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Abstract

In recent years, the frequency and intaty of flooding has increaseWith flooding, comes a

plethora of detrimental effectancluding damage to infrastructure and utilities. However, often
overlooked is the risk floods can pose to public health. Urban flood water can act as a vector for the
disseminatbn of disease causing bactersach bacteria can be present as a risk susjgehin the
floodwater, or via deposition onto surfaces. Potentially causing iliness should a member of the public
encounter such bacteria. To mitigate the risk an urban flood can pose to public health, it is important
that the dynamics and behaviour of tiacterial communities present in a flood scenario are
understood.

In this research the dynamics of bacterial communities at urban flood sites have been investigated.
This includes: identifying the bacterial community structure of urban flood water gadtaél urban

soils and how this changes, understanding the bacterial transfer between the flood water and urban
soil, and also determining how this changes over long and short term scales. In this study a field
study was performed, sampling two sites withnigh surface flood risk over a long term period

several months, and also in the short tereampling for 3 consecutive days following a heavy rainfall
and thus flood event. Collected soil and floodwater samples, were analysed using heterotrophic
plate @unts, but also by sequencing the V4 region of the 16s rRNA gene. Complementing the field
study, a laboratory based soil column study was also carried out, similarly analysing samples using
HPCs and 16s rRNA sequencing.

Bacterial communities in both s@ihd floodwater showed seasonal changes in the long term study,
including changes in diversity, and bacterial abundance. The short term field study, similarly
detected faecal contamination at one sample site, but found that no disease causing or pathogenic
bacteria were present in flood affected soils in the 3 days following a flood event at either site. This
study also found that the altered soil bacterial community at flood sites is thought to be further
impacted by the presence of faecal contaminationging lower diversity at the site though to be
faecally contaminated. During the column study, it was found that most bacteria remained within

the top 0.4m of the soil column, with no pathogenic species found to have moved into the soil. This
study also conpared the distribution and transport of the bacteria to that of a solute in order to
hydraulically characterise the soil. Naturally, bacterial transport and distribution was different to

that of a solute, with soil characteristics such as grain and poeg along with bacterial behaviours,
such as biofilm formation, thought to influence bacterial transport and distribution .

This research has provided new insights on the presence, risk and behaviour of bacteria at urban
flood sites. It also emphasise8ld WNB I f f AFSQ RIGF FNRBY (KS FASER
assessing risk, as each flood site is unique with diffgpepsiceachemicalfactors, bacterial
O2YYdzyAile O2YLRaAlA2yar yR [faz2 FTt2emRatBNAIAYAEZ
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Chapter 1
Introduction

1.1 Introduction

The risks urban floods pose to public health, is yet to be fully understood. There are several factors
to consider, all of which merit investigation. Some factors are far reachinghe root cause, or
contributor, of flooding climate change, and extnee weather events. Other factors are more

specific, such as the processes involved in wastewater treatment, hydraulic performance of
infrastructure and movement of water through these systems. To fully consider this problem, social
and psychological studiecould even be carried out on human behaviour around floods. This topic is
multi-faceted with lots of uncertainties and many paths to investigate.

Understanding the presence and behaviour of pathogens in floodwater itself is also essential to
better undastand public health risk. Although the potential for other contaminants to cause illness
is of importance, it is contact with a wide variety of pathogens that can potentially cause severe,
infectious, and potentially epidemic illness among the populatidot only do we need to

investigate the pathogenic and diseasausing species presenthut also how long they survive

after a flood, how many are present, how they move during a flood, and how they might travel
between the flood water and urban surfacd®ast studies tend to focus on pathogeBiccol due to

ease of detection and its levels being regulated in legislations for microbial surveillance of rivers and
waterways, such as the Water Framework Directive (DEFRA, 2014). This faecal bacterium is
traditionally used as an indicator for the presence of faeces and thus disease (Odonkor and Ampofo,
2013; Price and Wildeboer, 2017; Shah et al., 2016; Ten Veldhuis et al., 2010; Yard et al., 2014).
However, this study will focus on identifying the actuatmibial community structure present in

urban floodwater.

To build a better understanding of these processes this project will focus on the specific aspect of
transport and quantification of bacterial species, including potentially pathogenic microorgarisms
and between urban soils and flood water. A better understanding of microbial dynamics will allow to
determine the safety of a recently flooded area in the short and long term.

1.2 Research aims and objectives.

The main aim of the project is to deteme to what extent urban flood events, due to direct
exposure to polluted water, pose a risk to public health and/or the environment. This will be
investigated by focusing on the specific aspect of transport and survival of potential pathogenic
microorgansms in and between urban soils and flood water.

A series of research objectives are required to achieve the project aim and are outlined below:
1. Determine the bacterial community structure, including potential pathogens, which are
likely to be present inrbban flood situations. This will be achieved by combining field
work (short and longterm sampling) and laboratory soil column experiments.

2. Investigate the dynamics of potential pathogens at the\g@iter interface following a
contaminated flood eventyuantify and understand the processes and timescales



involved. This will involve the use of a laboratbgsed soil column in which samples
will be taken at varying depths, and at different time points after a contaminated water
flooding event.

Determinewhether characteristics of the urban environment (such as soil composition,
pH, temperature, rainfall, etc.) have an impact on bacterial distribution between soil and
floodwater. The impact of such factors will be investigated by combining field work and
soil column experiments.

1.3 Dissertation Overview

This thesis consists of 7 chapters which include a review of the literature, methodology, analyses,
data, results and conclusions. The thesis also incorporates a collection of three manuscripts that are
suitable for publication in a peeeviewed journal.

This thesis is organised as follows:

Ov Oy Oy Ov Ov O

oy Ov

Chapter lcorresponds to this introduction.

Chapter 2shows a general overview of the literature and background of the topics.

Chapter 3gives an overview of the niteods used for this research.

ChapterAAINBaSyda GKS FANRGO Yl ydzi ONdvésligatiRgGHéR SR F N.
bacterial communities of urban flood water, and the impacts on soils at urban flood skes

Chapter Spresents the second manuscript derived from this research tHe® E L 2 NA y 3 { K 2
¢CSNY tdzofAO I SIHfTGK wAidala 2F ! Nblty Cf22Ra Ay |
Chapter6LINBa Sy ia GKS GKANR Yl ydzi ONSBpafiala® SNRA 3SR F N
GSYLRNIE GFENRARFGAZ2Y 2F o0 OGSNRAI Faa20AFr0SR gAl
Chapter 7summarises the main conclusions from this research.

Appendicesncludes supplementary information for chapters 4, 5, and 6.



Chapter 2
Background and Literature Review

2.1 Climate change and urban flood events

Temporally, the frequency and occurrence of extreme hydrological exgsush as intense

precipitation-- hassteadily been increasing due to climate change @all.,2011).This

precipitation has increased in intensityolume, as well as frequency in some casessequently

leading to an increase in flood events (Watetsl., 2010).

Many sewer systems in densely populated urba@as ardoecoming unable to cope with sudden

influxes of rainfall runoff, resulting from intense precipitation. Combined sewer systems (QB©Ss)

main sewer type used in most UK towns and ciigie designed to discharge diluted wastewater,
stormwater,ands@g | 3S dzadzl t f &8> @Al | WNBfSIFasS GIfgdSQd ¢KS
02ReY gKSy (KS aSsSNI 6S02YSa WwW¥dA tQ (2 LINBOSyid F
prevent uncontrolled flooding of homes and buildings (Phikipal.,2012).

CSOs are not the only system tlaigchargesvater via outlets into the environment. Surface water
outflow pipes also dischargainwaterthat runsoff of roads, gutters, fields, etc. into water bodies,
including groundwater via soakaways. Surface waystems discharge regularly, as the discharge is
rainwater runoff, and so it is not usually thought of as harmful, in terms of the risk it poses to public
health (Webberet al.,2018). However, in some cases, misconnection of pipes can also lead to
wastewater being discharged, along with surface runoff rainwater (Chandler and Lerner, 2015).

Many studies have investigated how CSOs st the ecology of rivers (Veronest al.,2013;

Wang,2014; Wt al.,2019), as well as the immediate risk posedtie public using the river

recreationally (de Maet al.,2013; Gray, 2008; Ten Veldheisal.,2010). However, contaminated

water can also end up discharging into the urban environnggtS T 2 NB A G NBI OKSa GKS
@1 f- @6 @ misconnections, oliafrastructure, blockages or from the lack of local capacity in the

pipe network under intense rainfall, leading to an urban flood or exceedance event. This may result

in contaminated water surcharging from manholes and gulleys onto streets, roads, @edtienal

areas (Abdellatiét al., 2013; National Academies of Sciences, Engineering, and Medicine, 2019; Olds

et al.,2018).

lf 0K2dAK Y2NB AYFNBIdSSy iz 7Tt 2¢prsedtingla®bdd OF y a2 N
immediate risk of contact with contaminated water. As urban areas tend to comprise a variety of
impermeable surfaces, as well as permeable but easily saturated avehfsas parkland, the excess

water cannot be easily absorbed into soil. On the one hand, the permeable properties of such areas

can work favourably as a designated area to saturate and store flood water, preventing damage to

homes and buildings (Forstet al., 2008; Schultz, 2006). However, when this is not the intention for

the area, the water can sit in the area for days or even several weeks, potentially posing a

microbiological risk (Gholaret al.,2010; Serinaldét al.,2018).

2.2 Defining the risland identifying hazardsssociated to flooding
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a selection of specific methods amools, creating a multifaceted risk matrix or risk assessment
strategy.For examplea typical tool used to examine risk in a flooding scenario is a microbiological

risk assessment (MRA) or quantitative microbial risksssent (QMRA). This method estimates the

risk to public health, whilst accounting for any influencing factors by: identifying the microorganisms
likely to cause harm, assessing exposure/dose exposed to, applying-eedpsase model, and
characterising gk in terms of probability of infection and illng$$aaset al., 2014; WHO, 20167 his

method has been used by other largeale flood studies including that of ten Veldheisl.,and

Fewtrellet al (Fewtrell et al., 2011; ten Veldhuis et al., 2Q1l8pwever, this approach requires a
NEASIFNOKSNI G2 F20dza 2y + aSt SO0 ydzyoSNJI 2F YAON
gK2tS ol OGSNAIE O2YYdzyAidé LINBaAaSyiaGod ¢Kdzas GKA
instead look at charactesing the microbiological hazards (likely bacteria and/or pathogens) present
during a flood event, and factors that influence the behaviour of such hazards. Instead of carrying
2dzi | Fdzft vaw! I GKS FANRG adl ISKIWNRGER FéRY I i K
here.
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In the case of the public health risk of urban floods, it is vital to understand the environment where
G6KS WLRGSYUGUAIT KIFENYQ SEA&GEA Ay O ¢tKS LI GK23Sya A
they are able to survive isoils after the floodwater withdraws (the point this study will investigate).
The likelihood of this potential harm is dependent on the frequency of flood occurrence, and the
probability of someone encountering the pathogehsaturally, the floodwater, alog with the
contaminants are only a risk if members of the public physically dotoeontact with it. Scenarios

in which this is likely to happen may include the following: children playing in floodwater, vehicles
driving through floodwater and splashipgdestrians, or the floodwater being widespread in areas
that may be the sole access routind so there is no other option other than to walk through
(Schetst al.,2008; Ten Veldhuit al,, 2010). If the flood is more severe, there is also the poggibil
the floodwater may enter homes and gardens, making direct contact with residents unavoidable.

2.3 The microbial contaminants of urban floodwater

Microbial contaminantg, pathogens are important to consider. Flood water in urban environments

is usually a mixture of diluted sewage, rainwater runofintaining dirt and animal faeces, from

streets and roads, or faeces from livestock, chemicals fiegtili$ers and pesticides/herbicides,
resulting from agricultural rnoff, as well as metals, often originating from industrial and domestic
practices via leaching (Ghaeeal.,2016; Scoullost al.,2020; Yaret al., 2014). Floodwater,

therefore, haghe potential to induce illness (Muirhead al., 2004). This is due to bacterial
pathogens, intestinal parasites, and enteric viruses, present in the floodwater, leading to outbreaks
of waterborne diseases (Fewtrell al., 2011; Ohl and Tapsell, 2000)u$hcausing health problems
including, gastrointestinal and dermatological issues, and even more serious illnesses such as
septicaemia (Bakehustinet al., 2018; de Maret al., 2014; Haake and Levett, 2015)

The most common waterborne pathogens presentibanflood waterglobally, after an intense
hydrological event, such as heavy rainfall incl\derio, Leptospira Campylobacterand



CryptosporidiunfGoodfellow and Taube, 2016). WHh coliand Giardiaalso being frequently
detected in UK specifi¢iglies of urban floodwater (Fewtrell et al., 2011). In UK drinking water the
presence of any bacterial pathogens, deems the water unsafe for consumption (Drinking water
inspectorate, 2019), therefore bacterial pathogens present at any feagbkeen in odwater could
also pose a risk. Despi@yptosporidiunibeing responsible for 69% of waterborne disease
outbreaks in the UK over an d4/&ar period, it i€€. colthat is routinely used as an indicator for faecal
contamination in drinking water and fregfater by water companies and the Environment Agency,
who are legally bound to do so by legislation (DEFRA, 2014). This is becauge cesidgtection is
affordable and easier to perform than other methods (Odonkor and Ampofo, 2013). This leaves a
gap n the literature, with less information available on the behaviour of pathogens present in
surface floods.

2.4 Fate and transport of pathogens from contaminated water to and from soill

It is widely understood and known that pathogens are present in flood water itde¥ is visible as
pools of water in urban areas following a flood evgmesenting an obvious risk (de Mahal.,,

2013). Howeverit isworth noting that contaminated ater can serve as a vehicle for transporting
pathogens, such as through infiltration into the ground. This process poses a significant threat to
public health by potentially contaminating soil and surfaces in the aftermath of floods (Ruleinato
al., 2019. With this in mind, the infiltration ability of a soil is an important factor to consider. The
slope of the ground, as well as physical properties of sail, including composition, particle density,
and texture can significantly impact the water holdiragpacity of the soil, and affect the infiltration
rate of water into the soil (Patlet al., 2019). Coarser soils, usually have sand as a component, and
tend to have higher infiltration rates, due to few, large, pore spaces, whereas fine soils, usually with
clay as a component, have lowiefiltration rates, but higher water holding capacity, due to smaller,
but more numerous pore spaces (Adesijial.,2013).

Another important factor, when dealing with wastewater containing pathogens, is the sorption of
the microorganisms from the water column, into the soil. This creates the potential for
contaminated water to pose a longéerm health risk, as the pathogens may be left behind,
attached to the soil, after the floodwater withdraws. Although not an urbe@nario, one study
found levels oE. coli, SalmonellandListeria,detected via PCR, only significantly declined in the
soil of a lettuce field 3 weeks after a flood (Cadtvénezet al.,2015). Many studies have
investigated the sorption and dispensi behaviour of bacteria and viruses, with factors such as soil
type, pH, porosity, temperature, and moisture all having an effect. Howevanyof these studies
focus on organisms such BscoliCampylobacterand intestinal enterococcall traditiond

indicators of faecal contamination (Ten Veldheiisl., 2010)Therefore less is currently known
about the sorption abilities of the true range of bacterial species present at urban floodAsitegell
as this, the characteristics of the pathogen casodiave an effect on their motility in seitll type,
hydrophobicity, cell shape and size (Breneaial.,2014; Gannoret al.,1991; Gerba, 1983; Wargg
al.,2014).

This also means there is the potential for the pathogens to detach from the soih thbevater
becomes saturated again, and become suspended back into the watgch could then transport



the pathogens to wider areas. This is a specific risk, especially in parkland or recreational land, which
FNBE 2FGSy dzaSR | & llewErfketal22R16\5 62N 3SQ | NBlFa o/ 2

2.5 Movement of pathogens between the sedilbodwater interface

Having discussed the sorption of pathogens from water and into the soil, it is important to also

discuss the opposite movement of the pathogeimem the soil, to water. Soil dwelling pathogens

FNB 2FGSy aLX AlG Ayda2 ({6 2nd<itiarsmigeNISE done dath@gans 06 2 NI/ S
(e.g.,Bacillus anthracjs are those whose natural habitat is the soil, whereas soil transmitted

pathogens (e.gCryptosporidium parvujrcan live for extended lengths of time in the soil, but this is

not their uswal or optimal habitata stepping stone between infecting hosts (Jefferey and van der

Putten, 2011). Most of the pathogens originating from sewage overflows, are soil transmitted

LI 6K23Syazx FyR FddlIOK G2 (G4KS &® kdnspadithepathdéyenS a = dza A
into the soil (Betet al.,2021).

Following the original flood event and attachment, if another flood or heavy rainfall event eceurs

saturating the soil, it is possible that the attached pathogens could detach from themsidilack

into the water. Generally, it is more likely that the pathogens will travel into groundwater

potentially being carried to another area (Jefferey and van der Putten, 2011). This is less likely to

happen to pathogens that attach well to soil palei, for example Poliovirus. Pathogens that do not

attach as readily to soil particles, such as Enteroviruses, are more likely to become mobilised once

the soil becomes saturated again and be flushed further into the soil profile (Lahdlry1979). If

the soil is fully saturated with contaminated water, and another intense hydrological event occurs,
GKSNBE A& GKS LlaarocAfAiite 2F Y2@0SYSyid 2F GKS LI (K
Not all pathogens have to rely on the movement of water to carry thaimthe soil. Pathogens can

be spread via aerosolfine particles or droplets that are suspended in the air (Canrhld@ez et al.,

2010), which can contain bacteria and virusesF (4 Sy Ol § RBR2 WdQ@26Lat Yy SaG | f
such asStaphylocoags aureusand Mycobacterium tuberculosihiave both been known to exist , and

be transported viabid SNR &2t & oCSyyStte Si Ff P wnannod hiadKSI
fluid, and usually move viehemotaxis Moving towards areas of desirabthemistry and being

repelled from areas with undesirable chemistry (Webteal.,2003).

For exampleE. colshows positive chemotaxis towardsaimino acids, sugars, dipeptides,

pyrimidines and electron acceptors (oxygen, nitrate, and fumarate), lans will move towards

them (Coliretal,bH nMpT aSaA02@ FyR ! RE SNE MPpTHOU®D® ¢ KSNBTF2N
surface, which is already contaminated wilcolj this bacteria could move from soil to clean water,

if it contained higher levelsf attractive chemicals (than the saturated soil). Factors doamplicate

this by interfering with bacterial transfer/transport includgorption to soil particles, hydrostatic

force of the incoming water onto the soil, viscosity of the fluid/saturated, as well as how deep

into the soil profile the pathogen exists (Kumar and Philominathan, 2010).

This is theoretical and it is hard to assume how the pathogens will behave, as there is a gap in the
literature in regards to this. Especially, regardigv pathogens move between environments such
as those found in an urban flood situation, e.g. between water and soil of different saturations and
contamination levels.



2.6 Mobility and survival of specific pathogenic species typically found in flood wate

2.6.1 Faecal indicator bacteria:coli

E. colhas been found by several studies to migrate from surface water into top soil {algssite

the unfavourable conditions, such as increased exposure to UV and reduced soil moisture content,
(Xinget al.,2017; van Elsast al., 2010). For example, Jiang et al., found that after application of
wastewater or manure onto a field.coliwas found to survive under oligotrophic conditions, and
G G SYLISNI i deddBliaation 6fivasiewatemos mame, on an intact sandy loam soil
column, only 70cm in depth) (Jiaagal.,, 2005).

The soil type and its physigaioperties are important to determine the fate and transportiatoli

in soils.E.colishowed higher dispersivity values in gravel 8t1#¥/s) as opposed to sand (014
0.82cm), after application of contaminated water to experimental soil colunfBaiet al, 2016;

Lamyet al.,2013). This is thought to be due to the pore size heterogeneity, as well as the grain size
of the soil- with smaller pores and smaller grain sizes (sand), retarding the dispersibcaf. It

should be noted that the distribution and variety of pore size, as well as their connectivity to each
other is also an important factor that would affect bacterial tramgphrough the soil (Kasett al,,

2013; Wanget al,, 2014). However, this is an area that requires further study in order to draw solid
conclusions (Bagt al.,2016).

It has also been found thd.coliattach particularly well to clay soilwith a study over 8 days finding
that E.colisurvived the longest in clays (cllnam soil with natural organic matter), with the
bacterial levels (determined by measuri#gl'P |) found to be almost two times that found in silts or
sands (Liet al.,2017). It is tought this is due to the mineralogy of the clay, enhancing the

LI § K23Sy Qa &adzZNEA®@I). N S o. NByyly

The minerals alter the surface area and cation exchange capacity of the soil. However, it is not yet
understood how this directly helps baciaksurvival. Despite this, it has been suggested that the
presence of the clay minerals increases moisture and nutrient content, as well as decreasing soil
particle size, which is thought to protect the bacteria from desiccation, UV light, and toxidan(@&ng

et al,, 1993; Roper and Marshall, 1972; Rosenzweig and Stotzky, 1979).

2.6.2 Common pathogens associated to floodi@ampylobacteand Cryptosporidium

Much likeE.colj Campylobactespecies €.jejunj has been found to be twice as likely to be present

in clay soils as opposed to other soil types (Sandeesah, 2018).C.jejunis extremely sensitive to
RSAAOOIGA2ysE KAIK GSYLISNI GdzZNBa FyR '+ REYEF3ISO L
the bacteria due to its layered structure, confining water molecules, creating an affinity with-water

thus, preventing desiccation, as well as having light scattering and light absorption properties that

further protect the bacteria from UV damage (Bittet al.,1972; Fomina and Skorochod, 2020;

Marshall, 1975). Clayaccumulate nutrients, reversibly bound Ndations, which can then be

passed to bacteria via ion exchantjgerefore providing bacteria with nutrition to aid survival in the

soil (Burfordet al.,, 2003; Cuadros, 2017).



Campylobactealso tend to have higher survival rates at lower temperatures 20, than higher
temperatures (25303 )- with optimum temperature (18 ) increasing survival @ampylobactein
faeces by up to 5 days (Ahmetal., 2013; Moriartyet al., 2011) However, in sandy soils,
Campylobacteattach less strongly to the soil partictasith one study finding, by measuring
recovery rates through-20cm long, wet packed soil columns, ti@atjejunis transported further
into soils, thark. col(Bolsteret al., 2006). It is thought that this is due to various cell properties,
such as size, shape, size distribution, surface charge, and hydrophdiieityver it is difficult to
isolate and study edcproperty and so there is uncertainty as to which cell property is most
important in terms of transport through soil (Gannenal.,1991; Weis®t al.,1995).

Cryptosporidiunias proved to be difficult to treat in wastewater via usual disinfection, and so many
water companieg use UV light as well as sand filtration (Rose, 1997; Tietrals 1995; West,

1991). Using packed sand has shown to significantly filteCoyptospadium oocysts, as well as
Giardiaoocysts. One study investigated the behaviou€Cofptosporidiunoocysts in a column

packed with quartz sandalthough on a small scale (column height = 7.1cm, diameter = 1cm)
(Tufenkjiet al,, 2004).- This study, focsed on the ionic strength of the oocysts and sand grains.

Both oocysts and sand had negative charges, and thus it would be expected that they would repulse
each other, creating low deposition of oocysts into the sand @isll, 2001). However, the

opposii S gl & F2dzyRI GAGK | aA3IYyAFAOLYyG 220eai RSLRA
strength- 1 mM KCI (Tufenkijet al., 2004) .t is thought that this is due to other nepnic factors,

such as grain and cell size, and how this causes stgaifiimocysts when the ratio of the particle/cell
diameter to median grain diameter is <0.05 (Sakthivadivel, 1966). These factors together influence
the straining/deposition rate of. parvumoocysts, and other pathogens with larger cell sizes, such
asGiardia (Tufenkji,et al., 2004). This study by Tufendfial., year indicates that in soil types with

fine grains (sands) the aforementioned wastewater parasites are likely to remain in the soil
however this study did not investigate the length of time frathogens remained in the soil, or how
they would behave in soil types with larger or varied grain sizes.

Cryptosporidiunis generally associated with faecal matter, as is the case for many wastewater
pathogens Cryptosporidiunhas been shown to survider up to 3 days in faeces (with no other
moisture present) (Robertsost al.,1992; Mawdslet al.,1996). In a flood situatiorwhere the soil

is saturated with water,Cryptosporidiuntan survive for much longer, and has been found to diffuse
into soil up to 30cm,(experiment carried out in clay loam, silty loam and loamy sand, over 21 days).
The majority (72.8%) of the pathogen was found in the top 2cm offeoitll soil types (Mawdsley

et al, 1996).

Movement of typical pathogens found in contarated waters has been demonstrated and
discussed, however less is currently known on the movement of the wider range of diverse urban
floodwater species through a typical urban soil. In order to characterise the bacterial hazards at
flood sites, movement&haviour of the complete bacterial community is important for determining
the vector of the hazard, i.e. soil, or floodwater.

