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ABSTRACT
Biofouling in anaerobic membrane bioreactors: To control or not to?
Hong Cheng
Anaerobic membrane bioreactor (AnMBR) serves as a more sustainable form of
wastewater treatment. However, biofouling is particularly detrimental to the performance
of AnMBRs. This dissertation focuses on understanding more about the biofouling in
AnMBR, and to devise strategies to control or make use of these biofoulant layers.
First, we aim to investigate the microbial community structure of sludge and biofilm
from 13 different AnMBRs. Our findings indicate 20 sludge core genera and 12 biofilm
core genera (occurrence ≥ 90% samples) could potentially account for the AnMBR
performance. Sloan neutral model analysis indicates the anaerobic microbial consortium
between sludge and biofilm is largely affected by stochastic dispersal and migration
processes (i.e., neutral assembly), suggesting that the majority of these core genera are
not selectively enriched for biofilm formation. Therefore, the second part of this
dissertation aims to minimize the growth of the overall bacterial cells attached on the
membranes. For this, membranes embedded with zinc oxide (ZnO) and copper oxide
(CuO) nanoparticles were examined for their antifouling efficacies. Our findings indicate
both CuO and ZnO nanoparticles embedded membranes could delay biofouling formation
without significantly triggering the overall expression/abundance of antibiotic resistance
genes (ARGs) and metal resistance genes (MRGs) in biofilm. Furthermore, CuO and
ZnO nanoparticles could inhibit the expression of quorum sensing associated genes,
resulting in lower quorum sensing signal molecules production. Despite the positive
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results demonstrated from this study as well as those from others, we recognize that no
control strategies are likely to achieve total prevention of anaerobic biofouling.
Therefore, the last part of this dissertation focuses on exploring the effects of different
foulant layers on antibiotic-resistant bacteria (ARB) and ARGs removal. Our findings
suggest both ARB and ARGs could be absorbed by membrane foulant. Transmembrane
pressures and the foulant layer synergistically affected ARB removal, but the foulant
layer is the main factor that contributed to ARG removal through adsorption. Overall, the
collective findings could bring new insights to the anaerobic membrane biofouling
phenomenon, and offer pragmatic approaches to minimize biofouling without
compromising the post-AnMBR effluent quality.
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1. Introduction
1.1. Background and motivation
More than 1.3 billion people still lack access to electricity, and approximately 768
million people live in areas subjected to severe water stress.1 In addition, 33 countries
(e.g. Saudi Arabia, Singapore, Chile, Spain) will face acute water stress in 2040 based on
a business-as-usual scenario.2 Recycling wastewater to constitute as an important source
of freshwaters is required to alleviate global water scarcity. However, the reuse of treated
wastewater should only be pursued without any compromise on public health. With this
consideration in mind, conventional wastewater treatment approaches have been
retrofitted with membrane separation processes in the recent decade, and wastewater
treatment plants (WWTPs) increasingly favor the use of membrane bioreactors (MBR) as
its main biological unit to treat wastewater prior reuse. MBR can achieve higher total
coliform removal3 and organic micropollutant removal4,5 than conventional activated
sludge processes. Besides providing cleaner water, membrane separation also eliminates
the need for clarifiers, in turn reducing the required footprint of the WWTP.6
Most full-scale MBRs are operated in aerobic mode. Despite its prevalence, one of
the main limitations of aerobic MBR (AeMBR) is its high energy consumption. It was
reported that the overall energy consumption of AeMBR was ca. 2 kWh/m3.7 The higher
energy cost associated with AeMBR is in part due to the need for aeration (30-40% of the
energy cost),8 while the remaining energy cost is associated with pumps and pressure to
drive water through the membrane.
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An alternative to AeMBR would be anaerobic MBR (AnMBR). AnMBR combines
membrane filtration with the anaerobic biodegradation process. Similar to AeMBR,
AnMBR has a smaller footprint than the conventional activated sludge process.
Membrane filtration could enhance sludge retention time by rejecting sludge, avoiding
the need to clarify sludge in a separate clarifier, and meanwhile keeping high mixed
liquor sludge content within the fermenter tank. Furthermore, AnMBR has some
advantages which AeMBR does not have. To illustrate, due to the anaerobic
biodegradation, no aeration is needed by AnMBR, which could eliminate 30-40% energy
consumption of MBR operation.8 It was reported that AnMBR only requires ca.0.8
kWh/m3 energy consumption.7 In addition, anaerobic biodegradation is able to convert
organic to generate methane that can be potentially recovered as energy (with an
estimated theoretical yield of 365 mL CH4/g COD and at an estimated 3 kWh/m3 CH4
given current technologies to convert heat to electrical energy).9 Compared to AeMBR,
AnMBR has lower sludge production. This would alleviate the operational cost of excess
sludge treatment and disposal.10 Considering the abovementioned advantages, AnMBR
technology has been reported as an emerging technology for sustainable municipal
wastewater treatment.11-13
However, similar to AeMBR or any other membrane technologies, the main
drawback for AnMBR is membrane biofouling. Biofouling is the unwanted deposition of
materials, particles, and bacteria on the membrane surface during the filtration process.6
Soluble microbial products (SMP), bacteria and other colloidal particles first attach onto
the membrane through adhesive forces. Nutrients and other trace metals which are highly
abundant in wastewater streams then serve as substrates for the immobilized bacteria,
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resulting in the growth of bacteria and also contributing to the biofilm formation.14 The
inherent resistance associated with the biofilm layer would decrease water flux, increase
energy consumption and operational costs, and shorten the lifetime of membranes.15
Biofouling is traditionally thought to result from the colonization of the membrane
surface by pioneer microorganisms.16,17 These pioneer microorganisms likely originate
from the sludge, and were able to exhibit a competitive edge over other bacteria to attach
onto a surface, presumably due to motility traits18 or ability to secrete sticky extracellular
polymeric substances.19 Considering that microorganisms account for ca. 10% of
biofouling matrix,20 it is likely that they play an important role in biofouling formation,
and there is a need to further our understanding towards which keystone groups
contribute towards the fouling process.
Traditionally, fluorescence in situ hybridization21 and 16S rRNA-based sequencing
methods, such as Sanger sequencing22 and pyrosequencing23 have been applied to
investigate the microbial community and their role in biofouling. Choi et al. indicated
Bacteroidetes, Proteobacteria, and Chloroflexi were the dominant microorganisms in the
biofouling from a full-scale aerobic membrane bioreactor.24 In another study on 10 fullscale MBR, Flavobacterium, Dechloromonas, and Nitrospira were found to be dominant
in aerobic biofilm.25 Although there are considerable number of studies on AeMBR
biofilm-associated microbiota,24-26 similar studies on AnMBR biofouling are limited.
More studies would have to be performed in order to provide a better understanding on
which groups of bacteria or archaea would contribute to membrane biofouling in
AnMBR.
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Such understanding is particularly useful if we can model the assembly of bacteria on
the anaerobic membrane to fit into either the neutral assembly or niche assembly model.
To illustrate, the neutral assembly model is based on the hypothesis that as one
microorganism dies off on the anaerobic membrane, it is rapidly succeeded by another
microorganism in a random and stochastic manner that is not governed by a selective
force or niche. Control strategies in this instance would have to be those that aim to
eliminate bacterial attachment, regardless of the concept of pioneer microorganisms.
Alternatively, if the assembly process is driven by a niche selection process, then
understanding which causative bacteria/archaea agent and devising strategies to eliminate
them would be useful to delay the biofouling phenomenon.
Conventionally, examples of antifouling strategies include physical membrane
maintenance (e.g. backwash, chemical wash, sonication),27 chemical modification (e.g.
nanoparticles coating, organic functional groups modification)28 and biocidal control (e.g.
quorum quenching, phage-based decomposition).29,30 Among them, coating heavy metal
nanoparticles on the surface of membrane has been widely applied to inhibit the fouling
layer. It is thought that antibacterial effects associated with heavy metals and
nanoparticles31,32 would inhibit the initial attachment of pioneer microorganisms to
membranes, and hence delay membrane biofouling. A previous study reported that
polyethersulfone (PES) membrane immobilized with Ag nanoparticles could prevent the
bacteria in sludge attachment and inhibit the biofilm formation on membrane surface.33
Zodrow and his co-authors demonstrated that polysulfone membranes impregnated with
silver (Ag) nanoparticles showed not only high antibacterial properties but also improved
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biofouling resistance.34 Despite these studies indicated the prospective of applying Ag
nanoparticles to inhibit biofilm formation, another independent study observed that Ag
nanoparticles would increase antibiotic resistance genes (ARGs) profiles and heavy metal
resistance genes (MRGs) in sequencing batch reactors.35 This would imply that if Ag
nanoparticles were to be widely applied to AnMBR to inhibit biofilm, there may be
potential environmental risks associated with the dissemination of ARGs and MRGs in
the treated effluent since MBRs typically do not achieve good removal of extracellular
DNA.36
Alternatives to Ag would include zinc oxide (ZnO) and copper oxide (CuO)
nanoparticles. Compared to Ag nanoparticles, ZnO and CuO nanoparticles have relatively
weaker antibacterial effects37 but the costs of both metals are at a lower price than Ag.
ZnO nanoparticles were found to effectively decrease the adsorption of pollutants on
polyvinylidene fluoride (PVDF) membranes.38 Similarly, Booshehri et al., deposited CuO
nanoparticles on PES membranes to achieve antibacterial activities against both grampositive and gram-negative bacteria.39 The application of such membranes in an
operational AnMBR to delay biofouling has yet to be evaluated. In addition,
nanoparticles were thought to co-select and hence stimulate the dissemination of
ARGs.35,40,41 The application of CuO and ZnO nanoparticles to delay biofouling would
need to be evaluated for their contributions towards stimulating ARGs in AnMBR.
Although devising control strategies to delay anaerobic biofouling is an important
step towards achieving energy neutral or energy positive municipal wastewater treatment,
full eradication of the biofouling layer is, in reality, not possible. Instead, we postulate in
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this study that the biofouling layer can be used in combination with the clean membrane
to enhance the removal efficiency of emerging contaminants like the antibiotic resistant
bacteria (ARB) and ARGs. Foulants have been shown to affect the removal efficiency of
natural organic matter through steric exclusion and aromatic/hydrophobic and charge
interactions.42 Pore blockage by a cake layer also served to increase the number of
retained particles.43,44 Chaudhry and his co-authors indicated foulant could facilitate 1-2
logs virus removal.45 However, there were limited studies to assess the contribution of
AnMBR membrane foulant to remove ARB and extracellular ARGs. This can be a
relevant concern considering that anaerobic and aerobic foulant layers were shown to be
rather different in biofilm matrix characteristics

46

In addition, with increased fouling,

transmembrane pressure (TMP) concomitantly rises during the operation, and the
operating pressure to drive water through the membrane must increase to maintain a
constant flux. Therefore, an increase in the TMP at constant flux may affect the
membrane rejection rates and removal efficiency of ARG and ARBs. An evaluation on
how interactions between TMP and fouled anaerobic membrane affect ARB and ARGs
removal would be needed.
1.2. Objectives
The goal of this dissertation is to contribute to our current understanding on
biofoulant in AnMBR, and to use this knowledge to devise strategies to delay the
formation of these biofoulant layers or to achieve an optimal thickness that would
facilitate recovery of cleaner waters.
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In the second chapter of this Ph.D. dissertation, we aim to investigate the microbial
community structure of sludge and biofilm from AnMBR. Specifically, the core
microbial genera which occurred in ≥ 90% of sludge (i.e., 63 samples) and biofilm (i.e.,
79 samples) from 13 different AnMBRs was identified, and the correlation between
sludge and biofilm was further analyzed through Sloan neutral model. This study is to
conduct a comprehensive analysis on the microbial community involved in the overall
functionality and sustainability of AnMBR.
We found that biofouling of anaerobic membranes may potentially follow a stochastic
random migration process. Therefore, the third chapter aims to minimize the growth of
the overall bacterial cells attached onto the membranes. For this, membranes embedded
with ZnO and CuO nanoparticles were examined for their antifouling efficacies.
Specifically, polyethersulfone (control), CuO and ZnO nanoparticle embedded
polyethersulfone membranes were evaluated for the fouling extent, and
metatranscriptomic analysis was applied to analyze the gene expressions associated with
biofilm formation to understand how these nanoparticles affected biofilm formation.
Despite the positive results demonstrated from Chapter 3, we recognize that no
control strategies are likely to achieve total prevention of anaerobic biofouling.
Therefore, the last chapter of this dissertation focuses on exploring the contribution of
biofoulant layer to ARB and ARGs removal. Polyvinylidene fluoride (PVDF)
microfiltration membrane units were retrofitted on AnMBR, and these membranes were
fouled to a varying extent (i.e., 20 kPa, 40 kPa transmembrane pressures to represent the
different extent of sub-critically fouled membranes, and > 60 kPa to represent critically
fouled membranes). The fouled membranes were further filtered and evaluated for their
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efficiencies in removing three ARB, namely, blaNDM-1-positive Escherichia coli PI-7,
blaCTX-M-15-positive Klebsiella pneumoniae L7 and blaOXA-48-positive Escherichia coli
UPEC-RIY-4, as well as their associated plasmid-borne ARGs. This study is to elucidate
whether the fouling of anaerobic membranes to varying degrees affects the removal
efficiency of emerging contaminants (i.e., ARGs and ARB) and whether the removal
rates vary when a fouled membrane is subjected to different operating pressures.
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Chapter 2
Identification and characterization of core sludge and biofilm microbiota in
anaerobic membrane bioreactors
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2. Identification and characterization of core sludge and biofilm microbiota in
anaerobic membrane bioreactors
Abstract
An analysis of sludge (i.e., 63 samples) and biofilm (i.e., 79 samples) sampled from 13
anaerobic membrane bioreactors (AnMBR) was conducted. Predominant microbial
community identification and multivariate analysis indicate that these reactors showed
different microbial community structure, but these differences had no impact on the
overall AnMBR performance. Instead, core microbial genera which occurred in ≥ 90% of
sludge (20 genera) and biofilm (12 genera) samples could potentially account for the
AnMBR performance. A further calculation on net growth rate (NGR) of core genera in
sludge suggested distribution into two main groups (i.e., I: low relative abundance and
NGR, II: high relative abundance or high NGR). Consistent positive correlations between
bacterial genera were observed among those that exhibited either high relative abundance
or high NGR. The anaerobic microbial consortium in both sludge and biofilm were
largely affected by stochastic dispersal and migration processes (i.e., neutral assembly).
However, Acinetobacter spp. and Methanobacterium spp. occurred consistently in higher
frequency in the biofilm but in lower occurrence frequency in the AnMBR permeate.
Findings from this study suggest first, specific core microorganisms exist in the sludge
regardless of the operating conditions of the AnMBRs, and second, prevention of
biofoulant layer on anaerobic membranes can be devised by minimizing attachment of
microbes on surfaces in a non-selective manner.
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2.1. Introduction
In recent years, anaerobic membrane bioreactor (AnMBR) technology has been
reported as an emerging technology for sustainable municipal wastewater treatment.1-3
AnMBR, which combines membrane-based filtration process with anaerobic
fermentation, has several advantages over conventional aerobic processes typically used
by most municipal wastewater treatment plants. For instance, AnMBR eliminates the
need for aeration and lowers energy consumption rate from ca. 2 kWh/m3 in aerobic
MBR to ca. 0.8 kWh/m3.4 Anaerobic fermentation has lower sludge production rates than
activated sludge processes, and this would vastly alleviate the cost burden on sludge
treatment. Moreover, anaerobic fermentation process could convert organic carbon in
municipal wastewater to methane while retaining total nitrogen and phosphorus in the
effluent that can be beneficial for agricultural irrigation.5 Despite advantages associated
with using AnMBR as a sustainable technology for municipal wastewater treatment,
implementation of this technology in the mainstream wastewater treatment train is still
not as prevalent, in part due to bottlenecks related to maintaining reliable anaerobic
fermentation in low to medium strength municipal wastewaters, as well as membrane
biofouling.
To mitigate the first bottleneck, it is important to recognize that anaerobic
fermentation requires a concerted functioning of four stages, namely hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. These stages are all driven by microbial
groups spanning from fermenters, syntrophs to methanogens. Depending on the
operational conditions (e.g., organic loading rates, hydraulic and sludge retention times)
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and reactor configurations, the anaerobic microbial community can vary from one reactor
to the other.6, 7 However, these differences in the anaerobic sludge microbiota did not
show apparent correlation with the produced methane and COD removal efficiencies.7
We therefore hypothesize that the overall microbial community may not be as important
as the presence of core microbial populations that participate actively in hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. However, there are limited studies to
examine the identities of core microbiota in AnMBR reactor.
The second challenge impeding AnMBR implementation is membrane biofouling.
Biofilm formation on the membrane is detrimental to the performance of membrane
bioreactors as they result in decreased flux, increased transmembrane pressure and a
shorter lifetime of the membrane module. Membrane biofouling develops from initial
bacterial attachment and the subsequent growth of microorganisms on the membrane
surface.8 Therefore, microorganisms play a crucial role in biofouling. Few studies that
examined the anaerobic membrane-associated microbial communities are available, and it
remains unknown whether there is a group of core microbiota universally present in
biofilm, and also if biofilm formation is driven by a niche selection process or by a
random dispersal process of key microbial populations in the anaerobic sludge. The
implication of these knowledge is that one can devise cleaning or control strategies,
presumably by removing the selection force, if the microbial assembly is governed by a
niche-selection process.
In this study, we performed a data analysis of the anaerobic biofilm (i.e., 79 samples)
and sludge (i.e., 63 samples) microbiota from reactors operated at different time,
conditions (e.g., temperature, hydraulic retention time, sludge retention time, organic
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loading rate) and geographical locations. Our aim of this study is to identify the core
groups regardless of what the operating conditions or variables may be. The sludge and
biofilm communities in AnMBR were characterized for core genera based on the
hypothesis that these core microbial consortium would play key roles in reactor
performance and biofilm formation.
2.2. Materials and methods
2.2.1. Sequencing data collection
In this study, we collected sequencing data of both anaerobic sludge and membrane
biofilm from AnMBRs operated in our lab over a course of many years. Samples from
independent AnMBRs were denoted with a different alphabetical name. These include C
(biofilm sample only) (unpublished), D (biofilm sample only)9, E10), and F7, G7. Besides,
we searched for the sequencing data published from AnMBRs operated by other
independent research groups through the Scopus database
(https://www.scopus.com/search/form.uri?display=basic) and 6 additional papers with
accession number were found. The searching process and results are indicated in Table
A.1 and A.2 These downloaded data from NCBI were analyzed alongside all other data.
Here, we named the samples as H, I (Accession Number SRP056737)11, 12, J (Accession
Number SRP082302)13, K (Accession Number SRP166946)14, L (Accession Number
SRP090955)15 and M (Accession Number SRP143396)16. The operating conditions and
performance of all studied reactors are shown in Table 2.1 and Table A.3 The total
number of sludge and biofilm samples included in this analysis is shown in Table A.4.
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Table 2.1 Operational parameters in all reactors
OLRb
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b
ORL: Organic Loading Rate.
c
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g
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2.2.2. Reactor set-up and operational conditions
The experimental designs involving the aforementioned reactors are not designed to
provide all necessary information required to conduct net growth rate analysis. Therefore,
two independent lab-scale AnMBRs (i.e., A, B) were also operated for this study. Both
AnMBRs were filled with cylindrical ceramic packing medium, each of 1.5 cm diameter.
A and B had 4 L and 2 L working volumes, respectively. The sludge in both reactors was
originally seeded with a mixture of camel manure and anaerobic sludge from a
wastewater treatment plant in Riyadh, Saudi Arabia.7 Both reactors had been maintained
at a temperature of 35 °C (mesophilic conditions) for 4 years prior to this study, and were
fed with synthetic wastewater of 800 mg/L chemical oxygen demand (COD) at pH 7. The
synthetic wastewater was made up of a mix of organic and inorganic compounds as well
as trace metals, as shown in Table A.5.17 This equates to an organic loading rate (OLR)
of 0.43 g COD L-1 day-1 in A and 0.86 g COD L-1 day-1 in B. External cross-flow flat
sheet polyvinylidene difluoride (PVDF) microfiltration (MF) membrane (GE Osmonics,
Minnetonka, MN, USA) were connected to both AnMBRs. The membranes had a
nominal pore size of 0.3 μm. The flux of both reactors was maintained at approximately 6
L/m2/h (LMH). Biogas was used to scour the membrane surface at a gas sparging rate of
300 mL/min and the total recirculation rate of both AnMBRs was maintained at 600
mL/min. Changes in transmembrane pressure (TMP) were recorded by a pressure gauge
connected to each membrane module. 20 mL of biomass was sampled from both AnMBR
weekly, which resulted in a solids retention time (SRT) of approximately 1400 d for A
and 700 d for B. To minimize regrowth contamination that may occur in the post-MBR
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tubing, all downstream tubing was replaced with new ones before sampling for effluent.
The effluent was sampled weekly for COD, cell count and DNA extraction.
2.2.3. Biogas measurement
Biogas produced from reactors A and B was captured continuously in gas bags from
the headspace of the reactor. CH4, O2, N2, and H2 were measured on an SRI Model 301C
gas chromatograph (SRI instruments, CA, US) with a molecular sieve column using
argon as a carrier gas followed by a thermal conductivity detector (TCD). CO2 was
measured on a separated SRI Model 301C gas chromatograph with a silica column using
helium as the carrier gas followed by a TCD. Each biogas sample was measured three
times.
2.2.4. Sampling, cell counts and DNA extraction
Membranes connected to reactors A and B were harvested for their biofilm after 1, 2
and 4 weeks of filtration using protocols described earlier.18 New membranes were
connected to reactors immediately to replace the harvested membranes and to maintain
the OLR. Total cells in sludge biomass, membrane biofilm, and effluent samples were
determined by flow cytometry on Accuri C6 (BD Bioscience, NJ, US). Briefly, biomass
and sludge samples were vortexed at highest speed for 2 min and then put into QSonica
Q500 Sonicator (Qsonica LLC, Newton, CT, USA) for 2 min at 25% frequency and 2 s
intervals. One mL of treated biomass and sludge liquid suspension was then aliquot and
diluted to 10,000-fold by 1X PBS. For effluent, 1 mL sample was aliquot and diluted by
100-fold. Samples were first incubated at 37 °C and in dark for 10 min. Subsequently, 10
µL 100X SYBR green (Thermo Fisher Scientific, MA, US) was added into 1 mL of
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diluted samples to stain cells, and then incubated in 37 °C and in the dark for 10 min
before flow cytometry. 50 µL aliquots of stained samples were injected with 35 µL/min
flow rate to enumerate the total cells. Three replicates were conducted for each sample.
Genomic DNA of the biofilm, sludge biomass, and AnMBR effluent were extracted by
the UltraClean ® Soil DNA Isolation Kit (MoBio Laboratories, Carlsbad, USA) with
slight modifications 19.
2.2.5. 16S rRNA gene based amplicon sequencing
PCR amplification of the 16S rRNA genes was applied with 515F (5’- Illumina
overhang- GTGYCAGCMGCCGCGGTAA- 3’) and 907R (5’- Illumina overhangCCCCGYCAATTCMTTTRAGT- 3’). All amplicons were of the anticipated size of
approximately 550 bp and the negative control had no amplification. PCR amplicons
were cleaned up by AMPure XP beads (Beckman Coulter, CA, USA). After that, index
PCR was conducted to attach dual indices provided by the Nextera XT Index Kit
(Illumina Inc, San Diego, CA, USA) based on the manufacturer’s protocol. Indexed PCR
amplicons were cleaned up by AMPure XP beads (Beckman Coulter, CA, USA).
Equimolar concentrations of the samples were mixed together and submitted to KAUST
Core lab for Illumina MiSeq sequencing. All high-throughput sequencing files were
deposited in the Short Read Archive (SRA) of the European Nucleotide Archive (ENA)
under study accession number PRJEB30378.
2.2.6. High-throughput sequencing data analysis
Amplicon sequences obtained in our study had Phred score >30 and sequencing
length >280 nt. Primers, adaptors, and index sequences were removed by an in-house perl
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script. All sequencing data and downloaded raw data were identified and removed for
their chimeras by UCHIME.20 Chimera-free sequences were then analyzed through two
approaches. The first approach was conducting a taxonomical assignment using the
Ribosomal Database Project (RDP) Classifier at 95% confidence level with copy number
adjustment.21 Relative abundance at genus level was calculated for each sample. Core
microorganism in this study was defined as the microorganisms that always occur in 90%
of analyzed samples (i.e., 79 biofilm samples and 63 sludge samples). The benchmarked
criterion of 90% was made based on a similar approach undertaken by Calusinska et al..22
In the second approach, sequence files were identified as unique operational taxonomic
units (OTUs). Briefly, chimera-free sequences were combined with an in-house written
Perl script. The combined sequence was then sorted for unique OTUs at 97% 16S rRNA
gene similarity using CD-Hit.23 Relative abundance was calculated. Taxonomy
classification was conducted using QIIME based on RDP database.24
2.2.7. Calculation of net growth rate from amplicon data
To characterize the activity of core microorganisms in the reactor, the net growth
rates of an organism can be described as its growth rate minus its decay rate, and can be
calculated based on mass balance.25 Given reactors C, D, E, F, G, H, I, J, K, L, and M did
not have paired biofilm/sludge/effluent sequencing (Table A.4) and cell counting data,
therefore, we operated reactors A and B and then conducted the calculation on them as
the representative (See Appendix A.1).25, 26 The calculation is briefly described in Eq.(1).
Here, we assume that growth and decay rate can be described as a first-order process, and
net growth rate can be described as k. More detailed calculations can be found in
Appendix A.1.
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!"#,%&'()* ⁄!+ = ."#,%&'()* − 0#,12342&5 + 0#,4**(27) − 0#,%859&27) − 0#,*44&'*7: Eq.(1)
Where,
Nx,sludge

