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Abstract

The application of biochar as an amendment to contaminated soils can reduce the bioavailability
of the metals to microorganisms, by adsorption and other chemical mechanisms. This can
potentially decrease heavy metal toxicity, thus improving soil function and productivity. To
assess the performance of biochar for the remediation of heavy metal-contaminated soil, a
bacterial biosensor was developed in this study to monitor metal bioavailability at the cellular
level. In contrast to chemical extraction methods, which measure heavy metal concentrations
in operationally defined soil phases, biosensors can produce signals to measure the biologically-

relevant impact of heavy metals on cell physiology.

A FRET (Forster Resonance Energy Transfer) biosensor was constructed to measure the
bioavailability of heavy metals in contaminated soil amended with biochar and compost. This
is an attractive approach for the quantification of free heavy metals within living cells. The
biosensor consists of a metallothionein protein (which binds Pb**, Cd?>" and Zn*"), inserted
between cyan (eCFP) and yellow (Venus) fluorescent proteins expressed in bacteria cell. In
vitro tests of fluorescence emission ratio (VenusFP/eCFP) indicated that the addition of metals
to the purified biosensor enhanced FRET between the two fluorescent proteins. The sensitivity
of the biosensor was greater for Pb>* followed by Cd** and Zn?**. The FRET biosensor has been
expressed in Escherichia coli and Pseudomonas putida, showing its ability to measure heavy
metal concentrations in the cytoplasm. The analysis of Ka and FRET ratio maximum parameters
revealed that the metal concentrations inside the cells were not the same as those outsides (in

metal solution), indicating the measurement of bioavailability.

This research has demonstrated the use of a FRET biosensor inside P.putida to measure the
bioavailable heavy metals in contaminated soil samples. /n situ measurement of the biosensor
showed a reduction in heavy metal bioavailability in the biochar-amended soil. The reduction
was enhanced in soil amended with a mixture of biochar and compost. The results from the
biosensors were supported by a decrease in soluble metals (estimated by chemical extraction)
and an increase in soil respiration, suggesting an improvement in soil quality, following the
addition of the organic amendments. The research has demonstrated that the FRET biosensor
can be used as a complementary tool to assess the remediation performance of biochar more

precisely.
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1. General Introduction

1.1 Background

This research was hosted within the INSPIRATION project (managing soil and groundwater
impacts from agriculture for sustainable intensification), a multi-site Marie Sktodowska-Curie
Innovative Training Network coordinated by the University of Sheffield. This research described
in this thesis focused on the development of biosensor assays to detect specific pollutants as an
indicator of environmental stress. The biosensor developed is intended to be used as a tool to
evaluate restoration measures for soil contaminated with heavy metals using low-cost organic

amendments.

Contamination of soil by heavy metals is a challenging issue, with significant threats to the
environment and human health. Mining activities are a common source of metal contamination
in soils. Deposition of mine tailings wastes usually produces harsh conditions such as acidic pH,
high metal concentrations, low water retention and limited nutrients availability in the soils
(Misra et al, 2009). Different remediation strategies have been employed to address this soil
contamination, including soil washing, soil vapor extraction, soil flushing etc (Zhou and Song,
2004; Anawar et al, 2015; Prasad and Nakbanpote, 2015). However, they are relatively

expensive and may result in soil erosion and loss of soil function.

Remediation of contaminated sites using soil amendments, which immobilise heavy metals, has
been considered as a promising and cost-effective method. Research on biochar as a soil
amendment has increased because of its production from various biomass sources and
effectiveness for metal immobilization (Park et al, 2011, Bandara et al, 2017). Soil amendment
with biochar supports the use of remediation measures such as natural attenuation, which is
viewed as a more environmentally sustainable method. A recent study by Soria et al, 2020
proposed plant-based biochars derived from herbaceous feedstock as a good candidate for
remediation of soil polluted with lead, cadmium, and zinc. Soil remediation with biochar also
improves soil physical, chemical, and biological properties, providing a favorable environment
for microbial activity (Yuan et a/, 2011). The application of biochar is often combined with other
high organic content materials such as compost. This combination has been shown to be an
efficient approach for reducing heavy metal bioavailability in contaminated soils (Beesley et al,

2014; Medynska-Juraszek et al, 2020).



The measurement of total heavy metal concentrations indicates the metal saturation level as a
first impression of soil contamination status. However, this provides uncertain information
regarding metal mobility and availability to soil organisms. A measure of metal bioavailability
is more meaningful because it can be related to both mobility and potential toxicity. Mobility
means that these metals are present as freely available and can be transported from the
surrounding of the organism inhabits to enter the cellular system. Once inside the cell, these
metals can interact with cellular components and may adversely impact the cellular processes
(Semple et. al, 2002). Fractions of metals that are active in organisms need to be predicted
accurately depending on the organism considered and the properties of soils in which the target
organism is exposed. Therefore, there is no standard definition and method to determine

bioavailability (Harmsen, 2007).

According to Kim et al (2015), the most frequently used methods to predict bioavailable metals
still rely on chemical extraction, in which the metals are grouped, based on soil fractions. The
fractions are often operationally defined, for example, as exchangeable, oxide-bound, organic
matter-bound, carbonate-bound, residual, as a basis to assess the environmental behaviour and
availability of the metals within them. These methods require sample digestion with strong acids
or weak salts to extract metals from soil particles, followed by chemical analysis to quantify the
concentrations. The main limitation of this approach is understanding the environmental risk

associated with the metal contamination and predicting its biological relevance.

Chemical extractions are useful to determine the form of heavy metals present and the extent of
contamination level, but they do not provide relevant information on the heavy metals
bioavailability and associated risks to soil microorganisms. Assessment of toxic effect requires
a model organism that can take up the contaminant. This can be obtained by deploying the
Biosensors which can measure the biologically relevant impact of heavy metals on cell
physiology. The FRET biosensor in this research utilized a metal-binding protein in P.putida
cells that mimic the response of soil microorganisms to heavy metal bioavailability. Therefore,
results from the biosensors can be used as an indicator of heavy metals toxicity to living

organisms.

Soil microorganisms have important functions in soil health, such as nutrient cycling,
decomposing organic materials and forming symbiotic mutualisms with plants (Hoorman, 2011).
These microbes are more susceptible to the toxic impacts of heavy metal contamination than
higher organisms in soil. Microbiological indicators such as microbial biomass, counts of total

bacteria, and enzyme activities are often included as the main basis to assess soil health and as
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an early forecast to predict the restoration of contaminated soil (Cardoso ef al, 2013). For this
reason, studies on the remediation of contaminated soils should consider the impact of metal

toxicity at a microbial level.

Research on the engineering of microbial cells for sensing chemicals, or so-called microbial
biosensors, has been increasing in the last 30 years (King et.al, 1990). The use of microbial
biosensors is mainly motivated by the need for information on pollutant bioavailability, to assess
the risk of toxicity. Biosensors are usually preferred over chemical methods because biosensors
give a measurement of biological response (Branco ef al, 2013). Results from biosensors define
bioavailable metals as freely ionic metals that cross a cellular membrane from the surrounding
environment (Harms et al, 2006). The type of results from biosensor measurement is the signals
that correspond to the concentration of metals that are present inside the cell. If the signals are
high, it means that the metal concentration inside the cell is high. The signals can go higher and
reach saturation or reduction level. This indicates that the concentration of accumulated metal

has caused a toxic impact and disrupted the cellular process.

The development of bacteria-based biosensors is expanding, with construction mainly by fusing
a pollutant-responsive promoter to a reporter gene (transcription-inducible). A signal is produced
as the transcription of the reporter gene is induced by the presence of a specific target pollutant
inside the host cell, thus providing an indirect measurement. Despite the different transcription-
inducible bacteria biosensors available for various metals, only a few have been used to analyse
environmental samples and even fewer for direct application in contaminated soil remediation.
This provides the opportunity for further improvement, involving the biosensor construct, signal

measurement and optimisation strategies for real applications.

This research investigated the function of a FRET biosensor for heavy metal sensing and
subsequent deployment as a biological tool to measure the bioavailability of heavy metals in
contaminated soils. The main feature of the FRET biosensor constructed in this study is a fusion
of a metal-binding protein (metallothionein) between two fluorescent proteins (FPs) which are
capable of absorbing and emitting light (Fehr et al/, 2002; Rajamani ef al, 2014). Changes in
emission spectra between the two FPs can be calculated according to the amount of metal binding
on the metallothionein. This approach offers a rapid and direct signal measurement compared to
transcription-inducible biosensors. Another advantage is that the FRET biosensor can be

produced in different host cells, ranging from eukaryote to prokaryote.



Therefore, this FRET biosensor was developed in a bacteria host cell typically found in a
contaminated soil environment to simulate the response of soil microbes to heavy metal
bioavailability. A fundamental understanding of the FRET biosensor response to heavy metals
in bacteria host cells was explored in the research. The biosensor was expected to give a robust
measurement of heavy metal bioavailability in contaminated soil samples. Furthermore, the
practical application of this biosensor was evaluated together with soil chemical parameters to

assess the remediation performance of biochar in order to achieve soil restoration.

This is the first FRET Biosensor that has been developed inside Pseudomonas putida and applied
for measuring the bioavailability of heavy metals in a real environmental sample (polluted soil).
The FRET Biosensor brings a new approach in a way that the metals can be measured directly
and allows for in-situ application with minimum soil preparation. Existing biosensors technology
for heavy metals mostly relies on transcription-inducible based which have some limitations in
terms of soil application. The limitations are the soil preparation (soil-water extract) which is
destructive to the sample and issues with signals interference produced from soil particles which
can underestimate the measurement of bioavailable heavy metals. These biosensors measure
bioavailable metals indirectly in which the metals must bind to regulatory protein inside the cell

and induce the transcription and translation of reporter proteins to produce signals.

Unlike the transcription-inducible biosensors, the concept of FRET biosensor relies on the direct
binding of bioavailable metals onto the receptor protein (part of the FRET biosensor component)
inside the cells and the signals can be produced rapidly without involving cellular
transcription/translation. The FRET biosensor can simply be deployed onto soil samples and the
signals can be measured under a confocal microscope. /n-situ measurement can provide a more

accurate and representative analysis of metals that are available to soil microbes

The FRET biosensor can be used as a complementary tool meaning that the results from
biosensor measurement can be used together in combination with chemical extraction to assess
the remediation performance. Chemical extractions or biosensor alone are not sufficient to give
a comprehensive monitoring of remediation. Assessment of soil remediation requires a
combination of measurement involving chemical/sequential extraction to determine the metal
speciation, mobility and transport in the soil, and biosensor to determine the changes in biological
toxicity and how this can affect the biological response of soil microbes. Both are useful to

determine whether the soil restoration due to the remediation applied has been achieved.



1.2 Thesis aim

This research aims to develop a heavy-metal-based biosensor and use it to assess the
remediation performance of biochar in reducing bioavailable heavy metals. The function of the
biosensor will be put into context with other parameters to measure the effectiveness of biochar
amendment to improve soil health.

The structure of this thesis consisted of introduction, literature reviews, experimental works
(which was divided into three chapters), and synthesis, including future research and

conclusion:

Chapter 1. Introduction

This chapter introduces the concept of metal bioavailability in contaminated soils and its
importance as part of risk assessment in the remediation of biochar-amended soil. The
biosensor was discussed as the main approach to measure bioavailable heavy metals, which

needs to be put into context to monitor soil remediation performance.

Chapter 2. Literature Reviews

The review covers a fundamental understanding of heavy metals contamination,
bioavailability, and the impacts on soil organisms, particularly microbes. The importance of
biosensor was seen as a tool to measure heavy metals bioavailability that complements
chemical methods. Literature on existing bacteria biosensor for heavy metal sensing and its
limitation were reviewed. This was addressed as the main drawback of FRET biosensor

development and application in soil remediation.

Chapter 3. Construction and characterization of the FRET Biosensor for measuring
heavy metals in E.coli

This chapter describes the component of the FRET Biosensor, cloning approach, and protein
expression in a bacteria host cell. Initial testing of the biosensor performance was investigated
as the sensor was outside and inside the cell. This will provide information on the sensitivity

and measurement range to heavy metals.

Chapter 4. Development of FRET Biosensor for measuring heavy metals in P.putida
The FRET biosensor construct in Chapter 3 was developed in a soil bacteria considered as a
robust host cell for contaminated soil application. The focus of this chapter is mainly on the

cloning approach and protein expression inside the new host cell, including heavy metals



testing. This chapter also investigated the use of confocal microscopy to measure the signals

of the FRET biosensor due to heavy metals binding at a cellular level.

Chapter 5. A FRET Biosensor for Measuring the Bioavailability of Heavy Metals in
Biochar-Amended Soil

The biosensor developed in chapter 4 was applied to measure the bioavailability of heavy
metals in contaminated soil samples. The approaches for a direct biosensor application were
explored together with their capability to monitor the changes in bioavailable metal
concentrations due to the biochar amendment effect. In the end, the results from the biosensor
were combined with other soil physicochemical parameters to assess the effectiveness of

remediation performance.

Chapter 6. Thesis Synthesis, Future Research, and Conclusion
Results from all experimental chapters were discussed and summarised in a broader context.
The needs of future research as identified from the experiments were also described. The final

conclusion of the study was presented at the end of the thesis.



2. Literature Review

2.1. Heavy metal contamination of soils

Heavy metals exist naturally in soil from the weathering process of parent rock materials, which
are regarded as trace level (<1000 mg/kg) and rarely toxic (Wuana and Okieimen, 2011). Soils
may become contaminated due to anthropogenic activities such as mine tailings, expanding
industrial areas, waste disposal, fertilizer application, and pesticides usage. This leads to heavy
metals accumulation above soil background values and alteration in metal species' chemical
states, which may cause risk to the ecosystem. Heavy metals are non-biodegradable and remain
persistent in the environment or can be accumulated inside organisms and end up in the food
chains (Guo et.al, 2006). Heavy metals can be transformed into different oxidation states which
govern their toxicological properties depending on metal species and soil physicochemical
conditions (EPA, 1992). Transformation of heavy metals through complexation or
immobilization may lead to changes in metal toxicity and mobility, therefore, it is a suitable

approach for soil remediation.

Most commonly found heavy metals at contaminated sites are lead (Pb), cadmium (Cd), arsenic
(As), zinc (Zn), copper (Cu), mercury (Hg), and nickel (Ni) (United States Environmental
Protection Agency, 1996). Pb, Cd, and Zn are widely distributed in lithosphere and considered
as some of the largest heavy metal emission from mining or refining processes. Pb is typically
found in ores containing Zn, which can be extracted as a co-product of this metal (Cheng and
Hu, 2010). Cd can also be found as a by-product of Zn and Pb refining (Wuana and Okieimen,
2011). Therefore, Cd, Zn, and Pb are generally distributed together in contaminated soil in the
form of various composites; cases of single-metal contamination are rarely found (Yun and Yu,

2015).

Lead and cadmium are considered highly toxic metals for living organisms (Mahar et al., 2015).
This metal is naturally found as a mineral combined with other elements, for example, sulphur
(PbS and PbSO4). The normal concentration of lead in the surface soil worldwide ranges from
10 to 67 mg/kg. Some regulations set the maximum allowed concentration of lead in soils should
be less than 600 mg/kg (NJDEP, 1996; Kabata, 2001). Cadmium has a lesser toxicological effect
than lead, but it is known as highly bio-persistent. The regulatory limit for the safe concentration

of cadmium in soils is typically below 100 mg/kg. Zinc is one of the essential metals that are
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required as micronutrient by cells. This metal naturally occurs in soils with the normal
concentration of 150 mg/kg with a regulation limit concentration for less than 1500 mg/kg (Riley

et.al, 1991; NJDEP 1996).

2.1.1 Heavy metal interactions in soil

Heavy metals are present in the soil as separate entities or in combination with other soil
components controlled by adsorption/desorption, precipitation/dissolution,
complexation/dissociation, and diffusion. These processes lead to various forms of metal
interactions such as the sorption of exchangeable ions on the surface of inorganic solids, free
metal ions in the soil solution, a metal complex of organic materials, and metal attached to silicate

minerals (Kim et al., 2015).

Heavy metal interactions with soil organisms are influenced by many factors, mainly coming
from the soil properties and biological receptors in the soil. Heavy metals mobility or movement
is controlled by the properties of soil pH, cation exchange capacity, clay, organic matter content,
presence of oxides, and soil textures (Jung et.al, 2008). Soil pH is the main factor affecting metal
bioavailability. Availability of Cd and Zn to plants decreased with an increase in soil pH (Wang
et. al, 2006). Semple et.al, 2002 reported that heavy metals that are physically removed from soil
adsorption sites due to changes in soil properties can become bioavailable. Biological receptors
of heavy metals in soils are plants and microorganisms. Heavy metals can diffuse and accumulate
into plant roots depending on the cell wall structures and the release of exudates. In the case of
microbes, the presence of extracellular polymeric substances (EPS) plays an important role in
the sorption of metals from their surrounding environment (Gupta and Diwan, 2017). The term
bioavailability is widely used to describe the release of chemicals from a particular medium onto
biological receptors. In terms of heavy metal contamination in soils, bioavailability is defined as
the fraction of metal accessible to soil organisms (Misra et al., 2009). This metal may cause toxic
effects depending on several factors such as pH, the presence of water and organic matters, and
soil structures (Chibuike and Obiora, 2014). In acidic soil pH, heavy metals mainly exist in ionic
form with high mobility and become readily available (Wang et al., 2006). Organic matters have
been known to reduce heavy metals bioavailability through immobilization process, thus making
the metals to be less mobile ( Bernal et a/, 2007). Sharma and Raju (2013) reported the positive
correlation between the high water holding capacity and moisture content with increased metal

bioavailability.



1.2 Heavy metal interactions with soil organisms

Heavy metal contamination may cause a detrimental impact on soil organisms, leading to the
change in soil biological processes. High metal concentrations can reduce the number of
beneficial soil microorganisms which play important roles in the decomposition of organic
matters and nutrient cycles. This lead to a decline in soil nutrients needed by plants or soil
microbiota (Chibuike and Obiora 2014). Furthermore, Friedlova (2010) reported the
contamination of metal caused a reduction in soil biological processes particularly basal

respiration and enzymatic activities such as dehydrogenase, arylsulphatase, and urease.

Therefore, monitoring of biological properties such as plant growth, microbial activities, etc.,
can be used to evaluate the toxicity of metal bioavailability accurately and are more sensitive

than analysis of soil physical and chemical properties alone (Chibuike and Obiora, 2014).

1.2.1 Interactions with plants

Heavy metals become available for plant uptake when they are present as soluble
components in soil pore water or solubilized by root exudates (Blaylock and Huang, 2000;
Chibuike and Obiora, 2014). Plants can maintain physiological concentrations of essential
and nonessential metals to achieve ionic homeostatic. However, exposure to high
concentrations or toxic heavy metals can trigger stress responses and adaptation mechanisms
at structural and physiological levels (Ovecka and Takac, 2014). According to Amari et.al,
(2017), the toxic impact of heavy metals on plants can be grouped as direct and indirect
effects. Direct effect includes the changes of cell envelopes, inhibition of enzyme activities,
and disruption in DNA synthesis. Indirect effects can be observed from the disruption of
photosynthesis, tissue dehydration, and induction of stress oxidative species. These can lead
to a decline in plant growth, yield reduction, chlorosis, and eventually, plant death (Figure
2.1).

Dhalaria et al., (2020) reported the interaction between heavy metals with arbuscular
mycorrhizal fungi (AMF) and plants. AMFs have been known to reduce heavy metal stress
on plants by immobilization or sequestration in its hyphae structure and precipitation and
chelation in the rhizosphere. Intracellular functions of arbuscular mycorrhizal fungi and
rhizosphere bacteria may transform heavy metals near the vicinity of plant roots; hence
changing the metal mobility and solubility (Gadd, 2010).

Root exudates containing organic acids, amino acids, and phytochelatins play a significant

role in changing metal bioavailability through acidification, precipitation, chelation, and



complexation around plant roots. They can reduce the pH in the rhizosphere, which enhances

metal bioavailability (Ma et al., 2016) (Figure 2.1).
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1.2.2 Interaction with microorganisms
Soil microorganisms are very diverse; they play essential roles in soil functions, particularly
for organic matter decomposition, nutrient cycles, structural formation, and plant
interactions (Harris, 2009). Hence, the study of soil microorganisms is an important part of
soil monitoring. Soil microbial biomass and respiration have been widely used as the
primary indicator of soil health (Bastida et a/, 2008). Heavy metal stress may cause changes

in the metabolic status of soil microbes, thus leading to disruption of cellular respiration.

Heavy metal contamination can cause harmful impacts on microorganisms which affect
particular functions in the soil. One of the significant impacts of metal toxicity is to decrease
microbial diversity, particularly the species richness of microbes that lack metal tolerance,
whereas microbes that tolerate metals survive well (Giller et.al, 2009). Microbes in heavy
metal-polluted soils synthesize less biomass due to the stress caused by the heavy metals.
They use most of their energy to survive in this unfavorable environment (Smejkalova et.al,
2003). Microbes that are unable to survive will eventually die and thus change the diversity
of soil microbial groups. For example, heavy metals can reduce the growth and activity of
symbiotic soil microbes in the rhizosphere of plants. Arora ef al., 2010 reported the reduction
of enzymes for nitrogen metabolism (nitrite & nitrate reduction, nitrogenase, hydrogenase)
in rhizobial strains due to heavy metal stress. A study carried out by Younis (2007) showed
that the concentrations of heavy metals (Cd, Zn, Co, Cu) above 50 mg/kg affected the
growth, nodulation, and nitrogenase activities of plant symbiotic microbes in the soil. Cd,
Zn, As, and Cu have been reported to inhibit the growth and activities of Rhizobium sp. and
Bradyrhizobium sp. (Vigna) and Sinorhizobium (Bianucci et al., 2011). In this case, the soil
lost its ability to maintain nitrogen cycles, which can decrease the nutrient availability to

support plant growth.
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1.3 Microbial response to metals

Soil microorganisms can interact with heavy metals in many ways. They can utilize Zn in the
cellular redox process, osmoregulation, or act as a cofactor for some enzymes (Silver and Phung,
2005). Cd and Pb have no essential function for living microorganisms. These metals can disrupt
cellular functions by damaging cell membranes, DNA, and proteins, leading to cell death.
Toxicity of Cd can occur through the displacement of essential metals from native binding sites,

which results in the alteration of protein conformational structure (Bruins et.al, 2000).

Metal detoxification mechanisms in microbial cells confer the ability to survive under heavy
metal stress (Figure 2.2). In general, these mechanisms can be grouped as follows: 1) expulsion
by permeability barrier, 2) intracellular sequestration by binding to protein, 3). extracellular
sequestration, 4) expulsion by active metal transport out of the cell, and 5) transformation or

enzymatic detoxification (Hu, et.al/, 2005; Prabhakaran, Ashraf and Aqma, 2016).

Active transport is the most widespread metal resistance mechanism in microorganisms
(Leedjarv et al, 2008). According to Hynninen (2010), three major types of active transporters
or efflux protein families are known: 1) Ptype-ATPase that utilizes the energy from ATP
hydrolysis to pump out metals from the cells, 2) CBA Transporter which involves three trans-
envelope pump proteins as a chemiosmosis antiporter, and 3) Cation diffusion facilitator (CDF)

that exploits the proton motive force to drive metals out of the cytoplasm.
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Figure 2. 2 Overview of general metal resistance mechanisms in microbial cells (heavy metals are shown as red
circles). These mechanisms are important to avoid metal toxicity (adapted from Hu, et.al, 2005; Prabhakaran, Ashraf
and Agqma, 2016)
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1.4 Metallothionein

Metallothionein (MT) is a cytoplasmic metal-binding protein commonly found in prokaryotes
and eukaryotes. This highly cysteine-rich protein plays an important role in the detoxifiying of
nonessential metals and controlling the intracellular concentration of essential metals (Saydam
et al., 2002). Living cells utilize MTs in the homeostasis of essential trace metals, e.g zinc, or
sequestration of toxic metals such as cadmium and lead. They have been found in Synechococcus
elongates PC 7942 known as SmtA (Blindauer, et.al, 2001), in Pseudomonas putida known as
pseudothionein (Higham, et.al, 1986), or in Mycobacterium tuberculosis H37Rv known as
mymT (Gold, et.al, 2008). Metallothionein plays important roles in M.tuberculosis for chelation,
intracellular distribution, storage and detoxification of metals and defence against oxidative
stress (Gold et.al, 2008). Some host organisms utilised macrophage phagosome to uptake and
kill M.tuberculosis infection. The killing of this bacterium inside macrophages involves various
mechanisms including an excess release of zinc and copper into the microbial environment. The
presence of metallothionein in M.tuberculosis provides a detoxification system against these
metals and allows the bacterium to thrive inside the macrophage cell. This will make the
bacterium survive and manifest toxic effects to the host organism (Neyrolles, et.al, 2013).
Various types of MTs also have been identified in Gallus gallus (Wei and Andrews, 1988) and
humans (Thirumoorthy et al., 2011).

MTs are genetically encoded and synthesized as polypeptides with approximately 20 conserved
cysteine residues (Cobbett and Goldsbrough, 2002). The binding of metals to MT is due to the
interaction of thiolate sulphur ligands within cysteine residues (Figure 2.3). (Kagi, 1991;
Rajamani et al., 2014). In the absence of metals, MT has a random-coil structure. This structure
changes into a compact dumbbell-shaped upon binding to metal ions (Romero-Isart and Vasak,
2002). Studies about structural changes of MT due to metal binding complex have provided

information about the binding specificity and affinity to some metals.

B — domain o — domain

Figure 2. 3 Binding sites of metal ions in a metallothionein molecule. The a and B domains are capable of binding
of up to three or four metal ions such as Zn, Cd, and Pb. The cysteine sulphurs bind to the metals as thiolates
resulting in a metal induced folding of the protein structure (Adapted from Nielsen, et.al, 2007)
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2.2. Remediation of contaminated soils
2.2.1 Remediation methods

Heavy metal contamination can reduce soil health and degrade its function to sustain life.
Healthy soils have the capacity to function as a living ecosystem that supports plants, animals,
and humans. This is characterized by the good physical structures (tilth, well aggregated, and
dark with organic matter) and the ability to maintain nutrient cycles, support plant growth, and
microbial communities. Soil tilth indicates a physical characteristic of soil that is suitable for
crop production. Good tilth is shown by crumbly and well structures with no large and hard
clods. Well aggregated soil refers to the presence of mineral and organic particles clumping
together. This soil is full of a diverse community of living organisms and makes them more
resistant to adverse conditions such as erosion by wind and rain, extreme drought, disease
outbreak, and other degrading influences. Organic matters together with clay are the main
component of soils. High organic matter contributes to a good soil structure, water and ionic
nutrient holding capacity, and exchange capacity (Moebius-Clune, et.al, 2017). These
characteristics may provide a habitable environment for a large and diverse population of
organisms to decompose organic matters or toxic chemicals (Natural Resources Conservation
Services -USDA, 2012; Moebius-Clune, et.al, 2016). Therefore, remediation of heavy metal-

contaminated soils is required to protect and restore soil health.

Selection and assessment of remediation methods should include three components; protection
of sources, break the pathway, and protection of the receptors to minimise the risk (Vik et al.,
2001). Some remediation options available based on these components can be categorised as
isolation of contaminated sites (e.g, soil capping and subsurface barriers), immobilization of
contaminants (e.g, amendment with organic or inorganic materials and solidification), reduction
of contaminant mobility or toxicity (e.g biological treatment, phytoremediation), and
contaminant separation or extraction (e.g soil washing, electrokinetic treatment) (Wuana and

Okieimen, 2011)

Remediation technologies, such as soil washing, phytoremediation, and immobilization
techniques, are the most commonly used for heavy metal-contaminated soils. Immobilization
technique is fast, easy applicability, and relatively unexpensive operation among other
technologies. This technique often uses organic or inorganic amendment to reduce metal

mobility and toxicity in soils. The purpose of immobilizing heavy metals is to alter the metal
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contamination to more stable phases via sorption, precipitation, and complexation process

(Wuana and Okieimen, 2011)

2.2.2 Soil amendment with biochar

Biochar is porous, low-density carbon material produced by pyrolysis of plant and animal-based
biomass (Ahmad et al., 2014). It has a large surface area with high porosity and functional groups
on its surface (Tang et al., 2013). These characteristics make biochar a good sorbent material for
heavy metals and can potentially be applied as a soil remediation tool in various contaminated

sites (Anawar et al., 2015).

Immobilization of heavy metals on biochar surface is as a result of organometallic interaction,
sorption via electron donor-acceptor interaction, and pore diffusion (Bandara et al.,2017). Heavy
metals can interact with some functional groups (carboxylic, hydroxyl, or alcohol) on the biochar
surface to form a complex structure. The oxygen and nitrogen atoms within those functional
groups act as ligands which tend to donate their electron pairs to the metals with electron
deficiency. This process leads to the formation of organometallic complexes. The presence of
aromatic groups on the biochar surface can also stimulate the sorption of metals. These aromatic
groups contain double bonds, creating electron pools that will be easily donated to the metal ions,
leading to the formation of donor-acceptor interactions. Ahmad et al. (2014) summarized the
interactions between biochar and heavy metals, as shown in Figure.2.4. These interactions
involve the ion exchange of metals, anionic or cationic metal attractions, and metal precipitation
on the biochar surface.

Biochar is an emerging relatively low-cost material for the remediation of metal contamination
in soils. The ability to adsorb metals on its surface has led to biochar application as a soil
amendment to decrease metal mobility (Tang et al., 2013). This principle has been widely used

to reduce metal bioavailability in contaminated soil (Park et al., 2011; Beesley et al., 2014).
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Figure 2. 4 Mechanisms of biochar interactions with heavy metals (Ahmad et al. 2014). The binding of metals on
biochar surface is facilitated by ion exchange, anionic metal attraction, precipitation, and cationic metal attraction.

Another advantage is that biochar can improve soil moisture, pH, texture, and nutrient retention
(Anawar et al., 2015) that influences soil microorganisms during the remediation process (Figure
1). The pore structure of biochar provides a habitable environment for microbial attachment (Zhu
et al.,2017). Amendment with biochar changes soil properties, bulk density, improvement for
aeration and liming effect to neutralize pH, which are favourable conditions for microbial
activities (Yuan, Xu and Zhang, 2011). The large and negative surface area of biochar can retain
nutrients required for soil microbes (Lehmann, 2007).

Despite these advantages, some studies reported the negative effects of biochar due to the
increase of application rate and source of feedstocks used in biochar production. Application of
biochar higher than 50 ton/ha in temperate soils leads to a significant effect on yields (Jeffery, et
al, 2017). The negative yield is mostly observed under alkaline conditions which can potentially
limit the Phosphorous (P) supply to plants (Lorenz et.al 2018). Excessive application of biochar
can potentially immobilize pesticides, which leads to a reduction in treatment efficiency against
plant pathogens. Depending on pore sizes, biochar with size ranges from 60 to 6000 um are
almost inaccessible for nematodes and amoebae causing a decrease in its abundance. This could
bring to a shortage of food resources for soil microbiota and may disturb the soil food web (Liu,

et al 2020). Biochar from sewage sludge may contain a high concentration of potentially toxic
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heavy metals. Biochar produced from Miscanthus sacchariflorus plant with steam activation can
induce acute toxicity due to the high amount of aromatic compounds (Beesley et al., 2011; Shim
etal.,2015).

The implication of biochar interactions with heavy metals and organisms in the soils is not
completely understood. This may vary depending on biochar properties and soil characteristics.
Therefore, further study and investigation are required to assess the biochar application in

reducing heavy metal bioavailability in the remediation of contaminated soils.