2.7 Research Questions
Upon reflecting on the review of the literature, a numberkobwledge gapsvere found in the
currentresearch. This included a lack of information regarding:true rangeand diversityof



bacterial species present in urban floodwater aftectedsoils,whether pathogens likely to cause

disease are present at an urban flood site, and whether such p&thog | NB WwWO2YY2y Q Ff 2
pathogens. Information on the movement of bacteria from urban floods between the soil water

interface and into the soil profile was also lacking, and thus warranted further investigation.

Identification of knowledge gaps l¢d the formation of a series of research questions that coeuld

be answered through this projects findings. A list of the aforementioned research questions have

been formulated below:

How diverse is the bacterial community found in the soil and watés\iahg a flood event,

AT Y2NB (KIFy 2dzad WAYRAOIFIG2NI 2NHFIYyA&aYaQ | NB
Post flood, are the bacteria present in the soil or water likely to cause disease? Is the risk

higher in the shortor long term?

Which factors (e.g. soil structure, temperatuete¢) are important in determining the

distribution and dynamics of bacteria after a flooding event?

How deep into the soil profile do different bacteria originating from floodwater move

during and following a flood event?

To answer these questionthis study combines field monitoring and laboratory experiments that
will improwe our understanding of bacterial hazards afyhamics in contaminated flooded areas.



Chapter 3
Methodology

3.1 Experimental overview

In order to investigate and meet the outlined research objectives a dual approach was taken of
sampling at urban flood sites in the field, along with laborateaged investigations. On the one
KFEYRXTZ GKA& F LILINERA DKQ | d If @ ®&ddibEiSoodsNGokHaiefininyd
temporallyin-situ, whilst accounting for seasonal variatidbn the other handthe laboratory
investigations provide a controlled environment to more closely investigate the movement of
bacteria through the soil coinn, as well as the movement of said bacteria across and between the
soilwater interface.

Detailed descriptions of the methods used for each study are described in the relevant chapters, but
this chapter served as a general overview.

3.2 Field work overiew

In order to investigate the range of bacterial pathogens often found at urban floodwater sites, two

field studies were carried out. One long term study (chapter 4) and one short term study (chapter 5).

The longterm study involved sampling over a opear period. This allowetthe bacterial

microbiome of urban flooding to be determinéuatsitu, whilst accounting for seasonal variation.

Whereas the shorterm study, sampling in the 3 days immediately after a flood event allowed for

any shiftsintheba@ NRA I £ O2YYdzy A& aidNHzZOGdz2NE G2 6S RSGSNXYA
time following a flood on which day, if any, do bacteria from urban floodwater pose a potential risk

to be identified.

Previous studies tend to focus on the analysis of alsmahber of speciesisually faecal indicators,

such a<.colj and coliform species (Edberg et al., 2000). Thus, the true range of the microbiological
community present, is often overlooked.

bl ddzNF tfe&x RdzS G2 GKS yI (0 ENBRNT dIyIARAR 0N dzR YEE Ayt
data is certainly more challenging. However, such data will be extremely valuable in helping to

expand the data ranges available on not only bacterial diversity, but also how this can change

seasonally and temporally the long term, but also in the shoetérm, and how this varies over the

soilwater interfaces influenced by urban flooding.

The following methods relating to field work were used for the studies outlined in chapters 4 and 5.

3.2.1 Sample site selection

T2 RSGSNXAYS [LIINPBLNAIFIGS aAGSa GKS 9y GANRYYSyYy(H |
O2yedzyOQliA2y SAGK ¢KS wWAGSNB C¢NHzZAGQAa WLA Y& NAGJSN
Sheffield City Council to identify sites at annual risk of suffaceing, that are also nearby to

Combined Sewer Overflows (CSOs) or outlets that spill regularly (Environment Agency, 2019; The

Rivers Trust, 2021). Word of mouth in the local area, as well as advice from volunteer groups such as
WwA @St AY +AXZXYSEDNRMAIGNIAIY R W{ KANBINBESY [AGGSNI t A
information for the selection of potential sample sites. After preliminary visits and tests during the
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first year of the study, it was decided a maximum of two sample sites was fedniloirder to

ensure that sampling and analysis were conducted in an accurate and reproducible way, without the
deterioration of samples. As a consequence of this, and after initial visits, two sampling sites were
chosen in Sheffield, for routine sampling

Tongue Gutter

This site is located by a riveHartley Brook Dike (53°25'43.3"N 1°28'08.1"W) , (also known as
Sheffield Lane Dike and Tongue Gutter), which runs parallel to residential housing areas, and feeds
into Blackburn Brook, a stream thaventually meets the River Don. Alongside the river and sample
point, a public footpath is also frequented by dog walkers and cyclists. At the sample site there is an
outfall pipe discharging into a creek/brook. On every visit to the site the outfallvggzeconsistently
discharging and a strong smell was present, independently to the presence of rainfall The site had a
lot of aesthetic pollution, some of which appeared to flow out of the outfall pipe, while another
source of aesthetic pollution was vig fipping from members of the public (Figure 1).

At Tongue Gutter, separate sewer systems are used in the homes nearby. Misconnections to systems
like this have previously been reported as the source of contamination (Chandler and Lerner, 2015),
and couldbe the case at this site. This would mean foul water was connected to a surface water

sewer system, and thus wastewater may be discharged via the surface water outlet. On several site
visits the discharging water appeared frothy and bubbly, which could baen an indicator that the

water discharging was mixed with a soap or detergenpporting the theory of misconnections.

¢tKA&a aAidsS KIFIa | adaNFFOS Ft22R NARa]l OFdiS3I2NRaSR
<3.3% (Environment Agen@019).

Figure 1.Sampling site at Tongue Gutter on a visit in May 2022.

Endcliffe Park

The second sample site is a large city park, Endcliffe Park, which lies along the course of the Porter
Brook RivecO poc HHQnc ®né b ™ carsiSisiofigtassy fedredtiortalip&rklandyaong
with woodland with the chosen sample site being located in the former. The sample location is an
area that frequently has a large pool of standing waespecially visible after rain. The site is also
closeto two gullieswhich are thought to contribute to the water pool, with water being seen

flowing out of one several times after rainfall.

11
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playground Eigure 2). During particularly heavy rain, the pool of potentially contaminated water has

been known to reach the playground itself. Similarly to site 1, this site has a surface flood risk
OFiS3I2NRAASR 4 WKAIKQI | Yy R of&23%KEndGronmeht Ageheydzl £ NI a ]
2019).

Figure 2Sampling site at Endcliffe Park during a visit after heavy rain in February 2022.

3.2.2 Sampling regime

On each visit, triplicate soil samples were taken, frorhOOm depth, at both sites using a basic
handheld soil auger, as well as control (background) soil samples located close by to the sample site
but in an area not known to flood. The sampling frequency is outlined in chapters 4 and 5. Samples
were placed in Ziploc plastic bags and sealed to pregeyingout. The samples were stored in the

dark and transported within 4 hours of collection to the laboratory and stored at 4 °C (again in the
dark) until analysis was undertaken. This minimised any potential changes in the microbial
communities in thesoil samples. For the molecular genomic work, 50 gssubples of soil were sealed

in small plastic bags and were preserved 2@ °C for DNA analysis.

Flood water samples were also taken in triplicate taken using 1L polyethylene containers and 50ml
falcon tubes. Again, like with the soil samples, samples were stored in the dark and transported

within 4 hours of collection to the laboratory and stored at 4 °C until analysis was undertaken.

3.2.3 Rainfall Monitoring

To understand the influence of predigtion on bacterial dynamics, rainfall was monitored using a

remote GPRS rain gauge located less than 5 miles from both sites (Detectronic, CIVICA, United
YAYIR2Y0® ¢KS Il dAS Fdzi2YlFIGAOIffte f23a NIAYTFIEFff
design accompanied by a GPRS data logger (Detectronic, CIVICA, United Kingdom). This rain gauge
O2YLX ASa 6A0K GKS WDdzARS (2 aSiGS2NRBt23A0FE LyadaN
capacity and has an accuracy of #% at 26mm/hour (Detectronic, 202WMO, 2020).

3.3 Sample analysis specific to field studies

12



The following sample analyses were performed for samples from field sitesGirdypters 4 and 5.

3.3.1 pH and Temperature

The first parameters measured for every soil and water sample were pH and temperature. This was
done in the field using a portable probe (Sension+ PH1 Portable pH Meter, Field Kit with Electrode
for General Purposes, Hach, UK), taking measurements iicatigl For pH and temperature
measurements of water in the field, a 500ml beaker of water was taken from the source, the mixture
was vigorously mixed and the probe inserted ifositumeasurements in triplicate.

The pH of the soil is best measuiliedsitu to avoid any potential changes in sediment which may

occur during transport to the laboratory (Gumbletyal., 2005).To measure the pH of soil samples, a
slurry was created at the field site by mixing the soil sample with distilled water using afratio o

2.5:1, soil sample: distilled water (Rowell, 2014). Temperature was not taken for soil samples.

3.3.2 Determining soil moisture content and organic content

To measure the moisture content of the soil samples, 30g of sample from each site was dried in an
20Sy G mMnpe/ X F2NIn K2dzZNA® ¢KS &l YL S& 6SNB ¢SA
weight was equal to the % moisture of the sample (BS1377 PART 2:3.2) (British Standards Institute,

1990).

¢KS alyYS LINRPOSaa gl & (ade3o/detdtiBind3ne dsS 81 ighion Y/orgapior 6 / T d
matter % of the soil samples. The following calculations were used to measure the moisture and

organic matter content of the samples:

Moisture content:

% of fresh weight = ([mass fresh sailass dry soil]/rass fresh soil) x 100

Organic matter content:

% of dry weight = ([mass dry sailass of ash after ignition]/ mass dry soil) x 100

3.3.3 Sail particle size analysis and classification from field samples

After drying, subsamples from each site were poaed passed through a set of 10 standard
geotechnical sieves, from 5mm to 63 micron (Appendix 1). The initial weight of the dry sample was
measured, and the stack of sieves shaken on a sieve shaker for 20 minutes (British Standards
Institute, 1990). Afterhis, the amount of sample retained on each sieve was weighed and recorded.
The results of dry sieving were then plotted on a patrticle size distribution chart according to British
Standard 1377 Part 2, and compared to a soil sizing chart to determingE®iAppendices 2 and
3)(British Standards Institute, 1990).

3.3.4 Scanning Electron Microscopy (SEM) to characterise soil microbiome

{2Af alYLX Sa 6SNB Gl 1Sy 2y | RIFeé& gAGK2dzi NI AYyTL §
created using SEM. Thigs to give a detailed, and magnified view of the typical soil strueture

AyOf dzZRAY3 Fyeé YAONROSa (-Robdjcondidds. THNBracésy ias dzy RS NJ Wd
OF NNASR 2dzi +d OGKS | YyAOGSNARAGE 2F { gSepSwerf RQa 9t S
carried out:
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Specimens (each specimen=0.5g of soil) were fixed in 2.5% Glutaraldehyde (Merck, Germany) in

noma LIK2ALKEFGS 0dzZFFSNI 6aSNO1Z DSNX¥Iye&o F2Nl o K2d
Sodium Cacodylate buffer (Merck, GermasyNE S (G AYS&aZX G6AGK on YAydziS Ay
secondary fixation in 2% aqueous osmium tetroxide (Merck, Germany) was carried out for 1 hour at

room temperature. The specimens were then dehydrated through a graded series of ethanol (Fisher
ScientificUK):

0 75% ethanol for 15 minutes

0 95% ethanol for 15 minutes

0 100% ethanol for 15 minutes

0 100% ethanol again for 15 minutes

0 100% ethanol dried over anhydrous Copper sulphate (Merck, Germany) for 15 minutes

0 50/50 mixture of 100% ethanol and 100% Hexamethyédiane (Merck, Germany) for 30
minutes

0 100% Hexamethyldisilazane for 30 minutes.

Then, specimens were airied overnight. When dry, specimens were mounted on 12.5mm

diameter stubs, attached with Sticky Tabs, and coated with approximately 25nm of gald in a

Edwards S150B sputter coater (Edwards, UK). Specimens were finally, imaged using a Tescan Vega3
LMU SEM (Tescan, Czech Republic) at an accelerating voltage of 15Kv.

3.4 Laboratory based Soil Column investigation

In order to analyse the movement bacteria originating from floodwater across the so#ter

interface and into the soil profile, a column experiment was designed. This was designed to replicate
FavyrFftf asSOlAzy 2F &a2Af FTNRBY (GKS dz2NB I ybySy FANRY Y S
running contaminated water through the column, taking water samples temporally and soil samples

at different depths once the floodwater had run through the column. This allowed changes in

behaviour and distribution of present pathogens to be tracked.

Prior to the experiments using floodwater, preliminary salt tracer tests were also carried out, with
data fitted to an advectioiffusion model (ADE model). This allowed the appropriate flow rates to
use to be determined, as well as finding the diffusivijue of the soil, and also determine when
would be best to take samples from the column to track potential movement of pathogens (via
water) through the column. Full details of the preliminary tests can be found in Chapter 6.

3.4.1 Column Design

It was na only important that the column depth represented field conditions and spatial/ temporal
scales relevant to urban flood events, but it was also important that the depth of the column was
not too large, as practicalities, such as taking samples, and &llid emptying the column may have
become too difficult. Although many soil column studies have been carried out, there is no
standardised method for designing or running a soil column experiment (Lewis, J.and Sjéstrom, J.,
2010). A column made of inertylic was designed with a depth of 1.28 metres and an inner
diameter of 24cm (Figure 3).In depth details of column design, soil choice, anp sin be found

in Chapter 6.
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Figure 3 lllustrative diagram of column set up, showing sangpports at different depths

Instead of creating synthetic floodwater, floodwater was taken from the field to use in the column
SELISNAYSy(Gaod Ct22R 61 GSNI gl & (1 1Sy FNRY (KS &A(¢
above mentioned pipe at thisite spilled almost constantly and so it was guaranteed there would be

enough water to collect. This site was also known to be contaminated with faecal bacteria, thus

providing a diverse bacterial community to study. On the morning of each soail triah>apately

Mman [ 27F -Wdet @iginBtiad fiors tN&pipe and forming a pool (Figurevigs collected in

sterile containers and transported to the laboratory within 30 minutes. Water was filtered through a

240mm 250 mesh count stainless steel dhteeremove any large pieces of debris to prevent any

blockages, before being used in the column experiments.

3.4.2 Flood Water Trials

3 soil column trials were carried out using flood water collected from the field. Each trial was set up

in the same way, and conditions for each trial replicated as closely as poSsibbieas hangacked

into the column prior to each trial. This genbyanvolved sieving the soil into the column in 10cm
AYONBYSyias 6KAOK gSNBE (GKSy O2 futheOdetsilRcawbei K | ¢ S A
F2dzy R Ay . GHrekvastike hehsaré€tbie same packing process was carried out for each

trial for repeatability, however due to rpacking the column, it was expected there would be some
RAFFENBYOSa Ay NBadf (a4 680658y G(KS GNRAFEAs & Al
the same as the others. Rmcking of the soil results in as®of the natural soil structure, which in

turn can affect the distribution of soil properties and therefore the transport of the floodwater and

thus bacteria.
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For each trial, after saturation of column (and leaving to settle overnight), clean waterungsegd

into the column, using the peristaltic pump until a head depth of between 7cm and 13cm was

reached with the outflow tap open. The head was maintained by a constant inflow of water, and the

open port. Once the correct flow rate was selected on the pumensure a steady head depth was

maintained, the peristaltic pump began pumping the flood water collected from the field site into

GKS O2fdzvyd Ly GSNX¥Y&a 2F WIiENARFEf RdzZNF GA2y Qs GKS N
water.

Water samples we then taken every 30 minutes or one hour ,from the outflow at the bottom of

the column. Some trials were shorter in duration than others due to practicalities such as the lab
closing for the day, or health and safety risks i.e working alone out of hdtater was collected

into a sterile 15ml falcon tube, with at least 10ml collected per sample and immediately transferred
to a refrigerator (4 ).

Soil samples were taken from the column ~12 hours after the trial ended. This allowed the

floodwater to natually drain from the column, and so soil samples could be taken without
RAaAlGdzZNDAY3I GKS &a2Aft O2ftdzvryx 2NJ ONBIlI GAYy3d WK2f S&aQ
the trial was running. Soil samples were taken from each trial at the following slegli surface

(top 10 cm), 40cm (from bottom of column), 33cm, 25cm, 17cm, mesh (10cm sitting on top of

mesh). Each soil sample was extracted using the corer (figure 6) and transferred to a sterile 50ml

falcon tube and placed into a refrigerator immedibt (4 ). Each soil sample weighed at least 10g.

For each trial the following priial samples were also taken: clean water (used to saturate soil),
floodwater, and a prérial soil sample (before being packed into the column).

All analysis methods dilined from this point were utilised in all 3 studieChapters 4, 5, and 6.

3.5 Bacterial abundance: Heterotrophic and coliform plate counts

Microbial abundance can be investigated by culturing on selective nutrient agar plates. This process

¢ heterotrophic plate counts (HPGlllows any cultivable, heterotrophic bacteria (bacteria that

require organic nutrients for growth) present in the samples to be determined and was performed

for all soil and water samples. It should be noted that HPC only givemaiion on a small part of

the microbial community. However, this method is widely accepted and used in water industries

(Allen et al., 2004) , due to the low cost, and ease of use, and so is used for this study.

Before plating, seral dilutions were perfoed for soil and water samples. However, a slurry was

made for soil samples using 1g of soil and 10ml ofPBS2 & LK 0 S o6 dzFFSNBR &l f AyS
(PhosphateBuffered Saline) Tablets, ThermoFisher Scientific, United Kingdom).

After dilution, 0.1mlfrom each sample tube was pipetted onto plates containing LB Agar
OLYSBAGNRISYn [. ' 3FNE LR2SRSNI OG[Syy2E [ F3IFND ¢KS
plates containing Chromocult Coliform Agar (Chromocult® Coliform Agar, Merck, Germany).

Prdiminary tests determined that a dilution factor of #ould be used for samples plated on LB

Agar, and a dilution factor of ¥Dwould be used for samples plated on Chromocult Coliform Agar.
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This was carried out in a laminar flow (SafeFAST Classitl@d$A2212, Microbiological Safety
Cabinet, FASTER SRL, Ferrara, Italy), in order to avoid contamination of samples from airborne
bacteria, and to protect lab users from any potentially infectious bacteria. The plates were then
inverted and lefttoi®dzo F §S G oTe/ F2NJ Hn K2dzZNER P
Chromocult coliform media is selective, and so it signifies the presence of just two bacteria
Escherichia colE. coll andCitrobacter freundifC. freundji- both faecal indicators. On Chromocult,
E. colicolonies appear purple and. freundiappear as pink colonies (Figure 4).

e

Figure 4 Colonies oE. colipurple) andC. freundi{pink) on a chromocult agar plate.

After incubation, the colonies on each plate were counted. Once the cdboming units (CFU) have

been counted, the number of CFUs per millilitre (CFU/mI) of the original sample was calculated by

YdzZf GALX @Ay3a (GKS ydzyoSNI 2F / C! Qa O2dzyiSR>Y o6& ((KS
estimation of the concentration of hetetrophic bacteria in a sample.

3.6 Molecular genomic methods

The use of these molecular techniques allows the characterisation of those components of the soil
microbial community that currently cannot be cultured (Hosokawa et al., 2022).

3.6.1 DNA extrdimn- Soil samples

DNA was extracted from soil samples using the PowerSoil® DNA Isolation Kit (Mo Bio Labs Inc.). The
1TAG dziAtAasSa GKS o60SIR o0SIHGAYy3I YSGiK2R® ¢KS W9 ELISN
followed (Mo Bio, 2016).

3.6.2 DNA Extraicin- Water

3.6.2.1 Filtration and cell concentration of water samples

To extract DNA from water samples, the samples first require filtration. This concentrates any

microbial cells in the water onto the filter. To do this a thueay vacuum filtration sysim was used
O{FNI2NAdzA o . NIyOK aAONRal NIixn alyAFT2ftRaA 6AGK Co
filters with a pore size of 0.2um and 47mm diameter {Miflipore® Membrane Filter, 0.22 um pore
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size, 47 mm diameter, mixed cellulose esters (MGéthbmane, Merck, Germany). This pore size is

required as most bacteria and pathogens are much larger, a5 (Levin and Angert, 2015) and

so will not pass through the filter, but remain on the filter for DNA extraction.

This method prepares water sampléor DNA extraction by trapping the microbial cells on the filter.

The extracted DNA will be used for PCR, as well as for sequencing. After 500ml of each water sample

has been filtered, the filters were stored in the freezerratn 6 /  dzy GAf d5b! A& SEGNI O

For the water samples, the Cetyltrimethylammonium Bromide (CTAB) method was used as described

by Karunakaraet al.,2016, and is outlined here. Filters were cut into strips using a sterile scalpel,

and half of each filter was placed into 2ml Eppendobfes. Then, 740 uL of SET lysis buffer (SET lysis

buffer consists of 40 mM EDTA (Ambion, Warrington, UK), 50mNHTtipH 9 and 0.75 M sucrose

(Sigma Aldrich Co., UK.) ) and 90 ml of lysozyme 10 mg/mL (Sigma Aldrich Co.,UK) were added.

Tubes were incudted at 37 °C for 30 minutes with rotation in a hybridisation oven (Thermo

Scientific, UK). After incubation 90 mL of 10 % sodium dodecyl sulphate (SDS) (Sigma Aldrich Co.,

UK.) and 25 mL of proteinase K 20 mg/mL (Applied Biosystems, Life Technologiék)lugkre

added. Tubes were then incubated at 55 °C in the hybridisation oven for 2 hours with rotation.After

GKS pp e/ AyOdzmol GA2y> ye &adzZJISNYIlFGFyad 6Fa 6AGKRN
Gdzo S® moT >[ pa bl /t sylamnoniuf bramige (CTAB) /INSGE dolRtiBrOe f i Y &
were added to the tubes containing the supernatant (Sigma Aldrich Co., UK). Tubes were then

incubated at 65 °C for 30 minutes with rotation.

L FGSNI AyOdzol A2y S yoy >[ 2F -Qé&ith20Kpiagaddeyina 2+ Yeft |
fume cupboard and the tubes then centrifuged at 13,000 RPM for 5 minutes. After centrifugation,

the supernatant was extracted into a 2 mL tube and steps 9 and 10 were repeated.

5b! gl & GKSY LINBOA LA (0%iopapanol ESighsidiRih, VI, Tlyenupes > [ 2 F
were then left overnightath n g / @

The next day, samples were centrifuged for ten minutes at maximum RPM. After centrifugation, the
supernatant was removed carefully, leaving the DNA pellet in the tubepdltet was then washed

twice with 1 mL of 70 % ethanol, centrifuged for 5 minutes and the ethanol decanted.

Tubes containing the pellet were then air dried in a fume cupboard for approximately 2 hours (until
ethanol had dissipated) and then suspended irb50 freatied sterile water (Thermo Scientific,

UK).

3.6.2.2 Quantification of extracted DNA

¢CKS FY2dzyd 2F 5b! Ay SIFEOK alYLXS gta ljdz2 yaGAFTFASR
{OASYGATAOT !'YOIX F2tt26Ay3 YIRYdZBlY QR deMIBRIM B A K & QN
W5b! | A3IK aSyardAaAgiite YAGQ 6SNB dzaSR (2 SyadzaNB |
from 0.2ng/pl-1000ng/pl (Thermo Fisher Scientific, 2021).

3.7 Sequencing the bacterial 16s rRNA gene

Next generation sequencing was performed at the NEOF molecular facility at the University of
Liverpool, targeting the 16s rRNA gene, fourth hypervariable (V4) region. Hypervariable regions

18



show different sequence diversity between various species of biaetand thus can be used for

species identification. The V4 region, specifically has high functionality in the ribosome and is highly
conserved (Morosyuk et al., 2017; Van de Peer, et al., 1996).

The Illlumina Platform was usedor sequencing a of the 18RNA gene to estimate bacterial
community structure. The samples in this study were sequenced using lllumina MiSeg@dpair
technology (lllumina, United States). lllumina MiSeg® has been chosen as it has a sequencing
platform that provides a maximum o62 million reads of lengths up to 2 x 300 base pairs (Caporaso
et al.,2012). To target the 16S rRNA gene V4 region (16S v4), the following forward and reverse
primers were used. Portion of the sequencéaid indicates the recognition sequence, allowiiog

a secondary nested PCR process to be performed.

F: SACACTCTTTCCCTACACGACGCTCTTCCGATGTEERRNSCMGCCGCGGTAAS'
R: 5GTGACTGGAGTTCAGACGTGTGCTCTT@IENTITNCHVGGGTWTCTAATSI'

A successful amplification product results in a 254bp insert as descyb@dpmoraso et al (2011 PNAS
108, 45164522).

