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Abstract

Industrial sites contaminated by petroleum hydrocarbons present complex ground-

water challenges and environmental risks. Remediation efforts are costly and effi-

ciencies vary over time. Natural source zone depletion (NSZD) involves the gradual

degradation of petroleum hydrocarbons through biogeochemical processes. Microbes

aid in this degradation, utilising chemotaxis to move towards hydrocarbon sources.

This thesis investigates the distribution and interactions of chemotactic and hydro-

carbon degrading (CD) microbes through field and laboratory studies. The first

study utilised predictive metagenomic profiling (PMP) and ecological analysis to

infer functionality and the spatial relationships existing within core samples col-

lected from a legacy site. The second study assessed how microbial communities

of varying degrees of chemotactic ability might interact, via the creation of geneti-

cally engineered Pseudomonas strains. This “chemotaxis mutant toolkit” was used

in conjunction with a novel quantitative soft-agar swim fluorescent chemotaxis laser

scanning assay to investigate microbial interaction and biomobilisation. The first

study found that naphthalene drives the occurrence of CD taxa, including mem-

bers of the Pseudomonadaceae family. The second study found that a co-culture of

chemotactic and non-chemotactic petroleum hydrocarbon degrading Pseudomonas

strains has a significantly greater colony perimeter than an equal biomass of non-

chemotactic mutants, therefore potentially carrying greater biodegradation poten-

tial. This study also found evidence of microbial interaction and biomobilisation

of P. putida F1 cheA by P. putida F1 due to variations in the fluorescent inten-

sity profiles producing radial distributions atypical of non-chemotactic bacteria. In

conclusion, chemotactic and microbial transport parameters within existing NSZD

models should be reviewed to accommodate for CD accumulation in areas of naph-

thalene contamination. Models should also account for the interactions of chemotac-

tic and non-chemotactic microbes that may occur within the subsurface. Thereby

providing a more accurate quantification of risk posed by petroleum hydrocarbon

contamination to groundwater as well as providing insight into how to design or

manage bioremediation strategy.
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Chapter 1

Introduction

Groundwater provides a vital source of drinking water for many communities world-

wide, fast becoming the primary source of water in arid and semi-arid regions (1 ).

However this essential resource is vulnerable to contamination, especially with a

growing worldwide population, increased industrial expansion and changes in agri-

cultural practices. This has led to the release of various contaminants, such as

toxic heavy metals, pesticides, microplastics and petroleum hydrocarbons into the

groundwater supply (2, 3 ). Combined with contamination from natural sources such

as the leaching of arsenic from natural mineral deposits, there is a growing global

concern and desire to ensure there is a sustainable and safe supply of drinking water

worldwide for future use (4, 5 ).

Extreme climatic variability poses an additional risk, due to the increased need to

over-abstract in times of drought and seasonable variability limiting groundwater

recharge. This further highlights the importance of maintaining and shielding this

resource from contamination (6 ). The following chapter outlines how groundwater

can be contaminated by petroleum hydrocarbon compounds and how it is remediated

by both abiotic and biotic processes, with a focus on how microbes within the

subsurface can assist in the bioremediation process.
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1.1 Petroleum hydrocarbon contamination

Petroleum hydrocarbon contamination is a major issue worldwide and could mean

the some of the current United Nations Sustainable Development Goals (UNSDG)

are not met. These are highlighted in the “Global assessment of soil pollution” re-

port, which list a number of goals directly and indirectly impacted by petroleum

contamination (7–9 ). The UNSDGs 1, 2, 3, relate to providing food for all, and

achieving “zero hunger”, as well as improving human health. Petroleum contami-

nation poses a risk to the attainment of these goals by impacting soil health and

in-turn food security. UNSDGs 6, 11, 14, 15 are also directly affected as they relate

to providing clean and “safe drinking water” for all, both in cities and the country-

side, as well as reducing the impact of contamination on “land degradation and loss

of terrestrial” and “aquatic biodiversity” (7–9 ).

Naturally occurring petroleum hydrocarbons originate from the deposition of dead

microorganisms, zooplankton and other flora and fauna. This matter has then been

deposited within a layer of sedimentary rock, which has then been subsequently

encapsulated below an impermeable geological layer and subjected to high pressures

and temperatures over millions of years. These petroleum hydrocarbon compounds

are generally extracted by production wells and separated into various petroleum

products via fractional distillation. It is at this point that they can pose a risk to

the surrounding environment (10 ).

Total petroleum hydrocarbons (TPH) can be released into the subsurface in the form

of crude oil, diesel fuels and jet fuels and pose a significant risk to the surrounding

marine and terrestrial ecosystems (Fig. 1.1) (10–12 ). Crude oils are comprised

of short chain alkanes (C6-C10), as well as monoaromatic hydrocarbon compounds

like benzene, toluene, ethylbenzene, and xylenes (BTEX). Crude oil also contains

polycyclic aromatic hydrocarbons (PAHs), such as phenanthrene, a prevalent con-

taminant at legacy sites, with other major sources being the incomplete combustion

of fuels. These compounds contain 2 or more aromatic rings. The structure of

phenanthrene, along with other common petroleum hydrocarbon compounds are

16



Fig. 1.1. Petroleum hydrocarbon structures. Chemical structures of
petroleum hydrocarbon compounds; hexane, benzene, naphthalene, and phenan-
threne.

shown in figure 1.1 (Fig. 1.1) (13–15 ). In contrast, diesel range fuels contain longer

carbon chained alkanes (C10-C40) and effectively no BTEX. Diesel range fuels also

contain paraffin (CnH2n+2) and some PAHs. Jet fuels generally contain 10 to 16

carbon atoms, as well as numerous additives to ensure stability (10, 16, 17 ). These

oils and fuels are all generally described as being light non-aqueous phase liquids

(LNAPLs), with densities less than that of water (18 ). Coal tar and extra heavy

crude oil fractions are examples of dense non-aqueous phase liquids (DNAPLs), due

to their densities being greater than that of water (19 ).

Leakages or spills from refined petroleum hydrocarbons are the most common cause

of petroleum hydrocarbon contamination, as the spills permeate the neighbouring

17



soil, migrating downward towards the water table and putting the groundwater sup-

ply and health of the surrounding ecosystem and population at risk (11, 20 ). It has

been reported that 30 % of spills are caused by human error, including poor opera-

tions, handling of materials and substandard maintenance, with other causes being

lightning, static electricity and structural failure (21 ). Groundwater contamination

differs from surface water contamination as it is harder to assess the total extent

of the contamination plume below the surface and therefore more difficult to assess

the most efficient remedial measures (11 ).

LNAPLs pose a significant contamination risk, due to the fact that their free-phase

layer can partition between air and water phases and reside on the top of the cap-

illary fringe, thereby allowing for the lateral proliferation of contaminants within

the subsurface (22 ). The density of DNAPLs means they often fall below the wa-

ter table, descending laterally along downward sloping strata to regions of lower

permeability until they are trapped or advance further downwards through a more

permeable feature, such as fracture, making the total volume of contamination and

extent of contamination plume difficult to gauge. The extent of a petroleum hy-

drocarbon spill is often estimated by measuring the distance from the source to the

farthest edge of the contamination plume. Plumes have been calculated reaching ca.

64 m, from underground storage tanks in Los Angeles, CA, with a contamination

plume 270 m in diameter and 350 m in length being measured around ruptured diesel

storage tanks at a train station in Yogyakarta City, Indonesia. In Perth, Western

Australia, petroleum leaked from a subsurface fuel storage tank and entered the

groundwater, travelling further than 400 m horizontally from the service station

(23 ). Kilometer scale contamination plumes have also been recorded, such as in the

case of the “Deepwater Horizon” subsurface hydrocarbon spill, with a plume ranging

from 22-35 km (24, 25 ). This variance in plume extent highlights the site-specific

nature of contamination plumes and that a myriad of factors such as the geology

and composition of the spill (e.g. LNAPL/DNAPL ratio) govern the extent of a

contamination plume (26–28 ).
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Enhanced climatic variability can also trigger a change in the contamination profile

of previously localised pockets of hydrocarbon, which initially did not pose a threat

by altering their distribution through fluctuations in the water table level (1, 29 ).

The need for more drinking water wells and irrigation systems, in periods of drought

further highlights this emerging risk (1, 29 ). These factors makes NAPLs generally

very difficult to remediate and as well as increasing the risk of human exposure (30,

31 ).

1.1.1 Health effects

Petroleum hydrocarbons that enter the groundwater system can pose a significant

risk to human health, with their levels being restricted by various laws depending

on the country and environment in which they are found (32 ). It is also important

to note that the toxicological effects of just a small fraction of these compounds

are characterised, thereby limiting the knowledge of the plethora of health effects

associated with individual petroleum compounds (20, 33 ).

Acute short-term exposure to ethylbenzene, for example, over a period of around

15 minutes can lead to dizziness and chest constriction, whilst exposure over longer

timescales can lead to changes in blood lymphocyte levels in humans, and possibly

cancer (34, 35 ). Another dangerous NAPL compound, naphthalene, can cause

hemolytic anemia in children, as well as a myriad of other serious health effects

and is prevalent in petroleum hydrocarbon contaminated sites globally (36 –38 ).

Hypertension, a key risk factor in coronary heart disease (CHD), is a commonly

reported effect of worker exposure during clean-up at spill sites, due to release of

volatile organic carbons (VOC). PAHs have been recorded crossing the placenta

blood barrier, with their metabolites being found in breast-milk. Both of these have

the potential to cause developmental issues (39, 40 ).

These compounds also have the ability to inhibit the development of terrestrial

ecosystems, altering the health and growth of plants by modulating their salt in-
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take. This causes errors in the plants natural metabolic function, resulting in the

deficiency of nutrients and chlorophyll, ultimately deforming the plants and altering

the hydraulic conductivity of the soil (20 ).

These factors along with their carcinogenic risk profile and ability to enter the essen-

tial groundwater supply make petroleum hydrocarbon contamination remediation an

essential avenue of research worldwide (33, 38, 41, 42 ).

1.2 Natural source zone depletion (NSZD)

Many engineering techniques, such as air-sparging and solvent washing, have been

developed to deal with contaminated sites, in order to hinder the spread of contam-

inants and facilitate their removal from groundwater (10, 43–46 ).

Air-sparging involves the injection of air at high pressures below the lowest extent

of the contamination plume (47 ). This air then rises through the saturated pores,

interacting with the existing NAPL contaminants, creating a transient state, with

air filling the existing pore space (47 ). The trapped contaminants in the soil matrix

which coat the pores then diffuse into the injected air and are removed from the

saturated zone by advection for further degradation processes (47 ). This process

however, requires sophisticated equipment, which can be expensive and is highly site

specific (48 ). Solvent washing on the other hand works by flushing solvents mixed

with water to remove NAPLs from contaminated pores, working most effectively

with hydrophobic organic contaminants. However, the more efficient solvents are

often expensive (49, 50 ).

An alternative, sustainable, and low cost approach is to utilise biological and abiotic

processes naturally present in the subsurface, to breakdown these compounds into

less hazardous and ultimately benign substances. This in situ natural degradation

of petroleum hydrocarbon contamination is known as natural source zone depletion

(NSZD) (10, 31, 43–46, 51 ). This involves the partitioning of LNAPLs, with some
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DNAPL components, into other phases (soil, water, and air) and their degradation

into less harmful and hazardous compounds by biogeochemical reactions, with nat-

ural attenuation (NA) generally being used to describe exclusively the biological

degradation (31, 52, 53 ).

Owing to the high cost of engineered contamination clean-up practices, it is ex-

tremely important to rigorously evaluate the cost of site specific remediation meth-

ods (51, 54 ). In Houston, Texas, USA for example, NSZD reportedly saved $12

million when it was chosen as the preferred remediation option for a petroleum con-

taminated “French Limited Superfund Site” waste site in Harris County, Texas, over

conventional pump-and-treat industrial practices. NSZD is also being used at other

petroleum hydrocarbon spill sites, such as Bemidji, Minnesota (10, 43–46, 55 ).

NSZD processes become increasingly important over time, as products weather and

decay, with the indigenous microbes playing a key role in the remediation of remain-

ing and recalcitrant contaminants. This long established bioremediation technique

has recently become increasingly favoured over more traditional industrial practices

(32, 51, 56–60 ).

NSZD relies on natural groundwater dissolution and biodegradation mechanisms,

which are governed by effective solubility, availability of electron acceptors and

groundwater flow in the vicinity of contamination sources (31, 44, 61, 62 ). Chemical

reactions and physical mechanisms such as, volatilisation and dissolution, also as-

sist in the NSZD of volatile petroleum compounds at the outset of a contamination

event (31 ). Measuring the abundance of electron acceptors in the soil is commonly

used as a tool to measure the rate of NSZD, along with emissions of soil gas and

pilot site testing (54 ). Oxygen consumption gradients are generally calculated to

assist in this process, with carbon traps also used to calculate carbon dioxide flux

in conjunction with carbon-14 analysis (54 ). A thermal profile of can also be used

to monitor the heat generated from the biodegradation processes (Fig. 1.2) (54, 63,

64 ).
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Fig. 1.2. Natural source zone depletion (NSZD) schematic. Brief descrip-
tion of the abiotic and biotic processes which control NSZD. The figure shows a
fracture in a petroleum hydrocarbon stage tank, with the contamination plume
originating from the source of the leak (After Lari et al., (2019)).
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There is a myriad of other factors which have been shown to contribute to NSZD

these are shown in figure. 1.2 (31 ). These NSZD processes can be divided into 4

groups; physicochemical processes governing fluid transport, partitioning and com-

positional changes of the NAPLs, reactions and processes in the vadose zone and

groundwater, and microbiological processes (31 ). Rivett and Sweeney (2019) wrote

a short technical bulletin further outlining NSZD, which contains some helpful vi-

sual aids, of the processes involved (65 ). The microbial degradation of the BTEX

petroleum hydrocarbon compounds is usually carried out by multi-component en-

zymatic, hydrolytic, mono-oxygenase and di-oxygenase systems. Mono-oxygenase,

uses one oxygen atom, whilst di-oxygenases uses two oxygen atoms to cleave the

aromatic rings, with lycolipids and hydrolytic enzymes excreted from the cells also

playing a role (66 ). This results in pyrocatechols and 2-hydroxy-substituted com-

pounds respectively, which are channeled into the TCA cycle via a range of pathways

(67 ). Anaerobic BTEX degradation utilises other pathways such as hydroxylation,

methylation, carboxylation and the reduction of the benzene ring following trans-

formation of the central aromatic intermediate benzoyl-CoA and ring cleavage, with

anaerobic and aerobic communities potentially coexisting (68, 69 ). Degradation

by oxidoreductase families are key to the degradation of recalitrant hydrocarbons.

Bacteria carry the oxidoreductase cytochrome P450, this enzyme plays a key role in

biodegradation, however it is less effective with high molecular weight PAHs (70 ).

This thesis will focus on microbial processes, specifically chemotaxis (No. 15) and its

interlinked role with microbial transport (interaction) and biomobilisation (No. 13).

Chemotaxis has recently been highlighted as a parameter within NSZD in need of

further investigation and quantification, if the NSZD of petroleum hydrocarbons is

to be fully quantified and modelled (Fig. 1.2) (31 ). The current microbial transport

parameter within NSZD traditionally focuses on advection and diffusion of cells, with

this thesis aiming to investigate transport of a more biotic nature as chemotactic

cells interact with other non-chemotactic cells. Therefore, this transport effect is

commonly refereed to as microbial interaction and/or biomobilisation throughout

the thesis (31 ).
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1.3 Brief description of chemotactic function

Chemotaxis has recently been highlighted as a biodegradation mechanism which

needs to be understood in more detail to fully quantify its impact on NSZD (Fig.

1.2) (55 ). This biological function grants certain microorganisms the ability to

transport themselves in response to a chemical concentration gradient and enhance

NSZD (71–74 ). This is defined as movement towards or away from a chemical

source (75 ). Generally, movement is in one direction, with the organisms rapidly

rotating their flagella via an ion flux motor. The flagella are leash like appendages

that have a diameter of around 20 nm (71, 76–78 ).

Pseudomonas putida cells can have several flagella in a polar lophotrichous arrange-

ment on the anterior of the cell, the cells flagella work together determining if the

cell “runs” or “tumbles” (79, 80 ). A counter-clockwise rotation aligns the flagella

and bunches them together, allowing the bacteria to swim in a straight line, whilst

a clockwise rotation de-couples the flagella, thereby causing the bacteria to tumble

into place, with the direction of rotation being down the flagella towards the cell

(81–85 ).

Various flagella arrangements and swim patterns exist (76 ). Spirillum volutans, has

a polar flagella arrangement, with flagella on both poles of the cell (76 ). Rhizo-

bium leguminosarum, a bacteria which is prevalent in soil systems, does not control

directional movement via changing flagella rotation direction, rather direction is con-

trolled by rate of clockwise rotation (86 ). This is perhaps related to an evolutionary

adaption to swimming in viscous fluids in the soil and aids them when swimming

in contaminated environments (86 ). Some Rhizobium leguminosarum bv. trifolii

strains for example, have been inferred to form a symbiotic association with plant

root systems and assist in the degradation of the petroleum hydrocarbon, chrysene

(87 ). If the chemotactic microbes become trapped in the pore space, they must

re-organise their flagella to break-free or come back in the way they came, with

their general movement being more akin to “hopping” and a Lévy walk with rests

(52, 88 ).
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Microbial species that exhibit chemotaxis-assisted hydrocarbon degradation have

been shown to enhance the rate of NSZD in column and microcosm experiments (89–

91 ). In a laboratory experiment, a chemotactic Pseudomonas putida G7 (PpG7)

strain degraded 90 % of naphthalene in six hours, compared to 30 hours for a non-

chemotactic mutant strain and a non-motile mutant strain. This was hypothesised

to be due to improved bioaccessibility attributed to chemotaxis (91 ). Indigenous

microbes present in the subsurface have been reported to possess the ability for

chemotactic assisted petroleum hydrocarbon biodegradation, such as; Alcaligenaceae

to alkanes extracted from a crude oil-polluted seawater in Daya Bay, South China Sea

and other PAHs isolated from a contaminated refinery in Mathura, India (92, 93 ).

Exploitation of this chemotaxis mechanism to manipulate microbe-driven NSZD

could therefore have far reaching bioremediation potential at sites undergoing NSZD

(89–91 ).

1.3.1 Energy burden of chemotaxis and flagella formation

Flagella bundles in E. coli rotate at a rate of ∼130 Hz, with the cell swimming at

∼25 µm s−1, with other microbes such as P. putida recorded at higher swim speeds of

∼44 µm s−1 (76, 94 ). The shape of the cell and how elongated it is also controls the

degree of chemotactic response, and ultimately its speed (95 ). The energy burden

of a chemotactic response by E. coli is estimated to be 103 − 104 ATP s−1 from in

vivo baseline measurements and an additional 103 ATP s−1 for sensory adaptation

(96 ). The cell’s propulsion has an energy requirement of 104 − 106 ATP s−1. This

means that at high speeds chemotaxis is thought to only require a small increase

in energy cost relative to the energy required for propulsion. However, at moderate

speeds of ∼25 µm s−1 the burden of propulsion and chemotaxis is comparable (96 ).

Chemotactic response thresholds vary depending on microbe (archaea or bacteria)

and attractant types, with chemoattractant thresholds on the order of mM or µM

and distances of µ, mm, and cm (97–100 ). For example E. coli cells can detect

attractants at a distance of 0.6 mm, from the tip of a capillary tube, containing 1 mM

of the attractant aspartate which formed a gradient of steepness 0.02 mM at a mean
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concentration of around 8µM (99, 100 ). Recent research has also investigated the

metabolic cost and energy burden of flagella formation and chemotaxis. Expression

of motility and chemotaxis proteins accounts for around 2-4 % of the total cellular

expressed proteins, these proteins could be expressed in other processes that lead to

improved growth rates, therefore a trade-off between growth and motility can thus

be hypothesised (96 ).

An experimental study by Ni et al., (2020) at the Max Planck Institute for Terres-

trial Microbiology found that a motile and chemotactic E. coli wild-type (WT) was

outcompeted by a chemotactic E. coli ∆flhC mutant, completely devoid of motility

in a well-mixed liquid environment containing an attractant (glucose or ribose), the

same occurred in a non-stirred environment (101 ). As the quality and source of the

carbon and attractant decreased in the co-culture the fraction of E. coli WT cells

decreased (with ribose being of a higher quality carbon source compared to glucose).

A similar result also occurred when a co-culture of E. coli wild-type (WT) and a

E. coli ∆fliC mutant, which only lacks the flagella protein flagellin was undertaken.

The metabolic cost of biosynthesis of the flagella is thought to be the primary reason

for this (96, 101 ). Therefore, during periods of starvation, motility would become

the overriding source of energy consumption, with prolonged starvation leading to

a decrease in the total number of motile cells (96 ). This may be part of an energy

saving mechanism, with some microbes being able to disrupt flagella function via

the binding of proteins to the flagella motor switch, thereby giving microbes the

ability to actively turn on and off motility (102 ).

Given the energy burden associated with flagella formation and their diversity in

function. It is essential to develop mutants of varying degrees of chemotactic ability

and motility, to investigate how they interact with each other in the presence of

a chemical gradient. This would provide a clearer pictures as to how chemotactic

cells may respond to petroleum hydrocarbon contamination in real-world porous

environments.
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1.3.2 Non-flagella driven chemotactic response mechanisms

It is also important to note that, chemotactic movement does not have to be driven

by the rotation of flagella; gliding, twitching, and sliding are alternative mechanisms

of chemotactic movement. Flavobacterium johnsoniae, for example, exhibits a glid-

ing response by the helical cycling of adhesion proteins along the substratum of the

cell, to propel themselves forward (76 ). Some Pseudomonas and E. coli utilise type

IV pili fibers for chemotactic movement via twitching and sliding. These are 5-7

nm fibers that can be used for motility. Type IV pili can extend, tether and retract

across surfaces much like a rock climber abseiling, often in conjunction with thin

curli fibers which aid with cell adhesion (76, 103, 104 ). It is these type IV pili that

play a pivotal role in the chronic viral infections such as cystic fibrosis (105 ).

Other microbes favour the use of fungal networks over flagella, they use these intri-

cate networks created by fungi and hyphae to speed-up movement towards chemoat-

tractants and other nutrients (106–110 ). Bacteria have been shown to use the

hyphae to cross air gaps, with movement generally occurring inside the hyphae.

However, the bacteria are also thought to move on the outside of the fungal hy-

phae, on a thin fluid film (107, 110, 111 ). The bacteria Paraburkholderia terrae

BS001 have been shown to travel 2.6 mm/day in combination with the hyphae of

the saprotroph Lyophyllum sp. strain Karsten, this provides an idea of the scale

of the transport. Another fungus the oomycete Pythium ultimum has been shown

to transport Pseudomonas putida PpG7 and provide improved access to areas of

phenanthrene contamination (Fig. 1.1) (97, 112, 113 ). These mechanisms are wor-

thy of further experimental and field observations, however they are outside the

scope of this thesis.

The next section provides an outline of the principal aim of the thesis and its struc-

ture. It is followed by a chapter focusing on the historical review of chemotaxis.
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1.4 Aim and objectives

The overarching aim of this thesis to determine the key petroleum compounds,

environmental variables, and microbial interactions which shape the distribution of

chemotactic and hydrocarbon degrading microbes. The key research questions and

associated objectives are outlined in figure 1.3 (Fig. 1.3). The introductory chapter

outlined the role of chemotaxis in the NSZD of petroleum hydrocarbons. This thesis

aims to answer three key questions which can improve the understanding of NSZD;

1. Are chemotactic and hydrocarbon degrading bacteria and archaea present at

a contaminated petroleum hydrocarbon legacy site undergoing NSZD? 2. What

environmental factors and hydrocarbons drive the distributions of chemotactic and

hydrocarbon degrading bacteria and archaea? 3. How do bacteria of varying degrees

of chemotactic ability and motility interact with one another?

Fig. 1.3. Key questions and objectives addressed.
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1.4.1 Thesis outline

The introductory chapter outlined the role of chemotaxis in the NSZD of petroleum

hydrocarbons, this is followed by a historical literature review of chemotaxis and

chemotactically assisted biomobilisation in chapter two. This review explores the

initial discovery of the phenomenon and provides further details on: chemotactic

function and variety, the development of chemotactic assays, and the evolution of

computational and modelling techniques. In addition, the role of chemotaxis on

plasmid transfer and community dynamics within the subsurface is assessed. The

third chapter addresses key questions 1. and 2. with regards to the distribution of

chemotactic and hydrocarbon degrading bacteria and archaea at a legacy petroleum

hydrocarbon site undergoing NSZD by means of a field-based study (Fig. 1.3).

The fourth chapter outlines the methods for the development of novel chemotaxis

assay, along with the bioengineering of bacteria required to answer question 3. Sub-

sequently the fifth chapter outlines the results of the experimental study and its

outcomes, with regards to bacterial interaction and chemotactically assisted biomo-

bilisation. Chapter six provides a general discussion of the field and laboratory-based

studies and how they relate to current literature, with chapter seven highlighting the

thesis conclusions and some of the limitations with the current work, which leads

on to further research recommendations.
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Chapter 2

Literature review

2.1 Historical review of chemotaxis

Chemotaxis was first witnessed by the Dutch pioneering scientist Antonie Philips

van Leeuwenhoek (10, 73, 114 ). Dubbed the “Father of Microbiology”, he was

puzzled by the movement and swarming of bacteria within pepper-water in 1676, it

is suspected this was chemotactic response (10, 73, 114 ).

The first systematic studies which provide evidence of bacterial swimming motility

and preferential community banding towards a food source, did not appear until

1881-1884, with Pfeffer publishing his pioneering work on chemotaxis in 1884 (73,

114, 115 ). Bacillus termo and Spirillum undula bacteria were suspended in solution

with a capillary tube partially filled with a chemoattractant inside, with the initial

concentrations being 1 % meat extract or 1 % asparagine (73 ). A chemical gradient

was therefore formed by the diffusion of the attractant, which drew the bacteria to

the mouth of the tube and later inside (73 ).

Different scenarios and chemoattractants were tested, with bacterial movement being

seen in seconds. However, when the bacteria S. undula, were exposed to a mixture of

1 % meat extract and 4 % potassium nitrate, the chemotactic response was subdued

by the toxicity of the potassium nitrate (73 ). Pfeffer’s work also highlighted for the

first time that in some situations chemicals were attractants at one concentration

and repellents at another, as well as the fact that attraction occurred even if the
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media could not support growth (73 ).

Henry Harris further developed quantitative and qualitative methods to analyse

bacterial chemotaxis during the second half of the 20th Century (116, 117 ). It

wasn’t until 1969 that significant advances were made, with researchers investigating

if bacteria detected the attractants themselves or if their response was due to a

chemical gradient of a metabolite involved in the adenosine triphosphate (ATP) or

Kerbs cycle, as they degraded the attractant (114 ). The latter was ruled out, due

to several factors: a) some extensively metabolised chemicals are not attractants,

b) some essentially non-metabolisable chemicals attract bacteria, c) bacteria can

be attracted to chemicals even in the presence of metabolisable non-attractable

chemicals, d) chemical attractants, which are similar in structure, compete with

one another, but not with structurally unrelated attractants, e) the transport of

chemicals into the cells themselves is not necessary for it to attract, and f) the fact

that mutant bacteria which lack a chemotactic detection mechanism can still be

isolated if they metabolise normally (73, 114, 118, 119 ).

Julius Adler, the American biochemist and geneticist, discovered that the above

statements can be explained by the fact that bacteria sense attractants and repellents

using chemoreceptors, to measure changes in the chemical gradient and report the

signal to the flagella (72, 114, 118 ). An overview of the differences in function

between metabolism-dependent and metabolism-independent chemotaxis follows.

2.1.1 Examples of microbial chemotaxis

2.1.1.1 Metabolism-independent chemotaxis

Archaeal and bacterial chemotactic movement is governed by a variety of sensory

systems as they respond to environmental fluxes, these systems control most biolog-

ical signal transduction pathways (122 ). Most bacteria contain signalling proteins

called HAMP domain signalling motifs; histidine kinases, adenylyl cyclases, methyl-

accepting chemotaxis proteins (MCPs), and phosphatases (Fig. 2.1) (120, 122 ).
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Fig. 2.1. Chemotactic E. coli cell schematic. Schematic of the simplified
HAMP region and chemotactic signaling subdomain (SSD), responding to a
chemoattractant/chemorepellent. The HAMP and SSD hairpin region is located at
the tip of the cytoplasm, which interacts with the chemotaxis genes, particularly
CheW and CheA for the modulation of flagella rotation. The kinase-activating
hairpin tip of the SSD, has the highest amino acid sequence conservation among
MCPs. A typical MCP receptor also consists of a ligand-binding domain which
recognises and senses the chemoattractant molecules and other environmental cues
and is usually located on the extracellular side of the cell membrane. The fliM gene
which governs flagella function is also highlighted along with the phosphate groups;
triangles, involved in cell signalling (120, 121 ).

32



It has been discovered that the metabolism-independent chemosensing mechanism

generally occurs via the triggering of transmembrane protein chemoreceptors and

transducers (Fig. 2.1) (123, 124 ). These chemotaxis transducers transmit informa-

tion to the flagella through a two-component regulatory systems to sense a change in

the biological or physical environment and relay the signal to the bacterial nucleoid,

where modulation of gene expression occurs. This is explained in more detail below

with a chemotactic cell schematic displayed in figure 2.1 (123, 124 ).

The transmembrane signaling in E. coli is a typical example of metabolism-independent

chemotaxis, this method of chemical sensing is present in several other bacteria

such as Salmonella sp., Bacillus subtilis and Pseudomonas sp., to a vast number of

petroleum hydrocarbons (123 ). Several genetic and biochemical investigations of E.

coli have been undertaken and it has been determined that four chemoreceptors out

of five are transmembrane proteins and are utilised in the signaling process: Tar for

aspartate, Trg for ribose, Tap for peptides, Tsr for serine and galactose (103, 123,

125 ). These proteins are homologous MCPs and all contain a periplasmic sensing

domain, as well as a cytoplasmic signalling domain (Fig. 2.1) (123, 126 ).

The binding of an effector molecule to these proteins results in the emission of a

signal that is transduced to the flagella via the CheW gene and the sensor histidine

kinase CheA protein, this triggers a phosphorelay of proteins that control the direc-

tion of flagella rotation and function of the motor, such as the fliM gene, along with

regulating the CheY protein (Fig. 2.1) (121, 123, 127 ).

This pathway is similar to albeit slightly more complex than other two-component

signal transduction systems in bacteria with CheY protein controlling swimming

behaviour and binding to the flagella to reverse the swim direction (Fig. 2.1) (123 ).

The phosphatase CheZ gene, terminates the signal via the removal of a phosphate

group from CheY-P, ceasing the response (120, 121 ). Adaption of this system is also

governed by methylation and demethylation of certain glutamyl residues present on

33



the MCPs via the methyltransferase CheR protein and the methylesterase CheB

protein, with elevated methylation resulting in the inhibition of MCP signaling and

the cessation of a chemotactic response (Fig. 2.1) (121 ).

2.1.1.2 Metabolism-dependent chemotaxis and other taxis types

Metabolism-dependent chemotaxis, however, occurs when bacteria require metabolism

of a chemotactic molecules and is present in more archaic α-proteobacterium, such

as Azospirillum brasilense (123 ). There are three key criteria for this: a) the inhibi-

tion of the metabolism of a chemical attractant stops the chemotactic response, b)

non-metabolisable analogues of metabolisable chemoattractants are not attractants,

and c) the presence of another metabolisable chemical deters a chemotactic response

(123 ). A. brasilense contains a major chemotaxis receptor for sensing oxygen and

other metabolism-related parameters critical to the colonisation of the wheat root

surface (128 ).

This metabolism-dependent chemotactic mechanism may also be the key driver

in steering Rhodobacter sphaeroides, another remediative bacteria to a favourable

chemical environment via a “selective stopping” strategy (129 ). This chemotactic

strategy also utilises similar biochemical signalling pathways to the chemotaxis phe-

nomenon, known as energy taxis and is defined as the response to stimuli affecting

cellular energy levels, with notable examples being phototaxis and aerotaxis, however

phototaxis would be almost negligible in the subsurface (123 ). These mechanisms

involve an electron transport chain; this is when a change in the rate of electron

transport or other related energy parameter, is detected by the signal transduction

system (123, 130, 131 ). This system allows metabolisable substrates to stimulate

behavioral responses as long as there is a receptor sensing change in the cellular

energy gradient (123 ).

Aerotaxis may be a key player in the oxidative biodegradation of different compounds

such as petroleum hydrocarbons due to the fact that different oxygenase enzymes,

which are crucial in the degradation of contaminants, require molecular oxygen
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to function (123, 131 ). However, anaerobic and microaerophilic organisms may

find it favourable to penetrate deeper into the soils and sediment and degrade toxic

contaminants, exhibiting a negative aerotactic response and move towards chemicals

such as DNAPLs (123, 132, 133 ).

Other taxis phenomena also exist, such as magnetotaxis, rheotaxis, and haptotaxis.

A magnetotactic response is governed by an electric field, where bacteria have the

ability to form magnetosomes, which have organelles containing dedicated vesicles,

which synthesise magnetic iron crystals. These act as sensors of the Earth’s magnetic

field, with chemotaxis possibly enhancing this effect in certain environments with

the alignment of cells (134 ).

The movement of bacteria triggered by fluid velocity gradients and shear is known

as rheotaxis, with chemotactic bacteria being unable to detect shear (135 ). In high

shear environments where flow is perpendicular to chemotactic gradients there is

expected to be a negative interaction reducing the effectiveness of motility, however

if shear is parallel no interaction with chemotaxis and rheotaxis is thought to occur

(135 ). Nevertheless, it has been suggested that flow and shear in porous media has a

more complex relationship and influence on chemotactic cells than initially thought

(136 ). A recent study found that the pores caused heterogeneity in the fluid flow

field, resulting in the unexpected accumulation of chemotactic cells in high abun-

dances, in stagnant flow fields within micro-pockets (136 ). This suggests further

research needs to be undertaken to elucidate the relationship between chemotaxis

and rheotaxis.

Thirdly, haptotaxis is a taxis phenomena related to chemotaxis directly. This is

defined as directional movement on exclusively solid immobilised non-saturated at-

tractants, with this phenomenon being shown to increase the residence times of

surface-colliding bacteria to naphthalene rich sites by relocation (137 ). Further

research is required to investigate these other taxis phenomena more and their in-

terplay with chemotaxis. However this is outside the scope of this thesis. Since

it is clear chemotactic movement can revolve around dependent and in-dependent
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metabolism of nutrients or energy sources, an alternative hypothesis of the original

ecological drive for a chemotactic response should be considered such as the drive

to explore new territories or other microbial interactions (96 ). The next subsection

continues the historical review of chemotaxis and the development of the assays used

to investigate its role in the NSZD of petroleum hydrocarbons.

2.1.2 Further historical advances in chemotaxis research

In the early 1970’s, Adler’s group also discovered there is a low threshold of sensi-

tivity to attractant concentration ∆c, with the sensitivity following Weber’s law or

fold-change detection. This is defined as relative change in attractant concentrations

(∆c/c0), rather than absolute change. This results in chemotactic cells exhibiting

a “logarithmic” tracking or sensing regime. This is characterised by a sustained

and constant amplitude response when moving in a chemical gradient that increases

exponentially or close to exponentially (138, 139 ).

A significant amount of chemotaxis research and development of chemotaxis assays

was spearheaded by the late Howard C. Berg of Harvard University during the 1980s.

Mainly focusing on biochemical changes within systems as a proxy for multiple envi-

ronments, primarily via the tethering of flagella to a surface and exposing the cells to

different chemicals and environmental conditions (76, 140–142 ). This monitors the

cells direction of movement through the analysis of a series of intermittent pauses,

with attractants decreasing pauses and repellents increasing pauses. This technique

also allowed for the novel calculation of the torsional compliance force (76, 140,

141 ).

The aforementioned capillary tube method of observation was initially highly sub-

jective, until quantitative analysis of the bacteria was achieved by constructing well

defined chemical gradients. This allowed for the determination of positive or nega-

tive chemotactic responses and analysis of the distribution of bacteria in the gradient

by measuring the scattering of light by laser beam (143–146 ). The development
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of other assays, such as soft-agar chemotaxis assays, agarose plug and chemical-in-

plug assays, where the attractant is uniformly distributed or diffuses outwards in

semi-solid agar or agarose, paved the way for further analysis on how chemotaxis

operates at a colony or community level (143 –146 ).

Soft-agar chemotaxis assays traditionally work by placing a petri-dish with soft-agar

assays on an experimental dark-field illumination kit, known as a “bucket of light”.

The colony perimeters can be then be measured to study chemotactic behaviour

(147 ). The assay works by the microbes forming self-generated chemical gradients

(101, 103 ).