2.3. Measurement of Metal Bioavailability

Many regulatory authorities have established guideline values of heavy metals for assessing and
remediating contaminated soil (US EPA 2002, EA. 2004). These guidelines are mostly based on
the soil's total metal content, which may overestimate the potential risk, causing unnecessary or
expensive remediation efforts. The use of total metal content is limited; it is normally used to
indicate metal saturation concentration and as a first impression of soil contamination status

(Kim et al., 2015).

Frameworks for the assessment of contaminated soil remediation performance take into account
a risk-based approach that considers contaminant bioavailability (Kim et al., 2015). There is still
much debate on the definition and methods for measuring heavy metal bioavailability because
of the complexity of metal interactions in soils. Heavy metals behave in numerous ways.
Therefore, the approach for measuring bioavailability should consider metal-soil
physicochemical interactions (e.g pH and organic matters), and the biological endpoints (plant
uptake across roots, bioaccumulation in soil microbes, etc). According to NRC Committee
(2003), no single method can be universally used to measure bioavailability, and an appropriate

method can be selected based on the site-specific conditions.

Kim et al., (2015) described some conceptual steps that can be used as a guideline for selecting
methods to assess the bioavailability of contaminants in soils. The concept emphasized that
heavy metals bioavailability is a dynamic process that comprises three steps: (1) Environmental
availability, determined by measuring the potentially available amount in the soil matrix (mineral
surface) and pore water. This stage depends on soil physicochemical conditions (texture, pH,
organic content) and metal properties. Chemical extraction methods can be used to analyse heavy
metals in this stage. (2) Environmental bioavailability, the metal fraction dissolved in the pore

water that can be taken up by soil organisms. This bioavailability is controlled by the
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physiological process or uptake mechanisms of the organisms, for example, metals present near
the vicinity of plant roots can be taken up through the root cell membrane by passive diffusion
and active process (Morel, 1997; Weiss et.al, 2005). (3) Toxicological bioavailability is the
biological effect of metal accumulation inside organism which depends on the cellular process.
This can be determined by measuring the metal accumulation in organisms, e.g, bioaccumulation
of metals plant roots and bacteria-based bioassays. Understanding all these processes of metal

interaction is essential to assess the overall bioavailability (Harmsen, 2007; ISO 17402, 2008).

2.3.1 Chemical-based extraction

Conventional methods to determine the bioavailability of metals in contaminated soils are single-
step extraction and sequential extraction technique (Park et al., 2011; Bandara et al., 2017).
According to the Standard Measurement & Testing program (SM&T) of the European
Commission, a single-step procedure using EDTA and acetic acid is the most suitable approach
to characterize the bioavailable fraction of metal in a soil sample (Quevauviller et.al, 1997,
Zemberyova et.al, 2007). The use of EDTA or NH4NO; as chelating agents extracts readily
available metals in soils forming soluble complexes. The number of chelated metals in the
solution during the extraction process can be interpreted as a function of metal ions activity in
the soil (intensity factor) and the soil's ability to replenish these ions (capacity factor). Acetic
acid extracts ion-exchangeable forms of metals and metals bound to carbonates. These metals

are easily mobile and potentially available for plant uptake (Sahuquillo etz.a/, 2003).

Sequential extraction facilitates the fractionation of metals as exchangeable, carbonate bound,
hydrous-oxide bound, organic matter bound, and residual (lattice material components) (Maiz et
al.,2000). These procedures utilise a series of extractant solutions (MgCl, NaOAc, HNO3, HCI,
etc) designed to dissolve fractions of the associated metals (Bandara et al., 2017). The concept
of sequential extraction is; the most mobile heavy metals are extracted in the first fraction and
continue in the order of decreasing mobility.

Following the extraction process, the metal concentrations are measured by analytical
instruments such as Atomic Absorption Spectroscopy (AAS) or Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) (Dean, 2010). This procedure can exhibit high sensitivity and
accuracy; however, it requires sophisticated instrumentation, pre-treatment of samples, and a

long measuring period (Turdean, 2011). Limitations in sequential extraction procedures such as
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the non-selectivity of the reagents used, handling of soil samples prior to extraction, soil-reagent

ratio, and length of extraction may lead to inconsistent results.
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Figure 2. 5 Concept of biosensor approach for measuring the bioavailability of heavy metals as a complementary
tool to chemical-based extraction methods. Sequential extractions or single-step procedures only rely on the
extraction of metals from soil fractions using chemical solutions. This doesn’t represent the complex interaction of
heavy metals with soil biological properties. Whole-cell biosensors can be used to mimic the cellular response (in
the form of signals) due to the presence of bioavailable heavy metals. Signal generation can be obtained directly
with FRET biosensors or indirectly with inducible biosensors.

The main drawback from the use of chemical-based extraction is how interpret the transfer of
the results obtained on non-biological systems to biological ones (Ivask et.a/, 2002). This method
only assumes a specific form of metal present in the soil and its bioavailability, which has little
relation to the form of metal taken up by plants or soil microorganisms. The results cannot
represent the complex interaction of metals with biological systems in the soil (Figure 2.1 and
2.5). Therefore, analysis using bioassays, biomarkers, and biosensors has gained much attention
as a tool that integrates the important aspects of metal bioavailability such as exposure,

accumulation, and toxic impact at the receptor level (Olaniran et.al , 2013).
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2.3.2 Biological approach

The impact of metals on soil microorganisms has been considered as a toxicological assessment
of soil remediation. Many studies concerning heavy metal effects on soil microbes only look at
the changes in the microbial community (genetic variation) and functional diversity (Xie ef al.,
2016; Ding et al., 2017). These approaches only provide information on how metal toxicity
affects different types of microorganisms and soil processes without measuring the direct
response at the cellular level. These methods also require high-throughput sequencing

instruments and complex computational data analysis (Shakya et.al, 2019).

Various biological indicators have been widely used to study the effect of metal toxicity on soil
microorganisms such as microbial biomass, soil respiration, counts of N-fixing bacteria, and
enzyme activities (Smejkalova et.al, 2003). These methods are relatively easy indicators to
monitor microbial activity in polluted soils. The results can represent the size of the microbial
community, including the number of living cells and substrate utilization (a process of C and N
cycles). However, they cannot provide information about the mechanisms of metal toxicity and

its physiological effects.

Methods for measuring the heavy metal toxicity should represent the impact on microbes found
in the naturally contaminated soil environment. Some studies have employed genetically
modified bacteria biosensors that can respond to metal contamination. Signals generated from
the cells were used to determine the metals that crossed biological membranes and caused
harmful effects to the cells (Hynninen ef a/, 2010; Bereza-malcolm et.al, 2015). Responses from
the model organisms can be linked to actual toxicity in the field that may explain the soil's

biological processes.

Bacteria-based biosensors are a reliable tool to measure the negative impact of heavy metals on
a population of test soil microorganisms. The use of bacteria for environmental sensing offers
some advantages compared to higher organisms: rapid responses, a large and homogenous
population with a short generation time, and relative ease of application for soil monitoring
(Renella and Giagnoni, 2016). This can be achieved by exploiting a model organism that mimics

the response of living cells to heavy metal exposure in a real polluted environment.

2.4. Biosensors

A biosensor is defined as the combination of biological recognition systems with a transducer

(Castillo et al., 2004). Biological recognition systems act as receptors that interact with target
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chemicals to produce a response, whereas the transducer converts this response into a measurable
signal. Some devices for signal transduction, such as spectroscopy and microscopy instruments,
can transfer the biological responses into the electrical domain to generate signals proportional

to the concentration of chemicals (Thévenot et al., 2001).

The most commonly used biological recognition elements are enzymes, antibodies, genes, and
whole cells (Turdean, 2011). The use of whole cells is more attractive than other recognition
elements because the cells can be modified at a certain level to produce signals when the target
chemicals are present. Most whole-cell biosensors can produce responses after the target

chemicals have diffused into the intracellular components (Renella and Giagnoni, 2016).

2.4.1 Inducible biosensors

According to the regulation of gene expression, whole-cell biosensors can be classified as
inducible or constitutive (Renella and Giagnoni, 2016). Inducible biosensors have become of
great interest for environmental applications since the development of molecular biology
techniques has enabled scientists to engineer various heavy metal response genes in microbial
host cells. This approach relies on the host cells emitting luminescence or fluorescence signals
controlled by a promoter induced in the presence of intracellular heavy metals (He ef al., 2016).
The gene construct involves the fusion of a reporter gene (luciferase//ux or green fluorescene
protein/gfp), with an inducible promoter from a metal responsive gene. When metals are present
inside the cell, they will activate the regulatory protein, which induces the promoter-reporter
gene construct. Induction of this promoter will initiate the expression of reporter proteins as

signals (Figure 2.6) (Xu et al., 2013; He et al., 2016).
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Figure 2. 6 The principle of inducible biosensors. The gene encoding a response to heavy metal is modified to
construct the promoter-reporter gene inside the host cell. The metal binding with regulatory proteins will activate
the promoter and induce the production of reporter proteins as signals. (Adapted from Xu et al., 2013; He et al.,
2016).

Inducible biosensors can be made for specific and non-specific detection of heavy metals.
Bereza-malcolm et.al, (2015) developed an E.coli biosensor specifically for Pb** by inserting a
promoterless gfp gene into the promoter region of gene encoding Pb regulatory protein (PbrR).
The GFP can be expressed due to the presence of intracellular Pb**. Hynninen et.al, (2010)
developed an inducible biosensor by constructing a promoter fusion from metal transporter gene
(czcl) with a lux gene in Pseudomonas putida host cell. This biosensor can produce
luminescence signals due to the presence of intracellular Zn**, Cd**, and Pb*". More examples
of inducible biosensors for heavy metals in a variety of bacteria host cells, including their

performance, are provided in Table 1 below.

Table 2.1. Inducible biosensors for detection of Cd, Zn, and Pb.

Metal
Target responsive- Responsive Detection
Host cell Heavy P P .. References
reporter gene time limit
metals
construct
Pseudomonas Zn, Cd, Pb  pDNPczcl-lux 3 hours 0.16 uM Hynninen, 2010
putida KT2440 (Cd), 1.12
uM (Cd),
0.9 uM (Pb)
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E.coli XL1-Blue Cu&Zn  cusC-RFP 4-6 hours 13 mg/L Ravikumar et al.,
(Zn), 11.4 2012

mg/L (Zn)
Pseudomonas Cd, Zn, Pb  pbrR PpbrAlux 2 hours 0.8-500 uM  Ivask et.al, 2009
Sfluorescens OS8 (Cd), 40

pM-10 Mm

(Zn), 0.9

uM-1 mM

(Pb)
P.putida X4 Zn czcR3-gfp 2-5 hours 5-55 umol/L.  Liu, Huang and

Chen, 2012
E.coli DH5a Cr(IV) pCHR-GFPI 3-5 hours 100 nM Branco, Cristovao
and Morais, 2013

Synechococcus sp. Zn, Cd, Cu  smtAB- 3-6 hours 0.97-2.04 Martin-Betancor et
PCC 7942 luxCDABE uM (Zn), al., 2015

1.54-5.35

uM (Cd),

0.027-0.05

uM (Cu)
P.aeruginosa Pb pbrR-gfp 1.5-2 hours 0.2-1 pg/mL  Bereza-Malcolm,
PAOI, E.coli Aracic and Franks,
DH5a, 2016
Enterobacter
sp.LCR17
E.coli DH5a Cd, Zn zntAP-gfp 3 hours 1-5 mg/L Yoon et al., 2016b
Acinetobacter Zn, Cd, Cu Ptet-luxCDABE 8 hours 70-72 mg/LL  Cuietal., 2018
baylyi Tox2 (Zn), 37-50

mg/L (Cd)
E.coli MG1655 Cd ZntA-gfp 3.5-6 hours 5-100 ug/L  Elcin and Oktem,

2020

The main limitations of inducible biosensors are the indirect measurement and the time required
to produce signals. The signal production is a result of transcription regulation processes. The
induction time from some inducible biosensors can vary from 2 hours up to 12 hours after
exposure to heavy metals (Magrisso et.al, 2008; Yoon, et al., 2016b). The time for measuring
the signals depends on the level of intracellular metal concentration that can induce the promoter
activation, cellular mechanisms to carry out the transcription of reporter proteins, and the amount

of reporter proteins that can give a readable measurement (Table 2.1).
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2.4.2 FRET biosensors

Forster resonance energy transfer (FRET) is a phenomenon in which direct non-radiation energy
transfer occurs from a donor fluorophore in its excited state to an acceptor fluorophore. This
process can cause the acceptor fluorophore to emit its characteristic fluorescence (Bajar ef al.,
2016). FRET can occur between a donor and acceptor if the donor emission spectrum overlaps
the absorption spectrum of the acceptor Figure 2.7. This approach has been exploited for
monitoring various biochemical activities (Abraham, et.al, 2014), intracellular ion

concentrations (Carter, et.al, 2014), and protein-protein interactions (Day and Davidson, 2012).

HSSION

Normalized en

th )

Wavelength A

Figure 2. 7 Emission spectra of donor fluorophore (e.g Cyan Fluorescence Protein/CFP, blue line) overlaps with
excitation spectra of acceptor fluorophore (Yellow Fluorescence Protein/YFP, yellow line). This shows that both
FPs are in compatible energy levels, which is required for FRET to occur.

FRET-based biosensors are composed of a receptor protein as the sensing domain fused with
two donor-acceptor fluorescent proteins (FPs) capable of absorbing and emitting light (Miyawaki
et al., 1997; Fehr et.al, 2002). The binding of a chemical to the receptor protein can change the
molecular distance between the two FPs (Figure 2.8). If the donor FP is excited, energy is
transferred from the donor to the acceptor leading to excitation of the acceptor FP (Tsien, 1998;
Carter et.al, 2014). The percent of energy transfer from donor to acceptor FPs at a particular state
is described as FRET Efficiency. FRET Efficiency for a given FPs pair is proportional to the
inverse sixth power (1/d°) of the distance between two FPs. This distance is restricted to an upper

limit of ~10 nm (Chatterjee et al., 2011; Bajar et al., 2016).

According to Bajar ef al. (2016), there are two methods for measuring the FRET change: 1)
direct, which directly calculates the change of fluorescence intensity (sensitized emission FRET)

or polarization to the FRET change (prFRET), and 2) indirectly, which involves the measurement
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of FRET Efficiency at different states through spectral imaging (siFRET), acceptor photo
bleaching FRET (apFRET), and fluorescence lifetime imaging FRET (FLIM-FRET). Direct
measurement with sensitized emission (seFRET) is the most applied method because it is easy
to use, less expensive, and offers fast imaging times. The Ratio metric analysis (ratio: emission
acceptor/emission donor) is commonly used to calculate sensitized emission of FRET biosensor.
The implementation of ratio metric analysis is simple and can be correlated directly to the

concentration of target molecules inside the cell.

A FRET biosensor can be used to study protein interaction with the target heavy metals under
live-cell physiological conditions. The development of light microscopy techniques enables the
FRET events to be visualized, which provides the two-dimensional spatial distribution of
protein-chemical interactions inside the cells (Periasamy., 2001; Rizza et al., 2017). The FRET
biosensor offers a non-invasive technique to report metal concentration with a high resolution

and requires only light inputs once the protein sensor is expressed in vivo.
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Figure 2. 8 A model of FRET biosensor for detecting heavy metals. The biosensor is a fusion of metal binding
protein (MT) between two fluorescence proteins (eCFP and Venus) as donor and acceptor fluorophores,

respectively. Heavy metals binding onto MT cause a conformational of the FRET biosensor. In this case, energy
transfer occurs from the excited eCFP to Venus, leading to the change in FRET.
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2.4.3 Application of FRET biosensors

FRET biosensors have been applied to measure ligand concentrations, distribution and monitor
cellular activities in various organisms (Table 2.2). Chiu and Yang (2012) and Yang et al, 2020
reported the development of FRET biosensor (lead binding protein (PbrR) fused between eCFP
and Venus) as a diagnostic tool to measure lead toxicity inside mammalian, plant, and animal
cells. Rajamani et al. (2014) have developed FRET-based heavy metal biosensors inside the
microalgae Chlamydomonas reinhardtii. This biosensor consists of chicken metallothionein
inserted between eCFP and YFP. Their results revealed the ability of this biosensor to quantify
intracellular Cd, Pb, and Zn.

FRET biosensors have been utilized to measure a variety of ligands inside living plants. FRET-
gibberellin biosensor was developed by Rizza et al., (2017), which composed of Cerulean
(donor) and Aphrodite (acceptor) fused with gibberellin binding proteins (GAI and GID1). This
sensor has enabled the monitoring of gibberellin concentration and distribution across plant cells
and tissues. Assuncao et al., (2020) used the FRET biosensors (fusion of Phosphate binding
protein (PiBP) with CFP and YFP) for measuring the phosphate level inside Arabidopsis
thaliana. The sensor has provided information about phosphate transport and homeostasis in

living plant cells.

FRET biosensors can be used as a tool to visualize a variety of biochemical events or redox status
in living cells. Ibraheem ef al., 2011 developed H3K27-trymethylation FRET biosensor for the
detection of methylation of lysine 27 (histone H3) in E.coli. The biosensor comprises a donor
mTFP1, a domain that binds to methylated lysine residues, and an acceptor mCitrine. Abraham
et al., (2014) reported the use of FRET biosensor to monitor intracellular redox status in bacteria
cells. They utilized a pair of Citrine and Cerullean fluorescence proteins fused with Biotinylation
domain of transcarboxylase. This biosensor provides a vital information about the physiological

status of the cells due to exposure to oxidizing and reducing agents.

Based on the response time of FRET biosensors (Table 2.2) and inducible biosensors (Table 2.1),
FRET biosensor offers a measurement of intracellular heavy metals in a rapid manner. The FRET
biosensor can be produced inside the host cells before heavy metal exposure. Direct binding of
intracellular metals with the FRET biosensor will generate signals that can be measured in

proportion to the heavy metal concentrations.

Moreover, the application of FRET biosensors can visualize and quantify target chemical pools

in different cell locations (Carter, Young and Palmer, 2014; Rizza et al., 2017). Unlike inducible
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biosensors, the FRET biosensor can be engineered for the expression in specific target
compartments within the host cell. FRET biosensors expressed within the cytoplasm can detect
the presence of metals that have passed through the cell wall, therefore, may provide information

about the metal distribution within the cell.

Table 2.2 FRET biosensor in various host cells and its applications for monitoring intracellular

ligands and biological processes.

Host cells Targf:t FRET Constructs Resl?onswe Det.ecflon References
Detection time limit
Human Pb eCFP-Pb binding 2-3 minutes  0.1-50 pyM  Chiu and
embryonic kidney protein (PbrR)-Venus Yang, 2012,
cell (HEK239) Yang et al,
2020
Microalgae Cd, Zn,Pb  eCFP-chicken 1-3 minutes  24-1500 Rajamani et
Chlamydomonas metallothionein-Venus uM (Cd) al., 2014
reinhardtii
E.coli, Hg eCFP-mercury binding 2 minutes  0.210 — Soleja et al.,
Saccharomyces protein(MerFS)-Venus (E.coli),8 1.196 uyM 2019
cerevisiae (yeast), (yeast), 8-
and Human 10 minutes
embryonic kidney (HEK239)
cell (HEK239)
Human Cd eCFP-Cd binding 60 minutes  1-100 pM Chiu et al.,
embryonic kidney protein (CadR)- Venus 2013
cell (HEK239)
Plant Arabidopsis Gibberellin ~ Cerulean- Gibberellin 20 minutes  0.01-10 Rizza et al.,
thaliana Perception Sensor uM 2017
1(GPS1)-Aphrodite
Plant Arabidopsis  Abscisic acid  mTurquoise- ABA 2-24 0.1-0.6 Waadt et al.,
thaliana (ABA) receptors(PYRI1&ABII)- minutes uM 2014
Venus
Root cells of Phosphate ~ eCFP-Phosphate 10-20 25-200 Assuncao et
Arabidopsis binding protein (PiBP)- minutes mM al., 2020
thaliana eYFP
E.coli K-12 and Glutathione  CFP- gluotathione 5-10 50uM -5  Ahmadetal.,
Saccharomyces binding protein (YIliB)- minutes mM 2020
cerevisiae YFP
E.coli BL21-DE3 Pentose and  eCFP-maltose binding 2-7 minutes  0.1-100 Kaper et al.,
Disaccharide  protein (malE)-Eyfp mM 2008
E.coli BL21-DE3 Lysine flux ~ CFP-lysine binding 2-4 minutes  2-1500 uM  Ameen et al.,
and S.cerevisiae periplasmic protein- 2016
YFP
E.coli BL21-DE3 Monitoring  Cerulean- Biotinylation 50-100 0.01-10 Abraham et
intracellular  domain of minutes mM al., 2014
redox status (Reducing
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transcarboxylase- agent

Citrine DTT), 1
mM
(Oxidizing
agent
H,0»)

2.4.4 FRET Biosensor for measuring heavy metal bioavailability

In this research, a bacterial biosensor was used to simulate the response of soil microorganisms
to bioavailable Pb**, Cd**, and Zn** (Figure 2.9). The response is reported through the activity
of FRET biosensor bound with heavy metals inside the cells. This can be achieved by
engineering the host cell of interest to produce the biosensor construct; a fusion of a metal-
binding protein (metallothionein) with two fluorescence proteins. The interaction of the FRET
biosensor with heavy metals is stable, well maintained, simplified, and packaged within the cell
as its natural environment. The properties of this FRET biosensor are discussed in more detail as

follows:

1) Host cells
FRET biosensors offer a flexibility to be applied in different host cells (prokaryote and
eukaryote). Soleja et al., (2019) developed a FRET-mercury biosensor (MerFS) that was
used to measure Hg?* concentrations within E.coli, yeast, and human embryonic kidney cells
(Table 2.2). This can be done by sub-cloning the chimeric sequence of FRET-mercury
biosensor into different expression vectors suitable for particular host cells. Chimeric
sequence means a DNA sequence originating from two or more parent DNA sequences
joined together. In this case, the FRET-mercury biosensor was encoded as the join of
multiple parent DNA sequences from eCFP, merP (mercury binding protein), and Venus
Fluorescent protein (Soleja, et.al 2019). FRET biosensor developed by Rajamani et al.,
(2014) was proved to quantify intracellular Cd, Zn, and Pb in microalgae. This sensor may
be developed in soil bacteria which can potentially be used to measure bioavailable heavy

metals in contaminated soils.

The choice of host cell should consider these aspects: flexibility for genetic manipulation,
ease of growth, inexpensive culture preparation, and safety or non-pathogen. It is important
to use a host cell in which the protein expression mechanisms have been well studied. E.coli

has been widely used as a host cell for cloning and protein recombinants (Rosano and
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Ceccarelli, 2014). This host cell is suitable for the construction of genes encoding the FRET

biosensor and studying the function of protein sensors.

Biosensors for measuring heavy metals in environmental samples should utilize a robust
host cell. This could be obtained by selecting a microorganism that naturally exists in a
polluted environment. For this reason, Pseudomonas putida might be a good candidate host
cell. This bacterium can survive in a toxic environment due to the presence of metal
resistance mechanisms. The genetic properties of P.putida strain KT2440T7 have been well
characterized and certified as a safe microorganism for various applications (Nelson et al.,

2002; Troeschel et al., 2012).

2) Reporter proteins

Fluorescent proteins are genetically encoded and can easily be introduced into the host cells
through plasmid transformation and expressed without affecting intracellular stability (Bajar
et al., 2016). The generation of fluorescent protein mutants with distinct excitation and
emission spectra can serve as FRET donor/acceptor pairs. GFP mutants, green and blue
fluorescent protein (GFP and BFP), were first used for early FRET biosensor applications
(Miyawaki et al., 1997). However, it was found that BFP produced less brightness and was
more likely to suffer from photobleaching than other GFP mutants.

Photobleaching is a process where fluorophore molecules lose their ability to emit
fluorescence signals over several absorption and emission events (Kalies et.al, 2011). This
often occurs due to the high intensity of light exposure when using a confocal microscopy.
This light exposure can cause the fluorophore in excited state and undergoes a permanent
structural change by reacting with another species (e.g oxygen) (Bernas, et.al 2004). The
loss of fluorescence decreases the signal-to-noise ratio and prevents the acquisition of image
resolution data during repeated scanning. This will reduce the quality of images obtained by
confocal microscopy. Photobleaching can be minimized by removing oxygen with oxidase
and catalase (Tanhuanpaa et.al 2000), antioxidants (phenyldiamine, mercaptoethanol,
DABCO, cysteine, ascorbic acid, nitroxide free radicals), or by shielding the fluorophore
with a bound antibody (Abuknesha et.al., 1992; Bernas, et.al 2004).

The most commonly used FRET pairs consist of cyan and yellow fluorescent protein mutants
(eCFP and eYFP) (Kremers et al., 2006; Bajar, et al/ 2016). Utilising eCFP as a donor
produces a high quantum yield with a long fluorescence lifetime. Venus is a mutant of YFP,

which is a very bright and fast-maturating variant. The first YFP was very sensitive to H*
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and CI ions, resulting in the production of artifact signals during intracellular FRET
application. Therefore, this fluorescent protein was engineered by introducing a specific
mutation (F46L) to generate a Venus FP (Kremers et al., 2006). As a result, the issues with
artifact signals can be avoided with an improved photostability (Zaccolo, 2004). Venus FP

is less sensitive to pH, chloride and more photostable.

3) Sensing domain
One of the challenges in developing FRET biosensors for heavy metals is to find a suitable
sensing domain. Metal-binding protein that can perform conformational changes upon metal
binding is a good candidate for FRET pair. Depending on the purpose of the application,
FRET biosensor can be made specifically for a single species or group of metals. Chiu and
Yang, (2012) developed the FRET biosensor that exploited the role of PbrR from
Cupriavidus metallidurans (CH34) as a specific binding domain for Pb**. The performance
of this sensor was proven to measure different levels of Pb** poisoning in human kidney

cells suggesting its application for biomedical purposes.

The unique folding properties of MT have become a particular interest in biosensor
development. The first utilisation of MT as one of the components in FRET biosensor was
demonstrated by Pearce ef al., 2000 by studying the function of human MT in metal transfer
and interaction with redox partners and ligands. The MT was inserted between two
fluorescent proteins, thus allowing for monitoring of metal binding and nitrous oxide
signalling in animal tissues. Rajamani et al., (2014) incorporated the chicken metallothionein
(CMT) as a binding domain in the FRET biosensor for detecting a group of metals; Cd, Pb,
and Zn. This sensor showed the half-maximal metal saturation concentration for Cd, Pb, and
Zn are 225, 205, and 310 uM respectively with a large range of detection limit (0.1-5000
uM for Cd, 0.1-500 uM for Pb, and 0.01-1000 uM for Zn). The function and structure of
metallothionein from chicken and birds (avian) have been studied by Andrews et al., (1996).
Analysis of CMT gene showed that MT gene family from avian family is very simple. The
63 amino acids of avian MT share extensive structural homology (74.2%) with the consensus
sequence of mammalian MT, in which each MT molecule can bind to 7 atoms of Zn or Cd.
Considering the binding affinity of CMT for Cd, Pb, and Zn and its well-studied protein
structure, this research focused on the exploitation of CMT as a binding domain for the

FRET biosensor development.
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2.4.5 Application to soil samples

FRET biosensor application in contaminated soil has not been reported in the literature. Most
biosensors for measuring the bioavailability of Cd**, Pb?*, and Zn*" still rely on the principle of
metal responsive genes induced by intracellular heavy metals. Hynninen et.al/, (2010) reported
the measurement of bioavailable Zn>" in artificially contaminated soils using an inducible
biosensor (P. putida KT2440.2431(pDNPczc1lux)). The results showed that soil containing 20-
65 mg/kg of Zn could induce the luminescence signal production. This signal was used to
estimate the safe level of metals in soils according to regulation. Yoon,et al., (2016a) investigated
the applicability of £.coli harbouring As-inducible promoter fused with a gfp gene for measuring
bioavailable Arsenic in contaminated soils. They reported the percentage of bioavailable arsenic

was in the range of 0.6%-1.09% of the total concentration.

One of the limitations of inducible biosensors is the potential interference of the soil matrix (e.g,
turbidity, nutrients, minerals) that may change the physiological state of the host cell and affect
the expression of reporter proteins (Bereza-malcolm et.al, 2015). Another concern in utilizing
inducible biosensors is the possibility of basal-level expression from leaky promoters that may
produce false-positive signals (Jia et al., 2019). Leaky promoters mean that the promoter has
leakage expression of the target protein. In this case, the transcription occurs even when the
repressor is present, and the inducer is absent (Penumetcha, ez.al, 2010). Leaky promoters can
take place in some inducible-transcription biosensors for example; the interaction of mer
promoter and MerR regulator system was initially regulated the Hg induction response, however,
Ivask et.al (2009) reported that this system can also be induced by Cd** and Zn**. This indicates
that the biosensors using mer promoter and MerR regulator do not exclusively respond to a
specific target of heavy metals and reduce the accuracy of reporter protein expression. Therefore,
the interpretation of inducible-transcription biosensors response in the complex metal
environment must be undertaken with caution (Zhang, et al 2016).

This issue may be overcome by employing the FRET biosensor; the change of FRET signals

occurs only through the binding of heavy metals with the sensing domain inside the host cell.

Measurement of bioavailable metals using biosensor was mainly carried out by exposing the host
cells to soil-water extract (particle-free supernatant formed after centrifugation of the
suspension) or soil-water suspensions (obtained by mixing the soil with water) (Hynninen and
Virta, 2010; Xu et al., 2013). Ivask et al., (2004) reported the contaminated soils tested with luc-
based inducible biosensors (Bacillus subtilis BR151 (pTOO24) and S. aureus RN4220
(pTOO24)) showed that 115-fold more Cd and 40-fold more Pb were bioavailable in soil
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suspensions than in soil-water extracts. Biosensor analysis from soil-water suspensions have
become a particular interest because the host cells are in direct contact with soil particles. This
allows for a measurement of bioavailable metals both in soluble fraction as well as the metals

absorbed in the soil samples.

The main challenge to applying biosensor is the opacity of the soil, including the presence of
organic matters, minerals, and organisms that may interfere with signal measurement. Some
attempts have been made to improve the applicability of biosensors in soil. Biosensor cells can
be encapsulated into alginate beads to enhance stability in the soil environment (Bae et al., 2020).
Exposure of the alginate beads containing biosensors cells with soil particles may be beneficial
for in situ soil measurement. Hurdebise ef al., (2015) applied a density gradient centrifugation to
recover the biosensor cells from the soil matrix. A highly soluble, non-ionic, and non-toxic agent
(Nycodenz) was mixed into the soil biosensor suspensions. Following the centrifugation, the
biosensor cells were accumulated at the culture media interface forming a visible halo. The cells
can be easily separated, and the signals can be further analysed by using a fluorescence

spectroscopy instrument (Hurdebise et.al., 2015)
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2.4.6 Biosensors for the assessment of remediation performance

Monitoring the level of bioavailable heavy metals can be used as one of the parameters in
assessing the effectiveness of biochar application. Development of FRET-heavy metal biosensor
inside P.putida (Figure 2.9) can potentially be employed as a robust biosensor with direct
measurement of bioavailable heavy metals in soil samples. Reduction of heavy metal
bioavailability due to biochar application will be observed based on the changes of FRET signals.
The results are expected to give reliable information about the concentration of biologically

relevant heavy metals.
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Figure 2. 9 FRET biosensors inside a bacterial host cell. Bioavailable heavy metals from soil amendment with
biochar can potentially be measured directly by exposing the cells to soil samples.

