1.8.-.-) 247 264 - 6.86 1.54E-05 0.0414
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vqsr_Q9I0P6 CCGCCTAGACACTGTCCA Sulfur redox associated protein, dsrC 372 389 + 6.86 1.54E-05 0.0414

lasr_P25084 ACCGTGGCAGTTCGGCTGGGGGC HybA, Fe-S-cluster-containing hydrogenase components 89 111 + 12.88 1.58E-05 0.41

vqsr_Q9I0P6 TCGCCTAGACGCTATCCA L-lactate dehydrogenase (EC 1.1.1.27), ldh 96 113 + 6.86 1.61E-05 0.0414

vqsr_Q9I0P6 TCGGCGAAGTCCTCGCCA SSU ribosomal protein S1p_1 153 170 + 6.86 1.61E-05 0.0414

vqsr_Q9I0P6 CCGTCGCAGCCTCGGCCA Phosphate transport system permease protein PstC (TC 3.A.1.7.1)_1 94 111 + 6.85 1.63E-05 0.0414

lasr_P25084 AACCCGCCCGCAATGGCAGCGGG Sulfur redox associated protein, dsrC 9 31 - 12.81 1.67E-05 0.41

lasr_P25084 ACGCCGCCAGATTGCGCAGCACC CRISPR-associated protein, Csd1 family 297 319 - 12.73 1.77E-05 0.41

lasr_P25084 AGCCTGTCTTCTCTGCCAGCGGT CRISPR-associated protein Cas1 108 130 - 12.46 2.20E-05 0.41

luxr_A7MXJ7 TTCTTGACAATTTGCTCACTT

ABC transporter, substrate-binding protein

(cluster 3, basic aa/glutamine/opines)_1
321 341 + 12.42 2.25E-05 1

vqsr_Q9I0P6 TCGCATCCCCATCGGCGT

2-oxoglutarate/2-oxoacid ferredoxin

oxidoreductase, gamma subunit (EC 1.2.7.-)_1
308 325 + 5.89 2.26E-05 0.0526

vqsr_Q9I0P6 GCGCCTAAGCCTTGGGGC

Cytochrome d ubiquinol oxidase subunit II (EC

1.10.3.-)
342 359 - 5.89 2.26E-05 0.0526

luxr_B5EV73 ATTGGCAAGATCGTTCAGGT ATP synthase beta chain (EC 3.6.3.14) 413 432 + 5.86 2.31E-05 1

hapr_A0A0H3Q915 TAACTGTTATTAGTATCGGT ATP synthase F0 sector subunit c (EC 3.6.3.14) 368 387 - 5.32 2.51E-05 1

las-rhl CGCTGCCATTGCGGGCGGGT Sulfur redox associated protein, dsrC 11 30 + 1.49 2.57E-05 0.139

las-rhl CCCTGCCGGGCAGCGCAGGT Sulfur redox associated protein, dsrC 69 88 + 1.49 2.57E-05 0.139

las-rhl CCGTCCCTGTTCCGGCAGGG SSU ribosomal protein S13p (S18e) 205 224 + 1.49 2.57E-05 0.139

lasr_P54292 TACGACGAGTTCTTGCGTGT Acetyl-CoA synthetase (EC 6.2.1.1)_1 425 444 + 3.11 2.79E-05 0.578

vqsr_Q9I0P6 TCGCCTCATGCCCGGTCT Flagellar basal-body P-ring formation protein FlgA 392 409 - 5.18 2.94E-05 0.0526

trar_P33905 ACGTGGTAAACCGCAAGT LSU ribosomal protein L2p (L8e) 270 287 + 4.89 3.12E-05 1

lasr_P54292 ACCTGCGAAGGCTTGTAATG Acetyltransferase, GNAT family_1 138 157 - 2.52 3.38E-05 0.578

vqsr_Q9I0P6 TGGCCACGGCACCGGCGG Acetate kinase, ack  (EC 2.7.2.1) 230 247 - 4.17 3.61E-05 0.0526

vqsr_Q9I0P6 CCGCCCCGGTGCTGGTGA Flagellar biosynthesis protein FlhB 44 61 + 4.16 3.63E-05 0.0526

hapr_A0A0H3Q915 TCACTGATCAACCTGTGTAT CRISPR-associated protein Cas2 322 341 + 5.04 3.63E-05 1

lasr_P54292 TGCTATCAATGCCGCCGGTT SSU ribosomal protein S4p (S9e) 289 308 + 2.24 3.67E-05 0.578

rsal_G3XD78 CATGAAATGTCCGTA [NiFe] hydrogenase nickel incorporation-associated protein HypB 40 54 + 10.28 3.78E-05 1

vqsr_Q9I0P6 TCGCCGCGGCAGTGAGGC Flagellar cap protein FliD 79 96 - 3.89 3.80E-05 0.0526

vqsr_Q9I0P6 CCGCCGCTTCCTTGGCGG sigma-54-dependent transcriptional regulator_4 40 57 - 3.76 3.85E-05 0.0526

vqsr_Q9I0P6 CCGCCGGTGCCGTGGCCA Acetate kinase, ack  (EC 2.7.2.1) 230 247 + 3.76 3.88E-05 0.0526

vqsr_Q9I0P6 AGGCCGCGGCAAGGGCGA ABC transporter, substrate-binding protein 420 437 - 3.59 3.99E-05 0.0526

vqsr_Q9I0P6 TCGCCGCCGCGGTGGGTT L-lactate dehydrogenase (EC 1.1.1.27), ldh 30 47 + 3.48 4.06E-05 0.0526

vqsr_Q9I0P6 TCGCCGCCCAGATGGCCG SSU ribosomal protein S4p (S9e) 177 194 + 3.35 4.12E-05 0.0526

vqsr_Q9I0P6 TCACGGCGGCACTGACGG SSU ribosomal protein S4p (S9e) 427 444 - 3.31 4.19E-05 0.0526

las-rhl AAACGCCTGAGAGGGCAGGT CRISPR-associated protein, Csd1 family 31 50 + 1.21 4.27E-05 0.139

las-rhl ATGCCCCGGCACTGGCAGGT Transcriptional regulator, MarR family_3 65 84 + 1.21 4.27E-05 0.139

las-rhl GCCCGTCAGGTTCAGCAGGT ATP synthase epsilon chain (EC 3.6.3.14) 69 88 + 1.21 4.27E-05 0.139

las-rhl AACTGACAGACAAGGCCGGA Sulfur carrier protein ThiS adenylyltransferase (EC 2.7.7.73) 100 119 + 1.21 4.27E-05 0.139

las-rhl ACGCGCCTTTTCCGGCATGT hypothetical protein_775 170 189 + 1.21 4.27E-05 0.139
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las-rhl CCCCGCGAGGTGAGTCAGGT

ABC-type amino acid transport/signal

transduction system, periplasmic component/domain_1
268 287 + 1.21 4.27E-05 0.139

lasr_P54292 ACCTGCCCTCTCAGGCGTTT CRISPR-associated protein, Csd1 family 31 50 - 1.78 4.29E-05 0.578

lasr_P54292 GCCCGCGAACTCTTGGGCTT Probable transcriptional regulatory protein YebC 258 277 - 1.77 4.30E-05 0.578

hapr_A0A0H3Q915 CCGCTGCCAGACTTCTCGGC Flagellum-specific ATP synthase FliI 363 382 - 0.65 4.31E-05 1

vqsr_Q9I0P6 TCACCGCAGCCAAGGCGC Glycosyl transferase, group 1_1 25 42 + 3.19 4.32E-05 0.0526

vqsr_Q9I0P6 TCGCGGTGGCCAAGGCGT LSU ribosomal protein L7p/L12p (P1/P2) 88 105 + 3.19 4.32E-05 0.0526

vqsr_Q9I0P6 TCTGCCCGGCGCTGGCCC SSU ribosomal protein S4p (S9e) 126 143 - 3.18 4.36E-05 0.0526

vqsr_Q9I0P6 TCGCCGCGGCCGTGTTCG LSU ribosomal protein L27p 260 277 - 3.18 4.36E-05 0.0526

vqsr_Q9I0P6 TCGTGGCGGGCGTGGCGC hypothetical protein_378 pilus assembly protein 290 307 + 3.18 4.36E-05 0.0526

lasr_P25084 GTGCTGTCGGCTATGCCAGCGGG ABC transporter, ATP-binding protein_3 21 43 + 11.49 4.52E-05 0.584

vqsr_Q9I0P6 TCGCCGTGGCGCTGCGTT Flagellar biosynthesis protein FlhA 69 86 + 2.90 4.64E-05 0.0526

vqsr_Q9I0P6 TCGAAGAGGTGCTGGCGC Flagellum-specific ATP synthase FliI 331 348 + 2.90 4.64E-05 0.0526

vqsr_Q9I0P6 TCGCCGCGGCGCGCGGCG Two-component system sensor histidine kinase. BaeS family 217 234 + 2.89 4.71E-05 0.0526

vqsr_Q9I0P6 GCGCCGTGGGGCCCGCGA hypothetical protein_378 pilus assembly protein 255 272 - 2.89 4.71E-05 0.0526

vqsr_Q9I0P6 TCGGCGGGCGCATGGCGG Flagellar basal-body rod protein FlgF 161 178 + 2.77 4.76E-05 0.0526

vqsr_Q9I0P6 TTGCCGACGCCATGTCGA Anaerobic respiratory complex protein qmoC 116 133 + 2.61 5.00E-05 0.0526

vqsr_Q9I0P6 GGGCCTCGGCACCGGCGG hypothetical protein_FIG00603351 230 247 + 2.61 5.00E-05 0.0526