The development of microfluidic assays has also further advanced the field (103 ). A

microfluidic study by Mehdi Salek in 2019, yielded a key result. It utilised a T-maze

microfluidic device shape and found that within chemotactic mono-cultures there is

significant phenotype variation of sensitivity towards chemoattractants. Phenotypes

are created from environmental variation and variation in the expression of a cells

genetic code. This suggests a bet-hedging strategy may cause variation to typical

chemotactic responses (148 ).

Advances in the study of twitching motility of cells has been more gradual due to

the subtle twitching motion of cells. Tracking techniques and imaging in recent

years has however gradually evolved, and has allowed for the twitching oscillation

of cells to be studied in more detail (149, 150 ). It has been shown that movement

mediated by type IV pili is independent of flagella driven rotation, with the flagella

possibly acting as a stabilising anchor during surface-based movement within and

upon biofilms (149 ). Biofilms form when clusters of bacteria attach themselves to

a surface (151 ). This was investigated using inverted microscopy, the TrackMate

plug-in within ImageJ, and exposing mutants of P. aeruginosa to chemoattractants

within microfluidic devices (149, 150 ).

Advances in microscopy, with high magnification lenses of x 400 being made more

commonly available, has spurred the advance of more sophisticated computer pro-
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gramming software which can quantitatively analyse chemotaxis at a single cell level.

TaxisPy is an example of such software. This freely available Python programme

investigates the tumble frequency of cells and was developed in 2020 (152 ).

2.2 Chemotaxis assays at microcosm and field scales

Studies using microcosm chemotaxis assays have also been undertaken to investigate

chemotactic responses to multiple attractants, such as Pseudomonas putida F1 to

the chlorocarbon, trichloroethylene (TCE), along with sodium benzoate and sodium

acetate (90, 98 ). The idea being bench-scale and microcosm studies are a better

representation of field sites.

A study by Olson et al., (2004), assessed the chemotactic response and spatial distri-

bution of P. putida F1 using magnetic resonance imaging (MRI), responding to the

attractant trichloroethylene (TCE). It labelled the bacteria with magnetite particles

in a porous media matrix to mimic a field environment, packing a column, with a

bed length of 8 cm, injecting the column at a flow rate of 2 mL/min, and imaging

the distribution shift over a period of 16 hours. The study found a statistically sig-

nificant effect on bacterial migration and chemotaxis through porous media in the

presence of a chemical concentration gradient (90 ). The outcome of this microcosm

study supports the idea that chemotactically assisted movement within groundwater

systems could potentially improve the overall effectiveness of NSZD by enhancing

the abundance of biomass in regions of contamination (98 ).

However, Gomes and his colleagues found that the naphthalene degradation rate of

an indigenous microbial population decreased when a chemotactic and hydrocarbon

degrading Pseudomonas putida KT2442 (pNF142) strain was introduced (37 ). This

inoculate is suspected to have suppressed nutrient availability, due to the Pseu-

domonas putida KT2442 (pNF142) strain dominating (37 ). This strain however is

not reported to be directly chemotactic towards naphthalene, repeating the study

with a microbe chemotactic towards naphthalene, may wield different result (i.e.
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there might be a more constructive relationship) (103 ). Another study by Stro-

bel et al., (2011), used a similar microcosm set-up to mimic a porous environment

with subsurface groundwater flow. It found that a chemotactic P. putida F1 strain

preferentially accumulated transverse to fluid flow, compared to a non-chemotactic

P. putida F1 cheA smooth swimming mutant, which maintained a more random

distribution (98 ). The center of mass of the chemotactic bacteria plume effectively

moved upward toward the level at which the chemoattractant benzoate was injected,

relative to the movement of non-chemotactic P. putida F1 cheA bacteria. A similar

response was seen when acetate was used as the chemoattractant (98 ).

Historically field-based studies of chemotaxis in groundwater environments are scarce,

and focus more on motility and non-motile cells rather than chemotactic responses.

Nevertheless, a USGS toxicology study involving injection and recovery at a field

site in Cape Cod, MA, found that a motile pseudomonad advected through a sandy

aquifer under natural-gradient conditions, ahead of a non-motile mutant (153 ).

Roseanne M. Ford and Ronald W. Harvey calculated that chemotaxis may have

been a significant driver in their distribution, providing evidence of free swimming

responses of chemotaxis at an aquifer scale (153 ). Another injection and recov-

ery study in fractured volcanic rock found that the non-motile bacteria were more

abundant at a down-gradient well in heavily fractured granite rock in Mirror Lake,

NH, compared to motile bacteria. This is thought to be consistent with the idea,

that motile bacteria have higher diffusion coefficients and thus more collisions with

surfaces, resulting in their presence declining at lower gradients (153 ). It is worth

mentioning, motile bacteria are potentially more likely to swim into stagnant pore

space of no flow, within fractured rock and exhaust nutrient supply (136, 153 ).

There is also a possibility of them entombing themselves within their extracellu-

lar polymeric substance (EPS) secretions, which eventually form a biofilm, clogging

pores, potentially limiting chemotaxis due to the blocking of chemotactic signals in

pore space and most of the bacteria shifting to a growth phase (96, 153, 154 ). This

highlights the pivotal role the geology of the site plays.
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It is also worth noting that the clogging of pores by biofilm and EPS created and se-

creted by microbes alters the heterogeneous porous network, thereby altering chem-

ical transport and groundwater flow within the subsurface. This indirectly also

influences the NSZD of contaminates (154 ). Attaining data across such a plethora

of different scales, geology and environments from cellular to field scale, using mul-

tiple chemotaxis assays, will assist in decreasing the uncertainties associated with

scale-dependency variation. Therefore improving the understanding of chemotactic

activity and the role it plays in NSZD of petroleum hydrocarbons (153 ).

2.3 Computational modelling

The computational modelling of chemotaxis, also assists in the gauging of the role

it plays in the NSZD of petroleum hydrocarbons. Modelling has advanced over the

past 50 years, from the classic Keller and Segel chemotactic cell aggregation model

in the early 1970s, to more advanced models in the past decade. The Keller and

Segel model was initially introduced to explain the accumulation of Dictyostelium

discoideum, a slime mold amoeba, towards a chemoattractant via the development

of chemotaxis partial differential equations (PDE) which incorporated advection-

diffusion equations used in standard groundwater contaminant transport modelling

(155, 156 ). In the model the cells can move left, right and forward, and assumes

the chemoreceptors are on the external portion of the cell, with the model taking

into account the cells effective size. It also utilises components of Brownian motion,

however not metabolism of attractants (155 ). Several modifications of the Keller

and Segel model have been made over the years, such as improving the consumption

rate of attractants, with a recent 2020 review by Arumugam and Tyagi, describing

the different model variations and gaps in the literature (157 ). The development

of other model types, such as smoothed particle numerical meshless Lagrangian

methods has also advanced (71 ).

A 2020 study by Adam Gosztolai and Mauricio Barahona used an analytical model

of microbial chemotactic drift velocities in rugged environments to incorporate a
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microbial memory component. This memory component is used to extract spatio-

temporal information from the landscape, which microbes are thought to store to

alter their chemotactic navigation and spatial distribution. The model provides

numerical solutions which concur, with the outer limits of some of the models created

by Keller and Segel equations (158 ). However, such models are hard to quantify at

both a Darcy and field scale (55, 159 ).

Recently, multiphase biogeochemical models have been developed to include chemo-

taxis and model NSZD on various scales, such as TMVOCBio (55 ). This model acts

as a “digital twin”, mimicking the NSZD of petroleum hydrocarbon at the aforemen-

tioned Bemidji, Minnesota site. However, further research is needed to adequately

include chemotaxis and microbial transport, with the distribution of chemotactic

and hydrocarbon degrading cells within the subsurface and their interaction be-

ing vital parameters to quantify, with chemotaxis and microbial transport recently

highlighted as research “hot topics” (31, 55 ).

This overview of chemotactic function, historical literature review and analysis of

the different methodologies used to investigate the phenomenon provides a clear

grounding of the topic of chemotaxis. The next section will further investigate how

microbial communities of varying degrees of chemotactic and hydrocarbon degrading

ability interact and transfer degradative ability within the subsurface.

2.4 Community dynamics and plasmid exchange

Microbial community degradation research has mainly concentrated on the degra-

dation of structurally similar aromatic compounds, focusing on the remediation

of more recalcitrant aromatic compounds and not necessarily chemotactic activity

within bacterial communities (103, 121, 123, 160 ). It is therefore important to un-

derstand the nature of the impact of chemotaxis on degradation rate and plasmid

transfer within microbial communities in the subsurface. Parales & Ditty in 2018

wrote ; “...the ability of an organism to sense and follow a gradient of a particular
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chemical or class of chemicals that it is unable to degrade could bring it into close

contact with other organism carrying relevant transmissible catabolic plasmids for

the degradation of these chemicals. In this way, chemotaxis could stimulate the

dissemination of catabolic plasmids among environmental bacteria, and hence could

enhance the biodegradative capacity of the population” (121, 146 ).

Catabolic plasmids are large (80-1100 kilo base pairs (kb)) circular or linear acces-

sory deoxyribonucleic acid (DNA) elements, which are present inside the cytoplasm

of most bacteria on Earth (161 ). Recent research has studied these catabolic gene

clusters and their evolution and subsequent ability to degrade environmental re-

calcitrant contaminants (162 ). The transfer of catabolic plasmids, which can carry

the genes encoding degradation pathway enzymes, chemoreceptors, and transporters

can transfer the degradation ability to neighbouring bacteria, along with potentially

expanding the range of contaminates the bacteria can degrade and is chemotactic

to (Fig. 2.2) (125, 162, 163 ).

The plasmids are generally transferred by cell-to-cell conjugation, which can be

enhanced when plants are present, as these may harbour localised populations of

microbes which have not been exposed to these travelling chemotactic communities

(Fig. 2.2).This is also, in part, due to some chemotactic bacteria being attracted

to plant exudates, with most of the conjugation activity occurring inside the plant

leaf as well as on the surface of the leaf itself. This has been witnessed, when Pseu-

domonas syringae transferred the antibiotic resistant plasmid RP1 to epiphytically

grown bacteria within the bush bean Phaseolus vulgaris. The transfer of the toluene

monooxygenase operon; involved in toluene degradation, from Burkholderia cepacia

L.S.2.4 to endophytic bacteria, within the yellow lupine plant has also been recorded

(10, 121, 125, 162, 165–167 ).

Furthermore, from a fundamental genetic perspective, the presence of chemoreceptor

genes on certain catabolic plasmids suggest that chemotaxis is a principal driver in

biodegradation and has been throughout bacterial evolution (Fig. 2.2) (125, 162 ).
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Fig. 2.2. Schematic of microbial cell conjugation and the transfer of a
plasmid carrying genes involved in chemotaxis and hydrocarbon degra-
dation in a contaminated groundwater aquifer. A) The schematic shows a
chemotactic donor cell, which can degrade petroleum hydrocarbon, due to the fact
is carrying a plasmid. The donor cell outstretches its pili, towards the chemotactic
recipient cell which cannot degrade the hydrocarbon. B) The pili attaches and re-
tracts, bringing the cells together, with chemotaxis possibly boosting the frequency
of this occurrence. The plasmid is then nicked, this process relaxes the torsional
strain needed to maintain supercoiling and allows for a single strand of DNA from
the nicked plasmid to be transferred. C) Successful transfer of plasmids after recir-
cularisation, allowing both cells to degrade hydrocarbon and likely increasing the
plethora of attractants the recipient cell is chemotactic towards (125, 162–164 ).
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Is also thought that an increase in the amount anthropogenic contamination and an

increase in competition for food in the subsurface, led an increase in chemotactic

activity to attain energy and food (52, 123 ). This is supported by the fact it is

common for the degradation genes to be located in close proximity to the chemotactic

genes, with the exact nature of this relationship not being fully understood (103,

121, 168 ).

The plasmid pJP4 which is carried by Ralstonia eutropha JMP134, assists in the

degradation of the organochlorine herbicide 2,4-D, as well as 3-chlorobenzoate degra-

dation and possesses chemotactic properties, it can also be readily exchanged by con-

jugation with similar bacteria transferring chemotactic and hydrocarbon degradative

ability (162 ). The hydrocarbon degrading P. putida G7 strain and other Pseu-

domonas species are chemotactic towards naphthalene, however they generally need

to be grown in the presence of naphthalene to initiate a chemotactic response. They

degrade naphthalene and similar hydrocarbons through the use of the Nah7 and

pDTG1 plasmids (123 ). The Nah7 plasmid works in partnership with the NahY

naphthalene chemoreceptor, this chemoreceptor exhibits significant homology to the

aforementioned MCPs (123 ). These plasmids can be disseminated to similar mi-

crobes in the surrounding area and can assist in the NSZD of naphthalene con-

tamination (123, 169, 170 ). Another Pseudomonas strain, P. putida F1, exhibits

a chemotactic response to toluene, when grown in its presence, with its ability to

degrade toluene reliant on the utilisation of the broad substrate plasmid, toluene

dioxygenase (TOL). The TOL plasmid allows the bacteria to oxidise other hydro-

carbons and some organocholides, such as chlorobenzenes and chlorophenol. This

functionality can also be transferred by conjugation and exchange the plasmid to

other genera such as Rhizobium , which have recently been shown to degrade phenan-

threne (Fig. 2.2) (168, 171–175 ).

Chemotaxis has also been shown to possibly increase the rate of plasmid exchange,

due to an increase in the amount of physical collisions and cell-to-cell contact. Fur-

ther research into how microbes interact would also improve the understanding on
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how the NSZD rate could be impacted by plasmid exchange (103, 121, 125, 153,

162 ). The next section will further investigate chemotactic function, by reviewing

the interaction of bacteria of varying degrees of chemotactic ability and motility and

the enhanced degradation which is possible in the subsurface through biomobilisa-

tion, concluding this literature review of chemotaxis.

2.4.1 Chemotactically enhanced NSZD and chemotactically

assisted biomobilisation

Exploitation of this chemotactic mechanism has far reaching remedial potential, it

can enhance the mass transfer of biodegrading bacteria to regions of contamination

and increase the rate of NSZD (72, 176, 177 ). NAPLs for example can become

entrapped within soil and rock, forming “blobs” or “pockets” of contamination (132 ).

In order for successful bioremediation to occur, degradative bacteria require access to

the target contaminants; either by biofilm formation, direct adhesion of the bacteria

to the NAPL water interface or via dissolution of the target compound in the aqueous

phase (123, 151 ). Biofilms assist in this process allowing bacteria to move along the

periphery of the contaminated region, permitting growth, enhancing degradation

rate and decreasing the environmental health risk (52, 123, 125, 178 ).

Chemotaxis is naturally advantageous in such instances, allowing bacteria better

access to entrapped NAPL blobs prior to biofilm formation (132 ). However it can

be difficult for non-chemotactic bacteria to make their way to NAPL blobs, due

to their inability to sense a gradient, they travel along fluid flow paths of high

conductivity (89, 103, 121, 123, 125, 132, 179 ). This enhancement of biomass in

zones and areas of hydrocarbon degradation, is why knowledge of the distribution of

microbes of varying degrees of chemotactic ability and motility, needs to be improved

to adequately gauge NSZD (89, 103, 121, 123, 125, 132, 179 ).

Flagellated chemotactic bacteria can swim between ∼19.7-40.5 µm s−1 and have the

ability to swim up-gradient and transverse to typical groundwater flow velocities
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(90 ). However, their response is most efficient at the lower flow velocities, con-

sidering that groundwater flow velocities can vary from approximately ∼5.8-121.5

µm s−1 (89, 180 ). This may allow bacteria and archaea to swim freely within the

subsurface (90 ). Bacteria such as the motile Gram-positive model microbe Bacillus

subtilis, sourced from from sewage contamination have been recorded to travel 10.7

m in 8 weeks in clay and sandy clay (181 ). However, percolation and groundwater

transport are also driving factors, with motility assisting.

Chemotactic bacteria encircle a contaminant, generating a “curtain” of chemotactic

and hydrocarbon degrading taxa, the distribution of such communities at a con-

taminated legacy petroleum hydrocarbon site has not been previously investigated

(52, 89, 123, 125, 178 ). This encircling of petroleum hydrocarbons also occurs in

seawater (182 ). The curtain of microbes that forms around NAPL plumes assists in

reducing the spread of contaminants in source zones; particularly smaller petroleum

droplets and potentially influences the distribution of other microbes (183 ).

Initially it was thought that the distribution of non-motile microbes through the

subsurface was only enhanced by physical factors such as fluid movement from rain-

water drainage or water table fluctuation, with the typical distances between mi-

crobes within the soil being calculated to be 50-100 µm, with chemotaxis having the

potential to alter this within pore space on µm, mm & cm scales (97–100 ). However,

biological drivers have recently been discovered, such as fungal hyphae transporting

cells or the direct attachment of the cells to the skin of earthworms as they move

within the subsurface (184, 185 ). Recently, microbial biomobilisation has also been

shown to occur via several mechanisms, such as “piggybacking”, where the non-motile

microbes physically attach to the motile chemotactic microbes, effectively acting as

cargo carriers (186, 187 ). An example of this is when the non-motile anaerobic

bacterium Porphyromonas gingivalis physically attaches itself to the motile bacte-

ria Treponema denticola, as T. denticola responds chemotactically towards sucrose

(186 ). A similar biomobilisation mechanism has been seen in certain motile and

non-motile cancer cells (188 ).
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Another biomobilisation mechanism occurs because of hydrodynamic entrapment,

when motile and chemotactic Paenibacillus vortex cells entrap fungal conidia in

their wake (189 ). The zoospore Pythium aphanidermatum has also been shown

to biomobilise the chemotactic and hydrocarbon degrading bacteria P. putida G7

and non-motile petroleum hydrocarbon degrading bacteria Mycobacterium gilvum

VM552 towards ethanol (190 ). This is interesting as microbes which are already

chemotactic are biomobilised more efficiently by the larger zoospores, which exert a

thrust force during flagella propulsion, resulting in the formation of eddies within the

fluid. The zoospore is responding to ethanol, which it uses as a “homing inducer”

(190, 191 ). The biomobilisation of P. putida G7 in the subsurface will further

assist in the dissemination of the aforementioned hydrocarbon degrading plasmids,

mentioned in above.

M. gilvum cells have also been shown to be biomobilised by chemotactic P. putida

G7 cells, when exposed to a chemoattractant in a capillary microfluidic assay, and

a bulk suspensions bioreactor (184 ). Therefore, biomobilisation is also involved

in enhancing the distribution of microbes into new territories and expanding the

spatial range distribution (96 ). In this case, the biomobilisation effect is triggered

by hydrodynamic forces and a mechanical “push / pull” biomobilisation effect, with

the bulk suspensions bioreactor working more effectively at increasing the degree of

transport (184 ). This biomobilisation is significant as it involves solely bacteria of

similar sizes (184, 190 ). The capillary microfluidic assay, however showed a three-

fold decrease in biomobilisation displacement. This was due to the cells blocking

the capillary channels as they diffuse, highlighting the importance of pore size and

the geology at a real-world site. Interestingly, it has been reported that there is a

50% reduction in pore size and in chemotaxis and motility for a similar reduction

in pore size. Clay soils, for instance, hinder the spread of microbes as the saturated

pore space is reportedly too small, however, E. coli have been shown to be less

effected by this due to their shorter swimming run lengths (52, 184, 192, 193 ). This

biomobilisation mechanism, enhanced the biomass potentially capable of petroleum

degradation due to enhanced transport towards the contaminant interface (96 ).
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However, it is not clear if chemotactic microbes in the field, physically alter the

distribution of other motile but non-chemotactic microbes, potentially transporting

them closer to the contaminated region and increasing NSZD (52, 123, 125, 178,

184 ). It has also recently been shown that individual bacteria can synchronise their

flagella, so they do not tangle, possibly enhancing the biomobilisation effect amongst

microbes which are motile but non-chemotactic to the attractants such as petroleum

hydrocarbons (194 ). The thrust force of the motile but non-chemotactic cell has

thus also been theorised to assist if any piggybacking occurred (195 ).

Understanding this microbial transport phenomenon in more detail and how mi-

crobes of varying degrees of chemotactic ability and motility behave in a porous

matrix, is important, as it has the potential to increase the abundance of biomass

capable of degradation closer to the contaminant interface (Fig. 1.2). It could also

lead to a net decrease in degradation potential, if the bacteria collide and come to

loggerheads with one another, hindering expansion and this could result in clusters

of cells blocking pore throats.

Improving the understanding of chemotaxis and its influence upon the microbial

transport of other microbes, will provide a clearer picture of the NSZD rate. This

is key to updating and improve the accuracy of NSZD models (Fig. 1.2) (31 ).

This may also assist in the bioprospecting, screening, and subsequent identification

of chemotactic and hydrocarbon degrading microbes capable of enhancing NSZD

(196 ). These microbes could then be added to the site, to assist in the degradation,

in a process known as bioaugmentation (197, 198 ).
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Chapter 3

Field-based study
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The aim of this field study was to explore the association of the predicted functional

potential of microbial communities at these sites with these legacy contaminants,

and test whether the distribution of petroleum hydrocarbon and LNAPL compounds

influences the abundance of the inferred chemotactic and hydrocarbon degrading mi-

crobes. As well as, determining the relative abundances of microbes that possess

these properties. This was achieved by comparing the predicted metagenome pro-

files of operational taxonomic units (OTUs) derived from 16S rRNA marker gene se-

quences, to the distribution and concentration of legacy petroleum hydrocarbon and

LNAPL compounds across the site. Investigating the preferential occurrence of the

predicted chemotactic and hydrocarbon degrading microbes to various petroleum

products and depth allows for the development of more accurate NSZD models

(55 ). The methodology applied in this study assists in potential bioprospecting and

screening of chemotactic and hydrocarbon degrading microbes potentially capable of

enhancing NSZD. This will provide a clearer picture of risk to groundwater resource

(200 ).

3.2 Introduction

Understanding how microbial communities interact with specific chemical contami-

nants is an important step towards predictive modelling and manipulation of sites

to promote NSZD. A number of studies have investigated the microbial communities

and physical conditions that may contribute to the NSZD of petroleum hydrocar-

bon compounds (201–203 ). These studies have considered the role of different redox

conditions on biodegradation and the role of microorganisms in constraining con-
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taminant expansion in the subsurface (204 –206 ). Research has also highlighted the

role of microorganisms in degrading more recalcitrant contaminants, and the role of

maintaining a diverse biodegrading population (207, 208 ), along with investigating

the formation of biodegradation by-products (e.g. polar compounds) in weathered

diesel and their fate (23, 209–211 ). Chemotaxis is an important mechanism used by

microbes to exploit otherwise inaccessible resources, including petroleum hydrocar-

bons (146 ). Many microbes have been demonstrated to be capable of chemotaxis-

assisted degradation of alkanes and other hydrocarbon compounds (212, 213 ).

The distribution of chemotactic microbes and the exact nature of the role chemo-

taxis plays in the NSZD of petroleum hydrocarbons under field conditions remains

unclear (31 ). Addressing this challenge requires characterising microbial diversity,

community composition and the functional potential of community members for

hydrocarbon degradation and chemotaxis. Although culturing specific bacteria can

provide direct evidence of chemotaxis and degrading functions, the vast majority

of soil microbes are not culturable and environmental samples are typically too

diverse to make this feasible for characterising communities (214 ). Alternatively,

shotgun metagenomic sequencing, which aims to assemble whole genomes from short

fragments, can be used to determine gene content and thus functional potential of

microbial communities. However, it is limited if there is little community biomass

or host contamination, and remains a significant bioinformatic challenge (215 ). An

alternative approach indirectly infers the functional potential of individual species

by comparing community-derived marker gene sequences against a database of refer-

ence genomes from organisms with known functions (215 ). For example, Crampon

et al. (2018) used this approach to infer that operational taxonomic units based

on 16S rRNA amplicon sequences were abundant in metabolic pathways linked to

higher polycyclic aromatic hydrocarbon degradation potential. The widespread use

of this approach for inferring community functional potential and the recent im-

provements in database coverage and optimised genome prediction algorithms make

this a robust option for microbial community functional inference (215, 216 ).

To achieve the aim of this thesis and address research objectives and aims, it was
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necessary to conduct a real-world field study (Fig. 3.1).

Fig. 3.1. Field study plan and design. After Murphy et al., (2022) (177 ).

The purpose of this study was to investigate the presence of chemotactic and hydro-

carbon degrading microbes at a contaminated legacy petroleum hydrocarbon site

undergoing NSZD, as well as to determine the variables driving their occurrence

and distribution (Fig. 3.1).

3.3 Field study at legacy site and biostatistics

3.3.1 Summary of field study plan and design

This study investigates the distribution of potentially chemotactic and hydrocarbon

degrading microbes (CD) across the water table of a legacy petroleum hydrocarbon

site near Perth, Western Australia in areas impacted by crude oil, diesel and jet

fuel. Core samples were recovered and analysed for hydrocarbon contamination

using gas chromatography. Predictive metagenomic profiling was undertaken to

infer functionality using a combination of 16S rRNA sequencing and PICRUSt2

analysis.
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3.3.2 Overview of the site and chemical analysis

Soil cores collected from the site had different ranges of petroleum hydrocarbon

(crude oil, diesel fuel and jet fuel) contamination as well as a representative back-

ground core (Fig. 3.2). Cores were analysed for concentrations of TPH, LNAPL

components, and selected aromatic compounds (the main water soluble aromatic

compounds present in significant abundances) (Fig. 3.2). The representative back-

ground control location was found to contain negligible concentrations of TPH and

LNAPL components (data not shown). Across all core locations contaminated with

different petroleum types, TPH had peak concentrations of 20–100 g/kg, which gen-

erally occurred below the water table (Fig. 3.2). The Crude oil contaminated cores

contained a limited range of identifiable LNAPL components; primarily these were

the aromatic components 2-MN, naphthalene, 1-MN, phenanthrene and ethylben-

zene. These were generally found in two of the three Crude oil cores. The diesel

cores were generally dominated by 2-MN, 1-MN, naphthalene and phenanthrene,

with a more diverse range of up to a dozen dominant aromatic components in the

LNAPL detected in the Jet Fuel cores (Fig. 3.2). In the Water Table and Middle

sections of the Crude oil cores (T7, D10a), concentrations peaked at approximately

10–100 mg/kg for ethylbenzene, naphthalene, 1-MN, 2-MN and phenanthrene, al-

though highest concentrations were in the Middle section (Fig. 3.2). D10b was sim-

ilar, however the core did not contain ethylbenzene and had lower concentrations

of naphthalene and phenanthrene, with the highest concentrations in the Middle

section. D10b also contained very low concentrations of 2-MN in the Bottom sec-

tion. Concentrations in core T7 were above detection levels in the Top section, with

low concentrations of 2-MN in the Bottom section. In the Diesel cores (T3, D6),

naphthalene, phenanthrene, 1-MN and 2-MN had peak concentrations in the range

10–100 mg/kg. TPH and 1-MN were detected in the Bottom section of D6 (Fig.

3.2).

The two Jet Fuel cores, D9 and T5, were found to contain elevated concentrations of

selected aromatic components in the Middle section of the cores, with concentrations

ranging from approximately 10 to 3000 mg/kg (Fig. 3.2). Notably, all the BTEX
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(benzene, toluene, ethylbenzene and xylenes) and trimethylbenzene (TMB) isomers

were detected in these cores, as well as 1-MN, 2-MN and naphthalene. Phenanthrene

was only detected in T5. Exceptionally elevated concentrations of m/p-xylene and

1,2,4-TMB were recorded in the Middle section of both cores. In D9, the shal-

lower Water Table section, a smaller range of the selected aromatic compounds were

recorded (1,2,3-TMB, 1,3,4-TMB, 1,3,5-TMB, m/p-xylene, o-xylene, ethylbenzene),

with toluene and benzene not being detected. However, all compounds were de-

tected in the Bottom section of this core. In contrast, no TPH was detected in the

Water Table section of the T5 Jet Fuel core, and ethylbenzene, 1-MN, naphthalene

and 2-MN were the only LNAPL components detected in the Bottom section of this

core (Fig. 3.2).

3.4 Materials and methods

3.4.1 Site description and soil core recovery

The study site has stored significant volumes of crude oil, as well as diesel and

jet fuels, for over 50 years. It is approximately 50 km south of Perth, Western

Australia. The site overlies a shallow superficial unconfined sand aquifer, which is

located on the Swan Coastal Plain (Fig. 3.2) (38 ). The dominant surficial lithol-

ogy is a Safety Bay Sands unit with deeper Becher Sand units; these lithographic

units are relatively homogenous and composed of sub-horizontal layered aeolian and

littoral calcareous sands (38 ). The sand is predominately fine to medium grained,

with hydrophobic properties and some thin inter-bedded layers of course grained

sands and gravel, with low concentrations of organic matter (217 ). Cores recovered

from the site were taken from the predominantly homogenous aeolian and littoral

calcareous sands as described in detail by Johnston et al. (1998) (38 ). Limited air-

sparging, bioventing, LNAPL skimming, slurping, vacuum extraction and a mixture

of such remediation techniques have been trialled on the site over time, however the

site is now undergoing assessment and management through NSZD (42, 45 ).
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Fig. 3.2. Map of sampling sites. Map of sampling sites showing po-
sition of contaminated zones relative to maximum historic groundwater levels,
and proximity to the Indian Ocean. The figure also shows the depth profile of
the contaminated core sections after GC-FID and GC-MS analysis. The con-
centrations of TPH and the selected aromatic LNAPL components identified (1-
methylnaphthalene (1-MN), 1,3,5-trimethylbenzene (1,3,5-TMB), ethylbenzene, o-
xylene, 1,2,3-trimethylbenzene (1,2,3-TMB), 2-methylnaphthalene (2-MN), m/p-
xylene, phenanthrene, 1,2,4-trimethylbenzene (1,2,4-TMB), benzene, naphthalene,
and toluene) are shown. The solid horizonal black lines indicate the subsections
within the core, along with concentrations at each sample section. Inferred and
extrapolated linear lines are then used to postulate concentrations between the core
sample sections. Different line types are used to differentiate between individual
contaminants. The Background core is green, the Crude Oil cores are orange, the
Diesel Fuel cores are blue and the Jet Fuel cores are pink. On the right-hand side of
the figure, circles represent the Top section, squares represent Water Table section,
rhombuses represent the Middle section and triangles represent the Bottom section
(176 ).
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Groundwater at the site is typically fresh with a low electrical conductivity (50–160

mS/m), has an average 2.28 m in depth (however this is seasonally dependent),

and has a pH typically in the range 7.5–8.5 buffered by the calcareous nature of the

superficial sand formation. Regionally nitrate and sulfate are present in groundwater

due to agricultural and urban influences. However, within the site these electron

acceptors (along with oxygen) are strongly depleted within groundwater due to

natural attenuation processes (23 ). Bicarbonate ranges from 250 to 940 mg/L and

dissolved methane is found across large areas of the groundwater due to hydrocarbon

degradation processes (218 ). Methane production also indicates that other electron

acceptors are strongly depleted (219 ).

Soil cores were recovered using a Geoprobe 6620 drilling rig (220 ). One core was

recovered from a representative background control area unaffected by petroleum

hydrocarbon contamination (B6), three cores were recovered from the crude oil con-

taminated area (T7, D10a and D10b), two cores were recovered from the diesel

contaminated area (D6, T3), and three cores were recovered from the jet fuel con-

taminated area (D7, D9 and T5) (Fig. 3.2). The nine core locations were sampled

from depths of 1.50–5.10 m below ground level. Each core was cut into 0.05 m sec-

tions, sealed in tins and immediately transported on ice to the CSIRO laboratory.

Upon arrival at the laboratory, tins were sub-sampled for chemical and biological

analysis. For each core, four representative sections were selected from the Top

section (above the water table at an average of 2.28 m in depth), Water Table

section (an average of 3.05 m in depth), Middle section (an average of 3.78 m in

depth and below the water table), and Bottom section (an average of 4.48 m in

depth) (Fig. 3.2) (220 ). Chemical analysis using GC-MS and GC-FID was under-

taken on these 36 section samples. For biological analysis, triplicate samples (5 g),

from each of the 36 sections, were collected using sterile techniques and stored at

-80◦C until DNA extraction. For chemical analysis, 3–5 g were sampled and im-

mediately extracted using 4 mL of dichloromethane (containing deuterated internal

standards) (d6-benzene, d8-toluene, d10-p-xylene, d8-naphthalene, d14-p-terphenyl)

as described in Bruckberger et al. (2021). The Water Table section of the core was
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differentiated from the other core sections by re-weighing the remaining core samples

before and after drying, and comparing the moisture loss (209 ). This was achieved

by initially air-drying a portion of the core section to remove excess chemicals for

48 h, and then heating it in an oven for 24 h at 105◦C to calculate moisture loss

(%) (220 ). Geochemical analysis of a subset of soil cores samples (24 in total) for

a range of parameters (TOC, N, P, pH, moisture, electrical conductivity, Al, As, B,

Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, S, and Zn) was conducted at

a government NATA accredited laboratory (ChemCentre, Western Australia) using

standard methods (Fig. 3.2) (221 ).

3.4.2 Petroleum hydrocarbon chemical analysis

Total petroleum hydrocarbon (TPH) analysis of the core sample extracts was carried

out using an Agilent 6890 gas chromatography–flame ionisation detector (GC-FID)

system (220 ). Internal and petroleum hydrocarbon external standards were used.

Gas chromatography–mass spectrometry (GC–MS) analysis of the core sample ex-

tracts was carried out using an Agilent 7890 gas chromatograph and an Agilent

7000B mass spectrometer (220 ). Quantitation of selected analytes was performed

using external standards (benzene, toluene, ethylbenzene, m-xylene, p-xylene, o-

xylene, 1,3,5-trimethylbenzene (1,3,5-TMB), 1,2,4-trimethylbenzene (1,2,4-TMB),

naphthalene, 2-methylnaphthalene (2-MN), 1-methylnaphthalene (1-MN) and phenan-

threne) containing the same internal standards used for the samples (Fig. 3.2).

3.4.3 16S rRNA gene amplification and bioinformatics

Genomic DNA was extracted from the 36 core sections in triplicate (36 × 3),

using 0.5 g of soil and the PowerBiofilm DNA Isolation Kit (MoBio Laborato-

ries, Inc., Carlsbad, CA, USA), and quantified with a Qubit fluorometer (Invit-

rogen) (209 ). A 300 base pair (bp) area of the V4 region of the 16S rRNA was

amplified using the 515f (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806rcbc (5’-

GGACTACHVGGGTWTCTAAT-3’) primer set (222 ), following the Earth Micro-

57



biome Project protocol (https://earthmicrobiome.org/protocols-and-standards/16s/)

and barcoding and sequencing library preparation followed the Illumina 16S protocol

(Illumina, USA). After amplification the PCR products were individually purified

with SPRI beads (Ampure XP beads, Beckman Coulter) and then barcodes added

through a second round of PCR. Following a second round of bead-based purifica-

tion, samples were quantified and pooled in an equimolar manner ready for sequenc-

ing. Forward and reverse sequencing was undertaken on the Illumina MiSeq (v3 600

cycle), following the manufacturer’s instructions (Illumina, USA) (209 ). Data has

been published online (https://data.csiro.au/collections/collection/CIcsiro:49662v1).

Sequences were processed using QIIME2 version 2019.1 (223 ). The imported paired-

end sequences were denoised and merged using the DADA2 workflow, which involved

trimming the first 19 nucleotide bases from each read and truncating at 190 bases

(224 ). This process utilises exact amplicon sequence variants (ASVs) instead of

conventional OTU workflows. The ASVs were clustered using the de novo “q2-

vsearch” clustering algorithm at 97% similarity, with borderline chimeras being re-

tained (225 ). Representative OTU sequences were classified against the Silva 138

515F/806R database using the “classify-sklearn” algorithm (226 –228 ). OTUs which

were not classified as prokaryotes were removed. R Studio version 4.0.3 (229 ). Al-

pha diversity metrics (the number of OTUs and Chao1 estimator) were calculated

from a single rarefaction at 10,000 reads per sample, this was selected after manual

inspection of rarefaction curves and Good’s coverage calculation (Fig. 3.2, 3.3). The

Water Table and Middle section of the Jet Fuel core T3 failed to pass the rarefaction

threshold and were excluded from further analysis. Homogeneity of variance for each

metric grouped by Zone (Background, Crude Oil, Diesel or Jet Fuel) and Section

(Top, Water Table, Middle, Bottom) were tested with Levene’s test implemented

in the “car” package. Two-way ANOVA tests of the alpha diversity estimates were

used to test for statistically significant differences in microbial diversity between

Zone and Section.
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3.4.4 Predictive metagenomic profiling

For further analyses the dataset was rarefied 1000 times at 10,000 reads and aver-

aged relative abundances retained. The resulting OTUs were then imported into

PICRUSt2 v2.3.0 and placed into a reference phylogenetic tree, with metagenome

content being predicted using an ancestral-state reconstruction algorithm to pre-

dict the metagenomes based on 16S marker gene information (215 ). The resulting

tree was used for functional metabolic prediction, through the utilisation of Kyoto

Encyclopedia of Genes and Genomes (KEGG) reaction pathways, with a minimal

nearest-sequenced taxon index (NSTI) value of 2 set to improve accuracy of pathway

assignment (215, 230, 231 ). The OTUs were split into four groupings, based on the

predicted presence of chemotaxis and petroleum hydrocarbon KEGG degradation

pathways.

