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ABSTRACT

METAGENOMIC INSIGHTS INTO MICROBIAL DIVERSITY AND RESISTANCE TO
ANTIBIOTICS IN WASTEWATER TREATMENT PLANTS

By
Mariya Munir

Our water environment is greatly impacted by the presence of microbial contaminants
which is a great concern it terms of public health exposure. Full-scale conventional and state-of-
the-art wastewater utilities have been found to release pathogens and antibiotic resistant bacteria
in the environment. Management and minimization of microbial pathogens and resistant bacteria
in wastewater treatment plants is critical since the spread of pathogens and antibiotic resistant
genes in the environment poses a significant challenge to diverse aspects of our global
community. The overall aim of this study is to provide metagenomic insights into bacterial, viral
and phage diversity and resistance to antibiotics and metal compounds in wastewater utilities.
Samples were collected from two different wastewater treatment systems, a conventional
activated sludge utility and a membrane bioreactor (MBR), in Michigan. Metagenomic analyses
were conducted on Illumina Miseq and Hiseq generated sequences using MGRAST and
METAVIR analysis software. The findings suggest that there is a substantial shift in the phage
community over the course of the activated sludge process. Phage populations are dynamic and
phage DNA was associated with antibiotic resistant genes in wastewater. It was observed that
there are differences in the abundance of functional genes related to resistance (antibiotic
resistance and metal resistance) in different samples. Genes coding for antibiotic resistance were
identified in all bacterial samples along with genes coding for resistance to metals. The MBR
utility samples showed slightly higher number of hits for all the functional categories compared

to conventional wastewater treatment samples. Diverse viral and bacterial human pathogens were



observed in treated wastewater samples. Diversity analysis does not provide quantitative data on
pathogen loads or infectivity but it provides a list of potentially pathogenic viruses and bacteria
that need to be considered during treatment management decisions. This study provided a
bioinformatics approach for identifying microbial diversity in different wastewater treatment
stages and technologies. The results of this work provide significant information that will

contribute to sustainable wastewater management decisions.
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CHAPTER 1

INTRODUCTION

Wastewater presents a time dynamic collection spot where many substances of physical,
chemical and biological nature are brought together at one point (Sinclair et al. 2008).
Wastewater treatment varies from one plant to another, however in general it is a multi-stage
process that treats wastewater before it is discharged to a body of water, applied to land or re-
used (Shannon et al. 2007). The efficiency of the wastewater treatment process depends on
several factors like the type of biological treatment (for example conventional activated sludge
process or MBRs (Membrane Bioreactor)), hydraulic residence time and solids retention time
(Ma et al. 2011, Saikaly et al. 2005, Tchobanoglous et al. 2003). Changes in the bacterial
community were also observed in response to changes in operational parameters of activated-
sludge systems (Saikaly et al. 2005).

Studies have shown that potentially pathogenic bacteria were detected in the activated
sludge and effluents from WWTPs (Ye and Zhang, 2011, Odjadjare, 2010). Conventional
utilities and even state of the art WWTPs such as MBRs have been proven to release pathogenic
viruses in the environment (Simmons and Xagoraraki, 2011, Bibby and Peccia, 2013). According
to a recent study, human enteric viruses were detected in effluent from two different WWTPs
using RT-QPCR (Kitajima et al. 2014). Another study based on characterizing effluent water
quality from satellite MBRs facilities reported that adenoviruses were detected in effluent from
all nine MBR facilities sampled (Hirani et al. 2013). There have been reports of finding
pathogens in the effluent from different WWTPs even after disinfection treatment (Kitajima et al.

2014, Hirani et al. 2013, Simmon et al. 2011, Fong et al. 2010, Okoh et al. 2007).



Additionally, Antibiotic resistant bacteria and genes encoding antibiotic resistance are
commonly detected at high rates and concentrations in wastewater samples (Munir et al. 2011,
Zhang and Zhang 2011, Borjesson et al. 2009, Zhang et al. 2009a, Auerbach et al. 2007, Brooks
et al. 2007, Kim and Aga 2007, Pruden et al. 2006, Reinthaler et al. 2003). Large numbers of
antibiotic resistant organisms can survive in sewage and reach the wastewater treatment plant
(Reinthaler et al. 2003, Guardabassi et al. 2002). Wastewater treatment plants (WWTPSs) can be
considered as an important reservoirs for the spread of antibiotic resistance to opportunistic

pathogens and can stimulate horizontal gene transfer among microbial species.

Occurrence of antibiotic resistance bacteria (ARB) and antibiotic resistant genes (ARG)
in our environment is a growing global health problem. Due to increasing evidences of antibiotic
resistance in pathogenic and benign bacteria in our environment, an emerging threat to public
and environmental health has been reported (Munir and Xagoraraki 2011, Knapp et al. 2009,
Blasco et al. 2008). The use of numerous antimicrobial agents as treatments in animal, human,
and plant health maintenance, is a worldwide practice providing both desirable and undesirable
consequences (Munir et al. 2011). Links have been found to exist between antibiotic use and the
emergence of antibiotic resistant genes (Gao et al. 2012). Studies have proven increase in
antibiotic resistance strains that belong to pathogenic bacteria (Blasco et al., 2008, Peak et al.,
2007).

Horizontal gene transfer in bacteria is an important process in accelerating the dispersal
of ARGs in the environment (Colomer-Lluch et al. 2011a, Baquero et al. 2008, Sander and
Schmieger 2001). Until the 1950s, when antibiotic resistance emerged worldwide, the
significance of horizontal gene transfer for bacterial evolution was not recognized (Ochman et al.

2000). Horizontal gene transfer is the movement of genetic material among bacterial species



without cell division. In recent years, efforts have been made to study various gene transfer
mechanisms involved in the spread of antibiotic resistance. Transformation is the direct uptake of
naked DNA from the surroundings. It is the most common and widespread means of horizontal
gene transfer. Conjugation is the transfer of DNA mediated by a conjugative or mobilizable
genetic element (plasmids or transposons). It requires cell to cell contact and long fragments of
DNA can be transferred through this mechanism. The transfer of DNA mediated by

bacteriophage is known as transduction.

Bacteriophages play a major role in bacterial evolution facilitated by transferring
virulence and antibiotic resistant genes to new bacterial hosts via the process of transduction
(Mazaheri Nezhad Fard et al. 2011, Canchaya et al. 2004, Boyd and Briissow 2002, Weinbauer
and Rassoulzadegan 2003). Bacteriophages, also called phages, are viruses that infect bacteria.
They all contain nucleic acid surrounded by a protein coat that makes them stick on to bacterial
cell walls. When attached, they inject the DNA into the bacteria. Only few studies have been
conducted to determine antibiotic resistant genes present in bacteriophage isolated from
wastewater environments (Parsley et al. 2010, Colomer-Lluch et al. 2011a, Mazaheri Nezhad
Fard et al. 2011, Prescott 2004, Muniesa et al. 2004a). Recently the role of phages in the spread
of ARGs in the environment has been studied (Colomer-Lluch etal. 2011). That study highlights
the potential role of phages in the spread of § lactamase genes in urban sewage and river water
samples and found that phages are a suitable candidate to act as reservoir for the spread of ARGs
in the environment. Another study was done on enterococcal bacteriophages which have been
shown to play a role in successful transfer of antibiotic resistant genes as tetracycline (tetM) and
gentamicin (ant2-1) resistance between the same and different enterococcal species (Mazaheri

Nezhad Fard et al. 2011).



