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Anaerobic membrane bioreactor (AnMBR) for wastewater treat-
ment has attracted much interest due to its efficacy in providing
high-quality effluent with minimal energy costs. However, mem-
brane biofouling represents the main bottleneck for AnMBR be-
cause 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 combina-
tion of bacteriophage and UV-C resulted in better log cells removal
and ca. 2× higher extracellular polymeric substance (EPS) concen-
tration reduction in mature biofoulants compared to either UV-C
or bacteriophage alone. The cleaningmechanism behind this combined
approach is by 1) reducing the relative abundance of Acinetobacter
spp. and selected bacteria (e.g., Paludibacter, Pseudomonas, Cloacibac-
terium, and gram-positive Firmicutes) associated with the membrane
biofilm and 2) forming cavities in the biofilm 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, the
combined treatment was less effective in removing EPS compared
with chemical cleaning. These results suggest that the combination
of UV-C and bacteriophage have an additive effect in biofouling re-
duction, representing a potential chemical-free method to remove re-
versible biofoulants on membrane fitted to an AnMBR.
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Anaerobic membrane bioreactor (AnMBR) has emerged as
an energy-efficient biotechnology for municipal wastewater

treatment (1). AnMBR can be used to clean wastewater of
various organic concentrations, which is represented by chemical
oxygen demand (COD) per volume of wastewater per day, and
result in energy recovery from the wastewater. To exemplify, a
laboratory-scale AnMBR was able to remove up to 98% of a
wide range of 0.8 to 10 g COD per L wastewater (2). The organic
carbon in wastewater is fermented to produce methane, which
can be combusted and converted to electrical energy. Anaerobic
mode of wastewater treatment further eliminates the need for
aeration, hence saving up to 75% of the energy costs associated
with conventional wastewater treatment (3). Besides low energy
costs, the post-AnMBR effluent has low turbidity, retains the
ammonium and phosphate, and can potentially be reused as
liquid fertilizers for agricultural crops (4). Furthermore, anaer-
obic process results in lower sludge production than aerobic
treatment, therefore minimizing solid waste disposal costs (1, 5).
Finally, the coupling of membrane to anaerobic fermentation
tanks reduces the required footprint for wastewater treatment
process by eliminating the need for clarifiers (6, 7).
Despite these advantages, similar to other types of MBR

technologies, AnMBR is prone to membrane biofouling due to
the unwanted deposition of microorganisms and their extracel-
lular polymeric substances (EPS) on the membrane surface (8).
This deposition of biofoulants decreases the operational flux and
rapidly increases the transmembrane pressure (TMP) and energy

required to maintain a constant flux (9). Membranes typically
account for 10 to 30% of the total operational costs of MBRs
(10). Therefore, frequent replacement of fouled membranes can
significantly add on to the overall costs associated with using
such biotechnology to clean wastewater.
Current strategies to reduce membrane biofouling include the

use of physical means (e.g., gas scouring, backwashing, and
sonication) and chemical cleaning [e.g., citric acid and chlorine
(6)]. Physical cleaning is generally more effective to remove the
reversible foulant layer (11), but the use of hydraulic or me-
chanical forces to clean the membrane can increase energy costs
depending on the cleaning frequencies and regimes (12). Current
physical cleaning approaches are also used to complement
chemical cleaning which is effective against irreversible foulant
layers (13). However, the use of chemicals should be limited to a
minimum frequency since repeated chemical cleaning may det-
rimentally impact the membrane integrity, and disposal of the
spent chemicals can pose health, safety, and environmental concerns
(14). In addition, it was shown that certain bacteria such as Acine-
tobacter spp. are strongly resistant to chemical disinfectants (15).
Biological-based approaches have emerged as interesting op-

tions to alleviate membrane biofouling (16, 17). In particular,
bacteriophages are viruses that infect viable bacteria and have
been used against biofilm-associated bacteria for clinical thera-
peutic treatments (18–20). Besides infecting their intended
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bacterial host, bacteriophages can also induce the release of
enzymes that degrade the EPS biofilm matrix, in turn, increasing
biofilm susceptibility to biocides (21). Moreover, bacteriophages
are able to infect bacteria over a broad range of pH, salinity, and
temperature (22). For these reasons, bacteriophages were also
applied as a biological-based approach to reduce membrane
biofouling (23–25). However, most of the early studies utilized
only single-species (e.g., Pseudomonas aeruginosa or Delftia
tsuruhatensis) or simple multispecies biofilm (e.g., P. aeruginosa
in combination with Acinetobacter johnsonii and Bacillus subtilis)
and demonstrated ca. <1-log improvement in cell number re-
duction or flux recovery (22, 25). Despite these promising
demonstrations of using bacteriophages against membrane
fouling, the effectiveness of bacteriophages against a complex
biofilm has not been demonstrated and is anticipated to be
rather challenging. This is because the variety of microorganisms
in a complex biofilm goes against the high specificity of phage
infection. In addition, bacteriophages may face limited diffusion
or penetration through the complex biofilm before encountering
and infecting their host.
To improve the efficacy of bacteriophages against membrane