lasr_P54292 GCCTCCGAGAGCTTCCAGTA

ABC transporter, ATP-binding protein (cluster

3, basic aa/glutamine/opines)_1
286 305 + 1.23 5.03E-05 0.578

vqsr_Q9I0P6 AGGGCGAGGCGCTGGCGG Flagellar L-ring protein FlgH 267 284 + 2.61 5.04E-05 0.0526

vqsr_Q9I0P6 CCACCGCGCAGCTGGAGA LSU ribosomal protein L14p (L23e) 25 42 + 2.60 5.09E-05 0.0526

vqsr_Q9I0P6 TTGCCGCGCCCCTACCGG Transcriptional regulator, AcrR family_1 68 85 + 2.60 5.09E-05 0.0526

vqsr_Q9I0P6 GCGCGGCGGCGATGGTCA Two-component system sensor histidine kinase. BaeS family 91 108 - 2.60 5.09E-05 0.0526

vqsr_Q9I0P6 CCACCGCGCAGCTGGAGA SSU ribosomal protein S17p (S11e) 302 319 + 2.60 5.09E-05 0.0526

vqsr_Q9I0P6 TCGCCTGTGGGCTGGTGC SSU ribosomal protein S17p (S11e) 54 71 + 2.49 5.18E-05 0.0526

lasr_P54292 TCGTACCAGCACTGGGAGGT Adenylylsulfate reductase alpha-subunit (EC1.8.99.2)_1 apsA 312 331 - 1.09 5.24E-05 0.578

vqsr_Q9I0P6 CCGCCGAGGCACTCGTGG ABC transporter, ATP-binding protein_3 201 218 + 2.33 5.30E-05 0.0526

trar_P33905 ACTTGAAGATGTCCTCAT transcriptional regulator cII, putative 409 426 + 4.33 5.31E-05 1

vqsr_Q9I0P6 GCACTTCGACGCTGGCGA

Periplasmic HynAB-type cytochrome-c3 [NiFe]

hydrogenase, large subunit (EC 1.12.2.1)_1
130 147 + 2.32 5.45E-05 0.0526

vqsr_Q9I0P6 GCCCCGCCGCCTTCGCGA Pyruvate formate-lyase activating enzyme_1 pfl  activating enzyme 241 258 + 2.32 5.45E-05 0.0526

vqsr_Q9I0P6 CCGACGCGGAACTGTCCA Pyruvate formate-lyase activating enzyme_1 pfl  activating enzyme 335 352 + 2.32 5.45E-05 0.0526

vqsr_Q9I0P6 GCGCCGCGCCGCAGATGA Flagellar biosynthesis protein FlhB 101 118 + 2.31 5.50E-05 0.0526

vqsr_Q9I0P6 GCGGCGCGGCGCGCGCCA Flagellar biosynthesis protein FlhB 95 112 - 2.31 5.50E-05 0.0526

vqsr_Q9I0P6 TCGCCTGGATGTGGGCGA SSU ribosomal protein S4p (S9e) 54 71 - 2.21 5.60E-05 0.0526

vqsr_Q9I0P6 CCGCCGCAGCGATAGCCG Sulfur carrier protein ThiS adenylyltransferase (EC 2.7.7.73) 88 105 + 2.20 5.72E-05 0.0526

vqsr_Q9I0P6 GCGCCTCGGGCATGGGGG Glycosyl transferase, group 1 family protein_2 142 159 - 2.20 5.72E-05 0.0526
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vqsr_Q9I0P6 CTGCCGCAGGCGTGGCGC

ABC transporter, ATP-binding protein (cluster

3, basic aa/glutamine/opines)_1
163 180 + 2.20 5.72E-05 0.0526

vqsr_Q9I0P6 GCACCGGGCCGATGGCCA Acetate kinase, ack  (EC 2.7.2.1) 242 259 - 2.19 5.74E-05 0.0526

lasr_P54292 GCGTGCAAGTTCACGCAGGT Cytochrome c-type biogenesis protein CcmE, heme chaperone 208 227 - 0.79 5.76E-05 0.578

vqsr_Q9I0P6 ACGCCTCGGCGCGACCGA Electron transport complex protein rnfA 54 71 - 2.03 5.98E-05 0.0526

vqsr_Q9I0P6 TGGCCGAGGGAAGGGCGC hypothetical protein_775 121 138 - 1.92 6.20E-05 0.0526

vqsr_Q9I0P6 TCGCGGCAGCCGAGGCAT CRISPR-associated protein, Csd2/Csh2 family 194 211 - 1.92 6.20E-05 0.0526

vqsr_Q9I0P6 GCACCGCACAACTGGCGG Flagellar L-ring protein FlgH 420 437 - 1.92 6.20E-05 0.0526

lasr_P25084 CTCCGGCCTTGTCTGTCAGTTCG CRISPR-associated protein, Csd2/Csh2 family 98 120 - 11.05 6.21E-05 0.584

lasr_P25084 CTGGTGCCCGATTGGGCAGAGCG Anaerobic respiratory complex protein qmoB 332 354 - 11.05 6.21E-05 0.584

lasr_P54292 GCCCGTGAAGGCTGGCGTGA ABC-type efflux pump membrane fusion component YbhG 327 346 - 0.50 6.27E-05 0.578

lasr_P54292 ACCCGCGAAATCAAGCGTGC LSU ribosomal protein L9p 299 318 + 0.48 6.31E-05 0.578

rsal_G3XD78 TAGGAGAATCGTATA hypothetical protein_378 pilus assembly protein 364 378 - 9.22 6.34E-05 1

luxr_P35327 AGCCGTCTTCATCGACAGGT Anaerobic respiratory complex protein qmoB 244 263 - 2.90 6.38E-05 1

hapr_A0A0H3Q915 TCGGGGAATCACTTGTCGGT Probable transcriptional regulatory protein YebC 336 355 - 0.38 6.40E-05 1

hapr_A0A0H3Q915 GCGCCGATAACCTGAACGAT ATP synthase beta chain (EC 3.6.3.14) 422 441 - 0.38 6.40E-05 1

vqsr_Q9I0P6 TCGCCGAGCACCTTCCGG Flagellar cap protein FliD 7 24 + 1.91 6.42E-05 0.0526

vqsr_Q9I0P6 TCGGCTCGCACCTTGCGC Anaerobic respiratory complex protein qmoB 43 60 - 1.91 6.42E-05 0.0526

vqsr_Q9I0P6 TCGCCACACCGCTGCTGG

ABC transporter, substrate-binding protein

(cluster 3, basic aa/glutamine/opines)_1
76 93 + 1.91 6.42E-05 0.0526

vqsr_Q9I0P6 TAGCCGGGGCCTTCGCCC

ABC transporter involved in cytochrome c

biogenesis, ATPase component CcmA
92 109 - 1.91 6.42E-05 0.0526

vqsr_Q9I0P6 TGGCCGATGCGGAGGCCA CRISPR-associated RecB family exonuclease Cas4 145 162 - 1.91 6.42E-05 0.0526

vqsr_Q9I0P6 TCGCCACGCCAAGGCCCA Carbon monoxide-induced hydrogenase small subunit cooL 165 182 - 1.91 6.42E-05 0.0526

vqsr_Q9I0P6 TCACCGCCGGGTTGGGGG Flagellar L-ring protein FlgH 192 209 - 1.91 6.42E-05 0.0526

vqsr_Q9I0P6 TCGCCGAGACGCTGAACC Anaerobic respiratory complex protein qmoC 236 253 + 1.91 6.42E-05 0.0526

vqsr_Q9I0P6 TGGCTGCGTGCATGGCGT Flagellar basal-body P-ring formation protein FlgA 423 440 + 1.91 6.42E-05 0.0526

vqsr_Q9I0P6 TGCCCACCCCGCTGGCCA Carbon monoxide-induced hydrogenase small subunit cooL 336 353 + 1.91 6.46E-05 0.0526

lasr_P25084 GCTCTACCACACCGGAAAGGGTG SSU ribosomal protein S18p 166 188 - 10.93 6.75E-05 0.584

vqsr_Q9I0P6 TGGTCTCGCCAGTGGCGG Anaerobic respiratory complex protein qmoA 197 214 - 1.64 7.00E-05 0.0564

vqsr_Q9I0P6 TTGCCGTAACGCTTGCCA Heterodisulfide reductase subunit C-like protein, hdrC 32 49 - 1.63 7.21E-05 0.0571

lasr_P25084 GCTCGCGCTCATCGGGCAGGGCG sigma-54-dependent transcriptional regulator_5 115 137 + 10.83 7.21E-05 0.584

lasr_P25084 CACCGGCCCGGAAGGGTAGAGGG Glycosyl transferase, group 1 family protein_3 18 40 - 10.82 7.27E-05 0.584

vqsr_Q9I0P6 GCGGCGCCGGGCTGGTGT

ABC transporter involved in cytochrome c

biogenesis, CcmB subunit
268 285 + 1.62 7.31E-05 0.0571

vqsr_Q9I0P6 TAGTCGCGCGGCTGGGGG LSU ribosomal protein L23p (L23Ae) 39 56 - 1.61 7.36E-05 0.0571

lasr_P25084 TTCGGGGATGATCTGGTAGTAGG Anaerobic respiratory complex protein qmoA 230 252 - 10.77 7.52E-05 0.584

rsal_G3XD78 CATGGGAAGTGCGTA Transcriptional regulator, MarR family_3 264 278 + 8.63 8.09E-05 1

las-rhl GCCTGACACAGACGGCAGTT transcriptional regulator cII, putative 97 116 + 0.93 8.23E-05 0.248
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vqsr_Q9I0P6 TCGTGGCGGGTCTCGCCT Cytochrome d ubiquinol oxidase subunit II (EC 1.10.3.-) 54 71 + 1.34 8.28E-05 0.0601