The chemotactic and hydrocarbon degrading (CD) group included OTUs inferred

to possess the pathways associated with bacterial chemotaxis (ko02030) as well

as at least one of the hydrocarbon degradation pathways; benzoate degradation

(ko00362), bisphenol degradation (ko00363), chloroalkane and chloroalkene degrada-

tion (ko00625), chlorocyclohexane and chlorobenzene degradation (ko00361), toluene

degradation (ko00623), nitrotoluene degradation (ko00633), xylene degradation (ko00622),

caprolactam degradation (ko00930), ethylbenzene degradation (ko00642), naphtha-

lene degradation (ko00626) and/or polycyclic aromatic hydrocarbon degradation

(ko00624) (232 ). It is important to highlight here that this does not explicitly mean

that a given CD OTU is necessarily chemotactic directly towards one of the hydro-

carbons, but that it may also include microbes that are chemotactic towards other

compounds. The chemotactic (C) group included OTUs inferred to possess only

the chemotaxis pathway and none of the hydrocarbon degradation pathways. The

hydrocarbon degrading group (D) included OTUs inferred to possess at least one of

the hydrocarbon degradation pathways and no bacterial chemotaxis pathway. Fi-

nally, the non-chemotactic and non-hydrocarbon degrading (NCND) group contains

OTUs without inferred bacterial chemotaxis or any of the hydrocarbon degradation

pathways. It is important to note that individual OTUs are assigned to a single
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group based on their inferred functionality. Since OTUs within the same family

may differ in their inferred functional grouping, it is possible for a single family to

contain OTUs assigned to different functional groups.

3.5 Results

3.5.1 Molecular ecology, genetic diversity and statistical anal-

ysis

Family-level relative abundance heatmaps were generated to visualise the alpha di-

versity and taxonomic community composition of the predicted metagenomic group-

ings and their distribution across the site. A heatmap of the community composi-

tion of the groupings at a genera level is present in the supplementary information

(Supplementary Information). The “vegan” package was used to visualise the beta

diversity among the samples through non-metric multidimensional scaling (NMDS)

ordination of the Bray-Curtis dissimilarity matrix (233 ). This approach is com-

monly used to inspect the dissimilarity of contaminated petroleum hydrocarbon

sites (234, 235 ).

Environmental drivers of community composition and CD OTU distribution were

identified independently using constrained ordination and Generalised Linear Mod-

elling (GLM). For both analyses multicollinearity of the environmental variables was

assessed using the vifcor function in the “usdm” package to calculate variance infla-

tion factors, with a correlation threshold of 0.7 being implemented to remove any

strong multicollinear signals. Nine of the 13 variables had collinearity issues and

were removed for further analyses (236 ). The remaining environmental variables

were Depth, Naphthalene, Phenanthrene and Benzene. TPH was also omitted from

further analysis due to a confounding relationship with the LNAPLs (237 ). This is

because TPH can also be representative of colloids or sorbed phase hydrocarbons

on particulate matter, as well as dissolved hydrocarbons and dissolved nonhydro-

carbons, which leads to collinear relationship (237 ). The contaminant concentra-
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tion and depth were standardised using the “decostand” function in the “vegan”

package (233 ). Distance-based constrained redundancy analysis (db-RDA) of the

Bray-Curtis dissimilarity matrix was performed using the “capscale” function in the

“vegan” package in order to investigate which of the remaining parameters (depth,

naphthalene, phenanthrene and benzene) drive structural differences between sam-

ples. Statistically significant variables were identified using step-wise model selection

procedure implemented in the ordistep function in vegan with a cutoff p-value <

0.05). This analysis was also used to explore the difference in the distribution of

the various inferred functional chemotactic and hydrocarbon degrading groups. To

aid clarity, the OTUs from each group were visualised separately on the common

db-RDA axes.

A generalised linear model (GLM) assuming a binomial distribution, with a logit link

function, was used to test the association between CD group microbes, depth and

contaminant concentration. The model counts OTUs assigned to the CD group, as

“successes” and OTUs assigned to the C, D and NCND groups as “failures”. Variable

selection was undertaken using a bi-directional step-wise model using the “MASS”

package and the AIC criterion to select significant variables and model with a p-value

of <0.05 (238 ).

This study tested the association and distribution of microbes and petroleum LNAPL

contaminants based on their inferred chemotactic and hydrocarbon degrading abil-

ity across multiple vertical transects across the water table of a legacy petroleum

hydrocarbon site undergoing NSZD. Samples with low contaminant concentrations,

including all Background sections and the Top sections of the Diesel, Crude Oil

and Jet Fuel cores, tended to have similar community structure and composition,

whereas the composition of deeper, more contaminated sections was more influenced

by contaminant type. Two independent analyses identified naphthalene concentra-

tion as a driver of community structure and CD OTU distribution. Concentrations

of naphthalene were found to have a significantly positive relationship with the

occurrence of predicted CD group microbes, while concentrations of benzene and
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phenanthrene, along with depth, were significantly negatively related (Table. 3.1,

Fig. 3.2). OTUs that were particularly influenced by naphthalene concentration

were assigned to the four microbial families, Pseudomonadaceae, Desulfocapsaceae,

Comamonadaceae and Geobacteraceae. Existing NSZD models do not incorporate

the role of CD microbial taxa and the results presented here provide further evi-

dence supporting their inclusion to improve prediction of risk and remediation of

petroleum in subsurface environments.

3.5.2 Alpha diversity analysis

The 250 bp paired-end MiSeq run produced 5,057,077 reads, of which 4,786,072

reads passed all quality control, denoising and chimera removal steps. Rarefaction

curves of observed and Shannon’s diversity and a Good’s coverage of 96.5–99.8% for

all samples in the rarefied dataset suggest that 10,000 reads was appropriate and

captures the vast majority of microbial diversity in most samples (Supplementary

Information Fig. S2, S3). The Chao1 diversity estimator ranged from 169.5 (T5 Jet

Fuel Bottom section) to 1377.003 (B6 Background Water Table) (Supplementary

Information Fig. S3). Background ‘Zone’ samples had the highest alpha diversity

within each section, except the Top section of D10b (Supplementary Information

Fig. S3). Two-way ANOVA showed that the Zone (Background, Crude, Diesel or Jet

Fuel) had a significant effect on the Chao1 diversity across the site (F = 5.267, df =

3, P = 0.009), but neither Section (F = 2.665, df = 3, P = 0.08) nor the interaction of

Zone and Section (F = 0.725, df = 9, P = 0.681) had a statistically significant effect.

Pairwise Wilcoxon rank sum tests using a Benjamin-Hochberg correction for multiple

tests showed that Background samples had significantly higher alpha diversity than

Diesel (P = 0.048) and Jet Fuel (P = 0.024) samples, but not Crude oil samples

(P = 0.059) (Supplementary Information Fig. S2, S3). Multivariate dispersion was

significantly lower for the Background Zone than all other Zones (betadisper F =

13.26, df = 3, P < 0.001; TukeyHSD P < 0.001 for all Background Zone pairwise

comparisons), which indicated that Background sample Sections were highly similar

to each other. After rarefaction, averaging and predictive metagenomic sequencing
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analysis, 7583 unique bacterial and archaeal OTUs were identified and were assigned

to Prokaryote taxa (Supplementary Information Fig. S2-S4).

3.5.3 Community composition analysis

Background Sections at all depths and Top Sections (Fig. 3.3) of most cores were

characterised by high abundance of OTUs in the Methylomirabilaceae, Nitrosop-

umilaceae, Nitrosotaleaceae, Nitrososphaeraceae, and Rokubacteriales. Community

composition was more variable in deeper sections of contaminated cores, but some

common patterns were evident. The Middle and Bottom sections of most con-

taminated cores were charactersied by high abundance of OTUs in the Anaero-

lineaceae, Methanocellaceae and Methanosaetaceae, which are obligate anaerobes.

Aminicenantales OTUs were common in the Crude and Diesel cores only, whereas

Smithellaceae and Methanoreulaceae were more abundant in Diesel and Jet Fuel

cores. In contrast, the Middle Sections of Crude core T7 and Jet Fuel core D9

were characterised by communities that included a high abundance of OTUs in the

Geobacteraceae and Pseudomonadaceae. No Geobacteraceae OTUs were detected

in the Background core, with Pseudomonadaceae OTUs only being detected in low

abundances in the Bottom section. Methanogenic families (e.g. Methanocellaceae

and Methanosaetaceae) were notably present throughout the site (Fig. 3.3).

After grouping by inferred functional potential, the CD group contained 1831 OTUs,

and were most commonly assigned to Geobacteraceae, Comamonadaceae, Smithel-

laceae, Methanoregulaceae, Methanocellaceae, Nitrosopumilaceae, Pseudomonadaceae,

and Desulfocapsaceae (Supplementary Information Fig. S5a). The D group con-

tained 3411 OTUs, which were most commonly assigned to families including Ni-

trosotaleaceae, Anaerolineaceae, Methylomirabilaceae, Woesearchaeales, Methanocel-

laceae, Methanobacteriaceae, Rokubacteriales, Dysgonomonadaceae, and Nitrosop-

umilaceae. The C group contained 938 OTUs, with high abundance families in-

cluding Rokubacteriales, Hungateiclostridiaceae and Omnitrophaceae. Finally, the

NCND contained 1403 OTUs with those assigned to Anaerolineaceae, Aminicenan-
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Fig. 3.3. Microbial community heatmap. Community composition heatmap
of relative abundances arranged by similarity of distribution of the families in their
chemotactic and hydrocarbon degrading groups based on predictive metagenomic
profiling. The heatmap is faceted by group, with the purple shading representing
their relative abundance. The Other taxa of each group contains microbes with a
maximum relative abundance <2%; including uncultured taxa, with unknown taxa
also being shown. The y-axis is arranged by similarity of distribution, with the
x-axis being arranged by core section and contamination zone. The Background
core is green, the Crude Oil cores are orange, the Diesel Fuel cores are blue and the
Jet Fuel cores are pink. On the right-hand side of the figure circles represent the
Top section, squares represent Water Table section, rhombuses represent the Middle
section and triangles represent the Bottom section (176 ).
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tales and Methylomirabilaceae being most abundant (Fig. 3.3).

3.5.4 Beta diversity analysis

Non-metric multidimensional scaling (NMDS) ordination was undertaken on the

cores across the site. NMDS enabled a way to condense information from mul-

tidimensional data, into an interpretable two-dimensional dissimilarity ordination

plot. In this molecular ecological ordination, if the points were closer, then the

corresponding OTUs within the samples were more closely related (Fig. 3.4).

Fig. 3.4. Non-metric multidimensional scaling (NMDS) Bray-Curtis.
Dissimilarity plot of core sections representing beta diversity. The stress of the
ordination is 0.07 and has been computed in 3 dimensions, with the first and second
axis being presented. The Background samples are green, Crude Oil is orange, Diesel
Fuel is blue and Jet Fuel is pink. Circles represent the Top section, squares represent
Water Table section, diamonds represent the Middle section and triangles represent
the Bottom section, various line-types are used to connect samples from the same
core (176 ).
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The Background core samples from all depths clustered together, indicating that

they were highly similar in composition (Fig. 3.4). The majority of the Top sections

of the Jet fuel, Diesel and Crude Oil clustered with the Background. The other

contaminated sections formed two loose clusters: one comprised the Middle and the

Bottom sections of the Diesel and Crude Oil cores; the other comprised samples

from the Jet Fuel cores, T7 core and Top section of D10a (both Crude Oil).

3.5.5 Environmental drivers of community structure and CD

group OTU distribution

Constrained ordination analysis was performed in order to better understand the

drivers of differences in community composition. The stepwise model selection pro-

cedure selected depth and naphthalene contamination as significant variables (Fig.

3.5 and Supplementary Information Fig. S6). Constrained ordination of a subset

of samples for which a more extensive chemical analysis was available further con-

firmed naphthalene and depth as significant variables in addition to pH and arsenic

concentration (Supplementary Information Fig. S7). The following results and dis-

cussion focused on the results for the statistically robust full sample dataset since

both analyses identified naphthalene as a major explanatory vector orthogonal to

depth, and the pH vector was congruent with the depth vector. Congruent with

the NMDS result, Background Zone samples clustered with samples from Top and

Water Table Sections and were influenced by low naphthalene and depth with low

contamination levels (Fig. 3.5A). The additional analysis of the subset of samples

suggests that higher arsenic may also contribute to this observation (Supplementary

Information Fig. S7). However, the composition of samples from some Jet Fuel and

Crude Oil Zones were strongly influenced by high naphthalene levels (Fig. 3.5A).

The side-by-side comparison of the db-RDA plots enabled easier interpretation of

the relationship between the OTUs in the predicted chemotactic and hydrocarbon

degrading groups and depth and naphthalene (Fig. 3.5B, Table. 3.1). The distribu-
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Fig. 3.5. Distance-based Bray-Curtis constrained redundancy ordination
analysis (db-RDA). The figures show both samples and individual OTUs. In
both figures naphthalene and depth are the significant variables. (A) A db-RDA
of samples and significant variables (p < 0.05) following step-wise model selection.
Naphthalene and depth are the significant variables, with the length of the arrows
gauging relative significance of each variable, the longer the arrow the greater the
influence the variable has. The first axis (CAP1) explains 6.37% of variation across
samples, with the second axis (CAP2) explaining 5.2% of variation, with the db-
RDA explaining 13.2% of total variation. The Background samples are green, Crude
Oil is orange, Diesel Fuel is blue and Jet Fuel is pink, with core sections through
the water table being illustrated by shapes, and the different line types showing the
differences between the cores. Circles represent the Top section, squares represent
the Water Table section, diamonds represent the Middle section and triangles repre-
sent the Bottom section, line-types link core samples. (B) Different chemotactic and
hydrocarbon degrading groups, the taxa of notable OTUs and how they are driven
by significant variables within the db-RDA. The C group is red, the CD group is
green, the D group is blue and the NCND group is purple (176 ).
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Table. 3.1. Generalised linear model. Statistical summary of the gener-
alised linear model developed to investigate chemotaxis and hydrocarbon degrada-
tion across the legacy petroleum hydrocarbon site.

tion of a subset of OTUs appeared to be influenced by naphthalene contamination

and all were assigned to the CD group (Fig. 3.5B). Separate subsets of OTUs as-

signed to the CD, D, and NCND groups were predicted to be influenced by depth.

The OTUs assigned to the C group were not strongly influenced by either variable.

The subset of CD OTUs influenced by naphthalene were assigned to the four micro-

bial families, Pseudomonadaceae, Desulfocapsaceae, Comamonadaceae and Geobac-

68



teraceae. The subset of CD OTUs influenced by depth were assigned to three fami-

lies, Methanocellaceae, Nitrosopumilaceaes and Smithellaceae.

A generalised linear model (GLM) assuming a binomial distribution with a logit link

function was used to test the relationship between the occurrence of CD OTUs vs.

Non-CD (C, D, NCND) OTUs and contaminant concentration and depth (Table.

3.1). CD OTU occurrence was found to be significantly influenced by naphtha-

lene contamination across the site, with a significantly negative relationship with

depth, as well as the concentration of the soluble aromatic components, benzene

and phenanthrene, across multiple vertical transects across the water table (Table

3.1).

3.6 Discussion

3.6.1 The role of predicted chemotactic and hydrocarbon de-

grading communities in NSZD

As expected, CD OTUs were found to have higher relative abundances in the con-

taminated cores (Crude Oil, Jet Fuel and Diesel) in contrast to the Background

core (Fig. 3.3). Naphthalene concentration was identified as a driver of CD OTUs

distribution (Fig. 3.5 A & B, Table. 3.1). These CD OTUs were assigned to the mi-

crobial families Geobacteraceae, Comamonadaceae, Pseudomonadaceae and Desul-

focapsaceae, and appear to co-occur in samples with similar community composition

(Fig. 3.3, 3.5 B). Furthermore, the families Pseudomonadaceae, Comamonadaceae

and Geobacteraceae have been noted to contain members which are electroactive

microbes and family members are involved in the formation of biofilms which can

further enhance the degradation of petroleum hydrocarbon compounds (239, 240 ).

Comamonadaceae family members have been reported in other legacy contaminated

sites in Kuwait (241 ). The family includes specific genera, such as Comamonas
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which is similar to some Pseudomonas species in its biology, ecology and ability to

metabolise aromatic compounds (242 ). However, they generally do not assimilate

carbohydrates for growth, preferring organic acids and aromatic compounds (243 ).

The Acidovorax sp. strain JS42 is a notable example of a CD group microbe of the

Comamonadaceae family and has been specifically associated with aromatic and

nitroaromatic degradation at manufacturing sites (244 ).

All Geobacteraceae OTUs were classified as CD group taxa. Previous work has

shown that members of this family can degrade multiple hydrocarbons in LNAPLs

and are strictly anaerobic (245, 246 ). However, chemotaxis towards hydrocarbons

has not been observed; this does not mean it is impossible, however Geobacteraceae

species have been shown to be chemotactic towards Fe (II) or Mn (II) oxide (177,

247, 248 ). It is therefore likely that Geobacteraceae OTUs are chemotactic towards

compounds other than hydrocarbons, and that they may instead be considered part

of the D group.

Pseudomonadaceae are part of the Gammaproteobacteria class of microbes, with

this class being reported previously in high abundances throughout cores of a legacy

petroleum hydrocarbon contaminated site in Kuwait (241, 249 ). All of the CD

group OTUs from this family were from the genus Pseudomonas, species of which are

generally aerobic Gram-negative rod-like bacteria, however some members can also

survive in certain anaerobic environments, due to their facultatively anaerobic nature

(Supplementary Information Fig. S4) (103, 250 ). Many Pseudomonas species are

able to degrade and/or metabolise many petroleum hydrocarbon compounds, as

well as being highly chemotactic towards aromatic hydrocarbons found in petroleum

LNAPL zones, thereby potentially assisting in NSZD (103, 250, 251 ).

Members of Geobacteraceae and Pseudomonadaceae, G. sulfurreducens and P. aerug-

inosa, have been reported to facilitate interspecies electron transfer (IET). This per-

mits extracellular electron exchange in environments of mixed resources (252 ). P.

aeruginosa has been reported to exhibit both direct interspecies electron transfer

(DIET) and hydrogen interspecies electron transfer (IET) with G. sulfurreducens
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(252 ). This could be another reason for their co-occurrence and is worthy of fur-

ther investigation. The scope and nature of chemotaxis in the Geobacteraceae fam-

ily poses compelling questions (247 ). Further research needs to be undertaken to

determine if members of the Geobacteraceae family are chemotactic toward hydro-

carbons, and their co-occurrence with Pseudomonadaceae species is due to their

synergetic DIET relationship (252 ). Alternatively, their positioning within the sub-

surface could be due to a bacteria-bacteria transport (190 ). This mode of transport

is where Pseudomonadaceae or other microbes which are chemotactic directly to-

wards petroleum hydrocarbons drag the generally non-motile Geobacteraceae along

its chemotactic gradient towards hydrocarbon compounds (186, 187, 190 ).

The other CD OTU influenced by naphthalene is assigned to the genus Desulfo-

prunum, in the Desulfocapsaceae family (Supplementary Information Fig. S5 B

and S5 C, Fig. 3.5B). This genus has been recorded at hydrocarbon contaminated

sites previously and are capable of using benzoate during sulfate reduction (253,

254 ). Chemotactic responses of this family and genera however have not been di-

rectly observed but were inferred from the functional potential of genes present

in metagenome-assembled genomes (MAGs) found as epibionts in Rimicaris exoc-

ulata shrimp in deep-sea hydrothermal vents and assigned to this family (255 ).

The KEGG pathway for naphthalene degradation includes benzoate degradation as

a possible next step in naphthalene degradation, as well as being a central inter-

mediary in the degradation of other petroleum hydrocarbons (253, 254 ). OTUs

assigned to the families Pseudomonadaceae, Comamonadaceae and Geobacteraceae

all possess this pathway (Supplementary Information Fig. S5 B). The negative rela-

tionship with depth and CD OTU presence could be explained by the fact many of

the CD microbes are more tolerant of various environments and prefer to be where

the attractant (food source) is present (103, 160, 245, 246 ).

Overall, these results indicate the presence of CD group OTUs (that is, OTUs that

were predicted to have the functional potential for chemotaxis and hydrocarbon

degradation) is positively associated with naphthalene contamination and thus sug-
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gests a role for chemotaxis assisted degradation contributing to NSZD of petroleum

hydrocarbons. In addition, these results have generated novel hypotheses regard-

ing the contribution of the four OTUs significantly associated with naphthalene.

Further research is needed to characterise the role of the CD OTUs in the fami-

lies Pseudomonadaceae, Desulfocapsaceae, Comamonadaceae and Geobacteraceae in

order to define their contribution to NSZD. Further research will lead to a more

accurate understanding of the role chemotaxis plays in NSZD and lead to better

mitigation of risk from petroleum releases.

3.6.2 Community connections between CD and D group mi-

crobes

A subset of CD OTUs assigned to Smithellaceae (assigned to the genus Smithella)

and Methanocellaceae (assigned to the genus Methanocella) were found to be signifi-

cantly associated with increasing depth. Smithellaceae were recorded throughout the

site, however at an elevated presence in the cores D10a (Crude Oil), T5 (Jet Fuel),

and D6 (Diesel). Members of the family are sulfate-reducing, strictly anaerobic

and hydrocarbon degrading microbes, which may possess the ability for chemotaxis

(256–258 ). Family members have been linked with playing a role in anaerobic syn-

trophic food chains (257, 258 ). Interestingly, a CD OTU in the Methanocellaceae,

a petroleum hydrocarbon degrading and potentially chemotactic family co-occurred

with a CD OTU in the Smithellaceae (Fig. 3.3). Co-occurrence of these families has

been previously reported by others (258–260 ). Members of the Methanocellaceae

are capable of both anoxic and oxic methanogenesis (261 ). Methanogenesis has

been commonly reported in groundwater at the site (218 ). This could explain its

presence above and below the water table in cores D6 and D7, where it has been hy-

pothesised to act as scavengers for hydrogen, working with Smithellaceae and other

related families (258 ).

Although our study has focused on inferred chemotaxis assisted hydrocarbon degra-

dation, the role of other non-chemotactic functional groups in NSZD is of inter-
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est. For example, Tischer et al. (2013), described a methanogenic and potentially

hydrocarbon degrading consortium that included CD group taxa, such as Smithel-

laceae and Methanocellaceae and D grouped taxa such as members of the acetoclas-

tic Methanosaetaceae family and the hydrogenotrophic family Methanoregulaceae

(258 ). Interestingly, this consortium was able to reduce volatile fatty acid accumu-

lation, therefore liberating the molecules required to enhance chemotactic activity

within the subsurface (262 ). Methanogenic families, such as Methanobacteriaceae

have been reported previously at legacy petroleum hydrocarbon sites such as the

Huabei Oilfield, China (263 ). Interestingly, some Acinetobacter species are known

to be capable of chemotaxis assisted alkane and hydrocarbon degradation, however

the OTUs assigned to Acinetobacter species in this study were found to be assigned

to the D group which were predicted to be non-chemotactic. This further empha-

sises the importance of this functional group in NSZD. In summary, the D group

microbes are potentially a valuable avenue of further study, both to evaluate CD

community interaction and to understand their combined role in NSZD (212, 213 ).

3.6.3 Relevance of the microbial interaction triggering a shift

in the Geobacteraceae distribution within the subsur-

face

Finally, the study also found that the spatial distribution of Geobacteraceae within

the subsurface may be influenced by the chemotactic movement and interactions of

Comamonadaceae or Pseudomonadaceae towards petroleum hydrocarbons within

the subsurface (177 ).

Geobacteraceae is a member of obligate anaerobic family of microbes, which are

sensitive to oxygen. In this study however, it was detected at shallower depths

within the subsurface than expected, where oxic zones existed (177 ). It is thought it

may have been transported to the shallower subsurface by biomobilisation, resulting

in a change in their natural spatial distribution (177 ). The Geobacteraceae family
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contains various petroleum hydrocarbon degrading genera, notably Geobacter, a

widely reported degrader of aromatic hydrocarbons, such as benzene (245, 246 ).

This genus is inferred to have three primary mechanisms for anaerobic activation

and degradation of benzene: carboxylation to benzoate, methylation to toluene, or

hydroxylation to phenol, as the genome encodes pathways for anaerobic benzoate,

toluene and phenol (264 ). The lack of monooxygenase genes in the genome of some

Geobacter strains, indicates that anaerobic degradation pathways are preferred over

aerobic metabolism pathways (264 ).

It is worth noting Geobacter has also been reported under certain environmental

conditions to be motile, when grown on insoluble iron; Fe (III) or manganese; Mn

(IV) oxide, and responds chemotactically to Fe (II) or Mn (II) oxides (247, 265 ).

Therefore it is important to assess if such conditions were present at the legacy site

near Perth, Western Australia. Geochemical analysis of soil cores was conducted as

part of the study and no significant relationship with a range of parameters includ-

ing: Fe (ppm), Mn (ppm) and electrical conductivity was found (Supplementary

Information Fig. S1, S5). This supports the idea that chemotactically assisted

biomobilisation by bacteria in the Comamonadaceae or Pseudomonadaceae fami-

lies, could be the cause of the unusual distribution of Geobacteraceae families within

the subsurface (177 ). This phenomenon could also influence the distribution of

non-chemotactic hydrocarbon degrading (D) taxa at the site.

Interestingly, if the CD taxa and the D taxa detected at the site are combined

into a mixed community (CDD), the preferential accumulation in areas of naphtha-

lene contamination still occurs (177 ). This could suggest that the distribution of

other functional groups, could be influenced by a biomobilisation effect (177, 266 ).

This microbial transport and biomobilisation triggered by a potential chemotactic

response is important to explore and quantify in order to produce an accurate re-

flection of NSZD and risk to the groundwater supply and reiterates the fact that the

third key question of this thesis needs to be addressed (Fig. 1.2).
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Chapter 4

Methods of bioengineering bacteria

and development of a novel

quantitative soft-swim fluorescent

chemotaxis laser scanning assay

(qSS-FCLSA)

4.1 Introduction

In order to achieve the study’s objectives and answer the third key question relating

to determining how chemotactic bacteria interact with non-chemotactic bacteria

the third question was necessary to use a laboratory-based approach and construct

several strains of bacteria of varying degrees of chemotactic ability and motility.

It is also was necessary to conducted exploratory laboratory analysis to develop a

novel quantitative soft-agar swim fluorescent chemotaxis laser scanning assay (qSS-

FCLSA).

The various chemotaxis assays and methodologies utilised investigating in tackling

this problem are outlined in figure 4.1.

75



Fig. 4.1. Development and testing of chemotaxis assays. This figure
highlights the four different assays; agarose in-plug assay, fungal-fungal interaction
device (FFI) chemotaxis assay, gene frame assay and the novel quantitative soft
swim agar chemotaxis laser assays, which were developed and tested.
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Pseudomonas, as previously mentioned, is an aerobic Gram-negative rod-like bac-

terium prevalent in chemotactic and hydrocarbon degrading bacteria, commonly

extracted from contaminated environments. Therefore, P. putida was chosen for

genetic engineering work to create mutants of varying degrees of chemotactic ability

and motility. In-part this is also due to its versatility and amenability to genetic

engineering (267 ). The goal of this second laboratory-based study was to construct

strains of varying degrees of chemotactic ability and the methodology of construction

follows.

4.2 Laboratory set-up, safety and microscopy

A BioMAT 2 Class 2 Microbiological Safety Cabinet (MSC) was used when sub-

culturing and handling all bacterial strains. This was always sterilised under UV

light (254 nm) for 30 minutes to avoid contamination. Chemical fume hoods (Clean

Air Ltd) were used when handling toxic or noxious chemicals, along with all standard

health and safety procedures and aseptic techniques.

All petri-dishes used for plating were standard 90 mm x 15 mm petri-dishes (Fisherb

randTM), with the Gibson©P1000 pippete range and associated tips being used

throughout. Parafilm was commonly used to close the petri-dishes and reduce the

risk of contamination (BemisTM ParafilmTM M). All biological and chemical waste

was treated with Rely+OnTMVirkon and autoclaved as required. Controls were used

throughout the ProFlexTM PCR process, with autoclaved Milli-Q© being used as a

negative control, with antibiotics being used primarily to maintain plasmid fluoresce,

selection and to protect against contamination. All H2O mentioned henceforth in

the methodology is autoclaved Milli-Q© and all the antibiotics are Sigma, unless

otherwise stated.

Random checks for cell motility and contamination were undertaken throughout,

using a Nikon Eclipse Ts2 inverted microscope and a Nikon Eclipse Ti inverted

microscope, both equipped with an air immersed ×20/0.3 numerical aperture and
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Plan Fluor objective (Nikon, Switzerland).

Both microscopes were equipped with; a high-power light emitting diode (LED)

light engine (LedHUB, Omicron-Laserage Laserprodukte GmbH, Germany) which

was used as the source of excitation to produce fluorescence images. An LED of 465

nm was employed to excite the P. putida strains which expressing eGFP and GFP,

and a LED of 544 nm being used to excite P. putida strains expressing dsRed and

mScarlet-I. The microscope was also equipped with the following filters: a) band

pass filters (Omicron-Laserage Laserprodukte GmbH; 465 nm), b) beam splitters

(AHF Analysentechnik AG, Germany; 495 nm and 565 nm) and c) emission filters

(AHF Analysentechnik AG; 525/50 nm and 605/70 nm) (268 ). The Nikon Eclipse Ti

microscope was also combined with a Retiga R1 CCD camera (Qimaging, Canada)

(268 ). Additionally, a motorised stage (Scan III, Prior Scientific, UK), mounted

within a dark temperature-controlled incubator (Okolab, Italy), was set to 30◦C.

The Nikon Eclipse Ts2 was also equipped with a Nikon Digital Sight 1000. The

NIS-Elements Advanced Research imaging software (Nikon, Switzerland) was used

to view the devices and fluorescent cells.

4.3 Microbial strains, construction of mutants and

preparation

This study utilised eleven Pseudomonas putida strains and mutants, along with

three E. coli strains and mutants (Table. 4.1). Several existing strains of P. putida

F1 and P. putida KT2440 are also used during assay development and evaluation.

The advantage of the “chemotaxis mutant toolkit” is they can all metabolise the

same attractant, succinate, with toluene and acetate also being used (269 ). It is

important to note here that the P. putida F1 wild-type (WT) strain generally has

a lophotrichous flagella arrangement, i.e., several flagella at one of the poles of the

cell (80 ). Additionally, E. coli was used throughout this study to carry plasmids

and assist in the bioengineering of the P. putida F1 cells (Table. 4.1) (82, 83, 103 ).
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Table. 4.1. List of strains and mutants used in this study.

A summary of the strains used follows:

Pseudomonas putida F1 WT and P. putida F1 cheA were kindly provided by Re-

becca Parales, The University of California, Davis, USA. The P. putida F1 WT

strain as previously mentioned in the literature review of chapter two and the pa-

per in chapter three, is hydrocarbon degrading and chemotactic to a wide range of

petroleum hydrocarbon compounds. Meanwhile, the Pseudomonas putida F1 cheA

mutant, is a smooth swimming, non-chemotactic petroleum hydrocarbon degrading

mutant (270 ). P. putida F1 cheA has one of the longest known cheA polypetides

and is 747 amino acids long (270 ). The removal of the cheA gene interferes with the
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transmission of chemotactic signals to the cheY proteins which govern the “switch

proteins” in the flagella motor (Fig. 4.2) (270 ). This modified strain also carries

kanamycin resistance inside the mini-Tn5 derived transposon, with figure 4.2 illus-

trating the location of the genes upstream/downstream of the cheA gene (Fig. 4.2)

(103, 270, 271 ).

Fig. 4.2. Chemotaxis gene order of P. putida F1 cheA Chemotaxis genes are
generally found in clusters and are shown in transparent grey and pink. However,
gene organisation is not absolutely conserved and can deviate in order. The cheA
gene is highlighted in blue and underlined, along with the site of the mini-Tn5-KmRes

insertion in vermilion. After Ditty et al., (1998) (270 ).

Pseudomonas putida F1 mScarlet-I (pMRE135), P. putida F1 cheA mScarlet-I

(pMRE135) and P. putida F1 cheA ∆fliM mScarlet-I (pMRE135) are novel strains

constructed for this thesis. The mScarlet-I fluorescent protein is part of a series of

red synthetic proteins and is used because of its fast maturation rate. Upon cell

death the fluorescence lingers, then decreases due to protein breakdown, with the

rate governed by various conditions (272, 273 ). The methodology for the construc-

tion of these mutants construction is outlined below. P. putida KT2440 GFP and

P. putida KT2440 ∆fliM dsRed strains were graciously provided by Dr Isha Hashmi

at the University of Neuchâtel, Switzerland. Lastly, a further P. putida F1 eGFP

strain was provided by Vladimir Sentchilo at the University of Lausanne, Switzer-

land. This is tagged with a mini Tn5-Pcirc-egfp chromosomal insert, which allowed

for constitutively expression of the enhanced green fluorescent protein (eGFP).
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4.3.1 Construction of the chemotactic P. putida F1 mScarlet-

I (pMRE135) and the non-chemotactic P. putida F1

cheA mScarlet-I (pMRE135) mutants

The P. putida F1 WT strain was modified by incorporating a mScarlet-I (pMRE135)

plasmid inside the P. putida F1 WT strain. A single P. putida F1 WT colony was

selected from a nutrient agar (Oxoid) plate, which had been incubated overnight

(Thermo Scientific MaxQTM 6000) at 30◦C. The P. putida F1 WT strain was ini-

tially streaked from a -80◦C (New Brunswick Scientific U535) glycerol stock (50%

autoclaved Milli-Q© and 50% 0.2 µm filtered (Corning©) glycerol ≥ 99.5% (Fisher

BioReagentsTM). This colony was subsequently incubated overnight in 5 ml lysogeny

broth (LB) (Miller, Fisher BioReagentsTM) within a 14 ml culture tube (Starlab),

shaking at 250 rpm and 30◦C (127 ).

The overnight culture was then centrifuged; 4000 x g (Eppendorf Centrifuge 5810

R), pelleted and washed twice at room temperature (21◦C), for 10 minutes in 0.2

µm vacuum filtered 300 mM sucrose (Sigma). This method of making electrocom-

petent cells is adapted from (274 ). This sucrose was dissolved in H2O using a

magnetic stirrer (FisherbrandTM). All centrifugations occur at room temperature,

unless otherwise stated. The electrocompetent cell culture was then concentrated

by centrifugation, and 1 mL was pipetted into a 2 ml Eppendorf, with vortexing

(Corning© LSE). This suspension was then centrifuged for 8 minutes at 2000 x g

using an Eppendorf 5453 MiniSpin table-top centrifuge. The supernatant was then

discarded and the pellet was resuspended in 0.5 ml of 300 mM sucrose solution

(274 ).

An E. coli S17-1 λpir strain carrying the mScarlet-I (pMRE135) plasmid colony was

selected from a LB agar (Miller, Supelco©) plate dosed with 50 µg/ml kanamycin

and 25 µg/ml chloramphenicol, which had been had been incubated overnight at

30◦C. Visual confirmation of the fluorescence was achieved using a UV light box

(Alpha Innotech) (Fig. 4.3). A fluorescent colony was incubated overnight in 5 ml
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Fig. 4.3. Fluorescent colonies under ultraviolet (UV) light. Photo taken of
the UV light box of two nutrient agar petri-dishes containing P. putida F1 strains,
dosed with the relevant antibiotics. The left shows the green fluorescence of the
P. putida F1 eGFP strain. This is contrasted, with the red fluorescence of the
mScarlet-I (pMRE135) plasmid electroporated within the P. putida F1 WT strain
on the right.

LB within a 14 ml culture tube at 37◦C and 250 rpm (Fig. 4.3). It was then dosed

with 50 µg/ml kanamycin and chloramphenicol 25 µg/ml, to maintain the presence

of the fluorescent mScarlet-I plasmid (Addgene, Bacterial resistance: kanamycin,

Backbone selectable markers: chloramphenicol #118489) (273 ). The colony was

then pelleted twice in H2O at 4000 x g for 10 minutes.

A QIAprep Spin Miniprep kit from Qiagen was then used to extract the plasmid to a

concentration of 50 ng/ml, which was measured on a Thermo ScientificTM NanoDrop

1000 spectrophotometer. A 100 µl aliquot of the concentrated electrocompetent P.

putida F1 WT cell suspension was then pipetted into a 2 ml electroporation cuvette

(Bio-Rad) after vortexing, along with 1.25 µl of the mScarlet-I pMRE135 plasmid

DNA and electroporated (2 ml Bio-Rad MicroPulsar, Standard E. coli. 2 set-up;

2.5 kV) (274 ). One ml of autoclaved LB was immediately added, and cells were

incubated in a spinning incubator at 250 rpm and 30◦C for 1 hour. This mixture

was then centrifuged for 8 minutes at 2000 x g and spread on an LB plate using

a Microspec E6 Spreader (Fisher ScientificTM). The plate was also dosed with 50

µg/ml kanamycin and 25 µg/ml chloramphenicol and incubated at 33.5◦C (Cole-

ParmerTM StuartTM SI-200) overnight.