biofilm, we demonstrated here the use of bacteriophages in
combination with UV (UV-C) irradiation. UV-C (254 nm) im-
poses germicidal effect by causing DNA damage, and it has been
widely used for effluent disinfection (26) and for wastewater
pretreatment (27). Although UV effect on biofilm was investi-
gated earlier, these studies were dedicated to determine its
antibiofilm action within the water distribution system (28, 29)
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.
This is because UV-C irradiation was determined previously to
trigger bacteriophages to enter into lytic mode and lyse plank-
tonic bacterial cells (30), but such demonstrations on the use of
UV-C to enhance the efficiency of bacteriophage against the
biofilm matrix have not been conducted.
In this study, we aim to demonstrate the use of bacteriophages

in combination with UV-C to reduce membrane biofouling in
AnMBR. Acinetobacter was previously determined to be a core
membrane-associated bacterial genus in AnMBR and was pre-
sent at a high relative abundance ranging from 3 to 4% of total
microbial community (31). In the case of AnMBR, the biofilm
microbial community was revealed to assemble based on random
stochastic events. However, a few core genera including Acine-
tobacter occurred in relative abundance that deviated from the
neutral assembly model (31). This suggests that Acinetobacter
may be playing a potential keystone role in the formation of
biofoulant layers on the membrane of AnMBR and can be po-
tential target to eliminate in a bid to alleviate membrane bio-
fouling. Hence, a mixture of three isolated Acinetobacter spp.
bacteriophages was applied in combination with UV-C exposure,
and its effect on the membrane biofouling layer was analyzed
and compared against individual treatment with bacteriophages
or UV-C alone. The cleaning mechanisms are further elucidated
by means of 16S rRNA amplicon sequencing of active microbial
community and optical coherence tomography (OCT). The
treatment combining bacteriophages and UV-C was also com-
pared against the chemical cleaning method to examine its fea-
sibility as an alternative biological-based approach to reduce
AnMBR biofouling.

Results
Isolated Bacteriophages and Their Ability to Infect Membrane Biofilm.
Acinetobacter junii, Acinetobacter modestus, and Acinetobacter
seohaensis were isolated from wastewater during our routine
wastewater monitoring surveillance. Considering the presence of
these three species representing Acinetobacter genus in wastewater,

bacteriophages targeting them were subsequently isolated from the
influent of the King Abdullah University of Science and Technology
(KAUST) wastewater treatment plant and then 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 (SI Appendix, Fig. S1A), ∼75 nm for A.
modestus phage (SI Appendix, Fig. S1B), and ∼68 nm for A. seo-
haensis phage (SI Appendix, Fig. S1C). Based on the Ackermann
classification (32), the three bacteriophages isolated in this study
could tentatively be placed in the order Caudovirales, under the
Podoviridae family, constituted by an icosahedral head and short or
absent tail. Each isolated phage showed high specificity to infect
only its direct host (SI Appendix, Figs. S2–S4).
An AnMBR was set up and fed with synthetic wastewater.

Three membranes were connected to the bioreactor in parallel
and were operated in crossflow mode (SI Appendix, Fig. S5). The
three membranes were harvested at TMPs of 20, 40, and 60 kPa
(with ±2 kPa SD in measurements for each TMP). Membranes
were then harvested, divided in pieces, and treated ex situ with
our test conditions.
The mixture of A. modestus, A. junii, and A. seohaensis bac-

teriophages were introduced either alone or in combination with
UV-C to the fouled membranes harvested at the three different
TMPs. One piece of each membrane was not treated and used as
a control. The entire experiment involving the different cleaning
strategies at each TMP was repeated in biological triplicates
(i.e., n = 3 for control; n = 3 for each type of cleaning strategy).
All experiments were conducted at a multiplicity of infection
(MOI) of 1. MOI of 1 was chosen as there was no significant
difference in how the hosts’ specific growth rates were affected
by MOI of 0.01, 0.1, and 1 compared to control (one-way
ANOVA, P > 0.05; SI Appendix, Fig. S6). MOI of 5 was able
to affect A. seohaensis better than at the other MOIs but did not
outperform when used to infect the other two Acinetobacter hosts
(SI Appendix, Fig. S6).
Plaque forming unit (PFU) count was performed in triplicate

after each treatment. All three bacteriophages, in the absence of
UV-C, increased in their PFUs compared to the initial spiked
amount when introduced to membranes harvested at ca. 40 and
60 kPa (SI Appendix, Fig. S7; P < 0.04). However, only A.
modestus bacteriophage was able to actively propagate when
introduced to membranes harvested at 20 ± 2 kPa (SI Appendix,
Fig. S7B; P = 0.03), while the rest of the phages did not have
PFUs that were statistically different from the initial spiked value
(SI Appendix, Fig. S7 A and C). In contrast, UV-C + bacterio-
phages treatment did not result in any increase in PFU numbers
of both A. junii and A. seohaensis bacteriophages for all mem-
branes harvested at ca. 20, 40, and 60 kPa (SI Appendix, Fig. S6 A
and C). Only A. modestus phage increased in its PFU despite the
presence of UV-C, and the final PFU numbers were significantly
higher compared with the initial value spiked to the membranes
harvested at ca. 40 and 60 kPa (SI Appendix, Fig. S7B; P < 0.001).

