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ABSTRACT

DEVELOPMENT OF FLUORESCENT WHOLE-CELL BACTERIAL
BIOREPORTERS FOR DETECTION OF INORGANIC ARSENIC AND
CADMIUM

Elgin, Evrim
Doctor of Philosophy, Biotechnology
Supervisor: Prof. Dr. Hiiseyin Avni Oktem
Co-Supervisor: Prof. Dr. Ayse Meral Yiicel

September 2019, 188 pages

Environmental heavy metal contamination in many regions of the world is a serious
problem of ecological health. Fast and constant monitoring of their levels is significant
for both preventing their accumulation and taking an immediate action for removal.
As an alternative approach to standard laboratory techniques, various biosensor
systems for detection of heavy metals have been proposed. Bacterial biosensors hold

great promise for in-field detection of heavy metals.

In this study, two different whole cell Escherichia coli bioreporter strains were
developed for detection of inorganic arsenic and cadmium. In their presence, reporter
gene expression increases which is detected as fluorescent signal later interpreted as a
measure of available metal level in sample. Following cloning studies, arsenic and
cadmium bacterial bioreporter strains were characterized for their metal specificity
and detection limits by using different media and induction plans. In liquid assays,
arsenic bioreporter could detect arsenite and arsenate at 10 pg/L after 2 hours, and
cadmium bioreporter could detect cadmium of 2 ug/L after 1.5 hours of induction.
Additionally, the arsenic bioreporter could estimate the bioavailable arsenic level in

contaminated groundwater sample.



To be integrated into a portable device, immobilization of arsenic bacterial bioreporter
was investigated using agar and alginate biopolymers. Entrapment parameters of
polymer concentration and cell density were evaluated. Immobilized cells were
characterized for their metal specificity and detection limits by using different media.
Agar and alginate immobilized bioreporter systems could detect arsenite and arsenate

of 25 pg/L and 150 pg/L within 5 hours and 2 hours, respectively.

The results demonstrated that these bacterial arsenic and cadmium bioreporter strains
are applicable in determining the environmentally safe concentrations of these two

most abundant heavy metals.

Keywords: Heavy Metal Pollution, Arsenic, Cadmium, Bacterial Bioreporter, Green

Fluorescent Protein, Cell Immobilization
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0z

INORGANIK ARSENIK VE KADMiIYUM TAYINI iCIN FLORESAN TAM
HUCRE BAKTERIYEL BiYORAPORTORLERIN GELISTIRILMESI

Elgin, Evrim
Doktora, Biyoteknoloji
Tez Danigsmant: Prof. Dr. Hiiseyin Avni Oktem
Ortak Tez Danigsmani: Prof. Dr. Ayse Meral Yiicel

Eyliil 2019, 188 sayfa

Cevresel agir metal kirliligi diinyanin bir¢cok yerinde ciddi ekolojik sorun
olusturmaktadir. Agir metal seviyelerinin hizli ve sikca izlenmesi hem birikmelerine
engel olmak hem de ayristirilmalart i¢in derhal énlem almak agisindan onemlidir.
Standart laboratuvar tekniklerine alternatif olarak, agir metal saptamak icin cesitli
biyosensor sistemleri 6nerilmektedir. Bakteriyel biyosensorler, agir metallerin sahada

saptanmasi i¢in oldukca biiyiik potansiyele sahiptirler.

Bu ¢alismada, inorganik arsenik ve kadmiyum i¢in iki farkli tam hiicre Escherichia
coli biyoraportor suslart gelistirilmistir. Agir metal varliginda artan raportdr genin
ifadesi floresan sinyali olarak algilanip, bu sinyal 6rnekteki metal kirliligi seviyesinin
bir ol¢iisii olarak gosterilebilmektedir. Klonlama c¢aligsmalarini takiben, arsenik ve
kadmiyum bakteriyel biyoraportor suslarmmin farkli besiyerlerinde ve indiiksiyon
planlarinda, metal ozgiinliikleri ve tayin limitleri karakterize edilmistir. Sivi
deneylerde arsenik biyoraportorii, arsenit ve arsenati 10 pg/L seviyesinde
indiiksiyondan 2 saat, kadmiyum biyoraportorii ise 2 pg/L kadmiyum derisimini
indiiksiyondan 1,5 saat sonra belirleyebilmektedir. Ayrica arsenik biyoraportori Kirli

yeralt1 suyundaki biyoerisilebilir arsenik seviyesini tahmin edebilmektedir.
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Tasinabilir cihaza entegre edebilmek i¢in arsenik biyoraportoriiniin agar ve aljinat
biyopolimerlerinde immobilizasyonu ¢alisilmistir. Polimer konsantrasyonu ve hiicre
yogunlugu parametreleri  degerlendirilmistir.  Immobilize  hiicreler, farkl
besiyerlerindeki metal 6zgiinliikleri ve tayin limitleri agisindan karakterize edilmistir.
Agar ve aljinat immobilize biyoraportor sistemleri arsenit ve arsenati, 25 pg/L ve 150

ng/L derisimlerinde sirasiyla 5 ve 2 saatte belirleyebilmektedir.

Calisma sonuclar1 gostermektedir ki bakteriyel arsenik ve kadmiyum biyoraportor
suslar1 cevresel olarak giivenli derisimlerdeki bu iki yaygin agir metali saptamakta

kullanilabilirler.

