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Thesis Summary

In the UK, 70% of solid waste from wastewater treatment processes is recycled to land
as agricultural fertiliser. As wastewater treatment works collect viruses shed in faeces
and urine of the population in their catchment areas, these biosolids could potentially
contaminate agricultural land with various human, plant and animal pathogens. Biosolids
also represent a valuable source of nutrients for sustainable food production, however the
impact of their use on the soil virus community, and the ability of biosolids-associated
viruses to persist, has yet to be explored at a community scale.

The aims of this thesis were to assess the impact of biosolids amendment on the soil virus
community, assess the persistence of biosolids-associated viruses over different timescales,
and to develop techniques that expand the characterisation of terrestrial virus communi-
ties. This thesis reviews our current knowledge of terrestrial viral ecology, the techniques
used to investigate viruses in the environment and the production and use of wastew-
ater derived biosolids (Chapter 1), before examining the long-term impact of biosolids
amendment on the soil virus community over 25 years and comparing this with soils
that had historically been amended with biosolids 19 years previously (Chapter 2). The
study found no difference in overall virus community diversity, and a 100-fold reduction
in the relative abundance of biosolids-associated viruses between long-term and histori-
cally amended soils. To build on this understanding, the impact of a single amendment of
biosolids on the soil viral community was assessed under controlled conditions (Chapter
3). This revealed that at the point of amendment, biosolids import substantial quantities
of viruses into the soil virus community, causing a reduction in overall diversity but after
one year, biosolids-associated viruses had reduced eight-fold in their relative abundance.

Neither experiment detected any human pathogens. However, many pathogenic viruses
are RNA based, and no studies of soil RNA viruses existed at the start of this research.
To fill this knowledge gap, a feasibility study on the application of viromics to studying
soil RNA viruses was carried out on an altitudinal productivity gradient of grassland soils
(Chapter 4). This study identified 3,462 novel soil RNA viruses and demonstrated that
RNA virus communities contain viruses of a wide range of host organisms, whereas soil
DNA viral ecology studies are often dominated by viruses of bacteria.

The emergence of SARS-CoV-2 and subsequent COVID-19 pandemic highlighted the im-
pact that viruses continue to have on public health. To meet this emerging threat, a study
was conducted on the use of wastewater based epidemiology to monitor the prevalence
and diversity of SARS-CoV-2 within wastewater treatment plant catchments (Chapter
5). Quantities of SARS-CoV-2 RNA in influent wastewater correlated with local clinical
cases and deaths from COVID-19, and the genetic diversity of SARS-CoV-2 in wastewa-
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ter mirrors that observed in clinical testing. This work also formed the basis for national
surveillance programmes within the UK.

This body of work clearly demonstrates how viral ecology can develop our understanding
of the diversity of soil ecosystems and the potential roles that viruses can play in their func-
tion via their influence on host organisms. It has also demonstrated how viral ecology can
be used to assess the impact of land-management on soil virus communities, and monitor
the spread of viral pathogens. Future work will continue to build on this understanding
by examining how active virus infections integrate into microbial and macrobiological
soil community dynamics, and expand our knowledge of non-DNA bacteriophage viruses
in these environments. Finally, the knowledge gained will also aid in improving global
soil health, food security and reducing the burden on society of COVID-19 and future
pandemic diseases.
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Policy

The results from this thesis have been communicated with industrial sponsor Welsh Water,
and will contribute to their future planning and management of biosolids production and
usage. The project described in Chapter 5 led to the development of both the Welsh and
English national SARS-CoV-2 wastewater monitoring programmes that continue to inform
the response of the UK and Welsh governments to the Covid-19 pandemic. As part of my
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Introduction

1.1. Foreword

Wastewater harbours a range of enteric human pathogenic viruses such as norovirus, hu-
man adenovirus and sapovirus that can persist through the wastewater treatment process
(Adriaenssens et al., 2021; Bibby and Peccia, 2013; Farkas et al., 2018a, 2018b; Hewitt et
al., 2011; Meschke and Sobsey, 1998). This creates both a source of information on viral
outbreaks at a community scale, and a concern that pathogenic viruses could be spread
through the environment via discharge of raw sewage and through ineffective treatment
of liquid and solid effluents from municipal wastewater treatment plants (WWTPs). The
UK produces 1.8 million tonnes of wastewater sludge, or biosolids, each year with 70% be-
ing applied to agricultural land (Kelessidis and Stasinakis, 2012). Microbiological safety
monitoring of these sludges is limited in the UK to the enumeration of faecal bacteria
such as Escherichia coli and Salmonella spp. (Assured Biosolids Limited, 2020) and con-
sequently, no routine evaluation of the efficacy of sewage treatment on the removal of
viruses currently exists. In addition to the transfer of human pathogenic viruses to soil,
application of biosolids to agricultural land also has the capacity to affect the intrinsic soil
virus community. Soils are fundamental to terrestrial ecosystems, providing a complex
environment that supports both green and brown food webs. In addition, good soil health
is essential to safeguarding food security and other ecosystem services in an increasingly

overpopulated world.

This thesis aims to assess the persistence of biosolids-associated viruses and the viral
risk to human and soil health from the use of biosolids as an agricultural fertiliser. The
introductory chapter first examines the range of viral diversity, their broad phylogeny,

origins and evolution, before considering the current state of our knowledge of terrestrial
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viral ecology. It is followed by an examination of the workflow used for molecular viral
ecology, and how the methods used are affected by the scientific questions being examined.
Our understanding of viruses within the wastewater treatment process is then considered,
alongside the impact of the COVID-19 pandemic on the research field. Finally, the future

challenges of this area of research are outlined with the aims and objectives of the thesis.
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1.2. Viruses and the virosphere

1.2.1. Viral classification and taxonomy

Viruses are the most numerate and diverse biological entities on Earth, and exert sig-
nificant influence on global biogeochemical processes (Breitbart et al., 2004; Emerson et
al., 2018). This scale of diversity has a substantial impact on how viral ecology is stud-
ied, and so to fully appreciate the significance and complexity of viruses and subviral
agents, we must first address the question “what is a virus?”. Life can be divided into
two separate “empires” of reproducers (cellular life) and replicators (viruses and other
mobile genetic elements, or MGEs) (Koonin, 2010). True viruses have traditionally been
defined as nucleic acid genomes surrounded by protective protein coats, or capsids, that
replicate, rather than reproduce, by infecting a host cell and hijacking its metabolism
to manufacture additional virus particles, or virions. However, as our understanding of
the diversity of viruses and other MGEs has developed, it has been necessary to adjust
that definition (Koonin et al., 2021). This increased knowledge is reflected in the most
recent International Committee on Taxonomy of Viruses (ICTV) working definition of

what viruses are, and how they relate to other MGEs:

“Viruses sensu stricto are defined operationally by the ICTV as a type of
MGE that encode at least one protein that is a major component of the virion
encasing the nucleic acid of the respective MGE and therefore the gene en-
coding the major virion protein itself; or MGEs that are clearly demonstrable
to be members of a line of evolutionary descent of such major virion protein-
encoding entities. Any monophyletic group of MGEs that originates from a
virion protein-encoding ancestor should be classified as a group of viruses.”

(Kuhn et al., 2020)

Along with the definition of what a virus is, the concept of the virosphere, the total
range of possible forms that viruses may take, lying within a broader replicator space has
emerged and can be further subdivided into the orthovirosphere, containing true viruses,

and perivirosphere, containing virus-like replicators:

o “‘orthovirosphere’: the part of the virosphere represented by MGESs con-

sidered to be “viruses” per the new operational definition;
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o ‘perivirosphere’: the part of the virosphere represented by MGEs that
functionally resemble viruses but do not fulfill the operational definition
of viruses (e.g., satellite nucleic acids, viroids, prokaryotic gene trans-
fer agents (GTAs), and MGEs currently classified in taxon Polydnaviri-
dae).”(Kuhn et al., 2020)

The viruses found within the orthovirosphere can be further subdivided, and this was
traditionally done according to the Baltimore classification system, based on genome
structure (Baltimore, 1971, see Fig. 1.1). Viral genomes can be formed from DNA or
RNA, and comprise single stranded (ss) or double stranded (ds) molecules. In ssRNA
viruses, the direction of sense can be used to divide further. Positive sense (+) nucleic
acids have sequences that match the mRNA precursors of viral proteins. Negative sense
(-) nucleic acids must first undergo an RNA dependent transcription step before protein
translation. Double stranded genomes are often ambisense (+/-) and carry both positive
and negative sense elements. Reverse-transcribing viruses (Baltimore Class VI and VII)
encode reverse transcriptase genes which synthesise copies of genomic DNA using an
RNA intermediate (Krupovic et al., 2022). Class VI viruses possess ssRNA genomes that
are reverse-transcribed to DNA and often integrate into host genomes as part of their
replication cycle. Class VII form dsDNA genomes, but replicate via an RNA intermediate

(Nassal and Schaller, 1993).

Although the Baltimore classification creates morphological distinctions between the dif-
ferent classes of viruses within the orthovirosphere, the recent explosion in high through-
put sequencing data and resultant increased knowledge of macro-scale viral phylogeny has
revealed extensive viral diversity that does not neatly map onto the seven class system
(Koonin et al., 2020). A new viral megataxonomy has subsequently been adopted (see
Fig. 1.2), that divides the orthovirosphere into six realms based on both genomic material

and the phylogeny of their major capsid protein (MCP) or other viral hallmark gene:

e Riboviria - The vast majority of RNA viruses, e.g. SARS-CoV-2 (Phan, 2020), and
retroviruses, e.g. HIV (Rambaut et al., 2001). This group also includes some MGEs
that have evolved from RNA viruses but lost the structural genes from their genomes,

e.g. Narnaviridae (Hillman and Cai, 2013).
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Figure 1.1.: The Baltimore classification system of viruses, based on the nucleic acids that
form the viral genome, with examples of each class. Note that many class IV
viruses are also capable of directly translating their +ssRNA genomes into
protein.

o Ribozyviria - Negative sense, circular single stranded RNA (-ssRNA) viruses related
to hepatitis delta virus 1. These viruses may have originated from viroids by gaining
their MCP, however they are dependent on co-infection alongside helper virurses for

replication (Koonin et al., 2021).

o Monodnaviria - Predominantly single stranded DNA (ssDNA) viruses encoding a
HUH superfamily endonuclease. These are thought to have evolved multiple times

from bacterial or archaeal plasmids (Krupovic, 2013).

o Duplodnaviria - Double stranded DNA (dsDNA) viruses possessing a HK97-fold
MCP, including the class Caudoviricetes of tailed bacteriophages and herpesviruses

(Koonin et al., 2020).

o Varidnaviria - tailless dsDNA viruses encoding a double jelly roll (DJR) MCP.
They include nucleo-cytoplasmic large DNA viruses (NCLDVs) and the clinically/

economically important animal pathogens adenoviruses and poxviruses (Woo et al.,
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2021).

o Adnaviria - filamentous archaeophages that lack an identifiable replication machin-
ery within their genomes, but contain an a-helical MCP that converts viral DNA

from B-form to the more compact A-form DNA (Krupovic et al., 2021).

In addition to the six realms of the orthovirosphere, there are some notable groups occu-

pying the perivirosphere:

o Viroids - infectious circular non-coding RNAs that rely on host cell machinery or

helper viruses for replication and do not form encapsidated virions (Dickson, 2018).

« Satellite RNAs - non-coding RNAs similar to viroids but are dependent on helper

viruses for encapsidation (Palukaitis, 2016).

o Satellite DNAs - circular ssDNA molecules with similar replication cycles to satellite

RNAs, sometimes non-coding (Adams et al., 2017).

o Viriforms - virus-derived MGEs that have been utilised by their hosts for cellular

functions (ICTV, 2021).

Beyond the virosphere, but still within replicator space, lie other non-viral replicators,
such as plasmids, DNA transposons, and conjugative transposons, otherwise known as
integrative conjugative elements. The boundaries between the orthovirosphere, periviro-
sphere and this wider replicator space remain porous, as some MGEs blur these boundaries
by having features of two different regions, while others may have belonged to one region
in their evolutionary past, but crossed a threshold to another through gain or loss of
function (Koonin et al., 2021). Virus-derived elements continue to exist beyond replicator
space in the form of gene transfer agents (GTAs). These Caudoviricetes derived structures
are encoded within bacterial genomes and facilitate horizontal gene transfer of random
genome fragments, but do not possess mechanisms to ensure the transfer of genes required

for replication (Lang et al., 2012).

All viruses require a host reproducer to facilitate their replication and the distribution of

susceptible hosts is uneven across different viral realms (see Fig. 1.2), with few known
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Figure 1.2.: The virosphere model of viruses and their relationship with other replicators.
Identities of different replicators are in bold, with Baltimore system classes
of virus mapped onto the six virus realms of the orthovirosphere and known
potential hosts indicated by symbols. Figure adapted from Krupovic et al.
(2021)

bacterial, and no archaeal Riboviria (Koonin et al., 2020). There are several possible
explanations for this that are not mutually exclusive, and each could apply to different
viral realms. RNA viruses have been demonstrated to be major components of ocean
viral communities but are significantly understudied, compared to their DNA counter-
parts (Steward et al., 2013). With the exception of Adnaviria, animal and plant hosts
have known viruses from each realm which may more of a reflection of viruses’ significant
importance to public health and food security. In contrast, fungal viruses are almost
exclusively from the Riboviria realm, with some Geminiviridae ssDNA viruses from the
Monodnaviria, and often share evolutionary lineages with plant viruses at lower taxonomic
levels (Roossinck, 2019). These observed high-level taxonomic differences in virus-host

relationships may be a function of evolutionary change/ biological susceptibility of differ-
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ent hosts, or may be due to biases in global research focus. As some realms share more
distantly related hosts than others, it is also possible that some viral realms originating
after divergence from a common host ancestor and loss of extensive lineages of viruses has

also contributed to the observable imbalance in host distribution.

1.2.2. Viral structural diversity

As well as genetic diversity, viruses show substantial morphological diversity (see Fig. 1.3).
As discussed above, most true viruses are capable of producing extracellular particles,
called virions, which share a common core structure of a nucleic acid genome surrounded
by a protein capsid. The capsid is formed by multiple repeats of viral structural proteins
called protomers. The repeating unit, which can comprise more than one protomer, is
referred to as a capsomere. These protein coats serve to protect the nucleic acids inside
and to mediate infection of host cells. Virion capsid diameters range in size from the 17
nm porcine circovirus to the aptly named 440 nm Megavirus chilensis (Allan and Ellis,
2000; Arslan et al., 2011). The nucleocytoplasmic large DNA viruses (NCLDVs) also rival
cellular life in their complexity. Whilst they are superficially similar to icosahedral viruses,
they have a modified vertex or ‘stargate’ through which their large genomes are able to
pass into host cells (Kuznetsov et al., 2010). As an example of genomic complexity, the
NCLDV Mimivirus genome contains numerous accessory genes involved in DNA repair,
metabolic pathways and protein translation, including four tRNA synthetases previously

only found in cellular genomes (Raoult et al., 2004).

Viral nucleocapsid structure can be divided into two categories: polyhedral and helical
(see Fig. 1.3a). Helical viruses such as tobacco mosaic virus show a helically repeating
pattern of structural proteins surrounding the core genome whereas polyhedral viruses
are sphere-like shapes. Both helical and polyhedral capsids can be surrounded by a lipid
envelope formed from host cell or organelle membranes. These lipid envelopes are often
embedded with viral glycoproteins that mediate infection of new host cells, e.g. hepatitis
C virus (Lyu et al., 2015). Tailed bacteriophages of the Duplodnaviria realm pictured
in Fig. 1.3c contain polyhedral and helical elements with protein fibres that bind to cell
receptors, triggering the injection of genomic material into the host cell (Ofir and Sorek,

2018). The mechanism of tailed phages have been intensively studied as a model nano-




Chapter 1. Introduction

a
p g

R W -~ E
IR

. Enveloped Enveloped
POI‘;h;d = eH;I'I\‘:137|3 polyhedral helical
L 7 e.g. Hepatitis B eg.
adenoviruses bacteriophage virus SARS-CoV-2
b c
7R { Circular .
Podoviridae Myoviridae @Siphoviridae genome SlSaechos
d e
RNA 1 -1 kb
RNA2-1.4kb
Segmented Complex, . .
genome, e.g. dense genome Multi-partite genome - genes
Nodaviridae composition distributed between multiple virions

Figure 1.3.: Structural diversity of viruses. Viral particles, or virions can be (a) polyhedral
or helical, with or without a lipid envelope. (b) More complex structures exist
within the Caudoviricetes class. As well as physical structural variation, there
is substantial variation in viruses’ genomic structure (c, d, e)
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machine with potential applications in drug delivery (Lam and Steinmetz, 2018).

In addition to morphological diversity, viruses also display extensive diversity in the struc-
tures of their genomes beyond that seen in the Baltimore classification scheme. Viruses
can posess circular or linear genomes (Fig. 1.3c) and these can be found in one or more
segment (Fig. 1.3d). In addition to segmentation, multipartite viruses can package their
genomes across multiple virion particles which require simultaneous infection, sometimes
in different host tissues, to enable viral replication (Fig. 1.3e) (Lucia-Sanz and Manrubia,

2017).

1.2.3. Virus replication strategies

The dependency of viruses on cellular organisms for replication typically necessitates an
intracellular and extracellular phase of a virus’s replication cycle, but there are notable
exceptions: some plant and fungal viruses are obligately intracellular and transmit ver-
tically through transovarial passage or hyphal fusion (Hillman and Cai, 2013; Jia et al.,
2018). While in the intracellular phase, the viral nucleic acids become detached from the
viral coat proteins and, in the case of viruses with a DNA phase of their replication cycle,

can become integrated into the host genome.

Table 1.1.: Viral lifecycle strategies (reviewed in Howard-Varona et al, (2017)

Lifecycle

strategy Description

Lysis Continuous production of virions resulting in cell lysis.
Lysogeny Stable infection with suppression of virion production. The viral

genome is equally distributed during host cell division and often, but
not always, integrated into the host cell genome.
Pseudolysogeny ~ An unstable infection where the viral genome is maintained in the
host cell but neither virion production or genome replication occurs.
Viral genomes are divided asymmetrically during cell division.
Chronic infection Continuous low-level production, sometimes with release of virions

without triggering cell lysis.

10
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A viral infection can have four outcomes: lysogenic dormancy, unstable pseudolysogeny,
cell lysis or chronic virion release, which are summarised in Table 1.1 (Howard-Varona et
al., 2017). Temperate viruses will become lysogenic by synchronising the replication of
their genome with that of the host cell and surpressing the production of intact virion
particles, becoming dormant in the process. Some viruses additionally possess integrase
genes have the ability to integrate their genomes into the host genome, forming a provirus.
The switch between lysogenic and lytic replication pathways is highly regulated and can
respond to external stimuli (Dou et al., 2018). The detection of temperate phages capably

of lysogeny can be performed in three ways:

e Detection of proviruses in metagenomic datasets - there are several specialised
tools for identifying the boundaries between host and viral sequences within a host
genome, e.g. Prophage Hunter (Song et al., 2019).

o Identification of viral hallmark genes required for lysogeny within viral genomes,
such as integrase genes, e.g. with CheckV or VIBRANT (Kieft et al., 2020; Nayfach
et al., 2020).

o Treating samples with chemicals or UV light to induce virion production (Raya and

H’bert, 2009).

In addition to lysis or lysogeny, some viruses are capable of chronic infections affecting only
a portion of the total host population, e.g. $CrAss001 (Shkoporov et al., 2018). Chronic
infections can also occur without triggering host cell lysis where new virion particles bud

off from host cell membranes (Welsch et al., 2007).

1.2.4. Viral ecology of terrestrial ecosystems

The global virosphere of 103! viruses represents the greatest reservoir of genetic diversity
on the planet (Breitbart and Rohwer, 2005). For example, marine sediments contain on
average 10 viral genotypes per kg (Breitbart et al., 2004). Whilst the majority of these
are thought to infect bacteria, viruses infect most known unicellular and multicellular
organisms. The occurrence of the same viral species in diverse biomes suggest that some
viruses are capable of moving between different habitats (Breitbart and Rohwer, 2005). A

comparison of Arctic and Antarctic viral communities showed broad overlap between polar

11
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freshwater environments that were distinct from marine viromes, suggesting viral exchange
between the two poles (Aguirre de Carcer et al., 2015). Clustering viral metagenome
datasets often groups samples taken from similar environments together (Han et al., 2017)
and an extensive analysis of oceanic DNA viromes revealed the division of the global ocean
viral community into five distinct ecological zones (Gregory et al., 2019). However, whilst
the role of viruses in marine environments has been studied in detail, viruses in terrestrial

ecosystems are less well understood (Williamson et al., 2017).

Fig. 1.4 describes how a terrestrial virus community is influenced by different factors,
either directly by impacting the viral community itself, or indirectly by affecting the
host community. In this model, there is no distinction made between microbial hosts
and macrobiological hosts, e.g. insects, plants, etc, as the principles remain the same for
both cases. A distinction can, and should, be made when examining organism-associated
viral communities, e.g. gut viromes, as these harbour both viruses of the macro-organism
providing the habitat, and viruses of its microbiome. Viromics studies and those using
counts of Virus-Like-Particles (VLPs) indicate that pH, temperature and soil moisture
content are key determinants of viral and microbial community structure and abundance
(Adriaenssens et al., 2017; Bi et al., 2021; Wu et al., 2021). Seasonal fluctuations can also
influence viral community dynamics with virus-like-particle abundance increasing between
February to September in US prairie and cropland soils (Cornell et al., 2021). This study
also utilised structural equation modelling to demonstrate the effects of management and
environmental factors with both viral and bacterial abundances. In addition to crop
cover and tillage, organic manure has been shown to increase both VLP abundance and
a-diversity in amended soils (Chen et al., 2014; Chen et al., 2021) but it is unclear whether
this effect is a direct result of the import of viruses within the manure or an indirect effect

of increased microbial host activity.

As well as being influenced by biotic and abiotic environmental factors, viruses are able to
exert an influence on these factors, both directly and through their hosts. A key example
of this is the ‘viral shunt’ that affects nutrient availability in aquatic ecosystems. The
viral shunt creates a short-circuit of marine trophic cascades, allowing nutrients to be
recycled within microbial communities and it is believed that virus mediated cell lysis is

responsible for the daily turnover of 20-75% of marine bacterial life (Fuhrman, 1999; Tsai

12
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Figure 1.4.: A conceptual model of the interactions between a viral community, host com-
munity and other elements of a terrestrial environment. Influences between
the viral community, host community and other biotic/ abiotic factors can
be direct or indirect, and occur in multiple directions. For example, viruses
may confer evolutionary advantages on a host that is capable of growing at
higher temperatures, raising the temperature of an anaerobic digester, and
so impacting the persistence of extracellular virus particles

et al., 2016; Wilhelm and Suttle, 1999). The combined effect of virus mediated cell lysis is
thought to release 0.37 — 0.63 gigatonnes of carbon per year and plays an essential role in
the microbial food web of nutrient poor deep-sea ecosystems (Danovaro et al., 2008). At
present, the existence/ significance of a viral shunt in other ecosystems is unknown. It is
hypothesised that the increased incidence of lysogeny, potentially due reduced connectivity
in terrestrial ecosystems, may reduce this impact in soils (Adriaenssens et al., 2017). As
the effect of the viral shunt is influenced by the availability of alternative nutrient sources,
it is likely to be greater in more nutrient poor soils (Schmidt et al., 2011). The lysogenic
fraction of soil viruses was observed to be higher in subsurface than surface soils (Liang
et al., 2019) and so any terrestrial viral shunt is more likely to be more closely related to
plant nutrient uptake, than to the release of nutrients in nutrient starved conditions at

greater depths, in contrast to the the marine viral shunt.

13



Chapter 1. Introduction

In addition to direct effects on host abundance through cell lysis, viruses can also augment
their hosts’ cellular functions through the presence of auxiliary metabolic genes (AMGs).
These are functional genes found in viral genomes that give the host additional capacity
in, e.g. carbon metabolism, but are not directly required for viral replication. Viral
AMGs have been shown to have the potential to influence carbon, nitrogen, sulphur
and phosphorus metabolism and so their role in global-scale nutrient flow is of significant
interest (Emerson et al., 2018; Monier et al., 2017; Roux et al., 2016a; Zeng and Chisholm,
2012).

One class of AMGs that has received significant interest are antimicrobial resistance genes
(ARGs). ARG diversity has been shown to increase in soils amended with sewage sludge
(Chen et al., 2021) but significant care must be taken when analysing viromics data for
ARGs and AMGs more broadly. Enault et al. (2016) found that low similarity thresholds
can result in the overestimation of ARG content in viral genomes, potentially leading to
the role of virus-mediated horizontal gene transfer in the spread of ARGs being overstated.
Additionally, viruses possess genes involved in their primary replication that may be
misclassified as AMGs if they resemble proteins used in cellular metabolism (Pratama et
al., 2021). For example, bacteriophages may utilise carbohydrate binding proteins and
peptidases for host cell entry (Shaffer et al., 2020). Specialist bioinformatics tools such
as DRAM-v and VIBRANT have been developed for the identification of AMGs however
their outputs may require additional manual curation which makes medium or large scale
analysis of AMG evolution challenging (Kieft et al., 2020; Pratama et al., 2021; Shaffer
et al., 2020).

Identifying the above patterns in viral metagenome data is a significant computational
challenge as a substantial proportion of viromics sequencing data remains taxonomically
and functionally unassigned. Reanalysis of public databases with improved tools for viral
detection often generates new insights on a global scale (Graham et al., 2019; Gregory et
al., 2019; Paez-Espino et al., 2016). The drawback of such analyses and the computational
tools that underpin them is that they often target dsDNA bacteriophages, and so the large-
scale ecological role of viruses of archaea, fungi and unicellular/ multicellular eukaryotes,

and the role of ssDNA and RNA viruses remains underexplored.
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Whilst mining the viral ‘dark matter’ in public databases can detect patterns of viral
diversity on global scales, it can also reveal single groups of previously unknown viruses
that significantly enhance our understanding of the viral world. Cross-Assembly bacte-
riophages, or crAssphages are highly abundant in the human gut virome and were dis-
covered through cross-assembly of multiple human virome datasets (Dutilh et al., 2014).
CrAssphage has subsequently been adapted as a faecal indicator marker for sewage/ hu-
man faecal contamination in a variety of environments (Ahmed et al., 2018; Crank et al.,

2019; Farkas et al., 2019).

1.3. Methods in molecular viral ecology

The impact of the extensive viral diversity discussed above is such that no one technique
can adequately survey the viral community within wastewater-based or terrestrial envi-
ronments. Virion morphology, degree of lysogeny and genome structure can all impact
a virus’s detectability in studies of viral abundance/ community composition. This next
section examines the workflow commonly applied to the study of viral ecology in terres-
trial and wastewater-based environments. Typically, molecular viral ecology employs one

of the following five techniques:

1. Size selection of virus-like-particles (VLPs) and sequencing of concentrated/ purified
samples, otherwise known as viromics

Bulk metagenomic sequencing of environmental samples

Single-cell sequencing of either host cells or VLPs

Large-scale meta-analysis of pre-existing sequencing datasets

AR R

PCR-based quantification of known viruses

In addition to the above techniques, additional enrichment steps such as integrated cell
culture quantitative polymerase chain reaction (ICC-qPCR) assays, capsid integrity assays
and long-read sequencing can be used to further augment the information gained from
sequencing/ qPCR based studies. This continually developing toolkit for detecting enteric
and biosolids-associated viruses in the environment has recently been reviewed by Farkas

et al. (2020b)! and this section expands upon this review to consider sample processing

!Farkas, K., Mannion, F., Hillary, L.S., Malham, S.K. & Walker, D.I. Emerging technologies for the
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and the techniques of viromics and qPCR in greater detail.

1.3.1. Extraction of nucleic acids

The first stage of any environmental virology study is the extraction of viral nucleic
acids from the sample matrix and the optimum protocol will depend on the downstream
analytical techniques to be used. qPCR-based analysis of highly abundant viruses and
bulk metagenomics/ metatranscriptomics of soil/ biosolids often utilise direct extractions
of DNA and/ or RNA. However viromics and qPCR of less abundant viruses, and studies
of aquatic systems often first use additional elution and/or concentration steps prior to

nucleic acid extraction to improve sensitivity (see Fig. 1.5).

Viruses readily adhere to soil and sediment particulates and the degree of adherence
is heavily affected by soil characteristics and viral species (Bitton, 1975; Meschke and
Sobsey, 1998). In order to isolate viral nucleic acids, any VLPs adhering to soil, or
biosolids particulates need to be desorbed. This is achieved by agitating the soil in
a desorption buffer. The purpose of desorption buffers is to stabilise virion structural
integrity during physical disruption and provide a negatively charged competitor ion to
displace VLPs and/or to disrupt the ionic bonds between them and soil particles. Several
buffers are reported in the literature, but the most commonly used is a potassium citrate
(KC) solution buffered by sodium potassium phosphate. This was originally used in a
study by Williamson et al. (2003) who compared the effects of KC, 10% beef extract, 250
mM glycine buffer and 10 mM sodium pyrophosphate, finding that KC buffer eluted the
highest average number of VLPs across two different soil types. This buffer was compared
to saline magnesium (SM), phosphate buffered saline (PBS) and sodium pyrophosphate
(SP) buffers by Narr et al. (2017) where SM buffer gave 10-fold higher VLP counts. Trubl
et al. (2016) compared KC and SP buffers to an amended potassium citrate buffer (KC
buffer with 5 mM EDTA, 150 mM MgSO,) increased VLP yields by 100 fold across three
different three carbon rich soil types when compared to KC and SP.

Following addition of a suitable buffer, the soil suspensions are physically agitated to des-

orb VLPs from soil particles. Again, there are several options available, namely shaking

rapid detection of enteric viruses in the aquatic environment. Curr. Opin. Environ. Sci. Heal. (2020)
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Figure 1.5.: Methods of sample processing in viral ecology (continues on next page...)
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Figure 1.5.: (...) Environmental samples are often pre-treated to inactivate pathogens,
remove solids or desorb VLPs from solid particulates. These can then be
concentrated, further purified, or treated, and then undergo nucleic acid ex-
traction prior to analysis. The choice of which techniques to apply is highly
dependent on the research questions being asked and the downstream analyt-
ical techniques.

(manual or mechanical), sonication, bead-beating or vortexing. The latter three were also
compared by Trubl et al. (2016) who found no significant differences between disruption
methods. As sonicator power settings, bead types, duration, etc of these methods can
vary substantially, it is important to take note of the exact settings used when decid-
ing on an extraction method. It is also important to note that extraction comparison
studies typically consider higher VLP counts as ‘better’, however as Williamson et al.
(2003) highlight, this is not necessarily true. It is widely recognised that not all VLPs, as
detected by EFM or flow cytometry, are actual viruses (Trubl et al., 2020) and so opti-
mising extraction conditions using this measure may not produce the optimum extraction
protocol for analysis by viromics or qPCR. For example, the optimum extraction condi-
tions for VLP counts can differ from those for recovering viable phages and some buffer
conditions produce background fluorescence that prevents VLP enumeration (Williamson
et al., 2003). Mock communities of representative viruses could be used and extraction
efficiencies compared via qPCR or amplicon sequencing, however this would add addi-
tional complexity and cost. This approach may also lead to a method optimised towards
the mock community rather than the whole viral community of the environment to be
examined. Ultimately, the decision on which method to use depends as much on the
study specifics, research questions being asked and availability of equipment as it does on
the results of optimisation comparisons. It is also possible that the relative influence of
desorption buffer and physical disruption method will vary by soil type and the optimum
approach across different soil types can vary (Williamson et al., 2013). The VLP count,
and therefore the extractable viral DNA and community composition, of a specific soil is
a function of the soil type and the extraction efficiency of the chosen method and this

needs to be kept in mind when analysing data from different soil types.

