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EXECUTIVE SUMMARY

BACKGROUND

After the first recorded infection of SARS-CoV-2 in China the world changed forever. The COVID-19 pandemic
highlighted the vulnerability of populations and the preparedness of the healthcare sector to timeously respond
to pandemics. The COVID-19 global pandemic regrettably resulted in large-scale loss of life and economic
devastation. By January 2022, South Africa had emerged from a fourth wave of infections and the vaccination
programme was underway. As such, SARS-CoV-2 is certain to remain in circulation for the foreseeable time,
and the detection of new variants of concern is certain to continue. It is therefore critical that SARS-CoV-2
surveillance is continued and research relating thereto supported in an attempt to curb the infection rate and
garner as much information about this virus as possible.

Wastewater-based epidemiology (WBE) is an eloquent alternative in SARS-CoV-2 surveillance and allows for
the early detection of SARS-CoV-2. This enables a rapid and consolidated response to curb infection rates
and save lives. The use of metagenomic next generation sequencing in wastewater-based epidemiology is
well documented. This method has recently demonstrated the ability to recover complete or near complete
SARS-CoV-2 genomes from sewage. The recovery of SARS-CoV-2 genomes from wastewater enables
evolutionary analysis and the identification of known and novel variants. The added value obtained by using
metagenomic sequencing is the ability to detect other pathogens and their functional potential from the same
sample in a single sequencing event. As such, investigations into the co-occurrence of other pathogens and
the presence of antimicrobial resistance in samples containing SARS-CoV-2 is possible. The great efforts by
scientists and researchers have clearly demonstrated the power and application of next-generation
sequencing and whole genome sequencing in response to pandemics such as COVID-19.

In this project a next-generation sequencing approach was implemented to assign SARS-CoV-2 lineages in
wastewater samples, detect co-occurring pathogens and identify antimicrobial resistance profiles. The next-
generation sequencing protocol was divided into an untargeted and targeted approach. The untargeted or
metagenomic approach was used to taxonomically categorize wastewater samples and detect the presence
and mode of antimicrobial resistance elements. The targeted approach was implemented to amplify the SARS-
CoV-2 genome in a wastewater sample and perform whole genome sequencing on the resulting amplicons.
This information was then used to assign SARS-CoV-2 lineages per sample. Another targeted approached
based on the 16S rRNA gene was further incorporated to provide taxonomic profiles for samples and ascertain
the microbial diversity as found in wastewater samples.

AIMS

The following were the aims of the project:
1. Detecting the presence and tracking the evolution of SARS-CoV-2 in freshwater and wastewater
samples
2. ldentification of pathogens co-occurring with SARS-CoV-2
3. Analysing the Antimicrobial Resistance potential of organisms within freshwater and wastewater.




METHODOLOGY

For this work, different sets of wastewater samples were obtained from collaborators under the South African
Collaborative COVID-19 Environmental Surveillance System (SACCESS) network across Gauteng and
KwaZulu-Natal. The samples, graciously supplied by collaborators, were in various formats including extracted
RNA, RNA extracted after viral concentration, extracted DNA and raw wastewater. Three different next-
generation sequencing methods and their application thereof in wastewater-based epidemiology was
demonstrated in this study. Targeted sequencing as performed by whole genome sequencing of SARS-CoV-
2 in wastewater demonstrates the ability of whole genome sequencing to identify SARS-CoV-2 variants of
concern in wastewater samples. Amplicon sequencing such as 16S rRNA was used with great success to
provide a taxonomic overview of wastewater samples. Untargeted sequencing obtained by means of
metagenomic analysis in wastewater surveillance demonstrates the abilities of metagenomic sequencing to
generate taxonomic and antimicrobial resistance profiles. The analyses as performed on each of the samples
are described below.

1. Determining the taxonomic composition and the presence of antimicrobial resistance genes
metagenomic sequencing

Samples (n=20) from regions across Tshwane were used for RNA metagenomic sequencing. These samples

were collected between 17 August 2020 and 6 April 2021 and all tested positive for the presence of SARS-

CoV-2. Metagenomic sequencing was done on the RNA extractions from the samples graciously provided by

the collaborator. The samples were analysed with regards to taxonomic composition and the presence of

antimicrobial resistance. Detection of SARS-Covid-2 in the metagenomic data was further included.

Samples (n=30) were collected from 3 wastewater treatment plants in Tshwane, Gauteng. DNA extractions
were done by the ARC Biotechnology including library preparation, amplicon and metagenomic seqguencing.
Amplicon sequencing produced taxonomic profiles for each sample whereas the metagenomic sequencing
was able to detect the presence of antimicrobial resistance within the samples.

Wastewater samples (n=10) were collected from three municipal WWTPs in Pretoria, South Africa, that
primarily treat household sewage. Grab samples (influent, activated sludge and secondary settling tank (SST)
effluent) were collected from November 2021 to February 2022 at different treatment stages and metagenomic
sequencing used to construct metagenome assembled genomes (MAGS). The ability to reconstruct partial to
near complete genomes enables the taxonomic classification and detection of antimicrobial resistance. This
information is critical as it allows researchers to understand which microorganisms have acquired resistance
within a sample and in the community.

Wastewater samples (n=72) were collected from 8 WWTPs located in the East Rand of Gauteng (Mr. W. le
Roux). These samples were collected weekly between 26 January 2022 and 22 March 2022 and represent 9
sampling dates. Amplicon and metagenomic sequencing was used to determine the taxonomic and
antimicrobial profiles of the samples.

2. Determination of SARS-CoV-2 lineage and variants using whole genome sequencing

Samples (n=73) from across Durban, KwaZulu-Natal, were used for SARS-CoV-2 whole genome sequencing.
These samples were collected between 21 July 2020 and 2 November 2021 and all tested positive for the
presence of SARS-CoV-2. SARS-CoV-2 whole genome sequencing was done on the RNA extractions from
the samples graciously provided by the collaborator. The samples were analysed with regards SARS-CoV-2
lineage and variants detected by means of whole genome sequencing. Currently accepted and published
SARS-CoV-2 lineage assignment workflows were implemented and optimised for use in wastewater samples.




3. Detection and characterisation of viruses using viral RNA metagenomic sequencing

Samples (n=17) from across Durban, KwaZulu-Natal, were used for viral RNA metagenomic sequencing.
These samples were collected between 25 August 2020 and 3 August 2021 and all tested positive for the
presence of SARS-CoV-2. Metagenomic sequencing was done on RNA extracted after viral concentration
using ultra (centricon) filtration graciously provided by the collaborator. The samples were analysed with
regards to taxonomic composition. Detection of SARS-Covid-2 in the metagenomic data was further included.

RESULTS AND DISCUSSION

1. Taxonomic diversity of microorganisms and the presence of antimicrobial resistance genes in
wastewater

In excess of 80 GB of data was produced for the 20 RNA metagenomic sequencing samples from Tshwane.
The RNA metagenomic data was able to reveal the presence of SARS-CoV-2 in some of the samples and it
was found that there was a correlation between the viral load, measured by means of 7-Day average COVID-
19 cases, and the ability to detect SARS-CoV-2 in a sample. The samples displayed a high level of taxonomic
diversity and the methodology was able to classify the Archaeal, Bacterial and Viral portions of the wastewater
samples. These classifications were further investigated along various taxonomic ranks. The data was further
inspected for antimicrobial resistance elements and a high level of diversity and variable between samples
was present. Antimicrobial resistance classification was further explored along various resistance classification
levels. The 30 samples from Gauteng used for amplicon and metagenomic sequencing produced more than
160 GB of data. The samples had high taxonomic and antimicrobial resistance diversity. This included high
levels of Proteobacteria and Tetracycline.

A further 10 samples from Gauteng produced 100 GB of metagenomic data and was used to construct
metagenome assembled genomes (MAGS). The ability to extract partial and near complete genomes from
wastewater is critical in understanding the acquisition of antimicrobial resistance by certain linages. The data
allowed for the reconstruction of 34 medium to high quality MAGSs. In this section emphasis was given to
Legionella pneumophila, Mycobacterium spp. and Aeromonas spp. and the AMRs and virulence factors
encoded within them.

Samples from the East Rand, Gauteng, were used for amplicon and metagenomic sequencing. This part of
the project produced more than 600 GB of data. The metagenomic data was used to construct antimicrobial
resistance profiles across treatment plants and sampling dates. Varying levels of resistance were found
between sampling locations with no significant difference detected between the treatment plants. Clear
differences were detected between the sampling dates. An initial increase in the number of AMR genes was
followed by a large decrease and then a continuous increase along the sampling dates. Further investigation
is required to determine the reason for this and if this would be a reoccurring trend.

2. Determination of SARS-CoV-2 lineage and variants in wastewater

In excess of 9 GB of data was produced for the 73 KwaZulu-Natal samples used for targeted SARS-CoV-2
whole genome sequencing. The NEBNext ARTIC SARS-CoV-2 sequencing protocol was optimised for use in
wastewater samples and produced adequate sequencing results. Samples collected between mid-July 2020
and the start of November 2021 displayed varying success with regards to the amount of data generated. It
was determined that the length of time between RNA extraction and sequencing is of critical importance, even
when stored under optimal conditions. SARS-CoV-2 lineage assignment was possible for more than half of
the samples. The SARS-CoV-2 lineage assignments in wastewater samples was in agreement with the
prevalent Variant of Concern per sampling period. It was further possible to assemble 3 near complete SARS-
CoV-2 genomes from the sequencing results. This report clearly illustrates the application and possibility of
SARS-CoV-2 whole genome sequencing in wastewater samples and the contribution thereof to wastewater-
based epidemiology.