Biofilm Analysis: Bacterial Cells. Bacterial cell enumeration at dif-
ferent sections of a membrane harvested at TMP of 40 ± 2 kPa
was first performed to assess biofilm homogeneity. The results in
SI Appendix, Table S1, indicate the number of cells was always in
a similar order of magnitude, ranging ca. 109 cells per cm2 throughout
the membrane surface. This allowed us to divide the same membrane
into equal portions for comparison of treatment efficacy.
To assess the effect of the different treatments on membrane

biofilm, the number of cells was counted in three biological
replicates at each treatment condition and TMP. Compared with
the control, the bacteriophage mixture alone significantly re-
duced the number of cells associated with the biofilm from 40 ±
2 kPa membrane (Fig. 1A; P = 0.02). The same reduction did not
occur for membranes harvested at ca. 20 and 60 kPa (P > 0.15).
Both UV-C and UV-C + bacteriophages treatment significantly
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reduced the number of cells compared to the control for mem-
branes harvested at all biofouling rates analyzed in this study
(Fig. 1A; P < 0.0001). In particular, UV-C + bacteriophage
treatment was able to outcompete the UV-C–only treatment for
membranes harvested at ca. 40 and 60 kPa (Fig. 1A; P < 0.0001),
with the UV-C + bacteriophage treatment reporting up to 1.36
log ± 0.05 log (calculated on three replicates) reduction of cells
compared with the control. However, there was no statistical
difference between the UV-C + bacteriophage treatment and
the UV-C only treatment for membranes harvested at 20 ± 2 kPa
(Fig. 1A; P = 0.99).
Dead and alive biofilm cell ratio was calculated after the ap-

plication of the treatments on the harvested membranes. Similar
trends were observed for the ratio between alive and dead cells
in the biofilm. For membranes harvested at ca. 40 and 60 kPa,
bacteriophage mixture (P < 0.01), UV-C only (P < 0.0001), and
UV-C + bacteriophage (P < 0.0001) were able to reduce the
alive to dead cell ratio compared to the control (Table 1). UV-C
+ bacteriophage had a significantly lower ratio compared to UV-
C only for membranes harvested at ca. 40 and 60 kPa (P <
0.0001), while there was no difference between these two treat-
ments for membranes harvested at 20 ± 2 kPa (Table 1; P =
0.66). Moreover, there was no difference between control and
bacteriophages treatment (P = 0.47) for membrane harvested at
20 ± 2 kPa while the UV-C + bacteriophage and UV-C–only
treatments had the same significant effect on the alive to dead
cells ratio compared to the control (Table 1; P < 0.0001).

Biofilm Analysis: ATP. ATP concentration at different conditions
within the biofilm matrix was used as an indicator of cell activity.
The maximum cell activity for the control was observed for
membranes harvested at 40 ± 2 kPa (Fig. 1B). For membranes
harvested at ca. 40 and 60 kPa (n = 3 at each TMP), ATP
concentration was significantly reduced by 14 ± 3.2 and 9 ± 1.8
μM/cm2, respectively, due to bacteriophage application com-
pared to the control (Fig. 1B; P < 0.0009). This difference was,
however, not observed for membranes harvested at 20 ± 2 kPa
(n = 3; P = 0.74). UV-C and UV-C + bacteriophages reduced

ATP concentration for all membranes compared with the control
(Fig. 1B; P < 0.0001). Specifically, UV-C + bacteriophages
outcompeted UV-C treatment alone when the membrane was
harvested at ca. 40 and 60 kPa (Fig. 1B; P < 0.003), achieving a
total reduction of at least 40 ± 3.0 μM/cm2 compared with
the control.

Biofilm Analysis: Proteins and Polysaccharides in Biofilm Matrix.
Proteins and polysaccharides in the EPS fraction of the biofilm
were quantified at different conditions for membrane harvested
at ca. 20, 40, and 60 kPa (n = 3 for each TMP). All treatments
(i.e., bacteriophages, UV-C, and UV-C + bacteriophage) caused
a reduction in both biofilm-associated proteins and polysaccha-
rides concentration on membranes harvested at ca. 40 and
60 kPa compared to control (n = 3; Fig. 2; P < 0.0002). The
bacteriophage treatment did not result in any significant reduc-
tion in both proteins and polysaccharides concentration on
membranes harvested at 20 ± 2 kPa (n = 3; P = 0.37). In con-
trast, UV-C and UV-C + bacteriophages treatments reduced at
least 50% of proteins and 35% of polysaccharides concentrations
compared with the control across all tested membranes (Fig. 2).
In particular, for membranes harvested at ca. 40 and 60 kPa (n =
3 each), UV-C + bacteriophages treatment achieved a statisti-
cally higher proteins and polysaccharides reduction compared
with UV-C–only treatment (Fig. 2; P < 0.004), while the
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Fig. 1. (A) Log number of cells and (B) ATP concentration in the membrane biofilm after each treatment at each biofouling rate. Error bars indicate SD
among the three replicates. Within the same biofouling rate, bars indicated with different letters are statistically different from each other.