Following agitation, the VLP containing solution is separated from suspended solid par-

ticulates and microbial cells by low speed centrifugation, and filtration of the supernatant.
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This filtration step also has the effect of removing any remaining free micro-organisms
larger than the filter pore size, with the chosen pore size typically being 0.2 or 0.45 pm.
The chosen pore size is a compromise, as the 0.45 um filter will allow more small mi-
croorganisms through, but has the potential to allow more VLPs to be recovered. In
mock communities of saliva viromes, a 0.2 pum filter has been shown to bias virome com-
position against larger viruses, but this study did not assess the impact on the reduction
of microbial contamination and both pore sizes have been used for soil viromics studies

(Parras-Molté et al., 2018).

Once passed through the 0.2 or 0.45 um pore size filter, the VLP solution must then
be concentrated. This is achieved either through chemical flocculation, or using <100
kDa pore size filtration. High molecular weight polyethylene glycol (PEG) is often used
for concentrating VLPs in soil viromics studies and FeCl; has been used in aquatic vi-
romics (John et al., 2011). Other possibilities include skimmed milk powder flocculation
and various charged membrane adsorption-desorption techniques. Hjelmsg et al. (2017)
compared PEG, skimmed milk, monolithic adsorption filtration and glass wool filtration
for extracting viruses from raw sewage. Their findings showed that sewage viromes from
PEG precipitated concentrates gave a significantly higher percentage of viral reads when
compared to glass wool filtration and skimmed milk precipitation but no difference in
Chaol species richness. Small pore size filtration uses pore sizes up to 100 kDa in either
centrifugal or tangential flow filtration (TFF) setups. Several membrane materials are
available and when compared, PES was found to allow more viral particles to permeate
than polyvinylidene fluoride (PVDF) while regenerated cellulose (RCL) demonstrated
higher recovery than PES with aquatic samples (Cai et al., 2015). Viral recovery from
centrifugal concentrators can be increased by pre-treating them with a blocking agent
such as bovine serum albumin (BSA) and by post-concentration sonication of the mem-
branes (Deng et al., 2012), although the efficacy of BSA treatment can vary by sample
type (Trubl et al., 2016).

The concentrated VLP solution can be further purified by density gradient ultracentrifu-
gation using CsCl or iodixanol gradients, or sucrose cushions. These have the advantage
of more effective removal of cellular debris and other contaminants but CsCl gradients in

particular can restrict the diversity of detected viruses as this procedure can compromise
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viral capsid integrity (Kleiner et al., 2015).

Finally, exogenous DNA must be removed by DNase digestion as the VLP concentrate
will also contain unprotected free environmental DNA. This treatment has been shown to
significantly improve the number of viral contigs from agricultural soil viromes, without
altering the ecological patterns when compared to untreated viromes (Sorensen et al.,
2021). The duration and enzyme concentration used should first be optimised to ensure
complete digestion of unprotected DNA as the conditions required can vary by sample
type (Thurber et al., 2009). Whilst these reactions are typically performed at 37°C for 1
hour, some studies have used overnight at 4°C, as soil phages will rarely be exposed to and

may not be adapted to this high a temperature in their natural environment (Emerson et

al., 2018).

1.3.2. Sequencing library preparation, sequencing and data

processing
Amplification of purified DNA can be required for viromics as the amount of DNA recov-
ered from environmental samples is often too low for PCR free library preparation. The
amplification method chosen can introduce substantial bias into the results that the inves-
tigator must be aware of. Linker Amplified Shotgun Libraries (LASL) were used in earlier
metagenomics studies and can require as little as 1 pg of starting material (Duhaime et
al., 2012), but this method has been shown to be biased towards amplification of dsDNA
and so is unreliable at detection of ssDNA viruses. Multiple Displacement Amplification
(MDA) can be used as an alternative but has been shown to be substantially biased to-
wards small circular DNA fragments (Kim and Bae, 2011). This can be advantageous if
the investigator wishes to target ssDNA viruses in particular as the effect is increased if

the initial denaturing step is eliminated.

The bias between ssDNA and dsDNA amplification can be reduced by diluting DNA prior
to MDA (Brinkman et al., 2018), however this would need to be optimised before deep
sequencing. Random Priming Sequence Independent Single Primer Amplification (RP-
SISPA) has been used specifically in soil viromics (Adriaenssens et al., 2017) but shows

bias to more common fragments (Karlsson et al., 2013). Alternatively, ssDNA and ds-

20



Chapter 1. Introduction

DNA can be separated for independent library preparation, either through hydroxyapatite-
based separation (Andrews-Pfannkoch et al., 2010) or by selective purification of ssDNA
and digestion of ssDNA in dsDNA samples (Yoshida et al., 2018). Adaptase-Linker Ampli-
fication (A-LA) has been proposed as a solution to library construction bias, as it has been
shown to be broadly unbiased towards single and double stranded DNA by denaturing
dsDNA prior to the adapter ligation step (Roux et al., 2016b).

Whilst the de facto standard sequencing technology is provided by Illumina, long-read data
is increasingly being used to generate scaffolds onto which short reads can be assembled
in order to generate more contiguous assemblies. This has the advantage of being able
to improve assembly by spanning regions of low complexity and detect viral populations
with greater microdiversity than can be achieved using short read data alone (Warwick-

Dugdale et al., 2019; Zablocki et al., 2021).

1.3.3. Post sequencing quality control and assembly of viromes

Processing of sequencing data can be divided into four steps:

1. Trimming and filtering of raw reads
2. Deduplication of replicates
3. Error correction

4. Assembly

Firstly, raw sequencing reads are trimmed to adapter sequences and poor quality bases
found towards the end of reads (Jo et al., 2020). This is typically performed using known
sequences of adapters and a sliding quality window using quality scores provided for each
base within an fastq file. Additionally, reads that are below a certain length threshold,
have a low mean quality score, or contain unresolved bases, i.e. Ns, can also be removed.
This process will inevitably generate orphan reads from paired read data where the forward

or reverse read is rejected, but the paired read is retained.

The library preparation process will generate duplicated reads during PCR amplification
and so identical reads should be removed as this can artificially inflate abundances (Solo-

nenko et al., 2013). Depending on the study system, it is sometimes advisable to filter
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out host reads or those from known contaminants. This can be done by mapping reads
to the genomes of known contaminants, or by including a negative control in the sample
processing design. In environmental samples, it is possible to introduce bias by removing
reads from temperate bacteriophages that may be present in bacterial genomes in refer-
ence databases. As sequencing introduces known errors, error correction can also improve
the recovery of viral genomes. This is particularly important when using long read data,

but is also beneficial when using short read data (Roux et al., 2017).

Once reads have been trimmed and filtered, they are typically assembled into contigs which
can represent whole viral genomes. Multiple assembly programs are available and most
rely on multi-kmer de Bruijn graph assembly strategies. Several studies have compared
assembly algorithms and regularly place MEGAHIT and SPAdes as the best performing,
with SPAdes requiring significantly more computational resources (Roux et al., 2017;

Sutton et al., 2019).

Once assembled, contigs must be identified as viral or non-viral. Many tools are available
for this and are typically based on either machine learning or sequence similarity (Ho et al.,
2021). No one strategy has emerged as dominant and so it is not uncommon to combine
the results from multiple tools and apply additional checks using tools such as CheckV to
further improve accuracy and remove contamination from host sequences (Nayfach et al.,
2020). As single contigs often represent whole viral genomes, contig binning is often not
performed on viromics data but may be necessary for large DNA viruses (Schulz et al.,
2022). Segmented and multipartite viruses present a particular challenge due to the often
small size of their genome segments and the lack of a single contig representing the entire
viral genome. This may be overcome by identifying conserved regulatory sequences and
comparing the phylogeny of different segments, but this overlooks the detection of viral

reassortment (Varsani et al., 2018).

Once viral contigs are identified, they can be analysed in similar ways to microbial metage-
nomics data using tools that assign taxonomy, e.g. vConTACT v.2.0 (Bin Jang et al.,
2019), annotate functional genes, e.g. DRAMv (Shaffer et al., 2020) or analyse ecological
patterns (Gregory et al., 2022).
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1.4. Quantitative PCR-based detection and wastewater

based epidemiology
1.4.1. Polymerase Chain Reaction based quantification of viruses in

wastewater and biosolids
Whilst viromics and bulk metagenomics provide a top-down overview of a viral commu-
nity, the relatively low sample throughput and high per-sample financial costs preclude
the use of these techniques for regular high temporal resolution monitoring of specific
human pathogenic viruses and other faecal indicator species (Farkas et al., 2020b). The
polymerase chain reaction (PCR) synthesises multiple copies of a DNA sequence specified
by a pair of short primer sequences chosen by the user and by combining this with the
creation of a fluorescent signal that is dependent on the copy number of the PCR product,
it is possible to quantify the number of copies of this sequence in the original sample. A
reverse transcription (RT) step to generate cDNA from RNA templates can be added
before PCR to also detect copy numbers of RNA viruses. This can either be carried out
as a separate reaction, allowing the possibility of finer optimisation (two step RT-qPCR)
or immediately prior to qPCR in the same reaction tube (one step RT-qPCR), which can
increase sensitivity by removing the need for sample dilution. The abbreviation RT has

also been used to refer to real-time as a synonym of quantitative PCR.

For qPCR, two dye-based methods are applied; intercalating dye and probe-based meth-
ods (see Fig. 1.6). Intercalating dyes such as SYBR Green are non-specific and will
ultimately detect the formation of any dsDNA product and fail to distinguish between
targeted amplification, the formation of primer dimers and non-specific amplification,
sometimes necessitating a subsequent melt-curve analysis to confirm specificity. Low
level fluorescence can also be caused by SYBR Green binding non-specifically to the walls
of multi-well plates, necessitating a melt-curve analysis to verify specific amplification
(Zipper, 2004). The advantage here is that once optimised, intercalation based qPCR as-
says are easier and cheaper to use than probe-based methods. Four forms of probe-based
qPCR assay are currently available: Tagman, LightCycler, LUX and Molecular Beacons
(reviewed by VanGuilder et al., 2008). Probe-based methods are often more expensive
due to the need for both primers and a fluorescently labelled probe oligonucleotide, but

they also show enhanced specificity, as the fluorescent signal is directly linked to the in-
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corporation of the probe into amplified DNA molecules during each amplification cycle.
Probe-based assays can also be multiplexed for the detection of multiple targets in a single
reaction by combining sets of primers/ probes labelled with different fluorophores how-
ever extensive optimisation and compatible annealing temperatures of different assays are

required (Hawkins and Guest, 2017).

(RT)gPCR has been adopted for the monitoring of multiple human pathogenic viruses in
wastewater, soil and wastewater-contaminated environments (Hewitt et al., 2011). The
considerations for obtaining nucleic acids suitable for analysis by qPCR and (RT)qPCR
are similar to those for viromics, however additional control steps are more commonly
used, such as positive and extraction controls, qPCR no template controls and increased
biological and technical replication (Ahmed et al., 2020c; Borchardt et al., 2021; Bustin
et al., 2009).

Provided the target gene sequence is conserved, PCR and (RT)qPCR can be used rapidly
enumerate known viruses in an environmental sample. Of all the techniques detailed
here, qPCR shows the highest sensitivity (detection limits are often close to 1 target
molecule per reaction volume) and selectivity. However, as it is based on amplification of
nucleic acids, care must be taken to remove PCR inhibitors from samples prior to analysis.
Furthermore, the technique cannot distinguish between infective and non-infective virus
particles. Coupling qPCR with DNase/ RNase treatments and affinity based pull-down
assays can select for intact viral particles capable of binding host proteins required for

infection and act as a surrogate for infectivity models (Leifels et al., 2021).

1.4.2. SARS-CoV-2, COVID-19 and the emergence of national-scale

WBE
The emergence of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) and

resulting Coronavirus disease 2019 (COVID-19) saw an explosion of the utilisation of
(RT)qPCR based monitoring of viral prevalence and a significant expansion in the use of
wastewater based epidemiology (WBE) to track the progression of this global pandemic.
SARS-CoV-2 is readily detectible in the faeces and urine of 40% and 2% of cases respec-

tively, however the likelihood of transmission via the faecal-oral route or from wastewater-
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Figure 1.6.: Comparison of intercalating dye Sybr-based and fluorescent probe Tagqman-
based qPCR assays. Probe based qPCR and RT-qPCR assays are more spe-
cific than Sybr dye based assays due to the addition of an additional fluores-
cently labelled oligonucleotide that is incorporated into amplicons during the
PCR reaction, triggering the release of the fluorophore, which forms the basis
of quantification. Several assays can be combined in a multiplexed reaction
but this requires careful optimisation.
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contamination is extremely low (Jones et al., 2020)2. The amount of SARS-CoV-2 genome
copies present in wastewater can then be quantified and give an indicator of the amount
of virus circulating within the wastewater treatment plant catchment area (Farkas et al.,
2020a)3. This information can then be used to inform public health policy which will in

turn reduce the amount of virus circulating in the population (see Fig. 1.7).

Wastewater Based Epidemiology

=
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=
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Wastewater Public health policy

Treatment Plant

Figure 1.7.: Diagram of the application of wastewater based epidemiology. Municipal
wastewater containing viruses of interest shed by the local population flows
into a wastewater treatment plant where they can be sampled and detected.
This data informs public health policy which impacts the prevalence of the
viral infection within the local population. This change can then be observed
in the quantity of virus detected in the wastewater.

Fluorescence

Copies per reaction (Ct)

Viral monitoring

Since the beginning of the COVID-19 pandemic, national scale WBE programs have
been established in several countries around the world and this global research effort has
rapidly developed our understanding of the factors affecting the quantification of viruses
in wastewater and biosolids (Pecson et al., 2021). In addition to using WBE to monitor

the quantity of SARS-CoV-2 in local populations, tiled amplicon sequencing of SARS-

2Jones, D.L., Baluja, M.Q., Graham, D.W. Corbishley, A., McDonald, J.E. Malham, S.K., Hillary,
L.S.,Connor, T.R., Gaze, W.H., Moura, I.B., Wilcox, M.H., & Farkas, K. Shedding of SARS-CoV-2
in feces and urine and its potential role in person-to-person transmission and the environment-based
spread of COVID-19. Sci. Tot. Env. (2020)

3Farkas, K., Hillary, L.S., Malham, S.K., McDonald, J.E. & Jones, D.L., Wastewater and public
health: the potential of wastewater surveillance for monitoring COVID-19. Curr. Opin. Environ. Sci.
Heal. (2020)
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CoV-2 genomes found within wastewater has been used to detect different variants that

may impact the progression of the pandemic (Lin et al., 2022).

1.5. Monitoring the removal of viruses from the

wastewater treatment process
The faecal-oral route is a common mode of transmission for human enteric viral infec-
tions, and therefore, domestic sewage and the by-products of its treatment represents a
potential environmental reservoir of human pathogenic viruses (Fong and Lipp, 2005). In
addition to using WBE for the monitoring of viruses circulating in local populations, it is
necessary to monitor the efficacy of wastewater treatment processes in removing or inacti-
vating human pathogenic viruses prior to releasing treated effluent into the environment.

Wastewater treatment involves three or four stages (Sonune and Ghate, 2004):

1. Preliminary treatment - removal of grit and other large material.

2. Primary treatment - settling of organic and inorganic solids.

3. Secondary treatment - aerobic biological treatment to further remove organic mate-
rial.

4. Tertiary treatment (not consistently employed, depending on operational need) -
chemical or physical treatments designed to further remove or inactivate microbial

or viral contaminants prior to discharging treated effluent into the environment.

In addition to the above treatment of liquid wastewater, the settled solids, or sludge, are

further treated via a combination of three processes (Kelessidis and Stasinakis, 2012):

« Stabilisation - aerobic or anaerobic digestion reduces pathogen and biomass content
and can be used to generate energy through the production of biogas.

« Conditioning (pre or post stabilisation) - further reduction of pathogen content or
inorganic compounds, alteration of physical and chemical properties through addi-
tion of lime, polymers, and thermal hydrolysis treatment, which can also enhance
biogas production from post-conditioning anaerobic digestion.

o Dewatering - removal of water via industrial centrifuges, belt presses or other means

prior to disposal.

27



Chapter 1. Introduction

Finally, the treated sludge, often referred to as biosolids, is disposed of via incineration,
landfill, or use as agricultural fertiliser. The balance between these different methods is
heavily dependent on national regulatory frameworks, historical practices and available
infrastructure (Kelessidis and Stasinakis, 2012). Within the UK, 70% of treated sludge is
reused as agricultural fertiliser and its management is governed by a variety of regulations
and voluntary codes drawn together to form the Biosolids Assurance Scheme (BAS) (As-
sured Biosolids Limited, 2020). This standard stipulates how sludges should be treated,
transported, stored and applied to agricultural land. There are three identified standards
of sludge: untreated, conventionally treated and enhanced treated. Although both are
voluntary, the BAS and preceding ADAS Safe Sludge Matrix (Agricultural Development
and Advisory Service, 2001) have effectively banned the use of untreated sludge since

2005. The differences between conventional and enhanced treatments are summarised in

Table 1.2 and Table 1.3.

Table 1.2.: Comparison of micro-organism reduction requirements for conventional and
enhanced sludge treatments within the UK (Assured Biosolids Limited, 2020).

Micro-organism

Reduction

Parameter Conventional Enhanced Treatment
Treatment

E. coli destruction 2 log; 6 log,

E. coli Maximum 100,000/ gram of dry solids 1,000/ gram of dry solids

Allowable Concentration

Salmonella spp. N/A Free on completion of

treatment process

Table 1.3.: Summary of sludge use regulations in the UK (Agricultural Development and
Advisory Service, 2001).

Application Regulations

Crop Conventional Enhanced Treatment
Treatment
Fruit Not permitted 10 month harvest interval
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Application Regulations

Salads

Vegetables

Horticulture

Grazed animal feed

Harvested animal feed

Sludge cannot be applied
between March and August
ahead of fodder crops to be

used before winter frosts

Not permitted (30 month
harvest interval after
prior application)

Not permitted (30 month
harvest interval after
prior application)

Not permitted

Deep injection/ ploughed
down only (3 week
grazing/ harvest interval,
extended to 2 months
grazing interval for pigs)
No grazing in season of
application (3 week
grazing/ harvest interval,
extended to 2 months

grazing interval for pigs)

10 month harvest interval

10 month harvest interval

10 month harvest interval
3 week grazing/ harvest
interval, extended to 2
months grazing interval

for pigs

3 week grazing/ harvest
interval, extended to 2
months grazing interval

for pigs

Addition of biosolids to soil can potentially affect the intrinsic soil virus community by

changing soil structure, chemical composition and host availability (see Fig. 1.4). It can

also introduce biosolids-associated viruses that can compete for hosts or remain inert,

decaying over time. As human faeces is a major constituent of biosolids, there is potential

for human pathogenic viruses to be incorporated into amended soils, before coming into

contact with potential hosts. Key viruses that can be transmitted via the faecal-oral route,

and therefore may be present in biosolids include (Rodriguez-Lazaro et al., 2012):

o Adenoviridae (specifically strains 3, 7, 40 and 41)
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Caliciviridae (e.g. norovirus)

e Picornaviridae (coxsackievirus, echoviruses, enteroviruses and hepatitis A virus)
o Reoviridae (reoviruses and rotaviruses)

o Hepeviridae (Hepatitis E virus)

Adenoviridae are non-enveloped dsDNA viruses. The family is divided into five genera
with human adenovirus species limited to the genus Mastadenovirus (Lefkowitz et al.,
2018). Within this genus, the seven human adenovirus species can cause respiratory and

urinary infections, conjunctivitis and gastroenteritis (Ghebremedhin, 2014).

Caliciviridae are small non-enveloped(+)ssRNA viruses. The family contains five genera
of which norovirus and sapovirus are capable of causing gastroenteritis (Lefkowitz et al.,
2018). Feline calicivirus of the genus Vesivirus is sometimes used as a surrogate virus for
human norovirus. Whilst infection models of norovirus are limited, murine norovirus is

commonly used as a surrogate virus which can be grown in culture.

Picornaviridae are a large family of +ssRNA viruses capable of causing a range of dis-
eases including gastroenteritis (enteroviruses - Melnick, 1984) and hepatitis (Hepatovirus

- Martin and Lemon, 2002).

Reoviridae are dsRNA viruses and are divided into two subfamilies: Sedorevirinae and
Spinareovirinae. The genus Rotavirus is a common cause of gastroenteritis in infants

(Bernstein, 2009).

Orthohepevirus and Piscihepevirus form the Hepeviridae family of (4)ssRNA viruses
(Lefkowitz et al., 2018). Hepatitis E virus (HEV) infections can be both acute and chronic
and affect multiple organs. It can be transmitted via the faecal-oral route and through

zoonotic transfer from pigs.

Whilst the above viral families are the main causes of gastroenteritis, many other human
pathogens can be found in sewage sludge and the wider environment. Viromics studies of

raw and treated sewage sludge can detect various non-enteric human pathogenic viruses in

30



Chapter 1. Introduction

mesophilic anaerobic digester effluent (Bibby and Peccia, 2013). Non-pathogenic human-
gut associated viruses such as crAssphage and pepper mild mottled virus (PMMoV) can
be utilised as indicator viruses and surrogates for human pathogens as they are often
present at higher concentrations and so are more easily detectable in environmental sam-

ples (Farkas et al., 2020c)?.

Human pathogenic viruses are known to persist through the sludge treatment process
and retain their infectivity (Wong et al., 2010). Once these biosolids are applied to land,
viral persistence in terrestrial environments can be influenced by various factors and the
possibility remains that they can return to the food and water production systems via a
number of routes. For human pathogenic viruses to pose a threat to public health via the
use of biosolids, they must retain infectivity at clinically relevant concentrations during
these transport and transmission processes. In contrast to soil-borne bacteriophages, there
is no mechanism for human pathogenic viral reproduction in these environments and so

the persistence of virion presence and infectivity is of key importance.

1.6. Current challenges and aims of the thesis

The virus removal efficacy of a WW'TP is highly dependent on the source of the influent
wastewater, the treatment process, and the virus being examined. The persistence of
contaminating viruses in soils post-amendment is also dependent on a variety of factors,
e.g. soil type, pH, temperature, moisture content. The effects of these factors are well
characterised for aquatic environments, such as rivers and groundwater, and for some
specific individual known pathogens in soils and biosolids. However, our knowledge of the

persistence of biosolids-associated viruses at a community scale is extremely limited.

Whilst the behaviour of individual pathogens and their surrogates in wastewater, biosolids
and soil is well characterised, the quantity and diversity of biosolids-associated viruses be-
ing imported into amended soils, and their persistence over different timescales is largely
unknown. The effects on the intrinsic soil viral community of biosolids amendment at a

community scale is also unexplored. Current tools for investigating these questions are

4Farkas, K., Walker, D.I., Adriaenssens, E.M., McDonald, J.E., Hillary, L.S., Malham, S.K. & Jones,
D.L. Viral indicators for tracking domestic wastewater contamination in the aquatic environment.
Water Res. (2020) doi:10.1016/j.watres.2020.115926.

31



Chapter 1. Introduction

limited to DNA viruses, and often focus on dsDNA bacteriophages. Whilst the regula-
tory restrictions on the use of biosolids on agricultural land provides a buffer time for
human pathogens to degrade, the possibility that these viral particles could leach into
watercourses, be taken up by crop plants, or persist beyond this period remains. The
effects of environmental factors are highly virus-specific and our ability to investigate
them is limited by the availability of molecular and culture-based techniques for viruses

of interest.

The overarching aim of this thesis is to assess the effects of biosolids amendment on
soil-borne virus communities and further develop techniques to investigate their diversity.

This produces several key research questions (also see Fig. 1.8):

Eriii-z-ow 000 T

Sewage WWTP Effluent River

7 ®
i » & »E2 X **ﬁ*ﬁﬁﬁﬁ*

Treatment Biosolids Fields
How does repeated biosolids How can we improve techniques for
amendment affect the soil-borne the characterisation of viral
virus community over the long term? communities in soils?
How does the viral community How can we apply molecular methods
respond to a single amendment of viral detection to the response to
of biosolids? an emerging public health crisis?

Figure 1.8.: Diagramatic respresentation of the research questions addressed in this thesis.
The flow of viruses through the wastewater treatment process has been well
characterised, but the flow to land via biosolids is poorly understood. This
work examines how biosolids amendment affects the soil virus community
over different timescales (research questions 1 and 2), how we can improve
our understanding of terrestrial viral ecology (research question 3) and how
this knowledge can inform policy decisions (research question 4).

1) How does repeated biosolids amendment affect the soil-borne virus com-
munity over the long term? Our current understanding of terrestrial viral ecology
is limited, and no studies have examined the impact of repeated or historical biosolids

amendment on the soil virus community using long-term field trials. Chapter 2 addresses
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this research question by applying viromics to the characterisation of the DNA virus com-
munities in soils from control, historically (1994-1997) and long-term (1994-2018) biosolids
amended soils and compares these to the virome of biosolids used in their amendment. In
order to expand the diversity of viruses detected and partially address research question
3 below, the A-LA library preparation technique was used to amplify both viral dsDNA
and ssDNA with reduced bias.

2) How does the viral community respond to a single amendment of biosolids?
Whilst Chapter 2 addresses the long-term effects, the question of the impact of biosolids
amendment on the soil virus community over the short-term has also not been previously
addressed. Chapter 3 addresses this by examining shifts in the DNA soil virus commu-
nities in conventional biosolids amended and unamended soil microcosms at the time of
amendment and after one year. Controlled conditions were used to establish a baseline
wost-case-scenario in terms of viral persistence and to reduce the impact of site-specific

variables such as seasonal climatic variation or choice of crop.

3) How can we improve techniques for the characterisation of viral commu-
nities in soils? DNA terrestrial viral ecology has expanded rapidly, however the many
human, animal and plant pathogens of interest are RNA viruses, and at the start of this
research, no studies of soil RNA viral ecology had been published. Chapter 4 addresses
this by applying viromics to the characterisation of soil RNA viral communities along
an altitudinal productivity gradient of peat, managed grassland and coastal soils. This
chapter acts as a proof of concept of terrestrial RNA viromics and demonstrates how it
could potentially be applied to characterising the impact of land management on viruses
beyond dsDNA bacteriophages and how they can influence inter-kingdom interactions

across terrestrial biomes.

4) How can we apply molecular methods of viral detection to the response
to an emerging public health crisis? The COVID-19 pandemic has had a profound
effect on global society, creating significant pressures on national healthcare systems and
unprecedented international scientific efforts to understand and curb the spread of SARS-
CoV-2. Prior to the declaration of a global pandemic by the WHO, it was evident that

clinical testing would be an limitation on estimates of viral spread and an urgent need
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emerged for scalable alternatives. Chapter 5 applies both qPCR and targeted genome
sequencing to the monitoring of SARS-CoV-2 prevalence during the early stages of the
COVID-19 pandemic. Data from this study informed public health decisions by both the
Welsh and UK governments and aided the establishment of both the Welsh and English
national SARS-CoV-2 WBE monitoring programs.

Each subsequent chapter addresses these research questions in turn before the overall
findings of the work are summarised and synthesised and placed in the context of the
wider literature (Chapter 6). Their strengths and weaknesses are discussed, followed by

their policy implications and potential directions for future work.
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2.2. Abstract

Biosolids are commonly used as agricultural fertiliser across the world and could therefore
be a source of viral pathogen contamination in the food production chain. Little is known
about the long-term persistence of biosolids-associated viruses in amended soil or their
impact on the naturally occurring soil viral community. We used viromics to characterise
the DNA virus communities in soils from control, historically (1994-1997) and long-term
(1994-2018) biosolids amended soils. We found that biosolids-associated viruses formed
0.9% +0.44 (mean =+s.d.) of the soil viral community in plots receiving long-term re-
peated biosolids amendment, compared to 0.009% =40.009 in historically treated soils,
with no biosolids-associated viruses detected in the control soils. All soil viral communi-
ties were predominantly composed of Siphoviridae, Myoviridae, Microviridae, Podoviridae
and Phycodnaviridae. Although soil viral communities differed between treatments, no
statistically significant differences were observable in overall a-diversity. 1048 auxiliary
metabolic genes were identified with a wide range potential functional capacity shown
to exist in each viral community, whilst antimicrobial resistance genes (ARGs) were ex-
tremely rare, with only four identified across the whole study. No biosolids-associated
ARGs were identified in any soil virome. These results suggest that biosolids amendment
has the potential to import biosolids-associated viruses into soil, but they do not estab-
lish themselves as substantial long-term constituents of the soil viral community. This
implies, that unlike chemical contaminants such as heavy metals and microplastics, the
possible threat from biosolids-associated viruses to crop production and human health is

potentially short-lived.

2.3. Keywords

biosolids, virome, soil, phycodnaviridae, AMGs
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2.4. Introduction

Biosolids, the solid byproducts of the wastewater treatment process, are often utilised
as a source of macro- and micro-nutrients and as a soil-quality improver in agriculture
(Sharma et al., 2017), but can contain contaminants potentially hazardous to human
health, such as heavy metals, microplastics, antimicrobial resistance genes, pathogenic
microorganisms and viruses (Chen et al., 2021; Crossman et al., 2020; Sloan et al., 1997;
Xie et al., 2016). The annual risk of viral infection to humans from correctly applied
anaerobically digested biosolids has been estimated at < 1:10,000 (Gerba et al., 2002)
however this may be higher for more stable viral pathogens (Viau et al., 2011). For
example, human adenovirus (HAdV) is regularly detected in treated biosolids (Viau and
Peccia, 2009) and can persist for >180 days in biosolids amended soils (Schwarz et al.,
2014). Whilst the decay and dissemination of individual pathogenic viruses and their
surrogates in biosolids and soil have been well studied (Roberts et al., 2016; Schwarz et
al., 2014), the long-term effects of biosolids amendment on the soil viral community is

poorly characterised.

The soil viral community can be impacted directly by biosolids amendment through the
import of biosolids-associated viruses, and indirectly by altering soil physical and chemical
properties and microbial host availability. Long-term use of biosolids as an agricultural
fertiliser can increase soil organic carbon, potential mineralisable nitrogen and microbial
biomass (Ippolito et al., 2021). Biosolids amendment has also been shown to reduce
arbuscular mycorrhizal fungi and bacterial abundance and cause significant shifts in soil
microbial community structure (Hu et al., 2019; Schlatter et al., 2019), potentially altering
the availability of microbial hosts for intrinsic soil viruses. Biosolids amendment can have
residual effects on soil properties years after the original treatment, although the effect

on microbial community can be difficult to distinguish (Reardon and Wuest, 2016).

The intrinsic soil viral community have been shown to have the potential to influence
carbon, nitrogen, sulphur and phosphorus metabolism (Emerson et al., 2018; Monier et
al., 2017; Roux et al., 2016a; Zeng and Chisholm, 2012). Viromics and other sequencing
based methods can be used for monitoring the presence and genetic diversity of viruses in
soils, biosolids and environmental waters impacted by the discharge of treated wastewater

(Adriaenssens et al., 2021; Bibby and Peccia, 2013; Santos-Medellin et al., 2021). Biosolids
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amended soils were shown to have increased viral antimicrobial resistance genes (ARGs)
(Chen et al., 2021), however significant caution is needed in the analysis of such data
to avoid false positives or negatives (Enault et al., 2016). As with any form of gene
annotation, BLAST search parameters are a compromise between precision and sensitivity:
Enault et al. (2016) found that exploratory search parameters could yield high numbers of
false positives that showed no in vitro antimicrobial activity, whilst stricter settings could
exclude known ARGs. In addition to the direct impact of importing biosolids-associated
viruses into soil, the long-term and historical impacts of biosolids amendment on naturally

occuring soil viral community remains poorly understood.