3. Detection and characterisation of viruses in wastewater

In excess of 80 GB of data was produced for the 17 KwaZulu-Natal samples. These sample were RNA
extracted after viral concentration using ultra (centricon) filtration and constitutes the assemblage of viruses or
virome. The RNA metagenomic data was able to reveal the presence of SARS-CoV-2 in all but one of the
samples. The samples displayed a high level of taxonomic diversity and the methodology was able to classify
the virome as found in these wastewater samples. These classifications were further investigated along various
taxonomic ranks.

SUMMARY OF FINDINS AND CONCLUSIONS

This Final Technical and Data Report details the work done and results obtained for the amplicon,
metagenomic and SARS-CoV-2 whole genome sequencing of wastewater samples under the project titled
firracking the evolution of SARS-CoV-2 and the emergence of other infectious diseases in communities using
a wastewater-based epidemiology approachd . T h i saimedrtocharmessthe added value afforded by next-
generation sequencing in answering various questions related to the presence of SARS-CoV-2, antimicrobial
resistance and the microbial content of wastewater samples. The collaborators were all able to accomplish
their individual mandates before the samples were passed on to this project. Obtaining samples in this method
insured that there was no duplication of results and that the absolute maximum amount of information was
extracted per sample in a strategic workflow.

This report highlights the functionality of next-generation sequencing and in particular targeted and untargeted
sequencing in wastewater surveillance. The untargeted sequencing or metagenomic methodology was able
to provide a holistic view on the taxonomic diversity found in wastewater samples. Furthermore, this
methodology allows for the detection of antimicrobial resistance and associated classifications without the
need of another data generation event. Although not the most feasible methodology to test for the presence
of SARS-CoV-2 in wastewater samples it is still capable of recovering portions of the genome in samples with
a high viral load. Data sets such as these contained within this report will greatly assist wastewater surveillance,
disease modelling and the prediction of outbreak events.

Targeted sequencing as was used for SARS-CoV-2 whole genome sequencing in these wastewater samples
was able to provide SARS-CoV-2 lineage assignments. SARS-CoV-2 whole genome sequencing is generally
performed on clinical samples. The application thereof on wastewater samples and the ability to produce
lineage assignments and near complete genomes clearly illustrates the functionality of this protocol. This
method provides a clear picture on high prevalence SARS-CoV-2 variants as found in a community and has
the possibility to detect an upsurge or prevalence of variants of concern.

Continuous monitoring of wastewater samples for the presence of AMR genes is critical in understanding the
ebb and flow of these resistance elements in communities. The ability to construct metagenome assembled
genomes with metagenomic sequencing data further allows us to classify the recipients of acquired resistance
and better understand the spread of AMR in our population.

Metagenomic sequencing and analysis is a powerful tool in wastewater surveillance and epidemiology. The
method allows for the taxonomic classification of the organisms present in a sample and furthermore the
functional potential of the organisms in a sample. The amount of data generated in a single sequencing event
can be used in various research questions and provides a holistic representation of the biological components
in a system. The results obtained from metagenomic sequencing analysis will greatly assist in various public
health concerns and the associated strategies to be followed in addressing the concerns. Whole genome
sequencing and analysis is another powerful tool in wastewater surveillance and epidemiology. The method
allows for SARS-CoV-2 lineage assignment and the construction of near complete SARS-CoV-2 genomes.
Next-generation sequencing is clearly the future of wastewater-based epidemiological surveillance.
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CHAPTER1: BACKGROUND

1.1 INTRODUCTION

Since the declaration of the pandemic, South Africa has encountered and surpassed a fourth wave of COVID-
19 infections. It is clear that the COVID-19 pandemic and the presence of SARS-CoV-2 in our environments
will be with us for the foreseeable future. This pandemic and the associated virus require novel, yet reliable
technologies and protocols to track the presence thereof and provide timeous reporting of possible outbreaks
and resurgence in communities. Wastewater-based epidemiology (WBE) is an eloquent method of
guantitatively determining the prevalence of infection in localised areas. This method has been implemented
as early as 2011 in the Netherlands to track influenza. During the current COVID-19 pandemic this method
has been implemented in numerous countries with great success. Wastewater-based epidemiology will allow
for the rapid detection of SARS-CoV-2 in communities and will assist in curbing the spread of COVID-19. This
methodology allows for the speedy response to curb the spread of COVID-19 and flattening of the curve in
community outbreaks.

As the COVID-19 pandemic progresses the virus is certain to evolve. This has been proven by the emergence
of novel and more virulent variants, exemplified by the unfortunate and erroneously named South African
SARS-CoV-2 variant. To date, numerous variants across the world have been detected and reported on. The
ability to track the evolution of SARS-CoV-2 in wastewater and the variants currently circulating will greatly
assist researchers and policy makers with regards to the evolutionary trajectory the virus is on and may assist
in fighting the pandemic. The rigorous and-tfimegue
of genomic composition an evolution of SARS-CoV-2 in South African communities. It is further critical to
understand the associated pathogens that occur with SARS-CoV-2 in wastewater, including the virulence and
antimicrobial properties they may possess. By investigating the co-occurrence of microorganism with SARS-
CoV-2 it may be possible to identify indicator or closely associated microorganisms. These may serve as a
proxy for the presence of SARS-CoV-2 in wastewater samples and used as a baseline for future studies. This
can be tested by assessing the microbial composition of wastewater samples that tested positive and negative
for the presence of SARS-CoV-2.

Current technologies further allow for the isolation and extraction of SARS-CoV-2 from samples and the
subsequent whole genome sequencing (WGS) and analysis thereof. Due to large collaborative research
projects and the communal good will and cause surrounding the COVID-19 pandemic, the genome sequences
of more than 600,000 SARS-CoV-2 WGS submissions are publicly available. The serves as an unprecedented
database for researchers to identify and track the evolution of SARS-CoV-2. The South African Collaboration
COVID 19 Environmental Surveillance System (SACCESS) network is a collection of researchers with an
interest in applying WBE with regards to COVID-19 surveillance and includes participants from across South
Africa. The SACCESS partners have rigorously collected wastewater samples and conducted COVID-19
diagnostics with great success. These partners have individual sampling schedules and sites which include
provincial hotspots across the country and have concluded all documentation required to obtain the samples.
This includes retrospective, current and future samples. Based on the collaboration with SACCESS partners
samples are easily obtained and redundancy excluded. The SACCES collaborators collect(ed) samples
weekly and analysed for the presence of SARS-CoV-2 RNA using the sampling and testing protocols

ePpoard

devel oped in phase one (proof of concept phase)-19f t

infections in communities using a wastewater-based epidemiology approach.

Urban areas contain comprehensive sewer networks which is fed by various components of the urban
population. The collection and analysis of wastewater samples are therefore representative of these urban
populations. In rural areas the water resources are based on a freshwater supply. The analysis of samples
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both upstream and downstream of these rural communities will give a detailed overview of the presence of
SARS-CoV-2 in these communities. Metagenomic analysis of these samples will be done using next
generation sequencing (NGS). The NGS strategy will be based on metagenomics. The testing protocols
developed in phase one and metagenomic approaches will complement each other with the metagenomic
approach providing additional information regarding other viruses and bacteria present in samples. The
metagenomic approach further allows for the detection of concurrence of pathogens and SARS-CoV-2 and
the identification of antimicrobial resistance (AMR) elements in the samples. This information will be critical in
assessing the risk of COVID-19 due to possible co-infection based on the prevalence of other pathogens and
AMR in an environment.

The large amount of research that has been concluded with regards to the whole genome sequencing has
brought forth the detection of novel SARS-CoV-2 variants with increased virulence and infection rates. The
WBE approach is an eloquent solution which will enable the early detection of possible variants and provide
retrospective information on the initial occurrence of such variants. The workflow allows for the initial detection
of SARS-CoV-2 from wastewater samples, the metagenomic analysis of genomic segments to ascertain the
presence of variants and the thereafter WGS of isolated SARS-CoV-2 to classify and inspect the evolutionary
track of SARS-CoV-2. This project will compliment other national COVID-19 surveillance projects, in a
nonredundant effort, by increasing the number of wastewater samples analysed for the presence of SARS-
CoV-2 and reporting on the presence of known and novel variants in retrospective, current and future
freshwater and wastewater samples. It will further allow for the detection of co-occurring pathogens in relation
to the presence of SARS-CoV-2 and the identification of AMR potential of other organisms in freshwater and
wastewater samples. This includes the possible detection of proxies associated with SARS-CoV-2 which may
be used in future surveillance strategies.

1.2 RATIONALE FOR THIS PROJECT

This project will aid South Africa's fight against the COVID-19 pandemic. The recent second wave has clearly
indicated that we will need to continuously and effectively perform SARS-CoV-2 surveillance in an attempt to
timeously warn stakeholders and governing bodies on a possible surge in COVID-19 cases. The ability to
rapidly and reliably identify areas of high infection will enable authorities to address and contain localised
outbreaks and as such prevent resurgence of the disease. It is critical that pre-emptive community information
is gathered after which individual testing would follow. This project will ensure that communities with high levels
of SARS-CoV-2 in wastewater or freshwater are identified and the necessary steps are taken and will highlight
the South African fight against COVID-19 internationally and may serve as a basis for other studies in other
countries, especially in Africa. Current data clearly suggests that the COVID-19 pandemic is far from over.
This project will enable government and stakeholders to identify areas of high risk and empower them in the
fight against COVID-19. Due to the nature of next generation sequencing, this project will further be able to
investigate the co-occurrence of other pathogens and SARS-CoV-2 in South African water samples. This
information will greatly assist in determining the risk of co-infection and the relative quality of water. It should
be emphasised that COVID-19 is not spread through water but that a high frequency in a sample would indicate
high incidence in the community. If a community with a high COVID-19 infection rate is further exposed to
other pathogens in their drinking water, this may lead to a high morbidity and mortality rate which would
increase the strain on the health sector.