Wastewater microbial diversity including potential pathogens and antibiotic resistant
bacteria is vast and still not clearly characterized. Molecular biology is currently being
revolutionized with the emergence of next generation technology. It has been reported that these
next-generation DNA sequencing methods have the ability to significantly help to accelerate
biological research (Shendure and Ji 2008). A field known as metagenomics is fast evolving and
provides a way of characterizing the entire microbial communities (microbiome). Environmental
metagenomics is the study of organisms in a microbial community based on analyzing the DNA
within an environmental sample. Environmental metagenomics as a field was extremely limited
prior to the advent of next-generation sequencing (NGS). Next-generation sequencing has
substantially widened the scope of metagenomic analysis of environmentally derived samples
(Mardis 2008). The high demand for low-cost sequencing methods has motivated the
improvement of sequencing technologies. The advent of NGS has decrease the time required and
the cost of complete genome sequencing (Subramanian et al. 2010, Mardis 2008, Soni and
Meller 2007, Shendure and Ji 2008). These recent technologies allow us to sequence DNA and
RNA much more quickly and cheaply than the previously used Sanger sequencing. NGS
provides researchers the capability to profile entire microbial communities from complex
samples, discover new organisms, and explore the dynamic nature of microbial populations

under changing conditions.

Metagenomic technologies present an opportunity for generating an improved
understanding of the water microbiome and thus enhancing microbial water quality and water
safety (Aw and Rose, 2013; Edwards and Rohwer, 2005). Various methods have been applied to
investigate microbial community in wastewater but they provide only limited information

compared to latest emerging high throughput sequencing technologies. According to Zhang et al



(2011), a comprehensive characterization of the vast microbial community present in activated
sludge systems is hindered by the low sequencing depth of the traditional PCR-cloning approach
(Zhang et al. 2011). Next-generation DNA sequencing has recently been applied to study viral
metagenomes in different environmental samples (Alhamlan et al. 2013, Gomez-Alvarez et al.
2012, Hu et al. 2012, Bibby et al. 2011, Wommack et al. 2011, Tamaki et al. 2011, Rosario et al.
2009). With the help of metagenomic tools, microbial communities related with wastewater
systems could easily be analyzed. The objective of this study is to provide metagenomic insights
into bacterial, viral and phage diversity and resistance to antibiotics and metal compounds in

wastewater utilities.
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CHAPTER 2
PHAGE AND ANTIBIOTIC RESISTANCE GENES IN A CONVENTIONAL

WASTEWATER TREATMENT PLANT

Munir M., T. Marsh, and I. Xagoraraki. Submitted for consideration to Water Research.
Abstract

Wastewater treatment plants (WWTPs) can be considered as an important reservoirs for the
spread of antibiotic resistance to opportunistic pathogens and can stimulate horizontal gene
transfer among microbial species. Bacteriophages exist in most environments and may play a
major role in the dissemination of antibiotic resistant genes (ARGs) within WWTPs. Phage
diversity was studied by next generation sequencing on sludge samples (before and after DNase
treatment) with lllumina (Miseq). Sludge samples were collected from a conventional WWTP in
Michigan. A method for phage DNA isolation was optimized using PEG (polyethylene glycol)
precipitation and DNase (deoxyribonuclease) treatment. Metagenome data analysis revealed that
after DNase treatment and assembly of contigs, the activated returned sludge (RAS) sample
contained 21,985 contigs totaling 17,227,533 basepairs with an average length of 783 bps and
primary sludge (PS) contained 2,870 contigs sequences totaling 2,292,422 basepairs with an
average length of 798 bps. On a genus level, Burkholderia phage, Coliphage, Enterobacteria
phage, and Pseudomonas phage are present in all the samples. Phages infecting Burkholderia
cepacia, Edwardsiella, Mycobacterium, Salmonella, Vibrioe and Xanthomonas citri were
detected only in RAS samples while phages infecting Bacillus, Brochothrix, Lactobacillus,
Listeria, Phormidium and Staphylococcus were found only in PS samples. Additionally, phage
DNA was isolated and screened for ARGs (tetracycline resistant genes (Tet-W and Tet-O) and

sulfonamide resistant gene (Sul-1)) using real-time Q-PCR. We have detected ARGs in phage
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DNA with concentrations ranging from 3.84x10%-8.14x10° copies/100mL for Tet-W gene and
5.89x10%-7.9x10* copies/100mL for Sul-I gene. In additon, phage metagenomes were searched
for functional signatures of resistance genes. Metagenomics analysis revealed that most of the
antibiotic resistance belongs to methicillin, fluoroquinolones and beta-lactamase group of
antibiotics. This work presents the diversity and occurance of phages in sludge samples and
indicates that there is a substantial shift in the phage community over the course of the activated
sludge process, thus suggesting that within the activated sludge the phage populations are
dynamic. This work indicates that phage DNA was associated with antibiotic resistant genes in

wastewater.

Keywords: wastewater, activated sludge, antibiotic resistant gene, next-generation sequencing,

Bacteriophage metagenome

1. Introduction

Viruses are the most abundant and most diverse group of biological entities.
Bacteriophage, viruses that attack bacteria (hereafter referred to as phage), have abundance and
distribution that in most cases reflects that of their host organisms. Contemporary investigations
focusing on the ecology and genetics of phage take advantage of metagenomics that can yield
useful information based on the amount of coverage of particular phages/gene sets present in
environmental samples (Clokie et al. 2011). Phages contain nucleic acid surrounded by a protein
coat that makes them stick on to bacterial cell walls. When attached, they inject the DNA into
bacteria where transcription, replication and assembly of new phage take place. Horizontal gene
transfer in bacteria is an important process in accelerating the dispersal of ARGs in the
environment (Colomer-Lluch et al. 2011a, Baquero et al. 2008, Sander and Schmieger 2001).

Phages play a major role in bacterial evolution by transferring antibiotic resistant genes to new
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bacterial hosts via the process of transduction, which is one of the mechanism of horizontal gene
transfer (Muniesa et al. 2013a,b, Mazaheri Nezhad Fard et al. 2011, Canchaya et al. 2004,

Muniesa et al. 2004, Boyd and Brussow 2002, Weinbauer and Rassoulzadegan 2003).

Due to the increasing evidence of antibiotic resistance in pathogenic and benign bacteria
in our environment, an emerging threat to public and environmental health has been postulated
(Munir and Xagoraraki 2011, Knapp et al. 2009, Blasco et al. 2008). Antibiotic resistant bacteria
and genes encoding antibiotic resistance are commonly detected at high rates and concentrations
in wastewater samples (Munir et al. 2011, Zhang and Zhang 2011, Borjesson et al. 2009, Zhang
et al. 2009, Auerbach et al. 2007, Brooks et al. 2007, Kim and Aga 2007, Pruden et al. 2006,
Reinthaler et al. 2003). Large numbers of antibiotic resistant organisms can survive in sewage
and reach the wastewater treatment plant (Reinthaler et al. 2003, Guardabassi et al. 2002). A
recent study suggested that multidrug resistant genes even survive through several wastewater
treatment units, including disinfection (Luo et al. 2014). A strong link has been reported between
wastewater and antibiotic resistance (Borjesson S et al. 2009, Volkmann et al. 2004, and

Schwartz et al. 2003).