vqsr_Q9I0P6 TCGCTTCGGTGCAGGGCA LSU ribosomal protein L30p (L7e) 151 168 + 1.34 8.28E-05 0.0601

vqsr_Q9I0P6 GCTTCGCACCGGTGGCGA Response regulator receiver protein_2 145 162 - 1.34 8.28E-05 0.0601

vqsr_Q9I0P6 AAGACGCAAGGCTGGCGA Flagellar L-ring protein FlgH 242 259 - 1.34 8.28E-05 0.0601

vqsr_Q9I0P6 TCGAAGAGGGGCTTGCGG Glycosyl transferase, group 1 family protein_2 316 333 + 1.34 8.28E-05 0.0601

vqsr_Q9I0P6 TGCCCGCAGGCGGGGCGA Glycosyl transferase, group 1 family protein_3 426 443 + 1.34 8.28E-05 0.0601

vqsr_Q9I0P6 TCGCCACGCGGCTGTTCC Energy-conserving hydrogenase (ferredoxin), subunit F 190 207 - 1.21 8.52E-05 0.0611

lasr_P25084 CTACTCCAAGTTCGGCAAGCAGG

ABC transporter involved in cytochrome c

biogenesis, ATPase component CcmA
185 207 + 10.55 8.71E-05 0.614

vqsr_Q9I0P6 TCATCGCGCCATTGGAGG Phosphate transport system permease protein PstC (TC 3.A.1.7.1)_1 121 138 - 1.06 9.06E-05 0.0634

vqsr_Q9I0P6 TGGTCGACGCCTCGGCGA

ABC transporter involved in cytochrome c

biogenesis, ATPase component CcmA
211 228 - 1.06 9.06E-05 0.0634

luxr_B5EV73 AGCAGGAGAATGGCACAGAC hypothetical protein_378 pilus assembly protein 392 411 + 0.63 9.08E-05 1

rsal_G3XD78 CATGTGCCTTGGATA [NiFe] hydrogenase nickel incorporation-associated protein HypB 25 39 - 8.34 9.15E-05 1

lasr_P54292 ACCTGCCAGTGCCGGGGCAT Transcriptional regulator, MarR family_3 65 84 - -0.94 9.21E-05 0.76

lasr_P25084 GGCGTCTCTGAACTGCCGGGCGG hypothetical protein_FIG00603351 309 331 + 10.47 9.22E-05 0.614

vqsr_Q9I0P6 TCGACAAGGCGCTGATCA LSU ribosomal protein L23p (L23Ae) 209 226 + 1.05 9.30E-05 0.0634

trar_P33905 TCTTGACAATTTGCTCAC

ABC transporter, substrate-binding protein

(cluster 3, basic aa/glutamine/opines)_1
322 339 + 3.35 9.31E-05 1

vqsr_Q9I0P6 AAGTCGCGCCCCTGTCGT Cytochrome c oxidase polypeptide I (EC 1.9.3.1) 77 94 - 1.04 9.35E-05 0.0634

vqsr_Q9I0P6 ACGCCGCGCCGTCATCGA Flagellum-specific ATP synthase FliI 317 334 + 1.04 9.35E-05 0.0634

vqsr_Q9I0P6 GCGTCGTACCGTTGGCGC Predicted lactate dehydrogenase, ldh 365 382 - 0.94 9.67E-05 0.0634

vqsr_Q9I0P6 TCGCCGCACTCGATGCCA Flagellar basal-body P-ring formation protein FlgA 77 94 + 0.93 9.80E-05 0.0634

vqsr_Q9I0P6 ACGCCTGCGGCCTGACCA Heterodisulfide reductase subunit C-like protein, hdrC 100 117 + 0.93 9.80E-05 0.0634

vqsr_Q9I0P6 TCAGCTCGCGTCTGGCCG LSU ribosomal protein L23p (L23Ae) 107 124 + 0.93 9.80E-05 0.0634

vqsr_Q9I0P6 TGGCGGCAGGGGTGGCCC Transcriptional regulator, AcrR family_6 264 281 - 0.93 9.80E-05 0.0634

lasr_P54292 GCATGGCAGGTCTGGCAGCT Electron transport complex protein rnfC 238 257 - -1.16 9.80E-05 0.76

lasr_P25084 TTCCTGCTTGTTCTGATCGTATA LSU ribosomal protein L4p (L1e) 417 439 - 10.36 9.91E-05 0.616



 

 

Chapter 4 

UV and Bacteriophages as a Chemical-Free Approach for Cleaning 

Membranes of Anaerobic Bioreactors 

 

 

 

Scarascia, G., Fortunato, L., Myshkevych Y., Cheng, H., Leiknes, T., Hong, P. Y. (2020). 

UV and bacteriophages as a chemical-free approach for cleaning membranes of anaerobic 

bioreactors. In preparation.  
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UV and Bacteriophages as a Chemical-Free Approach for Cleaning 

Membranes of Anaerobic Bioreactors 

Anaerobic membrane bioreactor (AnMBR) for wastewater treatment has attracted much 

interest due to its efficacy in providing high quality effluent with minimal energy costs. 

However, membrane biofouling represents the main bottleneck for AnMBR because it 

diminishes flux and necessitates frequent replacement of membranes. In this study, we 

assessed the feasibility of combining bacteriophages and UV-C irradiation to provide a 

chemical-free approach to remove biofoulants on the membrane. The combination of 

bacteriophage and UV-C resulted in better log cells removal and 2 times higher EPS 

concentration reduction in mature biofoulants compared to UV-C. A reduction in the 

relative abundance of Acinetobacter spp. and selected gram-positive bacteria associated 

with the membrane biofilm was also achieved by the new cleaning approach. Microscopic 

analysis further revealed the formation of cavities in the biofilm due to bacteriophages and 

UV-C irradiation, which would be beneficial to maintain water flux through the membrane. 

When the combined treatment was further compared with the common chemical cleaning 

procedure, a similar reduction on the cell numbers was observed (1.4 log). However, 

combined treatment was less effective in removing EPS removal compared with chemical 

cleaning. These results suggest that the combination of UV-C and bacteriophage have an 

additive effect in biofouling reduction and it could represent a potential chemical-free 

method to remove reversible biofoulants on membrane fitted in an anaerobic bioreactor. 

 

 

4.1 Introduction 
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Anaerobic membrane bioreactor (AnMBR) has emerged as an energy-efficient 

biotechnology for municipal wastewater treatment (125). The post-AnMBR effluent has 

low turbidity, retains the ammonium and phosphate, and hence can potentially be reused 

as liquid fertilizers for agricultural crops (25). Moreover, AnMBR offers numerous 

advantages. Anaerobic mode of wastewater treatment eliminates the need for aeration, 

hence saving up to 75% of the energy costs associated with conventional wastewater 

treatment (126). The organic carbon in wastewater is fermented to produce methane, which 

can be combusted and converted to electrical energy. Furthermore, anaerobic process 

results in lower sludge production than aerobic treatment, therefore minimizing solid waste 

disposal costs (125, 127). Finally, the coupling of membrane to anaerobic fermentation 

tanks reduces the required footprint for wastewater treatment process by eliminating the 

need for clarifiers (33, 128).  

Despite these advantages, AnMBR is prone to membrane biofouling due to the 

unwanted deposition of microorganisms and their extracellular polymeric substances 

(EPS) on the membrane surface (28). This deposition of biofoulants decreases the 

operational flux and rapidly increases the transmembrane pressure (TMP) and energy 

required to maintain a constant flux (26). Strategies to control biofouling in AnMBR can 

be devised based on understanding the main constituents of biofoulants. The AnMBR 

biofilm microbial community was recently determined to assemble based on random 

stochastic events. However, a few core genera (e.g. Methanobacterium and Acinetobacter) 

occurred in relative abundance that deviated from the neutral assembly model (27). This 

suggests that they may be playing a potential keystone role in the formation of biofoulant 
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layers on the membrane, and can be potential targets to eliminate in a bid to alleviate 

membrane biofouling.  

Current strategy to reduce membrane biofouling includes the use of physical means 

(e.g. gas scouring, backwashing and sonication) and chemical cleaning (e.g. citric acid and 

chlorine (33)). Physical cleaning is generally more effective for the reversible foulant layer 

(129), while chemical cleaning is used to remove irreversible foulant layers (130). 

However, the use of these chemicals can lead to the formation of carcinogenic and toxic 

byproducts, and can detrimentally impact the membrane integrity (35, 52). In addition, it 

was shown that certain bacteria, such as Acinetobacter spp. are strongly resistant to 

chemical disinfectants (131).  

Biological-based approaches have emerged as interesting alternatives to chemical-

based methods of alleviating membrane biofouling (132, 133). In particular, 

bacteriophages are viruses that infect viable bacteria, and have been used against biofilm-

associated bacteria for clinical therapeutic treatments (55, 63, 134). Moreover, 

bacteriophages can also induce the release of enzymes that  degrade the EPS biofilm 

matrix, in turn increasing biofilm susceptibility to biocides (37). Bacteriophages are able 

to infect bacteria over a broad range of pH, salinity and temperature (135). For these 

reasons, bacteriophages were also applied as a biological-based approach to reduce 

membrane biofouling (42), although mainly demonstrated against single species biofilms 

(40, 136). However, the use of bacteriophages alone does not lead to adequate efficacy in 

terms of biofouling reduction (135) and their effectiveness against a complex biofilm has 

not been demonstrated. Instead, bacteriophages were applied in combination with  
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chemicals to enhance their effect on membrane biofilm (84, 135). This counteracts the use 

of biological-based approaches to minimize chemical usage.  