The AMR potential will be examined and further aid in research with regards to the co-occurrence of SARS-
CoV-2 and other pathogens. This project will furthermore validate the use of metagenomic next generation
sequencing (MNGS) as a robust approach which is unbiased and provides a wealth of information regarding
a sample. Using mNGS it is possible to identify all the pathogens and their AMR potential in a single event
without the need for prior knowledge and the cumbersome process of isolation and culturing. This project will
further develop capacity in the form of a MSc. student and in general will promote capacity building in the water
and science sectors. The results of this project will be published in numerous journals and be presented at
various conferences. This project will include training workshops and as such further promote the water




research sector and assist in building capacity across the sector. In short, this project will not only assist in
fighting the current COVID-19 pandemic but will build capacity, information and skills for any future resurgence
or any other pandemic which may arise. The implementation of mMNGS in freshwater and wastewater samples
to track SARS-CoV-2, other pathogens and AMR will be critical in South Africa's response to the COVID-19
pandemic. The information obtained from this project will allow for the early detection of COVID-19 hotspots
and the possible limitation of resurgence in certain areas.

The results will further allow for the possible determination of viral origin and as such potential preventative
actions to be taken in the future. The added value afforded by mNGS of water samples include the detection
of other pathogens, both viral and bacterial, and the detection of antimicrobial resistance. The possibility of co-
infection and the AMR potential of co-occurring pathogens in water resources may be of dire consequence in
a COVID-19 pandemic. Tracking SARS-CoV-2 in water samples will allow for the early detection of COVID-19
in communities and areas. This will greatly assist in flattening the curve and allow policy makers and
stakeholders to make pre-emptive decisions. The added information with regards to other pathogens and AMR
potential in water resources will enable the channelling of resources to areas where critical intervention is
required. As this method is based on an environmental sample it negates the required individual testing and
increase in numbers to indicate a hotspot or possible resurgence. This data may as such be employed to
facilitate strategies in community isolation before the virus is spread to a broader geographic area. This project
will be paramount in the early detection of resurgence and the subsequent containment of infection. The mMNGS
approach will be based on two techniques, a directed primer approach and a metagenomic approach, both of
which will be validated by the current gRT-PCR procedure. These techniques and the downstream analysis
are easily packaged and made available for commercial use.

Current indications are that the presence of SARS-CoV-2 and the COVID-19 pandemic will be with us for an
extended period of time and that resurgence in infection will be seen internationally. Early development of
services such as mNGS testing of water samples for SARS-CoV-2 will therefore be economically feasible and
viable in the long run. The added information obtained from a shotgun metagenomic approach, e. g. other
pathogens, AMR potential, without the need of isolation and culturing will make this an attractive service in the
water value chain. This project will include the training of postgraduate students and future water scientists
and as such be strategically involved in the development of human capital in the water and science sectors.
The knowledge obtained by those involved in this project may be used in future studies, albeit not on SARS-
CoV-2, in the water and science sector as the skills are generally transferrable to other pathogens and viruses.
This project furthermore allows for the funding of one MSc. student.

1.3 PROJECT AIMS AND OBJECTIVES

1.3.1 Project aims

The following were are the aims of the project:

1. Detecting the presence and tracking the evolution of SARS-CoV-2 in freshwater and wastewater samples
2. ldentification of pathogens co-occurring with SARS-CoV-2

3. Analysing the Antimicrobial Resistance potential of organisms within freshwater and wastewater




1.3.2 Project objectives

The objectives of the project were as follows:

1. Establish collaborations within the SACCESS network and other research groups to receive
retrospective, current and future samples

Obtain samples and validate protocol. If needed, optimize protocols

SARS-CoV-2 diagnosis of samples

Metagenomic next generation sequencing, analysis and variant detection

Identify samples with SARS-CoV-2 variants and enrich for respiratory viruses

Phylogenetic and evolutionary analysis of SARS-CoV-2 lineages present in samples

Disseminate results of all samples to collaborators and scientific audience

Production and dissemination of final report detailing all results
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CHAPTER2: STUDY DESIDGMWMEAMODS

2.1 INTRODUCTION

For this work, different sets of wastewater samples were obtained from collaborators under the South African
Collaborative COVID-19 Environmental Surveillance System (SACCESS) network across Gauteng and
KwaZulu-Natal. The samples, graciously supplied by collaborators, were in various formats including extracted
RNA, RNA extracted after viral concentration, extracted DNA and raw wastewater. Three different next-
generation sequencing methods and their application thereof in wastewater-based epidemiology was
demonstrated in this study. Targeted sequencing as performed by whole genome sequencing of SARS-CoV-
2 in wastewater demonstrates the ability of whole genome sequencing to identify SARS-CoV-2 variants of
concern in wastewater samples. Amplicon sequencing such as 16S rRNA was used with great success to
provide a taxonomic overview of wastewater samples. Untargeted sequencing obtained by means of
metagenomic analysis in wastewater surveillance demonstrates the abilities of metagenomic sequencing to
generate taxonomic and antimicrobial resistance profiles. The methods used by collaborators for SARS-CoV-
2 detection activities have been documented under the WRC publication; i A compendi um of
African testing methodologies for detecting of SARS-CoV-2 RNA i n wast ewa(WRG, 2020\ r

2.2 SAMPLE INFORMATION

Wastewater samples used for this were selected from provincial hotspots by collaborators to ensure non-
redundancy of sampling and a concerted effort. Samples considered for analysis included retrospective,
current and future sampling activities from the selected wastewater sites and adjacent freshwater sources over
a period of 12 months. The sampling frequency wasbased on the <coll aborato
weekly frequency was preferred as this has been recommended for generating timely information on SARS-
CoV-2 circulation in a community. The sub-sections below provide information on the samples selected for
analysis as means of achieving the objectives of the project.

221 Samples for determining the taxonomic composition and the presence of antimicrobial
resistance genes

Samples (n=20) from regions across Tshwane were used for RNA metagenomic sequencing. These samples
were collected between 17 August 2020 and 6 April 2021 and all tested positive for the presence of SARS-
CoV-2. Metagenomic sequencing was done on the RNA extractions from the samples graciously provided by
the collaborator. The samples were analysed with regards to taxonomic composition and the presence of
antimicrobial resistance. Detection of SARS-Covid-2 in the metagenomic data was further included.

Samples (n=30) were collected from 3 wastewater treatment plants in Tshwane, Gauteng. DNA extractions
were done by the ARC Biotechnology including library preparation, amplicon and metagenomic sequencing.
Amplicon sequencing produced taxonomic profiles for each sample whereas the metagenomic sequencing
was able to detect the presence of antimicrobial resistance within the samples.

Wastewater samples (n=10) were collected from three municipal WWTPs in Pretoria, South Africa, that
primarily treat household sewage. Grab samples (influent, activated sludge and secondary settling tank (SST)
effluent) were collected from November 2021 to February 2022 at different treatment stages and metagenomic
sequencing used to construct metagenome assembled genomes (MAGS). The ability to reconstruct partial to
near complete genomes enables the taxonomic classification and detection of antimicrobial resistance. This
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information is critical as it allows researchers to understand which microorganisms have acquired resistance
within a sample and in the community.

Wastewater samples (n=72) were collected from 8 WWTPs located in the East Rand of Gauteng (Mr. W. le
Roux). These samples were collected weekly between 26 January 2022 and 22 March 2022 and represent 9
sampling dates. Amplicon and metagenomic sequencing was used to determine the taxonomic and
antimicrobial profiles of the samples.

2.2.2 Samples for determining SARS-CoV-2 lineage and variants

Samples (n=73) from across Durban, KwaZulu-Natal, were used for SARS-CoV-2 whole genome sequencing.
These samples were collected between 21 July 2020 and 2 November 2021 and all tested positive for the
presence of SARS-CoV-2. SARS-CoV-2 whole genome sequencing was done on the RNA extractions from
the samples graciously provided by the collaborator. The samples were analysed with regards SARS-CoV-2
lineage and variants detected by means of whole genome sequencing. Currently accepted and published
SARS-CoV-2 lineage assignment workflows were implemented and optimised for use in wastewater samples.

2.2.3 Samples selected for the detection and characterisation of viruses

Samples (n=17) from across Durban, KwaZulu-Natal, were used for viral RNA metagenomic sequencing.
These samples were collected between 25 August 2020 and 3 August 2021 and all tested positive for the
presence of SARS-CoV-2. Metagenomic sequencing was done on RNA extracted after viral concentration
using ultra (centricon) filtration graciously provided by the collaborator. The samples were analysed with
regards to taxonomic composition. Detection of SARS-Covid-2 in the metagenomic data was further included.

The analyses as performed on each of the sample sets are described below.

2.3 METHODS FOR SAMPLES ANALYS ES

2.3.1 General

Samples, including detailed sample collection information, were sent to the ARC-BTP for SARS-CoV-2 RNA

detection using the sampling and testing protocols described in the WRC publication, iA compendi um
emerging South African testing methodologies for detecting of SARS-CoV-2 RNA i n wastewater s
(WRC, 2020). Similarly, protocols described in the compendium were used to recover/concentrate the virus.

to ensure comparable results to other testing facilities. From consultations with various collaborators, it was

apparent that sample extractions needed to facilitate the diagnostic testing for SARS-CoV-2 were already

conducted in the samples selected for this study. This was an advantage to this project as only an aliquot of

the extracted sample is needed to achieve the aims as set out in this project. Furthermore, this decreases the

costing for each sample to be analysed.