Anahtar Kelimeler: Agir Metal Kirliligi, Arsenik, Kadmiyum, Bakteriyel

Biyoraportor/Biyosensér, Yesil Floresan Proteini, Hiicre immobilizasyonu
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CHAPTER 1

INTRODUCTION

1.1. Heavy Metal Contamination of Environment

Heavy metals are defined as metallic elements that have a specific density of more
than 5 g/mL and have toxic effects on the environment and organisms. Heavy metals
also include metalloids, such as arsenic, since heaviness and toxicity are interrelated.
The concern about ecological and global public health has increased due to heavy
metal contamination in last decades. As world’s population increases rapidly,
industrialization and transportation develop, and sources of environmental pollution
have increased because of anthropogenic activities (Kim et al., 2018). The industries
produce various effluents that are mostly discharged into the environment, hence the
resultant dispersion of environmental contaminants and toxic chemicals eventually
reach water systems and threaten the human and environmental health. Especially in
developing countries, inadequately treated industrial, domestic, and agricultural
effluents have excessive levels of heavy metals or metalloids, that are mostly released
into the environment. Besides anthropogenic activities, metals can also enter the

environment through natural processes (Chowdhury et al., 2016).

1.1.1. Pathways of Heavy Metal Contamination

Heavy metal contamination can originate from both natural/bio-geo processes and
anthropogenic activities. Human activities have contributed more to environmental
metal pollution due to the perpetual manufacturing of goods to fulfil the demands of
growing human population. The foremost anthropogenic sources are mining
operations, power plants, electroplating, pharmaceutical industries, metal smelting

which releases arsenic, copper, and zinc, disposal of untreated effluents and metal



chelates, immoderate use of inorganic fertilizers and pesticides which release arsenic
and cadmium, burning of fossil fuels which release nickel, vanadium, mercury,
selenium and tin, and also automobile exhaust which releases lead (Chowdhury et al.,
2016; He et al., 2005; Reza & Singh, 2010).

Metals are naturally found in the earth’s crust and the natural sources of metal
emissions are mainly because of chemical weathering of rock, volcanic eruptions, soil
erosion of metal ions, wild forest fires, and biogenic sources. Also, weathering
processes and windblown dust and sea salt sprays could cause the release of metals to
different environmental districts from their original location (Masindi & Muedi,
2018).

The common metal (or metalloid) species that are considered a heavy/toxic metal
pollutant, which may cause detrimental human or environmental effects, are arsenic,
cadmium, chromium, copper, lead, mercury, nickel, silver, and zinc (Singh et al.,
2011). Among them, arsenic (As) ranks first and cadmium (Cd) ranks seventh place
in the priority list of hazardous substances prepared by the Agency for Toxic
Substances and Disease Registry (ATSDR) and the Environmental Protection Agency
(EPA) in the USA (ATSDR, 2017).

1.1.2. Sources of Arsenic Contamination

Arsenic is a natural crystalline metalloid with features in between metals and
nonmetals. Arsenic is the 20" most abundant trace element in the earth's crust and 14"
in seawater (Singh et al., 2015). It is usually found in the environment as inorganic
arsenic combined with oxygen, chlorine, and sulfur; it can also be found as organic
arsenic when combined with carbon and hydrogen. It is ubiquitous and very mobile
that is detected in almost every environmental matrix and has been reported worldwide
(Argos et al., 2010; Li et al., 2011).



Inorganic arsenic occurs naturally in soil and in many kinds of rock, especially in
minerals and ores that contain copper or lead, so arsenic pollution may occur by
natural phenomena such as volcanic and natural weathering of geologic material and
soil erosion. Moreover, when these ores are heated in smelters, most of the arsenic
enters the air as a fine dust having arsenic trioxide (As203). Organic arsenicals, such
as cacodylic acid, disodium methylarsenate, and monosodium methylarsenate, are
used as pesticides and copper chromated arsenate as wood preservative. Various
organic arsenicals are used as herbicides and as antimicrobial additives for animal and
poultry feed. Elemental arsenic is used commercially and industrially as alloying
agents in the manufacture of transistors, laser and light-emitting diodes,
semiconductors, and lead-acid batteries for automobiles. (ATSDR, 2007; Hughes et
al., 2011).

1.1.3. Sources of Cadmium Contamination

Cadmium (Cd) is a heavy metal and widely distributed in the earth’s crust. Soluble
forms of cadmium can migrate in water, while insoluble forms of cadmium adsorb to

sediments. It occurs naturally with zinc, copper, and lead ores (WHO, 2011b).

Natural release of cadmium to environment can occur due to volcanic eruptions,
weathering, river transport, forest fires, or generation of sea salt aerosols. The
anthropogenic sources of cadmium are non-ferrous metal mining, electroplating onto
steel, refining, smelting, manufacture and application of phosphate fertilizers, fossil
fuel combustion, incineration of municipal waste, and tobacco smoking. Water
sources near cadmium-emitting industries have shown significant elevation of
cadmium in water sediments and aquatic organisms. It is also mostly used in
rechargeable alkaline batteries as an electrode component and used as metal coatings
such as iron and steel to serve as an anticorrosive agent, the rest is used in pigments
and plastic stabilizers (ATSDR, 2012; Jaishankar et al., 2014).



1.2. Heavy Metal Toxicity

35 metals pose a human health risk due to residential or occupational exposure, and
23 of them are heavy/toxic metals that are listed in Figure 1.1. Among these metals
that are accepted as nutritionally essential in very low concentrations are cobalt,
chromium, copper, iron, manganese, molybdenum, selenium, and zinc, while the rest
are nutritionally nonessential metals for humans. However, all of them become highly

noxious after certain threshold concentrations.

