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Abstract

ABSTRACT

Coupling of membrane bioreactors with enhanced biological phosphorus removal (EBPR)
processes increases the potential for low-yield sludge production by operating systems at
long solids retention times (SRTs). However, biological foaming of anoxic mixed liquor in
membrane EBPR (MEBPR) systems causes operational challenges (e.g. interference with
the estimation of total suspended solids in the system). Hence, operating MEBPR systems
by regular wastage of foam bacteria as a means to control SRT has gained increasing
attention. The present research aims to evaluate the performance of MEBPR processes
operating at long SRT (60 days) through estimation of the ARB release rates in foam, waste
aerobic mixed liquor and effluent.

The results indicated that, while superior antibiotic resistant bacterial (ARB) removal was
achieved by membrane filtration in MEBPR systems (SRT= 60 and 25 days (control)), the
proportions of sulfamethoxazole and trimethoprim resistant bacteria among mixed liquor
heterotrophs exhibited statistically significant elevations relative to the influent. It was also
demonstrated that extended SRT operations could achieve similar total daily release rates of
ARB (amoxicillin, sulfamethoxazole, tetracycline) compared to those of the 25 day SRT train.
In detail, waste aerobic mixed liquor and foam were found to be the major contributors to
ARB release in the 25 and 60 day SRT trains, respectively. Data also showed that operating
MEBPR systems at 25 and 60 day SRTs could reduce the total ARB release rates relative to
the ARB inflow rates. It was also observed that the parallel trains significantly increased the
relative abundances of the sul1 gene (normalized to 16S rRNA gene) in mixed liquor
compared to those of the influent.

Using an lllumina MiSeq platform, the taxonomic compositions of bacterial communities in
influent and MEBPR environments were identified. Data analysis exhibited a shift in bacterial
composition from influent to mixed liquor and then to treated effluent. A significant similarity
was also found between mixed liquor and foam at the 25 day SRT train.
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Abstract

Finally, PCR-based examination and functional screening of the fosmid library revealed the
presence of nine antibiotic resistance genes conferring resistance to four classes of

antimicrobials in the foaming compartment of the MEBPR process.
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Lay Summary

LAY SUMMARY

While treating the municipal wastewater, disposal of excess biosolids needs to be carefully
managed, one reason being the potential for the release of antibiotic resistant bacteria from
wastewater treatment systems to the receiving environments. In the present research, the
performance of a particular wastewater treatment system configuration (membrane
enhanced biological phosphorus removal (MEBPR) process) was evaluated through
estimating the release rates of antibiotic resistant bacteria (ARB) in the by-products of this
system (i.e. effluent, mixed liquor and foam). The present project demonstrated that waste
foam needs be considered as one of the potential reservoirs of ARB and antibiotic
resistance genes and thus it requires safe disposal or reuse. In addition, this study suggests
that indirect biological tests (e.g. bacterial counts) should be included in the list of routine
monitoring parameters of membrane-treated effluent to guarantee the quality of effluent prior
to discharge.
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2. Mohammadali, M. & Davies, J. (2017) Antimicrobial resistance genes and
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1: Introduction and Literature Review

1 INTRODUCTION AND LITERATURE REVIEW
1.1 Antimicrobials and Mechanisms of Resistance

As an important group of pharmaceuticals, antimicrobials are a class of naturally-occurring,
semi-synthetic and synthetic organic molecules that are used to treat all manner of bacterial
infections (Davies and Davies, 2010). There are several schemes for classifying
antimicrobials, based on their chemical structures, mechanisms of action and range of
effectiveness and cell death or growth suppression properties. Major structural classes of
antimicrobials include B-lactams, macrolides, quinolones, tetracyclines, aminoglycosides,
sulfonamides, pyrimidines and peptides (Morar and Wright, 2010). Based on their mode of
action, antimicrobials are classified to inhibitors of (1) cell wall synthesis, (2) cell membrane
function, (3) Deoxyribonucleic acid (DNA) synthesis, (4) protein synthesis and, inhibitors of
other metabolic processes (metabolic antagonist action) such as folic acid pathways
(Tenover, 2006; Fernandes et al., 2013). Table 1.1 summarizes the modes of action of the

major classes of antimicrobials.

According to the range of effectiveness, antimicrobials are divided into narrow and broad
spectrum agents. For example, tetracyclines, as broad spectrum antibiotics, are effective
against a wide range of Gram-negative (G-) and Gram-positive (G+) bacteria (Chopra and
Roberts, 2001). Antimicrobial agents are also classified as bactericidal and bacteriostatic.
Bacteriostatic antibiotics interfere with bacterial cellular mechanisms and prevent cell
division; however, bactericidal antibiotics kill the bacteria, by damaging the cell membrane
and causing leakage of cell contents (Bernatova et al., 2013).

While antibiotics have improved the quality of life worldwide, the development of bacterial
resistance to a wide range of antibiotics has become a global public health issue
(Nagulapally et al., 2009; West et al., 2011). Apart from natural resistance in which inherent
structural or functional characteristics of certain bacterial species result in resistance to
particular classes of antimicrobials, acquired antimicrobial resistance (AR) occurs by
chromosomal mutation or acquisition of antibiotic resistance genes (ARGs) carried by mobile
genetic elements (MGEs) (Hollenbeck and Rice, 2012; Munita and Arias, 2016).
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Mechanisms of AR involve enzymatic inactivation and degradation of antibiotics, alteration in
antibiotic target site, enhanced efflux of antibiotics through efflux pumps, impaired uptake of
antibiotics and substitution of antibiotic insensitive targets (Table 1.1) (Levy, 1992).

Table 1.1 Antimicrobials modes of action and mechanisms of bacterial resistance to major

classes of antimicrobials (adapted from Davies and Davies, 2010)

Antimicrobial

class Example(s) Target Mechanism(s) of Resistance
penicillins
(e.g. amoxicillin (AMX))
} cephalosporins cell wall .
B-lactams (e.g. cefixime (CFM)) (peptidoglycan biosynthesis) hydrolysis, altered target, efflux
penems
(e.g. imipenem (IMP))
. . cell wall reprogramming peptidoglycan
Glycopeptides | vancomycin (VAN) (peptidoglycan biosynthesis) biosynthesis
Lipopeptides daptomycin (DAP) cell membrane altered target

Cationic peptides

colistin (COL)

cell membrane

altered target, efflux

Aminoglycosides

amikacin (AMK)
spectinomycin (SPC)
gentamicin (GEN)
kanamycin (KAN)

protein synthesis
(messenger-ribonucleic acid
(m-RNA) translation)

enzymatic modification
(acetylation, phosphorylation,
nucleotidylation)
efflux, altered target

Tetracyclines

tetracycline
(TET)

protein synthesis
(mRNA translation)

monooxygenation, efflux,
altered target

Macrolides

azithromycin

protein synthesis

hydrolysis, glycosylation,

Fluoroquinolones

(CIP)

DNA replication

(AZM) (mRNA translation) phosphorylation, efflux, altered target
Rifamycins rifampicin protein synthesis adenosine diphosphate (ADP)-

(RIF) (transcription) ribosylation, efflux, altered target
Quinolones/ ciprofloxacin

acetylation, efflux, altered target

Sulfonamides

sulfamethoxazole (SMX)

folic acid synthesis

(conversion of para-
aminobenzoic acid (PABA) to

dihydropteroic acid)

efflux, altered target
(dihydropteroate synthase (DHPS)
enzyme)

Pyrimidine

trimethoprim (TMP)

folic acid synthesis
(conversion of dihydrofolic acid
to tetrahydrofolic acid)

efflux, altered target
(dihydrofolate reductase (DHFR)
enzyme)

Genetic elements such as self-transmissible plasmids and associated elements (conjugative
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transposons, integrons and insertion sequences (ISs) can be acquired through conjugation,
transduction and transformation (Tennstedt et al., 2003). Conjugation, the major mechanism
of horizontal gene transfer (HGT), occurs by transferring bacterial DNA between cells (of
even different genera of donor and recipient) that are in physical contact (Usha et al., 2010).
The transduction involves gene transfer via bacteriophages (Balcazar, 2014).
Transformation is a process in which a recipient cell takes up genetic material from an
external environment such as dead bacterial cells (McGee et al., 2001). Once ARGs are
acquired, the genes encoding these defence mechanisms are transmitted directly to the
bacterial progeny via cell replication.

1.2 Antibiotic Resistance Genes and Wastewater Treatment’

Since ancient times, the human population has randomly disposed of its waste into the
environment, such as rivers and cesspits. The industrial revolution of the late 18th and early
19th centuries was a period that serves as a prime example of disposal of toxic organic
chemicals by direct release into the environment. Many of these toxic molecules had
antimicrobial activity, and it can be assumed that microbes resistant to these toxins
multiplied in such environments. As a modern example, one can cite the concentrations of
heavy oils that were dumped near detection stations in the distant early warning (DEW) line
at the end of the Second World War. These sites are now excellent sources of bacteria with
enhanced biodegradation capacities and they have been extensively studied in recent years
(Slater et al., 2011; Bolton, 2012).

Following the discovery of the chemically-synthesized sulfonamides and trimethoprim (TMP)
and the identification of dual resistance in 1969, the subsequent and most disastrous
environmental pollution has come from the disposal of antibiotic production wastes in
various forms. These discarded products were developed as food supplements for farm

animals and their use became common practice for promoting weight gain in all aspects of

" The content of Section 1.2 appears in “Mohammadali, M. & Davies, J. (2017) Antimicrobial resistance genes and
wastewater treatment. In Keen, P. & Fugeére, R. (Editors) Antimicrobial resistance in the wastewater treatment process.
Wiley-Blackwell, Hoboken, N.J.” with minor modifications.
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animal and fish husbandry worldwide. The amounts of antibiotics and antibiotic wastes
disposed of in this way cannot be accurately determined. However, according to recent
estimates by the Union of Concerned Scientists in the United States, antibiotic use for non-
therapeutic purposes in three major livestock sectors (chickens, cattle, and swine) was
about eight times more than the consumption for human medicine (Mellon et al., 2001).

In the past 50 years or so, the world has been faced with the rapid evolution of antimicrobial
resistance (AR). Strachan and Davies (2016) stated, “Although AR is not considered as a
disease in itself, it causes the failure in effective prevention and treatment of many diseases
and greatly increases the rate of morbidity and mortality”. The global use of antibiotics at low
cost, auto medication and short duration of treatment has accelerated, extended and
expanded the spectra of resistance worldwide. The earth has been continuously bathed in a
dilute solution of antibiotics for more than half a century.

Aquatic ecosystems have been identified as hotspots of resistance mechanisms (Rizzo et
al., 2013). This is due to the large diversity of pathogenic and commensal microorganisms
and the continuous discharge of antibiotic resistant bacteria (ARB) and genes into these
environments. As part of the aquatic environment, urban wastewater treatment systems
(collecting sanitary sewage, hospital effluents and storm water runoff) possess all the
components required to ensure the acquisition of all varieties of resistance genes. The
antimicrobials present in wastewater due to incomplete degradation by humans and animals,
disposal of unused drugs and runoff losses from land application, together with
environmental and pathogenic bacteria in nutrient-rich engineered systems, provide all the
necessary requirements to support a breeding ground for HGT and the propagation of
resistance genes (Davies and Davies., 2010; Ferreira da Silva et al., 2006; Kim and Aga,
2007; Lefkowitz and Duran, 2009).

For about a century after the first biological wastewater treatment plant (WWTP) was built in
Worcester, Massachusetts in 1890, many advances in wastewater treatment technology
have improved the removal efficiencies of biodegradable organic pollutants (Metcalf and
Eddy, 2003). Currently, membrane enhanced biological phosphorus removal (MEBPR)
processes not only enable removal of traditional carbonaceous contaminants but also

reduce P concentrations to very low levels (< 0.1 mg/L) in the effluent discharge (Zuthi et al.,
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2013).

Over the past 15 years, increasing attention has shifted towards the identification of removal
mechanisms of micropollutants from wastewater and sludge. Micropollutants are persistent
organic or mineral substances such as personal care products, pharmaceuticals, pesticides
and detergents whose discharge, even at very low concentrations, leads to constant growing

environmental contamination (Luo et al., 2014).

Despite the evolution of wastewater treatment technologies from conventional to advanced
treatment configurations, existing urban biological wastewater treatment systems are not
specifically designed to remove micropollutants and ARGs. Studies on antibiotics as
emerging classes of micropollutants have confirmed the high frequency of AR genotypes as
well as ARB in wastewater treatment systems including constructed wetlands and WWTPs
(Martins da Costa et al., 2006; Kim et al., 2010; Volkmann et al., 2004; Luczkiewicz et al.,
2010; Reinthaler et al., 2003).

In a landmark series of papers published between 2003 and 2009, Szczepanowski and
coworkers (2009) presented the first extensive DNA sequence-based screening of a large
set of known ARGs in samples of activated sludge and the final effluent of a WWTP in
Bielefeld-Heepen, Germany. This comprehensive survey identified 140 different clinically
relevant AR genotypes and contaminants. From these investigations, it is evident that such
treatment systems may play important roles in the development of multidrug-resistant (MDR)

bacteria among complex microbial populations.

The occurrence of ARGs and ARB in the two main by-products of wastewater treatment
systems (excess biosolids and treated effluent) has been reported frequently. Currently,
effluent water quality standards, prior to discharge, are usually limited to controlling the
concentrations of total residual chlorine, suspended solids, carbonaceous biochemical
oxygen-demanding matter and un-ionized ammonia. There exist no regulatory guidelines to
monitor and control the levels of ARGs in bacteria and extracellular DNA from lysed
microbial cells in the effluent discharge. Studies have reported that AR determinants and
MDR pathogens are transported with treated effluent to receiving waters (lwane et al., 2001;
Galvin et al., 2010; Goni-Urriza et al., 2000). For example, LaPara et al (2011) showed that
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the quantities of three tetracycline (TET) resistance genes were significantly higher in a
tertiary treated effluent discharge than in receiving water samples in the Duluth-Superior
Harbor, St. Louis River and Lake Superior, USA.

Despite the evidence for the occurrence of resistance genes in effluent discharges, the
overall impact of treated wastewater applications on irrigation processes is unclear. Some
studies have observed an increase in soil microbial activity and biomass after irrigation by
treated wastewater as shown by a shift in the composition of soil bacterial communities
(Oved et al., 2001; Broszat et al., 2014). However, recent studies have reported no major
impact on AR in the wastewater-irrigated soil microbiome (Gatica and Cytryn, 2013;
Negreanu et al., 2012).

The presence of ARB and ARGs in wastewater biosolids-amended soils is well documented
(Brooks et al, 2007; Rahube et al., 2014). Biosolids are the treated and stabilized nutrient-
rich organic residuals produced as a by-product of wastewater treatment which are widely
used as fertilizer to simulate plant growth (Lu and Stoffella 2012). Recent studies have
demonstrated that complementary technologies such as aerobic digestion and lime
stabilization can be used as approaches to reduce the quantities of ARGs in biosolids (Munir
et al., 2011). However, ARG concentrations and corresponding decay rates can be variable
depending on the application methods, biosolids treatment reactor design, storage
conditions, the specific ARGs involved and the frequency of biosolids application (Burch et
al., 2013; Miller et al., 2014).

Although ARB and genes encoding AR have been commonly detected in wastewater and
the by-products of treatment systems, the role of wastewater treatment processes in the
development of AR is not clear. In recent years, a number of studies have investigated the
variables affecting the patterns of ARB and ARGs in treatment processes (Xia et al., 2012;
Yuan et al., 2014). However, even though many studies have reported a contribution from
treatment processes to the evolution, spread and positive selection of antimicrobial resistant
isolates, it also has been shown that wastewater treatment processes can act as efficient
barriers to decrease the number of ARB and concentrations of ARGs (Gao et al., 2012;
Duong et al., 2008; Nagulapally et al., 2009). The reasons for such discrepancies are the

large number of variables in conditions such as influent source and input quality, treatment



1: Introduction and Literature Review

process configurations and the process operating conditions.

Hospital wastewater (HWW) is likely to be a major contributor to the spread of pathogenic
MDR bacteria in WWTPs (Brown et al., 2006). Due to the presence of constant sub-
inhibitory levels of broad spectrum antimicrobials, hospital sewage creates a perfect
situation for the exchange of ARGs and their combinations between clinical pathogens and
environmental bacteria (Amador et al., 2015; Santoro et al.,, 2015). In this respect, the
proportions of influent wastewater originating from institutions (including hospitals),
blackwater (excreta, urine and faecal sludge), gray water (kitchen and bathing wastewater),
stormwater and other urban runoff sources are important determinants of the input quality,
the frequency of detection of ARGs and pathogenic ARB and the dissemination of antibiotics
and AR from treatment plants (Harris et al., 2013).

Over the past few years, some European countries have constructed specialized WWTPs to
provide separate treatment of HWW. Membrane bioreactor (MBR) technology as a pre-
treatment, ozonation, powdered and granulated activated carbon have been proposed as
the most attractive options to remove micropollutants from HWW (Beier et al., 2010; Beier et
al., 2012; Kovalova et al., 2013). Very recently, Chonova and coworkers (2016) published a
comparative study on the efficiency of the removal of antimicrobials from parallel wastewater
systems providing separate treatment of hospital and urban wastewater. Despite the higher
concentrations of antibiotics in the hospital influent as well as treated effluent, the results
indicated increased removal efficiency of antibiotics during the separate treatment of HWW.
It was also demonstrated that biofilm communities receiving hospital treated effluent had
lower bacterial diversity and less developed biomass. Observations from this study confirm
the adaptations of wastewater bacterial communities receiving HWW. With respect to the
dedicated treatment of hospital waste, more studies are needed to reveal the mechanisms
by which adapted biofilm microbial communities can be transferred to aquatic environments.

Advanced wastewater disinfection technologies such as ultraviolet radiation and ozonation
are effective approaches to decrease the extent of ARB and levels of ARGs (Zhang et al.,
2015a). However, other research has observed higher survival rates of resistant strains
compared to sensitive bacteria, selection of ARGs and shifts in bacterial population in the
effluent after advanced treatments (Liddeke et al., 2015; Alexander et al., 2016; Hu et al.,
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2016). Differences in reports on the efficiency of advanced approaches to wastewater
treatment in controlling AR may be due to underestimates of variable operating conditions.

Solids retention time (SRT) is a design and operational parameter that has a crucial impact
on the performance of activated sludge wastewater treatment processes. SRT, or the mean
cell residence time, is defined as total solids mass present in the system divided by solids
mass disposed of per day (Clara et al., 2005). As SRT controls the net growth rate of the
entire system, it is the main factor influencing the composition of a wastewater microbial
community (Benefield and Randall, 1980, Xia et al., 2012). As an example, Liu and Wang
(2014) showed that the nitrite-oxidizing bacteria/ammonia-oxidizing bacteria ratio is
considerably influenced by variations in SRT.

A recent approach to wastewater management minimizes biosolids production through
microbial predation and metabolic changes (Amanatidou et al., 2015; Peccia and
Westerhoff, 2015). One of the key factors which influences bacterial ecosystem manipulation
and reduces excess production of sludge is operation of the system at high SRTs (Yoon et
al., 2004; Li and Wu, 2014). However, the role of prolonged SRT on the composition of
bacterial processes contributing to AR is not yet clear. Although antibiotic degradation is
maximized by prolonged cell residence time, extended exposure of bacteria to antibiotics
from the source may increase the potential for development of AR (Walston, 2013; Xia et al.,
2012). Meanwhile, environmental concerns associated with transformation of antibiotics into
other biologically active compounds during the extended SRT operations have not been
considered in many cases. More detailed research is required to detect the antimicrobial
degradation products in these treatment processes and to investigate the optimal SRT
required to achieve the best ARG removal.

Another serious challenge in wastewater management is the control of flamentous bulking
and foaming. Although filamentous microorganisms support activated sludge floc formation,
their overabundance in WWTPs causes considerable operational difficulties such as poor
sludge settling and thickening (Cydzik-Kwiatkowska et al., 2016; Pal et al., 2014). Different
strategies have been employed to control foaming including polymer addition, the application
of disinfectants such as chlorine, and the use of foam-classifying selectors to skim and
remove foam bacteria (Parker et al., 2003). The use of bacteriophages to reduce the titer of
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filamentous bacteria is one of the most promising environmentally-friendly approaches to
control foaming (Liu et al., 2015). Despite the role of foaming bacteria on the efficiency of the
treatment process and the environmental risks associated with foam disposal or formation of
undesirable chlorinated by-products, no studies of AR patterns in foam-causing bacteria
have been reported. More detailed studies of the impact of chemical disinfectants on the
susceptibility profiles of foam-causing bacteria and their survival and gene transfer after
disposal of resistant foam bacteria are needed.

For decades, culture-dependent approaches have been the most common methods used to
study AR in WWTPs (Al-Bahry et al., 2009; Okoh and Igbinosa, 2010). In these studies,
resistance profiles of pathogenic population subsets of bacterial communities downstream of
the effluent discharge were studied. (Lefkowitz and Duran, 2009; Akiyama and Savin., 2010;
Zhang et al., 2009).

Culture-dependent methods have also been used to investigate the role of mobile genetic
elements (MGEs) in the dissemination of ARGs in WWTPs. It has been shown that MGEs
influence bacterial evolution, adaptation and the roles that genetic elements play in the
emergence, recombination and propagation of AR (Jackson et al., 2011). Studies to date
have documented the incidence of integron-associated ARG cassettes on MGEs such as
plasmids in WWTP samples (Tennstedt et al., 2003; Koczura et al., 2012; Kotlarska et al.,
2015; Ma et al., 2011). In this respect, understanding the correlation between the distribution
of pathogenic bacteria and associated integron patterns will aid in clarifying AR mechanisms
in WWTPs.

In addition to resistance genes and associated elements, it is probable that virulence and
biodegradation gene clusters are propagated in WWTPs. In a recent publication, Olaniran
and colleagues (2015) detected four virulence-associated genes in Listeria and Aeromonas
spp. isolated from treated effluents of two WWTPs and receiving waters in Durban, South
Africa. Observations from this study emphasize the need for more investigation of virulent
bacteria found in WWTPs and the co-occurrence of virulence genes and ARGs.

Despite the advantages of culture-dependent techniques, including low cost and the
potential for combination with other methods, the availability of culture-based methods for
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studies of environmental microbes gives a highly restricted view of microbial community
structure in environmental ecosystems (Mahmod 2014). In this respect, the application of
targeted and sequence-based metagenomics provides more extensive and accurate
assessments of the abundance of ARGs and the phylogenetic and functional diversity of a
wastewater resistome relative to the culture-based approaches (Wang et al.,, 2013;
Schmieder and Edwards, 2012; Parsley et al., 2010; Ma et al., 2016). As an example, Wang
and coworkers (2013) performed a metagenomic study of MGEs and ARGs in both
anaerobic and aerobic sludge of a tannery WWTP in China. Metagenomic analyses showed
that the taxonomic classification, as well as the abundance of functional genes in the aerobic
and anaerobic sludge microbial communities, were different. They also observed a high
prevalence of insertion sequences (ISs) and integrase genes highlighting the important role
of MGEs in gene transfer in the tannery WWTP.

Recently, Li and coworkers (2015) compared the metagenomic libraries of total and plasmid
DNA from influent, activated sludge and digested sludge of two WWTPs in Hong Kong. They
observed that, compared to total DNA metagenomes, plasmid metagenomes encoded
significantly higher numbers of ARGs. This emphasizes the prominent role of HGT in
WWTPs. They also observed a considerable decrease in the number of ARGs in activated
and digested sludge metagenomes compared to the influent metagenome.

Despite the many advantages of high-throughput shotgun-sequencing methodologies to
identify the structure of biological wastewater treatment communities, as well as the diversity
of WWTP resistomes, these approaches do not provide definitive relationships of ARGs to
their host microorganisms. This may lead to varied correlations between WWTP resistome
content and the corresponding microbiome (Noyes et al.,, 2016). In addition, the scope of
metagenomic read mapping approaches is limited to prior knowledge of resistance genes
(i.e. through comparison of the sequence reads to known ARGSs). In this respect, function-
based metagenomics are more valuable approaches as they have the potential to identify
novel ARGs and MGEs and to correlate resistance genes with the community structure. A
functional metagenomics approach involves construction of metagenomic libraries through
extraction of DNA, cloning DNA fragments, heterologous expression in surrogate hosts and
screening for specific activities (Lam et al., 2015).

10
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Functional metagenomic studies of AR in environmental microbiomes, such as soil and
marine water, have added considerably to our knowledge of the diversity of the natural gene
pool of ARGs and revealed many unknown functions (Torres-Cortés et al., 2011; Donato et
al., 2010; Schmieder and Edwards, 2012; Hatosy and Martiny, 2015). However, only limited
studies have constructed functional metagenomic libraries from compartments of
wastewater treatment processes and studied the diversity of ARGs and their host organisms
(Amos et al., 2014; Uyaguari et al., 2011; Li et al., 2015). In a recent publication, Munck and
coworkers (2015) combined metagenomic functional selections and deep metagenomic
sequencing data to identify the diversity of ARGs in a core WWTP resistome in Denmark.
They found that the core resistome consists of stably maintained and (mostly) novel ARGs
which confer resistance to the 15 antimicrobials tested. They also showed that the WWTP
microbial community is remarkably stable with a strong correlation between the resistome

and the microbial composition and limited gene transfer with the human gut microbiota.

In recent years, integrated “omics” analyses have provided an enhanced understanding of
the species present and their functions in wastewater microbial systems (Narayanasamy et
al., 2015). Applying this approach, Roume and coworkers (2015) showed that seasonal
variations did not dramatically affect the expression of enzymes involved in nitrogen (N)
metabolism in the anoxic tank of a biological WWTP in Luxembourg. However, in winter
when lipid accumulation was higher, they observed considerable expression of enzymes
involved in glycerolipid metabolism. As an integrated “omics” analysis identifies the links
between genes encoding key biological functionalities and functionally important community
members, it can be used to optimize the wastewater treatment processes. This can be done
through enrichment of favorable microorganisms such as lipid-accumulating organisms as

proposed by Roume and coworkers (2015).

There is much current research focused on gaining a better understanding of the role of
wastewater treatment in propagation and selection of AR. Current information suggests that
WWTPs serve as a nexus between contaminants in human waste and the environment.
However, there are still many gaps in our knowledge which need to be addressed to help
understand whether WWTPs are a minor, major or variable contributor to the worldwide
problem of AR.

11
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Along with the necessity of understanding the origins of resistance and their functions, one
of the potential approaches to the worldwide concern of AR is generating novel
antimicrobials which have narrow spectra of action. Novel creative approaches can likely
lead to the discovery of many new bioactive compounds in nature and as Strachan and
Davies (2016) stated, “The entirely man-made global plague of resistance could/should have
been prevented by stricter control of the use of antimicrobials. Without strict compliance and
proper regulations, the evolution and dissemination of AR can never be prevented.”

1.3 Enhanced Biological Phosphorus Removal (EBPR) Process

In the present research, EBPR was selected as the wastewater treatment process
configuration of interest to study AR. As a sustainable treatment technology capable of
efficient simultaneous nitrogen (N) and phosphorus (P) removal performance, the EBPR
variant of the activated sludge process has gained increasing attention in recent years
(Oehmen et al., 2007; Seviour et al., 2003).

Phosphorus (P) is a key element of DNA, RNA and adenosine triphosphate (ATP) which
plays an important role in energy metabolism, lipid transport and enzyme activation
(Rieuwerts, 2015). While P has very limited natural reservoirs on earth and there is an ever-
increasing demand for it for agricultural purposes, most of the P contained in municipal
wastewater is wasted through treated effluent discharge to receiving waters or is disposed of
in incinerators or landfills. Discharged P from WWTPs accelerates the eutrophication
process in receiving water bodies and deteriorates the water quality. In response to the
concerns regarding the continued pollution of water bodies with nutrients discharged from
WWTPs, biological P removal from wastewater (without the need for chemical precipitants)
is considered as an optimal approach.

Luxury uptake as the principal mechanism of biological P removal was first defined by Levin
and Shapiro (1965). They showed that P is accumulated as intracellular polyphosphate (poly
P) in polyphosphate-accumulating organisms (PAOs) and can be subsequently removed
during biosolids wasting (Nielsen et al., 2010; Oehmen et al., 2007; Seviour et al., 2003).

In EBPR, P removal is achieved through recycling the biomass through alternating

12
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anaerobic and aerobic conditions (Moretti et al., 2011; Seviour et al., 2003). In the anaerobic
zone, PAOs take up carbon sources mainly in the form of short chain fatty acids (SCFASs)
(e.g. acetate), from the influent and store them in the form of polyhydroxyalkanoates (PHASs)
(Bahadoorsingh, 2010). The energy required for this biotransformation is mainly supplied by
the hydrolysis of internally stored glycogen and poly P and the release of orthophosphate
from the cell (Oehmen et al., 2007). In a subsequent aerobic zone, PAOs oxidize their
internally stored PHAs as the carbon energy source for growth and glycogen is produced
(Lawson, 2014).

The generation of reducing power required for the conversion of acetate, the primary
substrate, to PHA, was explained by the Comeau-Wentzel model and the Mino model
(Comeau et al., 1986; Wentzel et al., 1986; Mino et al., 1998). Based on the Comeau-
Wentzel model, under anaerobic conditions, a part of the acetate is oxidized to carbon
dioxide (COy) by the tricarboxylic acid (TCA) cycle for supplying the reducing power in the
form of reduced nicotinamide adenine dinucleotide (NADH). In the Mino model, however,
reducing power was assumed to be produced from anaerobic degradation of internally
stored carbohydrates (glycogen) to pyruvate via the Embden—Meyerhoff-Parnas (EMP)
pathway. More recent genomic data have suggested that reducing power likely comes from
combining pathways of glycogen degradation and partial functioning of the TCA (Pereira et
al., 1996; Burow et al., 2008).

Recent advances in molecular biology and high-throughput sequencing have revealed that
despite the diverse EBPR ecosystems which are a function of the differences in wastewater
composition, operation and configurations of WWTPs, EBPR systems share identical or
closely related core bacterial communities (Nielsen et al., 2010; Oehmen et al., 2007). Key
microbial players with functional relevance to EBPR systems include ammonia oxidizers,
nitrite oxidizers, denitrifiers, PAOs, fermenters, hydrolyzers (proteins, polysaccharides and
lipids) and filamentous organisms (Nogueira and Melo, 2006; Andreasen and Nielsen, 2000;
Thomsen et al., 2007; Beer et al., 2006; He et al., 2007).

13
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1.4 Membrane Bioreactors (MBRs)

To satisfy the ever-increasing requirement to produce high quality wastewater effluent for
reclamation purposes, MBR technology has been proposed as an attractive solution (Zhang
and Hall, 2006). MBRs eliminate the need for secondary clarifiers and tertiary filters in
conventional activated sludge plants. Briefly, biological oxidation with coarse bubble
aeration, as well as membrane physical separation, play the key roles in MBR treatment

process.

It has been shown that MBRs could be used as an alternative solids-liquid separation
technique to provide enhanced removal of pollutants such as residual organics, nutrients,
suspended solids, microorganisms and inorganic metal ions (Barakat, 2011; Monti et al.,
2007). Some studies have also proposed the application of MBR as an alternative technique
to achieve more extensive antibiotic removal (Michael et al., 2013; Luo et al., 2014).

Coupling of MBR technology with the EBPR processes has been the focus of many studies
in the past years (Yue, 2017; Winkler et al., 2016; Monti et al., 2007). Hall and coworkers
(2010) showed that substitution of a secondary clarifier with membrane filtration leads to a
shift in the composition of an EBPR bacterial community. Other research reported that
MEBPR processes are capable of complete nitrification independent of system operating
conditions (Monti et al., 2007).

The advantages of the MBR technology over secondary clarifiers include enhanced effluent
quality, small footprint, reduced problems associated with sludge bulking and rising, potential
to maintain high concentrations of suspended solids in mixed liquor, higher volumetric
loading rates, low-rate sludge production and potential for operating systems at longer SRTs
(lorhemen et al., 2016; Monti et al., 2007).

Due to the potential to reduce excess sludge production and maximize the P concentration
in mixed liquor, the operation of MEBPR systems at long SRTs has gained increasing
attention in the past years (Li and Wu, 2014; Fenu et al., 2010; Britton et al., 2005; Xia et al.,
2014). Operating at long SRT decreases the excess sludge production through enhanced
endogenous respiration or bacterial endogenous decay rate (Li and Wu, 2014). The

14
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feasibility of the operation of MEBPR processes at a 60 day SRT for P recovery was recently
studied by Yue (2017). Comparing the levels of total P in parallel systems operating at 25
and 60 day SRTs, he observed that increasing SRT to 60 days almost doubled the
concentration of total P in the aerobic mixed liquor.

Utilizing membrane filtration for solids-liquid separation may also cause some operational
challenges. The most commonly reported problems associated with the application of MBR
technology include membrane fouling caused by the existence of extracellular polymeric
substances (EPSs), DO poisoning of the anoxic (or aerobic) zone, increased operational
energy costs, high costs of membrane replacement due to integrity issues and foaming (Di
Bella et al., 2011; Yue, 2017).

Contrary to conventional activated sludge WWTPs, where foam formation is mostly due to
the overgrowth of microorganisms which produce biosurfactants and/or have a high cell
hydrophobicity (e.g. Gordonia amarae), studies have suggested EPSs as the major cause of
biological foaming of mixed liquor in MBRs (Nakajima and Mishima, 2005; Cosenza et al.,
2013). EPSs are high molecular weight natural polymers which are released by
microorganisms under stressed conditions to form biofilms (Mathur et al., 2015). Di Bella et
al. (2011) showed that retention of EPSs in MBR plants is higher than that of conventional
wastewater treatment systems. As foam formation interferes with the estimation of total
suspended solids (TSS) in the entire system, regular harvesting of foam bacteria in MEBPR
systems has been proposed as an efficient strategy to reduce the accumulation of foam and
control SRT (Yue, 2017; Hall et al., 2011).

As long as membranes are intact and there are no defects in the integrity of the membrane
surface, MBRs can achieve the complete removal of microorganisms and a vast majority of
viruses. However, anomalies with the membrane surface and/or the filtration system leads to
microbial and viral penetration of the product water. Hai and coworkers (2014) summarized
the causes of breaches in the membrane system to a few major classes including pore
expansion due to exposure to chemical agents during cleaning; chemical degradation by
disinfection oxidants; and mechanical damage due to high local shear forces and vibrations.
Robinson and colleagues (2015) reviewed the changes in membrane properties, such as
membrane physical and chemical characteristics, as well as performance factors, as a result
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of the long-term use of membranes (membrane aging). They also showed that performance
factors, such as breach frequency, are strongly linked to chemical and physical
characteristics of the membrane including the pore porosity and geometry as well as
polymer phase and molecular weight. Monitoring the membrane integrity is usually
performed through the application of on line and off line testing methods. While standard
methods for online testing include marker-based tests (i.e. particle passage), particle
counting, turbidity and biological monitoring, off line testing methods such as pressure-based
methods (e.g. air pressure tests, vaccum holding tests) have also been proposed (Lousada-
Ferreira et al., 2016; Guo et al., 2010).

1.5 Research Objectives on the Role of MEBPR Processes in the Spread of
Antimicrobial Resistance

Although conventional wastewater treatment systems have been largely studied with respect
to the evolution, spread and positive selection of ARB and ARGs (Auerbach et al., 2007;
Zhang et al.,, 2009; Reinthaler et al., 2003; Gallert et al., 2005; Schwartz et al., 2003;
Ramsden et al., 2010; Yang et al., 2012; Galvin et al., 2010; Ma et al., 2011), the possible
roles of advanced treatment technologies, such as EBPR processes, in the distribution of
AR has been less studied. Hence, the present project is specifically focused on
understanding the role of a MEBPR process in the release of ARB and ARGs.

A summary of the current research gaps in the role of wastewater treatment in the
distribution of ARB and ARGs was provided in Section 1.2. With respect to the role of
MEBPR processes, the following topics need to be addressed:

¢ Many researchers in the past years have studied the occurrence of ARB and ARGs in
raw influent, treated effluent and the environmental ecosystems affected by the by-
products of wastewater treatment systems, including effluent discharged to receiving
waters and wastewater irrigated soil (Broszat et al., 2014; Sigala and Unc., 2012;
Szczepanowski et al.,, 2009; Reinthaler et al., 2003; Lefkowitz and Duran., 2009;
Luczkiewicz et al., 2010; Jury et al.,, 2011; Huang et al., 2012). In most of these
studies, the performance of WWTPs has only been evaluated through comparing the
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ARB proportions and/or ARGs levels between influent and treated effluent. Hence,
the efficiency of the solids-liquid separation techniques in the attenuation or
promotion of AR restricted our view of the role of wastewater treatment processes.
To satisfy this gap, antimicrobial susceptibility profiles and the behaviour of ARB as
well as the variation in ARG concentrations as they travel through the redox zones of
MEBPR systems need to be explored.

¢ As an important parameter which enhances our understanding of the fate of ARB in
advanced wastewater treatment processes, the significance of the role of system
operating conditions such as SRT requires further investigation. Current efforts in the
field of wastewater engineering to minimize excess sludge production through
operating systems at long SRTs need to be coupled with AR studies, so that the
environmental risks associated with the discharge of ARB in waste aerobic mixed
liquor can be evaluated. To address the knowledge gap regarding the role of long
SRT operations in dissemination of AR, performance assessment needs to be done
through comparison of the ARB percentage or ARG levels between the control
(normal range of SRT between 15 to 40 days) and long SRT MEBPR systems which
are operating under identical influent input and strict parallel conditions.

e Foam formation in MBRs can cause diverse operational challenges including
interference with TSS measurements and the accurate estimation of SRT,
production of foul odors in warm climates and the potential of the reactor freeboard
overflowing (Di Bella et al., 2011). The constant formation of foam in MEBPR
processes was first reported by Monti et al. (2006) who observed a greater
accumulation of foam on the surface of the anoxic reactor in a MEBPR train
compared to that of a conventional EBPR system. Hall et al. (2011) proposed regular
harvesting of foam bacteria in MEBPR processes as a means to control SRT.

Characterizing foam as an alternative resource for sidestream P recovery, Hall et al.
(2011) compared the composition of microbial communities as well as the levels of
total Kjeldahl nitrogen (TKN), total P concentrations and volatile suspended solids
(VSS)/TSS ratios between foam and underlying mixed liquor. While they observed

about 80% similarity in the bacterial communities of foam and anoxic mixed liquor,
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chemical analysis revealed similar contents of P, N and organic matter in the two
environments. In a pilot-scale comparative study of MEBPR systems at different
SRTs, Yue (2017) observed that foam generation increased considerably by
increasing SRT from 25 to 60 days and foam was the major route to waste solids
from the 60 day SRT train. MEBPR foam, wasted only for the purpose of controlling
SRT or applied as an alternative resource for P recovery, requires comprehensive
studies with respect to AR.

To our knowledge, no studies have attempted to compare the patterns of AR
between foam and waste aerobic mixed liquor heterotrophic bacteria in MEBPR
processes. To gain insight on the causes of foam formation in MEBPR processes,
the taxonomic composition of foam and underlying mixed liquor bacterial

communities need to be identified and compared.

¢ While sequence-based metagenomics can improve our knowledge of the diversity of
ARGs in WWTP environments, the scope of these techniques is restricted to
identification of well-characterized genes. In this respect, functional metagenomic
approaches could be used to investigate the diversity of the natural gene pool of
ARGs with unknown functions. So far, only limited studies have attempted to study
the diversity of ARGs in wastewater using a functional metagenomics approach
(Amos et al., 2014; Uyaguari et al., 2011; Li et al., 2015; Munck et al., 2015).
Considering foam as a by-product of MEBPR processes, further studies are required
to identify the diversity of ARGs in this microbiome using polymerase chain reaction
(PCR)-based and functional metagenomic techniques.