number of organism x in the sludge of the reactor

k

net growth rate constant [d-1]

nx,biofilm

number of organism x attached on biofilm per day [d-1]

nx,feeding

number of organism x entering the reactor through the feeding process per day

[d-1]
nx,sample

number of organism x exiting from the reactor through the sampling process per

day [d-1]
nx,effluent number of organism x exiting from the reactor through the effluent per day [d-1]
2.2.8. Correlation analysis
To visualize the correlations in a network interface, all possible pairwise Spearman's
rank correlations between the core microorganisms in the sludge of A and B were
calculated to construct a correlation matrix. Spearman’s rank correlation coefficient and
their corresponding p-value were calculated by Himisc package in RStudio. The matrix
was further visualized by another package, corrplot, in RStudio.
2.2.9. Sloan neutral community model fitting
To assess the role of neutral process in the assembly of the AnMBR bacterial
communities, the Sloan neutral model27, 28 was examined to fit the relative abundance of
the rarefied OTUs in the meta community (sludge/biofilm and biofilm/effluent) and their
observed detection frequency using R according to the method developed by Burns et
al.29 Parameter m denotes the estimated immigration rate, which represents the
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probability that a dead individual is replaced by an immigrant in a local community
through dispersal from the meta-community.30 This parameter m was estimated using the
best fit by both non-linear least square and the maximum likelihood approaches. All
samples were sub-sampled at same sequence depth. After the fitting, OTUs from the pool
were subsequently sorted into three partitions depending on whether they occurred more
frequently than (‘above’ partition), within (‘neutral’ partition), or less frequently than
(‘below’ partition) the 95% confidence interval of the Sloan neutral model predictions.29
The taxa above the partition indicate they were actively being selected for, while taxa
below the partition indicate that they were actively being selected against. The goodnessof-fit for the Sloan neutral community model was evaluated using the root mean square
error (RMSE) and the generalized R-squared (Rsqr = 1-the sum of squares of
residuals/the total sum of squares).31 The higher an R2 value (maximum value of 1)
would imply that a neutral process of dispersal and ecological drift contribute more
towards community assembly, while a low R2 value (e.g. < 0.2) would imply poorly
fitting and other processes (i.e., selective growth/attachment) contributing to the
community assembly.32, 33
2.2.10. Statistical analysis
The degree of similarities of the microbial communities attached onto the three kinds
of membranes was analyzed by Primer E version 7.34 Briefly, the abundances of the
bacterial and archaeal genera were input into Primer E version 7, and square-root
transformed before computing for their Bray-Curtis similarities. The Bray-Curtis
similarities matrix was then used to construct a non-metric threshold multidimensional
scaling (nMDS) plot by multivariate analysis. Bacterial targets that exhibited > 0.7
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correlation with the multivariate patterns on the nMDS were overlaid as vectors. Analysis
of similarities (ANOSIM) was used to determine if the observed clusters on nMDS were
significantly different. NRG was calculated on Microsoft Excel 2016. Correlation and
Sloan neutral community model were conducted in RStudio with associated packages.
2.3. Results
2.3.1. Performance and microbial communities in different reactors
Thirteen reactors were analyzed in this study (Table 2.1 and Table A.3). Reactors A,
B, C, D, E, F, G, and L achieved stable COD removal efficiency of more than 90%. In
contrast, reactors H, I, J, K, and M which were operated at lower temperatures, reported
lower COD removal efficiency ranging from 68 to 96% (Table 2.1). Most of the reactors
except reactor G achieved an average 234 ± 34 mL CH4 /g COD despite being operated at
different HRT, OLR, temperatures and geographical regions.
Given the similar reactor performances among all reactors, it was initially
hypothesized that the microbial profiles in the sludge and biofilm would not differ among
the reactors. However, multivariate analysis revealed that sludge and biofilm samples
were separated based on the reactors and therefore the operational conditions used by
each individual reactor (Figure A.1). Biofilm microbiota was also different from the
corresponding sludge microbiota. ANOSIM analysis showed all R values between sludge
and biofilm microbiota were less than 0.64 (all p < 0.08). A further analysis was made to
assess the dominant genera identified in sludge (Figure A.2) and biofilm (Figure A.3)
from the individual reactors. There was no apparent trend that suggested a particular
genus to be consistently dominant in its relative abundance across all sludge and biofilm
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samples. Instead, several genera were ubiquitously detected across all sludge and biofilm
samples, suggesting the presence of core microorganisms in AnMBR systems examined
in this study.
2.3.2. Identification of core genera in AnMBR sludge
A total of 20 core genera was identified to be ubiquitously present in ≥ 90% of sludge
samples. The total relative abundance of these 20 core microorganisms accounted for
3.5% to 15.6% in each reactor (Figure 2.1). Therefore, most of these core genera were
present in a relative abundance of less than 1% of the total microbial community in
sludge. Among these core genera, 3 were methanogens (i.e., Methanobacterium,
Methanospirillum, Methanosaeta), 3 were syntrophs (i.e., Smithella, Syntrophorhabdus,
Syntrophomonas) while the rest were mainly fermentative bacteria. The potential roles of
these genera in anaerobic fermentation are listed in Table A.6.
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2.3.3. Analysis of core microorganisms in AnMBR sludge
To further characterize the core genera in sludge, the NGR of core genera in A and B
sludge were calculated based on mass balance.25 In A, the average NGR of all 20 core
microorganisms was 2.56 × 10-3 day-1, and it was near to that in B (i.e., 2.20 × 10-3 day-1),
indicating similar growth rates among the core microorganisms in both reactors operated
independently from each other (Figure 2.2A and 2.2B). A further examination indicated
that these 20 core genera could be distributed into two main groups based on their NGR
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and relative abundance. It is perceived that microorganisms with low NGR and relative
abundance have less activity in the reactor. Using the reactor A as example, group I
comprised of mainly fermentative bacteria (Figure 2.2A, inner panel) that exhibit low
relative abundance (< 0.2%) and low NGR (< 1.75 × 10-3 day-1). Group II comprised of
Acinetobacter, Clostridium sensu stricto 1, Desulfovibrio, Geobacter, Methanobacterium,
Methanosaeta, Methanospirillum, Petrimonas, Syntrophorhabdus and Syntrophomonas,
which exhibit either high relative abundance or high NGR. The same group clustering
was observed in reactor B (Figure 2.2B). All 3 core methanogens and 2 out of 3 core
syntrophs identified were consistently in Group II for both reactors A and B. In contrast,
only selected few fermentative bacterial genera (i.e., Clostridium sensu stricto 1,
Petrimonas, Geobacter, Acinetobacter, Desulfovibrio) were present alongside the
methanogens and syntrophs. Majority of the core fermenters (10 out of 14) exhibited
NGR and relative abundance that categorized into group I, suggesting a potential
redundancy in the type of bacterial genera for fermentation and not for methanogenesis or
syntrophy.
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Figure 2.2 Net growth rate (NGR) and their mean relative abundance (%) of the core
genera. (A) Reactor A, and (B) Reactor B. Genus names in blue are fermentative
bacteria; Genus names in purple are syntrophs; Genus names in green are methanogens.
Furthermore, correlation analysis of core genera in sludge analysis indicated that
among all the 20 core genera, there were 27 pairs of significant (p ≤ 0.05) correlations
identified in reactor A, and 38 pairs in reactors B (Figure 2.3A and 2.3B). However, only
11 pairs of positive correlation were consistently identified in both reactors A and B
(Table A.7). For instance, Methanobacterium showed a positive correlation with
Syntrophorhabdus in both A and B (r = 0.95 and 0.93, respectively). Geobacter
positively correlated with Methanosaeta in both reactors (r = 0.76 and 0.87, respectively).
Upon closer examination, it was observed that 7 out of the 11 consistent pairs of positive
correlations were between the genera in group II (Table A.7).
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Figure 2.3 Spearman correlation matrix of the relationships between the core sludge
genera. (A) Reactor A, and (B) Reactor B. The colors and size of the dot indicate the
value of the correlation coefficient. Darkest blue indicates a perfect positive correlation
Figure 3. Spearman correlation matrix of the relationships between the core sludge genera
(r = in
1),A1
darkest
red indicates a perfect negative correlation (r = −1), and fading colors
and B1 reactors. (A) A1 reactor. (B) B1 reactor. The colors and size of dot indicate the
indicate a gradual loss in correlation. Purple circle indicates a consistent trend in both
value of the correlation coefficient. Darkest blue indicating a perfect positive correlation (r
reactors.
= 1), darkest red indicating a perfect negative correlation (r = -1), and fading colors a
gradual loss in correlation. Purple circle indicates consistent trend in both reactors.

2.3.4. Identification of core genera in AnMBR biofilm
A total of 12 core genera was identified to be ubiquitously present in ≥ 90% of the
biofilm samples. Similar to core genera in sludge, all the core genera in biofilm (except
Methanosaeta in reactor I) displayed low relative abundance, and accounted in total for
only 1.38% to 9.67% of the microbial community (Figure 2.4). All the 12 core genera in
the biofilm were shared with that in sludge.

1
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relative abundance of Methanosaeta in Reactor I is out of the range (i.e., 43.0%).