Metals and Metalloids of Primary Interest
Aluminum Manganese
Antimany Mercury (inorganic)
Arsenic Molybdenum
Barium Nickel
Beryllium Selenium
Boron Silver
Cadmium Strontium
Chromium Tin
Cobalt Thallium
Copper Vanadium
Iron Zinc
Lead

Figure 1.1 List of 23 metals and metalloids of primary interest (USEPA, 2007).

The permissible levels of various heavy metal ions have been proposed by several
environmental agencies including World Health Organization (WHO), US
Environmental Protection Agency (EPA), and European Environment Agency (EEA)
for protection of human health. The guideline values were determined based on the
lowest concentration that was reasonably and economically achievable with water
treatment technologies, measurable lowest concentration, and the observed effects on
human and/or animal health (WHO, 2017).

WHO sets “Guidelines” for a wide range of chemical parameters in drinking water.
These are intended to be used on a worldwide basis and are generally in the form of

upper concentration limits applied as annual mean values. The WHO recommends that



if the guideline value is exceeded, the proper health authorities should be consulted
and action for water quality improvement should be planned, if necessary. The WHO
and EPA guideline values for metals and metalloids in drinking water are shown in

Table 1.1 below.

Table 1.1 Guideline values for heavy metals in drinking water recommended by the WHO and EPA.

Heavy metal WHO (mg/L) EPA (mg/L)
Arsenic (As) 0.010 0.010
Cadmium (Cd) 0.003 0.005
Copper (Cu) 2 1.3
Mercury (Hg) 0.001 0.002
Nickel (Ni) 0.07 0.04
Lead (Pb) 0.010 0.015
Zinc (Zn) 3 5

Heavy metal toxicity is known as non-biodegradable and bioaccumulative. Metal ions
interact with cellular components like nucleic acids and nuclear proteins, causing
DNA damage and conformational changes that may cause carcinogenesis. They can
also displace the essential metal ions to lead cellular dysfunction. Heavy metal toxicity
can reduce energy levels of cells, damage the functioning of multiple organs, and
cause oxidative stress by producing reactive oxygen species. Long-term exposure can
generate physical and neurological degenerative processes similar to diseases such as
Alzheimer’s disease, multiple sclerosis, Parkinson’s disease, and muscular dystrophy

(Jaishankar et al., 2014; Tchounwou et al., 2012).

Among the heavy metals, As, Cd, Cr, Hg, and Pb, are of major health concern, because

of their high degree of toxicity and presence at relatively high concentrations in



drinking water. According to the International Agency for Research on Cancer
(IARC), inorganic As and Cd are classified as Group 1 carcinogens for humans
(IARC, 2016).

1.2.1. Arsenic Toxicity

Arsenic (As) has an atomic number of 33 and atomic mass of 74.92 amu and has four
oxidation states (-I1l, 0, +IlI, and +V). Various forms of arsenic species include
organic arsenic compounds, inorganic arsenic compounds, and volatile arsenicals. The
forms of arsenic are dependent on the type and amounts of sorbents, pH, redox
potential (Eh), physical, chemical, and microbial activities. Among them, arsenite,
As(111), and arsenate, As(V), in the form of arsenic oxyanions, are the most dominant
ones in aqueous systems. It is mostly found as arsenate if the water is oxygenated (e.g.,
aerated and well oxygenated surface waters) and found as arsenite under reducing
conditions or anoxic conditions (e.g., groundwater, deep lake sediments) (Figure 1.2).
Under oxidizing conditions, arsenic usually exists as one of a series of pentavalent
(arsenate) forms such as H3AsO.%, HoAsO4~, HAsO4*", AsO4*", depending on the Eh
and pH conditions. In reducing water, arsenic is present as the trivalent (arsenite) form,
which undergoes a similar series of dissociation reactions from HzAsO3° to H2AsO3~
and HAsO3".
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Figure 1.2 Eh-pH diagram for aqueous As species in the system As—O2-H20 at 25 °C and 1 bar total pressure
(Smedley & Kinniburgh, 2002).

The toxicity and environmental mobility of arsenic depend on their oxidation states
and chemical compounds. Inorganic forms are found to be more toxic and mobile than
organoarsenicals. Majority of arsenic toxicity cases have been associated with
exposure to inorganic arsenic. Furthermore, inorganic trivalent arsenic compounds
which are arsenic trioxide, sodium arsenite, and arsenic trichloride are regarded as 2—
10 times more toxic than pentavalent inorganic compounds such as arsenic pentoxide,
arsenic acid, and arsenates (e.g., lead arsenate and calcium arsenate (WHO, 2011a;
Wang & Mulligan, 2006). As(I11) suppresses the activity of over 200 enzymes after
binding to thiol or sulfhydryl groups on proteins, since affecting numerous organs.
As(V) can replace phosphate, which can affect various biochemical pathways (Hong
et al., 2014; Hughes, 2002).

Several epidemiological studies have reported that arsenic contamination in drinking

water threatens public health for tens of millions of people all over the world,



increasing risks of both carcinogenic and systemic health effects (Ravenscroft et al.,
2009). Arsenic poisoning most commonly causes diseases of blood vessels resulting
in melanosis, Kkeratosis, hyperkeratosis, dorsum, gangrene (known as black foot
disease), and skin cancer. Excessive and long-term human intake of toxic inorganic
arsenic causes arsenicosis which leads to cardiovascular, hepatic, renal,
gastrointestinal, neurological, and reproductive problems, and malignancies
(Chatterjee et al., 2017; Singh et al., 2015). Unfortunately, there are no effective
medicinal drugs available for arsenicosis but some preventive measures to fight with
the disease such as use of safe drinking water, nutritious food, and vitamins are
recommended along with the effective chelation therapies (Majumdar et al., 2014).