3.7.1 Test Polymerase Chain Reaction (PCR) of extracted DNA

After DNA extraction and quantification, a test PCR was performed on extracted samples in the
NEOF visitor lab in Sheffield, prior to send the DNAdquencing at the NEOF lab in Liverpool. This
test was performed to check that the quantity and quality of the extracted DNA would allow for the
subsequent amplifications needed for sequencing. For this PCR the following controls were included.
An extracion kit negative contrelthis was a mock nucleic acid extraction, using the reagents

provided in the extraction kit, but without any actual sample. An extraction kit positive cettiisl

was an extraction from a community of cultur&d colito ensure atraction kit accuracy. A PCR

negative control was also used. This was demplate control, which omits any DNA or RNA

template from the PCR reaction. This serves as a general control for nucleic acid contamination. A
PCR positive control was also usagain usingde. coli.

The test PCR used the following conditions: Initial denaturation was 4t $& 2mins. Then 10

ce Ot Sa 27y RSYF{ddzNF A2y dp e/ Hn &aS0&ax |yySIftAy
FAYIf SEGSY&aA2WA ad SUK R Ft /tw BN E FNB pO2 v AWBR p >
Kapa HiFi HotStart Master Mix (Roche, Switzerland),9p5 2 F wmn xa 2F SI OK LINJR Y!
oA2t 238 ANIRS 4L GSNI G2 | FAYLE @2fdzyYS 2F wn >[ @
The size of the PCR amplicons was then chegkied) gel electrophoresis.

3.7.2 Gel electrophoresis to check DNA size after test PCR

To check the size of the tests PCR amplicons the agarose gel electrophoresis method was used. A
0.8% agarose gel was made with agarose powder (Sigma Aldrich, Unigeldnd)rand

Tris/Borate/EDTA (TBE) buffer, diluted X10 (Thermo Scientific, United Kingdom). 5ul Ethidium
bromide (Thermo Fisher Scientific, 2018) was used to stain the gel and to allow for DNA visualisation.
Orange G (Thermo Fisher Scientific, United KingdurX6 dilution was used as a loading/tracking

dye, and 1X TBE (Merck, Germany) buffer was used in the agarose gel box. In this case a 1KB DNA
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with gels ramat a voltage of 100V for approximately one hour. A trdlusninator was then used to
visualise the gel and DNA bands using UV.

3.7.3 lllumina sequencing at NEOF molecular facility in Liverpool

w»

The NEOF Liverpool facility uses a 16s rRNA dual indeRneste/ w T2 NJ Lt f dzYAyl Qa a
2024). The 1st PCR amplification uses the primers and conditions described previously in Section

4.6.1 (Caporaso et al 2011,). This primer design incorporates a recognition sequence to allow a
secondary nested PCR pass. The PCR products were then purified with AMpure beads using a 1:1

ratio (Beckman Coulter, USAhe second PCR is then performed to incorporate lllumina adapter
sequences to allow for the sequencing of samples on the Illumina MiSeq platform. Bai@modes

sample identification are also incorporated at this point.

The general sequences of the forward and reverse primers for the second PCR are illustrated below.

The 8bp barcode for sample identification after sequencing is underlined.

N501 f:

pQ! ! ¢D! ¢!/ DD/ D!/ | TARGATCGOQ!!¢//¢¢/1e/¢te// /1 ¢!/ P/ D'/ D/ ¢/ o
N701r:

pQ/ ! ! D/ ! D!'! D!/ DICGCCADAY D! D¢ D! D¢ ¢/ ! D!/ DeD¢D/ ¢/ 0Q

The secondary PCR was performed under the same cycling conditions as described for the first PCR,

but for 15 cyclesPCR mixture contained 0] 2 ¥ | YLEPCRAF[ TNE YYMLI al aid SN
05>[ 2F wmn xa 2F SFEOK LINAYSNE FyR Y2t SOdzf I NJ oA2¢
Secondary amplicons were purified with AMpure beads (Beckman Coulter, USA pras bef

3.7.4 Bioinformatics: DNA sequences analysis

Firstly, the raw Fastq files were trimmed for the presence of lllumina adapter sequences using
Cutadapt version 1.2.1 (Martin, 2011). The opt@n3 was used, so the 3' end of any reads which

match the a@pter sequence for 3 bp. or more were trimmed. The reads were then further trimmed
using Sickle version 1.200 with a minimum window quality score of 20 (Joshi and Fass, 2011). Reads
shorter than 15 bp. after trimming were removed. These trimming steps wertormed at the

NEOF Livegwol molecular facility (Figure 5
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Trimming Download
- Trim adapter ‘ -sequences in trimmed
sequences demultiplexed format
- Trim for quality - Downloaded into Qiime2

ioi i Denoising & Dereplicati
Bioinformatic

Diversity Indices Workflow - Creates ASV's &

representative sequences
- Alpha and Beta indices B gl

calculated. ‘

L Taxonomic Classification

- Using Greengenes2 database

- 16s region of interest extraction

- Classifier training

- Taxonomy bar plots created
After downloading the demultiplexed trimmed sequences, the data was imported into the
Quantitative Insights into MicrobiakcBlogy 2 program in the Paired End Fastq Manifest Phred33
format (QIIMEZ2, version 2019.7) (Bolyetral.,2019). This means the sequence files were imported
GAGK I dF6 RSEAYAGSR WalyAFTSadQ FA{S gKAMOK YI L&
sequence and quality data for the sample. After sequences were imported, they could be visualised
in Qiime2 View (Bolyeeat al.,2019). This gave information on the quality of forward and reverse
reads using a random sampling of 10000 reads, as weli@ging a summary of sequence lengths.
This information was important for the next step.

Phylogenetic Tree

Construction
- Unrooted tree
- Rooted Tree

Rarefaction
- To account for sampling
depth variation.

Figure 5 Pipeline of workflow used for bioinformatics analysis.

Next, Dey 2 @2 | YL AO02y aSljdzSyO0S O NARIyidia 6! {+a0 ¢6SNB
method is based on sequencing error correction algorithms and gese$Vs, rather than using

clustering methods, which typically generate individual operational taxonomic units (OTUS).

This step denoises pairexhd sequences, dereplicates them, and filters chimeras. For this step

chosen truncation length was specificdach study, and is outlined in the relevant chapter. This step
provided an ASV abundance table, along with representative sequences.

With the sequence variants defined, the next step was to carry out taxonomic classification using
Greegenes?2 version 202D (Mcdonald et al., 2023). The full length 16S rRNA sequences that are
used within the Greenegenes2 2022.10 phylogenetic tree were downloaded into QIIME2. After the
database was downloaded the 16s rRNA region of interest was extracted. This steprisdréamui

reach optimum assignment performance. Next the classifier was trained on the set of extracted
reads using the Naive Bayes algorithm. Then taxonomic assignments were assigned to the ASV
representative sequences using the trained classifier at ademdie level of 0.7. This meant each
taxonomic level must reach a confidence level of <= 0.7 to be classified. At this point bar plots of
taxonomy could be visualised in Qiime2, and exported for each sample.

After sequences were assigned to taxonomic lgva phylogenetic tree was constructed. This

allowed the computation of phylogenetically awdreta-diversity metrics This involved creating
first an unrooted tree, and then a rooted tree in Qiime2. The detected diversity partly depends on
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the sampling depths. An incompletely sampled community will appear less diverse than a fully
sampled community. Therefore, to compare the diversity between samples different sampling
depths needed to be accounted for. This was carried out with rarefaction. Racefastperformed

by reducing all the samples to the same sequence count, by randorsasupling of the sequences.
The minimum and maximum sampling depths were set again, and selected to ensure sequencing
depth within samples were retained and no entire sdenwas lost.

Finally diversity indices were calculated for alpha and beta diversity. This was done by using the
RADGSNEAGE WgNI LILISND Erdsiigatis Blphdayd betadilesiy mtthe $aeS & ONA L
time. This gave multiple metrics for thoalpha and beta diversity.

3.8 Diversity Indices

To fully investigate the bacterial diversity within the samples both alpha and beta diversity metrics
were calculated in Qiime2.

3.8.1 Alpha Diversity

Alpha Diversity is used to measure diversity i 2 Ol -W@ A B @AY R al YL S RAJSNEA
Mpcno LY GKA& aiddzRéX o RAFTFSNBYy(d YSIF&adzaNBa ¢SNB
phylogenetic diversity (PD) Index, Abundance based coverage estimator (ACE) Richness index, and
{AYLE2Y @& SFRBES 6/ KI2 | yR [ SST mMdbdpuHT CHAGKSE ™o
phylogenetic distance to calculate the diversity of a given sample (Faith, 1992), while the ACE

Richness is a nonparametric richness index that measures the number of up&piess using

sample coverage, defined based on the sum of the probabilities of the observed species (Chao and

[ S MppHO® {AYLA2YyQa SOSyySaa AyRSE Aa | YSI &dzN
species present, as well as the relative abundarfaach species (Simpson, 1949). Each diversity

index is based on different assumptions about the species diversity and thus, by using a combination

of several indices, a more robust view of the biodiversity can be gained.

3.8.2 Beta Diversity

Beta Diversity is described as the ratio between regional and local species diversity (Whittaker,
1960), and is useful to compare differences in diversity between different groups, i.e. different
sample sites or types. To calculate beta diversity in tioidys weighted Unifrac distance analysis

was used. There are two types of Unifrac distances: an unweighted Unifrac distance that considers
only species presence and absence and counts the fraction of branch length unique to each
community. The weighted mkbd, used here, uses species abundance and also weights the branch
length with abundance difference (Chenal.,2012). This phylogenetically aware metric takes into
account presence and absence of species, as well as abundanttis thus quantitative.

3.9 Statistical Analysis

Different analyses were used, tailored to the findings of each study and are outlined in detail in the
relevant chapter. However, a brief description can be found below.
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To test for differences generally the independeniest wasused. This test determines whether

there is a statistically significant difference between the means in two groups (Mcdonald, 2014). To

6SadG F2NJ O2NNBfl GA2yas GKS tSINE2yQa O2NNBftF A2y
ratio between the covariance of two variables, and takes into account the standard deviations (Kirch,

2008).

For Beta Diversity analysis, Principal Coordinate Analysis (PCoA) was used. This method converts

data on Euclidean distances between items into a 3 dimensioatitesgraph plot. The plot has 3

FEA&AS 2yS T2N SI OK WRAYSYarz2yQod ¢KS Ol f dzS RA&LK |
ranked by their eigenvalues, and so the first axis has the highest eigenvalue and thus explains the

most variance. Eachgenvalue represents the amount of variance in each dimension as a

percentage of the total variation in the distance matrix, and so the sum of the eigenvalues will equal

the sum of the variance of all variables in the data set (Bakker, 2024).

Theplotcam S @ASGSRI YR aK2ga AYyTF2NXYIOGA2Yy 2y (KS WOf
clusters to be found. In Qiime2, this utilised a distance matrix of beta diversity values for each
sample. This allowed data to be separated based on metadata groupsmplestype, location,

date, rainfall amount etc. This was mainly used in this study to visualise beta diversity data, and to
determine if separation of samples had statistical significance or if it might have originated by
chance, Permutational MultivariatAnalysis of Variance (PERMANOVA) analysis was carried out.
PERMANOVA is a nparametric multivariate statistical permutation test. It uses a distance matrix
constructed from a dissimilarity measure, and tests the null hypothesis that there are neddéey

in the relative magnitude (presence/absence) of a set of variables among objects from different
treatments or groups (Anderson, 2017). In this circumstance the dissimilarity measure is that
computed using the beta diversity distance matrix to deterendifferences in beta diversity

between the metadata groups. This test was chosen here as its assumptions are negligible, and it
works well with complex data/ many groups of data.
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Chapter 4
Investigating the bacteriatommunities of urban flood water, and
the impacts on soils at urban flood sites

4.1 Abstract

Sewage overflows and surface run off contributing to urban floods can act as vectors for the
distribution of pathogens, known to cause disease among human populations. Most previous studies
concerning waterborne health risk, have focused on using faed@aitors due to this being

affordable and easier to perform than other methods (Odonkor and Ampofo, 2013, Yard et al.,
2014). However, traditional indicators do not accurately reflect the true risk that urban flooding
poses this is because indicators oaty as an estimate for faecal contamination and thus potential
pathogens presence, and do not provide information on the specific microbial communities that
might be present. There is a current lack of understanding regarding specific pathogenic species
present during and after flood eventswhich species are present, how many are present, and
whether theytravel between flood water and urban surfaces and soils. A more specific and sensitive
approach is required and so this study utilised routine giamy in the field to track seasonal changes

at flood prone sites and cover all weather conditions, along with heterotrophic plate counts to
estimate the numbers of bacteria present, and next generation sequencing of the 16s rRNA gene to
determine the baterial community structure up to species level. Physawemical factors were also
measured to determine whether they had any influence on the bacterial community structure. This
study found that urban floodwater contained species known to be associathdlre human

intestinal tract, along with pathogenic species, and those that can cause disecsding

Arcobacter cryaerophilusind bacteria of the genuacteroidesThe composition of the bacterial
community structure was dependant on the origintbé floodwater. At the study siteis was also

found that the presence of pathogenic bacterial species was mostly independent of any measured
physicechemical factorsincluding rainfall , however at one sample site bacterial diversity of
floodwater did €em to increase when a higher rainfall depth was observed in the preceding days.
Many bacterial species were shared by both the floodwater and soil at flood sites, indicating that
certain species may move from the floodwater into the soil, via infiltratibwater into soil,

transporting the bacteria. This research has significantly helped to expand the data ranges available
on not only microbial diversity in urban floodwater, but also on the affected soils. This data also
provides information on how the avement of bacteria between the soil and water can have
consequences for the microbial risk posed by an urban flood area in terms of the risk of disease,
either from the floodwater or contaminated soils. This study also suggests that thought should be
given to other environmental factors, including the source of the flood, as this can determine
whether pathogenic or disease causing bacteria are likely to be present.

Keywords climate change, pathogens, urban floods, sequencing.

4.2 Introduction
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In recentyears, the frequency and occurrence of extreme hydrological evestieh as intense

precipitation, has been increasing (Pall et al., 2011). Precipitation events have increased in intensity
volume, as well as frequency in some cases, consequently letadamgincrease in flood events

(Waters et al., 2010). Many sewer systems in densely populated urban areas are becoming unable to

cope with sudden influxes of rainfall runoff, resulting from intepsecipitation (National

Infrastructure Commission, 2@). Combined sewer systemghe main sewer type used in most UK

towns and cities are designed to discharge diluted wastewater, storm water, and sewage usually,

AL I WNBfSIFaS gIftoaSQd ¢KA&A Aa | O2YoaniveSoR &S 6 SNJ
g GSNI 02ReX $KSYy (KS aS6SNI 06S02YSa WFdz £ Q (G2 LINE
to prevent uncontrolled flooding of homes and buildings (Phillips et al., 2012).

Li &aK2dzZ R 0SS y2iGSR GKIFG [/ {htwgeswalerN®B ouffes(SuriadeS 2y f & 3
water outflow pipes also discharge rainwater that runs off roads, gutters, fields, etc. into rivers,

water bodies, and into groundwater via soakaways. Surface water systems discharge regularly, as

the discharge is rainwateunoff, and so its not usually thought of as harmful, in terms of the risk it

poses to public health (Webber et al., 2018). However, in some cases, misconnection of pipes can

also lead to wastewater being discharged, along with surface ruaiffvater (Chandler and Lerner,

2015).

Many studies have investigated how CSO spills effect the ecology of rivers (Veronesi et al., 2013;
Wang,2014; Wu et al., 2019), as well as the immediate risk posed to the public using the river
recreationally (de Ma et al., 2013; Gray, 2008; Ten Veldhuis et al., 2010). However contaminated
water can also end up discharging into the urban environnggtS ¥ 2 N A G NBIF OKSa
@1 f- @6 @ misconnections, old/deteriorating infrastructure, blockages or froel#itk of local
hydraulic capacity in the pipe network under intense rainfall, leading to an urban flood or
exceedance event. This may result in contaminated water surcharging from manholes and gulleys
onto streets, roads, and recreational areas (Abddlkitial., 2013; NASEN019; Olds et al., 2018).

lf 0K2dZAK Y2NB AYTFNBIdzSyids 7T 2¢presedtingh®bdie OF y | faz N
immediate risk of contact with contaminated water. As urban areas tend to comprise a variety of
impermeablesurfaces, as well as permeable but easily saturated areas, such as parkland, the excess

water cannot be easily absorbed into soil. On the one hand, the permeable properties of such areas

can work favourably as a designated area to saturate and store Wabek, preventing damage to

homes and buildings (Forster et al., 2008; Schultz, 2006). However, when this is not the intention for

the area, the water can sit in the area for days or even several weeks, potentially posing a

microbiological risk (Gholami at., 2010; Serinaldi et al., 2018).

[N
~
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Further, an urban flood event cannot only be physically, economically, and environmentally

damaging in the short termbut can also pose a more long term risk due to the potentially

dangerous contaminants that use tfieod water as a vehicle: metals, chemicals, and disease

causing pathogens (Gray, 2008; Kundzewicz et al., 2010). Toxic metals and organic chemicals,

originating from industrial, domestic, and agricultural practices are often found in sediments and

soilsK I (i F OG ¢l @OdZY WBRFANI YR AG2NAFAALRFROKINA ONI 2
NBf SIFaaAyaQ GKSY RdzNAyYy 3 KSMadiget NJ201y:Tiang étaloD13¢ S | f
Therefore, it is not surprising that during a flood evé has been shown that the typical chemical

load (nitrates, zinc, arsenic, and iron) in surface water increases temporarily, but significantly (Yard
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et al., 2014). Contact with such metals and chemicals can cause dermatological, digestive, and

respiratay irritation, as well as in more severe cases, poisoning (Euripidou and Murray, 2004).

Microbial contaminantg, pathogens are also important to consider. Such pathogens, usually

include those that are transmitted via the fae@ahl route, causing gastitestinal iliness, as well as

more severe, lifethreatening diseases (Goodfellow and Taube, 2016). The literature has shown that

some common pathogens found in floodwater can survive from days up to several weeks following a

flood event thus lengtheninghe time in which they could infect someone, and also increasing the

f Sy3adkK 2F GAYS GKS WFi22RQ Ll2aSa | NRa| G2 Lzt A
Mawdsley et al., 1996; Yard et al., 2014).

Naturally, the floodwater, along witthe contaminants are only a risk if members of the public
physically come into contact with it. Scenarios in which this is likely to happen may include the
following: children playing in floodwater, vehicles driving through floodwater and splashing
pedestians, or the floodwater being widespread in areas that may be the sole accessandtso

there is no other option other than to walk through (Schets et al.,2008; Ten Veldhuis et al., 2010) . Of
course, if the flood is more severe, there is also the ity the floodwater may enter homes and
gardens, making contact with residents unavoidable. in addition to this, after the water recedes,
O2y G YAYylyida YIe 0SS WiSTi 0SKAYRQ Ay (GKS | NBIFI ¢
pathogens surving on surfaces and in soils for days or even weeks (Scoullos, 2020; Suleyman et al.,
2018). Without the floodwater, there is no visible indicator to the public of possible contamination in
the area, and so members of the public may unknowingly be fretijpgareas in which pathogens

still remain.

The risks urban floods pose to public health, is yet to be fully understood. There are a number of
factors to consider, all of which merit investigation. Some factors are far readl@nthe root

cause, or cotributor, of flooding climate change, and extreme weather events. Other factors are
more specific, such as the processes involved in wastewater treatment, hydraulic performance of
infrastructure and movement of water through these systems. To fully denshis problem, social

and psychological studies could even be carried out on human behaviour around floods. This topic is
multi-faceted with lots of uncertainties and many paths to investigate.

Understanding the presence and behaviour of pathogeriadwater itself is also essential to

better understand public health risk. Although the potential for other contaminants to cause illness
is of importance, it is contact with a wide variety of pathogens that can potentially cause severe,
infectious, andalso potentially epidemic illness among the population. Not only do we need to
investigate the pathogenic and diseasausing species presentyut also, how many are present,

how they move during a flood, and how they travel between the flood water abdnsurfaces

Bacteria can live in soil, so at sites that flood regularly it is important to study the bacterial
community even when the obvious risk (floodwater) has departed. |.e we need more evidence as to
whether there is a persistent health rigk flood sites, if risk is higher at certain times, or if the

health risks are short term only and disappear after a few hours/dBgst studies tend to focus on
Faecal Indicator Bacteria (FIB) sucltasol due to ease of detection and levels beirgulated in
legislations for microbial surveillance of rivers and waterways, such as the Water Framework
Directive (DEFRA, 201&)B are traditionally used as an indicator for the presence of faeces and thus
disease (Odonkor and Ampofo, 2013; Price Ahldieboer, 2017; Shah et al., 2016; Ten Veldhuis et
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al., 2010; Yard et al., 2014).However, it has been shown that some FIB are naturally present in the
SYG@ANRYYSYy(l a Wyl G4dz2NF¥fAASRQ CL. NI GKSNI GKFy Sy
detect pdlution from faeces may not be reliable (Devane et al., 2020; Evans et al., 2AiE3tudy

will focus, not only on FIB , but will characterise the broad range of bacterial species, including

pathogens, that are comamly found in urban floodwateBy @nducting repeated sampling at flood

prone sites ,this study aims to develop a new understanding of the bacterial composition of soil and

water in urban flood areas and how this varies over seasonal timescales.

To build &etter understandingf these processes this study will focus on the specific aspects of :
identifying the bacterial composition of urban flood water, and evaluating whether frequent
flooding has an effect on the soil bacterial community, understanding whether the bacteriatieom t
floodwater move between the soil and water, and assessing how the composition of the bacterial
communities at a flood sitehange over seasonal timescalésbetter understanding of these
unknowns, would allow the health of the public to be safeguarfididwing an urban flood event
using data to determine the safety of a recently flooded area.

4.3 Materials and methods

4.3.1 Experimental rationale and overview

In order to investigate the range of bacterial pathogens often found at urban floodwages; sih
extensive/detailed field study was carried out. This alltivesmicrobiome of urban flooding to be
determinedin-situ, whilst accounting for seasonal variation. Many studies have previously
conducted urban flood studies in the field, but most arerieal out over relatively short time

periodsRI 8 a %X 2NJ 6SS1az 2NTFREYS 7ty DBliied A& yES,; v /1S3 O NP
Man et al., 2014; Shah et al., 2021) . This study will instead, focus on sites that experience frequent
small scalewface water flooding, over a longer tirseale. . As well as this, previous studies also

tend to focus on the analysis of a small number of pathogenic spasiedly those used as faecal
indicators, such ak.colj and coliform species (Edberg et al.0@QQ Thus, the longer term changes in
viability, mobility, and behaviour of the true range of the microbiological community present, is
often overlooked.

bl GdzNF tf e RdzS (2 GKS ylFaGdz2NE 2F Ft22R aidzRASa | ¢
long term data is certainly more challenging. However, such data will be extremely valuable in

helping to expand the data ranges available on not only microbial diversity, but also how this can

change seasonally and temporally, and how this varies ovesdhvater interfaces influenced by

urban flooding.

4.3.2 Sample site selection

¢2 RSOSNNAYS FLILINPLINRIFGS aAiGSa GKS 9YyQBANRYYSyd !
O2yedzyOQliA2y SAGK ¢KS wA@BSNE ¢ NHzavc@fiom $Heffieldy & NA SN
City Council to identify sites at annual risk of surface flooding, that are also nearby to CSO outlets

that spill regularly (Environment Agency, 2019; The Rivers Trust, 202§l of mouth in the local

area, as well as advice fror@¥ dzy § SSNJ INR dzLJA adzOK | a WwA@StAYy I §
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sites. After preliminary visits artdsts during the first year of the study, it was desdda maximum

of two sample sites was feasible, in order to ensure that sampling and analysis were conducted in an
accurate and reproducible way, without the deterioration of samples. As a consequence of this, and

after initial visits, two sampling sites weechosen in Sheffield, that had different sources of

YwO2y il Yonfdutind sanfping.

4.3.2.1 Site 1: Tonque Gutter

This site is located by a riveHartley Brook Dike (53°25'43.3"N 1°28'08.1"W) , (also known as
Sheffield Lane Dike and Tongue Gutter), which runs parallel to residential housing areas, and feeds
into Blackburn Brook, a stream that eventually meets®ieer Don. Alongside the river and sample
point, a public footpath is also frequented by dog walkers and cyclists. At the sample site there is an
outfall pipe discharging into a creek/brook. On every visit to the site the outfall pipe was consistently
discharging and a strong smell was present, independently tgptesence of rainfall The site had a

lot of aesthetic pollution, some of which appeared to flow out of the outfall pipe, while another
source of aesthetic pollution was via fly tipping from nims of the public (Figure 6).

e,

Figure 6. Sampling site at Tongue Gutter on a visit in May 2022.