Plates were screened for positively fluorescence colonies using a UV light box, then
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overnight cultures were prepared in 5 ml LB within a 14 ml culture tube dosed with

50 µg/ml kanamycin and 25 µg/ml chloramphenicol at 30◦C to make glycerol stocks

(Fig. 4.3). The new P. putida F1 mScarlet-I (pMRE135) strain was then placed in

the -80◦C freezer in glycerol stock using the same ratios previously described. This

process was repeated with the P. putida F1 cheA strain, although the initial colony

was selected from 50 µg/ml kanamycin nutrient agar plates with the resultant P.

putida F1 cheA mScarlet-I (pMRE135) strain being placed in glycerol stocks in the

-80◦C freezer.

4.3.2 Construction of non-chemotactic and non-motile P. putida

F1 cheA ∆fliM mScarlet-I (pMRE135) mutants

In order to create the P. putida F1 cheA ∆fliM mScarlet-I (pMRE135) strain, the

fliM gene was deleted using a similar protocol to the scar-less gene deletion method-

ology outlined by Martínez-García and de Lorenzo in 2012 (275–277 ). The fliM

gene controls the flagella motor switch and formation of the lophotrichous flagella,

its deletion generally renders P. putida non-flagellated and thus non-motile, aside

from pili and curli activity (Fig. 2.1) (76, 103, 104, 278 ). A detailed description

of the methodology; a variation of the SOEing PCR method of splicing by overlap

extension follows, with a simplified flow-chart illustrating key stages in the process

in fig. 4.4 (275 ).

4.3.2.1 Construction of the pEMG-fliM plasmid

Primers were designed around the flanking regions of fliM gene; TS1F-KpnI (at-

gcatgactGGTACCAGAGCGAAGCAGTCAAAGAC) and TS1R (GTAAGCGAC-

CGGCACACCGTGCGGACTCCTACTGCAATAC), along with TS2F (CGGTGT-

GCCGGTCGCTTAC) and TS2R-XbaI (aatcctctacTCTAGACTTGATACGTTCGC

TGGGGC) (Fig. 4.4 A, Table. 4.2). A Phusion© PCR was run using P. putida F1

cheA as a colony template. This colony selected from a -80◦C freezer glycerol stock,

which had been streaked onto a nutrient agar plate containing 50 µg/ml kanamycin
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Table. 4.2. Primers used in this study.

and incubated overnight at 30◦C (Fig. 4.4 A) (275 ). This colony template was

then combined with 4 µl of Phusion© GC Buffer (New England BioLabs), 0.4 µl 10

mM dNTP (Thermo ScientificTM), 0.2 µl Phusion© High-Fidelity DNA Polymerase

(New England BioLabs) and 13.4 µl H2O and 1 µl 10 µM of primers. This PCR

was run for the each of the flanking regions TS1 (500 bp) (TS1F-KpnI, TS1R) and

TS2 (500 bp) (TS2F, TS2R-XbaI) (Table. 4.2). A ProFlexTM PCR machine was

used to amplify the TS1 and TS2 with the following conditions; 95◦C 5 minutes, 30

cycles (95◦C 20 seconds, Veriflex (62◦C-57◦C) 20 seconds, 20 seconds 72◦C) and a

final cycle of 72◦C 5 minutes (Fig. 4.4 A). A SciSpin Mini centrifuge was used prior

to all PCRs, to make sure all mixtures were concentrated at bottom of the small 0.2

ml PCR tubes (Table. 4.2).

The resulting PCR product was run through an electrophoresis gel (Sub-Cell GT

Horizontal Electrophoresis Cell, 15 x 15 cm tray, with PowerPac Basic Power Supply

and gel caster #1640302) using 1 % agarose (Sigma) 1 x TAE (Sigma) (250 V, 30 A,

300 W, 30 minutes). A 1 kb plus DNA ladder (Invitrogen) was used in all PCRs run,

with the reaction products being mixed with purple dye (New England BioLabs),

to illuminate under UV light to assist in the sizing and approximate quantification

of the DNA (Fig. 4.4 A). The TS1 and TS2 bands at 500 bp were cutout of the

gel using a scalpel (FisherbrandTM) and DNA was recovered using a Zymoclean Gel

DNA Recovery Kit and concentrated using a Eppendorf Concentrator Plus for 15

minutes at 45◦C (Fig. 4.4 A). The gels can be viewed in figure 4.4 A on the next

page.
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Fig. 4.4. Genetic engineering flow-chart for the deletion of fliM gene

from P. putida F1 cheA. A) Shows the initial construction of the delivery pEMG-

fliM plasmid. It is designed to exchange DNA segments of the target genome by

corresponding homologous sequences which are inserted into multiple cloning sites

(MCS). Note the poly-linker MCS which is flanked by I-SceI site engineered within

a lacZα segment (279 ). B) Illustrates the insertion of the novel pEMG-fliM plasmid

inside P. putida F1 cheA and the creation of the pSW-I cointegrate, with C) depict-

ing the fliM gene deletion transformation and induction. The I-SceI sites nuclease

after activation of the Pm promoter by XylS, in the presence of 3-methylbenzoate

(MB) (279 ). Note the presence of the transcriptional terminator (T), this is neces-

sary to avoid transcriptional-readthrough (279 ).

NB: The crosses over the chemoreceptors are used to highlight the fact the cell

is non-chemotactic, rather than any direct alteration of the chemoreceptors them-

selves (275–277, 279 ).

85



86



A second PCR reaction was run using 1 µl of the TS1 and TS2 DNA product as a

reaction template, along with; 4 µl of Phusion© GC Buffer (New England BioLabs),

0.4 µl 10 mM dNTP, 0.2 µl Phusion© High-Fidelity DNA Polymerase (New England

BioLabs), 13.4 µl H2O and 1 µl 10 µM of the TS1F-KpnI and TS2R-XbaI primers

(Table. 4.2). The second PCR conditions were 95◦C 5 minutes, 30 cycles (95◦C 30

seconds, 57◦C 30 seconds, 72◦C 1 minute 15 seconds) and a final cycle of 72◦C for

10 minutes (275 ). This work was conducted prior to cloning the target sequences

into pEMG and the digestion reaction (Fig. 4.4 A) (275 ).

A E. coli DH5αλpir carrying the pEMG plasmid and an OriR6K-based suicide

vector was streaked onto LB plates (from glycerol stock) with 50 µg/ml kanamycin

and incubated overnight at 37◦C (Table. 4.4) (275 ). A colony was then selected

and incubated at 37◦C and 250 rpm in 5 ml LB within a 14 ml culture tube and

50 µg/ml kanamycin. This culture was then centrifuged at 4000 x g for 10 minutes

and the supernatant was washed off and vortexed. A QIAprep Spin Miniprep kit

from Qiagen was used to extract the plasmid to a concentration of 100 ng/ml using

a spectrophotometer (Fig. 4.4 A) (275 ).

Table. 4.3. Plasmids used in this study.

.

A restriction digest reaction was carried using 3 µl of H2O, 1 µl of KpnI-HF en-

zyme (New England BioLabs), 1 µl of XbaI enzyme (New England BioLabs), 4 µl of

CutSmart Buffer (New England BioLabs) and 40 µl of the TS1-TS2 1000 bp insert,

along with 40 µl of the pEMG plasmid (275 ). This was then run through an elec-

trophoresis gel, using the same equipment, and run times as mentioned above; the

plasmid band was detected at 3000 bp and the TS1-TS2 insert was recorded at 1000
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bp (Fig. 4.4 A). These were then cutout and the DNA fragment was concentrated

using a Zymoclean Gel DNA Recovery Kit along with a speed vacuum (15 minutes

at 45◦C) to concentrate the DNA fragment to 100 ng/ml. A ligation reaction was

then undertaken using 4 µl T4 Buffer (New England BioLabs), 1 µl T4 ligase (New

England BioLabs), 0.5 µl of the pEMG plasmid, 5 µl of the TS1-TS2 1000 bp insert

and 12.5 µl of H2O and incubated at 16◦C for 16 hours in stasis within a PCR

machine. This pEMG-fliM ligate product was then dialysed on a MF-Millipore 3.0

µm filter membrane disk 25 mm in a H2O bath for 15 minutes to allow for osmosis

purification (Fig. 4.4 A).

E. coli DH5αλpir electrocompetent cells were then prepared (274, 275 ). A E. coli

DH5αλpir colony was selected from a LB plate which had been streaked from a

-80◦C freezer glycerol the night before and incubated at 37◦C overnight. The colony

was then incubated at 37◦C in 5 ml of LB within a 14 ml culture tube at 250 rpm

overnight. An aliquot (50 µl) of this overnight culture was then pipetted into 50 ml

fresh LB the next day. This new sub-culture was incubated at 37◦C and 250 rpm

until an of OD600nm of 0.4 was reached, which was analysed using an Eppendorf

BioPhotometer. The day culture was then centrifuged at 1000 x g for 10 minutes

at 4◦C and washed with ice-cold H2O and ice-cold pipette tips three times.

The pEMG-fliM plasmid was concentrated in tandem, using an Eppendorf Concen-

trator Plus. It was then subsequently electroporated inside chilled electroporation

cuvettes. One ml of LB was then immediately added to the transformed E. coli

DH5αλpir pEMG-fliM strain and it was incubated in a shaking incubator at 250

rpm and 37◦C for 1 hour 30 minutes. This was then centrifuged at 2000 x g for 8

minutes and spread on LB agar with 50 µg/ml kanamycin and incubated overnight

at 37◦C for 1 hour 30 minutes (Fig. 4.4 A).

Transformed colonies were then screened by colony PCR to check for successful

insertion of the bespoke pEMG-fliM plasmid within E. coli DH5αλpir, against a

negative control of H2O and positive control plasmid of pEMG-wspR provided by

Angeles Hueso-Gil, Centro de Biotecnología y Genómica de Plantas (Table. 4.2, 4.3)
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(280 ). Each reaction involved 5 µl of H2O, 0.625 µl of pEMG-F, 0.625 µl of pEMG-

R, 6.25 µl of GoTaq© Green Master Mix (Promega) and a colony as a template for

each reaction, aside for the negative control. PCR conditions were 95◦C 5 minutes,

30 cycles (95◦C 30 seconds, 55.8◦C 30 seconds, 72◦C 1 minute 15 seconds) and a

final cycle of 72◦C for 10 minutes. The PCR product was then run on a gel using

the same electrophoresis conditions, with a band being present at 1000 bp, with the

positive control being 980 bp (Fig. 4.4 A).

If the PCR was successful, with a band present at 1000 bp, it was cut out from

the gel with a scalpel and a QIAprep Spin Miniprep kit from Qiagen was used

to extract the DNA from the gel (Fig. 4.4 A, B). The DNA fragment was then

concentrated as above and Sanger sequencing (Source Bioscience, Synthetic Biology,

Imperial College London) confirmed the creation of the pEMG-fliM plasmid. This

is displayed in figure. 4.4 A, using Benchling (Fig. 4.4 A, B, 4.5 A, Supplementary

Information Data. S9) (281 ).

4.3.2.2 Deletion of the fliM gene

The E. coli DH5αλpir colonies which carried the newly constructed pEMG-fliM

plasmid were then grown overnight in 5 ml LB within a 14 ml culture tube containing

50 µg/ml kanamycin. Glycerol stocks were then prepared, and the new E. coli

DH5αλpir pEMG-fliM strain was placed in the -80◦C freezer (Fig. 4.4 A, B).

In order to prepare for gene deletion, E. coli DH5αλpir pEMG-fliM was streaked

onto LB plates with 50 µg/ml kanamycin from -80◦C glycerol freezer stock and

grown overnight at 37◦C in the incubator. A colony was then selected and incubated

overnight in 5 ml LB within a 14 ml culture tube at 37◦C and 250 rpm. This strain

was then pelleted at 4000 x g for 10 min and a QIAprep Spin Miniprep kit from

Qiagen was used to extract the pEMG-fliM plasmid. The next step in the gene

deletion process was the incorporation of the pEMG-fliM plasmid inside the P.

putida F1 cheA strain (Fig. 4.4 b).
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Fig. 4.5. Synthetically engineered architecture of pEMG-fliM plasmid
and the successful deletion of the fliM gene. A) Plasmid map of proteins
and genes, such as the OriR6K-based suicide vector. The highlighted region shown
in orange, denotes the area for the fliM gene deletion, with the flanking regions
(TS1F, TS1R, TS2F and TS2R bp) also visible insert. B) This figure shows the
gene deletion of the fliM gene within a P. putida F1 cheA strain, resulting in the
genetic construction of the P. putida F1 cheA ∆fliM mutant, with the start (TS1F)
and end (TS2R) of the empty gene deletion marked next to the yellow arrows
(Supplementary Information Data. S9) (276, 277, 281 ).
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A P. putida F1 cheA colony was selected from a nutrient agar plate with 50 µg/ml

kanamycin, which was freshly streaked plate from a -80◦C freezer glycerol stock

that had been incubated overnight at 30 ◦C (275 ). This colony was then incubated

overnight in 5 ml LB within a 14 ml culture tube with 50 µg/ml kanamycin at

30◦C and shaken at 250 rpm. The culture was then pelleted and washed twice by

centrifugation at 1000 x g for 10 minutes in 0.2 µm filtered 300 mM sucrose solution

(prepared as above). One mL was pipetted into a 2 ml Eppendorf, with vortexing

being used after each centrifugation of 8 minutes at 2000 x g.

The supernatant was then discarded, and the pellet was resuspended in 0.5 ml of 300

mM sucrose solution, then 1.25 µl of the concentrated extracted pEMG-fliM plasmid

(100 ng/ml) was mixed into a 100 µl aliquot of the concentrated electrocompetent P.

putida F1 cheA cells (274 ). The cells were electroporated in a 1.5 ml Eppendorf. One

ml of LB was then pipetted immediately inside, and cells were incubated in a shaking

incubator at 250 rpm and 30◦C for 1 hour. This mixture was then centrifuged for

8 minutes at 2000 x g and spread on an LB plate with 75 µg/ml kanamycin and

incubated at 33.5◦C. A higher kanamycin concentration led to enhanced successful

transformation, possibly due to the latent kanamycin resistance from the P. putida

F1 cheA mutant construction (Fig. 4.4 A, B) (127 ).

A E. coli DH5αλpir pSW-I strain, which carries the pSW-I plasmid was then taken

from -80◦C glycerol stock and spread on LB agar dosed with 500 µg/ml ampicillin

(Sigma) and incubated at 37 ◦ C overnight. A schematic of the pSW-I plasmid can

be seen in figure 4.4 B, C, with the corresponding I-SceI site to the left hand side

of the plasmid in fig 4.4 A, and these are key to the bioengineering of the P. putida

strain (275, 279 ). The plasmid was extracted to 100 ng/ml using a QIAprep Spin

Miniprep kit from Qiagen. Electrocompetent P. putida F1 cheA pEMG-fliM cells

were made using the same 300 mM sucrose method mentioned above and trans-

formed with 1.25 µl of the concentrated pSW-I plasmid via electroporation (274 ).

After electroporation, cells and 1 ml LB were incubated at 33.5◦C for 1 hour, cen-

trifuged at 2000 x g for 8 minutes and then spread on nutrient agar petri-dishes with
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75 µg/ml kanamycin and 500 µg/ml ampicillin, and incubated overnight at 33.5◦C

(Fig. 4.4 A, B, C).

A colony PCR was then run to check for the presence of the pSW-I cointegrate in this

new P. putida F1 cheA pEMG-fliM pSW-I strain. This was achieved with ampicillin

resistance screening (Fig. 4.4 C). This screening utilised two primers; pSW-F: 5’-

GGACGCTTCGCTGAAAACTA-3’ and pSW-R: 5’-AACGTCGTGACTGGGAAAAC-

3’, with the PCR conditions being 5 minutes at 95◦C, and 25 cycles (30 seconds at

95◦C, 30 seconds at 55◦C, 30 seconds at 72◦C) and 5 minutes at 72◦C (Table. 4.4).

Each PCR screening reaction involved 5 µl of H2O, 0.625 µl of pSW-F, 0.625 µl of

pSW-R, 6.25 µl of GoTaq© Green Master Mix and a colony as a template for each

reaction, aside for the negative control, and the pSW-I plasmid concentrate being

used as a positive control (Fig. 4.4 B, C). This was then run on an electrophoresis

gel against a 1 kb plus DNA ladder, as described above, with a 520 bp band indicat-

ing the presence of the pSW-I plasmid (Fig. 4.4 C). Overnights of the P. putida F1

cheA pEMG-fliM pSW-I strain, which contained the pSW-I plasmid were prepared

in 5 ml LB, which was dosed with 75 µg/ml kanamycin and 500 µg/ml ampicillin,

with glycerol stocks being made the following day.

A separate overnight of the P. putida F1 cheA pEMG-fliM pSW-I cointegrate was

prepared in 5 ml LB and 20 µl of 0.5 M 3-methylbenzoate (MB) (Fluka # 89890),

this induces the expression of the I-SceI enzyme and leads to double-strand breaks

(DSB) and the subsequent fliM gene deletion. The I-SceI induction sites are marked

in (Fig. 4.4 B, 4.5 A). This induction was run at 250 rpm at 30◦C for 15 hours

(275 ). The culture was then pelleted and centrifuged at 1000 x g for 10 minutes

and streaked onto nutrient agar plate containing 50 µg/ml kanamycin overnight

(Fig. 3).

Random colony PCR screening was then used to check for the deletion of the fliM

gene, as most reverted to the P. putida F1 cheA strain template. Successful trans-

formations were then grown overnight in 5 ml LB and 50 µg/ml kanamycin. The

initial expectation was a 50:50 success rate ratio of gene deletion to failures, which
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reverted to motile P. putida F1 cheA strain. However, a lower ratio of success-

ful deletions was found, potentially as a result of variable changes in laboratory

conditions and plasmid transformation efficiency (275 ). Sanger sequencing (Source

Bioscience, Synthetic Biology, Imperial College London) confirmed the creation of

the new strain, and this was again aligned in Benchling (Fig. 4.5 B, Supplemen-

tary Information Data. S9) (281 ). Glycerol stocks of this new P. putida F1 cheA

∆fliM mutant strain were then prepared as outlined above. The delta (∆) symbol

is used to designate deletion of the fliM gene. Cells were also transformed with the

mScarlet-I (pMRE135) plasmid, to construct the P. putida F1 cheA ∆fliM mScarlet-

I (pMRE135) mutant (Fig. 4.4 C, 4.5, Table. 4.1, 4.2, 4.3).

4.4 Chemotaxis assay development and testing

The applicability and repeatability of various chemotaxis assays mentioned in the

literature review, were tested along with the development of a new quantitative soft-

agar chemotaxis swim assay. In co-culture experiments 50:50 mixtures were utilised

to investigate microbial interactions of chemotactic bacteria of varying degrees of

chemotactic ability, and evaluate evidence of chemotactically assisted biomobilisa-

tion (Fig. 4.1).

4.4.1 Agarose in-plug assays

Agarose in-plug chemotaxis assays were initially trialed as they can be used to

quantify a chemotactic response via the assessment of the chemotactic ring diam-

eter (103 ). More modern adaptations utilised a “bucket of light”, as previously

mentioned in the literature review in chapter two (103, 147 ). To evaluate and de-

velop this technique, colonies of P. putida F1 eGFP were streaked onto a LB agar

plate containing 15 µg/ml tetracycline from -80◦C glycerol stock and then incubated

overnight at 30◦C (Fig. 4.2, 4.5, 4.6).
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Fig. 4.6. Agarose in-plug chemotaxis assay. P. putida F1 eGFP re-
sponding to an agarose plug of 10 % (vol/vol) toluene, forming chemotactic rings.
The “fuzzy” or blurred edges of the colony can also be seen, which is indicative of
the improved run/tumble swimming bias associated with a chemotactic response
(147, 282, 283 ). Image captured using the Nikon Eclipse Ts2 Microscope (Nikon,
Switzerland) set-up as described at the start of the chapter with a x 20 objective at
465 nm excitation. A shot of the dried chemotactic ring (white cells) is also shown
after 24 hours, along with the chamber which is created due to capillary action and
the PDMS bridge (284 ).

A colony was then selected and incubated in 10 ml of M9 minimal media salts

(GibcoTM) within a 20 ml conical Erlenmeyer glass flask (PyrexTM) along with 15

µg/ml tetracycline (Sigma) and 10 % (vol/vol) toluene, long with 2.5 mM of sodium

benzoate (Sigma) (168 ). This acted as an alternative source of carbon, allowing the

cells to accustom themselves with the toluene. Exposing P. putida F1 to NAPLs

and solvents, such as toluene, interferes with the cells structure in a process known

as toluene or solvent shock. Therefore, this acclimatisation step is necessary (103,

159, 285–287 ). The flask for this overnight culture was then capped with cotton

wool balls (Williams), foil (AluminaSealTM) and parafilm (BemisTM ParafilmTM M)

and incubated at 30◦C and 250 rpm.

This acclimatisation process is also important as it helps trigger a chemotactic re-

sponse of P. putida F1 towards toluene (103 ). The overnight cultures were pelleted
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at 1000 x g for 10 minutes and washed twice in autoclaved phosphate buffer solution

(PBS); made by dissolving PBS tablets (Fisher BioReagentsTM) in Milli-Q© and

autoclaved. The centrifuged supernatant was poured off and vortexed between each

stage. The cells were then diluted in PBS to obtain an optical density in the mid-

exponential growth phase of OD600nm 0.5. This optical density was used as this is

considered to fall within the idealised concentration to investigate bacterial chemo-

taxis (OD600nm 0.3-0.7), with a density above 0.7 considered too high as it disguises

the chemotactic signal, with the flagella of individual bacteria being often unable to

work as a group (Fig. 4.6) (168, 194, 284, 288 ). The upper limit however is up for

debate, as Tian et al., (2021) reported that E. coli had an enhanced chemotactic

response due to overcrowding (289 ).

The agarose in-plug chemotaxis assay was constructed by bonding two slabs of the

elastomeric polymer, polydimethylsiloxane (PDMS), onto a microscope slide (75 by

26 mm) to create a bridge and covered with a coverslip, as described in detail below

(Fig. 4.6).

The PDMS was formulated using a 10:1 ratio of base to curing agent (SylgardTM

184, Dow Corning©, USA), degassed in a vacuum desiccator for 1 hour. It was then

poured onto a silanised silicon wafer; until approximately 5 mm in height and cured

overnight at 70◦C in a drying oven (Fisher BINDER™). A scalpel was then used to

cutout two PDMS slabs (20 mm long, 6 mm wide and 5 mm in height). These were

then plasma bonded using a Zepto plasma cleaner (Diener Electronic, Germany;

vacuum pressure 0.75 mbar, power 50%, coating time 1 minute) to a microscope

slide (75 by 26 mm) (FisherbrandTM).

The plug was made of 2% UltraPureTM low-melting point agarose (Life Technolo-

gies) in random motility buffer (RMB: 11.2 g/l K2HPO4 (Sigma); 4.8 g/l KH2PO4

(Sigma); 0.029 g/l EDTA (Sigma); 3.93 g/l NaCl (Sigma)), with the plug being

melted on a 65◦C block heater (FisherbrandTM) (290 ). This RMB is commonly

used in chemotactic experiments to wash chemotactic cultures and as a control

(290 ). Ten percent (vol/vol) toluene was added to the mix briefly after heating,
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with the same volume of RMB being added as a control (168 ).

A few crystals of Coomassie blue (R-250 Dye, Thermo ScientificTM) were dissolved

in the agarose to provide visual contrast for the plug. An aliquot (12 µL) of the

agarose plug mixture was then quickly pipetted onto the microscope slide between

the two PDMS strips, and 30 seconds was allowed for the plug to cool before sealing

with a glass coverslip (75 by 26 mm) (FisherbrandTM) (Fig. 4.6) (284 ). A cell

suspension of P. putida F1 eGFP motile cells (230 µL of the OD600nm 0.5) was

carefully pipetted into the chamber (Fig. 4.5).

4.4.1.1 Agarose in plug-assays: imaging and example assay

After 15 minutes the assay was imaged using the Nikon Eclipse Ts2 Microscope

(Nikon, Switzerland), set-up as described at the start of the chapter with a x 20

objective and 465 nm excitation (284 ).

A successful run is shown in figure 4.6 (Fig. 4.6). This assay, overall had several

issues, mainly associated with the handling of the toluene. It evaporated quickly;

within minutes, and it was hard to gauge how much was absorbed into the plug.

Dimethyl sulfoxide (DMSO) (Sigma) was added, to assist in its absorbance, how-

ever this proved unfruitful due to cell death attributed to toluene shock (103, 159,

285–287, 291 ). Taking this into consideration, along with the fact that air bubble

formation frequently occurred, and leakage of the cell culture out of the chamber led

to inconsistent results. It was decided to test other chemotaxis assays (Fig. 4.5).

4.4.2 Fungal-fungal interaction (FFI) device

A microfluidic approach was then trialed using a FFI device (Fig. 4.5, 4.7) (268 ).

This device was designed originally to assess the interaction and confrontation of two

fungi (Fig. 4.7 A). Two holes are typically punched at each end, using a precision

cutter (Ø 4.75 mm; Syneo, USA). These holes create entrances to inoculate the

system with fungal spores. In this case, one hole was cut for microbial inoculation
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and the other for the placement of the plug containing the chemoattractant (268 ).

The FFI device was created by preparing PDMS and degassing the mixture, as de-

scribed above. It was then poured onto a FFI master mould wafer, which contained

the template of the FFI (kindly provided by Claire E. Stanley) and cured overnight

at 70◦C in a drying oven (Fisher BINDER™) (268 ). Two holes were then punched

in the FFI device and it was plasma bonded to a glass bottomed petri-dish (WPI

FluoroDishTM , 35mm). It was then filled with 80 µl PBS. A 4 % percent M9 min-

imal media salt BactoTM agar (Becton Dickinson) plug (Ø 4.75 mm; Syneo, USA)

with or without 1 mM acetate (Sigma) was placed in the left open hole using sterile

forceps (Fisher Scientific Ltd, Bent & sharp). These forceps were also sterilised by

UV (254 nm) within the BioMAT 2 Class 2 Microbiological Safety Cabinet (MSC),

with all the plugs being handled using best aseptic practice (Fig. 4.5).

An agar concentration of 4 % BactoTM (Becton Dickinson) was chosen as it was

determined to be the best agar concentration for plug rigidity (Fig. 4.7 B). This

was due to inconsistencies in plug consistency at lower concentrations, with the

formation of fractures and other faults also occurring when using alternatives, such

as agarose or PhytagelTM (Sigma) (Fig. 4.7 B). Alginate beads were also trialed as a

delivery method of the chemoattractant. This involved autoclaving 33 µL of sodium

alginate (Sigma) solution and mixing it with 0.1 mol L−1 sterile CaCl2 solution

(Sigma) using an Heidolph Titramax 101 orbital lab shaker at 2 x g (Heidolph

Instruments, Germany). This constant agitation leads to the formation of beads

after 30 minutes. These beads were collected in a 100 µm sterilized nylon mesh

(Corning©) and washed with H2O. However, similar structural issues persisted with

this medium (Fig. 4.7 B, C). It was also found that the best way to get consistent

plug depths of 5 mm was to use a rectangular flat-bottomed petri-dishes (Fisher).

A P. putida KT2440 GFP culture, exhibiting green fluorescence, was streaked onto

some nutrient agar containing 10 µg/ml gentamicin (Sigma) from -80◦C freezer

glycerol stock and then incubated overnight at 30◦C (292 ). A colony was then

selected and incubated in 5 ml of LB and 10 µg/ml gentamicin within a 14 ml
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Fig. 4.7. Fungal-fungal interaction (FFI) device chemotaxis assay. A)
Schematic of the FFI device, 1 mm for scale (After Gimeno et al., (2021) (268 )).
B) Highlights issues with air bubbles, plug shrinkage, fractures and irregular plugs,
as well as mushy texture during plug construction; as in the case of the Coomassie
blue (R-250 Dye, Thermo ScientificTM) example. Overfill of the channels is also
an issue as this leads to an uncertain total cell abundance within the channels.
The scale of the plugs is also visible in relation to the device. C) Bright-field (x
20) close-up of the interaction channel. The schematics show the problems caused
by currents, leading to an accumulation of settling cells in the lower half of the
channels. This is further exemplified with the fluorescence channel inset showing
an example of accumulation of cells within the channel gap at 465 nm (P. putida
KT2440 GFP) and 544 nm (P. putida KT2440 ∆fliM dsRed), viewed using the
Nikon Ti Microscope with a x 20 objective. Note the scale 200 µm.
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culture tube overnight. This culture was pelleted at 1000 x g for 10 minutes and

washed twice in autoclaved PBS, with the supernatant being poured off and vortexed

between each stage. The same process was undertaken with the P. putida KT2440

∆fliM dsRed strain, which is non-motile and exhibits a red fluorescence (Fig. 4.5)

(292 ).

The cultures were prepared to an OD600nm 0.5 in their mid-exponential growth

phase, with 0.3 µl of a mixed-culture of P. putida KT2440 GFP and P. putida

∆fliM dsRed being inoculated into the right hole of the FFI (293 ). Both openings

were then sealed with a 1 x 1 cm square cover glass (FisherbrandTM) (Fig. 4.5, 4.7).

4.4.2.1 Fungal-fungal interaction (FFI) device: imaging and example

assay

This was then imaged on the Nikon Ti Microscope using a x 20 objective lens and

a time series ran overnight taking images every 30 minutes, using a 465 nm and

544 nm excitation. This was undertaken to assess if the movement of the P. putida

KT2440 GFP, chemotactically alters the distribution of the non-motile P. putida

KT2440 ∆fliM dsRed mutant as P. putida KT2440 GFP responds chemotactically

towards the acetate (Fig. 4.7 C) (184, 293 ). A range of image stitching regimes

were trialed to generate large images covering 14 x 8 fields of view, with 15% over-

lap. However, focusing on more than one field of view seemed to produce more

inconsistent results. Issues arose from a current and flow of unknown origin, which

dragged and transported the cells within the device (Fig. 4.7 C).

This caused a substantial build-up of bacteria within the small, pore-like channels;

visible in the inset within figure. 4.7 C. Immediately after plasma bonding, the

PDMS converts to a hydrophilic state, which assists in the uptake of fluids, such

as PBS within the device via capillary action (294 ). This was initially seen as a

possible origin for this current. However, different experimental variation, such as

punching 1 hole into the system and waiting overnight for any latent hydrophilic
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forces to subside, did not remedy the situation and the issues persisted wielding

non-consistent results (Fig. 4.5) (294 ).

This was confirmed by visualising the inconsistent diffusion of 6.6 mg/l fluorescein

(Sigma) dosed M9 minimal media salts agar plugs within the system (Fig. 4.7 B).

Evaporation was also seen as a possible cause for the unknown current. Therefore

several alternative combinations of experimental design were trialed such as filling

the area around the FFI device with H2O and covering the glass bottomed petri-dish

with parafilm. However, this failed to stop the flow (4.7 B, C). It was therefore de-

cided to trial further chemotactic assays after various combinations failed to provide

repeatable results (Fig. 4.5).

4.4.3 Gene frame agarose in-plug assays

A Thermo ScientificTM Gene Frame, with a total volume capacity of 25 µl, was

bonded to a cover slip 24 x 32 mm, 0.13-0.17 mm thickness (FisherbrandTM) by a

two-sided adhesive strip and filled with 25 µl of 0.3 % agar RMB (Fig. 4.5) (290 ).

Soft 0.3 % agar was used as it allows for the movement of the cells and also mimics

a porous environment, with the chemoattractant delivered to the system by a small

rigid disk (103, 165, 269, 295 ). This small disk was cutout using a precision cutter

(Ø 1.02 mm; Syneo, USA) and placed at the center of the gene frame (Fig. 4.5). This

was constructed to fill the chamber comfortably, by filling an empty chamber with

the 4 % RMB agar dosed, with and without 1 mM acetate; the chemoattractant,

and then punching out a neat fitting disk out after cooling. Bacterial suspensions

(1 µl of a OD600nm 0.5) were inoculated into the center of the assay during the cells

mid-exponential phase and prepared the same way as for the FFI device (Fig. 4.8

A, B, C) (90, 98 ).
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Fig. 4.8. Gene frame chemotaxis assay. A) Close-up of the gene frame
and plug, the white bacterial ring encircling the plug is the bacteria responding
chemotactically towards 1 mM acetate within the plug. A small fracture within the
agar, resembling a small pair of scissors is visible, this highlights the issues caused
by fracturing. B) P. putida KT2440 GFP showing a chemotactic ring forming
(Nikon Ti Microscope x 20 465 nm), with C) showing the P. putida ∆fliM dsRed
distribution, within the same culture, spread more evenly between the disk and
limits of the gene frame after 12 hours, the lack of flagella make this mutant slightly
smaller visually (Nikon Ti Microscope x 20 544 nm).
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4.4.3.1 Gene frame agarose in-plug assays: imaging and example assay

Figure 4.8 illustrates a mixed-culture of mixed cells of P. putida KT2440 GFP and

P. putida ∆fliM dsRed. Another cover slip 24 x 32 mm, 0.13-0.17 mm thickness

(FisherbrandTM) was applied to seal the chamber (293 ). This assay worked well

initially using the Nikon Ti Microscope with the x 20 objective and fluorescence

channels at 465 nm and 544 nm excitation to analyse the fluorescence. However,

the disk often deformed and led to an unequal dissemination of attractant within

the gene frame, thereby not allowing for reliable and repeatable results, with air

bubbles also commonly occurring (Fig. 4.5, 4.8).

Several other issues arose, such as overflow of the 0.3 % agar RMB and issues with

the timing of the solidification of the agar, especially when sealing the chamber. The

4 % rigidity of the plug vs. rigidity of the 0.3 % RMB agar, often caused frequent

fractures to form upon closing the assay. Attempts using RMB without agar were

also trialed, however this resulted in the double counting of cells, as a result of

chemotactic bacteria switching quickly between points, especially when time-lapses

were trialed and image stitching was applied (Fig. 4.5, 4.8 A, B, C).

4.4.4 Novel quantitative soft-swim fluorescent chemotaxis laser

scanning assay (qSS-FCLSA)

Quantitative soft-agar chemotaxis swim assays were set up similarly to previous

studies. However this thesis developed a novel way to study the bacterial interaction

and accumulation of bacteria within colonies, using an fluorescence laser scanning

approach (Amersham TyphoonTM) (Fig. 4.5, 4.9, 4.10) (146 ). Colonies were se-

lected from nutrient agar plates (296 ), which had been incubated overnight at 30◦C,

containing the relevant antibiotic; 50 µg/ml kanamycin, 25 µg/ml chloramphenicol

or 15 µg/ml tetracycline (297, 298 ). These colonies were grown overnight in 5 ml

LB within a 14 ml cell culture tube at 30◦C with shaking at 1 x g containing the

relevant P. putida F1 strain and antibiotic. The colonies were washed twice and

pelleted in autoclaved M9 minimal media salts at 1000 x g for 10 minutes (46, 299 )
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and diluted to an OD600nm of 0.50, in accordance with their mid-exponential growth

phase. Quantitative 0.25 % soft-agar swim plate assays with M9 minimal media

salts were supplemented with succinate (Sigma) at 1 mM and 10 mM concentra-

tions, and a control of no succinate and carbon source were prepared (Fig. 4.5) (98,

269, 284, 300 ).

Higher concentrations of agar changed the chemotactic response from swimming to

swarming, so concentrations below 0.5 % can be used to investigate the swimming

response, with 0.25 % producing consistent results than the 0.3 % mixture (Fig.

4.5) (103, 165, 269, 295, 301 ).

Microbes in the qSS-FCLSA generate their own chemical gradient by metabolising

a chemoattractant dispersed universally within soft-agar petri-dishes, with the in-

novation of this assay being the use of a fluorescent laser scanner to investigate how

the chemotaxis and cells interact within a colony (103, 121, 146 ). The chemotactic

response can be seen by the formation of circular chemotactic rings, with the size of

the colony being measured to quantify a chemotactic response (Fig. 5.2, 5.4) (146,

244, 302 ). This pioneering chemotactic front at the perimeter of the colony, boosts

the colonies chemotactic range. Subsequently these cells then replicate themselves

and move outwards leaving behind settlers which occupy previously inhabited zones

(Fig. 5.4) (303, 304 ). This expansion has been thought of as being a vital driver

for expanding bacterial diversity into foreign territories (96 ). Moreover, the outer

chemotactic margin and perimeter of the chemotactic cell front is similar to a micro-

bial curtain of petroleum hydrocarbon degrading taxa that envelopes contamination

plumes in the field (Fig. 5.2) (52, 123, 178, 304 ).