Our understanding of the role that phage play in the dissemination of antibiotic
resistances is at an early stage with only a few studies addressing this (Parsley et al. 2010,
Colomer-Lluch et al. 2011a, Mazaheri Nezhad Fard et al. 2011, Prescott 2004, Muniesa et al.
2004). According to recent literature review, ARGs related with phages have been identified in
different environmental samples. For example phages have been termed a reservoir for the
spread of P lactamase genes in urban sewage and river water samples (Colomer-Lluch et al.
2011a). Gene resistant to -lactam antibiotics have also been identified in fecal waste from cattle,
pigs and poultry using PCR and QPCR (Colomer-Lluch et al. 2011b). A group of antibiotic
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resistance genes were detected in bacteriophage DNA isolated from human fecal samples
(Quiros et al. 2014). Thus, bacteriophages have been regarded as potential vector for ARG
transfer. Wastewater can provide favorable conditions for the growth and propagation of
antibiotic resistant bacteria and their genes. Large amounts of antibiotics are released into
municipal wastewater due to incomplete metabolism in humans or to disposal of unused
antibiotics. Once in the wastewater stream they can exert selective pressure for or maintain
resistance among microorganisms (Allen et al. 2010, Nagulapally et al. 2009). Activated sludge
has been referred to be a “hot-bed” for horizontal gene transfer and selection of antibiotic
resistant genes among aquatic bacteria (Guardabassi et al. 2002). The design of activated sludge
in WWTPs is primarily focused to maximize biological substrate removal by promoting factors
for nurturing bacterial retention and growth (Kim et al. 2010) and promoting cellular interactions
among diverse microorganisms. Thus, it provides great potential for the lateral transfer of ARGs
between microbes in activated sludge (Parsley et al. 2010) and is characterized with high
concentration of microbial community that facilitates horizontal gene transfer (HGT) of ARG via

mobile genetic elements (Zhang and Zhang 2011).

The objective of this study was to describe and compare the diversity of phages present in
primary sludge and returned activated sludge using metagenomic investigations. Further, the
goal was to detect ARGs in bacteriophage in order to assess the likely occurrence of

transductional transfer within wastewater treatment plants.

2. Materials and Methods

2.1. Sample Collection: Returned activated sludge (RAS) and primary sludge (PS) samples were

collected from East Lansing WWTP in Michigan (U.S.A.) in 2012. Samples were kept on ice
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and were transported to the Laboratory at Michigan State University (East Lansing, U.S.A.) for

immediate processing.

2.2. Sample Processing: Samples were induced with Mitomycin C (1ug/ml) and incubated at
room temperature for 24 hrs while gently shaking (150 rpm). Several drops of chloroform were
added to the samples to complete lysis and incubation was continued for another 15-30 mins.
The samples (250-300mL of sludge) were then centrifuged at 3396 xg for 45 minutes in F10S-
6X500Y rotor and the supernatant was carefully decanted. The pellet was saved for bacterial
DNA extraction. Each supernatant was filtered through a 0.22 um filter (Millipore, Billerica,
MA) and then the bacteriophages were precipitated with PEG-NaCl (Colomer-Lluch et al.
2011a, Sander and Schmieger 2001, Muniesa et al. 2004). The PEG precipitate was collected by
centrifugation at 10000xg in an aerosol-tight fixed-angle rotor at 4°C for 40 minutes. The
supernatant was carefully decanted and the pellet was resuspended in 1.0 ml of SM buffer
(Yamamota et al., 1970). Any free DNA that co-purified with bacteriophage was removed by
digestion with DNase | (100 Units/mL) (Colomer-Lluch et al. 2011a) in half of each of the
samples. The DNase-treated phage preparations and the ones without DNase were stored at -
80°C until DNA extraction was performed for molecular analysis. The volume of all the samples

initially collected for processing was taken into account when calculating final concentrations.

A positive control test was conducted initially using Coliphage T4 and E.coli BREC607 on a M9
supplement media in a PlagueAssay. A high titre of phages (10 - 10'° pfu/mL) was grown. The
phage was tested after phage isolation by PEG precipitation using plaque assay to confirm the

method.
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2.3. DNA Extraction: Phage DNA and bacterial DNA was extracted (from samples with and
without DNase treatment) using a MagNA Pure Compact DNA extractor (Roche Applied
Science, Indianapolis, IN, USA) following the protocol in the manufacturer’s manual. The
MagNA Pure Compact utilizes a magnetic-bead technology for the isolation process. Sample
amount of 400 pL was loaded in the system and the elution volume was 100pL. The extracts

were stored in a freezer at -20°C.

2.4. Quantification: Antibiotic resistance genes were quantified in these samples using
previously developed assays in our lab (Munir et al. 2011). In these samples, tetracycline
resistance genes (tetO and tetW) and sulfonamide resistance gene (sull) were detected using real-
time qPCR with SYBR Green method, which was optimized using previously described primers
(Aminov et al. 2001, Pei et al. 2006). All the gPCR reactions were performed with a Roche
LightCycler 1.5 (Roche Applied Science, Indianapolis, IN, USA). All reactions were done in

triplicate.

2.5. Metagenomic analyses: Bacteriophage-enriched DNA isolated from the sludge samples
was sequenced on an Illumina platform (lllumina MiSeq, Roche Technologies) at The Research
Technology Support Facility (RTSF) genomic center at Michigan State University generating
150 bp paired-end reads. The sequences were assembled using an integrated pipeline for de
NOVO assembly of microbial genomes. An assembly pipeline called A5
(http://ged.msu.edu/angus/2013-04-assembly-workshop/assembly-with-a5.html) was applied that
simplifies the entire genome assembly process by automating sequence data cleaning, error
correction, assembly, and quality control and automated assembly parameter selection (Tritt et

al. 2012).
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2.5.1. Blast analyses: Standard nucleotide BLAST analyses were conducted against the NCBI
non-redundant nucleotide sequence (nr/nt) database to identify members of gene families. Blast
(http://www.ncbi.nlm.nih.gov/blast) analysis was performed on the contigs file generated from

the A5 assembler to determine the phage metagenome of the activated sludge.

2.5.2. MG-RAST analyses: The assembled data from the two samples were also analyzed using
MG-RAST 3.3.1 (Meyer et al. 2008). Data was analyzed based on organism abundance and on
the functional distribution at the subsystem hierarchy with maximum E- value cutoff of 1E™
minimum percent identity cutoff of 60% and minimum alignment length cutoff of 15bps. The
displayed data has been normalized to values between 0 and 1 to allow for comparison of
differently sized samples. Each of the categories was further studied for detailed analysis further

exploring each category in more detail.

3. Results and Discussion:

3.1. Metagenome sequencing and assembly results:

In order to investigate the phage community in activated sludge, next-generation sequencing was
used. Bacteriophage-enriched DNA isolated from the sludge samples at two different locations
within the wastewater treatment plant were sequenced using an Illumina Miseq and assembled
using A5 pipeline. Both the DNase-treated and non- treated phage preparations were used in
metagenomics analyses to observe the activity of DNase on the samples in detecting free DNA
that co-purified with bacteriophage during the phage isolation process. Metagenome analysis
revealed that after DNase treatment the returned activated sludge (RAS) sample contained
21,985 sequences totaling 17,227,533 basepairs (bps) with an average length of 783 bps and the

primary sludge (PS) sample contained 2,870 contigs sequences totaling 2,292,422 bps with an
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average length of 798 bps. The RAS samples without the DNase treatment contained 23,663
sequences totaling 18,332,554 bps with an average length of 774 bps and PS samples without
DNase treatment contained 7,796 sequences totaling 5,511,578 bps with an average length of
706 bps. The decline in the number of contigs in each set of samples indicates that some free
DNA was lost as a result of DNase treatment indicating that there was some extracellular DNA
present in the PEG precipitation process for phage isolation. Analysis statistics for all the

samples are shown in Table 2.1.