Incorporating biosensors into ecological risk-based criteria will provide a better understanding
of the level of heavy metals contamination which potentially cause damaging effect to soil
microorganisms. The response of biosensor can be interpreted in correspond to the
concentrations of bioavailable heavy metals in the tested soil. Furthermore, the comparison of
biosensor response with higher organisms’ response can be made to evaluate their relative merits
in soil ecotoxicity testing (Trott, et.al, 2006).

The combination of biosensor application with parameters of chemical analysis, plant growth,
and soil biological process will provide useful information concerning the reduction of heavy
metal toxicity and a comprehensive understanding of the changes in bioavailable metals during
soil remediation. The correlation of these parameters can be used to consider the potential

capacity of soil function and productivity to achieve soil restoration. It also enables the
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rehabilitation of degraded (metal-contaminated) land back into productive use as an asset,

according to the reduction in risk achieved and suitability for different land uses.
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3. Construction and characterization of the FRET
biosensor for measuring heavy metals in E.coli

3.1 Introduction

A number of studies have demonstrated the use of FRET biosensors to measure the
concentrations of heavy metals at a cellular level (Chiu and Yang, 2012; Chiu et al., 2013;
Rajamani et al., 2014). FRET biosensors offer a direct and rapid measurement of heavy metal
concentrations inside the living host cells and provide a more rapid response compared to
transcriptionally-induced reporter fusions. A previous study of a FRET-heavy metal biosensor
in microalgae Chlamydomonas reinhardtii showed how the sensor could measure heavy metal
accumulation within a time scale of minutes (Rajamani et al., 2014). This FRET biosensor
utilised a chicken metallothionein (CMT) as the sensing domain, which is very sensitive to
Pb>*, Cd**, and Zn**. Therefore, this CMT was exploited as a component of a FRET biosensor
in prokaryotic host cells and the biosensor then applied to measure the toxicity of heavy metal-

polluted soils.

In this research, the FRET biosensor consists of a metal binding protein (CMT) as the sensing
domain inserted between two fluorescence protein (eCFP and Venus). The properties of CMT
and reporter proteins (eCFP and Venus) have been explained in Chapter II, section 3.4. All
these components are fused in a single polypeptide chain and expressed inside bacteria cells.
Binding of metals to CMT brings about a change in the conformation of the protein which can
be detected by measuring the emission ratio of eCFP and Venus. Measuring the changes in the
ratio of donor-acceptor FPs is a straightforward and versatile method which can be applied on
a wide variety of equipment such as spectro-fluorimeter and fluorescence microscopes
(Hochreiter et.al, 2015). This method is non-destructive and suitable for the application on live

cells.

3.1.1 Construction of the FRET biosensor

FRET biosensors are genetically encoded and relatively easy to construct using standard
molecular biology techniques. The gene construct encoding a FRET biosensor can be
introduced into the host cells and the protein sensors are expressed using the host’s cellular

transcriptional and translational systems.
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1. Vector system

Gene construction requires a vector system that can express the target protein in bacterial host
cells at a high level. A standard expression vector must contain at least a promoter, antibiotic
marker, replication site, multiple cloning sites, and fusion protein tag. The gene encoding a
FRET biosensor can be cloned downstream of a strong promoter, for example, the T7 promoter
system which is recognized by the T7 RNA polymerase that can be produced under the control
of a specific inducer. This system is commonly used for recombinant protein production and

can express the target protein in large amounts (Graumann and Premstaller, 2006).

To study FRET and heavy metal binding in vitro, the recombinant protein needs to be pure,
soluble and in an active form. Therefore, the vectors typically include peptide tags at the N-or
C terminal end of the recombinant protein for purification purposes. Additional amino acid
residues or tags can be engineered on the N or C terminal end of the recombinant protein during
the cloning step. These tags are be used to improve the solubility and affinity purification of
the target protein. Peptide tags consisted of six consecutive histidine residues (also called 6x
His-tag) is one of the simplest and most widely used for protein purification. These residues
can readily coordinate with nickel ions immobilised on beads or a resin for purification. This
approach typically has high binding capacities (5-40 mg of His-tagged protein/mL of media)
with a relatively low cost (Malhotra, 2009)

A N-terminal poly-Histidine tag was chosen because small peptide tags are less likely to
interfere with sensor function. The His-tagged protein can be recovered by immobilized nickel
affinity chromatography (Rosano and Ceccarelli, 2014). Antibiotic resistance genes are
included in the vector backbone and used to prevent the growth of vector-free cells.

2. Recombinational cloning the FRET biosensor

Gateway recombination is a universal cloning method that provides a highly specific and
efficient way to move DNA sequences into multiple vector systems (Hartley et al., 2000). In
the FRET biosensor development, Gateway Recombination offers flexibility to clone multiple
gene fragments (CMT and FPs gene) into a single construct. The main advantage of this method
is that the orientation of the gene construct and reading frame can be maintained throughout

the cloning process.

This method is based on a bacteriophage lambda () site-specific recombination system which
mediates the lambda integration into E.coli chromosome during lytic and lysogenic pathways
(Landy, 1989). The basis of this recombination constitutes two steps of reactions, BP and LR

reactions (Figure 3.1). The BP reaction facilitates the recombination of attB-PCR product with
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attP sites in the donor vector to generate attL sites (entry clone). This reaction is mediated by
BP clonase enzyme mixture (A Integrase, Integration Host Factor (IHF) proteins). The LR
reaction facilitates the recombination of atzL sites (entry clone) with attR sites in the destination
vector to generate attB sites (expression vector). This reaction is mediated by the LR clonase
enzyme mixture (A Integrase, Integration Host Factor (IHF) proteins, and Excisionase).

BP Recombination

attB attB attP attP attR attR

e . ] I [en] BP Clonase | TN
attB-flanked PCR >
€ € donor by-product
product or attB vector

expression clone

LR Recombination

atrl atltl

attB attB altP attP
LR Clonase

destination —— oxpression by-product
vector

clone

Fig 3.1. Two recombination reactions in Gateway cloning (BP and LR recombination) (Landy, 1989; Invitrogen).
In BP recombination, a target gene flanked between a#tB sites can be cloned into a donor vector containing
attPsites. The target in the entry vector can be cloned into a destination vector containing attBsites. This results
in the insertion of target gene into the expression vector.

This research utilised the Gateway recombination to construct the FRET biosensor which
involves the amplification of DNA sequence by using customised attB PCR Primers, followed
by the BP recombination (reaction of attB-PCR product with a donor vector to generate an
entry clone) and LR recombination (reaction of the entry clone with a destination vector to
generate an expression vector). The resulting expression vector will be transformed into the

target host cell and used for protein expression.

3. Choice of host cell

In this research, E.coli strains were used as the host cells for cloning of the gene encoding the
FRET biosensor (E.coli OmniMAX™ 2-T1R) and initial study of FRET response to
intracellular heavy metals (E.coli BL21 Rosetta 2(DE3)). Some advantages of using E.coli
strains as the host organism are: (i) they can grow rapidly, with a doubling time of
approximately 20 minutes under optimal environmental conditions, (ii) high cell density
cultures can be easily achieved, which is useful to boost the recombinant protein production,
(ii1) various types of inexpensive and readily available media can be used to grow the cells, and
(iv) preparation of competent cells and transformation with vectors can be performed easily

and quickly (Rosano and Ceccarelli, 2014).
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The mechanism of protein expression in E.coli has been well studied, which makes it suitable
for protein recombinant experiment (Rosano and Ceccarelli, 2014). The use of an inducible T7
promoter system in E.coli BL21 Rosetta 2DE3 can minimize the possibility of alteration of
native cellular processes, thus allowing for FRET biosensor production without disturbing the
endogenous systems of the host cells (VanEngelenburg and Palmer, 2008). A combination of
an inducible T7 promoter with ADE3 lysogen is the most popular induction system to produce
a high level of protein (Studier and Moffatt, 1986; Structural Genomics Consortium, 2008).
ADE3 lysogen expresses T7 RNA polymerase from the genome under the control of lacUV5
promoter, which is induced by the addition of Isopropyl B- d-1-thiogalactopyranoside (IPTG).
The presence of T7 RNA polymerase will transcribe the gene of interest from a T7 promoter

on the vector and translated into protein.

The concept of the FRET biosensor development is shown in Figure 3.2 below. A commercial
strain E.coli BL21 Rosetta 2(DE3) containing a chromosomal copy of T7 RNA Polymerase
with basic IPTG-inducible system was used. The CMT gene was fused between eCFP and
Venus genes under the T7 promoter in an expression vector. In the presence of IPTG, T7 RNA
polymerase is produced and induce the expression of FRET biosensor protein from the

expression vector.

In the absence of heavy metals, the two fluorescent proteins are widely separated but become
closer to each other when metals are bound to CMT. When the eCFP is excited, energy transfer
occurs from donor (eCFP) to acceptor (Venus FPs) leading to the changes in emission spectra.
This allows the heavy metal concentration within the host cell to be quantified as the change

of emission signals.
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Fig 3.2. Concept of FRET biosensor development inside a bacterial cell. An expression vector encoding
the eCFP-CMT-Venus gene is transformed into the host cell. The FRET biosensor is produced following
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induction with IPTG and undergoes conformational change when bound with heavy metals, which
results in a change in fluorescence emission spectrum.

3.2 Aim and objectives

The aim of this chapter is to develop a FRET-heavy metal biosensor. It utilises a CMT in which
the codon usage has been optimised for protein expression in bacterial cells. Binding studies
using the purified sensor were performed to demonstrate the proof of concept and to determine
the specificity and sensitivity of the biosensor. The ability of the FRET biosensor to measure
intracellular heavy metals was studied by exposing the host cell with different concentrations

of heavy metals.

The achievement of this aim requires the following objectives to be completed:

1. To construct the gene encoding FRET biosensor (eCFP-CMT-Venus) in a vector for
protein expression in E.coli host cell

2. To extract the FRET biosensor from the host cell and characterise the FRET signals
due to binding with Pb?", Cd**, and Zn*" in vitro

3. To characterise the FRET signals (in vivo) within E.coli host cells in the presence of

Pb*", Cd*", and Zn?".
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3. 3 Methods

3.3.1 CMT Gene amplification

The sequence of the CMT gene (Rajamani ef al., 2014) was codon optimized for bacteria cell
expression. The CMT was originated from Gallus gallus, therefore, the expression of this
eukaryotic protein in bacteria cell e.g E.coli may produce insoluble aggregates proteins. As a
result, the protein will be misfolded and present as biologically inactive form (Khalili, et.al,
2015). In this research, the codon optimisation of CMT for prokaryotic expression was
performed using a web tool that converts the DNA sequence from eukaryote for expression in
prokaryote cells (bacteria). There are 64 different codons in which 61 of them encode the 20
standard amino acids, while another 3 functions as stop codons. A single amino acid can be
encoded by more than one codon, particularly if the number of codons is greater relative to the
number of amino acids they coded.

The tool provides the best sequence option through screening and filtering sequences to lower
complexity and minimize secondary protein structures. The codon optimization was written
using a codon sampling strategy in which the reading frame is recorded according to the
frequencies of each codon’s usage in bacteria cells. This alteration of codon usage can improve
the efficiency of heterogeneous expression of CMT in the bacteria host cell.

The codon optimised sequence was synthesized de novo (ThermoFisher) including the attB
recombination sites at both ends (Figure 3.4). This construct was designated as attBI-CMT-
attB2.

The attB1-CMT-attB2 gene was amplified using primers:

forward(5°-3’):
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGATCCGCAGGATTGTACCTGT

reverse(3’-5):

GGGGACCACTTTGTACAAGAAAGCTGGGTCACCTTTTGCTGCTGCATGAC

attB primer sequences are underlined.

The PCR mixture consisted of 5 pL (1X) of 10 X amplification buffer (ThermoFisher), 1 pL.
(1mM) of 50 mM MgSO04, 1.5 uL (0.3 mM) of 10 mM dNTP mixture, 1.5 pL (0.3 mM) of 10
mM primer reverse and forward, 1 pL (10 ng) of attB-CMT-attB template, 0.4 uL. DNA
polymerase (Platinum® Pfx DNA Polymerase, ThermoFisher), and 33.1 pL of distilled water
giving a total reaction volume of 50 pL. A PCR reaction without attB-CMT-attB template was
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used as the negative control. The PCR conditions were; initial denaturation at 94°C for 5
minutes, followed by denaturation at 94°C for 15 seconds, annealing at 72°C for 30 seconds,
extension at 68°C for 20 seconds (30 cycles) and final extension at 68°C for 5 minutes, and

maintained at 4°C, with a total of 30 cycles.

The PCR product was purified using a QIAquick Purification Kit (Qiagen) to remove primers,
unincorporated dNTPs, enzymes, and salts from the reaction mixture. The purified PCR
product was loaded into gel electrophoresis (1.5% agarose) to verify the size of attBI-CMT-
attB2 fragments.

3.3.2 Vector construct
A vector containing the FRET biosensor was constructed using Gateway Recombination
(Landy, 1989, Invitrogen) as this allows elements of the construct to be changed easily. BP and

LR recombination was performed to fuse the CMT between eCFP and Venus gene (Figure 3.3).

BP Recombination LR Recombination

atte1 [N attB2 |

| -_— Entry vector + Destination Vector
: BP Clonase | (PDONR-CMT) (PGWF1)
v |
|
|
Donor Vector I LR Clonase
(pDONR) I
I
|
|
| Byproduct B Expression vector
I vector (PGWF1-CMT)
1
Entry vector I
(PDONR-CMT) ],
L l
By product Transformation and

protein expression

[Cattr1 [ ccdB | attr2 |

Fig.3.3 LR and BP recombinase reactions for the construction of vector (pGWF1-CMT) for the
expression of FRET biosensor. MT gene including attB1 and attB2 sites were synthesized and cloned
into a donor vector (pDNOR) catalysed by BP clonase. The resultant entry vector (pDNOR-CMT)
contains MT gene flanked by attl.1 and attL.2 genes which are responsible as cloning sites with attR1
and attR2 in the destination vector (pGWF1-CMT). The CMT gene (in pPDNOR-CMT) was cloned into
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pGWF1 in framed between eCFP and Venus gene catalysed by LR Clonase. The final construct
pGWF1-CMT contains the gene encoding the FRET biosensor (eCFP-CMT-Venus) which can be
transformed and expressed inside E.coli BL21 Rosetta 2(DE3) host cells.

BP Recombination

The attB1-CMT-attB2 gene was cloned into a donor vector (pDNOR, see appendices I-a for
the construct map) catalysed by BP clonase to generate an entry vector (pDONR-CMT) (Figure
3.3). pDONR contains a kanamycin-chloramphenicol resistant gene and ccdB gene flanked by
two attR sites. The entry vector was transformed into E.coli OmniMAX™ 2 TIR competent

cell (Invitrogen).

The compositions of the BP reaction mixture was 2 uL of 40 fmol a#BI-CMT-attB2 PCR
product, 1 pL (15 ng) of 150 ng pDONR (Invitrogen), 2 uL. BP Clonase enzyme mix
(Invitrogen), and 5 pL of TE Buffer pH 8. The reaction mixture was incubated at 25°C for 16
hours. 1 pL of Proteinase K solution (2 pg/uL) (Invitrogen) was added into the mixture
followed by incubation 37°C for 10 minutes. The mixture was then prepared for a heat shock

transformation.

The transformation was carried out by adding 1 pL of BP reaction mixture into a tube
containing 50 puL of competent cells followed by incubation on ice for 30 minutes. The cells
were heat-shocked for 30 seconds at 42°C without shaking in a water bath and immediately
placed onto ice. 450 puL of (Super Optimal Broth) S.0.C. medium (ThermoFisher) was added
to the cells at room temperature and shaken at 37°C for 1 hour. 20 pL and 100 pL of the
transformation reaction were spread on selective LB plates containing 50 pg/mL of Kanamycin
(Thermofisher). The plates were incubated overnight at 37°C to grow the transformant
colonies. Five cell colonies were selected from the agar and each of them was grown in a
selective LB liquid (50 pg/mL of Kanamycin) overnight at 37°C for vector (pDONR-CMT)
purification. Bacteria glycerol stocks (15% v/v) were prepared from the overnight culture and

stored at 80°C.

pDONR-CMT was isolated and purified from host cells by using QIA Spin Miniprep Kit
(Qiagen). The purified vectors were prepared for restriction enzyme digestion with Apal
(ThermoFisher) and EcoRV (ThermoFisher). The digestion mixture consisted of 10 pL (1 pg)
of vector, 2 uL of 10X digestion buffer, 0.5 pL of Apal, 0.5 pL of EcoRI, and 7 uL of distilled
water. The mixture was incubated at 37°C for 45 minutes followed by enzyme inactivation at
65°C for 5 minutes. The mixture was subject to gel electrophoresis (through 1% (w/v) agarose
in 1X of Tris-acetate EDTA buffer) to verify the correct size of pPDONR-CMT.
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LR Recombination

The CMT insert from pDONR-CMT was cloned into a destination vector (pGWF1, see
appendices I-b for detail construct) using LR Recombination. pGWF1 contains attR
recombination sites flanked between eCFP and Venus gene. LR clonase catalyses the insertion
of CMT between eCFP and Venus gene to produce an expression vector (pGWF1-CMT)
(Figure 3.3).

The LR reaction mixture consisted of 5 uL (50 ng) of purified pDONR-CMT, 2 uL (300 ng)
of pGWF1 (Addgene), 4 uL of 5x LR Clonase reaction buffer (Invitrogen), and 4 uL. LR
Clonase enzyme mix (Invitrogen). The mixture was incubated at 25°C for 16 hours. Proteinase
K solution (2 pg/uL) (Invitrogen) was added into the mixture followed by incubation for 10
minutes at 37°C. The mixture was then prepared for transformation. Transformation of LR
mixture was carried out similar to BP reaction, except 100 pg/mL of Ampicillin (Thermofisher)

was added into the agar to select the transformant colonies bearing pGWF1-CMT.

pGWF1-CMT was isolated and purified from host cells by using QIA Spin Miniprep Kit
(Qiagen). The purified vectors were prepared for restriction enzyme digestion with Xbal and
HindIII (ThermoFisher). The digestion mixture consists of 5 uLL (1 pg) of vector, 2 uL of 10X
digestion buffer, 1 uL of Xbal, 1 uL of HindIII, and 11 pL of distilled water. The mixture was
incubated at 37°C for 45 minutes followed by enzyme inactivation at 65°C for 5 minutes. The
mixture was then loaded into the gel electrophoresis (1% agarose) to verify the correct size of

pGWF1-CMT.

A sample of pPGWF1-CMT was sent for sequencing with T7 primers (reverse and forward).
The sequencing data were analysed using MEGA7 and SnapGene Viewer software to verify

the correct sequence of CMT.

3.3.4 Transformation of pGWF1-CMT and protein expression

The pGWF1-CMT was transformed into E.coli BL21 Rosetta 2(DE3) (Merck) for initial
expression of the FRET biosensor. The transformation was performed by adding 1 uL (10 ng)
of pGWFI1-CMT into 50 uL of competent cells, then incubation on ice for 10 minutes. The
cells were heat-shocked for 30 seconds at 42°C without shaking and immediately placed onto
ice. 250 uL of LB medium was added into the cells and shaken at 37°C for 1 hour. 20 uL and
100 pL from each transformation reaction were spread on agar plates containing 100 pg/mL of
Ampicillin (Thermofisher) and 25 pg/mL of Chloramphenicol (Sigma Aldrich). The agar plates
were incubated overnight at 37°C. Five cell colonies were selected from the agar and grown in
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selective LB liquid (100 pg/mL of Ampicillin and 25 pg/mL of Chloramphenicol) overnight
at 27°C for inoculation prior to protein expression. Bacteria glycerol stocks (15%) were

prepared for cell preservation at -80°C.

The overnight culture was transferred (10% v/v) into a fresh LB liquid supplemented with 100
pg/mL of Ampicillin and 25 pg/mL of Chloramphenicol. Protein expression was induced by
adding isopropyl thiogalactoside (IPTG) (0.1 mM final concentration) (Sigma Aldrich). The
cells were grown for 24 hours while shaking at 27°C in the dark and then incubated at 4°C for
16 hours to ensure appropriate folding of the fluorophores (Kaper, et.al, 2008). The expression
of eCFP and Venus FP inside the host cells was observed using the fluorescence microscope

Nikon Eclipse LV 100.

Monitoring of FRET biosensor expression was carried out by sampling the cells at 4 and 20
hours following the IPTG addition. Selection of incubation hours for protein expression was
carried out based on the growth curve of E.coli in LB media (Mukherjee et.al, 2018). 4 hours
is a typical condition where the cells were in an early exponential phase, whilst 20 hours is in
stationary phase assuming that the most of nutrients have been consumed and target proteins

have been produced.

3.3.5 Protein extraction and purification

Cells expressing the FRET biosensor were harvested by centrifugation and resuspended in
sonication buffer consisting of 50 mM Tris-HCI pH 8, 500 mM NacCl, and 15% v/v glycerol, 1
mM phenyl methyl sulfonyl fluoride (PMSF) and 1 mg/L of lysozyme (Sigma-Aldrich).
Samples were placed on ice, and the sonicator probe (Soniprep 150, MSE) was inserted.
Exposure was 7 microns amplitude for 30 seconds with 5 sonication cycles separated by 30
seconds of cooling. Following the sonication process, 0.1 mg/L. DNase (Sigma-Aldrich) and 1
mM MgCl, were added into the cells and incubated for 30 minutes, followed by centrifuged at
13000 x g for 30 minutes at 4°C.

The FRET biosensor was purified from the cell lysate by using 6xHis-Tag Ni-NTA purification
kit (Qiagen). The composition of the binding buffer (NPI-10), wash buffer (NPI-20), and
elution buffer (NPI-500) is shown in Appendices II. An Ni-NTA spin column was equilibrated
with 600 pL of buffer NPI-10 and centrifuged at 890 x g. The cell lysate was loaded onto the
pre-equilibrated Ni-NTA spin column and centrifuged for 5 minutes at 270 x g. The spin
column was washed twice with 600 puL buffer NPI-20 and centrifuged for 2 minutes at 890 x
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g. The protein was eluted with 300 pL of buffer NPI-500 and centrifuged for 2 minutes 890 x

g. The eluate containing the purified protein was collected and analysed with SDS-Page.

The purified protein was incubated with 15 mM 2-mercaptoethanol (Sigma-Aldrich) for 16
hours at 4°C to produce the reducing conditions needed for metallothionein function. All
solutions were degassed with nitrogen to remove dissolved oxygen. The presence of oxygen in
the solution can oxidize the metallothionein, resulting in the formation of disulphide bonds,
and reduce its binding affinity to metals (Rajamani et al., 2014). Samples were loaded onto a
Sephadex G-25 size-exclusion column (Sigma-Aldrich) in 30mM of Tris buffer (pH 8), and
the excluded volume containing reduced FRET biosensor was collected for in vitro
characterisation. The protein concentration was determined by measuring the absorbance at
280 nm using UV-Visible 2600 Spectrophotometer (Shimadzu) (Green and Sambrook, 2012).
The measurement was performed using a spectrophotometer with quartz cuvettes (volume of

1 mL).

3.3.6 SDS-PAGE

SDS-PAGE (sodium dodecyl sulphate—polyacrylamide gel electrophoresis) was performed
to observe the expression of FRET biosensor by looking at the molecular weight. This section
describes the preparation and running of SDS-PAGE gels, followed by staining to detect

proteins using Coomassie Brilliant Blue (Green and Sambrook, 2012).
3.3.6.1 SDS-Polyacrylamide gels

The SDS Page gels include 8 ml of resolving gel (10%) and 5 mL of stacking gel (5%)
assembled on a glass plate. The components of resolving gel were 2.6 mL of Acrylamide (30%)
(Sigma), 2 mL of Lower Tris (1.5 M, pH 8.8), 0.08 mL of SDS (10%), 0.1 mL of Ammomium
persulfate (10%) (Biorad), 0.012 TEMED (Biorad), and 3.2 mL of deionised water. The
components of stacking gel were 0.67 mL of Acrylamide (30%) (Sigma), 1.25 mL of Upper
Tris (1.5 M, pH 6.8), 0.05 mL of SDS (10%), 0.07 mL of Ammomium persulfate (10%)
(Biorad), 0.007 TEMED (Biorad), and 3 mL of deionised water. After polymerization was
complete, the gel plate was installed in the electrophoresis apparatus. The electrophoresis

buffer (Tris-glycine 1X, Appendices III) was added to the top and bottom of the reservoir.

A 40 pL volume of cell lysate was mixed with 10 pL of SDS gel loading buffer (5x) (see
Appendices III for the composition) and heated for 7 minutes in an 95°C heat block to denature

the proteins. The mixture was centrifuged at 12000 x g for 1 minute and the 20 uL supernatant
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was loaded. A voltage of 90 V was applied to the gel for 90 minutes or until the bromphenol

blue reached the bottom of resolving gel.

3.3.6.2 Staining and De-staining

The gel was immersed into 50 mL of Coomassie Brilliant Blue stain solution (see Appendix
III for the composition) and incubated for 4 hours at room temperature on a rotating platform.
The stain solution was removed, and the gel was rinsed with deionised H>O. The gel was soaked
into a 50 mL of destain solution (Appendices II) for 6-8 hours on a rotating platform (the
destained solution was changed three times to remove the remaining stain solution). The gel

was visualized by using transillumination light and images captured.

3.3.7 In vitro characterisation

In vitro characterisation was carried out by measuring the changes in fluorescence signals due
to heavy metals binding to the CMT FRET sensor. The metal salts used were obtained from
Fisher Scientific: CdClo, ZnSO4, Pb(NO3)2. MgCly, NaCl and KCl salts (Fisher Scientific) were
used as control. Each was prepared as a 0.1M stock solution. Heavy metal binding tests were
carried out immediately after the removal of mercaptoethanol from the purified protein solution
by a Sephadex G-25 size-exclusion column (Sigma-Aldrich). The fluorescence intensity of
FRET biosensor protein in the absence of metals was measured using a spectrofluorometer
(Horiba Jobin Yvon - FluoroMax-4, Edinburgh Instruments) as the background signal. In order
to check the expression of eCFP and Venus FP, the protein was excited (Aex) at 435 nm and
510 nm, respectively (Kaper et al., 2008).

Metal solutions were added to the purified FRET sensor protein in a 3mL-cuvette. The final
concentration of metals were: 0.1 uM, 1uM, S5uM, 10uM, 50uM, 100uM, 500 uM, 1000 uM,
and 5000 uM. All experiments were performed in triplicate. The fluorescence intensity was
measured immediately by exciting the eCFP (Aex 435 nm). The emission peaks of eCFP and
Venus were determined at 475 and 525 nm, respectively, to calculate the FRET ratio. The ratios
(Venus / eCFP) from each heavy metal tested were normalized against purified protein without
heavy metal addition. The ratio data were plotted against metal concentration and fitted to a

simple binding affinity model (Equation 1) (Sutherland et al, 2012).

[M].FRET max

R ==

(1)
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Where, R is the FRET ratio of biosensor, FRETmax is the FRET ratio maximum at saturating
metal concentration, M is the heavy metal concentration (uM), and Ka is the half-maximum

concentration of metal-binding affinity (uM).

3.3.8 In vivo characterisation

E.coli BL21 Rosetta DE3 bearing pPGWF1-CMT was recovered from frozen glycerol stocks.
The cells were grown in a selective LB liquid (100 pg/mL of Ampicillin and 25 pg/mL of
Chloramphenicol) (Sigma-Aldrich) overnight at 27°C. The overnight culture was transferred
(10% v/v) into a fresh LB liquid supplemented with 100 pg/mL of Ampicillin and 25 pg/mL
of Chloramphenicol. Protein expression was induced by adding IPTG (0.1 mM final
concentration). The cells were grown for 24 hours while shaking at 27°C in the dark and then

incubated at 4°C for 16 hours.

Cells expressing the FRET biosensors were harvested by centrifugation and re-suspended with
Heavy Metal MOPS medium (HMM). This medium was formulated by Larossa ef al , 1995
which consists of 5 mM MOPS (3-(N-morpholino) propanesulfonic acid) (Sigma-Aldrich), 50
mM KCI, 10 mM NH3Cl, 0.5 mM MgSOs, 0.4% glucose, and 1 mM glycerol-2-phosphate
(Sigma-Aldrich). The pH of medium was adjusted to 7 using NaOH.

In vivo tests were carried out by adding different concentrations of metal solution into a cell
suspension of optical density (OD) 0.5 in a 3 mL cuvette. OD 0.5 was selected because the
fluorescence emission from OD cells of 1 and 2 showed a high background noise signal in
which the emission peak of eCFP and Venus FP cannot be distinguished clearly (data not
shown). Fluorescence intensity measurement with high OD cells (above 1) can potentially
reduce the accuracy of measurement. Therefore, all in vivo experiment was carried out by
diluting the cell suspension to lower OD prior to heavy metals addition.

The OD was measured using a spectrophotometer (wavelength: 600nm) in a 3 mL-cuvette. The
final-OD of host cells suspension in HMM media was set to 0.5. This was carried out by
measuring the original OD prior to centrifugation and using this OD value to calculate the
dilution volume. Following the centrifugation, the cell pellets were resuspended with a

proportion volume of HMM media to achieve the final OD 0.5.

The final concentrations of metal were as follows: 1uM, 10uM, 100uM, and 1000 pM. The
cells were excited at 435 nm and the fluorescence emission was measured after 2 hours
incubation using a spectrofluorometer (Horiba Jobin Yvon - FluoroMax-4, Edinburgh
Instruments). All experiments were performed in triplicate.
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Data analysis and graphing of the emission spectra were carried out using Origin (OriginLab
Corporation). The FRET ratio was calculated by dividing the emission peak of Venus FP by
eCFP (525/475 nm). A significant reduction in FRET ratio signal at particular concentration

was calculated Student t-test, with a p value<0.05.

Analysis and graphing of metal-induced FRET signal was calculated using R version 3.52 (R
core Team 2018). The FRET ratios were normalized against values from host cells without
heavy metal addition, plotted against metal concentrations and fitted to a simple binding
affinity model (Equation 1). Parameters of apparent Ka (half maximum metal binding affinity)
and apparent FRET maximum were derived from the fitted model to determine host cell
response to metal exposure. Comparison between metal-induced FRET signals in-vitro and in-
vivo was made in which the difference was calculated using a One-way ANOVA with a

significant level p<0.05.

Analysis using the ANOVA test can determine the influence that independent variables (test
condition of the FRET biosensor) have on the dependent variable (heavy metals Cd, Pb, and
Zn). In this case, the mean value of FRET signals from two groups of measurements (in-vitro
and in-vivo) from each heavy metal was tested to see if there was a difference between them.

ANOVA can test more than one treatment is a major advantage over other statistical analyses
such as t-test. ANOVA opens many testing capabilities such as the analysis of variance and
treatment conditions (factor). F-ratio is used as its significance statistic which is variance
because it is impossible to calculate the sample means difference with more than two samples.
Furthermore, this enables us to see how effective two different types of test conditions are and
how durable they are. ANOVA test assumes that the population sample must be normal, the
observations must be independent in each sample, and the samples have homogeneity of

variance.
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3.4 Results
3.4.1 Vector construct

CMT gene

The chicken metalothionein gene was synthesised with the recombination sites attB1 and attB2
at each end, giving a DNA sequence of 254 bp (204 bp CMT and 2 x 25 bp att sites) (Figure
3.4). The gene was amplified in a PCR reaction using primers complementary to the a#tBI and
attB2 sites with the addition of 4 G residues at their 5° end. Figure 3.5 shows the amplification
product of attB1-CMT- attB2 gene. The bands in lane 1 and 2 were of the expected size. Lanes

3 and 4 are negative amplification controls.