In this study, we used viromics to assess the historical and cumulative effects of biosolids
amendment on DNA virus communities of agricultural soil under historical and long-term
biosolids amendment. We aimed to address (1) how biosolids amendment impacts the soil
viral community, (2) how long-term amendment compares to historical treatment, and (3)

whether biosolids-associated viruses can persist in soils over extended timespans.

2.5. Materials and methods

2.5.1. Site description, sample collection and processing

Soil samples were collected from a long-term field trial experiment in Woburn, Bedford-
shire, UK, examining the effects of biosolids on soil health (Gibbs et al., 2006). Soil
properties and the biosolids application parameters are described in Supplementary Ta-
ble A.1 and A.2. The experimental design consisted of three randomised blocks of 6 x 8

m plots receiving various treatments, of which three were sampled (see Fig. 2.1):

« Control - no biosolids amendment

 Historical biosolids amendment — high application rate (designed to raise heavy
metal levels to the UK limit after 4 years of application, 1994-1998)

» Long-term biosolids amendment - moderate application rate (approximately 1/25th

of the total mass of sludge applied annually, 1995-2018)

Biosolids were incorporated to a depth of 25 cm using a Celli spading machine and wheat

grown annually for the duration of the experiment. N, P, K fertiliser was added according

38



Chapter 2. Long-term effects of biosolid amendment on the soil viral community

to requirements assessed by soil analyses over the duration of the experiment (Gibbs et

al., 2006).

a

Control treatment - no biosolids
Historical biosolids amendment
Long-term biosolids amendment
Biosolids sample

Negative extraction control

Figure 2.1.: Three treatments were sampled from a long-term field trial investigating the
impact of heavy metals on soil health. The experiment was divided into three
blocks (a). Block 3 was excluded from this study as it was under a different
crop. Plot codes represent treatment - C/ H/ L, block - 1/2 and independent
replicate - a/ b. A total of 14 samples were analysed in this study (b): 12
soil samples, one sample of biosolids used to amend the long-term plots, and
one negative extraction control.

Each treatment was sampled on 22nd November 2017 from duplicate plots within two
blocks (a third block was removed from this study due to a change in cropping). Six evenly
distributed cores (20 cm depth) were extracted using a 2.5 cm diameter half moon auger
and stored separately on ice before transport back to Bangor University. Between the
sampling of each plot, the auger was sequentially wiped clean with 1% Virkon disinfectant,
deionized water and 70% industrial methylated spirit. A dummy core was taken from the

middle of each plot and discarded before collecting samples for analysis. Cores from each
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plot were sieved to 2 mm and bulked by combining equal masses followed by manual
homogenisation. Homogenised soil from each plot was then frozen in 10 x 10 g aliquots

at -80°C until viral DNA extraction (see Fig. 2.2 a).

2.5.2. Virus-like-particle DNA extraction and sequencing library

preparation
Virus-like-particle DNA was extracted from 12 soil samples, one biosolids sample, and
one negative extraction control sample of 30 mL molecular biology grade water. Three
10 g aliquots of material per sample were each thawed and resuspended in 30 mL of
potassium citrate buffer (90 mL total volume, per litre: 10 g potassium citrate, 1.44 g
Na,HPO,.7H,0, 0.24 g KH,PO,, pH 7.0) and sonicated (3 cycles of 30 s manual shaking
followed by 1 minute sonication on ice with a Soniprep 150 (MSE) and exponential probe
at an amplitude of 7 pum amplitude). Following shaking and sonication, the samples were
then shaken on ice at 300 rpm for 30 minutes (see Fig. 2.2 b). The soil suspension was
centrifuged for 30 minutes at 3,000 x g at 4 °C. Supernatants from the three aliquots per
plot were recombined and vacuum filtered through 0.22 ym PES membrane Stericup filters
(Millipore) and concentrated using 50 kDa MWCO Amicon Ultra centrifugal ultrafiltration
devices (Millipore). Buffer exchange was performed by two rounds of 1:10 dilution with
10 mM Tris-HCI, 10 mM MgSO,, 150 mM NaCl, 0.5 mM CaCl,, pH 7.5) and samples
were concentrated to a final volume of <300 uL (see Fig. 2.2 ¢). Samples were centrifuged
at 10,000 x g for 1 minute to pellet aggregated particulates and the supernatants removed
for further processing. Exogenous DNA/ RNA was digested by incubation with 125U/
mL Turbo DNase (Thermo Fisher) and 100 pug/ mL RNase I (Promega) for 1 hour at
37 °C followed by inactivation with addition of EDTA (final concentration 20 mM) and

heating to 70 °C for 10 minutes.

Viral DNA was extracted and purified with a PowerViral DNA/ RNA kit (Qiagen) accord-
ing to the manufacturer’s instructions with an elution buffer incubation time of 5 minutes.
DNA concentrations were quantified using the Qubit DNA HS assay kit and Qubit 2 flu-
orometer (Invitrogen) and the presence of contaminants checked using a Nanodrop 1000
spectrophotometer (ThermoFisher). Sequencing libraries were prepared using the Accel

NGS 1S+ kit (Swift Biosciences) >40 bp fragment protocol to allow the sequencing of

40



Chapter 2. Long-term effects of biosolid amendment on the soil viral community

a -Soil sampling protocol
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o soil cores, sieved to per plot from equal aliquots and
2mm masses of each soil core stored at -80°C

w oW Dummy core (discarded)
Y7 Soil core (20 cm depth)

b -Virus like particle elution from soil samples

It Rl bR
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2 -PowerViral nucleic acid 1S library preparation kit
extraction

Figure 2.2.: Sample processing and VLP DNA extraction. Six spatially distributed cores
were taken per plot, sieved to 2 mm, homogenised in equal quantities (ap-
proximately 100g of total soil per plot) and frozen in 10 g aliquots (a). VLPs
were eluted from soil particulates (b), concentrated (c¢) and VLP DNA used
to generate a total of 14 sequencing libraries (12 soil samples, 1 biosolids
sample and 1 negative extraction control sample).
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both ssDNA and dsDNA viruses with reduced bias (Roux et al., 2016b). A total of 14
libraries (12 soil libraries, one biosolids library and one negative extraction control library)
were pooled and sequenced (150 bp paired end) on one lane of an Illumina HiSeq 4000
at the University of Liverpool Centre for Genomics Research (see Fig. 2.2 d). Initial de-
multiplexing and quality control removed Illumina adapters using Cutadapt version 1.2.1
(Martin, 2011) with option -O 3 and Sickle version 1.200 (Joshi and Fass, 2011) with a

minimum quality score of 20.

2.5.3. Sequencing data processing and vOTU identification and

classification
The raw read QC, assembly and viral contig identification pipeline is summarised in
Fig. 2.3. Raw sequencing reads were assessed with FastQC v0.11.8 and reports collated
and visualised with MultiQC v1.10.1 (Andrews, 2010; Ewels et al., 2016). Reads were
trimmed and filtered using Prinseq-lite v0.20.4 (-min_len 35 -min gc 5 -max_gc 95
-min_ qual_mean 25 -trim_left 10 -trim_ right 10) (Schmieder and Edwards, 2011),
error corrected with Tadpole (mode=correct ecc=t prefilter=2), and deduplicated
with Clumpify (dedupe subs=0 passes=2) from the BBTools package (v38.49: source-
forge.net/projects/bbmap/). All processed reads were then combined and co-assembled
with MEGAHIT 1.1.3 (—presents meta-large) (Li et al., 2015). Assembled contigs >1,500
bp in length were processed with three viral sequence identification tools: Deep Virfinder
v1.0 (score >= 0.7 AND p value < 0.05), VirSorter 2 v2.1 (Score >= 0.5) and VIBRANT
v1.2.0 (>= 4 hallmark genes) (Guo et al., 2021; Kieft et al., 2020; Ren et al., 2020).
Contigs passing these thresholds with a length >= 5,000 bp or with a length >= 1,500
bp and identified as circular by either VirSorter 2 or Vibrant were processed with CheckV
(database v1.0) (Nayfach et al., 2020) and contigs retained if they met the following

criteria:

o Category 1 contigs - CheckV identified viral genes > 0
o Category 2 contigs - CheckV viral genes = 0 and:
— CheckV host genes = 0 or
— DeepVirFinder score >= 0.9 and DeepVirFinder p-value <0.05 or

— VirSorter 2 score >= 0.95 or VirSorter 2 hallmark genes >= 2 or
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— Vibrant quality score = High or Medium

Sequencing reads were rarefied by subsampling paired reads to the size of the smallest
non-negative extraction control library using seqtk v1.3 (https://github.com/lh3/seqtk).
Rarefied reads were mapped back to vOTUs using bbmap (vslow = t, minid = 0.9, part
of BBTools v38.49) at 90% minimum identity and contigs with a horizontal coverage
above a cutoff threshold of 70% genome length in any given sample were regarded as
present within that sample. vOTUs with a horizontal coverage over 70% from reads in

the negative extraction control library were excluded from further analyses.

Processing of the outputs of DeepVirFinder, VirSorter 2, VIBRANT and CheckV was
performed by a custom R script (LT-viral contig_curation.Rmd) made available in this

chapter’s GitHub repository (https://github.com/LSHillary /LtDnaVirome).

Taxonomic assignment and host prediction was carried out using VPF-Class (membership
ratio and confidence score 0.2, or 0.3 and 0.5 respectively) (Pons et al., 2021). If more
than one taxonomic assignment could be made at this threshold, then the vOTU was
assigned as inconclusive. All contigs >1,500 bp were also compared to the Refseq viral
database protein database (v210) using DIAMOND BLASTX v2.0.8 (—ultra-sensitive —
evalue 0.00001 —max-target-seqs 15) and taxonomy assigned using MEGAN Community
Edition 6.21.17 (longReads lowest common ancestor algorithm) (Buchfink et al., 2014;
Huson et al., 2016).

Analysis of virus lifestyle was based on circular contigs identified as lytic or lysogenic by
VIBRANT. Auxillary metabolic genes were predicted by VIBRANT using default settings.
Identification of antibiotic resistance genes was performed using DIAMOND v2.0.8 to run
a BLASTx search (e-value = 0.001, minimum score = 70) of vOTUs against the SARG
v2.0 database (Yin et al., 2018).

2.5.4. Ecological data analysis
Statistical analyses were performed with R (script LtDnaVirome Figure Generation.R).
a-diversity metrics were calculated using the Vegan package. Differences in a-diversity,

viral lifestyle and relative abundances of biosolids-associated viruses were tested by first
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Figure 2.3.: Bioinformatics workflow of how raw sequencing reads underwent quality con-
trol and were assembled into contigs (a), how viral contigs were identified
(b) and how vOTUs were further screened and taxonomy/ host prediction

assigned (c).
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generating generalised linear models or beta regression models and analysis of deviance
tests using the function Anova in R. Descriptions of each GLM used in this study are in-
cluded in Supplementary Table A.5. S-diversity non-metric multidimensional scaling was
performed on a Bray-Curtis distance matrix using the function metaMDS. PERMANOVA

tests were used to assess differences between treatments and blocks.

2.6. Results and discussion

2.6.1. Identification and classification of viral contigs

In this work, we characterised the effect of long-term (1994-2018 - 25 years) and historical
(1994-1997 - 4 years) biosolids amendment on the soil DNA virus community (Fig. 2.4a).
Virus-like particle DNA was extracted from soil samples of four plots of unamended con-
trol, historically biosolids amended and long-term biosolids amendment treatments, ar-
ranged in two blocks, each containing two plots of each treatment. The biosolids material
used to amend treated plots and a negative extraction control of molecular biology grade
water were also analysed, making a total of 14 samples. DNA from purified, DNase treated
VLPs was used to prepare 14 virome sequencing libraries for high-throughput Illumina se-
quencing. Filtered sequencing reads were co-assembled and contigs >1500 bp were used in
further analysis. The co-assembled contigs were first screened for putative viral sequences
by DeepVirFinder, VirSorter and VIBRANT (Guo et al., 2021; Kieft et al., 2020; Ren
et al., 2020). Each tool identified approximately one third of all putative viral contigs
with 69% initially identified by two or more viral identification tools (Fig. 2.4b). Contigs
underwent further quality control using CheckV (Nayfach et al., 2020) or by application
of stringent cutoff thresholds for DeepVirFinder, VirSorter2 and VIBRANT (Category 1

and Category 2 viral contigs, seem methods and Fig. 2.4c).

Quality filtered reads from individual libraries were rarefied by randomly subsampling
without replacement and mapped to the collection of viral contigs. A vOTU was de-
termined as present within a sample if 70% of the length of the contig achieved >1.0x
coverage (Fig. 2.4 d). Contigs were excluded from further analysis if they were present
in the negative extraction control or not present in at least one sample (Fig. 2.4d). Rel-

ative abundances were calculated by normalising fragments per kilobase million (FPKM)
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counts by library size (CPM - counts per million). 5,385 contigs were identified as present
in at least one sample and are subsequently referred to as viral operational taxonomic

units (vOTUs). Virome summary statistics are provided in Supplementary Fig. A.1.

Taxonomic assignment and host prediction was carried out using VPF-Class with a mem-
bership ratio and confidence score of 0.2 (Pons et al., 2021). 29% of vOTUs could be
unambiguously assigned at the genus level, with a further 16% assigned as inconclusive,
sharing genes from multiple genera (Fig. 2.5). The remaining 55% could not be assigned
and this could be due to a combination of lack of predicted genes with known taxonomy
and viral sequences that are too divergent from those described in the VPF-Class database.
At the family level, 51% of vOTUs were unassigned, whereas 30% were inconclusive and
19% unambiguously assigned. Host prediction was also carried out by VPF Class, with
a membership ratio of 0.3 and confidence score of 0.5. Host genus could be assigend for

9% of vOTUs (plus 1% inconclusively).

2.6.2. Biosolids amendment has limited effects on soil viral

community structure
The majority of vOTUs in both the control and long-term treated plots were shared
with other soil treatments (see Fig. 2.6a) with historically treated plots containing a high
number (n = 1270) of vOTUs unique to this treatment. The number of vOTUs shared
between treatments varied, with 96%, 64% and 79% of all vOTUs found within a treat-
ment being shared with at least one other soil treatment (long-term, historical and control
treatments, respectively). The number of vOTUs shared between replicates also varied,
with 46%, 55% and 62% of vOTUs appearing in a single replicate within the long-term,
historical and control treatments, respectively. A common core virome of 636 vOTUs
(15%) was shared between all three soil treatments. The reduced number of total and
shared contigs in the long-term treated viromes are likely to be linked to shorter vOTU
contig length and a lower percentage of reads mapping to vOTUs in these viromes, sug-
gesting that these libraries were more fragmented (see Supplementary Fig. A.1). Despite
this, the long-term treated plots shared 13 vOTUs with the biosolids virome, whilst the
historically treated virome shared six, despite having more total detected vOTUs. No

vOTUs from the biosolids virome were detected in the control treatment soils, and no
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Figure 2.4.: Experimental design (a) and outcome of viral contig identification. Plots are
coded by treatement (C = control, H = historical, L. = long-term), block (1 or
2) and within block replicate (a or b). Putative viral contigs were identified
using DeepVirFinder, VirSorter 2 or VIBRANT, with 69.4% of viral contigs
identified by two or more tools (b). The contig identification UpSet plot
(b) shows that VIBRANT identified the most contigs, with DeepVirFinder
and VirSorter 2 identifying similar quantities. When passing contigs through
CheckV or more stringent tests, 48.9% of contigs contained at least one viral
gene identified by CheckV (c), 48.7% of viral contigs with no CheckV viral
genes, but passing strict thresholds from the other three tools, and only 2.5%
of contigs discared at this stage. (continues on next page...)
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Figure 2.4.: (...) Although <12% of contigs were predicted to be viral, >95% of those
passed subsequent additional checks.
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Figure 2.5.: Taxonomic and host assignments of viral contigs identified in all samples.
vOTUs were assigned taxonomy at Baltimore (equivalent to kingdom, but
superseded by recent changes to ICTV viral taxonomy), family and genus
level by VPF Class using a membership ratio and confidence score of 0.2.
Host prediction was also performed with VPF Class, at domain, family and
genus level, using a membership ratio of 0.3 and confidence score of 0.5. In
each case, if more than one taxonomic classification could be made at that
level, the vOTU was assigned "inconclusive”. The majority of vOTUs were
unassigned both taxonomy and host prediction at each taxonomic level.

biosolids-associated vOTUs were detected at a higher relative abundance in soil viromes
compared to the biosolids virome (see Supplementary Table A.4 and Supplementary Figs.
A4 and A.5).

Generalised linear models (GLMs) and beta regression models were used to statistically
evaluate apparent differences in a-diversity metrics Fig. 2.6b, ¢ and d). Significant dif-
ferences were found in vOTU richness (ANOVA, treatment -x2 = 14.2, p = 0.000821
but not block - x2 = 0.0711, p = 0.790), and were not found in Simpson or Shannon
indexes (ANOVA, p > 0.05, see Table A.5). Although fewer vOTUs were recovered from
the long-term plots compared to the control and historical plots, Fig. 2.6c and d show

that the soil viral communities are expectedly highly diverse, with Shannon or Simpson
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indexes of similar magnitude to previous soil viromics studies (Chen et al., 2021; Lee et
al., 2021). This also indicates that biosolids amendment does not alter the overall diver-
sity of the soil viral community. In comparison, the effects of biosolids amendment on
microbial communities is mixed, with some studies reporting no change (Zerzghi et al.,

2010), whilst others report increases in key soil microbial taxa (Price et al., 2021).

Analysis of p-diversity was performed via non-parametric multidimensional scaling
(NMDS) and differences between communities assessed via PERMANOVA (Fig. 2.6 e).
Assigned viral families were fitted to the ordination plot to identify which viral families
were driving differences in communities. Microviridae and Podoviridae were determined
as significant drivers of vOTU-level diferences between sites (p = 0.007 and 0.012), with
the directions of the fitted vectors indicating that Podoviridae separated control block
1 viromes from the other samples, Microviridae separating the majority of historically
treated and control block 2 viromes from the others. Despite no observable difference
in a-diversity, both treatment and blocking significantly impact virus community
composition, suggesting that the magnitude of shift due to biosolids amendment is
relatively small (PERMANOVA, treatment - R? = 0.299, p = 0.0053, block - R? = 0.209,
p = 0.0049).

2.6.3. Biosold-associated viruses form minor components of soil viral

communities
Fig. 2.7 shows the proportion and relative abundance of biosolids-associated vOTUs in the
three treated soils. Whilst the number of biosolids-associated vOTUs present in the long-
term treated plots in Fig. 2.5 (a) is approximately twice that of the historical plots, this dif-
ference increased to 15-fold once adjusted in Fig. 2.7 (a) for the total number of recovered
vOTUs in each sample. In addition, the relative abundance of biosolids-associated vO-
TUs in historically amended soils is 100-fold lower when compared to long-term amended
soils (see Fig. 2.7 (b)). These results suggest that whilst biosolids-associated vOTUs can
potentially persist in soils for extended periods of time (>20 years), they become a very
minor component of the overall soil viral community. Interestingly, the small number of
biosolids-associated vOTUs form a substantial percentage of the viral communities in the

long-term plots. This suggests that biosolids represent a significant source of viruses, but
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Figure 2.6.: Ecological analysis of vOTU diversity across treatments. An UpSet plot was

generated (a) to highlight soil-borne and biosolids-associated vOTUs shared
between treatments. The majority of vOTUs were either shared between Con-
trol (no amendment) and Histroical (1994-1997) treatmnets, with far fewer
vOTUs detected in Long-Term treated plots and the biosolids virome. A
core soil virome of 636 vOTUs were detected in all three soil treatments. Of
the biosolids-associated vOTUs, 10 were shared with the Long-Term treat-
ment plots, 3 with Historical plots and 3 between with both. No biosolids-
associated vOTUs were detected in any Control treatment plot. a-diversity
metrics (b-d) were calculated from number of vOTUs present (b) or CPM
values (c-d). Although fewer vOTUs were detected in long-term treated
plots, no significant differences were detected in Shannon index or Simpson
index. [-diversity was analysed by NMDS (Bray-Curtis) ordination of vO-
TUs discovered in this study (e) and displayed according to treatment and
experimental blocking. Summed abundances of viral families were fitted to
the NMDS co-ordinates (e) and families with a p-value <0.05 displayed as
vectors. Podoviridae and Microviridae appear to drive differences largely be-
tween block 1 (circles) and block 2 (triangles), and between the Long-Term
treatment and the Control/ Historical treatments. Both treatment and block
produced significant differences between viral communities (PERMANOVA,
treatment - R? = 0.299, p = 0.0053, block - R? = 0.209, p = 0.0049).
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do not become a permanent feature of the soil viral community.
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Figure 2.7.: Biosolids-associated vOTUs as a proportion of the total number of vOTUs
within each sample (a) and their relative abundance (b) in long-term, his-
torical and control treatment soils. Biosolids-associated viruses formed 2.1%
+1.2 (mean £s.d.) of all vOTUs identified in long-term amended plots com-
pared to 0.14% 40.12 of all vOTUs identified in the historical treatment plots.
This difference is magnified further when considering relative abundance, with
biosolids-amended vOTUs forming 0.9% =+0.44 of the soil viral community in
long-term amended plots, compared to 0.009% =+0.009 in historically treated
plots. Treatment was found to have a statistically significant effect in both
measures (GLM, quasibinomial distribution, ANOVA, p < 0.0001).

2.6.4. vOTU taxonomic assignment and host-prediction
demonstrates the presence of viruses of a wide range of

potential hosts in biosolids amended and unamended soils
vOTU taxonomic assignment and host prediction was carried out using VPF-class
(Fig. 2.8). The main families of virus identified were bacteriophages of the Caudoviricetes
class (Siphoviridae, Myoviridae and Podovidae), the ssDNA bacteriophages Microviridae
and the viruses of eukaryotic algae, Phycodnaviridae (Koonin et al., 2020; Van Etten et

al., 2002).

Podoviridae are dsDNA bacteriophages and typically ubiquitous in viral ecology studies.

A specific group of Podovidae of interest are the crAss-like phages, which form a common
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component of the human gut viral community (Edwards et al., 2019). To identify specific
human pathogens, all contigs >=1,500 bp in length were compared to the refseq viral
database (BLASTX, e-value cutoff of 10°) although none were identified in any virome.
43 contigs were identified as possible matches to the genome of crAssphage ¢-001, of
which 6 contigs also passed the viral contig identification filtering. All 6 contigs were
found within the biosolids virome sample, but not in any of the soil samples. These
results indicate that crAss-like phages are relatively stable within biosolids and can be
potentially used as long-term markers of faecal contamination. However, future work
seeking to apply this would most likely need to apply more sensitive methods such as

qPCR (Farkas et al., 2020c).

Microviridae are small ssDNA viruses of bacteria that can be found in a variety of ecosys-
tems, including bog, fen and agricultural soils, as well as human saliva and faeces (Han et
al., 2017; Quaiser et al., 2015). Their detection here demonstrates the utility, and impor-
tance, of using library preparation techniques that can amplify both ssDNA and dsDNA
with minimal bias when investigating DNA viral communities. Phycodnaviridae were
present only in soil viromes. These spherical dsDNA viruses typically infect freshwater

algae, however they have been observed previously in soil (Adriaenssens et al., 2017).

A variety of other viral families were detected in soil and biosolids samples in low rela-
tive abundances and inconsistently between sample replicates. Fig. 2.8 b shows that the
rare viral families present in these samples include viruses of archaea, arthropods, and
vertebrates (e.g. Baculoviridae, Parvoviridae). The Fuselloviridae, Lipothrizviridae and
Pleolipoviridae have to date, only been described in extreme environments (Blake et al.,
2004; Pietila et al., 2016; Prangishvili and Krupovic, 2012). Their presence in temperate
soil viromes may indicate distant relatives, or potential misclassification, and interpreta-
tion of the presence of rare taxa should be performed with caution. Whilst this dataset
does not support a more extensive analysis of their role in soil ecology, the examination

of the ecological functions of rare viral families should be a focus for future research.

The dominant predicted hosts across all treatments were Actinobacteria, Bacteroidetes,
Firmicutes or Proteobacteria, all of which are ubiquitous in soil environments (Manuel

et al., 2018), demonstrating a similar trend to acidic soils observed by Lee et al. (2022).
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Figure 2.8.: Relative abundances of common viral families (a), coloured by treatment
type and sized by the percentage of CPM values of all vOTUs with assigned
taxonomy at the family level (see Methods) and presence of rare viral families
(b) by treatment.
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Interestingly in this study, no bacteriophages of the common soil bacterial phyla Acidobac-
teria, Chloroflexi, Planctomycetes or Verrucomicrobia were identified in any soil virome.
A sizable minority of vOTUs (3-26%) have predicted hosts belonging to the Chlamidiae
(see Fig. 2.9). Although these are obligate, intracellular parasites, they are still com-
monly found in terrestrial environments, and particularly abundant in soils (Collingro et
al., 2020). The harsh sample processing methods required for eluting viruses from soil
particulates may have resulted in cell lysis, releasing these bacteriophages into the buffer

solution during virion desorption.

It is notable that viruses of both Archaea and Fukarya were detected in this dataset,
although at relatively rare abundances and some caution should be used in interpreting
their presence as host prediction, particularly of Fukarya, can vary in accuracy (Pons et
al., 2021). The combination of this inaccuracy, reliance on marker genes with established
phylogeny and limited numbers of vOTUs in this study with predicted hosts may be causal
contributors to the high level of variation between replicates that was observed, including
no predicted hosts in long-term amendment replicate a2. Nevertheless, the presence of
archaeophages, Phycodnaviridae, and Baculoviridae demonstrate that soil viral ecology
of terrestrial archaea and eukaryotes warrants further investigation as they may play
an important, and as yet undercharacterised, role in soil microbial and macro-biological

ecology.

2.6.5. Auxillary metabolic genes, antimicrobial resistance genes and

vOTU lifestyle
VIBRANT was used to identify 1048 auxillary metabolic genes (AMGs) carried by 909
vOTUs, with no discernable pattern observable between treatments, given the number of
AMGs identifiable (Fig. 2.10 a). No statistically significant difference in the number of
AMGs per vOTU was found between treatments or block (Beta regression, p > 0.05). En-
richment of specific forms of metabolism was examined by analysing the number of AMGs
from different pathways, normalised by total vOTUs per virome using NMDS (Fig. 2.10
b), with treatment, but not block, exhibiting a significant difference (PERMANOVA,
p(treatment) = 0.0382, p(block) = 0.546). The individual plots from the long-term and

historical treatments that are separated from the cluster in the centre of the NMDS plot

54



Chapter 2. Long-term effects of biosolid amendment on the soil viral community

Actinobacteria{ @ ® o o @ © ©® o @ o 0 O
Arthropoda 1 ° o
Bacteroidetes{ ©¢ ©®© e @ e @ o o o ©O
Chlamydiae{1 ©¢ @ e o ©® ©® © o o o
Chordata 1 ° ° ° °
Crenarchaeota 1 . . .
Cyanobacteria A o o o o o .
Euryarchaeota1 ®@ e e o o e o+ O O .
Firmicutes{ ©¢ @ @ o o ® o 0 O o o
Proteobacteria{ @ ® o @ © ©® © @ e O o
Rhodothermaeota- e o J .

O ORI RN UIE SR RN N

C & & . F.&.F.FL& & &P

006\ 00{\\ 00& 006\\ & o S S P

\2\\% ng \2\\% \2\\% O(@ o‘g \/o‘\q

Relative abundance (%)® 20 @ 40 @ 60 @ 80

Figure 2.9.: Relative abundances of host prediction from VPF Class, coloured by treat-
ment, sized by the percentage of summed CPM values of all vOTUs with
hosts predicted at the family level.

are those with the lowest number of vOTUs, suggesting that the observed differences in
AMG distribution are a function of vOTU recovery rather than the effects of biosolids
amendment. It is therefore likely that biosolids amendment does not substantially alter
viral community functional capacity as well as overall diversity previously discussed, with

similar results having been observed for pH (Lee et al., 2022).

It is important to note that these data do not verify that these genes are actively expressed
in the viruses’ hosts, nor that the biosolids-associated viruses present within the long-term
treatment soils are able to actively replicate. Stable isotope probing has previously been
used to examine virus-host dynamics in actively replicating soil microbial communities
(Trubl et al., 2021) and may in the future be used for assessing how land management
practices can influence community dynamics, as well as diversity and functional capacity,

alongside metatranscriptomics.

Additionally, antimicrobial resistance (AMR) genes were searched for in all vOTUs, iden-

tifying four vOTUs containing putative AMR genes (see Table 2.1). These were primarily
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Figure 2.10.: (a) AMG:vOTU ratios of different metabolisms within Control, Histor-
ical and Long-Term treated plots with size being proportional to the
AMG:vOTU ratio. (b) NMDS plot (Bray-Curtis) of the same data, showing
metabolisms that cause significant differences between samples. Treatment
caused a significant difference between samples whereas experimental block
did not (PERMANOVA, p(treatment) = 0.0382, p(block) = 0.546). Note,
the outlier sample Historical a2, which showed substantially fewer AMGs
than the other replicates within that treatment
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located in biosolids or historical samples, with one ARG carrying vOTU also located in a
Control treatment sample. None of the biosolids-associated ARG-carrying vOTUs were
also found in a soil virome. The small number of AMR genes identified in this study is
similar to results of Chen et al. (2021), who identified a total of 16 ARGs across eight
different treatments, indicating that the presence of virus-associated ARGs in soil viral

communities is a rare occurence.

Table 2.1.: Identity of ARG containing vOTUs

Contig Locations ARG class
k127 490966 Biosolids vanD gene cluster
k127 2835375 Historical al, bl and b2 bifunctional UDP-4-amino-

4-deoxy-L-arabinose
formyltransferase/UDP-
glucuronic acid oxidase

ArnA (polymyxin

resistance)
k127 3375170 Biosolids vanD gene cluster
k127 3820138 Historical al and Control Dihydrofolate reductase
a2 type 2

VIBRANT was used to predict lysogenic viruses from those vOTUs forming circular con-
tigs, demonstrating that >99% of assignable viruses were lytic (see Fig. 2.11), with no
statistically significant difference between treatment or block. This further underlines
that biosolids amendment has minimal long-term impact on soil viral communities. The
high percentage of lytic viruses is likely due to a combination two factors: the need to
identify integrase genes to classify vOTUs as lysogenic (Kieft et al., 2020) and that soil/
biosolids viromes are generated by eluting, purifying and sequencing intact pre-existing
virus like particles from sample matrices (Trubl et al., 2019). The strategy of pairing vi-
romes and unfiltered metagenomes, or inducing bacteriophage production and lysis with
mitomicin ¢ are two strategies that can increase the diversity of recoverable viral sequences
and so allow a better understanding of the diversity of soil viruses and their functional

potential.
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Figure 2.11.: Comparison of the percentage of circular vOTUs as identified as lytic by
VIBRANT. No statistically significant differences were found between treat-
ments or blocks (binomial GLM, ANOVA, p = 0.351 (treatment), p = 0.314
(block))

2.7. Conclusions

The aims of this study were to examine (1) how biosolids amendment impacts the soil
viral community, (2) how long-term amendment compares to historical treatment, and (3)
whether biosolids-associated viruses can persist in soils over extended timespans. Long-
term amendment of soil with biosolids ws shown to have a direct effect on the soil vi-
ral community by introducing biosolids-associated viruses into the soil environment that
can persist over a timescale of months to potentially years. The amount of biosolids-
associated viruses present in historically treated soils were lower in both terms of number
of biosolids-associated vOTUs (15-fold) and their relative abundance within the soil vi-
rome (100-fold). This suggests that whilst the use of biosolids as a fertiliser does impact
the soil viral community, both directly and indirectly, those effects diminish over time.
Biosolids amendment has limited to no significant effect on the overall diversity of soil
viral communities and their functional capacity, but further work is required to exam-
ine their effects on host range, metabolic activity and community dynamics. The role
of Phycodnaviridae and viruses of eukaryotes more broadly within soil microbial ecology
warrants further investigation. The lack of human pathogenic viruses such as human aden-

ovirus suggests that the risk to human health from biosolids-associated viruses is minimal,
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however follow-up studies using qPCR, and a comparison between different standards of

biosolids would be needed to further understand this.