Annotation of all the reads for the functional distribution at the subsystem hierarchy
showed that 63.93 % and 46.56% of sequences were predicted as “Phages or, Prophages” in
themetagenome from RAS and PS samples after DNase treatment respectively. Figure 2.1
illustrates the distribution of functional categories at the highest level supported by subsystems
analysis. The presence of phages is indicated in the bar chart with phages occupying the
majority on 0 to 1 scale, in both RAS and PS samples (Figure 2.1a). In this figure, the membrane
transport functional category, along with cell division and cell cycle function showed lesser
values after DNase treatment in both in RAS and PS samples suggesting that there was loss of
free DNA after DNase treatment. The data also demonstrate the occurrence of virulence, disease
and defense factors in the sludge samples occupying 10-38% of functional hits. Analysis of just
the ‘virulence, disease and defense’ functional category, revealed a higher resistance to
antibiotics in PS samples compared to RAS sample (Figure 2.1). Deeper analysis of the
metagenomic data revealed that most of the antibiotic resistance belonged to methicillin,

fluoroquinolones and beta-lactamase group of antibiotics (Figure 2.1c).

17



3.2. Phage Diversity:

The diversity of phages present in RAS and PS was studied using MGRAST v3.0
pipeline. The MG-RAST pipeline analysis includes the phylogenetic comparisons and functional
annotations against the database. Standard nucleotide BLAST analyses were also conducted
against the NCBI non-redundant nucleotide sequence (nr/nt) database to identify members of
gene families. Figure 2.2 shows the phage diversity present in RAS and PS samples on a genus
level classification. The stacked bar chart indicates the abundance of each genus in each of the
samples analyzed. Based on MGRAST analysis, all the samples showed presence of
Chlorovirus, Microvirus, Siphoviridae, Lambda-like viruses, Podoviridae, P22-like viruses, T4-
like viruses, SPO1-like viruses and Myoviridae (Figure2). The detailed list of types of phages
present in all the samples in this study is presented in Table 2.2 (Blast search analysis).
Burkholderia phage, coliphage, Enterobacteria phage, and Pseudomonas phage were present in
both RAS and PS sample before and after treatment. Burkholderia cepacia phage, Edwardsiella
phage, Mycobacterium phage, Salmonella phage, Vibrio phage and Xanthomonas citri phage
were detected only in returned activated sludge (RAS) samples. Bacillus phage, Brochothrix
phage, Lactobacillus phage, Listeria phage, Phormidium phage, and Staphylococcus phage were
found only in primary sludge (PS) samples. The trend in the abundance of phages in sludge
samples indicates that there was a substantial shift in the phage community over the course of the
activated sludge process, indicating that within the activated sludge the phage populations are
dynamic. Reasoning for some of the phages that are only detected in RAS but not in PS, this may
be due to the fact that PS sample have generated significantly small sequence size compared to

RAS samples with sequencing.
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The phage diversity detected in this study using Miseq (lllumina) sequencing platform is
similar to the diversity presented in the literature. Myoviridae, Podoviridae, Siphoviridae, are the
most common group of phages found in wastewater samples (Colomer-Lluch et al. 2011).
Parsley and his team followed shotgun library approach to study activated sludge samples
finding Myoviridae (40.3%), Siphoviridae (31.9%), Podoviridae (25.6%) and considered
unclassified phages (2.2%) (Parsley et al. 2010). Myoviridae and Siphoviridae were also detected
when electron microscopy was used on sewage and river water sample (Colomer-Lluch et al.
2011). Pyrosequencing discovered similar results on dairy manure wastewater lagoons

(Alhamlan et al. 2013).

3.3. Antibiotic Resistant Gene Diversity:

The phage metagenome was searched for functional signatures of resistance genes using
MGRAST. Greater percentage of antibiotic resistant genes was observed in PS samples
compared to RAS sample when analyzing the ‘virulence, disease and defense’ functional
category (Figure 2.1b) according to MGRAST analysis. It was found that most of the antibiotic
resistance genes conferred resistance to methicillin, fluoroquinolones and beta-lactamase group
of antibiotics (Figure 2.1c). Further exploring the phage metagenome for ARGs in MGRAST, it
was found that RAS sample with DNase treatment contain proteins for Oxetanocin resistance
and Vancomycin resistance whereas RAS samples without DNase treatment contain proteins for
multiple antibiotic resistance, Oxetanocin resistance, quaternary ammonium compound-
resistance and Tellurium resistance. PS sample with DNase treatment contain proteins for only
Oxetanocin resistance whereas no data was returned for abundance of ARGs in the metagenome

for PS sample with DNase treatment An interesting copper resistance protein was also detected
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in phage fraction obtained from RAS sample without DNase treatment. It has been suggested
that presence of metals in wastewater treatment can also drive for selection of antibiotic
resistance among bacteria (Peltier et al. 2010; Knapp et al. 2011; Wright et al. 2006). Wright et
al. (2006) concluded that metal exposure can directly select for metal-resistance while co-
selecting for antibiotic-resistant bacteria. Also, the presence of Staphylococcus phage indicated
by BLAST analysis and the presence of methicillin resistance in Staphylococci from MGRAST

analysis showed that the results are related (Figure 2.1).
3.4. Concentration of ARGs:

Antibiotic resistance genes were quantified with QPCR using previously developed
assays in our lab (Munir et al. 2011). Phage isolate (with- and without-DNase treatment) and
bacterial isolate from returned activated sludge and primary sludge samples collected from East
Lansing WWTP in Michigan were tested for detectable tetracycline resistance genes (tetO and
tetW) and sulfonamide resistance gene (sull). Concentrations of ARGs in phage DNA with
DNase treatment for RAS and PS samples were found to be 3.84x10* and 8.14x10°
copies/100mL for Tet-W gene and 5.89x10* and 7.9x10* copies/100mL for Sul-1 gene,
respectively (Figure 3). Whereas, concentrations of ARGs in phage DNA of RAS and PS
samples without DNase treatment was found to be 2.14x10° and 2.5x10* copies/100mL for Tet-
W gene and 4.17x10° and 1.19x10° copies/100mL for Sul-I gene , respectively (Figure 2.3). Tet-
O gene was not detected in these samples. Concentrations of ARGs in bacterial DNA of RAS
and PS samples waere found to be 1.48x10’and 1.33x10° copies/100mL for Tet-W gene and
1.63x10%and 1.55x10° copies/100mL for Sul-1 gene respectively (Figure 2.3). The concentration

of phage associated ARGs detected in phage DNA was much lower than that present in the
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fraction of bacterial DNA based on the same volume comparison. There is about 4-5 log
difference in the concentration of ARGs between the two fraction of DNA in each of RAS and
PS samples. A remarkable difference was seen in phage DNA before and after DNase treatment

indicating the presence of free DNA containing ARGs that have been digested by DNase.

Our study also detected oxetanocin and vancomycin resistance (MGRAST) along with
sulfonamide resistant gene Sul-l. A recent study using shotgun library approach found that
phages appear to carry partial genes that may be responsible for resistance to tetracycline,
ampicillin, acriflavine, and bleomycin, few others in activated sludge sample (Parsley et al.
2010). Our work is consistent with repeated isolations of antibiotic resistant bacteria from
wastewater treatment plants and the detection of resistance determinants using cultivation
independent techniques. More work is needed to understand the importance of phages and their

role in ARG transfer among bacterial community in wastewater treatment plants.