Zinknown © T Sk s Lo &
ﬁCAAGTTTGTACAAAAAAGCAGGC;ﬁ(GATCCGCAGGATTGTACCTGTGCAGCCGGTGATAGCTGTAGCTGTGCAGGTAGCTGTAA

attB1 site - MANUAL (100%)

ATGTAAAAATTGTCGTTGTCGTAGCTGCCGTAAAAGCTGTTGTAGCTGCTGTCCGGCAGGTTGTAATAATTGTGCAAAAGGTTGTG

Inknown ©
TTTGCAAAGAAC(GGCAAGEAGCAAATGTAGCTGTTGTCATGCAGCAGCAAAAGG;%A(CCAGCTTTCTTGTA(AAAGTGGT

attB2 site - MANUAL (100%)

Fig. 3.4 Sequence of attB1 -CMT-attB2 (254 bp). CMT sequence is shown in yellow colour flanked
by two attB sites (red).
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Fig. 3.5 Agarose gel (1.5%) of PCR amplification product using attB-primers. Lane 1 and 2: a#BI-
CMT-attB2 (254 bp); lane 3 and 4: control negative
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Entry vector and expression vector
The PCR fragment A#BI1-CMT-attB2 was cloned by BP recombination into the donor vector
pDONR (Appendices I). The resulting vector (p)DONR-CMT) contained an attL1-CMT-attL2

insert allowing recombination of CMT fragment into a destination vector (Figure 3.6).
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Fig. 3.6 The map of pPDONR-CMT encoding attL1-CMT-attL2 gene as an insert generated
from BP recombination. KanR is a gene encoding kanamycin resistance for selection of
transformant colonies. Ori is a gene for plasmid replication.

The pDONR-CMT construct was verified by restriction enzyme digestion with Apal and
EcoRV producing fragments (Figure 3.7) of approximately 2300 bp and 410 bp as expected.
pDONR-CMT was used as an entry vector for cloning the CMT insert into the destination
vector (pGWF1) (see Figure 3.3 for detailed steps).
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Fig. 3.7 Agarose gel (1%) of pPDONR-CMT (2753 bp) digested with Apal and EcoRV. Lane 1-4:
approximately 2330 bp fragments and 410 bp fragments, lane 5-8: control negative (without the
restriction enzyme).

The CMT was cloned into pGWF1, generating the expression vector pPGWF1-CMT. This
construct was verified by restriction enzyme digestion with Xbal and HindIII located at 224
and 3499 bp, respectively (Figure 3.9). Restriction fragments of the expected size were
observed by gel electrophoresis (1827 bp and 2712 bp) (Figure 3.8). pPGWF1-CMT without
restriction enzyme digestion showed bands indicating the presence of supercoiled, nicked, or

open circle vectors.
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Fig. 3.8 Agarose gel (1%) of pPGWF1-CMT (4540 bp) digested with Xbal and HindIII. Lane 1-4:
2712 bp and 1827 bp, lane 5-8: control negative (without addition of restriction enzyme).
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The genetic map of expression vector PGWF1-CMT is shown in Figure 3.9. This vector allows
high levels of IPTG-inducible gene expression from the T7 RNA polymerase promoter. The
inclusion of a 6xHis-Tag on the N-terminus allows purification of the expressed protein by
Nickel affinity chromatography. eCFP-CMT-Venus gene encodes the FRET biosensor as a
fusion of metallothionein/CMT with eCFP and Venus FP. A T7 terminator sequence is located
down stream of eCFP-CMT-Venus gene which marks the end of gene transcription. Ampicillin
resistance gene is used as a selection marker. Sequencing showed the CMT gene was in-frame

between eCFP and Venus genes and oriented correctly.
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Fig. 3.9 The map of pPGWF1-CMT encoding eCFP-CMT-Venus gene to produce the FRET biosensor.
Important features for protein expression in £.coli host cell are: 77 promoter as a binding site for RNA
polymerase located upstream of the insert, 77 terminator as the end of transcription site, ori for plasmid
replication, and AmpR gene encodes ampicillin resistance gene for selection of cells bearing this
plasmid.

3.4.2 Protein expression

The codon-optimised CMT sequence was translated to its corresponding amino acid sequence
(Figure 3.10). It contains 20 cysteines (C) residues responsible for heavy metal binding via

thiolate sulphur ligand interaction.
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DPQDCTCAAGDSCSCAGSCKCKNCRCRSCRKSCCSCCPAGCNNCAKGCVCKEPASSKCSCCHAAAKG

Fig. 3.10 Amino acid sequence encoded by the CMT gene. The cysteine (C) residues are highlighted
in yellow.

When the CMT-FRET sensor was extracted from the host cells, the cysteine residues were
oxidized, leading to the formation of disulphide bonds, which reduced the affinity for metals.
Therefore, the protein were incubated with 15 mM of mercaptoethanol to reduce the Cys
residues and improve the affinity for metals (Suzuki and Maitani, 1981 and Rajamani et al.,

2014). This replicates the reducing conditions inside the host cell.

The expression of eCFP-CMT-Venus gene in E.coli BL21 Rosetta DE3 host cell was examined
4 and 20 hours after IPTG addition. The proteins were extracted by sonication followed by
HisTag purification and applied to an SDS-PAGE gel. The molecular weight of recombinant
protein of the FRET biosensor was expected at 61 kD. SDS page results showed the molecular
weight was observed at molecular weight ~62 kD (Figure 3.11). Level of expression at 20 hours

were higher than 4 hours. Therefore, the host cells were harvested 20 hours after IPTG addition.

4 hrs After IPTG addition 20 hrs After IPTG addition

No { \l \
4 5 6

IPTG

1 2 3

62 kDa

Fig.3.11 SDS PAGE analysis of proteins expressed from pGWF1-CMT vector in E.coli BL21 Rosetta
2(DE3) host cell (after HisTag purification). The molecular size of FRET biosensor protein is
approximately 61 kDa as shown in the figure. The level of expression is higher at 20 hours after IPTG
addition.
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Fig.3.12 Emission spectra of the purified FRET biosensor in reducing conditions (protein concentration:
575 nM) with eCFP excitation at 435 nm.

The fluorescence emission spectrum of the purified FRET biosensor in reducing condition is
shown in Figure 3.12. Excitation at 435 nm was chosen to study the energy transfer between
eCFP and Venus with the least possible direct excitation of Venus while maintaining high eCFP
excitation efficiency. Two emission peaks at 475 and 525 nm were observed, corresponding to

emission signals of eCFP and Venus (Kaper et al., 2008).

3.4.3 Heavy metal binding in vitro

To characterize the response of FRET biosensors to heavy metals, the purified sensors were
tested with various concentrations of Pb*", Cd?*', and Zn?". eCFP was excited at 435 nm
immediately following the heavy metal addition. The emission spectra of eCFP and Venus for
each metal concentration tested are shown in Figure 3.13 (A, B, C) below. Changes in the
emission spectra of eCFP and Venus were observed after heavy metal exposure. There was a
concentration-dependent increase in FRET ratio (525 nm / 425 nm). The increase in FRET
ratio was observed over the concentration range 0.1 — 100 pM for Pb>*, 1-1000 uM for Cd**,
and 1 — 1000 pM for Zn>".
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Fig. 3.13 Changes in emission spectra of the FRET biosensors (in vitro) after the addition of Pb** (A),
Cd** (B), and Zn*" (C). Ratio of Venus/eCFP (525 nm/425 nm) against heavy metal concentration,
fitted to a simple binding affinity curve based on Equation 1 (C, D, E). The FRET ratio data were
normalized to 0 by subtracting the mean value in the absence of heavy metals. Measurements were
made in triplicate (n=3).

The plot of FRET ratio against heavy metal concentrations was fitted to a simple binding
affinity model (Equation 1) and followed a rectangular hyperbola curve (Figure 13 C, D, and
E). The curve fitting assumed that the binding of metals occurred in a non-cooperative manner,
in which the parameters describing the half-maximum binding concentration (Ka) and FRET
maximum values were estimated (Table 3.1). The Ka values for Pb*", Cd*", and Zn?" are 4.55

+0.78 uM, 9.44 £2.4 uM, and 9.47 + 2.14 uM, respectively (Table 1). The values are different
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because the CMT has different affinities to each metal. These results show that the binding
concentration in metal solution was higher for Pb**, followed by Cd*’, and Zn>" (i.e.
Pb>Cd>Zn). The maximum FRET ratio was obtained at the following saturating
concentrations: 0.6 = 0.01 at 50 pM for Pb?", 0.66 + 0.02 at 1000 pM for Cd**, and 9.47 + 2.14
at 1000 uM for Zn**. The maximum FRET ratio of Pb** was achieved at a lower saturating

concentration than Cd*" and Zn?", suggesting a greater sensitivity to Pb%".

The FRET biosensor was tested with other ions not known to bind with CMT, as a negative
control. Figure 3.14 shows the emission spectra of FRET biosensors after the exposure to Na*,
Mg?*, and K*. Changes in the emission signals at 475 nm (eCFP) and 525 nm (Venus) were

not apparent, indicating that the FRET biosensor was not responsive to these ions.
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Fig. 3.14 Emission spectra of the FRET biosensors (in vitro) after exposure to K* (KCl salt) (A), Mg?" (MgSO.)
(B), and Na" (NaCl) (C). The FRET biosensors showed no response to these ions.
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3.4.4 Heavy metal binding in vivo

In vivo tests were carried out by adding heavy metals to E.coli BL21 Rosetta 2(DE3) cells
expressing the FRET biosensor and the emission spectra measured at intervals. Changes in
eCFP and Venus FP emission spectra inside the cells were observed in response to heavy metals
(Figure 3.15). The ratio of Venus/eCFP (525/475 nm) was calculated and plotted against the

metal concentration (Figure 3.15.B).
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Fig 3.15. Changes in emission spectra of the FRET biosensor inside E.coli BL21 Rosetta 2(DE3) cells exposed
to different concentrations of metal (Pb*"). Emission peaks at 475 nm and 525 nm indicate the signals of eCFP
and Venus FP, which can be calculated to measure the FRET ratio in response to metals (B). The ratio of Venus
FP/eCFP were plotted against metal concentration. A reduction in FRET signal was observed at 100 uM. The
measurement was carried out using a spectrofluorimeter with 3 replication (n=3).
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Fig. 3.16 Ratio of Venus/eCFP (525 nm/425 nm) in response to heavy metal binding inside E.coli BL21 Rosetta
2(DE3) cells. The FRET ratio plot against metal concentrations fitted a simple binding affinity curve based on
Equation 1. The FRET ratio data were normalized to 0 by subtracting the mean value in the absence of heavy
metals. Measurements were made in triplicate (n=3). Note the different concentration scales for the metals.
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Similar to the in-vitro FRET analysis, the parameters describing the apparent Ka and FRET
maximum values inside the cells were estimated by curve fitting (Figure 3.16) using the simple
binding affinity model (Eq.1). The apparent Ka for Pb**, Cd*" and Zn*" are 4.27 = 0.30 pM,
50.56 £ 6.55 uM, and 5.41 £ 0.53 pM, respectively (Table 3.1). These values indicate that the
range of binding concentrations inside the host cell were lower for Pb*", followed by Zn?*, and
Cd*". The FRET max ratio was achieved in response to Pb*" at 50 uM, whereas Cd** and Zn?*
exhibited the max ratio at 1000 uM. This suggests that the concentration of Pb** inside the cell
was much lower than Cd** and Zn?', which was possibly caused by the different cellular

responses to these metals.

Comparison of in vitro and in vivo binding

Figure 3.17 compares the metal-induced FRET signals in vitro and in vivo. The results showed
that the binding model for Cd*" and Zn?" inside the cell were significantly different to the
outside (ANOVA, p<0.05), except for Pb** (p>0.05). The value of Ka defines the range of
binding concentrations, in which the concentration of Pb?" was not significantly different inside
and outside the cell. The Ka value for Cd** was higher inside the cell compared to outside. In
contrast, the value for Zn>" was lower inside the cell than outside. These results showed that
the FRET biosensors detected different concentrations of heavy metals when the sensors were
present inside the cell (in-vivo) and outside the cell (in-vitro). This difference was potentially
caused by the mechanisms of host cell to regulate metal uptake from the outside and passed
through the cell membrane to enter the cytoplasm. As a result, the number of metals inside the

cell will always be lower than outside the cell.

The values of FRET max for Cd*" and Zn*" were lower inside the cell compared to outside.
This revealed that the metal concentration that went into the cell and detected by the FRET
biosensor was not the same as that outside, indicating the measurement of metals

bioavailability.
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Fig 3.17. Comparison of in vitro and in vivo binding to Pb?" (A), Cd*"(B), and Zn?(C). The dots represent the
FRET ratio data obtained from each metal concentration; the straight line shows the curve fitting based on a simple

binding affinity model.

Table 3.1. The parameters of apparent Ka and FRET maximum estimated from the curve fitting describing the
binding sensitivity of the FRET biosensor to In-vitro and In-vivo inside E.coli BL21 Rosetta 2(DE3). FRET
measurement was carried out using a spectrofluorimeter. Differences in the binding affinity model of metals with
CMT between in-vitro and in-vivo tests were calculated using One-way ANOVA (significant level was quoted as

95% confidence level (p <0.05)).

Difference in the binding model

Heavy Parameters Estimate + Std.Error
- - for each metal between In-vitro
Metals In-vitro In-vivo and In-vivo
Ka 4.55+0.78 427 +£0.30
Pb p>0.05
FRET max 0.66 +0.02 0.65+0.01
Ka 944 +2.41 50.56 + 6.55
Cd p<0.05
FRET max 0.66 +0.02 0.49 +£0.01
Ka 947+2.14 5.41+0.53
Zn p<0.05
FRET max 0.60+0.01 0.55+0.008
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3.5 Discussion

A FRET-based heavy metal biosensor has been developed from an expression vector
compatible with protein production in the E.coli BL21 Rosetta 2(DE3). The vector
construction was facilitated by phage A (Gateway) recombination, which efficiently transferred
the CMT gene in framed between eCFP and Venus FP genes. Induction with IPTG enabled a
high expression of the biosensor, which can be used to characterise the FRET signals in

response to the heavy metal binding inside and outside the cell.

3.5.1 In-vitro binding

Direct exposure of the purified protein sensors to Pb?", Cd**, and Zn?" resulted in decreased
eCFP emission and increased Venus FP emission compared to the absence of these metals
(Figure 3.13). This indicates the energy transfer occurred from the eCFP (donor) to Venus FP
(acceptor) due to the binding of metals on the CMT. The increase in FRET ratio depended on
the metal concentrations in the solutions, which can be interpreted using a simple binding
affinity model (Equation 1) to estimate the binding affinity of the FRET biosensor. CMT as a
sensing domain of the FRET biosensor contains 20 Cys residues responsible for binding with
metals. Under a free metal condition, the CMT forms a disordered structure. In a condition
where metals are bound, the thiols from each Cys residue coordinate the metal binding,
resulting in CMT rearrangement to be a well-defined protein fold structure (Romero-Isart and
Vasak, 2002). This conformational change caused the distance between eCFP and Venus in

close proximity and enhanced the energy transfer from donor to acceptor protein.

The analysis of half-maximum binding affinity (Ka) and FRET maximum values (Table 3.1)
revealed the sensitivity of the FRET biosensor was the highest for Pb**, followed by Cd*" and
Zn*" (Pb**>Cd**>Zn?"). This trend is consistent with the finding from Rajamani et al. (2014),
in which the sensitivity of the FRET biosensor using the similar CMT was greatest to Pb*" and

Cd**, but lower to Zn*".

Initial sequence of CMT was produced based on eukaryotic expression system (Rajamani et.a/
2014), however; in the current experiment, the CMT sequence have been optimised for bacteria
cell expression. The results have shown that the optimised CMT did not change the order of
sensitivity (Pb**, Cd**, and Zn*"), and the function of the FRET biosensor was consistent
between these metals regardless the difference in host cell expression systems (E.coli and
microalgae). FRET biosensor constructed by Rajamani et.al, 2014 utilised the CFP and YFP
as acceptor and donor fluorescent proteins, respectively. In the current experiment, eCFP and

Venus FP were used as acceptor and donor fluorescent proteins. eCFP is a mutant version of
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CFP (Ser 66), whilst Venus FP is a mutant of YFP (Phe 46). The combination of eCFP and
Venus FP as FRET offers some benefits such as longer fluorescence lifetime, less sensitivity

to changes in pH or salts, and more photostable (Zaccolo, 2004; Kremers et al., 2006; Bajar, et
al 2016).

3.5.2 In vivo binding

This research has demonstrated the use of FRET biosensor to measure Pb%*, Cd*", and Zn**
inside E.coli BL21 Rosetta 2DE3. The emission ratio of Venus/eCFP within the host cells
increased following exposure to the heavy metals. The apparent Ka and FRET maximum
values (Table 3.1) revealed that the binding concentration inside the host cell was lower for
Pb?" compared to Cd** and Zn?". Likewise, the apparent FRET maximum values indicated that
a lower saturating concentration for Pb?* (50 uM) than Cd*" and Zn** (1000 uM). Pb** is
considered as a toxic metal even at low concentration. This metal can bind to various
biomolecules ranging from proteins, enzymes, and DNA. Pb*" can interact with cellular
proteins by mimicking the physiological effects of divalent metals such as Zn>" in zinc finger
proteins. The replacement of Zn*" with Pb*" in a protein or enzyme will diminish the protein

function and disturb the cellular process (Cangelosi et.al, 2014).

The apparent FRET maximum values indicated that the saturating concentrations for Cd** and
Zn*" are much higher (20-times) than Pb?" (Figure 16, Table 3.1). Metal concentrations above
the max values are attributed as toxic levels, in which the host cell can no longer maintain
cytoplasmic metal concentrations. In this condition, the metals did not meet physiological

requirements and potentially caused cellular damage.

Cadmium 1is considered a highly toxic and non-essential metal (Silver and Phung, 2005);
however, the E.coli cell in this study showed the maximum FRET signals in the exposure to
1000 pM of Cd**. This might result from cellular mechanisms through the role of efflux
transporter ATPases (Binet and Poole, 2000) and potentially the function of cadmium
adsorption protein. According to Qin et al. (2017) the E.coli BL21 (DE3) strain contained a
fragment of cadmium resistant gene (capB) located at the lambda phage DE3 region in its
genome. The overexpression of capB protein occurred due to exposure of the cell to 50 uM of

Cd(II). This protein plays an important role in absorbing and removing intracellular Cd*",

The FRET signals inside the cell reached saturation in the exposure to 1000 uM of Zn**. Zinc
homeostatic in E.coli is regulated by the uptake and efflux transporters across the cell
membrane. Extracellular zinc ions are accumulated into the cytoplasm through the ZnuABC

transporter (Patzer and Hantke, 1998). When the saturated Zn>" was reached inside the cell, the
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excessive Zn** will activate a regulatory protein (Zur) to repress the transcription of znudBC
gene to stop the metal accumulation. Conversely, another regulatory protein (ZntR) can induce
the expression of ZntA efflux transporter to remove Zn>* from the cytoplasm. Brocklehurst et
al. (1999) reported the ZntA protein was highly expressed in E.coli TG1 strain due to Zn(II)
exposure at 500 — 1000 uM. This mechanism may have happened in E.coli host cell in the

current experiment, which enabled the cell to survive in 1000 uM of Zn?** exposure.

3.5.3 Comparison of heavy metal binding in vitro and in vivo

The range of metal concentrations bound to the FRET biosensor inside the cell were not the
same as it was outside in metal solution. The evidence of this can be seen in Figure 4.17
showing the curve of in vivo shaped rectangular hyperbolic similar to in vitro measurement.
This means that the FRET biosensor behaved the same in terms of binding heavy metals in a
non-cooperative manner. The same curve patterns can be evidence that the FRET biosensor
measured metal doses inside the cell depending on the metal concentrations outside in which
the cells are being exposed. The signals of the FRET biosensor when present inside the cell
(in vivo-blue line) are lower than signals when the sensors were present outside the cell (in
vitro). This indicates the concentration of metals detected inside the cell was lower than outside

the cell as expected.

There are several possible reasons for the reduced intracellular metal concentrations relative to
the external concentrations. These are: (1) The outer membrane material of the host cell may
sequester some fractions of metals. The extracellular surface of gram negative bacteria cells
contains negatively charged functional groups such as carboxyl, hydroxyl, sulfhydryl, and
phosphate, which provide binding sites for cations at neutral pH (Diep et.a/, 2018). Only some
metals that passed through the outer and inner membrane can accumulate in the cell. (2) Once
inside the cytoplasm, these heavy metals could form complexes with cellular components, such
as organic molecules or proteins containing cysteine residues. This can potentially influence

the amount of metal that is sensed by the FRET biosensors.

In the case of Pb%*, it seems that the cell membrane barrier did not significantly affect the
concentration of metal uptake from the solution into the cytoplasm; hence the metal can be
easily detected by the FRET biosensor. Pb** may enter bacteria cells by various mechanisms,
including diffusion through cell membrane or passing through the uptake and transport

pathways of essential metal ions, particularly Zn** and Ca®>" (Martinez-Finley et al., 2012).

Unlike Pb?", the mechanisms of Cd*>" and Zn?" uptake are different and have been well

characterised. E.coli has developed resistance mechanisms to these metals, particularly at the
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cell membrane level. An ABC-type transporter, ZnuABC, and ZntA and periplasmic protein
ZraP have been known responsible for Zn?" uptake and efflux (Noll, et al, 1998; Binet and
Poole, 2000). Two P-type ATPases (CadA1 and CadA2) are responsible for the Cd** transport
system on E.coli cell membrane (Hynninen, 2010). These systems may explain the reason why
the FRET biosensors detected lower concentrations of Cd>" and Zn*" inside the cell compared

to outside the cell.

3.5.4 Comparison with other FRET-based metal biosensors

Results in this study showed the detection limit of the FRET biosensor using a CMT sensing
domain were 4.55 pM for Pb**, 9.44 uM for Cd**, and 9.47 uM for Zn?**. Other studies have
developed two different types of FRET biosensors: for Pb sensing ; Met-lead 1.59 (Chiu and
Yang, 2012), and Cd sensing; Met-cad 1.57 (Chiu et al., (2013). These two FRET biosensors
exhibited a lower detection limit compared to FRET Biosensor using CMT in the current
research. A Met-lead 1.59 FRET biosensor is a fusion of Pb binding protein (pbrR) from
Cupriavidus metallidurans between eCFP and Venus. In vitro properties of this biosensor
indicated that the affinity for Pb’>" was 69 nM, which is 60-fold more sensitive than results
(4.55 uM) found in the current study. Another FRET biosensor (Met-cad 1.57) which contains
a fusion of Cd-binding protein (CadR) with a pair of eCFP and Venus, showed an apparent
affinity of 250 nM for Cd**, which is also 40-fold more sensitive than the value (9.44 pM) in
the current research. The differences in detection limit can be attributed to the metal binding

affinity of the sensing domains.

Unlike CMT, the protein structure of pbrR and CadR contain fewer Cys residues. Single
metallothionein from vertebrates, such as CMT contains 20 Cys residues which can provide
binding sites for seven metals (Sutherland, et.al, 2012), whereas one pbrR or cadR molecule
contains 3 Cys residues which are responsible for binding one metal (Lee, ef al, 2001; Chen et
al.,2007). pbrR and CadR are originally protein regulators that can be activated due to binding
with Pb** and Cd**, respectively. These proteins control the transcription of metal resistance
genes in prokaryotic cells. In contrast, CMT functions in storing and detoxifying metals within

animal cells and bind to a larger amount of heavy metals than pbrR or cadR.

However, the application of pbrR and CadR as a component of FRET Biosensor is limited in
terms of the specificity. These FRET biosensors can only be used for detecting specific metal
such as for measuring the toxic effect of either Pb or Cd only in the host cells (Chiu and Yang,
2012). Their selectivity is limited to a single metal species; therefore, they are inconvenient for

the application in an environment where multiple metal ion species are present. The use of
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metallothionein as a sensing domain in the FRET biosensor enables the measurement of

toxicity effects from a group of metals (Pb, Cd, and Zn).
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3.6 Conclusion

The eCFP-CMT-Venus gene encoding the FRET biosensor has been constructed in an expression
vector (P GWF1-CMT), which is compatible for expressing the sensor protein in E.coli. The
FRET biosensor consists of CMT as a sensing domain fused between eCFP (donor) and Venus
FP (acceptor). Excitation of eCFP at 435 nm resulted in the emission peak of eCFP at 475 nm
and Venus FP at 525 nm, which can be used to calculate the FRET ratio corresponding to metal
concentrations. /n vitro characterisation of the purified biosensor showed the changes in FRET
ratio due to heavy metal binding on CMT. Estimates of half-maximum binding (Ka) and FRET
maximum values suggested that the sensitivity of the FRET biosensor was higher for Pb*" than
by Cd*" and Zn?*. The FRET biosensor was unresponsive to other ions such as K*, Mg?*, and
Na".

In vivo characterisation inside living E.coli BL21 Rosetta 2DE3 cells revealed that the FRET
biosensor can sense cytoplasmic Pb**, Cd**, and Zn?". The FRET signals revealed the metals
concentration outside the cell were not the same as inside, indicating a measurement of
bioavailability. This can be explained by the native metal resistance mechanisms of the host cell,

which may influence the concentration of metals uptake that the FRET biosensor can detect.

The FRET biosensor employing CMT has been proven to measure heavy metals inside the
bacterial host cell. The biosensor can potentially be developed in a different type of bacteria,
typically found in soil environments contaminated with heavy metals. Therefore, a subsequent
study (in the next Chapter 4) focused on developing a FRET biosensor inside a P.putida strain

using the same gene construct (eCFP-CMT-Venus) to express the biosensor.
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4. Development of FRET Biosensor for measuring
heavy metals using Pseudomonas putida

4.1 Introduction

In the previous chapter a FRET biosensor based on Chicken Metallothionein was used to
measure heavy metal concentrations inside E.coli BL21 Rosetta 2(DE3). This host cell is a
genetically well-characterized strain that has been developed for use in a laboratory
environment as a host for plasmid vectors and protein over-expression (Rosano and Ceccarelli,
2014). However, its application in polluted soil is less relevant because it could be negatively
affected by the toxicity of pollutants, extreme pH or low nutrient availability, etc. Therefore,
the aim of this chapter was to test the FRET biosensor for measuring metal toxicity using
Pseudomonas putida KT2440T7, a strain that was isolated from polluted soils. This approach
has not been described in the literature. Existing bacterial biosensors for sensing Pb**, Cd*",
and Zn*>* rely mostly on metal-inducible transcription to produce signals. The application of
FRET sensors in actual environmental samples is still rare (Hynninen et al., 2010; Elcin and
Oktem, 2020), mainly because of the limitation of spectroscopic measurements where there is

signal interference from soil particles (Song et al., 2014; Yoon et al., 2016a,b).

4.1.1 Pseudomonas putida KT2440

P. putida is a gram-negative bacteria isolated in 1960 from a soil field in Japan (Nakazawa,
2002). Early studies of this isolate have shown its potential for biodegradation of aromatic
compounds in soils and high colonization of plant rhizosphere (Ramos-Gonzales, et.al, 2005).
This bacterium can survive and function in a contaminated environment due to its capability to
adapt to various physicochemical conditions, such as extremes of pH and oxidative stress. P.
putida has been used as a model organism in many environmental applications, particularly in
the remediation of recalcitrant compounds such as hydrocarbons (Fernandez et al., 2012) and
pesticides (Zuo et al., 2015; Gong et al., 2016). P. putida can colonize the rhizosphere of plants,
which may facilitate the development of rhizoremediation systems for soil decontamination
(Espinosa-Urgel et al., 2002; Gong et al., 2016). Heavy metal resistance mechanisms in P.
putida have been well characterized (Canovas et al., 2003; Leedjérv et al., 2008). Heavy metal
homeostasis is maintained mainly through efflux transporters, sequestration, chelation, and

enzymatic reduction.
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P. putida strain KT2440 is a restriction-negative and plasmid-free derivative of a toluene-
degrading bacterium. The normal restriction system against DNA uptake is defective in this
strain, making it a suitable recipient for gene transfer (Bagdasarian et al., 1981). This strain has
been used for genetic manipulation and biotechnology because it is highly competent for

plasmid transformation and is considered a safe host strain (Nelson et al., 2002).

Troeschel et al. (2012) have developed the T7 RNA polymerase-dependent expression strain
P. putida KT2440T7. A gene encoding T7 RNA polymerase under the control of an inducible
lacUVS5 promoter was introduced into the chromosome of P. putida KT2440. This system
allows for the expression of a recombinant protein by IPTG induction. Considering all these
properties, P. putida KT2440T7 was selected as a model organism suitable for FRET biosensor

application in contaminated soil.

An efficient host-vector system is required for the production of the FRET biosensor in P.
putida. Promoter strength, plasmid DNA replication, post-transcriptional and post-translational
modifications, and unwanted protein degradation mechanisms can potentially influence the
target protein expression (Francis and Page, 2010; Troeschel et al., 2012). Therefore, pEBP18
was selected (Figure 4.2) as an alternative prokaryotic expression vector that carries an
inducible T7 promoter, multiple cloning sites, antibiotic resistance genes and origin of
replication specifically for P. putida KT2440T7 (Troeschel et al., 2012). The gene encoding
the FRET biosensor can be easily cloned into this vector and expressed in the host cell for the

study of metal-induced FRET signal.

4.1.2 FRET measurement using a confocal microscopy

Measurement of FRET signals using a spectrofluorimeter does not provide spatial information
on the distribution of heavy metals within samples. Metals must be separated from soil particles
before measurement, removing many of the advantages of an in vivo biosensor (Song ef al.,

2014; Yoon et al., 2016a,b).

In this research, laser scanning confocal microscopy was used to measure the FRET signals in
P. putida cells. This method overcomes the limitations of standard fluorescence microscopy.
Standard fluorescence microscopy illuminates the entire sample specimen and detects the
resulting fluorescence which often includes a collection of out-of-focus light above and below
the focal plane (Figure 4.1). A focal plane is the plane of a specimen object that is perpendicular
to the axis of lens and passes through the focal point. Signals from above and below the focal

plane cause blurriness and image degradation.
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Figure 4.1 The main feature of confocal microscopy is the pinhole to block out-of-focus light. Light from above
(a) and below (b) the focal plane of sample specimen is blocked by the pinhole aperture. Therefore,
only light from the main focal plane (c) passes the pinhole to the detector which can improve the
image resolution (Image adapted from Leica-Teledyne Photometrics, 2021)

The main goal of confocal microscopy is to reject out-of-focus light from the image which can
be achieved with a pinhole aperture (Sanderson, et.al, 2014). This ensures that light reaching
the detector comes only from the equivalent confocal point in the specimen where the
excitation light was focused (Figure 4.1). An image can be compiled pixel by pixel by recording
the fluorescence intensity, known as laser scanning, at each position across the specimen. This
results in a greater image resolution, higher contrast, and noise reduction (Sekar and Periasamy,
2001; Lemasters et al., 2001). However, some limitations of confocal microscopy are the use
of an intense laser line, which can potentially cause photobleaching of the fluorophore and the

requirement to use fluorophores which are excited by common laser emission lines.
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4.2 Aim and objectives

The aim of this chapter is to express the FRET biosensor (a fusion of CMT between eCFP and
Venus) inside P. putida KT2440T7 and study the sensor’s function for measuring heavy metals
inside the host cell. Initial heavy metals tests were carried out using a spectrofluorimeter to
characterise the emission spectra of FPs inside the host cell. A confocal microscope was used
to measure the FRET signals due to binding with metals inside the cells. The FRET signals and
corresponding heavy metal concentrations were analysed to determine the response of the host

cell.