1.2.2. Cadmium Toxicity

Cadmium (Cd) has an atomic number of 48 and atomic mass of 112.41 amu. It is found
in the environment in only one oxidation state (+I1) and does not undergo oxidation-
reduction reactions. In groundwaters and surface waters, cadmium can exist as the
hydrated ion or as ionic complexes with other inorganic or organic substances.
Cadmium and its compounds have high solubility in water and high bioavailability as
in inorganic complexes and its mobility depends on several factors such as pH and the
presence of organic matter. (ATSDR, 2012).

Cd interacts with iron and decreases hemoglobin concentration leading to anemia, also
it interacts with calcium and deposited in bones leading to osteoporosis and
hypercalciuria. Cadmium disturbs zinc metabolism by inhibiting enzymes having
zinc, and it replaces zinc in metallothionein since they have the same oxidation states
(Chakraborty et al., 2013; Jaishankar et al., 2014). Prolonged exposure of humans to
cadmium causes renal failure along with the osteoporosis that can lead to painful and
debilitating bone disease, Itai-lItai, seen in many occurrences of elderly Japanese
people after World War 11, exposed to high levels of cadmium in rice and water.

Moreover, smokers are more susceptible for cadmium toxicity than non-smokers,



because chronic exposure via inhalation of cadmium particulates is generally
associated with cardiovascular and pulmonary diseases (ATSDR, 2012; Goyer &
Clarkson, 2001).

1.3. Environmental Monitoring of Metal Contamination

The escalating contamination of environment results in an escalating number of
initiatives and scientific attempts to assess metal pollution in water, air, and soil.
Especially, limited drinking water sources are continuously contaminated and must be
monitored constantly and globally. Their rapid detection is necessary for effective
prevention before their public consuming, while being diverted to processing centers
for its remediation. There are two main analytical methods for monitoring of
chemicals and metals developed in two different directions, namely physicochemical

analysis and biosensing methods.

1.3.1. Physicochemical Methods for Analysis of Metals

First approach involves instrument-based analysis represented by chromatographic
and spectroscopic techniques. These methods are highly precise and aimed at both
identification and quantification of substances. However, they have some
disadvantages, including high cost, requirements of sophisticated instrumentation and
qualified personnel/operators, complicated procedures, time-consuming sample
preparation and pre-concentration, transportation of the sample from the site to the
laboratory. Moreover, their use outside the laboratory is not feasible, they cannot
perform multiplex analyses and it could take a long time to get results. Furthermore,
they fail to provide hazard and toxicological information and synergistic/antagonistic
behaviors of metals in mixtures. They also typically over-evaluate the total amount of
environmental pollutants and cannot measure the bioavailability of the contaminants
which is better to indicate the toxicity and effects of pollutants on living organisms.
Nonetheless, they remain today the workhorse of the chemical identification and they

are essential for regulatory purposes (Belkin, 2003; Eltzov et al., 2015a).



For the sensitive detection of heavy metals, a number of techniques have been
developed and employed, including quantitative techniques inductively coupled
plasma with mass spectrometry (ICP-MS), inductively coupled plasma with atomic
emission spectrometry (ICP-AES), atomic fluorescence spectrometry (AFS), X-ray
fluorescence spectrometry (XRF), neutron activation analysis (NAA) and inductively
coupled plasma with optical emission spectrometry (ICP-OES), mostly combined with
chromatographic methods such as high-pressure liquid chromatography (HPLC), ion
chromatography (IC) and gas chromatography (GC) for speciation determination. By
using these techniques, single and/or multiple species at low concentrations can be
detected with sensitive quantification of total amounts of elements; however, large
sample volumes and pre-treatment steps are required in order to meet the detection

range of the instruments (Bansod et al., 2017; Morais et al., 2012).

For determination of arsenic, graphite furnace atomic absorption spectroscopy
(GFAAS) with the detection limit of 1 ug/L, hydride generation atomic absorption
spectrophotometry (AAS) with the detection limit of 2 pg/L and ICP-MS with a lower
detection limit of 0.1 - 10 pg/L. HPLC in combination with ICP-MS can also be used
to determine various arsenic species (WHO, 2011a).

For determination of cadmium, ICP-MS with the detection limit of 0.1 - 10 pg/L and
AAS using either direct aspiration into a flame (with detection limit of 5 pug/L) or a
furnace spectrometric technique (with detection limit of 0.1 pg/L) can be used (WHO,
2011b).

1.3.2. Biosensing Methods for Analysis of Heavy Metals

The second approach involves bioassay-based analysis and biosensors which are

recently reviewed by Hassan et al. (2016) and Wang et al. (2014).
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For bioassay-based analysis, numerous living systems have been used for water
biomonitoring such as aquatic organisms like fish, mussels, water flea, algae, bacteria
or plants to detect the acute toxicity of substances such as pesticides and heavy metals
as a total systemic effect. Also, human or other mammalian cell lines have been used
In toxicity assays to detect the overall effect of the whole mixture of pollutants (Van
Wezel et al., 2010). The use of living systems in a variety of environmental bioassays
is regarded as a complementary approach in terms of bioavailability and toxicological
information to evaluate the toxic risk associated with contaminated water samples

even though the contaminants are not clearly identified (Hassan et al., 2016).