2.3.5. Fit of the neutral model
Since all the core biofilm-associated genera were shared with the core sludgeassociated genera, it was further hypothesized that the sludge is the main source of
microorganisms for subsequent biofilm development, and that the core genera from
sludge may be selectively favored for attachment onto the membrane to initiate
biofouling.35 To further investigate this hypothesis, a neutral assembly model was used
based on previous studies.32, 33 In contrast to our hypothesis, the goodness-of-fit (R2)
value of 0.58 and 0.56 was observed in reactors A and B, respectively (Figure 2.5A and
2.5B). Estimated migration rates (m) were 0.64 and 0.53 in reactors A and B, respectively
(Figure A.4A). Good fitting to neutral assembly models and high migration rates
suggested that the microbial community in both anaerobic sludge and biofilm were
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shaped by a stochastic, random migration process, and were not shaped by niche-driven
selection. However, a number of microbial genera deviated from the neutral assembly
model (Figure 2.5 and A.4B). Results indicated that 2.4% and 2.9% of total operational
taxonomic units (OTUs) in both reactors A and B were located above the fit of the neutral
model, indicating that these OTUs were present in a higher frequency than that predicted
by the model. Among the top 10 predominant OTUs that were deviated from the model,
Acinetobacter and Methanobacterium were consistently identified to occur in both
reactors at a higher frequency than predicted. In contrast, a similar analysis indicated that
1.5% and 2.5% of total OTUs in both reactors were located below the fit of the neutral
model, indicating that these OTUs were present in a frequency lower than that predicted
by the model. Among them, OTUs assigned to Pseudomonas were consistently identified
among the top 10 predominant OTUs in this outlier group (Figure 2.5).
We also examined the fit between biofilm and effluent community in both reactors A
and B. The R2 for neutral assembly model was 0.07 and 0.16 in reactors A and B,
respectively (Figure A.5), suggesting a niche-driven selection process for the community
in the anaerobic permeate over the neutral theory. Estimated migration rates were
likewise low at 0.14 and 0.15 for reactors A and B, verifying a selective rejection rather
than a stochastic migration event. Specifically, OTUs assigned to Clostridium was
consistently identified at a higher occurrence frequency in the permeate stream, while
OTUs assigned to Acinetobacter, Syntrophomonas, Methanobacterium, Geobacter were
consistently identified at a lower occurrence frequency (Figure A.5).
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line).the fit between biofilm and effluent community in both reactors A
and B. The R2 for neutral assembly model was 0.07 and 0.16 in reactors A and B,
respectively (Figure A.5), suggesting a niche-driven selection process for the community
in the anaerobic permeate over the neutral theory. Estimated migration rates were
likewise low at 0.14 and 0.15 for reactors A and B, verifying a selective rejection rather
than a stochastic migration event. Specifically, OTUs assigned to Clostridium was
consistently identified at a higher occurrence frequency in the permeate stream, while
OTUs assigned to Acinetobacter, Syntrophomonas, Methanobacterium, Geobacter were
consistently identified at a lower occurrence frequency (Figure A.5).
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2.4. Discussion
This study identified 20 core sludge genera from 11 different AnMBRs. Previous
studies have focused on coming up with the predictive and quantitative relationship
between microbial descriptors and methane production rate from digesters treating high
organic strength wastes (> 2 g COD/L-d). Methanogens (i.e., Methanosarcina), syntrophs
(i.e., Syntrophomonas), and fermenters (i.e., unclassified Bacteroidales, Cytophagaceae,
Petrimonas, Lutispora) were identified to exhibit positive correlation with methane
production.36, 37 Using traditional clone library approaches, Riviere et al. further
determined Methanosarcinales, Methanomicrobiales, Chloroflexi, Betaproteobacteria,
Bacteroidetes and Synergistetes to be the core OTUs present in anaerobic digesters
treating high organic wastes.38 Despite the differences in the organic strength fed into the
digesters, five microbial populations reported earlier (e.g. Methanosarcinales,
Methanomicrobiales, Syntrophomonas, and Petrimonas) were also determined to be core
genera in the sludge of AnMBR treating low strength (< 1 g COD/L-d) municipal
wastewaters in this study (Figure 2.1).
When the core sludge genera were further compared for their net growth rate, it was
observed that a proportionally higher number of methanogens and syntrophs that were
identified as core genera were also active as exemplified from either a relatively higher
net growth rate and/or higher relative abundance (i.e., Group II, Figure 2.2). This is in
contrast to the core fermenters where a lower proportion falls within the active groups
and that there seems to be higher variation in active fermenters from one biologically
independent reactor to the other. It is generally thought that hydrolysis is the rate-limiting
step in anaerobic fermentation,39 and this may account for the higher diversity of active
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fermenters in both reactors so as to increase the probability of functional redundancy to
ensure that the associated process can be carried out effectively.
Furthermore, many of these active core sludge genera also established consistent and
positive correlations between each other (Figure 2.3). Based on known roles observed
from isolated bacterial species from each genus (Table A.6), many of the positive
correlations could be accounted for by beneficial interactions. To exemplify, the single
isolated species in genus Syntrophorhabdus degrades aromatic compounds to produce
acetate, H2 and CO2,40, 41 and these products could be utilized by both Methanobacterium
(a hydrogenotrophic methanogen) and Methanosaeta (an acetoclastic methanogen), as
well as by Geobacter as an electron donor to support Fe3+ reduction.42, 43 Similarly, the
single species isolated in genus Anaerovorax degrade putrescine that is produced during
the breakdown of amino acids to butyrate,44 which is then converted to acetate, H2, CO2
by Syntrophomonas. In addition, the positive correlation between Geobacter with both
acetoclastic and hydrogenotrophic methanogens were supported based on past
observations that interspecies electron transfer can happen either directly or indirectly
through H2/formate/conductive oxides, respectively, within an anaerobic reactor.45-47
However, there are also three pairs of positive correlations that were not explained for by
their known roles (e.g. Methanospirillum with Paludibacter, Syntrophomonas with
Petrimonas, and Anaerovorax with Petrimonas). It may be possible that the currently
known roles associated with genera Paludibacter, Petrimonas and Anaerovorax were
derived from a single isolate from each individual genus and thus do not fully capture the
entire spectrum of possible functions and roles these fermenters can play in anaerobic
fermentation.
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Coincidentally, many of these core sludge genera were also commonly shared with
the core biofilm-associated genera (Figure 2.4). This is despite the difference in the
overall microbial community between anaerobic sludge and membrane biofilm (Figure
A.1). The presence of core biofilm-associated microorganisms was not unique to
anaerobic biofilm as it was also previously detected in full-scale aerobic MBRs, and that
these biofilm-associated microbial community is distinctly different from that present in
activated sludge.48 Reversible biofouling is traditionally thought to be resulted from the
colonization of the membrane surface by pioneer microorganisms.49, 50 These pioneer
microorganisms likely originate from the sludge, and were able to exhibit a competitive
edge over other bacteria to attach onto a surface, presumably due to motility traits51 or
ability to secrete sticky extracellular polymeric substances.52 This was further supported
by a recent study by Matar and coworkers, who concluded through high-throughput
sequencing and statistical analysis that the presence of the core microorganisms on the
anaerobic membrane was unlikely to be driven by stochastic random migration process.48
In another study by Gao et al., they found that OTUs that are present in high relative
abundance on the anaerobic membrane biofilm may not be in equally high relative
abundance in suspended sludge.53 These studies suggested a selective attachment of
specific bacterial groups on biofilm based on a selection or niche-driven process.
While the observation made by Gao and coworkers was also observed in our study
(data not shown), current high-throughput sequencing data from reactors A and B suggest
a good fit of microbial community based on neutral assembly model (Figure 2.5). The
neutral assembly model is based on the hypothesis that as one microorganism dies off on
the anaerobic membrane, it is rapidly succeeded by another microorganism in a random
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and stochastic manner that is not governed by a selective force or niche. This observation
can potentially complicate biofouling control and management strategies, as it would
mean that regardless of the type of control strategy, anaerobic biofouling is a recurring
phenomenon that would be impossible to prevent completely. Instead, control strategies
would have to be devised to delay the occurrence for as long as possible. Biofouling is
typically controlled by physical and chemical cleaning methods, as well as through
membrane modification. These approaches do not target a specific group of bacterium
but rather try to dislodge the biofilm, hinder bacterial attachment or impose antibacterial
effect. These may be suitable strategies to delay a biofouling process given that the
assembly was governed by a neutral model.18
Alternatively, control strategies can be devised to target genera that deviated from the
model. Despite the overall fit of data to neutral assembly model, it was observed that two
core genera, namely Acinetobacter and Methanobacterium, deviated from the goodnessof-fit and occurred in higher relative abundance than that predicted by the model.
Acinetobacter was reported to contain a repetitive structure nucleotide sequence to
encode a bacterial cell surface adhesion protein, which would contribute to biofilm
formation.54 It was also shown to be an important pioneer colonizer on membrane
surfaces49, 55 and frequently detected on the fouled membrane.56, 57 Similarly,
Methanobacterium was found attached on electrodes.45, 58 These earlier observations
suggest that Acinetobacter and Methanobacterium prefer a biofilm-associated mode of
life.
Given the importance of Methanobacterium in methanogenesis, control strategies that
target Methanobacterium may bring about unintentional consequences on methane
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production and are therefore not feasible. Acinetobacter, in contrast, is a heterotroph and
its fermentative role can be easily replaced by the diverse range of heterotrophs already
present in the AnMBR. Acinetobacter is also reported to participate in nitrification,
denitrification and phosphorus removal, but both processes of N and P removal are
known to be minimal in anaerobic processes. Therefore, it is unlikely to be functionally
disruptive to the AnMBR system if one were to devise biofouling control strategies
targeting Acinetobacter. However, Acinetobacter spp. have been found to persist even in
chlorinated effluent through the upregulation of genes related to cellular repair.59 Hence it
is unlikely that reliance on physical or chemical methods alone would be effective to
delay the biofouling process. Recently, biological-based approach (e.g. silencing quorum
sensing communications between bacteria, bacteriophages) was increasingly being
considered as an anti-fouling control strategy. Bacteriophages against Acinetobacter have
been isolated and characterized for their lytic effect.60, 61 Most bacteriophages were
observed to survive harsh environmental conditions to ensure continued infectivity on
their intended hosts.62, 63 It is therefore proposed that physical and chemical cleaning
methods can be used in combination with bacteriophages specific to Acinetobacter to
synergistically maximize control of anaerobic biofouling.
Alternatively, since control strategies are unlikely to achieve total prevention of
anaerobic biofouling, the biofilm on the anaerobic membrane can be optimally fouled to a
level that will facilitate rejection of the microbial contaminants. In this study, rejection of
microorganisms demonstrates a poor fit to the neutral assembly model (Figure A.5),
suggesting a selective removal for certain microbial populations from the anaerobic
effluent permeate. Specifically, Acinetobacter and Methanobacterium, both of which

57
were associated with the fouled membrane occurred in lower occurrence than predicted in
the permeate stream (Figure A.5). The selective rejection by the anaerobic membrane is
most likely due to size exclusion and adsorption of microorganisms, particularly those
preferring the biofilm mode of lifestyle, onto the foulant layer.9
Many of the analyses performed in this study were based on data derived from
AnMBRs treating synthetic wastewater with a composition that approximates to real
wastewater. This data limitation is due to the lack of availability of full-scale AnMBRs
that treat municipal wastewaters. Therefore, other stressors present in the real wastewater
(e.g. heavy metals and pharmaceutical compounds) that may affect the microbial
community and presence of core genera64 were not considered in these analyses (Table
A.2). Furthermore, sequencing data obtained using high-throughput sequencing are of
short read lengths and do not permit identification at the species level. As AnMBRs
become increasingly implemented in the mainstream wastewater treatment process, it
would be beneficial to reiterate these analyses to further verify the roles of the core
sludge genera and Acinetobacter spp. in the overall functionality of AnMBR system and
anaerobic biofouling, respectively.
2.5. Conclusions
This study identified 20 and 12 core genera, respectively, in anaerobic sludge and
biofilm. Net growth rate calculation and correlation analysis further revealed that a
proportionally high number of core methanogens and syntrophs were present in either
high relative abundance or with high net growth rate than that associated with fermenters.
Furthermore, many of these methanogens and syntrophs established positive correlations

58
with each other or with fermenters. This indicates that the presence of most of these core
sludge genera and their associated interactions are important in ensuring the overall
functionality of anaerobic biodegradation in AnMBRs. Many of the sludge
microorganisms become the main source of microorganisms for the membrane biofilm,
and that the microbial composition on the membrane is assembled through random
migration. However, Acinetobacter spp. and Methanobacterium spp. deviated from the
neutral assembly model and may play a relatively more important role than other
microorganisms towards biofouling. A combination of anti-fouling strategies can be
devised not with the goal of complete prevention, but rather to delay anaerobic membrane
biofouling. Alternatively, the anaerobic membrane can be optimally fouled to provide a
selective rejection based on size exclusion and adsorption of microorganisms.
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3. Understanding the antifouling mechanisms related to copper oxide and zinc oxide
nanoparticles in anaerobic membrane bioreactors
Abstract
Biofouling impedes the performance of anaerobic membrane bioreactors. In this study,
we aim to determine if copper oxide (CuO) and zinc oxide (ZnO) nanoparticles can
effectively delay the biofouling of polyethersulfone (PES) membranes without
disseminating emerging contaminants like antibiotic resistance genes (ARGs) and metal
resistance genes (MRGs). A consequential decrease in biofilm composition related to
total cells, polysaccharides, protein, and bioactivity (i.e., adenosine triphosphate (ATP)
and quorum sensing (QS) signal molecules) was observed in presence of heavy metal
nanoparticles. Metagenomic and metatranscriptomic analyses further attributed the delay
of biofilm formation to lower expression of QS-associated genes and biofilm formation
genes. It was also determined that the expression of ARGs and MRGs was not stimulated
in the presence of CuO and ZnO nanoparticles. These findings collectively suggest CuO
and ZnO nanoparticles embedded membrane can delay biofouling and with minimal
potential for disseminating ARGs and MRGs post-treatment.

3.1. Introduction
Anaerobic membrane bioreactor (AnMBR) has become an emerging technology to
use for sustainable wastewater treatment.1-3 AnMBR, which combines a membrane-based
filtration process with anaerobic biodegradation, has several advantages over
conventional aerobic processes typically used by most municipal wastewater treatment
plants. For instance, AnMBR eliminates the need for aeration and lowers energy
consumption rate from ca. 2 kWh/m3 in aerobic MBR to ca. 0.8 kWh/m3.4 Anaerobic
biodegradation has lower sludge production rates than activated sludge processes, and
this would vastly alleviate the cost on sludge treatment. Moreover, anaerobic
biodegradation could convert organic carbon in municipal wastewater to methane while
retaining total nitrogen and phosphorus in the effluent that can be beneficial for
agricultural irrigation.5
However, biofouling, defined as the unwanted deposition of materials, particles, and
bacteria on the membrane surface during the filtration process,6 is particularly detrimental
to the performance of membrane bioreactors as they can result in decreased permeate
production, increased transmembrane pressure and a shorter lifetime of membrane
module.7 To overcome these problems caused by biofouling, various antifouling
strategies have been devised. Examples of antifouling strategies include physical
disruption of biofilm matrix using backwash, chemical wash or sonication,8 chemical
modification of membranes (e.g. coating nanoparticles, modifying membranes with
organic functional groups)9 and biocidal control (e.g. quorum quenching, phage-based

decomposition).10-12
In particular, coating heavy metal nanoparticles on the surface of membrane
demonstrated promising results. An earlier study demonstrated that polysulfone
membranes impregnated with silver (Ag) nanoparticles showed not only high
antibacterial properties but also improved biofouling resistance.13 Zhang and his coauthors also reported that polyethersulfone (PES) membrane immobilized with Ag
nanoparticles can inhibit biofilm formation on membrane surfaces.14 Despite these
studies indicating the prospective of applying Ag nanoparticles to inhibit biofilm
formation, another independent study observed that Ag nanoparticles would increase
antibiotic resistance genes (ARGs) profiles and heavy metal resistance genes (MRGs) in
sequencing batch reactors.15 This would imply that if Ag nanoparticles were to be widely
applied to AnMBR to inhibit biofilm, there may be potential environmental risks
associated with the dissemination of ARGs and MRGs in the treated effluent since MBRs
typically do not achieve good removal of extracellular DNA.16
Alternatives to Ag would include zinc oxide (ZnO) and copper oxide (CuO)
nanoparticles. Compared to Ag nanoparticles, ZnO and CuO nanoparticles have relatively
weaker antibacterial effects17 but the costs of both metals are at a lower price than Ag
(Table B.1). Despite the weaker antibacterial effects, ZnO nanoparticles were found to
effectively decrease the adsorption of pollutants on polyvinylidene fluoride (PVDF)
membranes.18 Similarly, Booshehri et al., deposited CuO nanoparticles on PES
membranes to achieve antibacterial activities against both gram-positive and gramnegative bacteria.19 However, the use of such membranes in an operational AnMBR and
its efficacy to delay biofouling was not evaluated. No assessment was also made to

determine if ARGs or MGEs abundance would be stimulated in the presence of both
heavy metal nanoparticles.
In this study, we propose the use of CuO and ZnO nanoparticles functionalized on
PES membranes to minimize membrane biofouling in AnMBR. It is hypothesized that
the use of these nanoparticles would achieve a delay in membrane biofouling with no
consequential increase in other unintended biological contaminants like ARGs and
MRGs. To address this hypothesis, the impacts of these modified membranes on total
bacterial cell numbers, adenosine triphosphate (ATP), protein, polysaccharide and QS
signal molecules in biofilm matrix were determined, and compared against the respective
membrane control. Furthermore, to elucidate the antifouling mechanism of nanoparticles
at the molecular level and also to evaluate if genes related to ARGs and MGEs are
stimulated, a metatranscriptomic analysis was conducted. This study aims to demonstrate
that a PES membrane modified with CuO and ZnO nanoparticles would achieve
antifouling properties without disseminating ARGs and MRGs.
3.2. Materials and methods
3.2.1. Synthesis of modified PES membranes
To synthesize the PES membrane, 14 wt% Ultrason® PES powder (BASF, Germany)
was dissolved in N-methyl-2-pyrrolidone (NMP) (Sigma-Aldrich, St. Louis, MO, US) at
60 °C under constant stirring at 500 rpm for 3 h. For nanoparticle-embedded membranes,
CuO-NPs and ZnO-NPs (Sigma-Aldrich, St. Louis, MO, US) were dispersed in NMP
using a probe sonicator to prepare 7.4 % w/v and 3.3 % w/v solutions, respectively. The
concentration of each oxide was adjusted in order to obtain a similar surface loading of

ZnO and CuO. The freshly prepared dispersion of CuO-NPs in NMP was mixed with
PES powder to prepare a 14 % wt/v PES in NMP solution. For the case of ZnO-NPs, the
freshly prepared solution was used to dilute a 30 wt% PES in NMP solution to 14 % wt/v.
In both cases, the resulting nanoparticle-containing solutions were stirred at 60 °C for 3 h
until all PES powder was dissolved. All solutions were cooled to room temperature and
cast over a polyester non-woven support using a casting knife with a gap of 250 μm.
Finally, they were immersed in a water bath to precipitate the membranes via non-solvent
induced phase separation. The corresponding nanoparticle concentrations in the surface
of the membranes were 1.3 mol% CuO-NPs (i.e., PES-CuO-NPs) and 1.8 mol% ZnONPs (i.e., PES-ZnO-NPs). All the membranes were kept in sterile deionized water before
use.
3.2.2. Membrane characterization
The FEI Nova Nano scanning electron microscope (SEM) equipped with an energy
dispersive X-ray (EDX) analysis system was used to observe the surface of membranes
and cross-section of biofilm at 5 kV. The concentration of nanoparticles in the surface was
also measured using EDX at 15 kV. To prepare sample for SEM, pristine and fouled
membranes were respectively dried in air. Three nm thick iridium was sputtered onto the
surface of pristine membranes surface and the cross-section of fouled membranes by a
K575X Emitech sputter coater (Quorum Technologies, UK). To calculate the nanoparticle
concentration on the surface of the membranes, EDX analysis was performed on three
membranes and the average was reported. Atomic force microscopy (AFM) was used to
characterize membrane surface topography. The air-dried pristine membranes were first
fixed onto the support plate, and imaged by Agilent 5500 AFM system (Agilent

Technologies Inc., Palo Alto, CA, US) in contact mode. Silicon cantilevers (Applied
NanoStructures Inc., CA, US) with a resonance frequency of 11–19 kHz and force constant
of 0.1-0.6 Nm−1 were used. Acquired AFM images were post-processed by Gwyddion
software. The contact angle was measured to quantify the hydrophilicity of membranes by
EasyDrop shape analyzer (Krüss, Hamburg, Germany) in static mode at ambient
temperature. Ultra-pure water was used as the probing liquid and the mean values were
determined from three different independent specimens.
3.2.3. Reactor configuration and operating conditions
The AnMBR operated in this study was of similar configuration (Figure B.1) as that
operated in an earlier study.20 Briefly, reactor had 2 L working volumes. Sludge was
originally seeded with a mixture of camel manure and anaerobic sludge from a
wastewater treatment plant in Riyadh, Saudi Arabia. Reactor was fed with synthetic
wastewater of 800 mg/L chemical oxygen demand (COD) and operated at 35 °C
(mesophilic conditions) and pH of 7. The synthetic wastewater was made up of a mix of
organic and inorganic compounds as well as trace metals, as shown in Table B.2.21 This
equates to an organic loading rate (OLR) of 1.04 g COD L-1 day-1. Two separate runs
were conducted (i.e., Run 1 and Run 2) in this study, spaced approximately 3 months
apart. For each run, three membranes (i.e., PES, PES-CuO-NPs, PES-ZnO-NPs), each
individually housed in cassette holders, were connected in parallel to the anaerobic
reactor. The AnMBR was operated at 400 mL/min recirculation rate. Biogas was used to
scour the membrane surface at a gas sparging rate of 250 mL/min. Flux was maintained
at ca. 4 L/m2/h (LMH) while changes in TMP were recorded by a pressure gauge
connected to each membrane module. For each biological independent run 1 and 2, all

membranes were harvested at the same time as soon as any of the membranes reached a
TMP that was indicative of critical fouling. These membranes were analyzed based on
procedures described in section 3.2.5 through 3.2.8. No chemical cleaning was applied in
this study as the main intention was to study the effect of heavy metal nanoparticles on
fouling. Membranes were harvested using similar protocols detailed in earlier study.9
Sludge in the reactor was sampled weekly for analyses. The COD in the effluent was
quantified weekly.
3.2.4. Cu and Zn concentration evaluation
The metal content (63Cu,

66

Zn) in sludge samples from the reactor was measured

weekly on an inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7500).
Sludge samples were vortexed for 1 min and then centrifuged at 8,000 g for 5 min. The
supernatant was then filtered through 0.22 µm Whatman™ Puradisc 23-mm syringe filters
(GE Healthcare, Little Chalfort, Buckinhamshire, UK) prior to measurement.
Measurements were made against commercially available standards at 0, 1, 5, 10, 50 and
100 parts per billion in 2% HNO3 (CMS-5) (Inorganic Ventures, Christiansburg, VA, USA).
Heavy metal ion concentrations were displayed as averaged values from two reads on the
ICP-MS.
3.2.5. Cell counts, total proteins (PN) and polysaccharides (PS) determination
Total cells in membrane biofilm were determined by flow cytometry on Accuri C6
(BD Bioscience, NJ, US). Briefly, one mL of harvested biofilm liquid suspension was
diluted to 10,000-fold by 1X PBS. The diluted samples were incubated in dark for 10 min
at 37 °C. Ten µL 100X SYBR green (Thermo Fisher Scientific, MA, US) was added into