At Tongue Gultter, separate sewer systems are used in the homes nearby. Misconnections to systems

like this have previously been found as the source of contamination (Chandler and Lerner, 2015),

and could be the case at this site. This would mean foul wassrconnected to a surface water

sewer system, and thus wastewater may be discharged via the surface water outlet. On several site

visits the discharging water appeared frothy and bubbly, which could have been an indicator that the

water discharging was imed with a soap or detergensupporting the theory of misconnections.

CKAA aAGS KFa | &adaNFIOS Ft22R NAal OFdS3I2NRaSR |
<3.3% (Environment Agency, 2019) (Figure 7).
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indicates area samples were taken, black cross indicates the area background soil sampiekemere

4.3.2.2 Site 2: Endcliffe Park

Thesecond sample site is a large city park, Endcliffe Park, which lies along the course of the Porter

Brook RiveCO poCHHQnc ®néb MconQumdné2od ¢KS | NBSIFI O2yaai
with woodland with the chosen sample site being locatedhe former. The sample location is an

area that frequently has a large pool of standing watspecially visible after rain. The site is also

close to two gulliesvhich are thought to contribute to the water pool, with water being seen

flowing out of ore several times after rainfall.

CKA& aAdS Aa LI NIAOdZ NI & AyiSNBadAy3d RdzS G2 GK
playground (Figure 8).

N>
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Figure 8 Sampling site at Endcliffe Pawkith visibly surcharging gulduring a visit after heavy rain
in February 2022

During particularly heavy rain, the pool of potentially contaminated water has been known to reach

iKS

L F @3INRPdzyR AGaStFo {AYAL I NIe@

G2 aAranB8somZ (KA3

has an annual risk of surface floods of <3.3% (Environment Agency, 2019) (Figure 9).
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t

PublicPary
Or Garden
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year
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each year

vane

Figure 9{ dzNF I OS
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indicates areaamples were taken, black cross indicates the area background soil samples were

4.3.3 Sampling regime

taken.
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Both sites were visited 12 times, over arh@nth period, under different weather conditions. Visits

to each site were carried out roughlyeverg3 6 SS1ax GAGK W2LIRNIdzyAaidioQ
place following any intense rainfall even®n each visit, triplicate sshmpleswere taken, from 0

10cm depth, at both sites using a basic handheld soil auger, as well as control (backgrdund) soi

samples locatedlose by to the sample site but in an area not known to flffeidures 7 and 9).

Samples were placed in Ziploc plastic bags and sealed to prevent-dutinthe samples were

stored in the dark and transported within 4 hours of cotlen to the laboratory and stored at 4 °C

(again in the dark) until analysis was undertak€nis minimised any potential changes in the

microbial communities in the soil samples. For the molecular genomic work, 50sgsyiles of soil

were sealed inmall plastic bags and were preserved;a0 °C for DNA analysis.

Flood water samples were also obtained when possible, at each visit. For Site 1: Tongue Gultter,
samples of flood water were taken at every visit. This was due to the fact the outflewgip

always spilling, regardless of rainfall amount. Whereas, at Site 2: Endcliffe Park, water samples were
only able to be taken on 5 out of 14 visits. This was due to the origin of the flood at Endcliffe Park
being an overflowinggully combined with sdace wate,x ~ O NB I (i A whan heavy¥ainfal 2 R Q
occurred in the preceding day®nly then, could a water sample be taken

4.3.4 Rainfall Monitoring

To understand the influence of precipitation on microbial dynamics, rainfall was monitored using a

remote GPRS rain gauge located less than 5 miles from both sites (Detectronic, CIVICA, United
Kingdom) (Figure 10). The gauge automatically logs rainfaleletry hour. This gauge uses a
WHGALILIAY3I 0dz01SGQ RS&AATIY | O02YLIYASR o6& | Dtw{ R
¢KA& NIAY 3l dzAS O02YLX ASa ¢gAGK G(KS WDdzARS G2 aSi
unlimited capacity and has atcuracy of +/1% at 26mm/hour (Detectronic, 2020; WMO, 2020).
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4.4 Sample analysis

4.4.1 pH and Temperature

The first parameters measured for every soil and water sample were pH and temperature. This was
done inthe field using a portable probe (Sension+ PH1 Portable pH Meter, Field Kit with Electrode
for General Purposes, Hach, UK, taking measurements in triplicate. For pH and temperature
measurements of water in the field, a 500ml beaker of water was taken finensource, he mixture

was vigorously mixednd the probe inserted fon situmeasurements in triplicate.

The pH of the soil is best measuriedsituin order to avoid anypotential changes in sediment which
may occur during transport to the laboratory (Gumbéhal., 2005).To measure the pH of soil
samples, a slurry was created at the field site by mixing the soil sample with distilled water using a
ratio of 2.5:1, soilample: distilled water (Rowell, 2014). Temperature was not taken for soll
samples.

4.4.2 Determining soil moisture content and organic content

To measure the moisture content of the soil samples, 30g of sample from each site was dried in an

2 0SSy | ior 4hours.cTheSamples are weighed before and after drying and the difference in

weight is equal to the % moisture of the sample (BS1377 PART 2:3.2) (British Standards Institute,
1990).¢ KS &l YS LINRPOSaa Aa (GKSy NS eibdlasSoRigritigh | ppne/
%/organic matter % of the soil sampl@he following calculations were used to measure the

moisture and organic matter content of the samples:

Moisture content:
% of fresh weight = ([mass fresh sailass dry soil}/mass fresh soil100

Organic matter content:

% of dry weight = ([mass dry sailass of ash after ignition]/ mass dry soil) x 100

4.4.3 Soil particle size analysis and classification from field samples

After drying, subsamples from each site wpmoled and passed through a set of 10 standard
geotechnical sieves, from 5mm to 63 micron (Appendix 1). The initial weight of the dry sample was
measured, and the stack of sieves shaken on a sieve shaker for 20 minutes (British Standards
Institute, 1990) After this, the amount of sample retained on each sieve was weighed and recorded.
The results of dry sieving were then plotted on a particle size distribution chart according to British
Standard 1377 Part 2, and compared to a soil sizing chart to detersoihtype (Appendices 2 and
3)(British Standards Institute, 1990).

4.4.4 Bacterial abundance: Heterotrophic and coliform plate counts

Microbial abundance can be investigated by culturing on selective nutrient agar.plaisgprocess
¢ heterotrophic plate counts (HP&3llows any cultivable, heterotrophic bacteria (bacteria that
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require organic nutrients for growth) present in the samples to be determined and was performed
for all soil and water samples. It should be noted that HPC only givemation on a small part of

the microbial community. However, this method is widely accepted and used in water industries
(Allen et al., 2004) , due to the low cost, and ease of use, and so is used for this study.

Before plating, seal dilutions wereperformed for soil and water samples. However, a slurry was

made for soil samples using 1g of soil and 10ml of PBS2 & LK 1S o0 dzFFSNBR &l f Ay S
(PhosphateBuffered Saline) Tablets, ThermoFisher Scientific, United Kimgédter dilution, 01 ml

FNRY SIFOK &l YLXS GdzoS éla LALISIGSR 2yia2 LXIFGSa C
(Lennox L agar) ThermoFisher Scientific, United Kingdom), as well as plates containing Chromocult
Coliform Agar (Chromocult® Coliform Agar, Merck, Geyndreliminary tests determined that a

dilution factor of 163 would be used for samples plated on LB Agar, and a dilution factorbf 10

would be used for samples plated on Chromocult Coliform Agar.

This was carried out in a laminar flow (SafeFASTEiCldass || AL/A212, Microbiological Safety

Cabinet, FASTER SRL, Ferrara, Italy, in order to avoid contamination of samples from airborne

bacteria, and also protect lab users from any potentially infectious bacteria. The plates were then
invertedand$§ ¥4 G2 Ay Odzml GS 4G FLILINRBEAYIGStE& oT1e/ F2N

When using LB broth as the nutrient media, bacteria grow as usual, however Chromocult media is
selective, and so it signifies the presence of just two bact&saherichia colE. colj andCitrobacter
freundii(C. freund)i- both faecal indicators. On Chromoctit, colicolonies appear purple ang.
freundiiappear as pink colonies (Figure 11).

Figure 11 Colonies oE. coli{purple) andC. freundi{pink) on a chromocult agar plate.

After incubationthe colonies on each plate were counted. Once the colony forming units have been
counted, the number of colony forming units per millilitre (CFU/mI) of the original sample was

OF £ Odzf F 1SR 0& Ydzft GALX @AY he diKid fagtatzTdsSnethod divedaC! Q& O2
general estimation of the concentration of heterotrophic bacteria in a sample.

4.4.5 Scanning Electron Microscopy (SEM) to characterise soil microbiome
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{2Af alYLXSa 6SNB (F1Sy 2 TFTFSRLE&E NFRIRAdRE NYyRYy DRAE
created using SEM. This was to give a detailed, and magnified view of the typical soil structure

AyOf dzZRAYy3 |y& YAONROSaA (-Robd)cohdidds. THNPBréac&sy wias dzy’ RS NJ Wd
carried out atthe Universit 2 F { KSTFFTASEt RQa 9f SOGNRY aAONRaoO2LR
carried out:

Specimens (each specimen=0.5g of soil) were fixed in 2.5% Glutaraldehyde (Merck, Germany) in

noma LIK2ALKFGS 0dzZFFSNI 6aSNO] = DS N¥waghedin 0FLRINI o K2 d
{2RAdzY /I O2Ref+GS 0dzFFSNI 6aSNO1 X DSNXIyes (GKNBS
secondary fixation in 2% aqueous osmium tetroxide (Merck, Germany) was carried out for 1 hour at

room temperature. The specimens were then dehyddathrough a graded series of ethanol (Fisher

Scientific, UK):

0 75% ethanol for 15 minutes

0 95% ethanol for 15 minutes

0 100% ethanol for 15 minutes

0 100% ethanol again for 15 minutes

0 100% ethanol dried over anhydrous Copper sulphate (Merck, Germany) foinlifes

0 50/50 mixture of 100% ethanol and 100% Hexamethyldisilazane (Merck, Germany) for 30
minutes

0 100% Hexamethyldisilazane for 30 minutes.

Then, specimens were airied overnight. When dry, specimens were mounted on 12.5mm

diameter stubs, attached witBticky Tabs, and coated with approximately 25nm of gold in an

Edwards S150B sputter coater (Edwards, UK). Specimens were finally, imaged using a Tescan Vega3
LMU SEM (Tescan, Czech Republic) at an accelerating voltage of 15Kv.

4 .4.6 Molecular genomic mfods

The use of these molecular techniques allows the characterisation of those components of the sail
microbial community that currently cannot be cultured (Hosokawa et al., 2022).

4.4.7 DNA extractionSoil samples

DNA was extracted from s@i&dmples using the PowerSoil® DNA Isolation Kit (Mo Bio Labs Inc.). The
1AG dziaftAaAasSa GKS 6SIFR o0SIHiGAYy3 YSGiK2R® ¢KS W9 ELISNH
followed (Mo Bio, 2016).

4.4.8DNA ExtractionWater

4.4.8.1Filtration and cell concentration of water samples

To extract DNA from water samples, the samples first require filtration. This concentrates any

microbial cells in the water onto the filter. To do this a three way vacuum filtration system was used
(SarttNA dza o . NI yOK aAONRAIFNIx alyAF2fRa gA0GK CdzyyS
filters with a pore size of 0.2um and 47mm diameter {Mi#lipore® Membrane Filter, 0.22 um pore

size, 47 mm diameter, mixed cellulose esters (MCE) membrane, Memtka®g. This pore size is

required as most bacteria and pathogens are much larger, &% (Levin and Angert, 2015) and

so will not pass through the filter, but remain on the filter for DNA extraction.
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This method prepares water samples for DNA extoachy trapping the microbial cells on the filter.

The extracted DNA will be used for PCR, as well as for sequencing. After 500ml of each water sample

has been filtered, the filters were stored in the freezerratn 6 /  dzy GAf 5b! A& SEGNI O
For the water amples, the Cetyltrimethylammonium Bromide (CTAB) method was used as described

by Karunakaraet al.,2016, and is outlined her&ilters were cut into strips using a sterile scalpel,

and half of each filter was placed into 2ml Eppendorf tuliésen,740uL of SET lysis buffer (SET lysis

buffer consists of 40 mM EDTA (Ambion, Warrington, UK), 50mMHTligH 9 and 0.75 M sucrose

(Sigma Aldrich Co., UK.) ) and 90 ml of lysozyme 10 mg/mL (Sigma Aldrich Co.,UK) were added.

Tubes were incubated at 37 °G 8D minutes with rotation in a hybridisation oven (Thermo

Scientific, UK). After incubation 90 mL of 10 % sodium dodecyl sulphate (SDS) (Sigma Aldrich Co.,

UK.) and 25 mL of proteinase K 20 mg/mL (Applied Biosystems, Life Technologies Ltd., UK) were

added Tubes were then incubated at 55 °C in the hybridisation oven for 2 hours with rotation.After

GKS pp e/ AyOdzol GA2Yy> Fye adaSNylaryd oFa gAGKRN
GdoS® moT >[ pa bl/f ™ YR wide(CTAB)/ NaSlEsdluidd,08 f Y &
were added to the tubes containing the supernatant (Sigma Aldrich Co., UK). Tubes were then

incubated at 65 °C for 30 minutes with rotation.

L FGSNI AYyOdzool GAZ2YS yoy >[ 27T -AQeéith20Kpmaddedinrara 2t Yef |
fume cupboard and the tubes then centrifuged at 13,608Mfor 5 minutes. After centrifugation,

the supernatant was extracted into a 2 mL tube and steps 9 and 10 were repeated.

5b! 41 & GKSYy LINBOALMAGI G§SRI odSigmbARMRA, VI, Tlyenupes >[ 2 F
were then left overnightath n ¢ / @

The next day, samples were centrifuged for ten minutes at maximum RPM. After centrifugation, the
supernatant was removed carefully, leaving the DNA pellet in the tube. The pellet @awéshed

twice with 1 mL of 70 % ethanol, centrifuged for 5 minutes and the ethanol decanted.

Tubes containing the pellet were then air dried in a fume cupboard for approximately 2 hours (until
SOKIy2f KIFIR RA&ZAALI (SRO -tleafer staril& Bayer (Ahezend SBignRfiS,R Ay p s
UK).

4 .4.8.2Quantification of extracted DNA

¢CKS FY2dzyd 2F 5b! Ay SFOK alYLXS glFa ljdzk yGAFTFASR
Scientific, UKF 2t f 2 Ay 3 YI ydzF I Ol dzZNB NI &S yRWMETANDEQIBA 2 S d KA
W5b! | A3IK aASyardArAgaride YAGQ 6SNBE dzaSR Ay 2NRSNJ (2
measured from 0.2ng/1000ng/pl (Thermo Fisher Scientific, 2021).

4.4.9Sequencing the 16s rRNA gene

Next generation sequaring was performed at the NEOF molecular facility at the University of
Liverpool, targeting the 16s rRNA gene, fourth hypervariable (V4) region. Hypervariable regions
show different sequence diversity between various species of baetmhthus can be sl for

species identification. The V4 region, specifically has high functionality in the ribosome and is highly
conserved (Morosyuk et al., 2017; Van de Peer, et al., 1996).
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The lllumina Platform was usedor sequencing a of the 16s rRNA gene to estimate bacterial
community structureThe samples in this study were sequenced using Illlumina MiSeg@npair
technology (lllumina, United States). lllumina MiSeq® has beentlassehas a sequencing

platform that provides a maximum of 250 million reads of lengths up to 2 x 300 base pairs (Caporaso
et al.,2012). To target the 16S rRNA gene V4 region (16S v4), the following forward and reverse
primers were used. Portion of ¢hsequence itold indicates the recognition sequence, allowing for

a secondary nested PCR process to be performed.

F: SACACTCTTTCCCTACACGACGCTCTTCCGATGTSRRNSCMGCCGCGGTAA3Z'
R: SGTGACTGGAGTTCAGACGTGTGCTCTT@HENITNCHVGGGTWTCTAAT3'

Asuccessful amplification product results in a 254bp insert as described by Caporaso et al (2011 PNAS
108, 45164522).

4.4.9.1Test Polymerase chain reaction (PCR) of extracted DNA

After DNA extraction and quantification, a test PCR was performezkivacted samples in the

NEOF visitor lab in Sheffield, prior to send the DNA for sequencing at the NEOF lab in Liverpool. This
test was performed to check that the quantity and quality of the extracted DNA would allow for the
subsequent amplifications néed for sequencing-or this PCR the following controls were included.

An extraction kit negative contrathis was a mock nucleic acid extraction, using the reagents

provided in the extraction kit, but without any actual sample. An extraction kit pesitbntrot this

was an extraction from a community of cultur&d colto ensure extraction kit accuracy. A PCR

negative control was also used. This was demplate control, which omits any DNA or RNA

template from the PCR reaction. This serves as argéoontrol for nucleic acid contamination. A

PCR positive control was also used, again Usirapli.

The test PCR used the following conditions: Initial denaturation was &t & 2mins. Then 10

ceoOf Sa 27FY RSYIFGdzNF A2y dp s/ Hn aSO0aszx yySItay
FAYILIE SEGSy&arzy &0G§SLI 2F2yialaySR2NM p[ YRIOHEKSK t 4 ¢
Kapa HiFi HotStart Master Mix (Roche, Switzerland),0.R51@ #Mof each primer, and molecular

oA2f 238 3ANIRS glFGSNI G2 | FAYLE @2ftdzYS 2F wn >[ @
The size of the PCR amplicons was then checked using gel electrgiphore

4.4.9.2Gel electrophoresis to check DNA size after test PCR

To check the size of the tests PCR amplicons the agarose gel electrophoresis method was used. A

0.8% agarose gel was made with agarose powder (Sigma Aldrich, United Kingdom) and

Tris/Borate/EDTA (TBE) buffer, diluted X10 (Thermo Scientific, United KingdoEthi8ium

bromide (Thermo Fisher Scientific, 2018) was used to stain the gel and to allow for DNA visualisation.
Orange G (Thermo Fisher Scientific, United Kingdom) at X®diluas used as a loading/tracking

dye, and 1X TBE (Merck, Germany) buffer was used in the agarose gel box. In this case a 1KB DNA

fI RRSNJ 61 & dzZaASR 6mM{0 | @LISNIIFRRSNMX aSNARALFY . A23
with gels ran at a voltagef 100V for approximately one hour. A trafisminator was then used to

visualise the gel and DNA bands using UV.
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4.4.9.31llumina sequencing at NEOF molecular facility in Liverpool

The NEOF Liverpool facility uses a 16s dual index nested PEGRIr A y I Q& aS1j dzSy OA y 3
The 1st PCR amplification uses the primers and conditions described previously in Section 4.6.1
(Caporaso et al 2011, PNAS 108, 48382). This primer design incorporates a recognition sequence

to allow a secondary nestd@lCR process. The PCR products were then purified with AMpure beads
using a 1:1 ratio (Beckman Coulter, USAE second PCR is then performed to incorporate lllumina
adapter sequences to allow for the sequencing of samples on the lllumina MiSeq plaBfacodes

for sample identification are also incorporated at this point.

The general sequences of the forward and reverse primers for the second PCR are illustrated below.
The 8bp barcode for sample identification after sequencing is underlined.

N501 f:

pQ!!t ¢D! ¢!/ DD/ D!/ | TARGATCGOQ!!¢//¢¢/1e/¢te// /1 ¢!/ 1/ D!/ DI ¢/
N701r:

pQ/ ! ! D/ ! D!'! D!/ DIRGCCADAM D! D¢ D! D¢ ¢/ ! D! / D¢eD¢eD/ ¢/

The secondary PCR was performed under the same cycling conditions as described for the first PCR,
but for 15 cyclesPCR mixture contained 0] 2 F | YLEPCRAY[ TNE YY ML
05> 2uM2@n SFOK LINAYSNE FyR Y2t SOdzZ  NJoA2t 238
Secondary amplicons were purified with AMpure beads (Beckman Coulter, USA hras bef

4.4.9.4Bioinformatics: DNA sequences analysis

Firstly, the raw Fastq files were trimmed for the presence of lllumina adapter sequences using
Cutadapt version 1.2.1 (Martin, 2011). The optiGn3 was used, so the 3' end of any reads which

match the adapter sequence for 3 bp. or more were trimmed. The reads were then further trimmed
using Sickle version 1.200 with a minimum window quality score of 20 (Joshi and Fass, 2011). Reads
shorter than 15 bp. after trimming were removed. These trimming ste@® performed at the

NEOF Liverpool molecular facility (Figig.

Trimming Download
. - Trim adapter . in tri d
Fastq Files » » sequences in trimme
q i demultiplexed format
- Trimfor quality - Downloaded into Qiime2
. . . Denoising & Dereplication
g BIOInfOFmatICS - Filters chimeras

- Creates ASV’s &
representative sequences

Taxonomic Classification

Diversity Indices

- Alpha and Beta indices
calculated.

Workflow

(0]

o Q

al adsSN
3 NI

L

Rarefaction
- To account for sampling
depth variation. -

Phylogenetic Tree )
Construction .
Unrooted tree O
Rooted Tree N

Using Greengenes2 database
16s region of interest extraction
Classifier training

Taxonomy bar plots created

Figure 12 Pipeline of workflow used for bioinformatics analysis.
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After downloading the demultiplexed trimmed sequences, the data was imported into the

Quantitative Insights into Microbial Ecology 2 program in the Paired End Fastq Manifest Phred33

format (QIIMEZ2, version 2019.7) (Bolystral.,2019). This means the seepuce files were imported

GAGK | GF6 RSEAYAGSR WalyAFSadQ FA{S 6KAOK YI L&
sequence and quality data for the sample. After sequences were imported they could be visualised

in Qiime2 View (Bolyeet al.,2019). This gave information on the quality of forward and reverse

reads using a random sampling of 10000 reads, as well as showing a summary of sequence lengths.
This information was important for the next step.

Next, Denovo amplicon sequence variants{ + 80 6 SNB ARSYUGAFASR dzaAy3a (K
method is based on sequencing error correction algorithms and generates ASVs, rather than using
clustering methods, which typically generate individual operational taxonomic units (OTUS).

This step deaises paireeend sequences, dereplicates them, and filters chimeras. For this step a

truncation length of 230bps was chosen for forward and reverse reads, as when viewing the
aforementioned interactive quality plots, this is the base position at whichityudécreased for

both the forward and reverse reads. This step provided an ASV abundance table, along with

representative sequences.

With the sequence variants defined, the next step was to carry out taxonomic classification using
Greegenes?2 version 202D (Mcdonald et al., 2023). The full length 16S rRNA sequences that are
used within the Greenegenes2 2022.10 phylogenetic tree were downloaded into QIIME2. After the
database was downloaded the 16s region of interest was extracted. This step is requiesdh
optimum assignment performance. Next the classifier was trained on the set of extracted reads
using the Naive Bayes algorithm. Then taxonomic assignments were assigned to the ASV
representative sequences using the trained classifier at a confidemekof 0.7. This meant each
taxonomic level must reach a confidence level of <= 0.7 to be classified. At this point bar plots of
taxonomy could be visualised in Qiime2, and exported for each sample. This data also allowed for
0§KS ONXBI (A 2 yased &n raktive abiinddndelithds was created using exported data, and
GKS 2ytAYyS WISIGYIFLIWSNDR G222t 6. F0AO1A SiG It ®dX Hr

After sequences were assigned to taxonomic levels, a phylogenetic tree was constructed. This

allowed the computation of phylogenetlly aware alphaand betadiversity metrics. This involved

creating first an usrooted tree, and then a rooted tree in Qiime2. The detected diversity partly

depends on the sampling depths. An incompletely sampled community will appear less diverse than

afully sampled community. Therefore, to compare the diversity between samples different sampling

depths needed to be accounted for. This was carried out with rarefaction. Rarefaction is performed

by reducing all the samples to the same sequence countatgam subsampling of the sequences.

The minimum and maximum sampling depths were set at 2000 and 130000, again, according to the
jdz £t Ade LX20a ONBFGSR RddZNAYy3I (GKS W51 51 HQ AaGSLIE
samples were retained andrentire sample was lost.

Finally diversity indices were calculated for alpha and beta diversity. This was done by using the

RAGSNEAGE Wo NI LILISND airdeshgatis Bphdayd betddilessity mtthe gaéS & ONIR L
time. This gave multiple etrics for both alpha and beta diversity.
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4.5 Diversity Indices

To fully investigate the bacterial diversity within the samples both alpha and beta diversity metrics
were calculated in Qiime2.