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

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

The data are presented as average (n = 3) ± SD.
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difference was not significant for the membranes harvested at
20 ± 2 kPa (P > 0.24).

Active Bacterial Community Characterization. Considering that
there was a difference in cell numbers, ATP, protein, and poly-
saccharide concentrations due to treatment, the cleaning mech-
anism was further elucidated by first understanding what
bacterial populations were removed by the respective treatment
conditions. To achieve this, RNA was extracted from the biofilm
harvested at ca. 20, 40, and 60 kPa and exposed to each treat-
ment (n = 3 for each TMP and for each treatment). RNA was
then reverse-transcripted into cDNA, amplified for the 16S
rRNA gene and sequenced by Illumina MiSeq. The data were
used to calculate the relative abundance of the active bacterial
community at genus level. 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-C (Table 2). Although not the intended
target of the isolated bacteriophages, other genera were also
affected in their relative abundance. For example, the relative
abundance of genus Pseudomonas was significantly lower upon
bacteriophages and UV-C + bacteriophages treatments but in-
creased in its relative abundance upon UV-C–only treatment
(Table 2). Moreover, two anaerobic gram-negative genera Pal-
udibacter and Cloacibacterium also reduced in their relative
abundance upon bacteriophages and UV-C + 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 UV-C + bacterio-
phage (Table 2). UV-C treatment, however, resulted in an in-
crease in the relative abundance for most gram-positive bacteria
compared to the control, particularly for membranes harvested
at 40 ± 2 kPa.

OCT Analysis. To further elucidate the cleaning mechanism, we
used OCT (33) to perform in situ noninvasive biomass analysis.
Results from OCT would allow assessment on how different
treatments affect the membrane biofilm structure. For this

analysis, AnMBR membrane was harvested at 40 ± 2 kPa, which
is a TMP representative of medium fouling extent. The mem-
brane portions were exposed to three different treatments and in
the control condition prior to observations under OCT. Fig. 3
shows an upper view of the three-dimensonal (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 bio-
mass structure that was homogeneously distributed on the
membrane surface (Fig. 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 (Fig. 3 and SI Appendix, Table S2).
There was at least 11.5% reduction in biofilm coverage com-
pared to the control as a result of the treatments. In addition, a
decrease of 20% of biovolume was observed after 6 h exposure to
all the treatments compared with the control (SI Appendix, Table
S2; P < 0.0001).
Bacteriophage infection alone was further monitored over

time in terms of biofilm removal. It was observed that a sub-
stantial decrease in biovolume and increase in roughness was
observed already after 1 h from the beginning of the bacterio-
phage treatment (SI Appendix, Table S3). 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 (SI
Appendix, Table S3).

Effect of the Order of Application of UV-C and Bacteriophages.UV-C
was applied independently before bacteriophages addition to
assess if this order of application will be equally effective in
biofilm removal. This order of applying UV-C and bacteriophage
is subsequently referred to as “independent UV-C + bacterio-
phages” treatment. It was observed that UV-C + bacteriophages
treatment resulted in statistically higher cells removal (SI Ap-
pendix, Fig. S8A; P = 0.01) and polysaccharides concentration
reduction (SI Appendix, Fig. S8B; P = 0.02) compared to the
independent UV-C + bacteriophage treatment. However, there
was no statistical difference in the reduction of protein concen-
tration (P = 0.72) achieved by either treatment.
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Fig. 2. (A) Protein and (B) polysaccharide concentrations in the membrane biofilm after each treatment at each biofouling rate. Error bars indicate SD among
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Comparison with Chemical Treatment. To compare the UV-C +
bacteriophage treatment with the common chemical treatment
used for membrane cleaning, we applied the two treatments
against a membrane biofilm harvested at 40 ± 2 kPa. The efficacy
of both treatments was assessed based on the change in the cell
number, ATP concentration, and protein and polysaccharide
content. UV-C + bacteriophage treatment outcompeted the
other tested treatments (i.e., bacteriophage and UV-C only) and
was therefore further compared against the common chemical
(i.e., sodium hypochlorite and citric acid) cleaning process. Both
UV-C + bacteriophage and chemical treatment significantly
reduced the values of all the biofilm parameters examined,
namely, cell number, ATP concentration, alive and dead cells
ratio, and protein and polysaccharides concentration, compared
to the control (P < 0.0001; Fig. 4 and S9). However, ATP con-
centration was not significantly different between UV-C + bac-
teriophage and chemical treatment (P = 0.35). Log cells
reduction compared with the control was slightly different be-
tween chemical treatment and UV-C + bacteriophage treatment
(1.7 ± 0.2 and 1.4 ± 0.3, respectively, P = 0.04) (Fig. 4A).
Moreover, the value of the ratio of alive and dead cells upon
chemical treatment was 0.2, while the one after UV-C + bac-
teriophage treatment was 0.4 (SI Appendix, Fig. S9; P = 0.02). In
addition, the chemical treatment method was 4 to 6× more ef-
fective in reducing proteins and polysaccharides concentration in
biofilm matrix compared to UV-C + bacteriophage treatment
(Fig. 4B; P < 0.0001).