4. Conclusions:

e Phage diversity was studied by next generation sequencing on sludge samples (before and

after DNase treatment) with Illumina (Miseq).

e On a genus level, Burkholderia phage, Coliphage, Enterobacteria phage, and Pseudomonas
phage are present in all the samples. Burkholderia cepacia phage, Edwardsiella phage,
Mycobacterium phage, Salmonella phage, Vibrio phage and Xanthomonas citri phage were
detected only in RAS samples. Bacillus phage, Brochothrix phage, Lactobacillus phage,
Listeria phage, Phormidium phage, Staphylococcus phage and Sugarcane mosaic virus were

found only in PS samples.
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e Concentration of ARGs detected in phage DNA in all samples ranges from 3.84x10%

8.14x10° copies/100mL for Tet-W gene and 5.89x10%-7.9x10" copies/100mL for Sul-I gene.

e This work presents the diversity of phages in sludge samples and indicates that phage DNA

was associated with antibiotic resistant genes in wastewater.
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Table 2.1: Metagenome analysis statistics (generated by MGRAST).

RAS w/ RAS w/o PS w/ PSw/o
DNase DNase DNase DNase
Raw bp Count 17,227,533 bp 18,332,554 bp 2,292,422 bp 5,511,578
bp
No. of contigs 21,985 23,663 2870 7,796
Mean Sequence Length 783+ 1053bp 774+1017bp 798+926bp 706 + 696
bp
Avrtificial Duplicate Reads: 884 677 98 229

Sequence Count

Post QC: bp Count 13,742,435 bp 14,561,037 bp 1,727,518 bp 4,452,805
bp
Post QC: No. of contigs 20,523 22,301 2650 7,287

Post QC: Mean Sequence Length 669+456bp 652+445bp 651+439bp 611 + 364
bp

Note: Sequences were assembled using A5 pipeline assembly and contigs generated were analyzed on
MGRAST; Abbreviation: bp= base pair
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Table 2.2: Presence of Phage lineages using BLAST searches.

RAS w/ RAS w/o PS w/ PS w/o
DNase DNase DNase DNase

Genus names

Burkholderia phage

Coliphage

Enterobacteria phage

&« <

Pseudomonas phage

N EENEREN NN

EBPR podovirus

Burkholderia cepacia phage

Edwardsiella phage

Vibrio phage

Xanthomonas citri phage

Mycobacterium phage

SIS I N RN BN BN RN SR IR
SRS I N N AN N R N N AN IR

Salmonella phage

Bacillus phage

Brochothrix phage

Lactobacillus phage

Listeria phage

Phormidium phage

NN N NS

Staphylococcus phage

Klebsiella phage

Environmental Halophage

S RN N N N RN R BN

Escherichia phage

ANEERNEENER

Burkholderia cenocepacia phage

Persicivirga phage v v

Helicobacter phage

lodobacteriophage v
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Table 2.2 (cont’d)

Aeromonas phage

Bordetella phage

Caulobacter phage

Cronobacter phage

Erwinia amylovora phage

Enterobacter phage

Leptospira biflexa temperate
bacteriophage

Pseudomonas aeruginosa phage

Rhizobium phage

Rhodobacter phage

Streptococcus phage

Synechococcus phage

Thermus phage

Geobacillus virus

Acanthamoeba castellanii mamavirus

Lactobacillus johnsonii prophage

Lactobacillus plantarum bacteriophage

Listeria bacteriophage

Megavirus

Rhodococcus phage
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Figure 2.1: (a) Subsystem functional barchart, (b) Functional distribution of “Virulence,

Disease and Defense” subsystem, (¢) Functional distribution of “Resistance to antibiotics”.

Note: The data was compared to Subsystems using a maximum e-value of 1e-5, a minimum

identity of 60 %, and a minimum alignment length of 15 measured in aa for protein and bp for

RNA databases.
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Figure 2.1 (cont’d)

Distribution (Virulence, Disease and Defense)

B RAS w/o Dnase

" RAS w/ Dnase

§ ®m PSw/o Dnase
©
-g M PSw/ Dnase
3
<€
©
e
S
©
c
S
|5 BN
Resistance to Bacteriocins, Others Toxins and
antibiotics and toxic ribosomally synthesized superantigens
compounds antibacterial peptides
(b)
Distribution (Resistance to antibiotics)
B RASwj/o Dnase
W RASw/ Dnase
B PSw/o Dnase
g B PSw/ Dnase
< _
=
c
S
0
<
©
(e
)
—
3}
=
S
(1

Beta-lactamase Methicillin resistance in Resistance to fluoroquinolones
Staphylococci

(©)

28




B RASw/o DNase
B rRASw/ DNase

1 PS w/o DNase
Chloriridovirusy
l = PS w/ DNase

< 5\
{s-ke “'use\

Ranayip,

Figure 2.2: Organism (genus) Tree. The data was compared to M5NR using a maximum e-

value of 1e-5, a minimum identity of 60 %, and a minimum alignment length of 15 measured in
aa for protein and bp for RNA databases. Color shading of the names indicates genus

membership. Domain: viruses
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Figure 2.3: Concentration (copies/100mL) of (a) tetracycline resistant gene (Tet W), and
(b) sulfonamide resistant gene (Sul I) abundance in Phage DNA from sludge samples. Note:
DNase indicate purified phage DNA after DNase treatment; Bacterial indicate overall bacterial
DNA in the sample; RAS= Returned activated sludge, PS=Primary Sludge
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Figure 2.3 (cont’d)

1.00E+10

1.00E+08

1.00E+07

1.00E+06

1.00E+05

copies/100mL

1.00E+04

1.00E+03

1.00E+02

1.00E+01

1.00E+00

1.00E+09 -

Sul-l

= Phage DNA (w/ DNase)

W Phage DNA (w/o DNase)

¥ Bacterial DNA

PS

Sample Type

(b)

31




REFERENCES

32



10.

11.

12.

REFERENCES

Alhamlan, F. S., Ederer, M. M., Brown, C. J., Coats, E. R., and Crawford, R. L. (2013).
Metagenomics-based analysis of viral communities in dairy lagoon wastewater. Journal
of microbiological methods, 92(2), 183-188.

Allen, H.K., Donato, J., Wang, H.H., Cloud-Hansen, K.A., Davies, J. and Handelsman, J.
(2010). Call of the wild: antibiotic resistance genes in natural environments. Nature
Reviews Microbiology 8(4), 251-259.

Aminov, R., Garrigues-Jeanjean, N. and Mackie, R. (2001). Molecular ecology of
tetracycline resistance: development and validation of primers for detection of
tetracycline resistance genes encoding ribosomal protection proteins. Applied and
environmental microbiology 67(1), 22-32.

Auerbach, E.A., Seyfried, E.E. and McMahon, K.D. (2007). Tetracycline resistance
genes in activated sludge wastewater treatment plants. Water research 41(5), 1143-1151.

Baquero, F., Martinez, J.L. and Canton, R. (2008) Antibiotics and antibiotic resistance in
water environments. Curr Opin Biotechnol 19(3), 260-265.

Blasco, M.D., Esteve, C. and Alcaide, E. (2008). Multiresistant waterborne pathogens
isolated from water reservoirs and cooling systems. Journal of Applied Microbiology
105(2), 469-475.

Borjesson, S., Melin, S., Matussek, A. and Lindgren, P.E. (2009). A seasonal study of the
mecA gene and Staphylococcus aureus including methicillin-resistant S. aureus in a
municipal wastewater treatment plant. Water Res 43(4), 925-932.