Since the development of the first enzymatic biosensor for blood glucose detection,
various biosensors have been developed and increasingly employed in different
applications, including environmental and food monitoring, and for homeland
security. A biosensor can be defined as a self-contained integrated device using a
biological recognition element (bioreceptor) retained in direct spatial contact with
transduction system, which is capable of providing selective quantitative or semi-
quantitative analytical information. Biosensors convert a biological response into a
measurable signal proportional to the concentration of the analytes with the help of a
transducer. Biosensors are categorized according to types of biological and
transduction elements. There are numerous bioreceptors that can be linked to different
transducer elements (Figure 1.3). The main classes of bioreceptors are whole cells,
enzymes, aptamers, peptides, antibodies and nucleic acids. The basic groups of
transduction elements are electrochemical, piezoelectrical, optical, and thermal (Farré
etal., 2009; Su et al., 2011).

The use of biosensors provides several advantages over laboratory-based approaches,
such as incorporation into portable equipment, low cost, simplicity, specificity, rapid
response, and in-situ application as well as online and remote measurement (Justino
et al., 2017). They can assess both total and bioavailable metal concentrations with

their biological effects like toxicity, cytotoxicity, and genotoxicity. Most importantly,

11



they offer a possibility for on-site and real-time detection of heavy metals with
minimum effort (Mehta et al., 2016; Rodriguez-Mozaz et al., 2006).
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Figure 1.3 Schematic representation of biosensors with a variety of biosensing elements employed (Adapted from
Mehta et al., 2016).

The main drawback of biosensors for the current legislations is that they do not give
absolute concentration. Also, they are less reproducible than chemical methods since
they depend on biological systems. However, they may uncover the presence of
unexpected metal contaminants that can be missed by standard methods. On the other
hand, since determination of absolute concentrations of toxicants in real-time is very
unlikely, the use of biosensors could be suggested for on-line and real-time
determination of toxicity levels (Stenuit et al., 2008). Thus, the best methodology to
monitor a contaminated area appears to be the combination of an on-line monitoring

biosensor system complemented by absolute chemical determinations taken
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periodically. Furthermore, biosensors are needed for emergencies such as in the case
of accidental spill of toxic metals, or of sudden natural phenomenon where rapid and
portable equipment is needed (Farré et al., 2009; Woutersen et al., 2011). Finally,
especially in developing countries, standard laboratory technologies may not be
accessible, restricting the monitoring of contaminated areas.

Heavy metal biosensors can be classified as cell-free systems such as aptamers,
nucleic acids, peptides, enzymes, antibodies, or proteins which act as either catalysts
or inhibitors during the interaction with biomolecules, and whole cell-based systems.
Diverse biosensors applying different couples of biological and transducer elements
have been proposed for heavy metal detection and reviewed by Aragay et al. (2011),
Mehta et al. (2016), Turdean (2011) and Verma & Singh (2005).

Although enzymes, antibodies and nucleic acids can detect metals quickly with very
high specificity, the expression and purification systems must be optimized. Also,
multiple enzymes to generate measurable product and cofactors/coenzymes are
needed. Whole cell-based biosensors offer several advantages to overcome costly and
time-consuming steps of cell-free systems. Different enzymes and cofactors already
exist in cells, they are easily cultivated in inexpensive conditions, and do not require
any special techniques for analysis. Besides, information about metal toxicity along
with its bioavailability can be obtained, and finally, the requested whole-cell
biosensors can be further modified with genetic manipulation (Gui et al., 2017).

1.4. Whole-Cell Biosensors

Microbial biosensors or whole-cell biosensors are analytical devices composed of
microbial cells (e.g., bacteria, microalgae, and yeast) as the sensing element, and
convert the detected signal into a quantifiable response such as in a biochemical,
electrochemical, or physiological manner. Microbial cells are correspondent to
““factory” having various enzymes and cofactors that give them the ability to respond
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to a variety of compounds (Kim et al., 2018; Su et al., 2011). After 2000s, a large
number of whole-cell biosensors have been developed as bio-sentinels to monitor soil,
water and air for harmful pollutants ranging from organic matters, xenobiotics, sugars,
radiation, metals to general and specific toxicants, which are recently reviewed by
Nakamura (2018); Lim et al. (2015) and Xu et al. (2013).

Microbial cells have many advantages compared to higher organisms and other
biosensing elements. First, they have a short doubling time and can grow in cheap
nutrient media, so they can be produced in vast numbers in a short time using a simple
culture process. Second, they can respond rapidly to environmental changes and to
various contaminants such as heavy metals, phenolic compounds, organic pollutants,
endocrine disruptors, and effluents from industrial activities (Eltzov & Marks, 2011;
Hassan et al., 2016; Lei et al., 2006). Third, genetic engineering of microbial cells can
be better controlled, and they can be tailored for detection of specific substrates with
high selectivity and sensitivity by using advanced recombinant DNA and molecular
biology technologies. Also, they can be manipulated by blocking the undesired or
inducing the desired metabolic pathway and by adapting the microorganisms to a
target chemical through selective cultivation conditions (Zhang & Keasling, 2011).
Finally, most biosensors using cell-free system for heavy metal detection measure the
total metal ion concentrations rather than the bioavailable concentration. In contrast,
as being living entities, whole-cell biosensors can detect the bioavailable proportion
of metal ions which is the maximum amount available for cell uptake that is freely
available to cross the cellular membrane within a specified period of time. Thus, they
not only qualitatively evaluate specific toxicants under a sub-lethal dose but also semi-
quantitatively assess their chronic effects instead of the acute impact of global
contamination (Kim et al., 2018; Rensing & Maier, 2003).