Discussion
In our study, we used Acinetobacter genus, specifically A. mod-
estus, A. junii, and A. seohaensis as model microorganisms to be
targeted by bacteriophages as a way to alleviate membrane
fouling in an AnMBR. Genus Acinetobacter is facultative an-
aerobe and is able to reach 3 to 4% of the total microbial
community present on the membrane (31). Using these three
Acinetobacter species, we isolated three bacteriophages from the
Podoviridae family. We observed that bacteriophage infection
alone can impact the biofilm community only with certain extent
of membrane biofouling. For instance, when membrane was
harvested at TMP of ca. 40 and 60 kPa, bacteriophage mixture
application resulted in <1-log reduction of bacterial cells, ATP
concentration (Fig. 1), and alive and dead cell ratio (Table 1)
from the biofilm. This observation is in agreement with the
earlier studies that also reported the addition of bacteriophages
to membrane-associated single-species biofilm led to a 40% re-
duction of attached cells (25) and 70% flux recovery (23).
However, when membranes harvested at 20 ± 2 kPa (i.e., at

early stages of fouling) were treated with bacteriophage mixture,
the bacteriophages were not able to propagate to numbers that
would significantly impact membrane biofouling (Fig. 1 and SI
Appendix, Fig. S7). This poor effect may be due to a low number
of Acinetobacter present within the membrane biofilm. It was
previously observed that regardless of the number of bacterio-
phages present in the system, a density of 106 CFU/mL of the
target bacterial cells or an optimal MOI is necessary to ensure an

Table 2. Percentage relative abundance for different genera in control and upon exposure
to treatment

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*

Only genera that changed in their relative abundance for all tested membranes were shown. * and ** cells
indicate statistically lower and higher relative abundance, respectively, compared to the control (P < 0.05). Data
are presented as average of biological replicates (n = 3) ± SD. Acinetobacter in bold indicates the genus
targeted by the bacteriophages used in this study.
†Genera that include gram-positive bacteria.
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efficient phage–bacteria interaction and to initiate phage infec-
tion (34). Although Acinetobacter spp. was considered a core
component of biofilm structure in AnMBR (31), it is likely that
the total number of Acinetobacter spp. within a young biofilm was
not enough to initiate an effective infection. For the same reason, at

20 ± 2 kPa, the removal of protein and polysaccharide was also
minimal. The reduction of the EPS component of the biofilm may
be due to the dislocation effect resulted from the bacteriophage
action and to the possible release of enzymes that disrupt this
fraction. Naturally, if an effective biofilm infection does not occur,
the impact on the EPS would be minimal. On the contrary, the
reduction in the number of cells and EPS in the biofilm was max-
imum at medium biofouling rate (40 ± 2 kPa). Membrane biofilm
harvested at 40 ± 2 kPa showed the highest cell activity compared
with the other biofouling rates (Fig. 1B). High host activity is a
crucial trait that favors phage infection since bacteriophages use
host machinery to replicate and to propagate inside the cell (35).
Instead, at 60 ± 2 kPa, even if the Acinetobacter population was
likely higher in abundance than that at 40 ± 2 kPa, the thicker
biofilm structure might have inhibited the bacteriophage penetra-
tion and therefore the phage–cell interaction.
It was observed that phage alone, regardless of whether it was

used to target a single species biofilm or a complex biofilm like
that in this study, did not result in a significant eradication of
membrane foulants compared to the control. We therefore fur-
ther proposed the combination of bacteriophages and UV-C ir-
radiation as an enhanced membrane cleaning approach. We
observed that both the bacteriophages and UV-C acted syner-
gistically to disrupt the biofilm matrix and to enhance cell re-
moval compared with either of the individual treatment. The
mechanism behind this synergism is speculated to be achieved
via two steps. First, UV-C may act on the whole bacterial com-
munity by killing the bacteria and loosening the biofilm matrix.
Bacteria exposed to UV-C lose their ability to replicate which led
to cell death (36). In earlier studies, UV-C irradiation was used
as pretreatment to reduce biofouling in wastewater treatment
both alone or in combination with chlorine (27, 37). Moreover,
when it was applied as antibiofilm agent (38, 39), the cell log
reduction was in agreement with that observed in our study. UV-
C can therefore lead to these dead cells being dislodged from the
membrane surface which was observed from the OCT analysis