4.5.1 Alpha Diversity

z

Alpha Diversity is used to meastReh GSNR A 18 2Y g A0 KX 2O & 1IQY WIOS t BA JS N& A
Mpcno LY GKAA aiddzRéX o RAFFSNByYyd YSIFadanNBa ¢6SNB
phylogenetic diversity (PD) Index, Abundance based coverage estimator (ACE) Richness index, and
SSYLaz2yQa SoSyySaa AYyRSE 6/ KFE2 FYyR [SSS mMdodpHT CI
phylogenetic distance to calculate the diversity of a given sample (Faith, 1992), while the ACE

Richness is a nonparametric richness index that measures theerumh unique species, using

sample coverage, defined based on the sum of the probabilities of the observed species (Chao and

[ S8 mopbHOD {AYLA2yQa S@OSyySaa AyRSE Aa | YSI &dzN
of species present, as well e relative abundance of each species (Simpson, 1949). Each diversity

index is based on different assumptions about the species diversity and thus, by using a combination

of several indices, a more robust view of the biodiversity can be gained.

4 5.2 Beta Diversity

Beta Diversity is described as the ratio between regional and local species diversity (Whittaker,
1960), and is useful to compare differences in diversity between different groups, i.e. different
sample sites or types. To calculate beta diitg in this study, weighted Unifrac distance analysis

was used. There are two types of Unifrac distances: an unweighted Unifrac distance that considers
only species presence and absence and counts the fraction of branch length unique to each
community. he weighted method, used here, uses species abundance and also weights the branch
length with abundance difference (Chenhal.,2012).This phylogenetically aware metric takes into
account presence and absence of species, as well as abundarttis thugjuantitative.

4.6 Statistical Analysis

Before performing statistical tests, the Shapittilks test was performed for all data to determine

the normality of the data (Shapiro and Wilk, 1965). For differences between: ptolsicoical

factors in monitoredsoil, and water and background soil samples, along with differences in alpha
diversity measures, the independentdst was used. This test determines whether there is a
statistically significant difference between the means in two groups (Mcdonald, ZDd.4@st for
O2NNBflFiA2yas GKS tSIFENE2YQa O2NNBfFGA2y O2STFAOA
correlations between physicochemical factors, between different sample types, in relative
abundance at different taxonomic levels between sample typesrelations between different

alpha diversity measures, and between samples taken on different days. This method calculates the
ratio between the covariance of two variables, and takes into account the standard deviations (Kirch,
2008).

For Beta Diverty analysis, Principal Coordinate Analysis (PCoA) was used. This method converts
data on Euclidean distances between items into a 3 dimensional scatter graph plot. The plot has 3
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ranked by their eigenvalues, and so the first axis has the highest eigenvalue and thus explains the

most variance. Each eigenvalue represents the amount of variance in each dimension as a

percentage of the total variation in thaslance matrix, and so the sum of the eigenvalues will equal

the sum of the variance of all variables in the data set (Bakker, 2024).

¢KS LX 20 Oy 060S OASHSRI YR adK2ga AYyT2N¥YIGA2Yy 2y
clusters to be found. Ini@ne2, this utilised a distance matrix of beta diversity values for each
sample. This allowed data to be separated based on metadata groups, i.e. sample type, location,
date, rainfall amount etc. This was mainly used in this study to visualise beta tyiviatsi, and to
determine if separation of samples had statistical significance or if it might have originated by
chance, Permutational Multivariate Analysis of Variance (PERMANOVA) analysis was carried out.
PERMANOVA is a nparametric multivariate stastical permutation test. It uses a distance matrix
constructed from a dissimilarity measure, and tests the null hypothesis that there are no differences
in the relative magnitude (presence/absence) of a set of variables among objects from different
treatments or groups (Anderson, 2017). In this circumstance the dissimilarity measure is that
computes using the beta diversity distance matrix to determine differences in beta diversity
between the metadata groups. This test was chosen here as its assumptonegigible, and it

works well with complex data/ many groups of data.

4.7 Results

This section describes in detail the results of analysis of phgbiEmical factors, soil analysis,
taxonomic analysis, and diversity indices measured.dMifgrences or correlations between factors
are outlined. The section is split by sample site.

Soil characterisation: Soil particle size and class/type

After soil sizing using the sieve method, and classification according to British Standard 137¥ Part 2

gl a F2dzyR GKFG GKS az2Aaf F2dzyR i We¢2y3IdzS Ddzi i SNI
¢CKS a2Aft G WOYROEAFTFS tIFN]JQ 61a AAYATIFINE [faz2 o
However the soil at Tongue Gutter did generally contaore material of a larger particle size, than

that of the soil at Endcliffe Park (Figure 13).
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Figure 13 Soil gradation curve from soil samples collected at the 2 sampling sites.

Scanning Electron Microscopy (SEM) image analysis.

The images created img SEM give a visualisation of how the general soil structure looks, supporting
the soil gradation carried out (Figure 13). It also allows visualisation of part of the soil microbial
community under dry weather. In figure 14, SEM micrographs showedegyular rough surface

with high concentration of granular, inorganic material covering the analysed surface. Filamentous
microorganisms and biofildike structures tended to accumulate on small/specific areas of the
analysed surface, without covering thetea analysedsurface

SEM HV: 15.0 kV WD: 8.05 mm il VEGA3 TESCAN SEM HV: 15.0 kV WD: 8.06 mm | | || VEGA3 TESCAN
View field: 554 ym Det: SE 100 pm View field: 92.4 ym Det: SE 20 pm
SEM MAG: 500 x | Date(m/dly): 08/23/21 Sheffield University - BioMedical Sciences EM Unit SEM MAG: 3.00 kx | Date(m/dly): 08/23/21 Sheffield University - BioMedical Sciences EM Unit

A B

Figure 14SEM images of soil samples taken from Endcliffe Park during a visit with no rainfall
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4.7.1 Tongue GutterAnalysis of monitored and background soil samples

Physicochemical analysiad estimation of bacterial abundance oflsoi

Table 1 includes physicochemical data obtained from soil samples, along with coliform colony
counts. Over the sampling period, from November 2021 to October 2022, the pH of the soil remains
fairly stable with the lowest pH recorded being 7.09, and the highest 8.76. A higher pH range, 8.15
8.76 is evident over Winter 2021 and into Spring 2022, with a lower rangey889recorded over
Summer and Autumn 202Background samples showed similar values for the Winter 2021 and
Spring 2022 period (7.78.78). In contrast, over Summer and Autumn 2022 background pH
increased ranging from 7.3850, significantly different to the Monitored Soil pH range for this

period (t= 2.49, P=0.017).

As expectedwith increased rainfall, increased moisture in the soil is also observed. Soil moisture
content shows some variation over the sampling period but is not significantly different to
background samples, despite being hléglon average (t0.039, p=0.485) .The same is true for the
organic content of the soil, with background data showing a higher average organic content than
sampled data. Despite thithe organic matter content of the Monitored Soil over the monitoring
period is not significantly different from background samplesl(f#l, p=0.052).

Total coliform counts are much higher over the whole sampling period in all soil samples, when
compared to background levels, with coliform counts ranging from 100000000 EUs per gram

of soil. The highest recorded coliform count for background samples is only 70000 CFUs per gram of
soil. There was no significant correlation between coliform counts and rainfall amount.

Table 1.Results ofite 1- Tongue Guttephysto-chemical analysis, coliform counts, and rainfall
depth (n=12).
Date of Average pH CumulativeRainfall 5 days (120 Total number of  Moisture Organic content by

visit of soll hours)before sample /mm  coliforms / CFU per content/%  Loss on Ignitin/%
22/11/21 8.39 0 10000 28.12 6.74
13/12/21 8.15 10.4 650000 28.82 4.06
22/1/22 8.39 0.2 600000 28.31 4.09
16/2/22 8.19 21.6 0 29.04 3.66
23/2/22 8.76 54.6 170000 20.89 17.89
16/3/22 8.47 9.0 0 25.35 11.24
31/3/22 8.15 4.2 190000 31.08 12.63
30/5/22 7.53 1.8 350000 18.75 15.75
17/8/22 7.1 21.2 1040000 32.16 6.29
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7/9/22 7.88 21.0 780000 28.12 6.59

24/10/22 7.09 63.0 50000 26.97 23.55

25/10/22 7.3 61.2 N/A 40.92 8.16

coliforms*=E.coliandC .freundicolony forming units

Bacterial community composition

CAIdz2NE 13 aK2ga (GKS LISNOSydGlrasS 2F NBtIGADS | odzy/F
Taxonomic analysis showed a total of 23 assigned phyla for the monitored soil data, and 20 assigned

phyla for background soil t& 20 of the phyla are the same for both datasets, this includes phyla

such as, Acidobacteria, Planctomycetend Proteobacteria. However, the following phyla;

Chlamydiae, Fusobacter, and Synergisteiese not detected in the background data, buére

present in the monitored soil data, but at relatively low abundance levels 00%% (Figure 15).
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Acidobacteria Actinobacteria Armatimonadetes ™ Bacteroidetes ® Chlamydiae ® Chlorobi
M Chloroflexi M Crenarchaeota W Cyanobacteria Elusimicrobia M Euryarchaeota W Fibrobacteres

M Firmicutes Fusobacteria ® Gemmatimonadetes Lentisphaerae W Nitrospirae Planctomycetes

M Proteobacteria M Spirochaetes Synergistetes M Tenericutes M Unassigned M Verrucomicrobia

FHgure 15. Comparison of bacterial communities present in monitored soil samples and background
az2Af alryLX Sa |4 ¢2y3dzS Ddzid SNE |G LIKef dzy £ S@St 6
phyla categoy.

For both monitored soil and background soil samples, the 5 most abundant phyla across the

sampling period were Proteobacteria, Chloroflexi, Planctomycetes, Verrucomicaoblia,
Actinobacteria.

43



At genus level, after removing genera that have a redahbundance of <0.3%, 49 genera are
present in Monitored Soil, with 35 genera present irthground soil samples (Figure)16

The most abundant genus for monitored soil over the sampling periGagismatamost abundant

on 16th February 2022 at 2.15%ate abundanceConversely, for background soil samples
Rhodoplanesvas the most abundant genus, reaching 2.51% dhBdbruary 2022 When looking at
the abundance of the genera that are shared by both datasets, very similar abundance levels of
Pirellulawere detected ~0.9% (average across the whole sampling period) for both monitored and
background soil.

25 1
: I
.
15 1
8| =y
3 . . =
8 - . —
g — u— —
o 1 |
S
S 10 - Bl |
o —
] —| L
) —
| = BE=E U=
' =N
> —
o -_-_-_-_-_._l
o~ ~ o~ ~ o~ ~ o~ — - o~ ~ o~ ~ ~ o~ ~ o~ ~ o~
o~ ~ o~ ~ o~ ~ o~ ~ o~ ~ ~ ~ ~ ~ o~ ~ o~ ~ o~
~ =~ =~ ~ —~ ey s ~ =~ ~ =~ =~ =~ =~ ~ ~ e e b
- o~ o [¥a) 0 [=2) o - o~ - o~ o~ m m [¥a) =] (=) o (=]
o o o o o o — — — o o o o (=] (=] o o — —
~ ~ ~ =~ -~ ~ ~ =~ ~ ~ ~ =~ ~ ~ =~ ~ =~ ~ ~
o~ o [ag] o r~ r~ =t ~ ™ o~ it (] (X — [=) ~ r~ <t w
o~ — o~ m — o ~ ~ — o~ — o~ — o™ o — (=] ~ o~
background sample
W Amaricoccus W Candidatus Nitrososphaera W Candidatus Solibacter Candidatus Xiphinematobacter

M Chthoniobacter

®m Geobacter

W Nocardioides

W Rhodoplanes

™ Rhodanobacter
Rickettsiella

w Sulfuricurvum

W Pelotomaculum
Acinetobacter

= Opitutus

B Anaeromyxobacter
Paludibacter
Tolumonas

W Solirubrobacter

W Mesorhizobium

m Williamsia
Catellatospora

W Dechloromonas

® Hyphomicrobium

W Pirellula

W Hydrogenophaga

W Bacillus
Rubrivivax
Caldilinea

m Desulfobulbus
Prosthecobacter
Rhodococcus

m Cellvibrio
Treponema
Bradyrhizobium
Cellulomonas

W Hylemonella

m Pilimelia
Kutzneria

W Flavobacterium

B Mycobacterium
Planctomyces

B Aguabacterium

W Arthrobacter
Rhodobacter

m Desulfococcus

W Microbacterium
Thiobacillus

W Propionivibrio

W Janthinobacterium
Crenothrix

B Phycicoccus

W Pseudonocardia

W Kaistobacter

m Saccharopolyspora

B Gemmata

W Nitrospira
Pseudomonas

M Propionicimonas

W Luteolibacter
Arenimonas

m Sulfuritalea

W Halothiobacillus
Desulfobacter

W Sulfurimonas

W Plesiocystis
Bdellovibrio

W Microlunatus

W Streptomyces

W Gallionella

w Pedomicrobium

Figure 16 Relative abundance at Genera level of monitored soil and background soil (n=19).
Sequenceféltered to only include genera that have a relative abundance of >0.3%.
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There were 38 genera detected in monitored| sbut not in background soil4 of those genera
display highest relative abundance on the same da24™ October 2022 . On thisate, the highest

5 day cumulative rainfall depth was also recorded; 63mm, along with the highest organic content
recorded in monitored so#23.55%.

Looking at changes in bacterial community structure over the whole sampling period, changes are
seen seasonally in relation to abundancédakllula(Figure 1¥- present in both background and
monitored soil samples. In background sBilellulaabundane did not vary much over the

sampling period (~0-8.7% abundance) However, Monitored soil, sh&irellulaabundance highest
(average of 1.13%, compared to 0.73% for the rest of the sample period) when the rainfall amount
was, lower, over Januarilarch2022. On the other hand, several genera found in monitored soil
(not in background so#)ncludingThiobacillusand Treponeméad a higher abundance over the
AugustOctober 2022 periodwhen rainfall amount was higher (higher by 200mm in total over the
period), compared to th@revious time period (Figure L7The same trend is also seen for
Bdellovibrio, PaludibacteandDesulfobactefalso not present in backgroursbil).
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Figure 17 Abundance ofienerain background andionitored soil at Tongue Guitter in relation to
rainfall depth. Daily rainfall depth plotted on secondary axis

Further taxonomic analysis enabled categorisation of samples at a species level. Species detected at

an average abundance of <0.03% for the whealmpling period were filtered out and the remaig
species plotted on Figure 18he monitored soil sample from 8®ay 2022, was not able to be

classified down to species level and so is not present in the species level heatmap for monitored soil.
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Flavobacterium succinicans
Pseudomonas umsongensis

Bacillus longiquaesitum
Sulfuricurvum kujiense

Microbacterium aurum

Methyiotenera mobilis

Rhodococcus globerulus

Prosthecobacter debontii

Clostridium butyricum

Clostridium bowmanii

Blastococcus aggregatus

Bacillus longiquaesitum

Mycobacterium vaccae

Cellulomonas xylanilytica

Sulfuricurvum kujiense

Microbacterium aurum

Streptomyces mirabilis

Streptomyces atratus

Sphingomonas wittichii

Figure 18 Heatmap based on the relative abundance of monitored soil samples and background soil
at species level (n=18). Includes species that had an average relative abundance of >0.03% over the

sampling period.

At species level there is a notable difince in community composition between monitored and
background soil. The two datasets share only one species (relative abundance >0.03%)
Microbacterium aurumAcross the sampling period, abundance of this species is generally higher in
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background sib (average 0.12%), in comparison to monitored soil (0.08%). The most abundant
species in monitored soil over the sampling perio8utfuricurvum kujienséjghest on 17 August
2022 at 1% relative abundance. For background soiCelkilomonas xylalytica, highest on 22
January 2022, at 0.58% relatimbundance

Diversity indices of bacterisbmmunities

Throughout section 2, comparisons have been made between the bacterial community composition
of Monitored Soil as well as background ssiing taxonomic assignments. By calculating several
diversity indices, and using statistical analyses, true differences within and between the
communities can be observed at species level.

Alpha Diversity

To determine alpha diversity, 3 unique measuresenealculated at species level (Table 2). There is a
AAIAYATAOLYyG O2NNBfl A2y 06SG6SSy CHAGKQA t5 AYRSE
(P <0.01). As one value increases, so do the others.

Table 2 Alpha diversity measures for sampled atd®{ A N2 dzy R &d2Af ® . | ASR 2y ! {
(n=18).
Sample type Date CIFAGK({ ACERIichness| { AYLA2Yy Qa
index index index

Monitored Soil 22/11/21 163.71 2024 0.67
Monitored Soil 13/12/21 97.18 1190 0.66
Monitored Soil 22/1/22 142.16 1831 0.59
Background soil | 22/1/22 61.7 421 0.58
Monitored Soil 16/2/22 195.43 2321 0.61
Background soil | 16/2/22 84.68 749 0.49
Monitored Soil 23/2/22 128.13 1507 0.49
Background soil | 23/2/22 77.21 754 0.5
Monitored Soil 16/3/22 201.6 2320 0.66
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Monitored Soil 31/3/22 150.99 1923 0.58
Monitored Soll 30/5/22 16.47 37 0.36
Background soil | 30/5/22 37.12 230 0.24
Monitored Soil 17/8/22 116.47 1365 0.5
Background soil | 17/8/22 62.59 696 0.6
Monitored Soll 7/9/22 135.29 2020 0.66
Background soil 719122 43.75 183 0.56
Monitored Soil 24/10/22 130.31 1495 0.54
Background soil | 24/10/22 89.03 1252 0.66
Monitored Soil 25/10/22 182.47 2094 0.63

On average, alpha diversity (all indices measured) is higher in monitored soil, in comparison to

background samplespeaning monitored soil has a higher diversity of bacteria present, in terms of

alpha diversity. This difference in alpha diversity is significant, at P <0.01 for ACE species richness,

YR F2NJCFHAGKQA t5 AYRSEZ &S LloMbatkgrguidsoilK S O2 Y Y dzy A
| 26 SOSNE y2 aA3dYyAFAOIYyld RATFSNBYOS A& 20aSNBISR ¢
evenness index, P >0.1.

hy @SN 3IS:T CFHAGKQa t5 T2 NISegte@ieENR dmydRighe2dvér & a
JanuaryFebruarti nHH X F YR Ff4d2 hOG20SNI HAHHD® '/ 9 NAOKYS:
GFrNRAFOES 20SNJ GKS &l YLIAYy3a LISNA2R Ay ol Ol 3NRdzyR
NAOKYySaa oSNB OFENAIFIO6ES 20SN) GKS &l YMdMaf3d LISNR 2R3
September 2022, and highest from December 20fdrch 2022. A higher total rainfall depth was

also seen over Mageptember 2022, compared to the December 2024rch 2022 period.

Beta Diversity
To calculate Beta diversity, weighted unifrac distaacalysis was used.

Figure 19shows PCoAnalysis the separation in the two datasets indicating differences in the
bacterial community composition between background and monitoredssmilples. Testing this
statistically using PERMANOVA statistical analysis of weighted unifrac distance values revealed
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statistical significance at P <0.01, P=0.008. In terms of beta diversity, the bacterial composition at
species level is different betwedrackground and monitored soil.

. tongue_guiter
Axis 2&3..42 %)

(f% tongue guiter background
-

Axis 3 (47399 %)

Axis 3.40 %)

Figure 19 PCoA (Principle Coordinate Analysis) Emperor plot based on weighted unifrac distance
analysis. n=18

4.7.2 Tongue GutteWater and soil samples

Physicochemical analysis and estimatiobadterial abundance of soil and water

Table 3 shows the physicochemical data obtained from water samples, along with coliform.counts
The pH of the water tends to be stabhdth the lowest pH recorded being 6.97, and the highest 8.32.
Similarly, the soil pH, had a higher pH range;8f32, evident over Winter 2021 and into Spring 2022,
with a lower range, 6.97.62, recorded over Summer and Autumn 2022. The highest water pH was
observed onl8" January 2022this datealso had the lowest rainfall recordeddmm. The lowest
water pH was observed on, 1 August 2022.this date also saw the highest recordgdiay rainfall
rainfall depth- 20.8mm. Despite this, when tested statistically the moderate correlation@f%62)
between pH and rainfall depth was not significant (P >0.1).

No statistically significant relationship was found between rainfall depthcatiform count (R=0.15,

P >0.1). In general, coliform counts for water samples hddrge and variable rangbetween 1200

9700 CFUs per ml of water (with the exception of the very high count seen'bdab8ary 2022). In
comparison to soil sampleshe coliform count was generally much lower in sampled water. When
looking at the relationship between soil and water coliform counts, a positive correlation was found
(R=0.29320. However, this is not statistically significant (P>0.1).
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Table 3.Results of physiochemical analysis, and coliform counts of water samples (n=12).

Date of visit Average pH Average CumulativeRainfall 5 days (12 Total number of coliforms
of water Temperatures hours)before sample /mm CFU per ml
22/11/21 7.63 9.63 0 6700
13/12/21 7.43 11.6 104 6100
22/1/22 8.29 N/A 0.2 60000
16/2/22 8.24 8.7 21.6 6400
23/2/22 8.32 8 54.6 3200
16/3/22 7.87 9.67 9.0 3800
31/3/22 7.40 9 4.2 1200
30/5/22 7.62 10 1.8 9400
17/8/22 6.97 10 20.8 9700
719/22 7.35 10 21 6300
24/10/22 7.18 10 63 7000
25/10/22 7.31 N/A 61.2 N/A

coliforms*=E.coliand C .freundicolony forming units

Bacterial Community Composition

Taxonomic data is available for all water samples apart from those taken on the following dates: 22
November 2021, 1'6March 2022, and 250ctober 2022 due to the extracted DNA not being of high
enough quality/quantity to be sequenced (according to the threshold set by the NEOF sequencing

facility in Liverpool).

Taxonomic analysis of water sampéggphylum level, revealed 23 assigned phyla. The most

abundant phyla include (from most abundann average, to least); Proteobacteria, Bacteroidetes,
Firmicutes, Planctomycetes, and Acidobacteria. All 23 phyla were also shared by soil samples, with
Proteobacteria being the most abundant phylum in bothland water samples (Figure)28oth

soil and water also had Verrucomicrobia and Planctomycetes in relatively high abundance, Average
Verrucomicrobia abundance in monitored soil was almost 4 times higlaerin water, with
Planctomycetes being almost 5 times higher.
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soil water
Acidobacteria Actinobacteria Armatimonadetes W Bacteroidetes W Chlamydiae H Chlorobi
M Chloroflexi B Crenarchaeota M Cyanobacteria Elusimicrobia M Euryarchaeota M Fibrobacteres
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Figure 20Comparison of bacterial communities present in water samples and soil samples, at
LIKe&f dzy £ S@St 6yrumod !yl aaaraydaBgoril EF I NP dzLISR

At Genus level, after removing genera that had a relative abundance of <0.3%, water samples
contain 27 different genera. 10 genera found in sampled water, were also found in monitored soil.
All 10 genera had an average relative abundance oves#impling period that was higher in water,
compared to soilKigure 21)
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3).When looking at seasonal trends in bacterial abundance in water, mostaybadrvariable
abundance, with no clear trendslowever Prevotella, Rhodoferax and Ruminocodows present in
soil samples) had highest abundance from Jantdaych 2022 when rainfall was on average
lower, and water pH was higher compared to the sedpuent periodFigure 22)Although rainfall
was lower on average, a high rainfall depth was seen in Febrafiey this period of increased
rainfall, bothPrevotellaand Rhodoferavincreased in abundance
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W Anaeromyxobacter W Cellvibrio M Plesiocystis M Paludibacter W Treponema
M Crenothrix
Figure 21Relative abundance (> 0.3%) at genera level of water andasuplegn=21).
On 13" December 2021, one third of detected genera displayed their highest measured relative
abundance (2%:: 0 ® ¢KAa RIGS Fta2 KIR GKS KAIKSad NBO2N
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Figure 22 Abundance ofjenera in water samples at Tongue Gutter in relation to rainfall . Daily
rainfall depth plotted on secondary axis.

Taxonomic analysis was further performed at a species level. Species detected at an average
abundance of <0.1% for the whole samplpagiod were filtered out and the remaining species
analysed and plotted. The threshold (0.1%) is higher for water than that of soil, due to the higher
relative abundance and diversity of species generally displayed by water in comparison to soil
samples. &juences from all water samples were able to be assigned at species level, apart from the
water sample taken on 24October 2022.