Boyd, E.F. and Brissow, H. (2002). Common themes among bacteriophage-encoded
virulence factors and diversity among the bacteriophages involved. TRENDS in
Microbiology 10(11), 521-529.

Brooks, J.B.J., Maxwell, S.M.S., Rensing, C.R.C., Gerba, C.G.C. and Pepper, I.P.I.
(2007). Occurrence of antibiotic-resistant bacteria and endotoxin associated with the land
application of biosolids. Can J Microbiol 53(5), 616-622.

Canchaya, C., Fournous, G. and Brissow, H. (2004). The impact of prophages on
bacterial chromosomes. Molecular microbiology 53(1), 9-18.

Clokie, M. R., Millard, A. D., Letarov, A. V., and & Heaphy, S. (2011). Phages in nature.
Bacteriophage, 1(1), 31-45.

Colomer-Lluch, M., Imamovic, L., Jofre, J. and Muniesa, M. (2011b). Bacteriophages

carrying antibiotic resistance genes in fecal waste from cattle, pigs, and poultry.
Antimicrobial agents and chemotherapy 55(10), 4908-4911.

33



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Colomer-Lluch, M., Jofre, J. and Muniesa, M. (2011a). Antibiotic resistance genes in the
bacteriophage DNA fraction of environmental samples. PLoS One 6(3), e17549.

Guardabassi, L., Lo Fo Wong, D. and Dalsgaard, A. (2002). The effects of tertiary
wastewater treatment on the prevalence of antimicrobial resistant bacteria. Water
research 36(8), 1955-1964.

Kim, S. and Aga, D.S. (2007). Potential ecological and human health impacts of
antibiotics and antibiotic-resistant bacteria from wastewater treatment plants. Journal of
Toxicology and Environmental Health, Part B 10(8), 559-573.

Kim, S., Park, H. and Chandran, K. (2010). Propensity of activated sludge to amplify or
attenuate tetracycline resistance genes and tetracycline resistant bacteria: A mathematical
modeling approach. Chemosphere 78(9), 1071-1077.

Knapp, C. W., McCluskey, S. M., Singh, B. K., Campbell, C. D., Hudson, G., and
Graham, D. W. (2011). Antibiotic resistance gene abundances correlate with metal and
geochemical conditions in archived Scottish soils. PLoS One, 6(11), e27300.

Knapp, C.W., Dolfing, J., Ehlert, P.A. and Graham, D.W. (2009). Evidence of increasing
antibiotic resistance gene abundances in archived soils since 1940. Environmental
science & technology 44(2), 580-587.

Luo, Y., Yang, F., Mathieu, J., Mao, D., Wang, Q., and Alvarez, P. J. J. (2013).
Proliferation of Multidrug-Resistant New Delhi Metallo-f-lactamase Genes in Municipal
Wastewater Treatment Plants in Northern China. Environmental Science and Technology
Letters, 1(1), 26-30.

Mazaheri Nezhad Fard, R., Barton, M.D. and Heuzenroeder, M.W. (2011).
Bacteriophage-mediated transduction of antibiotic resistance in enterococci. Lett Appl
Microbiol 52(6), 559-564.

Meyer, F., Paarmann, D., D'souza, M., Olson, R., Glass, E., Kubal, M., Paczian, T.,
Rodriguez, A., Stevens, R. and Wilke, A. (2008). The metagenomics RAST server-a
public resource for the automatic phylogenetic and functional analysis of metagenomes.
BMC bioinformatics 9(1), 386.

Muniesa, M., Colomer-Lluch, M., and Jofre, J. (2013a). Could bacteriophages transfer
antibiotic resistance genes from environmental bacteria to human-body associated
bacterial populations? Mobile genetic elements, 3(4).

Muniesa, M., Colomer-Lluch, M., and Jofre, J. (2013b). Potential impact of
environmental bacteriophages in spreading antibiotic resistance genes. Future
microbiology, 8(6), 739-751.

Muniesa, M., Garcia, A., Miro, E., Mirelis, B., Prats, G., Jofre, J. and Navarro, F. (2004)
Bacteriophages and diffusion of -lactamase genes. Emerging infectious diseases 10(6),
1134.

34



25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Munir, M. and Xagoraraki, I. (2011). Levels of Antibiotic Resistance Genes in Manure,
Biosolids, and Fertilized Soil. Journal of Environment Quality 40(1), 248.

Munir, M., Wong, K. and Xagoraraki, 1. (2011). Release of antibiotic resistant bacteria
and genes in the effluent and biosolids of five wastewater utilities in Michigan. Water
Res 45(2), 681-693.

Nagulapally, S.R., Ahmad, A., Henry, A., Marchin, G.L., Zurek, L. and Bhandari, A.
(2009). Occurrence of ciprofloxacin-, trimethoprim-sulfamethoxazole-, and vancomycin-
resistant bacteria in a municipal wastewater treatment plant. Water Environment
Research 81(1), 82-90.

Parsley, L.C., Consuegra, E.J., Kakirde, K.S., Land, A.M., Harper, W.F., Jr. and Liles,
M.R. (2010). Identification of diverse antimicrobial resistance determinants carried on
bacterial, plasmid, or viral metagenomes from an activated sludge microbial assemblage.
Appl Environ Microbiol 76(11), 3753-3757.

Pei, R., Kim, S.-C., Carlson, K.H. and Pruden, A. (2006). Effect of river landscape on the
sediment concentrations of antibiotics and corresponding antibiotic resistance genes
(ARG). Water research 40(12), 2427-2435.

Peltier, E., Vincent, J., Finn, C., and Graham, D. W. (2010). Zinc-induced antibiotic
resistance in activated sludge bioreactors. Water research, 44(13), 3829-3836.

Prescott, J.F. (2004). Antimicrobial chemotherapy. In Veterinary Microbiology ed. Hirsh,
D.C., Maclachlan, N.J. and Walker, R.L. Ames: Blackwell Publishing. 26-43.

Pruden, A., Pei, R., Storteboom, H. and Carlson, K.H. (2006). Antibiotic resistance genes
as emerging contaminants: studies in northern Colorado. Environmental science and
technology 40(23), 7445-7450.

Quirds, P., Colomer-Lluch, M., Martinez-Castillo, A., Mird, E., Argente, M., Jofre, J.,
Navarro, F., and Muniesa, M. (2014). Antibiotic Resistance Genes in the Bacteriophage
DNA Fraction of Human Fecal Samples. Antimicrobial agents and chemotherapy, 58(1),
606-609.

Reinthaler, F., Posch, J., Feierl, G., Wist, G., Haas, D., Ruckenbauer, G., Mascher, F.
and Marth, E. (2003) Antibiotic resistance of E. coli in sewage and sludge. Water
research 37(8), 1685-1690.

Sander, M. and Schmieger, H. (2001). Method for host-independent detection of
generalized transducing bacteriophages in natural habitats. Appl Environ Microbiol
67(4), 1490-1493.

Schwartz, T., Kohnen, W., Jansen, B., and Obst, U. (2003). Detection of
antibiotic-resistant bacteria and their resistance genes in wastewater, surface water, and
drinking water biofilms. FEMS Microbiology Ecology, 43(3), 325-335.

35



37.

38.

39.

40.

Tritt, A., Eisen, J. A., Facciotti, M. T., and Darling, A. E. (2012). An integrated pipeline
for de novo assembly of microbial genomes. PLoS One, 7(9), e42304.

Volkmann, H., Schwartz, T., Bischoff, P., Kirchen, S., and Obst, U. (2004). Detection of
clinically relevant antibiotic-resistance genes in municipal wastewater using real-time
PCR (TagMan). Journal of microbiological methods, 56(2), 277-286.

