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 2 

ABSTRACT  20 

Anaerobic membrane bioreactor (AnMBR) for wastewater treatment has attracted much interest 21 

due to its efficacy in providing high quality effluent with minimal energy costs. However, 22 

membrane biofouling represents the main bottleneck for AnMBR because it diminishes flux and 23 

necessitates frequent replacement of membranes. In this study, we assessed the feasibility of 24 

combining bacteriophages and UV-C irradiation to provide a chemical-free approach to remove 25 

biofoulants on the membrane. The combination of bacteriophage and UV-C resulted in better log 26 

cells removal and twice higher extracellular polymeric substance (EPS) concentration reduction in 27 

mature biofoulants compared to UV-C. A reduction in the relative abundance of Acinetobacter 28 

spp. and selected gram-positive bacteria associated with the membrane biofilm was also achieved 29 

by the new cleaning approach. Microscopic analysis further revealed the formation of cavities in 30 

the biofilm due to bacteriophages and UV-C irradiation, which would be beneficial to maintain 31 

water flux through the membrane. When the combined treatment was further compared with the 32 

common chemical cleaning procedure, a similar reduction on the cell numbers was observed (1.4 33 

log). However, combined treatment was less effective in removing EPS compared with chemical 34 

cleaning. These results suggest that the combination of UV-C and bacteriophage have an additive 35 

effect in biofouling reduction, representing a potential chemical-free method to remove reversible 36 

biofoulants on membrane fitted in an anaerobic membrane bioreactor. 37 

 38 

 39 

 40 

 41 

 42 
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 3 

SIGNIFICANCE  43 

Anaerobic membrane bioreactors can achieve high quality effluent with a reduced energy 44 

consumption. However, biofouling represents the main bottleneck for membrane filtration 45 

efficiency. Biofouling is commonly reduced through chemical treatment. These agents are often 46 

detrimental for the environment and health safety due to the formation of toxic byproducts. 47 

Therefore, we present a new approach, based on the additive antifouling action of bacteriophages 48 

infection and UV-C irradiation, to reduce anaerobic membrane biofouling. This new strategy 49 

could potentially delay the occurrence of membrane fouling by removing the reversible fouling 50 

layers on membranes, in turn reducing the frequencies and amount of chemicals needed 51 

throughout the course of wastewater treatment. 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 
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 4 

INTRODUCTION 65 

Anaerobic membrane bioreactor (AnMBR) has emerged as an energy-efficient biotechnology for 66 

municipal wastewater treatment (1). The post-AnMBR effluent has low turbidity, retains the 67 

ammonium and phosphate, and hence can potentially be reused as liquid fertilizers for agricultural 68 

crops (2). Moreover, AnMBR offers numerous advantages. Anaerobic mode of wastewater 69 

treatment eliminates the need for aeration, hence saving up to 75% of the energy costs associated 70 

with conventional wastewater treatment (3). The organic carbon in wastewater is fermented to 71 

produce methane, which can be combusted and converted to electrical energy. Furthermore, 72 

anaerobic process results in lower sludge production than aerobic treatment, therefore minimizing 73 

solid waste disposal costs (1, 4). Finally, the coupling of membrane to anaerobic fermentation 74 

tanks reduces the required footprint for wastewater treatment process by eliminating the need for 75 

clarifiers (5, 6).  76 

Despite these advantages, AnMBR is prone to membrane biofouling due to the unwanted 77 

deposition of microorganisms and their extracellular polymeric substances (EPS) on the membrane 78 

surface (7). This deposition of biofoulants decreases the operational flux and rapidly increases the 79 

transmembrane pressure (TMP) and energy required to maintain a constant flux (8). Strategies to 80 

control biofouling in AnMBR can be devised based on our understanding of the main biofoulant 81 

constituents. The AnMBR biofilm microbial community was recently revealed to assemble based 82 

on random stochastic events. However, a few core genera (e.g. Methanobacterium and 83 

Acinetobacter) occurred in relative abundance that deviated from the neutral assembly model (9). 84 

This suggests that they may be playing a potential keystone role in the formation of biofoulant 85 

layers on the membrane and can be potential targets to eliminate in a bid to alleviate membrane 86 

biofouling.  87 
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Current strategies to reduce membrane biofouling includes the use of physical means (e.g. gas 88 

scouring, backwashing and sonication) and chemical cleaning (e.g. citric acid and chlorine (5)). 89 

Physical cleaning is generally more effective for the reversible foulant layer (10), while chemical 90 

cleaning is used to remove irreversible foulant layers (11). However, the use of these chemicals 91 

can lead to the formation of carcinogenic and toxic byproducts, and can detrimentally impact the 92 

membrane integrity (12, 13). In addition, it was shown that certain bacteria, such as Acinetobacter 93 

spp. are strongly resistant to chemical disinfectants (14).  94 

Biological-based approaches have emerged as interesting alternatives to chemical-based 95 

methods of alleviating membrane biofouling (15, 16). In particular, bacteriophages are viruses that 96 

infect viable bacteria and have been used against biofilm-associated bacteria for clinical 97 

therapeutic treatments (17-19). Besides infecting their intended bacterial host, bacteriophages can 98 

also induce the release of enzymes that degrade the EPS biofilm matrix, in turn, increasing biofilm 99 

susceptibility to biocides (20). Moreover, bacteriophages are able to infect bacteria over a broad 100 

range of pH, salinity and temperature (21). For these reasons, bacteriophages were also applied as 101 

a biological-based approach to reduce membrane biofouling (22), albeit mainly demonstrated 102 

against single-species biofilms (23, 24). However, the use of bacteriophages alone does not lead 103 