To address the aim above, the objectives of this chapter are:
1. To clone the gene encoding the FRET biosensor (eCFP-CMT-Venus) into an expression
vector pEBP18.
2. To express the biosensor and characterise the emission signals in vivo within P. putida
in the presence of Pb?", Cd** and Zn**.
3. To visualize the changes in FRET signals inside living P. putida cells using confocal
microscopy and use this information to determine the response curve of the host cell to

heavy metal exposure.
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4. 3 Methods

The cloning process is summarised in Figure 4.2 below. The eCFP-CMT-Venus gene along
with the T7 promoter, ribosomal binding site and T7 terminator sequence were amplified from
the expression vector pPGWF1-CMT (Chapter 111, see Figure 3.9) as an insert and cloned into
pEBP18 obtained from Troeschel et al., 2012 (Figure 4.4) to produce an expression vector
pEBP18-CMT for transformation into P. putida cells. Notl and Hpal sites were added at the
end of the target gene, allowing for ligation into a linearised pEBP18 with compatible

restriction sites.

' — Insert
Notl eCFP-CMT-Venus Notl Notl
Insert .
Insert

» eCFP-CMT Digest
pGWF1- Hpal PCR Ve — eCFP-CMT-Venus
CMT ‘ —_— Notl+
y Hpal Hpal Notl
pal /
/ Insert
eCFP-CMT-Venus
Amp Hpal
Ligation PEBP18-
CMT
Y Notl
\ ECORI Notl(
~ Hpal Digest vbo ¥
—_— Backbone Hpal Kan
PEBP18 Noti + pEBP18 J
Hpal
¥ ¥
Transformation
Kan Kan

Fig. 4.2 The cloning process to construct pEBP18-CMT for the expression of the FRET biosensor in P. putida
KT2440T7. A gene encoding the FRET biosensor (eCFP-CMT-Venus) was amplified from pGWF1-CMT,
followed by digestion with Notl and Hpal. The recipient vector pEBP18 was linearized by digestion with Notl
and Hpal. The insert eCFP-CMT-Venus was cloned into the backbone pEBP18 to produce pEBP18-CMT, which
was transformed into P. putida cells.

In chapter 3, Gateway Cloning was used to construct the gene sequence encoding eCFP, CMT,
and Venus FP as the components of FRET Biosensor. This construct was developed in a
Gateway plasmid compatible for protein expression in E.coli host cell. However, Gateway
plasmid for protein expression in P.putida has not been developed. Therefore, the eCFP-CMT-
Venus F'P gene construct was cloned directly into an existing plasmid (pEBP18) which contains
a specific origin of replication and T7 promoter expression system suitable for P.putida host

cell.
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4.3.1 Primer design

The PCR primers consisted of leader sequence (3-6 bp on the 5’end of the primer to assist the
restriction enzyme digestion), restriction sites (Notl and Hpal) and region sequence of the
primer that binds to the target sequence (Figure 4.3). The primers were designed using the
software Genome Compiler™. The principle of designing these primers was based on some
considerations such as; the length of 20-30 bases, G/C content of 40-60%, start and end with
1-2 G/C pairs, melting temperature (Tm) of 50-60°C, including restriction sites with an addition

of 3-6 base pair clamp upstream the region for the enzyme to cleave efficiently.

Notl and Hpal were selected because they do not cut within the eCFP-CMT-Venus sequence
and are present in the multiple cloning sites of recipient vector pEBP18 (Figure 4.4). They also
cut the gfp gene sequence in pEBP18 so the GFP expression can be avoided. To maintain the
correct orientation of the eCFP-CMT-Venus sequence within the pEBP18 cloning sites, the
location of the forward primer was determined at the upstream restriction site (Notl) and the

reverse primer at the downstream restriction site (Hpal) (Figure 4.2)

The forward and reverse primers were designed to amplify the 100-2190 bp region covering a
T7 promoter, ribosome binding site, eCPF-CMT-Venus gene and T7 Terminator sequence.
Notl and Hpal sites were added to the primer sequence (Figure 4.2), so the amplification

product contains the same restriction sites as in pEBP18.

Primer (Forward)
¥Notl

5°... CCGCGCGGCCGCCCGATTCATTAATGCAGGATCTC ... 37
F1 ! F10 I F20 I F30 !

Primer (Reverse)

F1 ! F10 ! F20 !
3... TTGCAATTGGATAATGCGGTCTAGGCCTA ... 5

Hpal

Fig 4.3. Primers design (reverse and forward) for amplification of eCFP-CMT-Venus from pGWF1-CMT. Notl
and Hpal sites were added to the primers providing restriction sites for cloning into pEBP18.

4.3.2 eCFP-CMT-Venus gene amplification

The PCR reaction (50 pL) consisted of 0.2 uL of 10 uM primer reverse and forward, 0.2 pL.
(20 ng) of pGWF1-CMT template, 0.5 unL DNA HiFi polymerase (PCR Bio), 10 pL (1X) of
amplification buffer (PCR Bio) containing 15 mM MgCl: and 5 mM dNTPs (PCR Bio), and
38.9 uL of distilled water. One set of PCR reactions without the pPGWF1-CMT template was
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used as the negative control. The PCR reactions were carried out using PCR Thermal Cycle
(Prime-Cole Palmer, UK) with the following conditions: initial denaturation at 95°C for 1
minute, denaturation at 95°C for 15 seconds, annealing at gradient temperature of 53, 56, 60°C
for 15 seconds, extension at 72°C for 90 seconds (30 cycles), final extension at 72°C for 5

minutes, and maintained at 4°C.

The PCR product was purified by QIAquick Purification Kit (Qiagen) to remove primers,
unincorporated dNTPs, enzymes and salts from the reaction mixture. The purified PCR product
was loaded into gel electrophoresis (0.6% agarose, 100 Volt, 60 minutes) to verify the insert

size.

Digestion of DNA insert and recipient vector

The purified PCR product and vector pEBP18 (Figure 4.4) were digested separately with Notl
and Hpal (NEB UK). The first digestion mixture consisted of 5 pL (1 pg) of DNA, 1 uL of
Hpal, 5 pL of 10X NEB Cut Smart digestion buffer, and 39 pL of distilled water. The mixture
was incubated at 37°C for 60 minutes, followed by purification with QIAquick Purification Kit
(Qiagen). The purified DNA was set up for the second digestion, which consisted of 5 pL (1
pug) of DNA, 1 uL of Notl, 5 uL. of 10X NEB 3.1 digestion buffer and 39 pL of distilled water.
The mixture was incubated at 37°C for 30 minutes and subjected to gel electrophoresis (0.6%

agarose, 90 Volt, 40 minutes).
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Fig. 4.4 A map of pEBP18 as the shuttle vector for the P. putida host cell. Necessary features are the
origin of replication (rep) for plasmid replication in P. putida and kanamycin resistance (KanR). The
vector was digested with Not I (7689) and Hpa I (8303) to remove the gfp sequence and generate a
backbone for cloning the eCFP-CMT-Venus insert.

PCR product extraction and desalting

The gel was visualized under UV light and the band of interest excised using a scalpel. The gel
slice was transferred to a 1.5 mL centrifuged tube and weighed. A 300 pL volume of gel
dissolving buffer (Qiagen) was added to the tube containing the gel slice (100 mg). The mixture
was incubated at 50°C for 15 minutes and vortexed periodically until the gel was completely
dissolved. A 150 pL volume of isopropanol was added to the sample. The final mixture was
transferred to a spin column (Qiagen) in a 2 ml collection tube and centrifuged at 17.900 x g
for I minute. A 750 puL volume of buffer PE (Qiagen) was added to the column and centrifuged
at 17.900 x g for 1 minute. The flow-through was discharged and the column was placed into
a microcentrifuge tube. A 50 uL volume of distilled water was added to the column and

centrifuged for 1 minute to elute the DNA.

The DNA was desalted using Microcon DNA Fast Flow Filter (Merck Millipore). A 50 puL
volume of DNA was diluted with distilled water to a volume of 500 uL and put into the filter
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in a Microcon tube assembly. The sample was centrifuged at 500 x g for 20 minutes. The filter
device was removed from the assembly and placed into a recovery tube, followed by
centrifugation at 1000 x g for 3 minutes. The purified DNA was collected in a recovery tube

and stored at -20°C.

4.3.3 Ligation

The ligation reaction was carried out at a molar ratio of 3:1 (insert: vector). The ligation mixture
(50 pL) consisted of 2 pLL (10X) of T4 Ligation buffer (NEB UK), 7 uL (50 ng) of linearized
vector pEBP18 (10092 bp), 3.8 uL (31 ng) of insert (2051 bp), 1 uL of T4 DNA ligase (NEB
UK) and 6.1 pL of nuclease-free water. Samples without the addition of insert were used as the

negative control. The mixture was incubated at 16°C overnight.

The transformation was carried out by adding 5 puL of ligation reaction mixture to a tube
containing 50 pL of E.coli OmniMAX™ competent cell (Invitrogen) followed by incubation
on ice for 30 minutes. The cells were heat-shocked for 30 seconds at 42°C without shaking in
a water bath and immediately placed onto the ice. A 450 uL volume of Super Optimal Broth
medium (S.0.C) (ThermoFisher) medium was added to the cells at room temperature and
shaken at 37°C for 1 hour. A 100 pL volume of the transformation reaction were spread on
selective LB plates containing 50 pg/mL of Kanamycin (Thermofisher) and incubated
overnight at 37°C. Five cell colonies were selected and grown in selective LB medium (50
pg/mL of Kanamycin) overnight at 37°C for vector (pEBP18-CMT) purification. Bacteria

glycerol stocks (15%) were prepared from the overnight culture and stored at -80°C.
Verification of pEBP18-CMT construct

pEBP18-CMT was isolated and purified from the host cells by using QIA Spin Miniprep Kit
(Qiagen). The purified plasmid was digested with Hpal and Notl as described above. Following

the digestion, the samples subjected to gel electrophoresis (1% agarose, 90 Volts, 45 minutes).

The plasmid pEBP18-CMT was sequenced using T7 primers (reverse and forward) to verify
the eCFP-CMT-Venus construct and orientation. Following this, pEBP18-CMT was prepared

for transformation and protein expression in P. putida KT2440T7.

4.3.4 pEBP18-CMT Transformation into P. putida host cell
P. putida KT2440T7 was obtained from Troeschel ef al., 2012 and maintained on LB agar
containing 10 pg/mL of Gentamicin. Preparation of P. putida KT2440T7 competent cells was

carried out by inoculating a single colony from an agar plate into 20 mL of LB and incubated

75



overnight at 28 °C with constant shaking (120 rpm). 6 x 2 mL of the overnight culture was
transferred into 2 mL centrifuge tube and the cells were harvested by centrifugation at 16,000
x g (room temperature) for 2 minutes. The pellets were washed twice with 2 mL of 0.3 M sterile
sucrose solution and re-suspended in 500 pL of 0.3 M sucrose solution. The competent cells

were stored on ice before the transformation.

The transformation of pEBP18-CMT into P. putida KT2440T7 was carried out by
electroporation using the Gene Pulser electroporation apparatus (Bio-Rad). A 50 uL volume of
competent cells was mixed with 2 pL (500 ng) of pEBP18-CMT and transferred into
electroporation cuvettes (2 mm gap) (Bio-Rad). Competent cells mixed with 1 pL (250 ng) of
pEBP18 was used as positive control. The competent cells without vector mixture was used as
a negative control. The electroporation was performed using program EC2 (2.5 Kv, 5.8 ms).
Following this, the cuvette was immediately placed on ice and the cells were re-suspended in
I mL of LB. The suspension was transferred into a test tube and incubated at 28°C for 2 hours.
A 100 pL volume of cells was spread onto LB agar containing 10 pg/mL of Gentamicin and
20 pg/mL of Kanamycin. The agar plates were incubated overnight at 28°C. Five cell colonies
were selected from the agar and grown in selective LB liquid (10 pg/mL of Gentamicin and 20
pg/mL of Kanamycin) overnight at 28°C for protein expression. Bacteria glycerol stocks (15%)

were prepared for cell preservation at -80°C.

4.3.5 Protein expression

The overnight culture was transferred (10% v/v) into a fresh LB liquid supplemented with 10
pg/mL of Gentamicin and 20 pg/mL of Kanamycin (Thermofisher). Protein expression was
induced by adding isopropyl thiogalactoside (IPTG) (0.125 mM final concentration). The cells
were grown for 20 hours while shaking at 27°C. The expression of eCFP and Venus inside the
host cells was measured using a spectrofluorimeter (Horiba Jobin Yvon - FluoroMax-4,

Edinburgh Instruments).

4.3.6 Heavy metals in P. putida
P. putida KT2440T7 expressing the FRET biosensor was harvested by centrifugation and
suspended with Heavy Metal MOPS medium (HMM), pH 7. The medium composition and

preparation are described in Chapter III, section I11.3.8.

The in vivo binding test was carried out by adding different concentrations of metal salt
solutions (Pb(NO3)>, CdCla, ZnSOy4) to a cell suspension of final OD of 0.5 in a 3 ml cuvette.
The final concentrations of each metal were: 0.1, 1, 10, 50, 100 uM for Pb(Il); 1, 10, 100, 500,
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1000 uM for Cd(IT) and Zn(II). Metal concentrations were selected based on results reported
by Rajamani et al 2014 in which the sensitivity of detection for Pb** was lower than Cd*" and
Zn**. The initial trial in the current study showed that the exposure of Pb*" above 100 uM
caused precipitation of protein and cell samples which eventually interfered with the
fluorescence reading. Therefore, 100 pM was selected as the maximum concentration that can
be tested. In terms of Cd*" and Zn?", 1000 pM was selected as the maximum concentration
which did not cause precipitation of the samples. MgSO4 with a final concentration of 1000
uM was used as the negative control. FRET measurements of cells in suspension were
performed using a spectrofluorimeter. The cells were excited at 435 nm and the fluorescence
emission recorded after 2 h incubation at room temperature. All experiments were performed
in triplicate. The emission peak from eCFP and Venus were identified, and the FRET ratio
(525/475 nm) calculated.

Data were analysed using R version 3.52 (R core Team 2018). A plot of FRET ratio against
metal concentration was fitted to a simple binding affinity model (Equation 1). The data was
corrected using the FRET signal of the cells in the absence of metal. The difference in metal

induced FRET signals inside P. putida was compared to E.coli using One-way Anova.

4.3.7 FRET Measurement using a confocal microscopy

The FRET signals of living P. putida KT2440T7 cells were measured using a confocal laser
microscope (Zeiss LSM Airyscan). Before microscopic observation the cells bearing FRET
biosensors were exposed to different concentrations of metals, as described above. After 3 h
incubation with metals, the cells were vacuum filtered through a dark 0.2 pm membrane
(Whatman® Cyclopore® polycarbonate and polyester membranes, Merck). ProLong Live
Antifade reagent (Thermofisher) with a ratio of 1:100 was added to the cells on the filter
membrane. The filter membrane was placed on the microscope slide and covered with a
coverslip.

The slide was assembled on the microscope stage and a 63x oil-immersion objective lens used
for image acquisition. Cells were excited at 458 nm using an argon laser filter. Detectors were
set at 469-491 nm to collect signals from eCFP (Channel 1) and 500 — 561 nm for Venus FP
(Channel 2). The laser power was set to 10 and the pinhole was 1 airy unit (AU). The gain was
adjusted to 775 for CFP emission (Channel 1) and 750 for Venus emission (Channel 2), and

kept the same for all experiments. Z-stacks were acquired with a step size of 5.87 uM. Images
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were acquired immediately at 512 x 512 pixels and a resolution of 12-bit pixel depth for

quantitative measurements.

4.3.8 Image Processing using Fiji and statistical analysis

ImageJ (Fiji) was used to process the images of the FRET emission ratios in P. putida
KT2440T7. Image stacks from the confocal (czi. format) were opened in Fiji (ImagelJ) as a
hyper-stack and Z projection image calculated based on maximum intensity. Cells were
identified by creating a mask from channel 1 (eCFP emission), thresholded and converted to
binary. A 32-bit floating point FRET ratio image was calculated by dividing the Venus
emission image by the eCFP emission image. The mask was subtracted so that only cells were
present in the image. Cells were identified as objects >2 pixels in size and the mean value for
each cell extracted from each channel. The mean value for each cell in the FRET ratio image
was copied and transferred into an excel file in csv format for graphing and statistical analysis

using R version 3.52 (R core Team 2018).

The distribution of FRET ratio signals from cells in one image was displayed in a box plot.
Three images were obtained (n=3) for each heavy metal concentration. Statistical differences
in the FRET signal at a particular concentration was determined using a one-way ANOVA.
The average of FRET signals from the three images was plotted against metal concentration
and fitted to a simple binding affinity model (Equation 1, Chapter III). The data were corrected
using the signals in the absence of metal (0 uM). Parameters of apparent Ka (half maximum
metal binding affinity) and apparent FRET maximum were derived from the fitted model to

determine host cell response to metal exposure.
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4.3 Results

4.4.1 Creation of pEBP18-CMT

The region encoding the FRET biosensor from pGWF1-CMT was amplified by PCR and cloned
into pEBP18 to generate an expression vector (pEBP18-CMT). The size of the eCFP-CMT-Venus
insert after digestion with Notl and Hpal was approximately 2109 bp, as expected. Digestion of
pEBP18 with Notl and Hpal generated two linearized vector fragments (10.092 bp and 614 bp).
The fragment with size of 10.092 bp was selected as the backbone vector for ligation.

Ligation

The presence of salts may inhibit the ligation reaction. Therefore, the extracted DNA (insert and
backbone vector) were purified with Microcon (Merck Millipore) to remove carried over salts and
organic compounds from the gel extraction process. Notl and Hpal digestion generated four-based
5’ overhangs and blunt ends for both the insert and backbone vector sequence (Figure 4.5). These
ends are complementary to each other, allowing the ligase to work catalysed by T4 DNA ligase.
The insert and backbone vector molecules can only join in one orientation and are prevented from

self-ligation.

= Ne Backbone Hpal Notl Hpal Notl Product Hpal
Ligase
+ = | -b
I Y - AAC GGCCGCl...JGTT| ...[6 clE@EEEECINETT|AAC|. ..
...Jc6cce6a TTG CGl...cAA ...jc6cceallealsdcARlT Tal..

Fig 4.5. Four-based 5’ overhang and blunt ends on backbone vector and insert sequence generated from Notl and
Hpal digestion. These ends are compatible for ligation between the insert and vector molecule.

The 3:1 insert to vector molar ratio was sufficient for the ligation reaction, resulting in the new
vector construct of pEBP18-CMT. Transformation of the ligation mixture into E.coli

OmniMAX™ was carried out to select and replicate the pEBP18-CMT.

The construct pEBP18-CMT was verified by digestion with Notl (7688) and Hpal (9807), and
sequencing. Lanes 1-5 in Figure 4.6 show the digestion products indicated by the presence of two
linearized DNA at 10,0092 and 2118 bp, as expected. Sequencing results with T7 primers showed
the correct sequence of eCFP-CMT-Venus, with orientation for both reverse and forward

directions.
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Fig 4.6. Agarose gel (1%) of pEBP18-CMT digestion using Notl & Hpal. Lane 1-5: linearized vector (10092 bp +
2118 bp), lane 6: control negative (vector only)

The genetic map of pEBP18-CMT is shown in Figure 4.7. This vector allows for protein expression
from the T7 RNA polymerase promoter located upstream of the eCFP-CMT-Venus sequence. P.
putida KT2440 T7 harbours an IPTG inducible T7 RNA polymerase in its genome and therefore
induction with IPTG will activate the T7 RNA polymerase and express the FRET biosensor. The
T7 terminator sequence is located downstream of eCFP-CMT-Venus, which marks the end of gene
transcription. A kanamycin resistance gene is used as a selection marker of the host cell bearing

pEBP18-CMT.
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Fig. 4.7 A map of pEBP18-CMT encoding the eCFP-CMT-Venus sequence for FRET biosensor production
in P. putida. Important features are the T7 promoter as transcription start site located upstream of the eCFP-
CMT-Venus gene, rep gene which is responsible for plasmid replication, KanR which encodes the
kanamycin resistance gene, and T7 terminator as the termination site for the transcription process located
downstream of the insert.

4.4.2 Electroporation and Protein expression

pEBP18-CMT was transformed into P. putida KT2440T7 host cell by electroporation. Following
the incubation at 28°C, cell colonies were found on LB + Kanamycin + Gentamycin agar,
indicating the P. putida cells bearing the pEBP18-CMT. No colony was found on agar with

untransformed cells.

Following the IPTG addition, the expression of the FRET biosensor was detected using a
spectrofluorimeter. Figure 4.8 shows the spectra emission of the P. putida-bearing FRET

biosensor indicating the presence of eCFP (peak at 475 nm) and Venus FP (peak at 525 nm).

4.4.3 Metal-induced FRET signals inside P. putida (spectrofluorimeter)
A preliminary study of metal-induced FRET in P. putida KT2440T7 was carried out using a

spectrofluorimeter. Changes in eCFP and Venus FP can be observed due to metal binding with the
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FRET biosensor inside the cell (Figure 4.7). A change in FRET ratio occurred in response tp
exposure to Pb** at 100 pM (Figure 4.10B).
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Fig 4.8 Changes in emission spectra of the FRET biosensor inside P. putida KT2440T7 cells exposed to different
concentrations of metal (Pb?>"). Emission peaks at 475 nm and 525 nm indicate the signals of eCFP and Venus FP,
which can be calculated to measure the FRET ratio in response to metals (B). The ratio of Venus FP/eCFP was plotted

against metal concentration. A reduction in the FRET signal was observed at 100 WM. The measurement was carried
out using a spectrofluorimeter with 3 replicates (n=3).

The FRET ratio versus metal concentration was fitted to a simple affinity model (Equation 1,
Chapter III), from which the parameters of apparent Ka and FRET maximum were obtained
(Figure 4.9). The apparent Ka defines the range of concentrations in which the metals bind to CMT
inside the host cell. The apparent Ka due binding with Pb** (6.67 £+ 0.96 uM) was the lowest,
compared to Cd** (73.25 + 14.67 pM) and Zn** (35.40 £.6.3 uM) (Table 4.1). This suggest that

the smallest binding concentration was exhibited by Pb**, then followed by Zn?** and Cd**

The comparison of binding affinity models inside P. putida and E.coli is shown in Figure 4.9 and
summarised in Table 4.1. The binding model inside P.putida were statistically different with E.coli
(p<0.05), except for Cd** (p>0.05). The values of apparent Ka inside P. putida were higher than
E.coli, particularly for Zn?*, in which the Ka value was 6.5-fold higher (Table 4.1). Likewise, the
maximum values in P.putida were also higher than in E.coli. These results showed that a higher
metal concentration inside P.putida compared to E.coli. The binding of metals within both host
cells should be the same, the alteration of apparent Ka and FRET maximum values were due to
the difference in cellular metal regulations which affected the amount of metal available for the

detection by the FRET biosensor.
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Fig. 4.9 Changes in FRET emission ratio inside P. putida KT2440T7 (blue) and E.coli BL21 DE3 (red) in response
to Pb?" (A), Cd*" (B), and Zn*" (C). Measurement was carried out using a spectrofluorimeter in three replications
(n=3). Dots represent the FRET ratio data and a rectangular hyperbolic curve fitted based on simple binding affinity
model (Equation 1).

Table 4.1. Apparent Ka and FRET maximum parameters estimated from the curve fitting describing the binding
sensitivity of the FRET biosensor to Pb, Cd, and Zn inside P. putida KT2440T7 and E.coli BL21 DE3 cells. FRET
measurement was carried out using a spectrofluorimeter. Difference in the binding model between inside E.coli and
P. putida were calculated using One-way ANOVA (significant level was quoted as 95% confidence level (p <0.05)).

Heavy Estimate + standard error Difference in the binding
Parameters ; . model between E.coli and
metals E.coli P. putida P :
. putida
Apparent Ka 4.27+0.30 6.67+0.96
Pb p<0.05
Apparent FRET max 0.65+0.01 0.65+0.019
Apparent Ka 50.56 £ 6.55 73.25 £ 14.67
Cd p=0.069
Apparent FRET max 0.49 +0.01 0.56 +0.027
z Apparent Ka 5.41+0.53 3540+£6.3 p<0.05
n
Apparent FRET max 0.55+0.008 0.73 £ 0.025
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4.4.4 Analysis of FRET emission ratio image

Live cell imaging of P. putida bearing the FRET biosensors and its response to heavy metal
binding was performed using confocal microscopy. The specimen slide preparation involved
retaining the host cells on the surface of a black polycarbonate membrane to provide a contrast

and low background fluorescence so they could be viewed clearly under the microscope.

At the beginning of this experiment, photobleaching of eCFP and Venus FP was observed
during the image acquisition (Figure 4.10). Therefore, an antifade reagent (Prolong Live,
Thermofisher) was added to the samples to reduce the photobleaching effect. Figure 4.10 and
4.11 show that the photobleaching effect was minimized after the addition of the antifade
reagent. The difference can be seen clearly in image 3, in which the mean value of eCFP signal
was 1069 due the antifade effect, whereas the value was 667 in the absence of antifade. Overall,
the eCFP signals were reduced significantly (p<0.05) from the mean value of 1310 (Image 1)
to 438 (Image 5) in the absence of antifade. In the presence of antifade (1:100), the median
value of the eCFP signal was reduced (p<0.05) from 1242 (Image 1) to 1069 (Image 5).

Image number taken at 5 sec interval (eCFP channel)

1 3 5

Treatment

No Antifade

Antifade (1:100)

Figure 4.10 Representative images of photobleaching (¢CFP Channel) inside the cells (without and with the
addition of antifade). In the absence of antifade, the effect of photobleaching can be observed clearly on images
3 and 5 (blur image), whilst the addition of antifade minimised the effect of photobleaching on images 3 and 5.
The measurement was carried out using confocal microscopy under argon-laser (458). The image was taken 5
times with a 5-second interval. Scale bar: 20 um. The value of the emission signals for each cell is shown in Figure
4.10 below.
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Figure 4.11. Emission signal of host cells following exposure under laser 458 nm to excite the eCFP. Each dot
represents the emission signal from a single cell. The eCFP signals were reduced significantly (p<0.05) from the
mean value of 1310 (Image 1) to 438 (Image 5) in the absence of antifade. In the presence of antifade (1:100), the
mean value of the eCFP signal was reduced (p<0.05) from 1242 (Image 1) to 1069. The difference in signals
between images in each treatment was calculated using Two-way ANOVA, followed by Tukey’s test. Different

letters indicate significant difference between images Significant level was determined as 95% confidence level
(p <0.05).
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Fig.4.12. Representative images of P. putida KT2440T7 expressing eCFP (A) and Venus FP (B) in the absence
of heavy metals. The region of interest (white square) was selected on Image C to show the pixel distribution of
the emission ratio inside the host cells (red colour bar, Image D). A box plot (Figure E) shows the distribution
range of the FRET signals from all cells on the image, with median value of 276, mean value of 2824+27.9, min
and max value of 236.5 and 337.95, respectively (Image E).

Figure 4.12 above shows representative images acquired from excitation of eCFP at 458 nm in
the absence of heavy metals. The fluorescent region inside the cells is shown in images A and
B, indicating the eCFP and Venus FP expression, and the FRET ratio is shown in Image C. The
distribution inside the host cells is shown in Image D. The purpose of the white square was to
magnify the cells so that the pixel distribution inside each cell can be shown clearly. It should

be noted that the signals from all cells in one image were calculated and taken into
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consideration for statistical analysis. The mean values of the FRET ratio distribution inside the
cell were calculated and designated as the emission ratio of the host cells. Figure 4.12, E, shows
the average value of the emission ratio from all cells on the image. Visualization of the host
cells exposed to low and high concentrations of Pb**, Cd**, and Zn*" is shown in Figures 4.13,
4.14, and 4.15, respectively. As cells were exposed to higher concentrations of metals, the

FRET signal increased, indicating metal binding to CMT in the biosensor.

A. Channel 1 (eCFP emission) B. Channel 1 (Venus FP emission) C. FRET Ratio image D. FRET Ratio (inside the cell)
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Figure 4.13 Representative images of P. putida KT2440T7 expressing eCFP (A) and Venus FP (B) after exposure
to Cd** at 1 pM and 1000 pM. The FRET ratio image (C) was obtained from image processing using ImageJ
(Fiji). The region of interest (white square) was selected on Image C to show the pixel distribution of the FRET
ratio inside the host cells as shown in image D. Level of FRET signals (mean gray value) inside the cell is shown
in the red colour bar.
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Figure 4.14 Representative images of P. putida KT2440T7 expressing eCFP (A) and Venus FP (B) after exposure
to Pb?" at 1 uM and 50 uM. The FRET ratio image (C) was obtained from image processing using ImageJ (Fiji).
The region of interest (white square) was selected on Image C to show the pixel distribution of the FRET ratio

inside the host cells as shown on image D. Level of FRET signals (mean gray value) inside the cell is shown in
the red colour bar.

A. Channel 1 (eCFP emission) B. Channel 2 (Venus emission) C. FRET Ratio Image D. FRET Ratio (inside the cells)
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Figure 4.15 Representative images of P. putida KT2440T7 expressing eCFP (A) and Venus FP (B) after exposure
to Zn?" at 1 uM and 1000 uM. The FRET ratio image (C) was obtained from image processing using ImageJ
(Fiji). The region of interest (white square) was selected on Image C to show the pixel distribution of the FRET
ratio inside the host cells as shown on image D. Level of FRET signals (mean gray value) inside the cell is shown
in the red colour bar.
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Metal-induced FRET signals of cells in response to heavy metal concentrations is shown in
Figure 4.16. Each box plot represents the distribution of signals from all cells in one image.
The FRET signals in response to Cd?" started to increase significantly from the cell’s exposure
to concentration of 10 uM, then a maximum signal was achieved due to exposure at 1000 pM.
Pb** exhibits the lowest minimum concentration that can be detected starting from 0.1 pM, in
which the FRET signal dropped significantly (p<0.05) at 100 uM. The FRET signals in
response to Zn>" started to increase significantly from the cell’s exposure to concentration of

100 uM, in which the signals increased until the exposure at 1000 uM.
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Figure 4.16 Metal-induced FRET signals inside P. putida in response to different concentrations of Cd*", Pb*",
and Zn*". The box plot represents the emission ratio from all cells in one image. FRET measurement was carried
out using confocal microscopy. This figure shows the lower and higher detection limit of the FRET biosensor
inside P. putida, which were 10-1000 uM (Cd**), 0.1-50 uM (Pb?") and 100-5000 pM (Zn?").
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Figure 4.16 shows P.putida cells bearing the FRET biosensor which were exposed to different
concentrations of Cd?", Pb?>", and Zn*'. Confocal measurements were carried out in three
replications from each heavy metal tested for each concentration. The box plot represents
emission ratio signals from all cells in one image. Prior to the curve fitting, the FRET emission
ratio (Y-axis) was normalised by subtracting the values of emission ratio in the absence of

metal (0 uM).

The curve fitting was carried out by taking the mean value from each image (box plot) and
running the models based on the cooperative and non-cooperative (simple binding affinity)
binding equations. The statistical validation was performed by using the Akaike Information
Criterion (AIC) test model. AIC works by evaluating the model’s fit on the data set and adding
a penalty term for the complexity of the model. The desired result was to find the lowest
possible AIC indicating the best model fit. The statistical analysis showed that the AIC units
were less than 2 for the model of non-cooperative binding equation. Therefore, the curves for
all heavy metals tested were well fitted to this model and followed a rectangular hyperbolic

curve (Figure 4.17).