To reduce the need for chemicals in membrane cleaning, we applied bacteriophages 

in combination with ultraviolet (UV) irradiation. UV-C (254 nm) imposes germicidal effect 

by causing DNA damage and it is been used for effluent disinfection (46) and for 

wastewater pretreatment (137). Although UV effect on biofilm was investigated earlier, 

these studies were dedicated to determine its antibiofilm action within the water 

distribution system (138, 139) and not for the purpose of mitigating membrane biofouling. 

By applying bacteriophages together with UV-C irradiation to tackle membrane 

biofouling, we hypothesize that these two agents can have an additive action against the 

biofilm matrix. In addition, considering that UV-C irradiation can trigger bacteriophages 

to enter into lytic mode and lyse bacterial cells (140), we further hypothesize that the use 

of UV-C will enhance the efficiency of bacteriophage against the biofilm matrix by 

triggering them to enter to the lytic mode. 

In this study, we aim to demonstrate the use of bacteriophages in combination with 

UV-C to reduce membrane biofouling in AnMBR. A cocktail of three isolated 

Acinetobacter spp. bacteriophages was applied in combination with UV-C exposure, and 

its effect on the membrane biofoulant layer was analyzed and compared against individual 

treatment with bacteriophages or UV-C alone. The treatment combining bacteriophages 

and UV-C was also compared against the chemical cleaning method to examine its 

feasibility as an alternative biological-based approach to reduce AnMBR biofouling.    

 

4.2 Materials and methods 
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4.2.1 Bacteriophages Isolation and Characterization 

Bacteriophages targeting three species from the Acinetobacter genus, namely A. modestus, 

A junii and A. seohaensis were isolated from the influent of the KAUST wastewater 

treatment plant as described before (135). Briefly, 50 mL of freshly collected influent was 

centrifuged for 20 min at 8,500 g. The supernatant was filtered through 0.22 m cellulose 

acetate syringe filter (VWR, Radnor, PA) and then mixed with 50 mL of LB broth and 50 

mL of exponentially growing cultures of each Acinetobacter isolates mentioned above. 

This mixture was incubated at 37 C for 24 h before cells lysis by injecting 1% v/v 

chloroform. After 2 h incubation at room temperature and 100 rpm agitation, the mixture 

was centrifuged at 8,500 g for 30 min and the supernatant was filtered to remove remaining 

bacterial cells. Aliquots of 100 L of the filtered supernatant were used to identify the 

presence of plaques using the double layer method (56). Single plaques were then isolated 

with inoculating loops, transferred to SM buffer and filtered to remove bacterial cells. After 

propagating several times, the plaque forming units (PFU/mL) were determined for each 

of the three bacteriophages.  

Phage morphology was characterized by transmission electron microscopy (TEM) 

(Tecnai Spirit TWIN, FEI) operated at 120 kV and equipped with an ORIUS SC1000 

camera (Gaitan). To obtain TEM photos, the three bacteriophages in suspension were first 

fixed with 2.5% v/v glutaraldehyde, and then placed on carbon-coated copper grids before 

being negatively stained with 1% w/v uranyl acetate. 

 

4.2.2 Reactor Set Up and Operations 
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AnMBR configuration (Figure C1A) used was similar to the one in earlier study (141). The 

2 L reactor, operated without air sparging, was filled with ceramic rings to support biofilm 

establishment and it was inoculated with the same seed sludge described elsewhere (28). 

Synthetic wastewater with a chemical oxygen demand (COD) of 750 mg/L was used to 

feed the reactor with a hydraulic retention time of 18.5 h. The reactor was operated at pH 

7 and at 35 C and no sludge was wasted during the entire study. The reactor was connected 

to three PVDF microfiltration membrane (0.3 m nominal pore size, GE Osmonics, 

Minnetonka, MN) modules in parallel. The three membranes were operated in cross-flow 

mode with stable flux that ranged from 6 to 7 L/m2/h (LMH). Biogas was used to scour the 

membrane surface. Transmembrane pressure (TMP) was recorded every day by a pressure 

gauge connected to each membrane module. Following the indication of a previous study 

(141), membranes were harvested and analyzed at three different TMP values, i.e. 20, 40 

and 60 kPa, which represent increasing biofouling extent (Figure C1B). Three biological 

replicates of fouled membranes were harvested at each TMP values.  

 

4.2.3 Membrane Harvesting and Treatment Application 

Harvested membranes were processed for analysis. The first 3 cm at each end of the 

membranes were discarded because biofilm formation was not homogenous at those 

locations. The rest of the membrane, with homogenous biofilm, was cut into four pieces 

with dimensions 2 by 2 cm. These pieces were individually placed in small sterile petri 

dish that contained 1X phosphate buffer solution (PBS), and subsequently incubated at 

room temperature for 6 h. Before the incubation, three types of treatments were applied, 

namely (i) bacteriophages cocktail treatment, named “bacteriophage”, with a total 
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multiplicity of infection (MOI) of 1; (ii) UV-C treatment, named “UV”, by exposing the 

biofilm to 100 mJ/cm2 twice, at 3 and 6 h from the start of the incubation; (iii) a combination 

of the 3 Acinetobacter bacteriophages at a MOI of 1 and UV-C irradiation exposing the 

biofilm to 100 mJ/cm2 twice, at 3 and 6 h from the start of the incubation (this treatment 

was named “UV + bacteriophages”. One piece of membrane was soaked in 1X PBS for 6 

h to represent control. The bacteriophages MOI was set based on the relative abundances 

of Acinetobacter spp. observed in a previous study (27).  

At the end of the 6 h, 1 mL of the solution in which the membrane was soaked was 

aliquot for PFU counting as described in the next section. Afterwards, the membrane piece 

was removed from the solution, washed and placed in fresh 1X PBS. Attached biofilm was 

sonicated for 5 min using a Q500 sonicator (Qsonica, Newton, CT, US) at 25% amplitude 

with 5 s pulsating step. The rest of the biofilm was scraped using a sterile inoculation loop.  

 

4.2.4 Bacteriophages Plaque Counts after the Treatments 

The 1 mL aliquot was filtered through 0.22 m syringe filter to remove remaining biomass. 

Several dilutions, ranging from 10-1 to 10-4 fold were performed in sodium magnesium 

buffer (5.8 g/L NaCl, 0.975 g/L MgSO4, 50 mL/L 50 mM Tris-Cl at pH 7.5), and 10 L of 

the diluted suspension was mixed individually with 100 L of A. junii, A. modestus and A. 

seohaensis cultures. The presence of plaques was identified with the double layer method 

(56) and it was compared with the initial amount of PFU/mL of each bacteriophage spiked 

for the treatments (5.4 x 107 PFU/mL of A. junii bacteriophage, 6.9 x 107 PFU/mL of A. 

modestus bacteriophage and 2.1 x 106 PFU/mL of A. seohaensis bacteriophage).  
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4.2.5 Biofilm Characterization 

Biofilm structure was characterized by enumerating the total cells, the proportion of cells 

with intact cell wall membranes, adenosine triphosphate (ATP) concentration and 

extracellular polymeric substances (EPS) concentration.  

To enumerate cells, membrane biofilm suspension was diluted by 104, stained with 

SYBR green (Thermo Fisher Scientific, Walthman, MA, US) for 15 min at 37 C and 

counted using a BD Accurri flow cytometer (BD Bioscience, Franklin Lakes, NJ). The 

ratio between alive and dead cells was calculated by staining the same diluted biofilm 

suspension using the LIVE/DEAD BacLightTM Bacterial Viability and Counting kit 

(Thermo Fisher Scientific, Walthman, MA, US) for 15 min in the dark at room temperature. 

Alive and dead cells were enumerated using a BD Accurri flow cytometer (BD Bioscience, 

Franklin Lakes, NJ). ATP concentration was measured using a Celsis ATP reagent kit and 

an Advance luminometer (Celsis, Westminster, United Kingdom). 

For EPS analysis, both polysaccharides and proteins concentration were measured as 

described in a previous study (142). Firstly, 2 mL of biofilm suspension was filtered 

through 0.22 m syringe filter to quantify only the filtrate (i.e., dissolved constituents). For 

each piece of cut membrane, total protein concentration was measured in triplicates by 

Total Protein kit (Sigma-Aldrich, St. Luis, MO, US) using bovine serum albumin (BSA) 

as standard (Sigma-Aldrich, St. Luis, MO, US). Finally, polysaccharides were quantified 

by the phenol-sulfuric method (143), using glucose as standard (Sigma-Aldrich, St. Luis, 

MO, US). Briefly, 1 mL of each sample (including different concentrations of glucose 

standard) was mixed with 1 mL of 5% v/v phenol solution and with 5 mL 98% sulfuric 
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acid (Sigma-Aldrich, St. Luis, MO, US). The mixture was incubated at room temperature 

for 20 min before measuring optical density at 490 nm. 

 

4.2.6 RNA Extraction and Biofilm Microbial Community Analysis 

To analyze the composition of the active biofilm bacterial community, an aliquot of 3 mL 

of suspended biofilm was used for RNA extraction with the RNeasy midi kit (Qiagen, 

Hilden, Germany), including a DNase treatment step. RNA concentration was quantified 

with Invitrogen RNA HS Qubit 2.0 assay kit (Thermo Fisher Scientific, Carlsbad, CA, 

US). RNA was then reverse transcribed into first-strand complementary DNA using the 

Invitrogen SuperScriptTM First-strand Synthesis System (Thermo Fisher Scientific, 

Carlsbad, CA, US). Using this cDNA as template, 16S rRNA genes were amplified using 

the 515F (5’- Illumina overhang- GTG YCA GCM GCC GCG GTA A-3’) and 907R (5’- 

Illumina overhang- CCC CGY CAA TTC MTT TRA GT-3’) primers pair as described 

before (57). DNA amplicons were then submitted to KAUST genomic core lab for 

unidirectional sequencing on Illumina MiSeq platform. Raw amplicons sequences were 

analyzed as described in a previous work (135). Briefly, for each sample, 16S rRNA gene 

sequences were annotated for their taxonomical assignments using RDP classifier at a 95% 

confidence level with copy number adjustments (144). To assess the impact of the different 

treatment on the whole biofilm-associated microbiota relative abundance at genus level 

was compared across the different treatment and to the control. All high-throughput 

sequencing files were deposited in the archive of the European Nucleotide Archive under 

study accession number PRJEB38595. 