1 mL of diluted samples to stain cells, and then incubated in the dark for 10 min at 37 °C
before flow cytometry. Fifty µL aliquots of stained samples were injected into Accuri C6
with 35 µL/min flow rate to enumerate the total cells. Measurements were conducted in
triplicates.
The PS and PN concentrations in the soluble EPS fraction from fouled membranes
were quantified. The biofilm suspension was centrifuged at 10,000 g for 10 min, and the
supernatant was first filtered through 0.22 μm syringe filter (VWR US, Radnor, PA, US)
prior to the determination of its PN and PS. PN was quantified by Total Protein Kit
(Sigma-Aldrich, St. Louis, MO, US) based on the Peterson’s modified micro Lowry
method,22 with 0 µg/mL, 10 µg/mL, 20 µg/mL, 40 µg/mL and 80 µg/mL of Bovine
Serum Albumin (BSA) as standard and measured in triplicates. PS was determined by the
phenol-sulfuric acid method. 0 µg/mL, 5 µg/mL, 10 µg/mL, 20 µg/mL, 40 µg/mL and 80
µg/mL glucose were used as standards.
3.2.6. Adenosine triphosphate (ATP), autoinducer-2 (AI-2) and N-acyl homoserine
lactone (AHL) quantification
The fouled membranes of dimensions 3 by 2.5 cm were respectively placed into 6 mL
deionized water, ultrasonicated for 4 min at 25% amplitude with 2 s pulsating intervals.
ATP content in the suspension was quantified by the Celsis Amplified ATP TM reagent kit
on an Advance luminometer (Celsis, Westminster, London, UK) with deionized water as
a negative control. The relative AI-2 concentration from the liquid suspension of the
harvested membranes was determined based on a previous protocol with slight
modifications.23 Briefly, the AI-2 indicator Vibrio harveyi ATCC® strain BB170 grew

overnight in a sterile autoinducer bioassay (AB) medium. After overnight growth, the AI2 culture was diluted 1:5000 with a fresh AB medium. Twenty μL sample was placed
into 96-well solid white microplate prior to addition of 180 μL of diluted AI-2 reporter.
Twenty μL of deionized water in 180 μL of diluted AI-2 reporter was used as a negative
control. The 96-well plate containing the samples was incubated in dark on a 150 rpm
shaker incubator platform at 30 °C. The bioluminescent intensity was detected with the
Infinite M200 PRO microplate reader over time (Tecan, Männedorf, Switzerland). The
relative concentration was calculated as the intensity of samples divided by the intensity
of the negative control. For AHL, 20 µL samples and deionized water was loaded into a
96-well-plate with 80 µL of an overnight culture of Agrobacterium tumefaciens A136.
The whole plate was then incubated for 90 min at 30 °C prior to addition of 100 µL of
Beta-Glo (Promega, WI, USA) into each well and further incubated for 30 min at 30 °C.
The bioluminescence intensity of each sample was recorded, and the relative
concentration was calculated based on the same procedure as that described for AI-2
quantification. All the samples were measured in triplicates.
3.2.7. Total DNA extraction and sequencing
Genomic DNA of biofilm samples from two independent runs (i.e., run 1 and run 2)
was extracted by the UltraClean ® Soil DNA Isolation Kit (MoBio Laboratories,
Carlsbad, USA) with slight modifications.24 DNA quality and quantity were determined
using a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) and Invitrogen’s Qubit
dsDNA BR assay kit (Thermo Fisher Scientific, NY, USA), respectively. 200 ng of total
DNA was used for library preparation. The samples were sheared on a Covaris S220
(Covaris, Woburn, MA, USA) to ~ 350 bp, following the manufacturer’s

recommendation, and uniquely tagged with one of Illumina’s TruSeq LT DNA barcodes.
DNA libraries were then sequenced in 2 lanes of an Illumina Hiseq 4000 platform.
3.2.8. Total RNA extraction and sequencing
20 mL biofilm suspension samples from two independent runs (i.e., run 1 and run 2)
were centrifuged at 10,000 g for 10 minutes at 4 °C. The cell pellets were resuspended
with RNAlater and then kept at -80 °C for further extraction. Total RNA was extracted
using the RNeasy Mide kit (Qiagen, Manchester, UK) with the optional on-column
DNase treatment followed the manufacturer’s protocol. The RNA was eluted with
RNase-free water, and then stored at -80 °C until sequencing. The quality and quantity of
RNA were determined using a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) and
Invitrogen's Qubit RNA BR assay kit (Thermo Fisher Scientific, NY, USA), respectively.
Prior to sequencing, the bacterial ribosomal RNA was removed and then converted to
RNA-seq libraries using TruSeq Stranded Total RNA with Ribo-Zero (bacteria) kit
(Illumina, San Diego, CA, USA). The constructed library was sequenced on Illumina
HiSeq 4000 platform in KAUST Genomics Core lab. All high-throughput sequencing
files were deposited in the Short Read Archive (SRA) of the European Nucleotide
Archive (ENA) under study accession number PRJEB33442.
3.2.9. Biofilm-associated genes analysis and annotation
The indexes, adapters and low-quality reads with phred cutoff < Q30 were
removed/trimmed by BBMap25 after sequencing. To further elucidate the effects of
nanoparticles on biofilm formation, a new QS database was manually curated for this
study. QS-associated genes based on QS pathway on Kyoto Encyclopedia of Genes and

Genomes (KEGG) map02024 (https://www.genome.jp/dbgetbin/www_bget?pathway+map02024) were collated. The filtered metagenomic DNA and
metatranscriptomic RNA reads were then respectively aligned to the QS databases
through basic local alignment search tool (version 2.8.1).26 A read was classified as a QSlike fragment with E-value (≤10−5), 90% nucleotides similarity and at least 50 bp
alignment length to the database. Owing to the various sequencing depth among different
samples (Table B.3), the abundance of QS was shown as ppm unit (i.e., mapped reads per
million total reads).
To annotate the genes, the metagenomic DNA and metatranscriptomic RNA reads
that passed through the QC were respectively first assembled into contigs with
MEGAHIT27 and annotated with PROKKA.28 The obtained contigs were then analyzed
against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database using KEGG
pathways and modules29 with an E-value cutoff of 10-5. To better understand the effects
of nanoparticles on biofilm formation, this study focuses on the pathways which are
related with biofilm formation (i.e., pathway 03070: Bacterial secretion system; 02024:
quorum sensing; 05111, 02025, 02026: Biofilm formation; 02030: Bacterial chemotaxis;
02040: Flagellar assembly; 04810: Regulation of actin-like cytoskeleton). The genes
involved in each pathway are listed in https://docs.google.com/spreadsheets/d/1cHBdCIRKMt1SeTRKGlVzASsHHXb19VraJ2mVMwYpeY/edit#gid=0.
3.2.10. Analysis of antibiotic resistance genes and metal resistance genes
Similar to QS abundance analysis in section 3.2.9, the filtered metagenomic DNA and
metatranscriptomic RNA reads were also aligned to the other local databases (i.e.,

Structured Antibiotic Resistance Genes (SARG, Version 2.0) database,30 antibacterial
biocide and metal resistance genes database (BacMet, Version 1.1)31) through basic local
alignment search tool (version 2.8.1) with E-value (≤10−5), 90% nucleotides similarity
and at least 50 bp alignment length to the database. The abundance of ARGs and MRGs
was shown in terms of reads per million (ppm unit).
3.3. Results and discussion
3.3.1. PES membranes modified with CuO and ZnO nanoparticle exhibit higher
hydrophilicity and surface roughness
Both CuO and ZnO nanoparticle modification of PES membrane increased the
hydrophilicity of the PES membrane (Table B.4). The PES membrane showed slight
hydrophilic (76.57 °), and nanoparticle modification increased the hydrophilicity of PES.
This was likely due to CuO-NPs and ZnO-NPs showed hydrophilicity and embedding
such nanoparticle decreased the surface of hydrophobicity.32, 33 The hydrophilicity
surface characterization was reported to contribute to antifouling enhancement.9, 34
Among all tested membranes, the PES membrane had the relative smoothest surface
topography (Ra = 11.38). PES-CuO-NPs and PES-ZnO-NPs increased 85.4% and 38.7%
roughness than PES membranes (Table B.4), indicating some of nanoparticle deposited
on the surface of the membrane, which was also observed by SEM images (Figure B.2),
lending to the increment of roughness. This deposition of nanoparticles could further
show antibacterial effects to the attached microorganisms.
3.3.2. Reactor performance

The reactor performed stably after connecting PES, PES-CuO-NPs and PES-ZnONPs membranes onto the system. It could achieve over 93% COD removal during the
operation (Figure 3.1A). This removal efficiency was similar to that achieved in earlier
studies,20, 23 implying nanoparticle embedded membranes did not affect anaerobic
biodegradation. In addition, biogas production was stable with ca. 70% methane content
(v/v) within the biogas throughout operation (Figure 3.1B and 3.1C), suggesting that
methanogenesis was not perturbed by the presence of heavy metal nanoparticles
embedded on membranes. These observations differ from that reported by an earlier
study where CuO-NPs and ZnO-NPs were directly introduced to the anaerobic
biodegradation stage, and detrimentally affected biogas and methane production.35 The
lack of perturbation on anaerobic biodegradation and methanogenesis observed in this
study may be due to fixation of nanoparticles onto the polymeric membranes, which in
turn minimize leaching of nanoparticles into the reactor despite the high recirculation rate
and biogas scouring. To verify this, we evaluated the concentration of Zn and Cu within
our reactor. Our results indicated both Zn and Cu concentration were less than 300 µg/L
(Figure B.4), this was much lower than the nanoparticle dosage (i.e., 15 mg/L CuO and
120 mg/L ZnO) reported in the earlier study.35 In addition, biogenic sulfide could be
generated under the anaerobic condition from the reduction of sulfate (present as trace
elements in our synthetic wastewater, Table A.2), and sulfide could attenuate the toxicity
of CuO and ZnO nanoparticles to methanogensis.36-38

Figure 3.1 Performance of anaerobic membrane bioreactor, evaluated based on (A)
Chemical oxygen demand removal efficiency, (B) Biogas production, (C) Biogas content,
(D) Transmembrane pressure (TMP) increment in Run 1, and (E) TMP increment in Run
2. Run 1 and 2 are two biological independent experimental runs.

3.3.3. Effect of CuO-NPs and ZnO-NPs on transmembrane pressure (TMP)
Although no significant effects were observed on anaerobic biodegradation and
methanogenesis, the presence of CuO and ZnO nanoparticles resulted in distinct
differences in the extent of membrane fouling compared to control membranes. In both
runs, PES control membrane achieved a faster TMP increment compared to the other two
nanoparticles-embedded membranes (Figure 3.1D). To illustrate, PES membrane reached
critical fouling on the 48th day in run 1, but not the PES-CuO-NPs and PES-ZnO-NPs
membranes. Likewise, the PES-CuO-NPs and PES-ZnO-NPs membranes only showed 29
kPa and 10 kPa, respectively, for their TMPs while PES membrane already reached
critical fouling on 40th day (> 65 kPa) in run 2 (Figure 3.1E). TMP is perceived as one

parameter to indicate the foulant layer.39 These slower increment in TMPs of PES-CuONPs and PES-ZnO-NPs membranes suggest that CuO and ZnO nanoparticles can delay
membrane biofouling, which could potentially be attributed to biocidal effects on
microorganisms. Previous studies showed CuO and ZnO nanoparticles could inhibit the
growth of both gram-positive and gram-negative microorganisms,40, 41 leading to delayed
biofilm formation.42
3.3.4. Effect on biofilm matrix due to CuO and ZnO nanoparticles
To further verify that the slower increment in TMP was due to biocidal effects of
CuO and ZnO nanoparticles, the biofilm attached on the membrane was harvested. Total
cells, ATP, protein/polysaccharide contents and QS signal molecules were then
quantified in biofilm. Results showed that PES membrane recovered from run 1
contained 5.69 x 108 cells/cm2. This cell number was significantly higher than that on
nanoparticles-embedded membranes. (i.e., 3.43 x 108 and 2.61 x 108 cells/cm2 in PESCuO-NPs and PES-ZnO-NPs membranes, respectively (T-test, both P<0.01) (Figure
3.2A). Although the cells in PES and PES-CuO-NPs in run 2 were higher than that
observed in run 1 due to the biological variation within the AnMBR, a similar trend was
still obtained in run 2, with significantly higher cell numbers on control membrane than
that on nanoparticles-embedded membranes (T-test, both P<0.01) (Figure 3.2B). Total
cells account for ca. 10% dry weight of a biofilm matrix.43 The lower microorganism
counts on PES-CuO-NPs and PES-ZnO-NPs membranes would imply that CuO and ZnO
nanoparticles reduced the foulant on membrane surfaces.

Figure 3.2 Evaluation of total cells and ATP in biofilm attached on PES, PES-CuO-NPs
and PES-ZnO-NPs membranes. (A) Total cells in Run 1, (B) Total cells in Run 2, (C)
ATP concentration per membrane surface area, and (D) ATP concentration per cell. Run
1 and 2 are two biological independent experimental runs.
However, total cell count could not indicate cell activity. Therefore, we quantified the
ATP concentration in biofilm matrix. The concentration of ATP is regarded as a proxy to
estimate viable cells in biomass.44 The average ATP concentration in the biofilm matrix
attached on PES membrane was about 39.5 ± 1.9 nmol/cm2 in run 1 and 31.3 ± 1.6
nmol/cm2 in run 2. The presence of CuO and ZnO nanoparticles on PES membrane
significantly decreased the ATP concentration in both run 1 and run 2 (T-test, all P<0.01)
(Figure 3.2C), indicating lower cell viability in biofilm matrix of both nanoparticles
modified membrane. ATP concentration was further normalized with total cells numbers.
Results indicated that there were 7.0 x 10-8 nmol/cell in PES membrane, and this was
higher than that in PES-CuO-NPs and PES-ZnO-NPs membranes in run 1 (T-test,

P=0.00, 0.06, respectively). Similarly, CuO-NPs and ZnO-NPs significantly decreased
ATP concentration per cell by 43.5% and 22.4% compared to the control membrane
(Figure 3.2D). This decline in ATP concentration per cell implied that both cell viability
and microbial activity in biofilm matrix were inhibited by nanoparticles, reiterating the
antibacterial effects of both CuO and ZnO nanoparticles.40, 41
Besides microbial cells, polysaccharides and proteins account for near to 90% dry
weight of a biofilm matrix.43 Results in this study indicated that there were higher
polysaccharide contents in the biofilm on PES membrane than that on nanoparticlesembedded membranes. To illustrate, the concentration of polysaccharide in the soluble
EPS of biofilm attached onto PES was 67.1 ± 7.7 µg/cm2 in run 1. This concentration was
significantly higher than the amount on the PES-CuO-NPs (i.e., 16.2 ± 3.9 µg/cm2) and
PES-ZnO-NPs (i.e., 15.8 ± 5.7 µg/cm2) membranes (T-test, P<0.01). In run 2, the
concentration of polysaccharide on PES-CuO-NPs and PES-ZnO-NPs were 55.5 ± 4.6
µg/cm2 and 15.2 ± 0.7 µg/cm2, respectively. In contrast, 83.2 ± 6.1 µg/cm2 of
polysaccharide was detected on PES control membrane (Figure 3.3A and 3.3C). A
similar decrease in protein content in biofilms on nanoparticles-embedded membranes
was observed compared to control membranes (Figure 3.3B and 3.3D).
Our observation was different from the previous studies which indicated
nanoparticles could stimulate EPS production.45, 46 For instance, it was reported that 50
mg/L CuO nanoparticles could accelerate the EPS concentration in active sludge in
wastewater treatment plants.45 ZnO nanoparticles at 100 mg/L concentration was also
observed to increase the EPS content in sludge from the sequencing batch reactor.46
However, these studies were conducted under aerobic condition. In contrast, it was

reported that 10-50 mg/L ZnO nanoparticles did not increase EPS content in anaerobic
granular sludge, while higher concentration of 100 mg/L ZnO nanoparticles could
significantly cause EPS to decrease.47 The reduction of total EPS is further attributed to
the lower cell counts and microbial activity upon exposure to CuO and ZnO
nanoparticles.47 Decline in protein and polysaccharides content, along with total cell
counts, indicated that CuO-NPs and ZnO-NPs could inhibit foulant layer formation onto
the membrane surface. This phenomenon was further reiterated visually by SEM images
(Figure B.5), which showed that PES control membranes had a thicker cake layer than
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the modified membranes.

Figure 3.3 Quantification of extracellular polymeric substance (EPS) in biofilm attached
on PES, PES-CuO-NPs and PES-ZnO-NPs membranes. (A) Polysaccharides (PS) content
in Run 1, (B) Protein (PN) content in Run 1, (C) PS content in Run 2, and (D) PN content
in Run 2. Run 1 and 2 are two biological independent experimental runs.

Lastly, we further examined AI-2 signals generated by both Gram-negative and
Gram-positive bacteria for interspecies communication,48 as well as AHLs thought to be
secreted mainly by Gram-negative bacteria for cell-to-cell communication.49 As a result
of the lower cell counts, both PES-CuO-NPs and PES-ZnO-NPs showed significantly
lower AI-2 and AHL content in biofilm (T-test, all P<0.01) (Figure 3.4A and 3.4B). After
further normalization with total cells, a similar decline by CuO and ZnO nanoparticles
were observed (T-test, all P<0.07) (Figure 3.4C and 3.4D). ZnO nanoparticle has been
widely reported to inhibit QS concentration in biofilm50, 51 through disturbing QSassociated genes expression.52 However, whether CuO nanoparticles also impose a
similar mechanism is not reported in any of the current literature.

Figure 3.4 Measurement of quorum sensing signals in biofilm attached on PES, PESCuO-NPs and PES-ZnO-NPs membranes. (A) Relative AI-2 amount, (B) Relative AHL
amount, (C) Relative AI-2 amount per cell, and (D) Relative AHL amount per cell. Run 1
and 2 are two biological independent experimental runs.

3.3.5. Effects on biofilm-associated genes due to CuO and ZnO nanoparticles
Our results indicated CuO and ZnO nanoparticles could decrease the amount of QS
molecules (i.e., AHL and AI-2) in biofilm matrix. To further illustrate how these
nanoparticles affect the production of signal molecules, the biofilm-associated genes
were evaluated by omics-based approaches. As shown in Figure 3.5A, there was no
significant difference in the relative abundance of QS genes among all membranes when
analyzed through metagenomics (i.e., DNA-based). The metagenomic data was further
annotated by KEGG database, and it was found that the same subtypes of biofilmassociated genes were detected for all membranes (Figure 3.5B). On the contrary, when
analyzed through metatranscriptomics (i.e., RNA-based), the relative abundance of QSassociated genes decreased from 22.8 ppm in control membranes to 10.0 ppm (PES-CuONPs) and 7.5 ppm (PES-ZnO-NPs) (Figure 3.5C). Furthermore, the number of annotated
genes related to QS pathway (pathway: 02024) decreased from 71 in control membranes
to 64 and 56 in the modified membranes (Figure 3.5D). This result implied that although
the diversity of QS-associated genes was not affected (as elucidated from metagenomics),
the expression of these QS-associated genes was inhibited by nanoparticles. Our
metatranscriptomic analysis was further supported by the lower QS signal concentration
in biofilm exposed to CuO and ZnO nanoparticles (Figure 3.4).