The plot was fitted to a simple binding affinity model (Equation 1), assuming the metal binding
on CMT was non-cooperative. Figure 4.17 shows that the curve fitting followed a rectangular

hyperbolic curve, from which the apparent Ka and FRET maximum parameters were estimated.

Table 4.2 shows that the apparent Ka indicating the measurement range inside P.putida for
Pb>" was 8.26 £ 1.09 uM, which is 6-times lower than the value for Cd*" (68.35 = 11.73 uM)
and 24-times lower than the value for Zn*" (204.007 £ 29.72 uM). The apparent FRET
maximum values indicate the maximum concentration that can be measured, which is 366.20
+ 15.88 for 50 uM of Pb**, 251.06 + 9.12 for 1000 uM of Cd**, and 522.92 + 16.44 for 5000
uM of Zn**. The maximum value to Zn>" suggests that the concentration of this metal in the

host cell was higher than Cd*" and Pb*".
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Figure 4.17 Changes in emission ratios inside P. putida KT2440T7 in response to Pb?" (A), Cd** (B), and Zn?"
(C). Measurement was carried out using a confocal microscope. Dots represent the mean of the FRET ratio data
obtained from the cells in one image, whereas rectangular hyperbolic lines represent the fitting curves based on a

simple binding affinity model (Equation 1).

Table 4.2 Apparent Ka and FRET maximum parameters estimated from the curve fitting describing the
binding sensitivity of the FRET biosensor to Pb, Cd, and Zn inside P. putida KT2440T7. FRET
measurement was carried out using confocal microscopy.

Heavy Parameters Estimate + standard error

metals
Ka (uM) 68.35+11.73
Cd
Max.value 251.06 £9.12
Ka (uM) 8.26+1.09
Pb
Max.value 366.20 + 15.88
Ka (uM) 204.007 £29.72
n
Max.value 52292 +16.44
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4.5. Discussion

FRET biosensors for heavy metal sensing have been developed in a variety of host cells,
including mammalian (Chiu and Yang, 2012), microalgae (Rajamani et al., 2014) and fruit fly
(Drosophila melanogaster) (Yang et al., 2020). These studies have shown the capability of
FRET biosensor to measure the response of host cells to heavy metals. In this research, the
FRET biosensor was expressed inside a soil bacterium, P. putida and measured intracellular
concentrations following exposure to Cd**, Pb*, and Zn?'. The biosensor construction
involved cloning the eCFP-CMT-Venus gene into the pEBP18 vector, compatible with protein
production in the P. putida KT2440T7 strain (Troeschel et al., 2012). The functionality of this
vector was confirmed by the expression of the FRET biosensor controlled by the T7 promoter

system.

4.5.1 Metal-induced FRET signals in P. putida

This research has demonstrated the use of confocal microscopy for FRET measurement. Laser
at 458 nm can excite the donor (eCFP), resulting in energy transfer from eCFP to the acceptor
(Venus FP). Changes in the emission ratio (Venus FP/eCFP) correspond to the concentration
of heavy metals, confirming the metal sensing ability of the FRET biosensor in P. putida
(Figure. 4.16). Using confocal microscopy enabled the visualization of metal-induced FRET

signals in the context of a cellular physiological environment.

The FRET ratio signals revealed that the detection limit of the FRET biosensor inside P. putida
was very low for Pb*" (8.26 + 1.09 uM) compared to Cd** (68.35 + 11.73 uM), and Zn**
(204.007 £ 29.72 uM). The apparent FRET maximum due to Pb*" was exhibited at 50 uM,
which was also the lowest compared to Cd?>" and Zn?*. Based on these results, it can be inferred
that P.putida responded to each metal in a different way. Pb?" exhibited the lowest metal
concentration in the cell compared to Zn?>" and Cd** showing that Pb?>" was unfavourable for
the host cell. Reduction in FRET signal due to cells exposure at 100 uM indicated a very toxic
level in which the cell cannot tolerate. Pb*>" has no biological function and once it enters the
cytoplasm this metal could bind to essential proteins through coordination by cysteine,

glutamic acid or histidine, to disrupt cellular function (Martinez-Finley et al., 2012).

The minimum detection limit for Cd** (10 uM) and Zn** (100 uM) were higher than Pb** (0.1
uM). This can be explained through the role of metal efflux transporters in P. putida KT2440.
Hynninen (2010) reported that the CBA transporter (CzcCBA1) and cadA P-type ATPase are
responsible for transporting Cd** and Zn?" from the periplasmic membrane before entering the

cytoplasm. The efflux transporter can cover extracellular metal concentrations within the range
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of 10 to 100 pM. Above these concentrations, some metals may escape from the transporter
and enter the cytoplasm. Therefore, they can be sensed by the FRET biosensor and subjected
to intracellular resistance mechanisms. These efflux transporters did not regulate the levels of
Pb?" and therefore lower exposure (0.1-1 uM) to Pb could cause this metal to pass through the
cell membrane and be detected by the FRET biosensor. The efflux transporter specifically for
Pb%" in P. putida is still unclear but Leedjérv et al (2008) suggested the involvement P-type
ATPase that could remove a small amount of Pb?". However, it seems that the native
detoxification system cannot resist exposure to Pb?" above 50 pM, causing a toxic impact on

the cell.

Interestingly, the FRET signals increased significantly until exposure to 5000 pM of Zn?",
indicating a high metal concentration inside the cell (Figure 4.16). Zinc is an essential metal
required by the host cell in trace amounts for cellular metabolism. However, at high
concentrations it can disrupt the homeostatic balance of the cell and cause toxicity (Rouch et.al,
1995; Choudhary and Sar, 2009). Apparently, the P.putida cells were still capable of
maintaining zinc homeostatic even when the external concentration reached 5000 pM. Some
possible mechanisms of P.putida KT2440 to regulate high exposure to zinc are the intracellular
redox mechanisms which can be activated due to extracellular concentration above 2500 uM

Peng et al. (2018).

Compared to E.coli, FRET biosensors in P. putida exhibited higher apparent Ka and FRET
maximum values, indicating that the host cell has the capability to withstand a broader range
of metal concentrations. This is supported by Canovas et a/ (2003), who found many genes
involved in metal homeostasis and tolerance in the chromosome of P. putida KT2440. Metal
transporters on the cell membrane and intracellular resistance mechanisms to Pb**, Cd*" and
Zn*" provide this host cell with the capability to maintain influx and efflux of metals, thus

affecting the available metal concentrations for detection by the FRET biosensors.

4.5.2 Potential application of FRET biosensor in P. putida

The fact that P. putida KT2440 can survive in high metal concentrations (Leedjarv et.al, 2008;
Peng et al., 2018) makes this host cell very promising for biosensor application in a polluted
environment. This has been shown in studies which have exploited this host cell for measuring
heavy metal toxicity in environmental samples (Hynninen et al, 2010; Liu et al, 2012; Peng
and Su, 2014). A biosensor that utilised P. putida KT2440 for Pb*", Cd*, and Zn?" sensing
relied on a transcription-inducible system (czcl-lux and cadAl-lux). The promoter activation

of the efflux transporter gene fused with a lux gene was used to produce signals (Hynninen et
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al, 2010). Their biosensor exhibited the detection limit of 0.90 uM for Pb**, 1.12 uM Cd**, and
0.16 uM, and 0.89 uM for Zn**. In contrast, the detection limits of the P. putida FRET
biosensor developed in this study are 9-fold (Pb*"), 68-fold (Cd*") and 200-fold (Zn**) higher
than the P. putida KT2440 (czcl-lux/cadA l-lux).

The higher detection limit arises due to the CMT properties which bind larger amounts of
metals than the regulatory protein (cadR) of the cadA gene in the inducible biosensor. CMT is
a metallothionein containing 20 Cys residues which provide binding sites for seven metals
(Sutherland, et al, 2012), whilst cadR is a regulator protein with only 3 Cys residues responsible
for metal binding (Lee et al/, 2001). The difference in detection range between these biosensors
indicates that the FRET biosensor in P. putida is a more suitable candidate for application in a
highly polluted environment.

The use of confocal microscopy for FRET measurement can potentially detect bioavailable
heavy metals when living host cells are introduced directly into the polluted soil. FRET
measurement using confocal microscopy has been widely used in the field of biomedical
research (Sekar and Periasamy, 2003; Yang et.al, 2020); however, the application for
monitoring of pollutants in environmental samples (e,g polluted soil) has not been found in
literature. The main drawback is due to the common use of transcription-inducible biosensors
in which the measurement of the signal was typically performed by using spectroscopy
instruments. This approach involves mixing the soil samples with water followed by separation
of filtrate which is considered as an indirect measurement. The FRET biosensor developed in
P.putida offers a direct approach in which the host cell can be deployed into the soils and the

changes in FRET signals can be measured in-sifu using confocal microscopy.

The emission ratio images were calculated with subsequent metal concentrations to generate
the standard curves describing the response of the host cell to heavy metal exposure. The
standard curves can potentially be used to measure the range of bioavailable metal
concentrations as the host cells are exposed to any metal-polluted environment. The FRET
biosensors detect the number of metals from the surrounding environment that can pass through

the cell membrane to enter the cytoplasm and potentially cause toxicity.

4.5.3 Future development of the FRET biosensor

The genome sequence of P. putida KT2440 has been well characterised (Nelson et al., 2002;
Belda et al., 2016). Therefore, the FRET biosensor can potentially be developed by integrating
the gene encoding eCFP-CMT-Venus into the chromosome in which the protein expression is

controlled by a constitutive promoter. This will allow the expression of the FRET biosensor
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without the need for IPTG induction. Chromosomal gene expression offers a more stable basis
for FRET biosensor construction than plasmid-based approaches and eliminates the use of

antibiotics for plasmid maintenance (Saleski et al., 2021).

Properties of the host cell could be modified to improve the detection limit of the biosensor.
This has been shown by Hynninen et al/ (2010), in which the disruption of metal efflux
transporters in the host cell can improve the detection limit of an inducible biosensor by up to
45-fold. The activities of influx and efflux transporters on the cell membrane maintain the
cellular metal concentration; thus removing the efflux transporter causes the metals to
accumulate in the cell and influence the concentration of available metals for detection by the

FRET biosensor.

FRET measurement using confocal microscopy can be affected by photobleaching which
causes loss of signals. The use of antifade-containing oxyrase enzymes provides a protection
in live-cell imaging and was proven to minimize the photobleaching effect. These enzymes
were isolated from E.coli plasma membranes and have the ability to metabolize free radical
oxygen to reduce photobleaching (Thurston et al., 2000). Therefore, further development of
the biosensor should consider integrating the gene encoding oxyrase into the genes of P. putida
to enable the enzymes to be produced without affecting the intracellular function. This will

reduce the effect of photobleaching without the addition of the antifade reagent.
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4.6 Conclusion

The FRET biosensor (fusion of CMT between eCFP and Venus) has been developed inside P.
putida KT2440T7. The expression was based on the pEBP18-CMT vector under the control of
a T7 promoter. Changes in the emission spectra of eCFP and Venus FP were observed following
the exposure of the cells to Pb*", Cd*", and Zn**, indicating the sensing ability of the FRET
biosensor. FRET measurement using confocal microscopy was successfully performed,
providing accurate information on metal-induced FRET signals at the cellular level. The analysis
of the FRET ratio images revealed that the detection limit of the FRET biosensor inside P. putida
was 8.26 £ 1.09 uM for Pb*", 68.35 + 11.73 uM for Cd*", and 204.007 + 29.72 uM for Zn*>".

The comparison of FRET signals between E.coli and P. putida showed that the FRET biosensor
in P. putida measured higher metal concentrations, particularly to Cd** and Zn?'. This was
probably due to the role of metal transporters in the cell membrane that maintain metal
homeostasis in P. putida, thereby influencing the amount of metal sensed by the FRET biosensor.
The standard curves of metal-induced FRET signals to Pb?>", Cd**, and Zn?" have been produced
to describe the response of P. putida to metal exposure. This can potentially be used to measure
the concentration of bioavailable metals in a real polluted environment. Therefore, the next
experiment focused on applying this biosensor to monitor changes in heavy metal bioavailability
as a monitoring tool to support the remediation of metal-contaminated soil. This research has
identified further development needs of the biosensor to increase the stability of FRET biosensor

expression, improve the detection limit inside the host cell and reduce the photobleaching effect.
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S. A FRET biosensor for measuring the
bioavailability of heavy metals in biochar-amended
soil

5.1. Introduction

Bioavailability is an important parameter to measure the extent and potential risk of heavy
metal contamination in soils (Peijnenburg et al, 2007). Soil pore water is considered to contain
the most mobile heavy metals in the form of free ions, hence potentially causing toxicity to soil
organisms (Giller, et.al, 2009). However, bioavailable metals are present in many forms, so a
single measurement from soil pore water is often insufficient.

Analytical protocols based on chemical extraction methods are commonly used to determine
the proportions of metal fractions in soils, which are operationally defined as exchangeable,
carbonate-bound, hydrous-oxide bound, organic matter-bound and residual (Maiz et al., 2000).
This approach relies on the exchange of metals in the soil with extractants such as salts or weak
acids, but does not directly represent the biological relevance of the metals. A biosensor is
therefore an attractive approach to assess the biological impact of heavy metal toxicity as it

directly measures metals at the location where damage occurs, i.e. within the cell cytoplasm.

Microbes play an essential role in soil function and productivity but are more sensitive to heavy
metal stress than soil animals or plants (Chaudri ef al., 2008; Giller, et.al, 2009). Some studies
of heavy metal toxicity focus on the changes in activities and diversity within microbial
populations without considering the actual impact at the cellular level. Various bacteria-based
biosensors have been widely developed for sensing different metals, but only a few have been
applied to environmental samples (Gireesh-Babu ef a/, 2012, Roda et al, 2012, Maderova et al,
2013, Yoon et.al, 2016a,b). The main challenge relates to the signal interference due to the
complex nature of soils. This issue could be overcome by optimizing the experimental method
and conditions to obtain a reliable and accurate measurement of metal bioavailability.

Current strategies for biosensor application in soil mainly involve mixing the soil samples with
water or minimal salt solution. The biosensor cells are then exposed to the resultant soil
suspension or supernatant for signal measurements (Song et al., 2014; Yoon et al., 2016a,b).
In this method, the soil samples are diluted 10-20 times and shaken to break down soil
aggregates. The pre-treatment process of soils with high dilution and shaking alters the soil

conditions and can potentially release bioavailable metals, resulting in an overestimated
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measurement. Direct application of biosensors in a soil slurry may offer a more representative
measurement of the actual metal bioavailability. This approach still requires further
development in which the host cells should be separated from the soil matrix, followed by
subsequent signal measurement (Maderova et al, 2013).

The previous study (Chapter 4) showed that the FRET signals in P.putida were proportional to
the concentration of heavy metals that were available to enter the host cell and bound with
CMT. In this chapter the host cell was exposed to heavy metal-contaminated soil to evaluate
changes in bioavailable metals following the use of biochar and compost amendments as a
remediation method. The results from the biosensor deployment were used to assess the
performance of biochar and compost in reducing the bioavailability of the heavy metals in the

soil.

5.2. Aim and objectives
The aim of the experiment described in this chapter was to evaluate the application of P.putida
bearing the FRET biosensor as a tool to measure the bioavailability of heavy metals in the

remediation metal-contaminated soil amended with biochar and compost.

The objectives of this study are:

1. To develop an assay in which the biosensor can measure bioavailable heavy metals at
the water field capacity of the soil, based on measurement of the FRET signals in cells
separated from the soil or by direct measurement (soil in situ).

2. To integrate the biosensor results with other soil parameters: pH, extractable metals
(NH4NO;j extraction), soil microbial activity (soil respiration) and phospholipid fatty
acid (PLFA) profiles using stable isotope probing, to assess the effectiveness of biochar
as an amendment for the remediation of metal contaminated soil.

Hypotheses:

1. Bacterial cells expressing the FRET sensor in soil samples will sense different fractions
of metals: 1) cells present in pore water, which detect soluble metals, and 2) cells
attached to soil or compost particles, which detect metals associated with a solid phase
that cannot be readily extracted.

2. The bioavailable concentrations of heavy metals in soil which has not been amended
with biochar and/or compost are high.

3. The biosensor can detect a reduction in metal bioavailability, indicating a shift in

toxicity due to biochar and compost amendment, which can be independently
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confirmed by (i) a decrease in metal solubility, (ii) improved soil microbial activity
indicated by a higher CO; mineralization rate, and (iii) changes in the structure of the

soil microbial community.
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5.3 Methods
5.3.1 Experiment of Soil amendment with biochar and compost
5.3.1.1 Pot experiment set up
The contaminated soil used in this experiment was obtained from Wemyss Mine, an abandoned
mine located 15 km southeast of Aberystwyth in Wales. Soil was dried at 20 + 5 °C for 1 week
and sieved through a 2 cm stainless sieve. Square plastic pots (width 10 cm, depth 20 cm) were
lined at the bottom with fiberglass to avoid soil loss through the drainage holes. The pots were
filled with soil or soil supplemented with organic amendments (biochar, compost, or both), as
follows:

1. Soil (S):1.2 kg of contaminated soil

2. Soil and biochar (S+B): 1.164 kg soil and 36 g biochar (3 % w/w)

3. Soil and compost (S+C), 976 g of soil and 224 g of compost (18 % w/w)

4. Soil, compost, and biochar (S+C+B): 940 g of soil, 36 g of biochar (3% w/w) and 224

g of compost (18 % w/w)

Each treatment was replicated four times. Deionized water was added to each pot until water
holding capacity was reached. The pots were allowed to equilibrate for 7 days at 22 °C in the
dark. The pots were protected with insulation material (Celotex, 100mm GA4100) to prevent
overheating in summer or freezing in winter. The pots were placed on a raised bed in the
outdoor compound at Arthur Willis Research Centre (Figure 5.1) and left for 18 months (April

2019-October 2020) under ambient environmental conditions.

Fig. 5.1 Set up for outdoor pot experiment of soil amendment with biochar and compost (the experiment
was prepared and carried out by Rosa Soria). The experiment was located at Arthur Willis
Research Centre, Sheffield, UK.
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The purpose of drying the soil was to obtain dry weight sample. The main reason for doing
this step is because the mixing of soil with biochar and compost was carried out based on a dry
weight basis. If the soil was wet, then mixing with biochar will not be accurate because some
water in the soil can interfere with the weight measurement. Oven temperature of 40°C is
considered not to severely affect the microorganisms in the soil. Few studies have reported that
soil microorganisms can survive at temperature 40°C, this was shown by their capability to
perform respiration in the soil. The respiration rate reduced at temperature above 40°C
(Richardson, et.al, 2012; Liu, et.al, 2018). However, the drying process may affect the moisture
content in the soil which was required by microbes. This was solved later by adding deionised

water until water holding capacity was reached before starting the incubation.

5.3.1.2 Soil sampling and Analysis
Soil samples were collected after 18 months for physicochemical analysis (Table 5.1) and
bioavailable metals measurement using the FRET Biosensor. Chemicals used for these analysis
were Kanamycin (Thermofisher), IPTG, MOPS (3-(N-morpholino)propane sulfonic acid)
(Sigma Aldrich), Pb(NOs)2, ProLong Live Antifade solution (1:100) (Thermofisher), NH4NO3
(Acros Organic), HNO; (Fisher Scientific), HCI (37%, Fisher Scientific), 13C-labelled glucose
(Sigma Aldrich). Materials used were P.putida KT2440T7 bearing pEBP18-CMT, Biochar
(WSP 550, UK Biochar Research Centre), 0.45 um syringe filters (Fisherbrand™ Non-sterile
PTFE Syringe Filter), 0.2 um membrane (Whatman® Cyclopore® polycarbonate and polyester
membranes, Merck), 10 mL syringe, 50 mL polyethylene centrifuge tubes, microscope slides,
CoverWell™ Imaging Chambers (Grace Bio-Labs).
1. pH measurement
Soil samples were analysed for pH (Thermo Orion 5 star, FB68800 pH meter) and Electric
Conductivity (JENWAY, 470 Cond meter) in a 1:2.5 (w/v) suspension of soil in deionised
water (Beesley et al. 2010).
2. Total Heavy metals
Dried and sieved soils were placed in 15 mL glass tubes and digested with 5 mL of Aqua
Regia (4:1, HCI:HNO3) using HNO3 (68%, Fisher Scientific) and HCI (37%, Fisher
Scientific) for 4 hours at 120 °C in a heating block (Wawra et al. 2018). Following this,
extracts were diluted to 25 mL with deionized water and filtered using 0.45 pm syringe
filters (Fisherbrand™ Non-sterile PTFE Syringe Filter). All samples were analysed by ICP-
MS (PerkinElmer, Sciex Elan DRCII).
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. Bioavailable heavy metals
Bioavailable heavy metals in soils were determined using NH4NO3 (1 M) according to
Wawra et al. (2018). Briefly, 10 g of dried soil was weighed in flasks and filled up with 25
ml of 1 M-NH4NOs solution. The flasks were shaken for 2 hours, let stand, and the soil
solution was filtered. The filtrates were stabilized with 1% (v/v) of HNO3 (65%) and the
metal concentrations were determined by ICP-OES (Perkin Elmer Optima 7300).
. Organic matter content
Organic matter in soil was determined using the K,Cr,O7 titration method with FeSO4
following the British Standard BS1377 (BS 2018).
. Available ammonium
Ammonium (NH*") was determined according to ISO, (1997), briefly, 2.0 g of soil was
mixed with 20 mL of 2 M KCI solution for 1 hour at 120 rpm; the samples were filtered
through 0.45 pm syringe filters (Fisherbrand™ Non-sterile PTFE Syringe Filter) and NH4+
determined with a continuous flow analyser (Skalar San+).
. Available nitrate
Available nitrate was determined according to Miranda et al. (2001); 2.00 g of soil was
mixed with 2M KCI solution and shaken for 30 min at 120 rpm in room temperature. The
mixtures were filtered with 0.45 um syringe filters. The filtrates were mixed with vanadium
cocktail solution (1:1 ratio). This solution consisted of concentrated VCI3 (400 mg VCI3 in
50 mL 1M HCI), 2% sulphanilamide (2 g sulphanilamide in 100 mL of 5% HCIl), 0.1%
NEED (0.1 g N-ethylenediamine dihydrochloride in 100 mL water) and water in a volume
ratio 0£9.2: 139: 70: 1.15, respectively. The samples were incubated t in the dark for 2 hours
and measured at 540 nm using a UV-spectrophotometry (UV-2401PC, Shimadzu).
. Available phosphate
Available phosphate was determined based on the Olsen method (Iatrou et al. 2014). Briefly,
2.00 g of soil was mixed with 40 mL of 0.5 N NaHCOs solution (pH 8.5) for 30 minutes at
120 rpm. The samples were filtered using 0.45 pum syringe filters and Phosphate was
determined with the ascorbic acid method (Murphy and Riley 1962) at 880 nm by UV visible
spectroscopy (UV-2401PC, Shimadzu).
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Table 5.1 Physicochemical parameters of the biochar-amended soil experiment

Parameters Methods
pH pH meter
Electric conductivity (EC) JENWAY, 470 conductivity meter
Organic matter content BS1377-3:2018 (BS, 2018)
Available nitrate NOs” Acidic Griess reaction (Miranda et.al, 2001)
Available phosphate PO4* Olsen method (latrou et al., 2014)
Total heavy metals’ Aqua regia digestion followed by ICP-OES analysis
Bioavailable heavy metals? NH;NO; extraction

Notes
1: Assumed to be ‘total’ based on the complete digestion of the sample using the reagent indicated

2: Based on chemical extraction using the reagent indicated

Table 5.2 Soil samples used for biosensor test

Treatment Pot Numbers
20
Soil (control) 5
24
12
Soil + Biochar (3% w/w) 26
27
7
Soil + Compost (40% v/v) 8
9
Soil + Biochar (3% w/w) + 243
Compost (40% v/v) 3
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Fig. 5.2 Summary of FRET biosensor application to measure the bioavailability of heavy metals in soil
remediation. Contaminated soil was sampled from an abandoned mine land in Wemyss (A). The
contaminated soil was amended with biochar, compost, and mixture of biochar and compost in pot-

scale experiment during 18-months incubation outdoors
sampled for the analysis of metal bioavailability using the

(B). Soil from the experimental pot was
FRET biosensor. The biosensor cells were

introduced directly into the soil samples at water holding capacity for sensing different fractions of
metals: pore water (C) and metals associated with the solid phase (D). Cells present in pore water (C)
were separated by centrifugation followed by filtration on a membrane for FRET signal measurement

using a confocal microscope. /n-situ measurement (D) was
soil particles.
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5.3.2. Biosensor Test

5.3.2.1 Preparation of Biosensor cells

P.putida KT2440T7 bearing pEBP18-CMT was recovered from a frozen glycerol stock. The
cells were grown overnight in a selective LB liquid (10 pg/mL of Gentamicin and 20 pg/mL
of Kanamycin) while shaking at 27°C. The overnight culture was transferred (10% v/v) into
the same medium. Protein expression was induced by adding IPTG (0.125 mM final
concentration). The cells were grown for 20 hours while shaking at 27°C for 20 hours.

Before harvesting the expression of fluorescent proteins (eCFP and Venus FP) was checked
using the fluorescence microscope Nikon Eclipse LV 100. P.putida KT2440T7 expressing the
FRET biosensor was harvested by centrifugation (3000 rpm for 10 minutes) and re-suspended
with MOPS (3-(N-morpholino)propanesulfonic acid) medium (Sigma Aldrich) at pH 7. The
final optical density (OD) was adjusted to 0.5, ready for soil application.

As part of quality assurance, the biosensor cells used over the experiment were grown in the
same conditions (28°C, shaking at 120 rpm) including the same concentration of IPTG addition
(final concentration of 1.25 mM according to Troeschel, et.al, 2012). This can help to maintain
the expression level of the fluorescent protein pairs in all cells. The final OD of cells was
maintained at 0.5 so that the cell numbers were expected to be the same for all experimental
set up. The QC was performed by employing the negative control; the biosensor cells were
exposed to MOPS buffer without the addition of heavy metals. The FRET ratio signals from

these cells were expected to be lower than the cells exposed to the polluted soils.

The number of cells in the 0.6 ml was not measured during the experiment. The optical density
(OD) was set at the value of 0.5 for all the experiments. The consistency of cell numbers was
maintained by using the cells from the same batch culture with similar growing conditions.
According to Yap and Trau (2019), the concentration of E.coli cells measured by
spectrophotometer (600 nm) with the OD value of 0.5 may contain approximately 1 x 10° — 1.5
x 10° cells/mL.

5.3.2.2 Initial test : soil exposure with cell separation

The initial application of the biosensor was carried out by introducing the host cells into the
following soil samples at water holding capacity: 0.6 mL/gram (soil+biochar) and 0.8 mL/gram
(soil+compost), followed by separating the host cells before the FRET measurement. A 5 gram
dried and sieved soil sample was put into a 10 mL syringe in which the tip was covered by

glass wool. A 3 mL volume of biosensor cells (OD 0.5) was added to 5 grams of soil sample
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from the soil control and soil with biochar treatments. A 4 mL volume of biosensor cells was
added to 5 grams of soil sample from the soil with compost treatment. The samples were
incubated for period of time (1, 2, and 3 hours) at room temperature and put inside a 50 mL
polyethylene tube for centrifugation (Figure 5.3). The difference in time incubation was used
to determine the equilibrium between water, host cells and the soil samples as these could affect
the number of cells that can be separated.

The water and cells were extracted from the samples by centrifuge at 1000 x g for 5 minutes.
The water was collected and filtered through an 11 um pore size filter paper (Whatman) to
remove the soil particles. The filtrate was collected in a separate tube and filtered through a
dark 0.2 pm membrane (Whatman® Cyclopore® polycarbonate and polyester membranes,
Merck). ProLong Live Antifade reagent (Thermofisher) with a ratio of 1:100 was added to the
host cells on the filter membrane. The filter membrane was placed on the microscope slide and
covered with a coverslip. The FRET signal of the cells was measured using a confocal laser
microscope (Zeiss LSM Airyscan). The settings on the confocal microscope were the same as

when the cells were tested in heavy metal solutions (Chapter 4, section 4.3.7).

Collection tube

Biosensor cells
added

Plastic syringe --p»
(10mL)

Incubation
—_—
Centrifuge
Soil
(5 gram) >

Glass wool --

4
Water extract containing
the host cells and soil
particles

Figure 5.3 Experimental setup for the initial application of the biosensor. Biosensor cells were added
to 5 grams of soil sample under various treatments until saturated in a syringe. The host cells were
separated from the soil by centrifugation, followed by filtration and FRET measurement using a
confocal microscope
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5.3.3 Biosensor test: In situ soil measurement

In situ measurement was carried out by measuring the FRET signals directly under a
microscope as the host cells were exposed to the soil samples. A 0.6 mL volume of biosensor
cells (OD 0.5) was added to 1 gram samples from the pots of soil only (control) and soil with
biochar treatments. A 0.8 ml volume of biosensor cells (OD 0.5) was added to 1 gram samples
from the pots of soil with compost treatment. The mixture was incubated at room temperature
for 3 hours.

Following the incubation, the soil sample was put on a microscope slide, ProLong Live
Antifade solution (1:100) was added to the soil and covered with CoverWell™ Imaging
Chambers (Grace Bio-Labs) (Figure 5.4). The FRET signal of the cells was measured by using
a confocal laser microscope (Zeiss LSM Airyscan). The settings on the confocal microscope

were the same as described in Chapter 4, Section 4.3.7

Figure 5.4. Biosensor assay for in situ measurement of bioavailable metals in soil samples. The soil
sample containing biosensor cells was placed on a glass slide and covered with the imaging
chamber. FRET signals of the host cells were measured using a confocal microscope.

The images of the FRET emission ratio in P.putida host cells were processed using ImageJ
(Fiji) as described in Chapter 4, Section 4.3.7. Fluorescence emission from the soil particles
may interfere with the fluorescence signals of the biosensor. Therefore, Channel 1 (eCFP
emission) and Channel 2 (Venus FP emission) were merged and used to distinguish the

fluorescence signals of the host cells from the background of the soil samples.

5.3.4 Estimation of bioavailable metal concentrations

The concentration of bioavailable metals in the host cell was determined from the standard
curve of P.putida bearing FRET sensor in response to Pb** (Chapter 4, Figure 4.16-A). This
metal was selected because it is highly toxic and constitutes a large fraction of the heavy metals

in the Weymss soil. The in vivo binding test revealed that the biosensor exhibits a greater
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response to Pb?" than Cd** or Zn?* (Chapter 4). The standard curve to Pb*" fitted to a simple

binding affinity model (Equation 1):

[M].FRETmax
Ka+[M]

R = (1)
where R is the FRET emission ratio of the biosensor, FRETmax is the FRET ratio maximum
(366) at a saturating metal concentration (50 uM), Ka is the half-maximum concentration of

metal-binding affinity (8.26 uM), and M is the concentration of bioavailable metal in the

system (LM).

The FRET emission ratio of cells in each pot was corrected using the mean value of cells in the
absence of metals (control). The bioavailable metal concentration detected by each cell (M)
was calculated using the variables in Equation 1. The FRET signals can be higher than the
maximum (Rmax: 366) for several reasons: 1) the Rmax value from curve fitting is an average
(with a measure of variance, so in a set of measurement some signals will be higher), and 2)
the FRET sensor may respond differently at high metals concentration, due to a reduction in

signals under these conditions.