to adequate efficacy in terms of biofouling reduction (21) and their effectiveness against a complex 104 

biofilm has not been demonstrated. Instead, bacteriophages were applied in combination with 105 

chemicals to enhance their effect on membrane biofilm (21, 25). This counteracts the use of 106 

biological-based approaches to minimize chemical usage.  107 

To reduce the need of chemicals for membrane cleaning, we applied bacteriophages in 108 

combination with ultraviolet (UV-C) irradiation. UV-C (254 nm) imposes germicidal effect by 109 

causing DNA damage and it has been widely used for effluent disinfection (26) and for wastewater 110 
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pretreatment (27). Although UV effect on biofilm was investigated earlier, these studies were 111 

dedicated to determine its antibiofilm action within the water distribution system (28, 29) and not 112 

for the purpose of mitigating membrane biofouling. By applying bacteriophages together with UV-113 

C irradiation to tackle membrane biofouling, we hypothesize that these two agents can have an 114 

additive action against the biofilm matrix. This is because UV-C irradiation was determined 115 

previously to trigger bacteriophages to enter into lytic mode and lyse planktonic bacterial cells 116 

(30), but such demonstrations on the use of UV-C to enhance the efficiency of bacteriophage 117 

against the biofilm matrix have not been conducted. 118 

In this study, we aim to demonstrate the use of bacteriophages in combination with UV-C to 119 

reduce membrane biofouling in AnMBR. A cocktail of three isolated Acinetobacter spp. 120 

bacteriophages was applied in combination with UV-C exposure, and its effect on the membrane 121 

biofouling layer was analyzed and compared against individual treatment with bacteriophages or 122 

UV-C alone. The treatment combining bacteriophages and UV-C was also compared against the 123 

chemical cleaning method to examine its feasibility as an alternative biological-based approach to 124 

reduce AnMBR biofouling.    125 

 126 

RESULTS 127 

Isolated bacteriophages and their ability to infect membrane biofilm. Three isolated 128 

Acinetobacter bacteriophages were characterized based on their morphology. All three 129 

bacteriophages showed regular icosahedral head with no visible tail. The size of the head was ∼86 130 

nm for A. junii phage (Figure S1A), ∼75 nm for A. modestus phage (Figure S1B) and ∼68 nm for 131 

A. seohaensis phage (Figure S1C). Based on the Ackermann classification (31), the three 132 
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bacteriophages isolated in this study could tentatively be placed in the order Caudovirales, under 133 

the Podoviridae family, constituted by an icosahedral head and short or absent tail. 134 

The cocktail of A. modestus, A junii and A. seohaensis bacteriophages were introduced either 135 

alone or in combination with UV-C to the fouled membranes. All three bacteriophages, in the 136 

absence of UV-C, increased in their PFUs compared to the initial spiked amount when introduced 137 

to membranes harvested at 40 and 60 kPa (Figure S2, p < 0.04). However, only A. modestus 138 

bacteriophages were able to actively propagate when introduced to membranes harvested at 20 139 

kPa (Figure S2B, p = 0.03), while the rest of the phages did not have PFUs that were statistically 140 

different from the initial spiked value (Figure S2A and S2C). In contrast, UV-C + bacteriophages 141 

treatment did not result in any increase in PFU numbers of both A. junii and A. seohaensis 142 

bacteriophages for all membranes harvested at 20, 40 and 60 kPa (Figure S2A and S2C). Only A. 143 

modestus phages increased in its PFU despite the presence of UV-C, and the final PFU numbers 144 

were significantly higher compared with the initial value spiked to the membranes harvested at 40 145 

and 60 kPa (Figure S2B, p < 0.001). There was no significant difference in PFU numbers for A. 146 

modestus phages when spiked to membranes harvested at 20 kPa (p = 0.55). No bacteriophages 147 

were recovered after UV-C treatment alone and in the control condition. 148 

 149 

Biofilm analysis: bacterial cells. Compared with the control, the bacteriophages cocktail alone 150 

significantly reduced the number of cells associated with the biofilm from 40 kPa membrane 151 

(Figure 1A, p = 0.02). The same reduction did not occur for membranes harvested at 20 and 60 152 

kPa (p > 0.15). Both UV-C and UV-C + bacteriophages treatment significantly reduced the number 153 

of cells compared to the control for membranes harvested at all biofouling rates analyzed in this 154 

study (Figure 1A, p < 0.0001). In particular, UV-C + bacteriophage treatment was able to 155 
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 8 

outcompete the UV-C only treatment for membranes harvested at 40 and 60 kPa (Figure 1A, p < 156 

0.0001), with the UV-C + bacteriophage treatment reporting up to 1.36-log reduction of cells 157 

compared with the control. However, there was no statistical difference between the UV-C + 158 

bacteriophage treatment and the UV-C only treatment for membranes harvested at 20 kPa (Figure 159 

1A, p = 0.99).  160 

Similar trends were observed for the ratio between alive and dead cells in the biofilm. For 161 

membranes harvested at 40 and 60 kPa, bacteriophages cocktail (p < 0.01), UV-C only (p < 0.0001) 162 

and UV-C + bacteriophage (p < 0.0001) were able to reduce the alive to dead cell ratio compared 163 

to the control (Table 1). UV-C + bacteriophage had a significantly lower ratio compared to UV-C 164 

only for membranes harvested at 40 and 60 kPa (p < 0.0001), while there was no difference 165 

between these two treatments for membranes harvested at 20 kPa (Table 1, p = 0.66). Moreover, 166 

there was no difference between control and bacteriophages treatment (p = 0.47) for membrane 167 

harvested at 20 kPa while the UV-C + bacteriophage and UV-C only treatments had the same 168 

significant effect on the alive to dead cells ratio compared to the control (Table 1, p < 0.0001). 169 