4.2.7 Optical Coherence Tomography Analysis 
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A spectral domain optical coherence tomography SD-OCT system device (Ganymede I, 

Thorlabs GmbH, Dachau, Germany) provided with LSM03 scan lens was employed to 

non-invasively evaluate the effect of the treatments on the biomass developed on the 

membrane surface. The OCT employs backscattered light to acquire cross-sectional scans 

of membrane. A membrane module connected to the anaerobic reactor was operated to 

reach a TMP of 40 kPa. This TMP value was chosen because it resulted in the best biofilm 

removal for the three treatments compared with the control. The membrane was therefore 

harvested at TMP of 40 kPa, and cut to four pieces for individual application of the three 

treatments described earlier, with the remaining portion used as non-treated control. At the 

end of the 6 h treatment, the membranes in the petri dish were positioned under the OCT 

probe to assess the efficiency of each treatment in removing the biomass from the 

membrane surface. 3D images for each analysis were obtained to show biofouling 

reduction. In addition, a time-series analysis was performed to monitor the effect of the 

bacteriophage treatment alone by fixing the membrane coupons under the OCT probe. The 

biomass morphology descriptors, namely biovolume, biofilm coverage, average thickness 

and the relative roughness were calculated using the equation reported in literature (145, 

146), by analyzing 500 scan images for the 3D scan.  

The 3-D cross-sectional scans of 800 × 800 × 516 pixels (width × length × 

depth) corresponded to a volume of 8.0 x 8.0 × 1.4 mm. The image analysis on the OCT 

scans was performed through a customized MATLAB code. The 2D OCT scans were 

visualized by using FiJi software. The data sets corresponding to the 3D OCT cross 

sectional scans were visualized by using Avizo software. The membrane and the biofilm 

were defined using Avizo's segmentation editor. The 3D rendering volume was generated 
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to visualize over time the effect of the bacteriophage treatment on the biofilm deposited on 

the membrane surface. 

 

4.2.8 Effect of Different UV and Bacteriophages Combination 

For all the experiments in this study, the combination of UV and bacteriophages cocktail 

was applied by infecting the biofilm with phages at the beginning of the treatment, while 

UV was irradiated at 100 mJ/cm2 after 3 and 6 h (UV + Bacteriophages). To assess if the 

order of applying UV and bacteriophages would affect the treatment efficacy, a separate 

experiment in which UV was applied before bacteriophages was spiked. In this treatment, 

bacteriophages were not exposed to UV. This treatment was named “Independent UV + 

bacteriophages”.  To elucidate, membrane biofilm was harvested at a TMP of 60 kPa and 

processed as described in section 4.2.3. One fouled membrane piece of dimensions 2 by 2 

cm was treated with the usual UV + bacteriophages treatment described above, while 

another piece with the same dimension was first irradiated with the same UV intensity (200 

mJ/cm2) and subsequently infected with the bacteriophages cocktail for 6 h in the absence 

of UV. A non-treated fouled membrane piece was used as control. Antifouling effect was 

characterized in terms of total cells number and proteins and polysaccharides 

concentration. The same analyses were conducted as described in section 4.2.5 to assess 

the efficacy of these treatment. 

 

4.2.9 Comparison with Chemical Membrane Cleaning 

We further compared the UV + bacteriophage treatment to the conventional cleaning 

process. Briefly, a membrane module connected to the anaerobic reactor was harvested at 
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TMP of 40 kPa, and cut into three pieces of dimension 2 by 2 cm. The pieces were 

individually were placed in a small petri dish filled with 1X PBS. One of these pieces was 

exposed to the same mixed treatment described above (UV + bacteriophages); the second 

piece was soaked in a mix of 0.1 M citric acid and 6% sodium hypochlorite solution; The 

last piece of membrane was used as control submerged in 1X PBS.  

After 6 h, the membrane was removed from the solution and the biofilm was 

resuspended in fresh 1X PBS as described before. The effect of the two different treatments 

compared to the control was examined with the same analysis described in section 4.2.5.  

 

4.2.10 Statistical Analysis 

Statistical differences for the parameters at different conditions were evaluated through 

one-way ANOVA with significance level set at 95% confidence level (p < 0.05). 

 

4.3 Results 

4.3.1 Isolated Bacteriophages and their Ability yo Infect Membrane Biofilm 

Three isolated Acinetobacter bacteriophages where characterized based on their 

morphology. All three bacteriophages showed regular icosahedral head with no visible tail. 

The size of the head was 86 nm for A. junii phage (Figure C2A), 75 nm for A. modestus 

phage (Figure C2B) and 68 nm for A. seohaensis phage (Figure C2C). Based on the 

Ackermann classification (64), the three bacteriophages isolated in this study could 

tentatively be placed in the order Caudovirales, under the Podoviridae family, constituted 

by icosahedral head and short or absent tail. 
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The cocktail of A. modestus, A junii and A. seohaensis bacteriophages were introduced 

either alone or in combination with UV to the fouled membranes. All three bacteriophages, 

in the absence of UV, increased in their PFUs compared to the initial spiked amount when 

introduced to membranes harvested at 40 and 60 kPa (Figure C3, p < 0.04). However, only 

A. modestus bacteriophages was able to actively propagate when introduced to membranes 

harvested at 20 kPa (Figure C3B, p = 0.03), while the rest of the phages did not have PFUs 

that were statistically different from the initial spiked value (Figure C3A and C3C). In 

contrast, UV + bacteriophages treatment did not result in any increase in PFU numbers of 

both A. junii and A. seohaensis bacteriophages for all membranes harvested at 20, 40 and 

60 kPa (Figure C3A and C3C). A. modestus phages increased in PFU despite the presence 

of UV, and the final PFU numbers were significantly higher compared with the initial value 

spiked to the membranes harvested at 40 and 60 kPa (Figure C3B, p < 0.001). There was 

no significant difference in PFU numbers for A. modestus phages when spiked to 

membranes harvested at 20 kPa (p = 0.55). No bacteriophages were recovered after UV 

treatment alone and in the control condition. 

 

4.3.2 Biofilm Analysis: Bacterial Cells 

Compared with the control, the bacteriophages cocktail alone significantly reduced the 

number of cells associated with the biofilm from 40 kPa membrane (Figure 4.1A, p = 0.02). 

The same did not occur for membranes harvested at 20 and 60 kPa (p > 0.15). Both UV 

and UV + bacteriophages treatment significantly reduced the number of cells compared to 

the control for membranes harvested at all the biofouling rates analyzed in this study 

(Figure 4.1A, p < 0.0001). In particular, UV + bacteriophages treatment was able to 
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outcompete the UV only treatment for membranes harvested at 40 and 60 kPa (Figure 4.1A, 

p < 0.0001), with the UV + bacteriophage treatment reporting up to 1.36-log reduction of 

cells compared with the control. However, there was no statistical difference between the 

UV + bacteriophage treatment and the UV only treatment for membranes harvested at 20 

kPa (Figure 4.1A, p = 0.99).  

Similar trends were observed for the ratio between alive and dead cells in the biofilm. 

For membranes harvested at 40 and 60 kPa,  bacteriophages cocktail (p < 0.01), UV only 

(p < 0.0001) and UV + bacteriophages (p < 0.0001) were able to reduce the alive to dead 

cell ratio compared to the control (Table 4.1) UV + bacteriophage had a significantly lower 

ratio compared to UV only for membranes harvested at 40 and 60 kPa (p < 0.0001), while 

there was no difference between these two treatments for membranes harvested at 20 kPa 

(Table 4.1, p = 0.66). Moreover, there was no difference between control and 

bacteriophages treatment (p = 0.47) for membrane harvested at 20 kPa while the UV + 

bacteriophage and UV only treatments had a significant effect on the alive to dead cells 

ratio compared to the control (Table 4.1, p < 0.0001). 
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Figure 4.1. Log of the number of cells (A) and ATP concentration (B) in the membrane biofilm after each 

treatment. Bar colors indicate different membrane biofouling degree. Error bars indicate standard deviation 

among the three replicates 

 

Table 4.1. Ratio between alive and dead cells in membrane biofilm after different treatments and at 

different biofouling rates. The data are presented with the standard deviation 

Condition 60 kPa 40 kPa 20 kPa 

Control 1.15 ± 0.10 1.05 ± 0.02 1.22 ± 0.11 

Bacteriophages 1.01 ± 0.10 0.84 ± 0.05 1.17 ± 0.13 

UV 0.56 ± 0.08 0.48 ± 0.08 0.5 ± 0.09 

UV + Bacteriophages 0.25 ± 0.09 0.24 ± 0.05 0.53 ± 0.14 

 

4.3.3 Biofilm Analysis: ATP 

ATP concentration within the biofilm matrix was used as an indicator of cell activity. The 

maximum cell activity for the control was achieved for membranes harvested at 40 kPa 
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(Figure 4.1B). For membranes harvested at 60 and 40 kPa, ATP concentration was 

significantly reduced of a value between 9 and 14 M/cm2 by bacteriophages application 

compared to the control (Figure 4.1B, p < 0.0009). This difference was however not 

observed for membranes harvested at 20 kPa (p = 0.74). UV and UV + bacteriophages 

reduced ATP concentration for all membranes compared with the control (Figure 4.1B, p 

< 0.0001). Specifically, UV + bacteriophages outcompeted UV treatment alone when the 

membrane was harvested at 60 and 40 kPa (Figure 4.1B, p < 0.003), achieving a total 

reduction of at least 50 M/cm2 compared with the control. 