2.3.2  Sample collection method

The protocol for grab and composite samples is as follows: The samples were either obtained manually or by
means of automated samplers. One (1) litre of wastewater sample was used for testing. However, the volume
of sample to be collect varied, depending on the viscosity of the initial sample. CDC protocols were used for
guidance (https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/wastewater-surveillance/developing-a-
wastewater-surveillance-sampling-strategy.html).



https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/wastewater-surveillance/developing-a-wastewater-surveillance-sampling-strategy.html
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/wastewater-surveillance/developing-a-wastewater-surveillance-sampling-strategy.html

2.3.3 Sample processing and analysis

Collected samples were stored at 4°C immediately after collection and, where possible, processed within 24
hours to reduce SARS-CoV-2 RNA degradation and increase surveillance utility. In circumstances where
sample processing was not possible within 24 hours after collection, the samples were frozen at -20°C or
-70°C. Samples were mixed by inverting samples several times (liquid samples) or by vortexing. The sample
was then concentrated by filtration through a membrane whereafter nucleic acid extraction using the CDC
approved wastewater surveillance testing method. Thereafter, the method displayed in Figure 2-1 was
followed.

Metagenomics

A
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Metagenomics

Figure 2-1: Per sample workflow. Samples obtained from collaborators (extracted and not extracted)
were firstly subjected to SARS-CoV-2 diagnostics whereafter metagenomic analysis follow ed. SARS-
CoV-2 negativ e samples were included in this process to serve as a baseline. Within the SARS -CoV-2
samples variants were detected and thereafter resequencing with enrichment of the SARS -CoV-2
samples was conducted. This approach allow ed for all the aims as detailed in  the project to be
achieved in an optimised workflow.

2.3.4 SARS-CoV-2 detection

Initial SARS-CoV-2 diagnosis was performed by the collaborators or by ourselves in an aligned effort to avoid
duplication. After the initial diagnosis samples were selected in consultation with collaborators, in such a
manner to ensure robust and significant results. These samples were chosen based on location, date of
sampling, COVID-19 infection rate, to name a few. As the associated metadata is critical to the significance of
the results, a detailed discussion was held with the collaborator(s) in this regard. Samples which were
diagnosed as SARS-CoV-2 negative were also included in this analysis to ensure meaningful comparisons
and investigations into the co-occurrence of other pathogens. This methodology enabled further detection of
possible proxies in SARS-CoV-2 surveillance programs. Initial analysis was based on publicly available
datasets and includes the SARS-CoV-2 genome database as hosted by GISAID (Shu and McCauley, 2017).
The results obtained from this step allowed for the detection of SARS-CoV-2 variants and in cases where they
were found, the initial samples were then enriched for respiratory virus cDNA.




2.3.5 SARS-CoV-2 genom ic sequencing

After the initial SARS-CoV-2 diagnosis, another data generation event was conducted to extract complete or
near complete SARS-CoV-2 genomes which was used for phylogenetic and evolutionary analysis. The
metagenomic approach was based on currently accepted standards and protocols used by BTP for samples
such as dung, water, microbiome and other diverse environments and include the application of commercially
available extraction kits. BTP has been involved in numerous metagenomic projects which required
optimization of extraction and library preparation and as such houses the required capacity to adequately fulfil
this requirement inhouse. This initial round of data generation included retrospective samples from
collaborators extracted using two different kits and a set of current samples with an inhouse extraction kit. This
step enabled us to determine the best extraction procedure based on the data produced and the protocol to
be implemented for future samples. The data generation and analysis for both approaches was done at the
ARC-BTP, Onderstepoort, South Africa. All sequence data was housed and analysed on the High-
Performance Cluster (HPC) located at the ARC-BTP, Onderstepoort, South Africa. Data can be shared with
other research groups if an official request is made to the WRC pertaining to development of tools or additional
research data. Sequence data was analysed using established and published protocols. This included raw and
filtered sequence quality inspection with FASTQC (Andrews, S., 2010). Quality control, adapter removal,
decontamination and error correction of the raw sequence data was done using the BBDuk software suite
(Bushnell, B.). Filtered reads were aligned to know SARS-CoV-2 genomes using BBMap (Bushnell, B., 2014).
This allowed for the identification of mutations and variations in SARS-CoV-2 genomes found in freshwater
and wastewater samples.

2.3.6 Determining the taxonomic classification and the presence of other pathogens and
antimicrobial resistance  genes in samples

Taxonomic classification of the filtered reads was done using Kaiju (Menzel et al., 2016) and Kraken 2 (Wood
et al., 2019). This data was used to indicate the general taxonomic composition of a sample and the presence
of other pathogens in a sample. This was followed by assembly with metaSPAdes (Nurk et al., 2017), gene
prediction with Prodigal (Hyatt et al., 2010) and gene annotation by means of DIAMOND (Buchfink et al., 2015)
against the NCBI nr database (Coordinators, N.R., 2018.). Further functional annotation was done using MG-
RAST (Meyer et al., 2008) and InterProScan (Jones et al., 2014). Detection and annotation of AMRs in the
samples was done using RGI from the CARD database (Alcock et al., 2020) and AMRFinder (Feldgarden et
al., 2019). Statistical analysis and visualisation was done using R version 3.6.0 (Team, R.C., 2019).

2.4 SUMMARY OF DATA GENERATED

2.4.1 Collaborations

Numerous meetings with potential collaborators have been held. Successful collaborations to date include Dr
A. Mutshembele (SAMRC Tuberculosis Platform), Prof F. Bux (DUT Institute for Water and Wastewater
Technology), Dr Noncy Gomba (NIOH), Mr Wouter le Roux (CSIR), Prof Thulani Makhalanyane (UP) and Dr
Oliver Bezuidt (UP).

2.4.2 Sample collection

24 Samples for metagenomic sequencing were received from Dr A. Mutshembele of which 20 samples are
included in this report. The additional 4 samples will be included in a prospective student project and
publication. 73 Samples for whole genome sequencing were received from Prof F. Bux and are included in
this report. A subset of 17 samples were used for metagenomic sequencing and the results thereof contained
in this report. 39 Samples were received from Dr N. Gomba. These samples were used for whole genome,




amplicon and metagenomic sequencing. 72 Samples were received from Mr W. le Roux and were used for
amplicon and metagenomic sequencing.

2.4.3 Data generation

The methodology as described for metagenomics has been implemented and executed by the project team
with great success on various environments. In particular, the metatranscriptomic approach has recently been
successfully applied to classify viruses as found in the samples. Figure 2-2 below is one example of the visual
representation of some of the results obtained using a metagenomic approach as proposed in this project. The
ability to identify SARS-CoV-2, co-occurring pathogens and other functional elements such as AMR will ensure
that the results produced are significant and accepted by the research community. It will further highlight the
power and application of MNGS in water research.

Figure 2-2: Metagenomic analysis of plant viruses using methodology as proposed for this project.
This is a visual representation of the frequency and classification of viruses from an environmental
sample.




CHAPTER3: METAGENOMI C SEQUENCI NG
WASTEWATER SAMPLES POSI TI VE FOR
OF SARGYZ2 FROM THE T SSHMRINET DI

3.1 INTRODUCTION

Met agenomics is defined as Athe application of modern

l ab cultivati on o fhenianddPachterd200b). This mearsithatsgéneti€ Material sampled
directly from an environment is study and as such negates various of the time consuming and laborious
processes associated with the isolation and cultivation of single species. This method therefor allows for the
classification of a copious number of organisms as present in a sample. An added benefit is the detection of
the functional potential available in a sample.

Metagenomic analysis of wastewater samples provides insights to human health related factors which includes
the distribution of pathogens and antibiotic resistance genes (Yang et al., 2014). The contents of a wastewater
sample provide researchers and stakeholders a glimpse as to what is circulating in the host associated
environment and as such host health. Wastewater samples may be regarded as a pooled version of the human
gut microbiome. Pathogens and antimicrobial resistance which are present in a wastewater sample may be
presumed to have been present in the population gut microbiome prior to the sampling. These sewage water
accurately reflect a populationdés gut mi crobi al
obtaining information regarding the infection dynamics in a given population (Fresia et al., 2019).

The COVID-19 pandemic has increased awareness regarding the power and resolution of next-generation
sequencing and genomics. This has been evident in the detection of SARS-CoV-2 variants and the tracking
of COVID-19 infection. Wastewater-based epidemiology is a critical component in the detection and tracking
of SARS-CoV-2 and it has been shown that sequencing of viral concentrations and RNA extracted directly
from wastewater can identify multiple SARS-CoV-2 genotypes, including variants not yet observed in clinical
sequencing programmes (Crits-Christoph et al., 2021).

Genomics and in particular metagenomics are therefore an eloquent application in wastewater surveillance
and epidemiology. This method enables the detection and classification of a multitude of organisms in a sample
in a single data generation event or sequencing run. Additionally, it allows for the detection of antimicrobial
resistance and other functionalities. The results obtained from a metagenomic sequencing event can further
be stored for long term use and be used as a baseline for future research endeavours.

Although not the preferential method in SARS-CoV-2 detection, metagenomics still has the potential to screen
samples for possible fragments or portions of the SARS-CoV-2 genome on a large scale. The frequent
metagenomic analysis of wastewater samples will alert stakeholders, government and other interested bodies
to the detection of SARS-CoV-2 and allow for the rapid implementation of target testing. The data generated
in these metagenomic sequencing events will further be available for various other research endeavours and
surveillance projects.