Despite the multiple advantages of whole-cell biosensors, their widespread use is

hindered by some inherent features of microorganisms such as slow response

compared to cell-free biosensors, susceptibility to interference by contaminants,
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intrinsic cellular heterogeneity, and stochastic protein expression (Bereza-Malcolm et
al., 2015; Lim et al., 2015).

1.4.1. Whole-Cell Bacterial Bioreporters

Among prokaryotic and eukaryotic microorganisms, bacteria have been extensively
studied due to their benefits over eukaryotic microbial biosensors. They have longer
evolutionary history of adaptation to diverse and extreme environmental conditions so
that bacterial cells can have the desired metabolism and genetic parts. Bacteria can be
genetically tailored easier than eukaryotic cells, and they can respond to specific
chemicals or classes of chemicals in a dose-dependent manner. Moreover, due to high
growth rates under aerobic and/or anaerobic conditions and short response time,
bacterial cells can be easily used as biosensors (Jusoh & Wong, 2014; Struss et al.,
2010). Among developed bacterial biosensors, Escherichia coli (E. coli), Bacillus
subtilis, Rhizobium leguminosarum, and Pseudomonas species are widely used in the

design whole-cell biosensors.

Of all whole-cell biosensors (WCBs) for detection of heavy metals, nearly 85% are
based on prokaryotes mostly bacteria, while the rest 15% have been investigated using
eukaryotic cells such as yeast, microalgae, fibroblasts and cardiomyocytes (Mehta et
al., 2016). Various microbial designs for detection of heavy metal biosensors are
reviewed by Bereza-Malcolm et al. (2015), Hynninen & Virta (2010), Kim et al.
(2018) and Teo & Wong (2014).

1.4.1.1. Principles of Whole-Cell Bacterial (E. coli) Bioreporters

Over the course of the advancements of bacterial biosensors, the ‘bacterial
bioreporter’ term has become the same as a genetically engineered bacteria in which
one or more regulatory systems is deployed to produce a detectable and quantifiable
signal output. For whole-cell biosensors, especially E. coli cells have been most

widely used as chassis cells. In the literature, there are diverse reports where E. coli-
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based biosensors or E. coli bioreporters have been custom-engineered for sensing a
specific analyte including oxidants, DNA damaging compounds, aromatics,
membrane-damaging compounds, protein-damaging compounds, Xenobiotics,
antibiotics, and so on. (ldalia & Bernardo, 2017; Jouanneau et al., 2017; Robbens et
al., 2010). They are constructed by using plasmid or chromosomal elements for the
detection of environmental traits or hazards or measuring cellular processes, with a
rational design for a genetic circuit adapted from cellular sensory and regulatory
systems (van Der Meer & Belkin, 2010).

Most commonly, E. coli whole-cell bioreporter systems carry an engineered plasmid
by coupling a sensing regulatory element with its promoter/operator DNA sequence
linked to a reporter gene that encodes a reporter protein producing the measurable
signal (Figure 1.4). These sensing and/or reporter genes can be native or acquired by
transformation. (Nivens et al., 2004; Xu et al., 2013).
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Figure 1.4 Scheme of E. coli-based biosensor design (Idalia & Bernardo, 2017).

Gene/operon promoters are specific and sensitive DNA elements present upstream of
genes, controlling the translation open reading frames. Promoters are the target sites
of regulatory proteins -repressors or activators, and so promoters are responsible for
regulation downstream genes related to diverse cell functions such as regulation of
temperature, ionic strength, toxins or metabolites, environmental stresses, etc. In the
bioreporter cell, the link between promoter and these genes is broken and replaced
with a reporter gene. Thus, upon activation by the promoter, reporter gene is
transcribed and translated to a reporter protein that emits a measurable signal such as
bioluminescent, fluorescent, or colorimetric. The intensity of the signal mostly
becomes as a function of the concentration of analyte in the tested sample. To detect
bioavailable environmental pollutants, promoterless reporter gene must be artificially
brought under the control of a pollutant/toxicant-responsive promoter to measure

promoter activity. Reporter proteins with easy detection and quantification, and high
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sensitivity properties are preferable, and they are better be not present in the native
organism. Thus, an ideal and effective biosensor strain relies on the proper choice of
its two components: the promoter and the reporter gene (Paitan et al., 2003; Yagi,
2007).

Based on the signaling mechanisms, they are typically designed either a “lights-off”

(constitutive systems) or “lights-on” (inducible systems) biosensors (Figure 1.5).
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Figure 1.5 Schematic representation of the types of biosensors. a) “lights-off” biosensor having a constitutive
whole-cell sensing system, b) “lights-on” biosensor having an inducible whole-cell sensing system (Date et al.,
2010).

Based on the specificity of detection, bacterial bioreporters are mainly divided into

three categories: non-specific, semi-specific and specific.

Nonspecific bioreporters are used for measuring general toxicity levels of samples and
fail to identify the contaminants. They generally have lights-off system that is either
natural bacteria (bioluminescent or fluorescent) or built by linking the reporter gene
to a constitutive promoter. The toxicity of sample that harms the cell or disrupts
cellular metabolism, is measured as a decrease or total inhibition in reporter protein

activity in correlation to the degree of toxic interaction. They can be useful for acute
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toxic incidences and pre-alarm to the need for further downstream analyses to identify
the contaminants (Gu et al., 2004; Xu et al., 2014).