 

4.3.4 Biofilm Analysis: Proteins and Polysaccharides in Biofilm Matrix 

All treatments (i.e., bacteriophages, UV and UV + bacteriophage) caused a reduction in 

both biofilm-associated proteins and polysaccharides concentration on membranes 

harvested at 40 and 60 kPa compared to control (Figure 4.2, p < 0.0002). The bacteriophage 

treatment did not result in any significant reduction in both proteins and polysaccharides 

concentration on membranes harvested at 20 kPa (p = 0.37). In contrast, UV and UV + 

bacteriophages treatment reduced both proteins and polysaccharides concentrations 

compared with the control, with a reduction percentage of approximately 50% and 35%, 

respectively, across all tested membranes (Figure 4.2). For membranes harvested at 40 and 

60 kPa, UV + bacteriophages treatment achieved a statistically higher proteins and 

polysaccharides reduction compared with UV only treatment (Figure 4.2, p < 0.004), while 

the difference was not significant for the membranes harvested at 20 kPa (p > 0.24). 
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Figure 4.2. Proteins (A) and polysaccharides (B) concentration in the membrane biofilm after each 

treatment. Bar colors indicate different membrane biofouling degree. Error bars indicate standard deviation 

among the three replicates 

 

4.3.5 Active Bacterial Community Characterization 

Genus Acinetobacter was the intended target of the isolated bacteriophages and its relative 

abundance was reduced significantly across all tested membranes compared with the 

control when bacteriophages were applied alone or in combination with UV (Table 4.2). 

However, other genera were also affected by the different treatments. For example, the 

relative abundance of genus Pseudomonas was significantly lower upon bacteriophages 

and UV + bacteriophages treatments, but increased in its relative abundance upon UV only 

treatment (Table 4.2). Moreover, two anaerobic gram-negative genera Paludibacter and 

Cloacibacterium also reduced in their relative abundance upon bacteriophages and UV + 

bacteriophage treatment. A similar observation was made for gram-positive bacteria which 

had a lower relative abundance compared to control upon exposure to bacteriophage and 
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UV + bacteriophage (Table 4.2). UV treatment however resulted in an increase in the 

relative abundance for most gram-positive bacteria compared to the control, particularly 

for membranes harvested at 40 kPa.  

Table 4.2. Percentage relative abundance for different genera in control and upon exposure to treatment. 

Only genera that changed in their relative abundance for all tested membranes were shown. Green and red 

cells indicate statistically lower and higher relative abundance, respectively, compared to the control (p < 

0.05). Stars indicate genera that include gram-positive bacteria. Data are presented as average of biological 

replicates ± standard deviation.  

 

Genus 
Control Bacteriophages UV 

UV + 

Bacteriophages 

60 kPa 

Micrococcus* 0.04 ± 0.01 0.00 ± 0.00 0.06 ± 0.00 0.00 ± 0.00 

Cloacibacterium 0.10 ± 0.01 0.00 ± 0.00 0.11 ± 0.01 0.01 ± 0.00 

Paludibacter 0.43 ± 0.04 0.13 ± 0.02 0.50 ± 0.10 0.26 ± 0.28 

Acinetobacter 7.13 ± 0.32 0.00 ± 0.00 7.85 ± 0.18 0.01 ± 0.02 

Pseudomonas 5.22 ± 0.18 0.51 ± 0.05 5.93 ± 0.46 0.52 ± 0.24 

unclassified_Firmicutes* 1.79 ± 0.10 0.13 ± 0.03 2.03 ± 0.18 0.38 ± 0.44 

unclassified_Clostridiales* 0.12 ± 0.00 0.07 ± 0.01 0.15 ± 0.01 0.07 ± 0.02 

unclassified_Clostridiaceae* 0.04 ± 0.01 0.02 ± 0.00 0.05 ± 0.01 0.02 ± 0.01 

Clostridium sensu stricto* 0.06 ± 0.00 0.02 ± 0.00 0.06 ± 0.01 0.03 ± 0.01 

 40 kPa 

Micrococcus* 0.04 ± 0.00 0.00 ± 0.00 0.08 ± 0.02 0.00 ± 0.00 

Cloacibacterium 0.10 ± 0.01 0.01 ± 0.00 0.11 ± 0.03 0.01 ± 0.01 

Paludibacter 0.42 ± 0.02 0.22 ± 0.14 0.51 ± 0.11 0.13 ± 0.00 

Acinetobacter 6.99 ± 0.12 0.01 ± 0.01 7.89 ± 0.63 0.00 ± 0.00 

Pseudomonas 5.07 ± 0.49 0.52 ± 0.08 6.20 ± 0.45 0.52 ± 0.05 

unclassified_Firmicutes* 1.61 ± 0.10 0.36 ± 0.45 1.91 ± 0.09 0.16 ± 0.01 

unclassified_Clostridiales* 0.13 ± 0.01 0.06 ± 0.01 0.17 ± 0.02 0.06 ± 0.00 

unclassified_Clostridiaceae* 0.05 ± 0.01 0.02 ± 0.00 0.07 ± 0.01 0.02 ± 0.00 

Clostridium sensu stricto* 0.06 ± 0.01 0.02 ± 0.00 0.10 ± 0.03 0.03 ± 0.00 

 20 kPa 

Micrococcus* 0.03 ± 0.02 0.00 ± 0.00 0.04 ± 0.04 0.00 ± 0.00 

Cloacibacterium 0.09 ± 0.02 0.01 ± 0.00 0.10 ± 0.02 0.01 ± 0.00 

Paludibacter 0.40 ± 0.08 0.22 ± 0.14 0.54 ± 0.11 0.40 ± 0.22 

Acinetobacter 6.04 ± 0.94 0.01 ± 0.01 7.58 ± 0.31 0.02 ± 0.01 

Pseudomonas 4.67 ± 1.32 0.44 ± 0.17 5.27 ±1.42 0.50 ± 0.21 

unclassified_Firmicutes* 1.56 ± 0.71 0.41 ± 0.50 1.49 ± 0.92 0.57 ± 0.45 

unclassified_Clostridiales* 0.12 ± 0.02 0.07 ± 0.01 0.13 ± 0.04 0.08 ± 0.03 

unclassified_Clostridiaceae* 0.03 ± 0.01 0.02 ± 0.01 0.04 ± 0.02 0.02 ± 0.01 

Clostridium sensu stricto* 0.05 ± 0.03 0.02 ± 0.01 0.09 ± 0.03 0.02 ± 0.01 
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4.3.6 OCT Microscopy Analysis 

In-situ non-invasive biomass analysis was accomplished by using OCT on the membrane 

biofilm portions collected after the experiments to assess the efficiency of fouling 

mitigation strategy (147). Figure 4.3 shows an upper view of the 3D cross-sections of the 

different treatments employed in this study. There was an observed change in the biofilm 

coverage across the membrane. For example, control sample presented a flat and compact 

biomass structure that was homogenously distributed on the membrane surface (Figure 

4.3A). At the end of the exposure, all the treatments led to a partial reduction of the biofilm 

coverage on the membrane and a more irregular morphology in terms of thickness and 

roughness (Figure 4.3 and Table C1). There was at least 11.5% reduction in biofilm 

coverage compared to the control as a result of the treatment. In addition, a decrease of 

20% of biovolume was observed after 6 h exposure to all the treatments compared with the 

control (Table C1, p < 0.0001).  

In addition, bacteriophage infection alone was monitored over time in terms of biofilm 

removal. It was observed that a substantial decrease in biovolume and increase in 

roughness was observed already after 1 h from the beginning of the bacteriophage 

treatment (Table C2). A further decrease in biovolume and increase in roughness was 

observed after 3 h, albeit at a lower extent than that observed in the first hour (Table C2).  
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Figure 4.3. Upper view of 3D OCT scans of the membrane biofilm for control and the three treatment. 

Darker color indicates thicker biofilm while brighter color represents areas not covered by biofilm. The 

area visualized is 8 × 8 mm 

4.3.7 Effect of the Order of Application of UV and Bacteriophages 

The UV + bacteriophages treatment resulted in statistically higher cells removal (Figure 

C3A, p = 0.01) and polysaccharides concentration reduction (Figure C3B, p = 0.02) 

compared to the independent UV + bacteriophages treatment, in which bacteriophages 
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were not irradiated by UV. However, there was no statistical difference in the protein 

concentration (p = 0.72) achieved by either treatment. 

 

4.3.8 Comparison with Chemical Treatment 

UV + bacteriophages treatment outcompeted the other tested treatment (i.e., bacteriophage 

and UV only) and was therefore further compared against the common chemical membrane 

treatment (sodium hypochlorite and citric acid). Both UV+ bacteriophage and chemical 

treatment significantly reduced the values of all the biofilm parameters examined, namely 

cells number, ATP concentration, alive and dead cells ratio, protein and polysaccharides 

concentration, compared to the control (p < 0.0001, Figure 4.4 and C4). ATP concentration 

was not significantly different between UV + bacteriophage and chemical treatment (p = 

0.35). Log cells reduction compared with the control was slightly different between 

chemical treatment and UV + bacteriophage treatment (1.7 and 1.4, respectively, Figure 

4.4A, p = 0.04). Moreover, the value of the ratio of alive and dead cells upon chemical 

treatment was 0.2, while the one after UV + bacteriophage treatment was 0.4 (Figure C4, 

p = 0.02). In addition, the chemical treatment method was 4 to 6-times more effective in 

reducing proteins and polysaccharides concentration in biofilm matrix compared to UV + 

bacteriophages treatment (Figure 4.4B, p < 0.0001). 
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Figure 4.4. ATP concentration and cells number (A), protein and polysaccharides concentration (B) in 

membrane biofilm in control, UV + bacteriophages cocktail treatment and chemicals addition. The biofilm 

was collected at a TMP of 40 kPa. Error bars indicate standard deviation among the three replicates 

 

4.4 Discussion 

The objective of this study responds to the need for an alternative membrane biofouling 

cleaning strategy that reduces or replaces the chemical cleaning. Therefore, we applied a 

chemical-free treatment, based on the combination of bacteriophages and UV irradiation, 

to reduce AnMBR biofouling at different biofouling rates (Figure C1B). 