5.3.5. In situ biochar test

As a control experiment, the host cells were exposed to biochar saturated with Pb, in which the
FRET signals were measured directly using the confocal microscope. Biochar (WSP 550, UK
Biochar Research Centre) was dried and ground to obtain particles less than 2 mm. A 20 mL
volume of Pb(NO3)> solution (1 mM) pH 6.8 was added to 200 mg of biochar in a 50 mL
polyethylene. A 20 mL volume of deionised water was added to 200 mg of biochar as a negative
control. The mixtures were incubated at room temperature for 18 hours while shaking at 120
rpm.

The mixtures were filtered using 11 um pore size filter paper (Whatman) to separate metal-
saturated biochar. A 0.12 ml volume of biosensor cells (OD 0.5) in MOPS media was added to
200 mg of metal-saturated biochar and incubated for 3 hours at room temperature. As a control
the cells were also added to biochar without Pb*" exposure. Following the incubation, the
biochar samples were put on a microscope slide, ProLong Live Antifade solution (1:100) was

added to the sample and covered with CoverWell™ Imaging Chambers (Grace Bio-Labs). The
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FRET signal of the cells was measured using the confocal laser microscope (Zeiss LSM
Airyscan).

The biochar samples were extracted with NH4NOs. A 200 mg sample of biochar was added to
5 ml of NH4NOs3 (1M, Acros Organic) and incubated overnight while shaking. The mixture
was filtered using a 0.2 um syringe filter to separate the biochar particles. The filtrates were

acidified with 1%(v/v) of HNOs (Fisher) and the metal concentrations determined by ICP-OES.

Total heavy metals in the biochar samples were determined according to ISO standard
169:2013 (ISO, 2013). A 200 mg sample of biochar was placed in a glass tube and mixed with
5 ml of Aqua Regia (4:1, HCI:HNOs3) using HNO3 (68%, Fisher Scientific) and HCI (37%,
Fisher Scientific). The mixture was digested at 120 °C for 4 hours and allowed to cool at room
temperature. The mixture was filtered using 0.2 pm pore size syringe filter to separate the
biochar particles and brought to final volume of 10 mL with deionised water. The concentration

of metals was determined by ICP-OES.

5.3.6 Statistical analysis

An ANOVA test was used to evaluate any significant differences of physicochemical
parameters between soil treatments, followed by the Tukey HSD post-hoc test. The level of
significance was set to 0.05.

For the image processing data, cells were identified as objects >2 pixels in size and the mean
value for each cell extracted from the channel (FRET ratio image). The mean value for each
cell in the FRET ratio image was copied and transferred into an excel file in csv. format for
graphing and statistical analysis using R version 3.52 (R core Team 2018). A Violin plot was
used to visualize the distribution of the FRET signals and their probability density. A normality
test was performed to check whether the data was normally distributed for each experimental
pot. If the data is not normally distributed, the differences in FRET signals among the treatment
group were calculated using a non-parametric Kruskal-Wallis test, followed by pairwise
comparison using the Wilcoxon signed-rank test. All significant levels were quoted at the 95%

confidence level (p <0.05).

110



5.3.7. Analysis of soil respiration and PLFAs

The effect of biochar as an amendment on microbial activity in metal-contmainated soil was
assessed within a secondment undertaken at Boku University, Austria. The secondment was
conducted in collaboration with another research student (Rosa Soria). The experiment
involved investigation of respiration rate (CO> production) attributed to mineralisation of
isotopically labelled substrates (glucose and cell biomass) and changes in microbial community

composition, based on phospholipid fatty acid (PLFA) profiles, using stable isotope probing.

The main reasons for using the PLFAs in this experiment are: 1). Analysis of microbial lipids
is simple and can be used as a biomarker that reflects the distinct and characteristic lipid
composition of microbial families (Watzinger, 2015), 2.) Phospholipids represent the living
microorganisms because the degradation of PLFAs is within minutes to hours with the half
time of 2.7 days (faster than nucleic acid and proteins) (Kindler, ez.al, 2009), and 3). Total
PLFAs analysis can be used as a proxy for total microbial biomass simply by calculating the

sum of PLFAs from all microorganisms detected (Wawra, et.al, 2018).

5.3.7.1 Soil preparation and set up of experiment

A 1 kg of the contaminated soil was mixed with 3% (w/w) of biochar WSP550 (Biochar
Research Centre, UK) and placed in a plastic pot (wide x length x depth; 15 x 15 x 10 cm).
Another 1 kg of soil without biochar addition was used as a control. Deionised water was added
into the soils (biochar treatment and control) until 60% of water holding capacity was reached.
Both samples were incubated at room temperature for one week.

Two chemical compounds were used in the experiment: '*C-labelled glucose (Sigma Aldrich,
99% 13C atom) as an easily biodegradable substrate and '*C-labelled E.coli DH50. strain
bacteria biomass as a complex substrate. The bacteria biomass was prepared by cultivating the
in M9 minimal media (Cold Spring Harbor Protocol, 2010) containing 1 g/L of '3C-labelled
glucose 99.9% (Sigma Aldrich). The incubation was carried out in shaker (120 rpm) at 28°C
for 24 hours. The culture was harvested by centrifugation (3000 rpm for 10 minutes) and

freezed dried.

a. Soil substrate-induced respiration

The objective this experiment was to measure the activity (respiration process) of
microorganisms in the soil following the biochar addition. The respiration was evaluated based
on the ability of soil microbes to mineralize '*C-labelled glucose and '3C-labelled bacteria

biomass as the substrates.
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A 2 gram sample of soil from each biochar-amended soil and control experiment was put into
20.5 mL glass vial (5 mL). 100 pL. volume of substrate solution (equal to 500 pg of solid
substrate) was added into the soils. The experiment was carried out in five replicates. Following
the substrate addition, the vials were closed with rubber septum and immediately flushed with
synthetic air (no CO3). The measurement of CO> inside each vial was carried out using EA-
IRMS (Elemental Analysis-Isotopic Ratio Mass Spectrometry coupled with Delta V
Advantage, Thermo Scientific, Germany) every 4 hours during 48 hours (for glucose substrate)

and 96 hours (for biomass substrate).

b. PLFA

Extraction of PLFA was carried out from the soil samples after the CO; respiration
measurement have been completed. The extraction procedures were performed according to
Watzinger (2015), which consisted of four stages: lipid extraction, separation, methylation, and
fatty acid measurement. 2 grams of soil samples from each vial were mixed with 1.7 ml citric
buffer (0.085 M citric acid, 0.065 M tri-potassium citrate adjusted at pH 4), 2.1 ml chloroform,
3.2 ml methanol and 1.00 ml 19:0 PLFA methanol (15 nmol PLFA standard), followed by
incubation overnight at room temperature. The mixture was centrifuged at 2000 g for 1 minute
and the supernatant was collected for further processing. Lipids in the supernatant were
separated using solid phase extraction columns (Isolute SI) filled with a 500 mg unbonded
silica, 50 um in diameter and 60 A pore size. The separated lipid was mixed with 1 ml of 0.2
M KOH in methanol for methylation and to transform the phospholipids into fatty acid methyl
esters (FAME:s).

The final samples were collected in GC-vials and stored in the dark in at -20 °C. Analyses of
FAMEs were carried out using a GC-c-IR-MS (gas chromatography— combustion—isotopic
ratio mass spectrometry) with an HP5890 Series I1 (Agilent, Santa Clara, USA) connected to a
Delta S via a Combustion II Interface (Finnigan, Bremen, Germany). The sample (4 pM) was
injected into the GC column at a temperature of 70 °C for 2 min, then subsequently increased
stepwise to 160 (15 °C min™") and 280 °C (2.5 °C min!). 300, 200, 100, 50 uM 13:0 FAME
(Methyltridecanoate) and 19:0 FAME (Nonadecanoate) in isooctane were used as FAME
standards. Isotopic ratios and areas were analysed to determine the total *C-PLFA and related

fatty acid compositions.
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5.4. Results

5.4.1 Physicochemical parameters of soil samples

The pot experiment of soil amendment with biochar and compost was carried out by Rosa Soria
a separate research project. Soil samples from her experiment were used to test the performance
of the FRET Biosensor in measuring the bioavailable metals from a real environmental sample.
Rosa also performed the physicochemical analysis of the soil samples (Table 5.1) and the data
were used in this thesis (Figure 5.5) as a comparison with the results from FRET biosensor

measurement.

The physicochemical properties of the soil samples (after 18 months of outdoor incubation)
from selected experimental pots are summarised in Figure 5.5 and Figure 5.6. The data was
provided by Rosa Soria (see Appendices 4 for the raw data) and shown here for comparison
with the biosensor function. The pH of the contaminated soil was acid, within the range of pH
4.9-5.1. Treatment with biochar significantly increased (p<0.05) the pH to pHS5.4-5.5. The
addition of compost caused the pH to increase pH7.0—7.2, which was not significantly different

(p>0.05) from the mixed biochar and compost treatment.

There was no significant difference (p>0.05) in organic matter content and available phosphate
between the control soil and biochar-treated soil. These parameters were increased significantly
(p<0.05) due to the addition of compost. No significant differences between treatments were
observed for ammonium or nitrate (p < 0.05). But the results indicated that a higher
concentration of nitrate was found in all treatments relative to the concentration of ammonium.
This was supported by Bandara et.al, (2021) who mentioned that an increase in pH due to
biochar application can stimulate nitrifiers microbes in acidic soil. A high degree of
nitrification process resulted in a high level of nitrate production in the soil.

Ammonium and nitrate are common forms of nitrogen which that be taken up by organisms in
soils. However, nitrate is the most available source of nitrogen for plants and microbes.
Ammonium is more likely to bind with minerals and organic colloids in the soil, therefore

becoming less available for cellular uptake (Marschner et.al, 1987, Florio et.al, 2015).
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Figure 5.5 Box plot of physicochemical parameters of the soil samples showing the data mean, range,
and median for pH (A), organic matter content (B), available nitrate (C), available phosphate (D), and
available ammonium (E). Error bars represent the standard error with the number of sample (n)=3. The
different letters indicate significant differences between the treatments (p < 0.05; one-way ANOVA,
Tukey's honestly significant difference (HSD) post hoc test).

Pb and Zn were the major heavy metal contaminants (Figure 5.6). The average concentration
of Pb was 3347 mg/kg and Zn was 2109 mg/kg. The total zinc was not significantly different
(p>0.05) in the biochar treatment but decreased significantly (p<0.05) in the compost
treatment. Total cadmium was very low, with an average concentration of 123 mg/kg in the

contaminated soil. The total heavy metal concentration does not provide information on
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bioavailability and therefore a chemical extraction using NH4NO; was employed to determine

metal solubility.
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Figure 5.6 Box plot of physicochemical parameters of the soil samples showing the data mean, range
and median for the concentration of total Pb (A), Zn (B), and concentration of soluble metals Pb(C) and
Zn(D) measured by NH4NOs3 extraction. Error bars represent the standard error with the number of
sample (n)=3. Different letters indicate significant differences between the treatments (p < 0.05; one-
way ANOVA, Tukey's (HSD) post hoc test).

Soluble metals extracted by NHsNO3; were considered as bioavailable. Soils without
amendment exhibited an average bioavailable Pb of 16.45 mg/L, which was reduced
significantly (p<0.05) to 7.98 mg/L with biochar treatment. Amendment with compost and a
mixture of compost and biochar further reduced the bioavailable Pb to 0.16 mg/L and 0.154
mg/L, respectively, but they are not significantly different. Bioavailable Zn was approximately
70-80% lower than Pb. There was a significant reduction in Zn, from 2.08 mg/L in control soil

to 1.16 mg/L in biochar treated soil. There was a further reduction in Zn to 0.01 mg/L and
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0.002 mg/L, respectively, in the amendment with compost and a mixture of compost with

biochar.

5.4.2. Biosensor function in soil-water extracts

The host cells that were incubated in the soil samples at time intervals were separated by
centrifugation. Pore water containing the host cells and some soil particles accumulated at the
bottom of the collection tube following the centrifugation (Figure 5.3). The results showed that
the host cells can be extracted from soil samples after incubation for 2 hours. The purpose of
centrifugation was to separate or extract the biosensor cells from the soil matrix. This only
applies if the incubation of cells in the soil is less than 2 hours. Incubation more than 2 hours
can cause the soil equilibrium to be reached so the cells are strongly adsorbed onto the soil
matrix and become more difficult to be separated by centrifugation. No cells can be extracted

after 3 hours of incubation, possibly because the equilibrium within the soil has been reached.

The FRET signal of the host cells separated from the soil samples are compared with cells in
the absence of metal in Figure 5.7 below. Cells in the absence of metal exhibited a median
FRET signal of 387, which increased to 662 in cells extracted from soil without amendment
(S-Pot20). Cells extracted from biochar-amended soil samples (S+C-Pot 8) experienced a
reduced FRET signal to 640 and further reduction to 425 and 369 in samples of compost and

mixture of compost with biochar, respectively.

The FRET signals of host cells extracted from soil samples were not normally distributed. This
can be seen most clearly with signals from soil with compost addition. Statistical tests revealed
significant differences in the FRET signals (Kruskal-Wallis, p<0.01; Chi-squared = 92.70) for
all treatments, except for the comparison between soil and soil+biochar, as well as between

soil+compost+biochar and cells in the absence of metals (Wilcoxon rank, p>0.05) (Table 5.3).
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Figure 5.7 FRET signals in the host cells after exposure to soil (S_Pot20), soiltbiochar (S+B_Pot 27),
soil+compost, (S+C_Pot 8) and soil+compost+biochar (S+C+B_Pot31) samples. The host cells were separated
from the samples and the FRET signals were measured on the cells attached to the filter membrane. The signals
were compared to host cells in the absence of metals as a negative control. Each dot represents the emission ratio

signal from a single cell.
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Table 5.3. Summary of Pairwise comparison using Wilcoxon rank between soil treatments

p<0.001 -

p<0.001 p=0.84
p<0.01 p<0.001
p=0.83 p<0.001
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Figure 5.8 Comparison of bioavailable Pb>* detected by the biosensor extracted from soil samples and soluble Pb
(NH4NOs extraction) from each treatment pot. Bioavailable Pb*" was determined from the standard curve of the
host cell in response to Pb?". The concentration of metal from NHsNO; was converted into micromolar (M) to
obtain the similar unit with the biosensor measurement. Treatments: soil control without amendment (S_20),
soil+biochar amendment (3%) (S+B_27) and soil+compost amendment (S+C_8).

The concentration of bioavailable Pb?* was calculated based on the standard curve of the host
cells in response to Pb*>" (see section 5.3.4 above) and the results were compared with
bioavailable Pb obtained from the NH4NOj extraction. The results show that bioavailable Pb*"
in soil without treatment was 22.23 pM, which is slightly higher than soil with biochar (21.7
uM), but this was reduced to 1.26 uM in soil with compost treatment (Figure 5.8). A similar
trend can be observed from the results of soluble Pb extracted by ammonium nitrate, in which
the metal concentration reduced by up to 28% and 99% in soil amended with biochar and
compost, respectively. Bioavailable Pb*>" detected by the biosensor was approximately 30%
and 40% lower than the that in the ammonium nitrate extraction in the control soil and biochar-

amended soil.

5.4.3. In situ soil measurement

The FRET signals were measured directly while the cells were exposed to the soils. The cover
well chamber provided a stable environment for measuring the FRET signals under the
microscope. The host cells expressing the FRET biosensor could be distinguished from the soil

background by merging the images of Channel 1 (eCFP emission) and Channel 2 (Venus FP
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emission) (Figure 5.9-C). This allowed image processing to measure the distribution of

emission ratio signals inside the cells, as shown in images D and E.

A. Channel 1 (eCFP emission) B. Channel 2 (Venus emission)

C. Merge Channel 1 and 2

D. FRET Ratio Image

Figure 5.9 Representative images of P.putida KT2440T7 expressing the FRET biosensor after exposure to the
contaminated soil samples. Emission signals of eCFP (A) and Venus FP (B) can be observed inside the cell. The
merging of Channels 1 and 2 (C) allows observation of the host cells as indicated in the red arrows. The FRET
ratio of the host cells was obtained from image processing using ImageJ (Fiji). The region of interest (white
square) was selected on Image C to show the pixel distribution of the FRET signals inside the host cells (image
D). Level of FRET signals (mean gray value) inside the cell is shown in the red colour bar.

Visualization of the host cells exposed to soil only, soil+biochar, and soil+compost treatment
are shown in Figures 5.9 and 5.10, respectively. Some cells exposed to soil without amendment
show higher emission ratio signals than soil treated with biochar and compost (see colour bar).
This indicates that the FRET biosensor can detect the presence of bioavailable metals from the

soil samples.
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A. Channel 1 (eCFP emission) B. Channel 2 (Venus emission) C. Merge Channel 1 and 2

D. FRET Ratio Image E. FRET Ratio (inside the cells)

Figure 5.10 Representative images of P.putida KT2440T7 expressing the FRET biosensor after exposure to the
biochar-amended soil. Emission signals of eCFP (A) and Venus FP (B) can be observed inside the cell. The
merging of Channels 1 and 2 (C) allows observation of the host cells as indicated in the red arrows. The FRET
ratio of the host cells was obtained from image processing using ImageJ (Fiji). The region of interest (white
square) was selected on Image C to show the pixel distribution of the FRET signals inside the host cells (image
D). Level of FRET signals (mean gray value) inside the cell is shown in the red colour bar.
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The FRET signals in response to bioavailable metals in each soil treatment is shown in Figure
5.11. In the absence of metal, cells show a median FRET signal of 260 with limited variance
between individual cells. When the cells were in contact with contaminated soil, the FRET
signals were higher and the distribution of individual cells much greater, indicating
heterogeneity in the samples. A Kruskal-Wallis test showed that all amended soils gave a
higher signal than the cells without heavy metals (p<<0.05). The highest values were obtained
from soil without amendment (median value of 581), decreasing in the order: soil+biochar
(median value of 527), soil+compost (median value of 388) and soil+biochar+compost (median
value of 364). All FRET signals in soil samples were much higher than in the cells without
heavy metals. At the other extreme, in soil+biochar+compost samples, some cells had FRET
signals similar to cells without heavy metals. Figure 5.11 shows that the FRET signals were

reproducible, as indicated by the similar distribution pattern from each pot in the same

treatment.
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Figure 5.11. FRET signals in the host cells exposed to soil, soilt+biochar, soil+compost, and
soil+composttbiochar compared to the host cells without metal exposure. The FRET signals within host cells
were measured directly from the soil samples using a confocal microscope. Each dot represents the emission ratio
signals from a single cell. Signals from 50 cells were measured from soil in each pot to give a representative
measurement. The distribution of the signal is shown as a violin plot.
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The amount of bioavailable Pb** in soil samples was calculated from the standard curve based
on the binding of Pb*" with CMT inside P.putida cell (Figure 4.17, Chapter 4). The
concentration of bioavailable Pb%* in each experimental pot is shown in (Appendices V). A plot
of average metal concentration from three pots for each treatment with corresponding mean
FRET signals is shown in Figure 5.12. Soil without amendment contained the highest
bioavailable metal concentration (39.29 + 1.28 uM), with a significant reduction (p<0.05) in
the treatment with biochar (28.24 = 1.6 uM), compost (13.69 = 2.01 uM) and the mixture of
biochar with compost (6.28 + 1.81 uM). These results show that amendment with biochar and
compost mixture was the most effective treatment in reducing the bioavailable heavy metal

concentration.
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Figure 5.12 Bioavailable metal concentrations were obtained from the analysis of the FRET ratio inside the host
cells. The concentration was calculated by subtracting the mean FRET value of the host cell (in the absence of
metal). Each dot represents the mean concentration from 3 pots for each treatment. Different colors distinguish
treatments between biochar, compost and a mixture of biochar and compost. Error bars represent standard error
from concentration and mean FRET signals from all cells in each treatment.

5.4.4 Comparison of in situ biosensor measurement with soluble metal based on
NH4NO3 extraction

Figure 5.13 compares the bioavailable metals measured by the biosensor (in situ measurement)
and NH4NO; extraction. Both analyses show that amendment with biochar can reduce the
bioavailability of heavy metals and amendment with a mixture of biochar and compost

enhances the reduction. However, the bioavailable metals measured by the NH4NO; extraction
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were overestimated. Data from the control soil shows that the average extractable metal was
approximately 49% higher than the biosensor measurement. A similar trend was observed for
the soil + biochar samples, which were 24% higher. In contrast, data from soils with compost
and biochar + compost treatments show the bioavailable metal measured from NH4NO;

extraction was 94% and 88% lower, respectively, than that measured by the biosensor.
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Figure 5.13 Plot of bioavailable metal concentrations from NH4NO; extraction and biosensor measurement.
Concentrations measured by the NH4sNOj3 extraction were converted into moles for comparison with the biosensor
results. Treatments: soil control without amendment (S_24,5,20), soil+biochar amendment (3%) (S+B_27,26,9),
soil+compost amendment (S+C_9,8,7)and soil+biochar+compost amendment (S+B+C 23,4,31).
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5.4.5. In situ biochar test

The host cells were exposed to biochar saturated with Pb?" so that the FRET signal response to
Pb?* accumulation on the biochar surface could be determined (Figure 5.14). In the absence of
metal, cells show a median FRET signal of 294. The FRET signal increased significantly
(p<0.05) when the cells were in contact with metal-saturated biochar, in which the median
FRET signal was 463. The cells exposed to biochar without metal saturation showed a median
FRET signal of 343, which was significantly lower (p<0.05) than metal-saturated biochar but
significantly higher (p<0.05) than cells in the absence of metal.
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Figure 5.14 FRET signals in the absence of metal compared to cells exposed to biochar saturated with Pb?" (1mM)
and biochar without metal saturation. Each dot represents the emission ratio signal from a single cell. The FRET
signals were statistically analysed using a Kruskal Wallis test followed by Pairwise comparison using Wilcoxon
rank between each sample. The significance level was indicated by a p value<0.05.

Bioavailable Pb** sensed by the biosensor from metal-saturated biochar samples was 6.73 uM,
which is 6-times lower than metal in the biochar control (Figure 5.15). This shows that the
biosensor detected bioavailable Pb** on the biochar surface. Soluble Pb?** (NHsNOs extraction)
from metal-saturated biochar was 8-times higher than the biosensor measurement, showing that

not all extractable metal was available to the biosensor. Total Pb** in the sample of metal-
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saturated biochar was much higher than the biochar control and only a small portion was

extractable or available to the biosensor cells.
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Fig.5.15 Plot of bioavailable Pb?" concentration from biochar saturated with Pb?* (1mM) and biochar control,
determined by the FRET biosensor and NH4sNH; extraction (A). The total metal concentration from the biochar
samples has a very high Pb in the biochar saturated with Pb*" compared with the biochar only (B).
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5.4.6. Measurement of soil respiration in biochar-amended soil

The production of carbon dioxide in biochar-amended soil was higher than soil without
amendment for both substrates, indicating greater microbial activity in the biochar treatment
(Figure 5.16 A and B). The respiration is represented as a rate to determine whether the CO»
release occurs slower or faster than the control (without biochar treatment). There was a
significant difference (ANOVA, p<0.05) in CO2 production between the two treatments. In the
presence of glucose, the increase in CO> concentration was observed and distinguished between
treatments starting from 240 minutes (4 hours) and 1440 minutes (24 hours) in the biomass
substrate. The delta value indicates the enrichment of '*C in the evolved CO,. Figure 5.16 C
shows that utilisation of '*C-glucose in the biochar-amended soil occurred at a higher rate than
the control soil at the beginning (up to 500 minutes), but this subsequently decreased. The
utilisation of 1*C from the biomass substrate occurred at a lower rate than the glucose substrate.
Figure 5.16 D shows a high delta CO; before 1440 minutes, probably caused by the utilisation
of left over 1°C from glucose used to cultivate the biomass. The uptake of *C from biomass

substrate occurred faster in soil with biochar treatment compared to a control soil.
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Figure 5.16 CO; production and Delta *C-CO, from soil only and soil with biochar treatment utilising simple
(13C glucose) and complex (*C labelled E.coli biomass) substrates. The CO, production data from glucose (A)
and biomass (B) were fitted to a logistic curve, whereas delta CO; from glucose (C) and biomass (D) were fitted
to polynomial curve. The number of samples from each treatment (n) = 4-5.
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Figure 5.17 Mean fatty acids (umol/g) measured in the experimental soil with biochar and control soil using the
glucose and E.coli biomass substrates. The error bar represents the standard error from the mean value of fatty
acid in each treatment (n=4-5).

Figure 5.17 describes the PLFAs of living microorganisms belonging to gram positive (+) and
gram negative (-), and fungi in the soil experiments. The results show that the microbial
composition of the contaminated soil was similar to the biochar-amended soil, however the
abundance was different. The experiment with the glucose substrate exhibited a small
difference in the amount of each fatty acid between the control soil and biochar-amended soil.
In this case, the amount of bacteria 16:00, gram-negative 18:1w7&8c, saprotrophic fungi, and
actinobacteria were higher in the soil without amendment. In contrast, the experiment with
biomass substrate showed much higher fatty acids in the biochar-amended soil than the control

soil. Treatment with biochar resulted in a higher presence of arbuscular mycorrhiza, gram
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negative bacteria 16:1w7&6c, saprotrophic fungi, and all gram-positive bacteria. In the control

soil, the group of gram negative bacteria cy17:0 and cy19:0 were more abundant.
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Figure 5.18 Uptake of '3C-labelled substrate into single PLFAs in the experimental soil with biochar and
control soil using the glucose and E.coli biomass substrates. The error bar represents the standard error from the
mean value of '3C incorporation into each fatty acid (n=4-5).

Figure 5.18 presents the uptake of 1*C-labelled substrates into the fatty acids. It seems some
groups of microbes in the contaminated soil were more active in degrading the additional
substrates compared to microbes in the biochar-amended soil. In the control soil there was
higher incorporation of '*C from the glucose substrate in the following groups of bacteria:

16:00, gram-negative bacteria, 16:1w7&6¢, cyl7:0, cyl9:0, sulphate-reducing bacteria,
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saprotrophic fungi, gram positive bacteria; al5:0, al7:0, and almost all gram positive bacteria.
The experiment with the '3C-labelled biomass substrate showed higher incorporation of *C
into the fatty acids from the following groups: 14:00, 16:00, saprotrophic fungi, and gram
negative bacteria 18:1w7&8c, cy17:0, cy19:0.

Glucose substrate ’ Biomass substrate I soil
a [ |Soil + Biochar

Mean of Total Mass Fatty Acid (umol/g)
Mean of Total Mass Fatty Acid (umol/g)
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Figure 5.19 Mean of total microbial fatty acid in soil amended with biochar and soil only treated with glucose
(A) and E.coli biomass (B) substrates. The bars show means with standard errors, n=4-5. The letters
indicate the statistical differences between treatments (ANOVA, p<0.05).

The PLFA data can be summed as total fatty acids and used as a proxy for microbial biomass
(Figure 5.19). The experiment with the glucose substrate showed a slightly higher mean of total
fatty acids from the contaminated soil than the biochar-amended soil, although they are not
significantly different (p>0.05). The experiment with the biomass substrate resulted in a higher
total fatty acid content from the biochar-amended soil than the contaminated soil, although they

are not significantly different (p>0.05).
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5.5. Discussion

The assessment of contaminated soil remediation has moved towards a risk-based approach by
considering the bioavailability of contaminants. The traditional measurement of bioavailable
metals using chemical extraction only distinguishes metal solubility or mobility in soil fractions
which are not directly relevant from a biological view point (Kim et al., 2015). A biosensor is
an attractive approach for detecting bioavailable metals, to measure the associated risk to living
organisms. Employing a soil microbe as the host cell for a biosensor is relevant because it can
potentially be used as a proxy to monitor soil health and function. Therefore, this research
applied the FRET biosensor inside a soil bacteria, P.putida, to quantify metal bioavailability in
the remediation of biochar-amended metal-contaminated soil. The biosensor function was
integrated with soil physicochemical parameters to assess the performance of biochar in

reducing heavy metal toxicity in the soil.

Most biosensor studies have showed good performance of the sensor when tested with a metal
solution under laboratory conditions. However, the functionality and application in direct
contact with soils remains a challenge. The main drawbacks are the extreme soil conditions,
such as low pH, limited nutrients, high mineral oxide content and toxic contaminants, which
may suppress the host cell activities and cause signal interference (Cai ef al., 2018; Kim et.al,
2020). These issues were minimized by utilising the P.putida host cell coupled with the FRET
measurement using confocal microscopy. This research has proven that the host cell can
function well, regardless of the stress associated with abiotic factors in the contaminated soil,
such as acidic pH and limited nutrient availability. The capability of P.putida KT2440 to
survive under low pH conditions is mainly due to the role of the ABC transporter in the inner
membrane and the cytochrome ubiquinol oxidase that maintains intracellular pH and redox

status (Reva et al., 20006).

5.5.1 Direct application of the FRET biosensor in the soil

The biosensor was applied directly in the soil at water holding capacity to simulate a real field
condition. The initial attempt involved separating the host cells from soil samples, in which the
biosensor can detect bioavailable metal in the pore water. The FRET signals indicated a small
reduction in metal bioavailability in the biochar-amended soil sample and enhanced reduction
in compost-amended soil and mixture of biochar and compost-amended soil samples (Figure
5.7). The results showed that the bioavailable Pb*" according to the biosensor measurement
was much lower than that obtained by NH4NOs3 extraction, suggesting that not all soluble

metals in pore water were available to the host cells.
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The use of pore water samples to determine metal toxicity was also carried out by Beesley et
al. (2014), in which the water samples were tested using a bacteria luminescence biosensor.
They observed toxicity reduction in water extracted from an organic-amended soil compared
with the contaminated soil without amendment. Metal ions in pore water are often considered
as the most bioavailable (Giller et al, 2009). However, the results from the current study
suggest that bioavailable metal detected by the biosensor was not the same amount as the
soluble metal extracted by ammonium nitrate. Yoon et al. (2016b) mentioned that most
bioavailable metals in soils may exist as non-extractable forms associated with soil particles.
Therefore, in situ biosensor measurement was carried out in the current study to measure the

bioavailability of metals associated with the solid phase in the soil samples.

5.5.2 In situ measurement

FRET signals can be measured in situ as the host cells were in contact with soil samples. This
approach was more direct, without involving the separation of cells for measurement. The
results revealed a significant reduction in FRET signals from soil treated with biochar and
greater reduction in signals from the soil treated with a mixture of biochar and compost. The
FRET measurement showed a distribution of signals from individual cells, suggesting
heterogeneity of metal concentrations in the soil samples. This finding was supported by other
studies carried out using X-ray fluorescence spectroscopy, which found that hundred- and
thousand-fold differences in metal concentrations can occur over micrometer distances in
contaminated soils (Jacobson et al., 2007; Schmid et al., 2016). The heterogeneous distribution
of metal contamination in soil is caused by the soil physicochemical properties, mainly pH,
moisture and mineral aggregates (Qu et al., 2019; Zeng et al., 2021). As the metals were
heterogeneously distributed at spatial scales relevant to exposure to biosensor cells, they may
trigger various responses of the biosensor cells.

The various responses were enhanced in biochar- and compost-treated soil, in which some cells
produced FRET signals similar to cells exposed to contaminated soil (without amendment), or
cells in the absence of metals. Mixing with biochar and compost appeared to create locally low
and high metal concentrations in the soil. Cells exposed to locally high metal concentration
areas, where no biochar or compost was present produced high FRET signals (500-600). In
contrast, cells exposed to low metal concentrations exhibited low FRET signals (250-350)
(Figure 5.11). The control experiment revealed that cells exposed to biochar saturated with
Pb** produced FRET signals within the range of 433 — 528, indicating that some metals bound

on the biochar surface were bioavailable.
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Despite the complexity of the soil samples, the FRET biosensor can determine the level of
bioavailable metal which can be distinguished between each treatment. The results revealed
that the concentration of bioavailable metal in the contaminated soil is reduced approximately
28% due to biochar amendment. The amendment with compost resulted in a greater reduction
of 65%, and the mixture of biochar compost further reduced the bioavailable metal by up to

84% (Figure 5.12).