Semi-specific and specific bioreporters generally have lights-on system in which
bacteria will not emit any signal until it encounters its designated target(s). Upon
exposure, the promoter/reporter gene fusion directly associates with a class of
chemicals or a particular chemical, emitting a subsequent signal of which intensity is
proportional to the portion of bioavailable chemical (Serensen et al., 2006). Semi-
specific bioreporters are constructed with stress-induced promoters such as the heat
shock or the salt overly sensitive (SOS) promoters, that allow the detection of general
class of compounds that cause certain cellular responses, such as cytotoxic stress,
oxidative stress, osmotic stress, membrane damage or DNA damage without further
characterizing the compound (Shin, 2011). Specific bioreporters have a tightly
regulated promoter and respond only to the compound in question, permitting a
quantitative analysis of the contaminant concentration. The response is usually a
measurable increase in reporter protein production. In this manner, specific bacterial
bioreporters have been developed for heavy metals and several organic compounds.
Binding of a metal ion to the transcription factor induces expression of the reporter
gene, thus converting metal sensing into a detectable output signal (Hynninen & Virta,
2010; Yagi, 2007; Xu et al., 2014).

1.5. Heavy Metal-Specific Whole-Cell Bacterial Bioreporters

Many species of bacteria can exist and grow in diverse and extreme environments
contaminated by heavy metals, and involve in transformations of metals (Fairbrother
et al., 2007). Metal-resistant bacteria have evolved metal-resistance determinants and
gene regulation pathways engaged in metal-ion homeostasis and metabolic
detoxification. Bacterial resistance mechanisms have been described to be active
against low concentrations of toxic metals (Pb, Hg, Cd, As, Sh, Ag, Tl) and very high
concentrations of essential metals (Zn, Fe, Ni, Cu, Co, Cr). Significant knowledge of
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bacterial metal resistance has been accumulated about genetic and regulatory
mechanisms that specifically respond to heavy metals (Chandrangsu et al., 2017,
Magrisso et al., 2008; Nies, 1999). The information about nucleotide sequences and
genetic circuits of many genetic elements involved in metal resistance can be gathered
from microbial genome or metagenome databases. Some of the metal resistance
mechanisms are exclusion by cell permeability barrier, intra- and extra-cellular
sequestration of metals, active transport of metals by efflux pumps, reducing cellular
sensitivity to metal ions, and enzymatic detoxification. A group of bacteria may
contain several transport/resistance mechanisms for one metal, whereas other groups
may completely lack resistance to the same metal (Das et al., 2016; Olaniran et al.,
2013).

The most commonly employed mechanism for development of metal-specific
biosensors involves the usage of regulatory regions of genes/operons encoding efflux
transporters that actively export the toxic metal ions to the outside of the cell, these
pumps may be encoded chromosomally or acquired by mobile resistance factors (Ma
et al., 2009). The induction of this particular defense mechanism occurs when metal
ions are present at toxic concentrations and often involves a specific transcriptional
regulator (metalloregulatory proteins), which activates the transcription of
downstream defense related metal-resistance genes (Xu et al.,, 2013). Metal
bioreporter constructs exploit this defense mechanism, redirecting the outcome into
expression of the reporter gene. Since heavy metals at nanomolar concentrations are
toxic to cells, bacteria can detect very low levels of metals that are also
environmentally relevant. The sensing ability of the resistance mechanism determines
the specificity (identity) and sensitivity (concentration) of bioreporter strain (Harms,
2007; Hynninen et al., 2010).
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1.5.1. Heavy Metal Sensing Modules

Metalloregulatory proteins or metal sensor proteins form specific coordination
complexes with metals that subsequently activate operator DNA binding or directly
enhances transcriptional activation. Seven major families of metalloregulatory
proteins can be divided into two groups (Ma et al., 2009). First group controls the gene
expression for metal-ion efflux and/or intracellular storage belong to ArsR/SmtB
family, MerR family, CsoR/RcnR family and CopY family, regulating via
transcriptional derepression or an activation mechanism. Second group controls gene
expression for metal ion uptake belong to Fur family, DtxR family and NikR
transcriptional regulator, by binding metal ions as corepressors that causes the
repression of the genes that allow for metal ion uptake. Among these, ArsR and MerR
are very large families with members sensing a wide range of biologically required

metal ions and heavy metals.

The ArsR/SmtB metalloregulators include ArsR (As, Sb), CadC (Cd, Pb), CzrR (Zn),
and NmtR (Ni) which act as repressors by binding to the operator region to prevent
RNA polymerase binding. Upon binding to specific metals, the binding affinity of the
repressor proteins for its specific DNA operator sequence decreases and repressor
proteins dissociate exposing promoter region. Consequently, this allows the initiation

of transcription from their cognate promoter (Busenlehner et al., 2003).

The MerR family including members such as MerR (Hg), CueR (Cu), ZntR (Zn), and
PbrR (Pb), act generally as activators. They bind to RNA polymerase-binding operator
regions regardless of metal ion. When metal binds to activators, the DNA bends and
twists into a position that opens the DNA structure and allows transcription to start
(Brown et al., 2003).

Many types of heavy metal biosensors can be found in literature using sensing

modules constructed from various metal-responsive transcription factors
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(activators/repressors) along with regulatory regions such as operators, promoters, and
ribosomal-binding sites. These can be retrieved from specific bacterial genome

databases by BLAST search and transcriptome analysis.