¢ Another knowledge gap is that most studies that have focused on resistance patterns
of ARB in WWTPs have only focused on studying limited subsets of culturable
pathogenic bacteria and very little is known about AR levels in total cultivable
heterotrophic bacteria (i.e. bacteria that use organic compounds as a source of
carbon and energy) in advanced wastewater treatment systems. Due to the high
correlation between indicators of faecal contamination and pathogenicity, faecal
coliforms, E. coli and Enterococci spp. have been frequently studied in WWTPs
(Figueira et al., 2011; Nagulapally et al., 2009; Luczkiewicz et al., 2010; Iversen et
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al., 2002; West et al., 2011; Holzel et al., 2010). Some research has also focused on
resistance populations of opportunistic pathogens such as Aeromonas and
Pseudomonas species in wastewater (Gallert et al., 2005; Al-Bahry et al., 2009).

Studying the ARB patterns of total cultivable heterotrophic bacteria in MEBPR
systems is necessary as it provides an opportunity for monitoring a broader range of
antibiotic resistant human pathogens such as the ESKAPE (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species) pathogens. As the leading
cause of nosocomial infections, the ESKAPE group includes Gram-positive (G+) and
Gram-negative (G-) pathogens that escape the effects of antimicrobials due to
multiple drug resistance (Rice, 2008; Behroozian et al., 2016). Except for
Enterococcus faecium (which is an indicator of human fecal contamination),
ESKAPE pathogens such as Staphylococcus aureus, Acinetobacter baumannii and

Pseudomonas aeruginosa are not of fecal origin.

Knowing that the majority of wastewater bacteria cannot be cultivated under
laboratory conditions (Wagner et al., 1993), determination of the percentage of ARB
in total cultivable heterotrophic bacteria, which include both pathogenic and
nonpathogenic commensal bacterial communities, provides a more accurate

assessment of AR levels in MEBPR systems compared to indicator organisms.

Previous studies have shown that the composition of the media, incubation time and
temperature are variables that have direct impacts on the diversity of bacteria
growing on a medium (Gensberger et al.,, 2015; Vieira and Nahas, 2005). In this
respect, monitoring the resistance patterns of culturable heterotrophic bacteria using
two non-selective non-differential media (high nutrient (e.g. MH) vs low nutrient (e.g.
R2A)) could provide an enhanced understanding on the role of the media
composition (influencing the diversity of tested microorganisms) on the evaluation of

wastewater treatment performance in attenuation or amplification of AR.

¢ While studies indicate the efficiency of MBR technology in the removal of antibiotics,
ARB and ARGs (Munir et al., 2011; Xia et al., 2012), the occurrence of indicator
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organisms in membrane permeates is well documented (Jacangelo et al., 1991; Hai
et al.,, 2014). Recently, Harb and Hong (2017) studied the abundance and log
removal of some pathogenic species in the membrane-treated effluent of a full-scale
MBR plant as well as a lab-scale anaerobic MBR. In both MBR effluents, they
observed opportunistic pathogens.

Membrane-treated effluent is not often reused or exposed to direct human contact
without supplemental disinfection processes such as ultraviolet radiation (UV),
chlorination or ozonation. While it has been shown that disinfection of WWTP
effluent can cause substantial reduction in the abundance of ARB and ARGs, some
studies have reported that post-treatment processes such as ozonation and
chlorination can select for opportunistic bacteria and associated ARGs in treated
effluent (Alexander et al., 2016; Hu et al., 2016; Huang et al., 2011; Zhang et al.,
2015a).

Membrane integrity is not routinely monitored by indirect biological monitoring tests
such as bacteriallviral counts. Hence, knowledge of the bacterial diversity and
resistance patterns of ARB in MBR effluents is still limited. To satisfy this knowledge
gap and to compensate for the drawback of using indicator bacteria, further studies
are required to monitor AR patterns of total heterotrophic bacteria in membrane-
treated effluent in MEBPR processes.

The present project was intended to address the following research questions.

1.Do long SRT operations elevate the concentrations of the su/ll gene (normalized to

16S rRNA) and the proportions of ARB in total cultivable heterotrophic bacteria in
mixed liquor and treated effluent of MEBPR processes, compared to those of the

influent?

2.How do prolonged SRT operations influence the release rates of ARB in waste aerobic

mixed liquor, foam and membrane-treated effluent in MEBPR systems?

3.How efficient is the MEBPR process in removal of total and resistant cultivable

heterotrophic bacteria from influent?

4 How diverse are the cultivable ARB in membrane-treated effluent of a MEBPR
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system?
5.How can the taxonomic composition of bacterial communities in influent, mixed liquor,
foam and membrane-treated effluent be compared in a model MEBPR process?
6.What is the diversity of ARGs in the MEBPR foam?

1.6 Research Approach

In order to address the research questions described in Section 1.5, the present study
applied both culture-dependent and molecular techniques to gain knowledge of the possible
role of MEBPR processes in the distribution of AR. Three major aspects of MEBPR
processes which were studied in this project included: (1) the role of long SRT operations in
ARB and ARG release in waste aerobic mixed liquor, foam and membrane-treated effluent,
(2) diversity and resistance profiles of membrane-treated effluent heterotrophic bacteria and,
(3) diversity of ARGs and the taxonomic composition of bacterial communities in waste

foam.

In order to provide an improved understanding of the environmental risks associated with the
release of ARB and ARGs from MEBPR processes operating at long SRTs, the performance
of the University of British Columbia (UBC) pilot plant MEBPR systems operating at 25 (as a
control) and 60 days of SRT were monitored. It should be noted that prior to sampling from
the 60 day SRT train for the purpose of the current project, the feasibility of the operation of
the MBPR system at SRT = 60 days was studied and comparable phosphorus (P) and
organic carbon removal in MEBPR systems operating at 25 and 60 day SRTs were reported
(Yue, 2017).

Chapter 2 provides a summary of materials and methods used to examine the objectives of
this study. Each method cited in this chapter has been applied one or more times during the
progression of the project. As an example, in all three subsections of the “Results and
Discussion” chapter, the methodologies for DNA extraction and performing PCR reactions
(Sections 2.4.2.1 and 2.4.2.2) were applied.

Chapter 3, “Results and Discussion”, presents the observations of three separate projects
each of which focused on addressing one or two research questions. Section 3.1, “Release
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of SMX' Bacteria from Membrane Effluent and Levels of the sull Gene in MEBPR
Processes”, has two subsections. In the first subsection, sulfamethoxazole-resistant (SMX")
cultivable heterotrophic bacteria isolated from influent and treated effluent of the UBC
MEBPR pilot plant operating at a 25 day SRT were studied in terms of bacterial log removal,
antimicrobial susceptibility profiles as well as bacterial diversity. In detail, the efficiency of the
MEBPR system was evaluated by comparing the colony counts of total heterotrophic and/or
SMX' bacteria between influent and membrane-treated effluent. To examine if the
percentage of ARB in SMX' bacteria changed through the MEBPR process, antimicrobial
susceptibility profiles of a total of 120 influent and MEBPR effluent SMX' bacterial isolates
(against a set of five antibiotics) were compared between influent and membrane effluent.
For the 120 SMX" strains tested, 16S rRNA gene sequencing was performed for colonies
showing at least one resistance to another class of antibiotic and the diversity of SMX'
bacteria in influent and membrane-treated effluent was identified at the genus level. In the
second subsection, the role of very long SRT operations (25 vs 60 days) on the
concentrations of a SMX resistance gene (sul1 gene) in the dual trains of the UBC pilot plant
was studied. In order to evaluate the performance of membrane filtration in removal of the
sul1l gene, gene copies normalized to the 16S rRNA gene copies (relative concentration), as
well as sample volume (absolute concentration) were compared between influent and

effluent.

Section 3.2 named “The Role of Long SRT Operations in Release of ARB from MEBPR
Processes” includes five separate subsections. In the first part, the patterns of AR in total
cultivable heterotrophic bacteria isolated from influent, anoxic mixed liquor (as
representative of redox reactors), foam as well as treated effluent in the parallel UBC pilot
plant treatment facilities operating at 25 and 60 day SRTs were compared. To provide
performance comparison, dual trains were operated under identical system operating
conditions, with the exception of SRT variations. To ensure broad representation of
environmental bacteria, > 7,000 isolated bacterial colonies were screened for resistance to
five antimicrobials (sulfamethoxazole (SMX), trimethoprim (TMP), tetracycline (TET),
ciprofloxacin (CIP), amoxicillin (AMX)) from five different classes in liquid cultures. As
previously noted in Section 1.5 and to statisfy the knowledge gap regarding the role of media
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composition in wastewater treatment performance assessment, screening was done using a

nutrient-high (Mueller-Hinton (MH) and a nutrient-low (Reasoner’s 2A (R2A) medium.

In the second subsection, the total number of resistances in each of the tested isolated
bacteria was calculated so that the MDR patterns of heterotrophic bacteria in influent and
parallel MEBPR processes could be compared. For each of the five tested antimicrobials,
percent removal of ARB was determined in parallel bench-scale wastewater treatment
systems and data are reported in the third subsection. In the fourth subsection, the role of
SRT variations on the release rates of ARB through disposal of excess aerobic mixed liquor,
foam, as well as discharge of MEBPR treated effluent was studied. In this subsection, the
contributions of waste aerobic mixed liquor, foam and membrane-treated effluent in release
of ARB were compared and major routes of ARB discharge from MEBPR processes were
assessed. It was assumed that differences in patterns of resistance observed in MH and
R2A heterotrophic bacteria were due to the differences in the culturable community
composition of testing media. To test this hypothesis, 192 random effluent bacteria (96 MH
bacteria and 96 R2A bacteria) were characterized based on their lactose fermentation
patterns by growth on MacConkey plates. Data are presented in the fifth subsection. To
study the diversity of cultivable heterotrophic ARB in membrane-treated effluent, 33 of the
most different-looking colonies (in terms of pigmentation, size and shape) which exhibited
diverse AR profiles against five tested antimicrobials were then identified by sequencing the
taxonomic marker gene (16S rRNA).

Section 3.3 named “Assessment of Bacterial Communities in a Model MEBPR System and
Identification of ARGs in the Foam Microbiome” is divided into two separate subsections. In
the first part, the taxonomic composition of bacterial communities in a MEBPR process at
the control SRT (25 days) was profiled using high-throughput sequencing of the 16S rRNA
gene V4 amplicons. The table of operational taxonomic units (OTU) was obtained from
clustering the quality-filtered generated Fastq files into 97% similarity OTUs using the
Mothur software. Bubble plots of order level abundance as well as hierarchal dendrograms
corresponding to abundant (relative abundance > 1%), intermediate (relative abundance
between 1% and 0.1%) and rare taxa (relative abundance < 0.1%) for all four samples of
influent, mixed liquor, foam and membrane-treated effluent were prepared using the R
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packages. Findings from this subsection were not only used to compare the relative
abundance of bacterial communities between foam and underlying mixed liquor, but also
helped in tracking the shift in the bacterial communities from influent to EBPR mixed liquor
and finally to treated effluent. In the second subsection, the diversity of ARGs in MEBPR
foam was investigated using functional metagenomics and PCR-based approaches.
Functional screening of metagenomic libraries to isolate novel ARGs is a relatively recent
topic in the field of wastewater engineering. To my best knowledge, no studies have
attempted to search for the diversity of ARGs and their host organisms in any of the
compartments of MEBPR processes, including that of foam bacteria. Observations from this
subsection may contribute basic knowledge for the occurrence of low frequency genes in
foam generated in MEBPR systems.
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2 MATERIALS AND METHODS
2.1 Test Facility

The present research was conducted at the UBC wastewater treatment pilot plant over the
period September 2013 to August 2016. The pilot plant is a dual-train facility, with identical
reactor trains configured for the typical University of Cape Town (UCT) membrane enhanced
biological phosphorus removal (MEBPR) process. Each train consists of one
compartmentalized bioreactor in which a sequence of an anaerobic zone, an anoxic zone
and an aerobic zone is employed. During the study period, parallel trains were operating
under steady-state conditions at 25 and 60 day SRTs. Figure 2.1 represents the
configuration of the dual-train processes utilized in the present comparative study.

Membrane-treated
Sampling point —> effluent
(=) & z

— 1 8800 SRT=25 days

O ) 0
L S |
i Q """ L e Q """ —_— IWaste aerobic mixed liquor I
Holding [___]
tank
1 —
SO o I g 0 [ SRT=60 days |
— O = L 0%
o) 0
LY . L) :
Influent R O S LS @ S Permeate tank
Anaerobic Anoxic Aerobic
reactor reactor reactor Membrane module

Figure 2.1 Schematic of the parallel MEBPR systems with sampling points and locations

The feed to the dual-train facility was municipal sewage which was pumped from a sewer,
collecting wastewater from residential areas on the UBC campus, to three large equalization
tanks. The wastewater in the equalization tanks was pumped continuously to a primary
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clarifier while the clarifier effluent flowed by gravity to a small holding tank. Clarifier
discharge (“influent” in Figure 2.1) was pumped to each anaerobic reactor using a separate
pump. Activated sludge in the anaerobic reactors flowed by gravity to the anoxic and then
aerobic tanks and was finally membrane-filtered and then pumped to the permeate tank.

In the MEBPR trains, influent was mixed with activated sludge from the anoxic recycle line in
the anaerobic zone. The addition of acetate in the anaerobic zone together with return
biomass from the anoxic zone stimulated the growth of polyphosphate-accumulating
organisms (PAOs) and biological phosphorus (P) release. In the anoxic zone where
denitrification occurs, activated sludge was mixed with biomass from the aerobic recycle
line. Organic carbon oxidation, nitrification and P uptake occurred in the aerobic zone where
adequate air flow was supplied by coarse bubble aeration.

Separation of solids and liquid in the UBC pilot plant MEBPR processes was done by
ZeeWeed custom-built polyvinylidene fluoride hollow fiber modules which were directly
immersed in the aerobic reactors. The nominal pore size of the membrane modules was
0.04 pym and each module had a surface area of 12 m% Membranes were operated under a
constant flux of 12 L/m?h in two modes of permeation (9.5 minutes) and rapid backflush (30
seconds).

Daily operations of the UBC pilot plant included temperature and dissolved oxygen
monitoring in the aerobic zones, testing of the trans-membrane pressure to determine if
chemical cleaning is needed, biomass solids wasting for controlling SRT and finally,
collecting samples for metals and inorganic chemical analysis for monitoring the process
performance (Bahadoorsingh, 2010). Table 2.1 provides a summary of the performance
data in UBC MEBPR systems (over the period of December 2014 to February 2015). UBC
pilot plant general operating conditions are also provided in Table 2.2.
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Table 2.1 UBC pilot plant performance data

(monitored period: December 2014 to February 2015)

Membrane effluent

Membrane effluent

Parameter Influent Parameter (SRT = 25 days) (SRT = 60 days)
TSS (mg/L) (n=10) 112 (0=31) TSS (mg/L) - -
VSS (mg/L) (n=10) 92 (0=36) VSS (mg/L) - -
COD (mg/L) _ COD (mg/L) _ _
(n=52) 289 (0=80.5) (n=52) 27 (0=12.5) 29 (o=11)
Total P (mg/L) _ Total P (mg/L) _ _
(n=13) 4.5 (0=0.6) (n=13) 0.4 (0=0.17) 0.45 (0=0.17)
Pin (g/day) _ Pout (g/day) _ _
(n=13) 23 (0=2.6) (n=13) 2 (0=0.8) 2.3 (0=0.7)
PO4-P (mg/L) _ PO4-P (mg/L) _ _
(n=60) 2.2 (0=0.5) (n=60) 0.01 (0=0.02) 0.04 (0=0.03)
TKN (mg N/L) _ TKN (mg N/L) _ _
(n=13) 38.7 (0=4.5) (n=13) 1.14 (0=0.5) 0.9 (0=0.3)
NH4-N (mg/L) _ NH4-N (mg/L) _ _
(n=60) 36.9 (0=5.5) (n=60) 0.15 (0=0.4) 0.04 (0=0.05)
NO;-N (mg/L) _ NO;-N (mg/L) _ _
(n=60) 0.01 (0=0.02) (n=60) 14.2 (0=2.3) 9.8 (0=2.5)
(Tn":‘?'s')\' (mg/L) 37.6 (0=3.5) (Tn":‘?'s')\' (mg/L) 15.3 (0=2.4) 10.1 (0=2.6)
Anaerobic Anoxic Aerobic
Foam
Parameter mixed liquor mixed liquor mixed liquor

(SRT = 25 days)

(SRT = 25 days)

(SRT = 25 days)

(SRT = 25 days)

Total P (mg/L)

90.4 (0=26.7)

145.9 (0=14.2)

288.6 (0=30.4)

1132.9 mg/kg
(0=183.8)

TKN (mg N/L)

188.9 (0=16.9)

323.8 (0=19.6)

624.5 (0=38.5)

2380.6 mg/kg

(0=245.4)
PO4-P (mg/L) 14.0 (0=2.2) 4.1 (0=1.6) 0.13 (0=0.06) -
NH4-N (mg/L) 27.8 (0=4.9) 17.9 (0=3.6) 1.2 (0=4.7) -
NO3-N (mg/L) 0.1 (0=0.1) 0.47 (0=0.5) 14.6 (0=2.3) -
TSS (mg/L) 2331 (0=385) 4160 (0=282) 7912 (0=435) 33 g/kg (0=1.3)
VSS (mg/L) 2113 (0=261) 3577 (0=252) 6604 (0=363) 29 g/kg (0=1.3)
Anaerobic Anoxic Aerobic
Parameter mixed liquor mixed liquor mixed liquor Foam

(SRT = 60 days)

(SRT = 60 days)

(SRT = 60 days)

(SRT = 60 days)

Total P (mg/L)

209.5 (0=49.1)

463.2 (0=19.1)

683.4 (0=38.1)

1413.7 mg/kg
(0=207.7)

TKN (mg N/L)

389.2 (0=91)

835.54 (0=36.5)

1203.7 (0=74.9)

2661.6 mg/kg
(0=327)
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Anaerobic
mixed liquor
(SRT = 60 days)

Parameter

Anoxic
mixed liquor
(SRT = 60 days)

Aerobic
mixed liquor
(SRT = 60 days)

Foam
(SRT = 60 days)

PO4-P (mgl/L) 22.9 (0=3.39) 4.7 (0=5.2) 0.2 (6=0.1) -
NH,-N (mg/L) 25.9 (0=4.5) 10.4 (0=2.6) 1.2 (0=3.6) -
NO3-N (mg/L) 0.07 (6=0.09) 0.16 (0=0.2) 8.8 (0=2.9) -

TSS (mglL) 4679 (0=1166)

10840 (0=548.22)

15648 (0=634)

38 g/kg (0=1.1)

VSS (mg/L) 3804 (0=743)

8174 (0=2319.01)

12638 (0=467)

33 g/kg (0=1.0)

-: not measured, n: number of sampling events

Table 2.2 UBC pilot plant operating conditions

(monitored period: December 2014 to February 2015)

Parameter Value Parameter Value
Aerobic recycle ratio 1:1 Anoxic recycle ratio 1:1
. System hydraulic retention time
Anaerobic zone volume (L) 245 (HRT) (hr) 10
Anoxic zone volume (L) 624 Nominal aerobic dissolved oxygen 253

concentration (mg/L)

. Acetate feed rate
Aerobic zone volume (L) 1359 (g/L @ 10 mL/min) 14

Total volume of compartmentalized Influent daily flow rate

bioreactor (L) 2228 (Lmin) 3.7
Foam wastage rate (kg/day) Foam wastage rate (kg/day)
(SRT = 25 days) 5.8 (0=1.9) (SRT = 60 days) 13.2 (0=0.7)
(n=63) (n=63)
N . Aerobic mixed liquor wastage rate
Aerobic mixed liquor wastage rate (L/day) 435 (0=8.7) (L/day) 0.2 (0=1.2)

(SRT = 25 days) (n=63)

(SRT = 60 days) (n=63)

2.2 Sampling Plan

As mentioned in Section 1.6, observations from the present project are provided under three
separate subsections (3.1, 3.2 and 3.3), each addressing one or two research questions of
the study. In each section, depending on the objectives to be satisfied, the sampling plans
including the points and dates of sample collection, were different and a summary is
provided in Table 2.3. As observed, the sampling plan was presented based on the
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particular methodologies applied to address the project objectives in each section. Briefly, in
Section 3.1, quantitative polymerase chain reaction (qPCR) and monitoring of bacterial
growth on solid media were the main methodologies used. In Section 3.2, total cultivable
heterotrophic bacterial isolates were screened for AR by growth in liquid media. To address
the objectives of the project in Section 3.3, high-throughput sequencing, as well as
construction and screening of the foam metagenomic library, were performed. As observed
in Table 2.3, in several cases, the same samples (biological replicates) collected from one
tank at a specific time were the subject of discussion in more than one section.

Table 2.3 Summary of the sampling schedule including dates and locations

Sample SRT | January 7", | June 16", | August 7", | December 3™, January 6", February 3",
(days) 2014 2014 2014 2014 2015 2015

Influent ; > 3.1-2 3.3-2 3.1-2,3.2,3.3-1 | 3.1-23.2,331 | 3.1-2,3.2, 3.31
ﬁ?f:ﬁﬂﬁor - 3.1-2 3.3-2 3.3-1 3.1-2,3.3-1 3.1-2,3.31
g’i‘fé‘(if"quor - 3.1-2 3.32 3.1-2,3.2, 3.3-1 3.2,3.3-1 3.1-2,3.2, 3.3-1
g?;gziﬁquor 25 - - 3.32 3.1-2,3.3-1 3.1-2,3.3-1 3.1-2,3.3-1
{\r":;?:éae”guem 21; 3.14-2 . 3.4-2,32,3.3-1 | 3.1-2,3.2,33-1 [3.1-2,3.2,3.31
Foam - - 3.3-2 3.2,3.3-1 3.2,3.3-1 3.2,3.3-1
g’i‘f:d“;gﬁor - 3.1-2 - 3.12 3.1-2 3.12
g’i‘fé‘(if"quor - ; ; 3.1-2,3.2 3.1-2,3.2 3.1-2,3.2
g?;gziﬁquor 60 - 3.1-2 - 3.1-2 3.1-2 3.1-2
e - 3.1-2 - 3.1-2,32 3.1-2,32 312,32
Foam - - - 3.2 3.2 3.2

3.1-1: ARB growth on solid media; 3.1-2: gPCR; 3.2: ARB growth in liquid media; 3.3-1: lllumina high-throughput
sequencing; 3.3-2: Construction and screening of the functional metagenomic library

During sampling, three biological replicate samples of influent and mixed liquor taken at 10
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to 15 minute intervals were collected from each point, with the exception of foam. All the
foam formed on the surface of an anoxic tank over a period of 24 hours was collected in a
20 L plastic bucket, mixed well for five minutes and triplicate samples were taken. Grab
samples of the reactor influent and anaerobic tanks were taken using 50 mL sterilized
syringes about 40 centimeters below the surface layer, while samples from the anoxic and
aerobic reactors were grabbed from the anoxic and aerobic recycle lines, respectively
(Figure 2.1). After each biological replicate sample was well mixed, sterilized containers
were used to store samples for each specific purpose. All samples were taken before
wasting of aerobic mixed liquor and foam from the reactors on the sampling day. Depending
on the future usage of the samples, sample handling and preservation procedures were
different and a summary is provided in Table 2.4. An extra set of 15 mL sterilized falcon
tubes was used as a backup to store triplicate samples of influent, redox reactors and foam
samples at -80°C.

Table 2.4 Sample handling and preservation procedures

Purpose Sample Containers Preservation and Storage
Transfer on ice and immediate
Influent, mixed liquor, 15 mL sterilized falcon storage at 4°C, serial dilution and
foam tubes plating within six hours of sampling
Bacterial collection
plating :
Membrane-treated 2 L sterilized plastic I_mmgd|ate storage at.4 .C’ vacuum
filtration and plating within six hours
effluent bottles ) h
of sampling collection
Influent, mixed liquor, 50 mL sterilized centrifuge Centrifugation a_nd . flash freez!ng
the pellet by liquid N on site,
foam tubes A
storage at -80°C
Genomic
DNA Biomass concentration on 0.22 pym
tracti . X s
extraction Membrane-treated 20 L acid-washed plastic Sterlvt_ex fitters _v_wthm four hours of
effluent carboys sampling, a_lddltlon of 180 pL of
sucrose lysis buffer (SLB), storage
at-80°C

2.3 Target Antimicrobials

Depending on the objectives of the project, resistance to different and sometimes similar
antimicrobials were studied in Sections 3.1, 3.2 and 3.3. In Section 3.1, the percentage of
sulfamethoxazole-resistant (SMX') heterotrophic bacteria in influent and membrane-treated
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effluent were compared. In the same section and to determine if the proportions of ARB
decreased from influent to treated effluent, the percentages of resistance to tetracycline
(TET), trimethoprim (TMP), ciprofloxazin (CIP), amoxicillin/clavulanic acid (AMC),
chloramphenicol (CM),) and kanamycin (KAN) were compared between influent and

membrane effluent SMX' bacterial communities.

In Section 3.2, patterns of resistance to five antimicrobials (sulfamethoxazole (SMX, 50
pg/mL), tetracycline (TET, 10 pg/mL), amoxicillin (AMX, 32 pg/mL), trimethoprim (TMP, 5
pg/mL) and ciprofloxacin (CIP, 5 ug/mL)) were studied in the total heterotrophic bacteria
isolated from influent, mixed liquor, foam and treated effluent to determine the effects of
extended SRT operations on ARB release from the parallel MEBPR processes. Table 2.5
summarizes some general properties of the tested antimicrobials in Section 3.2 and their
corresponding resistance mechanisms. Five tested antimicrobials were broad spectrum,
effective on a wide diversity of Gram positive (G(+)) and Gram negative (G(-)) bacteria, and
were chosen to be representative of a particular antimicrobial class. Table 2.5 shows that
these antimicrobials have different modes of action and hence, different bacterial resistance
mechanisms. As an example, resistance to ciprofloxacin as an inhibitor of DNA replication
could be due to mutation in the target protein (e.g. gyrA gene) while resistance to
tetracycline which is a protein synthesis inhibitor, could be efflux-mediated (e.g. tet(A) gene).

Due to their widespread usage, broad spectrum and persistence in aquatic environments,
the fates of most of the target antimicrobials in Sections 3.1 and 3.2 including SMX, TET,
TMP, AMX, AMC, CFM and AMP have been frequently studied in WWTP environments
(Batt et al., 2007; Jia et al.,, 2012; Xu et al.,, 2007a) and resistance profiles of indicator
bacteria against these antimicrobials have been well documented in WWTPs (Zhang and
Zhang, 2011; Lefkowitz and Duran, 2009; Akiyama and Savin, 2010; Szczepanowski et al.,
2009). Hence, selection of these antimicrobials provided a means for comparison of the
observations of the present project with current knowledge.
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Table 2.5 Classification, clinical usage, mechanisms of AR and mobility of ARGs in tested

antimicrobials in the present research

Antimicrobial

F
N OH

LY

Ciprofloxacin
(Fabrega et al., 2009; Jung et al., 2009)

Bacterial host range

Wide range of G(-) and G(+) pathogens

Classification

Second generation quinolones/ synthetic/ bactericidal

Clinical usage

Treatment of lower respiratory tract infections, skin and soft tissue infections,
sexually transmitted diseases and urinary tract infections

Mode of action

Inhibition of DNA replication by targeting DNA gyrase and topoisomerase IV
enzymes. DNA gyrase comprises two subunits (A and B) which are encoded
by the gyrA and gyrB genes, respectively. Topoisomerase IV comprises two
subunits (A and B) which are encoded by the ParC and ParE genes,
respectively

Mechanisms of
resistance
(encoded enzymes)

(1) Chromosomal mutation in genes encoding the protein targets (i.e. gyrA,
parC genes)
(2) Reducing the drug accumulation by:
e Decreased uptake (e.g. mutations in the regulatory genes of the outer
membrane porin proteins such as ompA in E. coli)
e Increased efflux (e.g. efflux pump in the resistance/nodulation/division
superfamily in which AcrAB proteins are overexpressed)
(3) Presence of plasmid-located genes for target protection (e.g. gnrA, qnrB)
(4) Acetylation (antibiotic inactivation by a modified acetyltransferase
enzyme (encoded by the aac(6 )-lb-cr gene))

Mobility of ARGs

Plasmid-mediated qnr genes, aac(6 )-Ib-cr gene and gepA gene

Antimicrobial

OH O HOHO
o

[e]
Tetracycline (Chopra and Roberts, 2001) O“‘ NH;
> OH
Hd : H/N\

Bacterial host range

Broad spectrum, effective against a wide range of G(+) and G(-) bacteria and
atypical microorganisms such as rickettsiae

Classification

First generation tetracyclines/ naturally molecule

Streptomyces aureofaciens)/ bacteriostatic

occurring (from

Clinical usage

Treatment of skin, respiratory tract and urinary tract infections, and treatment
of severe acne and sexually transmitted diseases such as chlamydia

Mode of action

Inhibition of protein synthesis by preventing the attachment of aminoacyl-
tRNA to the ribosomal acceptor (A) site
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Mechanisms of
resistance
(encoded enzymes)

(1) Efflux proteins (in the major facilitator superfamily (e.g. tet(A), tet(B),
tet(C))

(2) Ribosomal protection proteins (e.g. tet(M), tet(O))

(3) Enzymatic inactivation of tetracycline (e.g. monooxygenation (tet(X))

Mobility of ARGs

The occurrence of:

e G(-) Group 1 (e.g. tet(A), tet(B)) efflux genes on large plasmids (not
mobile or conjugative)

e G(+) Group 2 (e.g. tet(K), tet(L)) efflux genes on small transmissible
plasmids integrated into chromosome or larger plasmids

e Some ribosomal protection genes (e.g. tet(M)) on large conjugative
transposons

Antimicrobials

Sulfamethoxazole

Trimethoprim e b
N
: - aq
(Eliopoulos and Huovinen, 2001; HaNT N o~
Podnecky et al., 2017) o

Bacterial host range

Broad sprectrum iof activity against G(-) (e.g. E. coli and other members of
the family Enterobacteriaceae) and G(+) bacteria (e.g. Streptococcus
pneumoniae and Staphylococcus aureus)

Classification
(sulfamethoxazole)

Sulfonamides/ synthetic/ bacteriostatic

Classification
(trimethoprim)

Pyrimidine/ synthetic/ bacteriostatic

Clinical usage

Treatment of unirary and respiratory tract infections and skin pathogens

Mode of action
(sulfamethoxazole)

Blocking folate biosynthesis by inhibiting the dihydropteroate synthase
(DHPS) enzyme which catalyzes the formation of dihydropteroic acid from
para-aminobenzoic acid (PABA)

Mode of action
(trimethoprim)

Blocking folate biosynthesis by Inhibiting dihydrofolate reductase (DHFR)
enzyme which catalyzes the formation of tetrahydrofolic acid from dihydrofolic
acid

Mechanisms of
resistance

(1) Chromosomal mutation in the folP and folA gene (encoding the DHPS
and DHFR enzymes)

(2) Efflux pump (e.g. BpeEF-OPrC (in the resistance/nodulation/division
superfamily) in Burkholderia pseudomallei)

(3) Naturally insensitive target enzymes

(4) Acquisition of SMX"and TMP" variants of the DHPS and DHFR enzymes
(e.g. sul1, sul2))

Mobility of ARGs
(sulfamethoxazole)

The occurrence of plasmid-encoded enzymes on integrons (e.g. sul/1) and
small plasmids (e.g. sul2)
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Cassette-mediated ARGs such as:
e  Family type | (e.g. enzyme types |, V, VI, VII) in G(-) bacteria
e  Family type Il (e.g. enzyme types lla, IIb, and lic)

Mibility of ARGs
(trimethoprim)

NH,

o,
Antimicrobial Amoxicillin TN O)NQ<

(Munita and Arias, 2016) oo

Broad spectrum including a wide range of G(+) (e.g. Enterococcus faecalis)

Bacterial host range and G(-) (e.g. E. coli) bacteria

B-Lactams (3 generation of penicillins/aminopenicillins)/semisynthetic/

Classification bactericidal

Treatment of tonsillitis, bronchitis, pneumonia, skin, ear, nose, throat, skin and

Clinical usage h ! : h
urinary and lower respiratory tract infections

Inhibition of the cell wall synthesis by disrupting the function of penicillin-

Mode of action binding proteins (PBPs) enzymes

(1) Intrinsic and acquired B-Lactamases located either on chromosomae or
plasmids (carrying transposable elements) (e.g. Class C B-Lactamases

Mechanisms of or penicillinases)
resistance (2) Modifications of the PBPs as the target site (e.g. mecA gene encoding a
(encoded enzymes) PBP)

(3) Reducing drug accumulation by decreased uptake or Increased efflux
(e.g. in Klebsiella pneumoniae)

The occurrence of
e Plasmid mediated B-Lactamases (e.g. extended spectrum beta-
Mobility of ARGs lactamase TEM)
e Genes encoding efflux pumps on mobile genetic elements (MGEs)
(e.g. OXA-2 gene on class 1 integrons)

In Section 3.3, the foam fosmid library was screened for resistance to carbenicillin (CARB).
While B-lactam antibiotics are the most prescribed antibiotics worldwide with a large diversity
of known ARGs, the prescribing of CARB (in the carboxypenicillin subgroup of penicillins) is
limited to cases where resistance to other 3-lactams such as amoxicillin (AMX) or ampicillin
(AMP) is observed. Like other B-lactams, this antibiotic is used to treat lower urinary tract
infections and asymptomatic bacteriuria caused by Pseudomonas aeruginosa, E. coli and
some Proteus species. With limited usage of CARB, it is expected to detect a low frequency
of resistance to this antibiotic in hospital water and WWTPs. In an effert to identify novel
ARGs in the foam fosmid library, CARB was selected to be studied.

Table 2.6 summarizes some properties of target compounds in the present study whose
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resistance phenotype in bacterial isolates and/ or fosmid library clones were monitored by
growth inhibition testing in liquid or on solid medium. The remainder of the target compounds
not included in Table 2.6 are the antimicrobial agents whose resistance properties in
bacterial strains were only tested by disk diffusion assay. Antimicrobial susceptibility test
disks were purchased from BBL (BBL, Division of Bioquest, Cockeysville, Mayland, USA).

Table 2.6 List of the target antimicrobials, properties of stock solutions and chemical suppliers

Solvent/ Example of encoded

- . L AR Supplier enzyme/ ARG Name

Antimicrobial class Target antibiotic sterilization .
; (CAS NO.) (Szczepanowski et al.,
technique
2009)
amoxicillin ddH,0 Sigma Class D B-lactamase/
(AMX) filter sterilized (26787-78-0) blaoxa-20
R-Lactams
carbenicillin ddH,0 Sigma Class D B-
(CARB) filter sterilized (4800-94-6) lactamase/blaoxa-as
ciprofloxacin ddH,Offilter MP Pentapeptide family
Fluoroquinolones (CIP) stezrilized Biomedicals rotein/anrA
(86393-32-0) P q
. sulfamethoxazole Sigma
Sulfonamides (SMX) Ethanol (723-46-6) DHPS enzyme/sul1
Pyrimidines trimethoprim Methanol Sigma DHFR enzyme/dfrl
(TMP) (738-70-5)
. tetracycline 15% Ethanol Sigma .
Tetracyclines (TET) filter sterilized (64-75-5) Tetracycline efflux/tet(A)

ddH,O: distilled deionized water

2.4 Analytical Methods
2.4.1 Culture-based Techniques

Culture-dependent approaches commonly involve enrichment and isolation of target bacteria
on selective or non-selective media (McLain et al., 2016). Detection of antimicrobial
resistance (AR) in bacteria is performed by evaluating growth properties in response to
specific concentrations of antimicrobials on solid or in liquid medium. Although the
application of culture-based techniques is limited to a small fraction of microoorganisms in
an environment which can be cultivated under laboratory conditions, these techniques can
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provide information on the genotypic and phenotypic properties of individual bacterial
strains. Major advantages of culture-dependent techniques include the potential to identify
the host organisms of antibiotic resistance genes (ARGs), search for multiple drug
resistance and study the antimicrobial production properties of target strains (Lin et al.,
2015).

In the present research, commonly used antimicrobial susceptibility tests such as agar disk
diffusion and measurement of minimum inhibitory concentrations (MICs) (by broth
microdilution method and E-tests) were performed. In order to determine the proportion of
total cultivable heterotrophic bacteria in different compartments of the MEBPR processes
which are resistant to an antimicrobial of interest, two different approaches of bacterial
growth inhibition testing in antimicrobial-supplemented liquid or solid medium were applied.
Sections 2.4.1.1 to 2.4.1.4 provide a detailed description of the culture-based methodologies
used in this study.

2.4.1.1 Antimicrobial Susceptibility Tests

Susceptibilities of bacterial isolates to antimicrobials were determined by the standard disk
diffusion method, according to the guidelines of the Clinical and Laboratory Standards
Institute (CLSI, 2011). In detail, liquid cultures were first prepared from purified colonies by
restreaking the isolates twice and verifying their purity by microscopy. When the inoculum
density of broth cultures reached 0.5 MacFarland turbidity standard (in mid-logarithmic
phase of growth), a cell suspension was spread on MH-II agar plates with sterile cotton
swabs three times (rotating the plate approximately 60° each time to obtain uniform growth).
Antibiotic disks were then placed on inoculated agar plates and incubated for 16-18 hours at
37°C before the diameter of the zone of inhibition was measured. Data representing the
zone of inhibition are commonly interpreted using guidelines which classify clinical isolates
to “susceptible”, “resistant” or “intermediate” (CLSI 2011, EUCAST 2011). However, as
target isolates in the present project contained a large diversity of bacteria whose identity
was not known at the species level, data analysis was not possible based on published
standards. Hence, a new criterion was defined to analyze the data. In this study, isolates
were defined as resistant when the zone of inhibition was less than one centimeter so that
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the possibility of reporting false positive results for resistance could be minimized. When a
bacterial isolate exhibited resistance to antimicrobials from at least three different classes, it
was considered multidrug-resistant (MDR) (Mokracka et al., 2012). It should be remembered
that if bacterial isolates (strain R2A-P9 (Section 3.2.5.2)) could not grow on MH-II agar
plates, the initial isolating medium (R2A) was used in disk diffusion assay testing.

The minimum inhibitory concentrations (MICs) of antibiotics against some of the bacterial
isolates of this project were determined using the standard two-fold serial broth microdilution
method (CLSI, 2011) covering a concentration range of 1.95 to 2000 ng/uL in MH-Il medium.
As a dilution-based growth inhibition assay, MIC is defined as the lowest concentration of an
antimicrobial compound which inhibits the visible growth of bacterial isolates (Andrews,
2001).

Another approach to determine the MIC of antibiotics against some bacterial isolates was
the E-test method. Briefly, a suspension of the test organism (turbidity equivalent to 0.5
MacFarland turbidity standard) was spread on MH-Il agar plates (streaking in three
directions over the entire surface) using a sterile cotton swap. Antimicrobial plastic strips
(bioMérieux, Marcy-I'Etoile, France) were then applied onto the agar plate and incubated at
37°C for 16-18 hours. As test strips consist of a linear gradient of antimicrobial
concentrations, a symmetrical inhibition ellipse centered along the strip provides an accurate
measurement of MIC.