Succinate was used as the chemoattractant at concentrations of 1 mM and 10 mM

(Fig. 4.9, 4.10 A). This compound is commonly used as a positive control, for

the chemotactic response of P. putida F1, as it allows for the initial decoupling

of energy and identification of normal chemotaxis behaviour (Fig. 4.5) (98, 269,

284, 300 ). The compound is an intermediate compound in the Krebs cycle and a

terminal compound in the degradation of petroleum hydrocarbons (103, 305, 306 ).
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Its metabolism results in a flux of metabolites within the agar, with fumarate being

extruded (307 ). The P. putida F1 strain contains the McfR (locus tag Pput 0339)

chemoreceptor which detects succinate, along with malate and fumarate, with two

other chemoreceptors McfS (locus tag Pput 4520) and McfQ (locus tag Pput 4894)

also involved in the chemotactic response to succinate, with McfS (locus tag Pput

4520) having a more significant role compared to McfQ (269 ). This metabolism

of succinate results in the formation of colonies of a greater perimeter than when

no chemoattractant is present, with a stable expansion front being key to colony

expansion (103, 121, 300, 308 ). The P. putida F1 mScarlet-I (pMRE135) strain

response was used as a control.

The 0.25 % soft-agar w/ M9 minimal media was then poured into a standard petri-

dish for 15 minutes and left to cool (Fig. 4.9 A) (146 ). Succinate was uniformly

distributed within the soft-agar at three different succinate treatment concentra-

tions; 0mM, 1 mM and 10 mM (269, 300 ). A 3.5 µl bacterial suspension of cells in

their mid-exponential growth phase and at an OD600nm of 0.50, was then inoculated

in the center of the petri-dish (Fig. 4.5).

4.4.4.1 Novel quantitative soft-swim fluorescent chemotaxis laser scan-

ning assay (qSS-FCLSA): imaging and example assay

An Amersham TyphoonTM fluorescence gel scanner was used to analyse fluorescence

intensity via the red fluorescence channel Cy3 (635 nm) and thus quantify the com-

munities within the chemotactic bands and investigate chemotactic cell response,

with the fluorescence acting as a proxy for bacterial abundance (Fig. 4.9, 4.10 A)

(303 ). The P. putida F1 mScarlet-I (pMRE135) strain was used as a control. The

bacterial communities usually extended from the bottom to the top of the soft-agar,

although most cells remained submerged within agar, with the rings reflecting an

increased concentration of cells near the outer peripheries of energy, nutrient, and/or

electron-acceptor gradients (147 ). Microbes of varying degrees of chemotactic abil-

ity and motility will have slightly different colony shapes and sizes (Fig. 4.5) (76,
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302 ).

It was also decided to inoculate the center of each of the quantitative soft-agar

chemotaxis swim assays individually, rather than inoculate multiple strains on one

dish as others have done previously (Fig. 4.9 A, B, C) (103 ). This is because P.

putida has been shown to be capable of cell-cell communication and quorum sensing

via the release of small signalling molecules, such as 3-oxo-C12-AHL or c-di-GMP,

although many are unidentified (309 –311 ).

This type of communication is known as quorum sensing and could interfere with

the aims of the thesis, i.e., studying the role of chemotaxis and microbial transport

(Fig. 1.2, 4.9) (309 ). Figure 4.9 A is strikingly similar to figure. 15 of Adler’s paper

in 1966, where he witnessed the same “shadow zone”, when E. coli was deposited on

tryptone agar plates (312 ). This was suspected to be occurring due to some trials

running successfully and some seeming to fail as a result of impeded chemotactic

growth or a subdued chemotactic response (Fig. 4.9 A, B, C). Further research, could

investigate this, to assess if some unknown chemical is released to spatially segregate

the colonies and confirm if quorum sensing is indeed occurring (310 ). This can be

tested by investigating the causes of the depletion zones when the colonies interact,

sub-sampling this area and testing for expression of the ppuI and ppuR genes and

abundances of the signalling molecule 3-oxo-C12-AHL or similar chemicals (Fig. 4.9

A, B, C). Expression of ppuI and ppuR genes is used by many to gauge quorum

sensing in P. putida F1 (309, 310 ). Furthermore, inoculation closer to the edge

of the petri-dish can also bias chemotactic responses, due to it altering the spatial

flux of the chemoattractants within the petri-dish as a whole, further justifying

inoculation at the center of the petri-dish. Note that all qSS-FCLSA experiments

using the scanner were conducted at room temperature (313 ).

Co-cultures consisted of a 50:50 mix of cells prepared to a OD600nm of 0.50 (Fig.

4.9, 4.11). The assay was incubated for 24 hours at 33.5◦C after 24 hours. Increased

temperature induced a more consistent chemotactic response, with Pseudomonas
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Fig. 4.9. Novel quantitative soft-swim fluorescent chemotaxis laser
scanning assay (qSS-FCLSA) development. A) P. putida F1 mScarlet-I
(pMRE135) 3.5 µl at OD600nm 0.5 after 24 hours of incubation at 33.5◦C in 1 mM
succinate, inoculated at the left and the right side of a petri-dish. It displays bio-
logical replicates which show a “shadow zone” or zone of inhibition after 24 hours,
suggesting some form of cell-cell communication is subduing growth in the center
(314 ). B) Illustrates the fluorescence gel scan using the fluorescence channel Cy3
(635 nm) scan of the same dish. This is complicated by the results of C), where three
biological replicates of P. putida F1 mScarlet-I (pMRE135) were prepared under the
same conditions, along with technical replicates. Biological replicates of individual
colonies are displayed vertically, with a technical replicate being inoculated to the
right hand side of each dish. It suggests that there is an immediate secretion of
molecules inhibiting the growth of the right technical replicate; the left colony was
inoculated first, with the right colony inoculated ∼5 seconds later. D) Shows the
Amersham TyphoonTM scanner and a full experimental run.
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species showing a broad range of chemotactic responses between 3 and 35◦C and

this temperature was used for similar assay by Gude et al., (2020) (Fig. 4.9 A) (146,

269, 313, 315 ).

Other variants of the novel qSS-FCLSA were trialed; such as, using a small glass

bottomed petri-dish with an attractant and a gene frame chemotaxis assay. The

glass bottomed petri-dish often resulted in the scan producing Newton interference

rings (Fig. 4.5 D, 4.10).

This made studying the chemotactic response or any diffusion patterns challenging,

with the gene frame chemotaxis assay often resulting in non-repeatable results (Fig.

4.9 A, B). Its important to note here that cleaning of the fluorescence gel scanner

glass shelf prior to use, using precision clean room wipes and 100 % ethanol was

essential to avoid background interference (Kimtech Precision Wipes). Therefore it

was decided to continue with the standard petri-dish assay (Fig. 4.5, 4.9 D).

The perimeter of the colonies, which formed at the point of inoculation (POI),

were analysed via the “Multi-Otsu Threshold” add-on function in ImageJ. The 16-

bit images had to be converted to 8-bit images to run the “Multi-Otsu Threshold”

analysis; which was set to 5 levels, with the lowest region of contrast being selected

(Fig. 4.11 B). The “magic wand” tool was set to a tolerance of 0 in ImageJ, this

was done manually on a colony-by-colony basis (150, 313, 317–319 ). This method

separates the edge of the colony from empty space, with this perimeter measurement

being reported in centimeters (cm) (Fig. 4.5) (Supplementary Information Data.

S10).

In order to investigate the fluorescent intensities of the colonies and the spatial

distribution, the maximum and minimum brightness (B) and contrast (B & C) for

each original scan was set at Min. 258 (B) and Max. 9474 (B) in ImageJ. A

normalised radial distribution analysis was then run around the POI on the original

16-bit images in ImageJ using the built-in “Radial Profile” function to detect the
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Fig. 4.10. Other qSS-FCLSA trials using the fluorescence gel scanner.
A) P. putida F1 cheA mScarlet-I (pMRE135) cells, around a 4 % RMB agar plug in
RMB buffer. The plug was dosed with 3 mg of fluorescein salt and 1 mM succinate
inside a glass bottomed petri-dish, which was set-up to the red fluorescence channel
Cy3 (635 nm). The initial aim of this variant of the assay, aside from trialing it
as an alternative, was to view diffusion pattern of the fluorescein and see if it was
impacted by the movement of the cells in response to 1 mM succinate P. putida
F1 cheA mScarlet-I (pMRE135) cells. However, the shape of the glass bottomed
petri-dish caused the development of Newton interference rings. These form due
to the reflection of light between two surfaces. The use of standard petri-dishes
subdued this effect (Fig. 4.5) (316 ). B) The gene frame chemotaxis assay was also
trialed, set-up as previously described, however it was viewed using a fluorescence
gel scanner. In this assay, the green fluorescence channel Cy2 (532 nm) and a
current gain of PMT 343 gain was used to view the chemotactic response of P.
putida KT2440 GFP cells towards 1mM acetate. The fact the cells are suspended in
RMB without agar meant that overflow of the cells outside the device was common,
also the fractures which formed during the sealing of the chamber led to an uneven
and inconsistent asymmetric chemotactic response. This inconsistent asymmetric
chemotactic response is indicative of the chemoattractant leaking out of the plugs
in a non-uniform manner, and makes radial analysis of fluorescence complex. The
two gene frame assays shown, also display significant autofluorescence, due in-part
to the plastic adhesive surrounding the gene frames triggering interference.
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Fig. 4.11. Visualisation of the analysis pathway for the qSS-FCLSA.
A) False colour image of the fluorescent intensity of P. putida F1 responding to 1
mM succinate at a OD600nm of 0.5. The radial profile of the fluorescence intensity
(a.u) emitted by the mScarlet-I (pMRE135) plasmid within the cells, highlights
the intra-colony spatial distribution. B) “Multi-Otsu Threshold” analysis is used
to assess the maximum extent of the community perimeter (cm) using the “magic
wand” tool in ImageJ, with C) showing the built-in “Radial Profile” of fluorescent
intensity profile (150, 313, 317–319 ).
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microbial distribution throughout the assay, with the “Spatial Calibration” tick-box

selected and the colony center being selected manually on colony-by-colony basis

(Fig. 4.11) (150, 313, 320 ). The raw output of this “Radial Profile” function is a

median normalised radial fluorescent intensity (a.u) around the POI (Fig. 4.5, 4.11)

(Supplementary Information Data. S11).

The resolution of each pixel in the scan is 10 µm, with the radius of each circular

profile being 2200 pixels / 2.2 cm (Fig. 4.9). If the scans contained any failures,

such as: inoculation spatter around the POI, causing daughter colonies to form,

interference in the scan, or if the soft-agar had structurally failed, the petri-dish was

subsequently removed from all downstream analysis. The median normalised radial

intensity curve for each treatment and strain was calculated, as this provides insight

into the colony shape and intra-colony variation. The median value was chosen as

it provides a better reflection of systems which may have high variability, such as

the intensity signal around the POI, a log transformation was also used to improve

clarity at lower intensities (Fig. 4.5) (321 ). Background noise was removed by

arbitrarily selecting and subtracting the lowest median measured normalised radial

intensity from the outer limit of all petri-dishes, with autofluorescence not being

removed (313 ). The area under the curve (AUC) which is used as an estimation of

bacterial abundance and spatial distribution, was calculated in R using the “AUC”

function within the “DescTools” package (version 0.99.28) with the trapezoid rule

option being selected for its calculation. It is a function of the median normalised

radial intensity ∼ radius (cm), however it is written unit-less in this thesis (Fig. 4.5,

4.11) (322, 323 ).

4.5 Summary of assay development

This chapter has provided an overview of some of the common chemotaxis assays

outlined in the literature review, along with the creation and selection of a novel

qSS-FCLSA (Fig. 4.12).
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Fig. 4.12. Assay selection. “Pros and cons” list comparing the chemotaxis assay
utilised, with the petri-dish novel quantitative soft-swim fluorescent chemotaxis
laser scanning assay (qSS-FCLSA) chosen ahead of other experimental variants
tested. This was primarily to check consistency.

This novel chemotaxis assay was the most robust and repeatable method tested,

and can be used in conjunction with the chemotaxis mutant toolkit and statistical

techniques, also highlighted in this chapter. This assay has improved intra-colony

ring resolution than conventional soft-swim assays, providing a more detailed rep-

resentation of distributional change in response to a chemoattractant (146 ) (Fig.

4.12).
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Chapter 5

Assessing the interaction of

chemotactic and non-chemotactic

bacteria

5.1 Introduction

The goal of this laboratory-based study was to provide further information necessary

to elucidate the chemotaxis parameter and the related microbial transport (interac-

tion) parameter within existing NSZD models and answer the final question of this

thesis; 3. How do microbes of varying degrees of chemotactic ability and motility

interact with one another ? (Fig. 1.3). Modifying parameters within NSZD should

spur the development of new models which incorporate these phenomena, thereby

providing a greater insight into the current NSZD rate, extent of contamination and

evaluate site specific treatment options (Fig. 1.3) (10, 43–46 ).

Chemotaxis has the potential to alter the distribution of microbes such as Geobac-

teraceae, a family of petroleum hydrocarbon degradation microbes which includes

the genus Geobacter. Thereby potentially boosting the natural source zone depletion

(NSZD) rate of petroleum hydrocarbons and reducing the risk to the groundwater

supply (Fig. 1.1, 5.1, 5.2) (31, 176, 184, 324 ). This chapter assesses the validity

of the qSS-FCLSA by comparing the responses of the petroleum hydrocarbon de-
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grading bacteria F1 and cheA to succinate. The interactions of the co-cultures of

varying degrees of chemotactic ability are then assessed, as well as any evidence of

biomobilisation (Fig. 1.3) (103, 121, 300, 308 ).

Fig. 5.1. Biomobilisation mechanisms. Illustrates the different biomobilisation
mechanisms that may occur in a co-culture of chemotactic and non-chemotactic
microbes. A) Piggybacking where microbes physically attach to each other, with
one of the microbes being actively dragged along a gradient, like cargo carriers. B &
C) Displays the push / pull mechanism, where a chemotactic cell either physically
pushes or pulls a non-chemotactic cell along a gradient. D) Illustrates hydrodynamic
entrapment, whereby non-chemotactic cells are entrapped in a hydrodynamic eddy
created by the chemotactic cell (184, 190 ).

As mentioned in section 2.4.1, chemotactic P. putida G7 cells have been shown

to biomobilise non-motile Mycobacterium gilvum cells, as P. putida G7 responds

chemotactically towards an attractant via push / pull interactions and hydrody-

namic entrapment (Fig. 5.1, 5.2, 5.3). This biomobilisation mechanism can increase

the petroleum hydrocarbon degradation potential, with the chemotactic microbes
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Fig. 5.2. Microbial “curtain” enveloping a petroleum hydrocarbon plume.
Schematic of potential chemotaxis and microbial movement forming a curtain around
a petroleum hydrocarbon contamination ganglia and blobs of degrading microbes.
A) Chemotactic and hydrocarbon degrading microbes in blue, B) non-chemotactic
and hydrocarbon degrading microbes in yellow, and C) co-culture of chemotactic
and non-chemotactic hydrocarbon degrading microbes in blue and yellow. Not to
scale (52, 136 ).
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Fig. 5.3. Interactions of chemotactic and hydrocarbon degrading mi-
crobes at the contaminant interface. Schematic of chemotactic and hydrocar-
bon degrading microbes encircling petroleum hydrocarbons, a smaller scale version
of figure 5.2; A) F1 (in blue) forming a tight group entombing the contaminant,
B) cheA (in yellow) displaying a randomly distributed community, and C) displays
a mixed-culture of F1 & cheA, with F1 inferred to biomobilise cheA closer to the
contaminant interface. Not to scale (52, 136 ).

acting as a “shuttle service” for bacteria or other microbes which cannot reach the

contaminant interface unaided. It should also be noted, however that some will

eventually arrive over time by advection through the pore space and advection (Fig.

5.1, 5.2, 5.3) (184, 190 ). Piggybacking is another biomobilisation mechanism, where

the cells physically attach to one another, with the active chemotactic cell govern-

ing the movement of the other non-motile cell. It is also likely that several more

mechanisms exist (Fig. 5.1) (190 ). In addition, there is limited knowledge of the

interaction and biomobilisation effects of chemotactic and non-chemotactic microbes

interact (Fig. 1.1, 5.1, 5.2, 5.3).

This study developed a novel qSS-FCLSA in chapter four to address the third key

question of this thesis and investigate microbial interaction (Fig. 1.3, 5.1, 5.4)

(103 ). It utilised three strains from the chemotaxis mutant toolkit; a P. putida F1

mScarlet-I (pMRE135) strain, a P. putida F1 cheA mScarlet-I (pMRE135) mutant

and a P. putida F1 wild-type (WT) strain. The names of these bacteria have been

shortened to: F1, cheA and WT respectfully, for the majority of this chapter (Table.
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Fig. 5.4. Colony range expansion. Schematic of the expected chemotactic
range expansion of chemotactic cells and the non-guided expansion of a non-
chemotactic mono-culture radially outwards. A) Shows the development of the
colony front and the migration of chemotactic cells (black line), with the previous
extent of colony expansion (dashed black line), this exhibits the coupling of colony
expansion and the formation of chemotactic ring “humps”. The thin lime green
line is indicative of the expected cell growth without diffusion, with the pink arrow
displaying the impact of back-diffusion of cells (304 ). B) Illustrates the chemotactic
range expansion of the chemotactic cells and the outer region of pioneering front.
The sky blue front shows the settling chemotactic cells, with the yellow front
showing the settling non-chemotactic cells (304 ). Both the chemotactic and
non-chemotactic settling cells grow and swim randomly, with the non-chemotactic
cells in-particular following Fisher–Kolmogorov wave dynamics (which is a model
of wave propagation and cell growth) (304, 313 ). The pioneering cells are shown
in mint green. The non-chemotactic mutant however has a higher proportion of
cells which colonise the inner region around the POI (mud brown), these cells
are not growing and non-motile (304 ). The chemotactic strain has a shallower
chemoattractant concentration gradient due to the fact its metabolism of the
attractant is spread out over a greater range and it has access to more nutrients
further away from the POI, whilst the non-chemotactic strain consumes nutrients
during unguided migration and has limited access to further nutrients. After
Cremer et al., (2019) (304, 313 ). 116



Table. 5.1. Pseudomonas putida F1 reference table. Table of the three
strains utilised from the chemotaxis mutant toolkit to investigate biomobilisation,
developed in chapter four, with the functionality of the F1 strain, cheA mutant and
WT strain underlined.
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5.1). Note that the WT strain is un-tagged and does not contain the mScarlet-I

(pMRE135) plasmid, therefore it can be used in conjunction with the cheA mutant

and the F1 to investigate biomobilisation (Fig. 5.1). The study utilised succinate as

a chemoattractant; it is an intermediate compound in the Krebs cycle and a terminal

compound in the degradation of petroleum hydrocarbons, hence its selection (103,

305, 306 ). Further details on the chemotactic response of P. putida F1 are outlined

in chapter four.

In chapter three it was shown that Comamonadaceae, Pseudomonadaceae and Geobac-

teraceae have been found to co-occur in the subsurface of a legacy petroleum hydro-

carbon site and due to their distribution being influenced by chemotactic assisted

biomobilisation. Therefore, using mutants of the Pseudomonas genus, within the

Pseudomonadaceae family as a proxy for Geobacteraceae seems reasonable due to

their shared ability to degrade petroleum hydrocarbons of a generally comparable

cell size (176, 325–329 ). Pseudomonas is an aerobic Gram-negative rod-like bac-

terium, however certain strains can survive in anaerobic environments, making it

facultatively anaerobic (103, 160 ).

Microbes in the qSS-FCLSA generate their own chemical gradient by metabolising

a chemoattractant dispersed universally within soft-agar petri-dishes, with the in-

novation of this assay being the use of a fluorescent laser scanner to investigate how

the chemotaxis and cells interact within a colony (103, 121, 146 ). The chemotactic

response can be seen by the formation of circular chemotactic rings, with the size

of the colony being measured to quantify a chemotactic response (Fig. 5.2, 5.3, 5.4)

(146, 244, 302 ). This pioneering chemotactic front at the perimeter of the colony,

boosts the colonies chemotactic range. Subsequently these cells then replicate them-

selves and move outwards leaving behind settlers which occupy previously inhabited

zones (Fig. 5.4) (303, 304 ). This expansion has been thought of as being a vi-

tal driver for expanding bacterial diversity into foreign territories (96 ). Moreover,

the outer chemotactic margin and perimeter of the chemotactic cell front is simi-

lar to a microbial curtain of petroleum hydrocarbon degrading taxa that envelopes
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contamination plumes in the field (Fig. 5.2, 5.3) (52, 123, 178, 304 ).

Previous empirical and computer modeling work has shown that such chemotactic

expansion, forms distinct chemotactic ring “humps” caused by the accumulation of

chemotactic bacteria (Fig. 5.4) (304 ). The intensity profiles are used as a proxy for

cell density. These hump structures also trigger back-diffusion of cells, which allows

the cells again to swim outwards, following the self-generated gradient of the previous

wave (Fig. 5.4 A, B, Table. 5.6) (303, 304, 330 ). These hump structures can be

subtle, occurring intermittently within the colony (304, 331 ). Behind these hump

structures, settling cells grow and swim randomly; this has been shown previously

in studies primarily using E. coli (Fig. 5.4) (304 ).

It can be theorised, based on phenotypical variation studied by Gude et al., (2020),

how a colonies of mixed-culture of chemotactic and non-chemotactic cells may in-

teract (313 ). This is achieved by substituting the E. coli pioneering cells and slow

moving (less chemotactic) phenotypes in their study, with the F1 strain and cheA

mutant respectfully (Table. 5.1) (313 ). In a mixed-culture the fast-moving F1 cells

could constrain the movement of the slowly expanding cheA mutant. The F1 cells

are then thought to consume the nutrients and chemoattractants at the edge of the

colony, with these cells then triggering the flow of attractants inwards, towards the

POI from the distal region of the colony, which the F1 cells which have been pushed

back by back-diffusion utilise (313 ). This slowly blocks nutrient supply to the cheA

growing near the POI and slows their expansion. Therefore allowing the F1 strain

to migrate radially unimpeded. That being said the slower expanding cheA mutant

may dominate the nutrient consumption near the POI which, in-turn stimulates the

departure of the faster moving F1 cells. This resulting in more of a co-operative, bi-

modal relationships based on spatial exclusion and segregation (96, 313 ). However,

biomobilisation, which would likely modify the relationship within this theorised

system, has not been investigated. This study is the first to explore this and to

quantify microbial interaction and biomobilisation within a colony composed of a

mixed-culture F1 and cheA cells (Table. 5.1).

119



The qSS-FCLSA also allows for a more detailed study of the internal chemotactic

humps structures and the “fuzzy” edges of the colony (Fig. 4.6, 4.9). The assay also

has the ability to identify and characterise the intra-colony spatial distribution of

the cheA cells, by leaving the WT cells un-tagged in a mixed-culture and decipher

any interaction or biomobilisation that may occur. Therefore, possibly enhancing

the rate NSZD of petroleum hydrocarbons (Fig. 4.5, 4.9, 5.2, 5.3, 5.4, Table. 5.1)

(52, 123, 147, 178, 304, 332 ).

5.2 Material and methods

5.2.1 qSS-FCLSA experimental design

Using the novel qSS-FCLSA, also developed in chapter four and following the method-

ology outlined previously, an experiment was conducted, applying the experimen-

tal design shown in table 5.2 (Table. 5.2). All mono-cultures were prepared to a

OD600nm of 0.50, in their mid-exponential growth phase with 3.5 µl being inoculated

onto the 0.25 % soft-agar w/ M9 minimal media for 24 hours. Mixed-cultures con-

sisted of a 50:50 mix of cells prepared to a OD600nm of 0.50 (Fig. 4.9, 4.11). The

qSS-FCLSA uses three different succinate treatment scenarios: 10mM, 1 mM and 0

mM, standard concentrations to investigate chemotaxis (269, 300 ). The overnight

qSS-FCLSAs were placed inside a fluorescence gel scanner to analyse intensity via

the red fluorescence channel Cy3 (635 nm) (Fig. 4.9). The qSS-FCLSA assesses

the spatial distribution of the F1 and cheA cells via the insertion of the mScarlet-

I (pMRE135) plasmid, with the WT not containing the fluorescent plasmid. The

presence of the mScarlet-I (pMRE135) plasmid is denoted by a red bullet point on

the various schematics, tables and figures used throughout this chapter (Fig. 5.1 -

5.10). The laser scanner was set to a current gain of 377 PMT (V). This experiment

was repeated 9 times to create batch biological replicates. The scans vary in length

due to the image compression, with an average scan duration of 45 minutes (Fig.

4.9, 4.11).
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Table. 5.2. qSS-FCLSA experimental design. The tables show the experi-
mental design for the comparisons tested using the linear-mixed model batch effect
and analysis of the estimates for the marginal means. A) Colony perimeters and
intensity profiles tested for strain comparison, and B) colony perimeters tested for
co-cultures, interaction and treatment comparison.
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5.2.2 Microbial interaction and biomobilisation experimental

design

In order to further investigate microbial interaction and biomobilisation, the in-

tensity profiles of the strains were halved and summed together. This provided a

theoretical representation of expected colony abundance at different OD600nm. The

shape of the intensity profiles and the AUC was then assessed.

The intensity of the F1 and cheA mono-culture curves were halved (from OD600nm

of ∼0.5) to give a representation of a curve reflecting an OD600nm of ∼0.25. These

curves were then halved to display what a co-culture of F1 and cheA might look

like, this would then be compared to the intensity profile of the measured co-culture

of F1 and cheA. In the measured co-culture it was assumed that there is a 50:50

split, for example in measured co-culture of F1 and cheA (OD600nm ∼0.5), it was

assumed there would be F1 OD600nm ∼0.25 and F1 OD600nm ∼0.25.

The intensity profiles of the cheA mutant OD600nm ∼0.25 and 0.5 can be compared

against the 50:50 co-cultures of cheA and the WT strain to assess any evidence of

deviation from the expected profile, which would indicate some degree of biomo-

bilisation (Table. 5.2, 5.3). This comparison was also undertaken on the intensity

profiles of the F1 strain OD600nm ∼0.25 and 0.5, against the F1 & WT co-culture,

with similar curves expected (Table. 5.3). The co-cultures of F1 & WT and F1 &

cheA were also summed to provide insight into the shape and perimeter of a colony

containing only a quarter non-chemotactic cells. This theoretical exploratory analy-

sis was conducted across all three succinate treatments (10 mM, 1 mM, and 0 mM)

(Table. 5.3).

Further, theoretical curve profiles are also generated to investigate any biomobil-

isation effect using the selected strains from the chemotaxis mutant toolkit, with

some cultures being halved or combined to estimate the curve at an OD600nm of 0.25

(Table. 4.1, 5.1, 5.3). This is illustrated in the cell column of the table, inset in

the top right. The co-culture is shown in forest green, the mono-culture of F1 is
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Table. 5.3 Intensity curve profile reference table. A) The table shows the
key for the mono and co-culture curve comparisons, and B) Design and reference
table of the co-culture intensity profiles necessary to investigate biomobilisation.
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shown in sky blue, however it was halved, with the cheA strain in yellow also being

halved. The magenta curve is the 50:50 co-culture of F1 and the WT strain, with

the co-culture of the cheA and the WT strains being shown in black. The navy

blue curve is half the F1 strain (OD600nm of ∼0.25) plus half the cheA mutant cells

(OD600nm of ∼0.25). The vermilion curve is the co-culture of F1 strain and the WT

strain plus the co-culture of the cheA mutant and the WT strain. A plot of the

natural log of the intensity profiles is also included to bottom right of theoretical

curve profiles in the results.

5.2.3 Statistical methodology and model selection

The perimeter data was analysed by running a linear mixed model using the “lmer”

function within the R package “lme4” (version 1.1-31) (Model. 1). A linear mixed

model statistical approach was undertaken to account for the random effects induced

by having multiple experimental batches (333, 334 ). Exploratory analysis showed

that plotting the raw colony perimeter readings resulted in a multi-modal distribu-

tion (Fig. 5.5, Table. 5.2). A standardisation technique adopted by Maier et al.,

(2018), which studied colony size was trialed (335 ). This method standardised the

measured values by calculating the median colony perimeter and dividing this figure

by the standard deviation of the colony perimeters, however it failed to remove the

skewed distribution, often present in biological systems (335 ). A standard natu-

ral log transformation remedied the multi-modal distribution and heteroskedastic

nature of the perimeter distribution and residuals (Fig. 5.5 A) (336 ). This was

confirmed by running a Levene’s Test for homogeneity of variance by using the “lev-

eneTest” function in R within the “car” package (version 3.1-1) (Model. 1). The

qSS-FCLSA assay was validated by comparing the perimeter measurements of the

F1 strain versus the cheA strain, and assessing the outcome of the mixed-linear

model.

Model. 1. Linear mixed-effects model: log(Perimeter) ∼ Treatment*Bacteria+(1|Batch)

Model. 2. Linear model: log(Perimeter) ∼ Treatment*Bacteria
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Fig. 5.5. Model logarithmic transformation. A) The distribution of the
perimeters (cm). B) The natural log of the perimeters (cm).

There was a statistically significant difference in the model when accounting for

batch effects of p-value 5.302e−08∗∗∗, with the significance being calculated using

the “anova” function within the “stats” package (version 3.6.2) in R (Model. 1, 2,

Fig. 5.6). Therefore Model. 1. was selected for down-steam analysis. Comparisons

between different strains and treatments were evaluated by analysis of the estimates

for the marginal means using the “emmeans” function and package (version 1.3.2)

in R.
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Fig. 5.6. Linear mixed model batch effect comparison. This figure shows
the comparison of the predicted vs. actual measured perimeters of Model. 1 and
Model. 2, with the model containing batch effects in navy blue and the model
without in lime green. Model. 1 has a adjusted R2: 0.4895; calculated using the
“summary” base R function and Model. 2 has an R2: 0.4999; calculated using the
“r.squaredGLMM” function within the R “MuMIn” package (337 ). Note that the
asterisk here (*) denotes an interaction term.
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5.3 Results

5.3.1 Perimeter results using the qSS-FCLSA

The co-culture of F1 and cheA had the greatest mean perimeter across all treatments,

with the F1 mono-culture generally being second highest (Fig. 5.7). The co-culture

of F1 and cheA has a perimeter of ∼9 cm in the 0 mM succinate treatment, ∼14

cm in the 1 mM treatment and ∼16 cm in the 10 mM treatment. The F1 & cheA

and F1 mono-cultures and F1 & WT have a similar elevated variance. The cheA

mono-culture has a generally low mean perimeter across all treatments of between

∼3-5 cm. It also has a lower degree of variance (Fig. 5.7).

The cheA & WT co-cultures have similar mean perimeters across all three succinate

treatments to the cheA mono-culture. This is also true at a succinate concentration

of 10 mM for the F1 & WT co-culture when compared to the F1 mono-culture,

however at lower concentrations the F1 is slightly smaller than the respective F1 &

WT co-culture (Fig. 5.7).
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Fig. 5.7. Colony perimeters measured using the qSS-FCLSA. Plot of the
raw colony perimeters (cm) of the mono and co-cultures; F1 & cheA (forest green),
F1 (sky blue), cheA (yellow), F1 & WT (magenta), and cheA & WT (black). The
standard deviation error bars are shown in red.
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5.3.2 Perimeter comparisons

5.3.2.1 F1

The difference in the colony perimeters was assessed within the qSS-FCLSA. The

perimeter of F1 was significantly greater in the presence of 1 mM and 10 mM

succinate compared to when no attractant was present, with there being a non-

significant difference in colony size between concentrations of 1 mM and 10 mM

succinate (Table. 5.4).

5.3.2.2 F1 & WT

There was a non-significant change in the colony perimeters of a co-culture of F1 &

WT in the presence of succinate. The co-culture is composed of a 50:50 mixture of

both F1 & WT cells (Table. 5.4).

5.3.2.3 cheA

The cheA mutant shows no significant difference in the perimeter of the colony across

the different chemoattractant treatments (Table. 5.4).

5.3.2.4 cheA & WT

The co-culture of the cheA mutant & WT strain shows a non-significant difference

in the perimeter across the different succinate treatments (Table. 5.4).

5.3.2.5 F1 & cheA

The co-culture shows a significant difference in colony perimeter in the presence of

a succinate, however a non-significant difference in perimeter between 1 mM to 10

mM succinate (Table. 5.4).
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5.3.2.6 cheA vs. F1

F1 and cheA colonies had a significant difference in the colony perimeter across all

succinate treatments, with cheA being significantly smaller (Table. 5.5).

5.3.2.7 cheA & WT vs. cheA

Co-cultures of cheA & WT had a non-significant difference in colony perimeter

compared to the cheA mutant, with the cheA colony being slightly larger across all

treatments; indicated by the negative t-ratio (Table. 5.5).

5.3.2.8 cheA & WT vs. F1 & WT

Co-cultures of cheA & WT versus F1 & WT had a significant difference in colony

perimeter, with the F1 & WT having a greater perimeter across all treatments,

indicated by the negative t-ratio (Table. 5.5).

5.3.2.9 F1 & WT vs. F1

Co-cultures of F1 and WT had a non-significant difference in colony perimeters

versus a F1 mono-culture. The green text however, indicates a positive t-ratio

of the co-culture perimeter size against the F1 mono-culture across all succinate

treatments (Table. 5.5).

5.3.2.10 F1 & cheA vs. F1

Co-cultures of F1 & cheA had a non-significant difference in colony perimeters versus

a F1 mono-culture, with the F1 strain mono-culture being larger (Table. 5.5).

5.3.2.11 F1 & cheA vs. cheA

Co-cultures of F1 & cheA had a significantly greater colony perimeter than cheA

mutant mono-cultures, across all treatments (Table. 5.5).
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Table. 5.4. Linear mixed model treatment comparison using pair-
wise comparisons of estimated marginal means. The table shows the
treatment comparison of different mono-cultures and co-cultures. The t-
ratio is calculated by dividing the difference between the means of the two
treatment groups by the standard error of the difference. If the t-ratio is
positive (green text), it means that the mean of the first treatment (left) is
larger than the mean of the second treatment (right). If it is negative the
first treatment is smaller (red text). The p-value and the significance as-
terisks are also illustrated (0-0.001 ***, 0.001-0.01 **, 0.01-0.05 *, 0.05-1 NS).

.
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Table. 5.5. Linear mixed model strain comparison using pairwise com-
parisons of estimated marginal means. The table shows the strain comparison
of different mono-cultures and co-cultures. The t-ratio is calculated by dividing the
difference between the means of the two culture groups by the standard error of the
difference. If the t-ratio is positive (green text), it means that the mean of the first
culture (left) is larger than the mean of the second culture (right). If it is negative,
the first culture is smaller (red text). The p-value and the significance asterisks are
also illustrated (0-0.001 ***, 0.001-0.01 **, 0.01-0.05 *, 0.05-1 NS).

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
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5.4 Intensity curve analysis

5.4.1 Mono-culture and co-culture comparisons

The radial intensity profile plot shows the spatial distribution and interaction of F1,

cheA and a co-culture of F1 and cheA in the different succinate treatments. The

intensity signal comes from the expression of the mScarlet-I (pMRE135) around the

POI. The F1 strain exposed to the 10 mM succinate treatment has the intensity

of approximately 24000 a.u (at the POI; 0 cm), with a secondary peak occurring

at 0.2 cm, with a peak intensity of approximately 21000 a.u (Fig. 5.8). The curve

then lowers in intensity steeply until 0.4 cm, before decreasing more gradually. The

F1 strain in the 1 mM succinate treatment curve shows a peak intensity of around

18000 a.u, with a small hump structure. This is followed by a fluctuating decline

to around 5000 a.u around 0.25 cm from the POI, before exhibiting a more gradual

undulating decline in intensity. The treatment with 0 mM displays an initial peak

at 11000 a.u, followed by an undulating decline in intensity to approximately 1 cm

(Fig. 5.8).

The insert of the natural log of the curves shows the distinct intensity humps that

form at a radius of 0.7-2 cm (Fig. 5.8). These intensity humps also occur around the

POI between 0-0.25 cm. The F1 10 mM succinate treatment curve has the greatest

AUC of 11614.22, with the 1 mM succinate treatment being less than half (5985.36)

and the 0 mM succinate treatment being the lowest at 3332.23 (Fig. 5.8, Table.

5.6).

The cheA intensity profile shows a steep drop in intensity, with the 10 mM succinate

treatment following the initial trend of the F1 1 mM succinate treatment curve (Fig.

5.8). The intensity profile then drops to a greater degree at 0.25 cm from the POI,

lowering towards 0 at around 0.6 cm from POI. The 1 mM and 0 mM succinate

treatment curve following a similar slope. However they have lower initial peak

intensities at approximately 12500 a.u, and similar AUCs of 2532.92 and 2248.93

respectively (Fig. 5.8, Table. 5.6).
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.
Fig. 5.8. Colony radial intensity curve profiles. This figure shows the
median normalised radial fluoresce intensity profiles for the cultures; the F1 strain
in sky blue, the cheA mutant in yellow and F1 and cheA co-culture in forest green,
for all three succinate treatments (0 mM, 1 mM, and 10 mM). A plot showing the
natural log of the intensity curves is also inset to bottom right of the figure.