Figure 3.5 Relative abundance of quorum sensing (QS)-associated genes and the effects
on KEGG biofilm formation associated pathways elucidated by metagenomics and
metatranscriptomics. (A) Relative abundance of QS-associated genes by metagenomics,
(B) Relative abundance of KEGG annotated genes by metagenomics, (C) Relative
abundance of QS-associated genes transcripts by metatranscriptomics, and (D) Relative
abundance of KEGG annotated genes by metatranscriptomics.
Similarly, as shown in Figure 3.5D, nanoparticles also interrupted the expression of
other biofilm-associated genes, and this could likely result in the decline of EPS content
in biofilm matrix. To exemplify, gspI, gspJ, gspL and gspM, which encode genes related
to protein secretion by the type II secretion system in Gram-negative bacteria,53 were not
detected in PES-CuO-NPs and PES-ZnO-NPs but were present in PES membrane. The

lower expression of these genes would likely result in lower protein secretion and content
in EPS of biofilm matrix. In addition, subtypes of cell motility (i.e., 02040, 04810) also
decreased and this would contribute to delay in cell attachment and subsequent formation
of biofilm.54 A previous study observed ZnO nanoparticles could inhibit EPS production
and swarming motility.52 Our study reiterated this finding and further elucidated how
nanoparticles affect EPS and motility in biofilm.
3.3.6. Cu and Zn leached from membranes
Heavy metal nanoparticles achieve antibacterial effects through four known
mechanisms, namely reactive oxygen species (ROS) production, release of metal ions,
accumulation of nanoparticles on cell walls, and internalization of nanoparticles into cells
which subsequently result in cell lysis.55 Given our reactor was operated under anaerobic
condition, it is likely that the role of ROS in contributing to antibacterial effect would be
limited.56 Thus, it was hypothesized that other mechanisms (e.g. heavy metal ions
releasing) would contribute to the antifouling effects. We quantified the amount of heavy
metal ions in the reactor during the experiment. As shown in Figure B.4, the Cu and Zn
concentration continuously increased after assembling the membranes (Figure B.4),
suggesting a gradual release of heavy nanoparticles from membranes into the reactor.
When present in the ionic state, these metal ions induce toxicity because of their affinity
for cellular components and biomolecules through the formation of metal-biomolecule
complexes, eventually resulting in damage to cellular processes and enzymatic
functions.57

However, given that Cu and Zn were continuously released from membranes, it
means the antifouling efficacy might decrease with time. This study only evaluated the
membranes for 48 and 40 days (i.e., run 1 and run 2), and future studies should be
conducted to assess the antifouling effect during long-term operation. In addition,
chemical cleaning is one of the most common strategies adopted by AnMBR operators to
remove foulants on the membrane surface. Yet, this study did not apply chemical
cleaning during the reactor operation, and therefore was unable to assess the stability of
these nanoparticles-embedded membranes during chemical cleaning. Future studies
should also include this study limitation in their consideration.
3.3.7. Effects on the expression of ARGs and MRGs due to CuO and ZnO nanoparticles
ARGs are increasingly recognized as emerging contaminants that can be disseminated
into the environment through wastewaters.58 Nanoparticles can produce ROS, which in
turn promote horizontal gene transfer of ARGs.59-61 Besides the contribution of ROS, the
ubiquity of ARGs in wastewaters can, in part, also be due to the presence of heavy metals
that co-select for both heavy metal and antibiotic resistance.62 In this study, although the
presence of CuO and ZnO nanoparticles delayed membrane biofouling without adversely
affecting anaerobic treatment of wastewater, it is equally important to assess whether
abundances of ARGs and MRGs are changed due to the presence of these heavy metal
nanoparticles.
This study observed no difference in detected ARGs gene abundance among all the
membranes by metagenomics (T-test, all P>0.34) (Figure 3.6A) and by
metatranscriptomics (T-test, P> 0.07) (Figure 3.6C). It is likely that ROS production in
anaerobic systems might be negligible and did not contribute to dissemination of ARGs

in this instance. Instead, the antibacterial effect of nanoparticles under anaerobic
condition may be due to the release of heavy metal ions as observed in Figure B.4. Our
observation is different from a previous study which indicated CuO and ZnO nanoparticle
could enrich ARGs63 at 200 mg/L. However, this discrepancy in observations might be
reasonable when considering the lower dosage of nanoparticle released from our
membranes (Figure B.4). Huang and his co-authors showed that low dosage of CuO and
ZnO nanoparticles (i.e., 50 mg/L) has no significant effects on the relative abundance of
ARGs (i.e., sul I, sul II, tet Q and tet C).63 Shi et al. also concluded that less than 100
mg/L of ZnO nanoparticles did not change the ARG abundance even after 21 days of
exposure.64 Our study, along with the findings of earlier studies, suggest that exposure to
low concentrations of heavy metal nanoparticles had no apparent stimulatory effects on
the ARGs abundance in the anaerobic system. Therefore, a key consideration when
incorporating heavy metal nanoparticles as antifouling strategy would be to consider its
efficacy at the lowest possible concentration to prevent unintentional stimulus on ARGs
abundance.
For MRGs, it was found that both nanoparticles only significantly enriched the
relative abundance of MRG-Cu and MRG-Zn (T-test, P

0.05) (Figure 3.6B). This

observation coincided with the previous study which indicated that both CuO and ZnO
nanoparticles could enrich MRGs.63 However, the earlier study did not evaluate the
MRGs expression by metatranscriptomics. Interestingly, when metatranscriptomics was
conducted, the results suggested nanoparticles applied in this study did not significantly
stimulate the MRGs expression (Figure 3.6D). This is in contrast with an earlier study
that noted an increase in copper resistance gene expression upon exposure to 1 mg/L CuO

nanoparticles. However, the earlier study based their findings on a pure P. aeruginosa
culture,65 which is not representative of the overall response exhibited by the mixed
anaerobic microbial community in this study.
The variability in metagenomic and metatranscriptomic data could be explained by
the metabolic costs associated with expressing MRGs gained through horizontal transfer
or inheritance. Given that the microorganisms are only exposed to low concentrations of
heavy metals, it may be metabolically expensive to express these genes. Gene expression
costs bioenergy (e.g. ATP),66 and this energy currency was decreased by the presence of
nanoparticles (Figure 3.2D) and hence may limit the ability of bacteria to switch on these
genes.

Figure 3.6 Effects of CuO and ZnO nanoparticles modified membranes on antibiotic
resistance genes (ARGs) and metal resistance genes (MRGs) abundance and expression.
(A) Abundance of ARGs by metagenomics, (B) Abundance of MRGs by metagenomics,
(C) Expression of ARGs by metatranscriptomics, and (D) Expression of MRGs by
metatranscriptomics. * indicated the significant difference (P < 0.05) when compared
with the control membrane (i.e., PES).

3.4. Conclusions
Findings from this study suggest that CuO and ZnO NPs-embedded membranes can
act as a potentially effective strategy to delay membrane biofouling in AnMBR. In the
presence of CuO and ZnO NPs, a slower increment in TMP was associated with a
decrease in total attached cells, cell viability, protein and polysaccharide content, as well
as microbial activity within the anaerobic biofilm matrix. The metatranscriptomic
analysis revealed both nanoparticles could inhibit not only expression of QS-related
genes, but also EPS and bacteria motility associated genes. Our results further indicated
no apparent increment in the abundance of expressed ARGs and MRGs, suggesting that it
can suffice as a safe and effective antifouling strategy that will not contribute to further
stimulation of ARGs and MRGs within the reactor. This may also mean a low probability
of disseminating ARGs and MRGs through the post-AnMBR effluent although more
studies would have to be performed to verify this.
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4. Removal of antibiotic-resistant bacteria and antibiotic resistance genes affected
by varying degrees of fouling on anaerobic microfiltration membranes
Abstract
An anaerobic membrane bioreactor was retrofitted with polyvinylidene fluoride (PVDF)
microfiltration membrane units, each of which was fouled to a different extent. The
membranes with different degrees of fouling were evaluated for their efficiencies in
removing three antibiotic-resistant bacteria (ARB), namely, blaNDM-1-positive
Escherichia coli PI-7, blaCTX-M-15-positive Klebsiella pneumoniae L7 and blaOXA-48positive Escherichia coli UPEC-RIY-4, as well as their associated plasmid-borne
antibiotic resistance genes (ARGs). The results showed that the log removal values
(LRVs) of ARGs correlated positively with the extent of membrane fouling and ranged
from 1.9 to 3.9. New membranes with a minimal foulant layer could remove more than 5log units of ARB. However, as the membranes progressed to subcritical fouling, the
LRVs of ARB decreased at increasing operating transmembrane pressures (TMPs). The
LRV recovered back to 5 when the membrane was critically fouled, and the achieved
LRV remained stable at different operating TMPs. Furthermore, characterization of the
surface attributed the removal of both the ARB and ARGs to adsorption, which was
facilitated by an increasing hydrophobicity and a decreasing surface zeta potential as the
membranes fouled. Our results indicate that both the TMP and the foulant layer
synergistically affected ARB removal, but the foulant layer was the main factor that
contributed to ARG removal.

4.1. Introduction
Municipal wastewater treatment plants have been identified as hotspots for the
enrichment of antibiotic-resistant bacteria (ARB) and antibiotic resistance genes (ARGs)
and can potentially contribute to the dissemination of ARB and ARGs into the
environment.1-3 In contrast to secondary biological activated sludge processes, which are
unable to achieve good removal efficiencies for ARB and ARGs,4,5 aerobic membrane
bioreactors (AeMBRs) were reported in prior studies to achieve > 5.5-log removal of
bacteria6,7 and > 2.67-log removal of ARGs.8 However, operating an AeMBR would
require high energy consumption rates, and that process produces waste sludge that is
viewed as a hotbed for ARB and ARGs.1 A relatively more sustainable alternative to an
AeMBR would be an anaerobic membrane bioreactor (AnMBR). An AnMBR couples a
membrane-based filtration process with anaerobic fermentation, which would not only
eliminate the need for aeration but also generate methane as an energy source.
Furthermore, anaerobic fermentation has lower sludge production rates compared to
activated sludge processes.9
Despite the advantages of AnMBRs compared to AeMBRs, the main drawback for
both technologies is membrane biofouling. Biofouling causes a decrease in water flux
and higher energy consumption rates and operational costs.10 Even though several
approaches have been developed to alleviate the biofouling of membranes (e.g.,
backwash, chemical wash, and sonication),11 the total eradication of the foulant layer is
not possible. Therefore, a conventional norm that subcritically fouled membranes remain
in operation as long as their flux is not compromised exists. Its existence means that
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membranes have an additional foulant layer that has been shown to improve the rejection
of bacterial cells and that cleaning the membrane to remove the foulant layer would lead
to a reduction of 1 in the log removal values (LRVs) for the bacterial cells in an
AeMBR.12 The mechanism by which fouled membranes retain particles in wastewater
results from many factors (e.g., surface characteristics and pore blockage).13-15 To
illustrate, Cho et al. reported that steric exclusion and aromatic/hydrophobic and charge
interactions affect the removal efficiency of natural organic matter.13 In addition, pore
blockage by a cake layer also served to increase the number of retained particles.14,15
Earlier studies have reported an approximately 3 to 6-log removal of bacteria in
AeMBRs.6,7,12 However, with increased fouling, the transmembrane pressure (TMP)
concomitantly rises during the operation, and the operating pressure to drive water
through the membrane must increase to maintain a constant flux. Therefore, an increase
in the TMP at constant flux may affect the membrane rejection rates. Specifically, this
study hypothesizes that an increase in the operating filtration pressure may compromise
the LRV for ARB achieved by fouled membranes. This hypothesis has not been
systematically assessed in most studies, particularly those that evaluate the performance
of AnMBRs.
Furthermore, several differences exist between the aerobic and anaerobic foulant
layers. To illustrate, Xiong et al. studied the foulant layers attached to membranes
connected to aerobic and anaerobic membrane bioreactors of the same reactor
configuration.16 Their findings suggest that when both membrane bioreactors were
operated under similar conditions, differences occurred in the characteristics of both the
aerobic and anaerobic foulant layers, specifically in both the concentration and molecular
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weight of not only the extracellular polymeric substances (EPS) but also the soluble
microbial products (SMP). In addition, Yun et al. proved that the anoxic cake layer was
more uniform compared to the aerobic one.17 These differences may mean that the LRVs
previously reported for AeMBR systems may not be representative of AnMBR systems.
As AnMBRs are increasingly under consideration for municipal wastewater treatment,
differences in their foulant layers compared with those of AeMBRs suggest the existence
of a knowledge gap regarding their ability to remove ARB and ARGs.
In the present study, we evaluated the removal efficiency for ARBs and ARGs
achieved by anaerobic microfiltration (MF) membranes that were fouled to varying
degrees (i.e., N0: new membrane; F1: membrane harvested at ~20 kPa; F2: membrane
harvested at ~40 kPa; and F3: membrane harvested at ~60 kPa). Three types of
pathogenic ARB (i.e., E. coli PI-7, K. pneumoniae L7 and E. coli UPEC-RIY-4) and their
associated plasmid-borne ARGs (i.e., blaNDM-1, blaCTX-M-15 and blaOXA-48) were applied as
model contaminants. The genes blaNDM-1, blaCTX-M-15 and blaOXA-48 code for
carbapenemases and extended-spectrum beta-lactamases, which are enzymes that confer
resistance to carbapenems and other beta-lactam antibiotics. Carbapenems compose a
new class of beta-lactam antibiotics that are typically used as a last-resort treatment
against gram-negative bacterial infections. The ARB that are resistant as well as the
ARGs that confer resistance to such antibiotics are listed as global concerns by the World
Health Organization (http://www.who.int/mediacentre/news/releases/2017/bacteriaantibiotics-needed/en/). These ARB and ARGs were therefore used to determine whether
AnMBR have the capability of removing these contaminants from wastewaters.
Specifically, the aims of this study are to elucidate whether the fouling of anaerobic
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membranes to varying degrees affects the removal efficiency of biological, emerging
contaminants (i.e., ARGs and ARB) and whether the removal rates vary when a fouled
membrane is subjected to different operating pressures.
4.2. Materials and methods
4.2.1. Reactor configuration and operating conditions
The AnMBR operated in this study followed the same configuration (Figure C.1A) as
that operated in an earlier study.16 Briefly, the reactor was fed with synthetic wastewater
having a chemical oxygen demand (COD) of 750 mg/L and operated at 35 °C and a pH
of 7. Two separate runs were conducted (i.e., Run 1 and Run 2), spaced approximately 4
months apart. For each run, three PVDF MF membranes (GE Osmonics, Minnetonka,
MN, USA) that were individually housed in cassette holders were connected in parallel to
the anaerobic reactor. The membranes had a nominal pore size of 0.3 μm. The AnMBR
was operated at a 300 mL/min recirculation rate. Biogas was used to scour the membrane
surface at a gas sparging rate of 100 mL/min. The flux was maintained at approximately
7 L/m2/h (LMH), while the changes in TMP were recorded by a pressure gauge
connected to each membrane module (Figure C.2). The COD of the effluent was
quantified weekly.
4.2.2. Membrane characterization
A FEI Nova Nano scanning electron microscope (SEM) was used to characterize a
cross section of the cake layer at 5 kV. In preparation for the SEM examination,
membrane samples with dimensions of 1 by 2.5 cm were air-dried and then each affixed
to an aluminum stub. Iridium was sputtered at a thickness of 3 nm onto the membrane
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surface with a K575X Emitech sputter coater (Quorum Technologies, UK). Atomic force
microscopy (AFM) was used to characterize the membrane surface topography. The airdried membranes were first attached to a support plate and then imaged by an Agilent
5500 AFM system (Agilent Technologies Inc., Palo Alto, CA, USA) in contact mode.
Silicon cantilevers (Applied NanoStructures, Inc.; CA; USA) with a resonance frequency
of 11–19 kHz and a force constant of 0.1-0.6 Nm−1 were used. The acquired AFM images
were post-processed by Gwyddion software. For each membrane, five random 10 x 10
µm square pictures were scanned. The contact angle was measured by an EasyDrop
shape analyzer (Krüss, Hamburg, Germany) in static mode at ambient temperature to
evaluate whether the membranes were hydrophilic (< 90 o) or hydrophobic (> 90 o).
Ultrapure water was used as the probing liquid, and the mean values were determined
from five different independent specimens. The surface zeta potential was measured in a
Nano Zetasizer surface cell cuvette containing trace particles (Nano ZS Zen3600,
Malvern, UK) at pH 7 and 25 °C, as described elsewhere 18. The membranes to be
measured were placed inside the cell cuvette, and the surface zeta potential was evaluated
by measuring the zeta potentials of the tracer particles at different distances from the
membrane surface. A linear change with distance is observed, and the value at a distance
equal to zero is extrapolated automatically by the instrument.
4.2.3. Determination of polysaccharides (PS) and proteins (PN) in soluble extracellular
polymeric substances (EPS)
The PS and PN concentrations in the soluble EPS fraction from fouled membranes
were quantified based on the modified protocols specified by an earlier study.19 Briefly,
the membranes were harvested, placed in 30 mL of sterile 1X M9 minimal salt medium
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and then vortexed at maximum speed for 2 min to detach the biofilm from the membrane.
A 10 mL aliquot of suspension was centrifuged at 10,000 × g for 10 min, and the
supernatant was filtered through a 0.22-μm syringe filter (VWR US, Radnor, PA, USA)
before its PS and PN contents were determined. The PSs were determined in triplicate for
each sample by the phenol-sulfuric acid method. The PNs were quantified in triplicate by
a Total Protein Kit (Sigma-Aldrich, St. Louis, MO, USA).
4.2.4. Filtration experiment for ARB
The MF membranes enclosed in their cassette modules were harvested for the
filtration experiments at the TMPs of ~20 kPa, ~40 kPa and ~60 kPa (hereafter named
F1, F2 and F3, respectively) (Figure C.1B). The membranes harvested at ~20 kPa and
~40 kPa represent subcritically fouled membranes having an increase in the foulant layer
corresponding to the TMP level. The membranes harvested at ~60 kPa correspond to
critically fouled membranes. The definition for subcritically fouled and critically fouled
membranes was made based on the slope of the relationship between the TMP profile and
the duration (Figure C.2). The subcritically fouled membranes were defined as those with
a TMP that increased at an exponential rate to maintain a constant flux (ca. 7 LMH). The
critically fouled membranes were defined as those with TMP that reached a plateau and
were no longer capable of further increases to maintain a constant flux. Three types of
ARB, namely, blaNDM-1-positive E. coli PI-720 marked with green fluorescence protein,
blaCTX-M-15-positive K. pneumoniae L721 and blaOXA-48-positive E. coli UPEC-RIY-4 were
spiked into sterile 1X M9 minimal salt medium (Sigma-Aldrich, St. Louis, MO, USA) to
obtain a final OD600 of ~0.3. The growth conditions for each ARB are provided in
Appendix C.1. The culture suspension with bacteria was independently filtered through
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the F1, F2 and F3 membranes. The same culture suspensions were also filtered through
new membranes. All the filtration experiments were operated at a recirculation rate of
300 mL/min and a nitrogen sparging rate of 100 mL/min to approximate the same
conditions experienced in the AnMBR.
During the filtration experiment, the filtration TMP was incrementally adjusted for
F1, F2 and F3 to determine whether an increase in filtration pressure would affect the
removal efficiencies achieved by each type of fouled membrane. The permeate was
sampled every 4 h prior to increasing the filtration TMP. For example, the filtration TMP
for F1 was incrementally increased from 5 kPa to 10 kPa, then to 15 kPa and finally to 20
kPa (the permeates collected at each TMP are hereafter referred to as F1-1, F1-2, F1-3
and F1-4, respectively). Similarly, for F2, the TMP was incrementally adjusted from 10
kPa to 20 kPa, 30 kPa and finally 40 kPa (the permeates collected at each TMP are
hereafter referred as F2-1, F2-2, F2-3 and F2-4, respectively). For F3, the filtration TMP
was increased from 10 kPa to 20 kPa, 40 kPa and 60 kPa sequentially (the permeates
collected at each TMP are hereafter referred as F3-1, F3-2, F3-3 and F3-4, respectively)
(Table C.1). The filtration experiment with the new membrane was performed at fluxes
matching those of the F1 membranes. In all instances, no filtration TMP was observed
with the new membrane since no foulant layer existed. The permeate was collected at the
same abovementioned intervals to provide corresponding controls, and these permeates
are hereafter referred as N0-1, N0-2, N0-3 and N0-4, respectively. Table C.1 summarizes
the matrix of conditions used in this study. At the end of the filtration experiments, all the
membranes were harvested for characterization, as detailed in section 4.2.3. The biofilm
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attached to the membranes and the permeate were processed and extracted for their total
DNA, as previously described.19
4.2.5. Filtration experiment for ARGs
A 60 mL sample of each bacterial host was incubated in a 200 rpm shaker incubator
for 17 h at 37 °C and then extracted for its plasmids by the PureYieldTM Plasmid
Miniprep System (Promega, Madison, WI, USA). Earlier work sequenced the blaNDM-1positive plasmid3, and the associated plasmid size was known. In addition, the present
study sequenced the blaCTX-M-15-positive plasmid associated with K. pneumoniae L7 and
the blaOXA-48-positive plasmid associated with E. coli UPEC-RIY-4 via the Illumina
MiSeq platform (Illumina, San Diego, CA, USA). The specific protocols detailing the
sequencing and assembly are provided in Appendix C.2. The plasmids were spiked into
sterile 1X M9 minimal salt medium to a final concentration of ~105 copies/mL. The
filtration experiment for the ARGs was conducted in a manner similar to that described in
section 4.2.4 but without the increments in the filtration TMP. After the filtration
experiment, the membranes were harvested for characterization, as detailed in section
4.2.3. Six milliliters of each biomass suspension and permeate were frozen at -80 °C and
lyophilized using a Christ Alpha 1-2 LDplus freeze dryer. The lyophilized biomass
suspension and permeate were subjected to DNA extraction, as previously described.22
4.2.6. Quantification of ARB and ARGs
The ARB was quantified by determining their associated ARG marker. The
quantification of the associated ARGs (i.e., blaNDM-1, blaCTX-M-15 and blaOXA-48) was
conducted with an Applied Biosystems 7900HT Fast Real-Time PCR (qPCR) System
105