UV-C

Control Bacteriophage

UV-C+Bacteriophage

Fig. 3. Upper view of 3D OCT scans of the membrane biofilm for control and
the three treatments. Darker color indicates thicker biofilm, while brighter color
represents areas not covered by biofilm. The area visualized is 8 × 8 mm.
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Fig. 4. (A) ATP concentration and cell number and (B) protein and polysaccharide concentration in membrane biofilm in control, UV-C + bacteriophages
mixture treatment, and chemical addition. The biofilm was collected at a TMP of 40 kPa. Error bars indicate SD among the three replicates. For each condition,
an asterisk indicates that the value is statistically different compared with the control, while two asterisks indicate that the value is statistically different
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(40, 41), in which cavities within the biofilm matrix were char-
acterized by a lower biofilm coverage and a reduction of thick-
ness and biovolume compared with the control (Fig. 3).
Second, by loosening the biofilm matrix, bacteriophages are

now able to penetrate deeper into the biofilm to infect the
intended hosts embedded nearer to the membrane surface. In-
terestingly, UV-C + bacteriophages not only affected relative
abundance of Acinetobacter but also that from other non-
Acinetobacter spp. (Table 2). The reduction of Paludibacter,
Pseudomonas, Cloacibacterium, and gram-positive Firmicutes
may not be due to a direct infection by the phages but rather due
to a variety of phage proteins such as holins, endolysin, and
spanins that can act on other microorganisms, particularly on the
gram-positive bacteria outer membrane (42). In addition, some
bacteriophages also encode for enzymes that damage the EPS,
which would disrupt the biofilm matrix (21). Pairing UV-C with
bacteriophages can also trigger the latter into lytic mode (35, 43),
as is exemplified from the reduced membrane cleaning efficiency
when bacteriophages were introduced independently from UV-C
(SI Appendix, Fig. S8). Our results showed that this additive ef-
fect was particularly optimal when membranes were subcritically
fouled at 40 ± 2 kPa (Fig. 1), with a higher number of evaluated
genus showing a reduction in the relative abundance compared
to that observed at other TMPs (Table 2).
Despite this positive result of the UV-C + bacteriophages

treatment, the approach has to be optimized in terms of UV
irradiation intensity. From our results, only A. modestus bacte-
riophage was able to effectively propagate when it was coupled
with UV-C irradiation. On the contrary, the other two bacte-
riophages reduced in terms of PFU compared with the initial
number and hence may have hindered the overall infection ef-
ficacy. Varying susceptibilities toward UV-C among the three
bacteriophages could be due to differences in GC content of
phage genome since UV-C induces formation of covalent link-
ages among pyrimidine bases (e.g., uracil or cytosine) that leads
to cell death (44). Alternatively, it could also be due to differ-
ences in the abundance of the host bacterial species within the
biofilm matrix that led to different infectivity and propagation
rates among the three phages. Optimization of the irradiation
intensity to maximize the antifouling effect and minimize detri-
mental impact on the bacteriophages and the associated energy
demands of UV-C lamps would represent a crucial step to allow
the applicability of this approach at a larger scale.
Furthermore, when translating this approach to full-scale ap-

plications, it is important to note that the combined UV-C +
bacteriophage approach was less effective in reducing protein
and polysaccharides concentration in biofilm matrix when com-
pared with the sodium hypochlorite and citric acid cleaning
(Fig. 4B). Sodium hypochlorite and citric acid are commonly
used to clean fouled membranes. Sodium hypochlorite is a strong
oxidant that modifies the cell membrane permeability by reacting
with phospholipids (45). Citric acid chelates inorganic minerals
and disrupts the stability of the biofilm matrix (46, 47). There-
fore, while chemical cleaning is directed to the removal of bio-
film EPS and irreversible foulant layer, UV-C and
bacteriophages may be more useful against reversible foulants
formed during the medium stages of fouling (e.g., at TMP of
40 ± 2 kPa). The proposed UV-C + bacteriophage approach is
also only applicable for use in external configured membrane
units or in second-stage membrane holding tanks that do not
have high mixed liquor suspended solids (MLSS) concentration
since turbidity will result in poor UV-C efficacy. Bacteriophages
will also need to be maintained as a side culture to meet the
operational demands. Although this study demonstrated the use
of MOI 1 to achieve an efficient removal of membrane bio-
foulants, it is likely that lower MOI of 0.01 or 0.1 would also
achieve a similar efficacy since there was no difference in the
specific growth rates of Acinetobacter hosts at these MOIs (SI