Biosolids are used globally for their beneficial effects on soil health and enhancement of
a variety of ecosystem services (Trimmer et al., 2019). Whilst this study demonstrates
biosolids amendment has limited long-term effects on soil viral communities, and that
previous work has estimated the public health risk from biosolids amendment to be low
(Gerba et al., 2002), the potential for inadequately treated biosolids to transfer human
pathogens to land still remains (Bibby and Peccia, 2013). The role and accumulation of
other substances potentially hazardous to health such as antimicrobial resistance genes in
bacteria, heavy metals and microplastics remain areas of concern when utilising biosolids
as an agricultural nutrient source as part of the circular economy (Crossman et al., 2020;

Ju et al., 2016; Venegas et al., 2021).

2.8. Data and code availability

Sequencing read files and vOTU contigs analysed in this study will be deposited with
the NCBI and made publicly available on publication in a peer reviewed journal. Code
related to this chapter will be made publicly available via GitHub at https://github.com
/LSHillary/LtDnaVirome upon publication.
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3.2. Abstract

Anaerobically digested biosolids are frequently applied to agricultural land as a source of
nutrients, but can also be a source of viral pathogens harmful to human, animal and plant
health. Although the persistence of specific viruses in biosolids and in soil has been well
studied, little is known about how this practice affects the soil viral community, the num-
ber and diversity of biosolids-associated viruses imported during amendment and their
persistence post-treatment. We used viromics to characterise shifts in the DNA soil virus
communities in conventional biosolids amended and unamended soil microcosms at the
time of amendment and after one year. The viromes of 24 microcosms of biosolids, soil,
and biosolids amended soil were characterised by high-throughput sequencing of virus-
like-particle associated DNA (4 replicates x 3 sample types x 2 time points - at the start
of the experiment and after 1 year incubation at 10°C). We found that at the start of
the experiment, biosolids-associated viruses formed 56% of the amended soil viral commu-
nity, decreasing to 7.4% after one year. The addition of biosolids-associated viruses also
resulted in shifts in auxillary metabolic gene profiles and the introduction of virus-carried
antimicrobial-resistance genes. All soil viral communities were predominantly composed
of Siphoviridae, Myoviridae, Microviridae and Podoviridae. Host prediction indicates an
increase in relative abundance of bacteriophages of Bacteroidetes and a corresponding re-
duction of bacteriophages of Actinobacteria due to biosolids amendment. This effect and
others from biosolids amendment are substantially reduced after one year, suggesting that
the majority of effects on the soil viral community are short-lived. As pressures of food
security from increasing populations rise, effective monitoring of the biosafety of biosolids
will become increasingly important. With molecular techniques becoming more widely
available, assessing biosolids for their viral content could become integrated into existing

monitoring frameworks.

3.3. Keywords

biosolids, virome, soil, viral persistence, soil viral ecology, sewage sludge
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3.4. Introduction

The persistence of biosolid-associated viruses is impacted by a range of soil properties,
with temperature and adherence to soil particulates being the most important (Hurst
et al., 1980). Chapter 2 demonstrated that whilst viruses can persist for over 10 years,
their relative abundance diminishes significantly when compared to soils receiving annual
biosolids amendment. Although the soil viral community remains largely unchanged by
repeated biosolid amendment, this does not address how soil viral communities can be

impacted by a single treatment of biosolids.

The viral community of anaerobically digested biosolids produced by a sludge treatment
works is comprised of two components: viruses from outside of the sludge treatment works
that have persisted through the wastewater and sludge treatment processes, and those
associated with the treatment process itself, i.e. viruses of micro-organisms involved in
anaerobic sludge digestion. The use of biosolids as agricultural fertiliser therefore poses
a number of potential ecological risks: the dissemination of viral pathogens, disruption
to naturally occurring soil viral and microbial communities and the dissemination of

bacteriophages carrying antimicrobial resistance genes (ARGs).

Biosolids for use as agricultural fertilisers can be treated in a variety of ways (Sonune
and Ghate, 2004), but viral persistence, and therefore pathogen dissemination, is depen-
dent on viral species and treatment technology (Mocé-Llivina et al., 2003). Similarly,
once biosolids have been applied to land, the local environments that viruses experience
will affect viral persistence. Experiments examining the persistence of biosolid-associated
viruses in soil have typically relied on detection of culturable human pathogens, or surro-
gate bacteriophages (Oliveira et al., 2019; e.g. Straub et al., 1992). Whilst this has the
benefits of evaluating infectivity, it is limited to the detection of viruses with established
in vitro culture techniques. Molecular techniques such as qPCR and high-throughput se-
quencing can also be used to detect the presence of viral pathogens (Farkas et al., 2020c;
Roberts et al., 2016). From a community perspective, the extent of changes in microbial
communities caused by biosolid amendment are varied (Price et al., 2021; Schlatter et al.,
2019; Zerzghi et al., 2010), however a community-based approach is yet to be taken to
assessing viral persistence and community shifts in the soil viral community triggered by

single amendments of biosolids.
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Bacteriophage associated ARGs have been previously detected in a range of environments,
and are more commonly associated with environments where antimicrobial concentra-
tions are high, such as pig faeces and untreated sewage sludges (Lekunberri et al., 2017).
However, soil-borne bacteriophages have been demonstrated to possess a wide range of
ARGs (Anand et al., 2016; Joseph et al., 2015), and so source tracking of bacteriophage-
associated ARGs is critical to understanding their origin, and implications for land man-

agement policy and risk analyses.

Current UK regulations on the use of biosolids on agricultural land place time-limits on
grazing and harvest intervals after amendment between 3 weeks and 30 months, depending
on crop type and whether biosolids are treated to a conventional or enhanced standard
(Agricultural Development and Advisory Service, 2001). In this chapter, a medium-term
microcosm experiment was established to examine the shifts in soil viral community and
persistence of biosolids-associated viruses from a community-level perspective after one
year. 50 g microcosms of soil taken from control plots analysed in Chapter 2 were amended
with the equivalent of 7 dry tonnes per hectare of conventionally treated biosolids, a
typical application rate for arable soil, although this can vary substantially, depending on
national/ local limits and soil properties (LeBlanc et al., 2008). Amended and unamended
soil microcosms were either frozen at -80°C or stored at 10°C, the approximate UK mean
soil temperature (Busby, 2015), for one year. Viromics was used to characterise the viral
communities of each microcosm and the effects of treatment, time and soil experimental
block were examined. We aimed to answer (1) what is the diversity of biosolids-associated
viruses imported into the soil viral community after amendment, (2) what is the level of
biosolids-associated virus persistence after 1 year under controlled conditions and (3) how

does biosolids-amendment affect the soil viral community over this time period.

3.5. Materials and methods

3.5.1. Experimental design
Soil samples were collected from four plots, arranged into two blocks, with no history of
biosolids amendment from a long-term experiment in Woburn, Bedfordshire, UK examin-

ing the effects of biosolids derived on soil health (Gibbs et al., 2006). Soil properties are
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described in Supplementary Table A.1 and Table A.2.

Wheat was grown annually on the plots with N, P and K fertilisers added as required, as
indicated by soil testing. Six evenly distributed cores (20 cm depth) were extracted using
a 2.5 cm diameter half moon auger and stored separately on ice before transport back to
Bangor University. Between the sampling of each plot, the auger was sequentially wiped
clean with 1% Virkon, deionized water and 70% industrial methylated spirit. A dummy
core was taken from the middle of each plot and discarded before collecting samples for
analysis. Each core was be sieved to 2 mm and equal masses of the six cores combined,
manually homogenised and frozen in aliquots at -80°C until analysed. Additional 100 cm?
cores were taken from the centre of each plot, weighed and dried overnight at 105 °C and

used to calculate bulk density.

Mesophilic anaerobically digested biosolids treated to the UK conventional standard were
sourced from a single wastewater treatment site. Replicate microcosms of 50 g soil,
biosolids or biosolids-amended soil were stored in light-fast 50 ml centriguge tubes and
sealed with Parafilm to permit gas exchange. Biosolids were incorporated into amended
soil microcosms at an equivalent rate of 7 tonnes per hectare, assuming incorporation

down to a depth of 20 cm.

Time=0 microcosms were frozen at -80 °C until extraction. Time = 1 year samples
were sealed with Parafilm to permit gas exchange and placed inside a plastic container
sealed with Parafilm, containing 1 ¢m depth of water to increase humidity and reduce
evaporation and stored in the dark at 10 °C for 12 months. Samples were weighed every
4 weeks to monitor evaporation and an equivalent mass of sterile deionised water was
added to replace any mass lost between weigh-ins. Parafilm seals were replaced after each
weigh-in. At the end of the incubation period, samples were frozen at -80 °C until DNA

extraction.
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3.5.2. Virus-like-particle DNA extraction and sequencing library

preparation
Soil/ biosolids samples were resuspended in a 1:3 w/v ratio with amended potassium
citrate buffer (10% potassium citrate, 1% phosphate buffered saline, 150 mM MgSO,, 50
g with a total of 150 mL buffer per sample, divided between four centrifuge tubes - see
Fig. 3.1) and agitated in 3 rounds of 30 s manual shaking followed by 1 minute vortexing.
Samples were then shaken for 15 minutes on an orbital shaker at 300 rpm at 4 °C and
centrifuged at 4,600 x g for 30 minutes at 4 °C. Supernatants were filtered through 0.22
pm PES membrane filters (Millipore) and concentrated using 50 kDa MWCO Amicon
Ultra centrifugal ultrafiltration devices (Millipore) to a volume of <250 ulL. Concentrates
were DNase treated with 10U/ 100 uL of DNasel (Invitrogen) at room temperature for 2
hours with samples gently mixed through inversion after 1 hour. DNase was inactivated
with the addition of 100 uL. per mL of 50 mM EDTA and incubating at 65 °C for 10
minutes. DNA was extracted using a DNeasy PowerSoil Pro DNA extraction kit (Qiagen)
with minor modifications to the manufacturer’s protocol: after the addition of solution
CD1, samples were lysed by two rounds of vortexing for 3-4 seconds and incubating at 70
°C for 5 minutes. VLP DNA was also extracted from a negative control sample of 50 mL

of molecular biology grade water.

DNA concentrations were quantified using the Qubit HS assay kit (ThermoFisher) and
the presence of contaminants assessed using a Nanodrop 1000 spectrophotometer (Ther-
moFisher). A total of 25 sequencing libraries (see Fig. 3.1) were prepared by staff at the
University of Liverpool Centre for Genomics Research using the NEBNext Ultra 1T FS
library preparation kit. Libraries were pooled and sequenced on one lane of an S1 chip on
an I[llumina NovaSeq 6000. Initial demultiplexing and quality control performed by CGR
removed Illumina adapters using Cutadapt version 1.2.1 (Martin, 2011) with option -O 3

and Sickle version 1.200 (Joshi and Fass, 2011) with a minimum quality score of 20.

3.5.3. Sequencing data processing and viral contig identification
Sequencing data were broadly processed as described in Chapter 2 (see Fig. 2.3). Raw
sequencing reads were filtered with bbduk (ftl=3 maq=25 minlen=35), and error corrected

with tadpole (mode=correct ecc=t prefilter=2). PCR duplicates were removed using
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Figure 3.1.: Experimental design and sample processing. Unamended soil, biosolids
amended soil, and biosolids microcosms were either frozen at -80°C or stored
in darkness in light-fast 50 mL centrifuge tubes at 10°C, sealed with parafilm
(a). The viromes of a total of 25 samples (4 replicates x 3 sample types x 2
time points + 1 negative extraction control) were characterised. Virus-like
particles were eluted (b) and concentrated (c) and DNA extracted and used

to prepare 25 libraries for sequencing on one lane of a an S1 chip on an Illu-
mina NovaSeq 6000.
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clumpify (dedupe subs=0 passes=2). All programs are from the BBTools package (v38.49:
sourceforge.net /projects/bbmap/). All processed reads from each library were then co-

assembled using MEGAHIT 1.1.3 (—presets meta-large) (Li et al., 2015).

Assembled contigs >1,000 bp in length were processed with three viral sequence identifi-
cation tools: Deep Virfinder v1.0 (score >= 0.7 AND p value < 0.05), VirSorter 2 v2.1
(Score >= 0.5) and VIBRANT v1.2.0 (>= 4 hallmark genes) (Guo et al., 2021; Kieft et
al., 2020; Ren et al., 2020). Contigs passing these thresholds with a length >= 5,000 bp
or with a length >= 1,500 bp and identified as circular by either VirSorter 2 or Vibrant
were processed with CheckV (database v1.0) (Nayfach et al., 2020) and contigs retained

if they met the following criteria:

o CheckV identified viral genes > 0

e CheckV viral genes = 0 and:
— CheckV host genes = 0 or
— DeepVirFinder score >= 0.9 and DeepVirFinder p-value <0.05 or
— VirSorter 2 score >= 0.95 or VirSorter 2 hallmark genes >= 2 or

— Vibrant quality score = High or Medium

Reads were rarefied by subsampling paired reads to the size of the smallest non-negative
control library using seqtk v1.3 (https://github.com/lh3/seqtk). Rarefied reads were
mapped back to vOTUs using bbmap (vslow = t, minid = 0.9, part of BBTools v38.49)
and contigs with coverage above a cutoff threshold of >70% genome length in any given
sample were regarded as present within that sample. vOTUs with horizontal genome
coverage of >70% from mapped reads from the negative control sample were excluded

from further analyses.

Processing of the outputs of DeepVirFinder, VirSorter 2, VIBRANT and CheckV was
performed by a custom R script (ST-viral contig curation.Rmd) made available in this

chapter’s GitHub repository (https://github.com/LSHillary /StDnaVirome).

Taxonomic assignment and host prediction was carried out using VPF-Class (Pons et al.,
2021). A membership ratio and confidence score of 0.2 was used for taxonomic assignment

and for host prediction, membership ratio = 0.3 and confidence score = 0.5. If more
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than one assignment could be made at this threshold, then the vOTU was assigned as

inconclusive.

Accessory metabolic genes were predicted using VIBRANT (default settings). Identifi-
cation of antibiotic resistance genes was performed using DIAMOND v2.0.8 to run a
BLASTx search (e-value = 0.001, minimum score = 70) of vOTUs against the SARG v2.0
database (Buchfink et al., 2014; Yin et al., 2018).

3.5.4. Ecological data analysis

Statistical analysis of the results of short-read mapping and taxonomic assignment was
performed using a custom R script (ST_figure_generation.R, see GitHub repository).
vOTUs were deemed within a sample present if >70% of the contig length was covered
>1-fold from an individual library. Contigs with >70% coverage in the negative control
library were removed from further analysis. The relative abundancies of vOTUs present
in each sample were calculated by converting Fragments Per Kilobase Million (FPKM)
values provided by bbwrap to Counts per Million using the fpkm2tpm function from the
R package RNAontherBENCH (Germain et al., 2016).

Differences in a-diversity and proportion and relative abundance of biosolid-associated
viruses were tested for by first generating generalised linear models (GLMs) or beta re-
gression models and applying analysis of deviance tests using the function Anova in R
(details in Supplementary Table B.3). Post-hoc Tukey tests were performed using the

package emmeans.

[-diversity in viral community structure and AMG enrichment profiles were analysed by
non-metric multidimensional scaling (NMDS) on a Bray-Curtis distance matrix using the
R function metaMDS. PERMANOVA tests were used to assess differences between time,
treatment and blocks. Differences in AMG profiles were similarly assessed in the same

way.

Distributions of viral families were analysed by summing CPM values and converting to

percentages.
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3.6. Results and discussion
3.6.1. Identification and classification of viral contigs and

comparison to the long-term effects of biosolids amendment
In this work, we characterised shifts in the soil viral community of soil microcosms
amended with conventionally treated biosolids and compared these to unamended soil
and biosolids microcosms after incubation at 10°C for 1 year. DNA extracted from virus-
like-particles was purified from a total of 24 microcosms (four soil sampling replicates
taken from two replicate plots within two blocks of control treatments featured in Chap-
ter 2, two treatments, two time points, plus four biosolids microcosm replicates, two time
points) plus one negative extraction control (Fig. 3.2a). Soil samples from each plot were
treated separately to preserve the variation in soil viral community from field-scale hetero-
geneity. Raw sequencing reads were filtered for quality and co-assembled. A combination
of VirSorter2 (Guo et al., 2021), VIBRANT (Kieft et al., 2020), DeepVirFinder (Ren et
al., 2020) and CheckV (Nayfach et al., 2020) were used (See Materials and Methods) to
identify viral contigs to which rarefied read-pairs were mapped and vOTU presence de-
termined using a threshold of 70% coverage horizontal coverage. 13,567 viral operational
taxonomic units (vOTUs) were present in at least one sample. Virome summary statistics

are provided in Supplementary Fig. B.1.

85.2% of viral contigs were identified by two or more classification tools. This is higher
than in Chapter 2 and is potentially due to a combination of greater read depth, a less
fragmented assembly in this dataset and differences in library preparation kit. Libraries
from Chapter 3 were prepared with the NEBNext Ultra Il FS library preparation kit,
due to COVID-19 related disruption to sequencing centre capacity, whilst Chapter 2 se-
quencing libraries were prepared with the Accel NGS 1S+ kit (Swift Biosciences) which
is specifically designed to sequence both ssDNA and dsDNA. Library preparation tech-
niques are known to impact viral detection of different viral realms (Roux et al., 2016b)
and the longer L50 from this dataset (42 vs 15 kbp) would increase the number of longer
dsDNA contigs with sufficient gene content for VirSorter 2 and VIBRANT to detect as
viral, whereas DeepVirFinder is known to be more sensitive when screening shorter con-
tigs (Ho et al., 2021). Similar shifts in contig detection are observed when more stringent

cutoffs (Fig. 3.2 ¢), with 67% (vs 49%) being classified as viral by CheckV, although a
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greater proportion were discarded at this stage (5% vs 2.5%), possibly due to increased

detection of host genes.

Fig. 3.2 d shows an increased proportion of contigs rejected at the stage of vOTU iden-
tification. This may be due to changes in VLP purification made to reduce the amount
of fragmentation, leading to changes in VLP (i.e., using vortexing rather than sonica-
tion, and a lower concentration of DNase during non-VLP DNA digestion). Similarly to
Chapter 2, few contigs were eliminated at the vOTU QC, negative control or presence in

sample stages (Fig. 3.2 d).

VPF-Class was used to taxonomically classify and predict the hosts of vOTUs at different
taxonomic levels, at a reduced percentage than in Chapter 2 (see Fig. 3.3). This is
potentially due to factors discussed above leading to improved recovery and identification
of distantly related viruses, however VPF-Class similarly relies on gene-level taxonomic
classification to classify contigs, suggesting that the hypothesis that more longer contigs
leads to greater classification may not hold true for taxonomic classification. Family-level

host-prediction was similar between studies (8.8% vs 10%).

3.6.2. Biosolids amendment introduces large numbers of viruses into

soil viral communities
Figure 3.4 shows the number of vOTUs shared between different treatments. The largest
intersection is those vOTUs only found in control microcosms. Examination of the UpSet
plot of individual control microcosms (see Supplementary Figure B.2) reveals that this is
due to a large number of vOTUs (2938) unique to a single sample. The second largest
intersection represents the core virome shared across all soil mesocosms (highlighted in
blue). In total, 978 of 2215 (44%) biosolids-associated vOTUs were also found in soil
viromes, with 724 (74%) of these shared with amended soil microcosms at the start of the
experiment but not after one year (compared to 221 - 23% shared by biosolids and both
time periods, and 33 - 3% shared with amended soil microcosms after one year but not

at the start).

It is interesting to note that 51 biosolids-associated vOTUs were also shared with control
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Figure 3.2.: The viromes of 24 microcosms were characterised across three sample types:
soil, biosolids-amended soil and biosolids (a). Soil samples were taken from
four unamended control plots featured in Chapter 2. An additional negative
extraction control of PCR-grade water (not shown) was sequenced for the
detection of contaminants. Four contigs were identified as present in the
negative control and excluded from subsequent analysis. The majority of
viral contigs were identified by at least two tools (b). Further screening (¢ and
d) removed minor quantities of contigs based on contig screening, presence
in the negative control library and confrimed presence in individual samples
using a horizontal genome coverage threshold of 70 % (d).
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Figure 3.3.: VPF-Class was used for vOTU classification (membership ratio and confi-
dence score of 0.2) and host prediction (membership ratio = 0.3 and confi-
dence score = 0.5) at different taxonomic levels. A lower percentage of vOTUs
could be taxonomically classified (11% vs 19% at family-level), although host
prediction was marginally higher (8.8% vs 10% at family-level) when com-
pared to results from Chapter 2.
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microcosms at the start of the experiment, however these were all located within one
microcosm (b1c0 - replicate b, block 1, control treatment, time = 0), which contained over
twice the number of vOTUs than other control replicates. These vOTUs formed 2.5% of
identified vOTUs with a total relative abundance of 2%, and 48 of 51 having an individual
relative abundance of <0.1%. Comparison of the ratios of CPM values between vOTUs
in sample blcO and other samples revealed that all 51 vOTUs were present at higher
relative abundances in biosolids or biosolids amended soil microcosms (see Supplementary
Fig. B.3), suggesting that their detection may be false positives, contamination, or rare

cases of vOTUs existing in both environments.

a-diversity metrics were calculated from numbers of vOTUs present (richness) or relative
abundance measures in counts per million - CPM (see Fig. 3.5 a-c). Generalised linear
models were built and evaluated by analysis of deviance to test for the significance of
treatment, time and block (see supplementary table Table B.3). Treatment and time
were not significant (X2 = 0.86, p = 0.35 and X2 = 3.4, p = 0.67 respectively) whilst
block was significant(X? = 7.6, p = 0.0057), although this is likely to have been heavily
influenced by two outliers within the Amended-1 and Control-0 viromes. Treatment and
block effects on Shannon index were significant (X2 = 7.2, p = 0.0075 and X? = 6.4,
p = 0.011 respectively) whilst time was not (X2 = 0.47, p = 0.49). Simpson Index
showed significant effects from both treatment (X2 = 15.8, p < 0.0001) and time (X2 =
7.3, p = 0.007) but not block (X? = 1.7, p = 0.19). Pairwise comparisons of treatment
and time contrasts (Tukey tests) showed that Simpson Index was significantly different
between the start and end of the experiment in amended but not control treatments (p
= 0.037 and p = 0.063 respectively). Amended and control treatments were significantly
different from each other at the start and end of the experiment (p = 0.0006 and 0.0023,
respectively) although the amended microcosms at the end of the experiment had no
significant difference with control microcosms at the start (p = 0.74). No significant

pairwise comparisons were found between Shannon index values or number of vOTUs (p

> 0.05).

The decrease in Simpson Index due to treatment at the start of the experiment is likely
to be due to the introduction of a limited number of highly abundant biosolids-associated

vOTUs, as Simpson Index is heavily influenced by the most abundant species (DeJong,
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Figure 3.4.: UpSet plot of the number of vOTUs shared by each sample type. The core
soil virome is highlighted in blue whilst biosolids-associated vOTUs are high-

lighted in purple.

74



Chapter 3. Impact of a single biosolids application on soil virus communities

block o 1 a 2 treatment ‘ Amended ‘ Control

a 1 b c
5000 1 7.5
® i i 0.99 4
8 4000 < 7.0 ><
5 g g
9 £ £
S | 5 5
i 3000 2 651 2
o) S E
£ & &
=]
= 0.98
20001
6.0 1
A
1000 1 °
5.54 A
T T T T T T T 097' T T T T
Amended-0  Control-0 Amended-0 Control-0 Amended-0 Control-0
Amended-1 Control-1 Amended-1 Control-1 Amended-1 Control-1
d stress :=0.148
O
A
@
0.5- A
(]
3 A
0.4 o
A
Al
8 (®) Siphoviridae
=
= A
~0.51 (®)
Myoviridae — /\
~1.04
(@)
-1.54 T T T T T
1.0 ~05 0.0 0.5 1.0
NMDS1
Block @ 1 A 2 Treatment @ Amended-0 () Amended-1 @ Control-0 (O Control-1
Figure 3.5.: a-diversity of amended and control microcosms at the start of the experiment

and after one year (a - number of vOTUs, b - Shannon index, ¢ - Simpson
index). Panel d shows g-diversity of amended and control microcosms at the
start of the experiment and after one year, displayed as an NMDS plot. Differ-
ences between communities were tested for using PERMANOVA (treatment
- R% = 0.12954, p = 0.0054, block - R? = 0.20, p = 0.0001, time - R? = 0.12,
p = 0.013, interaction effects p>0.05).
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1975). The effect of the dominance of biosolids-associated vOTUs in amended soil micro-
cosms reduces over time. Statistically, this effect is still present after one year, however it
is difficult to say whether this is real or artifactual, due to similarities between Amended-1
and Control-0 sample types. The lack of significant differences between Shannon Index
values indicates that overall community diversity remains unaltered by time or treatment.
The range of Shannon and Simpson index values are towards the high end of the range
previously reported (Chen et al., 2021; Lee et al., 2022) but higher than those reported
in Chapter 2, most likely due to increased sequencing depth recovering a higher number

of vOTUs.

Shifts in S-diversity were examined by non-metric multidimensional scaling (see Fig. 3.5 d)
and statistically significant differences between populations tested for by PERMANOVA.
Overall, treatment, time and block generated statistically significant differences, however
there were no significant interaction effects between the three factors (see Table 3.1).
PERMANOVA tests were repeated for time = 0 years and time = 1 year. At the start of
the experiment, treatment and block caused significant differences in virome community
structure but after one year, block remained significant, but treatment did not. Similarly
to the overall analysis, no significant interaction effects existed (p > 0.05). These effects
can also be seen graphically in Fig. 3.5 d, where there is clear separation of the amended
and control communities at the start of the experiment (solid symbols) but substantial
overlap after one year (open symbols). The O-year communities are both distinctly sepa-
rate from the 1-year communities, regardless of treatment, and they clearly separate by
block (circles = block 1, triangles = block 2), with this effect being consistent, regardless

of treatment and time.

Table 3.1.: PERMANOVA results for differences in overall S-diversity and at the start
and end of the experiment

Soil microcosms at t=1

Factor All soil microcosms Soil microcosms at t=0  year

Treatment R? =0.130 p = R2 =0.335 p = 0.0038 R2? =0.164 p = 0.171
0.0054

Block R? =0.204 p = R? = 0.256 p = 0.0465 R? = 0.281 p = 0.0082
0.0001

76



Chapter 3. Impact of a single biosolids application on soil virus communities

Soil microcosms at t=1

Factor All soil microcosms Soil microcosms at t=0  year
Time R?=0.117Tp =
0.0133

This further demonstrates that whilst biosolids amendment has a substantial effect on
the soil viral community at the time of amendment, overall community structure returns
to one similar to unamended soil after one year, but remains influenced by spatial het-
erogeneity. The impact of spatial heterogeneity has been similarly observed in other
studies, suggesting that soil viral communities are highly variable at the vOTU level
(Santos-Medellin et al., 2021). It is also possible that this spatial variation is an artefact
of sampling intensity, as many viromics studies who report species accumulation curves
indicate undersaturation (Adriaenssens et al., 2017; Lee et al., 2022; Santos-Medellin et
al., 2021). A similar trend can be seen in this study (see Supplementary Fig. B.7), indi-
cating that increased sequencing effort, or analysing data at a higher taxonomic level may
improve our understanding of spatial heterogeneity in soil viral ecology, however these
solutions rely on the reduction of sequencing costs, or improvements in viral taxonomic

classification algorithms.

3.6.3. Caudoviricetes dominate the viromes of soils and biosolids

The majority of viruses detected in all three treatments belong to the Caudoviricetes class
of bacteriophages (Siphoviridae, Myoviridae and Podoviridae - see Fig. 3.6. Compared to
Chapter 2, the relative abundance of Phycodnaviridae and Microviridae are substantially
lower and these families are not detected in any biosolids samples (purple). This may
be due to changes in the library preparation and sample processing protocols between
Chapters 2 and 3. To identify specific human pathogens, all contigs >=1,500 bp in length
were compared to the refseq viral database (BLASTX, e-value cutoff of 10°) with no

pathogenic viruses identified.

Rare families include viruses of archaea, amoeba, arthropods and potentially vertebrates.

It is also interesting to note the presence of Lavidaviridae as the virions of these virophages
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would be capable of being detected by viromics using a size selection of 0.22 pm, but their
nucleocytoplasmic large DNA virus (NCLDV) host Mimiviridae, with a typical diameter
of 0.3-0.7 pum, would be excluded (Claverie and Abergel, 2018; Fischer, 2021).

Another family of NCLDVs, the familiy Marseilleviridae, possess virion diameters of ap-
proximately 0.25 pm, may be detected by viromics (Colson et al., 2013). In this study, a
single, yet abundant 11Kb Marseilleviridae vOTU (k127 _1331608) was detected in the
majority of biosolids and all biosolids-amended soil microcosms at the start of the ex-
periment, but sporadically after one year. Although relative abundance of this vOTU
was low (<1%), horizontal coverage ranged from 70-100% in samples where it was identi-
fied as present, with average vertical coverage ranging from 2.0-13.2 fold, demonstrating
that the vOTU’s presence is likely to be genuine. However, the average genome length
of Marseilleviridae is 300 Kb (Aherfi et al., 2014), implying that this contig is either a
small fragment of a much larger unassembled viral genome, or has been potentially mis-
assigned. This case highlights that, given the low number of individual contigs detected,
caution should be used in avoiding the over-interpretation of the presence of rare taxa,
due to possible inaccuracies in vOTU taxonomic assignment. All rare taxa displayed in
Fig. 3.6 b had relative abundancies of <1%, with the exception of Papillomaviridae in
sample albl (replicate a, block 1, amended, 1-year) at 5.9% of total assigned CPM values.
Further work is needed to more closely examine the presence, and ecological role of non-
bacteriophage soil viruses, but similarly to the issue of spatial heterogeneity mentioned
above, this will be dependent on improved sequencing technology and increased sensitivity

of virus classification algorithms in detecting non-bacteriophage viruses.

3.6.4. Host-prediction reveals the contribution of biosolids-associated

Bacteroidetes viruses to viral community shifts
Similarly to Chapter 2, the dominant host phyla are Actinobacteria, Bacteroidetes, Firmi-
cutes and Proteobacteria (see Fig. 3.7). However, a pattern can be observed in that viruses
of Bacteroidetes are highly abundant in the biosolids microcosms (purple) and amended
soil microcosms at the start of the experiment (red closed circles). The converse pattern
is observable in viruses of Actinobacteria, with their relative abundance being lower in mi-

crocosms with more biosolids-associated viruses. Both Actinobacteria and Bacteroidetes
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Figure 3.6.: Relative abundance of family level taxonomically assigned vOTUs divided
into those with high relative abundance anod those of interest from Chapter
2 (a) and rare taxa (b). Relative abundance is calculated as the percentage of
total CPM values of taxonomically assigned vOTUs. Closed circles represent
microcosms at the start of the experiment and open circles represent micro-
cosms after one year. Colour indicates treatment.
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are key saprophytic components of the soil microbiome (Bhatti et al., 2017; Larsbrink et
al., 2020) and so a shift in the balance of bacteriophages of these two phyla could cause
changes to soil carbon and other nutrient cycling. This would likely require cross-species
host ranges as for the introduced phages to have an impact on the soil microbiome, they
would have to be able to infect, replicate within, and kill soil-borne hosts. Instead, the
proportion of these bacteriophages returns to levels similar to those in control soils, sug-
gesting that any changes are short-lived, and that a more likely scenario is that introduced
phages decay over time as they are unlikely to be able to find a susceptible host within

which to replicate.