(Thermo Fisher Scientific, Carlsbad, CA, USA). The TaqMan probes and corresponding
primer sequences are listed in Table C.2. The qPCR standards for the associated genes
were prepared as described previously.23 The thermal cycle and detection limit are shown
in Appendix C.3. In addition, to verify the qPCR result, flow cytometry by the BD
FACSCanto II system (BD Biosciences, San Jose, CA, USA) was used to determine the
cell counts of the blaNDM-1-positive E. coli PI-7, based on the green fluorescence protein.
4.2.7. ARB adsorption comparison
To compare adsorption between the ARB and the foulant layer, isothermal titration
calorimetry (ITC) was applied (Malvern ITC200, Malvern, UK). ITC measures the heat
change that occurs when two substances interact. E. coli PI-7, K. pneumoniae L7 and E.
coli UPEC-RIY-4 were respectively incubated in a 200 rpm shaker incubator for 17 h at
37 °C and then centrifuged at 10,000 g for 10 min to obtain cell pellets. The cell pellets
were resuspended and washed twice with M9 minimal salt medium and recentrifuged
before the washed pellets were finally resuspended in M9 minimal salt medium and
diluted to a final OD600 of 0.3. Ten milliliters of the different foulant suspensions from
section 4.2.3 was filtered through 40 μm Falcon™ Cell Strainers (Fisher Scientific,
USA). The filtrate was respectively aliquoted and then diluted 1:4 v/v in M9 minimal salt
medium. Two microliters of the filtrate were injected into 200 µL of each ARB
suspension at 25 °C using a 750 rpm stirring speed and 4 s duration. Each sample was
injected into the ITC machine a total of 12 times, with a 120 s interval between each
injection. The resulting values were analyzed and plotted using Origin (version 7).
4.2.8. Statistical analysis
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Significance was analyzed either by a two-tailed t-test, available in Microsoft Excel
2013, or by one-way ANOVA, available in Minitab Express.
4.3. Results
4.3.1. Differences in the thickness and the PS and PN concentrations of F1, F2 and F3
membranes
As fouling progressed from F1 to F3, the thickness of the foulant layer, as evidenced
from the cross-sectional images of the membranes, revealed a corresponding increase
(Figure C.3). Its thickness for F1 was approximately 2.99 ± 0.17 µm in Run 1 and 3.96 ±
0.26 µm in Run 2 (Table 4.1). When the TMP increased to ~40 kPa (i.e., F2), the foulant
layer thickness increased by > 2 times compared to that for F1 (8.80 ± 0.13 µm in Run 1
and 10.43 ± 0.48 µm in Run 2). F3, the critically fouled membrane, had a foulant layer
thickness of 26.92 ± 3.24 µm in Run 1 and 20.33 ± 0.43 µm in Run 2. The estimated
biovolume increased from F1 to F3 with the increasing thickness (Table 4.1).
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Table 4.1 Roughness, hydrophilicity and surface zeta potential of different membranes. N.A. denotes not applicable
Membrane

Thickness (µm)

Estimated dried
3 a

biovolume (mm )

Roughness
b

Hydrophilicity
c

Surface zeta
potential

Run 1

Run 2

Run 1

Run 2

Ra (nm)

Rq (nm)

Contact angle (°)

(mV)

N0

N.A.

N.A.

N.A.

N.A.

118.3 ± 27.0

144.0 ± 36.0

78.7 ± 3.8

-44.3 ± 4.4

F1

2.99 ± 0.17

3.96 ± 0.26

15.0

19.8

79.2 ± 10.4

102.5 ± 17.5

90.2 ± 2.3

-17.3 ± 0.3

F2

8.80 ± 0.13

10.4 ± 0.48

44.0

52.2

61.7 ± 6.5

76.1 ± 7.6

95.5 ± 1.9

-19.2 ± 1.9

F3

26.9 ± 3.24

20.3 ± 0.43

134

102

51.1 ± 6.5

65.2 ± 8.6

107.4 ± 1.6

-25.8 ± 2.3

a

Estimated dried biovolume was determined by multiplying the average thickness by the membrane surface area.
Ra is the arithmetic average of the absolute values of the surface height deviations measured from the mean plane.
c
Rq is the root mean square average for height deviation taken from the mean image data plane.
b
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The polysaccharide (PS) concentration increased significantly as fouling progressed
(t-test, p < 0.01), rising from 17.53 and 25.63 µg/cm2 in Run 1 and Run 2, respectively,
for F1 to 73.89 and 45.18 µg/cm2 in Run 1 and Run 2 for F2. For F3, the PS
concentration further increased to 96.56 and 133.27 µg/cm2 in Run 1 and Run 2,
respectively (Figure C.4A and C.4C). Similarly, the PN concentration also increased
significantly from F1 to F3 (t-test, p < 0.01). The PN concentration in the foulant layer
was 4.36 and 5.00 µg/cm2 in Run 1 and Run 2, respectively, for F1. These values
increased for F3 to 19.36 and 25.50 µg/cm2 in Run 1 and Run 2, respectively (Figure
C.4B and C.4D).
4.3.2. Differences in the surface characteristics of F1, F2 and F3 membranes
Among all the tested membranes, the new membrane (i.e., N0) had the roughest
surface area (Ra = 118.3 ± 27.0) and was significantly rougher than the three fouled
membranes (i.e., F1, F2 and F3) (t-test, p < 0.01) (Table 4.1). As the membranes fouled,
the hydrophobicity of the membrane surfaces increased (Table 4.1). The new PVDF
membrane was hydrophilic (78.7 ± 3.8°), but the presence of a foulant layer caused the
contact angle to increase to 90.2 ± 2.3° for F1, indicating that the membrane surface
became hydrophobic. The contact angle further increased to 95.5 ± 2.3° and 107.4 ± 1.6°
for F2 and F3, respectively. In addition, the new membrane exhibited the lowest surface
zeta potential (i.e., -44.3 ± 4.4 mV) (Table 4.1). In contrast, the surface zeta potential
values for the fouled membranes were -17.3 ± 0.3 mV, -19.2 ± 1.9 mV and -25.8 ± 2.3
mV; these membranes showed a significantly lower negative charge than that measured
for the new membrane (t-test, p < 0.01).
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4.3.3. ARGs showed smaller particulate sizes but a higher negative charge compared to
ARB
The results obtained from the dynamic light scattering technique indicated that the
average particulate size of E. coli PI-7, K. pneumoniae L7 and E. coli UPEC-RIY-4 was
1899.4 ± 235.4 nm, 1956.2 ± 253.0 nm, and 2141 ± 33.9 nm, respectively. In contrast, all
of the three plasmids were smaller than 565 nm (Figure C.5A). The zeta potential
assessments of plasmids showed that all three plasmids and the ARBs were negatively
charged. The absolute zeta potential value of plasmids was greater than 22 mV; in
contrast, the absolute charge of bacteria was always less than 15 mV (Figure C.5B).
4.3.4. Increase in LRV for ARGs with fouling severity
In Run 1, the new membrane achieved an LRV of 2.75 for the plasmid encoding the
blaNDM-1 gene. The LRVs achieved by F1, F2 and F3 were higher, reaching 3.48, 3.60 and
3.84, respectively (Figure 4.1A). A similar increment in the LRV was observed for the
plasmid encoding the blaOXA-48 gene. To illustrate, the LRV achieved by the new
membrane was 1.90, but this value increased to 3.37 for F2. No blaOXA-48-encoding
plasmid was detected in the F1 or F3 permeates. Likewise, no blaCTX-M-15-encoding
plasmid was detected in any of the permeate samples, and no LRVs could be obtained.
To confirm that the LRVs of the ARG-encoding plasmids were higher in the presence of
fouled membranes, a replicate run was conducted. In Run 2, the LRVs achieved by new
membrane were 2.30, 2.13 and 2.42 for the plasmids encoding blaNDM-1, blaCTX-M-15 and
blaOXA-48, respectively (Figure 4.1C). In contrast, all the LRVs for the fouled membrane
were higher than 2.76, and the LRV increased as fouling progressed. The LRV of the
plasmid encoding blaNDM-1 achieved by F1, F2 and F3 were 1.3-, 1.2- and 1.5-fold higher
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than that achieved by the new membrane. Similarly, the LRV for the plasmid encoding
blaCTX-M-15 increased to 3.35 and 3.45 on the F1 and F2 fouled membranes, and no
detectable blaCTX-M-15 was present in the F3 permeate. In addition, the LRVs for the
plasmid encoding blaOXA-48 were higher using the fouled membranes compared to the
new membrane (Figure 4.1C).

blaNDM-1 Plasmid

blaCTX-M-15 Plasmid

blaOXA-48 Plasmid

B

blaNDM-1 Plasmid

ARG copies / cm2

3
2

104
103

blaCTX-M-15 Plasmid

blaOXA-48 Plasmid

D

blaNDM-1 Plasmid

blaCTX-M-15 Plasmid

F3

F2

F1

N

0

F3

F2

F1

0
N

blaNDM-1 Plasmid

blaOXA-48 Plasmid

107

ARG copies / cm2

5
4
3
2

106
105
104
103

F3

F3

F2

F1

0
N

F2

102

1

F1

LRV

105

102

1

Run 2

blaOXA-48 Plasmid

106

0

LRV

Run 1

4

C

blaCTX-M-15 Plasmid

107

5

N

A
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detection limit for that sample and LRV could not be determined.
4.3.5. Foulant layer enhanced the adsorption of ARGs
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The abundance of plasmids encoding the blaNDM-1 gene and attached to the new
membrane was approximately 1.90 x 103 and 5.51 x 102 copies/cm2 in Run 1 and Run 2,
respectively. In contrast, the respective abundance of these plasmids attached to the F1,
F2 and F3 membranes increased to 2.61 x 105, 1.46 x 104 and 3.11 x 104 copies/cm2 for
Run 1; and these abundances were significantly higher than that obtained for this plasmid
using the new membrane (t-test, p < 0.01) (Figure 4.1B). In Run 2, the abundances of the
plasmid encoding blaNDM-1 and attached to the fouled membranes were up to 74 times
higher than the abundance of this plasmid detected on the new membrane (Figure 4.1D).
Similar trends were observed for the other two plasmids (Figure 4.1B and 4.1D).
4.3.6. New membrane and critically fouled F3 membrane displayed high LRVs for ARBs
The qPCR results indicated that new membrane can achieve a high LRV for all the
tested ARB. To illustrate, the average LRVs were 6.50, 6.50 and 5.39 in Run 1 for E. coli
PI-7, K. pneumoniae and E. coli UPEC-RIY-4, respectively. The same range of LRVs
was achieved in Run 2 (Figure 4.2A to 4.2C). In contrast, the average LRV achieved by
F1 for E. coli PI-7 decreased to 3.48 and 4.99. The average LRV further decreased to
1.28 and 2.18 in the two runs for E. coli PI-7 when a more heavily fouled F2 membrane
was tested. However, the average LRV for the F3 treatment increased in both runs to
approximately that achieved by the new membranes (Figure 4.2A), and the LRVs
obtained for F3 and for the new membranes were not significantly different (one-way
ANOVA, p > 0.05). Specifically, the LRV for E. coli PI-7 was 5.19 in Run 1 and 4.51 in
Run 2. These LRVs achieved by F3 were, however, significantly higher than those
achieved by F2 (one-way ANOVA, p < 0.01). The same trend was also observed for the
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average LRVs of K. pneumoniae and E. coli UPEC-RIY-4 as the severity of membrane
fouling progressed (Figure 4.2B and 4.2C).
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Figure 4.2 ARB log removal value (LRV) of different membranes evaluated by qPCR.
(A) LRV of E.coli PI-7 with plasmid encoding blaNDM-1 in Run 1 and Run 2, (B) LRV of
Klebsiella pneumoniae L7 with plasmid encoding blaCTX-M-15 in Run 1 and Run 2, (C)
LRV of E.coli UPEC-RIY-4 with plasmid encoding blaOXA-48 LRV in Run 1 and Run 2.
(N0: new membrane, N0-1, N0-2, N0-3 and N0-4 denote sample collected at 0 kPa. F1
and F2: sub-critically fouled membranes harvested at ~20 kPa and 40 kPa; F1-1, F1-2,
F1-3 and F1-4 denote samples collected at 5 kPa, 10 kPa, 15 kPa and 20 kPa; F2-1, F2-2,
F2-3 and F2-4 denote samples collected at 10 kPa, 20 kPa, 30 kPa and 40 kPa. F3:
critically fouled membrane harvested at ~60 kPa and F3-1, F3-2, F3-3 and F3-4 denote
samples collected at 10 kPa, 20 kPa, 40 kPa and 60 kPa.)
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A further evaluation was undertaken to determine whether an increase in the filtration
pressure would affect the LRV achieved by membranes fouled to different degrees. For
the F1 and F2 subcritically fouled membranes, an increase in filtration pressure resulted
in a decreased LRV in most instances. For example, with the exception of the LRVs
achieved for all the ARB by the F1 membrane in Run 2, both runs showed that the
subcritically fouled F2 membranes experienced up to 2-log declines in the LRVs for all
three ARB groups when the filtration pressure was increased (Figure 4.2A to 4.2C). In
both runs, the LRVs achieved by the F2 membranes at the higher filtration pressures (i.e.,
F2-3 and F2-4) were significantly less than the LRVs achieved at the lower filtration
pressures (i.e., F2-1 and F2-2) (one-way ANOVA, p < 0.05).
In contrast to the subcritically fouled membranes, increasing the filtration pressure
applied to the critically fouled F3 membrane did not significantly affect the average LRV
of any tested ARB (one-way ANOVA, p > 0.59).
4.3.7. Foulant layer enhanced the attachment of ARB
The abundance for E. coli PI-7 attached per cm2 of the new membrane was 4.92 x 106
in Run 1, which was significantly lower than that of the F1, F2 and F3 membranes (t-test,
p < 0.05) (Figure 4.3A). In Run 2, the abundance of E. coli PI-7 attached per cm2 of the
F1, F2 and F3 membranes was 2.41 x 107, 2.40 x 107, and 4.25 x 107, respectively, and
these abundances were significantly higher than that on the new membrane by as much as
1-log unit (t-test, p = 0.01) (Figure 4.3B). Similarly, the abundance of K. pneumoniae L7
and E. coli UPEC-RIY-4 attached to the new membrane was significantly lower than that
on the F1, F2 and F3 membranes in both runs (t-test, p < 0.05) (Figure 4.3A and 4.3B).
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The interaction between the ARB and the foulant layer was confirmed by ITC (Figure
4.4). Compared to the blank which did not contain any foulant, the presence of foulant
obtained from F1, F2 and F3 membranes released significantly more heat upon
interaction with the three ARB (t-test, p < 0.01). In addition, the heat release was highest
when foulant layer obtained from F3 was present. To illustrate, the heat change for F1
was 0.035 μcal/s upon interaction with E. coli PI-7, and this value increased by 46.9%
and 59.9% for F2 and F3, respectively, compared to that for F1.
4.3.8. Experiment to verify the LRV for E. coli PI-7
To verify the result obtained by qPCR, flow cytometry was applied as an alternative
method to assess the LRV and the abundance of the E. coli PI-7 cells adhered to the
membrane surfaces (Figure C.6). To illustrate, the average, E. coli PI-7 LRV for the new
membrane was 5.95 in Run 1 and 5.19 in Run 2. For F1, the LRV decreased to 2.89 in
Run 1 and 3.35 in Run 2. However, the LRV recovered to 3.92 in Run 1 and 4.27 in Run
2 for F3. A further evaluation regarding the abundance of E. coli PI-7 attached to the
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membrane surfaces revealed higher cell counts on the fouled than on the new membranes
(Figure C.7). The number/cm2 of E. coli PI-7 attached to the new membrane was 6.64 x
104 in Run 1 and 1.40 x 105 in Run 2. In contrast, the abundance of E. coli PI-7, measured
as the number of bacteria attached per cm2 of fouled membrane (i.e., F1, F2 and F3),
ranged from 2.37 x 106 to 1.57 x 107 in Run 1 and from 3.62 x 106 to 3.20 x 107 in Run 2.
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4.4. Discussion
The World Health Organization has warned in their 2014 Global Report on
Surveillance that “antimicrobial resistance threatens the effective prevention and
treatment of an ever-increasing range of infections caused by bacteria, parasites, viruses
and fungi”.24 Because of the widespread use of antibiotics, resistant organisms, including
their mobile genetic elements, exist almost ubiquitously in humans, animals, food and the
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environment. In particular, wastewater has been identified as an important reservoir that
can disseminate such resistant organisms and mobile genetic elements into the
environment or to end users during reuse events.1,25 These concerns may impede
subsequent effort to reuse treated wastewaters.
As such, an effective treatment process is needed to remove ARB and ARGs from
wastewater prior to its discharge or reuse. An earlier study assessed the LRVs for these
emerging contaminants (i.e., ARB and ARGs) achieved by full-scale aerobic MBRs and
determined that the concentrations of ARGs (e.g., tetW, tetO, and sulI) and ARB (e.g.,
tetracycline- and sulfonamide-resistant bacteria) in the post-MBR permeate stream were
1 to 3-log units less than those achieved by activated sludge processes,8 suggesting that
membrane systems are more effective than the conventional activated sludge in removing
these emerging contaminants from wastewater. Studies have also been conducted to
assess the LRVs for contaminants (e.g., organic micropollutants, bacterial pathogens, and
viruses) achieved by AnMBRs,26-28 which in recent years, are proposed as a sustainable
alternative to aerobic MBRs for municipal wastewater treatment. For instance, Wei et al.
investigated the removal of 15 organic micropollutants by a laboratory-scale AnMBR and
found 80–92% rejection rates for most organic micropollutants.26 Harb et al. further
reported that a laboratory-scale AnMBR can achieve > 1.7-log removal of opportunistic
pathogenic species from municipal wastewater.27 In addition, Wong et al. reported a 3.7
log removal of coliphages by an AnMBR.28
Nevertheless, most of these existing studies do not evaluate for the removal
efficiencies of ARBs and ARGs by AnMBRs. In the present study, the LRVs of three
plasmids encoding for ARGs ranged from 2.76 to 3.84-log units when the anaerobic
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membrane became increasingly fouled (Figure 4.1A and 4.1C). These reported LRVs
approximately match the LRV obtained by Wong and coworkers for viruses.28 This
similarity occurred despite differences between the viruses and plasmids evaluated in the
two studies. Viruses such as adenovirus, enterovirus and coliphage have genome sizes
that range from 3600 nt to 48 kbp, depending on whether the virus is a single-stranded
RNA virus or a double-stranded DNA virus. These genome sizes would equate to an
approximate viral particle diameter of 30 to 100 nm. In comparison, these sizes are much
smaller than those of the plasmids that were evaluated in the present study. The plasmid
sequencing did not result in a complete assembly of the plasmids that encode for blaCTXM-15 and