2.4.1.2 Enumeration of Antimicrobial-resistant Heterotrophic Bacteria
2.4.1.2.1 Bacterial Growth on Solid Media

Bacteriological counts of total and resistant cultivable heterotrophs in influent, mixed liquor
and foam samples were performed by spread plate method as outlined in standard method
9215C (Eaton et al., 2005). Briefly, samples were homogenized, ten-fold serially diluted in
phosphate buffered dilution water (0.0425 g/L KH,PO,4 and 0.0405 g/L MgCl,.6H,0) and
plated in triplicate by sterilized L shaped spreaders on agar plates. After incubation, the
number of colonies on each plate presenting between 50 to 200 cells was manually counted
and colony forming units (CFUs) per sample volume (influent and mixed liquor) or per
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sample weight (foam) were recorded. For effluent samples, the membrane filtration
technique was applied using standard microbiological procedures (Eaton et al., 2005).
Briefly, after vacuum filtering the sample through 0.45 ym pore size cellulosic membrane
filters (Fisher Scientific, Hampton, New Hampshire, USA), retained particles were placed on
agar plates in triplicate and incubated. Calculation of CFU/mL was performed by counting
the number of effluent colonies on plates presenting between 20 to 100 typical colonies.

Isolation and enumeration of heterotrophic bacteria in the present project were carried out
on two non-selective non-differential media, MH and R2A. MH is the standard nutrient-high
medium commonly used for antimicrobial susceptibility testing of fast-growing non-fastidious
microorganisms (Matuschek et al., 2014). While low levels of thymine and thymidine in MH
medium minimize the occurrence of false identification of resistance in antimicrobial
susceptibility testing against sulfonamides and TMP, the adjusted amounts of magnesium
and calcium reduce the effects of variation in divalent cations in the aminoglycoside and TET
tests (Ferguson and Weissfeld, 1984). MH medium contains starch (1.5 g/L), casamino
acids (17.5 g/L) as well as beef infusion (2 g/L) which provide the nutrient supply and energy
to yield good bacterial growth. MH broth was purchased from Sigma-Aldrich (St. Louis,
Missouri, USA).

R2A (a nutrient-low medium) was introduced by Reasoner and Geldreich (1985) for
bacteriological plate counts of treated potable water to stimulate the growth of stressed and
chlorine-tolerant bacteria over long incubation times. R2A is now on the list of standard
media used to culture slow- and fast-growing heterotrophic bacteria using spread plate, pour
plate and membrane filter methods (Eaton et al., 2005). Many studies in recent years have
used this medium to isolate total heterotrophic bacteria for studies of AR in samples of
WWTPs (Zhang et al., 2015b; Aali et al., 2014; Oh et al., 2009; Gao et al., 2012; Garcia-
Armisen, 2011; Kim et al., 2007b). R2A medium (Difco) contains yeast extract (0.5 g/L) as a
source of vitamins and trace elements, proteose peptone No.3 (0.5 g/L) and casamino acids
(0.5 g/L) to provide minerals, carbon, nitrogen, vitamins and amino acids, dextrose (0.5 g/L)
as a carbon source, starch (0.5 g/L) to protect against toxic materials, sodium pyruvate (0.3
g/L) to increase the recovery of stressed cells, dipotassium phosphate (0.3 g/L) to provide
phosphate and balance pH and magnesium sulfate (0.05 g/L) as a source of divalent cations
and sulfate (Zimbro et al., 2009).
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To ensure the optimal growth of slow-growing heterotrophs, R2A plates were incubated at
37°C for 24 hours and then placed at room temperature for up to one week prior to counting
CFUs unless otherwise is stated. Colony counting on MH plates was done after 16-18 hours
of incubation at 37°C. To avoid fungal growth, both agar media were supplemented with
cycloheximide at a concentration of 75 yg/mL. As the focus of the present project is on
evaluating the potential of release of ARB from MEBPR systems concerning human health,
37°C was chosen as the incubation temperature for the growth of heterotrophic bacteria in
media (Allen et al., 2004).

2.4.1.2.2 Bacterial Growth in Liquid Media

Section 3.2 compares the ARB and MDR patterns of heterotrophic bacteria in influent and
two MEBPR processes operating at either 25 or 60 day SRTs. As monitoring the MDR
patterns required each bacterium to be screened individually against a set of antimicrobials
of interest, simple plating of bacterial cells on antimicrobial supplemented agar plates could
not be used. Hence, to provide an opportunity for simultaneous screening of bacteria for
resistance to antimicrobials, bacterial colonies were first isolated and the glycerol stocks
were stored for further testing. In order to isolate bacteria, colonies were stabbed with
sterilized toothpicks and suspended in 80 uL of initial liquid medium (MH or R2A) containing
10% glycerol in 384-well microtiter plates, incubated and stored at -80°C. To minimize the
potential of cross contamination, overlapping but still distinguishable colonies were not
isolated. Single colonies were isolated from samples of influent, anoxic mixed liquor (25 and
60 day SRTs), treated effluents (25 and 60 day SRTs) as well as foam (25 and 60 day
SRTs) collected on December 2014, January 2015 and February 2015. As previous work by
Monti (2006) and Lawson (2014) showed that the UBC pilot plant redox reactors behaved as
completely mixed tanks, colonies isolated from anoxic tanks were considered to be
representative of the total community of heterotrophic bacteria in the redox reactors.

Before antimicrobial screening, plates corresponding to the first replicate of each sample
were thawed and replicated into brand new 384-well microtiter plates using a QPix2 Robotic
colony picker. After incubation (37°C for 16-18 hours in MH and 36-38 hours in R2A
medium), optical density (OD) of the fresh cultures was measured at 600 nm by a Varioskan
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Flash spectral scanning plate reader.

Screening was conducted by replicating fresh cultures into 384-well microtiter plates
supplemented with desired concentrations of antimicrobials in the liquid media. Methodology
applied for these experiments was a novel application of the QPix2 Robotic colony picker
technology. Using this approach, each isolated colony was screened in duplicate once by
the QPix2 Robotic colony picker and once by a 384 pin multi-blot replicator for resistance to
a set of five antimicrobials, SMX (50 pg/mL), TMP (5 pg/mL), AMX (32 pg/mL), TET (10
pg/mL) and CIP (5 pug/mL). Screening plates were bleached, ethanoled (80%) and exposed
to ultraviolet (UV) irradiation to avoid contamination. The protocol for bleach/ethanol/UV
sterilization was verified to test for the cleanliness of the 384-well microtiter plates (data not
shown). One unused plate was also designated as a positive control to monitor the viability
of cells in antimicrobial-free media in parallel with antimicrobial screening assay. Table 2.5
summarizes some general properties of the tested antimicrobials in the present section and

their corresponding resistance mechanisms.

After incubation, the ODggy of bacterial cultures in screening plates was measured.
Organisms whose growth in the presence of the desired concentration of an antibiotic was
confirmed in duplicate plates, as well as the positive control plate were considered to be
resistant. To optimize the inoculum suspension density (within the range of 2 to 8x10°
CFU/mL following the CLSI (2011) guidelines using broth microdilution techniques), the
QPix2 Robotic colony picker was set for a single dip and two seconds of pin contact time in
the destination plates. This setting was confirmed by measuring the inoculum density of 50
cell cultures (25 MH- and 25 R2A-isolated strains randomly selected from two of 384-well
microtiter positive control plates) using the serial dilution plating method. In another
experiment, the inoculum densities of 20 cell cultures (10 MH- and 10 R2A-isolated strains
selected from 20 different 384-well microtiter plates) whose difference in ODggo
measurements before and after inoculation (before incubation) was highest were measured.
Data showed that the difference (> 0.01) between ODggp values before and after inoculation
could be used as a useful parameter to minimize the possibility of including bacteria with
inoculum densities above the recommended range in screening results. Using this approach,
about 1.2% of total tested bacterial isolates with suspected inoculum densities above 8x10°
CFU/mL were removed from the data analysis.
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In total, from each environment (influent, anoxic mixed liquor (SRT = 25 and 60 days), foam
(SRT = 25 and 60 days) and treated effluent (SRT = 25 and 60 days)), an average of 200
MH- and 150 R2A-isolated bacteria (from each of the three sampling events) were screened

for resistance to five antimicrobials.

2.4.1.2.3 Data analysis

In order to determine the ARB ratios of cultivable heterotrophic bacteria on solid media, the
total number of bacterial colonies growing on medium supplemented with antimicrobials was
divided by colony counts of bacteria growing on medium without antimicrobials. In liquid
assays, ARB ratios were determined by dividing the total number of organisms showing
positive growth in antimicrobial supplemented liquid media by the total number of viable
organisms in antimicrobial-free media (positive control plate). When reported as percentage,
ARB ratio was multiplied by 100. Multiplying the ARB ratio by colony counts of the same
sample (CFU/mL), the concentration of resistant bacteria (CFU/mL) in each sample was
determined.

Statistical pair-wise comparisons were made assuming a simple t-based hypothesis test
between two means on the basis of media, populations and antibiotics at a significance level
of 0.05. Using this method, the statistical significance between two mean ratios of ARB as
well as MDR bacteria (i.e. bacterial resistance to at least three antimicrobials from three
different classes) were compared when the sample size was a minimum of three. Hence, the
usage of the word “significance/significant” is only limited to cases where statistical analysis
was performed on data (e.g. Appendix B (Table B.2 to B.4)).

Percent removal of total heterotrophic bacteria as well as ARB by membrane filtration was
calculated from the following formula:

Cinfluent_ceffluent X 1 O 0
Cinfluent

Percent removal = 1)

Cinfiuent: cOncentration of total heterotrophic bacteria, ARB and/ or ARG in influent (CFU/mL)

Ceruent: cONcentration of total heterotrophic bacteria, ARB and/ or ARG in treated effluent
(CFU/mL)
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Log reduction of total heterotrophic bacteria, ARB, as well as ARG, through membrane
filtration was calculated from the following formula:

Cinfluent

Log reduction = Logy, ( )

Ceffluent

The inflow rate of ARB in influent as well as release rates (RR) of ARB in treated effluent,

waste aerobic mixed liquor and foam were calculated from the following formulae:

IR = Cinfluenthinfluent (3)

IR: inflow rate of ARB (CFU/day) or input ARG concentration (gene copies/day) to MEBPR

processes
Cinfiuent: concentration of ARB (CFU/L) or ARG (gene copies/L) in influent
Qinfent: influent daily flow rate (L/day)

RRwaste aerobic mixed liquor aerobic mixed liquorXQwaste aerobic mixed liquor 4)

RRwaste aerobic mixed liquor: Felease rate of ARB in waste aerobic mixed liquor (CFU/day)
Caerobic mixed liquor: cONcentration of ARB in aerobic mixed liquor (CFU/L)

Quaste aerobic mixed liquor: @€robic mixed liquor wastage rate (L/day)

RRfoam = CfoamXQfoam (5)
RRfoam: release rate of ARB in foam (CFU/day)
Croam: concentration of ARB in foam (CFU/kQ)

Qfoam: foam wastage rate (kg/day)

42



2: Materials and Methods

Reffluent = Ceffluentheffluent (6)

RResuent: release rate of ARB through the discharge of MEBPR effluent (CFU/day) or release
rate of ARG through the discharge of MEBPR effluent (gene copies/day)

Ceruent: concentration of ARB (CFU/L) or ARG (gene copies/L) in membrane effluent

Qefrivent: OUtflow rate (L/day)

The total release rate of ARB was calculated from the following formula:

RRtotal = RRwaste aerobic mixed liquor + RRfoam + RReffluent (7)

The fraction (Farg) of contribution of waste aerobic mixed liquor, foam and MEBPR effluent,
in the release of ARB was calculated from the following formulae (Munir et al., 2011):

F _ RRgerobic mixed liquor
ARB (aerobic mixed liquor) — IR (8)

FARB (aerobic mixed liquor): fraction of contribution of waste aerobic mixed liquor in the release of
ARB

F _ RRfoam
ARB (foam) = — [p (9)

F AR (foam): fraction of contribution of foam in the release of ARB

F _ RReffluent
ARB (effluent) = = (10)

Fare (effiuent): fraction of contribution of treated effluent in the release of ARB or ARG

In this study, the standard deviation (o) and standard error of the mean (o,,) were calculated

from the following formulae:
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L(x-%)?

o= i1 (11)
x: each value
x: the average of all values
n: sample size
_ (o)
om = (12)

The composite standard deviation ( 0 R) was calculated from the following formulae:

IfR = y/z

— f"_f’z 0Zy,
oR=R (3_/) +(Z_) (13)

¥y and z: the average values of two sets of independent samples

oy, oz: standard deviation of indepenedent samples (y and z)

fR=y+z

oR = /(0y)? + (02)? (14)

2.4.1.3 Lactose Fermentation Test

To compare the proportion of lactose fermenting (Lac+) bacteria between MH- and R2A-
isolated effluent heterotrophs, the growth properties of 96 MH and 96 R2A bacterial isolates
on MacConkey solid medium were studied. This assay was performed on MH and R2A
heterotrophic bacteria isolated from membrane effluent samples collected on December
2014 and January 2015 from a 25 day SRT MEBPR train which were tested for resistance to
five antimicrobials by growth in liquid medium (methodology provided in Section 2.4.1.2). To
ensure colonies were representative of the total community of bacteria which had been
screened for resistance to antimicrobials (Section 3.2), bacterial isolates with similar patterns
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of resistance to the total previously tested effluent bacteria were randomly selected. Lactose
fermentation tests were performed by transferring the cells from fresh liquid cultures
(prepared in 96 well plates in MH or R2A media) by a 96 pin multi-blot replicator to
MacConkey agar uni-well rectangular plates in duplicate. After proper incubation (Table 2.7),
enteric bacteria with the ability to utilize lactose were detected by the appearance of pink
colonies due to lactose fermentation and acid production.

MacConkey agar is a selective and differential medium used to isolate G(-) bacteria and
separate them based on their ability to ferment lactose. Briefly, peptone (17g/L) and
proteose peptone (3 g/L) provide amino acids; vitamins and nitrogenous compounds are
required for bacterial growth; lactose monohydrate (10 g/L) is added as a fermentable
source of carbohydrate for energy; crystal violet (0.001 g/L) and bile salts (1.5 g/L) act
selectively to inhibit the growth of most G(+) bacteria; sodium chloride (5 g/L) is incorporated
to maintain the osmotic balance and neutral red (0.03 g/L) is a pH indicator. In short,
differentiation of enteric bacilli in MacConkey agar is achieved by utilizing lactose in Lac+
bacteria and acid production, which turns the neutral red pH indicator from colorless to red
and precipitates the bile salts in the immediate neighborhood of the colony (MacConkey,
1908).

As eosin methylene blue (EMB) has similar differentiation properties to MacConkey medium
(Table 2.7), growth properties of the tested bacteria on EMB medium was used as a control
to confirm the population of lactose fermenting (Lac+) bacteria, Gram negative (G(-)) non-
lactose fermenting (Lac-) bacteria and potential Gram positive (G(+)) bacteria. Parallel
experiments were also performed on the initial medium (MH or R2A) to serve as a positive
control to test the viability of cells.
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Table 2.7 Properties of lactose ferming and G(-) non-lactose fermenting bacetrial growth on
MacConkey and EMB media

Selectivity/ Differentiabilit: . n Incubation
Medium P):operties Yy Colonial Characteristics Conditions
selective for G(-) bacteria »  colorless if G(-) Lac- bacteria 18-24 hours

MacConkey | differential for Lac+ bacteria »  red to pink if Lac+ bacteria @ 37°C

»  uncolored or light-pink if Lac- and weak

selective for G(-) bacteria Lac+ bacteria 18-24 hours

EMB differential for fecal coliforms »  dark blue/purple if strong Lac+ bacteria @ 37°C

and E. coli strains »  dark blue/purple with metallic green
sheen if E. coli strains

2.4.2 Molecular Techniques

The application of nucleic acid-based approaches in AR studies overcomes the limitations of
culture-dependent techniques in many aspects. As an example, molecular techniques can
be used for detection of ARGs in isolated bacteria or the mixed environmental DNA including
slow-growing and unculturable microorganisms (Zhang and Zhang, 2011; Ramsden et al.,
2010). Culture-independent techniques are also commonly used to quantify AR
determinants in environmental samples (Xia et al., 2012; Lachmayr et al., 2009). Through
recent advances in metagenomics, function-based analysis of microbial communities has
enabled identification of the diversity of unidentified ARGs with unknown sequences in
environmental microbiomes (Parsley et al., 2010).

In the present project, culture-independent techniques were applied for four major purposes
of (1) detection and quantification of ARGs, (2) identification of influent and treated effluent
bacterial isolates by 16S rRNA gene sequencing, (3) profiling the taxonomic composition of
bacterial communities in influent, mixed liquor, foam and effluent, and (4) functional
screening of the foam fosmid library. Sections 2.4.2.1 to 2.4.2.7 provide a detailed
description of the molecular techniques applied in this study.
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2.4.2.1 DNA Extraction and Quantification

This section describes the methods for DNA extraction from influent, mixed liquor, foam and
membrane-treated effluent samples used for PCR, qPCR and 16S rRNA gene sequencing
of bacterial isolates as well as total genomic DNA. The procedures of plasmid and genomic
DNA extraction and following purification steps in study of metagenomic libraries are
provided in a separate section (2.4.2.5).

In the present research, total genomic DNA extraction from samples of treated effluent was
carried out following the protocol by Wright and coworkers (2009). Total genomic DNA in
influent, mixed liquor and foam was extracted using the FastDNA® Spin Kit for soil
(QBiogene Mississauga, Ontario, Canada). Isolated DNA was examined by gel
electrophoresis (1.0% (wt/vol) agarose gel in TAE buffer) and ethidium bromide (EtBr)
staining.

In the present study, a total of 72 (16 influent and 56 membrane effluent) bacterial isolates
were identified by 16S rRNA gene sequencing. As a ubiquitous component of ribosomes,
the 16S rRNA gene is used as the most suitable gene target to study bacterial phylogeny
and diversity. The 16S rRNA gene consists of nine hypervariable regions (V1-V9) with each
region flanked by a conserved segment (Yang et al., 2016). While these highly conserved
regions enable amplification of the 16S rRNA gene by broad-range (universal) primers in
widely divergent microorganisms, sequencing the hypervariable regions allows superior
phylogenetic resolution. In the present research, PCR reactions were perfomed using crude
bacterial cell lysates as template DNA. In detail, 200 pyL of the overnight bacterial culture
was first centrifuged at 7000 g for two minutes. After the supernatant was discarded, 100 pL
of nuclease-free sterile water was added to the tube and mixed well. The solution was boiled
for 20 minutes and then centrifuged for two minutes at 14000 g. The supernatant was
carefully collected in a sterilized microcentrifuge tube and stored at -20°C until processing.

In cases the plasmid or genomic DNA was required to be concentrated, the ethanol
precipitation procedure was followed. Briefly, DNA was first mixed with 3M NaOAc (0.1 x
DNA volume) and 100% ethanol (2 x total volume of DNA and 3M NaOAc) and centrifuged
for two minutes at 4000 g. After the supernatant was discarded, the pellet was resuspended
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in 200 pL of 70% ethanol to wash the remaining salt in the solution. The solution was
centrifuged for two minutes at 4000 g, the pellet was vacuum dried and resuspended in 25
WL of nuclease-free sterile water.

In the present project, the concentration of DNA was measured using two different methods.
Estimation of purity and concentration of nucleic acids in 16S rRNA gene amplified products
were measured by microspectrophotometery (NanoDrop ND-1000, NanoDrop Technologies,
Wilmington, Delaware, USA). Absorbance was measured at wavelengths of 260 (A260) and
280 (A280) nm. DNA with absorbance quotient (OD25/OD2gg) between 1.8 and 2.0 was
considered purified.

Accurate quantification of double stranded DNA in influent and MEBPR samples was

performed by fluorescence staining using the Quant-iT™ PicoGreen® dsDNA Kit (Invitrogen,
USA). In the first step, three dilutions of the sample (1:50, 1:100 and 1:1000) were prepared
in duplicate. In order to make a calibration curve, serial dilutions of the standard (Lambda
DNA) were prepared in triplicates at eight gradient concentrations ranging from 15.6 to 2000
ng/uL. Then, 25 pL of the solution in each tube (diluted samples and/or standards) was
mixed with 25 pL of diluted picogreen fluorescent nucleic acid stain (1:200 dilution in 1x TE
buffer) in duplicate in a 96-well microtiter plate. As the picogreen reagent is susceptible to
photodegradation, the plate was kept in the dark and the fluorescence of standards and
samples was measured within 10 minutes of the addition of picogreen reagent using a
Varioskan Flash Spectral Scanning Plate Reader (Thermo Scientific, Waltham,
Massachusetts, USA) at 535 nm emission and 485 nm excitation.

2.4.2.2 PCR and Amplicon Detection

In the present project, qualitative PCR assays were performed for two purposes of (1)
studying the phylogeny of influent and effluent isolated bacteria (by 16S rRNA gene
sequencing analysis) and (2) detection of ARGs in bacterial isolates and total genomic DNA
in different compartmanets of the MEBPR process. A PCR reaction master mix was
composed of 4 uL of reaction buffer-Mg2+ (10x), 1.2 yL of 50 mM MgCl,, 0.9 pyL of dNTP
mixture (10 mM), 0.2 uL of Taq polymerase (5 U/uL), 1.5 yL of each primer (10 uM) and
25.7 uL of nuclease-free sterile water. The reaction mixture was mixed with 1 pL of template
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DNA (~ 1 ng) and PCR amplification was performed with a 2720 Thermal Cycler (Applied
Biosystems, California, USA). Table 2.8 provides the details of PCR conditions. Table 2.9
summarizes the sequences of primers used in PCR and qPCR assays

Products of PCR amplification were analyzed by gel electrophoresis (in 1% (wt/vol) agarose
in 0.5 x TAE buffer) stained with EtBr and visualized using UV gel dock so that the size of
the amplified product could be compared with the control. In case the positive control was
not available but the desired size of the amplified product was confirmed by gel visualization,
PCR products were cleaned up following the isopropanol precipitation procedure before
sequencing. The procedure is similar to ethanol precipitation (Section 2.4.2.1) with the
exception that PCR products were mixed with NaOAc (0.1 x PCR product volume) and
Isopropanol (0.7 x PCR product volume) before initial centrifugation.

Table 2.8 PCR reaction conditions

Initial Denaturation Annealing Elongation Final
Denaturation No. of Extension
Target Gene cycles
°C | Minutes °C | Seconds | °C [ Seconds| °C | Seconds | °C | Minutes
aadA1 95 5 35 95 20 54.0 30 72 30 72 5
blaoxa-2 95 7 35 95 20 56.2 20 72 120 72 5
blarem-1 95 7 40 94 60 58.0 30 72 30 72 7
Class 1 Integron
. ' 94 5 25 94 30 60.0 30 72 30 72 7
variable region
int1 94 5 25 94 30 60.0 30 72 30 72 7
sull 95 5 40 95 30 55.9 30 72 30 72 7
sul2 95 5 40 95 30 60.8 30 72 30 72 7
tet(A) 95 5 35 95 20 55.2 30 72 30 72 7
tet(C) 95 5 35 95 20 55.2 30 72 30 72 7
tet(G) 95 5 35 95 20 62.0 20 72 30 72 5
tet(W) 95 5 35 95 20 60.4 20 72 30 72 5
16S rRNA 94 3 35 94 40 55.0 90 72 120 72 10
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Table 2.9 Oligonucleotides used in this study for PCR and qPCR assays

Target Sequences (5'-3) Amplicon Size | Application Reference
F-K185 CCGAAGTATCGACTCAAC
aadA1 747 PCR Davies Laboratory
R-K186 CGACTACCTTGGTGATCT
F-K176 AAGAAGGCACGCTAGAAC
blaoxa-2 640 PCR Davies Laboratory
R-K177 AGTGCGAAGAATACGGAG
F CATTTTCGTGTCGCCCTTAT PCR
blatem-1 167 PCR Yang et al., 2012
R GGGCGAAAACTCTCAAGGAT q
Class 1 hep58-K459 TCATGGCTTGTTATGACTGT
Integron variable PCR Malek et al., 2015
variable region help59-K460 GTAGGGCTTATTATGCACGC
F-K159 GTTCGGTCAAGGTTCTGG
int1 890 PCR Xu et al., 2007b
R-K160 CGTAGAGACGTCGGAATG
F CGCACCGGAAACATCGCTGCAC
sult 163 gPCR Pei et al. (2006)
R TGAAGTTCCGCCGCAAGGCTCG
F-K286 TTGGGGCTTCCGCTATTGGTCT
sul2 187 PCR Nandi et al., 2004
R-K287 GGGTTTCCGAGAAGGTGATTGC
F TCCGGTGGAGGCCGGTATCTGG
sul2 191 PCR Pei et al. (2006)
R CGGGAATGCCATCTGCCTTGAG
F GCTACATCCTGCTTGCCTTC
tet(A) 210 PCR Ng et al., 1999
R CATAGATCGCCGTGAAGAGG
F CTTGAGAGCCTTCAACCCAG
tet(C) 418 PCR Davies Laboratory
R ATGGTCGTCATCTACCTGCC
F GGTGCTTCTGGCTTCTCTTG ;
tet(G) 140 gPCR Szczepanowski et
R CAATGGTTGAGGCAGCTACA al. (2009)
F GTCGAAAAAGGGACAACGAG ;
tet(W) 172 gPCR Szcz?pazn(ﬁ)vs\;skl et
R CTAAAACAGCCAAAGAGCGG al. (2009)
7F GAGAGTTTGATCCTGGCTCAG Srivastava et al.,
16S rRNA 1504 PCR 2008
1511R CGGCTACCTTGTTACGACTTC Zhong et al., 2010
27F AGAGTTTGATCCTGGCTCAG
16S rRNA 492 qPCR Zaikova et al., 2010
519R GNTTTACCGCGGCKGCTG®
K560 TGCCACAACTATCGTGCCTT - sequencing this study
K561 CCGTGCCTTTTCGCAGTTAG - sequencing this study
K562 AGAACAAGCAGGCATCACGA - sequencing This study

a International Union of Pure and Applied Chemistry (IUPAC) degenerate base symbols; N=A, G, C, or T; K=G or T.
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Purified products were sent to either Genewiz (South Plainfield, New Jersey, USA) or
Macrogen (Geumcheon-gu, Seoul, Korea) or the Nucleic Acid Protein Service Unit (NAPS
UBC, Vancouver, Canada) for DNA sequencing. Sequencing data were analyzed using
BioNumerics Software (v.5.10) and phylogenetic trees were assembled by the neighbour
joining method in macVector (v.13.0). Basic local alignment tool (BLAST) was used for rapid

comparison of nucleotide sequences.

2.4.2.3 Quantitative Real-time PCR Assays

The relative abundances of the su/1 gene in influent and MEBPR processes was determined
by real-time quantitative PCR (qQPCR) assay testing. To correct for variations in the efficiency
of DNA extraction, the number of sul1 gene copies in each sample was normalized to the
corresponding 16S rRNA gene copies as a surrogate measure of total bacterial abundances
(Devarajan et al., 2016). The procedure for gPCR assays was developed using the SsoFast
EvaGreen Supermix (BioRad, Hercules, Canada). The reaction mixture was composed of 10
uL of Ssofast EvaGreen supermix, 1 pL of each primer (10 uM), 6 uL of sterile
RNase/DNase-free water and 2 uL of template DNA (1:10 dilution). Fluorescence detection
and thermal cycling were conducted on a CFX96 real-time PCR detection system and CFX
Manager software (v.3.1; BioRad), using the following protocol: 98°C for two minutes,
followed by 39 cycles of 98°C for two seconds and five seconds at the annealing
temperature (55 °C for 16S rRNA gene, 65 °C for sul1 gene) followed by a melt curve stage
with temperature ramping from the annealing temperature to 95 °C. In order to establish the
optimal annealing temperature to amplify the sul1 gene, gradient PCR was first performed.

In order to generate the calibration curve for quantification of the sul1 gene, purified PCR
products (confirmed by sequencing in this study) were used as the standard. The standard
for 16S rRNA gene quantification, cloned into Escherichia coli (clone ID: 215EB), was kindly
provided by Dr. Steven Hallam (Professor at UBC, Department of Microbiology and
Immunology, personal communication). The concentrations of DNA in the standards were
measured by picogreen assay testing (methodology provided in Section 2.4.2.1). Ten-fold
serial dilutions of the plasmid DNA or PCR products were used to make the calibration
curves. The following formula correlates the concentration of DNA to gene copy numbers:
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copies

6.022><1023( obe

. ng
copies )XDNA concentration (—2)
DNA (%2°) = . — (15)

pL Fragment size (bp)x660 (g/(mole.bp)x10° (E)

Samples were analyzed in triplicate with a negative control and a standard curve in each
run. Within each assay, the gene copy numbers of replicate pairs were averaged. In order to
minimize the error due to repeated freeze thawing, DNA was stored in small aliquots (at -
20°C), so that each tube of DNA was only thawed once. To reduce human and instrumental
error, one set of calibrated pipettes was used for all gPCR reactions. The amplification
efficiency (E) of gPCR reactions ranged from 89.8% to 96.7% and correlation coefficient (RZ)
values were more than 0.998 in all calibration curves. The specificity of gPCR products was
checked by agarose gel electrophoresis and melt curves.

2.4.2.4 Profiling the Taxonomic Composition of Bacterial Communities through High-
throughput Sequencing of the 16S rRNA Gene

The composition and relative abundances of bacterial communities involved in a MEBPR
system operating at 25 day SRT were determined by Illumina high-throughput sequencing.
As a preparatory step, the concentration of total genomic DNA extracted from samples of
influent, foam, membrane-treated effluent, anaerobic, anoxic and aerobic mixed liquors
collected on December 2014, January and February 2015 were measured by picogreen
assay. The procedures for extraction and quantification of DNA were described in Section
2.4.2.1. Then, equal concentrations of DNA from each of the individual samples of influent,
mixed liquor (anaerobic, anoxic, aerobic reactors), foam and treated effluent at three
sampling days were pooled together and submitted to Microbiome Insights Inc. (Vancouver,
Canada) for PCR, sequencing and partial sequencing analysis. Briefly, PCR reactions were
performed using ThermoFisher Phusion Hot Start || DNA polymerase. A reaction master mix
was composed of 10 uL of reaction buffer (5 x), 1 yL of 50 mM MgCl,, 1 pL of dNTP mixture,
0.5 uL of Taq polymerase (2U/uL), 1 pyL of each primer (10 uM) and 33.5 pL of nuclease-free
sterile water. The reaction mixture was mixed with 2 yL of template DNA. The PCR reaction
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was performed using the following protocol: 98°C for two minutes, followed by 30 cycles of
98°C for 20 seconds and 55 °C for 15 seconds and 72 °C for 30 seconds, followed by 72°C
for 10 minutes. DNA extracts were sequenced using Read 1 primer (5'-
TATGGTAATTGTGTGCCAGCMGCCGCGGTAA-3), Read 2 primer (5-
AGTCAGTCAGCCGGACTACHVGGGTWTCTAAT-3') and Index primer (5'-
ATTAGAWACCCBDGTAGTCCGGCTGACTGAC-3") annealing to the V4 region region of
16S rRNA genes. Sequencing was performed on a MiSeq using the MiSeq 500 Cycle V2
Reagent Kit (lllumina Inc, USA).

MiSeq generated Fastq files were filtered and clustered into operational taxonomic units
(OTUs) using Mothur software (v.1.38) following the MiSeq SOP. Briefly, sequence pairs
were merged into contigs and quality filtered by removing long homopolymers and
ambiguous bases before pre-clustering by merging sequences that differ by less than two
bases. Chimera detection was done with UCHIME. Chimeric sequences were removed prior
to taxonomic assignment via Bayesian classification. Filtered sequences were clustered into
97% similarity OTUs using the average neighborhood approach into genus level taxa. This
part was performed by the Microbiome Insights Inc. (Vancouver, Canada).

As a summary, lllumina 250-bp paired-end sequencing of the amplicon targeting the V4
region of the 16S rRNA gene generated 20,585, 21,805, 18,108 and 19,469 sequencing

reads from samples of influent, mixed liquor, foam and membrane effluent, respectively.

After the taxonomic assignment and to reduce the over-prediction of rare OTUs, OTUs
represented by one read (singletons) were removed and 1,152 OTUs corresponding to a
total of 7,996, 9,305, 6,680 and 7,859 joined reads were retained for downstream microbial

community analysis of influent, mixed liquor, foam and membrane effluent, respectively.

After the table of OTUs was prepared, bubble plots of order level abundance within
communities were drawn for three classes of OTUs using R packages. Abundant,
intermediate and rare OTUs were defined as having a relative abundance or a frequency of
> 1%, a frequency between 1% and 0.1% and a frequency < 0.1%, respectively (Galand et
al., 2009).

Hierarchal dendrograms were generated using Ward’s minimum variance method and

Manhattan distance measures. Hierarchal cluster analysis of bacterial communities was
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performed using the pvclust package in the R software. Statistically significant similarity
between the resulting clusters was calculated as bootstrap core distributions with 1000
iterations and assigned to clusters with bootstrap probability (BP) > 70% and approximately
unbiased (AU) > 95%.

Shannon index was calculated using the ‘vegan’ and ‘Phyloseq’ R packages, using
plot_richness() function. The plot_richness() function generates both a plot, and the
appropriate diversity score for each sample in the R data frame. The graphics were
generated using ggplot2 package in the R software.

2.4.2.5 Construction of Fosmid Libraries

Metagenomic libraries were constructed from genomic DNA extracted from samples of
influent, foam, anaerobic, anoxic and aerobic mixed liquors collected on August 2014 from a
MEBPR system operating at 25 day SRT. Isolation of genomic DNA was followed by the
protocol proposed for “extracting high molecular weight genomic DNA suitable for
constructing large insert environmental metagenomic libraries” by Lee and Hallam (2009).
This protocol involves a freeze-grinding step that can improve the cell lysis prior to DNA
extraction (Lam et al., 2015). As a representative of the redox zones, equal concentrations
of DNA from the anaerobic, anoxic and aerobic mixed liquors were pooled after nucleic acid

extraction.

As construction of the metagenomic libraries requires high quality DNA, extracted DNA was
treated with RiboShredder RNase Blend (Epicentre, Wisconsin, USA) post extraction to
degrade unwanted RNA. In order to remove the remaining proteins, cesium chloride (CsCl)
gradient ultracentrifugation was performed following the protocol of Wright and coworkers
(2009). Genomic DNA bands illuminated by blue light after CsCI-EtBr gradient centrifugation
are shown in Appendix D. After DNA purification, the CopyControlTM fosmid library
production kit protocol (Epicentre, Wisconsin, USA) was applied to construct fosmid libraries.

In detail, purified insert DNA was first blunt-ended and phosphorylated so that incompatible
or damaged 5’ and/or 3' ends were repaired. Blunt-ended DNA was fractionated by pulse
field gel electrophoresis (PFGE) on a 1% low melting point (LMP) agarose gel. The gel slice
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between 25 and 45 kb was then extracted from the gel using the GELase enzyme according
to the manufacturer’s instructions (Epicentre, Wisconsin, USA). After size selection and
recovery of the size-fractioned DNA, blunt-ended DNA fragments were ligated into the
pCC2FOS fosmid vector using Fast-link DNA ligase. After the ligation reaction, the solution
was packaged into phage particles (MaxPlax Lambda Packaging Extracts) and transfected
into TransforMax EPI300 Escherichia coli (E. coli).

pCC2FOS vector contains a high copy origin of replication (oriV) as well as a
chloramphenicol (CM) resistance gene. Under the regulated control of the arabinose-
inducible promoter, the trfA gene product (supplied by TransforMax EPI300 cells) initiates
replication from oriV and increases the copy number of the fosmid in the host. The host
(EPIBOOTM-T1R Phage T1-resistant E. coli plating strain) has the following properties:

[F— mcrA A(mrr-hsdRMS-mcrBC) (StrR) ¢80dlacZAM15 AlacX74 recA1 endA1 araD139 A(ara,
leu)7697 galU galK A— rpsL nupG trfA tonA dhfr]

After packaging, titers of the packaged phage particles were estimated. As packed clones in
foam had the highest concentration (84,025 CFU/mL (0=5,414)), the foam metagenomic
library was selected for further studies of antimicrobial screening and infected cells from
influent (5,112 CFU/mL (0=305)) and mixed liquor DNA (12,096 CFU/mL (0=1,221)) were
stored at -80°C. From the foam fosmid library, about 24,200 infected bacterial cells (29% of
total) were plated on LB agar plates amended with chloramphenicol (CM) at a concentration
of 12.5 yg/mL. After overnight incubation at 37°C, vector-positive colonies were picked by a
QPix2 Robotic colony picker and inoculated in LB broth amended with 10% glycerol and CM
(12.5 pg/mL) in 63 of 384-well microtiter plates. After overnight growth, the master library
was copied (first copy) and both the master and copy libraries were stored at -80°C for
further experiments. ODggg values of the 63 plates in the first copy was measured after the
first freeze-thawing and the total number of viable clones was estimated to be 23,060.

In order to characterize the foam library, 10 fosmid clones were randomly selected and
recombinant plasmids were extracted using EZ-10 Spin Column Plasmid DNA Minipreps Kit
(BioBasic Company, Ontario, Canada). Plasmids were digested with BamHI restriction
enzyme. In detail, 1 yL of BamHI (20,000 U/mL), 1 yL of NEB 3.1 buffer and ~400 ng of

plasmid were mixed and an appropriate volume of nuclease-free sterile water was added to

55



2: Materials and Methods

obtain a final volume of 10 pL. The final solution was mixed and incubated at 37°C in a water
bath for two hours. Resulting digests were analyzed by gel electrophoresis using 0.8%
(wt/vol) ultra-pure agarose in 1 x TAE buffer stained with SYBR® safe DNA gel stain and
visualized under UV light. Band patterns were analyzed to calculate the average size of the
insert DNA in the foam fosmid library.

2.4.2.6 Functional Screening of the Foam Fosmid Library

The foam fosmid library was screened for resistance to carbenicillin (CARB) with the help of
an undergraduate student (Doriane Loirat) in the Davies Laboratory. The library was first
screened for resistance to CARB by growth in liquid cultures. Briefly, the copy library was
replicated in LB broth by a QPix2 Robotic colony picker in 384-well microtiter plates
supplemented with CM (12.5 yg/mL) and carbenicillin (CARB) (50 pyg/mL). After overnight
incubation at 37°C, ODgp measurements were collected and the total number of growing
clones was determined. During the second screening, only potential carbenicillin-resistant
(CARB') clones were tested for their growth in the presence of CARB (50 ug/mL) in LB agar
media and growth-positive clones were selected for further analysis.

2.4.2.7 Identification of ARGs in CARB' Clones

CARB' clones in the foam fosmid library were characterized based on their patterns of
digestion by BamHI restriction enzyme as well as their antimicrobial susceptibility profiles.
The procedure of single digestion of fosmid DNA was described in the previous section and
the methodology for antimicrobial susceptibility testing was presented in Section 2.4.1.1.

Fosmid DNA from CARB' clones was also transformed into E. coli DH10B electrocompetent
cells to test if the observed resistance phenotypes were host independent. In detail, 1 pL of
the fosmid DNA was mixed with 40 yL of DH10B competent cells and shocked in a 2 mm
electroporation cuvette at 2.5 kV, 200 Q and 25 pF using a BioRad Gene Pulser Xcell
electroporation system. After the electric shock, 1 mL of pre-warmed LB broth was added to
the bacterial suspension, mixed and then transferred into a sterile 10 mL glass tube and
incubated at 37°C while shaking for 30 minutes. After the culture was centrifuged for two

56



2: Materials and Methods

minutes at 4000 g, 800 pL of the supernatant was discarded. Then, 100, 50 and 25 L of the
resuspended pellet were plated with glass beads on LB agar plates supplemented with CM
(12.5 pg/mL) and CARB (50 pyg/mL). Competency of E. coli dH10B cells was determined by
transforming plasmid pUC19 carrying an ampicillin-resistant (AMP') marker into E. coli
dH10B cells. The electroporation procedure was followed exactly as described with an
exception of plating the final solution on LB agar plates supplemented with AMP (100
pg/mL).