A number of other rarer hosts were identified, including both Crenarchaeota and Fur-
yarchaeota, as well as several phyla of eukaryotes. Although all samples indicate the pres-
ence of viruses of Chordata, these viruses were taxonomically assigned as non-vertebrate
infecting NCLDVs and VPF-Class can face challenges when assigning hosts to eukaryote-
infecting viruses (Pons et al., 2021), therefore some of the eykaryotic host-assignments

should be treated with some caution.

3.6.5. Biosolids-associated vOTUs reduce substantially reduce in

virome proportion and relative abundance after one year
3040 vOTUs from the biosolids viromes were also detected in the amended soil viromes.
These biosolids-associated vOTUs formed 31.5% +4.67 of the total number of vOTUs
within the amended microcosms at the start of the experiment (Fig. 3.8 a). This quantity
reduced 4-fold to 7.71% =+1.70 after one year. A similar pattern can be observed in the
relative abundance of biosolids-associated vOTUs, where they form 56.3% +0.914 of the
total virome in the amended soil microcosms at the start of the experiment and this

reduced 7.6-fold to 7.43% +0.759 after one year (Fig. 3.8 b).

Decay rates of individual viral species are known to vary substantially (Schwarz et al.,
2014) and maximum persistences of pathogenic viruses estimated at 3-6 months (Gerba
and Smith, 2005). The data from this study indicate that this may be an underestimate,
however it is important to emphasise that detection of biosolids-associated viruses via

molecular methods is not indicative of their infectivity (Wong et al., 2010). Further use
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start of the experiment and open circles represent microcosms after one year.

Colour indicates treatment.
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Figure 3.8.: (a) Proportion of biosolids-associated vOTUs in amended and control con-
trol treatment viromes at the start of the experiment and after one year.
Treatment but not block was found to have a statistically significant effect
for amended viromes (Beta regression, analysis of deviance - X2 = 38.0, p
< 0.0001 and X% = 1.20, p = 0.274 respectively) (b) Relative abundance of
biosolids-associated vOTUs in amended and control treatment viromes at the
start of the experiment and after one year. Treatment, but not block, had
a statistically significant effect (Beta regression, analysis of deviance - X? =
104.3, p < 0.0001 and X2 = 0.21, p = 0.647, respectively).
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of assays that couple infectivity assays to sensitive molecular techniques will be able to
assess the impact of time, land management strategies and environmental conditions on
the reduction in viral risk from the use of biosolids as agricultural fertilisers (Farkas et

al., 2020D).

3.6.6. Auxiliary metabolic genes indicate diverse soil microcosm viral

community functional capacity
5,335 auxiliary metabolic genes (AMGs) were identified in 4,527 vOTUs by VIBRANT
covering a large variety of pathways (see Fig. 3.9 a). The most common AMGs belonged
to cofactor/ vitamin, and carbohydrate metabolisms, suggesting that some soil viruses
may enhance their microbial hosts’ ability to harness carbon sources and utilise cofactors
required for enzyme activity. Comparison of different treatments (Fig. 3.9 b) indicates
a high degree of overlap between soil microcosms, with the biosolids technical replicates
separating from the majority of samples in the top left region of the ordination plot, and
the Amended-0 treatment located between the two. A single Amended-1 replicate lies at
the bottom left corner of the ordination plot (albl), with their location potentially being

heavily influenced by a lower diversity of metabolisms being detected.

Bacteriophages are known to have the potential to influence microbiome functional capac-
ity in carbon, nitrogen, sulphur and phosphorus metabolism (Han et al., 2022; Monier et
al., 2017; Roux et al., 2016a; Trubl et al., 2018). Whilst the results indicate that biosolids-
amendment does influence the AMG profile, and therefore the functional capacity of soil
microcosm viral communities, it is not possible to say whether these genes are being
actively expressed, or if microbial community function has been impacted. Given the re-
duction in biosolids-associated viruses over the course of the experiment, it is unlikely that
biosolids-associated AMGs are utilised by their microbial hosts in the soil environment.
The shift in the amended soil microcosm viral community towards an unamended-like
structure, indicates that any indirect effects of biosolids amendment on viral community

functional capacity are also likely to be short-lived.
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Figure 3.9.: (a) heatmap and (b) NMDS plot (Bray-Curtis) of the number of auxillary
metabolic genes identified, normalised by the number of vOTUs for each
virome.
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3.6.7. Anti-microbial resistance genes are low in abundance and

naturally occur in amended and unamended soil microcosms
A total of 14 vOTUs were found to carry putative antimicrobial resistance genes (ARGs
- see Fig. 3.10) of which nine were found in soil microcosms, and eight were found in
biosolids microcosms. Whilst Fig. 3.10 suggests that ARG-carrying vOTUs decreased
over the course of the experiment, this trend could be a random occurence, as a single
additional vOTU could substantially alter this pattern. Differences caused by treatment
and time in the number, proportion of vOTUs and relative abundance of AMR genes were

not significant (p >0.05, GLM (quasibinomial distribution) + analysis of deviance).

Similarly, the presence of biosolids-associated ARG-carrying vOTUs only in amended soil
microcosms at the start of the experiment suggests that biosolids amendment can import
ARGs of viral origin, but further work would be needed to demonstrate that these genes
are genuine ARGs. Whilst viral ARGs have been previously detected in biosolids-amended
field trials (Chen et al., 2021), this study did not explore if those ARGs were biosolids-
associated. This study demonstrates that viral ARGs could be a naturally occurring
component of the soil viral communty’s functional capacity. Further in vitro work would
be needed to demonstrate that the genes detected here are produce antibiotic resistance
phenotypes because, as discussed in Chapter 2, the detection thresholds used are a trade-

off between sensitivity and precision (Enault et al., 2016).

3.6.8. Conclusions

Community-level soil viral ecology remains a substantially underexplored and neglected
area of interest (Pratama and Elsas, 2018), particularly when using viromics-based studies
to impact land-management policy. Our understanding of the viral community dynam-
ics of the wastewater treatment process are more advanced, but often (necessarily) focus
on the dissemination of viruses hazardous to human, plant and animal health, particu-
larly through the discharge and use of treated wastewater effluent (Adriaenssens et al.,
2021; Bacnik et al., 2020). Biosolids, the solid byproduct of the wastewater treatment
process, have the potential to disseminate viruses from the wastewater treatment process
to land, where they could re-enter the food-production system, although this risk has

been estimated to be <1:10,000 per year if solid waste is treated rigorously (Gerba et al.,
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Figure 3.10.: (a-¢) Number, proportion of total vOTUs and relative abundance of all ARG-
carrying vOTUs. (d-f) Number, proportion of total vOTUs and relative
abundance of biosolids-associated ARG-carrying vOTUs. These were only
found in Amended-0 microcosms.
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2002).

This study characterised the viromes of biosolids amended soil microcosms to monitor
the decay of biosolids-associated viruses and shifts in the soil viral community over one
year, and compared these results to unamended control soils. We aimed to examine
(1) the diversity of biosolids-associated viruses imported into the soil viral community
after amendment, (2) the level of persistence of biosolids-associated virus after 1 year
under controlled conditions and (3) the effects of biosolids amendment on the soil viral

community over this time period.

Biosolids amendment introduces a large quantity of viruses to the soil virome, but the
majority of these viruses decay after one year under controlled conditions. The remaining
viruses form a 7.6-fold reduced relative abundance of the total soil viral community (from
56% to 7.4%). The majority of vOTUs that could be taxonomically assigned belonged
to the Caudoviricetes class of bacteriophages. No difference in soil viral community -
or B-diversity was observable after 1 year, indicating a limited impact on the overall soil

viral community structure.

Soil viral communities are recognised as a natural reservoir of ARGs, with biosolids amend-
ment enriching the ARG content of purified bacterial but not viral communities and
biosolids-associated bacteriophages can enhance antimicrobial resistance in host bacte-
ria through specific or generalised transduction (Joseph et al., 2015). The presence of
antimicrobial resistance genes was demonstrated to be relatively rare within the soil vi-
ral communities in this study, with biosolids-associated viral ARGs only occurring in
amended soil microcosms at the start of the experiment. Biosolids amendment is known
to increase the quantity and diversity of ARGs (Xie et al., 2016) but this study suggests
that bacteriophages may play a minor, and potentially short-lived role in their dissemina-
tion. Further work is needed to understand the role of biosolids-associated bacteriophages
in the dissemination of ARGs in the environment, as the current evidence is unclear on
how biosolids compare to other organic manures, and the causative nature of increased

ARG presence after amendment.

This study represents a baseline assessment of the impact of a single amendment of conven-

tionally treated biosolids on the soil viral community and current policy on the monitoring
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of soils pre and post biosolids amendment varies globally, with reduced restrictions on us-
age of biosolids treated to higher standards (Assured Biosolids Limited, 2020). Similarly
to Chapter 2, no human pathogens were identified in the treated biosolids or any of the
soil microcosms. Environmental monitoring is increasingly making use of environmental
DNA for the surveying of wildlife biology, wastewater based epidemiology and soil health
(Deiner et al., 2017; Fierer et al., 2021; Lorenzo and Pic, 2019) and there is significant
potential to also apply these approaches for the detection and assessment of the impacts
of organic manure usage and broader land management practices on the introduction and
persistence of micro-organisms, viruses and other genetic markers that could be used to

identify the source of wastewater/ biosolids contamination.

3.7. Data and code availability

Sequencing read files and vOTU contigs analysed in this study will be deposited with
the NCBI and made publicly available on publication in a peer reviewed journal. Code
related to this chapter will be made publicly available via GitHub at https://github.com

/LSHillary/StDnaVirome upon publication.
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4.2. Foreward

This chapter has been published in ISME Communications:

Hillary, L.S. et al., 2022. RNA-viromics reveals diverse communities of soil
RNA viruses with the potential to affect grassland ecosystems across multiple

trophic levels. ISME Commun. 2, 34. doi: 10.1038/s43705-022-00110-x
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4.3. Abstract

The distribution and diversity of RNA viruses in soil ecosystems are largely unknown,
despite their significant impact on public health, ecosystem functions, and food security.
Here, we characterise soil RNA viral communities along an altitudinal productivity gra-
dient of peat, managed grassland and coastal soils. We identified 3,462 viral contigs in
RNA viromes from purified virus-like-particles in five soil-types and assessed their spa-
tial distribution, phylogenetic diversity and potential host ranges. Soil types exhibited
minimal similarity in viral community composition, but with >10-fold more viral con-
tigs shared between managed grassland soils when compared with peat or coastal soils.
Phylogenetic analyses predicted soil RNA viral communities are formed from viruses of
bacteria, plants, fungi, vertebrates and invertebrates, with only 12% of viral contigs be-
longing to the bacteria-infecting Leviviricetes class. 11% of viral contigs were found to be
most closely related to members of the Qurmiavirus genus, suggesting that members of
this clade of plant viruses may be far more widely distributed and diverse than previously
thought. These results contrast with soil DNA viromes which are typically dominated by
bacteriophages. RNA viral communities therefore have the potential to exert influence

on inter-kingdom interactions across terrestrial biomes.
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4.4. Introduction

Viruses are the most common and diverse biological entities on Earth (Paez-Espino et al.,
2016) and can exert significant influence on their hosts. In addition to their ecological
functions, viruses are key influencers of public health and food security, causing 47% and
44% of plant and human emerging infectious diseases, respectively (Anderson et al., 2004;
Taylor et al., 2001). The current COVID-19 pandemic highlights the critical importance of
understanding the role of viruses in the environment, and how natural and anthropogenic
ecosystems can function as sources of novel zoonotic infections. Grassland ecosystems
form 30-40% (White et al., 2000) of total land cover and provide essential ecosystem
services, including food production, flood mitigation and carbon storage (White et al.,
2000; Zhao et al., 2020). Within these, and other terrestrial ecosystems, DNA viruses are
known to play essential roles in microbial community dynamics and carbon biogeochemical
cycling (Adriaenssens et al., 2017; Emerson et al., 2018; Jin et al., 2019; Trubl et al., 2018;
Zablocki et al., 2017), yet the role of viruses within these critical ecosystems remains
undercharacterised (Williamson et al., 2017) and in particular, our knowledge of soil
RNA viruses is significantly limited (Starr et al., 2019; Wu et al., 2021). To date, soil
viral ecology has focused almost exclusively on DNA viruses of bacteria and archaea. In
contrast, marine DNA and RNA viruses have been characterised on an ocean-wide scale
(Hurwitz and Sullivan, 2013), and the significant level of diversity observed suggests that
the global virome could be the largest reservoir of genetic diversity on the planet (Breitbart

et al., 2018).

The vast majority of known RNA viruses lie within the realm Riboviria and possess a
universally conserved RNA dependent RNA polymerase (RARP) gene (Wolf et al., 2018).
This gene can be used to identify viral RNA genomes and genome fragments from large
scale metatranscriptome datasets. A number of recent studies have used this strategy to
dramatically increase the number of known RNA viral sequences (Callanan et al., 2020;
Shi et al., 2016; Starr et al., 2019) allowing the construction of a broad global viral
taxonomy (Koonin et al., 2020). Difficulties in generating and analysing environmental
RNA viral sequencing data remain, largely due to experimental challenges of extracting
sufficient viral RNA from environmental samples, and in computationally identifying RNA

viral genome fragments in large metatranscriptome datasets (Cobbin et al., 2021).
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The detection of RNA viral genome fragments in soils can be enhanced by enriching,
concentrating and purifying virus like particles (VLPs) from the soil matrix. Viromics
uses size selection to selectively enrich for VLPs in environmental samples, ensuring that
they represent a greater proportion of the data obtained from high throughput sequencing
(Trubl et al., 2020). This can significantly improve the quality and quantity of viral
genomes recovered from soils over bulk-soil metagenomes and metatranscriptomes (Santos-
Medellin et al., 2021). Viral RNA for use in viromics studies can be readily extracted
from water, sewage and sediments (Adriaenssens et al., 2018; Bibby and Peccia, 2013;
Culley, 2018) and it is possible to detect RNA viral sequences in bulk soil and rhizosphere
metatranscriptomes (Starr et al., 2019; Wu et al., 2021) but to date, and to the best of
our knowledge, there has been no published attempt to apply viromics to the study of

RNA viruses in soil.

Here, we use viromics to characterise the soil RNA viral communities of five contrasting
soil types along a typical temperate oceanic grassland altitudinal productivity gradient
(Withers et al., 2020). We identified RARP containing viral contigs and examined their
distribution across different soil types at both a viral contig and phylum level. We then
used phylogenetic analyses to place these viral contigs within phylogenetic trees of known
viruses, and compared them to viral contigs detected by a previous mesocosm bulk soil
metatranscriptomics study (Starr et al., 2019). Our findings demonstrate that soils rep-
resent a significant reservoir of viral diversity that have the potential to impact not just

the soil microbial community, but also across multi-kingdom host ranges.

4.5. Materials and methods

4.5.1. Field site description, soil sampling and processing

Five sites along an altitudinal gradient at Henfaes Research Centre, Abergyngregyn, Wales
were sampled on 315 October 2018. Three adjacent 5x5 m plots were marked out at each
site and approximately 2 kg of soil was extracted from each site between 0-10 cm depth
using a 3 cm diameter screw auger with evenly spaced sampling within each grid. The
augur was cleaned with 1% Virkon disinfectant and a dummy soil core taken and discarded

outside of the sampling area prior to sampling each plot. Soil from each plot was sieved
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separately to 2 mm and stored in 100 g aliquots at -80 °C prior to RNA extraction.

4.5.2. Viral RNA enrichment and extraction

Virus-like particle extraction was based on protocols developed by Trubl et al. (2016)
and Adriaenssens et al. (2018). A total of 16 samples, three per site and one 100 mL
PCR-grade water negative control extraction were processed separately. 100 g of soil
per sample was thawed and evenly divided into eight 50 mL centrifuge tubes (12.5 g of
soil per tube, hereon referred to as subsamples). Each subsample was suspended in 37.5
mL of amended potassium citrate buffer (1% potassium citrate, 10% phosphate buffered
saline (PBS), 5 mM ethylenediaminetetraacetic acid (EDTA), and 150 mM magnesium
sulphate (MgSO,), 300 mL total volume per sample). Each subsample was subjected to
30 seconds manual shaking followed by 60 seconds vortexing at maximum speed. After
physical disruption, subsamples were placed on ice on an orbital shaker and shaken at 300
rpm for 30 minutes and then centrifuged for 30 minutes at 3,000 x g, 4 °C. Supernatants
were removed to new centrifuge tubes and polyethylene glycol, (PEG - 6,000 MW) and
sodium chloride (NaCl) were added to 15% (w/v) and 2% (w/v) respectively to precipitate
VLPs overnight at 4 °C. Precipitates were recovered by centrifuging tubes for 80 minutes
at 2,500 x g, 4 °C and discarding the supernatants. The eight subsample pellets from
each 100 g soil sample were recombined by resuspending them in a total volume of 10 mL
of Tris buffer (10 mM Tris-HCl, 10 mM MgSO,, 150 mM NaCl, pH 7.5). Recombined
samples were filtered through sterile polyethersulfone 0.22 pm pore size syringe filters and
concentrated to <600 uL using Amicon Ultra-15 centrifugal filter units (50 kDa MWCO,
Merck) prior to RNA extraction.

All RNA extraction protocols were used according to the manufacturer’s instructions
except where specified. Nucleic acids were extracted using the AllPrep PowerViral
DNA/RNA extraction kit (Qiagen) with the addition of 10 uL/ mL 2-3-mercaptoethanol.
Co-purified DNA was DNase digested using the Turbo DNA Free kit (Thermo Fisher)
using two sequential 30-minute incubations at 37 °C, each using 1 U of Turbo DNase.
DNase was inactivated and removed using the supplied DNase inactivation resin and
RNA was further purified using the RNA min-elute kit (Qiagen). Unlike the DNase

equivalent commonly used in DNA virome protocols, no pre-extraction RNase treatment
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was performed as this has previously been suggested to be detrimental to RNA viral

recovery (Adriaenssens et al., 2018).

4.5.3. Library preparation, sequencing and initial short read QC

Sequencing libraries were prepared using total RNA without mRNA isolation or rRNA
depletion using the NEBNext Ultra Directional RNA Library Prep Kit (New England
Biolabs) by the Centre for Genomics Research (CGR), University of Liverpool. Initial
fragmentation, denaturation and priming for ¢cDNA synthesis was performed with an
incubation time of 7 minutes at 94°C and random primers. In total, 17 libraries were
prepared using unique dual indexes and pooled: 15 soil virome samples from five sites,
plus one extraction negative control and one library construction negative control of PCR-
grade water which were processed alongside the samples and during sequencing library
production. A volume of each negative control library equal to the largest volume from
a soil virome sample was added to the final pool. Libraries were pooled and sequenced

(150 bp paired end) on one lane of a HiSeq 4000.

4.5.4. RNA virome data analysis

Initial demultiplexing and quality control performed by CGR removed [llumina adapters
using Cutadapt version 1.2.1 (Martin, 2011) with option -O 3 and Sickle version 1.200
(Joshi and Fass, 2011) with a minimum quality score of 20. Libraries were further filtered
by removing reads with a read length <35 bp, a GC percentage of <5% or >95%, or
a mean quality score of <25, using Prinseq-lite v0.20.4 (Schmieder and Edwards, 2011).
Ribosomal reads were removed using SortMeRNA v3.0.3 (Kopylova et al., 2012) using de-
fault parameters. Reads from each library were pooled, error corrected using tadpole.sh
(mode=correct ecc=t prefilter=2) and deduplicated with clumpify.sh (dedupe subs=0
passes=2) from the BBTools package (v37.76: sourceforge.net/projects/bbmap/). Reads
from all libraries were co-assembled using MEGAHIT 1.1.3 (Li et al., 2015) (--k-min 27,
--k-max 127, --k-step 10, --min-count 1).
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4.5.5. Ildentification and abundance of viral sequences

Assembled contigs were compared to the NCBI nr complete database (downloaded on 27!
November 2019) using Diamond BLASTx (Buchfink et al., 2014) (--sensitive, --max-target-
segs 15, --evalue 0.00001) and taxonomic assignments made using MEGAN v6 (Huson et
al., 2016). All contigs with hits matching cellular organisms or dsDNA/ ssDNA viruses

were excluded from subsequent analysis.

HMDMs used in RARP detection were generated from alignments previously published by
Wolf et al. (2018). Protein coding genes in contigs >300 bp in length were predicted
using Prodigal v2.6.3 (-p meta) (Hyatt et al., 2010) and searched for RARP genes us-
ing HMMSearch (Mistry et al., 2013). Hits with E-values <0.001 and scores >50 were
clustered with CD-Hit (Li and Godzik, 2006) to 95% average nucleotide identity across
85% alignment fraction (Roux et al., 2018). Each contig was assigned a broad taxonomic
classification based on HMMsearch results. Contigs with hits from more than one RARP

phylum were assigned to the classification with the lowest E-value.

Reads were mapped to contigs using BBwrap (vslow=t minid=0.9 - https://sourceforge.ne
t/projects/bbmap/) and contigs with any mapped reads from either of the two negative
control libraries were excluded from further analysis. Viral contigss with a horizontal
genome coverage of >50% were determined as present for each sample. Any viral contigs
with coverage of <50% had its abundance reset to zero. Fragments per kilobase million
(FPKM) values calculated by BBwrap were converted to Counts Per Million (CPM) using
the fpkm2tpm function from the R package RNAontheBENCH (Germain et al., 2016).

4.5.6. Ecological data analysis

Community analysis was performed using R and the Vegan package (Oksanen et al.,
2019). UpSet plots were produced of contigs shared between sampling sites based on the
combined collection of viral contigs identified as present at each site. Separate UpSet
plots for contigs shared between sampling replicates are contained within Supplementary
Fig. C.5. A table of CPM values for each viral contig in each sampling replicate for each
site was used to calculate a-diversity metrics (richness, Simpson and Shannon diversity

indexes).
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The same table was used to generate a [-diversity distance matrix (Bray-Curtiss) using
the function metaMDS within the Vegan package. Statistically significant differences
between sampling sites were tested for using Kruskall-Wallis («a-diversity metrics) and
PERMANOVA ((-diversity). Co-ordinates for individual viral contigs were taken from
expanded scores based on a Wisconsin (square root) transformation of the CPM value
matrix. Summed CPM values for each phylum were fitted to the NMDS ordination plot
using the function env_ fit and phyla with a p-value of <0.05 displayed as vectors. Data
visualisation was performed using the packages ggplot2 and upsetR (Conway et al., 2017;
Wickham, 2016).

4.5.7. Phylogenetic analysis

RARP sequences from contigs produced by Starr et al. (2019) were identified and pro-
cessed by the same methods described above. These were pooled with those identified
by this study and those identified by Wolf et al. (2018). Sequences were then aligned
using MAFFT v7.427 (Katoh, 2002) (-retree 2 —maxiterate 2) and trees generated with
FastTree v2.1.11 (Price et al., 2010) (-wag -spr 4 -mlacc 2 -pseudo -slownni). Trees were
visualised with iToL (Letunic and Bork, 2019) and annotated with the aid of table2itol
(https://github.com/mgoeker/table2itol).

4.6. Results and discussion
4.6.1. Viromics reveals extensive diversity in soil RNA viral

communities
In this work, we characterised the soil RNA viromes of five contrasting soil types along
a typical temperate oceanic grassland altitudinal productivity gradient (Figure 4.1 a-d,
further described in Supplementary Table C.1) (Withers et al., 2020). Raw reads were
filtered for quality and rRNA contamination. The percentage of TRNA reads in each
library was highly variable (0.5-95% of total reads) but did not impact the amount or
percentage of reads mapping to the collection of assembled viral contigs (Spearman rank
correlation, p = 0.667 and p = 0.611 respectively, (see Materials and Methods section,

summary statistics on rRNA read removal and read mapping are provided in Supplemen-
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tary Fig. C.1). Future viromics work would benefit from rRNA removal, assuming the
yield of purified viral RNA is sufficient for sequencing library construction. Pre-viral lysis
RNase digestion has been used previously to achieve this but this can also remove substan-
tial quantities of viral RNA as well (Adriaenssens et al., 2018). Filtered sequencing reads
from all libraries were co-assembled and contigs >300 bp were used in further analysis.
Genes were predicted by Prodigal (Hyatt et al., 2010) and searched for the RNA viral
hallmark gene RNA dependent RNA polymerase (RARP) using HMMER, (Mistry et al.,
2013) and five Hidden Markov Models (HMMs) built from multiple sequence alignments
of the RARPs from the five major Riboviria RNA viral phyla (Wolf et al., 2018).

A total of 3,471 contigs containing putative viral RARP genes were taken forward for
further analysis. 16 additional contigs were excluded where one or more read mapped to
the contig from either the negative extraction, or negative control libraries, of which one
had a horizontal coverage of >50%, but only in the negative extraction control. Although
a clustering step on the co-assembled contigs was performed at 95% identity over 85% of
the contig length, matching the thresholds established for demarking dsDNA viral species
(Roux et al., 2018), all clusters from this dataset contained a single viral contig. As
boundaries for RNA viral operational taxonomic units are yet to be established, the term
“viral contig” has been used in place of vOTU for the purposes of this study. Read mapping
was used to identify 3,462 viral contigs present within a sample where the horizontal
genome coverage was 50% (Fig. 4.1e). Read mapping and contig coverage statistics are

provided in Supplementary Figs. C.1-C.4.

An UpSet plot of viral contigs shared between sites (Fig. 4.1 e) shows that few were
common between sites (0.79-32% per site) with the managed grassland sites showing
the most similarity. 97-99% of viral contigs shared by managed grassland sites were
shared with at least one other managed grassland site (see Supplementary Fig. C.5 for
the distribution of contigs shared between replicates of each site). The coastal grassland
site shared the least viral contigs with any other site (4 in total), whilst the upland
peatland site, although markedly different, shared more viral contigs in common with
managed grassland sites it was geographically closer to (7 with the upland-grassland site,
14 overall). This could reflect similarities between those habitats, or result from viral

particles being transferred between these habitats by ground/ surface water runoff. As
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Figure 4.1.: Soil samples were taken along an altitudinal primary productivity gradient in
North Wales, UK (a). Sampling sites included upland peatland, (*) three
forms of grassland under different management regimes (unimproved up-
land, semi-improved and improved lowland grassland) and unmanaged coastal
grassland (b - made using Google Earth Pro). Elevation varied by 400 m along
the transect (c). Site co-ordinates and soil descriptions can be found in Sup-
plementary Table 1. (continues on next page...)
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Figure 4.1.: (...) Images of soils from each site can be seen in (d) from left to right: up-
land peatland, upland grassland, semi-improved grassland, lowland grassland
and coastal grassland. An Upset plot of the distribution of identified viral
contigs (e) demonstrates how whilst the majority of viral contigs are found
solely at each site, the managed grassland sites share more viral contigs in
common than with the upland peat or coastal grassland sites, with the coastal
grassland site being almost completely unique.

the horizontal coverage threshold used to determine viral contig presence can influence the
sensitivity and precision of detection (Roux et al., 2017), the same analysis was repeated
with 25%, 75% and 95% horizontal genome coverage and the same pattern of higher
overlap between managed grassland sites than with upland peatland and unmanaged

coastal grassland sites was repeated (see Supplementary Fig. C.2).

Relative abundance was calculated using mapped reads normalised by contig length and
library size (CPM — counts per million, see Materials and Methods) for viral contigs
identified as present in each sample. No significant differences in a-diversity were found
between the five sites, with Simpson diversity index ranging between 0.93 and 0.99, in-
dicating that all sites are highly diverse (Fig. 4.2 a). Although no overall difference in
richness was observed, the semi-improved grassland site showed substantially higher range
in viral contig relative abundance than the other four sites, possibly due to increased site

heterogeneity.

p-diversity was by non-metric multidimensional scaling (NMDS - Fig. 4.2 b) and phylum-
level CPM values fitted to the ordination plot. Each site is separate and significantly
distinct (PERMANOVA, R? = 0.738, P < 10™). Dense collections of viral contigs (grey
triangles) are located between the sampling replicates of each site, with samples from
managed grassland sites positioning closer together than to samples from upland peatland
or unmanaged coastal grassland sites. Figures 4.1e and 4.2 b also show the lack of a clear
core soil RNA virome at the viral contig level, and that a combination of soil type, plant
coverage and land management may be determining factors of soil RNA viral abundance

and diversity.
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Figure 4.2.: (a) a- diversity metrics and (b) f-diversity NMDS ordination of viral contig
relative abundance in 5 contrasting soil types along an altitudinal primary
productivity gradient. No statistically significant differences between sites
were found in richness (Kruskall-Wallis, p = 0.369), Simpson index (Kruskall-
Wallis, p = 0.138) or Shannon index (Kruskall-Wallis, p = 0.264) but a signif-
icant difference in S-diversity (Bray-Curtis) was found (PERMANOVA, R?
= 0.738, P < 10*). Managed grassland sites cluster closely together in the
NMDS ordination whilst peatland and coastal RNA viromes are clearly sepa-
rated. Whilst a small number of viral contigs (grey triangles) can be seen to
be shared between upland-peat and grassland sites, the coastal grassland site
is distinctly separate. Phylum-level CPM values were fitted to the ordination
plot to determine which phyla were driving community difference, with Le-
viviricota and Kitrinoviricota showing significant effects (p < 0.05).

4.6.2. Habitat affects phylum level RNA viral community structure

To explore broader similarities shared between sites, contigs containing RARP genes were
classified based on the broad phylogenetic scheme constructed by Wolf et al (2018). This
divides the Riboviria realm into five phyla, based on RARP amino acid multiple sequence
alignments: positive-sense single stranded Lenarviricota, Pisuviricota (including some
double-stranded RNA viruses) and Kitronoviricota, double-stranded Duplornaviricota and
negative-sense single stranded Negarnaviricota, which form a clade located within the
Duplornaviricota (see Fig. 4.3 a) (Koonin et al., 2020; Wolf et al., 2018). The proportion
of Lenarviricota members increases, whilst the proportion of Kitrinoviricota decreases
when comparing lowland and upland sites (Fig. 4.3 b) and these two phyla are significant
drivers of differences in S-diversity as indicated in Fig. 4.2b. As the lowland sites are also

closer to the coastline (Fig. 4.1 b) and other soil characteristics co-vary with altitude, it
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is difficult to identify the environmental drivers of this difference. As the lowland sites
are also closer to the coastline (Fig. 4.1 b) and other soil characteristics co-vary with
altitude, it is difficult to identify the environmental drivers of this difference. In contrast,

the relative abundance of Pisuviricota stays broadly similar between each site.

The RNA viromes are all heavily dominated by positive-sense single-stranded RNA (+ss-
RNA) viruses, with the double-stranded RNA (dsRNA) Duplornaviricota far fewer in rel-
ative abundance and mostly observed in the semi-improved and coastal grassland samples.
Only four negative-sense Negarnaviricota RNA (-ssRNA) viral contigs were identified in

the whole study and these were exclusively found in the managed grassland sites.

4.6.3. Phylogenetic analyses reveal expanded fine-scale RNA

diversity
To explore the phylogeny of the viruses discovered in this study further, protein alignments
of RARP genes for viruses in this study, reference viruses from Wolf et al. (2018) and
sequences from a recently published bulk soil and leaf litter metatranscriptomics study by
Starr et al. (2019) were used to generate phylogenetic trees (Fig. 4.4, more detailed trees
are found in Supplementary Fig.s C.6-C.10). Many viruses found in this study appear as
blocks of closely related viruses containing few reference sequences, similar to the observa-
tions of Starr et al.(2019) In other regions of the phylogenetic trees, e.g. Pisuviricota and
Kitrinoviricota (Fig. 4.4b and c), novel viruses are fewer in number and evenly distributed

across the known RARP phylogeny.