Weinbauer, M.G. and Rassoulzadegan, F. (2003). Are viruses driving microbial
diversification and diversity? Environmental microbiology 6(1), 1-11.

Wright, M. S., Peltier, G. L., Stepanauskas, R., and McArthur, J. V. (2006). Bacterial
tolerances to metals and antibiotics in metal-contaminated and reference streams. FEMS
microbiology ecology, 58(2), 293-302.

Yamamoto, K. R., Alberts, B. M., Benzinger, R., Lawhorne, L., and Treiber, G. (1970).
Rapid bacteriophage sedimentation in the presence of polyethylene glycol and its
application to large-scale virus purification. Virology, 40(3), 734-744.

Zhang, X.-X. and Zhang, T. (2011). Occurrence, abundance, and diversity of tetracycline
resistance genes in 15 sewage treatment plants across China and other global locations.
Environmental science and technology 45(7), 2598-2604.

Zhang, Y., Marrs, C.F., Simon, C. and Xi, C. (2009). Wastewater treatment contributes to
selective increase of antibiotic resistance among Acinetobacter spp. Science of the Total
Environment 407(12), 3702-3706.

36



CHAPTER 3

METAGENOMIC INSIGHTS INTO MICROBIAL RESISTANCE TO ANTIBIOTIC

AND METAL COMPOUNDS IN WASTEWATER UTILITIES

Mariya Munir, Terence Marsh, and Irene Xagoraraki. (in preparation)

Abstract

Over the past few years resistance to antibiotics has increased. Co-existence of antibiotics and
metals may increase antibiotic resistance gene development in the environment. Wastewater
treatment plants (WWTPs) can be considered as important reservoirs for the spread of antibiotic
resistance to opportunistic pathogens and can stimulate horizontal gene transfer among microbial
species. Metal exposure can directly select for metal-resistant bacteria while co-selecting for
antibiotic-resistance. This study aimed to describe and compare the diversity and abundance of
antibiotics and metal resistance in a conventional and MBR (membrane bioreactor) utility using
metagenomic investigations. Illumina Hiseq sequencing was applied on six samples from two
different WWTPs in Michigan. Bacterial DNA was isolated from three different sampling points
(activated sludge (AS), before disinfection effluent (BD) and after disinfection effluent (AD))

from a conventional and MBR utility.

Sequencing reads from all the samples revealed differences in the abundance of
functional genes within the WWTPs. Genes coding for antibiotic resistance were identified in all
the samples. Most of the antibiotic resistance genes conferred resistance to fluoroquinolones,
beta-lactamase, methicillin, and erythromycin and vancomycin. Genes coding for resistance to
metals were also observed in all our samples. High resistance to metals (including Cobalt-zinc-

cadmium resistance, zinc resistance, arsenic resistance, copper tolerance, and resistance to
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chromium compounds, mercury and cadmium resistance) was detected in most of the samples.
The MBR utility showed slightly higher number of hits for all the functional categories
compared to the conventional WWTP samples. The incidence of multiple metal and antibiotic

resistances among bacterial populations in WWTP poses a potential threat to human health.

Keywords: Metagenomics, wastewater, effluents, activated sludge, antibiotic resistance, metal resistance,

Illumina Hiseq

1. Introduction

The occurrence of antibiotic resistance bacteria (ARB) and antibiotic resistant genes
(ARG) in our environment is a growing global health problem. The microbial quality of water
itself is of great concern; however, if the trace levels of antibiotics and antibiotic resistant
bacteria are present, they may also greatly affect public health and is an emerging issue for the
general public and water industries (Xi et al. 2009). Development of novel antibiotics is being
outpaced by rapid propagation of antibiotic resistance thus calling for effective strategies to
mitigate the spread of antibiotic resistance (Carlet et al., 2012).

Wastewater treatment plants (WWTPSs) can be considered as an important reservoirs for
the spread of antibiotic resistance to opportunistic pathogens and can stimulate horizontal gene
transfer among microbial species. Large amounts of antibiotics are released into municipal
wastewater due to incomplete metabolism in humans or to disposal of unused antibiotics. Once
in the wastewater stream they can exert selective pressure for or maintain resistance among
microorganisms (Allen et al. 2010, Nagulapally et al. 2009).

Due to the increasing evidence of antibiotic resistance in pathogenic and benign bacteria
in our environment, an emerging threat to public and environmental health has been postulated
(LaPara et al., 2011; Munir and Xagoraraki 2011, Knapp et al. 2009, Blasco et al. 2008).
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Antibiotic resistance genes (ARGs) which code for specific antimicrobial functions such as
efflux pumps is considered to play a major role in conferring antibiotic resistance to microbial
community (Webber and Piddock, 2003). Antibiotic resistant bacteria and genes encoding
antibiotic resistance are commonly detected at high rates and concentrations in wastewater
samples (Munir et al. 2011, Zhang and Zhang 2011, Borjesson et al. 2009, Zhang et al. 20009,
Auerbach et al. 2007, Brooks et al. 2007, Kim and Aga 2007, Pruden et al. 2006). A strong link
has been reported between wastewater and antibiotic resistance (Borjesson S et al. 2009,
Volkmann et al. 2004, Reinthaler et al. 2003, Guardabassi et al. 2002).

Disinfection methods including chlorine or UV disinfection are capable of reacting with
nucleic acids during treatment and therefore may potentially reduce ARGs (Dodd, 2012).
Previous studies have shown that disinfection process did not contribute much in the reduction of
ARGs and ARBs in wastewater effluents from full-scale WWTPs (Fahrenfeld et al. 2013; Munir
and Xagoraraki 2011, Auerbach et al., 2007). Studies have suggested that multidrug resistant
genes even survive through several wastewater treatment units, including disinfection (Luo et al.
2014, Shi et al. 2013, Odjadjare et al. 2012). In a recent controlled lab study led by Mckinney
and Pruden (2013), it was demonstrated that UV disinfection at WWTPs is capable of reducing
strains of bacteria that are resistant to antibiotics but not ARGs.

Heavy metals along with antibiotics also create a selective pressure in the environment
that leads to resistance (Baquero et al. 1998). It is believed that multiple stresses can provide
more ecologically favorable conditions for a bacterium to survive and acquire resistance in an
environment, for example antibiotics and heavy metals (Spain and Alm 2003). Recently it has
been reported that chemical contaminants like metals can influence the selection of antibiotic

resistance among bacteria (Deredjian et al. 2011, Chandra and Sankhwar 2011). Sub-toxic levels
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of zinc have shown to increase antibiotic resistance in wastewater treatment plant’s microbial
communities at comparatively low levels of antibiotic. The reason for such an observation was
suggested to be development of cross-resistance (Peltier et al. 2010). Presence of metals in
wastewater treatment can also be one of the factors responsible for selection of antibiotic
resistance among exposed bacteria in the environment (Peltier et al. 2010, Knapp et al. 2011,
Kamala-Kannan and Lee 2008, Tuckfield and McArthur 2008, Baker-Austin et al. 2006, Wright
et al. 2006, Stepanauskas et al. 2005). Wright et al. (2006) concluded that metal exposure can
directly select for metal-resistant bacteria while co-selecting for antibiotic-resistant bacteria.
Recently one study has shown that ARG concentration significantly correlate with presence of
metals (Knapp et al. 2011).