The first step to identify ARGs in the EPI300:pF3.18 (CARB' clone) was the transposon
mutagenesis procedure which was followed using the EZ-Tn5<KAN-2> Insertion kit protocol
(Epicentre, Wisconsin, USA). Prior to constructing the Tn5 insertion library, fosmid DNA was
digested using the Plasmid-Safe ATP-Dependent DNase kit (Epicentre, Wisconsin, USA) to
remove the remaining linear chromosomal DNA. After the cleanup, an ethanol precipitation
procedure was completed as previously described (Section 2.4.2.1).

Another requirement to construct the TnS insertion libraries was to prepare the E. coli
EPI300 electrocompetent cells. In detail, fresh single colonies of the E. coli EPI300 strain
were inoculated in 200 mL of 2YT broth. After overnight incubation at 37°C, the turbidity
(ODegoo) of cell suspension was adjusted to about 0.3 by dilution in 2YT medium. Then, the
cells were incubated at 37°C under agitation and ODgyy was measured every 20 minutes. As
soon as ODggo reached 0.5-0.6, the cells were stored on ice for 15 minutes. The cells were
then harvested in a 250 mL centrifuge bottle (previously cooled down on ice) and centrifuged
at 3850 g for 10 minutes at 4°C. The supernatant was discarded and the pellet was
resuspended in 200 mL of 2YT containing 10% glycerol. Centrifugation and resuspension of
the pellet were repeated four more times until the resuspension volume was concentrated to
1 mL. Competent cells were then aliquoted in 1.5 mL microcentrifuge tubes and frozen
immediately with liquid nitrogen (N) and stored at -80°C.

After E. coli EPI300 competent cells were prepared and the in vitro transposon insertion
reaction was completed, electrotransformation was performed as previously described.
Transformants were plated on two sets of LB agar plates, one set supplemented with CM
(12.5 pg/mL) and one set amended with both CM (12.5 ug/mL) and KAN (50 ug/mL) to
estimate the survival and transposition frequency. KAN-positive clones (KAN' clones) were
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then picked and screened to select for the loss of resistance phenotype. A control
experiment monitored the viability of clones in LB medium supplemented with KAN (50
pg/mL) and CM (12.5 pyg/mL).

As EZ-Tn5 Transposons contain unique primer-binding sites at each end, susceptible Tn5-
inserted library clones were sequenced by NAPS (Vancouver, Canada) using KAN-2 forward
primer (5-ACCTACAACAAAGCTCTCATCAACC-3’) to identify the gene knockout. Trimming
the sequence of Tn5 transposon and gene assembly were performed using macVector
(v.13.0). Sequencing data were analyzed by performing a nucleotide BLAST search. In case
primers were required to be designed, the primer designing tool at national center for
biotechnology information (NCBI) website was applied.
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3 RESULTS AND DISCUSSION

3.1 Release of SMX' Bacteria in Membrane-treated Effluent and the Levels of the sul
Gene in MEBPR Processes

In recent years, many studies have reported incidents of the release of antibiotic resistant
bacteria (ARB) and antibiotic resistance genes (ARGs) in treated-effluent irrigation water
and effluent discharges to receiving surface water (Zhang et al., 2009; Li et al., 2009; Goni-
Urriza et al., 2000; Pruden et al., 2006; Reinthaler et al., 2003). As an example, Akiyama
and Savin (2010) observed an increase in AR ratio in coliform bacteria downstream of a
wastewater-polluted river in Arkansas, USA. Szczepanowski et al. (2009) detected a variety
of plasmid-encoded resistance genes in ARB isolated from activated sludge and final
effluent of a municipal WWTP in Germany. Auerbach and coworkers (2007) observed a
larger diversity of tetracycline-resistant (tet’) genes in wastewater treatment plant (WWTP)
samples relative to the background natural lake water samples in Wisconsin, USA.

The relative abundances of ARB and ARGs in treated effluent generated by gravity
separation of suspended solids in secondary settling tanks of conventional treatment
processes have been frequently studied (Manaia et al., 2010; Lefkowitz and Duran, 2009;
Gao et al.,, 2012; Sigala and Unc, 2012). However, the performance of advanced solids-
liquid separation techniques in removal of ARB, as well as the diversity and resistance
patterns of bacteria isolated from membrane-treated effluent, have been rarely monitored
(Manaia et al., 2010; Fars et al., 2005; Zhang et al., 2015b).

The present section is focused on evaluating the performance of a membrane enhanced
biological phosphorus removal (MEBPR) train operating at a 25 day SRT in controlling
sulfamethoxazole (SMX) resistance. Performance assessment was done through three
common approaches including (1) determination of the log removal of total heterotrophic
bacteria and ARB to test for the efficiency of membrane filtration, (2) comparison of
sulfamethoxazole-resistant (SMX') percentage in influent and effluent bacterial communities
to examine if there was a selective increase in SMX resistance from influent to membrane
effluent and, (3) comparison of the susceptibility profiles of 120 influent and treated effluent
SMX' bacteria against a set of five antibiotics from different classes to test if the percentage
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of co-occurrence with SMX resistance increased in membrane-treated effluent relative to the
influent. Data are presented in Sections 3.1.1 to 3.1.3.

To learn more about the diversity of cultivable heterotrophic dual-resistant and multi-drug
resistant (MDR) bacterial communities in influent and treated effluent (which penetrate the
ultrafiltration membrane permeate due to integrity breaches), all the 120 SMX' bacterial
isolates which conferred resistance to SMX and at least one more antibiotic were identified
through 16S rRNA gene sequencing. That included a set of 16 (11 MH and 5 R2A) influent
and 23 (14 MH and 9 R2A) effluent SMX" bacterial strains (Section 3.1.4).

The last part of this section (3.1.5) focuses on investigating the role of very long solids
retention time (SRT) operation on the levels of a SMX resistance gene in MEBPR
processes. To satisfy this objective, the relative abundances of the sul1 gene (per 16S rRNA
gene) in the redox zones of the UBC pilot plant parallel MEBPR trains operating at 25 and
60 day SRTs were compared. Meanwhile, comparing the concentration of the sul/1 gene
(gene copies per sample volume) in influent and membrane-treated effluent provided an
opportunity for evaluating the efficiency of the membrane filtration in removal of the SMX'
gene. To satisfy the gap in knowledge regarding the unclear role of advanced treatment
technologies in the attenuation or amplification of ARGs, the relative abundances of the su/1
gene copies (normalized to the 16S rRNA gene copies) were also compared between

influent and mixed liquor.

Resistance to SMX was studied in this section. Sulfonamides such as SMX are
antimicrobials which interfere with DNA synthesis by inhibiting the conversion of para-amino
benzoic acid (PABA) to dihydropteroic acid (Gibreel and Skéld, 1999). The formation of
dihydropteroic acid is catalyzed by dihydropteroate synthase (DHPS) in bacterial cells.
Acting as competitive inhibitors of DHPS, SMX blocks a key step in the folate biosynthesis
pathway (Huovinen et al., 1995). Resistance to SMX can be encoded by chromosomal
mutation in the folP gene and overproduction of the antimicrobial insensitive SMX' DHPS
enzymes (e.g. sull and sul2) (Balkhed, 2014).

Together with trimethoprim (TMP), SMX is one of the first-line antimicrobial agents for the
treatment of urinary tract infections (BC Centre for Disease Control, 2010). This compound
is one of the most commonly detected and studied antimicrobials in WWTPs and the
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occurrence of SMX' bacteria and sul genes on integron-harboring bacterial isolates in
activated sludge has been frequently reported (Akiyama and Savin, 2010; Nagulapally et al.,
2009; Ferreira da Silva et al., 2006; Munir et al., 2011; Ramsden et al., 2010; Munir and
Xagoraraki, 2011; Galvin et al., 2010; Figueira et al., 2011; Ma et al., 2011; Fars et al., 2005;
Okoh and Igbinosa, 2010; Mokracka et al., 2012).

3.1.1 Membrane Filtration Performance in Heterotrophic Bacterial Removal

In this study, the efficiency of a MEBPR train (SRT = 25 days) was evaluated by
determination of the log removal of total cultivable heterotrophs and SMX' heterotrophic
bacteria through membrane filtration. To satisfy this objective, three influent and three
membrane-treated effluent samples were collected on January 2014 in triplicate (biological
replicates) and plated on MH and R2A media supplemented with and without SMX (50
pg/mL). After incubation, the number of growing colonies was counted. The procedure of
sample collection was described in Section 2.2 and the methodologies of bacterial plating
and enumeration were provided in Section 2.4.1.2.1. After cell counting, the removal of
culturable bacteria on each medium (MH, R2A, MH+SMX, R2A+SMX) was determined using
Equation 2 in Section 2.4.1.2.3.

Total and SMX' bacterial cell counts in influent and effluent samples are shown in Figure
3.1. As the standard deviation in plate counts of technical replicates was so small as to be
negligible, an average of the three was used. Hence, each bar in Figure 3.1 represents the
mean colony forming units (CFUs)/mL (of biological replicates) + standard error of the mean
(SEM) of n=3 samples.

Comparing the influent and membrane-treated effluent colony counts, it was shown that
membrane filtration achieved four and three log reductions of total heterotrophic and SMX'
bacteria with both media (MH and R2A), respectively (Figure 3.1). The high efficiency of the
membrane filtration technique in removal of heterotrophic bacteria has been previously
documented (Munir et al., 2011). As an example, Zhang and coworkers (2015b) compared
the concentrations of bacteria in influent and effluent of three WWTPs in China and found
that membrane bioreactors (MBRs) exhibited more than 20% increase in the removal
percentage of total cultivable heterotrophic bacteria, compared to a secondary
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sedimentation tank.
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Figure 3.1 Comparison of the total heterotrophic and SMX' bacterial cell counts between
influent and membrane-treated effluent at SRT = 25 days (sampling: January 2014)

3.1.2 Comparison of SMX" Percentage in Influent and Effluent Heterotrophic Bacterial
Communities

The second aspect the 25 day SRT MEBPR train was studied was comparing the
percentage of SMX' cultivable heterotrophic bacteria in the influent and treated effluent. This
was done by dividing the colony counts on SMX-supplemented agar plates (50 pg/mL) over
the total number of bacteria growing on antimicrobial-free plates (MH or R2A) (Section
2.4.1.2.3). From Figure 3.1, the percentages of SMX" MH and R2A heterotrophic bacteria
were increased from 15.76% (0=3.76%) to 34.45% (0=6.37%) and 9.42% (0=1.32%) to
18.27% (0=1.22%) from influent to membrane effluent, respectively.

In summary, observations from Sections 3.1.1 and 3.1.2 implied that despite the overall high
efficiency of membrane filtration in removal of total and SMX" cultivable heterotrophic
bacteria (four and three log reductions), a selective increase in the percentage of SMX' ratio

was observed from influent to membrane-treated effluent. Similar findings have been
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reported by Zhang and coworkers (2009). While they observed about three orders of
magnitude reduction in the population of total heterotrophs and Acinetobacter spp. from raw
influent to effluent of a tertiary WWTP (in Ann Arbor, Michigan, USA), they observed
selective increases in amoxicillin/clavulanic acid, chloramphenicol and rifampin resistance

among Acinetobacter spp. isolated from effluent compared to those of the influent.

The increase of SMX resistance from influent to membrane-treated effluent could be
attributed to the clonal selection of bacteria under the selective pressure of SMX in MEBPR
processes (Ma et al., 2011). Horizontal transfer of sulfonamide resistance genes (sul1 and
sul2) as well as variations in the composition of tested bacteria in influent and treated
effluent could also be proposed as other possible causes of the increase in the percentage
of SMX resistance in treated effluent. Parameters which can influence the role of wastewater
treatment systems in elevation or reduction of ARB ratio are described in Section 3.2.

From Figure 3.1, it was also concluded that MH total heterotrophic bacterial cell counts were
lower than those with R2A medium. Previous studies have shown that the medium
composition, incubation time and temperature are important variables that affect the
resulting plate counts (Gensberger et al., 2015; Vieira and Nahas, 2005). Although no
literature studies were found which compared the cell counts of wastewater bacteria on MH
and R2A media in a parallel study, it was expected that the colony counts in R2A medium,
which allows detection of both fast- and slow-growing organisms (with low nutritional
preferences), would be higher than with the MH medium. Previous work by Ciric et al (2010)
also reported significantly higher viable counts in R2A medium than those of the plate count

agar.

In addition to the differences in the bacterial counts, the percentage of SMX resistance
among heterotrophic bacteria cultured on MH and R2A media were also different. As MH
and R2A media have major differences in nutrient levels (previously discussed in Section
2.4.1.2.1), it is expected that each medium supports the growth of different communities of
heterotrophic bacteria. Hence, it is expected that the choice of medium creates differences
in ARB percentage. The diversity of influent and membrane-treated effluent bacteria growing
on MH and R2A media are studied further in Sections 3.1.4 and 3.2.5.
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3.1.3 Comparison of the Antimicrobial Susceptibility Profiles of Influent and Effluent
SMX' Bacteria

The third approach to study the performance of the MEBPR system (SRT = 25 days) in
dissemination of antimicrobial resistance (AR) was to compare the susceptibility patterns of
SMX' influent and treated effluent bacteria against a set of different antimicrobial agents. To
satisfy this objective, 60 influent bacterial colonies (30 MH and 30 R2A bacteria) and 60
membrane-treated effluent bacterial colonies (30 MH and 30 R2A bacteria) were first
randomly selected/isolated from the biological triplicate plates (SMX-supplemented) and
purified by streaking and re-streaking on the initial fresh medium (MH or R2A). A total of 120
bacterial isolates was then investigated with respect to their antimicrobial susceptibilities to
six antimicrobials (amoxicillin/clavulanic acid (AMC), chloramphenicol (CM), tetracycline
(TET), trimethoprim (TMP), ciprofloxacin (CIP) and kanamycin (KAN)) by the disk diffusion
method (methodology provided in Section 2.4.1.1).

After the susceptibility testing, the percentage of ARB in each community (influent and/ or
effluent SMX" bacterial isolates) was calculated by dividing the total number of bacterial
isolates (regardless of the initial growth medium) which was resistant to an antimicrobial by
the total number of tested strains in each sample (n=60) multiplied by 100. Data are shown
in Figure 3.2. Detailed antimicrobial susceptibility testing results of MH and R2A influent and
effluent SMX" strains are provided in Table A.1 (Appendix A). Figure A.1 presents the
ratios of ARB in SMX' tested strains in different media.

With respect to the origin of the sample (influent vs membrane effluent), SMX'
microorganisms isolated from treated effluent exhibited higher ARB percentages for TMP,
TET, CM, KAN and AMC compared to those of the influent (Figure 3.2). However, the
percentage of co-resistance of SMX with CIP in influent and effluent bacterial communities
was not considerably different. While one reason for the elevation of ARB percentage in
SMX' bacteria could be the potential for acquisition of ARGs through horizontal gene transfer
facilitated in the wastewater treatment process, it is highly likely that the variation in the
tested bacterial isolates (imposed by media composition) in influent and membrane effluent
caused differences in ARB ratios.
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Figure 3.2 Comparison of the proportion of ARB between influent and treated effluent SMX"
tested strains (Sampling: January 2014, number of replicates for each sample = 3, number of

tested isolates = 120)

Using the antimicrobial susceptibility data (presented in Figure 3.2), the percentage of the
influent and membrane effluent SMX" community which exhibited zero, one and multiple
resistances in addition to SMX were also compared. This was done by grouping 60 influent
and 60 membrane effluent SMX' bacteria based on the number of resistances in each
isolate. Data showed that out of the 60 influent SMX" isolates, 26.7% were also resistant to
one or several of the additional tested antibiotics (AMC, TET, TMP, CIP, KAN, CM); the
corresponding proportion in effluent bacteria was 38.3%. In detail, 11.7% of influent bacteria
showed a single co-resistance (SMX and one antimicrobial), 8.3% and 6.7% had double
(SMX and two antimicrobials) and multiple co-resistances, respectively. In effluent bacteria,
however, the percentage of single co-resistance increased to 13.3% and the total
percentages of double and multiple co-resistances increased to 25%.

Although membrane filtration appears to be a promising approach to achieve superior ARB
removal per unit volume (presented in Section 3.1.1), observations in Sections 3.1.2 and
3.1.3 showed that not only the ratio of SMX resistance in cultivable heterotrophic bacteria
considerably increased from influent to membrane-treated effluent, but also the population of
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SMX' bacteria with single, double or multiple resistances exhibited an elevation in the
treated effluent compared to that of the influent.

Current observations support the necessity for the application of supplementary techniques
to ensure the quality of membrane effluent prior to discharge or reuse. In this respect,
including microbiological techniques, such as bacterial plating (which could be used for
determination of ARB ratios in membrane-treated effluent), to the list of routine
physiochemical water quality parameters, seems to be necessary.

3.1.4 Identification of SMX' Dual-resistant and MDR Bacteria in Influent and

Membrane-treated Effluent

Due to the nominal pore size (0.04 um) of the UBC pilot plant hollow fiber membrane
filtration modules, size exclusion could achieve the total removal of bacteria if the
membranes were fully intact. However, observations from Section 3.1.1 documented the
presence of SMX" heterotrophic bacteria ((3.87 CFU/mL in MH (0=0.46) and 13.27 CFU/mL
in R2A medium (0=0.74)) in the permeate of the MEBPR system operating at a 25 day SRT.
This observation is in line with previous studies which have reported the occurrence of ARB
and ARGs in effluent from MBRs (Munir et al., 2011; Xia et al., 2012). It was previously
discussed (Section 1.4) that the membrane integrity breaching frequency is highly affected
by parameters such as membrane aging in which the potential of pore expansion due to
periodic exposure to chemical agents, chemical degradation of membranes as well as

mechanical damage, is maximized.

In this section, all of the dual-resistant and MDR SMX" bacteria (n = 16 in influent and n = 23
in permeate), from the 120 previously tested bacterial isolates), were identified by 16S rRNA
gene sequencing to obtain basic information on the diversity of the antibiotic resistant
cultivable heterotrophic bacteria in influent and membrane permeate. As identified bacterial
strains (n=39) had also been grouped based on their initial isolating medium, the diversities
of heterotrophic ARB growing on each medium (MH or R2A) were also studied.

The methodologies for preparation of crude bacterial cell lysates as well as PCR
amplification and sequencing procedures were described in Sections 2.4.2.1 and 2.4.2.2.
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Distribution of dual-resistant and MDR SMX' influent and membrane effluent bacteria is
shown in Figure 3.3. Phylogenetic trees as well as antimicrobial susceptibility results
corresponding to identified influent and effluent bacteria are presented in Figures A.2 and
A.3 (Appendix A). Phylogenetic trees were built with the sequences of the V3 region of the
16S rRNA gene. Figures A.4 and A.5 (Appendix A) compared the composition of identified
influent and effluent bacteria at the order and class levels.
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Figure 3.3 Composition of influent and membrane effluent SMX' 16S-sequenced bacterial
isolates at the family level (Sampling: January 2014)

From Figure 3.3, it can be observed that the most abundant group of dual-resistant and
MDR bacteria in the influent, representing between 40% to 63% of the total community of
MH and R2A bacteria, was from the family Enterobacteriaceae. Along with the enteric
bacteria, bacterial isolates from the families Xanthomonadaceae (relative abundance: 21%
in MH medium) and Pseudomonadaceae (relative abundance: 22% in R2A medium) were
also abundant among MH and R2A SMX' dual-resistant and MDR effluent bacteria,
respectively. Commonly in both influent and effluent environments, SMX' bacteria were
detected among bacteria affiliated with the families Enterobacteriaceae, Aeromonadaeae,
Comamonadaceae, Xanthomonadaceae and Flavobacteriaceae. However, bacteria from
Burkholderiaceae, Neisseriaceae and Moraxellaceae families were only isolated from
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influent and bacteria affiliated with the families Shewanellaceae, Pseudomonadaceae,
Caulobacteraceae, Staphylococcaceae and Sphingomonadaceae were only detected in the
membrane effluent. It should be noted that, due to the limitation in the number of identified
strains (16 influent and 23 membrane-treated effluent bacterial isolates), comparison of the
bacterial community structure of cultivable heterotrophic SMX' bacteria in the two

environments was not performed.

As previously described, the scope of most of the previously published AR studies on
treated effluent from WWTPs is limited to documenting the resistance profiles of single
population subsets of effluent bacteria such as indicators of faecal contamination or other
specific pathogenic strains (Al-Bahry et al., 2009; Okoh and Igbinosa, 2010; Ma et al., 2011;
Lefkowitz and Duran, 2009; Akiyama and Savin., 2010; Zhang et al., 2009). Observations
from this section of the present study showed that the community of dual-resistant and MDR
SMX' bacteria in membrane effluent was not limited to indicators of faecal contamination
such as E. coli (Figure 3.3). This highlights the point that, in order to make more accurate
estimations of ARB release rates in membrane effluent, ARB ratios need to be evaluated for
the total heterotrophic bacteria.

In general, the majority of SMX" bacteria isolated from either MH or R2A medium belonged
to the class Gamma-proteobacteria (>73%). In addition, all strains from the class Beta-
proteobacteria (18.7% of the influent population and 8.7% of the effluent community) were
isolated on MH medium whereas all bacteria affiliated with the classes Bacilli, Alpha-
proteobacteria and Flavobacteria were isolated on R2A medium. Considering the differences
in the formulation of MH and R2A media (nutrient-high vs nutrient-low), preferential growth of
different diversities of heterotrophs on each medium is expected. Allen and coworkers
(2004) summarized observations in the literature on heterotrophic plate counts and
populations of a variety of heterotrophic media including R2A, nutrient agar and standard
plate count agar. While they classified high-nutrient media to be suitable for the enumeration
of bacteria from animals and humans, they proposed low-nutrient media to isolate bacteria
with a water-based lifestyle.

Monitoring the antimicrobial susceptibility profiles of 39 identified bacterial isolates showed
that most of the bacterial genera with a sufficient sample size (five or more strains) had
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similar resistance phenotypes (Figures A.2 and A.3). As an example, the majority of influent
SMX' bacteria from the family Enterobacteriaceae was resistant to TMP (71%) and TET
(100%) (Figure A.2). In addition, simultaneous co-resistance of SMX with TMP and TET
was a common finding in all effluent Escherichia, Stenotrophomonas and Pseudomonas
strains (Figure A.3). In total, five of the seven E. coli strains in the influent (71%), and all of
the E. coli strains in the effluent, were resistant to at least two of the five tested antibiotics.

Table 3.1 provides a list of identified bacterial isolates in this section at the genus level. In
most of the 16S-sequenced genera of effluent bacteria, there is at least a known species
capable of combined heterotrophic nitrification and aerobic denitrification, P reduction or
organic removal which emphasizes the potential for growth and reproduction of ARB in the
wastewater treatment environment (Table 3.1). Knowing that these dual-resistant and MDR
SMX' bacteria have at least one well-recognized pathogenic species in their genera, calls for
the need for routine and continuous microbial water quality assessment of MBR effluent, to
control the emission of ARB more specifically in cases where membrane filtration is the final
stage, prior to further application or discharge.
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Table 3.1 List of influent and membrane-treated effluent bacterial genera identified by 16S

rRNA gene sequencing (presented in Section 3.1.4)

No. of Bacterial Isolates
Bacterial Genus Example of Example of Studied
Influent Effluent Pathogenic Strain | Studied Species Reference Activity
MH | R2A | MH | R2A
Acidovorax Hevlen et al
Acidovorax - - 1 - valerianellae Acidovorax caeni Y N denitrification
2008
(plant pathogen)
Acinetobacter sp. Yao et al., nitrification/
Acinetobacter } 1 } } Acinetobacter HA2 2013 denitrification
baumannii Acinetobacter Sidat et al., .
y P reduction
calcoaceticus 1999
Aeromonas sp. Chen et al., nitrification/
Aeromonas HN-02 2014 denitrification
Aeromonas 1 - 2 1 p —
hydrophila Aeromonas Naili et al., P reduction
hydrophila 2015a
Burkholderia 1 R R R Burkholdf—:‘rla Burkholderla Ajao et al., organic
cepacia cepacia 2013 degradation
Chrvseobacterium } } } 1 Chryseobacterium Chryseobacterium Kundu nitrification/
4 meningosepticum sp. R31 etal, 2014 denitrification
Citrobacter - 1 - - Citrobacter freundii C/t(obacter Huang and denitrification
diversus Tseng, 2001
. . Cloacibacterium Nouha et al., heavy metal
Cloacibacterium - 1 - - -
normanense 2016 removal
Comamonas 1 } 1 } Comamonas Commonas sp. Patureau nitrification/
testosteroni SGLY2 et al., 1997 denitrification
Enterobacter Naili et al., denitrification
Enterobacter cloacae 2015b
Enterobacter 1 - - - -
cloacae Enterobacter sp. Krishnaswamy P reduction
KLW-2 etal., 2011
E. coli K12 Kulaevetal, | P reduction
Escherichia 6 1 2 2 E. coli Mazzucotell organic
E. coli FDY10 et al., 2014 degradation
Pseudomonas Naili et al., denitrification
Pseudomonas luteola 2015b
Pseudomonas - - 2 2 . -
aeruginosa Pseudomonas sp. Krishnaswamy P reduction
YLW-7 etal., 2011
Phenylobacterium - - - 1 - - - -
Shewanella - - 2 - Shewanella algae Shewangllq Xu et al., 2005 dy_e .
decolorationis decolorization
. . Sphingomonas
Sphingopyxis ) ) ) ! paucimobilis ) ) )
Staphylococcus - - - 1 Staphylococcus - - -
aureus
Stenotrophomonas } 1 4 } Stenotrophomonas | Stenotrophomonas Mazzucotelli organic
P maltophilia sp. DIV102 etal, 2014 degradation
Uruburuella 1 - - - - Uruburuella suis Vel;lozgal., denitrification

3.1.5 Relative Abundances of the su1 Gene in Influent and MEBPR Systems

The application of PCR and real-time quantitative PCR (qgPCR) approaches in wastewater
treatment systems has increased our knowledge of the structure and population dynamics of
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wastewater microbial communities such as those that support polyphosphate accumulation,
fermentation, nitrification and denitrification activities (Aoi et al., 2005; Bahadoorsingh, 2010;
Lawson, 2014).

Many studies in recent years have also used PCR-based techniques to detect and quantify a
diversity of AR determinants in influent, activated sludge and treated effluent of WWTPs
(Gao et al., 2012; LaPara et al., 2011; Lachmayr et al., 2009). In most of these studies, the
elevation or reduction of particular ARGs from influent to treated effluent has been
evaluated. While the scope of gPCR assays is limited to the quantification of previously
described ARGs, these techniques overcome the error induced by cultivation approaches
and provide opportunities for the analysis of the true diversity of wastewater bacterial
communities (Kim et al., 2013).

This section addresses the objective of the project regarding the role of long SRT operations
on the relative abundance of a sulfonamide resistance gene in MEBPR processes. Prior to
gPCR assay testing, qualitative PCR reactions were performed and the presence of two
sulfonamide resistance genes (sull and sul2) was confirmed in total genomic DNA of
influent and membrane-treated effluent samples collected on January 2014. The sul1 gene
was then selected to be quantified by real-time gPCR assays. As previously noted,
resistance to SMX can be acquired through horizontal transfer of genes which encode
alternative forms of the DHPS enzyme. Often located on mobile genetic elements (MGEs),
the sull gene is part of the 3’ conserved segment of class 1 integrons and hence, the
occurrence of this gene is correlated to other ARGs in this class (Antunes et al., 2005). The
presence of the sul1 gene in genomic and plasmid DNA of wastewater samples have been
previously documented in the literature (Xia et al., 2012; Gao et al., 2012; Ma et al., 2011;
Suhartono, 2016; Tennstedt et al., 2003).

Quantification of the sul1 gene in parallel MEBPR processes in the present project was
performed on samples collected from influent, mixed liquor (anaerobic, anoxic and aerobic
redox zones) as well as membrane-treated effluent of the UBC pilot plant dual trains
operating at 25 and 60 day SRTs over a period of 13 months (sampling events: January,
June and December 2014 as well as January and February 2015). The sampling plan, the
DNA extraction procedure, list of primers as well as a detailed description of the gene
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quantification procedure were provided in Sections 2.2 and 2.4.2.1 to 2.4.2.3. The standard

curve, the qPCR amplification curve as well as the melt peak curve obtained from

quantification of the sul1 gene are shown in Figures A.6, A.7 and A.8 (Appendix A).

The relative abundances of the su/1 gene in the parallel MEBPR processes are shown in
Figure 3.4. It should be noted that the number of copies of the su/1 gene in each sample
was normalized to the bacterial 16S rRNA gene copies as a surrogate measure of the total
bacterial abundance. Box plots represent the distribution of data by means of a five-number
summary, the minimum, the lower quartile (25th percentile), the median (50th percentile), the
upper quartile (75th percentile), and the maximum. Average values of the normalized su1

levels at different sampling points and times are shown in Table A.2 (Appendix A).
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Figure 3.4 Comparison of the sul/1 gene levels (normalized to 16S rRNA gene) in influent and

MEBPR environments
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From Figure 3.4, it can be seen that, compared to influent, the normalized levels of the su/1
gene in membrane effluents were not statistically significantly different (P > 0.05) at either 25
or 60 days of sludge age. As no significant difference (P > 0.05) was observable in the
average values of the normalized concentrations of the su/l1 gene between the anaerobic,
anoxic, and aerobic mixed liquors of the parallel MEBPR trains at either 25 or 60 day SRTs,
data corresponding to the sul1 gene levels in redox zones were pooled, as shown in Figure
3.4.

Comparing the mixed liquor and influent, the relative sul1 gene levels significantly (P < 0.05)
increased from influent to mixed liquor at 25 and 60 day SRTs. However, no statistically
significant (P > 0.05) difference was observed in the normalized sul1 gene levels of mixed
liquor at the 60 day SRT train compared to that of the system operating at SRT = 25 days.

Different parameters such as the presence of SMX at sub-inhibitory levels and higher
frequency of the sul1 gene transfer at 25 and 60 day SRT operations could be proposed as
two potential causes of the elevated relative abundances of the su/1 gene in mixed liquors
compared to those of the influent. However, as the concentration of SMX was not monitored
in influent and parallel MEBPR processes in the present project, examining if there was a
correlation between SMX levels and their degradation products to the normalized sul1 levels
was not feasible. Although measuring the abundance of a specific gene determinant cannot
be used to estimate the levels of other ARGs conferring resistance even to the same
antimicrobial, determination of the frequency of transfer of individual ARGs could be
proposed as a useful approach to provide an understanding of the potential of genetic
exchange when SRT is extended.

While data from Figure 3.4 show that the relative abundances of the su/1 gene (normalized
to 16S rRNA gene or total bacterial community) in influent and membrane-treated effluents
at 25 and 60 day SRTs were not significantly different (P > 0.05), the absolute
concentrations of the sul1 gene in influent (normalized to the original sample volume) were

found to be significantly higher than those of the treated effluents (Figure 3.5). In detail,
5 5
membrane filtration achieved about three log reductions (4.9 x 10 £ 1.6x 10 sul1 copies/mL

2 2
in influent vs 5 x 10 £ 2 x 10 in effluent) of the sull1 gene in the parallel wastewater
treatment processes. The reduction of ARG concentrations from influent to effluent has also
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been previously observed by Walston (2013) who showed that sul1, sul2, dfr(A1), tet(W) and
van(A) concentrations declined three to four orders of magnitude from influent to secondary
effluent at two municipal WWTPs operating at 19 and 45 day SRTs in Arizona, USA.
Consistent with observations in Figure 3.5, the ratio of the sull gene release rate in
membrane effluent to the inflow rate was negligible (0.0015 + 0.0012 at SRT = 25 days and
0.0009 + 0.0004 at SRT = 60 days) as calculated using Equation 10 in Section 2.4.1.2.3.
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Figure 3.5 Comparison of the influent and membrane-treated effluent su/1 gene copies/mL

Comparing observations presented in Figures 3.4 and 3.5 shows that normalizing
resistance determinants to 16S rRNA gene copies and/ or sample volume could influence
the way the performance of solids-liquid separation techniques is evaluated. In this respect,
monitoring the relative abundance of ARGs normalized to 16S rRNA gene copies in mixed
liquor could be used as a more efficient tool to evaluate the potential of horizontal gene
transfer (HGT) in wastewater treatment systems. The reason is that elevation in the absolute
concentration of an ARG (gene copy per unit volume) in mixed liquor could be due to the
elevated abundance of bacterial communities per unit sample volume compared to that of
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the influent. Xia and coworkers (2012) observed an elevation in the copies of bacterial 16S
rRNA gene per unit volume when the levels of suspended solids in mixed liquor increased.
Hence, it is expected that, at long SRT conditions, where generally higher levels of
suspended solids are maintained, higher total bacterial 16S rRNA gene copies are present
in mixed liquor per unit volume relative to those of the influent. Hence, under similar
normalized concentrations of an ARG (gene copies/16S rRNA copies) between influent and
mixed liquor, the copies of the resistance determinant per unit volume will be higher in mixed
liquor, which could interfere with interpretation of data in terms of the adverse effects of

wastewater treatment process in controlling AR.
A summary of conclusions in Section 3.1 includes the following.

¢ In the present study, the performance of the MEBPR system operating at 25 day SRT
was evaluated through (1) determination of the log removal of cultivable
heterotrophic and SMX" bacteria, (2) comparison of the ratio of SMX resistance in
influent and membrane-treated effluent bacterial communities and (3) comparison of
the susceptibility profiles of SMX' cultivable heterotrophic strains in influent and
treated effluent bacteria. The results indicated that while membrane filtration
achieved more than three log reductions of total cultivable heterotrophic and SMX'
bacteria, operating the MEBPR system at SRT = 25 days increased the proportion of
SMX resistance as well as the percentages of TMP", TET', CM', KAN" and AMCR in
treated effluent SMX' tested bacteria compared to those of the influent. This implies
that operation of the MEBPR system at SRT = 25 days could enhance the potential
for gene transfer and production of ARB among heterotrophic bacterial communities.

o Although the studied cultivable MH and R2A heterotrophic bacterial communities in
treated effluent are not representative of the true diversity of bacterial composition in
this environment, 16S rRNA gene sequencing of bacterial isolates provided a base
knowledge of the diversity of cultivable heterotrophs in the permeate. In the present
section, bacteria affiliated with the  families Sphingomonadaceae,
Enterobacteriaceae, Pseudomonadaceae, Xanthomonadaceae, Aeromonadaeae,
Comamonadaceae, Shewanellaceae, Caulobacteraceae, Flavobacteriaceae and
Staphylococcaceae were detected in the membrane-treated effluent of the 25 day
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SRT train.

¢ Quantification of the sul1 gene in influent and parallel MEBPR trains showed that the
elevation of the normalized concentrations of the sul1 gene copies (o 16S rRNA
gene copies) in mixed liquor (25 and 60 day SRTs) relative to the influent was
statiscially significant (P < 0.05). Consistent with observations on the removal of total
heterotrophic and SMX" bacteria, membrane filtration exhibited about three log
reductions of the su/1 gene (per unit volume), in parallel MEBPR systems.

3.2 The Role of Long SRT Operations in Release of ARB from MEBPR Processes

Concerns regarding the leakage of antibiotics and antibiotic resistant bacteria (ARB) from
WWTPs have led to the suggestion that wastewater treatment processes are incubators for
the generation of resistant bacteria (Reinthaler et al., 2003; Zhang et al., 2009; Figueira et
al., 2011). It has been shown that wastewater treatment system operating parameters such
as SRT have critical effects on microbial diversity, the efficiencies of organic carbon
oxidation as well as removal of nitrogen (N) and micropollutants in an activated sludge
process (Clara et al., 2005; Kim et al., 2005; Kim et al., 2011; Liu and Wang, 2014).
However, it is not known whether very long SRT operations may affect the distribution of
ARB in WWTP microbial populations.

The present section is aimed to examine the effects of very long solids retention time (SRT)
operations on the potential patterns of release of ARB from membrane enhanced biological
phosphorus removal (MEBPR) processes. Release of ARB from wastewater treatment
systems generally occurs through two major pathways, effluent discharge and waste
biosolids. Observations from Section 3.1 showed that while a considerable reduction was
observed in colony counts of total heterotrophic and sulfamethoxazole-resistant (SMX")
bacteria (represented by comparison of colony forming units (CFUs)/mL) from influent to
MEBPR effluent at the 25 day SRT, the membrane permeate pathway is of importance due
to the increased percentage of ARB as well as multi-drug resistant (MDR) bacteria in
membrane permeate relative to the influent. The occurrence of ARB and antibiotic
resistance genes (ARGs) in biosolids-amended soils has also been frequently reported
(Munir et al., 2011; Munir and Xagoraraki, 2011) which turns the waste solids pathway into a
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potential candidate to study ARB release rates.

In the UBC pilot plant MEBPR systems, SRT was controlled through the discharge of the
excess suspended solids in either foam or aerobic zone mixed liquor. As an initial step, all
the foam formed over a period of 24 hours was regularly harvested and disposed and that
was followed by aerobic zone solids wasting, if required. Hence, with particular focus on
membrane-treated effluent, waste aerobic mixed liquor and waste foam, the performance of
parallel MEBPR systems operating at 25 and 60 day SRTs was compared by evaluating the

following parameters:

1.The percentage of ARB in total heterotrophic bacteria in influent, mixed liquor, foam
and membrane-treated effluent (Section 3.2.1),

2.MDR population of total heterotrophs in influent, mixed liquor, foam and membrane-
treated effluent (Section 3.2.2),

3.Log removal of ARB through membrane filtration (Section 3.2.3), and

4.Rate of ARB release in waste mixed liquor, foam and membrane effluent (Section
3.2.4).

In order to determine the above-mentioned parameters, bacterial colonies isolated from
samples of influent, anoxic mixed liquor, foam and treated effluent of the MEBPR processes
(SRT = 25 and 60 days) on December 2014, January and February 2015 were screened for
resistance to sulfamethoxazole (SMX) (50 pg/mL), trimethoprim (TMP) (5 pg/mL), amoxicillin
(AMX) (32 pg/mL), tetracycline (TET) (10 pg/mL) and ciprofloxacin (CIP) (5 ug/mL) by
growth in liquid cultures. Screening was done on the isolating media MH and R2A to support
a diverse group of cultivable heterotrophic bacteria. Details of the procedure for monitoring
the ARB growth in liquid media were provided in Section 2.4.1.2.2. In total, more than 4,200
MH- and 3,100 R2A-grown heterotrophic bacteria from seven sampling points were
screened for resistance to ensure broad representation of antibiotic resistant bacteria (ARB).