 170 

Biofilm analysis: ATP. ATP concentration within the biofilm matrix was used as an indicator of 171 

cell activity. The maximum cell activity for the control was observed for membranes harvested at 172 

40 kPa (Figure 1B). For membranes harvested at 40 kPa and 60 kPa, ATP concentration was 173 

significantly reduced by 14 and 9 µM/cm2, respectively, due to bacteriophages application 174 

compared to the control (Figure 1B, p < 0.0009). This difference was however not observed for 175 

membranes harvested at 20 kPa (p = 0.74). UV-C and UV-C + bacteriophages reduced ATP 176 

concentration for all membranes compared with the control (Figure 1B, p < 0.0001). Specifically, 177 

UV-C + bacteriophages outcompeted UV-C treatment alone when the membrane was harvested at 178 
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 9 

40 and 60 kPa (Figure 1B, p < 0.003), achieving a total reduction of at least 50 µM/cm2 compared 179 

with the control. 180 

 181 

Biofilm analysis: proteins and polysaccharides in biofilm matrix. All treatments (i.e., 182 

bacteriophages, UV-C and UV-C + bacteriophage) caused a reduction in both biofilm-associated 183 

proteins and polysaccharides concentration on membranes harvested at 40 and 60 kPa compared 184 

to control (Figure 2, p < 0.0002). The bacteriophage treatment did not result in any significant 185 

reduction in both proteins and polysaccharides concentration on membranes harvested at 20 kPa 186 

(p = 0.37). In contrast, UV-C and UV-C + bacteriophages treatments reduced at least 50% of 187 

proteins and 35% of polysaccharides concentrations compared with the control across all tested 188 

membranes (Figure 2). For membranes harvested at 40 and 60 kPa, UV-C + bacteriophages 189 

treatment achieved a statistically higher proteins and polysaccharides reduction compared with 190 

UV-C only treatment (Figure 2, p < 0.004), while the difference was not significant for the 191 

membranes harvested at 20 kPa (p > 0.24). 192 

 193 

Active bacterial community characterization. Genus Acinetobacter was the intended target of 194 

the isolated bacteriophages and its relative abundance was reduced significantly across all tested 195 

membranes compared with the control when bacteriophages were applied alone or in combination 196 

with UV-C (Table 2). Although not the intended target of the isolated bacteriophages, other genera 197 

were also affected in their relative abundance. For example, the relative abundance of genus 198 

Pseudomonas was significantly lower upon bacteriophages and UV-C + bacteriophages treatments 199 

but increased in its relative abundance upon UV-C only treatment (Table 2). Moreover, two 200 

anaerobic gram-negative genera Paludibacter and Cloacibacterium also reduced in their relative 201 
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abundance upon bacteriophages and UV-C + bacteriophage treatment. A similar observation was 202 

made for gram-positive bacteria which had a lower relative abundance compared to control upon 203 

exposure to bacteriophage and UV-C + bacteriophage (Table 2). UV-C treatment, however, 204 

resulted in an increase in the relative abundance for most gram-positive bacteria compared to the 205 

control, particularly for membranes harvested at 40 kPa.  206 

 207 

OCT analysis. In-situ non-invasive biomass analysis was accomplished by using OCT on the 208 

membrane biofilm portions collected after the experiments to assess the efficiency of fouling 209 

mitigation strategy (32). Figure 3 shows an upper view of the 3D cross-sections of the different 210 

treatments employed in this study. There was an observed change in the biofilm coverage across 211 

the membrane. For example, control sample presented a flat and compact biomass structure that 212 

was homogeneously distributed on the membrane surface (Figure 3A). At the end of the exposure, 213 

all the treatments led to a partial reduction of the biofilm coverage on the membrane and a more 214 

irregular morphology in terms of thickness and roughness (Figure 3 and Table S1). There was at 215 

least 11.5% reduction in biofilm coverage compared to the control as a result of the treatments. In 216 

addition, a decrease of 20% of biovolume was observed after 6 h exposure to all the treatments 217 

compared with the control (Table S1, p < 0.0001).  218 

Bacteriophage infection alone was further monitored over time in terms of biofilm removal. 219 

It was observed that a substantial decrease in biovolume and increase in roughness was observed 220 

already after 1 h from the beginning of the bacteriophage treatment (Table S2). A further decrease 221 

in biovolume and increase in roughness was observed after 3 h, albeit at a lower extent than that 222 

observed in the first hour (Table S2).  223 

 224 
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Effect of the order of application of UV-C and bacteriophages. UV-C was applied 225 

independently before bacteriophages addition to assess if this order of application will be equally 226 

effective in biofilm removal. This order of applying UV-C and bacteriophage is subsequently 227 

referred to as “independent UV-C + bacteriophages” treatment. It was observed that UV-C + 228 

bacteriophages treatment resulted in statistically higher cells removal (Figure S3A, p = 0.01) and 229 

polysaccharides concentration reduction (Figure S3B, p = 0.02) compared to the independent UV-230 

C + bacteriophage treatment. However, there was no statistical difference in the reduction of 231 

protein concentration (p = 0.72) achieved by either treatment. 232 

 233 

Comparison with chemical treatment. UV-C + bacteriophage treatment outcompeted the other 234 

tested treatments (i.e., bacteriophage and UV-C only), and was therefore further compared against 235 

the common chemical (i.e., sodium hypochlorite and citric acid) cleaning process. Both UV-C + 236 

bacteriophage and chemical treatment significantly reduced the values of all the biofilm 237 

parameters examined, namely cells number, ATP concentration, alive and dead cells ratio, protein 238 

and polysaccharides concentration, compared to the control (p < 0.0001, Figure 4 and S4). 239 