The co-culture of F1 and cheA at 10 mM forms the lowest peak intensity of the

three cultures, with a flatter initial intensity peak of 13500 a.u at 0.1-0.2 cm from

the POI, with an AUC of 8594.99 (Table. 5.6). The F1 and cheA co-culture curve

follow a similar decline in intensity to the F1 10 mM succinate curve, past 1.6 cm

(Fig. 5.8). The F1 & cheA intensity profile and the 1 mM succinate treatment have

a similar initial peak intensity to the 10 mM succinate treatment. However, it shows

a more gradual undulating decline in intensity, with the 0 mM succinate treatment

exhibiting a similar decline, with a lower initial intensity peak of 9500 a.u (Fig. 5.8,

Table. 5.6). The co-culture had a greater AUC across all three treatments than

the cheA mutant mono-cultures (Table. 5.6). The 1 mM succinate treatment of the

F1 mono-culture and the co-culture have similar AUCs and curve profiles (Fig. 5.8,

Table. 5.6, 5.8).
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Table. 5.6. Area under curve (AUC) comparisons for strain and
treatments. This table depicts the area under the median normalised radial
intensity curve for the mono-cultures of F1 in sky blue, cheA in yellow and
the co-culture of F1 and cheA. The green shading is used to highlight the
ranges in AUC; a proxy for bacterial abundance across the different treatments.

.

5.4.2 Microbial interaction and biomobilisation comparison

5.4.2.1 Intensity profile (10 mM succinate)

Microbial interactions and biomobilisation of the F1 and cheA co-culture is assessed

in figure. 5.9 with the forest green curve being plotted to benchmark how the profiles

vary across the three treatments (Fig. 5.9 A, B, C). In figure 5.9 A, the F1 strain

and cheA mutant curve profile is halved. This is to provide an approximation of

what a curve OD600nm of 0.25 may be. The black curve which represents a co-culture

of cheA & WT had an AUC of 2421.9 and a secondary peak structure at around

1000 a.u (Fig. 5.9 A, Table. 5.7).

The F1 and WT co-culture, represented by the magenta curve had an initial peak in-

tensity of approximately 1000 a.u. The magenta curve decreases gradually following

the sky blue F1 curve, which represents an approximate OD600nm of 0.25 (Fig. 5.9

A). The sky blue F1 curves had an AUC of 5807.11, this is higher than the magenta

AUC of 5162.25 (Fig. 5.9 A, Table. 5.7). The navy blue curve; representing the

sum of half the F1 mono-culture and half the cheA mono-culture, have an initial

peak intensity of approximately 22000 a.u. The curves generally have a steep decline

at 0.2 cm, however the vermilion curve; representing the sum of the co-cultures of
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F1 and cheA with the WT, displays a more punctuated decline (Fig. 5.9 A). The

navy blue and vermilion curves have similar plots and similar AUCs with values of

7768.73 and 7583.23 respectively (Table. 5.7).

5.4.2.2 Intensity profile (1 mM succinate)

The curves at 1 mM succinate are shown in figure 5.9 B. The vermilion and navy

blue curves have an initial peak intensity of around 15000, with the vermilion curve

starting higher (Fig. 5.9 B). The navy blue curve represents the sum of half the

mono-cultures of F1 and cheA. It portrays a steep decline in intensity before leveling

out at a radius of 0.5 cm (Fig. 5.9 B). The vermilion curve represents the combina-

tion of the F1 strain and the WT with the cheA mutant and the WT, displayed a

slower decline and contained a secondary initial peak structure. The magenta curve

representing the F1 and the WT co-culture, displayed an initial peak intensity of

around 9000 a.u., and had a slow decline in intensity, following a similar path to the

vermilion curve at around 0.6 cm. The yellow curve depicting approximately half the

cheA mutant cells starts at approximately 6000 with a sloping decline, punctuated

in places (Fig. 5.9 B).

The cheA mutant in co-culture with the WT strain (in black) exhibited a secondary

peak at 0.2 cm, displayed a sloping decline, slightly steeper than the yellow curve,

with both curves decreasing towards 0 at 0.5 cm, with the AUC of the yellow curve

being 1266.46 and the black curve having a greater AUC of 1762.58 (Table. 5.7).

The sky blue curve displayed a slightly punctuated decline to around 0.5 cm, it then

levels out into a more gradual decline (Fig. 5.9 B). The co-culture of the F1 strain

and cheA mutant shown in forest green displays a gradual decline from an initial

peak intensity of 12500 a.u and an AUC of 5693.36, the curve intersects the magenta

and vermilion curves, before decreasing at a slower rate, with a wavier decline (Fig.

5.9 B, Table. 5.7). Intensity humps between 1-2 cm are present for all curves, apart

from the yellow curve depicting half the cheA cells and the black curve depicting

the co-culture of cheA & WT (Fig. 5.9 B).
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5.4.2.3 Intensity profile (0 mM succinate)

The treatment at 0 mM succinate without any attractant, shows curves of a more

similar nature and shape, with generally a tighter initial intensity of between 5000-

1000 a.u and AUC (Fig. 5.9 C, Table. 5.7). The vermilion curve representing a

combination of the F1 strain and the WT with the cheA strain and the WT, shows

the highest initial intensity of approximately 16000 a.u. It decreases steeply until an

intensity of 5000 a.u at 0.25 cm, before decreasing at a slower rate towards 0 (Fig.

5.9 C). The magenta curve illustrates the F1 strain in combination with the WT

strain, displaying an initial peak intensity of around 75000 a.u, declining towards

0.5 cm at a slow rate, before following the path of the vermilion curve towards 0

(Fig. 5.9 C).

There is a lack of any clear secondary peak structures between 0 and 0.25 cm. The

black curve representing the cheA mutant and the WT strain exhibited a markedly

steep decline at 0.25 cm, before following the decline of the yellow curve, with the

AUC of the yellow curve (1124.46) being lower than the black curve (1985.13) (Fig.

5.9 C, Table. 5.7). The intensity humps occur at a radius of between 0.7-1.2 cm for

the 0 mM succinate treatment. The intensity humps between 0.5-2 cm appear to

decrease in intensity as succinate concentration decreases, along with a decrease in

the spatial radius and extent of the intensity humps (Fig. 5.9).
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Fig. 5.9 A

Fig. 5.9 B
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Fig. 5.9 C

Fig. 5.9. Colony intensity curve profile comparisons providing evidence

for biomobilisation and microbial transport. The figure shows three different

succinate treatments: A) 10 mM , B) 1 mM and C) 0 mM. The curves depict various

combinations necessary to investigate any biomobilisation effect using the selected

strains from the chemotaxis mutant toolkit, with some cultures being halved or

combined to estimate the curve at an OD600nm of 0.25 (Table. 4.1, 5.1). This is

illustrated in the cell column of the table, inset in the top right. The co-culture

is shown in forest green, the mono-culture of F1 is shown in sky blue, however it

was halved, with the cheA strain in yellow also being halved. The magenta curve

is the 50:50 co-culture of F1 and the WT strain, with the co-culture of the cheA

and the WT strains being shown in black. The navy blue curve is half the F1

strain (OD600nm of ∼0.25) plus half the cheA mutant cells (OD600nm of ∼0.25). The

vermilion curve is the co-culture of F1 strain and the WT strain plus the co-culture

of the cheA mutant and the WT strain. A plot of the natural log of the intensity

profiles is also included to bottom right of the figures.
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Table. 5.7. Area under curve (AUC) comparisons providing evidence
for microbial interaction and biomobilisation. This table depicts the
area under curve (AUC) for the median normalised radial intensity profiles. It
depicts the various combinations necessary to investigate any biomobilisation
effect. Note that the cells drawn cut in half, represent half the amount of cells.

5.5 Discussion

5.5.1 Mono-culture treatment comparisons

The mono-cultures of the F1 strain show a significant difference in colony perimeter

in the presence of succinate than without, as expected (Fig. 5.8, 5.10, Table. 5.4)

(269, 307, 338, 339 ). The F1 intensity curves, particularly when comparing 1 mM

to 10 mM succinate show that, as the concentrations of chemoattractant increase,

there is an increase in intensity profile and AUC (Fig. 5.8, Table. 5.5, 5.6). This is

as a result of bacteria responding to increased chemoattractant concentrations and
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nutrient gradients, created by the metabolism of the succinate (269, 307, 338, 339 ).

However, there is a non-significant difference in the perimeter of the F1 colony,

when there is an increase in succinate concentration between 1 mM and 10 mM

succinate. This suggests that a “saturating concentration” may exist between 0-10

mM succinate. This occurs when most of the chemoreceptors (such as McfR, McfS

and McfQ, mentioned in the chapter four), which run across the length of the cells

are activated and saturated (139, 269, 340–342 ). This means the cells struggle to

sense direction and become disoriented, with this saturating concentration being

different for various attractant, cell types and microbes (Table. 5.4) (139, 340–

342 ). Generally, succinate concentrations of between 1 mM and 10 mM are used

to demonstrate a chemotactic response (127, 269 ). Further research with a wider

range of succinate concentrations will explore the saturating concentration further

and determine if this is case (127, 269 ).

The F1 strain forms distinct chemotactic ring hump structures in figure 5.8, due

to the accumulation of chemotactic bacteria (Fig. 5.3 A, 5.4, 5.8, 5.10) (304 ).

This agrees with the expected curve profile mentioned in the introduction section

of this chapter, which has been witnessed by direct experimental observation or

numerically solving chemotactic growth expansion dynamics of chemotactic colonies

in other studies. However most of these studies assessed the guided chemotactic

expansion of E. coli cells, this suggests that P. putida F1 has the potential to form

similar spatial distributions (Fig. 5.4, 5.8, 5.10, Table. 5.1) (303, 304, 313 ).

The cheA mutant shows no significant difference in colony perimeter when exposed to

different concentrations of chemoattractant due to its inability to sense a chemical

gradient (Table. 5.4) (103 ). This is due to the fact the cheA mutants lacks the

guided response and collective colony dynamics qualities of the chemotactic F1 strain

(Fig. 5.3 B, 5.4 B, 5.8, 5.10) (189, 289, 304 ). The intensity profiles for the cheA

mutant support this with the profiles showing a characteristic steeply decreasing

curve, which are governed by Fisher–Kolmogorov wave dynamics (Fig. 5.8, 5.10)
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(189, 289, 304, 313, 343 ). This agrees with previous chemotaxis assays and studies

where the non-chemotactic mutant has been shown not to form defined chemotactic

rings (Fig. 5.8, 5.9) (103, 303, 304, 313 ).

The lower AUC of the cheA mutant compared to the F1 mutant is likely due to

an increased amount of cells colonising the zone around the POI and not growing

(Fig. 5.4, Table. 5.6) (304, 313 ). This is due to the fact they are trapped by more

active growing settling cheA cells, which swim in an unguided random manner,

and lack the pioneering cells which sense gradients and explore radially, allowing

them access to the metabolisable attractants which govern increased growth (Fig.

5.3 A, B, 5.4, 5.8, Table. 5.6) (304, 313 ). The cheA mutant is also unable to

up-regulate motility assisted chemotaxis genes, to boost motility and spatial range

when compared to the F1 strain, thus further contributing to this effect (Fig. 5.4)

(191 ). It is important to note that, given time and a period of greater than 24 hours,

the cheA strain should reach the same perimeter as the F1 strain and consume all

the nutrients/chemoattractants present, however less efficiently and at a slower rate.

This is based on results from the aforementioned Ni et al., (2020) study, which used

chemotactic E. coli cells and non-chemotactic mutants (101 ).

The F1 strain forms a significantly greater perimeter than a cheA mutant and agrees

with the curve profiles and general results of the study by Cremer et al., (2019) on

chemotactic colony expansion (Fig. 5.4, Table. 5.5) (304 ). The qSS-FCLSA allows

for a greater perspective of internal colony dynamics and chemotactic ring hump

formation, with the raw scan from the fluorescence laser gel scanner being easily

digitised and imported to ImageJ for further spatial distribution analysis (Fig. 4.9,

4.11). These results validate this novel method of imaging microbial chemotaxis

and highlights the potential of chemotaxis to enhance biodegradation over non-

chemotactic cells (Fig. 1.2, 1.3, 5.2). Therefore, it is the recommended that this

qSS-FCLSA should be considered as a noteworthy alternative to the traditional

“bucket of light” visualisation method (147, 150 ).
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5.5.2 Chemotactic behaviour in carbon low environments

In the qSS-FCLSA the F1 strain formed a significantly greater perimeter than the

cheA mutant, even in the case of the 0 mM succinate treatment, with just the salts

in the M9 minimal media and the agar present, with no other carbon source (Fig.

5.3 A, b, 5.8, Table. 5.5). This response can be explained by the natural advantage

of chemotaxis over non-chemotactic cells (101 ). In carbon limited conditions, the

colony perimeter of the F1 strain may still be significantly larger due to cohesive

and collective bacterial behaviour of chemotactic cells. They can move outwards

radially from the POI when they detect dead or dying cells, which liberate fresh

sources of carbon and chemoattractants from their insides (271, 289, 344, 345 ).

This behaviour is supported by recent evidence of the up-regulation of chemotaxis

and motility genes in chemotactic when cells when they are exposed to dead cells

and in low carbon environments (101, 344 ). The cheA mutant is unable to sense any

carbon sources liberated from the dying cells and therefore unable to up-regulate

chemotaxis genes accordingly, contributing to enhanced cell death compared to the

F1 strain and a diminished perimeter in the 0 mM succinate treatment (Fig. 5.4,

5.8, Table. 5.1) (191 ).

Another reason for any growth at 0 mM succinate, could be that during the cell

washing step with the M9 minimal media salts, some remnants of carbon from the

culturing LB medium adhered to the cell walls, thereby providing a chemoattrac-

tant effect for the F1 strain (Fig. 5.8, 5.10, Table. 5.6). Interestingly, it has also

been theorised that the slow growing or less chemotactically active phenotypes are

naturally advantageous in heterogeneous porous media as they can have a sustain-

able and consistent growth rate, suggesting there may be alternative reasons for

this result (153, 154 ). Further qSS-FCLSA experiments with a step-wise increase

in succinate concentration between 0-1 mM should elucidate this further, as well as

the employment of a more rigorous cell washing step.
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.
Fig. 5.10. Schematic comparing expected vs. measured radial intensity
profiles. The lighter shaded curves reflect the corresponding expected intensity
profile based on literature. This is shown to highlight the deviation from the ex-
pected curves. A) F1 (sky blue), B) F1 & WT (magenta), C) cheA mutant (yellow),
D) cheA & WT (black), and E) F1 & cheA (forest green).
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5.5.3 Microbial interactions, co-culture comparisons and biomo-

bilisation

This subsection investigates the interactions of microbes of varying degrees of chemo-

tactic ability and analyses evidence of biomobilisation. It is important to reinforce

the fact here that succinate is being used as a proxy for a more toxic compound,

such as naphthalene and how these mechanisms can be used to improve and develop

NSZD models.

This study found that a co-culture of F1 & cheA formed a significantly greater

colony perimeter across all treatments than mono-cultures of cheA, with a degree

of biomobilisation expected to be occurring within this colony expansion (Fig. 5.1,

5.2, 5.9, 5.10, Table. 5.1, 5.5) (184, 190, 289 ). Table. 5.6 also shows that the mixed

culture had a greater AUC across all treatments compared to the cheA, suggesting

that the F1 strain within the co-culture may have provided nutrients to the cheA cell

contributing to its growth (Table. 5.6) (304, 313 ). This is significant as it suggests

that a diverse population of chemotactic and non-chemotactic microbes may have

increased biodegradation potential, over the same amount of non-chemotactic cells

and highlights the benefit of chemotaxis, and could amplify the rate of NSZD (98,

103, 176 ). Moreover, the higher AUC across the different succinate treatments of

the co-culture of F1 & cheA compared to the cheA strain supports this interpretation

(Table. 5.6).

However, this study found a non-significant difference in the perimeter of co-cultures

of F1 and cheA mutants compared to F1 mono-cultures, across all succinate treat-

ments (Table. 5.1, 5.5). This suggests there is not a constructive interaction of

chemotactic and non-chemotactic microbes causing a significantly greater perime-

ter, as would be expected if biomobilisation was occurring. The t-ratio is negative

suggesting that the mixed-colony perimeter may be greater, however not signifi-

cantly (Fig. 5.1) (184, 190 ). The AUC of the co-culture is also less than the AUC

for the F1 strain at 10 mM and 1 mM succinate, and a deviation from the relation-

ship theorised in the introduction to this chapter, which was based on the study by
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Gude et al., (2020) on bacterial coexistence (Fig. 5.4, Table. 5.1, 5.6) (313 ). This

deviation could be due to a some other biomobilisation phenomena and/or a com-

bative relationship caused by cells colliding and competing for resources (101, 346 ).

Therefore possibly impeding growth and leading to a net decrease in the amount of

biomass capable of degradation (101, 346 ). This could therefore concur with the

aforementioned study by Gomes et al., (2005) (37 ).

An alternative explanation for this result is the F1 strain released bacteriocins upon

the cheA mutants via a suicidal program (313, 347 ). Bacteriocins inhibit or slow

growth of similar strains. This response has been reported with another Pseu-

domonas species, P. aeruginosa (347 ). If such chemicals are released in this qSS-

FCLSA it could provide an alternative explanation for the suspected quorum sensing

patterns seen in figure 4.9.

Interestingly, the co-culture of F1 and cheA mutants had a significantly greater

perimeter in the presence of succinate compared to when no succinate is present

(Table. 5.1, 5.4). It followed the same trend in significance as the F1 mono-culture,

which found a non-significant increase in colony size between 1-10 mM succinate

(Table. 5.4). This suggests a degree of chemotactic response is also present within

the F1 and cheA co-culture (Table. 5.1, 5.4). This is supported by the distinct curve

co-culture curve in figure 5.8 and deviation from the expected curve (Fig. 5.8, 5.10).

This curve is based on the bimodal distribution and segregation that is expected to

occur, with cheA colonising the POI and the pioneering F1 migrating outwards (Fig.

5.8, 5.10) (96, 313 ). However, the intensity profile displayed an elevated intensity

over a greater spatial range than expected, suggesting some other phenomenon such

as biomobilisation or collisions of cells may be occurring (Fig. 5.8, 5.10) (184, 190,

289 ).

It has recently been shown that collisions of chemotactic cells in certain cases can

lead more random discohesive movement reducing chemotactic colony expansion

(289 ). If the F1 cells are aligned in high abundances, they can migrate collectively

as a wave and at a greater rate and range, especially at higher cell densities (289 ).
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However, if random movement is introduced into the system, this may alter the

chemotactic response, with collisions of cheA cells being a possible trigger, poten-

tially leading to a dramatically reduced response. This could impact growth and

explain the deviation from the expected curves and colony perimeters (Fig. 5.8,

5.10, Table, 5.1, 5.3, 5.4, 5.5, 5.6) (289 ). This may also explain the lower AUC

recorded for the co-culture compared to the F1 mono-culture (Fig. 5.9 A, Table.

5.1, 5.5) (289 ).

Another reason for the F1 and cheA co-culture having a increased colony perimeter

compared to the cheA cells, is the non-chemotactic cells simply fail to compete

against the chemotactic cells for nutrients (Table. 5.1, 5.5). This has been shown

previously when chemotactic Pseudomonas and E. coli strains outcompeted non-

chemotactic mutants in plant root colonisation assays (348, 349 ). A similar result

occurred in the aforementioned study by Ni et al., (2020), when an E. coli WT

strain outcompeted a non-chemotactic E. coli ∆cheY mutant in an unstirred culture,

where the chemoattractant (12% casein hydrolysate) was delivered by a small (40µL)

agarose bead (101 ). A further interesting result from the co-cultures is the vermilion

curve (which represent the sum of the co-cultures of cheA & WT and F1 & WT) it

gives an insight into how a different ratios of chemotactic to non-chemotactic cells

may respond (1 non-chemotactic :3 chemotactic) (Fig. 5.9, Table. 5.1, 5.7). The

curve exhibits the high initial peak characteristic of the cheA mutant which has not

been masked by an increased proportion of chemotactic cells. The curve also has

a comparably high AUC when an attractant is present, suggesting an increase in

biodegradation potential (Fig. 5.9, Table. 5.1, 5.7) (304, 313 ). The next subsection

further investigates if there is any evidence of intra-colony biomobilisation within

colonies composed of chemotactic and non-chemotactic co-cultures (Fig. 5.1).

5.5.4 Evidence of intra-colony biomobilisation

To ascertain if there is any evidence of biomobilisation effects within the F1 and

cheA co-culture themselves, the perimeter of the co-culture of the cheA mutant and
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WT strain can be compared to the cheA mutant mono-culture (Table. 5.1, 5.5, 5.6,

5.7). This result along with inspecting the intensity curves will provide any evidence

of any microbial interaction or biomobilisation that may occur (Fig. 5.10). This

study found that there is a non-significant difference in colony perimeter, across

all treatments, suggesting no biomobilisation occurred (Table. 5.4). However, the

intensity profiles of the co-culture of the cheA mutant and WT strain (illustrated by

the black curve) contradicts this, with the presence of chemotactic hump structures,

particularly at higher succinate concentrations (Fig. 5.4, 5.10). The chemotactic

hump structures are present at a radius of 0.2 cm from the POI and are particularly

clear at higher succinate concentrations and are characteristic of chemotactic cells

(Fig. 5.4, 5.9 A, B, 5.10, Table. 5.1). The curve also deviates from the distinc-

tive steep decline of the intensity curve shapes associated with the non-chemotactic

mono-culture which follow Fisher–Kolmogorov wave dynamics, even with taking

into account the expected enhanced radial movement and biomobilisation shown in

figure 5.10, (Fig. 5.9 A, B, 5.10) (304, 313 ). This suggests some other biomobilisa-

tion mechanism may be in operation in the colonies composed of co-cultures of the

chemotactic and non-chemotactic cells as they respond chemotactically. Perhaps

a entwining of flagella resulting in a combative “tug of war” biomobilisation effect,

which mimics the effects of collisions mentioned above and results in a slightly more

hindered expansion (Fig. 5.11) (350 ).

Further evidence of intra-colony biomobilisation and interaction, is visible when

comparing the curve profiles of the F1 and the cheA mutant co-culture (forest green)

against the navy curve, which represents the sum of half the F1 and cheA mono-

cultures (Fig. 5.9). The navy curve is theorised to have a similar shape and AUC,

as they should have the same amount of fluorescent cells, however it deviates from

the expected curve shape and bimodal distribution (Fig. 5.9, Table. 5.1, 5.7) (304,

313 ). The forest green curve has a lower initial intensity compared to the navy

curve in the 10 mM succinate treatment (∼10000 a.u) (Fig. 5.9 A). However, the

forest green curve shows a greater median radial intensity past 0.2 cm, decreasing
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Fig. 5.11. “Tug of war” biomobilisation mechanism. Illustrates the theorised
“tug of war” biomobilisation mechanism. This mechanism may form as a result
of the cells’ flagella entwining, resulting in a combative relationship, with the F1
cells responding chemotactically and transporting the cheA cells along a chemical
gradient, with the random smooth swimming behaviour of the cheA cells hindering
the rate of biomobilisation (Table. 5.2).
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gradually towards 0, with the navy curve having a more marked decline, a lower

AUC and decreased spatial range (Fig. 5.9 A, Table. 5.1, 5.7). This result provides

further evidence that intra-colony biomobilisation and interaction effect may occur

within colonies consisting of chemotactic and non-chemotactic cells (Fig. 5.11).

This inferred intra-colony biomobilisation effect decreases with decreased chemoat-

tractant concentrations as expected (Fig. 5.1, 5.9, Table. 5.1, 5.7). There is an

also general trend in the pattern of the chemotactic rings with the co-culture humps

being approximately 0.5 cm further out than the F1 mono-culture (Fig. 5.8). These

results suggest that further research needs to be undertaken to determine the exact

nature of the biomobilisation mechanism and how best to incorporate this phenom-

ena within current NZSD models, which expect there to be a more bimodal distri-

bution driven by spatial segregation than is witnessed, with the microbial transport

parameter solely based on the classical advection and diffusion of cells (31, 313 ).

Nevertheless, this study provides evidence supporting that biomobilisation may op-

erate within communities of varying degrees of chemotactic ability (Fig. 1.3, 5.8, B,

C, 5.10) (96, 304, 313 ).

It must also be stated that the co-culture of F1 & WT did not respond to succinate

as expected, this is potentially due to the fact only half the amount of cells are

fluorescent (Fig. 5.9 A, B, C, Table. 5.1, 5.4). However, it may also be due to a

different growth rate of the WT compared to the F1 strain. The F1 and WT strains

functionality should be identical, with the only difference being the insertion of the

mScarlet-I (pMRE135) plasmid, however the plasmid may impact the metabolic

rate of the F1 strain (351 ). Plasmids can cause a metabolic burden that is trig-

gered by the expression of the fluorescence, resulting in wild-type strains having a

faster growth rate and slightly different behaviour (351 ). Despite this the magenta

intensity curve profiles for the F1 & WT co-culture maintain chemotactic hump

structures, with the curves producing a similar shape to those expected. Suggesting

their chemotactic nature is unhindered and some other phenomenon may be occur-

ring, as would also be the case in the cheA & WT co-culture (Fig. 5.9 A, B, C, 5.10,
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Table. 5.1, 5.4). This is further supported by the commonality in the significance

trend of F1 vs. cheA and F1 & WT vs. F1 & cheA in table 5.5, despite the presence

of the WT (Table. 5.5).
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Chapter 6

General discussion

6.1 Summary of key questions and objectives

This chapter integrates the field and laboratory studies described in chapters 3 to

5 and considers their relevance to the current literature. A summary of the thesis’s

key questions and objectives is provided for context in figure 6.1. This figure also

outlines the three overarching research questions of the thesis and the links between

the two studies (Fig. 1.3, 6.1).
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Fig. 6.1. General discussion summary. This figure shows the key questions,
objectives, study linkages, key results and outcomes of the thesis, as well as their
relevant chapter number.
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6.2 Unification of the field and laboratory studies

One of the primary aims of this research was to investigate the impact of chemotactically-

induced biomobilisation on the spatial arrangement of non-chemotactic microbial

populations within the environment. This holds significant importance for under-

standing processes like natural source zone depletion (NSZD) that rely on manipu-

lating the taxonomic and functional make-up of indigenous microbial communities

within the subsurface (Fig. 6.1).

This thesis employed both field and laboratory methodologies to address this aim

(Fig. 6.1). The field study investigated the distribution and patterns of chemotac-

tic and non-chemotactic microorganisms involved in hydrocarbon degradation at a

legacy site, which has a history of petroleum processing and storage. Meanwhile,

the laboratory component focused on examining the outcomes of biomobilisation

among chemotactic and non-chemotactic variants of the same microbial species in

the presence of a chemoattractant (Fig. 6.1).

To be able to actually track and monitor the chemotactic response of microbes, a

novel quantitative soft-agar swim fluorescent chemotaxis laser scanning assay (qSS-

FCLSA) and a “chemotaxis mutant toolkit” was developed, which allows us further

explore this link at first hand. This technique provided some of the first observed

evidence of intra-colony biomobilisation. This was tested in the field by assessing

the spatial distribution of taxa which are non-chemotactic to petroleum hydrocar-

bons, such as Geobacteraceae. Other taxa such as Pseudomonadaceae, which are

chemotactic and hydrocarbon degrading, are thought to have potentially altered

the spatial distribution of Geobacteraceae, through biomobilisation. This field study

is the first to investigate the distribution of chemotactic and hydrocarbon degrading

microbes (CD) in the subsurface, and explore any evidence of biomobilisation. The

only prior inference of spatial distribution of chemotaxis in the subsurface is via

modelling techniques, such as modified Keller-Segel models (155 –157 ).

Another gap in literature that is tackled by both studies is the distances and general
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movement in which chemotactic responses operate and how microbes navigate the

subsurface. Utilising the contaminant depth profiles in figure 3.2 and distances

travelled by microbes using the soft swim assay in figure 4.11, one can postulate

expected movement and interactions (Fig. 3.2, 4.11, 5.10). This new qSS-FCLSA

also provides the tools to explore community dynamics and plasmid exchange with

unparalleled clarity, which is highlighted in the literature review in chapter 2 and

field study, as areas with a deficit of data. Common taxa identified in the literature

review and field study, such as members of the Rhizobiaceae family could be utilised

for this in future laboratory work (Fig. 3.3) (168, 171–175 ).

Overall, by combining field observations and laboratory experiments, this thesis aims

to deepen our understanding of how chemotactic behaviour influences the distribu-

tion dynamics of microbial populations in environments, including those impacted

by petroleum hydrocarbons. This section highlights the links between the studies,

as well as their interlinked nature. Improving the understanding of chemotaxis and

biomobilisation and the role they play in the degradation of petroleum hydrocar-

bons, will in-turn assist in the improved quantification of risk posed to human health

from such contamination events. The next sections assess if the key questions out-

lined in figure 1.3 have been addressed and discusses their outcomes (Fig. 1.3, 6.1).

6.3 Field and laboratory studies in context with

current literature

6.3.1 1. Are chemotactic and hydrocarbon degrading bacte-

ria and archaea present at a contaminated petroleum

hydrocarbon legacy site undergoing NSZD?

The field study conducted in chapter 3 of this thesis provides fresh insights into
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the detection and distribution of chemotactic and hydrocarbon degrading taxa at

a legacy petroleum hydrocarbon site in Kwinana, Western Australia undergoing

NSZD. Thereby addressing the first key question of this thesis (Fig. 6.1). This is

significant, as it is the first time that this has been done and paves the way for

further functionality research. As an example of its relevance, the work has been

recently cited in a review of functional microbiome strategies for bioremediation

by Haque et al., (2022), in the context of providing an increased awareness of the

impact of chemotaxis on biodegradation rates (352, 353 ).

The “bioinformatic pipeline” developed in chapter 3 can now be tested on other

NSZD sites, such as the aforementioned site in Bemidji, Minnesota (10, 43–46, 55 ).

This bioinformatic pipeline and inferred functionality technique has recently been

adopted by Lv et al., (2023), in a study into microbial functionality and hydrocarbon

remediation (354 ). The study also used PICRUSt functional gene prediction to

assign pathways to individual OTUs (354 ). The pipeline is also highly adaptable and

versatile, and can be altered to incorporate other inferred traits, such as antibiotic

resistance, using the KEGG pathway “ko00998”. Such an approach could investigate

the prevalence of antibiotic resistance at contaminated petroleum hydrocarbon sites,

and assist in the search for new antibiotics (305, 355 ).

Key taxa assigned to the chemotactic and degrading (CD) group in the field study

(chapter 3); Pseudomonadaceae, Desulfocapsaceae, Comamonadaceae and Geobac-

teraceae, have all been detected in contaminated sites and locations previously,

bolstering their taxonomic assignment and inferred presence at the legacy site in

Kwinana (356–358 ).

Pseudomonadaceae and Comamonadaceae have been recorded at an abandoned

legacy petrochemical plant in Lanzhou City, China in a study by Sun et al., (2017)

(356 ). The Comamonadaceae family has also been reported at other legacy con-

taminated sites in Kuwait (241 ). Desulfocapsaceae have recently been detected in

hypoxic microcosms, constructed using samples collected in the Caspian Sea by BP,

during a study by Griffiths et al., (2023) on crude oil degradation (357 ). Geobac-
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teraceae has also been detected in elevated abundances at an abandoned chemical

factory site located in Changzhou, China, during a study by Xiao et al., (2022)

(358 ). Further analysis and “deeper sequencing” could also further investigate the

complex interplay between the CD communities and members of the hydrocarbon

degrading (D) communities and their intrinsic methanogenic hydrocarbon degrading

ability outlined in chapter 3 (177, 266, 359 ).

6.3.2 2. What environmental factors and hydrocarbons drive

the distributions of chemotactic and hydrocarbon de-

grading bacteria and archaea?

The key result that naphthalene was found to drive the distribution of chemotactic

and hydrocarbon degrading microbes (CD) inferred to be present across the site,

helps address the second key question of this thesis (Fig. 6.1). This result sup-

ports the conclusions obtained from column experiments conducted in a study by

Velasco-Casal et al., (2008) (180 ). The study found that naphthalene promotes the

distribution of CD microbes in porous microcosms (177, 180 ).

The CD taxa at the legacy site also showed a significantly negative relationship with

benzene and phenanthrene. The negative response with benzene could be explained

by the concentration being too high and therefore toxic to microbial cells (103, 166,

250, 360 ). In particular in the jet fuel cores D9 and T5, where benzene is recorded

on the order of ∼1000 mg/kg (Fig. 3.2). This has previously been witnessed during

studies by the “Ford Research Group” at the University of Virginia, where P. putida

F1 responded positively at low, but negatively at higher benzene concentrations

(52 ). The negative relationship with phenanthrene could be associated with its

poor solubility effecting the bioavailability (361 ). This would potentially favour

the degradation of other chemoattractants by CD taxa, with other non-CD taxa

which are distributed randomly within the subsurface being unable to swim away

from areas of phenanthrene contamination. The non-CD taxa’s distribution would

predominately driven by percolation (fluid movement downward through saturated
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zones) and associated advection/diffusion & dispersion (177, 361 ).

The negative relationship with depth could be explained by CD bacteria moving

towards hydrocarbon compounds located closer to the surface and to any hydro-

carbons which have been partially volatilised and re-condensed at shallower depths.

This also infers that the CD population could be primarily oxic, due to their spa-

tial distribution (Fig. 3.2, 3.3) (177 ). However, this is complicated by oxygen also

being an attractant to certain bacteria, as mentioned in chapter 2 and in a review

on Pseudomonas chemotaxis by Sampedro et al., (2015) (103, 177, 269 ). These

observations have important implications for process-based models used to simulate

hydrocarbon biodegradation at contaminated field sites, such as the TMVOCBio

model mentioned in chapter 2. Here, the effect of inferred CD accumulation in areas

where naphthalene is present and is being degraded, along with the negative rela-

tionship with benzene, phenanthrene and depth could be represented by altering the

biodegradation module (BIODG) parameter within the TMVOCBio model (362 ).

This TMVOCBio quasi-chemotaxis model simulation could include an inhibitory

value for areas of phenanthrene and benzene contamination, as well as one related to

depth below ground level and soil water status. This could then be compared against

a standard TMVOCBio fed with data from the Kwinana site. The hypothesis being

the TMVOCBio quasi-chemotaxis model may provide a closer estimation of CD

activity, and biodegradation in general, than the standard model, further validating

the outcomes of the field study (55, 362, 363 ). The significance of this chemotactic

work, and its link with model simulations, is further highlighted in a recent citation

by Davis et al., (2023), where chemotaxis is noted as a key process, whose function

and importance is vital to understand, in order to better represent contaminant and

environmental coupling at legacy sites undergoing NSZD (364 ).
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6.3.3 3. How do bacteria of varying degrees of chemotactic

ability and motility interact with one another?

The field study in Kwinina, Western Australia, also found possible evidence of

biomobilisation and bacteria-bacteria transport (Fig. 6.1) (177 ). An OTU, as-

signed to the obligately anaerobic Geobacteraceae family, was detected at shallower

depths within the subsurface than expected (177 ). It was theorised that this shift

and change in their normal distribution was triggered by biomobilisation and trans-

port by other CD taxa, such as Pseudomonadaceae, Desulfocapsaceae, and Coma-

monadaceae, as they responded chemotactically to hydrocarbons present at the site

(177, 190 ). It was then decided to investigate chemotaxis and biomobilisation fur-

ther in the laboratory setting, through the development of a new chemotaxis assay.

A novel quantitative soft-agar swim fluorescent chemotaxis laser scanning assay

(qSS-FCLSA) was developed, and chosen ahead of other methods outlined in figures

4.1 and 4.12. (Fig. 4.1, 4.12). This approach allows for fine detail of the colony

structure to be captured at the edges of the colony (Fig. 4.1, 4.9, 4.11, 4.12) (147 ).

This pioneering assay is recommended as an alternative to the “bucket of light”

approach, which requires manual construction of materials in a metal workshop,

developed by Parkinson (2007) (147 ).

A key finding from the qSS-FCLSA was the atypical intensity profiles of co-cultures

of chemotactic WT and non-chemotactic cheA mutants, compared to the typical

cheA intensity profile (Fig. 5.10, 6.1). This result provides evidence of bacteria-

bacteria transport in the presence of an attractant, inferring intra-colony biomobili-

sation (Fig. 5.10, 6.1). This interaction between a chemotactic and non-chemotactic

bacteria has never before been witnessed, and is a key outcome from this work. It

also raises the question "How does such an interaction occur?".