Appendix, Fig. S6). The use of a lower MOI in actual applications
would bring down the associated costs needed to maintain the
bacteriophages as side cultures.
Recognizing the strengths and limitations of our proposed

approach, we envision that the UV-C + bacteriophage cleaning
approach can possibly be carried out in a semicontinuous mode
with minimal downtime to the operation since bacteriophages
are already capable of reducing biofilm thickness and biovolume
after 1 h of application (SI Appendix, Table S3). In this mode,
filtration to an externally configured or second-stage membrane
tank (in which MLSS is controlled to a level that does not
compromise UV-C penetration and efficacy) can be momentarily
paused to allow membrane exposure to UV-C and bacterio-
phages. At the end of the treatment, the membrane could be
backwashed to remove the phages from the surface before re-
suming the normal filtration process. This strategy could po-
tentially delay the occurrence of membrane fouling by removing
the reversible fouling layers developed on membranes, in turn
reducing the frequencies and amount of chemicals needed
throughout the course of operation. However, a technoeconomic
assessment would need to be done to determine the overall
energy costs associated with our proposed cleaning strategy and
how it would compare against the conventional cleaning ap-
proaches. Finally, although this proof of concept is only dem-
onstrated on AnMBR in this study, the same approach can also
be applied to other membrane-based technologies (e.g., desali-
nation and aerobic membrane bioreactors) as long as the core
keystone bacterial groups are already identified and the associ-
ated phages targeting these bacterial groups are isolated and
propagated for subsequent use. Further studies to optimize the
paired use of UV-C and bacteriophage to clean membranes in
full-scale systems would also be needed.

Materials and Methods
Bacteriophages Isolation and Characterization. A. junii, A. modestus, and A.
seohaensis were isolated from wastewater during our routine wastewater
monitoring surveillance. Considering the presence of these three species
representing Acinetobacter genus in wastewater, bacteriophages targeting
them were subsequently isolated from the influent of the KAUST waste-
water treatment plant as described before (22) and propagated by the
double-layer method (48). A detailed description of bacteriophages isolation
can be found in SI Appendix, Bacteriophages Isolation.

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 bacterio-
phages in suspension were first fixed with 2.5% vol/vol glutaraldehyde and
then placed on carbon-coated copper grids before being negatively stained
with 1% wt/vol uranyl acetate.

Reactor Setup and Operations. AnMBR configuration (SI Appendix, Fig. S5A)
used was similar to the one in earlier study (49). A 2-L reactor, operated
without air sparging, was filled with ceramic rings to support biofilm es-
tablishment, and it was inoculated with the same seed sludge described
elsewhere (8). Synthetic wastewater with a COD of 750 mg/L was fed into
the reactor with a hydraulic retention time of 18.5 h. The reactor was op-
erated at pH 7 and at 35 °C, and no sludge was wasted during the entire
study. The reactor was connected externally to three PVDF microfiltration
membrane (0.3 μm nominal pore size, GE Osmonics) modules in parallel. The
three external membranes were operated in cross-flow mode with stable
flux that ranged from 6 to 7 L/m2/h. Biogas was used to scour the membrane
surface. The three membranes served as biological replicates for the ex-
periments. TMP was recorded every day by a pressure gauge connected to
each membrane module. Following the indication of a previous study (49),
membranes were harvested, treated ex situ, and analyzed at three different
TMP values, i.e., 20 ± 2, 40 ± 2, and 60 ± 2 kPa, which represent increasing
biofouling extent (SI Appendix, Fig. S5B). Three biological replicates of
fouled membranes were harvested at each TMP value.

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 formationwas not homogenous at those locations.
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More information on how the homogeneity of the membrane biofilm was
assessed is present in SI Appendix, Membrane Biofilm Homogeneity. The rest
of the membrane, with homogenous biofilm, was cut into four pieces with
dimensions 2 × 2 cm. These pieces were individually placed in small sterile
Petri dish that contained 1× phosphate buffer solution (PBS) and subse-
quently incubated at room temperature for 6 h. Before the incubation, three
types of treatments were applied, namely, 1) bacteriophage mixture treat-
ment, named “bacteriophage,” with a total MOI of 1; 2) UV-C treatment, by
exposing the biofilm to 100 mJ/cm2 twice, at 3 and 6 h from the start of the
incubation; and 3) a combination of the three Acinetobacter bacteriophages
at an 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-C + bacteriophage”). A last treatment involves UV-C being ap-
plied before bacteriophages addition in an independent manner (this
treatment was named “independent UV-C + bacteriophage,” and more
details are provided in SI Appendix, Effect of UV-C and Bacteriophages
Application Order). Last, one piece of membrane was soaked in 1× PBS for
6 h to represent control. The bacteriophage MOI was set based on the rel-
ative abundances of Acinetobacter spp. observed in a previous study (31).
More information on how the MOI value was selected can be found in SI
Appendix, MOI Value Setting.

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. Af-
terward, the membrane piece was removed from the solution, washed, and
placed in fresh 1× PBS. Biomass attached on membrane was dislodged into
the solution by sonication for 5 min using a Q500 sonicator (Qsonica) at 25%
amplitude with 5-s pulsating step. The rest of the biofilm that remained
tightly adhered on the membrane was scraped using a sterile inoculation
loop. Both dislodged and scraped biomass in solution are combined to
constitute the suspended biofilm biomass solution. The suspended solution
was then used to enumerate the total cells, the ratio between alive and
dead cells, and the proteins and polysaccharides concentration. Biological
triplicates were performed for each treatment.