However, ATP concentration was not significantly different between UV-C + bacteriophage and 240 

chemical treatment (p = 0.35). Log cells reduction compared with the control was slightly different 241 

between chemical treatment and UV-C + bacteriophage treatment (1.7 and 1.4, respectively, 242 

Figure 4A, p = 0.04). Moreover, the value of the ratio of alive and dead cells upon chemical 243 

treatment was 0.2, while the one after UV-C + bacteriophage treatment was 0.4 (Figure S4, p = 244 

0.02). In addition, the chemical treatment method was 4 to 6-times more effective in reducing 245 

proteins and polysaccharides concentration in biofilm matrix compared to UV-C + bacteriophage 246 

treatment (Figure 4B, p < 0.0001). 247 
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DISCUSSION 248 

In earlier studies, bacteriophage infection was used successfully against single-species biofilms on 249 

membranes. To exemplify, the addition of bacteriophages to membrane-associated single species 250 

biofilm led to a 40% reduction of attached cells (22) and 70% flux recovery (23). Bacteriophages 251 

were also embedded on an ultrafiltration membrane to reduce Escherichia coli biofilm (24). 252 

However, such demonstrations do not represent the effectiveness of bacteriophages against 253 

membrane biofouling arising from a diverse variety of bacteria. We observed that bacteriophages 254 

infection alone cannot consistently reduce membrane biofouling caused by the diverse microbial 255 

community. For instance, when membrane biofilm was harvested at a TMP of 40 and 60 kPa, 256 

bacteriophage cocktail application resulted in only slight reduction of bacterial cells, ATP 257 

concentration (Figure 1) and alive and dead cell ratio (Table 1). Furthermore, when membranes 258 

harvested at 20 kPa (i.e., at early stages of fouling) were treated with bacteriophage cocktail, the 259 

bacteriophages were not able to propagate (Figure S2) to numbers that would significantly impact 260 

membrane biofouling (Figure 1). This poor effect may be due to a low number of viable target 261 

bacteria present within the membrane biofilm. It was previously observed that 106 CFU/mL of the 262 

target bacteria is necessary to initiate phage infection (33). The targets of the three bacteriophages 263 

from the Podoviridae family isolated in this study (Figure S1) were three species of the 264 

Acinetobacter genus, namely A. modestus, A. junii and A. seohaensis. Although Acinetobacter spp. 265 

was considered a core component of biofilm structure in AnMBR, and with a relative abundance 266 

ranging from 3 to 4 % (9), it is likely that the total number of Acinetobacter spp. bacteria within a 267 

young biofilm was not enough to initiate an effective infection. 268 

To improve the effect of bacteriophages on membrane-associated biofilm, we proposed the 269 

combination of bacteriophages and UV-C irradiation as a membrane cleaning approach. UV-C 270 
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interacts with bacteria in the biofilm and causes DNA damage due to pyrimidine dimerization. 271 

Bacteria exposed to UV-C lose their ability to replicate, which leads to cell death (34). In earlier 272 

studies, UV-C irradiation was used as pretreatment to reduce biofouling in wastewater treatment 273 

both alone or in combination with chlorine (27, 35). Moreover, when it was applied as anti-biofilm 274 

agent in previous studies (36, 37), the cell log reduction was in agreement with that observed in 275 

our study. However, UV-C alone is relatively ineffective against gram-positive and spore formers 276 

that may be present in the membrane biofilm. Outer membrane of gram-positive bacteria provides 277 

a certain level of resistance by blocking UV penetration inside the cell (38). In addition, spores 278 

formed from gram-positive bacteria are 5 to 50 times more resistant to UV-C irradiation compared 279 

with growing cells (39). Such resistance to UV-C may explain for the increase in relative 280 

abundances of five gram-positive bacteria with UV-C treatment (Table 2).  281 

This limitation of UV-C is, however, addressed by pairing it with bacteriophages. Although 282 

the bacteriophages isolated in this study were specific to Acinetobacter spp., other genera were 283 

also detrimentally affected in their relative abundance (Table 2). This may be due to a variety of 284 

phage proteins such as holins, endolysin and spanins that can act on other microorganisms, 285 

particularly Gram-positive bacteria (40). Some bacteriophages also encode for enzymes that 286 

damage the EPS, which would disrupt the biofilm matrix (20). Pairing UV-C with bacteriophages 287 

can also trigger the latter into lytic mode (41, 42), as is exemplified from the reduced membrane 288 

cleaning efficiency which bacteriophages introduced independently from UV-C (Figure S3).  289 

We observed that both the bacteriophages and UV-C acted together synergistically to disrupt 290 

the biofilm matrix and to enhance cell removal compared with either of the individual treatment. 291 