In the sections below, we clearly outline the methodology used and results obtained in the metagenomic
analysis of wastewater samples obtained from the Tshwane region during the period 17 August 2020 and 6
April 2021. The results illustrate the functionality, benefits and potential of metagenomic sequencing of
wastewater samples.
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3.2 MATERIALS AND METHODS

Grab samples (n=20) were collected from various wastewater treatment sites across the Tshwane district by
the SAMRC (Dr Awelani Mutshembele). The sampling sites included Baviaanspoort (h=3), Daspoort (n=6) and
Rietgat (n=11) wastewater treatment plans. These sampling sites cover Tshwane east (Baviaanspoort), central
(Daspoort) and west (Rietgat). The samples were collected between 17 August 2020 and 6 April 2021 (Table
3-1 and Figure 3-1). These samples all tested positive for the presence of SARS-CoV-2. RNA extractions were
done by the SAMRC and the resulting extractions delivered to the ARC Biotechnology for library preparation
and sequencing (Supplementary Sequencing Quotation).

Table 3-1: Samples received for metagenomic sequencing.

Type of Collection Collection

Sample ID sample Concentration  A260/280 A260/230 Date Site
BSW1_1A Grab 1294,58 2,197 2,347 2020/08/17 Baviaanspoort
RTW1_1A Grab 2617,13 2,219 2,394 2020/08/17 Rietgat
BSW2_1A Grab 3686,30 2,228 2,378 2020/08/31  Baviaanspoort
RTW2_1A Grab 1907,83 2,236 2,327 2020/08/31 Rietgat
BSW6_1A Grab 818,19 2,204 2,348 2020/10/26  Baviaanspoort

DW6_1A Grab 1621,13 2,231 2,348 2020/10/26 Daspoort
RTW6_1A Grab 1373,90 2,21 2,42 2020/10/26 Rietgat

DW7_1A Grab 1429,46 2,202 2,332 2020/11/09 Daspoort
RTW7_1A Grab 1502,49 2,228 2,392 2020/11/09 Rietgat

DW8_1A Grab 1343,98 2,197 2,276 2020/11/23 Daspoort
RTW8_1A Grab 583,27 2,19 2,288 2020/11/23 Rietgat
DW10_1A Grab 1224,639 2,151 2,338 2020/12/21 Daspoort
RTW10_1A Grab 685,23 2,169 2,202 2020/12/21 Rietgat
RTW11_1A Grab 2057,402 2,197 2,216 2021/01/04 Rietgat
DW12_ 1A Grab 1802,222 2,244 2,407 2021/01/18 Daspoort
RTW12_ 1A Grab 4644,048 2,255 2,327 2021/01/18 Rietgat
RTW13_1A Grab 886,559 2,165 2,267 2021/03/23 Rietgat
RTW14_ 1A Grab 693,557 2,055 2,134 2021/03/29 Rietgat
DW15_1A Grab 192,5 1,99 15 2021/04/06 Daspoort
RTW15_1A Grab 1126,2 2,29 2,14 2021/04/06 Rietgat

RNA samples were processed using a ribodepletion step to remove abundant RNAs such as rRNAs and globin
RNAs which then enables us to focus on the high-value, informative portions contained within the mRNA, and
therefor also lower the sequencing cost. The resulting libraries were sequenced on a HiSeq 2500 with roughly
4.1 GB of data per sample requested.

Initial sequence data quality and filtered data quality was inspected using FastQC version 0.11.8 (Andrews,
S., 2010). Sequence data was quality trimmed and filtered, including adapter removal and decontamination,
using BBDuk version 38.91 available from the BBTools suite of tools (Bushnell, B., 2014). Human
contamination in the quality filtered sequencing data was removed by aligning the sequence data against the
latest reference human genome (GRCh38.p13) using BBMap version 38.91, available from BBTools. To
identify the presence of SARS-CoV-2 in these samples, filtered and decontaminated paired-end reads were
aligned to the SARS-CoV-2 reference genome (NC_045512.2) with BBMap and coverage statistics calculated.
Possible correlations between the amount of sequence data or 7-Day average COVID-19 cases and the
detection of SARS-CoV-2 in the metagenomic sequencing datawast est ed using Spearmands
coefficient as available from the ggstatsplot library (Patil, 1., 2021) implemented in RStudio version 1.4.1717
(Team, RStudio, 2021) and R version 4.0.2 (Team, R Core, 2020).
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Figure 3-1: Samples received for metagenomic sequencing. The colours indicate the sampling
location, x -axis the date of sampling and y -axis the number of samples. The subtitles on the top of
each bar indicate the sampling date.
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2020-11-09
2020-11-23

Taxonomic classification of the filtered and decontaminated sequencing data was done using Kaiju version
1.8.0 (Menzel et al., 2016) and the Kaiju formatted refseq database as available on 2021/02/26. The Kaiju
formatted refseq database contains complete assembled and annotated reference genomes of Archaea,
Bacteria, and viruses from the NCBI RefSeq database (O'Leary et al., 2016).

The quality filtered sequence data was used to identify the presence of antimicrobial resistance (AMR) genes
in the samples. The Comprehensive Antibiotic Resistance Database (CARD) (Alcock et al., 2020) contains
3,339 reference sequences including the associated annotations and phenotypes. The database was

accessed on 2021/09/01 and the AfAnucl eotusedassldiggesteaddoy pr ot e

Alcock et al (2020). The sequence data was aligned against the antibiotic resistance genes using BBMap and
coverage statistics calculated. Results were filtered to only include antibiotic resistance genes covered by at
least 80% by the sequencing data. These would represent high confidence alignments. Each antibiotic
resistance gene is annotated with an Antibiotic Resistance Ontology (ARO) accession which is then further
categorized by gene family, drug class and resistance mechanism.

The quality filtered sequencing data was assembled into transcripts using SPAdes version 3.15.3
(Bushmanova et al., 2019) wi t r ntahde ofpt i on enabl ed. The fAhard_f
further analysis. Variations in the number of transcripts between samples was investigated by testing
correlations between the amount of sequence data or 7-Day average COVID-19 cases and the number of
transcripts per sample. This was doneusi ng Spearmanédés rank correl ate
ggstatsplot library implemented in RStudio version 1.4.1717 and R version 4.0.2.

The filtered transcripts for all samples were samples were aligned against the NCBI nt database (Sayers et

al.,2021) using blastn version 2.12. 0+ wi t-valuetctit-eff sétodegma bl ast

The results were filtered for the top hit with at least 80% identity with an alignment length of at least 80% of
the query transcript to identify taxonomic classification.
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This methodology was further used to detect AMRs in the filtered transcripts with the CARD as reference. The
results were filtered for the top hit with at least 80% identity with an alignment length of at least 80% of the
subject reference.

3.3 RESULTS

3.3.1 Data quality filtering and decontamination

Approximately 82 GB worth of raw sequencing data was produced for the 20 samples. The raw sequencing
data was quality filtered and the resulting sequence quality of the filtered reads were again inspected using
FastQC. Sequencing data which mapped to the human genome was removed and the quality of the remaining
sequence data again quality checked with FastQC. The number of paired-end sequences for each sample is
presented in Table 3-2 and Figure 3-2. Data loss due to quality and contamination was as expected and more
than enough paired-end reads remained for further analysis. The low levels of data loss after decontamination,
i.e. human, clearly illustrates the application of the ribodepletion step. This step greatly assists in removing
unwanted human ribosomal RNA and as such allows for focused sequencing on the archaeal, bacterial and
viral portions of samples. If this step was not included a large portion of the data sequenced would have been
of human origin and not usable in this project.

Table 3-2: Number of paired -end reads at each stage of quality control and decontamination

Sample ID Raw Reads QC Reads No Human QC Reads
BSW1_1A 16,401,593 15,366,564 15,354,175
RTW1_1A 20,558,275 19,030,402 19,029,720
BSwW2_1A 25,492,099 22,701,059 22,699,962
RTW2_1A 20,014,123 18,403,174 18,402,192
BSW6_1A 19,141,747 17,879,637 17,879,263
DW6_1A 22,209,262 20,774,336 20,773,285
RTW6_ 1A 20,361,919 19,193,278 19,191,816
DW7_1A 25,232,401 23,709,787 23,707,775
RTW7_1A 19,473,521 18,037,201 18,036,076
DW8_1A 28,563,786 26,571,417 26,562,715
RTWS8 1A 17,541,916 16,345,364 16,326,850
DW10 1A 20,695,652 19,525,114 19,523,460
RTW10_ 1A 19,764,354 18,306,700 18,300,525
RTW11_1A 17,895,659 16,794,703 16,789,746
DW12 1A 10,576,422 9,603,211 9,540,452
RTW12_1A 16,120,513 14,881,971 14,877,332
RTW13 1A 19,272,681 17,745,505 17,743,870
RTW14 1A 18,062,438 17,014,991 17,013,800
DW15 1A 23,166,309 21,886,226 21,884,681
RTW15 1A 18,373,620 17,414,457 17,410,347
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Figure 3-2: Number of paired -end reads at each stage of quality control and decontamination. The
colours indicate the quality control step, x-axis the sample and y -axis the number of paired -end
reads. The subtitles on the top of each bar indicate the sample ID. Low levels of data loss was seen
and the number of paired -end reads surviving quality filtering and human decontamination was more
than adequate for the project.