With the less abundant species filtered out, for water sampiesyobacterium succinicansad the
highest relative abundare, with a range of 0.1%.8% ove the sampling period (Figure 33 his was
the only species present in all water samples and was also prominent in soil safgueral other
Flavobacteriunspecies were also present in water samples, this inclugasdacterium

frigidarium, Flavobacterium gelidilacusndFlavobacteriuntolumnare Other genera, with multiple
species present in water samples includPdeudomonas, Bacteroidasd Ruminococcus species.
Faecalibacterium prausnitzazindPrevotella coprialso had relatively high abundance in water
samples. Ranging from 0.27P83%, and 0.44%% respectively. However, these species were not
present in soil samples (at the levels tested #0.03%).
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Figure 23Heatmap of relative abundance of water samples at species level. Includes species that
had an average relative abundance of >0.1% over the sampling period (n=8). Species labelled with a
WrQ I NB ALISOASE G(KFG 68NB | feeainfRy@dSoi SR Ay Y2yAl

Interestingly, when looking at the species graphs for monitoredBijure 10) and water (Figure

18), in soil, more than in water, the community composition is due to rare species in lower
abundance. Most of the abundance in saih®ples is due to ASVs in very low abundance that are not
present in the graphs (the most abundant bacteria only cover a small % of the total bacteria
community). While in water, the most abundant species represent betweeb080 of the

composition of the dtal community.
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When looking at changes in the bacterial structure of water at species level over the whole sampling
period, changes are seen in abundance of two faecal associated sgeméeslibacterium

prausnitzij andRoseburia faecigFigure 24 F. prausnitziabundance appears to decrease at the

start of February , when rainfall was lower, but shows increases in abundance after periods of
increased rainfallg January, March, and Auguf. faecissimilarly saw an increase in abundance

when rairfall increased in January and August, . 2 speElaspbacterium gelidilacuand

Bacteroides ovatyshad higher abundance from M&eptember 2022, when rainfall was higher,
compared to the rest of the sampling period. This period also had a lower pidtand higher
temperature (Table 3).
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Figure 24 Abundance of species in water samples at Tongue Gutter in relation to rainfall . Daily
rainfall depth plotted on secondary axis.

Diversity of observed bacterial communities

Throughout section 2, comparisons have been made between the bacterial community composition
of water andsoil samples by looking at taxonomy. Furth®r calculating several diversity measures,
and using statistical analyses, differences within betlveen the communities in the analysed
samples can be elucidated.

Alpha Diversity

To determine alpha diversity, 3 unique measures were calculated at species level (Table 4) using the
water samples.
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Table 4 Alpha diversity indices calculated foater samples (n=8).

Date of visitt CI A ( K Q& |ACE Richness ind LA Y.LJé 2y Qa

index
13/12/21 42.19 408 0.44
22/1/22 106.04 1550 0.52
16/2/22 88.72 1089 0.51
23/2/22 57.84 510 0.47
31/3/22 36.99 417 0.61
30/5/22 65.96 689 0.38
17/8/22 95.34 1130 0.58
719122 64.65 803 0.57

On22¢WI ydzt N®B HnHH GKS KAIKSad CIrAGKQAE t5 yR !/ 9 |
samples. Interestingly, the highest number of coliform counts were also recorded on this day (Table

3.) Evenness was highest orf'ddarch 20220ver the whole samplingpeh 2 R CF A GKQ&a t 5 |y
richness was (on average) highest from Magptember 2022 (when a higher rainfall depth was also

aSSyu0 O2YLI NBR (G2 GKS NBad 27F (KSablédverthd# Ay 3 LISNR 2
sampling periodAll alpha diversity meases were generally higher for soil samples, compared to

water samples (Table 2 and 4.)

Beta Diversity

To calculate Beta diversity, weighted unifrac distance analysis was used. This allows differences to be
tested between soil and water sample compositaira species level. Figure 28 shows the separation

in the two datasets by the clustering of poinisdicating differences in the bacterial microbiome
composition between soil and water samples. Testing this statistically using PERMANOVA statistical
analyss of weighted unifrac distance values revealed statistical significance , at P = 0.011. P<0.05
and so the significance is moderateeaning that there is a meaningful difference between the

bacterial communities of water and soil at species level. Howdhir observed difference is not as

strong as the difference observed, in reference to beta diversity, between monitoredrgbi

background soil (Figure 5
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Figure 25 PCoA (Principle Coordinate Analysis) Emperor plot based on weighted unifrac distance
analysis (n=22).

4.7 .3Endcliffe Park soil and background soil

Physicochemical analysis and estimation of bacterial abundance of soil

Table 5 shows thphysicochemical data obtained from soil samples, along with coliform counts, and
rainfall depth (cumulative 5 day). Over the sampling period, from November 2021 to September
2022, much like with the soil pH at Tongue Gutter, the pH showed a higher raeg&/awer and

Spring 2022, 8.18.66, with a lower range over Summer and Autumn 2022,-7.64. Background
samples at Endcliffe Park did not have any notable seasonal pH trends, however the pH, on average,
was higher than that of Monitored Se8.12, conpared to 7.95 for background soil. Despite this,
statistically the difference in pH between the two datasets was not significant, P >0.1.

Soil moisture ranged from 6.32%0.01%, correlating positively with rainfall amount, although the
correlation was nostatistically significant. Background soil moisture was significantly lower than
that of monitored soil. Average moisture content over the sample period for monitored soil was
28.8%, whereas background soil was 22.1%. The highest proportion of orgateistaeas observed
on 17" August 2022this date also had the highest moisture content recorded for monitored soil.
However the correlation between moisture content and organic content was not statistically
significant.

Coliform counts ranged from 10000 1090000 per gram in monitored soil. In background soil, this
range was lower, 10000 to just 340000. There was a positive correlation between 5 day rainfall
depth and coliform count, however this is not statistically significant.
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Table 5.Results of physchemical analysis, coliform count, and rainfall amount (n=12).

Bacterial Communit€omposition

After sequencing, taxonomic analysis showed that there were a total of 22 assigpkegbresent in
soil samples, and 18 assigned phyla present akdp@und soil samples (Figure)2&he following
phyla were not present in background ssdimples: SpirochaeteBusobacteria, Synergistetes, and
LentisphaeraeThese phyla also had very low abundance in monitored soil, <O@&é6the whole
sampling period, Proteobacteria was the most abundant phylum in soil samples at 16.82% on
average.
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After removing anyinassigned genera, as well as genera at an average relative abundance of <0.3%,
25 genera were detectein samples in total (Figure R7he most abundant genus for monitored
soil and for background soil over the sampling period @ammata, \ith similar elative abundance

levelsat 1.92% and 2.15% respectively .
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Figue 27 Relative abundance at Genera level of Monitored Soil and background soil. Includes only
genera present at >0.3% in at least one sample (n=21).

Over the sampling period abundanceGibstridium(not in background soil), appears to be highest
over August and September 20#articularly high over August when rainfall amount was relatively
high (half the months total rainfall (20mm) was seen 5sdagfore a sample visit). On the other
hand, Flavobacteriun{not in background soil), was highest in monitored soil over the Winter
months December 202February 2022, and actually increase@bundance each month (Figure

28). Particularly heavy rainfaffor the sampling period) was seen over February, with rainfall amount
>140mm in total over 28 days.
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Figure 28 Abundance of genera in monitored soil samples at Endcliffe Park in relation to rainfall
Dailyrainfalldepth plotted on secondary axis

Species at an average abundance of <0.03% for the whole sampling period were filtered out and the
remaining species analysed andgpd in Figure 2916 species were detected in monitored soil, and

8 detected in baaround soil. Two thirds of the species detected in background soil, are also

present in monitored soil. For monitored sdtlavobacterium succinicamss the most abundant

species over the whole sampling period, highest ofi E€bruary 2022 at 1.6%lostridiumspecies

were prevalent in Monitored Soil, with two speci€s,bowmaniand C. butyricunpresent, however
Clostridiummspecies together only had a relative abundance of 0.12%.
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Figure 29Heatmap of relative abundance of soil samples and background soil at species level.
Includes species that had an average relative abundance of >0.03% over the sampling period (n=21).
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Note the differences in key range for the two groups. This is due tepheies present in

background samples having much higher relative abundances than those in monitored soil.

When looking at changes in the bacterial community of soil at species level over the whole sampling
period, multiple species show elevated abundanger February, March 2022 in monitored soil.

Such species includBacillus longiquaesitupandMethylotenera mobiligFigure 30, as well as
Mycobacterium vaccaeandFlavobacterium succinicanBoth February and August saw heavy

rainfall, as well as oreases in soil moisture content.
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Figure 30Abundance of species in monitored soil samples at Endcliffe Park in relation to rainfall.
Daily rainfaldepth plottedon secondary axis

Diversity of observed bacterisbmmunities

Throughout section 2, comparisons have been made between the bacterial community composition
of monitored soil as well as background soil by looking at taxonomy. By further calculating several
diversity indices, and using statistical analyskfferences within and between the communities can

be examined.

Alpha Diversity

To determine alpha diversity, 3 unique measures were calculated at species level (Table 6.)

Table 6 Alpha diversity measures for sampled and background soil (n=21).

Sample type Date CIFAGK{ ACERichness| { AYLA2Yy Qa
index index index
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Monitored Soil 72.01 1833 0.64
22/11/2021

Monitored Soil 41.72 1634 0.51
13/12/2021

Monitored Soil 148.75 854 0.60
22/1/2022

Background soil 41.08 675 0.51
22/1/2022

Monitored Soil 138.70 458 0.60
16/2/2022

Background Soil 65.43 420 0.62
16/2/2022

Monitored Soil 162.22 1109 0.56
23/2/2022

Monitored Soil 73.17 1171 0.56
16/3/2022

Background Soil 80.38 553 0.61
16/3/2022

Monitored Soil 76.18 797 0.46
31/3/2022

Monitored Soil 44,56 236 0.20
30/5/2022

Background Soil 35.89 1645 0.54
30/5/2022

Monitored Soil 215.28 1939 0.65
17/8/2022

Background Soil 167.24 255 0.58
17/8/2022

Monitored Soil 88.59 848 0.57
18/8/2022

Background Soll 20.28 1742 0.64
18/8/2022

Monitored Soil 52.61 523 0.57
19/8/2022

Background Soll 20.29 2100 0.68
19/8/2022

Monitored Soil 115.31 1679 0.70

7/9/2022
Background Soil | 7/9/2022 97.93 1250 0.58
h@dSNJ GKS al YL Ay3 LISNA2RI az2AiAf al YLX Sa

metric, compared to background soil samples (P <0.01). Howtheze was no significant difference
between the evenness values for the two datasets. For soil samples, there was a positive correlation
0SGi6SSYy ClIAGKQA
was also true, howeverthe BaNB f | G A 2 v
alpha diversity metrics for background samples were highest from A«Rpmtember 2022,
LINS @A 2 dz&
LISNA2RXY CFAOKQA
species richness was (on average) highest over NovemberMagh 2022, but similarly showed an
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Beta Diversity

Tocalculate Beta diversity, weighted unifrdistance analysis was used. This phylogenetically aware
metric takes into account presence and absence of species, as well as aburatahtsethus
guantitative. This allows differences to be tested betweeonitored soil and background soil
composition at a species level. Figure §iows the plotted weighted unifrac values for the two
sample groups. The two datasets are distinguishable from one another but do not seem to form
discrete clusters. This indicates that the groups are similar in terms of beta diversity. Testing this
using PERMANOVA analysi®ws that there is a difference between the two groups, however this
is only significant at P <0.05 (P=0.022).

. endcliffe_park

endcliffe_park background

Axis 2 (15.25 %)
[ 1 ®
i}
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o 0
AR 1-(49.62 %)

Figure 31PCoA (Principal Coordinate Analysis) Emperor plot based on weighted unifrac distance
analysis using soils samples (n=20)

4.7.4 Endcliffe Park water with comparison to Monitored Soil

Physicochemical analysis and estimation of bacterial abundance of soil

Table 7 shows the physicochemical data obtained from water samples, along with coliform counts
and rainfall (5 day cumulative). Over the sampling period, fewer water samples werediatkes

site, this is due to the nature of the site (water only available to sample on occasion of heavy rainfall
for longer periods). Therefore, water samples cover the period between December 2021 and August
2022.Recorded pH ranges from 6.89 ori"I&ugust 2022, to 8.48 on ¥8Vlarch 2022. Seasonal

trends cannot be determined, however average pH of water is slightly higher at 7.82 than that of
monitored soil (7.95). Water temperature peaks at 9.3°C dhMérch 2022, with lower

temperatures observed @r the Winter months.
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Coliform counts ranged from the lowest count of 10000 ol E6bruary 2022, to a high of 480000
on 17" August 2022. The highest 5 day rainfall depth was also recorded"bRe28uary 2022 at
54.6mm.Too few data points were avalike to test for correlationsWater samples tend to have a
lower coliform count compared to soil samples (Table 5), with the avaraliferm count for soil
samples over the period being over double that of water.

Table 7 Results of physiochemical analysis, and coliform counts of soil samples (n=6).

Bacterial Community Compositiar water samples

After sequencing, taxonomic analysis showed that there were a total of 21 assigned phyla presen
water samples (Figure 320nly one phylumChlamydiaavas present in water but not in soil.

However, this phylum only appeared in one sample, at an abundance of 0.14%. In water and soil, the
most abundant phylum was Proteobacteria, however in water samples the relative abundance on
average across the wholersale period of this phylum was much higher at 34.338mpared to

just 16.82% in soiDn 18" March 2022 and 31March 2022, only one phylum was present in water
samples Proteobacteria, at 67.7% and 33.5% (along with unassigned phyla).
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After removing any unassigned genera, as well as genera at an average relative abundance of <0.3%,
14 genera were detgied in water samples (Figure 38DNA from samples from ®@1arch 2022

and 3F'March 2022 were not able to be assigned at genus landlso are not included in the

following data). Of th 14 assigned generane genus was unique to only watePedobacter The

most abundant genus in water on average for the whole sampling periodrismebacteriumat

2.1% (Figure 37). This was madnan double the average relative abundancd-tsfvobacterium

found in soil samples, at only 0.9%. However, with only 6 water samples taken over 4 months at it is
not possible to robustly interpret seasonal tren@ther genera with relatively high abundasin

water includedlanthinobacteriumand Pseudomonasyhich had their highest abundance values on

17" August2022after a heavy rainfall eventhis date also saw the lowest water pH and highest
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number of coliform countsJanthinobacteriunand Pseudomonas/ere also found in soil samples,
however the abundance of these genera were much higher in water than in soil.
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Figure 33 Relative abundance at genera level of water and soil samples (only genera at >0.3%
abundance) (n=15

Soecies detected at an average abundance of <0.05% for the whole sampling period were filtered
out and the remaining speciemalysed and plotted in Figure 3%he threshold (0.05%) is lower for
water than that of soil, due to the higher relative abundance of species generally displayed by water
samples in comparison to soil samples.
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Figure 34Heatmap of relative Abundance of water samples at species lehlides species that
had an average relative abundance of >0.05% over the sampling period (n=4). Species labelled with
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Of the 15 species found at >0.05% abundaoce, third were also detected in soil samples at

Ay

>0.03% relative abundance (Figure F3avobacterium succinicamsas the most abundant species
detected in both water and soil sampt€k6% average abundance over the whole sampling period
in water, and 047% in soil sample8 species of theseudomonagenus were also present in water
samplesPseudomonas fragi, viridflava, umsongensgigh Pseudomonas fragThe three species

together created an overalRseudomonaspecies abundance of 0.21% on average over the sampling

period. NoPseudomonaspecies are present in soil samples or background soil samplesOn 17

August 2022 (after a heavy storm), a more diverse range of species were detected compared to the

azyaA

other sample dates. This date, saw the appearance of 5 species that did not appear in water samples
taken on any other date. These species wéeinetobacter rhizosphaerae, Burkholderia glathei,

Sphingomonas azotifigens, Nocardioides plantarandPseudomonasifdiflava. All of these
species were present at between 0.22% and 0.25%.
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Diversity of observed bacterial communities

Alpha Diversity

To determine alpha diversity, 3 unigue measures were calculated at species level (Table 8). In water
samples,Faitta t5 FyR !/ 9 wAOKYCSHANIZE NENB nimMEK FA I K2 y{ Arvrd
highest on 17 September 2022.

Table 8Alpha diversity measures for water samples (n=4).

Date |ClI AGKQ&| ACERIichness| { AYL&A2Yy Qa
index index
13.12.21 94.25 1525 0.59
16.2.22 119.02 1464 0.44
23.2.22 140.84 1894 0.55
17.8.22 65.71 1027 0.68

Beta Diversity

Figure 35hows the separation in the two datasets by the clustering of peinticating differences
in the microbiome composition between soil and water samples.
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El water
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Figure 35PCoA (Principle Coordinate Analysis) Emperor plot based on weighted unifrac distance
analysis using soil and water samples (n=15).
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Testing this statistically using PERMANOVA statistical analysis of weighted unifrac distance values
revealed statistical sigficance, at P = 0.001. P<0.01 and so the significance wasreghing that

there was a meaningful difference between the microbial microbiomes of water and soil at species
level. This difference between soil and water was more significant than theetitfe between
background and Monitored Soil (Figure 35).

4 .8 Discussion

4.8.1Effect of frequent urban flooding on the soil bacterial microbiome

Throughutilisation of ecological diversity measures, coliform counts, and next generation
sequencing, a significant difference was found in the soil bacterial microbiome at locations subject to
frequent urban floods, in comparison to locations that receive aodlwater. It is recognised that
flood waters can impact receiving soils, depleting nitrogen and oxygen content, altering
physicochemical factors, and also changing the microbial structure (Franabli2021, Furtalet

al., 2020). However the floodwat ecosystem itself is variable, and many factors includiogd
source, flow rate, and flood duration can influence the impact the water goes on to have. For
example, on the one hand, flooding can lead to a reduction in bacterial activity, due to the
destabilisation of the normal environment amdeation of suboptimal condition&pnzalezt al,
2016) Alternatively, the influence of flood water can actuatigrease bacterial diversity in soils and
sediments irsome instances, usually due to translooatbf contaminants and pathogens carried in
floodwater, and then deposited onto soils or surfackehantonget al., 2015). In this study, the
latter has proven to be true in the monitored field sites. A significantly higher number of coliform
counts werefound in soil samples taken from both urban flood sites sampled, compared
background samples. The dolim counts here, were specifically coliform speei@dreundii andE.
coli. These species are traditionally used to indicate the presence of féedesrget al., 2000;
Odonkor and Ampofo, 2013; Guariabal.,1987), and so the higher numbers found in the
monitored soil samples not only suggests teatoliand C.freundican be transferred from the urban
flood waterinto the soil, but also that the urban floodwater itself is potentially contaminated with
faeces, and thus other potentially pathogenic or dangerous bacteria.

At both sample sites, a significant difference was also found between the bacterial divésitiso
FFFSOGSR 0& dzaNblty FE22RAY3I FyYyR o6FO13INRdzyR &l YLIX S
indices were significantly higher in monitored soil than backgrouneieditating a higher species
richness a higher number of unique species presdhshould be noted that alpha diversity alone is
not enough to conclude bacterial community differences, with previous studies showing conflicting
evidence on how flooding affects this diversity meagiiteandleBoggis, 2018; Shen et al., 2018).
Onelaboratory based study found frequent floods increased alpha diversity of the bacterial soil
community, however, a wider scale study looking at wetlands, found the opposite, with alpha
diversity of the soil bacteria higher during a drought year, comparediwod year (RandiBoggis,

2018; Sheret al., 2018). With different studies showing contradictory results, there is no certain
consensus on the effect of urban flooding on alpha diversigpin Howeverby also calculating beta
diversity,one can be more confident in the influence flooding has on diversity as a whole.

In this study, Beta diversity, showed a significant difference when tested using the weighted unifrac
distance metric (Lozupone and Knight, 2005)s metric shows that thbacterial composition at
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species level is significantly different between background and monitored soil. The significant
differences detected in both alpha and beta diversity suggest that urban floodwater is a driving
factor in altering and even increagiacterial diversity of soil at urban flosdes This was also

shown elsewhere in a lab based soil column study, with significant differences in soil bacterial
diversity found using 16s rRna sequencing, however this study showed that the longeothe f
duration the lower the alpha diversity, with diversity highest on the first day of the simulated flood
(Sao et al., 2023). This could explain the higher alpha diversity values measured in monitored soil in
our study, especially since the field sample sites selected were flofvdgdently.

Diversity measures have shown there is a difference in bacterial community structure, but to see
what that difference looks like taxonomically, sequencing was perforineoking at sequencing

data at a phylum level, reveale2l2- 23 different phyla of bacteria present in soil at sites affected by
urban flooding. Of the phyla found in soil samples882 were also present in background soil
samples. The bacterial communftund in both monitored and background soil are generally
dominated by phyla commonly seen in the soil microbiome, such as: Proteobacteria, Acidobacteria,
Actinobacteria, Verrucomicrobia, Chloroflexi, and Planctomycetes among others éDain@018).

The interesthere is in the phyla exclusively found in soil from the urban flood area, this includes:
Spirochaetes,Fusobacter, Synergistetesntisphaerae, an@hlamydiae. Species of these phyla
include opportunistic pathogens, known to cause disead®imans, such ahlamydia trachomatis

in the Chlamydiae phylum (Becker, 1996), &ndobacterium nucleatuin the Fusobacter phylum

(Han, 2015). Species from the phyla Synergistetes are found in the human intestinal tract
(Marchandin et al., 2010) and fepgens in the Spirochaetes phylum are known to cause Lyme
disease via contaminated soil or water (Ditmar, 2011). The presence of these bacterial phyla indicate
potential faecal contamination, but also indicate potential health risk.

Analysing further, athmoving down to the taxonomic level of genus revealed further differences in

the bacterial structure between background samples and samples from the flooded sites.
Pseudomonaand Flavobacteriunwere present in affected soils at both of the sites sampled. It is

not surprising thaFlavobacteriunis present this genus is common in many environmental biomes,
including river sediment, soils, and freshwater{ T { A S A Ol I y R. Thiddads] 26a 1 | X
does not contain species known to be pathogenic to humans, howElarobacteriunhas been

(rarely) isolated from clinical samples in immugompromised patients with bacteremia, urine

tract infections and soft tissue infections (Steinberg and Betrd)., 2010)Flavobacteriummore

commonly poses a problem to aquatic environmenigh many species being pathogenic to

freshwater fish, causing devastating losses to populations (Loch and Faisal., 2015). From this study, it
can be suggested that bacia of this genus must have be@ansferredinto the soil from the

floodwater- due to it being absent in any background samples, and being present in the floodwater
samples.

Much likeFlavobacteriumPseudomonais a genus with bacterial species tlaaie able to colonise a
wide range of habitats (Madigan, 2005). Although at species, |IPgeludomonaspecies pathogenic
to humans was not detected in the solil in this studlgeudomonas viridiflaweas found at Tongue
Gutter at ~0.2% (on average). An opjpmistic pathogenic to plant®. viridiflavacan devastate crop
yields, causing necrosis in plants, and Rkeeroginushas shown antimicrobial resistance (Lipps
and Samac, 2021). Additionally, it is thought that environmental Pseudomonas speeits, lik
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viridiflava, could even act as a vehicle for the transmission of resistance genes to human pathogens
such a®. aeroginusqordova et al., 2022)

4.8.2Bacterial Microbiome of floodwater and bacteria of conceéfnngue Gutter

Atthesite W¢ 2 y3dzS Ddzi G SNRZ 41 GSNJ &l YL S& gSNBE O2ff SO
rainfall. The outlet pipe at the site was spilling almost constantly, leading to the theory that this may
be a misconnected outlet pipe.

When analysing the bacteriagtSy dza ' yR alLJlSOASa € S@Stx (gThe Of SI NJ
first group is composed of bacteria associated with the human intestinal tract and indicate faecal
pollution. Bacteria in this group includepseburia, FaecalibacteriuamdRuminocoags- theseare

found in the intestines and colons of humans, aiding in digestive processeeduraing

inflammation in the bowels (La Reau and Suen, 2018; Lopez et al., 2017; Nie et al APSRdgies

level, several species belonging to the aforementioned genera were detected. This includes human
gut bacteria such asBifidobacterium adolescentis, Prevotella coand Faeclibacteroum

prausnitzii, along with two Ruminococcus speciRginausandR.bromii.This is interesting, the

presence of human gut bacteria, suggests that the floodwater is contaminated with hwastg

This is expected given the source of the flood is a sewer outflow pipe, dilute sewage and thus FIB are
likely to bedetected. However if the system at this site was functioning as it should be, these types

of bacteria should only (theoretically) be detected during heavier rainfall, when the sewer system
becomes overloaded, however at this digrasunitzii, R.gnavuand R.faecisyere detected on 7

out of 8 sample visits. This suggests human waste is discharged to this site frequently, and thus that
the system is not functioning as expected, perhaps due to a misconnection. This raises the possibility
for this to alsdbe the case at other urban flooding sites, where an outflow pipe is the source of the
flood.

Another group of bacteria found in the urban floodwater at this site contains genera known to
cause disease amongst humans. Genera in this group inélcidetobacter, Arcobacter,
Pseudomonaand Bacteroidetes.No pathogenic species belonging to the genéwinetobacteand
Pseudomonawere detected. Howevepathogenic species belonging to tAecobacterand
Bacteroidegienera were found3 out of the 5known Arcobacterspecies are pathogenic, causing
mild disease in both humans and animals, with symptoms including diarrhoea, and stomach pain
(Colladoand Figueras, 2011). This study did find one such pathogenic species present in the
sampled flood water

Bacteroidess a genera of bacteria that are major colonisers of the human colon, and play an
important role in human gut healti{Hooper et al., 2002). Species within this genera are not
explicitly pathogenic, however, boacteroides fragiliand Bacteroides ovatusre two species
detected in the floodwater of this study that are known to cause clinically significant infection if
spread into the bloodstrean(saghir and Reddivari, 202B)jisease is usually caused from the
displacement of the baetia already in the body, i.e. from int&bdominal abscesses/ulcers etc, and
so disease caused from this species via contact with floodwater is less likely.
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After taxonomic analysigt is becoming apparent that the floodwater contains a range of baaiteri
species, originating from different ecological niches, but most pertinently ,species are present that
may indeed pose a risk to human health, with potential pathogens and disease causing

bacteria being present.