The mechanism behind this synergism is speculated to be achieved via two steps. First, UV-C may 292 

act on the whole bacterial community by killing the bacteria and loosening the biofilm matrix. 293 
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This biofilm dislodging effect was observed from the OCT analysis (43, 44), in which cavities in 294 

the biofilm matrix were characterized by a lower biofilm coverage and a reduction of thickness 295 

and biovolume compared with the control (Figure 3). Second, by loosening the biofilm matrix, 296 

bacteriophages are able to penetrate deeper into the biofilm matrix to infect those embedded nearer 297 

to the membrane surface. Our results showed that this additive effect was particularly optimal 298 

when membranes were subcritically fouled at 40 kPa (Figure 1). At this TMP value, it is likely 299 

that the presence of a minimum target bacterial density and a biofilm matrix that was not extremely 300 

thick and compact would provide the optimal conditions for UV-C action and bacteriophages 301 

infection. In addition, membrane biofilm harvested at 40 kPa showed the highest cell activity 302 

compared with the other biofouling rates (Figure 1B). High host activity is a crucial trait that favors 303 

phage infection since bacteriophages use host machinery to replicate and to propagate inside the 304 

cell (42).  305 

Despite UV-C + bacteriophage effectively reducing bacterial cell numbers and activity within 306 

the biofilm (Figure 1 and Table 1), the approach was less effective in reducing protein and 307 

polysaccharides concentration in biofilm matrix when compared with the sodium hypochlorite and 308 

citric acid cleaning (Figure 4B). Sodium hypochlorite and citric acid are commonly used to clean 309 

fouled membranes. Sodium hypochlorite is a strong oxidant that modifies the cell membrane 310 

permeability by reacting with phospholipids (45). Citric acid chelates inorganic minerals and 311 

disrupts the stability of the biofilm matrix (46, 47). Therefore, while chemical cleaning is directed 312 

to the removal of biofilm EPS and irreversible foulant layer, UV-C and bacteriophages may be 313 

more useful against reversible foulants formed during the subcritical stages of fouling (e.g. at TMP 314 

of 40 kPa).  315 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 3, 2020. ; https://doi.org/10.1101/2020.08.03.234450doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.03.234450
http://creativecommons.org/licenses/by-nc-nd/4.0/


 15 

Considering that bacteriophages are already capable of reducing biofilm thickness and 316 

biovolume after 1 h of application (Table S2), we envision that UV-C + bacteriophage as a 317 

membrane cleaning method can possibly be carried out in a semi-continuous mode with minimal 318 

downtime to the operation process. This strategy could potentially delay the occurrence of 319 

membrane fouling by removing the reversible fouling layers developed on membranes, in turn 320 

reducing the frequencies and amount of chemicals needed throughout the course of operation.  321 

 322 

MATERIALS AND METHODS 323 

Bacteriophages isolation and characterization. Bacteriophages targeting three species from the 324 

Acinetobacter genus, namely A. modestus, A junii and A. seohaensis were isolated from the 325 

influent of the KAUST wastewater treatment plant as described before (21) and propagated by the 326 

double layer method (48). A detailed description of bacteriophages isolation can be found in 327 

supporting information, section “Bacteriophages isolation”.  328 

Phage morphology was characterized by transmission electron microscopy (TEM) (Tecnai 329 

Spirit TWIN, FEI) operated at 120 kV and equipped with an ORIUS SC1000 camera (Gaitan). To 330 

obtain TEM photos, the three bacteriophages in suspension were first fixed with 2.5% v/v 331 

glutaraldehyde, and then placed on carbon-coated copper grids before being negatively stained 332 

with 1% w/v uranyl acetate. 333 

 334 

Reactor set up and operations. AnMBR configuration (Figure S5A) used was similar to the one 335 

in earlier study (49). A 2 L reactor, operated without air sparging, was filled with ceramic rings to 336 

support biofilm establishment and it was inoculated with the same seed sludge described elsewhere 337 

(7). Synthetic wastewater with a chemical oxygen demand (COD) of 750 mg/L was fed into the 338 
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reactor with a hydraulic retention time of 18.5 h. The reactor was operated at pH 7 and at 35 °C 339 

and no sludge was wasted during the entire study. The reactor was connected to three PVDF 340 

microfiltration membrane (0.3 µm nominal pore size, GE Osmonics, Minnetonka, MN) modules 341 

in parallel. The three membranes were operated in cross-flow mode with stable flux that ranged 342 

from 6 to 7 L/m2/h (LMH). Biogas was used to scour the membrane surface. Transmembrane 343 

pressure (TMP) was recorded every day by a pressure gauge connected to each membrane module. 344 

Following the indication of a previous study (49), membranes were harvested and analyzed at three 345 

different TMP values, i.e. 20, 40 and 60 kPa, which represent increasing biofouling extent (Figure 346 

S5B). Three biological replicates of fouled membranes were harvested at each TMP values.  347 

 348 

Membrane harvesting and treatments application. Harvested membranes were processed for 349 

analysis. The first 3 cm at each end of the membranes were discarded because biofilm formation 350 

was not homogenous at those locations. The rest of the membrane, with homogenous biofilm, was 351 

cut into four pieces with dimensions 2 by 2 cm. These pieces were individually placed in small 352 

sterile petri dish that contained 1X phosphate buffer solution (PBS), and subsequently incubated 353 

at room temperature for 6 h. Before the incubation, three types of treatments were applied, namely 354 

(i) bacteriophages cocktail treatment, named “bacteriophage”, with a total multiplicity of infection 355 

(MOI) of 1; (ii) UV-C treatment, by exposing the biofilm to 100 mJ/cm2 twice, at 3 and 6 h from 356 

the start of the incubation; (iii) a combination of the three Acinetobacter bacteriophages at an MOI 357 

of 1 and UV-C irradiation exposing the biofilm to 100 mJ/cm2 twice, at 3 and 6 h from the start of 358 

the incubation (this treatment was named “UV-C + bacteriophage”). A last treatment involves UV-359 