A study by Seymour et al., (2024) recently highlighted the importance of cell-to-

cell chemotactic sensing, showing the vast amount of unknowns surrounding this
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intriguing phenomenon (365 ). Whilst a study by Balseiro-Romero et al., (2022),

referenced in the literature review in chapter 2, describes the biomobilisation of

non-chemotactic and non-motile hydrocarbon degrading bacteria by chemotactic

hydrocarbon degrading bacteria. Suggesting such an interaction is feasible, possibly

via a “tug-of-war” mechanism (184 ). A variation of this “tug-of-war” mechanism has

been witnessed before through the tangling of flagella of motile bacteria in a study

by Cairns et al., (2013) (366 ). In the study the flagellar filament protein of Bacillus

subtilis was interfered with by anti-Hag antibodies, which caused the tangling of

bacterial flagella. Videos of the interaction are available in the supplementary infor-

mation of the paper (366 ). This interaction is similar to the “tug-of-war” biomobil-

isation mechanism theorised in this thesis, between the F1 and cheA strains (366 )

(Fig. 5.1, 5.11, 6.1).

The median normalised radial intensity profiles generated using the qSS-FCLSA

could be used to “fingerprint” chemotactic, non-chemotactic or mixed activity within

cultures, by inspecting and identifying distinct characteristics in the signal (284 ).

Similar agar assay screening mechanisms, have been used to identify Pseudomonas

strains capable of polyester hydrolysis in a study by Molitor et al., (2019) (367 ). This

type of fingerprinting, could also act as a screening tool for assessing chemotactic

behaviour of microbes of unknown abilities sampled from a petroleum hydrocarbon

sites, such as the legacy site studied in chapter 3 (Fig. 5.8, 5.10) (284 ).

Samples taken directly from the the site should have had their chemotactic abil-

ity further scrutinised using this assay, possibly comparing the response of strains

of Pseudomonadaceae to Desulfocapsaceae, Comamonadaceae and Geobacteraceae

phyla, as well as co-cultures. These strains would also be bioengineered in a simi-

lar way, by deleting the fliM gene, using a similar methodology to that developed

in chapter 4, when developing the “chemotaxis mutant toolkit”. This could pro-

vide valuable information on how different phyla interact and support this studies

inference of intra-colony biomobilisation and microbial interaction within colonies

composed of petroleum hydrocarbon degrading bacteria of varying degrees of chemo-
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tactic ability.

Furthermore, strains constructed as part of the chemotaxis mutant toolkit in chapter

4 are currently being utilised by the Stanley Lab, Department of Bioengineering, Im-

perial College London, to investigate microbial interactions with fungal systems, to

further explore biomobilisation. A methods paper on the experimental methodology

and analysis using the qSS-FCLSA is also in preparation. New chemotaxis method-

ologies, assays and approaches are being trailed and tested across multiple fields,

and are recently designated as “hot topics” in microbiology. An example of this is a

study by Scheidweiler et al., (2024), in which the spatial structure of communities

of varying degrees of chemotactic ability and motility was investigated in systems

containing a dead-end porous networks (368 ). The paper found that chemotaxis

and quorum sensing play a significant role in the heterogeneous accumulation of

bacterial biomass (368 ).

Further development of this work will assist in assessing the exact proportions of

actively degrading bacteria within co-cultures and provide vital data, which can be

used to modulate the chemotaxis and microbial transport parameters within NSZD

models. Further research investigating the exact nature and mechanisms of the

suspected intra-colony biomobilisation and could also have applications outside the

field of bioremediation and NSZD, such as the enhancement of the delivery of certain

drugs (369 ).

Given the scarcity in literature pertaining to interactions between chemotactic and

non-chemotactic hydrocarbon degrading bacteria as they swim towards an chemoat-

tractant, it is difficult to elaborate further, so there is a pressing need for further

research to further validate the work conducted in this thesis. With this in mind,

the next chapter outlines future research recommendations and validation techniques

that can be tested to address this need. It also provides a set of overall conclusions

and identifies some of the associated limitations of the thesis.
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Chapter 7

Conclusions

This chapter outlines the conclusions of the thesis. It then provides an outline of the

limitations of both the field and laboratory studies and provides recommendations

for future research and assesses if the aim of the thesis has been met.

7.1 Conclusions of field-study

This novel study defines the distribution and associations of indigenous microbes

based on their predicted chemotactic and hydrocarbon degrading ability across the

water table of a legacy petroleum hydrocarbon site. It provides an unprecedented

view of the microbial functional metabolic groups operating across the water table of

an unconfined superficial sand aquifer undergoing NSZD spanning a range of LNAPL

types, water saturations, LNAPL component concentrations and air phase condi-

tions. Critical distributions and associations have been defined for three petroleum

types, crude oil, diesel fuel and jet fuel, and compared to a background location in the

same hydrogeochemical and lithological setting. This forms a valuable foundation

for future research to explore this important biological phenomenon. Naphthalene

concentration was found to be a driver for the presence of potentially chemotactic

and hydrocarbon degrading microbes. Further investigation is required to confirm

this association and to assess the role of OTUs identified as being influenced by

naphthalene concentrations during LNAPL NSZD. Moreover, further research is

required to investigate how the CD and D group OTUs, including methanogens,
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interact to promote NSZD. Addressing these challenges will enable the development

of more sophisticated models incorporating such biological processes to more accu-

rately predict NSZD outcomes (55 ). Although the study has focused on inferred

chemotaxis assisted hydrocarbon degradation, the role of other non-chemotactic

functional groups in NSZD is of interest.

The study combined 16S rRNA sequencing, gas chromatography and predictive

metagenomic profiling (PMP) via PICRUSt2 analysis, to infer chemotactic and

petroleum degradation function. The PMP predicted the abundance of functional

gene families present in microbial communities. This paper provides a pioneering

insight into chemotaxis, with the methodology providing a “bioinformatic pipeline”

that can be applied to petroleum contaminated sites worldwide, to investigate if

similar patterns in distributions occur. However, the geology of the site should also

be taken into account (Fig. 3.1).

This field-based study identified naphthalene contamination as a driving factor in

the occurrence of chemotactic and petroleum hydrocarbon degrading microbes at

a real-world site. The study also presented a comprehensive bioinformatic pipeline

that can be applied to similar sites undergoing NZSD worldwide, further highlighting

the versatility of the research (Fig. 3.1).

7.2 Conclusions of laboratory-based study

The laboratory-based study genetically engineered a chemotaxis mutant toolkit,

which can be used in conjunction with a novel qSS-FCLSA to investigate the in-

teractions of microbes of varying degrees of chemotactic abilities and motility (Fig.

4.9, 4.11, 5.1, Table. 4.1). This revealed that co-cultures of chemotactic and non-

chemotactic petroleum hydrocarbon degrading microbes exhibited a significantly

greater perimeter compared to an equal biomass of non-chemotactic microbes in the

presence of an attractant (Table. 5.5).
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Chemotactic mono-cultures displayed similar perimeters and spatial ranges to the

co-cultures, but their intra-colony spatial distribution differed (Fig. 5.9 A, B, C,

5.10, 6.1, Table. 5.7). Comparative analysis of intensity profiles suggested that

the chemotactic strain altered the typical radial distribution of the non-chemotactic

strain through an intra-colony biomobilisation mechanism (Fig. 5.1, 5.10, 5.11). It

is important to next assess how the thesis can be approved, its limitations, as well

as future research recommendations.

7.3 Summary of field and laboratory limitations

7.3.1 Data analysis limitations

• Advances in sequencing and the development of more advanced taxonomic

and functional libraries, such as the taxonomic Silva database and KEGG

pathway libraries, could improve the accuracy and precision of PiCRUSt2

predictive metagenomic sequencing outlined in the thesis. This advancement

would contribute to a better understanding of the distribution of chemotactic

and degrading microbes at legacy sites (176, 215, 227, 228, 370 ).

7.3.2 Laboratory limitations

• A limitation involved in the use of the novel qSS-FCLSA is the placement of

the petri-dish into the assay by hand, this could potentially result in human

error artificially altering the perimeter and shape of the bacterial colonies.

Perhaps robotisation, along with enhanced sterilisation techniques may im-

prove consistency of results, therefore bolstering the statistcial power of the

perimeter and intensity profile analysis.
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7.4 Research recommendations

7.4.1 Bioinformatic approaches and future work based on

fieldwork

• Recommendations for future analysis of the data from the field study, could

include the “flagellar assembly” KEGG pathways in the CD and C groups

to assess the impact of flagellation on the spatial distribution of the different

functional groups, along with the incorporation of KEGG pathways associated

with quorum sensing and biofilm formation (176, 371–375 ).

• Alternatively, combining shotgun metagenomics sequencing with the 16S rRNA

amplicon and meta-transcriptomics could improve knowledge of the functional

behaviour of microbes within the subsurface. This multi-omic approach could

also be used to determine gene expression, and the chemotactic and hydro-

carbon degrading potential of microbial communities across legacy sites (376,

377 ).

• Furthermore, the planned re-coring of the legacy site near Perth, Western Aus-

tralia when the water table is lower should provide valuable information on how

the distribution of chemotactic and hydrocarbon degrading taxa is influenced

by changes in seasonality and fluctuations in the water table. This would also

provide vital data on how functional communities react to variation within the

groundwater systems, and determine if naphthalene remains as a key driver in

their distribution, or if fluid flow influences the outcome (177 ). A greater un-

derstanding as to the exact nature of the relationship of CD communities and

naphthalene, could be explored by re-sampling of the relevant cores and under-

taking metagenomic and proteomic analysis. Microcosm assays and column

experiments using material from the site would also assist in investigating this

(177 ). This work could also explore the CD communities relationship with

depth and the negative relationship with phenanthrene and benzene (177 ).

The positioning of the bacteria is hypothesised to be driven in-part due to el-
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evated toxicity. It is thought this may elicit a negative “necrotactic” response

away from such areas, where the CD microbes sense cell death; even though

phenanthrene and benzene are known chemoattractants, the concentrations

may be too toxic (103, 166, 250, 360 ). This could be investigated by packing

columns with porous material from the site and tagging the CD microbes with

magnetic particles, similar to the work which was undertaken in the Olson et

al. (2004) paper mentioned in chapter two. The CD microbes would then

be exposed to a step-wise increase in phenanthrene and benzene concentra-

tion and their distribution shift would be assessed by MRI (90 ). This would

provide an improved understanding of the spatial distribution of a necrotactic

response at depth (90 ).

• The bioinformatic pipeline developed in chapter three could be compared and

trialed on other petroleum hydrocarbon sites, providing a clearer understand-

ing about how these systems will respond to climate change and how chemotac-

tic and hydrocarbon functional communities will migrate within contaminated

aquifers (29, 89, 177 ). It is worth noting that confirming chemotaxis at the

genomic level is challenging due to a couple of factors. Bacteria could stop

swimming at a post-translational level and their behaviour could change rather

quickly from a motile to sessile behaviour, which is especially hard to deter-

mine in a mixed microbial community (96 ). This highlights how important

a multi-omic approach is, which includes laboratory-based research to verify

chemotactic responses.

• Further research could also investigate the relationship between the chemotac-

tic and hydrocarbon degrading microbes recorded at the site undergoing NSZD

and the interplay they have with the methanogenic hydrocarbon degrading

consortia present at the site (177, 266 ). The role of acidogenic microbes,

which also work in a partnership with the CD and methanogenic communities

could also be confirmed (177 ). This would allow for improved understanding
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of the degradation profile of petroleum hydrocarbons in aerobic and anaerobic

systems, and the key microbes and taxa that play a role in the degradation

process (177 ).

7.4.2 Laboratory-based bioengineering approaches

• In future, the novel non-chemotactic and non-motile P. putida F1 cheA ∆fliM

mScarlet-I (pMRE135) mutant constructed in chapter four as part of the

chemotaxis mutant toolkit, could be assessed in the qSS-FCLSA (Fig. 4.9,

4.11). The colony perimeters and median radial intensity profiles in the differ-

ent succinate treatments (10 mM, 1 mM, and 0 mM) could then be compared

to the other strains constructed (Table. 4.1).

• There could be an increase amount of experimental runs which could also

include an increased amount of biological and technical replicates (n=20) to

improve the robustness of the statistical analysis. Scanning colonies at different

timescales could also be implemented, such as scanning every 12 hours for

36 hours. However, once the lids of the petri-dishes are removed, it is not

practical to replace them and then return the plate to the incubator. This

is due to issues with sterility and the fact frequent manual movement alters

the rigidity of the soft-agar and could trigger artificial expansion of the colony

due to agar structural failure. Instead, sub-sampling the various strains and

mutants from a set point around the POI and exploring the growth rate over

time, might be an alternative option (Table. 4.1). This could also assist in

assessing the growth, death and reproduction rate of the mutants created,

this could also be run in parallel with flow cytometry analysis to improve

understanding of the cells shape, distinct phases and fluorescence (269 ). The

results of the Pseudomonas putida cheA F1 mutant could then be compared

to the response of the other Pseudomonas putida F1 strains constructed to

provide more evidence as to why there is a significant decreased in the AUC
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for the non-chemotactic mutants P. putida F1 cheA mScarlet-I compared to

the P. putida F1 mScarlet-I chemotactic cells (Fig. 5.8, 5.9 A, B, C, Table

5.5, 5.6).

• Moreover, to further examine the spatial distribution of the non-chemotactic

strain, PCRs could be conducted at different distances from the POI using the

primer list recently provided by Rebecca Parales, The University of California,

Davis, USA, using the “mid” primers, since the F1 cheA HindIII F and F1cheA

BamHI R were unsuccessful during trials (Supplementary Information Data.

S12) (378 ). This could also be used to investigate the distribution of the non-

chemotactic and non-motile Pseudomonas using the primers for the fliM gene

(Table. 4.3). Perhaps using these, in combination with spatial sequencing at

set distances from the POI, would give an idea about the spatial community

dynamics of how the chemotactic bacteria interact (379 ).

• It would also be beneficial to run co-cultures of P. putida F1 cheA ∆fliM

mScarlet-I (pMRE135) mutant with the P. putida F1 WT strain, to ex-

plore biomobilisation further. If the perimeter of the non-motile and non-

chemotactic P. putida F1 cheA ∆fliM mScarlet-I (pMRE135) mutant in co-

culture with the P. putida F1 WT strain was significantly greater than the

P. putida F1 cheA ∆fliM mScarlet-I (pMRE135) mono-culture in the pres-

ence of a succinate, then it could be inferred that the distribution had been

influenced by the movement of P. putida F1 WT. This would likely be due

to a biomobilisation effect, either by hydrodynamic entrapment, push / pull

effects, piggybacking or the newly proposed “tug of war” effect (184, 189, 190 ).

Evidence of this would support the biomobilisation outcome of the Balseiro-

Romero et al., (2022) paper, with high magnification microscopy being the best

way to visualise the exact nature of the biomobilisation mechanism (184 ). If

the biomobilisation mechanism, was determined to be due to physical attach-

ment, this is significant. Since in theory this would lead to the further transfer
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of plasmids essential to chemotaxis and degradation within the subsurface.

This is outlined in the literature review and is worthy of future investigation

(Fig. 2.2, 5.1).

• Another method of investigating biomobilisation and interaction using the

qSS-FCLSA would be utilising other fluorescent wavelength channels on the

Amersham Typhoon to study the fluorescent plasmids inside each of the co-

cultures tested. However, this would require further bioengineering work to

construct or purchase fluorescent plasmids so their emission spectrum would

not overlap, as this might lead to false fluorescent results (380 ). This would

provide a clearer understanding if there was any consumer/producer relation-

ship that developed within the co-culture (381 ). Further work could focus on

the colony edges and assess the degree of spatial segregation or mutualism by

assessing the “fuziness” of the interaction zone between the chemotactic strain

and one of the mutant strains in the chemotaxis mutant toolkit, using the slow

scan feature on the scanner (Table. 4.1) (313, 382 ). It is important to note

that selecting more than one emission channel on the Amersham Typhoon

could double scan time. However this could be remedied by decreasing the

area of scan and the number of biological replicates or treatments per run.

• Construction of a P. putida F1 ∆fliM mScarlet-I (pMRE135) mutant would

also allow for the quantification as to the extent of any pili or culi based move-

ment. This would be achieved by bench-marking this new strains perime-

ter and median normalised radial intensity profile against the P. putida F1

cheA ∆fliM mScarlet-I (pMRE135) strain. This works because the P. putida

F1 ∆fliM mScarlet-I (pMRE135) is still chemotactic by means of pili or culi

based movement and the P. putida F1 cheA ∆fliM mScarlet-I (pMRE135) is

rendered non-chemotacic and non-motile, with the pili or culi being unable

to respond a chemical gradient (383 ). This could then be compared to other

strains in the chemotaxis mutant toolkit (Table. 4.1). This work might also
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assist in gauging the energy burden of a chemotactic response mentioned in

the historical review in chapter two (96, 101 ).

• Interestingly, if manipulation of the mScarlet-I (pMRE135) plasmid is required

to reduce any metabolic burden on the cell to make its growth identical to

the P. putida F1 WT strain, then no manipulation of the plasmid may be

required in the case of the P. putida F1 cheA ∆fliM mScarlet-I (pMRE135)

mutant. As it may already be less impacted by the metabolic burden, due to

the fact it lacks flagella. Thus, the energy required to form flagella is minimal,

potentially off-setting any energy expenditure associated with carrying the

metabolic plasmid (96, 101, 351 ).

• Different ratios of strains and numbers of strains could also be tested, in-

stead of 50:50 co-cultures along with different OD600nm and chemoattractants,

such as maleate, benzene, toluene and naphthalene (103 ). However, due to

the volatility of some of the aromatics, they can impact the rigidity of the

soft-agar and often evaporate quickly as previously highlighted. Altering the

agar concentration, may remedy this to an extent, however this in-turn, could

impact colony shape (103, 165 ). Using OD600nm of less than 0.3 and above

0.7 could confirm what the ideal ranges for chemotactic responses are, or if

OD600nm above 0.7 still produces similar results as reported by Tian et al.,

(2021) (168, 194, 284, 288, 289 ). Experimentation with different ratios would

also provide valuable data on thresholds of any biomobilisation and microbial

transport that may be occurring and shed light on the microbial interactions

mentioned in the discussion of chapter five.

• A petri-dish with no bacteria should also be added as a control within the qSS-

FCLSA for a more accurate reflection of background noise and autofluorescence

throughout batches. Further controls such as an aerotactic P. putida F1 aer2

mScarlet-I (pMRE135) mutant, should also be bioengineered and included
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(103, 269 ). Aerotaxis has been shown to subtly mask chemotactic responses

(103, 127, 269 ). Furthermore, screening for more active pioneering phenotypes

and comparing their results by sub-sampling from different proximal radii

might lead to different results (146, 303 ).

• The FFI device could also be altered slightly, in an attempt to remove the

unwanted flow mentioned in chapter four. Possible remedies for removing the

unwanted flow and allowing for static equilibrium to occur are: adding a layer

of hydrogel or modifying the device with a third hole to encourage equilibrium

formation (384, 385 ). This could remove the flow and offer an improved

resolution and enable more precise assessment of any cell-to-cell interactions

or interaction phenomena.

• Further research could also be undertaken to investigate the role direct inter-

species electron transfer (DIET) has on the spatial distribution of Geobac-

teraceae mentioned in chapter three, which bolstered the interest in investi-

gating microbial transport and interaction, especially biomobilisation (177 ).

This DIET, would involve biofilm formation which could act as “liferafts” for

Geobacteraceae to survive higher up in the subsurface and protect the cells from

oxidation, therefore providing a possible alternative to the biomobilisation hy-

pothesis (386, 387 ). Sub-culturing from samples which contain the strongest

Geobacteraceae and naphthalene affiliation is a possible research avenue. The

samples could be tested and sequenced to see if they contained Geobacter and

tested in the qSS-FCLSA. This is assuming that culturing from the cores was

successful and an anaerobic qSS-FCLSA variant could be developed. Interest-

ingly, applying a current to the system might also encourage enhanced DIET

and petroleum hydrocarbon’s degradation rate through improved kinetic en-

hancement (388, 389 ).
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• A final suggestion, would be the construction of promoter reporter constructs.

These could be constructed to fluoresce when the cell: initiates metabolism

and degradation of a petroleum hydrocarbon, initiates a chemotactic response,

transfers a plasmid and/or starts formation of a biofilm (390–393 ). This

would improve knowledge of the spatial community dynamics operating within

communities of varying degrees of chemotactic ability. Thereby improving the

resolution of how NSZD might occur in petroleum hydrocarbon sites.

7.5 Concluding statement

This thesis investigated role of chemotaxis in the natural source zone depletion of

petroleum hydrocarbons, with the aim of addressing three key questions which have

been answered (Fig. 6.1). Based on these findings, it is recommended to revise

existing NSZD models to account for CD accumulation in areas affected by naph-

thalene contamination. Furthermore, the NSZD models should consider the interac-

tions and biomobilisation between petroleum hydrocarbon, degrading chemotactic

microbes and microbes of varying degrees of chemotactic ability, within the subsur-

face. It recommends further research into the biomobilisation of non-chemotactic

microbes within the subsurface that may alter the proportion of petroleum hydro-

carbon degrading microbes at the degradation interface. This could lead to an

improved quantification of the risk posed by petroleum hydrocarbon contamination

to groundwater supplies, therefore safeguarding the ecosystem and reducing the risk

to human health.
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• Unprecedented view of the microbial
metabolic groups at petroleum legacy
site.

• Chemotactic and hydrocarbon degrad
ing bacteria (CD) are inferred in soil
cores.

• Naphthalene drives the occurrence of
CD operational taxonomic units (OTUs).

• Provides a basis for modelling to ac
count for CD distribution and function.
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A B S T R A C T

Petroleum hydrocarbon contamination is a global problem which can cause long-term environmental damage and 
impacts water security. Natural source zone depletion (NSZD) is the natural degradation of such contaminants. 
Chemotaxis is an aspect of NSZD which is not fully understood, but one that grants microorganisms the ability to 
alter their motion in response to a chemical concentration gradient potentially enhancing petroleum NSZD mass 
removal rates. This study investigates the distribution of potentially chemotactic and hydrocarbon degrading 
microbes (CD) across the water table of a legacy petroleum hydrocarbon site near Perth, Western Australia in areas 
impacted by crude oil, diesel and jet fuel. Core samples were recovered and analysed for hydrocarbon contami
nation using gas chromatography. Predictive metagenomic profiling was undertaken to infer functionality using a 
combination of 16 S rRNA sequencing and PICRUSt2 analysis. Naphthalene contamination was found to signifi
cantly increase the occurrence of potential CD microbes, including members of the Comamonadaceae and Geo
bacteraceae families, which may enhance NSZD. Further work to explore and define this link is important for 
reliable estimation of biodegradation of petroleum hydrocarbon fuels. Furthermore, the outcomes suggest that the 
chemotactic parameter within existing NSZD models should be reviewed to accommodate CD accumulation in 
areas of naphthalene contamination, thereby providing a more accurate quantification of risk from petroleum 
impacts in subsurface environments, and the scale of risk mitigation due to NSZD.  
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1. Introduction

Groundwater is an essential source of drinking water across the
world, however the resource is vulnerable to anthropogenic petroleum 
hydrocarbon contamination. Petroleum hydrocarbons are released into 
the subsurface in the form of crude oil, gasoline, diesel fuels and jet 
range fuels (Gkorezis et al., 2016; Hidalgo et al., 2020), with their 
release commonly being associated with spills (Gkorezis et al., 2016) 
and leakages from storage tanks (Chang and Lin, 2006). These fuels 
differ significantly in their hydrocarbon composition, including poly
cyclic aromatic hydrocarbons (PAHs), such as naphthalene (Sulimov 
et al., 1965), and monoaromatic hydrocarbon compounds like benzene, 
toluene, ethylbenzene, and xylenes (BTEX). They are all generally 
described as being light non-aqueous phase liquids (LNAPLs), with a 
density generally less than that of water. LNAPLs are common con
taminates at legacy sites (Reid et al., 2018) but with a carcinogenic risk 
profile (Li et al., 2007). LNAPLs also pose broad contamination risks 
because LNAPL components can partition into air and water phases 
creating pathways of exposure for human health and the environment. 
Since LNAPLs effectively “float” at the top of the capillary fringe, this 
promotes lateral and vertical proliferation of contaminants within the 
subsurface. These factors both enjoin remedial and management action 
be taken but also make LNAPLs very difficult to remediate (Johnston 
et al., 1998, 2002). 

Multiple physical remediation techniques have been developed to 
clean up contaminated sites and limit the spread of LNAPL petroleum 
hydrocarbons, such as, air sparging and bioventing (Sookhak Lari et al., 
2020). Air sparging is the injection of high pressurised air below the 
lowest level of contamination in the saturated zone (Hu et al., 2010). 
This creates a transient moment when pore spaces are filled with air, 
triggering partitioning to the air phase and transport of the contaminates 
from the saturated zone to the unsaturated zone above. Bioventing is a 
process which provides oxygen to the subsurface above the water table; 
this can stimulate the degradation rate of indigenous microorganisms 
(Frutos et al., 2010). However, these techniques can be expensive, and in 
some cases ineffective (Sookhak Lari et al., 2020). Biodegradation of 
petroleum hydrocarbons occurs naturally by indigenous microbes and is 
an inexpensive and sustainable option (Gupta and Yadav, 2019). During 
biodegradation petroleum hydrocarbons breakdown into less hazardous 
substances. The whole mass loss of LNAPLs due to partitioning and 
physical and biological degradation is termed natural source zone 
depletion (NSZD) (Sookhak Lari et al., 2019). 

Understanding how microbial communities interact with specific 
chemical contaminants is an important step towards predictive model
ling and manipulation of sites to promote NSZD. A number of studies 
have investigated the microbial communities and physical conditions 
that may contribute to the NSZD of petroleum hydrocarbon compounds 
(Blanco-Enríquez et al., 2018; Dobson et al., 2007; Maila et al., 2005). 
These studies have considered the role of different redox conditions on 
biodegradation (Chapelle et al., 2002) and the role of microorganisms in 
constraining contaminant expansion in the subsurface (Essaid et al., 
2015; Franzmann et al., 2002). Research has also highlighted the role of 
microorganisms in degrading more recalcitrant contaminants (Davis 
et al., 1999; Lee et al., 2020), and the role of maintaining a diverse 
biodegrading population (Dell’Anno et al., 2012; Franzmann et al., 
1998), along with investigating the formation of biodegradation 
by-products (e.g., polar compounds) in weathered diesel and their fate 
(Bruckberger et al., 2018; Lang et al., 2009). 

Chemotaxis is an important mechanism used by microbes to exploit 
otherwise inaccessible resources, including petroleum hydrocarbons 
(Parales and Ditty, 2018). Many microbes have been demonstrated to be 
capable of chemotaxis-assisted degradation of alkanes and other hy
drocarbon compounds (Li et al., 2017; Zhang et al., 2012). Microbial 
species that exhibit chemotaxis-assisted hydrocarbon degradation have 
been shown to enhance the rate of NSZD in column and microcosm 
experiments (Wang et al., 2012; Olson et al., 2004; Marx and Aitken, 

2000). In a laboratory experiment, a chemotactic Pseudomonas putida G7 
(PpG7) strain degraded 90% of naphthalene in six hours, compared to 
30 h for a non-chemotactic mutant strain (C1) and a non-motile mutant 
strain (R2) (Marx and Aitken, 2000). Indigenous microbes present in the 
subsurface have been reported to possess the ability for chemotactic 
assisted petroleum hydrocarbon biodegradation, such as; Alcaligenaceae 
to alkanes extracted from a crude oil-polluted seawater in Daya Bay, 
South China Sea (Hong et al., 2017) and Brevibacteriaceae to anthracene 
and other PAHs isolated from a contaminated refinery in Mathura, India 
(Chaudhary et al., 2015). Exploitation of this chemotaxis mechanism to 
manipulate microbe-driven NSZD could therefore have far reaching 
bioremediation potential at sites undergoing NSZD (Wang et al., 2012; 
Olson et al., 2004; Marx and Aitken, 2000). 

The distribution of chemotactic microbes and the exact nature of the 
role chemotaxis plays in the NSZD of petroleum hydrocarbons under 
field conditions remains unclear (Sookhak Lari et al., 2019). Addressing 
this challenge requires characterising microbial diversity, community 
composition and the functional potential of community members for 
hydrocarbon degradation and chemotaxis. Although culturing specific 
bacteria can provide direct evidence of chemotaxis and degrading 
functions, the vast majority of soil microbes are not culturable (Lloyd 
et al., 2018; Rappé and Giovannoni, 2003) and environmental samples 
are typically too diverse to make this feasible for characterising com
munities. Alternatively, shotgun metagenomic sequencing, which aims 
to assemble whole genomes from short fragments, can be used to 
determine gene content and thus functional potential of microbial 
communities. However, it is limited if there is little community biomass 
or host contamination, and remains a significant bioinformatic chal
lenge (Douglas et al., 2020). An alternative approach indirectly infers 
the functional potential of individual species by comparing 
community-derived marker gene sequences against a database of 
reference genomes from organisms with known functions (Douglas 
et al., 2020). For example, Crampon et al. (2018) used this approach to 
infer that operational taxonomic units based on 16S rRNA amplicon 
sequences were abundant in metabolic pathways linked to higher 
polycyclic aromatic hydrocarbon degradation potential. The widespread 
use of this approach for inferring community functional potential and 
the recent improvements in database coverage and optimised genome 
prediction algorithms (Douglas et al., 2020) make this a robust option 
for microbial community functional inference. 

The research presented here describes a field study of the inferred 
spatial distribution of predicted chemotactic and hydrocarbon degrad
ing microbes linked with crude oil, diesel and jet fuel contamination at a 
legacy petroleum hydrocarbon site. The aim of the study was to explore 
the association of the predicted functional potential of microbial com
munities at these sites with these legacy contaminants, and test whether 
the distribution of petroleum hydrocarbon and LNAPL compounds in
fluences the abundance of the inferred chemotactic and hydrocarbon 
degrading microbes. This was achieved by comparing the predicted 
metagenome profiles of operational taxonomic units (OTUs) derived 
from 16S rRNA marker gene sequences, to the distribution and con
centration of legacy petroleum hydrocarbon and LNAPL compounds 
across the site. Investigating the preferential occurrence of the predicted 
chemotactic and hydrocarbon degrading microbes to various petroleum 
products and depth allows for the development of more accurate NSZD 
models (Sookhak Lari et al., 2021). The methodology applied in this 
study assists in potential bioprospecting and screening of chemotactic 
and hydrocarbon degrading microbes potentially capable of enhancing 
NSZD. This will provide a clearer picture of risk to groundwater re
sources (Singh and Choudhary, 2021). 

2. Materials and methods

2.1. Site description and soil core recovery

The study site has stored significant volumes of crude oil, as well as 
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diesel and jet fuels. It is approximately 50 km south of Perth, Western 
Australia. The site overlies a shallow superficial unconfined sand aquifer 
(Johnston et al., 1998), which is located on the Swan Coastal Plain 
(Fig. 1). The dominant surficial lithology is a Safety Bay Sands unit with 
deeper Becher Sand units; these lithographic units are relatively ho
mogenous and composed of sub-horizontal layered aeolian and littoral 
calcareous sands (Johnston et al., 1998). The sand is predominately fine 
to medium grained with some thin inter-bedded layers of course grained 
sands and gravel, with low concentrations of organic matter (Davis 
et al., 2005). Cores recovered from the site were taken from the pre
dominantly homogenous aeolian and littoral calcareous sands as 
described in detail by Johnston et al. (1998). Limited air-sparging, 
bioventing, LNAPL skimming, slurping, vacuum extraction and a 
mixture of such remediation techniques have been trialled on the site 
over time, however the site is now undergoing assessment and man
agement through NSZD (Johnston et al., 2002; Sookhak Lari et al., 
2018). 

Groundwater at the site is typically fresh with a low electrical con
ductivity (50–160 mS/m) and has a pH typically in the range 7.5–8.5 
buffered by the calcareous nature of the superficial sand formation. 
Regionally nitrate and sulfate are present in groundwater due to agri
cultural and urban influences. However, within the site these electron 
acceptors (along with oxygen) are strongly depleted within groundwater 
due to natural attenuation processes (Davis et al., 1999). Bicarbonate 

ranges from 250 to 940 mg/L and dissolved methane is found across 
large areas of the groundwater due to hydrocarbon degradation pro
cesses (King, 2009). Methane production also indicates that other elec
tron acceptors are strongly depleted (Wiedemeier et al., 1999). 

Soil cores were recovered using a Geoprobe 6620 drilling rig 
(Bruckberger et al., 2021). One core was recovered from a representa
tive background control area unaffected by petroleum hydrocarbon 
contamination (B6), three cores were recovered from the crude oil 
contaminated area (T7, D10a and D10b), two cores were recovered from 
the diesel contaminated area (D6, T3), and three cores were recovered 
from the jet fuel contaminated area (D7, D9 and T5) (Fig. 1). The nine 
core locations were sampled from depths of 1.50–5.10 m below ground 
level. Each core was cut into 0.05 m sections, sealed in tins and imme
diately transported on ice to the CSIRO laboratory. Upon arrival at the 
laboratory, tins were sub-sampled for chemical and biological analysis. 
For each core, four representative sections were selected from the Top 
section (above the water table at an average of 2.28 m in depth), Water 
Table section (an average of 3.05 m in depth), Middle section (an 
average of 3.78 m in depth and below the water table), and Bottom 
section (an average of 4.48 m in depth) (Bruckberger et al., 2021) 
(Fig. 1). Chemical analysis using GS-MS and GS-FID was undertaken on 
these 36 section samples. For biological analysis, triplicate samples 
(5 g), from each of the 36 sections, were collected using sterile tech
niques and stored at − 80 ◦C until DNA extraction. For chemical 

Fig. 1. Map of sampling sites showing position of contaminated zones relative to maximum historic groundwater levels, and proximity to the Indian Ocean. The 
figure also shows the depth profile of the contaminated core sections after GC-FID and GC-MS analysis. The concentrations of TPH and the selected aromatic LNAPL 
components identified (1-methylnaphthalene (1-MN), 1,3,5-trimethylbenzene (1,3,5-TMB), ethylbenzene, o-xylene, 1,2,3-trimethylbenzene (1,2,3-TMB), 2-methyl
naphthalene (2-MN), m/p-xylene, phenanthrene, 1,2,4-trimethylbenzene (1,2,4-TMB), benzene, naphthalene, and toluene) are shown. The solid horizonal black lines 
indicate the subsections within the core, along with concentrations at each sample section. Inferred and extrapolated linear lines are then used to postulate con
centrations between the core sample sections. Different line types are used to differentiate between individual contaminants. The Background core is green, the Crude 
Oil cores are orange, the Diesel Fuel cores are blue and the Jet Fuel cores are pink. On the right-hand side of the figure, circles represent the Top section, squares 
represent Water Table section, rhombuses represent the Middle section and triangles represent the Bottom section. 
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analysis, 3–5 g were sampled and immediately extracted using 4 mL of 
dichloromethane (containing deuterated internal standards) (d6-ben
zene, d8-toluene, d10-p-xylene, d8-naphthalene, d14-p-terphenyl) as 
described in Bruckberger et al. (2021). The Water Table section of the 
core was differentiated from the other core sections by re-weighing the 
remaining core samples before and after drying, and comparing the 
moisture loss (Bruckberger et al., 2018). This was achieved by initially 
air-drying a portion of the core section to remove excess chemicals for 
48 h, and then heating it in an oven for 24 h at 105 ◦C to calculate 
moisture loss (%) (Bruckberger et al., 2021). Geochemical analysis of a 
subset of soil cores samples (24 in total) for a range of parameters (TOC, 
N, P, pH, moisture, electrical conductivity, Al, As, B, Ca, Cd, Co, Cr, Cu, 
Fe, K, Mg, Mn, Mo, Na, Ni, Pb, S, and Zn) was conducted at a government 
NATA accredited laboratory (ChemCentre Western Australia) using 
standard methods (Rayment and Lyons, 2011) (Fig. S1). 

2.2. Petroleum hydrocarbon chemical analysis 

Total petroleum hydrocarbon (TPH) analysis of the core sample ex
tracts was carried out using an Agilent 6890 gas chromatography–flame 
ionisation detector (GC-FID) system (Bruckberger et al., 2021). Internal 
and petroleum hydrocarbon external standards were used. Gas chro
matography–mass spectrometry (GC–MS) analysis of the core sample 
extracts was carried out using an Agilent 7890 gas chromatograph and 
an Agilent 7000B mass spectrometer (Bruckberger et al., 2021). Quan
titation of selected analytes was performed using external standards 
(benzene, toluene, ethylbenzene, m-xylene, p-xylene, o-xylene, 1,3,5-tri
methylbenzene (1,3,5-TMB), 1,2,4-trimethylbenzene (1,2,4-TMB), 
naphthalene, 2-methylnaphthalene (2-MN), 1-methylnaphthalene 
(1-MN) and phenanthrene) containing the same internal standards 
used for the samples (Fig. S1). 