The phylogenetic tree for the phylum Lenarviricota (Fig. 4.4 a) can be divided into three
sections containing reference viruses belonging to the class Leviviricetes, the family Nar-
naviridaee and related mitoviruses, and the genus Ourmiavirus, found within the newly
reclassified family Botourmiaviridae (Ayllon et al., 2020; Koonin et al., 2020). Similarly
to the work of Starr et al. (2019), this study has detected a large number of potential
leviviruses (416 in total, see Fig. 4.4 a, top right quadrant, and Supplementary Fig. C.6).
Isolated members of the class Leviviricetes predominantly infect Proteobacteria and their
known diversity has recently been significantly expanded (Callanan et al., 2020; Krishna-

murthy et al., 2016). We found comparatively few Narnaviridae (21 in total) and this may
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Double stranded RNA

T g
O

Relative abundance (%)

103



Chapter 4. Diverse soil RNA viral communities have the potential to influence grassland

ecosystems across multiple trophic levels

Figure 4.3.: (...) Viral contigs from 3 independent samples of 5 contrasting soil types
along an altitudinal primary productivity gradient were classified into one
of these five phyla and relative abundances calculated from CPM values
of mapped reads (b). Pisuviricota remain broadly similar between samples
whilst Lenarviricota and Kitrinoviricota increase and decrease in proportion
respectively moving from upland to coastal sampling sites.

be linked to their structure: Narnaviridae members are capsidless +ssRNA viruses that
encode no structural proteins and are obligately intracellular (Hillman and Cai, 2013).
As viromics approaches isolate intact virions, narnaviruses would most likely not be en-
riched using this technique. No pre-lysis RNase digestion was performed in this study and
those few examples detected here may have been released into the environment from soil
processing causing damage to host cells. In contrast, the encapsidated genus Qurmiavirs,
within the family Botourmiaviridae, comprises plant pathogens with segmented genomes
of three ssRNA molecules, each carrying genes for a RARP, movement protein or capsid
protein. 377 ourmia-like viral contigs were identified and are almost exclusively found in
managed grassland or upland peat sites (Supplementary Fig. C.11), suggesting that this
genus of plant viruses may form a larger, more diverse and undercharacterised clade of
grassland plant viruses within the Botourmiaviridae family. The recovery of complete seg-
mented viral genomes from metagenomics or viromics datasets is particularly challenging
due to their segmented nature. Previous studies have used co-occurrence of viral contigs
in other publicly available datasets (Obbard et al., 2020) or sequence homology to known
viral species (Xu et al., 2020), however the lack of suitable publicly available datasets
and extensive horizontal gene transfer can hamper these efforts. Unlike other members
of the Botourmiaviridae family, viruses of the genus Qurmiavirus are known to possess
coat proteins that show similarity with highly disparate viruses spanning multiple phyla
(Wolf et al., 2018) and with only three classified species of this genus known, reconstruct-
ing their full genomes and classifying novel ourmia-like viruses is particularly challenging.
However, their presence here in such high quantities (11% of all detected viral contigs)
suggests that they could potentially play an important, but as yet unknown role in grass-
land ecology. Although viruses are often thought of in terms of pathogenicity, some form
persistent mutualistic relationships with their hosts (Roossinck, 2011) whilst others have
been shown to trigger hypovirulent phenotypes in normally pathogenic plant fungi and

are usable as biocontrol agents (Milgroom and Cortesi, 2004), creating the prospect that
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Figure 4.4.: Phylogenetic trees of RARP genes based on protein multiple sequence align-
ments. Sequences found across all soil sites from this study (inner ring, white)
were aligned with those used to construct the RNA global taxonomy (Wolf et
al. (2018) inner ring, black) and another soil study (Starr et al. (2019) inner
ring, grey) (continues on next page...)
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Figure 4.4.: (...) Global RNA phylogeny is divided into the five proposed RNA viral phyla
(a) Lenarviricota, (b) Pisuviricota (the picornavirus supergroup), (c) Kitri-
noviricota, (d) Duplornaviricota, and Negarnavirota (not featured). RARP
genes with established phylogeny of interest are highlighted separately in
each panel.

soil viruses may present opportunities for agricultural biotechnology applications.

Pisuviricota (Fig. 4.4b), was the most highly represented RNA virus phylum in this study,
comprising 40% of identified viral contigs. This is a highly divergent group of viruses with
a broad host range and so reliably identifying the specific host for individual viruses is
challenging. Members of the family Picornaviridae infect vertebrates and often cause eco-
nomically important infections (Zell et al., 2017). Relatively few potential Picornaviridae
were found in this study; however those that were found occupied branches containing
various bovine enteric viruses and could be derived from fertiliser manure or sheep dung.
Although the separate fields of soil, plant and animal viromics are well established, there
are few, if any, studies that consider these separate environments together in order to

understand the flow of viruses between them at a community ecology scale.

Of particular interest here are the members of the family Dicistroviridae (Fig. 4.4b, bot-
tom right, orange). These arthropod-infecting viruses can range from commensal to lethal
disease-causing pathogens with significant economic consequences (Valles et al., 2017).
The dicistro-like viruses found in this study observable in the enlarged tree in Supple-
mentary Fig. 4.4a divide into 4 clades: the reference viruses found within the first clade
infect crustaceans and the two out of three viral contigs from this study were found in
either two or all three coastal samples, the other found in one semi-improved site. The
other three clades contain insect-paralysis causing reference-viruses, suggesting that soils
may harbour arthropod viruses capable of acutely affecting local mesofauna populations.
As soil mesofauna are critical to multiple soil functions (Barrios, 2007), the diversity and
ecological roles of arthropod and other invertebrate infecting viruses in soil ecosystems

warrants further investigation.

In addition to +ssRNA viruses, viruses belonging to the bisegmented dsRNA Partitiviri-
dae family are found within this group, and are capable of infecting plants, fungi and

protozoa (see Supplementary Fig. Fig. C.14). Few viral contigs were found within this
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group, most likely because, as with Narnaviridae, members of the Partitiviridae are trans-
mitted exclusively via intracellular mechanisms during spore formation in fungi or ovule/
pollen production in plants (Vainio et al., 2018). The partiti-like viruses found in this
study may have been released from plant and fungal tissue in the soil during the extrac-
tion process or be present as free virions in the extracellular environment. Although this
has not been demonstrated empirically here, it is possible to speculate that infection from
normally obligate intracellular viruses could occur when mechanical damage occurs to

plants and fungi in soils containing infectious and intact virions.

The viral contigs placed within the phylym Kitrinoviricota are distributed throughout the
phylogenetic tree of known RNA viruses and are highly numerate, representing 32.4% of
identified viral contigs (Fig. 4.4c). Of particular interest here are the three divergent clades
in the bottom left quadrant, with the one on the far left containing many known members
of the family Tombusviridae (blue). These viruses have a wide host range, including plants,
protists, invertebrates and vertebrates. The nodaviruses (Fig. 4.4c, orange) divide into
two categories: alpha-nodaviruses, predominantly isolated from insects but featuring a
wide host range under laboratory conditions, and beta-nodaviruses, infecting fish (Yong
et al., 2017). The noda-like viral contigs identified in this dataset were relatively evenly
distributed between the managed grassland and upland peat sites, but none were detected

in the coastal grassland (Supplementary Fig. C.16 and Fig. C.16).

The phylum Duplornaviricota contain the majority of known dsRNA viruses and compar-
atively few were detected. Totiviridae members (Fig. 4.4d - purple) infect fungi, protozoa,
vertebrates and invertebrates (Wolf et al., 2018). viral contigs identified in this study
were predominantly found to cluster with isolates that infect animalia (right hand side)
but some could be found with the fungi-associated Totiviridae (left hand side). Very
few viral contigs were found amongst possible Reoviridae (Fig. 4.4d — orange), with one
contig (k127 2512471) showing 97% nucleotide sequence similarity to human rotavirus A

(EF554115), found in samples coastal grassland-1 and semi-improved grassland-2.

Only four -ssRNA viral contigs were found in this study and poorly aligned with other
known Negarnaviricota, which form a clade located within the Duplornaviricota (see

Fig. 4.3 a). -ssRNA virus structure may inhibit detection by viromics: they are almost ex-
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clusively lipid-enveloped, occasionally lacking nucleocapsid proteins (Schmitt and Lamb,
2004), and the harsh extraction protocol may lead to virion disruption and loss of viral
RNA. This may also be due to the underrepresentation of plant and soil-dwelling arthro-
pod Negarnaviricota within nucleotide databases hindering their detection. Examples of
this clade are significantly biased towards vertebrate pathogens (Kéfer et al., 2019), how-
ever, increased use of high-throughput sequencing has rapidly expanded our breadth of

knowledge of Negarnaviricota in plants (Randles et al., 2020).

4.7. Conclusions

Using an altitudinal primary productivity gradient as a source of soils with contrasting
ecological properties for RNA virome analysis, this study is the first to apply a direct
viromics approach to examine the in-situ soil RNA viral community of soil ecosystems.
We detected 3,462 viral contigs across five sample sites, and observed site-specific varia-
tion in viral contig relative abundance. The viral contigs we detected are predicted to
be from viruses of a range of hosts, including fungi, bacteria, vertebrates, invertebrates
and plants. Therefore, RNA viruses have the potential to influence the grassland soil
ecosystem at multiple trophic levels. From a technical standpoint, further development
of both wet-lab and bioinformatics techniques are needed to further improve the detec-
tion and study of soil RNA viruses. Many RNA viruses have segmented and multipartite
genomes, complicating the recovery of full RNA viral genomes from metatranscriptomics
and metaviromics datasets. This study found comparatively fewer putative mycoviruses
compared to a previous study (Starr et al., 2019) examining RARP containing contigs in
soil metatranscriptomics data. This may be due in part to the different structural char-
acteristics and methods of dispersal used by viruses infecting fungi. While it has been
shown that viromics outperforms metagenomics in the recovery of DNA viral genomes
(Santos-Medellin et al., 2021), the lack of capsid production in key clades of mycoviruses
requires consideration when developing future soil RNA viral ecology methodologies. Use
of paired metagenomes, meta-transcriptomes and DNA/ RNA viromics will potentially
overcome this difference in detection between RNA viruses and further our understanding
of how virus-host interactions and actively replicating viruses influence soil macro- and

microbiology.
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Whilst environmental DNA viromes are typically dominated by viruses of the prokaryote-
infecting class Caudoviricetes, the balance in RNA viromes is heavily skewed towards
eukaryotic viruses (Wolf et al., 2020). There are multiple explanations for this discrepancy.
Many current DNA virus discovery tools are tuned to detect prokaryotic viruses and so
may not detect distantly related eukaryotic viruses, however BLAST-based studies report
similar biases towards prokaryotic DNA viruses (Adriaenssens et al., 2017; Mahmoud
and Jose, 2017). Reference databases of RNA viral sequences are also biased towards
viruses of eukaryotes (Cobbin et al., 2021) and so HMM-based search strategies may be
more sensitive to these clades due to biases in the underlying HMMs they are based
on. These discrepancies could also be due to evolutionary bottlenecks creating a genuine
difference in the number of viruses of each domain of cellular life found in terrestrial and
aquatic environments. The development of specialist tools for detecting novel eukaryotic
DNA viruses and/ or prokaryotic RNA viruses and further exploration of the RNA viral
communities of different ecosystems will aid in assessing the true extent of the overall

RNA virosphere.

The impact that soilborne RNA viruses have on their host organisms has only just started
to be explored, and future work is needed to establish the many influences they may
have on global terrestrial ecosystems. Grassland soil bacterial communities show clear
responses to the effects of climate change that are mediated by plant-soil-microbial in-
teractions (Koyama et al., 2018) and viruses have the potential to influence soil nutrient
cycling through host metabolic reprogramming (Trubl et al., 2018) and their effects on soil
microbial community dynamics (Starr et al., 2019) similarly to marine viral communities
(Hurwitz and Sullivan, 2013). Our work demonstrates that RNA viral communities are
heavily influenced by location, with upland peatland and unmanaged coastal grassland
soils sharing very few viral contigs with managed grassland ecosystems and also showing
broad differences at the phylum level. Soilborne RNA viruses identified in this study
potentially infect hosts across a wide range of trophic levels and can therefore influence
soil ecosystems at a variety of scales. Linking these effects of soilborne RNA virus-host
interactions with naturally occurring and anthropogenic environmental processes, will be
critical in developing a complete picture of how soil ecosystems respond to environmental

change.
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4.9. Data and Code Availability
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DDBJ/ENA/GenBank under the accession JAKNTRO000000000. The version described
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are available from Github (https://github.com/LSHillary/ RnaSoilVirome).
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5.2. Foreward

The work described in this chapter was conducted in response to the emerging developing

and continuing COVID-19 pandemic and has been published as:

Hillary, L. S. et al. (2021) ‘Monitoring SARS-CoV-2 in municipal wastewater
to evaluate the success of lockdown measures for controlling COVID-19 in the

UK’, Water Research, 200. doi: 10.1016/j.watres.2021.117214.

DLJ, LSH, KF, SKM and JEM conceived the project. LSH, JT, MAD and KF undertook
the experimental work. LSH and KF undertook the processing and analysis of the q(RT-
)JPCR data. KHM, TB and SP undertook the processing and analysis of the sequencing
data. LSH, KF and DLJ led the data interpretation and writing of the manuscript. All
other authors contributed to the final draft of the article.
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This chapter is dedicated to the memory of those who have passed, and those

who sadly will pass in the future from COVID-19.
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5.3. Abstract

SARS-CoV-2 and the resulting COVID-19 pandemic represents one of the greatest recent
threats to human health, wellbeing and economic growth. Wastewater-based epidemi-
ology (WBE) of human viruses can be a useful tool for population-scale monitoring of
SARS-CoV-2 prevalence and epidemiology to help prevent further spread of the disease,
particularly within urban centres. Here, we present a longitudinal analysis (March—July
2020) of SARS-CoV-2 RNA prevalence in sewage across six major urban centres in the
UK (total population equivalent 3 million) by q(RT-)PCR and viral genome sequenc-
ing. Our results demonstrate that levels of SARS-CoV-2 RNA generally correlated with
the abundance of clinical cases recorded within the community in large urban centres,
with a marked decline in SARS-CoV-2 RNA abundance following the implementation
of lockdown measures. The strength of this association was weaker in areas with lower
confirmed COVID-19 case numbers. Further, sequence analysis of SARS-CoV-2 from
wastewater suggested that multiple genetically distinct clusters were co-circulating in the
local populations covered by our sample sites, and that the genetic variants observed
in wastewater reflected similar SNPs observed in contemporaneous samples from cases
tested in clinical diagnostic laboratories. We demonstrate how WBE can be used for both
community-level detection and tracking of SARS-CoV-2 and other virus’ prevalence, and
can inform public health policy decisions. Although, greater understanding of the factors
that affect SARS-CoV-2 RNA concentration in wastewater are needed for the full inte-
gration of WBE data into outbreak surveillance. In conclusion, our results lend support
to the use of routine WBE for monitoring of SARS-CoV-2 and other human pathogenic
viruses circulating in the population and assessment of the effectiveness of disease control

measures.

5.4. Introduction

The emergence of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), and
the resulting global Coronavirus disease 2019 (COVID-19) pandemic has had disastrous
socioeconomic and political consequences worldwide (Chakraborty and Maity, 2020). This
led to the World Health Organisation (WHO) declaring the COVID-19 pandemic a global

health emergency (WHO, 2020). In response to this, many countries implemented a
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range of mitigation strategies to reduce the spread of disease, including social distancing,
restricted movement, use of personal protective equipment, contact tracing, shielding of
vulnerable populations, local or national lockdowns, and community mass testing (Cir-
rincione et al., 2020; Iacobucci, 2020). These measures are of particular importance in
urbanised areas where the spread of disease is most likely (Zhang and Schwartz, 2020).
These measures proved to be largely effective at reducing the first wave of COVID-19,
albeit not completely eliminating infections (Goscé et al., 2020; Jarvis et al., 2020). The
occurrence of subsequent waves of COVID-19 is of significant concern, as countries seek
to learn from the effectiveness of the mitigation measures used during the first wave of

infection (Aleta et al., 2020).

A large proportion of SARS-CoV-2 infections are asymptomatic or result in only a mild
infection (Nishiura et al., 2020). When symptoms do become apparent, this typically
occurs 37 days after infection (Arons et al., 2020) and severity can vary widely across
different sectors of society, disproportionately affecting the elderly (Wang et al., 2020).
Evidence points towards the fact that individuals can transmit the virus unknowingly
prior to developing symptoms. Furthermore, a- and pre-symptomatic individuals pose
challenges to surveillance efforts to accurately estimate the presence and extent of infection
in the community. In a more practical sense, both asymptomatic and pre-symptomatic
individuals also pose a major threat to public health as they can unknowingly spread the

virus to more vulnerable groups (He et al., 2020).

Although mass community testing has been instigated in many countries to estimate
the prevalence of COVID-19 in the population, this is costly and the demand for tests
frequently exceeds the capacity of testing facilities (Barasa et al., 2020). Focussing testing
solely on symptomatic cases may also fail to capture asymptomatic and pre-symptomatic
infections, and may focus on populations such as those who are hospitalised, meaning that
surveillance is unavailable for the wider community. In some cases, it can also be difficult
to obtain nasopharyngeal swabs from high-risk parts of the community due to a range
of physical, logistical or cultural issues. Wastewater-based epidemiology (WBE) detects
genome fragments of SARS-CoV-2 shed in faeces and urine, and represents an alternative
strategy to monitor the levels of virus circulating at population-level scales (Farkas et al.,

2020b; Kitajima et al., 2010; Polo et al., 2020). WBE approaches have previously been
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successful in evaluating the prevalence of other viral diseases (e.g. polio, norovirus) and
also for tracking the use of illicit substances, pharmaceuticals and exposure to xenobiotics
(Castiglioni et al., 2014; Ozawa et al., 2019; Zuccato et al., 2008). Monitoring viruses in
wastewater also allows an evaluation of the potential risk posed by the discharge of treated
and untreated wastewater into the wider environment. Overall, WBE may represent a
cost-effective method for determining viral prevalence at the population-level, and has

been used to monitor SARS-CoV-2 in a range of countries (Supplementary Table D.1).

Despite the simplicity of the approach, the quantitative recovery of viruses and viral nu-
cleic acids from wastewater is notoriously difficult (Farkas et al., 2018a). For example,
virus concentrations in wastewater can be heavily influenced by (i) dilution by rainfall and
industrial inputs, (ii) the presence of compounds that may degrade the virus (e.g. deter-
gents, pH, salt), (iii) the presence of substances that physically protect the virus (e.g. fae-
cal matter), (iv) loss of viral RNA during long transit times through the wastewater
network due to decay and sorption, (v) variable shedding rates in the community, and
(vi) inhibitory substances in the wastewater that may interfere with quantitative (reverse
transcription)- PCR (q(RT-)PCR) reactions (Polo et al., 2020). In addition to these
factors, the protocols used to concentrate and purify viral nucleic acids from wastew-
ater samples can have substantial impacts on recovery, leading to underestimation of
the quantities of the virus present in the wastewater system. Consequently, there is a
need to better understand the factors that influence observable levels of SARS-CoV-2 in

wastewater to allow validation of the approach for surveillance purposes.

Large-scale efforts to monitor changes in the SARS-CoV-2 genome and track its circula-
tion at national and global scales have largely relied on the analysis of high-throughput
sequencing of the SARS-CoV-2 genome in symptomatic individuals (Islam et al., 2020;
Meredith et al., 2020; Plessis et al., 2021). As retrospective screening of respiratory sam-
ples has detected asymptomatic cases of COVID-19 (Meredith et al., 2020), it suggests
that lineages may appear in wastewater samples prior to observation in clinical cases.
Because wastewater aggregates samples from across a community/area, sequencing of
SARS-CoV-2 RNA recovered from wastewater is likely to contain multiple lineages and
so analysis of this data also has the potential to assess the proportions of different lineages

circulating in the wider population. This potentially enables the identification of lineages
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that are known to be present and early warning of new lineages not previously observed

in a catchment.

Here, we present a 3.5-month longitudinal analysis of SARS-CoV-2 RNA prevalence and
genetic diversity across six different urban centres during the imposition and gradual
lifting of the first national lockdown period in the UK (March-July 2020). The aims
of this study were to (i) investigate the use of WBE for tracking SARS- CoV-2 after
the implementation of national lockdown measures at six urban centres of varying size
within the UK, (ii) determine the influence of environmental factors (e.g. flow) on levels of
SARS- CoV-2 RNA and a human faecal marker DNA virus (crAssphage) in wastewater,
(iii) investigate the impact of wastewater treatment on the removal of SARS-CoV-2 RNA
from wastewater, and (iv) assess the utility of WBE in understanding SARS-CoV-2 genetic
variation through high-throughput sequencing.

5.5. Materials and methods

All laboratory procedures were carried out in line with Public Health England/ Public
Health Wales advice on the handling of samples suspected of containing SARS-CoV-2.

5.5.1. Sampling sites and wastewater sampling

Untreated influent and treated efHuent wastewater was collected from six wastewater
treatment plants (WWTPs) located in Wales and Northwest England. The WWTPs
served urban areas in the local authority areas of Gwynedd, Cardiff, Liverpool, Manch-
ester, the Wirral and Wrexham, with a total combined population equivalent of ~3 million
people (Supplementary Fig. D.1). Untreated wastewater influent from the six WWTPs
was sampled on a weekly basis between March and July 2020. Samples were collected in
polypropylene bottles as single grab samples with the exception of the Wirral site, which
was collected as a 24 h composite sample using an autosampler. Grab samples were col-
lected on weekdays between 08.00 and 09.00 a.m. to ensure temporal comparability, and
treated effluent was also collected periodically at the same time as influent. Samples were
transported on either the same day, or overnight on ice, to the laboratory, stored at 4

°C and processed within 24 h of receipt. Aliquots of wastewater samples (1.5 ml) were
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also frozen in polypropylene vials at —80 °C for subsequent physicochemical analyses and

extraction of pre-concentration viral nucleic acids.

5.5.2. Wastewater physicochemical analyses

Wastewater samples were pasteurised before physicochemical analysis by heating to 60
°C for 90 min. Wastewater ammonium concentrations were determined colorimetrically
using the salicylic acid procedure of Mulvaney (1996). Nitrate was determined colorimet-
rically using the vanadate procedure of Miranda et al. (2001) while molybdate-reactive
phosphate (MRP) was determined according to Murphy and Riley (1962). All analysis
was performed in a 96-well plate format using a PowerWave XS Microplate Spectropho-
tometer (BioTek Instruments Inc., Winooski, VT). Wastewater electrical conductivity
(EC) was measured using a Jenway 4520 conductivity metre and pH with a Hanna 209

pH metre (Hanna Instruments Ltd., Leighton Buzzard, UK).

5.5.3. Wastewater concentration and nucleic acid extraction

Duplicate samples of 50-100 mL of unpasteurised wastewater influent underwent centrifu-
gation (10,000 g , 30 min, 4 °C) and the supernatant and pellet retained. Supernatants
were concentrated to 500 ul. using Centriprep 50 kDa MWCO centrifugal concentrators
(Merck KGaA, Germany). For wastewater effluent samples (see Supplementary Table 5),
1-2 L of each effluent was initially concentrated using tangential flow ultrafiltration with
a 100 kDa PES membrane (Spectrumlabs, USA) as previously described (Farkas et al.,
2018c), followed by secondary concentration using Centriprep concentrators as described

above.

Selected wastewater concentrates, centrifugation pellets and unconcentrated wastewater
samples were spiked with approximately 4x 105 genome copies (gc) of murine norovirus
(MNV) as a viral RNA extraction control. Positive and negative nucleic acid control
extractions of nuclease-free water with or without the same quantity of MNV spike-in
were used to quantify MNV recovery by q(RT-)PCR and to check for cross-contamination
during the nucleic acid extraction process or q(RT-)PCR assay setup (described below).

The MNV was cultured in BV2 cells in Dulbecco’s modified Eagle’s minimum essential
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medium supple- mented with 2% foetal bovine serum (FBS) at 37 °C in 5% CO2 for two
days. Viruses were harvested by three cycles of freeze-thawing ( —20 °C/ 437 °C) followed
by centrifugation and 100 xdilution of the supernatant in phosphate-buffered saline pH
7.4. Aliquots of MNV stock were stored at —80 °C until use. The MNV and BV2 tissue
stocks were kindly provided by Prof Ian Goodfellow (University of Cambridge, UK).

Nucleic acids were extracted using the NucliSENS MiniMag Nucleic Acid Purification
System (BioMérieux SA, Marcy-I'Etoile, F rance) according to the manufacturer’s protocol
as described elsewhere (Farkas et al., 2021) and eluted in a final volume of 50 (last week
of March 2020) or 100 uL (April-July 2020) of elution buffer. Extracted nucleic acids
were stored at —80 °C prior to q(RT-)PCR quantification. The nucleic acid extractions
and q(RT-)PCR assay preparation were carried out in separate laboratories inside class

IT microbiological safety cabinets to minimise the risk of contamination.

5.5.4. q(RT-)PCR and qPCR assays

The q(RT-)PCR assays were carried out in a QuantStudio® Flex 6 Real-Time PCR System
(Applied Biosystems, USA) using primers, probes and reaction conditions described in
Supplementary Table 2. SARS-CoV-2 N1 and MNV RNA were quantified using a duplex
q(RT-)PCR assay or in triplex with SARS-CoV-2 E gene, as described in Farkas et al.
(2021) . The 25 uL reaction mix contained 1 xRNA Ultrasense Reaction Mix with 1 uL
RNA Ultrasense Enzyme Mix (Invitrogen, USA), 12.5 pmol of the forward and the reverse
primers, 6.25 pmol of the probe/ probes; 0.1 xROX reference dye, 1.25 pmg bovine serum
albumin (BSA) and 2-5 pL of the extracted wastewater RNA, molecular grade water as
a negative control or virus standards. Initially, 5 ul. of extracted RNA was tested for
wastewater samples. If the MNV recovery was lower than 1%, samples were retested
with 2 uLL sample/reaction to assess inhibition of the q(RT-)PCR assay, however this was
found to be detrimental to assay sensitivity. All data-points used in the analysis came

from assays of 5 ul of extracted nucleic acids.

CrAssphage was used as a marker of human faecal abundance/loading in the wastewa-
ter (Farkas et al., 2021; Stachler et al., 2018). CrAssphage DNA was quantified using a
singleplex qPCR as described previously (Farkas et al., 2019). The 20 uL reaction mix
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contained 1 xKAPA Probe Force qPCR mix (KAPA Biosystems, USA) with 10 pmol of
the forward, 10 pmol of the reverse primers, 5 pmol of the probe, 1 ug bovine serum albu-
min, and 2 ul. and 4 pL of the concentrated and original wastewater nucleic acid extracts
or controls. A serial dilution of DNA standards within the range of 10°-10° gc puL~!
was used for quantification. For SARS-CoV-2, commercially available circular plasmids
carrying the N gene or E gene were used (Integrated DNA Technologies Inc., Coralville,
[A). Plasmid DNA concentrations were halved when setting up serial dilutions to account
for ssRNA producing half the fluorescence signal of dsDNA at the same concentration.
For MNV and crAssphage, custom-made, single-stranded oligo DNA sequences carrying
the target region were used (Life Technologies, USA). Negative controls (molecular grade
water) were included in each run. All samples, standards and controls were run in dupli-
cate and the mean value for each extraction replicate used for further analysis. The limit
of detection (LoD) and limit of quantification (LoQ) of the triplex q(RT-)PCR assays
were determined previously (Farkas et al., 2021) by running wastewater samples spiked
with low concentrations of SARS-CoV-2 (1-150 gc uL.=! N1 CDC and 1-200 gc pL.™' E
Sarbeco) and MNV RNA (1-80 gc uL.™! ) in ten replicates. The q(RT-PCR) assay LoD
(the lowest concentration where all replicates were positive) were 1.7, 3.8 and 3.1 gc pL.—*
for the N gene, E gene and MNV/| respectively. The LoQ (the lowest concentration where
the coefficient of variance was below 0.25) were 11.8, 25.1 and 32.1 gc uL~! for the N

gene, E gene and MNV| respectively.

5.5.5. q(RT-)PCR data analysis and visualisation

Data were analysed using QuantStudio™ Real-Time PCR Software, version 1.3 (Applied
Biosystems, USA). The baseline (cycle threshold; Ct) was manually adjusted after each
run, when necessary. Viral concentrations were expressed as mean gc 100 ml~! wastewa-
ter calculated from two q(RT-)PCR duplicates of two extraction duplicates (n = 4) per
sampling time-point. Statistical analyses and data visualisation was performed in R v4.0.2
(R Core Team, 2013; Wickham, 2016). Supplementary Table Table D.3 contains a full

list of packages used in the data analysis.
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5.5.6. SARS-CoV-2 RNA amplicon sequencing and data processing

RNA from 84 extraction duplicates from 42 time-points, plus no-template negative con-
trols, were treated with DNase, and used to generate cDNA (NEB Luna Script). Subse-
quently, SARS-CoV-2 ¢cDNA underwent PCR, amplification using V3 nCov-2019 primers
(ARTIC) generating 400 bp amplicons tiling the viral genome (Tyson et al., 2020). Am-
plicon generation was followed by sequencing library construction (NEB Ultra IT DNA),
with equimolar pooling of samples and quantification. Final library size was assessed on
a Bioanalyser high sensitivity DNA chip, and DNA concentration determined by Qubit
double-stranded DNA high sensitivity assay, and then by qPCR using the [llumina Library
Quantification Kit from Kapa (KK4854) on a Roche Light Cycler LC48011I according to the
manufacturer’s instructions. Libraries were sequenced on an Illumina MiSeq generating 2
%250 bp paired end reads. An average of ca 291,000 reads (ca 146 Mbp) per sample were
mapped using bwa-mem against the SARS-CoV-2 genome reference (MN908947.3) within
the ncov2019-artic-nf v3 pipeline (https://github.com/connor-lab/ncov2019-artic-nf).
SNPs and indels were identified using Varscan v2.4.4 with default settings and summary
statistics for coverage and diversity were generated in R v4.0.2 (R Core Team, 2013; Wick-
ham, 2016). Sites were filtered to remove SNPs and indels with a coverage of less than
50x and a variant frequency of less than 10% per sample. The number of SNP and indel

sites were calculated per sample.

The relationship between SNP and indel site frequency and the proportion of the genome
with coverage at greater than 50x coverage and the log 10 gc mL~! were examined with
Spearman’s correlations. An index of SNP plus indel frequency per sample was calculated
by taking the number of SNP and indel sites and dividing by the proportion of the genome
with coverage at greater than 50 reads. A mean SNP and indel frequency index were then
calculated per pair of wastewater samples to examine the effect of the number of positive
tests in the previous 7 days in the local authority area, sample date and WWTP site
on the number of SNPs and indels discovered, using a general linear model using the
‘glm’ function and type II ANOVA using the R package ‘car’. A Spearman’s correlation
was used to examine the relationship between the index of SNP and indel frequency
and the log population equivalent served by each wastewater treatment plant. Variants
at SNP and indel sites were compared to those recorded in clinical samples using the

‘cov__glue snp_ lineage’” function from R package ‘sars2pack’.
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5.6. Results and discussion

5.6.1. Study description and q(RT-)PCR assay development

We monitored the SARS-CoV-2 RNA concentration in influent wastewater at six wastew-
ater treatment plants (WWTPs) using q(RT-)PCR over a period of 3.5 months during
the imposition and gradual lifting of the first UK-wide lockdown, and compared these
data to the numbers of positive clinical tests and deaths reported by the Office for Na-
tional Statistics (ONS), UK Government and Public Health Wales for lower tier local
authority areas within which the WWTPs were located (HM Government, 2020; Office
for National Statistics, 2020; Public Health Wales, 2020). WWTPs represent a range in
size (population equivalents from 40 thousand to 1.1 million) and spatial distribution (see
Supplementary Fig. D.1) and all implemented combined stormwater, domestic and trade
wastewater collection. Influent wastewater grab samples were collected at the same time
each week with the exception of The Wirral WW'TP which was sampled from a 24 h com-
posite autosampler. Limits of detection (LoD) and quantification (LoQ) were determined

as described in Farkas et al. (2021).