It should be emphasized that the computational removal of human sequencing data is still required as non-
ribosomal RNA will still be present in a sample after the ribodepletion protocol. This portion of the data may
influence results and workflows and it is therefore recommended to still filter the data for any human
contamination. The lowest amount of paired-end reads remaining after quality filtering and decontamination
was in excess of 9 million paired-end reads. This is more than enough data for adequate inferences and
exploratory analysis. It should be noted that these are RNA samples and not DNA samples. This data therefore
represents the actively expressed portions of archaeal, bacterial and viral genomes and will further include the
genomic content of RNA viruses.

3.3.2 Detection of SARS -CoV-2

The presence of SARS-CoV-2 fragments were detected in 5 samples using RNA metagenomic sequencing
(Table 3-3 and Figure 3-3). This was as expected as the RNA metagenomic sequencing protocol is not target
or directed against the SARS-CoV-2 genome. As all 20 samples were positive for the presence of SARS-CoV-
2 using conventional diagnostics, possible reasons for the detection of SARS-CoV-2 in only 5 samples was
the amount of sequence data generated per sample or the viral load present in a sample. Sequencing is
measured by the amount of data generated. The higher the amount of data or reads per sample the greater
the possibility of detecting all microorganisms present in a sample. In RNA metagenomics one pays for the
amount of data generated and as such there is a trade-off between cost and detection. In essence, the more
you sequence the greater the possibility of detecting SARS-CoV-2 in a sample using this approach. Another
possibility for the detection of SARS-CoV-2 is the amount of virus present in a sample. Higher quantities of the
virus present in a sample will increase the probability of viral segments being sequenced and as such detected.
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Table 3-3: Number of paired -end reads at each stage of quality control and decontamination.
Reference Covered

Sample ID Percent Collection Date Collection Site
BSW1 1A 0.1906 2020/08/17 Baviaanspoort
DW6_1A 0.8360 2020/10/26 Daspoort
DW12_1A 0.6220 2021/01/18 Daspoort
RTW10_1A 1.9095 2020/12/21 Rietgat
RTW11_1A 0.5685 2021/01/04 Rietgat

2020-08-17 [ 2020-10-26 11 20201221 il 2021-01-04 [ 2021-01-18

Collection Site

SARS-CoV-2 Coverage (%)

&

00 -

BSWI_1A
DWE_1A
WAO_1A

RTWI1_1A

DWIZ_1A

g
3
Sample ID

Figure 3-3: Percentage of the SARS -CoV-2 reference genome ( NC_045512.2) covered per sample. The
colours indicate the sample collection site , x-axis the sample and y -axis the percentage SARS -CoV-2
reference genome coverage . The subtitles on the top of each bar indicate the sampling date.

As all 20 samples were positive for the presence of SARS-CoV-2 using conventional diagnostics, possible
reasons for the detection of SARS-CoV-2 in only 5 samples was the amount of sequence data generated per
sample or the viral load present in a sample. Sequencing is measured by the amount of data generated. The
higher the amount of data or reads per sample the greater the possibility of detecting all microorganisms
present in a sample. In RNA metagenomics one pays for the amount of data generated and as such there is
a trade-off between cost and detection. In essence, the more you sequence the greater the possibility of
detecting SARS-CoV-2 in a sample using this approach. Another possibility for the detection of SARS-CoV-2
is the amount of virus present in a sample. Higher quantities of the virus present in a sample will increase the
probability of viral segments being sequenced and as such detected.

The number of paired-end reads and 7-Day average COVID-19 cases were tested as contributors to the
amount of SARS-CoV-2 detected (Figure 3-4). The Spear mands rank correl
indicated that there was no correlation between SARS-CoV-2 coverage (%) and amount of data generated,
i.e. number of paired-end reads (p-value = 0.2447) (Figure 3-4.a). The 7-Day average COVID-19 cases
indicated a significant positive correlation with SARS-CoV-2 coverage (%) (p-value = 0.0321) (Figure 3-4.b).
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This result clearly indicates that the detection of SARS-CoV-2 using RNA metagenomics is influenced by the
amount of virus present in a sample. In essence, the higher the amount of COVID-19 cases reported leads to
a higher viral load in wastewater samples. This then increases the probability of recovering SARS-CoV-2
genome fragments from a sample by means of RNA metagenomic sequencing. Bearing in mind the high levels
of diversity or microbial content the detection of portions of the SARS-CoV-2 genome within some of these
samples clearly illustrates the power of RNA metagenomic sequencing in pathogen surveillance and
wastewater analysis.

loge(S) = 7.4341, p = 0.2447, Pspeaman = -0.2727, Clagy, [-0.6465, 0.2066], e = 2 b) 109:(S) = 6.5385, p = 0.0321, Fspesman = 0.4803, Closy, [0.0339, 0.7669), Mpry = 20

;Jﬁm:. kl\,J\/l

20

SARS-CoV-2 Coverage (%)

SARS-CoV-2 Coverage (%)
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Numberol Paired-end Reads 7-Day Average COVID-19 Cases

Figure 3-4:Spearmands rank corr el at iform) corelatibrf betwdereSARS tCe\s-t r e s u
2 coverage (%) and amount of data generated and b) correlation between SARS -CoV-2 coverage (%)
and 7-Day average COVID-19 cases. The results from the statistical test are reported in the subtitles
on the top of each graph. The marginal distributions  for the x and y variables are overlaid on the axe s
of each graph.

3.3.3 Taxonomic profile of samples based on unassemb led sequencing data

Taxonomic classification as produced by Kaiju using the quality filtered, decontaminated reads indicated a
high proportion of Bacterial paired-end reads in the samples, as was expected. The RNA metagenomic
protocol was further able to detect various Archaea and Viruses. Certain samples did indicate a higher relative
abundance of Archaeal and Viral paired-end reads and is of interest. Deviations such as these clearly indicate
that the microbial composition or diversity in wastewater samples fluctuates and is not constant. These
fluctuations may be linked to various factors such as circulating pathogens in a community and should be
further investigated. The relative abundance, as indicated by the percentage of reads which mapped to a
taxonomic kingdom are presented in Figure 3-5 and Table 3-4. The large red portions of each bar represent
Bacteria and it is evident from the figure below that the largest portion of paired-end reads per sample were
classified as bacterial of origin.
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The blue segments indicate Archaeal paired-end reads and the green segments those of Viral origin. The
relative abundance of these fluctuate across samples and are not bound to a certain sampling area or location.

The ability of RNA metagenomic sequencing to identify various Kingdoms in a single sample is emphasised
by the graph above and illustrates the applicability of this protocol in wastewater analysis and testing. This
method does not discriminate or isolate and provides a greater understanding of the current content of a
wastewater sample.

Each of the taxonomic kingdoms were further inspected at different taxonomic levels.

Kingdom

W Achaca
W sccria
B viuses

SamplelD
Figure 3-5: Relative abundance, as indicated by the percentage of reads, for A rchaea, Bacteria and
Viruses for each sample. The colours represent the different taxonomic kingdoms. The samples are
on the x -axis and the relative abundance of each kingdom is displayed on the y -axis.
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Table 3-4: Relative abundance, as indicated by the percentage of reads, for Archaea, Bacteria and
Viruses for each sample.

Sample ID Archaea Bacteria Viruses
BSW2_1A 1.41861212158 98.2827326949 0.298655183491
RTW11_1A 0.25119851404 98.7641715917 0.984629894277
RTW12_ 1A 0.358577033904 97.5485868432 2.09283612286
RTW15_1A 0.155482007212 99.4353548159 0.409163176873
DW6_1A 0.603934214132 98.995582836 0.400482949846
DW7_1A 0.220161058384 99.3104687949 0.469370146678
RTW1_1A 2.28276948959 97.3111469926 0.406083517844
RTW6_1A 1.32463538414 98.1930587846 0.48230583123
RTW7_1A 0.392123066316 99.1744262115 0.433450722157
RTW10_1A 0.415395031064 98.264809171 1.31979579793
BSW6_1A 0.983129484161 96.9828933386 2.03397717723
RTW8_1A 0.276712678491 98.8697353152 0.853552006335
DW12_1A 0.224453679585 98.6602771868 1.11526913364
DW15_ 1A 0.443900272486 99.0545812477 0.50151847984
RTW13 1A 0.439440018375 98.965600259 0.59495972261
BSW1_1A 0.555811129797 96.9016231897 2.54256568049
DW10 1A 0.2516505397 99.3504034653 0.39794599504
DW8_1A 0.234004547432 99.3183479927 0.447647459886
RTW14 1A 0.241099942208 99.0452920899 0.713607967904
RTW2_1A 2.05606539291 97.2640718692 0.679862737934

The Archaeal portion indicated the presence of 7 different phyla of which 4 were classified as Candidatus
(Figure 3-6). This term Candidatus indicates that the phylum is well characterized but yet-uncultured. This is
of interest and clearly illustrates the power of metagenomic sequencing and the ability to classify unculturable
or yet-uncultured phyla in a sample. The Candidatus phyla observed at phylum level were Candidatus
Korarchaeota, Candidatus Lokiarchaeota, Candidatus Micrarchaeota and Candidatus Thermoplasmatoa.

The Archaeal diversity and differences between the various samples became evident when moving down to
the lower taxonomic ranks of class (Figure 3-7), order (Figure 3-8), family (Figure 3-9) and genus (Figure 3-
10). Per sample Archaeal taxonomic classifications are further available in the Supplementary Material.
Various Candidatus classifications were found for Archaeal orders, families and genera. The Archaeal order
classifications included Candidatus Nitrosocaldales, the families Candidatus Nitrosocaldaceae and
Candidatus Methanomethylophilaceae with Candidatus Halobonum, Candidatus Korarchaeum,
Candidatus Mancarchaeum, Candidatus Methanomethylophilus, Candidatus Methanoplasma,
Candidatus Micrarchaeum, Candidatus Nitrosocaldus, Candidatus Nitrosocosmicus,
Candidatus Nitrosomarinus, Candidatus Nitrosopelagicus, Candidatus Nitrosotenuis and
Candidatus Prometheoarchaeum found in the Archaeal genera classification.