In addition, this section was also intended to provide additional information on the diversity
of cultivable ARB in membrane-treated effluent. To address this research question, the
lactose fermenting proportions of 96 MH and 96 R2A treated effluent strains were compared
and a set of 33 MH and R2A effluent bacterial isolates were identified by 16S rRNA gene
sequencing at the genus level. The resulting data are presented in Section 3.2.5.
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3.2.1 Percentage of ARB in Influent and WWTP Environments

ARB ratios of cultivable heterotrophic bacteria to antimicrobials were calculated by dividing
the total number of organisms with positive growth in antimicrobial-supplemented media by
the total number of viable organisms in antimicrobial-free media (Section 2.4.1.2.3). Figures
3.6 and 3.7 present the ARB proportions of bacteria in influent and the parallel MEBPR
processes. Each bar represents the mean percentage of ARB * (standard error of the mean
(SEM) of n=3 samples collected on December 2014, January and February 2015). Detailed
ARB ratios obtained at different sampling times and points are provided in Table B.1.
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Figure 3.6 Percentage of CIP' bacteria in influent and MEBPR environments (Sampling:
December 2014, January and February 2015, total number of tested bacteria: 4,219 MH and
3,156 R2A isolates)
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3: Results and Discussion

Tables B.2 to B.4 (Appendix B) summarize the results of the t-based hypothesis tests to
compare if the difference between two mean values of ARB ratios was statistically significant
at 5% and 10% significance levels.

From Figures 3.6 and 3.7, it can be observed that AMX was associated with the highest
abundance of resistant bacteria (AMX' ratio: 48.8% + 4.2% in MH and 24.1% + 6.7% in R2A
populations) and CIP was associated with the lowest abundance of resistant bacteria (AMX"
ratio: 0.93% = 0.97% in MH and 1.7% £ 0.75% in R2A populations) in influent and MEBPR
environments, including mixed liquor, foam and treated effluent. In detail, in the influent MH
community, no significant differences (P > 0.05) were observed in the percentages of AMX'
and SMX' bacteria. In the influent R2A population, no significant differences (P > 0.05) were
observed in resistance ratios of AMX, SMX and TMP in cultivable heterotrophic bacteria.

As presented in Section 2.4.1.2.2 (Table 2.5), the target antimicrobials applied in the present
project have different modes of action and are subject to different mechanisms of resistance.
Since the taxnomomic composition of isolated bacteria and the genes conferring resistance
to the tested antimicrobials were not known, understanding the predominant mechanism of
resistance and if ARGs were located on the chromosome or on mobile genetic elemenets
(MGESs) such as plasmids, integrons and insertion sequences (ISs) was not possible.

However, observations from Figures 3.6 and 3.7 highlight the point that, the percentages of
resistance to AMX, SMX, and TMP among heterotrophic bacteria in the influent and MEBPR
compartments of the UBC pilot plant were generally higher relative to the CIP" and TET'
ratios. The increased percentages of AMX', SMX" and TMP' bacteria could be due to many
factors; the composition of bacterial communities in each environment (e.g. influent, mixed
liquor, foam, membrane effluent), the composition of isolating media (MH and R2A) which
influences the diverstity of cultivable heterotrophic bacterial communities isolated from each
environment, the frequency of prescription, usage and disposal of antimicrobials on the UBC
campus, the concentration of antibiotics in influent and their fate and frequency of gene
transfer through the wastewater treatment processes.

In general, co-trimoxazole (SMX and TMP combination) is of the most commonly prescribed
antimicrobials for the treatment of lower respiratory and urinary tract infections (Mehnert-
Kay, 2005). In addition, genes conferring resistance to SMX, TMP and AMX have been
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frequently detected in plasmids isolated from bacteria in hospital water and raw sewage
(Chonova et al., 2016; Kiimmerer and Henninger, 2003; Nagulapally et al., 2009; Fars et al.,
2005). Due to the potential for the existence of these antimicrobials at sub-inhibitory levels in
WWTPs and the presence of some corresponding ARGs on mobile genetic elements
(MGEs), detection of large populations (42.3%-52.9% AMX' ratio in MH bacteria and 12.1%-
32.6% AMX' ratio in R2A bacteria, 38.5%-50.8% SMX' ratio in MH bacteria and 12.5%-
25.7% SMX' ratio in R2A bacteria, 21.4%-34.6% TMP' ratio in MH bacteria and 9.9%-30.8%
TMP' ratio in R2A bacteria) of wastewater bacteria resistant to these antimicrobials is
expected.

Resistance to CIP and TET in bacterial isolates from activated sludge and effluent of
WWTPs has also been previously documented (Santoro et al., 2015; Rijal et al., 2009; Kim
et al., 2007a; Duong et al., 2008; Fars et al., 2005). Consistent with observations from the
present section (Figure 3.6 and 3.7), previous work by Gao et al. (2012) reported higher
ratios of SMX resistance compared to TET resistance in raw influent total heterotrophic
bacteria in a WWTP in East Lansing MI, USA. Manaia and coworkers (2010) observed that
proportions of CIP" heterotrophic bacteria (isolated from plate count agar medium) in raw
influent and treated effluent of five WWTPs in Portugal ranged from 1.7% to 4.4% which are
similar to the ratios of CIP resistance as those determined in the present study (0.2% to
2.9% in MH population and 0.9% to 2.8% in R2A heterotrophic population) (Figure 3.6).

Comparing the ARB proportions between influent and mixed liquor, SMX and TMP showed
statistically significant increases in the dual treatment trains in both MH and R2A
communities through the wastewater treatment processes (Figure 3.7, Table B.1). In detail,
the ratios of SMX and TMP resistance in the MH population significantly (P < 0.05)
increased (38.5% % 7.1% in influent vs 50.8% % 1.4% in mixed liquor, 21.4% + 1.2% in
influent vs 31.7% = 1.9% in mixed liquor for SMX and TMP, respectively) through the
treatment process at a 25 day SRT train. In the MEBPR system at a 60 day SRT, resistance
ratios of SMX and TMP increased in the mixed liquor MH community (38.5% + 7.1% in
influent vs 48.9% + 2.7% in mixed liquor, 21.4% % 1.2% in influent vs 31.8% £ 8.2% in mixed
liquor for SMX and TMP, respectively) relative to those of the influent at 10% significance
level. In the R2A populations, ratios of SMX, TMP and AMX resistance in mixed liquor
exhibited quantifiable elevations (3%, 7.8% and 9.6% for SMX, TMP and AMX, respectively)
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from those of the influent at a 25 day SRT. Except for CIP, statistically significant (P < 0.05)
increases were also observed in resistance ratios of the other antimicrobials in the R2A
mixed liquor microbial community at a 60 day SRT compared to those of the influent.

Comparing the percentage of ARB in influent and treated effluent heterotrophic bacterial
communities, statistically significant increases were also observed in ratios of SMX (P < 0.1)
and TMP (P = 0.05) resistance in parallel trains in the MH populations from influent.
However, no significant differences were found in CIP" and AMX' proportions of influent and
membrane-treated effluent bacteria in the 25 and 60 day SRT trains (Figures 3.6 and 3.7).
Ratios of TET resistance also increased in both MH and R2A populations from influent to
MEBPR effluent at the 60 day SRT train (5.1% % 3.1% in influent vs 10.1% * 0.8% in effluent
in MH population and 1.1% + 1.0% in influent vs 6.5% % 0.6% in effluent in R2A population)
(Figure 3.7, Table B.1). It should also be noted that SMX', AMX', TET" and TMP' ratios of
the R2A community also exhibited significant elevations (P < 0.05) in the treated effluent of
the 60 day SRT train compared to those of the influent.

Statistical analysis of data also showed that the resistance ratios of mixed liquor and effluent
bacteria at a 25 day SRT in MH and R2A populations were not significantly different (P >
0.05). In the 60 day SRT train, the ratio of TET resistance exhibited a significant increase in
the MH mixed liquor community (7.5% % 0.9% in mixed liquor vs 10.1% % 0.8% in effluent)
relative to the membrane-treated effluent at 5% significance level.

Comparing the percentages of ARB in mixed liquor and anoxic zone foam, no significant
differences (P > 0.05) were observed for any of the five tested antimicrobials in MH and R2A
media at SRT = 25 days. However, at the 60 day SRT, the populations of SMX" (P < 0.1)
and TMP' (P < 0.05) bacteria exhibited elevations in foam compared to those of the mixed
liquor in the R2A population (25.7% * 3.8% SMX' ratio in foam vs 19.9% * 3.5% SMX' ratio
in mixed liquor, 30.8% * 3.2% TMP' ratio in foam vs 21.9% * 4.0% TMP' ratio in mixed

liquor).

The overall increase in the percentage of ARB for most of the tested antibiotics from influent
to mixed liquor and treated effluent of the parallel MEBPR systems (Figures 3.6 and 3.7) is
in line with previous reports, showing that wastewater treatment contributes to an increase in
the relative abundance of ARB (Ferreira da Silva et al., 2006; Lefkowitz and Duran, 2009;
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Luczkiewicz et al., 2010). Increased ARB ratios in mixed liquor and effluent compared to
influent can be explained by increased frequency of gene transfer facilitated at relatively
long, as well as extended, SRT operations (25 and 60 day SRTs). The occurrence of genes
conferring resistance to antimicrobials on mobile genetic elements (MGE) such as plasmids
and integrons have been frequently documented in WWTP environments (Zhang et al.,
2011; Han et al., 2012; Koczura et al., 2012; Ma et al., 2011; Mokracka et al., 2012; Rahube
and Yost, 2010; Ma et al., 2013; Sentchilo et al., 2013; Szczepanowski et al., 2004b; Yang
et al., 2013b; Tennstedt et al., 2003). As an example, Szczepanowski and coworkers (2009)
reported the presence of more than 50 ARGs associated with resistance to the same
antimicrobials tested in the present research (SMX, TET, TMP, AMX and CIP) in plasmid
DNA of activated sludge and final effluent of a WWTP in Germany. Antimicrobial selective
pressure, due to degradation but incomplete elimination through activated sludge treatment,
could also be proposed as another cause of increased ARB ratios in MEBPR processes.

Andersson and Hughes (2010) reviewed the experimental studies associated with fitness
costs of resistance and studied the rates of resistance reversibility after the antimicrobial
selective pressure is reduced. Their findings suggest that in clinical settings, reversibility of
resistant bacteria to susceptible bacteria is expected to be slow or non-existent. They
proposed the importance of cost-free resistances, compensatory evolution and slow intrinsic
resistance in reducing the driving force for displacement of ARB populations with susceptible

ones.

Monitoring the role of SRT on ARB ratios, except for SMX-resistance ratio (P < 0.1) in the
R2A population, no significant differences were observed in the percentages of ARB in MH
and R2A mixed liquor populations at 25 and 60 day SRTs for all antimicrobials tested
(Figures 3.6 and 3.7). A study by Walston (2013) showed that the MICs, values (minimum
inhibitory concentration to inhibit the growth of 50% of tested bacterial isolates) for SMX,
TMP and AMP against G(+) and G(-) bacteria isolated from activated sludge of three
WWTPs operating at 3, 9 and 19 days SRT were higher at the highest SRT studied. De
Sotto and coworkers (2016) compared the ratio of TET' bacteria (plated on LB agar) in SBRs
at 15, 20 and 25 day SRTs. They also observed an increase in the abundance of ARB as
well as ECsg values (concentration of TET with 50% efficiency on bacteria) in the activated
sludge culturable community at longer SRT.

83



3: Results and Discussion

Previous publications have frequently reported the occurrence of AMX, SMX, TET and TMP
in samples of influent, effluent and sewage activated sludge (Minh et al., 2009; Tang et al.,
2009; Xu et al., 2007a; Renew and Huang, 2004; Peng et al., 2008; Li et al., 2009; Batt et
al., 2007; Brown et al., 2006). In recent years, some studies have also focused on the
antibiotic biodegradation potential of wastewater-isolated bacteria and the sorption
behaviour of antibiotics in activated sludge treatment (Zhou et al., 2013; Herzog et al., 2013;
Pérez et al., 2005; Li and Zhang, 2010). As an example, Gobel and coworkers (2005)
measured the concentrations of both SMX and the fraction of SMX present as human
metabolite, N4-acetylsuIfamethoxazole, in samples of raw influent, primary and secondary
effluent in two WWTPs in Switzerland. Their observations indicated a reduction in the daily
loads of SMX human metabolite from raw influent to primary and secondary effluent. In order
to fully understand the reasons behind the selective increase/decrease in ARB percentage
with long SRT operation, more comprehensive studies are required to monitor the combined
correlations of antimicrobial selective pressure affected by both antimicrobial biodegradation
and sorption to activated sludge and ARB ratios in MEBPR processes.

Observations from the present study also show that the MH population generally exhibited
considerably higher proportions of AMX" (42.3%-52.9% AMX ratio in MH bacteria vs 12.1%-
32.6% AMX ' ratio in R2A bacteria), SMX" (38.5%-50.8% SMX' ratio in MH bacteria vs 12.5%-
25.7% SMX' ratio in R2A bacteria) and TMP' strains (21.4%-34.6% TMP' ratio in MH bacteria
vs 9.9%-30.8% TMP' ratio in R2A bacteria) compared to those of the R2A population
(Figures 3.6 and 3.7). However, no significant differences (P > 0.05) were observed in
resistance ratios of CIP between MH and R2A communities (Figure 3.6 and Table B.4). It
should also be noted that TET' ratios were not statistically different beween MH and R2A
tested strains of the 60 day SRT mixed liquor as well as membrane-treated effluent.

As previously described, the scope of most of the AR studies on treated effluent from
WWTPs is limited to documenting the resistance profiles of single population subsets of
effluent bacteria such as indicators of faecal contamination or other specific pathogenic
strains (Al-Bahry et al., 2009; Okoh and Igbinosa, 2010; Ma et al., 2011; Lefkowitz and
Duran, 2009; Akiyama and Savin., 2010; Zhang et al., 2009). Hence, the proportions of ARB
reported in these studies are not representative of the ARB ratios in the entire population of

cultivable environmental bacteria in treated effluent.
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To date, various culture-based techniques have been applied to study AR in samples
collected from activated sludge and treated effluent (Galvin et al., 2010; Santoro et al., 2015;
Manaia et al., 2010; Reinthaler et al., 2003; Holzel et al., 2010). Although due to the high
correlation between faecal indicators and human pathogens, faecal coliforms, E. coli and
Enterococcus have been the most frequently studied bacterial groups in WWTPs (Mokracka
et al.,, 2012; Rijal et al., 2009; West et al., 2011; Manaia et al., 2010; Fars et al., 2005;
Akiyama and Savin, 2010; Iwane et al., 2001; Lefkowitz et al., 2010; Nagulapally et al.,
2009; Reinthaler et al., 2003; Figueira et al., 2011; Mezrioui and Baleux,1994; Gallert et al.,
2005; Schwartz et al., 2003; Luczkiewicz et al., 2010; Harwood et al., 2001; Martins da
Costa et al.,, 2006), antimicrobial resistance patterns of total cultivable bacteria in the
wastewater treatment processes have also been monitored in some studies (Manaia et al.,
2010; Zhang et al., 2015b; Sigala and Unc, 2012; Munir et al., 2011; Gao et al., 2012; Oh et
al.,, 2009; Huang et al., 2012). While discrepancies in the percentage of ARB among
population subsets of culturable bacteria and total heterotrophs could be explained by major
differences in the composition and diversity of bacterial communities, inconsistencies have
also been frequently observed when similar bacterial populations (i.e. total heterotrophs)
were tested for resistance to particular antimicrobials. As an example, Zhang and coworkers
(2015b) documented the average ARB percentages of 40% for TET (16 ug/mL) and 81% for
SMX (76 pg/mL) among R2A bacteria in the effluents of three WWTPs in Wuxi, China;
however, Gao et al. (2012) reported that the relative abundances of TET' (16 pg/mL) and
SMX" (50.4 pg/mL) R2A bacteria in the effluent samples from the East Lansing WWTP in
Michigan were orders of magnitude lower. Such inconsistencies could be due to differences
in conditions such as the taxonomic composition of bacterial communities in the wastewater
treatment system, influent source and sludge loading rates, concentrations of antibiotics in
influent and activated sludge, the concentrations of tested antimicrobials in growth assays,
the choices of media (MH, R2A, LB, plate count and nutrient agar) as well as bacterial
enumeration schemes such as the incubation time and temperature. In addition, the protocol
for determination of the ARB ratio is also important.

Calculating the percentage of ARB could be done through two common approaches, (1)
direct plating on antimicrobial-supplemented solid media, colony counting and dividing the
counts of ARB by the total culturable cell counts and, (2) bacterial isolation from
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antimicrobial-free media, testing for growth in the presence of antibiotics, counting the
colonies with positive growth and dividing that by the total number of tested bacterial
isolates. A recent publication by Neyestani et al. (2017) has reported the potential of type |
error (false positive) results using direct plating techniques (first approach) in percentage of
SMX' and TMP' bacteria due to increased concentrations of free thymidine and thymine in
the wastewater environment operating at long SRT. Using the second approach (as was
done in the present study) however, the following parameters could affect the
representativeness of the community of tested isolates:

¢ the number of isolated bacteria to be tested,

¢ random selection of colonies. and

¢ the time of bacterial isolation. This could be of high importance when bacteria are
isolated from media such as R2A which support the growth of both fast- and slow-

growing organisms.

3.2.2 Percentage of MDR Bacteria in Influent and MEBPR Processes

To compare the MDR patterns of total cultivable heterotrophic bacteria in influent and the
MEBPR environments including mixed liquor, foam and membrane effluent, the number of
resistances (out of five studied antimicrobials, SMX, TMP, AMX, TET, CIP) in each of the
previously tested bacterial isolates (Section 3.2.1) was first calculated. The proportion of
each community with particular MDR patterns was then determined by dividing the total
number of bacteria with identical number of resistances in each sample by the total number
of tested viable organisms in the same sample. Results are presented in Figures 3.8 and
3.9. Each bar represents the mean percentage of MDR bacteria + (standard error of the
mean (SEM) of n = 3 samples collected on December 2014, January and February 2015).
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As shown in Figure 3.8, the majority of the influent MH-tested bacteria was susceptible to all
tested antimicrobials or was resistant to only one agent. However, resistances to one and
two antimicrobials were the most common responses of MH bacteria in the MEBPR
processes of both trains. In addition, statistical analysis showed that the MDR ratio of
bacteria with four and five resistances in MH mixed liquor and membrane-treated effluent
bacterial communities at the 60 day SRT train significantly increased (P < 0.05) compared to
those of the mixed liquor and effluent at SRT = 25 days, respectively (Figure 3.8).

Similarly, Figure 3.9 shows that parallel MEBPR processes increased the resistant (hnumber
of resistances = 1 to 5) proportions of mixed liquor, foam and treated effluent R2A groups,
relative to those of the influent. Comparing the patterns of resistance between mixed liquor
R2A populations, the community of resistant heterotrophs (exhibiting one and two
antimicrobial resistances) was found to be significantly greater (P < 0.05) under the 60 day
SRT operation (Figure 3.9) relative to the 25 day SRT MEBPR train. In addition to that,
treated effluent R2A bacteria in the 60 day SRT system was observed to contain the highest
proportion of MDR strains (9.5% * 2.8%) compared to other compartments of the treatment
process at either 25 or 60 day SRTs (Figure 3.9).

3.2.3 Removal of ARB by Membrane Filtration in Parallel MEBPR Trains

A summary of the average log removal of total heterotrophs as well as ARB from parallel
MEBPR systems is shown in Table 3.2. The procedures for plating and enumeration of
heterotrophic bacteria were described earlier in the Section 2.4.1.2.1. As can be seen,
membrane filtration achieved three and four log reductions of total heterotrophic bacteria
(growing on either MH or R2A medium) in the MEBPR systems operating at 25 and 60 day
SRTs, respectively (Table 3.2). In addition, except for the one log decrease in removal of
TET' bacteria in the R2A community, more than 99.9% of ARB were also removed by
membrane filtration from the 25 day SRT train in both MH and R2A media (Table 3.2). In the
60 day SRT train, however, depending on the differences in ARB ratios between influent and
treated effluent samples (Figures 3.6 and 3.7), the log removal of ARB by membrane
filtration varied between three to four logs.
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Table 3.2 A a summary of the removal efficiency of total heterotrophs and ARB by membrane

filtration in parallel MEBPR trains

Log reduction
. Average
Heterotrophic heterotrophic "
Sample Media Sampling cell counts cell counts <
(CFU/mL) CFU/mL — 2. 2 s .8 s 8
(n=9) (CFUmL) | 59/ %5 w5 x5 -5 28
(n=27) oo =0 5ol =% I-I|_-It,' =0
= 3 < H s 7] 8 s - 8
2
55
December 2014 (0=11)
N 61 505
MH January 2015 (0=19) (0=655) 3 3 3 3 3 3
Membrane 1,402
effluent February 2015 (0=199)
(SRT =25 334
days) December 2014 (0=44) .
R2A" | January 2015 469 2.2x10 3 3|33 |23
(0=82)
(0=2.7x10)
February 2015 5,991
v (0=753)
64
December 2014 (0=17)
64 63
MH January 2015 (0=16) (0=15) 4 4 3 4 4 4
Membrane Feb 2015 62
effluent ebruary (0=12)
(SRT =60 299
days) December 2014 (0=62)
313 317
R2A | January 2015 (0=71) (0=66) 4 4 4 4 3 3
337
February 2015 (0=66)

: colony count after 16-18 hours of plating : colony count after 36-38 hours of plating

Despite the overall high efficiency of the membrane filtration technique compared to
conventional gravity settling solids-liquids separation techniques, observations from the
present research show that the MEBPR train operating at 25 day SRT exhibited one log
reduction of total heterotrophic bacteria compared to the 60 day SRT train (Table 3.2). This
was due to the major membrane integrity breaches detected on February 2015 in the 25 day
SRT train which resulted in substantial bacterial penetration of the permeate and that could
provide the potential for microbial regrowth in the discharge piping as well. As can be seen,
the average total heterotrophic counts of effluent bacteria at 25 day SRT was about seven to
eight times greater than those of the 60 day SRT train.
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3.2.4 Release of ARB through Waste Aerobic Mixed liquor, Foam and Membrane
Effluent Discharge

To determine the release rates of resistant bacteria from MEBPR systems, daily counts of
ARB (SMX', TMP', TET', AMX" and CIP' bacteria) discharged through waste aerobic mixed
liquor, foam and membrane-treated effluent were calculated using Equations 4, 5 and 6 in
Section 2.4.1.2.3. Briefly, the concentration of ARB in each environment was first
determined by multiplying the average proportion of the resistant community (data presented
in Figures 3.6 and 3.7) by the average total bacterial cell counts of the same environment
(Table B.5). The release rate of ARB was then determined by multiplying the concentration
of ARB (CFU/L or CFU/kg) by the rate of suspended solids wastage (foam (kg/day) or
aerobic mixed liquor wasting rate (L/day)) or effluent flow rate (L/day)) (Table 2.2). It should
also be noted that the outflow rate (Equation 6) was calculated by subtracting the total
wastage of aerobic mixed liquor (L/day) from the influent daily flow rate. Release rates of
ARB in waste aerobic mixed liquor, foam and effluent of parallel MEBPR systems are shown
in Figures 3.10 to 3.15. Each bar represents the mean release rate of ARB % (standard
deviation of ARB ratio).

From Figures 3.10 to 3.15, SMX', AMX" and TMP' bacteria were found to be the three major
types of ARB that the parallel MEBPR systems discharged through waste aerobic mixed
liquor, foam and treated effluent.

In addition, the average daily release of ARB in treated effluent of the 25 day SRT train was
observed to be higher (from 1.7 times for CIP to 8 times for AMX in the MH population and
3.7 times for CIP to 5.5 times for SMX in the R2A population) than the 60 day SRT permeate
(Figures 3.10 and 3.11). It was previously discussed in Section 3.2.3 that membrane
imperfections at the 25 day SRT train dramatically increased the total counts of
heterotrophic bacteria in permeate samples collected on February 2015 and that affected
the overall ARB removal efficiency in this train over the study period.
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Figure 3.10 Release rates of total cultivable heterotrophic ARB in treated effluent (Medium: MH)
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Figure 3.11 Release rates of total cultivable heterotrophic ARB in membrane-treated effluent
(Medium: R2A) (CFU/day)
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Figure 3.12 Release rates of total cultivable heterotrophic ARB in waste aerobic mixed liquor
(Medium: MH) (CFU/day)
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Figure 3.13 Release rates of total cultivable heterotrophic ARB in waste aerobic mixed liquor
(Medium: R2A) (CFU/day)
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Figure 3.14 Release rates of total cultivable heterotrophic ARB in foam (Medium: MH)
(CFU/day)
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Figure 3.15 Release rates of total cultivable heterotrophic ARB in foam (Medium: R2A)
(CFU/day)

From Figures 3.12 to 3.15, it was also observed that the release of ARB in foam at the 60
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day SRT was considerably higher than that of the train operating at SRT = 25 days. Along
with some significant differences in ARB proportions of R2A communities between mixed
liquor and foam at the 60 day SRT train for some of the tested antimicrobials (SMX, TMP),
the main reason for the larger contribution of foam in ARB discharge at the 60 day SRT train
was that foam contributed only about 36% of the total daily suspended solids wastage in the
MEBPR train operating at 25 day SRT; the corresponding contribution of foam at the 60 day
SRT train was 99% (Table 2.2). Based on similar reasoning, release rates of ARB in foam
were always lower than waste aerobic mixed liquor at SRT = 25 days.

Release rates of ARB in foam and waste mixed liquor were also found to be considerably
higher than those of the membrane-treated effluent at 25 and 60 day SRTs. Figures 3.16
and 3.17 compare the ARB release ratios of waste aerobic mixed liquor and foam to
membrane effluent, respectively. Release ratios of ARB were calculated by dividing the
release rates of ARB in waste mixed liquor (RRmixed liquor) @nd/ or foam (RRtam) by the
release rates of ARB in effluent (RRefuent). Each bar represents the release ratios of ARB +
(standard deviation of the ARB ratio calculated using Equation 13).

SRT = 25 days SRT =60 days

O MH _ MH
[ R2A 0 R2A

300 30

225 225

INRRN - ENnip

0
Cl

ratio
@
o
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B

Figure 3.16 Ratios of waste aerobic mixed liquor to membrane effluent ARB release rates

(RRwaste aerobic mixed quuorIRRmembrane effluent)
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Figure 3.17 Ratios of foam to membrane effluent ARB release rates (RRfoam / RRmembrane effiuent)

Observations from Figures 3.16 and 3.17 also confirm that waste aerobic mixed liquor and
foam were always the main contributors to overall ARB release from both trains of the UBC
pilot plant. It should be remembered that the reductions in the ARB release ratios of waste
mixed liquor to effluent (RRmixed liquor/RRefiuent) at the 60 day SRT train was due to the
reduced wastage rate of aerobic mixed liquor compared to that of the 25 day SRT. It addition
to that, quantifiable differences in the ARB release ratios of foam to effluent
(RRfoam/RReffient) at two different SRTs were observed which were due to the combined
effects of the differences in the overall foam contribution in solids disposal as well as
increased levels of ARB discharge (CFU/mL) in the permeate at the 25 day SRT train.

Table 3.3 compares the ARB release rates to the inflow rates in parallel MEBPR processes.
Reported as the fraction of contribution of waste mixed liquor, foam and effluent in spread of
ARB, the ratio of the ARB release rates to the ARB inflow rate was calculated using
Equations 8, 9 and 10 in Section 2.4.1.2.3. The inflow rate of ARB (CFU/day) was
determined using Equation 3.

Consistent with previous results (Figures 3.10 to 3.11), it was observed that effluents from
the membrane bioreactors would make a minimum contribution (6x10°< F yeateq effiuent < 2%

10'3) to the spread of ARB to receiving environments (Table 3.3). Similarly, waste aerobic
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mixed liquor was found to have a smaller contribution in ARB release in the train operating
at SRT = 60 days, compared to that of the waste foam.

In order to study the performance of the MEBPR system operating at extended SRT (60
days) conditions with respect to ARB discharge, the ratio of total ARB release rates (RRtota

= RRmixed liquor ¥ RRfoam + RRefiiuent) to inflow rate (IR) was also determined as described in
Equation 7 in Section 2.4.1.2.3. It should be noted that the composite stanadard deviation
was calculated using Equations 13 and 14. The results are presented in Figure 3.18.

Table 3.3 Average ratios of ARB release rates in waste aerobic mixed liquor, foam and
membrane-treated effluent to ARB inflow rates (Fmixed liquors Froams Ftreated effluent)

Media SRT Famx Fcip Fsmx Frer Frwp
(dayS) (mixed liquor) (mixed liquor) (mixed liquor) (mixed liquor) (mixed liquor)
MH 0.052 0.050 0.065 0.082 0.073
25
R2A 0.111 0.059 0.077 0.261 0.111
MH 0.0006 0.0002 0.0007 0.0008 0.0008
60
R2A 0.02 0.001 0.001 0.005 0.001
. SRT
Media (days) F amx (foam) Fcip (foam) Fsmx (foam) FreT (foam) FmP (foam)
MH 0.034 0.071 0.038 0.043 0.044
25
R2A 0.075 0.023 0.043 0.087 0.059
MH 0.082 0.207 0.095 0.126 0.119
60
R2A 0.182 0.152 0.176 0.37 0.269
. SRT Famx Fcip Fsmx Frer Frup
Media (mixed (mixed (mixed (mixed (mixed
(days)
liquor+foam) liquor+foam) liquor+foam) liquor+foam) liquor+foam)
MH 0.086 0.121 0.103 0.125 0.117
25
R2A 0.186 0.082 0.12 0.348 0.170
MH 0.082 0.207 0.095 0.126 0.119
60
R2A 0.184 0.153 0.177 0.375 0.270
. SRT
Media (days) Famx (effluent)y | Fcip (effluent) Fsmx (effluent) | FTET (effluenty | FTmp (effiuent)
MH 5x10™ 5x10™ 6x10™ 5x10™ 6x10™
25 - -
R2A 9x10™ 3x10™ 7x10™ 2x10™ 1x10™®
MH 6x10® 3x10™ 7x10° 1x10* 8x107
60
R2A 1x10* 9x10” 1x10* 4x10™ 2x10™
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From Figure 3.18, the ratios of the total ARB release rates to ARB inflow rates were
observed to be the highest in the population of R2A bacteria in the 60 day SRT train. This is
in line with previous observations on the percentage of ARB in different compartments of the
treatment processes (presented in Figures 3.6 to 3.11) where some significant increases
(SMX, TMP, AMX, TET) were observed in resistance ratios of the R2A mixed liquor
population in the 60 day SRT train compared to the influent.
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Figure 3.18 Ratios of the total release rates of ARB in MEBPR systems to ARB inflow rates
(RReotall IR)

In addition, the average release rates of ARB were always lower than the ARB inflow rates
meaning the number of ARB that entered the MEBPR trains through influent were greater
than the daily counts of discharged ARB (Table 3.3, Figure 3.18). This implies that while
MEBPR treatment processes did not reduce and sometimes even increased the ARB ratios
of total heterotrophic bacteria for particular antimicrobials (Figures 3.6 and 3.7), the
operation of these systems at 25 and 60 days of retention time was beneficial in terms of
reducing the number of ARB that leave these systems. An important point to consider here
is that observations in the current section are restricted to the community of cultivable
heterotrophic bacteria which were able to grow in MH and/or R2A media under specific
incubating conditions. Hence, the results can not represent the behavior of the true diversity

of the bacterial community in these systems in the dissemination of antimicrobial resistance.
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3.2.5 Characterization of Membrane-treated Effluent Cultivable Heterotrophic Bacteria
in the 25 Day SRT MEBPR Train

It was noted in Sections 3.1.1 and 3.2.3 that defects in membrane filtration reduced the total
cultivable heterotrophic bacterial log removal efficiency and led to the discharge of bacteria
with similar and/ or increased ARB ratios compared to those that entered the MEBPR
processes. In the present section, and to satisfy the research objective regarding the
diversity of MH and R2A membrane-treated effluent bacteria, two methodologies were
applied. First, the proportions of lactose fermenting (Lac+) bacteria in 96 MH and 96 R2A
treated effluent strains from the 25 day SRT train were compared. In the second part, a total
of 33 membrane effluent bacterial isolates were identified through sequencing of the 16S
rRNA gene. To further characterize the community of 16S-sequenced MH and R2A
heterotrophic effluent bacteria, antimicrobial susceptibility testing was performed and, the
presence of sul resistance genes in SMX' bacteria was assessed.

3.2.5.1 Lactose Fermentation Patterns of MH and R2A Membrane Effluent Bacteria

In order to determine the abundance of lactose fermenters (Lac+) and Gram negative (G(-))
non-lactose fermenters (Lac-) among the effluent bacteria, 96 MH and 96 R2A bacterial
strains isolated from the membrane-treated effluent of the 25 day SRT train (previously
tested for resistance to SMX, TMP, TET, AMX and CIP in Section 3.2.1) were selected and
their growth characteristics were analyzed on MacConkey agar.

A detailed description of the materials and methods used for lactose fermentation testing
assays in the present project was provided in Section 2.4.1.3. It should be noted that to
ensure broad representation of MH and R2A communities for the purpose of lactose
fermentation testing, 192 effluent bacteria were randomly selected considering that the ARB
percentages in each group (MH and R2A) were not considerably different from those of the
total-tested effluent bacteria presented in Figures 3.6 and 3.7.

The percentages of Lac+ and G(-) Lac- bacteria among the MH and R2A membrane-treated
effluent bacteria are presented in Figure 3.19. The relative abundance of each community
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was determined by dividing the total number of members in each group (Lac+ or Lac-) by the
total number of tested strains (n=96). In addition, each of the two groups of Lac+ and Lac-
effluent bacteria were classified into five sub-groups based on the number of resistances (n
=0to 4).

Others
Number of

resistances
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L 4
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Figure 3.19 Comparison of the lactose fermenting communities of MH and R2A effluent tested
bacterial isolates (n=192)

As can be observed in Figure 3.19, the percentage of Lac+ bacteria in the MH community
was 39.5%, the corresponding value in R2A population was 23.9%. In addition, the
percentage of G(-) Lac- bacteria was similar in both media (54.16% in the MH population vs
50.0% in the R2A group). As crystal violet and bile salts are inhibitors to most species of
G(+) bacteria, it was expected that the proportion of bacteria which did not grow on
MacConkey medium was mostly representative of the community of G(+) bacteria. It has
also been shown that some fastidious G(-) strains (e.g. Pasteurella multocida) cannot grow
on this medium (Hamilton and Larsen, 2008). As can be seen in Figure 3.19, 6.25% of the
MH population and 26.04% of the R2A group belonged to this group named as “others”.

Figure 3.19 shows that in the MH effluent population, a greater percentage of dual-resistant
bacteria (21.88% in Lac- bacteria vs 13.54% in Lac+ bacteria) and MDR bacteria (7.29% in
Lac- bacteria vs 3.13% in Lac+ bacteria) belonged to the group of G(-) Lac- bacteria relative
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to those of the Lac+ population. Similarly, the R2A G(-) Lac- bacterial group included a
larger population of bacteria with three resistances (4.17% vs 1.04%) compared to that of
the Lac+ group. In addition, and consistent with the observations from Figures 3.8 and 3.9,
the MH population exhibited greater percentages of dual-resistant and MDR bacteria
compared to that of the R2A community.

Despite the low number of tested strains in the lactose fermentation testing assay (n=192),
observations from Figure 3.19 suggest that the differences observed in the percentage of
ARB (SMX, TMP, TET, AMX, CIP) as well as MDR patterns in Section 3.2.1 between MH
and R2A communities (Figures 3.6 to 3.9) could be caused by monitoring the ARB growth in

two different bacterial compositions which were isolated on each medium.

To study what types of ARB exhibited the highest abundance within each group, the total
number of Lac+ (or Lac-) bacteria with positive growth in antimicrobial-supplemented media
was divided by the total number of Lac+ (or Lac-) bacteria in antimicrobial-free media.
Results are presented as the percentage of ARB in Figure 3.20. Comparing the resistance
ratios of ARB between the two subgroups of the MH population, the G(-) Lac- group
exhibited a higher proportion of AMX" and TMP" bacteria (61% vs 50% in AMX and 32% vs
26% in TMP) and a lower proportion of SMX" bacteria (42% vs 55%) compared to the lac+
bacteria. In the R2A population, however, a larger proportion of Lac+ bacteria was resistant
to AMX (39% vs 18%) compared to G(-) Lac- bacteria.

It addition, both the R2A Lac+ and G(-) Lac- bacterial groups were observed to have lower
percentages of AMX', SMX" and TMP" bacteria compared to those of the MH population
(Figure 3.20). This could be due to the formulation of R2A medium in which the low levels of
nutrients permit the growth of a larger community of oligotrophic environmental bacteria from
activated sludge which were sensitive or resistant to fewer antimicrobials compared to the
MH population.
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Figure 3.20 Percentage of ARB within subgroups of Lac+ and G(-) Lac- membrane effluent
bacterial isolates (n=192)

In order to determine the contribution of Lac+ and G(-)Lac- effluent bacteria to the total ratios
of ARB, the total number of Lac+ (or Lac-) bacteria with positive growth in antimicrobial-
supplemented media was divided by the total number of tested bacteria (n = 96) in
antimicrobial-free media. Data are presented in Figure 3.21.
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Figure 3.21 Percentage of ARB in membrane-treated effluent bacterial isolates (n = 192)

As can be seen, compared to Lac+ bacteria, MH G(-) Lac- bacteria made a greater
contribution to AMX and TMP resistance (33% vs 20% in AMX and 11% vs 18% in TMP).
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However, MH Lac+ and G(-) Lac- bacteria were present in similar proportions to SMX
resistance in treated effluent bacteria. It was also observed that R2A G(-) Lac- bacteria
made a larger contribution to SMX resistance (12.5% vs 5%) compared to Lac+ bacteria
(Figure 3.21).

In general, comparison of the communities of MH and R2A membrane-treated effluent
bacterial isolates by monitoring growth in liquid cultures as well as lactose-based assays
showed that MH medium not only favored the growth of a larger population of lactose
fermenters (Lac+), but also exhibited a greater proportion of MDR bacteria in both Lac+ and
G(-) Lac- groups compared to the R2A medium. Given that enteric bacilli commonly grow
and replicate in the intestinal tract of humans and are destroyed outside their host to varying
degrees, it is unexpected to find a large population of them in mixed liquor and treated
effluent in WWTPs operating at long SRTs. Hence, despite knowing that the culture-based
techniques are not capable of providing a true representative diversity of microbial
communities due to limitations of this technique in bacterial enrichment and growth in
cultivation medium, R2A could be suggested as a more suitable medium for isolation of a
larger proportion of G(-) Lac(-) environmental bacteria from membrane-treated effluent. In
addition, as the highest abundance of dual-resistant and MDR effluent bacteria were found
in the group of G(-) non-lactose fermenters in both MH and R2A communities (Figure 3.19),
it is recommended that evaluating the efficiency of treatment plant solids-liquid separation
techniques in ARB removal is not limited to determination of the log removal of fecal

contamination indicators such as E. coli or total coliforms.

3.2.5.2 Identification of Membrane-treated Effluent Bacterial Isolates by 16S rRNA
Gene Sequencing

Bacterial growth on selective and differential MacConkey agar (lactose-based method)
provided an opportunity for the quick determination and comparison of the relative
abundances of lactose fermenting (Lac+) bacteria and G(-) non-lactose fermenting (Lac-)
bacteria in MH and R2A membrane effluent communities (Section 3.2.5.1). However,
compared to classical methods of bacterial identification based on morphological traits and
biochemical properties (such as lactose fermentation), the use of genetic techniques, such

102



3: Results and Discussion

as sequence analysis of the 16S rRNA gene, facilitates rapid and accurate identification of
microorganisms (Cook et al., 2003).