blaOXA-48. However, the assembled contigs of the partial plasmidic genomes have

already revealed a size as large as 110 kbp and 55 kbp for these two plasmids (i.e.,
blaCTX-M-15 and blaOXA-48).21 Similarly, the IncF plasmid encoding for blaNDM-1 is reported
to have a size as large as 110 kbp.3 Collectively, the plasmids assessed in the current
study show comparatively larger genome sizes and are thus likely to have larger
particulate sizes compared to viruses. To verify this supposition, the particulate size of all
three plasmids used in the current study were further assessed by a dynamic light
scattering technique and were found to be ca. 460 to 560 nm in diameter (Figure C.5A).
Furthermore, viruses have capsid proteins that are hydrophobic,29 while extracellular
plasmids are generally hydrophilic due to the exposed sugar-phosphate bond of DNA.30
In the present study, significantly more plasmids were found attached to the fouled
compared to the new membranes. This pattern occurred despite no clear correlation
between the attachment preference and the surface characteristics. For example,
hydrophobicity increases as anaerobic membranes become progressively fouled, and both
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the membrane surface and the plasmids showed a negative charge (Table 4.1 and Figure
C.5B). These conditions would have led to hydrophobic-hydrophilic and charge repulsion
between the membrane surfaces and plasmids. However, the abundance of the plasmids
that attached to the membranes remained within the same range (Figure 4.1B and 4.1D).
This effect may have been due to the presence of an electrolyte in the M9 minimal salt
medium used during the filtration experiment, which led to a decrease in the repulsion
force exhibited in hydrophobic-hydrophilic and charge interactions.31 In addition, new
membrane exhibits a rougher surface area compared to fouled membranes, which is
generally thought to facilitate adhesion.32,33 Instead, a significantly lower abundance of
attached plasmids occurred on the new membranes compared to the fouled ones with
relatively smooth surfaces (Figure 4.1B and 4.1D).
Despite a lack of understanding regarding the exact mechanisms governing the
attachment of plasmids to anaerobic membranes, the presence of foulant improved the
removal efficiency for all three of the plasmids. However, the LRVs achieved by
membranes fouled to different degrees (i.e., F1, F2, and F3) were similar. This pattern
occurred despite an increase in the thickness of the foulant layer (Table 4.1), suggesting
that size exclusion and biovolume are less important factors than adsorption in removing
plasmids (Figure 4.1B and 4.1D). A higher adsorption of plasmids on the fouled
membranes compared to the new membrane was likely due to the higher protein and
polysaccharide concentrations measured in the foulant layer of the fouled membranes,
which facilitated interaction and the adsorption of the plasmids to the foulant layer. In
addition, the presence of a cake layer on the fouled membranes would induce a more
severe concentration polarization34 than that experienced on the new membrane. Previous
119

studies have shown that concentration polarization improves the rejection of volatile
organic compounds, perfluorooctane sulfonates, boron and arsenic.35-37 Similarly,
concentration polarization may have also contributed to the high LRVs for the ARGs
achieved by the fouled membranes evaluated in the current study.
Apart from ARG filtration, the current study also investigated the LRVs for three
ARB. Prior studies have determined that both E. coli and K. pneumoniae possess a
hydrophobic cell surface,38,39 which would facilitate bacterial attachment to the
hydrophobic anaerobic membranes (Figure 4.3). In addition, the relatively lower negative
charge of bacteria compared to plasmids would have resulted in less charge repulsion and
thus adsorption onto the membranes (Figure C.5B). Although the number of cells
attached to the three fouled membranes was significantly higher compared to the new
membrane, no significant difference existed among the number of cells attached to the
three fouled membranes. This observation implies that other factors (e.g., extracellular
polymeric substances, cake layer thickness) and not solely surface properties affect the
adhesion of ARB to fouled membranes. To verify this supposition, ITC was used as an
alternative method to detect and compare the interaction between the ARB and the
foulant layers. Unlike the traditional AFM method, which modifies the AFM tips to
detect the interaction force,40,41 the ITC method measures the heat change that occurs
when two molecules interact,42 which is directly proportional to the level of interaction.
When compared to the heat change obtained from the interaction between the bacterial
suspensions and the control (i.e., M9 minimal salt medium with no biofilm suspension),
more heat was released when the biofilm suspensions obtained from the fouled
membranes were injected into the bacterial suspensions (Figure 4.4). This observation
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indicates that the ARB can interact with the biofilm matrix, hence accounting for the
higher attachment of cells onto the fouled membranes compared to the new one.
The present study further aims to determine whether different filtration pressures
applied to these fouled membranes affect their ARB removal efficiencies. The results
suggest that when anaerobic membranes are subcritically fouled and the filtration
pressure is increased, the removal of ARB is compromised. However, a lower LRV was
not observed when the membranes were critically fouled, despite a subsequent increase in
filtration pressure.
The ARB used in this study were found to be of ca. 2000 nm in particulate size
(Figure C.5A and Figure C.8). Antimicrobial molecules are known for inducing
alterations in the bacterial envelope and in its mechanical properties, such as the cell wall
elasticity.43,44 Prior study indicates that the cell wall is an important factor in triggering
the passage of bacteria through membranes with a relatively small pore size.45-47 An
earlier study found that antibiotics present in the suspension medium affect the
mechanical properties of the bacterial cell wall by decreasing its rigidity, thereby
resulting in a greater number of cells passing through a membrane and entering into the
permeate stream. However, whether ARB have a higher deformability compared to
antibiotic-susceptible bacteria is unknown. Gram-negative bacteria were also
demonstrated to cross through membrane barriers by deforming themselves under high
filtration pressures of 10 to 950 kPa.48,49 Earlier study has also shown that the particle
size in the cake layer from anaerobic membranes decreases from the top to the bottom
layer, resulting in a corresponding decrease in porosity across the different layers.50,51
This gradual decrease in pore size formed funnel-like structures that would likely
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facilitate the passage of less rigid cells through membrane pores. Coupled with findings
suggesting that an increase in transmembrane pressure could enlarge membrane pore
size,52 these factors can possibly explain why subcritical fouling would lower the LRV
for ARB when the filtration pressure increases.
However, the LRVs achieved by the critically fouled membranes returned to a lower
level approximating that achieved by the new membranes (Figure 4.2). This result could
be explained by the total blockage of membrane pores via an irremovable foulant layer at
that fouling level; therefore, any further increase in the filtration pressure was unable to
force deformed cells through the membrane barrier. A total pore blockage is facilitated by
the high protein concentration measured in the biofilm matrix of the anaerobic membrane
in this study (Figure C.4B and C.4D) and in an earlier study 16. These high protein
contents may, in turn, contribute significantly to the blockage of anaerobic membrane
pores.53,54
In summary, the findings from the present study suggest that as anaerobic membranes
fouled progressively, the total LRV for the ARGs increased while that for the ARB
initially decreased before subsequently stabilizing at an LRV similar to that of new
microfiltration membranes. In particular, for subcritically fouled membranes, a lower
LRV for the ARB was attained with an increase in filtration pressure. However, the same
compromise in the LRVs was not observed when the membranes were critically fouled.
These results collectively suggest that an MBR shows promise in removing an average 3
to 5-log units of ARB and ARGs, especially when operated in the long term to favor high
removal rates of both ARB and ARGs.
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5. Conclusion
5.1. Summary of dissertation research
AnMBR could clean wastewater in more sustainable a manner than aerobic processes.
However, biofouling would decrease water flux, increase energy consumption and operational
costs, and shorten the lifetime of membranes. Biofouling, therefore, is the main bottleneck that
impedes the widespread application of AnMBR. To better apply AnMBR technology, it is
important to improve our understanding of biofouling microbial community and develop
antifouling strategies accordingly.
In Chapter 2, an analysis of sludge (i.e., 63 samples) and biofilm (i.e., 79 samples) sampled
from 13 different AnMBRs was conducted. This chapter showed that the microbial community is
different based on predominant microbial community identification and multivariate analysis,
but these differences had no impact on the overall AnMBR performance. The identification of
core populations in both sludge and biofilm suggests that regardless of how the reactors are
operated and varied, they always occur in AnMBR, suggesting potential important roles in
anaerobic fermentation and biofilm formation. This chapter identified 20 and 12 core genera,
respectively, in anaerobic sludge and biofilm, including fermentative bacteria, syntrophs, and
methanogens. Net growth rate calculation and correlation analysis further revealed that a
proportionally high number of core methanogens and syntrophs were present in either high
relative abundance or with a higher net growth rate than that associated with fermenters.
Furthermore, many of these methanogens and syntrophs established positive correlations with
each other or with fermenters. This indicates that the presence of most of these core sludge
genera and their associated interactions are important in ensuring the overall functionality of

129

anaerobic biodegradation in AnMBRs. Chapter 2 further indicated that many of the sludge
microorganisms become the main source of microorganisms for the membrane biofilm, and that
the microbial composition on the membrane is assembled through random migration.
Specifically, results from Chapter 2 provided insights that control strategies to alleviate
anaerobic membrane fouling can be devised by delaying the total attachment of microorganisms
onto the surface.
To further explore the above notion, we rely on the use of heavy metal nanoparticles
embedded on anaerobic membranes. Nanoparticles have showed high antibacterial effects. This
antibacterial effect would inhibit the initial attachment of pioneer bacteria, achieving delayed
biofouling formation. Chapter 3 of this dissertation further evaluated the antifouling effects of
two kinds of nanoparticles (i.e., CuO and ZnO nanoparticles). Chapter 3 of this dissertation
compared the fouling degree of CuO and ZnO nanoparticles embedded PES membranes with the
control PES membrane when connected to AnMBR. Chapter 3’s results demonstrated that
nanoparticle embedded membranes decrease the biofouling cake layer without disturbing
AnMBR performance. Metatranscriptomic analysis revealed both nanoparticles could inhibit not
only the expression of QS-related genes, but also EPS, QS and bacteria mobility associated
genes. In addition, no obvious increment of ARGs and MRGs were observed based on metatranscriptome data, suggesting that the use of these membranes may not result in unintentional
consequences of disseminating emerging contaminants (e.g. ARGs and MRGs) through the postAnMBR effluent.
Although nanoparticles could delay biofouling formation, total eradication of biofouling is
still not achieved. We therefore postulate if the biocake layer can be manipulated to our
advantage. Chapter 4 of this dissertation evaluated the effects of biocake layer on the removal
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efficiency of emerging contaminants like ARB and ARGs under different TMP. The findings of
this chapter suggested that as anaerobic membranes fouled progressively, the total LRV for the
ARGs increased while that for the ARB initially decreased before subsequently stabilizing at an
LRV similar to that of new microfiltration membranes. In particular, for subcritically fouled
membranes, a lower LRV for the ARB was attained with an increase in filtration pressure.
However, the same compromise in the LRVs was not observed when the membranes were
critically fouled. These results collectively suggest that an MBR shows promise in removing an
average 3 to 5-log units of ARB and ARGs, especially when operated in the long term to favor
high removal rates of both ARB and ARGs.
Overall, this dissertation contributed to a better understanding of the anaerobic membrane
biofouling, and provides potential strategies to address one of the main bottlenecks hindering the
application of AnMBR in treating municipal wastewaters.
5.2. Future work
To further contribute to meaningful shifts in future practices related to AnMBR operation
and biofouling control, there are still some remaining issues that would need further
investigation.
In Chapter 2, the core microbiota of sludge was successfully identified and systematic
analysis was conducted. However, our core groups were only identified at the genus level. Given
each genus contains several species, it is likely that some species but not the whole genus act as
the core microorganisms. Therefore, culture-based identification or in-depth high coverage
metagenomics are needed to identify the core microbiota at the species level. In addition,
although our results indicated that the sludge core microbiota are required for stable fermentation
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of the reactor, it is still unknown whether bioaugmentation of core microbiota would enhance the
performance of the malfunctioning reactor. Therefore, cultivation of core microbiota to obtain a
working cocktail and demonstration of their positive contributions towards anaerobic
biodegradation would be needed.
Chapter 3 evaluated the antifouling effects of CuO and ZnO nanoparticles. Our chapter
showed favorable results to delay biofilm formation. Nonetheless, given that Cu and Zn were
continuously released from membranes, it means the antifouling efficacy might decrease with
time. This study only evaluated the membranes for less than 50 days, and future studies should
be conducted to assess the antifouling effect during long-term operation. In addition, chemical
cleaning is one of the most common strategies adopted by AnMBR operators to remove foulants
on the membrane surface. Yet, this study did not apply chemical cleaning during the reactor
operation, and therefore was unable to assess the stability of these nanoparticles-embedded
membranes during chemical cleaning. Further studies should verify the stability after several
runs chemical cleaning.
Chapter 4 systematically evaluated the removal effects of biofilm cake layer on ARB and
ARGs. However, the study was conducted through off-line filtration. This means that the
removal efficiency is potentially different from actual practice (i.e., on-line). More studies are
needed to verify the similar phenomenon during on-line filtration. Besides, the evaluation was
only done on a small lab-scale reactor fed with synthetic wastewater, due to distinct and inherent
differences between lab and full-scale operation, it is not known if the knowledge gained through
lab-scale studies conducted in this chapter would be applicable to full-scale systems. Therefore,
the overall removal efficiencies of a full-scale AnMBR (fed with real municipal wastewater)
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under different fouled status need to be evaluated to ensure that the post-AnMBR effluent meets
the requirement for safe reuse.
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A.1. Calculation of net growth rate from amplicon data based on 16s application
Here, we assume that growth and decay rate can be described as a first-order process, and net
growth rate can be described as k. Therefore, the mass balance equation for an organism x in the
reactor can be stated as follow:
!"#,%&'()* ⁄!+ = ."#,%&'()* − 0#,12342&5 + 0#,4**(27) − 0#,%859&27) − 0#,*44&'*7:
Eq.(1)
Where,
Nx,sludge

number of organism x in the sludge of the reactor

k

net growth rate constant [d-1]

nx,biofilm

number of organism x attached on biofilm per day [d-1]

nx,feeding

number of organism x entering the reactor though the feeding process per day [d-1]

nx,sample

number of organism x exiting from reactor through the sampling process per day [d-1]

nx,effluent

number of organism x exiting from reactor through the effluent per day [d-1]

The system was assumed at steady state given the stable COD removal and biogas production
observed for both reactors. It was further assumed that there is no net change in the number of
cells in sludge. Hence the whole equation should equate to 0. Furthermore, because reactors were
fed with synthetic wastewater in this study, there were no foreign microorganisms entering the
reactors, and nx,feeding equals to 0. The number of microorganisms in sludge, biofilm and effluent
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samples was calculated based on flow cytometry described in section 2.2.3. The equation
therefore simplifies to:
!"#,%&'()* ⁄!+ = ."#,%&'()* − 0#,12342&5 − 0#,%859&27) − 0#,*44&'*7: = 0

Eq.(2)

where,
. = (0#,%859&27) + 0#,*44&'*7: + 0#,12342&5 ) ⁄ "#,%&'()*
The relative abundance of a certain microorganism (e.g. x), defined as Px,sludge, Px,effluent and
Px,biofilm, respectively, were obtained from 16S rRNA gene-based amplicon sequencing. In this
study, the relative abundance of sludge in reactor (i.e., Px, sludge) is equivalent to that obtained
from the sampled sludge (i.e., Px,sampling) assuming total homogenous mixing throughout the
reactor and sampling port.
The equation further simplifies to:
. = (?@,%&'()* "%859&27) + ?@,*44&'*7: "*44&'*7: + ?@,12342&5 "12342&5 ) ⁄ ?@,%&'()* "%&'()*
Eq.(3)
Where,
Px,sludge

relative abundance of organism x in sludge of reactor

Nsampling total number of organisms in the sampling process per day [d-1]
Px,effluent relative abundance of organism x in effluent
Neffluent

total number of organisms in the effluent per day [d-1]
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Px,biofilm relative abundance of organism x in biofilm
Nbiofilm

total number of organisms in the biofilm per day [d-1]

Nsludge

total number of in the sludge of the reactor

All k value of microorganisms obtained in this study are positive and would not be
representative of their actual growth rates in the system. However, the magnitude of the k values
is still applicable for comparative analysis, where higher k indicates a higher relative growth rate
in reactor.
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Table A.1 Systematic searching process on Scopus.
Steps

Keywords

Number of Articles
obtained

1

“Anaerobic membrane bioreactor”

498

2

“16S”

62

3

Search manually: With accession number

16
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Table A.2 List of articles with accession number about AnMBR microbial community included/excluded in this study.
#

1

2

3
4

5

6
7

8

9

10

Title
Process stability and comparative rDNA/rRNA community
analyses in an anaerobic membrane bioreactor with silicon
carbide ceramic membrane applications
The performance and microbial community identification
in mesophilic and atmospheric anaerobic membrane
bioreactor for municipal wastewater treatment associated
with different hydraulic retention times
Effect of long residence time and high temperature over
anaerobic biodegradation of Scenedesmus microalgae
grown in wastewater
Influence of food waste addition over microbial
communities in an Anaerobic Membrane Bioreactor plant
treating urban wastewater
Influence of polyaluminum chloride on microbial
characteristics in anaerobic membrane bioreactors for
sludge digestion
Increasing tetracycline concentrations on the performance
and communities of mixed microalgae-bacteria photobioreactors
Microbial community characterization during anaerobic
digestion of Scenedesmus spp. under mesophilic and
thermophilic conditions
Rapid establishment of phenol- and quinoline-degrading
consortia driven by the scoured cake layer in an anaerobic
baffled ceramic membrane bioreactor
Robust performance of a novel anaerobic biofilm
membrane bioreactor with mesh filter and carbon fiber
(ABMBR) for low to high strength wastewater treatment
Impact of SRT on the efficiency and microbial community
of sequential anaerobic and aerobic membrane bioreactors
for the treatment of textile industry wastewater

DOI

Year

Source title

Included in
this study?

The reason to be excluded

10.1016/j.scitote
nv.2019.02.166

2019

Science of the
Total
Environment

N

Separate bacteria and archaea, could
not calculate the relative abundance
of each microorganism.

10.3390/w1101
0160

2019

Water
(Switzerland)

Y

10.1016/j.jenvm
an.2018.04.086

2018

10.1016/j.jenvm
an.2018.04.018

2018

Journal of
Environmental
Management
Journal of
Environmental
Management

N

Microalgae biodegradability could
change microbial community

Y

N

Polyaluminum chloride affected the
bioavailable substrate, and affected
specific microbial communities, thus
further changing the microbial
community structure.