Other than in clinical settings to eradicate pathogenic bacteria, bacteriophage infection 

has also been used, with diverse outcomes, to tackle membrane biofilm. The addition of 

bacteriophages to ultrafiltration (UF) membrane single species biofilm led to a reduction 
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of 40% of bacterial attachment (42) while a 70% flux recovery was observed when Delftia 

tsuruhatensis in biofilm on hollow fiber was infected by N4 phages (40). Bacteriophages 

were also embedded on a UF membrane to reduce Escherichia coli biofilm (136). The use 

of bacteriophages in combination with other anti-biofilm agent provided often better results 

in terms of biofilm dispersal. Given their resistance to a broad range of environmental 

conditions (135), they were applied with chlorine and with citric acid against Pseudomonas 

aeruginosa biofilm (84, 135). In all these studies, bacteriophages were used against single 

species biofilms. Obviously, this does not represent the actual situation in the case of 

membrane biofouling that is caused by diverse variety of bacteria.  

In this study, bacteriophages were applied to a complex biofilm, and they were 

combined for the first time with UV irradiation to enhance the antifouling efficacy. In our 

study, the effect of bacteriophages infection alone, in fact, was often insufficient in 

reducing membrane biofouling in a consistent manner. When membrane biofilm was 

harvested at a TMP of 40 and 60 kPa, bacteriophage cocktail application resulted in a slight 

reduction of bacterial cells, ATP concentration (Figure 4.1) and alive and dead cell ratio 

(Table 4.1). When membranes harvested at 20 kPa were treated with bacteriophage 

cocktail, despite a reduction in the relative abundance of Acinetobacter spp. compared with 

the control (Table 4.2), the bacteriophages were not able to propagate (Figure C3) and to 

significantly impact membrane biofouling (Figure 4.1). This poor effect may be due to the 

mechanism of phage infection. To elucidate, for an effective infection, bacteriophages need 

to get in contact with a minimum number of viable target bacteria. It was previously 

observed that 106 CFU/mL of the target bacteria is necessary to initiate phage infection 

(70). The targets of the three bacteriophages from the Podoviridae family isolated in this 
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study (Figure C2) were three species of the Acinetobacter genus, namely A. modestus, A. 

junii and A. seohaensis. Although Acinetobacter spp. was previously considered a core 

component of biofilm structure in AnMBR (with a relative abundance ranging from 3 to 4 

%) (27), it is likely that the total number of Acinetobacter spp. bacteria within the biofilm 

was  not enough to initiate an effective infection. 

Therefore, it is likely that bacteriophages effect on the biofilm community has to be 

improved to enhance their antifouling efficacy. This can be done by the application of 

phages with a broad host range. However, bacteriophages infection against multiple 

bacteria can accidentally result in the loss of reactor performance in case phages are 

recycled back into the reactor or they can lead to unwanted consequences if discharged into 

the downstream environment. Therefore, bacteriophages infection has to be combined with 

other agents that would improve their antifouling effect.  

In this study, the combination of bacteriophages and UV irradiation was proposed as 

a membrane cleaning approach to further enhance the efficacy of either bacteriophage or 

UV treatment against biofilm-associated microorganisms. UV interacts with bacteria in the 

biofilm and cause DNA damage due to pyrimidine dimerization. Bacteria exposed to UV 

lose their ability to replicate, which leads to cell death (148). Our results show that UV 

treatment alone caused already a significant effect in reducing membrane biofouling in 

terms of cells and EPS removal (Figure 4.1 and 4.2). In other studies, UV irradiation was 

used as pretreatment to reduce biofouling in wastewater treatment both alone or in 

combination with chlorine (137, 149). Moreover, when it was applied as anti-biofilm agent 

in previous studies, the cell log reduction was of the same order of magnitude to the one 

obtained in our study (150, 151). However, the membrane cleaning efficiency was 
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significantly improved when bacteriophages where combined with UV if compared with 

the single UV treatment, particularly for mature biofoulants, i.e., when membrane biofilm 

was harvested at a TMP of 40 and 60 kPa (Figure 4.1 and 4.2, Table 4.1).  

We speculate that both the bacteriophages and UV acted together to disrupt the biofilm 

matrix and to enhance cell removal compared with either of the individual treatment. UV 

may act on the whole bacterial community by killing the bacteria and loosening the biofilm 

matrix. This biofilm dislodging effect was observed also from the OCT analysis, which has 

been used as non-invasive technique to monitor the fouling development in membrane 

filtration systems (145, 146). UV treatment resulted in the formation of cavities in the 

biofilm matrix characterized by a minimum biofilm coverage and a reduction of thickness 

and biovolume compared with the control (Figure 4.3).  

The loosening of the biofilm matrix in turn facilitates bacteriophage to penetrate 

deeper into the biofilm matrix to infect those embedded nearer to the membrane surface. 

Our results showed that this additive effect was detected when membranes are subcritically 

fouled at 40 kPa (Figure 4.1). At this TMP value, we speculate that the combination of the 

presence of a minimum target bacterial density and a biofilm matrix that was not extremely 

thick and compact would provide the optimal conditions for both UV action and 

bacteriophages penetration and infection. In addition, in the control condition, membrane 

biofilm harvested at 40 kPa showed the highest cell activity compared with the other 

biofouling rates (Figure 4.1B). High host activity is a crucial trait that favor phage 

infection. In fact, bacteriophages use host machinery to replicate and to propagate inside 

the cell (45). In this sense, high cell fitness may help bacteriophages activity in the bacterial 

host.  
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The results presented in this work are in agreement with previous studies that showed 

the efficiency of the predation action on the removal of biofilm formed on ultrafiltration 

systems (152, 153). In addition to lysing the cells, a variety of phage proteins such as holins, 

endolysin and spanins may be released within the biofilm and they can act on other 

microorganisms, particularly Gram-positive bacteria (66). Some bacteriophages also 

encode for enzymes that damage the EPS, which would disrupt the biofilm matrix (37). 

Therefore, besides Acinetobacter spp. that was significantly reduced after phages addition, 

other genera were also detrimentally affected in their relative abundance (Table 4.2). 

Particularly, the relative abundances of 5 gram-positive bacteria were significantly lower 

when bacteriophages were applied, while UV treatment alone increased their relative 

abundance (Table 4.2). Outer membrane of gram-positive bacteria provides a certain level 

of resistance by blocking UV penetration inside the cell (154). In addition, spores formed 

from gram-positive bacteria are 5 to 50 times more resistant to UV-C irradiation compared 

with growing cells (155). 

Besides imposing a direct biocidal effect, UV can also trigger bacteriophages to switch 

to the lytic mode (45). Bacteriophages can attack their specific hosts following two 

different life cycles, namely lytic or lysogenic. In the first cycle, phages attach and enter in 

the cell membrane, multiply and lyse the cell, releasing a large number of viral particles. 

In the lysogenic cycle, bacteriophages do not kill the cells but integrate their genome with 

the one of the infected bacteria (45). Under certain stress conditions, such as UV and solar 

irradiation, lysogenic phages can enter in the lytic mode (44, 45). This is further observed 

from our findings in which bacteriophages not irradiated by UV (independent UV + 

bacteriophages treatment) had diminished efficiency in reducing cell numbers compared 
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to the treatment in which UV was irradiated during bacteriophages infection (Figure C4). 

Despite this effect, bacteriophages propagation was partially inhibited upon UV exposure 

(Figure C3). Further studies should look into the optimization of UV intensity to maximize 

the triggering effect on bacteriophages and minimize inhibition on phage propagation.  

UV + bacteriophage was more effective in reducing bacterial cell numbers and activity 

within the biofilm (Figure 4.1 and Table 4.1), but less so in reducing protein and 

polysaccharides concentration in biofilm matrix when compared with the sodium 

hypochlorite and citric acid cleaning (Figure 4.4B). Sodium hypochlorite and citric acid 

are commonly used to clean fouled membranes. Sodium hypochlorite is a strong oxidant 

that modify the cell membrane permeability by reacting with phospholipids (156). Citric 

acid chelates inorganic minerals and disrupts the stability of the biofilm matrix (30, 53). 

Therefore, while chemicals action is directed to the removal of biofilm EPS and irreversible 

foulant layer, UV and bacteriophages may be useful against reversible foulants formed 

during the subcritical stages of fouling (e.g. at TMP of 40 kPa) by killing cells and 

dislodging the biofilm matrix.  