Next-generation sequencing (NGS) has substantially widened the scope of metagenomic
analysis of environmentally derived samples (Mardis 2008). Studies have demonstrated NGS to
be effective in detecting gene modifications responsible for antibiotic resistance (La Scola et al.
2008). High-throughput sequencing was used successfully to highlight the prevalence of ARGs
and mobile genetic elements in microbial population of sewage treatment plants and is
considered as a promising tool for analyzing ARG and other functional diversity in the
environmental samples (Zhang et al. 2011).

The objective of this study was to describe and compare the diversity of microbial
resistances to antibiotics and metal compounds in a conventional and MBR (membrane
bioreactor) utility using metagenomic investigations. This study provided a bioinformatics
approach for identifying microbial population and functional features like antibiotic resistance
and metal resistance in wastewater utilities. This is the first study investigating microbial

resistance patterns along with metal resistance in bacterial isolated samples in WWTPs.
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2. Materials and Methods

2.1. Sample Collection: Effluent samples before and after disinfection along with
activated sludge were collected from East Lansing (EL) WWTP and Traverse City (TC) WWTP
in Michigan (U.S.A.) in 2013. Table 3.1 provides the characteristics of these WWTPs based on
wastewater treatment processes and disinfection methods. The schematic of the sampling along
with location of WWTPs is shown in Figure 3.1. The schematic of the methods used in this study
is also presented in Figure 3.2. Two liters of grab effluent samples were collected for bacterial
isolation from each WWTP. Activated sludge (AS) sample was collected in two 1L nalgene
bottles, mixed together in laboratory and then bacteria isolation from each WWTP was done.
Samples were kept on ice and were transported to the Water Quality Engineering Laboratory at

Michigan State University (East Lansing, U.S.A.) for further immediate processing.

2.2. Sample Processing: Bacteria in the effluent samples were concentrated by filtration with
0.45 um HA filters (Millipore, Billerica, MA). The volume of effluent samples filtered was 1 L
for each of the four samples. The filters were collected in a 50 mL tubes and 50 mL Phosphate
Buffer Water (PBW) was added in each tube containing a filter. The tubes were then vortexed
for 5 min to allow the biomass layer on the filters to mix with water. 50mL of AS samples were
also collected in a centrifuge tubes. All the tubes were then centrifuged for 20 min at 4500 rpm
to concentrate the sample down to 2 mL. Supernatant was discarded and the concentrates were

stored at —80 °C until the DNA extraction was performed for further molecular analysis.

2.3. Nucleic acid Extraction: Bacterial DNA was extracted (from samples before and after
disinfection) using a MagNA Pure Compact DNA extractor (Roche Applied Science,
Indianapolis, IN, USA) following the protocol in the manufacturer’s manual. The MagNA Pure

Compact utilizes a magnetic-bead technology for the isolation process. Sample amount of 400

41



ML was loaded in the system and the elution volume was 100pL. The extracts were stored in a
freezer at -20°C. Following extraction the quantity of bacterial nucleic acid extracts from all
samples were checked using the NanoDrop Spectrophotometer (NanoDrop® ND-1000,

Wilmington, DE).

2.5. Metagenomic sequencing and analyses: All samples including Bacterial enriched DNA
isolated from the sludge and the effluent samples was sequenced on an Illlumina platform
(IMumina HiSeq, Roche Technologies) at The Research Technology Support Facility (RTSF)
genomic center at Michigan State University generating 250 bp paired-end reads. Approximately
1 ng DNA (per core sample) was sent to the sequencing facility. The sequencing results were
returned as .fastq.gz files. Further files were converted to fastq files by processing them in MSU
HPCC (High Performance Computing Center) secure shell (SSH) connection. PUTTY, a freely
available piece of software was used to establish this SSH connection. In order to quality filter
the illumina data, a flexible read trimming tool for lllumina NGS data called Trimmomatic was
used for trimming lllumina data and removing adapters (Bolget et al. 2014). Finally, the trimmed
sequences were assembled using an iterative De Bruijn Graph De Novo Assembler for Short
Reads Sequencing data with Highly Uneven Sequencing Depth called IDBA-UD (Peng et al.

2012).

2.6. MG-RAST analyses: The assembled data from all the samples were analyzed using
MetaGenome Rapid Annotation Subsystems Technology server (MG-RAST 3.3.1) (Meyer et al.
2008). Each assembled data file underwent quality control (QC) process, which included quality
filtering (removing sequences with >5 ambiguous base pairs), length filtering (removing
sequences with a length >2 standard deviations from the mean), and de-replication (removing
similar sequences that are artifacts of sequencing). Analysis includes the phylogenetic
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comparisons and functional annotations against the database and the results are expressed in the
form of abundance profiles. The “abundance” in the MG-RAST presents the estimate of the
number of sequences that contain a given annotation, found by multiplying each selected
database match (hit) by the number of representatives in each cluster. Hits refer to the number of
unique database sequences that were found in the similarity search, not the number of reads. The
hit count can be smaller than the number of reads because of clustering or larger due to double
counting (Wilke et al. 2014). Data was analyzed based on organism abundance and on the
functional distribution at the subsystem hierarchy with maximum E- value cutoff of 1E®
minimum percent identity cutoff of 60% and minimum alignment length cutoff of 15bps. The
MG-RAST pipeline analysis includes the comparisons and functional annotations against the
database. Each of the categories was further studied for detailed analysis and data was

downloaded in excel sheet for further analysis.

2.7. Statistical analysis: Abundance data was downloaded from MGRAST and statistical
analysis was performed using Microsoft Office Excel. Relative abundance is defined as the
number of sequences mapped to specific function divided by the total number of sequences in

that sample. The relative abundance data is then normalized using the following formula:

The normalized value of e; for variable E in the i row is calculated as:

€ — Emin

Normalized (g;) =
Emax— Emin Where Enin = the minimum value for variable E and

Emax = the maximum value for variable E.
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3. Results and Discussion:

3.1. Metagenome sequencing and assembly results:

To analyze the wastewater metagenomes, Illumina Hiseq sequencing was applied on
samples from two different WWTPs in Michigan. Bacterial DNA was isolated from three
different sampling points (activated sludge (AS), before disinfection effluent (BD) and after
disinfection effluent (AD)) from a conventional and MBR utility. Sequences generated were
assembled using an IDBA-UD assembler. Metagenome analysis revealed that a total of 2355
Mbp (mega base pairs) of assembled sequence data was generated. Bacterial DNA samples

contained contigs ranging from 238657 to 380106 sequences totaling 1250 Mbp of sequences.

Exploring the metagenome sequence breakdown, it was found that 6,741 sequences
(1.9%) failed to pass the QC pipeline for EL activated sludge sample. Of the sequences that
passed QC, 460 sequences (0.1%) contain ribosomal RNA genes. Of the remainder, 223,213
sequences (64.0%) contain predicted proteins with known functions and 117,626 sequences
(33.7%) contain predicted proteins with unknown function. 795 (0.2%) of the sequences that
passed QC have no rRNA genes or predicted proteins. Out of the 342,096 sequences (totaling
204,012,220 bps) that passed quality control, 340,839 (99.6%) produced a total of 391,844
predicted protein coding regions. Of these 391,844 predicted protein features, 213,941 (54.6% of
features) have been assigned an annotation using at least one of our protein databases (M5NR)
and 165,694 features (77.4% of annotated features) were assigned to functional categories. For
TC sludge sample, 7,927 sequences (2.1%) failed to pass the QC pipeline. Of the sequences that
passed QC, 543 sequences (0.1%) contain ribosomal RNA genes. Of the remainder, 276,740

sequences (72.8%) contain predicted proteins with known functions and 94,297 sequences
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(24.8%) contain predicted proteins with