C being applied before bacteriophages addition in an independent manner (this treatment was 360 

named “independent UV-C + bacteriophage” and more details are provided in supporting 361 
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information, section “Effect of UV-C and bacteriophages application order”). Lastly, one piece of 362 

membrane was soaked in 1X PBS for 6 h to represent control. The bacteriophages MOI was set 363 

based on the relative abundances of Acinetobacter spp. observed in a previous study (9).  364 

At the end of the 6 h, 1 mL of the solution in which the membrane was soaked was aliquot for 365 

PFU counting as described in the next section. Afterwards, the membrane piece was removed from 366 

the solution, washed and placed in fresh 1X PBS. Attached biofilm was sonicated for 5 min using 367 

a Q500 sonicator (Qsonica, Newton, CT, US) at 25% amplitude with 5 s pulsating step. The rest 368 

of the biofilm was scraped using a sterile inoculation loop.  369 

 370 

Bacteriophages plaque counts after the treatments. The 1 mL aliquot was filtered through 0.22 371 

µm syringe filter to remove remaining biomass. Several dilutions, ranging from 10-1 to 10-4 fold 372 

were performed in sodium magnesium buffer (5.8 g/L NaCl, 0.975 g/L MgSO4, 50 mL/L 50 mM 373 

Tris-Cl at pH 7.5), and 10 µL of the diluted suspension was mixed individually with 100 µL of A. 374 

junii, A. modestus and A. seohaensis cultures. The presence of plaques was identified with the 375 

double layer method (48) and it was compared with the initial amount of PFU/mL of each 376 

bacteriophage spiked for the treatments (5.4 x 107 PFU/mL of A. junii bacteriophage, 6.9 x 107 377 

PFU/mL of A. modestus bacteriophage and 2.1 x 106 PFU/mL of A. seohaensis bacteriophage).  378 

 379 

Biofilm characterization. Biofilm structure was characterized by enumerating the total cells, the 380 

proportion of cells with intact cell wall membranes, adenosine triphosphate (ATP) concentration 381 

and EPS concentration.  382 

To enumerate cells, membrane biofilm suspension was diluted by 104, stained with SYBR 383 

green (Thermo Fisher Scientific, Walthman, MA, US) for 15 min at 37 °C and counted using a BD 384 
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Accurri flow cytometer (BD Bioscience, Franklin Lakes, NJ). The ratio between alive and dead 385 

cells was calculated by staining the same diluted biofilm suspension using the LIVE/DEAD 386 

BacLightTM Bacterial Viability and Counting kit (Thermo Fisher Scientific, Walthman, MA, US) 387 

for 15 min in the dark at room temperature. Alive and dead cells were enumerated using a BD 388 

Accurri flow cytometer (BD Bioscience, Franklin Lakes, NJ). ATP concentration was measured 389 

using a Celsis ATP reagent kit and an Advance luminometer (Celsis, Westminster, United 390 

Kingdom). 391 

For EPS analysis, both polysaccharides and proteins concentration were measured as 392 

described in a previous study (50). Firstly, 2 mL of biofilm suspension was filtered through 0.22 393 

µm syringe filter to quantify only the filtrate (i.e., dissolved constituents). For each piece of cut 394 

membrane, total protein concentration was measured in triplicates by Total Protein kit (Sigma-395 

Aldrich, St. Luis, MO, US) using bovine serum albumin (BSA) as standard (Sigma-Aldrich, St. 396 

Luis, MO, US). Finally, polysaccharides were quantified by the phenol-sulfuric method (51), using 397 

glucose as standard (Sigma-Aldrich, St. Luis, MO, US). Briefly, 1 mL of each sample (including 398 

different concentrations of glucose standard) was mixed with 1 mL of 5% v/v phenol solution and 399 

with 5 mL 98% sulfuric acid (Sigma-Aldrich, St. Luis, MO, US). The mixture was incubated at 400 

room temperature for 20 min before measuring optical density at 490 nm. 401 

 402 

RNA extraction and biofilm microbial community analysis. To analyze the composition of the 403 

active biofilm bacterial community, an aliquot of 3 mL of suspended biofilm was used to extract 404 

the RNA that was then reverse transcribed into first-strand complementary DNA. 16S rRNA gene 405 

amplicon sequencing was performed to assess the influence of the different treatment on the 406 

membrane biofilm community as described before (52). More details can be found in supporting 407 
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information, section “RNA extraction and amplicon sequencing analysis”. All high-throughput 408 

sequencing files were deposited in the archive of the European Nucleotide Archive under study 409 

accession number PRJEB38595. 410 

 411 

Optical coherence tomography analysis. A spectral domain optical coherence tomography SD-412 

OCT system device (Ganymede I, Thorlabs GmbH, Dachau, Germany) provided with LSM03 scan 413 

lens was employed to non-invasively evaluate the effect of the treatments on the biomass 414 

developed on the membrane surface. The OCT employs backscattered light to acquire cross-415 

sectional scans of membrane. A membrane module connected to the anaerobic reactor was 416 

operated to reach a TMP of 40 kPa. This TMP value was chosen because it resulted in the best 417 

biofilm removal for the three treatments compared with the control. The membrane was therefore 418 

harvested at TMP of 40 kPa and cut to four pieces for individual application of the three treatments 419 

(i.e., bacteriophage, UV-C, UV-C+ bacteriophage), with the remaining portion used as non-treated 420 

control. At the end of the 6 h treatment, the membrane pieces in the petri dish were positioned 421 

under the OCT probe to assess the efficiency of each treatment in removing the biomass from the 422 

membrane surface. 3D images for each analysis were obtained to show and visualize the biofouling 423 

reduction. In addition, a time-series analysis was performed to monitor the effect of the 424 

bacteriophage treatment alone by fixing the membrane coupons under the OCT probe. 425 