In the present study, 16S rRNA gene sequencing was performed to introduce a list of Lac-
and Lac+ strains that had been isolated from the membrane-treated effluent in the MEBPR
train at SRT = 25 days. It should be noted that due to time and cost constraints, 16S rRNA
gene sequencing of the total number of tested-bacteria from the lactose-based method (96
MH and 96 R2A tested strains) was not possible and hence, only 16 MH and 17 R2A
membrane-treated effluent bacterial isolates were identified at the genus level. It should be
noted that the selection of 33 bacterial isolates was done to cover (1) the most different-
looking colonies (including pigementation, shape and size) and (2) the most diverse AR
phenotypes against five tested antimicrobials (SMX, AMX, TET, CIP and TMP).

A descriptive summary of the methodology for preparation of crude bacterial cell lysates and
PCR amplification, as well as 16S-sequencing analysis, was provided in Sections 2.4.2.1
and 2.4.2.2. Figures 3.22 and 3.23 represent the phylogenetic trees corresponding to the
identified MH and R2A bacterial isolates built with the sequences of the V3 region of the 16S
rRNA gene.

The results indicate that G(-) non-lactose fermenters, such as bacteria affiliated with the
genera Acinetobacter, Aeromonas, Pseudomonas, and Stenotrophomonas were commonly
detected in MH and R2A bacterial communities (Figures 3.22 and 3.23). However, while
Lac- Shigella, Pseudoxanthomonas and Brevundimonas were only identified in the MH
group, bacteria affiliated with the genera Chryseobacterium, Comamonas, Delftia, and
Deinococcus were only isolated from the R2A-tested community. Similarly, in both MH and
R2A effluent populations, bacteria affiliated with the genera Bacillus and Enterococcus were
identified, which are well-characterized members of the G(+) bacteria.

In the present project, a total of 41 MH and 31 R2A heterotrophic bacteria (influent and
membrane effluent) were identified through 16S rRNA gene sequencing analysis and a
summary of these, as well as their corresponding isolating medium, are presented in Table
3.4.
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Method: Neighbor Joining; Best Tree; tie breaking = Random
Distance: Uncorrected ("p")
Gaps distributed proportionally
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Table 3.4 A summary of the 16S-sequenced influent and treated effluent bacterial isolates and

corresponding isolating media

Phylum Class Order Family (Strain) Il\sn:I:it:rE
Caulobacteraceae MH (n=1)
Caulobacterales (ER2A-20, MH-G15) R2A (n=1)
Alpha-proteobacteria
; Sphingomonadaceae -
Sphingomoadales (ER2A-20) R2A (n=1)
Comamonadaceae MH (n=3)
(EMH-22, EMH-21, R2A-117, R2A-G10, R2A- | Rop (n=3
Burkholderiales E7, IMH-20) (n=3)
Beta-protobacteria Burkholderiaceae -
(IMH-29) MH (n=1)
; : Neisseriaceae -
Neisseriales (MH-24) MH (n=1)
Enterobacteriacea
(MH-13, MH-B23, MH-120, MH-C13, MH-C8, MH (n=15)
; R2A-E21, R2A-P11, R2A-G11, EMH-17, =
Enterobacteriales ER2A-23, ER2A-3, EMH-11, EMH-25, IMH-11, |  R2A (n=7)
; IMH-26, IMH-3, IMH-14, IMH-30, IMH-6, IR2A-
Proteobacteria 3 IMH-19, IR2A.6)
Aeromonadaeae
3 . . MH (n=5)
(EMH-6, EMH-10, ER2A-10,
Aeromonadales MH-B17, MH-N23, R2A-F17, R2A-E19, IMH- R2A (n=3)
10)
G toobacteri Xanthomonadaceae MH (n=6)
amma-proteobacteria (MH-C16, MH-P20, MH-K10, R2A-F12, R2A- =
Xanthomonadales N5, R2A-G14, EMH-5, EMH-14, EMH-29, R2A (n=4)
IR2A-11)
Shewanellaceae -
Alteromonadales (EMH-2, EMH-9) MH (n=2)
Moraxellaceae MH (n=1)
(MH-C4, R2A-140, IR2A-25) R2A (n=2)
Pseudomonadles
Pseudomonadaceae MH (n=3)
ER2A-17, ER2A-30, EMH-20, EMH-30, R2A- -
( B1, MH-F15) R2A (n=3)
: ; i Flavobacteriaceae -
Bacteriodetes Flavobacteria Flavobacteriales (ER2A.15, R2A-B1, IR2A-20) R2A (n=3)
; Enterococcceae MH (n=1)
Lactobacillales (MH-D21, R2A-P15) R2A (n=1)
P e Staphylococcaceae —
Firmicutes Bacilli (ER2A24) R2A (n=1)
Bacillales
Bacilliaceae MH (n=1)
(MH-C7, R2A-H9) R2A (n=1)
Actinobacteria Actinobacteria Actinomycetales Micr oﬁfﬁéezlz)aceae MH (n=1)
Deinococcus- . . : Deinococcaceae -
Thermos Deinococci Deinococcales (R2A-PO) R2A (n=1)

It can be seen in Table 3.4 that bacteria affiliated with the orders Caulobacteriales,
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Burkholderiales, Enterobacteriales, Aermonadales, Xanthomonadales, Pseudomonadales,
Lactobacillales and Bacillales could comonly grow on either MH or R2A medium. However,
while bacteria affiliated with the family Niesseriaceae, Shewanellaceae and
Microbacteriacea were only isolated on MH medium, strains from four families of
Flavobacteriaceae, Deinococcaceae, Sphingomonadaceae and Staphylococcaceae were
only isolated on R2A medium. Although the low number of 16S-sequenced bacterial isolates
(n=72) in the present project is not adequate for comprehensive comparison of the diversity
of bacterial isolates on each medium, our data suggest that the low-nutrient R2A medium
could be used to isolate diverse phyla of environmental bacteria, including Bacteroidetes

and Deinococcus-Thermos.

Gensberger and coworkers (2015) evaluated the effects of medium type and temperature on
the composition of water microbial communities collected from water wells in Lower Australia
by 16S rRNA gene sequence analysis of clone libraries. They observed that cultivation on
R2A yielded more biodiverse populations of heterotrophic bacteria compared to high-nutrient
yeast extract medium. In order to fully investigate the taxonomic composition of MH and R2A
bacteria, 16S rRNA gene sequencing should be done on representative bacterial
populations of WWTPs isolated from each medium and phylogenetic trees should be
compared.

3.2.5.2.1 MDR Patterns of the 16S-sequenced Membrane Effluent Bacterial Isolates
and Detection of the sul Genes in SMX" Effluent Bacteria

Due to the importance of the release of MDR bacteria in WWTP effluent, antimicrobial
susceptibility patterns of 33 16S-sequenced membrane effluent strains against a set of 16
new antimicrobials (different from the five previously-tested agents) were also determined
(Table 3.5). As observed, the community of MDR bacteria increased from 33.3% (while
testing five antimicrobials in Section 3.2.1) to 75.7%, when susceptibilities to 21 antibiotics
were monitored (Table 3.5). This implies that the percentage of MDR bacteria is a function
of the number of tested antimicrobials and hence, the abundance of MDR bacteria in
environmental samples should not be underestimated due to limitations in the number of

tested antimicrobial agents.
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Table 3.5 Antimicrobial susceptibility profiles of 16S-sequenced membrane effluent bacterial

isolates (presented in Section 3.2.5.2)%

A gly i Qui B-Lactams Tetracyclines
" AR COL | TMP | SXT CcM
Genus Strain Phenotype | 2 [ 2| 8| 8| w a1 8 2| 2f e S 2 10 5 25 30
I z X =z [ - ol al|l | & - >
|l w|l E| 2| & | 2| S| 8| = w o
(2] o < X z < < = - =]
. | AMXTET
MH-P20 T™P
MH-K10* | AMX,TMP . . . . . .
. | AMXTET,
Stenotrophomonas R2A-F12 T™MP
, | TET,SMX, . . . . . .
R2A-N5 AMX
R2A-G14* | AMX,TMP . . . . . . .
« | AMX,SMX
MH-B17 TET
MH-N23 | AMX,SMX . .
« | AMX,SMX
R2A-F17 TET
R2A-E19 | AMX,SMX . .
R2A-H9* | AMX,TMP . . . . .
Bacillus
. AMX, TMP . . . . .
MH-C7 SMX
MH-C13 | AMX,SMX . .
+ | AMXTET, . . . .
Enterobacter MH-120 ™P
« | AMX,TMP, . . . .
R2A-E21 TET
« | AMX,AMK
R2A-117 ™P
Delftia
R2A-G10* AMX . . . . . .
R2A-P15* - . . . .
MH-D21* TET . . . . . . .
R2A-B1 TMP . . .
MH-F15* | TMP,SMX . . . .
« | SMXTET, . . . . . .
MH-B23 T™P
Ki
R2A-P11* | CIP,TMP . . . . . .
Pseudoxanthomonas | MH-C16* | AMX, TMP . . . . . . .
" . AMX,SMX . . . . .
Ecoli MH-I3 TET.TMP
Microbacterium MH-C20* TMP . . . . .
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A g Q B-Lactams Tetracyclines
Genus Strain Fheﬁ?{ype E g § § g § § E g E E § C1C‘J)L TI;IP SZX5T (;l(\]ll
AR IR -
Brevundimonas MH-G15* CIP, TMP
Acinetobacter MH-C4 TMP
Shigella MH-C8 CIP
Comamonas R2A-E7* SMX,TMP
Acinetobacter R2A-140* TMP,SMX
Deinococcus R2A-P9 TMP,SMX
Raoultella R2A-G11 SMX
Chryseobacterium R2A-L21* SMX

®: Filled black circles indicate resistance (diameter of the zone of inhibition < one centimeter); the absence of a circle

mark indicates a larger inhibition zone. * :MDR bacteria

AMK: Amikacin, GEN: Gentamicin, KAN: Kanamycin, STR: Streptomycin, CIP: Ciprofloxacin, NAL: Nalidixic acid, DOX:
Doxycycline, TET: Tetracycline, AMC: Amoxicillin/clavulanic acid, AMP: Amplicillin, IMP: Imipenem, CFM: Cefixime, COL:
Colistin, TMP: Trimethoprim, CM: Chloramphenicol, SXT: SMX+TMP

Comparing the susceptibility results of membrane effluent bacteria to antibiotics in different
classes (Table 3.5), co-resistance was also observed in some cases. As an example, 13 out
of 15 SMX' strains, 17 out of 21 TMP' strains and all TET' strains (n=10) were found to be
resistant to at least one of the antibiotics in the class of B-Lactams. A potential reason for
antimicrobial co-resistance may be the presence of a particular resistance mechanism (e.g.
multidrug efflux pump) which could be responsible for resistance to different classes of
antibiotics (Chopra and Roberts, 2001).

Characterization and identification of total heterotrophic effluent bacterial isolates in the
present research provided information on the diversity and the potential release of MDR
cultivable heterotrophs from the MEBPR process at 25 day SRT. However, it is not known
whether the identified community of cultivable bacteria represents a small or a large fraction
of the total bacterial community of membrane-treated effluent. Using Illumina Miseq
sequencing data, the proportion of the identified isolated taxa (Section 3.1.4 and 3.2.5.2)
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relative to the total community (culturable and uncluturable microbial communities) of treated

effluent bacteria was determined as presented in section 3.3.1.

The presence of two sulfonamide resistance genes (sul1 and sul2) in total genomic DNA of
influent and membrane effluent of the 25 day SRT MEBPR train was previously reported in
Section 3.1.5. The final aspect that was studied in the community of cultivable heterotrophic
effluent bacteria was the identification of ARGs responsible for observed resistance to SMX
and the determination of the proportion of effluent bacterial community carrying a particular
gene. Briefly, the occurrence of two sulfonamide genes (su/1 and sul2) was tested in 16S-
sequenced SMX' effluent bacteria by PCR-based examination (Table B.6). A summary of
the DNA extraction procedure and a list of primers and PCR conditions to amplify the genes
of interest was provided in Sections 2.4.2.1 and 2.4.2.2. In total, out of 15 tested bacteria,
the sul1 gene was detected in nine strains (60%) and the sul2 gene was detected in eight
bacterial isolates (53%). In addition, the co-occurrence of su/1 and sul2 genes was detected
in two bacterial isolates. The similarity between the relative abundances of the sul1 and sul2
genes (60% vs 53%) in culturable effluent bacterial isolates highlights the possibility that the
sul2 gene could also be present at similar relative abundances (gene copies normalized to
the 16S rRNA gene copies) in MEBPR processes. Understanding the fate of ARGs in
wastewater treatment systems requires a comprehensive monitoring of all known genes
conferring resistance to an antimicrobial of interest. However, antibiotics such as B-lactams,
trimethoprim (TMP) and tetracyclines have multiple cassate-associated ARGs; measuring
the relative distribution of all in a single study is not manageable due to time and cost
limitations. Hence, the scope of studies is usually limited to measuring the concentrations of
a limited number of ARGs in WWTPs (Borjesson et al., 2009; Gao et al., 2012; Lachmayr et
al., 2009; Grape et al., 2007).

In general, 16S rRNA gene sequencing analysis of 33 effluent bacterial isolates from the
MEBPR train at the 25 day SRT identified a total of 12 families of bacteria, the majority of
which (75.7%) exhibited MDR as confirmed by antimicrobial susceptibility testing. In other
research, the impacts of WWTP effluent discharges in natural receiving waters have been
extensively studied and increased populations of ARB and ARGs downstream of the
WWTPs discharge points have been frequently reported (Gofi-Urriza et al., 2000; lwane et
al., 2001; Li et al., 2010; LaPara et al., 2011; Yang et al., 2013a). Observations from this
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section of the present study emphasize the need for regular monitoring of the quality of
membrane effluent in terms of the occurrence and abundance of ARB and ARGs and to
minimize the impacts of unexpected release of resistant bacteria and associated genes,
particularly in cases where membrane filtration is used as the final stage prior to effluent

discharge in the environment.

In the present research, ARB patterns of total cultivable heterotrophic bacteria in influent and
parallel MEBPR trains of the UBC pilot plant were compared. A summary of conclusions in
Section 3.2 includes the following.

e The results indicated that the parallel MEBPR systems significantly increased the
percentages of ARB (SMX', TMP") as well as MDR bacteria relative to the influent as
observed from the comparison of ARB proportions between influent and the
processes redox zones. Statistically significant increases were also observed in the
populations of SMX" (P < 0.1), TMP" (P < 0.05) and TET" (P < 0.1) R2A bacteria in
foam compared to mixed liquor in the 60 day SRT train.

e In addition, with the exception of SMX' ratio in the R2A population, the proportions of
ARB (TMP, AMX, TET, CIP) in the mixed liquors of 25 and 60 day SRT trains were
not significantly different implying that extending SRT from 25 to 60 days did not
adversely impact the antimicrobial resistance patterns of heterotrophic bacteria
inside the MEBPR systems.

e Observations from the present study highlighted the point that operation of the
MEBPR systems at 25 and 60 day SRTs reduced the average ARB discharge daily
counts relative to the influent ARB daily counts. This was determined through
comparison of the total release rates of cultivable heterotrophic resistant bacteria
through waste aerobic mixed liquor, foam and effluent discharge with ARB inflow
rates.

e The current research also showed that foam from the 60 SRT MEBPR system
(average 90.1% to 99.8% contribution) and the waste aerobic mixed liquor at the 25
day SRT train (average 41.2% to 74.6% contribution) were the major contributors to
the release of ARB in parallel MEBPR systems.
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e With the exception of TET' bacteria in the R2A group, membrane filtration in parallel
MEBPR processes always achieved more than three log reductions of ARB. In
addition, considerable increases in ARB and total heterotrophic counts of effluent
bacteria were observed due to membrane integrity issues at the 25 day SRT train
over the period of study, relative to the 60 day SRT system.

e 16S rRNA gene sequence analysis helped identify a set of 33 antibiotic resistant
bacteria from 12 families of bacteria in the 25 day SRT train permeate. Differences in
the relative abundance of Lac+ bacteria between the MH and R2A effluent cultivable
heterotrophic bacterial communities were also observed using lactose-based

methods.

e It should be remembered that, in evaluation of the role of wastewater treatment
processes in dissemination of AR using culture-dependent approaches, a large
number of factors are involved which set limitations on the ability to evaluate the
treatment processes performance. A summary of the most important variables which
complicate our assessment of the role of WWTPs in ARB release is summarized in
Figure 3.24. As can be observed, apart from the importance of (1) system operating
conditions (e.g. solids retention time (SRT), hydraulic retention time (HRT)) which
directly affect the bacterial growth/decay rates, (2) system configurations which
influence the taxonomic composition of bacterial communities in the wastewater
treatment process and (3) the ARB discharge pathway chosen for study (e.g.
effluent, mixed liquor, foam), (4) the cultivable bacterial community of interest (e.g.
total heterotrophs, faecal coliforms) as well as (5) the antimicrobial resistances
(including the antibiotics and antibiotic resistance genes (ARGSs)) that are specified

to be of research interest, are of critical importance.
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As an example, one of the most important considerations regarding the application of
culture-based methods in studies of AR in total heterotrophic bacteria in WWTPs is
to know the limitation of this technique in isolating a representative community of
bacteria in the environment of interest. The most critical factors which influence the
diversity of tested bacterial community on culture media include (1) media
composition (2) incubation conditions (including time and temperature) and (3) the
methodology for deterimation of ARB ratio (including direct bacterial plating and/or
bacterial isolation which could influence the representativeness of the bacterial

community of interest).

Observations from Sections 3.2.1 to 3.2.4 highlight the point that evaluation of the
performance of WWTPs through comparison of the ARB release rates to ARB inflow
rates is strongly dependent on (1) the tested antimicrobials (as observed by
differences in ARB ratios), (2) the choice of growth medium (MH vs R2A) and (3)
SRT as a major system operating parameter of the wastewater treatment process.
Hence, our assessment of the role of long SRT operations in attenuation of AR in
MEBPR systems should always be limited to the studied antimicrobial resistance, as

well as the community of tested organisms.

3.3 Assessment of Bacterial Communities in a Model MEBPR System and
Identification of ARGs in the Foam Microbiome

The adoption of membrane bioreactor (MBR) technology overcomes biomass settleability
problems and provides a potential to maintain high concentrations of suspended solids in
mixed liquor and to operate wastewater treatment systems at long solids retention times
(SRTs). However, studies have shown that coupling of MBR technology with enhanced
biological phosphorus removal (EBPR) processes could proliferate foaming on the surface of
the anoxic zone mixed liquor and impose adverse effects on the operational integrity of the
process (Monti, 2006). Hence, regular harvesting of foam has been proposed as an efficient
strategy not only to reduce the accumulation of foam, but also to control SRT in the UBC
pilot plant MEBPR systems (Hall et al., 2011; Yue, 2017).

In Section 3.2, the release of antibiotic resistant cultivable heterotrophic bacteria in waste
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aerobic mixed liquor, foam and membrane-treated effluent in MEBPR systems operating at
25 and 60 day SRTs was assessed. It was shown that at very long SRT (60 days), foam was
the major contributor (90.1%-99.8% contribution) to the release of antibiotic resistant
bacteria (ARB) from the MEBPR train (Table 3.3). In addition, the overall release of ARB in
membrane effluent of the 25 day SRT train (Table 3.2) was found to be considerably higher
than that for the 60 day SRT system and this may have been caused by integrity breaches in
membranes and attached bacterial growth in the effluent discharge piping. Due to the
importance of these two pathways (foam and membrane-treated effluent) in ARB discharge
and the lack of knowledge on the microbial community associated with each of them, the
first part of this section is focused on studying the taxonomic composition of bacteria
(including both the culturable and unculturable microbiomes) in a MEBPR system.

To address this research question, the compositions of groups of abundant (relative
abundance > 1%), intermediate (0.1% < relative abundance < 1%), and rare taxa (relative
abundance < 0.1%) in influent, mixed liquor, foam and membrane-treated effluent of a
MEBPR train operating at SRT = 25 days were compared. Comparison of the relative
abundances of foam microorganisms and underlying mixed liquor bacterial communities was
also of interest to determine whether excess growth of filamentous bacteria could be one of
the causes of foam formation in the MEBPR process. Profiling the taxonomic composition of
bacteria in influent and different compartments of the MEBPR process could also be used to
understand the shifts in microbial communities of influent relative to mixed liquor and
examine if a selectivity in the community of membrane-treated effluent bacteria is observed,

compared to the mixed liquor.

It was previously described in Section 1.2 that, despite the large number of studies which
have focused on identification of ARGs in activated sludge, effluent discharge and waste-
derived products such as biosolids (Zhang and Zhang, 2011; Szczepanowski et al., 2009;
Munir et al., 2011; Gatica and Cytryn, 2013), the diversity of resistance determinants in foam
formed in MEBPR systems has remained unexplored. Hence, the second part of this section
presents results using both PCR-based and functional metagnomics approaches to assess
some ARGs present in the MEBPR-formed foam at SRT = 25 days. Combined with
observations in Section 3.2 on the percentage of ARB in foam, this section highlights the
potential role of disposed foam in distribution of antimicrobial resistance (AR) to the
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environment.

3.3.1 Profiling the Taxonomic Composition of Bacterial Communities in Influent and
the MEBPR Environments

In order to identify the taxonomic structure of bacterial communities in the influent and the
different compartments of the MEBPR treatment process, 16S rRNA gene V4 amplicons
corresponding to the total genomic DNA (including DNA sources from both culturable and
unculturable cells) of influent, mixed liquor (anaerobic, anoxic and aerobic reactors), foam
and membrane-treated effluent in a MEBPR train operating at 25 day SRT were sequenced
on an lllumina MiSeq platform. The procedure for extraction of the genomic environmental
DNA was described in Section 2.4.2.1. Section 2.4.2.4 provided the details of the sample
preparation procedure including the pooling of DNA samples collected on December 2014,
January and February 2015 as well as PCR, sequencing and partial analysis of data.

In the present project, the taxonomic profiles of bacterial communities in influent and the
MEBPR process with abundant (relative abundance > 1%), intermediate (0.1% < relative
abundance < 1%) and rare (relative abundance < 0.1%) operational taxonomic units (OTUs)
were analyzed using three approaches:

(1) Measuring the distance between samples by hierarchical cluster analysis

(2) Analysis of the richness and evenness of bacterial communities by measuring the
Shannon-Wiener diversity index

(3) Comparison of the relative abundances of taxa using bubble plots

Using the table of OTUs as input data in the pvclust package, hierarchical cluster analysis in
the present project was performed in R. Detailed description of the methods applied is
provided in Section 2.4.2.4. As the hierarchical clustering algorithm calculates the distance
matrix between samples, it can be used to describe the influence of the wastewater
treatment process as well as membrane filtration on bacterial community assemblages
obtained from short-read lllumina Miseq sequencing data. A cluster dendrogram of abundant
taxa with relative abundance > 1% corresponding to the four analyzed environments is

shown in Figure 3.25.
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Figure 3.25 Cluster dendrogram of taxa with relative abundance > 1% in influent and
MEBPR environments (SRT = 25 days)

In Figure 3.25, the vertical axis of the dendrogram represents the dissimilarity between
clusters and the horizontal axis is representative of the samples (i.e. influent, mixed liquor,
etc). Each linkage of two clusters is represented by a horizontal line whose vertical position
indicates the distance between clusters. Observations from the clustering analysis shows
that foam and mixed liquor were similarly clustered indicating that these environments were
more similar to each other than they were to influent and treated effluent (Figure 3.25). This
could imply a shift in the bacterial communities from influent to mixed liquor in the MEBPR
process and then to the membrane-treated effluent.

In addition, it can be seen that the connection between foam and mixed liquor was the closer
link to the bottom of the dendrogram compared to that of the influent and membrane-treated
effluent, which confirms a smaller distance between them (Figure 3.25). As the
approximately unbiased (au) p-value of foam and mixed liquor was higher than 95%, these
clusters were considered to be strongly supported by data. The similarity in the taxonomic
composition of foam and anoxic mixed liquor has been previously reported by Hall and
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coworkers (2011) who compared the properties of foam and mixed liquor in the anoxic zone
of MEBPR processes (12 and 20 day SRTs) at the UBC pilot plant. Not only did they
observe similar contents of nitrogen (N), phosphorus (P) and organic matter in the two
environments, but also they found approximately 80% similarity between the community of
foam and mixed liquor bacteria by ribosomal intergenic spacer analysis (RISA).

Figure 3.26 provides a graphical view of the Shannon diversity index for influent and the
MEBPR environments (detailed methods applied were provided in Section 2.4.2.4).
Shannon diversity index considers both the richness and evenness of species in microbial
communities using the OTU table imported as a matrix. Briefly, this index is calculated by
multiplying the relative abundance of each species by its log (natural or other bases),
repeating this step for all different species and finally, computing the negative sum of these
numbers. As observed in Figure 3.26, Shannon diversity measures were highest in foam
and mixed liquor compared to influent and effluent, implying that foam and mixed liquor
bacterial communities possessed more evenly distributed and diverse taxa, compared to
those of the influent and membrane-treated effluent.
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Figure 3.26 Comparison of Shannon index between influent and MEBPR bacterial communities
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3: Results and Discussion

The bubble plots corresponding to the taxa with relative abundances > 1% in the studied
environments is shown in Figure 3.27. In order to prepare the bubble plots, the following
steps were taken.

1.The table of OTUs (provided by the Microbiome Insights Inc. at the genus level) was
re-classified at the order level and the sum of the number of reads belonging to each
unique taxa at the order level was calculated. In total, 102, 79, 111 and 114 unique
OTUs were obatained for downstream analysis of the membrane-treated effluent,
influent, foam and mixed liquor bacterial communities at the order level, respectively.

2.The relative abundance of taxa was determined by dividing the read counts of unique
taxonomies to the total number of reads produced for each sample, expressed as
percentage.

3.Taxa in each environment (e.g. influent, mixed liquor, etc) were then ordered from the
highest relative abundance to the lowest and separated into three groups of
abundant, intermediate and rare OTUs.

4.0nce taxa were ordered by relative abundance, they were re-ordered by
"environment" so that there existed three final lists by abundance for each sample.

5.Bubble plots were made in R using the table corresponding to the relative abundance
data at the order level (classified by groups) as an input in the ggplot2 package.
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3: Results and Discussion

As observed in Figure 3.27, the influent, mixed liquor, foam and membrane-treated effluent
environments exhibited a total of 15, 19, 20 and 19 bacterial orders with relative abundances
of more than 1%, respectively. Briefly, bacteria affiliated with the orders Bacteroidales,
Flavobacteriales, Clostridiales, Burkholderiales and Rhodocyclales were similarly detected in
all samples (Figure 3.27). Contrary to the taxonomic composition of bacteria in mixed liquor,
foam and treated effluent, bacteria affiliated with the orders Bifidobacteriales (relative
abundance in influent: 2.41%), Lactobacillales (6.20%), Fusobacteriales (1.96%),
Campylobacteriales (5.60%), Aeromonadales (1.35%) and Pseudomonadales (15.32%)
were considered as abundant data (relative abundance > 1%) in influent. It was also
observed that bacteria affiliated with the orders Acidimicrobiales (relative abundance in
mixed liquor: 5.44%), Actinomycetales (1.97%), Cytophagales (2.02%), Saprospirales
(10.29%), Caldilineales (2.68%), Myxococcales (2.76%), Verrucomcrobiales (9.43%) and the
phyla Chloroflexi (3.92%) and Chlorobi (2.13%) were enriched in the MEBPR treatment
system.

Consistent with observations in Figures 3.25 and 3.26, the taxonomic composition of the
foam bacterial community was also found to be most closely related to the mixed liquor
microbiome. In general, the phylum Bacteroidetes and bacterial orders Verrucomicrobiales,
Saprospirales, Burkholderiales and Acidimicrobiales were the most abundant taxa in foam
and mixed liquor (Figure 3.27, Appendix C (Figures C.3 and C.4)).

Lawson (2014) studied the taxonomic composition of bacterial communities in the redox
reactors (anaerobic, anoxic, aerobic mixed liquor) of the UBC pilot plant MEBPR system
operating at a 15 day SRT using pyrotag sequencing of the small subunit ribosomal RNA
gene approach. Table 3.6 illustrates the comparison between the current study and the
relative abundances of major phyla and/or classes of bacteria previously obtained from the
Lawson (2014) study period.
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3: Results and Discussion

Table 3.6 Comparison of the relative abundance of bacterial phyla/classes in influent and
MEBPR environments between the present study and Lawson (2014) study

Relative Abundance (%) Relative Abundance
. (th'§ study) in mixed liquor (%)
Phyla/Class (llumina MiSeq approach) using Pyrotag
Influent Mixed liquor Foam M:;?:;?‘Te CO;TIII:‘::(I:X,BZ%?IEI)SIS
Alpha-proteobacteria 5.61 6.55 6.96 1.97 51
Beta-proteobacteria 10.56 13.06 11.89 12.08 14.8
Delta-proteobacteria 0.66 3.7 3.59 5.04 3.8
Gamma-proteobacteria 23.26 3.08 243 13.03 2.7
Epsilon-proteobacteria 5.60 0.58 0.58 12.86 me;‘:jre g
Actinobacteria 3.70 7.92 10.43 1.21 32.0
Acidobacteria 0.13 1.35 1.97 0.18 0.7
Bacteroidetes 23.00 28.42 27.77 30.83 25.0
Chroloflexi 0.14 3.92 3.72 0.10 1.9
Cyanobacteria 0.01 0.01 0.03 0.19 0.2
Firmicutes 24.37 3.24 2.58 11.01 2.8
Nitrospirae 0.11 0.89 0.80 0.15 0.8
Planctomycetes 0.10 2.83 4.02 0.17 3.5
Verrucomicrobia 0.53 10.41 10.46 1.60 2.6
Others 2.23 14.47 13.13 9.57 4.1

From Table 3.6, it can be seen that, with the exception of quantitative differences in the
relative abundances of bacteria affiliated with the phyla Verrucomicrobia (2.6% in Lawson
(2014) study vs 10.41% in the present study) and Actinobacteria (32% in Lawson (2014)
study vs 7.92% in the present study), the mixed liquor bacterial community structure at a 15
day SRT (obtained from pyrosequencing data in Lawson (2014) study) and a 25 day SRT
(the present study) were comparable. Since these two studies did not profile the taxonomic
composition of MEBPR bacterial communities under identical influent input and strict parallel
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3: Results and Discussion

operating conditions, the moderately extended SRT operation (25 days) cannot be proposed
as the only cause of the considerable increase in the relative abundance of bacteria affiliated
with the phylum Verrucomicrobia and the reduction of bacteria affiliated with the phylum
Actinobacteria. Another variable that makes interpretation of the role of SRT in the
composition of bacterial communities even more complicated is the use of different
sequencing approaches in these studies. Under and over-representation of bacterial
communities due to the application of different sequencing techniques have been previously
reported in the literature (Claesson et al., 2010; Nelson et al., 2014). In one example,
Albertsen et al. (2012) reported considerable differences in the relative abundance of
Actinobacteria and Chloroflexi using quantitative FISH assays and a metagenomic
sequencing approach. Despite recent advances to investigate the taxonomic structure of
bacterial communities in EBPR systems (Martin et al., 2006; Kong et al., 2007; Wong et al.,
2005, Albertsen et al., 2012), further attention is still required to study the role of SRT on the

composition of bacterial communities in these treatment settings.

Consistent with the observations from Figure 3.27, Table 3.6 indicates a shift in the
community of bacteria from influent to MEBPR mixed liquor. As an example, while a
considerable reduction was observed in the relative abundance of bacteria affiliated with the
phylum Firmicutes (3.24% in mixed liquor vs 24.37% in influent) and the classes Gamma-
proteobacteria (3.08% vs 23.26%) and Epsilon-proteobacteria (0.58% vs 5.60%) in mixed
liquor, the relative abundance of mixed liquor bacteria affiliated with the phylums
Actinobactaria (3.70% in influent vs 7.92% in mixed liquor), Bacteroidetes (23% vs 28.42%),
Verrucomicrobia (0.53% vs 10.41%), Planctinoycetes (0.1% vs 2.83%), Nitrospiraea (0.11%
vs 0.89%), Chloroflexi (0.14% vs 3.92%), Acidobacteria (0.13% vs 1.35%) and the classes
Delta-proteobacteria (0.66% vs 3.71%), Beta-proteobacteria (10.56% vs 13.06%) and Alpha-
proteobacteria (5.61% vs 6.55%) increased relative to the influent. In most of the phyla or
classes of bacteria where increases in relative abundances of taxa were observed, there is
at least one genus of bacteria which is known to mediate key biological processes in EBPR
systems including fermentation, nitrification, denitrification, hydrolysis and fermentation. As
an example, bacteria affiliated with the class Nitrospira (phylum Nitrospiraea) are known to
be involved in nitrification processes and bacteria affiliated with the genus Thauera (class
Beta-proteobacteria) belong to the group of denitrifiers.
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3: Results and Discussion

Despite observable differences in the composition of wastewater input, system
configurations and operating conditions, literature studies have reported identical or closely
related core bacterial communities in EBPR systems (Nielsen et al., 2010; Oehmen et al.,
2007). Table 3.7 summarizes the relative abundances of core bacterial communities in
mixed liquor and foam in the 25 day SRT MEBPR train in the present study. The list of taxa
involved in EBPR processes (including hydrolysis, fermentation, nitrification, denitrification
and biological P removal) is based on taxa identified in Lawson (2014) and Nielsen et al.
(2010) studies.

Table 3.7 indicates that many taxa involved in the biological wastewater treatment
processes of the UBC pilot plant 25 day SRT MEBPR train belonged to the groups of
intermediate (relative abundance between 1% and 0.1%) and rare (relative abundance less
than 0.1%) OTUs. In general, observations from the present study showed that the relative
abundance of more than 51% of OTUs in mixed liquor was less than 0.1%. Consistent with
these observations on finding the majority of OTUs in the group of rare taxa, Lawson (2014)
showed that many rare OTUs in the redox zones of the UBC MEBPR system (SRT = 15
days) maintained a high level of activity. The taxonomic composition of intermediate and
rare OTUs as well as dendrograms corresponding to influent, mixed liquor, foam and
membrane-treated effluent sequencing data are compared in Figures C.1 to C.4 (Appendix
C).

The considerable similarity in relative abundance of mixed liquor and foam bacterial
communities showed that foam disposal did not cause any major loss of major functional
groups from the MEBPR system operating at 25 day SRT (Table 3.7). In addition, it was
observed that foam formation in the MEBPR train was not caused by the excess growth of
common foam formers such as Nocardia spp., Microthrix parvicella and Actinomycetes. This
observation is consistent with previous work by Cosenza et al. (2013), who reported a
negligible abundance of common filamentous bacteria in foam of a MBR wastewater
treatment pilot plant in Italy. Cosenza and coworkers (2013) introduced extracellular
polymeric substances (EPSs) as one of the factors involved in fouling and foaming
phenomena in MBRs. The importance of EPSs in foaming in MBRs has been previously
reported by Di Bella et al. (2011) and You and Sue (2009).
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3: Results and Discussion

Table 3.7 Relative abundances of core bacterial communities involved in biological treatment

processes in mixed liquor and foam in the present study (SRT = 25 days)

Relative Relative
0, 0,
Functional Taxa abundance (%) Functional Taxa abundance (%)
group (higher classification) Mixed Foam group (higher classification) Mixed Foam
liquor liquor
Class Nitrospira 0.89 0.80 Phylum Chlorofilexi 3.92 3.72
Family Hyphomicrobiaceae Filamentous Genus Gordonia
(Alpha-proteobacteria) 0.84 0.76 Bacteria (Actinobacteria) 0.14 0.36
Genus Rhodobacter Genus Nocardia
(Alpha-proteobacteria) 0.42 0.45 (Actinobacteria) 0.02 0.02
Family Rhodocyclaceae | 5 3 | 5 44 Phylum Chloroflexi 392 | 372
(Beta-proteobacteria)
Nitrifiers/ .
Denitrifiers | CG&nus Dechloromonas 0.09 | 0.17 Class Anaerolineae 351 | 3.26
(Beta-proteobacteria)
Genus Zoogloea Family Caldilineaceae
(Beta-proteobacteria) 0.05 0.03 (Caldilineae) 268 229
Genus Thauera 003 | 0.01 Class Thermomicrobia | 0.06 | 0.14
(Beta-proteobacteria)
Family Comamonadaceae Order Cytophagales
(Beta-proteobacteria) 9.10 8.03 (Cytophagia) 2.02 218
Family Nitrosomonade!ceae 0 0.04 | Hydrolyzers Order Sphingobact(—_:-riales 0.35 0.29
(Beta-proteobacteria) (Sphingobacteria)
Genus Lactococcus Family Chitinophagaceae
(Bacilli) 013 | 0.10 (Chitinophaga) 017 | 022
Genus Streptococcus Order Flavobacteriales
(Bacilli) 0.66 0.63 (Flavobacteria) 1.55 1.55
Family Lachnospiraceae Genus Chryseobacterium
(Clostridia) 0.10 0.05 (Flavobacteria) 0.01 0.01
Family Christensenellaceae Genus Gordonia
Fermenters (Clostridia) 0.10 0.22 (Actinobacteria) 0.14 0.36
Family Ruminococcaceae Genus Mycobacterium
(Clostridia) 0.54 0.43 (Actinobacteria) 0.74 0.64
Genus Paludibacter Genus Propionivibrio
(Bacteroidetes) 0.65 0.43 (Beta-propoteobacteria) 0.34 0.26
PAOs Famil
i y
Oder Bacteroidales 149 | 1.15 Candidatus-Accumlibacter| 0 0.01
(Bacteroidetes) :
(Beta-proteobacteria)

As can be seen in Figures 3.27, C.3, C.4 and Table 3.6, the community of membrane-

treated effluent bacteria exhibited reductions in the relative abundances of some bacterial
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3: Results and Discussion

groups, such as bacteria affiliated with the classes Actinobacteria (7.92% in mixed liquor vs
1.21% in treated effluent), Alpha-proteobacteria (6.55% vs 1.97%), Verrucomicrobia
(10.41% vs 1.60%) and the phyla Chlorobi (2.13% vs 0.05%), Chloroflexi (3.92% vs 0.1%)
and Nitrospirae (0.89% vs 0.15%) compared to those of the mixed liquor. In addition,
increases were observed in the relative abundances of bacteria affiliated with the classes
Gamma-proteobacteria (3.08% in mixed liquor vs 13.03% in treated effluent),
Epsilanobacteria (0.58% vs 12.86%), Firmicutes (3.24% vs 11.01%) and the order
Legionellales (0.09% vs 7.63%) in the community of membrane-treated effluent bacteria
compared to the mixed liquor bacterial composition.

The differences between the taxonomic composition of effluent and mixed liquor bacteria
could be due to various parameters such as selective microbial adhesion and biofilm
formation on the membrane surface and bacterial release due to membrane integrity
breaches as well as selective bacterial regrowth inside the effluent discharge tubing after
filtration. More comprehensive studies are required to investigate the role of both membrane
aging, as well as bacterial attached growth in the interior surface of discharge lines, on the

composition and structure of membrane-treated effluent bacterial communities.

It should be remembered that in the present study, the relative abundance of taxa in each
community was calculated by dividing the read counts of unique taxonomies by the total
read counts and the absolute concentration (distribution) of taxa (per sample volume) was
not studied. However, considering the high efficiency of membranes in the removal of total
cultivable heterotrophic bacteria (Table 3.2), it is expected that all bacterial groups in mixed
liquor (including the bacterial orders which exhibited an increase in their relative abundance
in membrane-treated effluent) were decreased in their absolute concentration by orders of
magnitude by passage through membrane pores.