Bacteriophages Plaque Counts after the Treatments. The 1-mL aliquot was
filtered through 0.22-μm syringe filter to remove remaining biomass. Several
dilutions, ranging from 10−1- to 10−4-fold were performed in sodium mag-
nesium buffer (5.8 g/L NaCl, 0.975 g/L MgSO4, 50 mL/L 50 mM Tris-Cl at pH 7.5),
and 10 μL of the diluted suspension was mixed individually with 100 μL of A.
junii, A. modestus, and A. seohaensis cultures. The presence of plaques was
identified with the double-layer method (48), and it was compared with the
initial amount of PFU/mL of each bacteriophage spiked for the treatments (5.4 ×
107 PFU/mL of A. junii bacteriophage, 6.9 × 107 PFU/mL of A. modestus bacte-
riophage, and 2.1 × 106 PFU/mL of A. seohaensis bacteriophage). Plaque count
for each treatment was performed in biological triplicates.

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 EPS concentration. Bio-
logical triplicates were performed for each treatment.

To enumerate cells, membrane biofilm suspension from the harvested
membrane was diluted by 104, stained with SYBR green (Thermo Fisher
Scientific) for 15 min at 37 °C, and counted using a BD Accurri flow cytom-
eter (BD Bioscience). The ratio between alive and dead cells was calculated
by staining the same diluted biofilm suspension using the LIVE/DEAD Bac-
Light Bacterial Viability and Counting kit (Thermo Fisher Scientific) for
15 min in the dark at room temperature. Alive and dead cells were enu-
merated using a BD Accurri flow cytometer (BD Bioscience). ATP concen-
tration was measured using a Celsis ATP reagent kit and an Advance
luminometer (Celsis).

For EPS analysis, both polysaccharide and protein concentrations were
measured as described in a previous study (50). First, 2 mL of biofilm sus-
pension was filtered through 0.22-μm 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) using bovine serum albumin (BSA) as standard
(Sigma-Aldrich). Finally, polysaccharides were quantified by the phenol-

sulfuric method (51), using glucose as standard (Sigma-Aldrich). Briefly,
1 mL of each sample (including different concentrations of glucose standard)
was mixed with 1 mL of 5% vol/vol phenol solution and with 5 mL 98%
sulfuric acid (Sigma-Aldrich). The mixture was incubated at room tempera-
ture for 20 min before measuring optical density at 490 nm.

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 biomass was used to extract the RNA that was then reverse
transcribed into first-strand complementary DNA. The 16S rRNA gene
amplicon sequencing was performed to assess the influence of the different
treatment on the membrane biofilm community as described before (52–54).
More details can be found in SI Appendix, RNA Extraction and Amplicon
Sequencing Analysis. All high-throughput sequencing files were deposited in
the archive of the European Nucleotide Archive under study accession no.
PRJEB38595.

OCT Analysis. A spectral domain OCT SD-OCT system device (Ganymede I,
Thorlabs GmbH) 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
same AnMBR used in the earlier experiments was operated to reach a TMP
of 40 ± 2 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 ± 2 kPa and cut to four
pieces for individual application of the three treatments (i.e., bacteriophage,
UV-C, and UV-C + bacteriophage), with the remaining portion used as
nontreated control. At the end of the 6-h treatment, the membrane pieces
in the Petri dish were positioned under the OCT probe to assess the effi-
ciency of each treatment in removing the biomass from the membrane
surface. Three-dimensional images for each analysis were obtained to show
and visualize the 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 cover-
age, average thickness, and the relative roughness, were calculated using the
equation reported in literature (40, 41), by analyzing 500 scan images for the
3D scan. More details can be found in SI Appendix, OCT Images Analysis.

Comparison with Chemical Membrane Cleaning. We further compared the UV-
C + bacteriophage treatment to the conventional cleaning process. Briefly, a
membrane module connected to the same AnMBR used for the previous
experiments was harvested at TMP of 40 ± 2 kPa and cut into three pieces of
dimension 2 × 2 cm. The pieces were individually were placed in a small Petri
dish filled with 1× PBS. One of these pieces was exposed to the same mixed
treatment described above (UV-C + bacteriophages), the second piece was
soaked in a mixture of 0.1 M citric acid and 6% sodium hypochlorite solution,
and the last piece of membrane was used as control submerged in 1× PBS.

After 6 h, the membrane was removed from the solution, and the biofilm
was resuspended in fresh 1× PBS as described before. The experiment was
performed in triplicates. The effect of the two different treatments com-
pared to the control was examined with the same analysis described in
Biofilm Characterization.

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).

Data Availability. All study data are included in the article and SI Appendix.
All high-throughput sequencing files were deposited in the archive of the

European Nucleotide Archive under study accession no. PRJEB38595.
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