Results for SARS-CoV-2 RNA concentrations from q(RT-)PCR quantification are dis-
played as unadjusted mean genome copies (gc 100 ml™!) of wastewater rather than nor-
malised by crAssphage concentrations as factors such as extraction efficiency can vary
depending on the virus used (Medema et al., 2020). Although studies suggest that 24 h
composite sampling is more representative than grab sampling, it has been shown that
grab samples are accurate to within an order of magnitude (Ahmed et al., 2021a; Curtis
et al., 2020). Further, our previous work has shown limited diurnal variability, particu-
larly in large wastewater catchments where transit times can be up to 24 h and where
large amounts of mixing occurs within the network (Farkas et al., 2018b). Transit times
may also influence observable virus quantities due to degradation of viral nucleic acids
as they pass through the sewage system; however, SARS-CoV-2 RNA has been shown to
be relatively stable in wastewater under environmental conditions, with a Ty, of 24 or 28

days at 15 or 4 °C (Ahmed et al., 2020Db).

We compared mean SARS-CoV-2 RNA concentrations to daily flow and influent wastewa-
ter chemistry but found no statistically significant correlations (see Supplementary Table

D.4). The highly abundant bacteriophage crAssphage was used as a human faecal marker.
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No correlation was found between crAssphage and SARS- CoV-2 nucleic acid concentra-
tions (Spearman, p = 0.834). No effect on crAssphage concentration was observable from
sampling week (Kruskal-Wallis, p = 0.904), but a significant effect was found between
crAssphage concentration and WWTP site (Kruskal-Wallis, p = 0.0175). These data
indicate that faecal loading was constant throughout the study period and that different
WWTPs have different balances of human waste and industrial/ other domestic wastew-

ater sources.

5.6.2. Temporal trends in SARS-CoV-2 RNA concentration in

wastewater and comparison to COVID-19 epidemiology
For each WWTP, 64% +6.8 q(RT-)PCR tests (mean +standard error (SEM), sites = 6,
n = 90) detected SARS-CoV-2 in influent wastewater above the LoD, with SARS-CoV-2
RNA concentrations in wastewater influent having quantities above the LoQ in 28.9% +2.2
of samples (see Supplementary Fig. D.2). No sites showed SARS-CoV-2 concentrations
in WWTP effluent above the LoQ and only one above the LoD Wrexham, 19/05/20, n
= 22, see Supplementary D.5). Fig. 5.1 a shows a drop in wastewater SARS-CoV-2 RNA
concentration, new positive clinical tests and COVID-19 related deaths following the
imposition of the UK-wide lockdown beginning in late March 2020. A number of spikes in
clinical cases can be observed without corresponding spikes in wastewater, e.g. Wrexham
in late June. These can occur due to surge testing following local workplace-related
outbreaks and changes in testing eligibility during the study, highlighting the inherent
difficulties in comparing wastewater loads to positive tests when testing is both limited

and non-random.

WWTPs in Manchester, Liverpool and the Wirral showed strong correlations between
SARS-CoV-2 RNA concentration and daily positive tests (Fig. 5.1 b and Supplementary
Fig. D.3). Negative correlations were also observed between viral concentrations in all sites
and time following the implementation of national lockdown, except Cardiff, indicating
these measures lowered the prevalence of the virus in local populations. The Cardiff,
Gwynedd and Wrexham WWTPs did not show the same trends between viral RNA
concentrations and tests/ deaths, potentially due to several different factors such as water

chemistry or lower, broader peaks in SARS-CoV-2 prevalence. Gwynedd is also a popular
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Figure 5.1.: (a)Temporal trend of the recorded number of COVID-19 infections and deaths
at six urban centres in the UK and the corresponding levels of SARS-CoV-
2 in wastewater. The coloured triangles represent levels of SARS-CoV-2 in
influent wastewater, with open triangles being below LoD. Grey triangles
represent the (continues on next page...)
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Figure 5.1.: (...) number of COVID-19 reported deaths and the solid line represents the
number of COVID-19 cases reported in each study region. The dashed and
dotted horizontal lines represent the assay LoQ (scaled to 1180 genome copies/
100ml) and LoD (180 genome copies/ 100 ml) respectively, scaled for a sample
volume of 100 mL. The dashed vertical line represents the imposition of UK-
wide lockdown measures. (b) Correlation of SARS-CoV-2 RNA concentration
(CoV) in influent wastewater with COVID-19 related cases and deaths at six
urban centres in the UK. Pie charts represent Spearman correlation p where
p < 0.05 with fullness indicating degree of correlation and colour representing
positive (white) or negative (black) correlations.

holiday destination and sees regular weekend influxes of holiday makers from other parts of
the UK, which could affect WWTP SARS-CoV-2 concentrations either positively (through
visits from asymptomatic/ pre-symptomatic individuals) or negatively (through people
commuting from rural areas outside of the WWTP catchment area). Additional factors
such as transit time within the sewage network, catchment flow dynamics, and differences
between local authority reporting areas for positive tests and WWTP sewershed coverage
could affect viral RNA recovery. In contrast to the Gwynedd site, the Wirral site showed
the strongest correlation between SARS-CoV-2 RNA concentrations and the number of
positive clinical tests/ COVID-19 related deaths, and is of a size between that of the
Wrexham and Gwynedd WWTPs (see Supplementary Fig. D.1), suggesting that the
use of 24-hour composite sampling may improve the correlation between SARS-CoV-2

wastewater quantification and local clinical cases.

Further exploration of site-specific factors and improved access to higher resolution spa-
tial distributions of positive test locations is required to improve the accuracy of WBE
in predicting COVID-19 prevalence amongst local populations as part of national mon-
itoring programmes. Previous studies have corrected SARS-CoV-2 RNA concentration
for WWTP flow (Gonzalez et al., 2020), and adjusted cases or positive tests for differ-
ences between local authority populations and WWTP catchment areas (Medema et al.,
2020). Statistically, we found no benefit of correcting for these factors on Spearman
correlation coefficients between WWTP SARS-CoV-2 RNA concentration and positive
tests/ COVID-19 related deaths (see Supplementary Fig. D.3), however due to differ-
ences between WW'TP sites and sewersheds, we would caution against making extensive

quantitative comparisons between sites.
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Our data confirm that SARS-CoV-2 RNA is readily detectable in wastewater influent
across a range of concentrations from < 1.2 x10% (<LoQ) to the highest recorded concen-
tration of 1.5 x10* gc 100 mL~! . This highlights how site-specific factors, concentration
and quantification protocols, and sampling strategies can complicate quantitative compar-
isons between WW'TPs within the same study, and when making comparisons to other
international studies. There is a need to standardise SARS-CoV-2 wastewater quantifi-
cation and take WWTP site identity into account when expanding WWTP monitoring
programmes to national and international scales (Chik et al., 2021; Pecson et al., 2021).
Nonetheless, this study demonstrates the longitudinal benefit of using WBE to monitor
viral prevalence and the impact of public health interven- tions, particularly in the early

stages of a novel disease outbreak.

5.6.3. Effect of window size/ offset on correlations

Due to shedding of SARS-CoV-2 from asymptomatic and pre-symptomatic individuals,
a key driver of WBE research is the potential to detect upcoming spikes in infection
in wastewater before increase in positive clinical tests. Consequently, several studies
have used modelling approaches to assess if the wastewater concentration of SARS-CoV-
2 preceded new spikes in clinical cases of COVID-19 (Ahmed et al., 2021b; D’Aoust et
al., 2021). However, this is challenging due to variabilities in the point of an infection
cycle at which a person gets tested, the severity and duration of symptoms, and the
variability in viral shedding. The effect of varying the difference between the number of
days between wastewater sampling and testing date and the number of days over which
to sum the number of positive tests on the correlation between wastewater SARS-CoV-2
concentrations and cases was examined (Fig. 5.2). If only considering daily clinical testing
data, the SARS-CoV-2 wastewater RNA concentration leads testing data by 24 days but
this can be extended by approximately 1 day by using a rolling sum of positive clinical
test cases over a series of days leading up to the clinical testing date being considered. It
should be noted that the overall effect of varying these parameters is not large in that the

correlation coefficients stay between 0.8 and 0.9 over a range of permutations.
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Figure 5.2.: Effects of varying the number of days between wastewater sampling date and
clinical testing date (x axis) and the number of days over which to sum cases
over (y axis) on the strength of correlation between wastewater SARS-CoV-2
concentration and local authority positive tests. Quantities are shown where
a false discovery rate corrected p-value was below 0.05.

5.6.4. Sequencing detects mutations in the SARS-CoV-2 genome

comparable to those observable in clinical cases

WBE can also be used to monitor the genetic diversity SARS-CoV-2 circulating in the
wider population. To this end, SARS-CoV-2 RNA was amplified using the ARTIC proto-
col primers in both extraction duplicates, where at least one of which showed q(RT-)PCR
amplification were sequenced. In these samples, between 25 and 75% of the SARS-CoV-2
genome was recovered (Fig. 5.3a), with coverage randomly distributed across the genome
(Fig. 5.3b). This included samples that showed no amplification (8.3%) or amplification
below the LoD (3.6%) of the N1 q(RT-)PCR assay (n = 84), suggesting that multi-locus
amplicon sequencing based monitoring of wastewater for WBE may be of significant use
in the early stages of future viral outbreaks. The proportion of the genome sequenced
positively correlated with the amount of template (Spearman’s p= 0.376, p = 0.0004,
Fig. 5.3¢).

In total, 702 unique SNP sites and 267 indels were detectable across the 84 samples after
filtering to remove sites with less than 50 reads and a variant frequency within a sample
of less than 10%. The number of SNPs found correlated positively with the proportion of
the genome that was sequenced (Spearman’s p= 0.581, p < 0.0001; Fig. 5.3d).
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Figure 5.3.: Coverage of the SARS-CoV-genome from reads recovered from wastewater
samples. a) Frequency of the proportion of the genome sequenced at 50x
depth or greater. b) Coverage across the genome, median plotted in dark
grey, interquartile ranges in purple and a smoothed GAM spline in green.
¢) Proportion of the genome sequenced relative to the estimated number of
genome copies estimated from (RT)-qPCR. Note that sequence was obtained
in several samples where the (RT)-qPCR for this locus was negative, reflecting
the ability of the protocol to sequence genomes of low copy number. d) The
number of SNP and indel sites detected relative to the proportion of the
genome that was sequenced at 50x or higher.
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Preliminary modelling suggests that the rate of positive tests in the source population and
sampling week did not affect the mean number of SNPs and indels controlled for genome
coverage ( p > 0.05; Fig. 5.4a and b), but a reduced model suggested that there was het-
erogeneity amongst sites ( X? = 11.57, df = 5, p = 0.041; Fig. 5.4c). The index of SNP
plus indel frequency was not related to log population equivalent served by each wastewa-
ter treatment plant (Spearman’s p= 0.251, p = 0.251; Fig. 5.4d). This is explained by the
presence of multiple viral lineages present within the sample, corresponding to the diverse
infections in the population represented in the wastewater sample. A substantial fraction
of the detected SNPs has previously been identified in clinical samples across the UK,
and has the potential to be informative for distinguishing viral lineages (Supplementary

Table D.6).
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Figure 5.4.: Comparison of the mean number of SNP/ INDELSs sites divided by genome
coverage to (a) positive tests in the previous 7 days in the local authority, (b)
sample date, (¢) WWTP site and (d) logl0 population equivalent.

Multiple SARS-CoV-2 lineages can be present within a single wastewater sample. Samples
have the potential to contain viruses from both symptomatic and asymptomatic individ-
uals within the community, as SARS-CoV-2 has been detected in the faeces of both

asymptomatic and symptomatic individuals (Jones et al., 2020; Tang et al., 2020). Previ-
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ous studies have sequenced SARS-CoV-2 genomes from wastewater (Ahmed et al., 2020a;
Izquierdo-Lara et al., 2021; Martin et al., 2020; Nemudryi et al., 2020). We have shown
not only that viral genome sequences can be recovered from wastewater samples, but
that they exhibit substantial diversity across dozens of samples. Sequencing the genomes
therefore has the potential to assess the diversity of viral infections in the wastewater
catchment population and to identify emerging genetic variants before they are seen in
clinical samples. In support of this, preliminary analysis suggests that the detected SNPs
were consistent with those detected previously in clinical samples (see Supplementary Ta-
ble D.6). However, because the SNPs from wastewater samples are not phased across
the genome, and because the genome coverage is imperfect, assigning viral lineages to

samples will require a bespoke statistical framework to be developed.

5.6.5. Use of wastewater-based epidemiology in COVID-19 and

future pathogen surveillance
Attempting to quantitatively link observed viral RNA concentrations to detectable cases
is challenging (Medema et al., 2020). Many assumptions need to be made regarding the
persistence of SARS-CoV-2 in wastewater, quantities of the virus shed in faeces and the

influence of water chemistry (Ahmed et al., 2020a).

Sample processing methodology can also be a substantial source of variability. Concentra-
tion method, qPCR assay design and inter-lab variation can create variation in detectable
SARS-CoV-2 RNA quantities (Pecson et al., 2021; Westhaus et al., 2021). Use of appro-
priate process controls is necessary to monitor the effects of these factors when making
intra- and inter-laboratory comparisons. Choice of process control is complex as a closely
related surrogate virus should be used where available and further global collaboration
and co-ordination is required to widen access to WBE technologies (Polo et al., 2020).
In addition to this, the effects of SARS-CoV-2 on global supply chains and the need
to perform WBE at scale create additional pressures where sub-optimal protocols may
become necessary in the future to achieve testing scale desired for national monitoring

programs.

Despite the possible sources of variability mentioned above, we have demonstrated that
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WBE is suitable for quantitatively track- ing the course of the early stages of the SARS-
CoV-2 pandemic and the effects of public health interventions, even in the early stages of
a novel outbreak, where lack of surge capacity prevents optimal sampling. We highlight
how tiled primer array sequencing complements q(RT-)PCR based detection of SARS-
CoV-2 and enhances the sensitivity and usefulness of WBE in detecting the presence
of novel mutations in the SARS-CoV-2 genome. Early detection of viral pathogens by
q(RT-)PCR requires a suitable assay and routine monitoring of WWTPs however alter-
native technologies such as viral metagenomics may be more suited to initial detection of
emerging and unknown pathogens (Farkas et al., 2020b). Our results suggest that viral
amplicon sequencing could be more sensitive than q(RT-)PCR for detection of known
pathogens. In future, monitoring could be targeted towards ports of entry and major

metropolitan centres to maximise the likelihood of detection (Medema et al., 2020).

5.6.6. Conclusions
o Our results demonstrate that levels of SARS-CoV-2 RNA in wastewater generally
correlated well with the abundance of clinical COVID-19 cases recorded within the

community in large urban centres.

o At the population level, wastewater-based epidemiology was used to confirm the suc-
cess of lockdown measures (i.e. restricted movement and human-to-human contact)

implemented at the national scale to control the transmission of SARS-CoV-2.

o The genetic diversity of SARS-CoV-2 from wastewater suggests that multiple ge-
netically distinct clusters were co-circulating in the local populations, and that the
genetic variants observed in wastewater reflect similar SNPs observed in samples

from nasopharyngeal swabs taken contemporaneously at clinical testing centres.

o A greater understanding of the factors that affect SARS-CoV-2 RNA quantification
in wastewater is still required to enable the full integration of wastewater-based

epidemiology data into wider outbreak surveillance programmes.

e Qur results lend support to the use of routine wastewater- based epidemiology to

monitor SARS-CoV-2 and other human pathogenic viruses circulating in the popu-
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lation and to assess the effectiveness of disease control measures.

5.6.7. Data availability

q(RT-)PCR and chemical data recorded in this study is avail- able as supplementary infor-
mation and from the Environmental Information Data Centre (EIDC, www.eidc.ceh.uk).
DOI: 10.5285/ced0e62a21ae45b9babb031639a50417. Sequencing read files analysed in this
study can be accessed from the European Nucleotide Archive (project PRJEB42191).
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6

Discussion and Future Research

6.1. Introduction

An increasing global population and the pressures it puts on the natural environment,
food and water security, and public health makes the need for increased understanding of
the emergence and spread of pathogens ever more important. Plant pathogens cause an
estimated annual loss in yield of over $220 billion (Savary et al., 2019) and the COVID-19
pandemic serves as a warning of the potential impact of emerging viral diseases, which
form 47% and 44% of plant and human emerging infectious diseases, respectively (Ander-
son et al., 2004; Taylor et al., 2001). Population increases will put pressure on municipal
wastewater treatment infrastructure, but the drive towards a greener circular economy
creates an opportunity and need for increased use of wastewater byproducts as agricul-
tural fertilisers, due to their high nutrient content (Sharma et al., 2017), and the increased
generation of biogas in their production (Di Fraia et al., 2018). As biosolids are derived
from human waste, their effective treatment and an understanding of the movement of
viruses through our wastewater treatment systems and potential re-entry into the food
chain via the application of biosolids to land is critical for managing these risks (Gerba
et al., 2002). Whilst the movement of viruses through the wastewater treatment pro-
cess and release into downstream watercourses has been well characterised(Adriaenssens
et al., 2021; Farkas et al., 2020b), the spread of viruses through the use of biosolids as
an agricultural fertiliser and how this affects intrinsic soil virus communities is barely

understood.
The overall aims of this thesis were to address the following knowledge gaps:

« How does repeated biosolids amendment affect the soil-borne virus community over
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the long term?

o How does the viral community respond to a single amendment of biosolids?

e How can we improve techniques for the characterisation of viral communities in
soils?

e How can we apply molecular methods of viral detection to the response to an emerg-

ing public health crisis?

The previous chapters of this thesis reviewed the current state of the fields of viral ecology
and production of biosolids and their use, examined the role of viral ecology in assessing
the impact of biosolids amendment on the soil viral community across different temporal
scales, described the development of the application of viromics for the study of RNA
viruses in soils, and detailed how viral molecular ecology techniques can be applied to
public health monitoring of the COVID-19 pandemic during its early phases and beyond.
The purpose of this chapter is to summarise and synthesise the findings of these studies
and place them in the context of the wider literature. The methodological strengths and
weaknesses of these studies will be discussed and finally, the policy implications of these

findings and potential directions for future work will be examined.

6.2. Synthesis of findings
6.2.1. Application of viromics for monitoring biosolids amendment of
soil

Chapters 2 and 3 demonstrated the utility of taking viromics beyond fundamental viral
ecology to examine more applied questions of land management, with regards to using
biosolids as an agricultural fertiliser. They examined the levels of persistence of biosolids-
associated viruses and the impact that biosolids amendment has on the intrinsic soil virus
community over different timescales. Chapter 2 demonstrated that biosolids-associated
viruses can persist in soils for years, and potentially decades, although their relative abun-
dance within the overall soil virus community is minimal, at approximately 1%. However,
annual biosolids application does raise the possibility of a build-up of persistent viruses
that are resistant to degradation in the soil environment, leading to the establishment

of a form of steady state whereby decaying viruses are replaced during annual biosolids
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applications. The detection of crAssphage-like sequences in Chapter 2 suggests that this
group of viruses may represent a tool for long-term monitoring of wastewater-derived viral
contamination of the environment. However as crAssphage has also been detected in cat
faeces (Y. Li et al., 2021), source tracking of detected contamination to wastewater and
biosolids rather than other sources remains an issue. The long-term experiment examined
in Chapter 2 amended all plots with chemical N, P, K fertiliser to maximise wheat yield,
and so the impacts observed from biosolids amendment was largely independent of the
availability of nutrients for the microbial host community. As a result, the differences in
the viral communities under different treatments are likely to be solely due to biosolids

amendment.

Chapter 3 similarly indicated that after a single amendment of biosolids, the relative
abundance of biosolids-associated viruses decays 7.6-fold after one year under controlled
conditions. Shifts in a-diversity and predicted host ranges present at the start of the ex-
periment in amended soils returned to levels similar to those observed in control soils after
one year. This experiment excluded factors such as soil-type, plowing depth, mesofaunal
activity and seasonal climatic effects that could enhance viral degradation and therefore
these results most-likely represent a baseline level of residual biosolids-associated viral
decay. As no human pathogens were identified in either Chapter 2 or 3, the focus of fu-
ture viral ecology research on the interaction of biosolids-associated viruses with soil viral
communities will also need to consider soil microbial health, and microbial virus: host
interactions. As described in Chapter 1, virus communities can be impacted directly by
the introduction of viruses from within the biosolids material, but also indirectly through
changes in host competition and availability of nutrients to sustain their growth, and soil
chemical and physical properties. The effects of spatial variation (Santos-Medellin et al.,
2021), temporal changes (Cornell et al., 2021), pH (Lee et al., 2022) and organic fertilisers
(Chen et al., 2021) on soil viral communities have been examined and future work will
most likely expand to examine how other land management practices impact the soil viral

community and integrate this into an understanding of overall soil health.

To date, the role of viruses in soil health has been largely overlooked (Pratama and Elsas,
2018) but it is a rapidly expanding field. Future research will need to integrate viruses

into microbial soil processes and examine their mechanistic interactions, as well as their
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functional capacity. Achieving this aim is challenging as despite advances in microbial
cultivation techniques (Dror et al., 2020), the majority of micro-organisms remain uncul-
turable (Bodor et al., 2020). As a result, few soil-borne virus: host systems exist in which
mechanistic interactions can be investigated. Trubl et al. (2021) recently used stable
isotope probing to demonstrate substantial differences between active virus and bacterial
host communities and the more dormant unlabelled background communities and the role
of auxiliary metabolic genes in carbon metabolism within arctic peat soils. A significant
knowledge gap currently exists in the role of similarly actively replicating viruses within
agricultural soil systems, and it may be that this knowledge could be exploited to enhance
soil health from an applied land management perspective via agricultural phage therapy
(Dy et al., 2018; Svircev et al., 2018). Currently, such viral ecology studies are predom-
inantly focused on dsDNA bacteriophages, but as Chapters 2 and 3 have demonstrated,
viruses of Archaea, eukaryotic micro-organisms and higher eukaryotes all have a role in

soil microbial and macrobiological ecology, which is even more understudied.

In summary, these two chapters have demonstrated that repeated usage of biosolids as agri-
cultural fertiliser under field conditions, and their single usage under controlled conditions
have limited effects on the intrinsic soil viral community. Both studies demonstrated that
AMR genes are rare occurrences within bacteriophage genomes and that the distinction
between biosolids-associated and soil-associated AMR-containing bacteriophages needs to
be made. Auxillary metabolic genes of soil-borne bacteriophages are diverse, covering a
wide range of metabolic activities, but an expansion of the techniques used to investigate
soil viral ecology will be needed to interpret the mechanisms of how viral community
functional capacity impacts host functional activity. The studies have also highlighted
the existence of non-dsDNA bacteriophages as part of the soil viral community and that
future work should examine their role within soil microbial community dynamics, and the

impact of other land-management practices on soil microbial health.

6.2.2. Using viromics to increase the range of detectible viruses
Whilst Chapters 2 and 3 demonstrated the impact of biosolids amendment on the DNA
viral community, at the start of the project, no published studies had examined the role of

RNA viruses in soil viral ecology. Chapter 4 represents the first study to apply viromics to
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the study of soil-borne RNA viruses, revealing that potential host ranges of RNA viruses
are distinctly different from DNA viruses, with the majority of RNA viruses infecting
eukaryotes. At present, it is unclear if this is a genuine biological difference, or due to
a lack of sensitivity in the computational detection of RNA bacteriophages, caused by
their underrepresentation in reference databases. A recent large-scale meta-analysis of
environmental metatranscriptomes increased the number of known RNA viruses five-fold,
but their results still suggest that RNA bacteriophages are in the minority when compared
to eukaryotic viruses, both in terms of number of known viral species and in numbers of

viruses within different ecological habitats (Callanan et al., 2020; Neri et al., 2022).

In addition to the study from Chapter 4, two other studies have examined the diversity
of RNA viruses in soil (Starr et al., 2019; Wu et al., 2021), but no other study has
employed methods of virus-like-particle (VLP) enrichment. The results from this study
show that viromics most likely selectively enriches certain portions of the virosphere, due
to differences in viral lifestyle and virion structure. If soil DNA viral ecology is in its
infancy, compared to soil microbial ecology, then soil RNA viral ecology is embryonic.

Future work will likely need to address the following key challenges:

e How do we make RNA virus enrichment more efficient?
o How do we improve RNA virus detection?
e« How do we further improve host-virus relationship prediction?

o How do we manage the increasing scale and complexity of our datasets?

To answer the first question, methodological development studies are greatly needed, in
particular, the depletion of rRNA reads, that can substantially reduce read depth, and
impact RNA virus detection sensitivity. The use of paired metagenomes and viromes has
been successfully employed to capture a greater diversity of environmental DNA viruses
(Santos-Medellin et al., 2021) and the same is even more likely to be true of RNA viruses

too.

Improving enrichment and increased sequencing depth will also impact the second issue
of improving detection. This will require an expansion of reference databases on which
to base sequence homology searches and build machine learning models of viral diversity

that can be used for virus detection. A number of large-scale meta-analyses have recently
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dramatically increased the number of known RNA viruses (Callanan et al., 2020; Neri et
al., 2022) and a major challenge in the future will be unifying these collections of viral
sequences into a single, usable database, that can in turn, be used to update the reference
databases used by virus identification and classification programs such as DeepVirfinder,
VirSorter and vContact (Bin Jang et al., 2019; Guo et al., 2021; Ren et al., 2020). The
basic assumptions of these tools will also need to be re-evaluated for RNA viruses, as the
guided detection tools such as VirSorter and vContact rely on sequence similarity, contig
length, shared genes, etc that hold true for dsDNA bacteriophages, but may not be the

same for RNA viruses, eukaryotic viruses or ssDNA viruses.

Fundamental questions such as “what is the definition of an RNA viral species” will
need to be addressed by the ICTV, as currently, different RNA species boundaries are
demarcated by different marker genes, sometimes carried on different segments of RNA
viral genomes. A unified species definition based on RARP sequence similarity would
significantly aid computational analysis. However, this approach could be a double-edged
sword, as RNA viral evolution has been demonstrated to be highly modular, with viruses
recombining RARP, capsid and other genes. In addition to this, there is also evidence
of motif swapping within the RARP gene, making the analysis of RNA viral sequencing
data much more demanding when applying tools often originally developed for cellular

sequence analysis (Neri et al., 2022).

6.2.3. Viral molecular ecology and public health

Although wastewater-based epidemiology (WBE) has been used prior to 2019/ 2020 to
monitor the quantity and diversity of viruses within human populations (Farkas et al.,
2020a), the COVID-19 pandemic saw a rapid expansion in the application of ¢PCR and
sequencing-based methods to track SARS-CoV-2 in the environment, and use this data
to inform public health decisions aimed at reducing the spread of the virus. The study
described in Chapter 5 demonstrated the utility of applying WBE to monitor SARS-CoV-
2 prevalence in local populations at a time of national, and global crisis, with similar
studies conducted in various countries across the world (Ahmed et al., 2020a; Haramoto
et al., 2020; La Rosa et al., 2020; Medema et al., 2020; Westhaus et al., 2021). Since

the publication of this study, the project has developed into the Wales Environmental
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Wastewater Analysis & Surveillance for Health (WEWASH) programme, a collaboration
between Bangor and Cardiff Universities, Welsh Water and Public Health Wales aiming to
apply WBE to the monitoring of SARS-CoV-2 and other viruses on a national scale, with
similar programmes established in England, Scotland and across the world. Substantial
efforts have also been made in improving the reliability of WBE data (Ahmed et al., 2020c;
Fitzgerald et al., 2021) and have centred on the following themes:

o Improving recovery of viral nucleic acids in the context of large-scale monitoring
programs (LaTurner et al., 2021)

o Developing strategies that capture representative samples of the local populations
(Bivins et al., 2021)

 Estimating uncertainty in modelling case prevalence from WBE data (X. Li et al.,
2021)

» Expanding analyses to examine viral diversity as well as quantity (Lin et al., 2022)

o Additional monitoring of wastewater treatment plant effluent to assess their impacts
on downstream bathing waters, and within sewersheds to increase data resolution

(Adriaenssens et al., 2021; Reeves et al., 2021)

At the time of writing, mass testing is due to come to an end whilst all legal restrictions
intended on limiting the spread of SARS-CoV-2 in the UK are planned to be lifted, all of
which is happening against a backdrop of rapidly increasing cases. This creates a situation
where WBE will become critical to understanding the levels of SARS-CoV-2 circulating
in local populations, similar to the early stages of the pandemic when mass community
testing was unavailable. Now that the national infrastructure for mass wastewater test-
ing has been established, and industry - academia - government partnerships built, it is
crucial that this capability is not lost. There is an opportunity to utilise this network
to understand the viral diversity of our wastewater at a scale not previously possible.
There is also the possibility of applying WBE to the monitoring of other materials such
as antimicrobial resistance genes (Biirgmann et al., 2018), microplastics (Sun et al., 2019),
legal and illicit drugs (Kuloglu Genc et al., 2021), and pharmaceuticals (Oliveira et al.,
2020) at the national scale.
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6.3. Methodological considerations

All four experimental chapters of this thesis have pushed the technical boundaries of
their fields. This section seeks to evaluate the strengths and weaknesses of their ap-
proaches. Viromics sample processing and library preparation techniques are known to
introduce biases into DNA virome characterisation, particularly with regard to ssDNA
viruses (Hjelmso et al., 2017; Roux et al., 2016b), and the same is potentially true of
dsRNA viruses as some library preparation techniques do not include denaturation steps
prior to random hexamer priming in cDNA synthesis. Chapter 2 sought to overcome this,
by using Adaptase-Linker Amplification library construction that would capture both
single-stranded and double-stranded DNA in the form of the Accel-1S library preparation
kit from Swift Biosciences (now acquired by Integrated DNA Technologies). This has the
advantage of accepting inputs of DNA as low as 10 pg but adds a 10 bp linker sequence
to each end of a sequencing read, which will be sequenced at the 5" end, and also the
3’ end in cases where DNA is severely fragmented, reducing the amount of sequencing
information available. Unfortunately, due to the impact of the COVID-19 pandemic on
sequencing centre capacity to cater to non-standard library preparation techniques, it was
not possible to use the same technology for Chapter 3, and so the NEBNext Ultra II F'S
library preparation kit was used instead. Whilst this similarly uses linker-amplification, it
is not explicitly designed to target ssDNA. This, changes in extraction protocols to reduce
the amount of DNA fragmentation, and increased sequencing depth may be sources of
the variation in taxonomic profiles observed between the two studies. Soil samples were
collected in the same manner, approximately 13 months apart so temporal variation could
also be a cause of the observed differences between the control treatments of Chapters
2 and 3, however this is unlikely to be so significant at the family level. Viral ecology
could potentially benefit from examining other fields that analyse atypical nucleic acid
samples, such as that of ancient/ historical DNA. Here, significant effort has been applied
to optimising library preparation, due to low input quantities and the influence that DNA
damage can have on sequencing quality and techniques could potentially be adapted to

the sequencing of viral DNA (Kapp et al., 2021; Wales et al., 2015).

Long-read data and hybrid assembly also has the potential to further improve our un-
derstanding of viral diversity, by improving detection of viral microdiversity (Warwick-

Dugdale et al., 2019; Zablocki et al., 2021). These techniques have been applied to
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the characterisation of cattle slurry, revealing the extensive presence of virulence factors,
AMR genes and crAssphages (Cook et al., 2021). Although the results from Chapters 2
and 3 and other works (Chen et al., 2021) indicated a limited presence of bacteriophage-
associated AMR genes in biosolids, it would be interesting to examine how long-read
data and hybrid assembly, with its improved ability to generate longer contigs, could
enhance our understanding of the functional potential of both soil and biosolids viral

communities.