4.8.3Bacterial Microbiome of Floodwater and bacteria of cone&mndcliffe Park

Given the origin of the urban flocat Endcliffe Parkt could be theorisedhat the flood water
would only be made up of surface/rain water, and so bacteria assooreitbd sewage, and thuthe
human gut/faeces are unlikely to be found.

At this site, it is likely during lower rainfall that the floodwater being sampled is mostly made up of
surface water, and as such the coliform counts are lower, whereas during hajhfally the gully at

the site spills, meaning the floodwater now has another source of bacterial input, and thus increased
coliform counts. However, a larger range of samples and thus data is required to draw any solid
conclusions on the relationship bedéen coliforms and rainfall amount in floodwater at this site.

Unlike the floodwater at Tongue Gutter, no bacterial species commasggciated with the human
gastrointestinal tract were detected. This is positive in terms of the site functioninghsduld this
indicates that the gully that surcharges at this sitiss not discharging water contaminated with
sewage, but only discharging surface/rain water.

The only bacteria of concern found in floodwater at this site Rssudomonasyith no
Pseudomonaspecies detected in any monitored or background soil samBlepecies of the
Pseudomonagenus were present in water sampl&seudomonas fragi, viridflava

and umsongensiswith Pseudomonas fraghe most abundant of the three. However, mudte the
Pseudomonaspecies detected in floodwater at Tongue Gutter, none of these detected species are
pathogenic or harmful to human¥\fu et al., 2015)

4.8.4Transfer of bacteria between the soil and flood water interface

Having discussed the bacteria present in soil and waterajipgrent that some species are present

in both sample types. Species usually found in water are present in soil, such as soil dweller
Methyltonera mobiligound in flood water at Endcliffe Pgrénd vice versa, such Beormidium

murrayi, a freshwater bacteria, found in monitored soil at Endcliffe Park. This naturally leads to the
theory that the bacteria are transferrdaetween the soil and water interface (AfAAshour et al.,

1994), usig the floodwater as a vector (Caillon et al., 2021; Okaka et al., 2018). Transference from
the water column, onto or into surfaces and soils is not uncommon, and it is widely known that
many bacterial species do thisowever many factors can affect andlirence this including physieo
OKSYAOIFtT FIFOUG2NE 2F 020K (GKS az2AbfthesoRthes I G SNE | f 2
bacteria is moving to, and of course the morphologieatures of the bacteria itself (Yang and van
Elsas, 2018).

As mentioned, the floodwater can act as a vehicle, transporting bacteria during a flood event.

Naturally when this flood water flows over soil, it has the ability to infiltrate into the soil. This means
the bacteria may also do so. When discussing infiitrathe slope of the ground, as well as physical
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properties of soil, includingomposition, particle densityand texture can significantly impact the

water holding capacity of the soil, and also affect the infiltration rate of water into the sole(@tat

al., 2019). Coarser soils usually have sand as a component, and tend to have higher infiltration rates,
due to few, large, pore spaces. Soils with high clay contents, although reducing the infiltration rate,
can hold more moistureprotecting the bateria from desiccation, and also from UV (Adestijal.,

2013).

In this study, soil at both sites were found to be made up primarily of coarse sand, with some gravel.
This would indicate that water, and thus bacteria suspended in the water, would bdaiifiltrate

into the soil at a relatively fast rat&he soil properties at the sample sites in this study, including
structure and composition as well as moisture content, were suitable for facilitating the infiltration

of floodwater and thus bacteritom the floodwater and into the soil.

During a flood event, the soil is likely already saturateith the pore spaces filled with water ,

slowing the infiltration rate, and so other factors related to the bacteria itself, such as motility,
hydrophobidty, and sorption ability will become more important in terms of bacterial movement.
Despite this, of the bacteria found in soil and water at the sample sites, 3 areotie and so

could rely on the floodwater as the sole means of transport. One suctetia isProsthecobcater
debontii found in soil and water at Tongue Gutté.debontiiare norrmotile and commonly found

in freshwater (Hedlund et al., 1996). It is thought their presence in the soil is from deposition by the
floodwater, especially sinago P.debontiiare detected in background soil samples.

Thus far, passive movement of bacteria has been discussety the floodwater as a means of
translocation into the soil via infiltration. However some bacterial species are capable of active
movement using features such as flagella to aid motility. Tiésns such bacteria could move
independently of soil moisture/infiltration. Reasons for movement could be to reach more
favourable conditions for growth and survival, (to reach an area with optimal pH, temperature, more
nutrients} known as chemotaxisneaning bacteria could move from soil into water, or from water

into soil, using the flagella to drive this movement (Adshour et al., 1994). Of the bacteria found in
both soil and water samples in this studiydicating movement between the twdwo specées found

are in fact flagellum driven. These specieskevobacterium succinicaasad Pseudomonas
umsongensis

When looking aE.succinicanspecifically, there is always a higher relative abundance of this species
in the water compared to the soil at Tongue gutter (Site 1). The aveidgd water at this site

7.7- is closer to the optimum pH fd¥.succinincansf 7, than the average pH ebil- 7.9. At

Endcliffe Park, the relative abundance of this species varies over the sampling period. Interestingly a
higher relative abundance &f.succnincanis found to again, potentiallype dependent on pH of the

soil and water. When the soil pbl ¢loser to the optimum of 7, a higher relative abundance is

observed in soil, and when the pH of water is closer to the optimum, then a higher relative
abundance is seen in water. Thus, it could be theorisedRtaiccinicansioves between the soil

and water interface to reach a more favourable environment.

Other factors directly related to the bacteria can also have an effect include sorption behaviour of
the bacteria their ability to attach to soiparticles and also whether the bacteria have thbility to
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go on to form biofilms. Adsorption of bacterial cells from water to soil depends largely on the pore
aAlS 2F GKS &a2Aaft FyR Ffaz2 GKS ol OGSNRIE OStfQa
type with a small pore size, and sogimeans there is more time for bacteria carried in the water to

form an attachment to soil particles (Jiang, 2005). Additionally, it has been found that motile cells

have an increased adsorption rate, and decreased desorption rate to soil particles conpaia
Y20AfS OStftad ¢KAA Aa (GK2dzaKG G2 0SS RdzsS G2 (GKS
pilli, also aiding in attachment (McCaulou and Bales ,1995).

Another factor that can affect the adsorption of bacteria to soil particles ib#uterial cell surface
charge. Bacterial cells have a net negatilextrostatic charge (at pH >&8ye to the presence of
teichoic acids or lipopolysaccharides present within the cell, wahning they would repel

negatively charged soil particledecreasing adsorptionbut be attracted to soil particles with a
positive charge, which would increase adsorptf{ptan et al., 2013)or example, bacteria including
Campylobacterare often attracted to clay particles. Clays can accumulate nutriessysibly

bound NH4+ cations, which can then be passed to bacteria via ion excliaagdore providing
bacteria with nutrition to aid survival in the soil (Burford et al., 2003; Cuadros, 28aWever,

bacteria can actually alter cell surface propestia a soil environment due to the secretion of
extracellular polymeric substances (EES) et al., 2021 )with studies finding conflicting evidence as
to whether the EP#icreases or decreases repulsion, and thus ability for bacteria to adsorb, due to
electrostatic chargéKim et al., 2009; Tong et al., 2010). The EPS and the ability to alter cell surface
properties, including charge, is also important in biofilm forma{ibonlan, 2001)EPS can

neutralise the repulsive electrostatic forces between liglearged bacterial cells. Bygcoming part of
the EPS matrix, the charge of an individual bacteriaise#iduced, allowingdhesion, rather than
repulsion,between cells (Mahto et al., 2022).

Permanent adsorption of bacteria to soil particles can faliofilm formation. Formation of a

biofilm can aid survival of bacteria but also increase the bacterial resistance to antimicrobials and
antibiotics via up/down regulation of portions of their genes (Prakash et al., 2003). This is relevant,
as it has bee found that FIB, along with opportunistic pathogens, can attach themselves to existing
biofilms, integrate, and thus survive for several weeks longer than theidifreg counterparts
(Wingender and Flemming 2011).

2 AYy3ISYRSNJ I yR althdbioh Yoakiigda®diinkigwadeBr gféatured bacterial species
similar to those found in this studyCampylobacter, Pseudomonas, Legionelta. This suggests

that perhaps FIB, and pathogenic bacteria found in floodwater in this study could attacHitm&io
present in the soil, and survive for long periods of time, especially since biofilms in soil have been

Y
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As well as the factors discussed above, naturally there aiethora of other factors that can affect
movement of bacteria between the soil and water interface including additional physicochemical
factors: temperature of both soil and water, salinity of water, flow rate of water passing over soil,
and nitrogen corgnt of soil among others. However, this discussion has focused on the observed ,
measured, factors believed to have influenced the species detected at the sample sites. Although it
appears that somébacterial species found at urban flood sites do haveahiity to move between

soil and water, no pathogenic species detected in this study appear to do so. This is encouraging in
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terms of the long term risk posed by such bactehiawever this study only focuses on a small
sample area (2 sites) and so does mean conclusively that pathogenic bacteria could not move
from water to soil. In fact many pathogenic species are known to do so. For exgrmpliaas been
found by several studies to migrate from surface water into top soil lagespite unfavourale
conditions (Xin@t al.,2017; van Elsaat al., 2010).

4.8.5Seasonal changes in bacterial communities at urban flood sites

At both locations sampled, seasonal changes are seen in the bacterial community , seemingly driven
by rainfall , and thus also the source of the flewdhich is quite different at the two sites in this
study.

In the floodwater sampled at Tongue Gutteeysral faecal associated species were found to be

most abundant followingperiods of heavyainfallin March and August 202&uch species that
increased in abundance includdehecalibacterium prausnitzii, Bifidobacterium adolesceatisl
Roseburia facis.All 3 species are known to be found in human faeces, and were detected in
floodwater samples only (hot in soil samplésy Reau and Suen, 2018; Lopez et al., 2017; Nie et al.,
2021).1t can be theorised that higher abundance of such species folllwangy rainfall is due to
contaminated water and surface water discharging from the outlet pipe at a higher rate and volume
during heavy rain (Xu et al., 2017). Higher numbers of faecal badierialiand intestinal

enterococci, after heavy rainfall hawimilarly been seen in a study tracking contamination of a river
by a discharging CSO in Paris (Passerat et al., 2022). The outlet pipe at Tongue Gutter spilled on
every visit, even during days with no rainfall (thought to be due to a misconnection¥oatie

faecal contaminants present in the spilled watErgrausnitzii, B. adolescentis, R. fagwisre still
present, even on visits when rainfall amount had been lovaerall at Tongue Gutter, rainfall

amount appeared to be a driver of changes in biaeterial community of soil, but for the bacterial
community in water especially, the role the source of the flood, and thus contamination plays, is also
of importance.

At Endcliffe Park, in the soil samples, several species had an increased abundamgthduwo

months the highest rainfall amounts were sedrebruary and August 2022. Such species included,
Flavobacterium succinicans, Mycobacterium vaceadCellulomonas xylanilyticklowever, these
species also showed similar increases in backgt@ail over the two months. This could indicate

that the change in abundance is driven generally by rainfall amount, and not necessarily impacted
only by the application of floodwater onto the soil. Especially since it has seen shown that increased
rainfal can alter soil geochemical properties, increasing soil moisture, nitrogen and carbon content,
creating a more favourable enviroment for bacteria to survive (Cruz et al., 2012,Van Gestel et al.,
1993) Howeverf-. succinicanwas also detected in floodwat samples, with an increase in

abundance in February and August téo succinicansas been found in both soil and freshwater
SY@ANRYYSyiGta oD22R S Fft®X wnnnT %KIFIy3a SG |t o
however it could be theorised #t due to the increase in abundance when rainfall amount is higher
that this species originates from floodwater spilling from the gully. However this species is also
found in background soil samples, and so may be present in the soil community naturaligpgaes

into the water during a flood event.
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For water samples from Endcliffe Park, due to limited data, seasonal changes could not be
distinguished (data only available for December 2021, and January, February and August 2022).

4.9 Conclusions

From this research it can be concluded that:

1 The bacterial structure of urban floodwater is diverse, and often influencetidogource of
0§KS Tt 22 RSieés thhtddvd fldniviagycdntaminated by sewage haigher
(alpha) bacterial diversity.

9 The variability of bacterial structure of soil samples is due to a large number of species at a
very low relative abundance (rare species) but in water , the most abundant species are
responsible for the majority dhe composition of the community .

1 Urban floodwater can contain pathogenic species that can compromise environmental and
public health, along with those that can cause human disease, including species of
Arcobacterand Bacteroides

1 Species of th®seudomonagenera, known to exhibit antimicrobial resistance were
detected in soils at urban flood sites.

1 Soils at urban flood sites have a long term altered bacterial structure compared to soils not
affected by flood water, quantified by measuring betaaisity and determining statistically
with PCoA and PERMANOVA analysis.

1 Species found in urban floodwater are also found in soils at the site, meaning the bacteria
may be transferred between the soil and water interface, using the floodwater as a way to
infiltrate into soil, or via active movemensing morphological features to aid motility.

9 Bacterial communities in both soil and floodwater at an urban flood site show seasonal
changes, including changes in diversity, and bacterial abundeuieh may bedriven by
bacterial preference to different moisture and temperature conditions that fluctuate over
the seasons.

T . FOGSNRIFEf O2YYdzyAGiASa akKz2g | NBaLRyasS Ay GKS
events evidentasincreases in bacterial abdance.

This study provides new insights on the presence, risk and behaviour of bacteria at urban flood sites.
Although it has been shown that potentially pathogenic and diseasising bacteria are in fact

present in the soil and water at urban flood sitésrther epidemiological and medical research

would need to be carried out to fully evaluate the risk they may pose to public health. This could
include research into the bacterial survival rates under different conditions, but also research into
the exposureaoutes, and also dose required for iliness to océdthough focusing on the long term
effects, this study did also find bacterial community responses to short term heavy rainfall eh@nts.
try andunderstand the short terms effects further another fiestldy could be carried out, sampling
more frequently(perhaps dailyafter each heavy rainfall event, tmllectdata on thedynamicsat

play over a shorter timescaleomplimenting the data collected fronfis long term studyWith

urban flood events liédy to increase in frequency over the coming years, data from this study
consolidated with information from aforementioned suggested studies, could be used by authorities
to determine the safety of areas subject to frequent urban flood events, especidayms of

bacterial risk, and risk posed to public health.
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Chapter 5

Exploring shortterm microbiological hazards of urban floods in the
UK through bacterial community rmalysis

5.1 Abstract

This study investigated the short term microbial risks associated with urban floodwaters, focusing on
the presence and dynamics of faecal associated bacteria and poteatisgensn the 3 days
following a flood event.

Microbial dynamis were investigated in urban floodwater and soil samples taken from two field

sites over 3 days following an urban flood event. Methods used included coliform counts,
measurement of physicohemical factors, and lllumina sequencing of the 16s rRNA gene.

Bacteria associated with faeces includirgecalibacterium prausnitziand potentially pathogenic
bacteria Dialister invisusvere detected in floodwater at one of the urban flood sisampled(F.
prausnitziiat both visits D. invisust October visibnly). Despite the bacterial risk found in flood

water, monitored soil samples showed no evidence of faecal contamination or pathogenic species in
the 3 days following a flood event, suggesting that flood water rather than soil serves as the primary
sourcefor bacterial risks. Changes in the bacterial community were seen over the 3 sampling days in
both soil and water, with the presence of faecal contamination thought to have altered the soil
bacterial community structure, including reducing diversity. &atébn of traditional coliform counts

and DNAbased sequencing outcomes revealed the limitations of relying solely on chiasex

methods for assessing faecal contamination in urban flood sites. While coliform counts indicated
faecal pollution, 16s rRNgene sequencing identified a broader range of bacterial species of

concern, including potential pathogens.

This study contributes valuable insights into the shertn bacterial dynamics of urban flood
events, emphasising the importance of, flood origiasd surveillance methodologies in assessing
microbial risks to public health.

Keywords:short term risk, urban floods, seMater interface

5.2 Introduction

In the UK, sewer systems, once considered pioneering feats of engineering duringptiesption in

the Victorian era, now face significant challenges due to ageing infrastructure, blockages, and
pressures arising from increasing urbanisatiompermeable surfaces and increased population
densities (Campos et al., 2025). These factors coechivith increased occurrence of extreme
weather events (mainly due to climate change effects) means spills from combined sewer systems
are happening more frequentlijH{rabayashi et al., 2013%pills that occur in an urban ardarming
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Urban flooding poses significant dangers to both people and infrastructure. Rapidly rising water
levels can lead to property damage, displacement of members of the pubtigften disruption to
transport if streets become flooded. The inundation of public spaces and sewage systems with urban
flood water can create health hazards due to contamination with faecal bacteria (from the sewage
system) present in the flood water.

Thebacterial communities present in urban floodwaters can pose a significant threat to public
health;this is mainly due to théact thaturban floodwaters often contain sewage, and thus faecal
associated bacteria and pathogens. Among the most prevalent pathogens in the public realm are
Escherichia coli (E. gpbalmonellaspp., andCampylobactespp., which thrive in the nutrienatich
environment of floodwaters (Ten Veldhuis et al., 2010). These bacteria can enter the human body
through ingestion, inhalation, or contact with contaminated surfaces, leading to disease or infection
(Arnone and Perdek Walling, 2007)

Not only are the bactéa a risk in the floodwater but it is known that bacteria from the water
column can transfer onto surfaces the floodwater moves edepositing bacterial contaminants
(Taylor et al., 2013). For examgegolicommonly present in wastewater, has been foundseveral
studies to migrate from surface water into top soil layatsspite the unfavourable conditions (Xing
et al., 2017; van Elsas et al., 201D)colihas been found to survive at temperatures of less than 30
degrees, with very little nutritionfor almost a year in soils, with it taking32months forE.coli
concentrations in soil to significantly decrease following an input event (application of wastewater or
manure) (Jiang et al., 2005). In contrast, looking.atoltransferring onto other tban surfaces, one
study , that of Scoullos et al., 2019 found that wienoliwas deposited via simulated floodwater
on impermeable urban surfacesoncrete and asphalthat no viableE.colicells were recovered

after 24 hours. This study found thisss mainly due to the effects of sunlight on soil moisture
content (Scoullos et al., 2019). Another study lookel .atoland Enterococcus faecalg. faecalis
survival on wood and brick surfaces after a simulated flood. A significant increase iriddatiéeoff
was observed over 8 days, with the biggest reduction in viable bacteria in the first-hdaysly

due to lack of nutrients and again, reduction in moisture (Taylor et al., 2013).

Once transferred to the soil environment, bacteria can pefsisextended periods, remaining
viable and potentially reemerging during subsequent flood events or even leaching into
groundwater reservoirs (Casonovas et al., 2018; Nieder et al., ZDMi8)increases the potential risk
to public health causing infetions when in contact with pathogeni&acteria.

Bacterial risk in flood situations is usually quantified using traditional metitdisire-based

methods, and detecting faecal indicator bacteria (FIB) (Gronewold et al., 2008) . thalsae

methods offer simplicity and versatility, allowing for the gtiication and isolation of bacterial

colonies, at a low financial cost. However, these methods underestimate bacterial concentrations
due to factors such as uneven distribution of bacteria on agar plates and the presence of viable but
non-culturable (VBIT) bacteria (Ferguson et al., 2012). Such methods usually use selective media to
identify a selected number of FIB speeigschE. colandenterococciwhich are indicative of faecal
contamination and serve as proxies for pathogen presence (Holcombtewdr§ 2020). FIB may

not always correlate with the presence of specific pathogens, and so these methods may be useful
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to identify contamination but do not present the full picture of the risk the bacterial community may
pose (Saingam et al., 2020). TM@rome these limitations, this study uses 16s rRNA sequencing
allowing for the direct analysis of all bacterial DNA present in a sample. Sequencing has many
advantages, including high sensitivityarticularly valuable when studying complex environments
such as soil and floodwater where many bacterial species coexist at varying abundancéleels (
and Wildeboer, 2017)The use of this molecular method allows a more comprehensive picture of
the bacterial diversity present in the samples to be createithout having to account for growth
requirements of each species that may potentially be present.

This risk posed by bacteria present in flood water, has been styd@adously but usually focusing

on the long term bacterial effectstudying flooded NBEIF aX F2NJ Y2y G K&a5F F2NJ 2y f &
extreme flood eventsGasteel et al., 2006; Castiioafiez et al., 2015; Strauch et al., 200bdng

term studies are useful for examining trends over extended periods, helping any seasonal patterns
or driversto be identified. However, short term studies on microbial dynamics are needed to
complement this existing data. Firstly, short term studies allow for the immediate effects to be
captured,including the rapid changes in dynamic micropiapulations source of pollution, levels of
risk, and exchange between soil and water, and environmental conditions in the direct aftermath of
an urban flood event. A shaterm study is also useful in immediately being able to identify risk
factors such as faecal comténation. If the timescale of the risk is determined , authorities could use
this data to advise and create guidelines to safeguard public health in the area. Finally, short term
data could- be used to validate existing long term data, adding to databasdsmodels, improving

the ability to forecast future flood risks and inform better flood management strategies.

To build a better understanding of the short term bacterial risk at urban flood sites, this study will
focus on the specific aspects of : idi€éying the bacterial communities present in soil and water in
the 3 days following an urban flood event, and determining movement of bacteria across the soil
water interface. This study will also look at how potential contamination of floodwater implagts t
bacterial community structure of receiving soils, and whether traditional cuHb@aged methods
(Heterotrophic plate counts and faecal indicator bacteria) are most appropriate for assessing
contamination at an urban flood site.

5.3 Materials and Methods

5.3.1 Experimental rationale and overview

In order to investigate the shoterm dynamics of bacterial communities structure present in urban
floodwater sites,a field study was carried out, visiting sites in the days immediately after an urban
flood event, and taking samples every 12 hours. This allowed shifts in the community structure to be
tracked over a period of 3 days.

Short term flood studies have been performed previously, however these tend to look at floodwater
only, often sampling at a sylar time point to determine the bacterial community captured at one
moment, rather than looking at the temporal changes over thewater interface (Addison

Atkinson et al., 2022; Kapoor et al., 2018 ). As well as this, studies typically tend toridbes

analysis of a small number of pathogenic specigsally those used as faecal indicators, such as

E.colj and coliform species (Edberg et al., 2000).

Collecting data on the bacteria present in soil and water in the immediate onset and short term
aftermath of an urban flood event will not only provide an insight into bacterial dynamics but will
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also give information on how the bacterial community changes within and between the soil and
g1 GSNI AYGSNFI OSo ¢ KA A ¢ kinieffolloiSg alflbodiod whicRday/ifi A T & (1 K S
any, do bacteria from urban floodwater pose a potential risk.

5.3.2 Sample site selection

The same two sample sites; Tongue Gutter and Endcliffe Park, were selected as outlined in Chapter
4.

5.3.3. Sampling regime

Sampling for this study was opportunistic, with visits planned when consistent rainfall had been
20aSNWSR Ay GKS INBIFO® {FYLXSa ¢6SNB (KSy 2yfteé |0
surface water was visibleincreased rainfall did not alwa mean surface water was present to be

sampled. With this in mind, samples were taken from Sitddngue Gutter on two occasions, once

in September 2022, and once in October 2022 (Table 9). At Sted2liffe Park samples were only

able to be taken owne occasion in June 2023 (Table 9).

Table 9 Site visits in relation to cumulative rainfall amount

Cumulative Rainfall Amount 5
days before day 1 of 3 day

Site Visited Month Visited .
visit/mm

Tongue Gutter September 2022 | 41.2

October 2022 56.2

Endcliffe Park June 2023 30.8

On each occasion the site was sampled for three consecutive days. On each visit, triplicate soil
samples weragaken, from 0-10cm depth, at both sites using a basic handheld soil algps.sample

depth was selected, dhis study was focusing on the short term dynamics of the bacteria in the 3

days following a flood, and thus it would be expected any transferred bacteria would be present
towards the soil surface, rather than deeper into the soil prdf#erset al.,2010; Peterset al.,

2012) As well as this, the soil surface was of more interest in this study as members of the public are
Y2NBE fA1Sfe (42 SyO2dzyGSNJ GKS az2AifQa &adz2NFIFOS I yR
portions of the soil. Tkiis important to consider especially given the overall objectivehather a

hazard is posed to public health in the short term following an urban fl8od.samples were taken

in the same approximate 1m x1m area at each flood site in a section obderbedaffected by

flood water regularlyControl (background) soil samples were also taken located close by to the
sample site but in an area not known to flood as outlined in Chapter 4. Samples were placed in Ziploc
plastic bags and sealed to prevent idirout. The samples were stored in the dark and transported
within 4 hours of collection to the laboratory and stored at 4 °C (again in the dark) until analysis was
undertaken. This minimised any potential changes in the microbial communities in tisarsmles.