The detection of Archaeal communities, including various Candidatus classifications, in wastewater samples
highlights the application of metagenomic sequencing in wastewater surveillance. The ability to extract the
taxonomic information for the Archaeal portion of a sample negates the laborious, costly and time consuming
efforts normally associated with the isolation and cultivation of Archaeal individuals. Although Archaea are not
currently regarded as pathogenetic the occurrence and diversity of the Archaeal population in wastewater
should be monitored.
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Figure 3-6: Relative abundance, as indicated by the percentage of reads, for Archaeal phyla. A total
of 7 phyla were detected with 4 of these classified as Candidatus. Each colour is representative of a

phylum.
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Figure 3-7: Relative abundance, as indicated by the percentage of reads, for Archaeal classes. A total
of 11 different classes were detected and are each represented by a different colour. Visually,
differences betwee n the samples based on Archaeal classes are evident.
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Figure 3-8: Relative abundance, as indicated by the percentage of reads, for Archaeal orders. A total
of 22 different orders were detected and are  each represented by a different colour. Visually,
differences between the samples based on Archaeal orders are evident.
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Figure 3-9: Relative abundance, as indicated by the percen tage of reads, for Archaeal families. A total
of 37 different families were detected and are each represented by a different colour. Visually,
differences between the samples based on Archaeal families are evident. Of particular interest is the
detection o f Candidatus Nitrosocaldaceae and Candidatus Methanomethylophilaceae
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Figure 3-10: Relative abundance, as indicated by the percentage of reads, for Archaeal genera. A total of 118 different genera were detect
Of particular interest is the detection

represented by a different colour. Visually, differences between the samples based on Archaeal genera are evident.
of Candjdatus Halobonum , Candidatus Korarchaeum , Candidatus Mancarchaeum , Candidatus Methanomethylophilus

ed and are each

, Candidatus Methanoplasma ,

Candidatus Micrarchaeum , Candidatus Nitrosocaldus , Candidatus Nitrosocosmicus , Candidatus Nitrosomarinus , Candidatus Nitrosopelagicus ,
Candidatus Nitrosotenuis and Candidatus Prometheoarchaeum
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The Bacterial portion represented the highest relative abundance for each of the samples, as was expected.
In particular, the phylum Proteobacteria was highly represented and was followed by Bacteriodetes
(Figure 3-11). The samples further included 4 Candidatus phyla, i.e. Candidatus Bipolaricaulota,
Candidatus Cloacimonetes, Candidatus Omnitrophica and Candidatus Saccharibacteria. Numerous Bacterial
classes (n=74) and orders (n=168) were detected across the samples (Figure 3-12 and Figure 3-13). Bacterial
classes included Candidatus Babeliae, Candidatus Brocadiae and Candidatus Saccharimonia and the orders
included Candidatus Babeliales, Candidatus Brocadiales, Candidatus Nanopelagicales and
Candidatus Nanosynbacterales. Due to the high diversity per sample, the top 10 bacterial families and genera,
based on relative abundance, per sample were inspected and are presented in Figure 3-14 and Figure 3-15.
The top 10 genera per sample resulted in a combined set of 23 genera across all 20 samples. These are
further described in Table 3-5. Per sample taxonomic classification is further available in the Supplementary
Material.

Of interest was the high relative abundance of genera generally associated with disease or pathogenicity.
These included the genera Aeromonas, Arcobacter, Coxiella, Klebsiella, Listeria, Moraxella, and
Pseudomonas to name a few. The ability to detect a multitude of possible bacterial pathogens from a single
sequencing event illustrates the power of metagenomic and in particular RNA metagenomic sequencing of
wastewater samples for surveillance. This methods negates the individual isolation and cultivation events
needed to cover a broad range of bacterial pathogens and provides a holistic overview of a sample.
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Figure 3-11: Relative abundance, as indicated by the percentage of reads, for Bacterial phyla. A total

of 37 phyla were detected with 4 of these classified as

phylum.
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Figure 3-12: Relative abundance, as indicated by the percentage of reads, for Bacterial classes. A
total of 74 classes were detected with 3 of these classified as Candlidatus. Each colour is

representative of a class. Differences in bacterial composition across samples are clear.
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Figure 3-13: Relative abundance, as indicated by the percentage of reads, for Bacterial orders. A total
of 74 orders were detected with 4 of these classified as Candidatus. Each colour is representative of
an order. Differences in bacterial composition across samples a re clear.
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Figure 3-14: Relative abundance, as indicated by the percentage of reads, for the top 10 Bacterial
families. Each colour is representative of  atop 10 family. The high levels of diversity with re  gards to

the Bacterial families are clearly evident.
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Figure 3-15: Relative abundance, as indicated by the percentage of reads, for the top 10 Bacterial
genera. Each colour is representative of  atop 10 genus. The high levels of diversity with regards to
the Bacterial genera are clearly evident.

Table 3-5: Combined set of top 10 Bacterial genera per sample detected across all the samples.
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Phylum Class Order Family Genus
Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Acidovorax
Proteobacteria Gammaproteobacteria | Pseudomonadales Moraxellaceae Acinetobacter
Proteobacteria Gammaproteobacteria Aeromonadales Aeromonadaceae Aeromonas
Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae Alistipes
Proteobacteria Betaproteobacteria Neisseriales Neisseriaceae Aquaspirillum
Proteobacteria Epsilonproteobacteria | Campylobacterales | Campylobacteraceae Arcobacter
Bacteroidetes Flavobacteriia Flavobacteriales Weeksellaceae Chryseobacterium
Bacteroidetes Flavobacteriia Flavobacteriales Weeksellaceae Cloacibacterium
Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Comamonas
Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Coxiella
Proteobacteria Betaproteobacteria Rhodocyclales Azonexaceae Dechloromonas
Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Delftia
Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Flavobacterium
Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Klebsiella

Firmicutes Bacilli Bacillales Listeriaceae Listeria
Proteobacteria Gammaproteobacteria | Pseudomonadales Moraxellaceae Moraxella
Bacteroidetes Sphingobacteriia Sphingobacteriales | Sphingobacteriaceae Mucilaginibacter
Proteobacteria Betaproteobacteria Neisseriales Neisseriaceae Neisseria
Proteobacteria Alphaproteobacteria Rhodospirillales Rhodospirillaceae Pararhodospirillum
Proteobacteria Gammaproteobacteria | Pseudomonadales Pseudomonadaceae Pseudomonas
Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Thalassobius
Proteobacteria Betaproteobacteria Rhodocyclales Zoogloeaceae Thauera
Proteobacteria Gammaproteobacteria Aeromonadales Aeromonadaceae Tolumonas

The International Committee on Taxonomy of Viruses (ICTV) classification system was used for Viruses. Viral
classification for Realm, Kingdom and Phylum was inspected and high levels of viral diversity for the different
taxonomic ranks detected (Figure 3-16, Figure 3-17 and Figure 3-18). A total of 11 realms, 38 kingdoms and
53 phyla were detectedandi ncl udi ng v ar i dmesmosi abundanta/sasclagsesavdre found to
be Caudoviricetes and Allassoviricetes with the Viral orders being Caudovirales and Levivirales. Per sample
Viral taxonomic classification is further available from the Supplementary Material.

The high resolution offered by metagenomics and in particularly RNA metagenomics in viral identification is
clearly illustrated here. It is generally very difficult to isolate viruses from a sample and in particularly from
samples with high viral diversity. By using metagenomics approaches a large portion of the virome is accurately
identified without the need for per virus tests. This is critical in monitoring human health and possible outbreaks
of infection. Early detection of viral infection as presented in wastewater will greatly aid relevant parties and
allow for the rapid intervention.

Viruses are not only important in human health but have recently been proposed as a human-specific microbial
source tracking (MST) marker. This form of marker detection is used to identify specific sources of faecal
contamination and has the ability to differentiate between human, animal and bird origin. Metagenomic
sequencing may therefore have an alternative application in wastewater samples and possibly enable the
detection of sources of contamination.

As illustrated here and in other sections, metagenomic sequencing affords a wealth of information in a single
data generation event. The data generated is then available to be scrutinised for various questions of interest
and research endeavours.
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3.3.4 AMR profile of samples based on unassembled  sequencing data

The AMR profile of each sample was determined by aligning the quality filtered, decontaminated reads against
CARD and filtering for results with at least 80% coverage of the reference AMR sequence. Based on the
filtering criteria, 3 samples (BSW2_1A, RTW1_1A and RTW2_1A) were found to be void of any AMRSs.

A total of 103 unique Antibiotic Resistance Ontology (AROs) were detected across 17 samples and are
displayed in Figure 3-19. The number of unique and shared AROs per sample are presented in Figure 3-20.
In general, the Rietgat (RTW) samples displayed higher levels of ARO frequency. Sample RTW8_1A contains
27 unique AROs and sample RTW11 1A 5 unique AROs. These samples further share 12 AROs not found in
any of the other samples.