2.3. 16S rRNA gene amplification and bioinformatics 

Genomic DNA was extracted from the 36 core sections in triplicate 
(36 × 3), using 0.5 g of soil and the PowerBiofilm DNA Isolation Kit 
(MoBio Laboratories, Inc., Carlsbad, CA, USA), and quantified with a 
Qubit fluorometer (Invitrogen) (Bruckberger et al., 2018). A 300 base 
pair (bp) area of the V4 region of the 16S rRNA was amplified using the 
515f (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806rcbc (5’-GGAC
TACHVGGGTWTCTAAT-3’) primer set (Parada et al., 2016), following 
the Earth Microbiome Project protocol (https://earthmicrobiome.org/ 
protocols-and-standards/16s/) and barcoding and sequencing library 
preparation followed the Illumina 16S protocol (Illumina, USA). After 
amplification the PCR products were individually purified with SPRI 
beads (Ampure XP beads, Beckman Coulter) and then barcodes added 
through a second round of PCR. Following a second round of bead-based 
purification, samples were quantified and pooled in an equimolar 
manner ready for sequencing. Forward and reverse sequencing was 
undertaken on the Illumina MiSeq (v3 600 cycle), following the manu
facturer’s instructions (Illumina, USA) (Bruckberger et al., 2021). Data 
has been published online (https://data.csiro.au/collections/collectio 
n/CIcsiro:49662v1). Sequences were processed using QIIME2 version 
2019.1 (Bolyen et al., 2019). The imported paired-end sequences were 
denoised and merged using the DADA2 workflow (Callahan et al., 
2016), which involved trimming the first 19 nucleotide bases from each 
read and truncating at 190 bases. This process utilises exact amplicon 
sequence variants (ASVs) instead of conventional OTU workflows. The 
ASVs were clustered using the de novo “q2-vsearch” clustering algorithm 
(Rognes et al., 2016) at 97% similarity, with borderline chimeras being 
retained. Representative OTU sequences were classified against the Silva 
138 515F/806R database (Quast et al., 2013; Yilmaz et al., 2014) using 
the “classify-sklearn” algorithm (Bokulich et al., 2018). OTUs which 
were not classified as prokaryotes were removed. R Studio version 4.0.3 
(RStudio Team, 2020) was then used to merge the biological sample 
replicates and undertake further analysis with the “phyloseq”

(McMurdie and Holmes, 2013) and “vegan” packages (Oksanen et al., 
2020). Alpha diversity metrics (the number of OTUs and Chao1 esti
mator) were calculated from a single rarefaction at 10,000 reads per 
sample, this was selected after manual inspection of rarefaction curves 
and Good’s coverage calculation (Figs. S2 and S3). The Water Table and 
Middle section of the Jet Fuel core T3 failed to pass the rarefaction 
threshold and were excluded from further analysis. Homogeneity of 
variance for each metric grouped by Zone (Background, Crude Oil, 
Diesel or Jet Fuel) and Section (Top, Water Table, Middle, Bottom) were 
tested with Levene’s test implemented in the “car” package. Two-way 
ANOVA tests of the alpha diversity estimates were used to test for sta
tistically significant differences in microbial diversity between Zone and 
Section. 

2.4. Predictive metagenomic profiling 

For further analyses the dataset was rarefied 1000 times at 10,000 
reads and averaged relative abundances retained. The resulting OTUs 
were then imported into PICRUSt2 v2.3.0-b (Douglas et al., 2020) and 
placed into a reference phylogenetic tree, with metagenome content 
being predicted using an ancestral-state reconstruction algorithm to 
predict the metagenomes based on 16S marker gene information. The 
resulting tree was used for functional metabolic prediction, through the 
utilisation of Kyoto Encyclopedia of Genes and Genomes (KEGG) reac
tion pathways (Kanehisa and Goto, 2000; Kanehisa, 2019), with a 
minimal nearest-sequenced taxon index (NSTI) value of 2 set to improve 
accuracy of pathway assignment (Douglas et al., 2020). The OTUs were 
split into four groupings, based on the predicted presence of chemotaxis 
and petroleum hydrocarbon KEGG degradation pathways. 

The chemotactic and hydrocarbon degrading (CD) group included 
OTUs inferred to possess the pathways associated with bacterial 
chemotaxis (ko02030), as well as at least one of the hydrocarbon 
degradation pathways; benzoate degradation (ko00362), bisphenol 
degradation (ko00363), chloroalkane and chloroalkene degradation 
(ko00625), chlorocyclohexane and chlorobenzene degradation 
(ko00361), toluene degradation (ko00623), nitrotoluene degradation 
(ko00633), xylene degradation (ko00622), caprolactam degradation 
(ko00930), ethylbenzene degradation (ko00642), naphthalene degra
dation (ko00626) and/or polycyclic aromatic hydrocarbon degradation 
(ko00624). It is important to highlight here that this does not explicitly 
mean that a given CD OTU is necessarily chemotactic directly towards 
one of the hydrocarbons, but that it may also include microbes that are 
chemotactic towards other compounds. The chemotactic (C) group 
included OTUs inferred to possess only the chemotaxis pathway and 
none of the hydrocarbon degradation pathways. The hydrocarbon 
degrading group (D) included OTUs inferred to possess at least one of the 
hydrocarbon degradation pathways and no bacterial chemotaxis 
pathway. Finally, the non-chemotactic and non-hydrocarbon degrading 
(NCND) group contains OTUs without inferred bacterial chemotaxis or 
any of the hydrocarbon degradation pathways. It is important to note 
that individual OTUs are assigned to a single group based on their 
inferred functionality. Since OTUs within the same family may differ in 
their inferred functional grouping, it is possible for a single family to 
contain OTUs assigned to different functional groups. 

2.5. Molecular ecology, genetic diversity and statistical analysis 

Family-level relative abundance heatmaps were generated to visu
alise the alpha diversity and taxonomic community composition of the 
predicted metagenomic groupings and their distribution across the site. 
A heatmap of the community composition of the groupings at a genera 
level is present in the supplementary information. The “vegan” package 
(Oksanen et al., 2020) was used to visualise the beta diversity among the 
samples through non-metric multidimensional scaling (NMDS) ordina
tion of the Bray-Curtis dissimilarity matrix. This approach is commonly 
used to inspect the dissimilarity of contaminated petroleum 
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hydrocarbon sites (Mangse et al., 2020; Hamdan et al., 2019). 
Environmental drivers of community composition and CD OTU dis

tribution were identified independently using constrained ordination 
and Generalised Linear Modelling (GLM). For both analyses multi
collinearity of the environmental variables was assessed using the vifcor 
function in the “usdm” package to calculate variance inflation factors 
(Naimi et al., 2014), with a correlation threshold of 0.7 being imple
mented to remove any strong multicollinear signals. Nine of the 13 
variables had collinearity issues and were removed for further analyses. 
The remaining environmental variables were Depth, Naphthalene, 
Phenanthrene and Benzene. TPH was also omitted from further analysis 
due to a confounding relationship with the LNAPLs (Lundegard and 
Sweeney, 2004). This is because TPH can also be representative of col
loids or sorbed phase hydrocarbons on particulate matter, as well as 
dissolved hydrocarbons and dissolved nonhydrocarbons, which leads to 
collinear relationships (Lundegard and Sweeney, 2004). The contami
nant concentration and depth were standardised using the “decostand” 
function in the “vegan” package (Oksanen et al., 2020). Distance-based 
constrained redundancy analysis (db-RDA) of the Bray-Curtis dissimi
larity matrix was performed using the “capscale” function in the “vegan” 
package in order to investigate which of the remaining parameters 
(Depth, Naphthalene, Phenanthrene and Benzene) drive structural dif
ferences between samples. Statistically significant variables were iden
tified using step-wise model selection procedure implemented in the 
ordistep function in vegan with a cutoff p-value < 0.05). This analysis 
was also used to explore the difference in the distribution of the various 
inferred functional chemotactic and hydrocarbon degrading groups. To 
aid clarity, the OTUs from each group were visualised separately on the 
common db-RDA axes. 

A generalised linear model (GLM) assuming a binomial distribution, 
with a logit link function, was used to test the association between CD 
group microbes, depth and contaminant concentration. The model 
counts OTUs assigned to the CD group, as “successes” and OTUs assigned 
to the C, D and NCND groups as “failures”. Variable selection was un
dertaken using a bi-directional step-wise model using the “MASS” 
package (Venables and Ripley, 2002) and the AIC criterion to select 
significant variables and model with a p-value of < 0.05. 

3. Results

3.1. Overview of the site and chemical analysis

Soil cores collected from the site had different ranges of petroleum 
hydrocarbon (crude oil, diesel fuel and jet fuel) contamination as well as 
a representative background core (Fig. 1). Cores were analysed for 
concentrations of TPH, LNAPL components, and selected aromatic 
compounds (the main water soluble aromatic compounds present in 
significant abundances) (Fig. 1). The representative background control 
location was found to contain negligible concentrations of TPH and 
LNAPL components (data not shown). Across all core locations 
contaminated with different petroleum types, TPH had peak concen
trations of 20–100 g/kg, which generally occurred below the water table 
(Fig. 1). The Crude oil contaminated cores contained a limited range of 
identifiable LNAPL components; primarily these were the aromatic 
components 2-MN, naphthalene, 1-MN, phenanthrene and ethyl
benzene. These were generally found in two of the three Crude oil cores. 
The diesel cores were generally dominated by 2-MN, 1-MN, naphthalene 
and phenanthrene, with a more diverse range of up to a dozen dominant 
aromatic components in the LNAPL detected in the Jet Fuel cores 
(Fig. 1). In the Water Table and Middle sections of the Crude oil cores 
(T7, D10a), concentrations peaked at approximately 10–100 mg/kg for 
ethylbenzene, naphthalene, 1-MN, 2-MN and phenanthrene, although 
highest concentrations were in the Middle section (Fig. 1). D10b was 
similar, however the core did not contain ethylbenzene and had lower 
concentrations of naphthalene and phenanthrene, with the highest 
concentrations in the Middle section. D10b also contained very low 

concentrations of 2-MN in the Bottom section. Concentrations in core T7 
were above detection levels in the Top section, with low concentrations 
of 2-MN in the Bottom section. In the Diesel cores (T3, D6), naphthalene, 
phenanthrene, 1-MN and 2-MN had peak concentrations in the range 
10–100 mg/kg. TPH and 1-MN were detected in the Bottom section of 
D6 (Fig. 1). 

The two Jet Fuel cores, D9 and T5, were found to contain elevated 
concentrations of selected aromatic components in the Middle section of 
the cores, with concentrations ranging from approximately 10 to 
3000 mg/kg (Fig. 1). Notably, all the BTEX (benzene, toluene, ethyl
benzene and xylenes) and trimethylbenzene (TMB) isomers were 
detected in these cores, as well as 1-MN, 2-MN and naphthalene. 
Phenanthrene was only detected in T5. Exceptionally elevated concen
trations of m/p-xylene and 1,2,4-TMB were recorded in the Middle 
section of both cores. In D9, the shallower Water Table section, a smaller 
range of the selected aromatic compounds were recorded (1,2,3-TMB, 
1,3,4-TMB, 1,3,5-TMB, m/p-xylene, o-xylene, ethylbenzene), with 
toluene and benzene not being detected. However, all compounds were 
detected in the Bottom section of this core. In contrast, no TPH was 
detected in the Water Table section of the T5 Jet Fuel core, and ethyl
benzene, 1-MN, naphthalene and 2-MN were the only LNAPL compo
nents detected in the Bottom section of this core (Fig. 1). 

3.2. Molecular ecological genetic diversity analysis 

3.2.1. Alpha diversity analysis 
The 250 bp paired-end MiSeq run produced 5,057,077 reads, of 

which 4,786,072 reads passed all quality control, denoising and chimera 
removal steps. Rarefaction curves of observed and Shannon’s diversity 
and a Good’s coverage of 96.5–99.8% for all samples in the rarefied 
dataset suggest that 10,000 reads was appropriate and captures the vast 
majority of microbial diversity in most samples (Figs. S2 and S3). The 
Chao1 diversity estimator ranged from 169.5 (T5 Jet Fuel Bottom sec
tion) to 1377.003 (B6 Background Water Table) (Fig. S3). Background 
‘Zone’ samples had the highest alpha diversity within each section, 
except the Top section of D10b (Fig. S3). Two-way ANOVA showed that 
the Zone (Background, Crude, Diesel or Jet Fuel) had a significant effect 
on the Chao1 diversity across the site (F = 5.267, df = 3, P = 0.009), but 
neither Section (F = 2.665, df = 3, P = 0.08) nor the interaction of Zone 
and Section (F = 0.725, df = 9, P = 0.681) had a statistically significant 
effect. Pairwise Wilcoxon rank sum tests using a Benjamin-Hochberg 
correction for multiple tests showed that Background samples had 
significantly higher alpha diversity than Diesel (P = 0.048) and Jet Fuel 
(P = 0.024) samples, but not Crude oil samples (P = 0.059) (Figs. S2 
and S3). Multivariate dispersion was significantly lower for the Back
ground Zone than all other Zones (betadisper F = 13.26, df = 3, P 
< 0.001; TukeyHSD P < 0.001 for all Background Zone pairwise 
comparisons), which indicated that Background sample Sections were 
highly similar to each other. After rarefaction, averaging and predictive 
metagenomic sequencing analysis, 7583 unique bacterial and archaeal 
OTUs were identified and were assigned to Prokaryote taxa 
(Figs. S2–S4). 

3.2.2. Community composition analysis 
Background Sections at all depths and Top Sections of most cores 

were characterised by high abundance of OTUs in the Methylomir
abilaceae, Nitrosopumilaceae, Nitrosotaleaceae, Nitrososphaeraceae, and 
Rokubacteriales. Community composition was more variable in deeper 
sections of contaminated cores, but some common patterns were 
evident. The Middle and Bottom sections of most contaminated cores 
were charactersied by high abundance of OTUs in the Anaerolineaceae, 
Methanocellaceae and Methanosaetaceae. Aminicenantales OTUs were 
common in the Crude and Diesel cores only, whereas Smithellaceae and 
Methanoreulaceae were more abundant in Diesel and Jet Fuel cores. In 
contrast, the Middle Sections of Crude core T7 and Jet Fuel core D9 were 
characterised by communities that included a high abundance of OTUs 
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in the Geobacteraceae and Pseudomonadaceae. No Geobacteraceae OTUs 
were detected in the Background core, with Pseudomonadaceae OTUs 
only being detected in low abundances in the Bottom section. Meth
anogenic families (e.g., Methanocellaceae and Methanosaetaceae) were 
notably present throughout the site (Fig. 2). 

After grouping by inferred functional potential, the CD group con
tained 1831 OTUs, and were most commonly assigned to Geo
bacteraceae, Comamonadaceae, Smithellaceae, Methanoregulaceae, 
Methanocellaceae, Nitrosopumilaceae, Pseudomonadaceae, and Desulfo
capsaceae (Fig. S5a). The D group contained 3411 OTUs, which were 
most commonly assigned to families including Nitrosotaleaceae, Anae
rolineaceae, Methylomirabilaceae, Woesearchaeales, Methanocellaceae, 
Methanobacteriaceae, Rokubacteriales, Dysgonomonadaceae, and Nitro
sopumilaceae. The C group contained 938 OTUs, with high abundance 
families including Rokubacteriales, Hungateiclostridiaceae and Omni
trophaceae. Finally, the NCND contained 1403 OTUs with those assigned 
to Anaerolineaceae, Aminicenantales and Methylomirabilaceae being most 
abundant. 

3.2.3. Beta diversity analysis 
Non-metric multidimensional scaling (NMDS) ordination was un

dertaken on the cores across the site. NMDS enabled a way to condense 
information from multidimensional data, into an interpretable two- 
dimensional dissimilarity ordination plot. In this molecular ecological 
ordination, if the points were closer, then the corresponding OTUs 
within the samples were more closely related. The Background core 
samples from all depths clustered together, indicating that they were 
highly similar in composition (Fig. 3). The majority of the Top sections 
of the Jet fuel, Diesel and Crude Oil clustered with the Background. The 
other contaminated sections formed two loose clusters: one comprised 
the Middle and the Bottom sections of the Diesel and Crude Oil cores; the 
other comprised samples from the Jet Fuel cores, T7 core and Top sec
tion of D10a (both Crude Oil). 

3.2.4. Environmental drivers of community structure and CD group OTU 
distribution 

Constrained ordination analysis was performed in order to better 
understand the drivers of differences in community composition. The 
stepwise model selection procedure selected depth and naphthalene 
contamination as significant variables (Fig. 4A and S6). Constrained 
ordination of a subset of samples for which a more extensive chemical 
analysis was available further confirmed naphthalene and depth as 
significant variables in addition to pH and arsenic concentration (Fig 
S7). The following results and discussion focused on the results for the 
statistically robust full sample dataset since both analyses identified 
naphthalene as a major explanatory vector orthogonal to depth, and the 
pH vector was congruent with the depth vector. Congruent with the 
NMDS result, Background Zone samples clustered with samples from 
Top and Water Table Sections and were influenced by low naphthalene 
and depth with low contamination levels (Fig. 4A). The additional 
analysis of the subset of samples suggests that higher arsenic may also 
contribute to this observation (Fig. S7). However, the composition of 
samples from some Jet Fuel and Crude Oil Zones were strongly influ
enced by high naphthalene levels (Fig. 4A). The side-by-side comparison 
of the db-RDA plots enabled easier interpretation of the relationship 
between the OTUs in the predicted chemotactic and hydrocarbon 
degrading groups and depth and naphthalene (Fig. 4B). The distribution 
of a subset of OTUs appeared to be influenced by naphthalene 
contamination and all were assigned to the CD group (Fig. 4B). Separate 
subsets of OTUs assigned to the CD, D, and NCND groups were predicted 
to be influenced by depth. The OTUs assigned to the C group were not 
strongly influenced by either variable. The subset of CD OTUs influenced 
by naphthalene were assigned to the four microbial families, Pseudo
monadaceae, Desulfocapsaceae, Comamonadaceae and Geobacteraceae. 
The subset of CD OTUs influenced by depth were assigned to three 
families, Methanocellaceae, Nitrosopumilaceaes and Smithellaceae. 

A generalised linear model (GLM) assuming a binomial distribution 
with a logit link function was used to test the relationship between the 
occurrence of CD OTUs vs. Non-CD (C, D, NCND) OTUs and contaminant 
concentration and depth (Table 1). CD OTU occurrence was found to be 
significantly influenced by naphthalene contamination across the site, 
with a significantly negative relationship with depth, as well as the 
concentration of the soluble aromatic components, benzene and phen
anthrene, across multiple vertical transects across the water table 
(Table 1). 

4. Discussion

This study tested the association and distribution of microbes and
petroleum LNAPL contaminants based on their inferred chemotactic and 
hydrocarbon degrading ability across multiple vertical transects across 
the water table of a legacy petroleum hydrocarbon site undergoing 
NSZD. Samples with low contaminant concentrations, including all 
Background sections and the Top sections of the Diesel, Crude Oil and 
Jet Fuel cores, tended to have similar community structure and 
composition, whereas the composition of deeper, more contaminated 
sections was more influenced by contaminant type. Two independent 
analyses identified naphthalene concentration as a driver of community 
structure and CD OTU distribution. Concentrations of naphthalene were 
found to have a significantly positive relationship with the occurrence of 
predicted CD group microbes, while concentrations of benzene and 
phenanthrene, along with depth, were significantly negatively related 
(Table 1). OTUs that were particularly influence by naphthalene con
centration were assigned to the four microbial families, Pseudomona
daceae, Desulfocapsaceae, Comamonadaceae and Geobacteraceae. Existing 
NSZD models do not incorporate the role of CD microbial taxa and the 
results presented here provide further evidence supporting their inclu
sion to improve prediction of risk and remediation of petroleum in 
subsurface environments. 

4.1. The role of predicted chemotactic and hydrocarbon degrading 
communities in NSZD 

As expected, CD OTUs were found at higher abundance in the 
contaminated cores (Crude Oil, Jet Fuel and Diesel) in contrast to the 
Background core (Fig. 2). Naphthalene concentration was identified as a 
driver of CD OTUs distribution (Fig. 4A & B, Table 1). These CD OTUs 
were assigned to the microbial families Geobacteraceae, Comamonada
ceae, Pseudomonadaceae and Desulfocapsaceae (Fig. 4B). In particular, 
Pseudomonadaceae, Geobacteraceae and Comamonadaceae appear to co- 
occur in samples with similar community composition (Fig. 2). 
Furthermore, the families Pseudomonadaceae, Comamonadaceae and 
Geobacteraceae have been noted to contain members which are elec
troactive microbes (Hassan et al., 2018) and family members are 
involved in the formation of biofilms which can further enhance the 
degradation of petroleum hydrocarbon compounds (Sharma et al., 
2020). 

Comamonadaceae family members have been reported in other leg
acy contaminated sites in Kuwait (Bruckberger et al., 2019). The family 
includes specific genera, such as Comamonas which is similar to some 
Pseudomonas species in its biology, ecology and ability to metabolise 
aromatic compounds (Lessner et al., 2003). However, they generally do 
not assimilate carbohydrates for growth, preferring organic acids and 
aromatic compounds (Wang et al., 2019). The Acidovorax sp. strain JS42 
is a notable example of a CD group microbe of the Comamonadaceae 
family and has been specifically associated with aromatic and nitro
aromatic degradation at manufacturing sites (Rabinovitch-Deere and 
Parales, 2012). 

All Geobacteraceae OTUs were classified as CD group taxa. Previous 
work has shown that members of this family can degrade multiple hy
drocarbons in LNAPLs and are strictly anaerobic (Kunapuli et al., 2010; 
Zhang et al., 2014). However, chemotaxis towards hydrocarbons has not 
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Fig. 2. Community composition heatmap of relative abundances arranged by similarity of distribution of the families in their chemotactic and hydrocarbon 
degrading groups based on predictive metagenomic profiling. The heatmap is faceted by group, with the purple shading representing their relative abundance. The 
Other taxa of each group contains microbes with a maximum relative abundance < 2%; including uncultured taxa, with unknown taxa also being shown. The y-axis 
is arranged by similarity of distribution, with the x-axis being arranged by core section and contamination zone. The Background core is green, the Crude Oil cores are 
orange, the Diesel Fuel cores are blue and the Jet Fuel cores are pink. On the right-hand side of the figure circles represent the Top section, squares represent Water 
Table section, rhombuses represent the Middle section and triangles represent the Bottom section. 
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been observed, but Geobacteraceae species have been shown to be 
chemotactic towards Fe (II) or Mn (II) oxide (Childers et al., 2002). It is 
therefore likely that Geobacteraceae OTUs are chemotactic towards 
compounds other than hydrocarbons, and that they may instead be 
considered part of the D group. 

Pseudomonadaceae are part of the Gammaproteobacteria class of mi
crobes, with this class being reported previously in high abundances 
throughout cores of a legacy petroleum hydrocarbon contaminated site 
in Kuwait (Bruckberger et al., 2019, 2020). All of the CD group OTUs 
from this family were from the genus Pseudomonas (Fig. S4), species of 
which are generally aerobic Gram-negative rod-like bacteria, however 
some members can also survive in certain anaerobic environments 
(Sampedro et al., 2015; Lacal et al., 2011). Many Pseudomonas species 
are able to degrade and/or metabolise many petroleum hydrocarbon 
compounds (Lacal et al., 2011; Sampedro et al., 2015; Luu et al., 2015), 
as well as being highly chemotactic towards aromatic hydrocarbons 
found in petroleum LNAPL zones (Sampedro et al., 2015), thereby 
potentially assisting in NSZD. 

Members of Geobacteraceae and Pseudomonadaceae, G. sulfurreducens 
and P. aeruginosa, have been reported to facilitate interspecies electron 
transfer (IET). This permits extracellular electron exchange in environ
ments of mixed resources (Semenec et al., 2018). P. aeruginosa has been 
reported to exhibit both direct interspecies electron transfer (DIET) and 
hydrogen interspecies electron transfer (IET) with G. sulfurreducens 
(Semenec et al., 2018). This could be another reason for their 
co-occurrence and is worthy of further investigation. The scope and 
nature of chemotaxis in the Geobacteraceae family poses compelling 
questions (Childers et al., 2002). Further research needs to be under
taken to determine if members of the Geobacteraceae family are 
chemotactic toward hydrocarbons, and their co-occurrence with Pseu
domonadaceae species is due to their synergetic DIET relationship 
(Semenec et al., 2018). Alternatively, their positioning within the sub
surface could be due to a bacteria-bacteria transport (Sungthong et al., 
2016). This mode of transport is where Pseudomonadaceae or other mi
crobes which are chemotactic directly towards petroleum hydrocarbons 
drag the generally non-motile Geobacteraceae along its chemotactic 
gradient towards hydrocarbon compounds (Sungthong et al., 2016; 
Grenier, 2013; Stanton et al., 2017). 

The other CD OTU influenced by naphthalene is assigned to the 
genus Desulfoprunum (Figs. S5b and S5c) in the Desulfocapsaceae family 
(Fig. 4B). This genus has been recorded at hydrocarbon contaminated 
sites previously and are capable of using benzoate during sulfate 

reduction (Zhuang et al., 2019; Pilloni et al., 2019). Chemotactic re
sponses of this family and genera however have not been directly 
observed but were inferred from the functional potential of genes pre
sent in metagenome-assembled genomes (MAGs) found as epibionts in 
Rimicaris exoculata shrimp in deep-sea hydrothermal vents and assigned 
to this family (Cambon-Bonavita et al., 2021). The KEGG pathway for 
naphthalene degradation includes benzoate degradation as a possible 
next step in naphthalene degradation, as well as being a central inter
mediary in the degradation of other petroleum hydrocarbons (Zhuang 
et al., 2019; Pilloni et al., 2019). OTUs assigned to the families Pseu
domonadaceae, Comamonadaceae and Geobacteraceae all possess this 
pathway (Fig. S8). The negative relationship with depth and CD OTU 
presence could be explained by the fact many of the CD microbes are 
more tolerant of various environments and prefer to be where the 
attractant (food source) is present (Sampedro et al., 2015; Lacal et al., 
2011; Kunapuli et al., 2010; Zhang et al., 2014). 

Overall, these results indicate the presence of CD group OTUs (that 
is, OTUs that were predicted to have the functional potential for 
chemotaxis and hydrocarbon degradation) is positively associated with 
naphthalene contamination and thus suggests a role for chemotaxis 
assisted degradation contributing to NSZD of petroleum hydrocarbons. 
In addition, these results have generated novel hypotheses regarding the 
contribution of the four OTUs significantly associated with naphthalene. 
Further research is needed to characterise the role of the CD OTUs in the 
families Pseudomonadaceae, Desulfocapsaceae, Comamonadaceae and 
Geobacteraceae in order to define their contribution to NSZD. Further 
research will lead to a more accurate understanding of the role 
chemotaxis plays in NSZD and lead to better mitigation of risk from 
petroleum releases. 

4.2. Community connections between CD and D group microbes 

A subset of CD OTUs assigned to Smithellaceae (assigned to the genus 
Smithella) (Fig. S4) and Methanocellaceae (assigned to the genus Meth
anocella) (Fig S4) were found to be significantly associated with 
increasing depth. Smithellaceae were recorded throughout the site, 
however at an elevated presence in the cores D10a (Crude Oil), T5 (Jet 
Fuel), and D6 (Diesel). Members of the family are sulfate-reducing, 
strictly anaerobic and hydrocarbon degrading microbes (Embree et al., 
2014; Tischer et al., 2013), which may possess the ability for chemotaxis 
(Wawrik et al., 2016). Family members have been linked with playing a 
role in anaerobic syntrophic food chains (Embree et al., 2014; Tischer 

Fig. 3. Non-metric multidimensional scaling (NMDS) Bray- 
Curtis dissimilarity plot of core sections representing beta 
diversity. The stress of the ordination is 0.07 and has been 
computed in 3 dimensions, with the first and second axis 
being presented. The Background samples are green, Crude 
Oil is orange, Diesel Fuel is blue and Jet Fuel is pink. Cir
cles represent the Top section, squares represent Water 
Table section, diamonds represent the Middle section and 
triangles represent the Bottom section, various line-types 
are used to connect samples from the same core.   
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Fig. 4. Distance-based Bray-Curtis con
strained redundancy ordination analysis 
(db-RDA) of samples and individual OTUs. 
In both figures naphthalene and depth are 
the significant variables, but only shown in 
panel A. (A) A db-RDA of samples and sig
nificant variables (p < 0.05) following step- 
wise model selection. Naphthalene and 
depth are the significant variables, with the 
length of the arrows gauging relative sig
nificance of each variable, the longer the 
arrow the greater the influence the variable 
has. The first axis (CAP1) explains 6.37% of 
variation across samples, with the second 
axis (CAP2) explaining 5.2% of variation, 
with the db-RDA explaining 13.2% of total 
variation. The Background samples are 
green, Crude Oil is orange, Diesel Fuel is 
blue and Jet Fuel is pink, with core sections 
through the water table being illustrated by 
shapes, and the different line types showing 
the differences between the cores. Circles 
represent the Top section, squares represent 
the Water Table section, diamonds repre
sent the Middle section and triangles 
represent the Bottom section, line-types link 
core samples. (B) Different chemotactic and 
hydrocarbon degrading groups, the taxa of 
notable OTUs and how they are driven by 
significant variables within the db-RDA. 
The C group is red, the CD group is green, 
the D group is blue and the NCND group is 
purple.   
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et al., 2013). Interestingly, a CD OTU in the Methanocellaceae, a petro
leum hydrocarbon degrading and potentially chemotactic family (Sakai 
et al., 2010, 2011) co-occurred with a CD OTU in the Smithellaceae 
(Fig. 2). Co-occurrence of these families has been previously reported by 
others (Tischer et al., 2013). Members of the Methanocellaceae are 
capable of both anoxic and oxic methanogenesis (Angel et al., 2011). 
Methanogenesis has been commonly reported in groundwater at the site 
(King, 2009). This could explain its presence above and below the water 
table in cores D6 and D7, where it has been hypothesised to act as 
scavengers for hydrogen, working with Smithellaceae and other related 
families (Tischer et al., 2013). 

Although our study has focused on inferred chemotaxis assisted hy
drocarbon degradation, the role of other non-chemotactic functional 
groups in NSZD is of interest. For example, Tischer et al. (2013), 
described a methanogenic and potentially hydrocarbon degrading con
sortium that included CD group taxa, such as Smithellaceae and Meth
anocellaceae and D grouped taxa such as members of the acetoclastic 
Methanosaetaceae family and the hydrogenotrophic family Methanor
egulaceae. Interestingly, this consortium was able to reduce volatile fatty 
acid accumulation, therefore liberating the molecules required to 
enhance chemotactic activity within the subsurface (Zhang et al., 2020). 
Methanogenic families, such as Methanobacteriaceae have been reported 
previously at legacy petroleum hydrocarbon sites such as the Huabei 
Oilfield, China (Tan et al., 2015). Interestingly, some Acinetobacter 
species are known to be capable of chemotaxis assisted alkane and hy
drocarbon degradation (Li et al., 2017; Zhang et al., 2012), however the 
OTUs assigned to Acinetobacter species in this study were found to be 
assigned to the D group which were predicted to be non-chemotactic. 
This further emphasises the importance of this functional group in 
NSZD. In summary, the D group microbes are potentially a valuable 
avenue of further study, both to evaluate CD community interaction and 
to understand their combined role in NSZD. 

5. Conclusions

This novel study defines the distribution and associations of indige
nous microbes based on their predicted chemotactic and hydrocarbon 
degrading ability across the water table of a legacy petroleum hydro
carbon site. It provides an unprecedented view of the microbial func
tional metabolic groups operating across the water table of an 
unconfined superficial sand aquifer undergoing NSZD spanning a range 
of LNAPL types, water saturations, LNAPL component concentrations 
and air phase conditions. Critical distributions and associations have 
been defined for three petroleum types, crude oil, diesel fuel and jet fuel, 
and compared to a background location in the same hydrogeochemical 
and lithological setting. This forms a valuable foundation for future 

research to explore this important biological phenomenon. Naphthalene 
concentration was found to be a driver for the presence of potentially 
chemotactic and hydrocarbon degrading microbes. Further investiga
tion is required to confirm this association and to assess the role of OTUs 
identified as being influenced by naphthalene concentrations during 
LNAPL NSZD. Moreover, further research is required to investigate how 
the CD and D group OTUs, including methanogens, interact to promote 
NSZD. Addressing these challenges will enable the development of more 
sophisticated models (Sookhak Lari et al., 2021) incorporating such 
biological processes to more accurately predict NSZD outcomes. 
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Fig. S1. Site metadata. Contains general information of site characteristics, including sample 

depth (m), contamination zone and section, concentrations of contaminants, as well as 

geochemical analysis of selected core samples. These were recorded as g/kg of wet weight 

TPH and mg/kg of wet weight LNAPLs, with a reporting threshold of 0.5 g/kg for TPH and 5 

mg/kg for LNAPL.  
(File available :https://www.sciencedirect.com/science/article/pii/S0304389422002709#sec0105)  

 

Fig. S2. Alpha Diversity (pre-rarefaction curves). Pre-rarefaction alpha diversity curves of 

observed mean and mean Shannon diversity of all 108 biological samples pre-merging 

replicates.  
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Fig S3. Alpha Diversity (post-rarefaction). Alpha diversity metrics (the number of OTUs and 

Chao1 estimator) were calculated from a single rarefaction at 10,000 reads per sample. 

 

 

Fig S4. PICRUSt2 OTU Predictive metagenomic profiling. Contains data on each OTUs 

occurrence in a sample, specifically details on the functional pathways assigned to each OTU, 

their abundance and genomic function count (Douglas, 2019).  
(File available :https://www.sciencedirect.com/science/article/pii/S0304389422002709#sec0105)  
 

Fig S5 A), S5 B) S5 C). Community composition. 5a) Dataframe used to construct the family 

heatmap. 5b) Community composition heatmap of relative abundances arranged by similarity 

of distribution of the genera in their chemotactic and hydrocarbon degrading groups based on 
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predictive metagenomic profiling. The heatmap is faceted by group, with the purple shading 

representing their relative abundance. The Other taxa of each group contains microbes with a 

maximum relative abundance <2%; including uncultured taxa, with unknown taxa also being 

shown. The y-axis is arranged by similarity of distribution, with the x-axis being arranged by 

core section and contamination zone. 5c) Dataframe used to construct the heatmap composed 

by genera.   
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(Files available :https://www.sciencedirect.com/science/article/pii/S0304389422002709#sec0105)  
 

Fig S6. Distance-based Bray-Curtis ANOVA. Analysis of various analysis (ANOVA) table of 

the significant variables, depth and naphthalene. The table displays the degrees of freedom 

(Df), Akaike information criterion (AIC), F-statistic along with the p-value and associated 

significance codes.  

 
 

Fig. S7. db-RDA analysis of subset of samples for which more extensive geochemical 

analysis was available. A db-RDA of samples and significant variables (p  < 0.05) following 

step-wise model selection. Naphthalene, depth, pH and arsenic are the significant variables, 

with the length of the arrows gauging relative significance of each variable, the longer the 

arrow the greater the influence the variable has. The Background samples are green, Crude 

Oil is orange, Diesel Fuel is blue and Jet Fuel is pink, with core sections through the water 

table being illustrated by shapes, and the different line types showing the differences between 

the cores. Circles represent the Top section, squares represent the Water Table section, 

diamonds represent the Middle section and triangles represent the Bottom section, line-types 

link core samples. 

Arsenic

Depth

Naphthalene

pH

−2

−1

0

−0.5 0.0 0.5 1.0
CAP1 13.65%

C
A

P
2 

13
.2

3%

Section

1. Top Section

2. Water Table

3. Middle Section

4. Bottom Section

Zone

Background

Crude

Diesel

Jet fuel



 243 

Supporting Information (thesis) 
 

Fig. S8. Taxonomy functional groupings. Contains data on OTU taxonomic assignment using 

Silva 138 515F/806R database (SILVA 138 SSU, 2019) and chemotactic and hydrocarbon 

group assignment, as well as db-RDA results for each OTU.  
(File available :https://www.sciencedirect.com/science/article/pii/S0304389422002709#sec0105)  

 

Data. S9. Gene deletion data. Contains data on the deletion of the fliM gene in P. putida F1.  
(File: https://drive.google.com/file/d/17zcJwZPG-gmHStSKp0Vq588n95DbGSOr/view?usp=sharing)  
 

Data. S10. Raw perimeter data. Contains the raw perimeter data.  
(File: https://drive.google.com/file/d/17zcJwZPG-gmHStSKp0Vq588n95DbGSOr/view?usp=sharing)  
 

Data. S11. Normalised fluorescent radial intensity profile data. Contains the intensity profiles 

data; radius in (cm) & intensity in (a.u.).   
(File: https://drive.google.com/file/d/17zcJwZPG-gmHStSKp0Vq588n95DbGSOr/view?usp=sharing)  
 

Data. S12. cheA primers. Contains on primers for the cheA mutation.  
(File: https://drive.google.com/file/d/17zcJwZPG-gmHStSKp0Vq588n95DbGSOr/view?usp=sharing)  
 

 

 

  

 

 

  

 

 

 

 

 