One of the major disadvantages of culture-dependent techniques is that the total culturable
heterotrophic bacteria does not represent the total environmental bacterial community
(Gensberger et al., 2015). Stefani and coworkers (2015) showed that two methods of
isolation and pyrosequencing exhibited significant differences in the composition of bacterial
communities identified in hydrocarbon-contaminated soils. As an example, they observed
that none of their isolated soil bacteria belonged to the group of major OTUs which was
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3: Results and Discussion

obtained by pyrosequencing. Similar findings were observed in the present research.

Using the table of OTUs obtained from sequencing data of membrane-treated effluent, the
relative abundances of the 16S-sequenced MH- and R2A-isolated families of effluent
bacteria (Sections 3.2.5.2 and 3.1.4) were calculated. The results indicated that, except for
bacteria affiliated with the families Comamonadaceae (relative abundance: 4.9%) and
Moraxecellaceae (2.4%), the other identified families of bacteria (e.g. Xanthomonadaceae,
Pseudomonadaceae, etc) belonged to the groups of intermediate and rare OTUs. Due to the
restricted number of isolated bacteria (n = 56); however, our observations on the limitations
of MH and R2A media to culture representative communities of total effluent bacteria are
inadequate. Further research is required to investigate the composition of effluent-isolated
bacteria using different culturing media and to provide a comparehensive comparison
between treated effluent bacterial communities using culture-based and culture-independent
technologies.

3.3.2 Identification of ARGs in the Foam Microbiome

As functional metagenomics enable the uncovering of novel resistance determinants, the
application of this approach to study the diversity of ARGs in environmental microbiomes
such as soil, has gained more attention recently (Donato et al., 2010; Hatosy and Martiny,
2015). Some studies have also focused on the identification of ARGs and associated host
microorganisms in the metagenomic libraries constructed from compartments of wastewater
treatment processes (Amos et al., 2014; Uyaguari et al., 2011; Li et al., 2015; Parsley et al.,
2010; Munck et al., 2015).

In the present research and to address the objective of the project regarding the diversity of
antibiotic resistance genes (ARGs) in MEBPR foam, both functional metagenomics
approach and PCR-based examination (to amplify the well-characterized ARGs) were
applied.

As the very first attempt to detect resistance determinants in foam in the MEBPR system
operating at 25 day SRT, a fosmid library was constructed from genomic DNA of a sample of
foam collected on August 2014. Details of the procedures for construction, as well as
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functional screening of the foam metagenomic library, were described earlier in Section
2.4.2.5. As previously noted, due to time constraints, only about 24,200 infected bacterial
cells (with foam DNA) were plated on LB agar plates and screened for resistance.

In order to estimate the average insert size of the library, a set of 10 library clones were
randomly selected, and the size of the fosmids was determined by plasmid isolation,
enzymatic digestion (BamHI restriction enzyme) followed by agarose gel electrophoresis and
a comparison of the bands of the sample with a DNA ladder (Appendix D). Using this
approach, the average insert size of this partial library was calculated to be 29.2 kb, which
represents a total of about 0.67 Gb of foam-cloned DNA.

Screening the foam fosmid library for carbenicillin (CARB) resistance, two CARB' clones, E.
coli EPI300:F3.18 and E. coli EPI300:N7.49, with insert sizes of about 30.8 and 29 kb
(Appendix D) were recovered. It should be noted that due to the limited prescription of
CARB, it was expected that a low frequency of resistance to this antibiotic in hospital water
and WWTPs would be detected. In the foam microbiome, CARB resistance was detected at
the frequency of 8.7x107° (two CARB' clones out of 23,060 total screened fosmid clones).

Antimicrobial susceptibility profiles of CARB' clones and the host (E. coli EPI300) were
determined by disk diffusion assay testing and are presented in Table 3.8. As can be
observed, both clones were resistant to antibiotics in the penicillin subgroup of B-lactams
such as amoxicillin (AMX) and amplicillin (AMP) (Table 3.8). In addition, the E. coli
EPI300:F3.18 clone was found to be resistant to spectinomycin (SPEC) and
sulfamethoxazole (SMX). The MIC values of AMX, CARB, SPEC and SMX in E. coli
EPI300:F3.18, E. coli EPI300:N7.49 and the host are compared in Table 3.9.

In order to confirm that the resistance phenotypes observed in the E. coli EPI300:F3.18 and
E. coli EPI300:N7.49 were host-independent, the transferability of resistance to AMX, CARB,
SPEC and SMX was tested by transformation of isolated fosmids (pF3.18, pN7.49), to a new
host (E. coli dH10B strain). Antimicrobial susceptibility profiles as well as digestion patterns
of fosmids (using BamHI restriction enzyme) in both hosts (E. coli EPI300 and E. coli
dH10B) were found to be identical. Details of the electrotransformation procedure were
provided in Section 2.4.2.7.
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Table 3.8 Antimicrobial susceptibility profiles of CARB' clones in the foam fosmid library®

Antibiotic | Antimicrobial 5‘,&‘(’)’6 E. coli E.coli | Antibiotic | Antimicrobial 5‘,&‘(’)’6 E. coli E. coli
(ng/disk) class EPI300:N7.49 | EPI300:F3.18 | (ug/disk) class EPI300:N7.49 | EPI300:F3.18
(host) (host)
AMK (30) CXM (30)
2™ generation
GEN (10) CTT (30) Cephalosporins
KAN (30) FOX (30)
NEO (30) Aminoglycosides CFM (5)
TOB (20) CPD (10) 3" generation
STR (10) CAZ (30) Cephalosporins
SPC (100) CRO (30)
AZM (15) Macrolide ETP (20)
CIP (5) IMP (10) Carbapenems
Quinolones/
LVX (5) Fluoroquinolones MEM (20)
NAL (30) COL (10) Polypeptide
DOX (30) NIT (300) Nitrofuran
Tetracyclines
TET (30) TMP (5) Pyrimidine
AMX (30) CM (30) -
AMP (10) Penicillins FOS (200) -
CARB
(100) SXT (25) -

®Filled black circles indicate resistance (diameter of the zone of inhibition = 0.6 centimeter); the absence of a circle mark

indicates a larger inhibition zone. AMK: Amikacin, GEN: Gentamicin, KAN: Kanamycin, NEO:Neomycin, TM:Tobramycin, STR:

Streptomycin, SPC: Spectinomycin, AZM: Azithromycin, CIP: Ciprofloxacin, LVX:Levofloxacin, NAL: Nalidixic acid, DOX: Doxycycline,
TET: Tetracycline, AMX: Amoxicillin, AMP: Amplicillin, CARB: Carbenicillin, CXM:Cefuroxime, CTT:Cefotetan, FOX:Cefoxitin, CFM:
Cefixime, CPD:Cefpodoxime, CAZ:Ceftazidime, CRO:Ceftriaxone, ETP:Ertapenem, IMP: Imipenem, MEM:Meropenem, COL: Colistin,
NIT:Nitrofurantoin, TMP: Trimethoprim, CM: Chloramphenicol, FOS:Fosfomycin, SXT: SMX+TMP

Table 3.9 MIC values of the E. coli EP1300 (host strain) and CARB' clones in the foam fosmid

library)
MIC (pg/mL)
Antibiotics E. coli E. coli E. coli

EPI300 EPI300:F3.18 | EPI300:N7.49
AMX® 3-4 >256 >256
SPEC? 3-4 128 not measured
CARB® 31.25 >500 >250
SMX® 3-4 >250 3-4

2: MIC determined by the E-test method, °: MIC determined by the standard two-fold serial broth microdilution method
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In order to identify ARGs in the EPI300:pF3.18 (CARB' clone), a TN5 insertion library was
constructed. Further sequencing of the SMX-sensitive E. coli EP1300:pF3.18:TN5.N3 (Tn5
library clone) using primer KAN-2-FP-1 as well as PCR, confirmed the presence of the sul
gene in the pF3.18 fosmid (PCR reactions and conditions were provided in Section 2.4.2.2).
Since class 1 integrons are commonly associated with the presence of the su/1 gene in their
3’conserved segment, the presence of the class 1 integron integrase gene (int1) was then
assessed by PCR-based examination using primers K159 and K160 (Tables 2.8 and 2.9).
After amplification of the int1 gene in pF3.18, the fosmid was sequenced using primers
hep58 and hep59 to identify the integron-associated ARGs (Section 2.4.2.2). BLAST
analysis of nucleotide sequences corresponding to the class 1 integron variable region
showed 100% identity to partial sequences of the blapxa2 and orfD genes initially identified
by Anderson and coworkers (1965) in the broad-host range IncN R-brighton plasmid (known
as plasmid R46) in Salmonella typhimurium (Stokes and Hall, 1992). OXA-type B-
lactamases (class D oxacillinases) are known to confer resistance to carboxypenicillin (e.g.
CARB) and aminopenicillins (e.g. AMX and AMP) (Opazo et al., 2012; Poirel et al., 2010;
Strateva and Yordanov, 2009). As R46 integron cassettes (the best hit match to blagxa-2 and
orfD gene sequences in the present study) contains an aadA1 gene which confers
resistance to streptomycin (STR) and SPEC, PCR was then conducted to examine the
presence of this gene in pF3.18. Gel electrophoresis of the amplified PCR products
confirmed that aadA1 gene was also present in pF3.18.

To determine whether the class 1 integron in the IncN plasmid R46 is a true representation
of the gene cassettes observed in pF3.18, the gaps between the ARGs were sequenced.
Detailed sequencing steps are provided in Figure C.5 (Appendix C). The structure of the
class 1 integron in pF3.18 is shown in Figure 3.28. The first open reading frame (ORF),
located immediately downstream of the int1 gene, and the third ORF (827 bp DNA
fragments) encode a class D B-lactamase which shared 100% identity with the blagxa-2
gene. This gene is assisted with the second ORF of the 791 bp DNA fragment which
encodes an aminoglycoside adenyltransferase which shared 100% identity with the aadA1
gene.
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(ORF 1) (ORF 2) (ORF 3)
intl1 oxa2 aadAl oxa2 orfD  gacEdeltat sull
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Figure 3.28 Map of the class 1 integron in plasmid R46 (Accession Number: M95287) and the
corresponding sequenced region in pF3.18 with 100% identity (black line with perpendicular
heads)

It should be noted that the presence of the aadA1 gene, blapxa-2 gene, int1 gene, as well as
the sull gene in the original foam DNA (used for construction of the foam library), was
confirmed by PCR-based examination and gel electrophoresis analysis, the positive control
being the purified fosmid pF3.18.

Integrons are one of the major types of mobile genetic elements (MGEs) which are involved
in the capture, mobilization, expression and spread of ARGs in bacterial communities
(Koczura et al., 2012). Among different classes of integrons, class 1 integrons are the most
common among MDR bacteria and play important roles in the distribution of ARGs.
Generally, a typical class 1 integron is composed of the integrase gene (int1), promoters and
a recombination site in the 5’ conserved segment and the gacE gene (encoding resistance to
quaternary ammonium compounds) and the su/1 gene in the 3' conserved segment and a
variable region (Han et al.,, 2012). The variable region may consist of one or more gene

cassettes as can be seen in Figure 3.28.

Over the past several years, many studies have shown that effluent discharges from
WWTPs increase the frequency of the occurrence of integron-positive strains and various
gene cassettes in receiving waters (Guardabassi et al., 2002; Ma et al., 2011; Gofi-Urriza et
al., 2000; Reinthaler et al., 2003; Tennstedt et al., 2003; Stalder et al., 2014; Rahube and
Yost, 2010; Mokracka et al., 2012; Ma et al., 2013; Zhang et al., 2011). However, detection
of ARGs in pF3.18 provides the first evidence of the occurrence of integron-associated
ARGs in the foaming compartment of a MEBPR process.
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While the occurrence of the aadA1 gene, blapxa-2 gene and the su/1 gene in activated sludge
or final effluent of wastewater treatment plants (WWTPs) has been frequently reported
(Simo Tchunite et al., 2016; Szczepanowski et al., 2004a; Anand et al., 2016; Marathe et al.,
2013; Szczepanowski et al., 2009), the present study is the second to report that the R46
class 1 integron variable region has been detected in a sample from a wastewater treatment
system. The presence of blapxao-aadA1-blapxa.2 gene cassette arrays was first reported by
Moura and coworkers (2012) in an Aeromonas caviae strain isolated from activated sludge
of a WWTP in Ermesinde, Portugal.

Further investigation is still required to study the abundance, quantity, as well as the removal
efficiency of integrons through disposal of foam bacteria from MEBPR processes. In
addition, as comprehensive knowledge of the diversity and function of ARGs is the first step
toward proper management of the discharge of ARGs and ARB from the by-products of
WWTPs, construction and functional screening of large metagenomic libraries from the
various compartments of WWTPs, is of the highest priority.

Due to the importance of MEBPR foam to the overall potential for release of ARB and ARGs,
PCR-based examination was performed and the presence of some well-characterized ARGs
in the foam genomic DNA (used for construction of the foam fosmid library) was also
assessed. A summary of all the existing ARGs in foam is shown in Table 3.10.

Table 3.10 Diversity of detected genes in foam DNA (SRT = 25 days)

Antimicrobial Class Gene name Encoded enzyme
. a a dihydropteroate synthetases
Sulfonamides sul1?, sul2 (DHPS)
blargm® Class A B-lactamase
B-lactams
blaoxa-2” Class D B-lactamase
Aminoglycosides aadA1® aminoglycoside

adenyltransferase

Quaternary ammonium

compounds qackE small multidrug efflux protein

tetracycline transporters

tet(GY’, tet(A)?, tet(C)’ (efflux)

Tetracyclines

tet(W)? ribosomal protection protein

®: detected by PCR using available primers, °: detected using functional metagenomics approach

131



3: Results and Discussion

A summary of conclusions in Section 3.3 includes the following.

¢ In the present research, the taxonomic compositions of influent, mixed liquor, foam
and membrane-treated effluent bacteria in the 25 day SRT train were profiled. Data
analysis showed that the majority of mixed liquor taxa involved in biological
treatment processes (i.e. nitrification, denitrification, etc) belonged to the groups of
intermediate and rare OTUs.

¢ In addition, hierarchical cluster analysis of bacterial community assemblages (obtained
from lllumina Miseq sequencing data) confirmed the significant similarity (small
distance) between mixed liquor and foam clusters. A larger diversity and a more
even distribution of taxa were also observed in mixed liquor and foam bacterial
communities, as shown by the higher values for Shannon diversity indices in these
microbiomes compared to influent and membrane-treated effluent bacterial
communities.

e Comparison of the taxonomic composition of abundant taxa (relative abundance > 1%)
showed that there was a shift in bacterial communities from influent to mixed liquor
and then to membrane effluent of the MEBPR train operating at SRT = 25 days.

e PCR-based examination and functional screening of the foam fosmid library revealed
the presence of nine ARGs conferring resistance to four classes of antimicrobials
(tetracyclines, B-lactams, sulfonamides, aminoglycosides) in the foaming
compartment of the MEBPR process.

e Using the functional metagenomics approach, the occurrence of two integron-
associated ARGs was reported in the foam microbiome.
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4 CONCLUSIONS AND RECOMMENDATIONS
4.1 Summary

The engineering problem that the present project was structured on was the lack of
knowledge on the potential pathways of antibiotic resistant bacterial (ARB) release from
membrane enhanced biological phosphorus removal (MEBPR) processes operating at long
solids retention times (SRTs). The overall objective of the study was to identify factors with
critical roles in potential release and spread of antimicrobial resistance (AR) through
operation of the MEBPR processes. To satisfy this overall objective, research questions
focused on (i) profiling the taxonomic composition of bacterial communities in influent and
the 25 day SRT MEBPR train by 16S rRNA gene sequencing of total genomic DNA, (ii)
resistance patterns of total cultivable heterotrophic bacteria as well as the sul1 gene levels in
parallel MEBPR processes, (iii) release of ARB through waste aerobic mixed liquor, foam
and membrane-treated effluent discharge, (iv) efficiency of membrane filtration in removal of
ARB and multi-drug resistant (MDR) bacteria, (v) the effects of using different media or
studying bacterial resistance to different antimicrobials in performance assessment, (vi)
diversity of released cultivable heterotrophic bacteria from membrane-treated effluent, (vii)
diversity of ARGs in MEBPR foam.

(i): Profiling the Taxonomic Composition of Bacterial Communities in Influent and the
25 Day SRT MEBPR Train by 16S rRNA Gene Sequencing of Total Genomic DNA

In the present project, the microbiomes of influent wastewater and the three internal redox
compartments of the 25 day SRT MEBPR train (mixed liquor, foam and membrane-treated
effluent) were compared by analysis of the 16S rRNA gene V4 amplicons using an lllumina
Miseq platform. A cluster dendrogram of taxa with relative abundance > 1% confirmed that
foam and mixed liquor were similarly clustered and there was a smaller distance between
them compared to that between the influent and treated effluent clusters. Comparing the
Shannon indices of taxa showed that these two environments (foam and mixed liquor

microbiomes) also exhibited greater diversity and a more even distribution of taxa.
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Analysis of the taxonomic composition of bacterial communities in the form of bubble plots
showed that the most abundant taxa (relative abundance > 1%) in foam and mixed liquor
belonged to the groups of bacteria affiliated with the phylum Bacteroidetes and the orders

Verrucomicrobiales, Saprospirales, Burkholderiales and Acidimicrobiales.

In addition, the presence of bacteria affiliated with the orders Bacteroidales,
Flavobacteriales, Clostridiales, Burkholderiales and Rhodocyclales as the common taxa with
relative abundance > 1% was also confirmed in all four microbiomes. However, a shift in the
taxonomic composition of bacteria with abundant operational taxonomic units (OTUs) was
observed from influent to mixed liquor. As an example, it was shown that the 25 day SRT
MEBPR train facilitated the growth of bacteria affiliated with the phyla Actinobactaria,
Bacteroidetes, Verrucomicrobia, Planctinoycetes, Nitrospiraea, Chloroflexi, Acidobacteria

and the classes Delta-proteobacteria, Beta-proteobacteria and Alpha-proteobacteria.

Data also showed that the taxonomic composition of the membrane-treated effluent bacterial
community exhibited major differences to that of the mixed liquor. As an example, it was
observed that while the relative abundance of bacteria affiliated with the phylum
Verrucomicrobia was reduced from 10.4% in mixed liquor to 1.6% in treated effluent, the
relative abundance of bacteria affiliated with the class Gamma-proteobacteria was about
10% higher in treated effluent (3.08% in mixed liquor vs 13.03% in effluent). Profiling the
taxonomic composition of bacteria in mixed liquor also showed that the majority of taxa
involved in the engineered biological processes belonged to the groups of intermediate
(relative abundance between 1% and 0.1%) and rare (relative abundance less than 0.1%)
OTUs. Finally, it was observed that the relative abundance of more than half of the OTUs in

mixed liquor belonged to the group of rare MEBPR taxa.

(ii): Resistance Patterns of Total Cultivable Heterotrophic Bacteria as well as the sul1

Gene Levels in Parallel MEBPR Processes

The present research was conducted as a comparison between parallel MEBPR processes
operating at 25 (control) and 60 day SRTs, during the period of December 2014 to February
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2015 (Section 3.2). To ensure broad representation of ARB, more than 4,200 MH- and 3,100
R2A-grown cultivable heterotrophic bacteria from influent, anoxic mixed liquor, foam and
membrane-treated effluent were isolated and screened for resistance to sulfamethoxazole
(SMX) (50 pg/mL), trimethoprim (TMP) (5 pg/mL), amoxicillin (AMX) (32 pyg/mL), tetracycline
(TET) (10 pg/mL) and ciprofloxacin (CIP) (5 pg/mL) by growth in liquid medium. Comparison
of the ARB ratios showed that, while the abundances of AMX', SMX" and TMP" heterotrophic
bacteria were highest in influent and in the parallel MEBPR environments, the communities

of CIP" and TET' bacteria were associated with the lowest abundance of resistance.

Comparing the ARB proportions in influent and mixed liquor in parallel MEBPR systems
showed that, while the percentage of SMX" and TMP' MH and R2A bacteria significantly (P <
0.05 or P £ 0.1) increased from influent to mixed liquor at the 25 day SRT, the 60 day SRT
operation contributed to statistically significant increases (P < 0.05) in the percentages of
ARB from influent to mixed liquors for almost all tested antimicrobials (except for CIP'

bacteria) in R2A bacterial communities.

Statistically significant increases (P < 0.05 or P £ 0.1) were also observed in the
communities of TMP', AMX', TET" R2A bacteria from influent to membrane-treated effluent
in parallel trains operating at either the 25 or 60 day SRTs. Similar findings were observed in
Section 3.1 where the percentage of SMX' bacteria was compared between influent and
membrane-treated effluent heterotrophic communites. In addition, the ARB proportions of
mixed liquor and treated effluent bacteria were not statistically different at the 25 day SRT,

for any of the tested antimicrobials.

It was also observed that, unlike the 25 day SRT train where the ratios of ARB in foam and
underlying anoxic mixed liquor MH and R2A heterotrophic bacteria were not statistically
different, the percentages of SMX" (P < 0.1), TMP" (P < 0.05) and TET" (P < 0.1) bacteria
exhibited statistically significant elevations in foam in the R2A population at SRT = 60 days,

compared to those of the mixed liquor.

Comparing the ARB ratios of mixed liquor bacteria at 25 and 60 day SRTs also showed that,
while MH mixed liquor populations did not exhibit any significant differences in ARB ratios
between the control (SRT = 25 days) and extended SRT operation (SRT = 60 days), the
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ratios of SMX" R2A bacteria were significantly higher (P < 0.1) at the 60 day SRT, than those
at the SRT = 25 days.

Similar increasing trends of ARB ratios through the MEBPR treatment process were also
observed for the abundance of MDR bacteria in MEBPR environments. As an example, it
was found that both MH and R2A heterotrophic bacterial communities in mixed liquor and
membrane-treated effluent bacteria exhibited greater populations of MDR bacteria,
compared to those of the influent. Monitoring the role of SRT variations, the communities of
MDR MH and R2A heterotrophs were found to be largest in membrane-treated effluent at
the 60 day SRT.

Quantifying the levels of the su/1 gene in parallel MEBPR trains (Section 3.1) confirmed a
significant increase (P < 0.05) in the relative abundance of the su/1 gene in mixed liquors at
25 and 60 day SRTs, compared to those of the influent. It was also observed that the
MEBPR redox zones acted as homogenizing reactors with insignificant differences in their
relative concentrations (normalized to the 16S rRNA gene) of the sul1 gene. In addition,
while the relative concentrations of the sul1 gene in membrane-treated effluent at 25 and 60
day SRTs were found not to be significantly higher than those of the influent, the absolute
concentrations of this gene (normalized to the original sample volume) were significantly

higher in the influent than those of the membrane-treated effluents.

(iii): Release of ARB through Waste Aerobic Mixed Liquor, Foam and Effluent

Discharge

Estimating the release rates of ARB through waste aerobic zone mixed liquor, anoxic zone
foam, and membrane-treated effluent showed that SMX', AMX', and TMP' bacteria were
three major types of ARB that were discharged from the parallel MEBPR systems. Due to
the combined effects of the considerable difference between the contribution of foam and
aerobic mixed liquor in the wastage of solids from the parallel MEBPR systems, as well as
the insignificant difference in ARB ratios between foam and mixed liquor for some of the
tested antimicrobials, the major vector for the release of ARB was found to be different at the

25 and 60 day SRT conditions. In the 25 day SRT train, the wasted aerobic mixed liquor

136



4: Conclusions and Recommendations

exhibited the maximum contribution and in the 60 day SRT, foam wasting was shown to be

the major pathway to ARB discharge; this represents the highest priority for further research.

It was also observed that compared to membrane-treated effluent, the combination of waste
aerobic mixed liquor and foam was always the main contributor to the release of ARB from
parallel wastewater treatment processes. As an example, the average number of TET" MH
bacteria discharged through waste aerobic mixed liquor at the 25 day SRT was about 168

times greater than the counts of TET' bacteria released in membrane-treated effluent.

In addition, compared to the control train (SRT= 25 days), observations from the present
project showed that extended SRT operations (SRT = 60 days) did not considerably change
the average fraction of contribution of combined foam and waste aerobic mixed liquor in the
release of ARB for some of the tested antimicrobials (AMX, SMX, TET, TMP in MH
community and AMX, SMX and TET in R2A bacteria) (Table 3.3).

It was also observed that the total release rates of ARB (combination of waste aerobic mixed
liquor, foam and membrane-treated effluent) were always lower than the inflow rate (IR) in
either MH and R2A media for both SRT conditions. This implies that 25 or 60 days of solids
retention time (SRT) could be proposed as optimal operating conditions of the MEBPR
systems to reduce the release of cultivable MH and R2A heterotrophic bacteria compared to

the influent.

(iv): Efficiency of Membrane Filtration in Removal of ARB and MDR bacteria

Comparing the counts of influent and membrane-treated effluent bacteria in the present
project showed that with the exception of TET' bacteria, the MEBPR processes achieved at
least three log reductions of total heterotrophic bacteria and ARB at either a 25 or 60 day
SRT. As a result, treated effluent collected after passage through membrane pores was
generally found to make a negligible contribution to the spread of ARB from the parallel
MEBPR systems. Similar observations were made by comparing the concentrations of the

sull gene (normalized to sample volume) between influent and treated effluent samples
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which confirmed membrane-treated effluent as a minor pathway in the release of the sul

gene to the environment.

It was also observed that membrane imperfections (detected on February 2015) dramatically
decreased the efficiency of membrane filtration in ARB removal in the 25 day SRT MEBPR
train. This caused considerable increases in the average release rates of ARB in effluent

from this train, compared to that of the 60 day SRT system.

Despite the overall high efficiency of membranes in the removal of ARB and the
concentration of the sull gene (normalized to sample volume), significant increases were
also observed in ratios of SMX and TMP as well as TMP, AMX and TET resistance from
influent to membrane effluents during the December 2014 to February 2015 study period in
MH and R2A populations, respectively. Similarly, monitoring the MDR patterns of
heterotrophic bacteria in the dual trains of the UBC pilot plant showed that the percentage of
MDR bacteria increased from influent to treated effluent. In addition, it was observed that
effluent total cultivable heterotrophic bacteria (isolated from either MH or R2A media)
exhibited the highest proportion of MDR strains in the 60 day SRT train.

Similar findings were also observed when the ratios of SMX' heterotrophic bacteria were
compared between influent and membrane effluent samples collected on January 2014 from
the 25 day SRT train. In order to compare the antimicrobial susceptibility patterns of SMX'
heterotrophic bacteria between influent and membrane effluent samples (25 day SRT train),
disk diffusion assay testing was performed. The results showed that the ratio of the co-
occurrence of resistance to SMX and most of the tested antibiotics exhibited an increasing

trend from influent to membrane-treated effluent.

(v): The Effects of Using Different Media or Studying Bacterial Resistance to Different

Antimicrobials in Performance Assessment

Isolation of influent and MEBPR heterotrophic bacteria from two non-selective non-
differential media (MH and R2A) provided the opportunity for comparative studies of the

effects of media type on estimated ARB ratios and MDR patterns under parallel conditions
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(i.e. sampling points and dates). Observations from the present study confirmed significant
differences in the estimated ratios of ARB for some tested antimicrobials in MH and R2A
heterotrophic populations. As an example, while the ratios of AMX, SMX and TMP
resistance were found to be greater in the MH population, ratios of CIP resistance were not
statistically different in influent and MEBPR environments for the R2A and MH populations at
either 25 or 60 days of retention time. In addition, unlike resistance ratios of the MH mixed
liquor population which did not exhibit any statistically significant differences under different
SRT operations, very long SRT operations (SRT = 60 days) significantly increased the
proportions of SMX' bacteria in R2A population compared to that of the 25 day SRT
train. Briefly, the present research demonstrated that media type (MH vs R2A) can influence

on the overall outcome of the MEBPR performance assessment in the spread of ARB.

Comparative monitoring studies of MH and R2A populations in the present research suggest
that media formulation (high-nutrient level medium vs low-nutrient level medium) could
influence the bacterial diversity and preferential growth of heterotrophic organisms. As an
example, it was observed that treated effluent strains affiliated with the two classes
Flavobacteria and Deinococci were only isolated from R2A medium. In total, compared to
MH bacterial isolates, more diverse phyla of environmental bacteria including Bacteroidetes

and Deinococcus-Thermos were identified among R2A isolated strains.

Lactose fermentation testing assays of 96 MH and 96 R2A effluent bacterial isolates from
the 25 day SRT train also exhibited a considerable difference in the proportion of lactose
fermenting (Lac+) bacteria (39.5% in MH vs 23.9% in R2A) and potential Gram positive
(G(+)) bacteria (6.25% in MH vs 26.04% in R2A) between the MH and R2A groups. In
addition, it was observed that either groups of Lac+ or Gram negative G(-) non-lactose
fermenting (Lac-) R2A bacteria had lower percentages of AMX', SMX" and TMP' bacteria
compared to those of the MH population. The underlying reason could be the formulation of
R2A medium to support the growth of a more diverse range of non-pathogenic waterborne

bacteria.

In general, the choice of medium for the isolation of cultivable heterotrophic bacteria (MH,

R2A, LB, plate count and nutrient agar), the methodology to determine the percentage of
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ARB, as well as the bacterial enumeration schemes utilized, including the incubation time
and temperature, could explain why there are inconsistent reports in the literature regarding
the ratios of ARB for similar antibiotics in samples collected from WWTPs.

In the present project, 33 membrane-treated effluent bacterial strains with different patterns
of resistance to the tested antimicrobials (SMX, AMX, CIP, TET and TMP) were identified by
16S rRNA gene sequencing analysis and characterized based on their resistance
phenotypes to a set of 16 antimicrobials. The results showed a considerable increase in the
community of MDR bacteria (33.3% vs 75.7%) when the susceptibilities to the extra 16
antimicrobials were reported. This implies the importance of selecting a sufficiently large
number of antimicrobial classes while evaluating the performance of WWTPs through

comparison of the percentage of MDR bacteria between influent and effluent.

(vi): Diversity of Released Cultivable Heterotrophic Bacteria from Membrane-treated
Effluent

In total, 16S rRNA gene sequencing analyses of 56 MH- and R2A-isolated strains identified
bacteria  affiiated with 15  families,  Enterobacteriaceae, = Aeromonadaceae,
Comamonadaceae, Xanthomonadaceae, Shewanellacea, Pseudomonadaceae,
Microbacteriaceae, Caulobacteraceae, Enterococcaceae, Bacillaceae, Moraxellaceae,
Flavobacteriaceae, Sphingomonadaceae, Staphylococcaceae and Deinococcaceae in
membrane-treated effluent of the 25 day SRT MEBPR train. 16S rRNA gene sequencing
analysis also confirmed that the community of ARB, as well as MDR bacteria in treated

effluent, was not limited to indicators of faecal contamination such as E. coli.

Having combined this observation with the fact that most of the MDR bacteria identified in
the present section included at least one known species involved in EBPR-specific functional
processes such as nitrification, denitrification and P reduction, emphasizes the necessity of
monitoring the release rates of total cultivable heterotrophic ARB to provide a more
extensive assessment of the performance of MEBPR systems. In the present research, due

to the limitation in the number of 16S-sequenced effluent bacteria, comprehensive
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comparison of the MH and R2A effluent populations could not be performed. However, due
to the high importance of identification of the tested bacterial community (total heterotrophs
in the present study) in studies of AR, it is highly suggested that 16S rRNA gene sequencing
be performed on representative groups of MH and R2A isolated strains and the diversity as
well as the relative abundance of taxa in each group be determined through 16S-sequencing
of the total DNA.

(vii): Diversity of ARGs in MEBPR Foam

Metagenomic libraries are powerful tools to identify the genetic diversity of bacterial
communities and to characterize the novel ARGs in environmental bacteria. In the present
project, antimicrobial functional screening was performed to test for carbenicillin (CARB)
resistance in a small foam metagenomic library which represented a total of about 0.67 Gb
of cloned DNA. Two CARB' clones (EPI300:N7.49 and EPI300:F3.18 clones) were found to
be resistant to the penicillin subgroup of B-lactams (e.g. AMX and AMP). The E. coli
EPI300:F3.18 was also observed to be resistant to SMX and SPEC in two classes of

sulfonamides and aminoglycosides.

Sequencing of the SMX-sensitive E. coli EPI300:pF3.18:TN5.N3 (Tn5 library clone) as well
as PCR-based examination revealed the presence of the sul1 gene (conferring resistance to
SMX), the int1 gene as well as the blapxa2 gene and the aadA1 gene, which are known to
confer resistance to CARB and SPEC, in the EPI300:F3.18 clone. In addition, BLAST
analysis of nucleotide sequences showed that the class 1 integron variable region in pF3.18
had a 100% similarity to the class 1 integron in IncN plasmid R46 which was initially
identified by Anderson et al. (1965) in Salmonella typhimurium. Although the presence of the
plasmid R46 class 1 integron variable region has been previously documented in a WWTP
(Moura et al., 2012), the present study is the first in which integron-associated ARGs have
been reported in MEBPR foam.
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4.2 Project Conclusions

In response to the concerns regarding the spread of ARB and ARGs from MEBPR systems
operating at long SRTs, the present project performed a comparative study monitoring the
performance of the UBC pilot plant parallel MEBPR trains operating at 25 day (control) and
60 day (extended) SRTs. The following overall conclusions can be derived from evaluating

the performance of parallel MEBPR processes in distribution of AR.

1- MEBPR processes operating at 25 and 60 day SRTs significantly increased the relative
abundance of the sul1 gene from influent to MEBPR mixed liquors. However, long SRT
operations (60 days) did not exhibit a significant impact on levels of the su/1 gene in mixed

liquor, compared to that of the control (SRT = 25 days).

2- Both 25 and 60 day SRT operations increased the percentage of SMX and TMP
resistance in mixed liquor MH and R2A heterotrophic bacterial communities relative to the
influent. In addition, extended SRT operation significantly (P < 0.1) increased the percentage
of SMX resistance in R2A heterotrophic community of mixed liquor compared to that of the

control.

3- Except for the ratio of CIP resistance, the 60 day SRT operation contributed significant

increases in the percentages of ARB from influent to mixed liquor for all tested antimicrobials

in R2A bacterial communities.

4- The 25 and 60 day SRT operations did not exhibit considerable differences in the fraction
of contribution of combined foam and waste aerobic mixed liquor in release of AMX', SMX'

and TET' heterotrophic bacteria.

5- Unlike the control MEBPR train (SRT = 25 days), the long SRT operation exhibited a
significant elevation in the ratios of SMX, TMP and TET resistance in foam R2A population

compared to those of the mixed liquor.
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6- Membrane filtration always achieved more than two log reductions of ARB in parallel
MEBPR systems. However, membrane integrity breaches dramatically increased the

average release rates of ARB in treated effluent.

7- In total, 15 different bacterial families (Enterobacteriaceae, Aeromonadaceae,
Comamonadaceae, Xanthomonadaceae, Flavobacteriaceae, Bacillaceae,
Pseudomonadaceae, Microbacteriaceae, Caulobacteraceae, Moraxellaceae,
Enterococcaceae, Shewanellacea, @ Sphingomonadaceae, Staphylococcaceae and
Deinococcaceae) were found in the community of membrane-treated effluent culturable MH
and R2A heterotrophic bacteria at the 25 day SRT MEBPR train.

8- The taxonomic compositions of foam and mixed liquor bacterial communities at the 25

day SRT MEBPR train were found to be closely related.

9- Major differences were observed in the microbiomes of influent, mixed liquor and

membrane-treated effluent.

10- Using both PCR-based examination and functional metagenomics approach, a set of
nine ARGs (sul1, sul2, blatem.1, blaoxa-2, aadA1, tet(G), tet(W), tet(A), tet(C)) were detected
in the foaming compartment of the 25 day SRT MEBPR system.

11- Waste aerobic mixed liquor and foam were the major contributors to the total ARB

release in parallel MEBPR trains operating at 25 and 60 day SRTs, respectively.

12- Membrane-treated effluent bacteria made a negligible contribution to the overall release
of ARB from the MEBPR dual trains.

13- AMX, SMX and TMP were associated with the highest abundance of resistance in

influent and parallel MEBPR systems.

14- A wider diversity of environmental bacteria with generally lower ratios of AMX, SMX and
TMP resistance were observed in the R2A-isolated membrane effluent community compared

to MH medium.
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15- The resistance ratios of ARB in mixed liquor and membrane-treated effluent bacteria

were not significantly different at SRT = 25 days.

4.3 Engineering Significance

This research project has made the following contributions in our understanding of the role
of MEBPR process in distribution of AR.

1. The present research demonstrated that MEBPR processes operating at 25 and 60
day SRTs could enhance the potential for the growth of ARB. This study introduced
foam, waste aerobic mixed liquor and treated effluent discharge as three pathways
of potential ARB release from the MEBPR process. Considering foam as an active
component of MEBPR systems with similar taxonomic composition to that of the
mixed liquor microbiome, the present research demonstrated that foam could be
identified as one of the major sources of ARB and ARGs which will require safe
disposal of (e.g. in landfills, incineration facilities) or reuse through land application.
In cases where MEBPR foam is intended to be utilized for P recovery and land
application (struvite fertilizer), observations from the present research emphasize the
need for further studies to understand the fate of ARB and ARGs in foam.

2.This research evaluated the role of elevated SRT in the release of ARB in MEBPR
processes operated under identical conditions such as wastewater source, reactor
volumes and system configurations. The present study demonstrated that the
average total daily release rates of ARB (e.g. AMX, SMX, TET) and the fraction of
contribution of combined foam and waste aerobic mixed liquor in release of AMX',
SMX" and TET' bacteria were not considerably different between the 25 and 60 day
SRT MEBPR trains.

3.Observations from the present research strongly suggest that the indirect biological
tests such as bacterial counts be in the list of routine and continuous monitoring
parameters of the MEBPR effluent. The present study demonstrated the statistically
significant elevation in the percentage of resistance to some of the tested
antimicrobials (e.g. TMP) from influent to membrane-treated effluent and therefore,
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the application of advanced supplementary techniques to guarantee the quality of
membrane-treated effluent prior to discharge is necessary.

4.4 Recommendations for Future Research

This research is the first study which has attempted to compare the ratios of ARB for five
antimicrobials from five different classes in MH and R2A heterotrophic bacterial
communities. Observations from this project demonstrated how the choice of medium and
studied antimicrobial resistance could influence the assessment of the performance of the
wastewater treatment system in the distribution of AR. In this respect, the presence of
regulatory guidelines with a comprehensive list of microbial water quality parameters to
evaluate the performance of WWTPs in distribution of ARB and ARGs is a necessity. These
parameters could include (1) the list of antimicrobials and corresponding resistance genes to
be tested, (2) the list of sampling locations or hot spots in WWTPs with potential roles in the
release of ARB and ARGs and (3) the list of methodologies and technical approaches to be
applied. Understanding the role of wastewater treatment processes with respect to AR
demands a uniform microbial water quality assessment plan, through which all WWTPs can

be monitored and evaluated.

The present research suggested that formulations of non-selective non-differential media
(R2A low nutrient and MH high nutrient medium) could affect the culturable heterotrophic
bacterial community and corresponding ARB ratios. In this respect, 16S rRNA gene
sequencing analysis is recommended as the most effective approach to obtain a deeper
understanding of the effects of cultivation media type on the bacterial community structure. It
is suggested that for influent and all compartments of the MEBPR process (mixed liquor,
foam and membrane-treated effluent), 16S rRNA gene sequence analysis is performed on
the extracted DNA of culturable bacterial isolates and the diversity of recovered

heterotrophic bacteria is compared between the two media.

Another topic for future research is to investigate the antibiotic resistome of MEBPR
environments. More specifically on foam, our knowledge of the diversity of ARGs and their

fate after disposal, as well as the frequency of gene transfer in foam, is not yet clear. As an
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example, to our knowledge, no studies have attempted to assess the occurrence of MDR

pathogens and ARGs in aerosols from foam.