The AROs were further classified into AMR Gene Families and Drug Classes. There was a total of 39 AMR
Gene Families (Figure 3-21 and Figure 3-22) and 39 AMR Drug Classes (Figure 3-23 and Figure 3-24)
detected across 17 samples. Certain RTW samples, RTW8_1A and RTW11_1A, dominated the AMR Gene
Family and Drug Class frequencies. RTW8_1A further had various unigue AMR Gene Families and Drug
Classes not found in the other samples and together RTW11_1A shared various AMR Gene Families and
Drug Classes not found in any of the other samples. Each ARO further has an AMR Resistance Mechanism
associated with it. In total, 7 AMR Resistance Mechanisms were found across the 17 samples (Figure 3-25
and Figure 3-26). The AMR Resistance Mechanisms were also variable across the samples and further
emphasizes the high AMR diversity contained within the wastewater samples. The added benefit and ability
of metagenomic sequencing to detect AMR potential within samples, in addition to the taxonomic classification,
is clearly highlighted by the figures and information presented below.
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Figure 3-23: Distribution of AMR Drug Classes across each sample. The colour and size of each circle represent the frequency of the partic ular AMR

Drug Classes which is indicated o n the y-axis. The samples are on the x-axis.
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Figure 3-25: Distribution of AMR Resistance Mechanisms across each sample. The ¢ olour s represent

a particular AMR Resistance Mechanisms and the frequency of the AMR Resistance Mechanisms is
indicated on the y-axis. The samples are on the x-axis.

o

BSW1_1A
BSWE_1A
DW10_1A
[VERTY
DWIS_1A

DWB_1A
OW7_1A
DWE_1A
WI0_1A

RTW11_1A

RTW1Z_1A

RTW13_1A

RTW14_1A

RTW15_1A
RTWBE_1A
RTWT_1A
RTWE 1A

32



Intersection Size

o 1A
5_1A

BSW
"

ows,

"

Figure 3-26: Unique and shared AMR Resistance Mechanisms across each sample. The bars on the
left indicate the number of AMR Resistance Mechanisms per sample. The grid in the middle indicates
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size of the shared set.

3.3.5 Taxonomic profile of samples based on  de novo assembled transcripts

Quality filtered, decontaminated reads were de novo assembled and filtered for long reliable transcripts with
high expression. A total of 715,307 reliable transcripts were identified across all 20 samples (Figure 3-27).
These transcripts were analysed for taxonomic and AMR profiles using a similar approach as above. Some
discrepancies may exist between the approaches and this can be attributed to various factors such as
database used, format of the query, i.e. paired-end read or transcript, and software application used.
Furthermore, the de novo assembled transcripts were subjected to another round of filtering and quality control.
That being said, there is a large overlap between the results of the methodologies and the trends found within
the results. The de novo assembled transcripts represent the actively expressed portions of genomes as found
within the wastewater samples. Relatively high numbers of transcripts were again found among the Rietgat
(RTW) samples. This may be due to various factors and should be investigated further. One speculation may
be that there is an increase or higher levels of activity within the RTW samples.

The data available allowed us to investigate possible reasons for the variation in transcript numbers. One
possible explanation for this may be the amount of data generated per samples. Testing of Spearman
correlation between the number of paired-end reads and number of transcripts indicate a significant negative
correlation (p-value = 0.0114) (Figure 3-28 a)). This result indicates that the amount of sequencing data
produced was not an influencing factor with regards to the variability in number of transcripts for each sample.
The 7-Day average COVID-19 cases was thereafter used to test the variation in number of transcripts. There
was a positive correlation, albeit not significant, between the number of transcripts and the 7-Day average
COVID-19 cases (Figure 3-28 b)). This may indicate an increase in the activity found within a sample due to
the presence of SARS-CoV-2. This is purely speculative and will be investigated further.
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Transcripts were aligned against the NCBI nt database. This nucleotide database is a collection of sequences
from several sources, including GenBank, RefSeq, TPA and PDB. The genome, gene and transcript sequence
data provided within are a foundation for research and discovery. After filtering, 390,615 alignment hits against
the NCBI nt database were found. This was divided into 385,953 Bacterial, 1,601 Archaeal and 3,061 Viral hits
of origin. The Archaeal classifications most frequently detected across all samples are described in Table 3-6.
A total of 125 different Archaeal classifications were found. The Archaeal portion of transcripts indicated
relatively high levels in some of the Rietgat (RTW) samples (Figure 3-29).

Table 3-6: Most frequently detected Archaeal classifications across all samples

Classification Frequency
Methanobrevibacter smithii 268
uncultured archaeon 233
Methanospirillum hungatei 118
Methanospirillum sp. J.3.6.1-F.2.7.3 86
Methanospirillum hungatei JF-1 70
Methanothrix soehngenii GP6 60
Methanobrevibacter smithii ATCC 35061 49
Methanobacterium formicicum 44
Methanoregula formicica 44
Methanoregula boonei 31
Methanomassilicoccaceae archaeon DOK 29
Methanothrix soehngenii 27
uncultured euryarchaeote 25
Methanobrevibacter arboriphilus 22
Methanomassiliicoccales archaeon 20
Methanoregula formicica SMSP 20
Methanobacterium sp. BAmetb5 19
Methanoregula boonei 6A8 18
Methanosphaera stadtmanae 18
Methanomethylovorans hollandica DSM 15978 17
Candidatus Diapherotrites archaeon 16
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A total of 7,355 different Bacterial classifications were detected and the most frequently detected across all
samples are described in Table 3-7. Samples from Rietgat again displayed a high frequency of detected
Bacterial classifications (Figure 3-30). The bacterialcl assi fi cati ons
as they
Further investigation and phylogenetic analysis will be required to adequately classify these transcripts.
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Table 3-7: Most frequently detected Bacterial classifications across all samples

uded

mor e t

not

Classification Frequency
Aliarcobacter cryaerophilus 17,854
Cloacibacterium caeni 16,051
Acidovorax sp. 1608163 12,620
Aeromonas caviae 12,424
Cloacibacterium normanense 10,268
Moraxella osloensis 8,561
Thauera sp. MZ1T 6,237
Tolumonas auensis DSM 9187 6,073
Acinetobacter johnsonii 5,551
Aliarcobacter cryaerophilus D2610 4,706
Prevotella copri 4,520
Acidovorax sp. HDW3 4,200
Acidovorax sp. KKS102 4,103
Aquaspirillum sp. LM1 3,960
Acinetobacter baumannii 3,853
Alicycliphilus denitrificans 3,769
Acinetobacter towneri 3,524
Dechloromonas sp. 3,393
Pseudomonas alcaligenes 3,121
Acinetobacter sp. NEB 394 3,102
Sphaerotilus natans subsp. sulfidivorans 3,009
Acidovorax carolinensis 2,759
Klebsiella pneumoniae 2,313
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Figure 3-30: Number of Bacterial classifications per sample.
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The highest occurring Viral classifications are described in Table 3-8 and the viral portion included 180 different
classifications are shown in Figure 3-31. The viral abundance was heavy and included diverse annotations.

One of these was a CrAss-like virus sp. These have been only recently been identified and are dominant

viruses in the human gut virome. CrAssphages have been proposed as a human-specific MST marker and the
application is currently underhutbefecalvo p msmt clMsmerf o et
present and demonstrates the long road ahead to fully characterize the human gut microbiome and virome.

Table 3-8: Most frequently detected Viral classifications across all samples

Classification Frequency
Siphoviridae sp. 774
Myoviridae sp. 452
uncultured human fecal virus 318
Bacteriophage sp. 120
Podoviridae sp. 116
ssRNA phage SRR7976325_7 112
ssRNA phage SRR5466369 1 100
Escherichia virus Qbeta 56
Pepper mild mottle virus 56
Tobacco mosaic virus 53
ssRNA phage SRR6960507_10 51
ssRNA phage SRR5466365_2 44
SSRNA phage SRR5466727_4 41
Tobacco mild green mosaic virus 36
Escherichia virus BZ13 35
Leviviridae sp. 30
ssRNA phage SRR6960799 15 29
Tomato mosaic virus 25
Herelleviridae sp. 23
CrAss-like virus sp. 20
sSRNA phage SRR7976326_4 20
Microviridae sp. ctOX110 18
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3.3.6 AMR profile of samples based on de novo assembled transcripts

The AMR profile of each sample was determined by aligning the quality filtered transcripts against CARD and
filtering for results with at least 80% identity over at least 80% of the reference AMR sequence. Based on the
filtering criteria, 7 samples were found to be void of any AMRs. The reason for the discrepancy with the
previous AMR results where the reads were aligned may be due to the added filtering and de novo assembly
of transcripts. A total of 52 unique Antibiotic Resistance Ontology (AROs) were detected across 13 samples
and are displayed in Figure 3-32.
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Figure 3-32: Distribution of AROs across each sample. Each colour is represent ative of an ARO. The
samples all displayed different ARO diversity and quantity. In general, the Rietgat (RTW) samples
displayed higher levels of ARO frequency.

The number of unique and shared AROs per sample are presented in Figure 3-33. The high levels of AROs in
the Rietgat samples are again evident. Sample RTW8_1A contains 19 unique AROs and sample RTW11_ 1A
3 unique AROs. The AROs were further classified into AMR Gene Families and Drug Classes. There was a
total of 26 AMR Gene Families (Figure 3-34 and Figure 3-35) and 22 AMR Drug Classes (Figure 3-36 and
Figure 3-37) detected across 13 samples. Each ARO further has an AMR Resistance Mechanism associated
with it. In total, 5 AMR Resistance Mechanisms were found across the 13 samples (Figure 3-38 and Figure 3-
39). The results presented below corroborate the methodology used earlier and again indicates a high
occurrence of AMR potential in RTW samples relative to the other sampling locations.
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Figure 3-37: Unique and shared AMR Drug Classes across each sample. The bars on the left indicate the number of AMR Drug Classes per sampl
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