The biomass morphology descriptors, namely biovolume, biofilm coverage, average thickness 426 

and the relative roughness were calculated using the equation reported in literature (43, 44), by 427 

analyzing 500 scan images for the 3D scan. More details can be found in supporting information, 428 

section “OCT images analysis”. 429 

 430 
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Comparison with chemical membrane cleaning. We further compared the UV-C + 431 

bacteriophage treatment to the conventional cleaning process. Briefly, a membrane module 432 

connected to the anaerobic reactor was harvested at TMP of 40 kPa, and cut into three pieces of 433 

dimension 2 by 2 cm. The pieces were individually were placed in a small petri dish filled with 434 

1X PBS. One of these pieces was exposed to the same mixed treatment described above (UV-C + 435 

bacteriophages); the second piece was soaked in a mixture of 0.1 M citric acid and 6% sodium 436 

hypochlorite solution; the last piece of membrane was used as control submerged in 1X PBS.  437 

After 6 h, the membrane was removed from the solution and the biofilm was resuspended in 438 

fresh 1X PBS as described before. The experiment was performed in triplicates. The effect of the 439 

two different treatments compared to the control was examined with the same analysis described 440 

in section “Biofilm characterization”.  441 

 442 

Statistical analysis. Statistical differences for the parameters at different conditions were 443 

evaluated through one-way ANOVA with significance level set at 95% confidence level (p < 0.05). 444 
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FIGURES 612 

 613 
Figure 1. Log of the number of cells (A) and ATP concentration (B) in the membrane biofilm after each 614 

treatment. Bar colors indicate different membrane biofouling degree. Error bars indicate standard 615 
deviation among the three replicates 616 
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 617 
Figure 2. Proteins (A) and polysaccharides (B) concentration in the membrane biofilm after each 618 
treatment. Bar colors indicate different membrane biofouling degree. Error bars indicate standard 619 

deviation among the three replicates 620 

 621 
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 622 
Figure 3. Upper view of 3D OCT scans of the membrane biofilm for control and the three treatment. 623 

Darker color indicates thicker biofilm while brighter color represents areas not covered by biofilm. The 624 
area visualized is 8 × 8 mm. 625 

 626 
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 627 
Figure 4. ATP concentration and cells number (A), protein and polysaccharides concentration (B) in 628 

membrane biofilm in control, UV-C + bacteriophages cocktail treatment and chemicals addition. The 629 
biofilm was collected at a TMP of 40 kPa. Error bars indicate standard deviation among the three 630 

replicates. 631 

 632 

 633 

 634 

 635 

 636 
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TABLES 638 

Table 1. Ratio between alive and dead cells in membrane biofilm after different treatments and at different 639 

biofouling rates. The data are presented as average (n = 3) ± standard deviation. 640 

Condition 20 kPa 40 kPa 60 kPa 

Control 1.22 ± 0.11 1.05 ± 0.02 1.15 ± 0.10 

Bacteriophage 1.17 ± 0.13 0.84 ± 0.05 1.01 ± 0.10 

UV-C 0.5 ± 0.09 0.48 ± 0.08 0.56 ± 0.08 

UV-C + Bacteriophage 0.53 ± 0.14 0.24 ± 0.05 0.25 ± 0.09 

 641 

 642 

 643 

 644 

 645 

 646 

 647 
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 649 

 650 
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Table 2. Percentage relative abundance for different genera in control and upon exposure to treatment. 655 
Only genera that changed in their relative abundance for all tested membranes were shown. Green and red 656 

cells indicate statistically lower and higher relative abundance, respectively, compared to the control (p < 657 

0.05). Stars indicate genera that include gram-positive bacteria. Data are presented as average of biological 658 
replicates (n = 3) ± standard deviation. 659 

Genus Control Bacteriophages UV-C UV-C + 
Bacteriophages 

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 

 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 

 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 

 660 
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SUPPORTING INFORMATION 662 

Bacteriophages isolation. Briefly, 50 mL of freshly collected influent was centrifuged for 20 min 663 

at 8,500 g. The supernatant was filtered through 0.22 µm cellulose acetate syringe filter (VWR, 664 

Radnor, PA) and then mixed with 50 mL of LB broth and 50 mL of exponentially growing cultures 665 

of each Acinetobacter isolates mentioned above. This mixture was incubated at 37 °C for 24 h 666 

before cells lysis by injecting 1% v/v chloroform. After 2 h incubation at room temperature and 667 

100 rpm agitation, the mixture was centrifuged at 8,500 g for 30 min and the supernatant was 668 

filtered to remove remaining bacterial cells. Aliquots of 100 µL of the filtered supernatant were 669 

used to identify the presence of plaques using the double layer method. Single plaques were then 670 

isolated with inoculating loops, transferred to SM buffer and filtered to remove bacterial cells. 671 

After propagating several times, the plaque forming units (PFU/mL) were determined for each of 672 

the three bacteriophages.  673 

 674 

RNA extraction and amplicon sequencing analysis. RNA extraction was performed with the 675 

RNeasy midi kit (Qiagen, Hilden, Germany), including a DNase treatment step. RNA 676 

concentration was quantified with Invitrogen RNA HS Qubit 2.0 assay kit (Thermo Fisher 677 

Scientific, Carlsbad, CA, US). RNA was then reverse transcribed into first-strand complementary 678 

DNA using the Invitrogen SuperScriptTM First-strand Synthesis System (Thermo Fisher Scientific, 679 

Carlsbad, CA, US). Starting from this DNA 16S rRNA genes was amplified using the 515F (5’- 680 