Precipitation of antibiotics, heavy metals and pathogens during struvite formation has been
previously documented (Decrey et al., 2011; Basakcilardan et al., 2007). Hence, the
potential environmental risks (e.g. release of ARB and ARGs) associated with the usage of

foam, as a source for struvite production, also need to be extensively studied.

More investigation is also required to evaluate the potential of ARB growth in effluent
distribution lines. A comprehensive study is needed to profile and compare the taxonomic
composition and ARB ratios of effluent bacterial communities after membrane filtration, on

the membrane surface, inside the distribution lines and at the discharge points.
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APPENDIX A: SECTION 3.1 SUPPLEMENTARY MATERIAL

Table A.1 Antimicrobial susceptibility profiles of influent and membrane-treated effluent SMX"

strains (n=120)?

AMC CM TET CIP TMP K
NO. Strain Sample [Replicate 30 30 5 5 5 30
(ng/disk) | (ng/disk) | (pg/disk) | (ug/disk) | (ug/disk) | (pg/disk)
1 MH-1 Influent 1
2 MH-2 Influent 1
3 MH-3 Influent 1 . . .
4 MH-4 Influent 1
5 MH-5 Influent 1
6 MH-6 Influent 1 . .
7 MH-7 Influent 1
8 MH-8 Influent 1
9 MH-9 Influent 1
10 MH-10 Influent 1 .
11 MH-11 Influent 2 . . .
12 MH-12 Influent 2
13 MH-13 Influent 2
14 MH-14 Influent 2 . .
15 MH-15 Influent 2
16 MH-16 Influent 2
17 MH-17 Influent 2
18 MH-18 Influent 2
19 MH-19 Influent 2 .
20 MH-20 Influent 2 . .
21 MH-21 Influent 3
22 MH-22 Influent 3
23 MH-23 Influent 3
24 MH-24 Influent 3 . .
25 MH-25 Influent 3
26 MH-26 Influent 3 . . .
27 MH-27 Influent 3
28 MH-28 Influent 3
29 MH-29 Influent 3 .
30 MH-30 Influent 3 .
31 R2A-1 Influent 1
32 R2A-2 Influent 1
33 R2A-3 Influent 1 . . .
34 R2A-4 Influent 1
35 R2A-5 Influent 1
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AMC CM TET CIP TMP K
NO. Strain Sample |Replicate 30 30 5 5 5 30
(ng/disk) | (ng/disk) | (pg/disk) | (ug/disk) | (ug/disk) | (pg/disk)
36 R2A-6 Influent 1 .
37 R2A-7 Influent 1
38 R2A-8 Influent 1
39 R2A-9 Influent 1
40 R2A-10 Influent 1
41 R2A-11 Influent 2 .
42 R2A-12 Influent 2
43 R2A-13 Influent 2
44 R2A-14 Influent 2
45 R2A-15 Influent 2
46 R2A-16 Influent 2
47 R2A-17 Influent 2
48 R2A-18 Influent 2
49 R2A-19 Influent 2
50 R2A-20 Influent 2 . .
51 R2A-21 Influent 3
52 R2A-22 Influent 3
53 R2A-23 Influent 3
54 R2A-24 Influent 3
55 R2A-25 Influent 3 .
56 R2A-26 Influent 3
57 R2A-27 Influent 3
58 R2A-28 Influent 3
59 R2A-29 Influent 3
60 R2A-30 Influent 3
61 MH-1 Effluent 1
62 MH-2 Effluent 1 .
63 MH-3 Effluent 1
64 MH-4 Effluent 1
65 MH-5 Effluent 1 . .
66 MH-6 Effluent 1 .
67 MH-7 Effluent 1
68 MH-8 Effluent 1
69 MH-9 Effluent 1 .
70 MH-10 Effluent 1 . .
71 MH-11 Effluent 2 . . . .
72 MH-12 Effluent 2
73 MH-13 Effluent 2
74 MH-14 Effluent 2 . .
75 MH-15 Effluent 2
76 MH-16 Effluent 2
77 MH-17 Effluent 2 . . . .
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AMC CM TET CIP TMP K
NO. Strain Sample [Replicate 30 30 5 5 5 30
(ng/disk) | (ng/disk) | (pg/disk) | (ug/disk) | (ug/disk) | (pg/disk)
78 MH-18 Effluent 2
79 MH-19 Effluent 2
80 MH-20 Effluent 2 .
81 MH-21 Effluent 3 . .
82 MH-22 Effluent 3 .
83 MH-23 Effluent 3
84 MH-24 Effluent 3
85 MH-25 Effluent 3 . .
86 MH-26 Effluent 3
87 MH-27 Effluent 3
88 MH-28 Effluent 3
89 MH-29 Effluent 3 .
90 MH-30 Effluent 3 . . .
91 R2A-1 Effluent 1
92 R2A-2 Effluent 1
93 R2A-3 Effluent 1 . . .
94 R2A-4 Effluent 1
95 R2A-5 Effluent 1
96 R2A-6 Effluent 1 . . . .
97 R2A-7 Effluent 1
98 R2A-8 Effluent 1
99 R2A-9 Effluent 1
100 R2A-10 Effluent 1 . .
101 R2A-11 Effluent 2
102 R2A-12 Effluent 2
103 R2A-13 Effluent 2
104 R2A-14 Effluent 2
105 R2A-15 Effluent 2 . . .
106 R2A-16 Effluent 2
107 R2A-17 Effluent 2
108 R2A-18 Effluent 2
109 R2A-19 Effluent 2
110 R2A-20 Effluent 2 .
111 R2A-21 Effluent 3
112 R2A-22 Effluent 3
113 R2A-23 Effluent 3 . . .
114 R2A-24 Effluent 3 . .
115 R2A-25 Effluent 3
116 R2A-26 Effluent 3
117 R2A-27 Effluent 3
118 R2A-28 Effluent 3
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AMC CM TET CIP ™P K
NO. Strain Sample [Replicate 30 30 5 5 5 (ug/disk) 30
(ng/disk) | (ng/disk) | (pg/disk) | (png/disk) Mg (ng/disk)
119 R2A-29 Effluent 3 .
120 R2A-30 Effluent 3 . .

®Filled black circles indicate resistance (diameter of the zone of inhibition < one centimeter); the absence of a circle mark
indicates a larger inhibition zone.

i3 Influent-MH O Influent-R2A @ Effluent-MH l Effluent-R2A

20

15

10

Resistant Community (%)

T |

AMC CM TET CIp T™MP KAN

Figure A.1 Comparison of the percentage of ARB between MH and R2A SMX' tested strains
(n=120)
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Method: Neighbor Joining; Best Tree; tie breaking = Random
Distance: Uncorrected ("p")
Gaps distributed proportionally

o7 ER2A-15.Chryseobacterium

0% EMH-22.Acidovorax

0061 EMH-29.Stenotrophomonas
EMH-5.Stenotrophomonas

EMH-14.Stenotrophomonas

0.091

0 ER2A-17.Pseudomonas

EMH-2.Shewanella
EMH-9.Shewanella

ER2A-30.Pseudomonas

0.03

0.066

EMH-20.Pseudomonas
EMH-30.Pseudomonas
EMH-17.Escherichia
ER2A-23.Escherichia
ER2A-3.Escherichia

9947 L EMH-11.Escherichia

—— EMH-25.Escherichia

o044 [~ EMH-6.Aeromonas

_[ EMH-10.Aeromonas

ER2A-10.Aeromonas

0.054

—— ER2A-20.Phenylobacterium

0.056

ER2A-29.Sphingopysix

0435

0.128

ER2A-24.Staphylococcus

Strain Species bp | Identity ?;'(I)(): gl{\)ll) 1;'55;- ((:;;‘ T(I\éI)P (;(0)
R2A-15| Chryseobacterium hispalense 1201 99% . . .
MH-22 Acidovorax delafieldii 1324 99% .
MH-29 S'z’::‘l?;;",m‘m‘l’gas 1402| 99% .
MH-5 Stenotrophomonas sp. 1416 99% . .
MH-14 | Stenotrophomonas maltophilia {1415 99% . .
MH-2 Shewanella xiamenesis 1420 99% .
MH-9 Shewanella xiamenesis 1373 99% .
R2A-17| Pseudomonas chloraraphis 1373 99%
R2A-30 Pseudomonas putida 1352 99% . .
MH-20 Pseudomonas Putida 526 98% .
MH-30 | Pseudomonas helmanticensis [1387| 99% . . .
MH-17 Escherichia coli 1399 99% . . . .
R2A-23 Escherichia coli 1040| 98% . . .
R2A-3 Escherichia coli 918 99% . . .
MH-11 Escherichia coli 1365 99% . . . .
MH-25 Escherichia coli 1370 99% . .
MH-6 Aeromonas hydrophila 1042 99% .
MH-10 Aeromonas hydrophila 1382 98% . .
R2A-10 Aeromonas hydrophila 1401| 99% . .
R2A-20| Phenylobacterium conjuctum |1325( 99% .
R2A-29 Sphingopysix taejonensis 1353| 99% .
MH-21 Comamonas odontotermitis  |1055( 99% . .
R2A-24 Staphylococcus equorum 1386| 100% . .

EMH-21.Comamonas

Figure A.2 Phylogenetic tree of 16S-sequenced SMX' effluent bacterial isolates conferring

resistance to a minimum of two antibiotics
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. . .. |AMC| CM |TET| CIP [TMP| K
Strain Species b Identit
i P Y1(30)| 30) [ (5) | (5) | (5) [(30)
Comamonas o
MH-20 odontotermititis 401 | 98% ‘ ¢
MH-29 Burkholderia sp. 644 97% .
R2A-11 Stenotrophomonas sp. 796 | 100% .
MH-11 Escherichia sp. 993 99% . . .
MH-26 Escherichia coli 591 100% . . 4
MH-3 Escherichia coli 71 99% . . .
MH-14 Escherichia coli 610 | 100% . .
MH-30 Escherichia coli 925 99% .
MH-6 Escherichia coli 761 98% . .
R2A-3 Escherichia coli 879 99% . . .
MH-19 Enterobacter sp. 267 98% .
- ii 0
Method: Neighbor Joining; Best Tree; tie breaking = Random R2A6 Citrobacter sp. 135 | 98% :
Distance: Uncorrected ("p") MH-10 |  Aeromonas hydrophila 480 | 99% .
Gaps distributed proportionally
R2A-25 | Acinetobacter haemolyticus | 468 99% .
QL IMH-20.Comamonas
0084 MH-24 Uruburuella suis 1744 | 96% . .
IMH-29.Burkholderia
R2A-20 | Cloacibacterium rupense | 1170 | 99% . .

0.106

IR2A-11.Stenotrophomonas
IMH-11.Escherichia
IMH-26.Escherichia

0.059

IMH-3.Escherichia
IMH-14.Escherichia

0.088

IMH-30.Escherichia

IMH-6.Escherichia

IR2A-3.Escherichia
0049 [ IMH-19.Enterobacter
IR2A-6.Citrobacter

0.094

0.132

IMH-10.Aeromonas

0.158

IR2A-25.Acinetobacter

0.063

IMH-24.Uruburuella

IR2A-20.Cloacibacterium

Figure A.3 Phylogenetic tree of 16S-sequenced SMX' influent bacterial isolates conferring

resistance to a minimum of two antibiotics

179



APPENDIX A: Section 3.1 Supplementary Material

Community (%)

Figure A.4 Composition of influent and membrane effluent SMX' 16S-sequenced bacterial

Community (%)

Figure A.5 Composition of influent and membrane effluent SMX' 16S-sequenced bacterial
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Table A.2 A summary of the sul1 gene concentrations (normalized to 16S rRNA gene) at
different sampling dates and locations in the present study

Sample January 7", | June 16", | December 3", | January 6", | February 3",
(Sampling Day) 2014 2014 2014 2015 2015
Influent 0.0114 0.0097 0.0128 0.0085 0.0056
0=0.0013 0=0.0005 0=0.0016 0=0.0003 0=0.0006
Anaerobic ) 0.0187 B 0.0097 0.0221
(SRT = 25 days) 0=0.0006 0=0.0002 0=0.0014
Anoxic ) 0.0201 0.0092 ) 0.0184
(SRT = 25 days) 0=0.0017 0=0.0006 0=0.0012
Aerobic ) B 0.0126 0.0071 0.0188
(SRT = 25 days) 0=0.0004 0=0.0004 0=0.0022
Effluent 0.0063 0.0198 0.0095 0.0212 0.0118
(SRT = 25 days) 0=0.0041 0=0.0019 0=0.0005 0=0.0024 0=0.0118
Anaerobic ) 0.012 0.0246 0.0174 0.0122
(SRT = 60 days) 0=0.0005 0=0.0023 0=0.0028 0=0.0008
Anoxic ) B 0.0218 0.0252 0.015
(SRT = 60 days) 0=0.0018 0=0.0015 0=0.0004
Aerobic ) 0.011 0.0225 0.0244 0.0078
(SRT = 60 days) 0=0.0010 0=0.0088 0=0.0015 0=0.0004
Effluent ) 0.0089 0.014 0.0178 0.0077
(SRT = 60 days) 0=0.0009 0=0.0019 0=0.0014 0=0.0007
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RFU
5

Amplification

T T T T

0 5 10 15 20
Cycles

Figure A.6 qPCR amplification curve (sul1 gene)

Standard Curve

Log Starting Quantity

O  Standard
X Unknown
—— SYBR  E=91.0% R*2=1.000 Slope=-3.558 y-int=36.842

Figure A.7 Standard curve (sul1 gene)
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Figure A.8 Melt peak curve (sul1 gene)
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Table B.1 ARB percentage (%) of cultivable total heterotrophic bacteria in influent and parallel

MEBPR systems

Sample: Influent Media: MH Media: R2A
Antibiotic AMX | CIP | SMX | TET | TMP | AMX | CIP | SMX | TET | TMP
Dec 5th, 2014 53.1 0.0 45.9 1.0 225 8.4 0.9 12.1 0.9 9.3
Jan 6th, 2015 36.6 0.9 40.6 8.5 219 | 136 1.0 14.6 0.0 13.1
Feb 3rd, 2015 43.4 0.7 28.9 5.9 19.7 | 145 24 10.8 24 7.2
Average 444 0.5 385 5.1 214 | 121 14 12.5 1.1 9.9
Standard Deviation 6.8 0.4 71 3.1 1.2 2.7 0.7 1.5 1.0 24
Standard Error Mean 3.9 0.2 41 1.8 0.7 1.5 0.4 0.9 0.6 1.4

sa"‘?‘!‘;z d“gt‘g‘a#;q”” Media: MH Media: R2A
Antibiotic AMX | CIP | SMX | TET | TMP | AMX | CIP | SMX | TET | TMP
Dec 5th, 2014 40.8 1.0 49.0 | 10.2 | 296 | 24.3 1.0 15.5 7.8 17.5
Jan 6th, 2015 47.3 0.5 51.1 9.8 315 | 181 25 16.9 6.3 15.6
Feb 3rd, 2015 52.8 0.0 52.4 6.0 341 | 226 0.6 14.2 0.0 20.0
Average 47.0 0.5 50.8 8.6 317 | 217 14 15.5 4.7 17.7
Standard Deviation 4.9 0.4 14 1.9 1.9 2.6 0.8 1.1 34 1.8
Standard Error Mean 2.8 0.2 0.8 1.1 1.1 1.5 0.5 0.6 1.9 1.0

Sample: Foam (25 day SRT) Media: MH Media: R2A
Antibiotic AMX | CIP | SMX | TET | TMP | AMX | CIP | SMX | TET | TMP
Dec 5th, 2014 43.2 0.8 52.5 5.9 242 | 234 1.1 13.0 2.7 15.8
Jan 6th, 2015 38.9 0.0 37.7 5.7 320 | 273 0.6 18.8 1.7 17.6
Feb 3rd, 2015 44.9 0.0 48.1 9.5 329 | 225 1.1 11.2 34 13.5
Average 423 0.3 46.1 7.0 29.7 | 244 0.9 14.3 2.6 15.6
Standard Deviation 2.6 0.4 6.2 1.7 3.9 2.1 0.3 3.2 0.7 1.7
Standard Error Mean 1.5 0.2 3.6 1.0 23 1.2 0.1 1.9 0.4 1.0

Sample: Effluent (25 day SRT) Media: MH Media: R2A
Antibiotic AMX | CIP | SMX | TET | TMP | AMX | CIP | SMX | TET | TMP
Dec 5th, 2014 58.3 14 54.2 8.3 29.2 | 20.7 0.4 25.7 5.1 13.5
Jan 6th, 2015 49.0 0.0 51.7 6.0 358 | 244 1.1 14.4 3.3 27.8
Feb 3rd, 2015 51.5 0.5 46.5 25 27.2 | 20.8 14 14.0 4.3 14.5
Average 52.9 0.6 50.8 5.6 30.7 | 22.0 1.0 18.1 4.2 18.6
Standard Deviation 3.9 0.6 3.2 24 3.7 1.8 0.4 54 0.7 6.5
Standard Error Mean 23 0.3 1.8 1.4 21 1.0 0.2 3.1 0.4 3.8
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Sample: Mixed Liquor

(60 day SRT) Media: MH Media: R2A
Antibiotic AMX | CIP | SMX | TET | TMP | AMX | CIP | SMX | TET | TMP
Dec 5th, 2014 52.3 0.3 46.2 71 215 | 326 0.0 16.3 10.1 16.3
Jan 6th, 2015 47.9 0.0 47.9 6.7 322 | 325 5.3 24.6 7.0 24.6
Feb 3rd, 2015 55.9 0.4 52.5 8.8 416 | 26.0 3.1 18.9 71 25.0
Average 52.0 0.2 48.9 7.5 31.8 | 30.3 2.8 19.9 8.1 21.9
Standard Deviation 3.2 0.2 2.7 0.9 8.2 31 22 35 1.4 4.0
Standard Error Mean 1.9 0.1 1.5 0.5 4.7 1.8 1.2 2.0 0.8 23

Sample: Foam (60 day SRT) Media: MH edia: R2A
Antibiotic AMX | CIP | SMX | TET | TMP | AMX | CIP | SMX | TET | TMP
Dec 5th, 2014 48.8 1.8 51.2 9.5 334 | 27.0 0.0 20.4 6.6 26.5
Jan 6th, 2015 44.9 14 519 | 116 | 324 | 204 6.1 27.6 3.1 31.6
Feb 3rd, 2015 57.7 1.2 47.6 5.9 38.1 | 295 1.6 29.0 4.7 34.2
Average 50.5 1.5 50.2 9.0 346 | 257 2.6 25.7 4.8 30.8
Standard Deviation 5.4 0.3 1.9 2.3 25 3.9 2.6 3.8 1.5 3.2
Standard Error Mean 3.1 0.2 1.1 1.3 1.4 2.2 1.5 2.2 0.8 1.8

Sample: Effluent (60 day SRT) Media: MH edia: R2A
Antibiotic AMX | CIP | SMX | TET | TMP | AMX | CIP | SMX | TET | TMP
Dec 5th, 2014 47.8 0.8 49.0 | 111 | 257 | 36.8 2.6 18.4 7.4 27.9
Jan 6th, 2015 51.1 2.3 51.7 9.2 339 | 295 0.0 23.1 6.4 23.1
Feb 3rd, 2015 57.9 5.6 49.6 9.9 39.7 | 314 2.9 26.2 5.8 29.1
Average 52.3 2.9 50.1 10.1 | 33.1 | 32.6 1.8 22.6 6.5 26.7
Standard Deviation 4.2 2.0 1.2 0.8 5.7 31 1.3 3.2 0.6 26
Standard Error Mean 2.4 1.1 0.7 0.4 3.3 1.8 0.8 1.8 0.4 1.5
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Table B.2 Statistically significant results comparying two means of MH populations (P < 0.05)

Mixed Liquor (25 day | Mixed Liquor (60 day Effluent (25 day Effluent (60 day

Sample Influent (MH) SRT) (MH) SRT) (MH) SRT) (MH) SRT) (MH)

C e s x o a x - x o a x - x o a x - x o a x - x o a x -

Antibiotic | 2| B| | 2| *| 5| E| | 3| *| | B| | 3| F|&|&|c|2|*|&|&|c|g|F
™Pls |- |-|--|-1-1-1-1-1-01-1-01-1-0t-1-01-1-{-1-01-1-/1-]/-

Influent

(MH) ceysf|{s|{--1-{-t-1-1-1-1-01-1-01-0{-1-1-0{-1-1-"01-1-1-1-1-
AMXIN|s|[s]|-|-|--1---1-1-|-"{-01-0-1-{-1-1-'1-"1-1-/|-/-
TET|s|s|s*{s|-|-{-|-1-{-|-V-{-"-1-{-1-01-{-1-01-"\-1-1-/-+
smx|{s|-|(-f{--1-1-1-1-1-1-01-01-1-1-0V-1-01-{-1-1-"{-1-1-1-+

Mixed |TMP| - [ S| - - - - - - - - - - - - - - - - - - - - - - -

Liquor

@sday [cP | - | - [N - - --1--{-1-0-|-"1-01-1-1-"'-1-1-/'1-/-1-/0|-/-

SRT)

)y |Amx| - [ - - N - - - -
TET| - | - -[-|N|-|--01-1--1-1-1-/'-1-/1-/-"'-01-/1-/-/'\-1-/-
smx|s |- --[-IN)-|-{-01-1-'-1-01-01-"'1-01-0-1-"'‘-01-1-/1-/1-91-

Mixed |TMP| - [ S*| - - - - | N - - - - - - - - - - - - - - - - - -

Liquor

@day [cP | - | - [N - -|--IN|-f-1-0-|--1-1-1-1-1-|1-'1-/-°1-/|-/-

SRT)

) JAMX] - [ - - NN - - - - - - -
TET| - | - - [-N|-|-f-0-IN[--01-1-{--0-1-"'-01-/-/-/'1-91-]/-
smx|s |- --[-INJ-|-{-01-1-'-1-01-01-"'{-1-0-1-"'‘-01-1-/1-/1-91-

Efffuent | TMP| - [ S| - | - | - [ - IN[-{-)-[-1--{-0-sy-|-{-1-0-1-1-1-1

(25 day j j o T oot Te oottt 1e

SRT) CIP N N S|S

MH) damx] - | - - NN e - e - N s s -] -] - -
TET| - | - -[-|N|-|-f-]-|IN[-|-]-|-|-|s]|s|s|[s]|-|-|[-|-1]-]-
smx|s |- ---1-1---1-IN[-f-0]-]-f{Nf-0]-1-"f-1-1-1-/-]1-

Effluent [ TMPL - [ ST -1 -1 - -] INP- - IN s - )

(60 day B oottt ool oo e D N

SRT) cip S S S S|Ss

(ULLL N N V)V U R N VI [ N R R O I VTN P S A (A (VT [ I VIR -0 - I
TET)| - | - | -|-[|S|-|-|-|-|-|-1-1-|-1S|-|-]1-|-|]S|s|[s|s]|s]|-
smx| - [ -] --[-IN)-1-0-01-1-1-1-01-1-"1-1-01-1-"'1-01-1-/1-/1-91-

Foam |TPL - |- |- -1-[-IN|-{-{-|-|-1-{-|-)-1-"0{-1-1-1-"01-1-]-1-

(25 day

skry [SP N L

(MH) AMX| - - - - - - - - IN| - - - - - - - - - - - - - - - -
TET| - | - -|-|-|-|--01-/IN[--01-1-'{-|-/-/-"'-01-/-/-/'\-91-]/-
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Sample Influent (MH) Mixedski%uazgs day Mixedski%ua;lgiio day Efflsu;_l;)t ((zli'():iay Efflsus%t (('(\inl':'lt):iay
smx| - -f(-f/-1-1-1-1-1-01-INJ-f-01-01-1-1-01-{-1-01-"\-1-1-1-+
Foam | TP - | - - |- |-1-1-{-1-1-1-INJ-{-f{-{-1-1-01-01-{-1-1-1-]"
(?R‘f)y e | - |- -] -0-]-1-1-1-1-1s|-1-1-1-1-1-/-1-/-1-1]-71-
(MH) AMX| - - - - - - - - - - - - - IN| - - - - - - - - - - -
TET| - | -|(-|-|-|-1-1-01-{-1-1-{-!-/INJf-Q-0-{-/1-1-"'\-1-1-/-+

S: statistically significant, N: not-significant, -:not analyzed
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Table B.3 Statistically significant results comparing two means of R2A populations (P < 0.05)

Mixed Liquor (25 Mixed Liquor (60 Effluent (25 day Effluent (60 day

Sample Influent (R2A) day SRT) (R2A) day SRT) (R2A) SRT) (R2A) SRT) (R2A)

=

TET

Antibiotic | 3 > 5

TET

= o o o
<X %™ o< o< o<

TMP
CIP
AM

X

TET
S

TMP

TMP
TET

M
X
TMP
TET
M
X
TMP

TMP

Influent

(R2A) | CP

AMX

TET

Mixed | TMP | - S - - - - - - - - - - - - - - - - - - - - - - -

Liquor
@25day [CIP | - | - |N|-|-]--1---{-V-0-01-1-01-01-1-01-1-1-1-"1-/1-/-

SRT)
R2A) |Amx| - | - -|s|-|-|-1-0-|-1-1-1{-"0{-1-01-0/-'-"{-"01-{-01-01-01-1-

Ter| - |- - -IN| - - -t--01-01-1-1-1-1-1-1-01-1-1-1-|-1-1-

smx|s|-|-|--s|-{-1-1{-1-01-01-0[-1-01-1-"'-0-'-1-1-1-/-]1-

Mixed [TMP| - | S| - - - - I N - - - - - - - - - - - - - - - - - -

Liquor
@oday [CIP | - -|N|-]---N|J-|-f-|-1-1|-1- E N B N N N I

SRT)
R2A) |AMX| - | - -|s|-|--1-INJ-0-|-{--1-01-0-'1-"0{-"01-"{-1-1-01-/-

Ter| - |- |- -s|-|-|-[-/In|-0-1-{-{-1-1-1-01-"1-/-|-|-/1-1-

sMXIN| - |- -|-f[~{-|-|-1-1-1-0t-1-1-01-01-01-"'\-{-V-01-01-71-]/-

Effluent TMP ] - |S*| - - - - | N[ - - - - - _ _ _

(25 day

SRT) CP|-|[-|N[-]--|-IN|-|-{-"1-1-1-1-

Ter| - -|-|-|s|-|-|-|-[N]-]-]-]-1-

N
s

R2A) Tamx| - | - -sl-|-1-|-InN|-f-|-1-|-1-|In|Nf[sS|-f-{-|-]-|-]-
s
N

smx|s|-|-|-|-[-[-{-1-1-[{~]-|-|-]-

Effluent TMP[ - | S| - - - - - - - - I N - - _ I I R R

(60 day

skry [ CP LN N N L

N
s

R2A) Jamx| - | - -sl--1-|-1-|-{-|-1-In|-|-|-f-|s|-|s]|s]|s|-]-
s

Ter| - -|-|-s|-|-|-[-|-1-1-1-/-(N|-]-]-]-]1Ss

smx| - | - - -] -~y

foam |TP| - [ -1 -1 -|-[-IN|-|--|-1-1-1-'-01-1-1-'1-0{-1-1-1-1-1-

(25 day

sk LSl L

R2A) famxl - -0 -t -t - nNt - --t-]-

Ter| - |- - --]-1-|-[-/In]-0-1-{-{-1-1-1-01-"1-/-|/-|-01-1-
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o | nian | Mt | Wttt | iz | e
foam TP =1 - L= L= - --1-1-{-1-"Is|-|-[-[-|-1-{-|-1--|-1-|-~
(?R"Ta)y e |- --1---0-1-01-1-01-I~n]-1-01-1-1-1-1-1-1-1-/-/1-
R2A) Tamxl - L -0 - === N oo oo -] - -

S: statistically significant at 5% significance level, N:

significance level

not-significant, -:not analyzed, S*

: statistically significant at 10%
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Table B.4 Statistically significant results comparying MH and R2A population mean values

(P £0.05)
Sample Influent (MH) Mixed Liq“("’;gs day SRT) | Mixed Liq“fw'“(g" day SRT) | Etfuent (25 day SRT) (MH) Effluent (60 day SRT) (MH)
L x al o X| = x al o] X| = x al|l X| ~ x o al|l X| =~ x o o x -
amiotie | Z | E| S| Z| E| 5| E| 5| % E| 5 |g|5|F|E| 5| F|5|F|E|F|E| 5| %"
=
SMX S -1 -1 - - - -1 - - - - -1 -1 -1 - - - -1 -1 - - - - - -
T™P - S|-1- - - -1 - - - - -1 -1 -1 - - - -1 -1 - - - - - -
Influent "
(R2a) | ©P - -(s*] - - - - - - - - --1 - - - - - - -] -] - - -] -
AMX - -1 -1S| - - -1 - - - - -1 -1 -1 - - - -1 -1 - - - - - -
TET - -1 -1-18* - -1 - - - - -1 -1 -1 - - - -1 -1 - - - - - -
SMX - -1 -1 - - S -1 - - - - -1 -1 -1 - - - -1 -1 - - - - - -
Mixed | TMP - -1 - - Ss|-1-1- - --1 - - - - - - -] -] - - -] -
Liquor
(25day | CIP - -1 -1-1- - -INJ|-] - - -1 -1-1 - - - -1 -1 - - - - - -
SRT)
®28) |l B oo sl oot R oottt o |
TET - -1 -1 - - - -1-1-18 - -1 -1 -1 - - - -1 -1 - - - - - -
SMX - -1 -1 - - - -1 - - - S -1 -1 -1 - - - -1 -1 - - - - - -
Mixed | TMP - -1 - - - - - - - Is|-1-]- - - - - -] -] - - -] -
Liquor
(60 day | CIP - -1 -1-1- - -1 - -] - - -IN| - | - - - -1 -1 - - - - - -
SRT)
®2a) [l o] ool ol s] - j ot oot ]
TET - -1 -1 - - - -1 - - - - -1-1-|N - - -1 -1 - - - - - -
SMX - -1 -1 - - - -1 - - - - -1 -1 -1 - S - -1 -1 - - - - - -
T™P - -1 -1 - - - -1 - - - - -1 -1 -1 - - S*|1-|-1- - - - - -
Effluent
(25 day
srr) | CP - -1 - - - - - - - --1 - - - - IN| - -] -] - - -] -
(R2A)
AMX - -1 -1 - - - -1 - - - - -1 -1 -1 - - - -1S| - - - - - -
TET - -1 -1 - - - -1 - - - - -1 -1 -1 - - - -1 -1N - - - - -
SMX - -1 -1 - - - -1 - - - - -1 -1 -1 - - - -1 -1 - S - - - -
T™P - -1 -1 - - - -1 - - - - -1 -1 -1 - - - -1 -1 - - S - - -
Effluent
(60 day . N _ N I _ N _ _ N . _ _ _
SRT) cIP N
(R2A)
AMX - -1 -1 - - - -1 - - - - -1 -1 -1 - - - -1 -1 - - - - S -
TET - -l -1-1- - -1 -1-1 - - - --]- - - -1 -1 - - - - - |S

S: statistically significant at 5% significance level, N: not-significant, -:not analyzed, S*: statistically significant at 10%

significance
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Table B.5 A summary of colony counts of total cultivable heterotrophic bacteria in influent and

MEBPR environments (Sampling: December 2014, January and February 2015)

. Average
Average heterotrophic heterotrophic cell
Sample Media s;?l_c;suzts counts
¢ (n=27) ays) (SRT = 60 days)
= (n=27)
MH ’ 5
Influent 11310 (0=2.2x10%)
R2A 4.3x10 (0=8.9x10%
6 7
Aerobic mixed MH 6.7x10 (0=7.5x10°) 1.3%10 (0=2.9%10°)
liquor 7 7
R2A 3.3x10 (0=2.3x10°) 6x10 (0=7.6x10°%)
Treated MH 505 (0=655) 63 (0=15)
3
effluent R2A 2.2x10 (0=2.7x10°) 317(0=66)

and R2A 16S-sequenced treated effluent bacterial isolates

Speci Identity . Resistance S.MX Class 1
pecies (%) Strain phenotype Reélstance Ingagron
enes ene
Escherichia coli 97 MH-13 AMX,SMX,TET, TMP sult int1
Aeromonas hydrophila 100 MH-B17 AMX,SMX, TET sull, sul2 -
Klebsiella pneumoniae 99 MH-B23 SMX, TET,TMP sul2 -
Bacillus cereus 99 MH-C7 AMX, TMP,SMX sull -
Enterobacter cloacae 99 MH-C13 AMX,SMX sull int1
Aeromonas hydrophila 99 MH-N23 AMX,SMX sul2 -
Pseudomonas aeruginosa 99 MH-F15 TMP,SMX sul2 -
Comamonas testosteroni 99 R2A-E7 SMX, TMP sult, sul2 int1
Acinetobacter sp. 99 R2A-140 TMP,SMX sul2 -
Stenotrophomonas maltophilia 99 R2A-N5 TET,SMX,AMX sull -
Aeromonas allosaccarophila 97 R2A-F17 AMX,SMX, TET sul2 -
Deinococcus arenae 100 R2A-P9 TMP,SMX sull int1
Aeromonas hydrophila 100 R2A-E19 AMX,SMX sull int1
Raoultella planticola 99 R2A-G11 | SMX sult -
Chryseobacterium taiwanense 98 R2A-L21 SMX sul2 -

Table B.6 A summary of the occurrence of sulfonamide resistance genes (sul1 and su/2) in MH
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Figure C.1 Cluster dendrogram of taxa with relative abundance < 0.1% in influent and MEBPR

environments (SRT = 25 days)
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Figure C.2 Cluster dendrogram of taxa (0.1% < relative abundance < 1%) in influent and MEBPR

environments (SRT = 25 days)

193



Acidobacteria

Actinobacteria ACI |c obl ea =
érmanm nadetes Fim| rumunadﬂ?es
acteroi etes a
Sphing a(fler%ﬁes o
Galdityix “8%-25 =
lorobi nclaé)sfled =
Chloroflexi Anger néaes =
r@aléw ’ :
?Iex e -’
JG30- 145 =
Cyanobacteria E § =
Elusimicrobia Unclasslfi E
Firmicutes Tun(i})a?terahe S =
En SI eotrl les =
Gemmatimonadetes Gemt o g F =
GN02 ncl Ssif] =
ncTasSll g =
isphaerae |g|?/;s>\ I\ -
i PRt -
Ri-ZR2-282 noiassiied =
- iE
lanctomycetes 113 =
OM190- CL5§3§ -
Wedio =
Unclassified, =
afales =
Slre'ﬂ ulales =
it
vadinHA: =
Alph: teobacteri; -
phaproteobacteria Caulob c(erales =
Sphmgoc ensaes =
Betaproteobacteria =
Neis sserlafgs -
Nifre S =
Sroca?g%erfaée =
hiobacterales =
Deltaproteobacteria Bdell?warlon?l =
ub reulales =
} cterales =
? owbno ales =
Desulfuromon; =
Myxococ es o
Gammaproteobacteria =
P Alte {onad.a\\gs =
Enteroba ler =
R -
e ionel Iaes =
e s(eclﬁ I\e -
|tr| ﬁ -
- o a aes
Unclas: e
gro|eobactena Iv{l\
plrochaetes V
oc ael

e«?
nc a55| -
¥1nerg|sletes ;
rmi-Deinococci Demotioccee
A i £
lerrucomicrobia Chtﬁumoﬁ{ﬁe

asslle =5

W\%JE Cr({)ac;réﬁnﬁes =

rafes =

@ oerP ™o =

?

Membrane Effluent

RORR JRUEE T A N

ﬂ
- ® @Gooo® o (W

Taxa <0.1% abundance

c @ @0 oo =@ @O

oo Qele@ @

Influent

GOl @ 00 QPP oco

Mixed Liquor

Relative
Abundance
(%)

Figure C.3 Taxonomic composition of OTUs with relative abundance < 0.1% in influent and MEBPR environments
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K176
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Figure C.5 Detailed sequencing steps involved in identification of the class 1 integron in
EPI300: pF3.18 (foam fosmid library CARB' clone)’

: Regions M145, M146, M156, M162, M163, M167, M168 and M147 were identified by sequencing the
pF3.18 using primers K459, K460, K287, K286, K560, K561, K562 and K186 respectively. Region M137
was identified by sequencing the Tn5 library clone (SMX-sensitive E. coli EP1300:pF3.18:TN5.N3) using
primer KAN-2-FP-1. The Tn5 transposon was inserted at 325 bp away from the start site of the sul1 gene.
Region M157 was identified by PCR using primers K160 and K159 and sequencing the PCR products using
primer K159. Region M153 were identified by PCR using primers K459 and K186 and sequencing the PCR
products using primer K176. Region M152 was identified by PCR using primers K185 and K177 and
sequencing the PCR products using primer K177. It should be noted that the procedure for construction of

the Tn5 library was provided in Section 2.4.2.7.
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APPENDIX D: PHOTOGRAPHS

Top: Picture of the QPix2 Robotic colony picker

Bottom and next page: The protocol of replicating 384 well plates by QPix2 Robotic colony picker

edt and delete previously saved rotines.

Toedt
the rouine of use Save As to save wih a ifeent name.

Descripion: [New 384 wel rpicatin 4PNGRIDDING HERD ]

[Making a new routine to repicale fiom 364 wel pete to other 384 wel plaes.
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— L 3 -

[N QSoft XP Replicating - New 384 well replicating

ADEE IIOxHG 97 ¢ B U

Sterilise | Data Tracking | Barcodes

Select the Container and type of Plates to be used in the Destination.
Enter to the number of addressable locations [depends on the type of Plate selected).
Check the steriise after option if Sterilising after every deposit is required.

i Enter the number of times the pins are to be inoculated into the Destination Plate.

|f multiple identical copies are required, enter the number.

Enter the number of times the Source should be ferred (inoculated) into the D

Container: [DEST PLATE HOLDER (15)  v| No. of Containers: |"_3:JJ
Plate: [CORNING PLATE 384WELL  v| No. of Dips: =
Sterlise Between Copies: [V No.ofCopiess [ 13-
Stir Destination: n No. of Transfers: I—_l j
. Time inWels ms}  [2000

RAREL

se | Deta Tracking | Barcodes | Start

i I IIHGEITIA

This area allows you to set the conditions that will be used for washing and drying the pins.
Bath cycles - the number of cycles in the Wash Bath.
Seconds in Diyer - the length of time the pins are dried in the Dryer. iJA

Wait after diying - introduces a time delay allowing the head to cool after drying, before continuing the routine.

Sterilise

Available Selected
Bath Add Bath IBalh Cycles |Dr_v Time(MS) | Watt After(MS) |
QPIX BATH #1 GPIX BATH #1 4 0 0

QP BATH #2 ____Iﬂe"'m QPIX BATH #2 U 0 0

| QPIXBATH #3 QPIXBATH #3 e 5000 8000

| Up

i MM
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DNA band illuminated by blue light after CsCI-EtBr gradient centrifugation

(preparation of foam fosmid library)
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Foam fosmid clones digested with BamHI restriction enzyme

As observed, each clone had a different size of insert DNA as well as a different pattern of
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digestion showing that the library was constructed from cloning unique and different pieces
of foam DNA. The common band in all the double digested fosmids is a band of DNA with an
8.1 Kb size (as compared by the ladder) which corresponds to 8.106 kb of pCC2FOS vector.
It should be noted that pCC2FOS vector contains two restrictions sites for BamHI at 353 and
407 bp. The insert DNA was ligated at Eco72 | site at 382 bp.
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