Future experimental strategies may include a multitude of sequencing techniques, includ-
ing size-selected and bulk metagenomics, metatranscriptomics, long-read data, prophage
induction, single cell and single virion genomics, in order to fully capture the viral and
microbial diversity present and integrate this data into an understanding of viral ecology
(Sommers et al., 2021). Applying these techniques in parallel still remains financially chal-
lenging, however as sequencing costs continue to decrease, it may in the not-so-distant
future, become a viable approach to apply all the techniques listed above, fully optimised
for viral sequence recovery, to examining the role of viruses in diverse ecosystems. This
increased diversity of sequencing datasets will also need to be supported by advances in
bioinformatics techniques to cope with the sheer volume of information, and also reduce

the computational barriers to analysing such datasets.

6.4. Concluding remarks
In addressing these knowledge gaps, this thesis has demonstrated that:

« Repeated biosolids amendment has limited effects on the soil-borne virus community
structure or functional capacity.

o A single amendment of biosolids introduces large quantities of biosolids-associated
viruses into the soil virus community, but the majority of these are not detectable af-
ter one year under controlled conditions. Changes in predicted host profiles suggest
an increase in relative abundance of viruses of Bacteroidetes and a corresponding de-
crease in viruses of Actinobacteria in amended soil viral communities. These return
to proportions similar to control soil viral communities after one year.

o Viromics can be used to detect RNA viruses in soil, expanding their known diversity,
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particularly of Ourmia-like viruses, but virion morphology is likely to influence the
range of viruses detected by this technique.

« gqPCR and amplicon sequencing of viruses in wastewater can be practically applied
to monitor changes in viral prevalence and diversity in local populations during the

early stages of an emerging pandemic.

Future work has and will continue to build on these results by developing our understand-
ing of the mechanisms that affect viral community dynamics in agricultural soils, how
they impact their hosts, crop yield and our food and water security. We will increas-
ingly be able to utilise this knowledge to impact and improve the circular economy, by
increasing our reuse of waste products such as biosolids, food production, through the use
of bacteriophages to augment soil productivity and public health, by improving our re-
sponsiveness to emerging diseases. Ultimately, these changes will contribute to the world

meeting the challenges of an increasing global population in a sustainable way.
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A.1. Supplementary tables

Table A.1.: Soil properties and biosolid application parameters

Soil property Control Historical Long-term
pH 5.73 (0.26)  5.78 (0.20) 5.79 (0.09)
%N 0.10 (0.01)  0.16 (0.02) 0.13 (0.01)
%C 1.25 (0.16) 1.76 (0.15) 1.52 (0.16)
Soil microbial biomass C (mg kg )* 192.1 265.1 (14.21) 189.8
(19.75) (29.66)
P (mg/ kg) 15.0 (0.6) 16.2 (1.2) 16.0 (0.8)
Cd (mg/ kg) 0.19 (0.03)  0.29 (0.04) 0.23 (0.05)
Cu (mg/ kg) 13.2 (1.2) 36.9 (3.3) 21.0 (1.7)
Zn (mg/ kg) 57.6 (4.4) 70.0 (5.2) 59.5 (4.0)
Biosolid total input (t ha™!)** - 146 138
Biosolid total organic carbon input (t - 62 58

ha-l)**

* measured in 2005

*3k

samples were collected prior to the 2017 application
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Table A.2.

: Biosolid sampling location and properties

Biosolid property

Sampling location Banbury

pH 7.1
Total N (%) 5.22
Organic C (%) 42.2

Table A.3.: Settings of short read processing and assembly programs used in Chapter 2

**Process Program Settings™*
Trimming/ Prinseq lite -min_ len 35 -min_ gc 5 -max_ gc 95
filtering v0.20.4 -min_qual mean 25 -trim_ left 10 -trim_ right 10
Error Tadpole mode=correct ecc=t prefilter=2
correction (BBTools v38.49)
Deduplication Clumpify dedupe subs=0 passes=2
(BBTools v38.49)
Assembly MEGAHIT —presents meta-large
vl1.1.3
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Table A.4.: Biosolids-associated vOTUs identified in soil viral communities

vOTU Length Family Host family
k127 878067 4463 NA NA
k127 739563 2675 NA NA
k127 584835 2385 NA NA
k127 554424 2065 NA NA
k127 3373087 27357 inconclusive NA
k127 3205173 1537 NA NA

k127 270925 6321 inconclusive Mycobacteriaceae
k127 245266 6675 inconclusive NA

k127 240699 1545 NA NA
k127 2384432 2065 NA NA
k127 2009273 3257 NA NA
k127 190657 3561 NA NA

k127 1673294 12156 inconclusive NA
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Table A.5.: Generalised linear models and beta regression models used in this chapter

Index/ property Treatment X2 Treatment p Block X2 Block p GLM family Formula
Richness 14.2101 0.000821 0.0711 0.789780 Negative binomial  richness ~

(link = log) treatment + block
Shannon Index 3.9574 0.1382 0.0007 0.9793 Gamma (link = shannon ~

log) treatment + block
Simpson Index 2.1907 0.3344 0.1836 0.6683 Beta simpson ~

treatment + block

Number of 98.457 < 2.2e-16 6.928 0.008486 Quasibinomial proportion/100 ~
biosolids-associated treatment + block
vOTUs in amended
plots
Relative abundance 80.411 < 2.2e-16 8.224 0.004134 Quasibinomial relative
of abundance/100 ~

biosolids-associated
vOTUs in amended
plots

treatment + block

¢ Jo3dey)) 1oy uoryeurioyur yejuoworddng -y xipueddy
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Index/ property

Treatment X2

Treatment p

Block X2

Block p

GLM family

Formula

Percentage of circular
vOTUs identified as

lysogenic

2.09495

0.3508

0.99537

0.3184

Binomial

Proportion of
ysogenic vOTUs ~
treatment + block

¢ Jo3dey)) 1oy uoryeurioyur yejuoworddng -y xipueddy
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A.2. Supplementary figures
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Figure A.1.: vOTU contig summary statistics, including (a) %GC content, (b) length,
(c) vertical coverage and (d) Percentage of rarefied reads mapping to vOTU
contigs. A lower percentage of reads were mapped to vOTU contigs in the
long-term treatment libraries than the historical or control treatments, how-
ever this difference is marginally insignificant (Kruskal-Wallis, p = 0.055).
Both contig length and average fold coverage were statistically significantly
shorter/ lower in the long-term treatment compared to the control and his-
torical treatments (Kruskal-Wallis, p < 0.0001.
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Figure A.2.: vOTU accumulation curves at (a) vOTU, (b) genus and (c) family level
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ods) and displayed on a log_ 10 scale.
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B.1. Supplementary tables

Table B.1.: Soil properties

Soil Property

pH 5.73 (0.26)
%N 0.10 (0.01)
%C 1.25 (0.16)
Soil organic carbon (%) 1.12 (0.00)
Soil microbial biomass C (mg kg “1)* 192.1 (19.75)
P (mg/ Kg) 15.0 (0.6)
Cd (mg/ Kg) 0.19 (0.03)
Cu (mg/ Kg) 13.2 (1.2)
Zn (mg/ Kg) 57.6 (4.4)
Biosolid total input (t ha™')** 8

Table B.2.: Short read processing and assembly

Process Program  Settings
Filtering bbduk ftl=3 maq=25 minlen=35
Error correction tadpole mode=correct ecc=t prefilter=2

Deduplication clumpify dedupe subs=0 passes=2
Assembly MEGAHIT —presets meta-large
Mapping bbwrap vslow=t minid=0.9

153



Appendix B. Supplementary Information for Chapter 3

Table B.3.: Generalised linear models and beta regression models used in this chapter

Metric Formula

Family

Number of vOTUs response ~ treatment +
time + block

Shannon Index response ~ treatment +
time + block

Simpson Index response ~ treatment +
time + block

Difference in response ~ time + block

biosolids-associated vOTUs

as a proportion of total

vOTUs in amended

microcosms

Difference in total response ~ time + block

biosolids-associated vOTU

relative abundance in

amended microcosms

Negative binomial

Gaussian (link = log)

Beta regression

Beta regression

Beta regression

B.2. Supplementary figures
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Figure B.1.: vOTU contig summary statistics, including (a) %GC content, (b) length,
(c) vertical coverage and (d) Percentage of rarefied reads mapping to vOTU
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C.1. Supplementary tables

C

Supplementary information for Chapter 4

Table C.1.: Sampling site descriptions

soil

Electrical Total
Soil Elevation conductivity (m  carbon
Site Location  classification Soil description (m asl) pH asl) (%)
A Upland 53° 13’ Non-calcaric Very acid upland soil with a wet 431 4.27 39 29.1
peatland 1.227 N lithosol highly organic topsoil
4°1
8.787 W
B Upland 53°13’33.00" Typical Freely draining acid loamy soil over 289 5.89 30 11.3
grassland N podzolic brown  rock
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Electrical Total
Soil Elevation conductivity (m  carbon

Site Location  classification Soil description (m asl) pH asl) (%)

4°0

54.86” W
Semi- 53° 13’ Typical Freely draining slightly acid loamy 7 4.61 27 11.2
improved 55.24” N podzolic brown soil
grassland soil

4° 1

222" W
Lowland 53° 14’ Typical orthic ~ Sandy clay loam, freely draining 19 5.78 42 3.62
grassland 10.98” N brown soil sheep-grazed soil

4° 1

1.747 W
Coastal 53° 14’ Saline alluvial  Silt-textured, poorly draining soil 3 8.03 1810 2.89
grassland 34177 N gley soil with periodic tidal inundation

4° 1

18.787 W
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Soils were classified according to Avery (1990). The major properties of the sites and soils are shown in Table C.1 above, while a general
description of the catena sequence is provided in Farrell et al. (2014), Shaw et al (2014) and Withers et al. (2020). The altitudinal
gradient represents a primary productivity gradient with more intensive agricultural production at Site D which receives regular fertiliser
(N, P and K) and lime applications. The mean annual temperature at the bottom and top sites was 10.2 and 7.3 °C respectively, while
the gradient in annual rainfall was 1065 to 1690 mm, respectively. All sites had a different vegetation cover (all dominated by grasses) and
were grazed by Welsh mountain sheep (Ouis aries L.). Soil pH and electrical conductivity were measured in 1:2.5 (w/v) soil-to-distilled
water extracts using standard electrodes. Total C and N were determined on a TruSpec CN analyser (Leco Corp., St Joseph, MI). Site E
is a soil developed on recent marine deposits and were classified according to Avery (1990). The major properties of the sites and soils
are shown in Table S1 above, while a general contains CaCO3 from shell deposits. Its pedogenic age is ca. 500 years. All other sites
have a pedogenic age of ca. 10,000 years. Site A is developed on a rhyolite parent material, Sites B and C on Ordovician age schist and
shale, and Site D on mixed glacial till (rhyolite, mudstone, slate, shale, microdiorite). Sites D and E rarely undergo freezing, while Sites
A-C experience periodic freezing in winter with winter snow cover often present at Site A. The vegetation at Site A comprises Festuca
ovina L., Juncus effusus L. and Trichophorum cespitosum (L.) Hartman. The vegetation at Site B is dominated by Agrostis canina L.,
Agrostis capillaris L., Anthozanthum odoratum L. and Potentilla erecta (L.) Rauschel. The vegetation at Site C is dominated by Festuca
ovina L. and Pteridium aquilinum L.. Site D is dominated by Lolium perenne L. and Trifolium repens L. while the vegetation at site E
is dominated by Plantago maritima, Festuca sp. and Salicornia europaea. Grazing intensity decreases with altitude due to the decline

in primary productivity. All soils are free draining, with the exception of Site E which periodically experiences coastal inundation at

spring tides (i.e. leading to the high EC values observed in Table 1) and has anaerobic features (Fe3™/ Fe?T mottles and FeS production).

The texture of the mineral soils is as follows: Sites B to D, sandy clay loam, Site E silty sand. The humification status of the peat at
Site A is H5 on the von Post scale indicating a moderate degree of humification (Ekono, 1981). Sites B and D have earthworms present,

although these are much more abundant at Site D where intensive bioturbation has led to the development of a crumb structure and

¥ 1o3dey)) 1oy uorjeuriojur Arejuowerddng 1) xipueddy
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Eutric Cambisol horizon structure (Ah, Bw, C). The structure at Site C is described as granular while at Site E it is classified as massive,
lacking macropores. The bulk density of the soils ranged from 0.45 g cm™ at Site A to 1.15 g cm™ at Site E with no site showing signs of

compaction that would inhibit root growth.
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C.2. Supplementary figures
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Figure C.1.: Total raw reads (a), percentage of rRNA reads (b), and total (c¢) and percent-
age (d) read pairs mapped to viral contigs at each location. No significant
overall effect from location was observed on these metrics (Kruskal-Wallis)
and no significant pairwise interactions were observed (all adjusted p-values
>0.2). No correlations were found between raw read pairs and rRNA reads
removed and the percentage of reads mapping to viral contigs (Spearman
rank correlation, p = 0.119 and p = 0.611 respectively).
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Horizontal genome coverage

Figure C.3.: Histograms of horizontal genome coverage for all contigs where coverage was
0%. Some samples show the majority of viruses with coverages close to 100%
(e.g. Upland grassland samples), whilst others show a range of values. Other
samples show an increase in the number of genomes from 50-100%, whilst
remaining relatively flat, or decreasing from 0-50% (e.g. Semi-improved 1).
A horizontal genome coverage threshold of 50% was chosen as a compromise
between preventing false-positives from short contigs being covered by one
read and false negatives from longer viral contigs that may be present at low
abundances in some samples.
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Tree scale: 10

Study

D This study

I starretal. 2019
W Woifetal. 2018

Family

. "Ourmiaviruses"
. Leviviridae

] Narnaviridae

[ ] NA

Figure C.6.: Enlarged Lenarviricota phylogenetic tree with branch support. Branches
with branch support >0.6 are indicated by red circles.
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scale: 1 +——
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Vi,
e

Figure C.7.: Enlarged Pisuviricota phylogenetic tree with branch support. Branches with
branch support >0.6 are indicated by red circles.
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Tree scale: 1 ———

Study
D This study

. Starr et al. 2019
Il Woifetal. 2018

Taxa
] Nodaviridae
B Tombusviridae

[ ] NA

Figure C.8.: Enlarged Kitrinoviricota phylogenetic tree with branch support. Branches
with branch support >0.6 are indicated by red circles.
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Tree scale: 1 ————

Study

[ ] This study

[ starretal. 2018
Il Worf et al. 2019

Taxa
. Reoviridae
. Totiviridae

[ ]NA

Figure C.9.: Enlarged Duplornaviricota phylogenetic tree with branch support. Branches
with branch support >0.6 are indicated by red circles.
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Tree scale: 1 +———

study

[ ] This study

I starretal. 2019
Il Wolf et al. 2018

Taxa

. Arenaviridae

B Aspivididae

D Bunyavirales

. Mononegavirales
D Orthomyxoviridae =SS

Figure C.10.: Enlarged Negarnaviricota phylogenetic tree with branch support. Branches
with branch support >0.6 are indicated by red circles.
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Figure C.12.: Pruned phylogenetic tree of putative dicistro-like viruses
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Figure C.13.: Site distribution of putative dicistro-like viruses
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Figure C.14.: Pruned phylogenetic tree of putative partiti-like viruses. The majority of
partiti-like vOTUs identified in this study are relatively closely related to
Fusarium solani partitivirus 2 (indicated by short branch lengths at the
bottom of the figure).
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Figure C.15.: Enlarged phylogenetic tree of noda-like viruses found in this study clustering
near reference Nodaviridae RARP sequences.
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Sample Intersections

I Peatland
eessssss———— Upland-grazing ° I
I Semi-improved * I {
s | owland-grazing
! Coastal
9 6 3 0
Viral contigs

Figure C.16.: Site distribution of noda-like viruses found in this study clustering near ref-
erence Nodaviridae RARP sequences. Viral sequences were predominantly
found in upland areas, with no noda-like viruses found in the coastal grass-
land site.
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D.1. Supplementary results
D.1.1. Comparison of N1 CDC and E Sarbeco SARS-CoV-2

q(RT-)PCR assays
Significant correlation was found between SARS-CoV-2 RNA quantified by the N1 CDC
and E Sarbeco gene markers in the same samples (Spearman’s p = 0.56, p <0.0001),
however the LoD and LoQ of the E Sarbeco marker were both 2.1-fold higher than the
CDC N1 assay and three times less likely to detect SARS-CoV-2 in wastewater samples see
Supplementary D.2. Westhaus et al. (2021) similarly demonstrated varying sensitivity
and specificity for SARS-CoV-2 in commonly used q(RT)-PCR assays and so further
comparison, optimisation and standardisation is required when expanding monitoring

programs and making international comparisons.

D.1.2. Detection of SARS-CoV-2 in WWTP influent suspended

solids and effluent

SARS-CoV-2 RNA concentrations were also determined for the pellet from the initial
centrifugation step in the first three weeks of the sampling programme. Only three samples
(n = 18) produced quantities above the LoD and consequently, only results for SARS-CoV-
2 in wastewater supernatants were considered in further analysis. It should be noted that
SARS-CoV-2 has been detected in the solid phase in other studies (e.g. primary thickened
sludge), however, the quantity of pelletable solids can be highly variable between samples
and between treatment sites (Peccia et al., 2020; Westhaus et al., 2021).

Effluent samples were collected as detailed in Supplementary D.5 but similarly to sus-
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pended solids, above one sample (Wrexham, 19/05/20) had detectable quantities over the
LoD.
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D.2. Supplementary tables

Table D.1.: Studies reporting SARS-CoV-2 RNA. p/a = presence/ absence, ct = Ct values

only.
Peak (gc/

Site 100 mL) Reference
Published articles in
peer-reviewed journals
Netherlands (various) 2.2 x 105 (Medema et al., 2020)
England/ Wales (various) 1.5 x 104 This study
USA (Montana) 105 (Nemudryi et al., 2020)
Italy (Milan/ Rome) 5.6 x 103 (La Rosa et al., 2021)
Australia (Brisbane) 1.2 x 101 (Ahmed et al., 2020a)
India (Gujarat) 3.5 x 101 (Kumar et al., 2020)
USA (Louisiana) 7.5 x 102 (Sherchan et al., 2020)
Spain (Mercia) ct [Randazzo et al. (2020)
Japan (Yamanashi Prefecture) 8.2 x 103 (Haramoto et al., 2020)
France (Montpellier) 8 x 104 (Trottier et al., 2020)
Brazil (Rio de Janeiro) ct (Prado et al., 2020)
Germany (various) 2 x 103 (Westhaus et al., 2021)
USA (Virginia) 104 (Gonzalez et al., 2020)
Reports hosted on preprint
servers
France (Paris) 106 (Wurtzer et al., 2020)
India (Jaipur) pa (Arora et al., 2020)
Israel (various) ct (Bar Or et al., 2020)
Japan (Ishikawa and Toyama) 4.4 x 103 (Hata et al., 2020)
Spain (Ourense) ct (Balboa et al., 2020)
Spain (Barcelona) 104 (Chavarria-Miré et al., 2020)
Turkey (Istanbul) 1.8 x 103 (Kocamemi et al., 2020)
USA (Massachusetts) 2.4 x 104 (Wu et al., 2020)
USA (New York State) 1.2 x 104 (Green et al., 2020)
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Table D.2.: q(RT-)PCR and qPCR assay parameters

q(RT-)PCR
Primer/Probe Sequence (5°-3’) Reference parameters
SARS-CoV-2 (NI)  GACCCCAAAATCAGCGAAAT (CDC, 2020) 55 °C — 60 min
Forward primer 95 °C — 5 min
SARS-CoV-2 (N1) TCTGGTTACTGCCAGTTGAATCTG 45 cycles:
Reverse primer 95 °C—-15s
SARS-CoV-2 (N1) [FAMJACCCCGCATTACGTTTGGTGGACC[MGB]| 60 °C — 1 min
Probe* 65 °C — 1 min

SARS-CoV-2 (E)
Forward primer
SARS-CoV-2 (E)
Reverse primer
SARS-CoV-2 (E)
Probe*

MNV

Forward primer
MNV

Reverse primer

MNV

ACAGGTACGTTAATAGTTAATAGCGT

ATATTGCAGCAGTACGCACACA

[VICJACACTAGCCATCCTTACTGCGCTTCG[QSY]

CCGCAGGAACGCTCAGCAG

GGYTGAATGGGGACGGCCTG

[ABY]JATGAGTGATGGCGCA[QSY]

(Corman et al., 2020)

(Kitajima et al., 2010)
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q(RT-)PCR

Primer/Probe Sequence (5’-3’) Reference parameters
Probe*

CrAssphage Q56 CAGAAGTACAAACTCCTAAAAAACGTAGAG (Stachler et al., 2017) 98°C — 5 min
Forward primer 40 cycles:
CrAssphage Q56 GATGACCAATAAACAAGCCATTAGC 95°C - 15 s
Reverse primer 60°C — 1 min

CrAssphage Q56
Probe

[FAMJAATAACGATTTACGTGATGTAAC|TAMRA]

*Quencher was modified to be compatible with QuantStudio environment.
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Table D.3.: R packages used in this work

Package Name Reference

corrplot (Wei and Simko, 2017)
cowplot (Wilke, 2020)
data.table (Dowle and Srinivasan, 2020)
FSA (Ogle et al., 2020)
ggpubr (Kassambara, 2020)
ggrepel (Slowikowski, 2020)
Hmisc (Harrell, 2020)
plotrix (Lemon, 2006)
rnaturalearth (South, 2017)
rworldmap (South, 2011)

sf (Pebesma, 2018)
tidyverse (Wickham et al., 2019)
700 (Zeileis and Grothendieck, 2005)

Table D.4.: Comparison of SARS-CoV-2 with water quality parameters

Site effect Spearman’s correlation with
(Kruskal-Wallis SARS-CoV-2 wastewater
Water quality indicator — p-value) concentration ( p-value)
Daily flow/ population < 2.2e-16 0.1108
equivalent
NH 4.402e-05 0.8238
MRP 0.0006494 0.1462
pH 0.004882 0.8141
EC 7.178e-08 0.5206
NO3 0.003202 0.06433
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Table D.5.: Genome copies of SARS-CoV-2 in effluent (ND = no detection). All values
except one were below the LoD (1.7 gc¢/ul) and all were below the LoQ (11.8

ge/ph).

Effluent mean SARS-CoV-2

concentration (gc¢/ pul of RNA
Site Sampling Date extract)
Gwynedd 4/5/20 0.51125
Liverpool 11/5/20 ND
Manchester 11/5/20 ND
The Wirral 11/5/20 ND
Gwynedd 18/05/20 ND
Liverpool 18/05/20 ND
Manchester 18/05/29 0.4995
The Wirral 18/05/20 0.492
Wrexham 19/05/20 3.416
Cardiff 27/05/20 1.1365
Liverpool 26,/05/20 0.687
Manchester 26/05/20 0.857
The Wirral 26,/05/20 ND
Cardiff 4/6/20 0.08925
Liverpool 1/6/20 ND
Manchester 1/6/20 0.405
The Wirral 1/6/20 0.1385
Wrexham 2/6/20 1.4115
Liverpool 8/6/20 0.0965
Manchester 8/6/20 ND
The Wirral 8/6/20 ND
Wrexham 9/6/20 0.198
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Table D.6.: Number of unique SNP/INDEL sites per sample. Of those SNP/INDELSs

we report the number and percentage of sites that match the locations of
SNP/INDELs found from clinical samples and have the expected variant
recorded.

Percentage
Number of of matching
Number of  sites that Percentage sites that
sites that match the of sites that ~ match
Number of  match expected match expected
unique locations in  SNP/INDEL locations in ~ base/INDEL
SNP/INDEL clinical in clinical clinical from clinical
Sample sites samples samples samples samples
C1WK1 15 11 5 73.33 4 5.45
C2WK1 16 8 5 50.0 62 .50
DIWK1 42 18 13 42.86 7 2.22
D2WK1 19 8 8 42.11 1 00.00
F1IWK1 13 8 8 61.54 1 00.00
F2WK1 37 20 14 54.05 7 0.00
L1WK1 27 15 15 55.56 1 00.00
L2WK1 35 19 11 54.29 5 7.89
M1WK1 17 11 8 64.71 7 2.73
M2WK1 14 8 6 57.14 7 5.00
TIWKI1 22 14 9 63.64 6 4.29
T2WK1 10 6 5 60.00 8 3.33
C1IWK2 26 14 9 53.85 6 4.29
C2WK2 17 9 9 52.94 1 00.00
D1IWK2 19 11 7 57.89 6 3.64
D2WK2 32 20 16 62.50 8 0.00
FIWK2 20 13 7 65.00 5 3.85
F2WK2 23 11 8 A47.83 7 2.73
L1WK2 14 9 7 64.29 7 7.78
L2WK2 47 27 22 57.45 8 1.48
MIWK2 29 15 9 51.72 6 0.00
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Percentage
Number of of matching
Number of  sites that Percentage sites that
sites that match the of sites that ~ match
Number of  match expected match expected
unique locations in  SNP/INDEL locations in ~ base/INDEL
SNP/INDEL clinical in clinical clinical from clinical
Sample sites samples samples samples samples
M2WK2 18 8 5 44.44 6 2.50
TIWK2 15 11 5 73.33 4 5.45
T2WK2 21 15 10 71.43 6 6.67
C1WK3 14 10 8 71.43 8 0.00
C2WK3 28 13 8 46.43 6 1.54
D1IWK3 24 13 12 54.17 9 2.31
D2WK3 18 10 6 55.56 6 0.00
FIWK3 16 10 7 62.50 7 0.00
F2WK3 18 9 5 50.00 5 5.56
L1WK3 25 17 11 68.00 6 4.71
L2WK3 43 24 16 55.81 6 6.67
M1IWK3 17 4 4 23.53 1 00.00
M2WK3 15 8 6 53.33 7 5.00
T1IWK3 17 9 6 52.94 6 6.67
T2WK3 26 16 14 61.54 8 7.50
C1WK4 18 10 7 55.56 7 0.00
C2WK4 15 12 8 80.00 6 6.67
D1IWK4 21 11 8 52.38 7 2.73
D2WK4 29 18 15 62.07 8 3.33
F1IWK4 27 15 13 55.56 8 6.67
F2WK4 18 10 10 55.56 1 00.00
L1WK4 7 3 3 42.86 1 00.00
L2WK4 20 8 5 40.00 6 2.50
M1WK4 20 11 10 55.00 9 0.91
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Percentage
Number of of matching
Number of  sites that Percentage sites that
sites that match the of sites that ~ match
Number of  match expected match expected
unique locations in  SNP/INDEL locations in ~ base/INDEL
SNP/INDEL clinical in clinical clinical from clinical
Sample sites samples samples samples samples
M2WK4 21 13 8 61.90 6 1.54
T1IWK4 15 9 5 60.00 5 5.56
T2WK4 22 15 11 68.18 7 3.33
C1WK5 23 12 10 52.17 8 3.33
C2WK5 25 14 10 56.00 7 1.43
D1IWK5 27 14 12 51.85 8 5.71
D2WK5 31 16 11 51.61 6 8.75
FIWK?5 30 13 9 43.33 6 9.23
F2WK5 22 12 9 54.55 7 5.00
L1WK5 25 16 14 64.00 8 7.50
L2WK5 19 11 10 57.89 9 0.91
M1WK5 19 12 8 63.16 6 6.67
M2WK5 13 10 8 76.92 8 0.00
T1IWKb5 23 12 10 52.17 8 3.33
T2WK5 12 4 3 33.33 7 5.00
C1WK6 22 7 5 31.82 7 1.43
C2WK6 19 12 10 63.16 8 3.33
D1IWKG6 13 6 5 46.15 8 3.33
D2WKG6 23 13 8 56.52 6 1.54
F1WKG6 22 6 5 27.27 8 3.33
F2WKG6 33 16 15 48.48 9 3.75
L1IWKG6 19 11 9 57.89 8 1.82
L2WK6 15 7 6 46.67 8 5.71
M1WKG6 23 13 12 56.52 9 2.31

189



Appendix D. Supplemental Information for Chapter 5

Percentage
Number of of matching
Number of  sites that Percentage sites that
sites that match the of sites that ~ match
Number of  match expected match expected
unique locations in  SNP/INDEL locations in ~ base/INDEL
SNP/INDEL clinical in clinical clinical from clinical
Sample sites samples samples samples samples
M2WKG6 11 7 5 63.64 7 1.43
T1IWKG6 22 10 9 45.45 9 0.00
T2WK6 17 9 7 52.94 7 7.78
C1WKT7 11 6 6 54.55 1 00.00
C2WKT7 17 7 6 41.18 8 5.71
D1IWK7 17 8 6 47.06 7 5.00
D2WK7 21 8 6 38.10 7 5.00
F1IWKT7 20 12 10 60.00 8 3.33
F2WKT7 26 12 9 46.15 7 5.00
L1WKY7 16 13 12 81.25 9 2.31
L2WKT7 21 14 13 66.67 9 2.86
M1WKT7 16 12 8 75.00 6 6.67
M2WKT7 22 12 10 54.55 8 3.33
T1IWK7 30 16 11 53.33 6 8.75
T2WKT7 27 10 7 37.04 7 0.00
F1IWK13 23 15 11 65.22 7 3.33
F2WK13 43 27 20 62.79 7 4.07
GI1WK13 15 11 8 73.33 7 2.73
G2WK13 11 5 5 45.45 1 00.00
H1WK13 8 4 4 50.00 1 00.00
H2WK13 16 11 9 68.75 8 1.82
TIWK13 14 5 4 35.71 8 0.00
T2WK13 7 3 3 42.86 1 00.00
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D.3. Supplementary figures
(@)

58°N : l’
’

56°N

5Z°N

50°N

(c)

Location Treatment Population Equivalent
Cardiff Sequential batch reactor 930,000
Gwynedd Activated sludge plant 40,000
Liverpool Activated sludge plant 628,000

Activated sludge plant
Manchester with terti 1,170,000
Activated sludge plant

The Winal with tertiary treatment 74,000

Wrexham Quidation ditch and 190,000

biclogical filter bed

Figure D.1.: General (a) and specific (b) locations of wastewater treatment sites surveyed
in this study and (c) the equivalent population sizes served. All WWTPs
combine domestic, trade and stormwater
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Figure D.2.: Proportion of tests that were above LoQ and LoD for (a) SARS-CoV-2 NI1-
gene (RT-)PCR assay split by site and (b) samples assayed with both N1
and E gene markers.
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Figure D.3.: Correlations of SARS-CoV-2 genome copies/ 100 ml of wastewater with lo-
cal authority daily positive tests and COVID-19 related deaths per 100,000.
SARS-CoV-2 wastewater concentrations were also normalised by daily flow
(*) and tests/ cases adjusted to take account of differences between sewer-
shed population equivalents and local authority populations. These correc-
tions had no substantial effect on correlations with only Manchester seeing
a slight decrease in correlation between SARS-CoV-2 wastewater concentra-
tions and tests/ deaths when corrected for the population size mismatch.
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Figure D.5.: Site-specific variation in daily wastewater flow-rate (normalised by popula-
tion equivalent), chemical indicators (N H, , molybdate-reactive phosphate
(MRP), pH, Electrical Conductivity (EC)) and a marker virus for human
faecal loading (crAssphage) at six urban wastewater treatment facilities over
the course of the study. Boxes are bounded on the first and third quartiles;
horizontal lines denote medians. Black dots are outliers beyond the whiskers,
which denote 1.5x the interquartile range.
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