Illumina overhang- GTG YCA GCM GCC GCG GTA A-3’) and 907R (5’- Illumina overhang- 681 

CCC CGY CAA TTC MTT TRA GT-3’) primers pair. DNA amplicons were then submitted to 682 

KAUST genomic core lab for unidirectional sequencing on Illumina MiSeq platform. Raw 683 

amplicons sequences were sorted on a Phred score > 30, before primers, adapters and index 684 
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sequences removal. UCHIME was used to remove sequence chimeras (53). For each sample, a 685 

subset of 100,000 sequences were analyzed and 16S rRNA gene sequences were annotated for 686 

their taxonomical assignments using RDP classifier at a 95% confidence level (54). 16S rRNA 687 

gene copy number adjustment for each taxonomical unit was also performed. To assess the impact 688 

of the different treatment on Acinetobacter-related taxa and, in general on the whole biofilm 689 

structure, the bacterial community was characterized in terms of relative abundance of genus level.  690 

 691 

OCT images analysis. 3-D cross-sectional scans of 800 × 800 × 516 pixels (width × length × 692 

depth), corresponding to a volume of 8.0 x 8.0 × 1.4 mm were acquired. The image analysis on 693 

the OCT scans was performed through a customized MATLAB code. The data sets corresponding 694 

to the 3D OCT cross sectional scans were visualized by using Avizo software. The membrane and 695 

biofilm were defined using Avizo's segmentation editor. The 3D rendering volume was generated 696 

to visualize over time the effect of the bacteriophage treatment on the biofilm deposited on the 697 

membrane surface. 698 

  699 

Effect of UV-C and bacteriophages application order. For all the experiments in this study, the 700 

combination of UV-C and bacteriophages cocktail was applied by infecting the biofilm with 701 

phages at the beginning of the treatment, while UV-C was irradiated at 100 mJ/cm2 after 3 and 6 702 

h (UV-C + Bacteriophages). To assess if the order of applying UV-C and bacteriophages would 703 

affect the treatment efficacy, a separate experiment was made in which UV-C was applied before 704 

bacteriophages was spiked. In this treatment, bacteriophages were not exposed to UV-C. This 705 

treatment was named “Independent UV-C + bacteriophages”.  To elucidate, membrane biofilm 706 

was harvested at a TMP of 60 kPa and processed as described in section “Membrane harvesting 707 
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and treatments application”. One fouled membrane piece of dimensions 2 by 2 cm was treated 708 

with the usual UV-C + bacteriophages treatment described in the section “Membrane harvesting 709 

and treatments application”, while another piece with the same dimension was first irradiated with 710 

the same UV-C intensity (200 mJ/cm2) and subsequently infected with the bacteriophages cocktail 711 

for 6 h in the absence of UV-C. A non-treated fouled membrane piece was used as control. 712 

Antifouling effect was characterized in terms of total cells number and proteins and 713 

polysaccharides concentration. The same analyses were conducted as described in section 714 

“Biofilm characterization” to assess the efficacy of these treatment. 715 

 716 

 717 

 718 

 719 
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 720 

 721 
 722 

Figure S1. Transmission electron microscopy 

images of the isolated Acinetobacter junii (A), 

Acinetobacter modestus (B) and 

Acinetobacter seohaensis (C) bacteriophages 
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 723 

 724 

 725 

 726 
Figure S2. PFU/mL of A. junii (A), A. modestus (B) and A. seohaensis (C) bacteriophages recovered 727 
from the soaking solution after membrane biofilm treatment at different biofouling degree. The red line 728 

represents the PFU/mL of bacteriophages spiked at the beginning of the treatment. Error bars indicate 729 

standard deviation among the three replicates.  730 
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 731 
Figure S3. Log of the total cells number (A) and proteins and polysaccharides concentration (B) for the 732 
control, Independent UV-C + bacteriophage treatment, in which UV-C was irradiated before bacteriophages 733 

application and UV-C + bacteriophage treatment, in which the two agents were utilized in combination. 734 

 735 

 736 

  737 
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 738 
Figure S4. Ratio between alive and dead cells in membrane biofilm in control, UV-C + bacteriophage 739 
cocktail treatment and chemicals treatment. The biofilm was collected at a TMP of 40 kPa. Error bars 740 
indicate standard deviation among the three replicates. 741 
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 760 

 761 
Figure S5. Scheme of the anaerobic reactor and the three parallel cross-flow membranes used in this 762 

study (A). Transmembrane pressure profiles of PVDF membranes. The three biological replicates are 763 

indicated as run 1, run 2 and run 3. Red dashed lines indicate the biofouling rates (20, 40 and 60 kPa) at 764 

which the membranes were harvested (B) 765 
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Table S1. Characterization of the membrane biofilm after different treatments and at different biofouling 766 
rates. The data were obtained from OCT analysis and depict the values of 500 scan images for a total area 767 

of 8 × 8 × 1.4 mm.  768 

Condition 
Thickness 

(µm) 
Roughness 

Biovolume 
(mm3/cm2) 

Membrane 
coverage % 

Control 43 ± 1 0.11 ± 0.02 4.3 ± 0.1 99.5 

Bacteriophage 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-C + Bacteriophage 38 ± 3 0.17 ± 0.05 3.6 ± 0.3 89.5  

 769 

 770 
Table S2. Changes in membrane biofilm with time after Acinetobacter bacteriophages cocktail 771 
application. The data were obtained from the values of 500 scan images for a total volume of 8.0 × 8.0 × 772 
1.4 mm.  773 

Time (h) Thickness (µm) 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 

 774 
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