For the molecular genomic work, 50 g ssdmples of soil were sealed in small plastic bags and were
presened atg20 °C for DNA analysis.
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Flood water samples were also obtained when possible, at eachrasiTongue Gutter, samples of
flood water were taken at every visit. This was due to the fact the surface water outflow pipe was

always spilling, regardés of rainfall amount (Figure B6

Figure 36 Sample location at Tongue Gutter. A= Visit in September 2022. B=visit in October 2022.

Whereas, at Endcliffe Park, water samples were only able to be taken on one visit, after rainfall of
>30mm (cumulative amount 5 days before sample visit) (Table 1). This was due to the origin of the
flood at Endcliffe Park being a gulilsis only overfloved, creating a surface flood wheainfall was
higher (Figure 37(see Chapter 4 for image of sampling location) .

Figure37. Sample location at Endcliffe Park . A= A visit in August 2022 when surface floodwater was
not sufficient for samplet be taken rainfall was <20mm 5 days prior to visit, . B= a visit in June
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2023 when surface floodwater samples could be taken, and rainfall amount was >30mm 5 days prior
to visit.

5.3.4. Rainfall Monitoring

To understand the influence of precipitation bacterial dynamicsainfall was monitored using

AAAAA
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period @an be seen plotted on Figures 38, 39, andlGhese figures, bars indicate the level of
precipitation several days before the sampling took place, and black bars are showing satapting
Both sites were flooded when the daily rainfddipth 2-3 days before sampling was above1®

mm.

Only the declining phase of the flood cycle was monitdsasnpling 3 days after the flood event),

this was due to the main aim of the study focusing more on the potential bacterial hazards posed by
floodwater in the time the flood has already formed, and also after a flood. Therefore the arrival of
the flood wasnot as important. As well as this, from a practical point of view, it was more difficult to
plan sampling and monitoring during the rising limb of the flood cycle, this would have required
more intense monitoring of both sites to witness the flood formatisomething which would have

been difficult to predict based on weather forecasting and rainfall monitoring alone. It would also
have been difficult to take a large enough volume of floodwater to perform adequate analyses,
during the rising limb of thddod cycle.
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Figure 38Daily rainfaldepth over September 2022. Black bars indicate days of site visit to Tongue
Gutter- 7, 8", 9" September.
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Figure 39Daily rainfaldepth over October 2022. Black bars indicate days of site visit to Tongue
Gutter- 24" 25" 26" October.
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Figure 40Daily rainfaldepth over June 2023. Black bars indicate days of site visit to Endcliffe Park
218, 220, 239 June.

5.3.5. Sample analysis

5.3.6 Physicehemical factors, CFU counts, and soil classification

Soil and water pH , water temperature, soil moisture content, soil organic content and soil particle
analysis were all carried out as outlined in Chapter 4. Coliform CFU counts, using a selective media to
grow onlyE. coland Citrobacterfreundiiwere dso carried out as described in Chapter 4.
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5.3.7 Molecular genomic methods

The use of these molecular techniques allows the characterisation of those components of the soll
microbial community that currenththat cannot be cultured (Hosokawa et al., 202RNA

extraction, quantification and lllumina sequencing of the 16s rRNA gene: including a test PCR and gel
electrophoresis, was carried out as described in Chapter 4.

5.3.7.1 Bioinformatics: DNA sequences analysis

Bioinformatic analysis was carriedtaas outlined in Chapter 4, follomg the steps shown in figure

41, with the only exception of sampling depth. For this study the sampling depth was set at

minimum- 2000 and maximum680000reads The sampling depth is different to that of the study

AY |/ KFLWGSNI ny RdzS (2 GKSasS alyYLX Sa o0SAy3a aSldzsSyc
rarefaction curves, of which the sampling depth is based.

Trimming Download
. - Trim adapter L
Fastq Files » » -sequences in trimmed
. se‘quences . demultiplexed format
= Ui Gl - Downloaded into Qiime2

. . . Denoising & Dereplication
BIOInformatICS Filterschigmeras g

H H H - Creates ASV’s &
DIVEI‘SIty Indices WO rkﬂ ow representative sequences
- Alpha and Beta indices

calculated. ‘

i Phylogenetic Tree 7 Taxonomic Classification
- To account for sampling Construction -
depth variation. - Unrooted tree -
- Rooted Tree -

Using Greengenes2 database
Figure 41 Pipeline of workflow used for bioinformatics analysis.

16s region of interest extraction
Classifier training
Taxonomy bar plots created

5.3.8 Diversity Indices

To fuly investigate the bacterial diversityithin the samples both alpha and beta diversity metrics
were calculated in Qiime2, as described in Chapter 4.

5.3.9 Statistical Analysis

In order to determine differences and correlations between physitemicalfactors,coliform

counts and abundance species A0 F GA&AGAOFE Fylfearazr AyOfdzRAyYy3
independent ttest, Principal Coordinate Analysis and PERMANOVA analysis , was carried out as
described in Chapter 4.

5.4 Results

This section describes in detail the results of analysis of phgbimical factors, soil analysis,
taxonomic analysis, and diversity indices measured. Any differences or correlations between factors
are outlined. The section is split by sample §itéh the exception of soil characterisation data).

5.4.1 Soil characterisation: Soil particle size and class/type
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Soil was sized and classified according to British Standard 1377 Baitish (Standards Institute,

1990. Results including a sagitadation curve are shown in Chapter 4. In short it was found that the

az2Af 4 We2y3dzS DAziGSND 61 & LINBR2YAYylLyidfte O2F NAS
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present of a slightly smaller size than that of Tongue Gultter.

5.4.2 Tongue Gutter

Soil and water samples were collected during two, three day visits to this site. The first visit was in
September 2022. Although monitored soil, floodwatedabackground soil samples (soil samples

taken in an area at the site not affected by surface flooding) were taken on each day, not all samples
- once DNA was extractedvere of high enough quality or of high enough concentration for
subsequent sequenain(according to the thresholds set by the NEOF Liverpool sequencing lab). As
such, physicochemical data, and coliform counts data is available for all samples, however taxonomic
data is only available for background soil samples from Day 3 of the Septeisibamonitored soil

from Days 2 and 3 and water samples from Days 1 and 3 (Table 10).

For the second visit in October 2022, monitored soil and water samples for all 3 days were analysed
and also sequenced (bacterial taxonomic data available for allleamop all 3 days). Taxonomic
data is available for background soil samples only on days 2 and 3 (Table 10).

Table 10 Samples taken from Tongue Gutter over September and October 2022 in relation to
whether taxonomic data is available for each sample.

Month of Visit | Sample | Sample Type Taxonomic data
Day availability

Day 1 | Background Soil No

Monitored Soil No

Water Yes

Day 2 | Background Soil No

Sep ] ]
Monitored Soil Yes

Water No

Day 3 | Background Soil Yes

Monitored Soil Yes

Water Yes

Day 1 | Background Soil No
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Monitored Soil Yes

Water Yes

Day 2 | Background Soil Yes

Monitored Soil Yes

Oct Water Yes

Day 3 | Background Soil Yes

Monitored Soil Yes

Water Yes

5.4.2.1 Physicochemical analysis astimation of bacterial abundance of monitored soil,
background soil, and floodwater

Table 11 includes physicochemical data obtained from soil and water samples, along with coliform
counts for all 3 sample days in September and October 2022.

Firstly, he September visit will be discussed. For soil samples, the pH range of monitored soil was
significantly lower than that of background sivalue = 4.52., p=005.). The highest pMalue was
observed on day 3 for both background and monitored soil. For background soil, the soil moisture
content increased over the sampling days, however monitored soil had the highest soil moisture
content on day 2 at 39.Drganic content of backgrodrsoil was variable but was highest on day 3

at 13.35%. Therganic content of monitored soil was similarly variable, with the highest value of
10.77% on day 2. Organic content was higher in background soil than in monitored soil on days 1 and
3 only.

Coliform counts for background soil ranged from 10000 to 20000 CFUs per gram of soil. Coliform
counts in monitored soil decreased over the sampling days, but a significantly higher count was seen
for monitored soilcompared to background sdit-value= 595. p= 0.0003).

Water pH was significantly lower than monitored soil phidlue =9.67. p = 0.0003) andecreased
over the sampling days. Water temperature did not vary over the sampling Gajiorm counts
increased over the sampling days, insieg from410000 on day 1 to 700000 CFUs/ml on day 3
This is opposite to the trend seen in monitored saitlecrease in coliform counts over the sampling
days.
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Table11.Results of physiochemical analysis, Coliform counts, and rainfall amount (n=18).

Month Cumulative rainfallmount 5 days Sample Sample | pH Soil Temperature/ | Organic Coliforms* /per
of Visit | beforefirst sample visit/mm Day Type Moisture/ | 3 Content of | gram of soil or ml of]
% s0il/% water
Day 1 Backgro | 8.24 | 20.65 N/A 11.58 20000
und Soll
Monitor | 7.88 | 28.12 N/A 6.59 780000
ed Soil
Water 7.37 | N/A 10 N/A 410000
Day 2 Backgro | 8.20 | 18.58 N/A 8.72 10000
Sep 41.2 und Soil
Monitor | 7.88 | 39.70 N/A 10.77 610000
ed Soil
Water 7.35 | N/A 10 N/A 580000
Day 3 Backgro | 8.50 | 38.87 N/A 13.35 10000
und Soil
Monitor | 7.90 | 32.33 N/A 8.72 280000
ed Soil
Water 7.18 | N/A 10 N/A 700000
Day 1 Backgro | 7.38 | 30.36 N/A 14.20 0
und Soil
Monitor | 7.09 | 26.97 N/A 23.55 50000
ed Soil
Water 7.64 | N/A 10 N/A 250000
Day 2 Backgro | 8.01 | 31.64 N/A 14.58 0
Oct 56.2 und Soil
Monitor | 7.30 | 40.92 N/A 8.16 780000
ed Soil
Water 7.31 | N/A 10 N/A 500000
Day 3 Backgro | 7.77 | 31.19 N/A 20.65 0
und Soil
Monitor | 7.18 | 30.12 N/A 6.85 N/A
ed Soil
Water 7.47 | N/A 10 N/A 600000

Coliforms*=E. colandC. freundicolonies
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Next, the October visit is discussed. The pH of monitored soil was vatiajest pH was observed
on day 2, with the lowest on day 1 (Table 11). Monitored soil pH was significantly lower than
background soil pH-talue =2.74. pvalue =0.026). Moist@rcontent in background soil samples
ranged from 30.131.64%, whereas monitored soil had a larger range of 26:91082%. Organic
content of soil was variable for both background and monitored soil with no clear trend, and no
significant difference inhe values between the two data sets.

No coliforms were detected in background soil samples, but coliforms were detected in monitored
soil on every day of sampling. The highest number of coliform counts was found on day 2 (780000),
with the lowest on day 150000).pH of water was highest on day 1 (7.64) and lowest on day 2
(7.31).Water temperature did not vary over the sampling dagsliform count in water was highest
on day 3 (600000) and lowest on day 1 (250000). Coliform count in water did nelatenvith any
physicachemical factors measured.

5.4.2.2 Bacterial Community Structure

This section describes the analysis of the bacterial community present in each sample at phylum,
genus, and species level.

Phylum

Figure 42 shows the percentage olative abundance at phylum level of background soil,
monitored soil and water samples from both site visBeptember and Octobebased on assigned
F{+Qao

For the September visit, taxonomic data is available for background soil on Day 3 onlyptAdia?6
detected in background soil wesdso foundin monitored soil. In addition to the 26 phyla monitored
soil shares with background soil, an additional 10 unique phyla were also present. On both sample
days, the most abundant phylum in mitored soil does not change and remains as Proteobacteria

at >20% each day.

Much like the monitored soil samples, Proteobacteria was the most abundant phyla in water over
both sample days, >35%. Although at a higiteindance in water than that of monited soil (~10

20% higher)Proteobacteria relative abundance in both monitored soil and water samples decrease
over the sample days. All phyla found in water were also present in monitored soil, apart from
Riflebacteria, founanly inwater on day 1 at <0.1%.
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Figure 42 Comparison of relative abundance of bacterial communities present in monitored soil
,background soil , and water samples at phylum level from both site @isifs3). Unassigned taxa
gSNBE 3INRBAZLISR Ay (2 Y-Wisydala@ reflefedtR D00 telatiBeThBuNdanbe.

For the October visit, the number of phyla increased over the days in monitored soil from 20 phyla
on day 1 of sampling, to 36 phyda day 3 On all 3 sample days, Proteobacteria is the most

abundant phylum at 15980%. 18 phyla are present on all 3 sample days in monitored soil, including
Acidobacteria, Bacteroidota, and Campylobacterota among others. All phyla detected in background
soil were found in monitored sgihowever 19 phyla in monitored soil are uniquethe monitored

soil samples, and thus are not found in background soil samples. These phyla unigue to monitored
soil include phyla such as: Methanobacteriota, Halobactariand Aureabacteria.

For water samples, the number of phyla decreased over the days from 35 on day 1 to 14 phyla on
day 3. Whereas in soil the number of phyla increased. Like with monitored soil, the most abundant
phylum in water ovetime was Prot@bacteria. On all 3 days, the relative abundance of
Proteobacteria was much higher (~33% higher) in water than in monitored soil. 14 phyla were
present in water on all 3 days of sampling, including phyla such as: Firmicutes, Deinococcus, and
Bdellovibronota. Water and monitored soil shared all but 4 phyla. The 4 phyla unique to water
were: Chlamydiota, Dependentiae, Elusimicrobiota, Zixibacteria. All of which appear on day 1 only,
at very low relative abundance (001%%6).

Genus

91



At genus level, sequences that were not assigned to a genus were removed, along with any
sequences that had a relatiadundance of <0.5%n all days sampled to simplify the presentation
of results.

Firstly, looking at the data fro the September visitFigure 43on day 2, 45 genera were present in
monitored soil representing 26.5% of the actual bacterial community. The number of genera
decreased by over half on day 3 and inclu@éaivobacterium, ClostridiunandCellvibrio.. In total

only 14 genera were present in soil for both sampling days. Of these genera, only 3 increased in
relative abundance over the 2 days. These wéakamurella, OhtaeckwangjandFlavobacterium
However, the increase was relatively small, betw8dbil and 0.06%.

For background soil from day 3, only 22 genera were present. Only 5 genera detected in background
soil were also present in monitored soil, includMgcobacterium, Nakamurella, Desulfobacca,
HyphomicrobiumandTerrimicrobium.

On day 146 genera were present in water, with the number of genera increasing to 50 on day 2
representing almost three quarters of the total bacterial community.5%. On day 1, the most
abundant genus waklavobacteriunat almost 5%. On day 2, the most abuntgenus was
Phocaeicolaincreasing from 1.2% on day 1 to >3% on day 2. On day 2, 23 new ganefaund on
day * appeared Monitored soil and water shared 10 genera includiggudomonas, Cellvibramd
Azonexusamongst others. Of the genera foumviater only, many faecal associated genera were
present, includingPhocaeicola, Bifidobacterium, RosebudndFaecalibacteriumall of these
genera increased in water over time.
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Luteitalea Luteolibacter Macellibacteroides Mariniphaga Marmoricola Merdicola
B Methanobacterium B Methanocella Methanoregula Methanosarcina B Methanothrix W Microbacterium
B Micrococcus B Microcoleus B Microlunatus B Micromonospora B Micropruina H Miltoncostaea
W Mycobacterium B Nakamurella Nevskia Nitrosarchaeum W Nitrosocosmicus Nitrospira
N Nocardioides M Odoribacter N Ohtaekwangia W Paenibacillus N Paludibacter W Paludibaculum
Paludisphaera Paracoccus Pararheinheimera Pedobacter Peredibacter Phenylobacterium
B Phocaeicola u Pirellula M Planctopirus H Polyangium H Polymorphobacter M Prevotella
Propionivibrio Pseudobdellovibrio Pseudolabrys Pseudomonas W Pseudoxanthomonas Reyranella
W Rivicola M Roseburia M Roseiarcus W Roseimarinus M Roseococcus M Roseomonas
Rudaea Ruminococcus Saccharofermentans Sandaracinus Sediminibacterium Selenomonas
u Shinella u Sideroxydans Singulisphaera Solirubrobacter u Sphaerotilus m Sphingomicrobium
u Sphingomonas u Sphingopyxis H Sporosarcina u Stenotrophomonas W Sulfuricella W Sulfurimonas
Sulfurospirillum Tahibacter Tangfeifania Tepidiforma m Tepidisphaera Terrimicrobium
B Thauera B Thermomonas M Thiocapsa W Thiovulum W Tidjanibacter M Urbifossiella
Variibacter Vitreoscilla Williamsia Williamwhitmania Xanthobacter Xanthomonas
W Zavarzinella

Figure 43 Comparison obacterial communities present in monitored soil, background soil , and
water samples at Genus level (n=13). Filtered to include only genera with a relative abundance of
>0.5% on at least one of the sample days.

During the October visitip to 33% of tk total bacterial community was represented by monitored
soil samples. On day 1, 25 genera were pnége monitored soil, (Figure 430n day 2, the number
of genera in monitored soil increased by over double to 52, including the appearance of 35 new
generasuch asAcinetobacteyParacoccuand Flavobacteriumat >1%. On day 3, the number of
genera decreased by 10, to 4nly 9 genera were present in monitored soil over all 3 days. Of
these genera, 8 , includinlylethanobacterium, ArenimonasndPseulomonashad the highest
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relative abundance in soil on day 1, at 0-2%% respectively. 12 genera present in monitored soil
were also present in background soil

In water samples, a much higher number of different genera was detected on all three days,
compared to monitored soil samples. 51 genera were detected in water on day 1, but only
representing 18% of the total bacterial community. This indicates the community was made up of
lots of low abundance genera.

On day 3, an even higher proportion oktbacterial community was represented (81.25%), but with
the lowest number of genera present at 49. This indicates the community in the water on day 3 was
made up of a lower number of unique genera that had a higher relative abundance than those on
days land 2. 5 genera appeared on day 3 oiMycrococcusFlectobacillusElizabethkingia
BrevundimonagsandInsolitispirillumat 0.51.3%. 33 genera were present in water on all 3 sample
days, this includes many genera associated with faeces and/or pathagesties . These genera
included:Legionella, Faecalibacterium, Clostridium, AkkermalgalobacteriumandRoseburia

12 genera found in water were also found in monitored soil, includdsgudomonas,

Flavobacterium, Bifidobacterium, and Clostrididrhese genera were present on all 3 sample days in
water, however abundance levels and presence in soil were variable, fluctuating for each genus over
the sample days.

Species

At species level, all samples were filtered to include species with a reddtivelance of >0.5% on at
least one sample day. This was due to the high number of low abundance species present in the
samples. To accurately describe and analyse the plethora of species present background soil and
monitored soil data wilbe presented fist in Figure 44with water data separate in figure 45

Looking firstly at the September visit, for monitored soil, on day 2, 20 species were present
representing >13% of the totabmmunity (Figure 44The number of species decreased to just 9 on
day 3.. Only 4 species were present on both sampling days. Of these 4 species, only one increased
over time- Peredibacter starrithe other three:Nakamurella flavida, Chryseotalea sanaruenaisd
Terrimicrobium sacchariphiltirdecreasedN. flavidaand T. sacchariphilunwere theonly species in
monitored soil that were also found in background soil. Both species have higher relative abundance
in background soil than in monitored soil.

At the October visit, for monitored soil, 35 different speciese detected over the 3 sampling days
representing up to 16% of the total bacigrcommunity present (Figure %4This means that only a
small proportion of the community was represented after unassigned species were removed and
filtered . Onday 1, 16species were presen®On day 2, the number of genera present in monitored
soil increased to 28n day 3, the number of genera in monitored soil decreased to 21 species,
however, 2 new species appeardhludibaculum fermentarend Aggregatilinea lenta
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Sep Day 3

Background Soil

® Acinetobacter bohemicus
Aquihabitans daechungensis

W Arenimonas oryziterrae

W Cavicella subterranea

W Chthoniobacter flavus
Desulfoprunum benzoelyticum

M Ferruginibacter lapsinanis

W Haliangium ochraceum
Lentimicrobium saccharophilum
Methanothrix soehngenii

B Microlunatus aurantiacus

W Nakamurella multipartita
Nitrospira defluvii
Paludibaculum fermentans

B Peredibacter starrii

W Pseudomonas guryensis
Roseimarinus sediminis
Singulisphaera rosea

W Tepidiforma bonchosmolovskayae

Williamwhitmania taraxaci

Sep Day 2 Sep Day 3

W Aggregatilinea lenta

B Arboricoccus pini

W Breznakibacter xylanolyticus

B Chryseolinea serpens
Defluviicoccus seviourii

W Desulforhabdus amnigena

B Gaiella occulta

B Hydrogenispora ethanolica
Luteolibacter luojiensis

m Methanothrix soehngenii

B Micropruina glycogenica

B Nitrosarchaeum koreense
Nocardioides cynanchi

W Paludisphaera borealis

W Pirellula staleyi

W Reyranella soli
Roseomonas lacus
Sulfuricella denitrificans

W Terrimicrobium sacchariphilum

W Amaricoccus kaplicensis

W Arenimonas maotaiensis

M Caulifigura coniformis

B Chryseotalea sanaruensis
Desulfomicrobium apsheronum

m Dongia rigui

® Geobacter psychrophilus

M Lacipirellula parvula
Methanocella arvoryzae
Microcoleus vaginatus

B Nakamurella flavida

M Nitrosocosmicus hydrocola
Paenibacillus plantarum
Pararheinheimera texasensis

M Pseudomonas guguanensis

M Roseiarcus fermentans
Sideroxydans lithotrophicus
Tangfeifania diversioriginum

m Williamsia faeni

Figure 44 Relative abundance of species present in monitored soil and background soil samples at
both visits (n= 8) . Filtered to include only species with a relative abundance of >0.5%, on at least one
of the sampledays.

95



Regarding the water samples for the September visit. On day 1, >10% of the total community was
represented, with 17 species (Figutg). This increased to 22 species on day 2. On both sampling
daysPhocaeicola vulgatusas the most abundant spexs, at 0.9% relative abundance on day 1, and
increasing to >3% on day 2. This leaves only 6 species present in water over both sampling days. All

of those species, which includBfiocaeicola vulgatysaecalibacterium prausnitandPrevotella
copri,increased ovetime. Only two species found in water were also found in monitored soil:
Peredibacter starriand Pseudomonas guguanensis. P. stadreases in both water and monitored
soil overthe time.
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Sep Day 1

W Acinetobacter puyangensis
Alistipes onderdonkii

W Aquaspirillum putridiconchylium

M Bacteriovorax stolpii
Bacteroides luhongzhouii

W Blautia faecis

M Cellvibrio gandavensis
Dialister invisus
Flavobacterium lotistagni
Geothrix fermentans

W [ acihabitans soyangensis

B Nakamurella multipartita

W Pararheinheimera texasensis

m Phocaeicola vulgatus

M Prevotella paludivivens

W Pseudomonas guryensis
Sandaracinus amylolyticus
Sulfurospirillum arsenophilum

W Tidjanibacter inops

Sep Day 2

Oct Day 1

m Akkermansia muciniphila

B Alloprevotelia timonensis

W Aquimonas voraif

W Bacteroides graminisolvens
Bacteroides rodentium

W Blautia uti

B Clostridium paraputrificum

B Faecalibacterium prausnitzii
Flectobacillus lacus
Insolitispirilfum peregrinum

W [uteibacter yeojuensis

W Nevskia soli
Peredibacter starrii
Prevotella copri

B Prevotella stercorea

W Roseococcus flocculans
Selenomonas lacticifex
Thermomonas fusca

Oct Day 2

Oct Day 3

Alistipes finegoldii

W Anaerastipes faecalis

B Arenimonas metalli

M Bacteroides graminisolvens

B Barnesiella intestinihominis
Brevundimonas terrae

H Coprobacter fastidiosus

B Flavobacterium collinsense

W Fusicatenibacter saccharivorans
Lachnospira eligens

B Macellibacteroides fermentans

B Odoribacter splanchnicus
Phocaeicola dorei
Prevotella oryzae

B Pseudomonas guguanensis

B Ruminococcus bromii
Sphaerotilus natans
Thiocapsa marina

Figure 45Relative abundance of species present in water samples (n=5). Filtered to include only
species with a relative abundance of >0.5%, on at least one of the sample days.
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