10.1007/s00253
-017-8613-x

2018

Applied
Microbiology
and
Biotechnology

10.1016/j.algal.
2017.11.033

2018

Algal
Research

N

Tetracycline could disturb the
microbial community

10.1016/j.algal.
2017.09.002

2017

Algal
Research

N

Microalgae biodegradability could
change microbial community

N

Phenol and quinoline would change
establish a specific degrading
consortia, changing microbial
community

10.1007/s11356
-017-0284-8

2017

10.1016/j.cej.20
16.12.073

2017

10.1016/j.cej.20
16.11.156

2017

Environmental
Science and
Pollution
Research
Chemical
Engineering
Journal
Chemical
Engineering
Journal

Y

N

Treat with industry wastewater
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11
12
13

Organic micropollutants in aerobic and anaerobic
membrane bioreactors: Changes in microbial communities
and gene expression
Membrane biofilm development improves COD removal in
anaerobic membrane bioreactor wastewater treatment
Characterization of biofoulants illustrates different
membrane fouling mechanisms for aerobic and anaerobic
membrane bioreactors

10.1016/j.biorte
ch.2016.07.036

2016

10.1111/17517915.12311

2015

10.1016/j.seppu
r.2015.11.024

2015

14

Anaerobic membrane bioreactor treatment of domestic
wastewater at psychrophilic temperatures ranging from
15 °c to 3 °c

10.1039/c4ew00
070f

2015

15

Differences in microbial communities and performance
between suspended and attached growth anaerobic
membrane bioreactors treating synthetic municipal
wastewater
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Table A.3 Membrane information in all reactors

D

Membrane
configuration
External
External
External
External

Membrane
materials
PVDF1
PVDF
PES2
PVDF

E

External

F

Reactor

Flux

Fouling control

References

6
6
4
6

Biogas sparging
Biogas sparging
Biogas sparging
Biogas sparging

This study
This study
Unpublish

PVDF

6-8

Biogas sparging

2

External

PVDF/PES

5.5-9

Biogas sparging

3

G

External

PVDF/PES

5.5-9

Biogas sparging

3

H

Internal

PES

2.7

Biogas sparging

4

I

Internal

NA

1.6--12

Biogas sparging

5

J

External

NA

NA

Chemical cleaning

6

K

Internal

PVDF

1.68-6.72

Chemical cleaning

7

L

Internal

Carbon fiber

20.8

Biogas sparging

8

M

Internal

Dacron mesh

60

Water washing

9

A
B
C

1
2

1

PVDF: polyvinylidene fluoride
PES: polyethersulfone
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Table A.4 The number of samples in each reactor were analyzed in this study.
Sludge
Biofilm
Effluent

A
7
3
7

B
7
3
7

C
—
4
—

D
—
7
—

E
3
9
—

F
8
8
—

G
8
8
—

H
6
23
—

I
12
6
—

J
4
0
—

K
6
6
—

L
1
1

M
1
1
—

In Total
63
79
14
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Table A.5 Composition of synthetic wastewater feed in mg/L.
Carbon source
Starch
238.1
Milk Power
226.7
Yeast
101.9
Peptone
33.97
Na-acetate·3H2O
256.9

Nutrients and Iron
Urea
179.0
NH4Cl
24.88
MgHPO4·3H2O
56.62
KH2PO4
45.66
FeSO4·7H2O
11.32

Trace Metals
Cr(NO3)3·9H2O
CuCl2·3H2O
MnSO4·2H2O
NiSO4·6H2O
PbCl2
ZnCl2

1.50
1.05
0.21
0.66
0.20
0.41
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Table A.6 Functions of core genera for anaerobic biodegradation reported by other
publications
Genus
Acetoanaerobium
Acetobacteroides
Acinetobacter
Aminivibrio
Anaerovorax
Armatimonadetes_gp2
Clostridium sensu stricto
Desulfovibrio
Geobacter
Lactococcus
Macellibacteroides
Paludibacter
Petrimonas
Sedimentibacter
Smithella
Syntrophomonas
Syntrophorhabdus
Methanobacterium
Methanospirillum
Methanosaeta

Reported functions associated with species of specified
genus
Form acetate from H2 and CO2
Mesophilic carbohydrate-fermenting, hydrogen-producing
bacteria
Heterotrophic bacteria, involved in nitrification and
denitrification steps, also responsible for enhanced
biological P elimination
Anaerobic bacteria, ferment amino acids and organic acids
Strictly anaerobic bacteria, ferment putrescine to acetate,
butyrate, molecular hydrogen and ammonia
Fermentative bacteria, no pure isolates reported yet for this
group
Perform hydrolysis and acidification, some species are
homoacetogens
Sulfate reducing bacteria in the presence of sulfate and
appropriate electron donor, able to ferment organic in
absence of sulfate
Oxidize short-chain fatty acids, alcohols, and monoaromatic compounds in present of Fe3+ or other metal
Fermentative bacteria, capable of producing L-lactate,
acetate, formate and ethanol
Ferment monosaccharides and disaccharides to lactate,
acetate, butyrate and iso-butyrate
Strictly anaerobic fermentative bacteria, able to
ferment melibiose, glycogen and soluble starch, producing
propionate and acetate.
Mesophilic, anaerobic, fermentative bacteria, ferment
various sugars, producing acetate, CO2, H2.
Utilize pyruvate or amino acids but not carbohydrates in a
Stickland-type reaction
Anaerobic, syntrophic, propionate-oxidizing bacteria
Oxidize fatty acids to produce acetate, propionate and
methane
Utilize aromatic compounds in a syntrophic way
Hydrogenotrophic methanogen, convert formate, CO2 and
H2 to methane
Hydrogenotrophic methanogen, convert formate, CO2 and
H2 to methane
Aceticlastic methanogen, convert acetate to methane.

References
10
11

12,13
14
15
16
17,18

19

20,21
22
23

24,25

26
27
28
29
30
31
31
31,32
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Table A.7 Significant correlations of core microorganisms based on Spearman’s correlation
analysis in both A and B reactors’ sludge.
Group

I&II

II

Genera 1

Genera 2

Anaerovorax
Paludibacter
Anaerovorax
Armatimonadetes_gp2
Methanobacterium
Syntrophorhabdus
Syntrophorhabdus
Syntrophomonas
Methanobacterium
Methanobacterium
Methanosaeta

Petrimonas
Methanospirillum
Syntrophomonas
Methanosaeta
Syntrophorhabdus
Geobacter
Methanosaeta
Petrimonas
Geobacter
Methanosaeta
Geobacter

A reactor
r
P value
1.00
0.00
0.81
0.03
0.97
0.00
0.78
0.04
0.95
0.00
0.92
0.00
0.82
0.02
0.97
0.00
0.96
0.00
0.79
0.04
0.76
0.05

B reactor
r
P value
0.79
0.03
0.76
0.05
0.97
0.00
0.91
0.01
0.93
0.00
0.98
0.00
0.86
0.01
0.90
0.01
0.96
0.00
0.75
0.05
0.87
0.01
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Figure A.1 Metric multi-dimensional scaling (mMDS) plot of microbial community similarities
for biofilm (dark label) and sludges (red label) samples from all reactors.
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Figure A.2 The top 10 predominant microorganisms and their mean relative abundance (%) at
genus level in sludge.
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Fermentative bacteria

Syntrophs

Methanogens

Acidithiobacillus
Acidovorax
Acinetobacter
Aminicenantes_incertae_sedis
Aminivibrio
Anaerosinus
Anaerovorax
Arcobacter
Azospira
Bacteroides
Candidatus Cloacamonas
Candidatus Endomicrobium
Candidatus Hydrogenedens
Chlorobium
Chryseobacterium
Chthonomonas/Armatimonadetes_gp3
Cloacibacterium
Clostridium sensu stricto
Comamonas
Dechloromonas
Desulfovibrio
Dysgonomonas
Empedobacter
Geobacter
Lactivibrio
Lactobacillus
Lactococcus
Leptolinea
Leucobacter
Macellibacteroides
Melioribacter
Mesotoga
Microbacter
Morganella
Novispirillum
Paludibacter
Parabacteroides
Parcubacteria_genera_incertae_sedis
Petrimonas
Prevotella
Proteiniclasticum
Pseudochrobactrum
Pseudomonas
Runella
Sphaerochaeta
Sphingobacterium
Sphingopyxis
Stenotrophomonas
Subdivision5_genera_incertae_sedis
Tahibacter
Terrimonas
Thiobacillus
Thiomonas
Treponema
Trichococcus
Zoogloea
Smithella
Syntrophomonas
Syntrophorhabdus
Methanobacterium
Methanolinea
Methanoregula
Methanosarcina
Methanospirillum
Methanosaeta

e n
un

e ti e
nce

>8
4−8
2−4
1−2
0.5−1
0−0.5
0
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B
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D
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H
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M

Figure A.3 The top 10 predominant microorganisms and their mean relative abundance (%) at
genus level
biofilm.
Figure
S3.inThe
top 10 predominant microorganisms and their mean relative abundance (%) at

genus level in biofilm.
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Figure A.4 Neutral model fit of Sludge/Biofilm (S-B) and Biofilm/Effluent (B-E) in Reactor A
and Reactor B. (A) The estimated migration rate; (B) The percentage of OTUs that occur more
frequently than predicted (i.e., above), frequently within in predicted (i.e., neutral) and less
frequently than predicted (i.e., below) by model.
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Figure A.5 Fit of the neutral model. The predicted occurrence frequencies for biofilm and effluent community of (A) (A) Reactor A,
and (B) Reactor B. OTUs that occur more frequently than predicted by the model are shown in purple while those that occur less
frequently than predicted are shown in green. The relative abundance of the top 10 predominant OTUs in each outlier group is
indicated in pie charts. Others denote the cumulative relative abundance of all other OTUs not included in the top 10 OTUs. Red dash
lines represent 95%confidence intervals around the model prediction (blue line).
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Table B.1 The price of CuO, ZnO and Ag nanoparticles provided by Sigma-Aldrich company
(US).
Items

Particles size (nm)

Weigh (g)

Price ($)

Catalog

CuO
ZnO
Ag

<50
<100
<100

5
10
5

35.8
31.7
61.7

544868-5G
544906-10G
576832-5G
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Table B.2 Composition of synthetic wastewater feed in AnMBR (mg/L).
Carbon source

Nutrients and Iron

Trace Metals

Starch

238.1

Urea

179.0

Cr(NO3)3·9H2O

1.50

Milk Power

226.7

NH4Cl

24.88

CuCl2·3H2O

1.05

Yeast

101.9

MgHPO4·3H2O

56.62

MnSO4·2H2O

0.21

Peptone

33.97

KH2PO4

45.66

NiSO4·6H2O

0.66

Na-acetate·3H2O

256.9

FeSO4·7H2O

11.32

PbCl2

0.20

ZnCl2

0.41
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Table B.3 Sequencing depth for each sample.
DNA raw reads (bp)

RNA raw reads (bp)

Run1

Run2

Run1

Run2

PES

82416989

88870124

27519377

21330981

PES-CuO-NPs

86883185

94204493

20239675

19502843

PES-ZnO-NPs

73082064

84401898

17961716

22186750
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Table B.4 Roughness and hydrophilicity of different membranes.
Membranes

Roughness
Ra (nm)

a

Hydrophilicity
Rq (nm)

b

Ra (nm)

a

PES

11.38 ± 2.27

14.2 ± 2.76

11.38 ± 2.27

PES-CuO-NPs

21.10 ± 2.72

28.67 ± 4.58

21.10 ± 2.72

PES-ZnO-NPs

15.87 ± 1.05

22.37 ± 1.01

15.87 ± 1.05

a

Ra is the arithmetic average of the absolute values of the surface height deviations measured
from the mean plane.
b
Rq is the root mean square average of height deviation taken from the mean image data plane.
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Figure S1 Schematic diagram of anaerobic membrane reactor configurati
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Figure B.1 Schematic diagram of anaerobic membrane bioreactor configuration and membrane
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A

B

1.3 mol% CuO-NPs

1.8 mol% ZnO-NPs

Figure
B.2 S2
Surface
images of membranes
obtained by
scanning
electron microscopy.
(A) PES-on
Figure
CuO-NPs
and ZnO-NPs
were
successfully
embedded
CuO-NPs membrane and (B) PES-ZnO-NPs membrane.

membranes.

161

PES

C

Ps

1×10-7

Ps

0

C

uO
-N

S

Ps

2×10-7

PE

uO
-N
C

PE

Zn
O
-N

Ps

0

uO
-N

PE
D

PN in EPS (ug / cell)

5×10-8

0

S

Ps

Zn
O
-N

Ps

1×10-7

S

PS in EPS (ug / cell)

C

C

uO
-N

PE
S

0.0

1×10-7

Ps

5.0×10-8

2×10-7

Zn
O
-N

1.0×10-7

3×10-7

Zn
O
-N

1.5×10-7

Ps

PN in EPS (ug / cell)

B

PS in EPS (ug / cell)

A

Figure B.3 Extracellular polymeric substance (EPS) content normalized by cells in biofilm
attached on PES, PES-CuO-NPs and PES-ZnO-NPs membranes. (A) Polysaccharides (PS)
content in Run 1, (B) Protein (PN) content in Run 1, (C) PS content in Run 2, and (D) PN
content in Run 2. Run 1 and 2 are two biological independent experimental runs.
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Figure B.4 Metals Concentration in the AnMBR during the operation by ICP-MS. Run 1 and 2
are two biological independent experimental runs.
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Figure B.5 Cross-sectional images of membranes obtained by scanning electron microscopy. (A)
PES, (B) PES-CuO-NPs and (C) PES-ZnO-NPs membranes in run 1; (D) PES, (E) PES-CuONPs and (F) PES-ZnO-NPs membranes in run 2. Run 1 and 2 are two biological independent
experimental runs.
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C.1. Growth conditions for antibiotic-resistant bacteria
Single colonies of E. coli PI-7, K. pneumoniae L7 and E. coli UPEC-RIY-4 were
respectively inoculated into 500 mL LB Broth (Lennox) (Sigma-Aldrich, St. Louis, MO,
US) that contained the corresponding antibiotics. 25 μg/mL meropenem (Sigma-Aldrich,
Buchs, Switzerland) was added to the LB inoculated with E. coli PI-7, while 8 μg/mL
ceftazidime was added to the LB inoculated with either K. pneumoniae L7 or E. coli
UPEC-RIY-4. The suspensions were incubated in a 200 rpm shaker incubator for 17 h at
37 oC. After this, the cultures were harvested by centrifuging at 10,000 g for 10 min, and
the pellets were resuspended and washed by 1X M9 Minimal Salt medium twice prior to
filtration experiment. This procedure was performed to prevent any bacterial regrowth
from occurring during the filtration experiment.
C.2. Plasmid sequencing and assembly
Single colony of K. pneumoniae L7 and E. coli UPEC-RIY-4 were respectively
inoculated into 10 mL LB broth with 8 μg/mL ceftazidime (Sigma-Aldrich, Buchs,
Switzerland), and incubated in a 200 rpm shaker incubator for 17 h at 37 oC. The cells
were then harvested by centrifuging at 10000 g for 10 min, and the cell pellets were
extracted for plasmids by PureYieldTM Plasmid Miniprep System (Promega, Madison,
WI, USA). 200 ng of each plasmid was prepared for its DNA library by TruSeq® Nano
DNA LT Library Prep Kit and sequenced via Illumina Miseq platform (Illumina, San
Diego, US). Raw sequences were preprocessed and checked for quality using
Trimmomatic v.0.3.3. The raw sequences were respectively mapped on the associated
genomes (i.e., K. pneumoniae and E.coli) to remove genomic DNA contaminant. The
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filtered data was further assembled by Spades v3.9.0 with kmer sizes 21, 33, 55 and 77.
The resulting contigs were mapped over a reference plasmid to further assemble into
scaffolds. Based on the scaffolds, the anticipated size of plasmid encoding blaOXA-48
should be larger than or equal to 55 Kb. The anticipated size of plasmid encoding blaCTXM-15 should

be larger than or equal to 110 Kb.1 According to previous study, the size of

plasmid encoding blaNDM-1 was about 110 Kb.2 The plasmid sequencing data generated in
this study was submitted to the European Nucleotide Archive (ENA) under study
accession number PRJEB21923.
C.3. Real-Time PCR and detection limit test
qPCR standards for the respective genes were prepared as described as previously.3
The qPCR standard curve was produced by diluting in series to obtain concentration
ranging from 102 to 108 copies/μL. Each 20 µL reaction volume consist of 10 µL Taqman
fast master mix, 1 µL of each primer (10 µM), 0.8 µL respective probe, 1 µL of DNA
template and 6.2 µL molecular grade H2O. The reactions were conducted on 96-well
thermal cycler block. The thermal cycling profile was as follows: 50 °C for 2 min, 95 °C
for 20s and 40 cycles of 95 °C for 1 s, 60 °C for 20s. The standard curve and NTC were
performed in triplicate, while test amplifications were performed in duplicate. The
amplification factor of the standards ranged from 1.86 to 1.99. All the R-squared value of
curve were >0.97 and all the NTCs have no determinable Cq values.
To further test the detection limit of qPCR, the standard was further diluted in series to
form 75, 50, 25, 10 and 5 copies/μL. Same standard curves were performed and these
diluted plasmids of known concentrations were tested in triplicate. The results showed
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that the detections limits for primer pairs targeting blaNDM-1 gene, blaCTX-M-15 gene and
blaOXA-48 gene were 25 copies/μL, 100 copies/μL and 50 copies/μL, respectively.
C.4. Analysis of particulate sizes
Single colonies of E. coli PI-7, K. pneumoniae L7 and E. coli UPEC-RIY-4 were
respectively inoculated into 20 mL LB Broth (Lennox) (Sigma-Aldrich, St. Louis, MO,
US) that contained the corresponding antibiotics as depicted as section C.1. One mL of
17 h incubated bacteria were harvested and washed by M9 twice to remove LB broth, and
then diluted 100 x by M9 Minimal Salt medium. Six mL of the 17 h incubated bacteria
were respectively extracted their plasmids by PureYieldTM Plasmid Miniprep System
(Promega, Madison, WI, USA). The plasmids were diluted into 1 mL M9 Minimal Salt
medium. The particulate sizes of plasmids and bacteria were evaluated by dynamic light
scattering (DLS) (Malvern Zetasizer Nano-ZS90, Malvern Instruments). To verify the
sizes of ARB with an alternative method, the diluted ARB were respectively dropped
onto an aluminum stub. Three nm thick iridium was sputtered onto the surface by K575X
Emitech sputter coater (Quorum Technologies, UK) after bacteria was air-dried. The FEI
Nova Nano scanning electron microscope (SEM) was then used to characterize the ARB
at 5 kV.
C.5. Zeta-potential analysis
The diluted plasmids and bacteria suspension used for DLS analyses were further
quantified for the particle zeta-potential using the Laser Doppler Velocimetry (LDV)
technology.
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Table C.1 Matrix of conditions used in this study. N.A. denotes not applicable.
Membrane

N0

Harvested
TMP

Definition of membrane
used in this study

N.A.

New membrane

F1

20

Subcritically fouled
membrane

F2

40

Subcritically fouled
membrane

F3

60

Critically fouled
membrane
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Applied filtration TMP
(kPa)
N 0-1
N 0-2
N 0-3
N 0-4
F 1-1
F 1-2
F 1-3
F 1-4
F 2-1
F 2-2
F 2-3
F 2-4
F 3-1
F 3-2
F 3-3
F 3-4

N.A.
5
10
15
20
10
20
30
40
10
20
40
60

Table C.2 Primers and fluorogenic probes for specific detection of resistance genes
blaNDM-1, blaCTX-M-15 and blaOXA-48.
Bacteria

Genes

E.coli PI-7

blaNDM-1

Klebsiella
pneumoniae L7

blaCTX-M-15

E.coli UPECRIY-4

blaOXA-48

Primers
Forword: 5'-ATT AGC CGC TGC
ATT GAT-3'
Reverse: 5'- CAT GTC GAG ATA
GGA AGT G-3'
Forword: 5'-ATC ACK CGG RTC
GCC IGG RAT-3'
Reverse: 5'-ATG TGC AGY ACC
AGT AAR GTK ATG GC-3'
Forword: 5'-TCA TCA AGT TCA
ACC CAA CC-3'
Reverse: 5'-ATG CTG ACC GCC
AAT-3'
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Probes
5'-/56-FAM/AGA CAT TCG
/ZEN/ GTG CGA GCT GGC
GGA /3IABkFQ/-3'
5'-/56-JOEN/CCC GAC
AGC TGG GAG ACG AAA
CGT/36-TAMSp/-3'
5'-/56-FAM/CCC ACC AGC
/ZEN/ CAA TCT TAG GTT
CGA /3IABkFQ/-3'

(A)

(B)

Figure C.1 Schematic diagram of anaerobic membrane bioreactor and experimental
setup for ARB and ARGs filtration experiment. (A) Reactor configuration and membrane
set-up; membranes are individually housed in cassette holders and harvested at different
transmembrane pressures (B) Membranes housed in the individual cassettes were
dismantled from anaerobic reactor and connected to medium containing either ARB or
ARGs for subsequent filtration experiments.
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Figure C.2 Changes in transmembrane pressure (TMP) for the different PVDF
microfiltration membranes connected to anaerobic membrane bioreactor.
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Figure C.3 Cross-sectional images of membranes obtained by scanning electron
microscopy. (A) F1, (B) F2 and (C) F3 membranes in Run 1; (D) F1, (E) F2 and (F) F3
membranes in Run 2.
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Figure C.4 Concentration of polysaccharide (PS) and protein (PN) in soluble
extracellular polymeric substance (EPS) attached on F1, F2 and F3 membranes. Fouling
severity increase in the order of F1 through F3. (A) PS in Run 1; (B) PN in Run 1; (C) PS
in Run 2; (D) PN in Run 2. Vertical bars indicate standard deviations obtained from
measurements of three technical replicates.
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Figure C.5 Physico-chemical properties of ARGs and ARB. (A) Particle sizes of ARGs
and ARB evaluated by dynamic light scattering (DLS), and (B) zeta-potential of ARGs
and ARB quantified by laser doppler velocimetry (LDV). Vertical bars indicate standard
deviations obtained from measurements of three technical replicates.
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Figure C.6 Log removal value (LRV) of E. coli PI-7 achieved by different membranes in
both Run 1 and Run 2. LRV were evaluated by flow cytometry.
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Figure C.7 Abundance of E. coli PI-7 attached on different membranes in both Run 1
and Run 2. Abundances were quantified by flow cytometry. Vertical bars indicate
standard deviations obtained from measurements of three technical replicates.
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Figure C.8 SEM images of ARB used in this study. (A) E. coli PI-7, (B) K. pneumoniae
L7 and (C) E.coli UPEC-RIY-4.
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