 

4.5 Conclusion 

This study demonstrates the use of bacteriophages with UV irradiation to effectively 

clean subcritically fouled membranes harvested from AnMBR. This new membrane 

cleaning strategy was able to reduce biofilm-associated cell numbers and activity, 

specifically reducing the relative abundance of Acinetobacter spp. and other genera 

including gram-positive bacteria embedded within the biofilm matrix. The biofilm 

coverage on the membrane was also reduced, in turn sustaining water flux through the 
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membrane. Although UV + bacteriophage was able to reduce a higher protein and 

polysaccharides concentration in biofilm matrix compared to the control, it was not as 

competitive as chemical agents in removing EPS. Considering that bacteriophages are 

already capable of reducing biofilm thickness and biovolume after 1 h of application (Table 

C2), UV + bacteriophage as a membrane cleaning method can possibly be carried out in a 

semi-continuous mode with minimal downtime to the operation process. This strategy 

would delay the occurrence of membrane fouling, in turn reducing the amount of chemicals 

needed to clean the membrane over the course of operation.  
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Figure C1: Scheme of the anaerobic reactor and the three parallel cross-flow membranes used in this study 

(A). Transmembrane pressure profiles of PVDF membranes. The three biological replicates are indicated as 

run 1, run 2 and run 3. Red dashed lines indicate the biofouling rates (20, 40 and 60 kPa) at which the 

membranes were harvested (B) 
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A B

C Figure C2. Transmission electron microscopy 

images of the isolated Acinetobacter junii (A), 

Acinetobacter modestus (B) and Acinetobacter 

seohaensis (C) bacteriophages 
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Figure C3. PFU/mL of A. junii (A), A. modestus (B) and A. seohaensis (C) bacteriophages recovered from 

the soaking solution after membrane biofilm treatment at different biofouling degree. The red line 

represents the PFU/mL of bacteriophages spiked at the begin of the treatment. Error bars indicate standard 

deviation among the three replicates 



 

 

 

 

153 

 

Figure C4. Log of the total cells number (A) and proteins and polysaccharides concentration (B) for the 

control, independent UV + bacteriophages treatment in which UV was irradiated before bacteriophages 

application and UV + bacteriophages treatment in which the two agents were utilized in combination. 
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Figure C5. Ratio between alive and dead cells in membrane biofilm in control, UV + bacteriophages cocktail 

treatment and chemicals treatment. The biofilm was collected at a TMP of 40 kPa. Error bars indicate 

standard deviation among the three replicates 
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Table C1. Membrane biofilm characterization after different treatments and at different biofouling rates 

from OCT analysis. The data were obtained from the values of 500 scan images for a total area of 8 × 8 × 

1.4 mm. The data are presented with the standard deviation 

Condition 
Thickness 

(m) 
Roughness 

Biovolume 

(mm3/cm2) 

Membrane 

coverage % 

Control 43 ± 1 0.11 ± 0.02 4.3 ± 0.1 99.5 

Bacteriophages 39 ± 4 0.21 ± 0.07 3.4 ± 0.4 86.7 

UV 38 ± 5 0.18 ± 0.12 3.4 ± 0.5  88.5 

UV + Bacteriophages 38 ± 3 0.17 ± 0.05 3.6 ± 0.3 89.5  

 

 

 

Table C2. Changes in membrane biofilm with time after Acinetobacter bacteriophages cocktail application. 

The data were obtained from the values of 500 scan images for a total volume of 8.0 × 8.0 × 1.4 mm. The 

data are presented with the standard deviation 

Time (h) Thickness (m) Roughness Biovolume (mm3/cm2) 

0 42 ± 4 0.13 ± 0.02 4.2 ± 0.2 

1 34 ± 2 0.12 ± 0.01 3.4 ± 0.2 

3 34 ± 2 0.12 ± 0.02 3.4 ± 0.2 

4.5 30 ± 2 0.22 ± 0.11 3.0 ± 0.2 

6 30 ± 2 0.24 ± 0.12 3.0 ± 0.2 
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Chapter 5 

 

Conclusion 

 

5.1 Overall Summary 

The results of this dissertation serve to provide promising and sustainable alternatives to 

reduce biofouling and biocorrosion, with the objective to reduce chemical usage. 

Chapter 2 of this thesis describes the use of bacteriophages to reduce biofouling caused 

by P. aeruginosa on UF membrane used in seawater RO pretreatment. Phage activity was 

found to be maintained over a broad range of salinities, temperature and pH against P. 

aeruginosa in both planktonic and biofilm state. Also, bacteriophage was able to 

selectively remove P. aeruginosa cells from a multispecies biofilm. Thereafter, when 

bacteriophages cocktail was applied as antifouling agent both alone or in combination with 

citric acid, P. aeruginosa cells were reduced and there was a significant TMP reduction 

after three consecutive cleaning cycles.  

Chapter 3 addresses the possibility to reduce SRB related biocorrosion in seawater by 

inhibiting bacterial quorum sensing system. It was observed that by modulating the QS 

system in D. vulgaris, it was possible to influence sulfate reduction, biofilm formation, 

electron transfer, membrane transport and overall cell activity. SEM and AFM analysis 

revealed how by applying QSI to the system, carbon steel coupon pitting corrosion was 

significantly reduced as a result of a diminished bacterial ability to colonize the metal 

surface. These results were confirmed by transcriptomic analysis. By blocking the 

communication system in SRB, a general downregulation of genes controlling biofilm 

formation, sulfate reduction and electrons transfer was observed, providing crucial insights 
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on the impact of the QS system on D. vulgaris and on the biocorrosion process. These 

observations validate the possibility of applying quorum quenchers to inhibit biofilm 

formation and biocorrosion. 

However, compared to bacteriophage infection, QS inhibition showed less versatility 

for a possible use as antibiofilm strategy on a larger scale. The need for a large volume and 

the high cost of QS inhibitors pose critical limitations. In addition, it was shown that QS 

influence on sulfate reduction and biofilm formation is most significant during early 

exponential phase of bacterial growth (157). For this reason, for the 4th chapter of this 

dissertation, bacteriophages infection was chosen to be used as the main antifouling 

strategy. Furthermore, to enhance their infectivity, bacteriophages need to be combined 

with another biocidal agent that improve their antibiofilm effect. 

Chapter 4 proposes a new chemical-free cleaning method for fouled AnMBR 

membranes. By combining bacteriophages and UV irradiation, the method was more 

efficient in cells and EPS removal compared with the treatment characterized by the single 

application of either of the two agents. Moreover, relative abundance of Acinetobacter spp. 

(the intended target of the applied bacteriophages) and other genera such as Pseudomonas 

spp., together with several Gram-positive bacteria, were also lowered by this approach. 

The UV and bacteriophage cleaning strategy was able to reduce biofilm coverage on 

membranes and dislodge biofilm matrix, which makes it particularly suitable for use to 

remove reversible foulants on subcritically fouled membranes.  

Overall, the results of this dissertation demonstrate the use of more sustainable 

alternatives, namely bacteriophages (either alone or in combination with UV irradiation) 

and quorum quenchers, to reduce biofilm formation and biocorrosion. Although these 
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biological-based agents may not be as effective as the conventional chemical cleaning 

agents at times, it is possible to use them together with a lower concentration of chemicals 

to enhance biofilm removal efficacy. This approach can minimize the detrimental impact 

on health, safety and environment due to chemical usage.  

 

5.2 Future Work 

Although the findings of this dissertation demonstrate proof-of-concept in using 

bacteriophages and quorum quenchers to reduce biofouling and biocorrosion for seawater 

and treated wastewater use, several knowledge gaps would still need to be addressed.  

Bacteriophages infection can be very efficient in removing target cells, and also in 

affecting other bacteria through the release of enzymes that degrade bacterial membrane 

and EPS matrix. Despite this useful trait, bacteriophages target is very narrow, often limited 

to a single species or even a single strain. In addition, an adequate target bacteria population 

number is needed for the infection. Bacteriophages isolation is also a limitation. This is 

especially so for fastidious and anaerobic bacteria in which bacteriophages isolation may 

be technically challenging.  The isolation of bacteriophages against bacterial species with 

the highest relative abundance within the biofilm matrix could represent a possible solution 

to achieve an effective biofilm infection. 

Bacteriophages were combined with UV irradiation to obtain an additive antifouling 

effect. UV was known to trigger bacteriophages to switch to the lytic mode and to kill the 

bacterial host after the infection. Our results suggest that there was indeed this additive 

effect; however, UV partially inhibited the propagation of bacteriophages. Further studies 

are necessary to optimize the required UV irradiation intensity to reduce bacteriophages 
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propagation inhibition, while maintaining its ability to trigger phages to switch to the lytic 

mode and improve its biocidal effect on biofilm. In addition, a key aspect for future studies 

would be the development of this approach to suit a cleaning strategy without the need to 

shut down operations to remove membrane for cleaning. For example, the treatment could 

be applied by recycling the bacteriophages solution through the membrane. In addition, 

membranes in a second stage reactor could be directly exposed to UV by immersing the 

lamp in the reactor or directly irradiating the membrane module. However, problems 

related to the turbidity of the partially treated wastewater matrix would need to be resolved. 

Despite demonstrating the correlation between QS in SRB and sulfate 

reduction/biocorrosion (Chapter 3), QS inhibition to reduce biocorrosion will need to be 

improved if applied at a bigger scale due to the economic cost of the QS inhibitors and the 

need for a large volume of these inhibitors to effectively impact the biofilm structure. 

Further studies should be focused on the development and production of low-cost or natural 

QSIs. Moreover, it was found that QS influence on SRB metabolism is significant only at 

early bacterial exponential phase and at the initial stage of biofilm formation. Further 

studies are necessary to obtain an effect on mature biofilm, which is likely the more 

common type of biofilm in developed infrastructure, in order to apply the QS inhibition 

against biofouling and biocorrosion.  

Finally, the different approaches developed in this dissertation act in a variety of ways 

to reduce biofilm formation and development. Often the application of only one of these 

agents is not sufficient to obtain significant results in term of biofilm removal. Further 

studies should address the possibility to derive synergistic permutations of two or more 

cleaning agents, which can also include chemical agents at a lower dosage, to achieve 
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satisfactory levels of biofouling and biocorrosion reduction with minimal detrimental 

outcomes on health, safety and environment.  
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