5.5.3 Comparison of bioavailable metal measured by the biosensor and NHsNO3
extraction

In contaminated soil and biochar-amended soil samples, the bioavailable Pb** based on
NH4NO3 extraction was overestimated, with the metal concentrations approximately 2-fold
higher than that measured by the biosensor (Figure 5.13). In contrast, the bioavailable Pb*"
measured by NH4NOs3 extraction in compost-treated soil was lower than that from the biosensor

analysis.

Employing a neutral salt (NH4NO3) solution is only sufficient to measure the bioavailable
fraction of highly mobile metals (Gryschko et al., 2005). This method is typically used to
understand the correlation between a metal in soil pore water and its potential uptake by plants
(Meers et al., 2007). The extraction mechanism involves displacing the readily soluble metal
fraction from exchangeable sites on solid phases in the soil into the soil solution mimicking the
pore water. This mechanism is different for the biosensor, in which the metals must enter into

the cell and bind with CMT to induce the FRET signals.

The different amounts of bioavailable metal measured by the biosensor and NH4NO3 extraction
can also be influenced by the variation in pH and organic matter content, induced by the
amendment (Figure 5.5 A&B). The low pH (4.9) in contaminated soil (without amendment)
caused the metals to be more mobile and highly soluble. Hence they can be easily extracted by
NH4NO;. A slight increase in pH (5.5) due to biochar amendment resulted in a 40-50%
reduction in soluble metal, but this is not the case with the biosensor, which only showed a
20% reduction in bioavailable metal. In compost-amended soil the increase of pH to pH 7-8
can decrease the mobility of metals, resulting in a reduction in soluble metal concentrations of
up to 90%. In this case, the biosensor cells can still detect the presence of local metal

accumulation which was not extractable by NH4NOs.
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The treatment with biochar, compost, and a combination of the two increased the soil pH. This
can be attributed to the alkalinity of the biochar and compost used. Biochar contains mineral
ash dominated by carbonates alkali which can release into the soils and increase the pH
(Mensah and Frimpong 2018, Bandara et al. 2021). The compost was originated from garden
waste which contained high level of basic cations. According to Walker, et.a/, 2004, an increase
in soil pH by compost was attributed to the release of NH3 over the time, activities of microbes
that can create reducing conditions, or due to displacement of hydroxyls from sesquioxide

surfaces by organic anions.

Soil pH is the most significant factor influencing the bioavailability of heavy metals (Park, et
al, 2010). This study suggested that the immobilisation of heavy metals by biochar was mainly
controlled by pH (5.5 to 6). Heavy metals become more mobile at low pH compared to
moderate acidic up to slightly alkaline soil pH. The addition of biochar increased soil pH due
to dissociation from functional groups (carboxyl, phenolic, hydroxyl, and carbonyl) which
enhance the binding affinity to metal cations, thus reducing heavy metals bioavailability (Park,
et al, 2010). In case of compost, the increase in pH (7.0 — 7.5) was mainly due to a high
production of NH3 during decomposition. The increasing pH from compost improved the
stability constant of metal-organic complexes thus reducing heavy metals bioavailability and
mobility (Kim, et al, 2015). The reduction of Pb bioavailability and the pH increased in this
experiment was supported by the fact that the amount of Pb sorption is a function of pH in
which increases sharply at pH 5 and reached maximum at pH 8 (Park, et al, 2010; Beesley, et
al, 2010).

Amendment with compost increased the organic matter content and phosphate in the
contaminated soil (Figure 5.5 ). There was no significant change in organic matter from biochar
treatment, but the change was significant due to compost treatment. Changes in soil organic
matters following the compost addition were mainly due to decay of the easily degradable
organic matters such as polysaccharides and to a certain extent microbial biomass (Leifeld ez.
al. 2002). The increase in phosphate concentration due to compost treatment is associated with
the composition of compost which was originated from plant material. Phosphates in plant cell
materials are present largely as organic P compounds such as phosphate ester. The release of
Phosphate was correlated with organic matter decomposition due to microbial activities over

time (Mkhabela and Warman 2005).

Other studies have reported that soil amendment with organic-rich materials can significantly

increase the soluble organic matter to which free ions can complex and result in a low soluble
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metal fraction (Bernal et al, 2007; Wasilkowski et al, 2014). In the current research the
combination of high organic matter content and neutral pH may lead to Pb?>" complexation with
an organic ligand. According to some studies (Smith ez a/, 2009; Kim et al, 2019) this complex
is relatively stable in soil. The low concentration of extractable metal in Figure 5.11 confirms
this and therefore Pb?" associated with organic matter was considered to be non-extractable
Pb?*, and potentially detected by the biosensor cells. Maderova et al (2011) suggested that
bioavailable heavy metals in soil may be present as non-extractable forms, which can induce a
response in biosensors. Metal associated with the solid phase may become bioavailable and
have a toxic effect on soil microorganisms. A possible mechanism is that the active surface
charge on bacteria cell walls can potentially displace metals from the soil sorption sites,
resulting in increased bioavailability (Wu et al, 2006; Maderova et al, 2013). The cell wall of
P.putida was probably capable of removing more Pb** from the exchange site, making it
available to enter the cell. Some studies have reported that P.putida contains extracellular
polymeric substances enabling the adsorption of metal (Ueshima et al, 2008), which can

potentially be applied for the bioremediation of metal-polluted environments (Khashei et al/,

2018).

P.putida has developed multiple defense strategies to protect the cell from bioavailable heavy
metals. Extracellular Polymeric Substance (EPS) is an effective strategy for metal
detoxification and is known as the first barrier mechanism before entering the metals into the
cell. The surface of EPS on the P.putida cell membrane contains functional groups such as
carboxylic and sulthydryl sites (Yu, et.al, 2020). Heavy metals such as Cd and Pb can bind
onto these sites forming a metal complexation and adsorption on the cell envelopes. EPS
production also mediates cell-to-cell and cell-to-surface attachment leading to biofilm
formation. This will improve the survival ability of the cells in a highly polluted environment
(Abee et.al, 2011).

Figure 5.13 shows that the number of metals detected by the biosensor is not necessarily the
same amount as metals extracted by the ammonium nitrate. Heavy metals reported by the FRET
biosensors are considered bioavailable because these metals can cross the cell membrane from
the medium the organism inhabits. Once the transfer occurred, the metals can be transformed,
stored, or toxic within the organism. Heavy metals extracted by ammonium nitrate are not
always bioavailable and can be considered as bio accessible. According to Semple, et.al, 2002,
bio accessible metals can be reached by organisms, however, this often depends on given place,

spatial range, and time. These metals might cross the cell membrane if the organism gain access
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to them. Some conditions that can cause bio accessible metals to become bioavailable are the
release of metal from adsorption sites due to physical removal, or movement of organisms

leading to direct contact with the metals.

5.5.4 Improvement of soil microbial activities in biochar-amended soil

The biosensor has shown that soil amendment with biochar can reduce the heavy metal
bioavailability, with a decrease in metal toxicity. This was supported in the soil respiration
experiment and represented by CO» production from '*C-labelled substrates. This parameter
appeared to be sensitive and responsive to the changing environmental conditions in the
contaminated created by the addition of biochar. The reduction in metal bioavailability
increased the base soil respiration, indicating an improvement in the soil biological processes

(Friedlova, 2010).

Based on PLFA measurements, the fatty acid composition was different between treatments.
However, some microbes (gram-positive bacteria i114:0, 115:0, 117:0, saprotrophic fungi, and
arbuscular mycorrhiza 16:1w5c) were present more in biochar-amended soil supplied with the
complex substrate (Figure 5.17). This trend is very similar to the results from other studies
(Kelly et al, 2003; Wasilkowski et al, 2014) which have reported an increased level of fatty
acids originating from gram-positive (15:0) and mycorrhizal fungi (16:1w5c). Gram-positive
bacteria were more dominant than gram-negative bacteria in the remediated soil. Interestingly,
a small increase in arbuscular mycorrhiza was observed following the addition of biochar,
despite the absence of plant rhizosphere in this experiment. This supports the idea that biochar
can provide favourable conditions for the growth of mycorrhizal fungi, which may enhance
nutrient and moisture uptake by plants (Yuan et a/, 2011; Millar and Bennett, 2016). The group
of gram-negative bacteria (cyl17:0, cy19:0) were predominance in the contaminated soil
without amendment. A similar result was also found by Wasilkowski et al (2014), suggesting
that these gram-negative bacteria have some tolerance to heavy metals. The results from the
current study indicate that these groups can actively metabolize '3C from the complex substrate

in an environment with high concentrations of bioavailable metal.

The presence of fungi such as arbuscular mycorrhizal and saprotrophic fungi in the soil samples
indicated that treatment with biochar can provide a habitable environment for these
microorganisms. Arbuscular mycorrhizal is important for soil restoration because it can carry
out symbiosis with plants providing nutrients for plant roots and improving plant growth (Barea

and Jeffries, 1995). It has been reported that arbuscular mycorrhiza can colonize plant
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rhizosphere in soil contaminated with heavy metals (Cd, Zn, and Pb) (Vogel-Mikus, et.al,
2005). These fungi contribute to the remediation of contaminated soil mainly by protecting
plants against the toxic effects of metals. This can be done in several mechanisms; binding
heavy metals into roots so the translocation into shoot tissues can be restricted, and reduce
shoot metal concentration, improving nutrient supplies by immobilising minerals such as
phosphorous so it can be accessed by plants (Khan, et.al, 2014). Arbuscular mycorrhizal has
the ability for immobilisation of heavy metals by secreting polyphosphate in which later can
precipitate with metals. The formation of precipitating polyphosphate can increase metal

adsorption to fungal cell walls and reduce metal bioavailability in the soil (Javaid, 2011).

Overall, the total microbial fatty acids are not statistically different between treatments. This is
probably caused by several factors, such as a short incubation time of 2-3 days compared to
the pot experiment (18 months) and a heterogeneous distribution of '*C in the substrate in the
soil sample. The analysis of PLFAs is a sensitive indicator for monitoring the changes in the
microbial community. This method is preferred over total microbial isolation. However, the
main limitation of PLFA analysis is the low taxonomic resolution (Watzinger, 2015). In this

case, a study of the microbial community using a metagenomics approach is preferred.

This research has shown that the FRET biosensor can be used as a monitoring tool to
complement chemical analysis using basic soil parameters and soil biological processes. Direct
measurement of the FRET signal in situ can be used to represent the actual impact of metal
toxicity on soil microorganisms. The application of this biosensor is relatively easy and quick.
Some studies have tried to recover biosensor cells from the soil matrix, by using a density
gradient medium followed by centrifugation (Hurdebise et al., 2015). Zhang et al. (2011)
reported the separation of functionalized biosensor cells with magnetic nanoparticles (Fe3Oa)
from soil samples under a magnetic field. These methods require complex preparation.
Moreover, the use of chemicals (e.g. a gradient medium or Fe3O4) can completely alter the soil
environment of the microbes, which may affect the production of the signals. In situ
measurement using the FRET biosensor does not require laborious and time-consuming soil
preparation or recovery of cells from the soil matrix. The measurement can be carried out with
the minimum destruction or modification of soil samples, thereby mimicking the response of

soil microbes as they exist in the field environment.
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5.6. Conclusion

P.putida KT2440T7 bearing the FRET biosensor was exposed to soil samples contaminated with
heavy metals and the same samples amended with biochar and compost, and was shown to be
capable of measuring the bioavailability of heavy metals in the different media. In situ
measurement of the FRET biosensor using a confocal microscope enables direct application with

less disruption of the soil matrix.

The analysis of NH4NOs-extractable metal did not necessarily represent the actual amount of
metal available to soil microbes. The biosensor detected non-extractable Pb?", which is more
likely related to metal associated with the solid phase. Although the extractable metal represents
the most bioavailable fraction, the non-extractable metals should also be considered as they may

provide a contribution to metal bioavailability with inherent biological relevance.

The biosensor can detect high metal bioavailability in control (unamended) soil and a reduction
in metal bioavailability in biochar-amended soil. The most efficient treatment in reducing metal
bioavailability was amendment with a mixture of biochar and compost, indicating a decrease in
metal toxicity. This research has shown that the biosensor is an important tool to assess metal
bioavailability and can be used to complement chemical analysis to evaluate the effectiveness of

soil remediation performance.

There remains a need to explore the relationship between biosensor measurement with a more
comprehensive analysis of changes in soil microbes, such as gained from a metagenomic or
meta-transcriptomic approach. Future work requires the robustness of the biosensor application
in various types of contaminated soils to be tested with different remediation methods. This will

help to validate the biosensor performance in a range of applications.
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6. Synthesis, future research, and conclusion

6.1 Synthesis

Heavy metal contamination may cause a toxic impact to soil organisms depending on the level
of bioavailability. Anawar et al. (2015) reported that the remediation of contaminated soil with
biochar can reduce heavy metal bioavailability through immobilization of metals on its surface.
The interpretation of bioavailable metals still utilises chemical extractions to distinguish the
mobility of metals in soil fractions (Kim et al, 2015). However, the analysis of bioavailability
must take into account the biological response to assess the risk of toxicity. To address this, the
application of bacteria biosensors for sensing of heavy metals is an attractive approach and has
received increasing attention. Numerous research on bacteria biosensors rely on the
transcription-inducible reporter system which provides a non-direct measurement of heavy metal
bioavailability (Table 2.1, Chapter 2). Nevertheless, the research is still mainly at a proof-of-
concept stage, focusing on the genetic construction of the biosensor rather than optimizing
application strategies for real environmental samples.

Therefore, a FRET biosensor in P.putida was developed and designed to mimic the response of
soil microbes to heavy metals. This study employed the biosensor to measure the bioavailability
of heavy metals in biochar- and compost-amended soil. The biosensor function was integrated
with soil chemical parameters and microbial activity to evaluate the remediation performance of
biochar in reducing heavy metal toxicity in metal-contaminated soil. This is the first application
of a FRET biosensor for sensing heavy metal bioavailability in real contaminated environmental

samples.

6.1.1 Development of the FRET biosensor

The FRET biosensor components consist of a CMT fused between eCFP and Venus FP (Figure
2.9, Chapter 2). Its construction exploited chicken metallothionein (CMT) as the sensing domain
because CMT has been well characterised and can simulate the metal binding of the FRET
biosensor in the cytoplasm (Rajamani et al, 2014). In chapter 3, the FRET biosensor was
successfully constructed and tested in vifro to prove the concept of FRET using a
spectrofluorimeter. The sensing capability was indicated by a decreased eCFP signal and an
increased Venus FP signal due to metal binding with CMT. The FRET ratio (Venus/eCFP signal)
corresponds to metal concentrations in which the biosensor was exposed. The Ka parameter

revealed the sensitivity of the FRET biosensor to be in the order: Pb**>Cd?">Zn>".

138



The FRET biosensor was expressed in E.coli BL21 Rosetta 2(DE3) and showed its capability to
measure Pb?*", Cd*", and Zn?" inside the cell. The results showed a lower metal binding inside
the cell than in metal solution (in vitro) (Figure 3.17, Chapter 3), indicating the difference in
metal concentrations. This can be attributed to the metal regulations on the cell membrane, which
affect the amount of metal sensed by the FRET biosensor. The FRET signals provided
information that binding of metals with the active sites of CMT inside the cell can be interpreted

as a direct response to the bioavailable heavy metals.

6.1.2 FRET biosensor in P.putida

The FRET biosensor constructed in Chapter III was expressed inside P.putida KT2440T7. This
bacterium was chosen because it is typically found in contaminated soil, providing a robust host
cell for environmental application. Moreover, the KT2440T7 strain is a safe host cell for genetic
manipulation to express a recombinant protein under the T7 promoter system (Troeschel ef al.,
2012). In chapter 4, the use of confocal microscopy to measure bioavailable metals at the
resolution of the cells was demonstrated. This approach enabled the visualization of metal-

induced FRET signals inside the host cell.

The annalysis of FRET signals in P.putida indicated that Pb?" was more toxic than Cd*" and
Zn**. Parameters of apparent Ka and FRET maximum suggest that metal binding in P.putida
was higher than E.coli which can be observed clearly from the exposure to elevated
concentrations of Cd*" and Zn** (above 100 puM) (Figure 4.9, Chapter 4). This indicates that
P.putida can function at high metal exposure, which is probably due to the role of the metal

efflux transporter as the first defense mechanism (Hynninen, 2010).

Standard curves were produced as the measurement range of bioavailable Pb**, Cd**, and Zn**
which will be useful when the host cells are exposed to a metal-contaminated soil (Figure 4.17,
Chapter 4). FRET signals above the maximum value indicated a toxic concentration which is
damaging for the cells. The ability of the FRET biosensor in P.putida to measure bioavailable

metals in a real contaminated soil was investigated in Chapter V.

6.1.3 Application of FRET biosensor in soil remediation

In chapter V a strategy was developed to implement the FRET biosensor as a representative
measurement of actual metal bioavailability in the remediation of heavy metal-contaminated soil
using biochar and compost as amendments to reduce metal bioavailability. This was done by

introducing the P.putida cells bearing FRET biosensors into soil at water holding capacity and
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directly measured the FRET signals using the confocal microscopy in situ, as the cells were in

contact with the soil samples (Figure 5.2, Chapter 5).

The biosensor was able to measure the reduction in metal bioavailability in the contaminated soil
due to biochar and compost amendment. Using the standard curve, the bioavailable Pb*"
concentration (39.29 + 1.28 uM) in contaminated soil without amendment indicated a near toxic
level for the host cell (Figure 5.12, Chapter 5). The soil became less toxic due to biochar
amendment, resulting in a decrease of bioavailable metal to 28.24 £ 1.6 uM. The level of
bioavailable metal was further reduced to 13.69 + 2.01 uM and 6.28 + 1.81 uM due to
amendment with compost and mixture of compost and biochar, respectively. It was concluded
that a mixture of biochar and compost amendment provided the most effective remediation

treatment in reducing heavy metal bioavailability in this specific soil.

The FRET biosensor showed a reduction in heavy metal bioavailability, suggesting a shift of
toxicity in the biochar- and compost-amended soil. This was supported by an increase in the bulk
soil pH and organic matter content with these amendments (Figure 5.5, Chapter 5), which was
presumed to contribute to the reduced metal solubility (Figure 5.6, Chapter 5), and an
improvement in soil respiration (Figure 5.16, Chapter 5). The bioavailable Pb** detected by the
FRET biosensor was not the same as soluble Pb>* extracted by NH4NO;. This was not surprising
as the biosensor measured biologically-relevant metals, whilst ammonium nitrate relied on
utilising neutral salt to displace ion metal from the exchangeable site into the soil pore water
(Gryschko et al., 2005). Apparently, the biosensor measured bioavailable metal associated with
the solid-phase, which cannot be readily extracted. This was supported by Maderova et al/ (2011),
who identified solid-phase forms of metals that can be sensed by bacteria biosensors. The high
pH and organic matter content in the compost-amended soil was suspected to have resulted in a
Pb-organic matter complex that could be available to the host cell. Based on this, the application

of biosensors is important to measure non-extractable metals that are potentially bioavailable.

This study has demonstrated that the biosensor can be used as a reliable tool, complementing
chemical-based methods for soil toxicity assessment. The functionality of P.putida as a host cell
showed a robust measurement of bioavailable metal in harsh soil conditions, such as low pH,
limited nutrient availability and high metal concentrations. Compared to other biosensor
applications described in the literature, the application of the FRET biosensor in this study is

relatively simple with minimal destruction or modification of soil samples. Quantitative
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information on bioavailability from biosensors is essential and could contribute to the assessment

of remediation performance for heavy metal-contaminated soil.

6.2 Future research

Further studies are required to obtain more comprehensive information on the relationship
between the reduction in bioavailable metals and changes in microbial communities and
function. Metagenomics analysis will provide more accurate information than PLFA regarding
the species of microbes that can survive in the contaminated soil and the shift of communities
due to amendment effects. Meta transcriptomic study reveals the expression of genes responsible
for metal resistance mechanisms in soil (Lehembre et al, 2013). These mechanisms can

potentially be exploited as a sensing domain of the FRET biosensor.

The performance of the FRET biosensor in this study still needs to be validated for application
in different soil types, contaminant sources and remediation methods. The contaminated soil
used in the current research was originally from an abandoned mine containing a high
concentration of Pb. Various metal contamination sources include metal waste disposal, fossil
fuel combustion and agricultural practices (He et al., 2015). Metal contamination from these
activities may behave differently than in soils impacted by mining activity, leading to various
toxicity levels. Different soil properties, such as texture, porosity and moisture, will mainly
influence the distribution of heavy metals in soils. In addition to biochar amendment, soil
washing and phytoremediation are frequently used methods for the remediation of metal-
contaminated soil (Wuana and Okieimen, 2011). Testing the biosensor with various soil samples
will provide information on the robustness of the sensor and thus its application can potentially

be expanded to assess the performance of different remediation methods.

The construction of the FRET biosensor in this study offers flexibility and is relatively easy to
modify for different applications. As the genomic sequence of P.putida KT2440 has been well
characterised (Nelson et al., 2002; Belda et al., 2016), the properties of the host cell and FRET

biosensor components could be modified to meet specific purposes.

More stable production of FRET biosensors could be achieved by integrating the gene encodes
eCFP-CMT-Venus FP into the chromosome and expressed constitutively. This will avoid
additional use of inducers and antibiotics during cells preparation. Cloning a gene that encodes
oxyrase enzymes in the genome of P.putida is an attractive approach because the production of

these enzymes could metabolize free radical oxygen arising from photobleaching (Thurston, et
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al, 2000). This can potentially minimise the impact of photobleaching without the addition of an

antifade reagent.

Integrating the FRET biosensor gene construct into the chromosomal expression system may
face some challenges such as finding a suitable cloning technique, metabolic burden for the cell,
and production of high background fluorescence signals. The selection of cloning technique is
important to maintain the orientation of the FRET construct (eCFP-CMT-Venus) and the
accuracy of DNA insertion in the target promoter. Unlike the T7 promoter system which requires
IPTG induction, a promoter that can express the FRET biosensor constitutively is required for
protein expression from the chromosome gene construct. The constitutive promoter should allow
for high protein synthesis and at the same time can maintain a stable protein expression.

The chromosomal expression means the target FRET biosensor protein is expressed as the cells
grow and multiply. This may cause an additional metabolic burden to the host cells. Therefore,
an improvement of media composition and incubation parameters (pH, oxygen, and temperature)
should be considered to maintain the nutrient requirement and optimal conditions during cell
growth.

Another challenge may arise from an overproduction of FRET biosensors resulting in high
background signals. A high level of eCFP and Venus Fluorescent proteins could increase the
signal-to-noise ratio. This may interfere with the ratio calculation of these two donor-acceptor
proteins. If this case happens, another approach for FRET measurement should be implemented
such as acceptor photobleaching or fluorescence lifetime imaging (Bajar, et.al, 2016).
Expression of oxyrase in P.putida is possible because the enzymes are originated from the
plasma membrane of E.coli, so the genetic sequence and protein expression systems have been
well studied (Thurston et.al, 2000). Some challenges that need to be considered mainly come
from genetic modification. Oxyrase works by removing dissolved oxygen outside the cell,
whereas the protein expression will occur in the cytoplasm. Therefore, the sequence of oxyrase
should be modified by adding gene encodes anchor protein. This will enable the oxyrase to be
transported to the outer cell membrane. Another modification might use the genetic system in
which the enzymes can be released out of the cell. A high level of oxyrase expression may
influence the available oxygen for the host cell. If limited oxygen concentration occurs, cellular
processes such as respiration could be inhibited and affect biosensor performance. Therefore, the

promoter system should be selected carefully to avoid the high expression level of oxyrase.

The sensitivity and selectivity of the FRET biosensor towards heavy metals can be modified by

using different sensing domains. Other types of metallothionein from prokaryotes and eukaryotes
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with different metal binding affinities to a group or specific metal have been well characterised.
Ngu and Stillman (2006) have identified arsenic binding to mammalian metallothionein.
Exploitation of this metallothionein may lead to the application of a FRET biosensor for
measuring the bioavailability of arsenic in soils. Bacterial metallothionein from P.aeruginosa
has been known to bind a broader range of toxic heavy metals, including copper, zinc, cadmium,
and mercury (Pietrosimone, 2014). This can potentially be used as a component of a FRET

biosensor for application in soil contaminated with a mixture of heavy metals.

6.3 Conclusion

A FRET biosensor that measures bioavailable metals in contaminated soil was developed by
exploiting the combination of CMT as a binding site for metals and FRET pairs (¢CFP and Venus
FP) as reporter proteins. This research has described the construction of the FRET biosensor and
expressed the protein in E.coli for initial testing and further in P.putida as a relevant host cell for
application to heavy metal-contaminated soil. The biosensor can function in measuring Pb*",

Cd**, and Zn?" inside both host cells, indicated by the changes in metal-induced FRET signals.

The FRET biosensor in P.putida has been successfully applied directly to measure bioavailable
metals in contaminated soil using confocal microscopy. This provided information on the status
of metal toxicity at the cellular level. Results from the biosensor showed that a reduction of metal
bioavailability occurred in biochar-amended soil. The reduction was enhanced due to

amendment with a mixture of biochar and compost, indicating the most effective treatment.

This research has also demonstrated that the decrease of metal bioavailability deduced from the
biosensor measurement was in supported with changes in metal bioavailability based on
measurement of soil chemical properties, soluble metals using NH4NO; extraction and soil
respiration. It has shown that the biosensor can be used as a tool to complement these parameters.
The application of this biosensor is relatively easy and quick compared to analytical methods
using chemical extractions. Therefore, the integration of this biosensor in soil remediation
assessment is strongly recommended. This will help to provide information on risks associated
with bioavailable metals so the performance of remediation strategies to improve soil restoration

can be assessed precisely.
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8. Appendices

1. Vectors for Gateway Recombination

©
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a. Map of pDONR as the donor vector containing attP! and attP2 sites for LR cloning. CmR is a
chloramphenicol resistance gene, KanR is a kanamycin resistance gene, ori is a gene responsible for
plasmid replication in E.coli cells. ccdB is gene that targets DNA gyrase in E.coli. The ccdB positive-
selection marker acts by killing the background of cells with no cloned DNA, only cells containing
a recombinant DNA giving rise to viable clones.
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(2650-2774 bp)

b. Map of pGWF1 as the destination vector containing a#R [ and attR2 sites for BP cloning of CMT into
between eCFP and Venus gene. CmR is a chloramphenicol resistance gene, AmpR is an ampicillin
resistance gene, ori is a gene responsible for plasmid replication in E.coli cells. ccdB is gene that
targets DNA gyrase in E.coli. The ccdB positive-selection marker acts by killing the background

of cells with no cloned DNA, only cells containing a recombinant DNA giving rise to viable
clones.
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2. Buffer composition for 6xHis-tag purification (indicated as a final concentration)

Composition NPI-10 NPI-20 NPI-500
NaH,PO4 50 mM 50 mM 50 mM
NaCl 300 mM 300 mM 300 mM
Imidazole 10 mM 20 mM 500 mM
NaOH Adjust pH to 8

3. Composition of SDS Page reagents
Coomassie Brilliant Blue R-250 stain solution
Components Quantity (100 mL) Final concentration
Coomasie Brilliant Blue R-250 0.05¢g 0.05%
Methanol 50 mL 50% (v/v)
Glacial acetic acid 10 mL 10% (v/v)
Deionised H2O to 100 mL
Destain solution
Components Quantity (100 mL) Final concentration
Methanol 30 mL 30% (v/v)
Glacial acetic acid 10 mL 1% (v/v)
Deionised H20 to 100 mL
SDS Gel loading buffer (5X)
Components Quantity (100 mL) Final concentration
Tris 0.5 M pH 6.8 25 mL 125 mM
Glycerol 50 mL 50% (v/v)
SDS 4¢ 8 % (w/v)
Bromphenol blue 5mg 0.1 % (w/v)
Deionised H>O to 100 mL
Tris-glycine electrophoresis buffer (1L, 10x stock)
Components Quantity (100 mL) Concentration
Tris base 303 ¢ 250 mM
Glycine 144 g 1.9m
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SDS

10g

1% (W/v)

Deionised H>O

tolL
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4. Physicochemical properties of soil samples from selected experimental pots after 18 months of outdoor incubation (data was provided by Rosa

Soria)
Soil Soil + Biochar Soil+Compost Soil+Biochar+Compost
Parameters Unit 20 5 24 12 2 27 3 7 9 23 31 4 Method
pH - 5.17 4.91 5.1 5.52 5.52 5.42 7.08 7.12 7.11 7.21 7.02 7.09 FB68800 pH meter
Electric Conductivity (EC) N 63 5.07 58.9 60.1 68.7 79.9 249 206 242 208 262 250 JENWAY, 470 conductivity meter
Organic Matter Content % 1.41 321 291 321 2.87 291 13.08 11.14 12.02 10.05 10.14 11.68 BS1377-3:2018 (BS, 2018)
Available Nitrate NO3 mg/kg 112.29 34.34 28.61 86.10 58.54 61.66 103.69 3453 NA 33.23 63.65 130.09  Acidic Griess reaction (Miranda et.al,
Available Phosphate POs mg/kg 7.04 8.12 4.87 10.18 3.37 10.70 20.93 39.64 46.53 45.07 41.15 39.90 (Zﬁ)(i(s)érz method (latrou et al., 2014)
Total Heavy Metals
Cd mg/kg 138.65 122.64 108.44 126.95 114.94 16.58 110.36 104.75 176.66 93.60 16.82 126.43
Pb mg/kg 3381.77 3308.99 3350.41 2538.31 3311.90 3884.21 2050.49 4222.46 2067.64 2405.89 2716.60 2489.63
Zn mg/kg 2396.50 1893.99 2036.68 1721.89 2102.36 1636.24 1666.44 1668.01 1516.22 1627.11 145591 1678.51
Mg mg/kg 24167.28 20644.26  20847.02  18623.24  21151.79 20824.94 20557.98 21031.36 21678.23  20306.84 21497.75  21486.39
Bioavailable Heavy metals NH;NO;, extraction
Cd mg/L 0.006 0.006 <0.0027 0.006 <0.0027 <0.0027 <0.0027 <0.0027 <0.0027 <0.0027 <0.0027 <0.0027
Pb mg/L 15.44 16.69 17.24 6.35 5.78 11.83 0.139 0.244 0.120 0.123 0.153 0.188
Zn mg/L 2.135 2.103 2.02 1.07 1.19 1.23 0.008 <0.0059 0.024 0.008 <0.0059 <0.0059
Mg mg/L 128.44 130.21 112.13 138.36 117.98 120.09 169.36 130.32 117.77 166.65 163.95 125.505

166



5. Bioavailable Pb** measured in pot experiments by the FRET biosensor inside P.putida

KT2440T7 host cells
Pot Number Treatment Bioavailable Pb?" (uM)

20 Soil 42.43
5 Soil 36.79
24 Soil 40.05
12 Soil+Biochar 31.26
26 Soil+Biochar 25.77
27 Soil+Biochar 27.69
8 Soil+Compost 12.29
7 Soil+Compost 11.11
9 Soil+Compost 17.67
23 Soil+Biochar+Compost 9.44
31 Soil+Biochar+Compost 3.14
4 Soil+Biochar+Compost 6.26
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