1.5.1.1. Sensing Modules for Arsenic Detection

Some of the family members of ArsR/SmtB metalloregulatory proteins are
Synechococcus sp. SmtB, E. coli ArsR, and Staphylococcus aureus pl258 CadC.
Biosensor constructions for arsenic detection have exclusively been based on the ArsR
protein, which is the transcriptional repressor of the arsenic resistance mechanism
conferred by ars operon in many bacteria (Wu & Rosen 1993; Suzuki et al.,
1998).Very often, research groups have used the ars operon derived from plasmid
R773 and R46 of E. coli, in which case the arsR gene is the first in a series of five
genes (Figure 1.5). Moreover, bacteria have a chromosomally encoded arsRBC

operon which confers a moderate level of resistance to arsenic (Carlin et al. 1995).

One of the best characterized resistance systems to arsenic in bacteria is from the
conjugative resistance factor R773 of Escherichia coli (Chen et al., 1985). It confers
resistance against arsenate, arsenite and antimony with the expression of arsRDABC
operon (Figure 1.6). arsR encodes for a transacting repressor protein, ArsR, that binds
to the promoter of ars operon and inhibiting the transcription of the downstream genes
in absence of arsenite, As(lIl). In its presence, ArsR binds As(Ill) and dissociates
from the ars DNA, allowing the expression of the ars genes. arsD encondes a
chaperone protein, ArsD, that binds and transfer As(111) to the catalytic subunit of the
ArsAB efflux pump. ArsD also functions weak repressor of the ars operon,
independent of inducer. arsA gene produces an oxyanion-stimulated ATPase, ArsA,
interacting with ArsB to form an As(I11) efflux pump energized by ATP hydrolysis.
arsB encodes for an integral membrane protein, ArsB, that pumps arsenite out of the

cell, thus diminishing arsenite accumulation. arsC encodes for arsenate reductase
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enzyme, ArsC, that is able to reduces arsenate, As(V) to As(l11), prior to extrusion of
the latter oxyanion (Yang et al., 2012; Fekih et al., 2018).
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Figure 1.6 The arsRDABC operon of E. coli plasmid R773. Arsenic enters cells as either As(111) or As(V). As(l11)
is taken up by the aquaglyceroporin, GlpF, and As(V) is taken up by Pst and Pho phosphate permeases (Chen &
Rosen, 2014).

The ars control switch has been applied many times for the construction of bioreporter
bacteria, but exclusively in its native form with arsR as first gene under the control of
its own promoter, followed by the reporter gene. Constant production of ArsR from
its own promoter ensures that the system is turned off when arsenite is removed the
cell, in which case non-As(l11) bound ArsR represses the promoter. Bioreporters that
employ the native configuration of the ars control system suffer from high background
signals, which are the result of the low transcription rate that is necessary to produce

ArsR and the read-through in the reporter gene.
Various arsenic sensor plasmids constructed by different sensing and reporter

elements have been reviewed by Diesel et al. (2009), Merulla et al. (2013) and Kaur
et al. (2015).
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1.5.1.2. Sensing Modules for Cadmium Detection

Some of the family members of MerR metalloregulatory proteins members of the
MerR family are MerR (as various mobile elements), Streptomyces sp. TipA, and E.
coli SoxR, CueR and ZntR. There are various genetic circuit constructions for
cadmium detection and one of them is based on the ZntR protein, which was the first
described E. coli MerR-like metalloregulator (Brown et al., 2003). The zntR gene is
physically separate from zntA promoter on the E. coli genome. The product of zntR
gene, ZntR, is a regulator of zntA gene and binds zntA promoter in the absence of a
class of heavy metals. In E. coli, zntA gene encodes an integral membrane protein of
the CPx-type ATPase family that is responsible for active efflux of divalent metal ions
such as Zn(11), Cd(l1), Hg(l1), Pb(11), Co(I1) and Ni(Il). Upon binding of these divalent
metal ions, the conformation of ZntR changes and allows the RNA polymerase to
transcribe zntA gene (Figure 1.7) (Brocklehurst et al., 1999; Rensing et al., 1997;
Outten et al., 1999). Upregulation of zntA expression is induced mainly by zinc,
cadmium, lead, and also mercury (Binet & Poole, 2000; Noll & Lutsenko, 2000).
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Figure 1.7 Regulation of the zntA promoter by the ZntR protein (Adapted from Charrier et al., 2010).

Especially, for the design of cadmium sensing plasmid, the zntA gene can be replaced
by a reporter gene since cadmium induces expression of zntA at much lower
concentrations than divalent metal ions. Bioreporters constructed using ZntR and the
promoter of the zntA gene are most sensitive to Cd, but they are also induced by much
higher concentrations of Pb, Zn and Hg (Kim & Yoon, 2016; Biran et al., 2000;
Gireesh-Babu & Chaudhari, 2012; Ivask et al., 2002; Riether et al., 2001). Metal-
activated transcription factors usually sense several different heavy metal ions with
similar properties due to the limited possibilities for coordinate binding between
proteins and metal ions. Thus, in practice it is not possible to construct a bioreporter
strain that senses only one metal. Owing to variation in the binding affinities of metals,
different metals can be sensed at different concentrations. Also, metal specificities can

differ by different species of bacterial hosts (Hynninen & Virta, 2010).
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1.6. Common Reporter Elements for Biosensor Constructions

Various reporter genes have been described that are isolated from naturally occurring
microorganisms and classified based on their method of detection (Daunert et al.,
2000; Kohler et al. 2000; van der Meer & Belkin, 2010). Among detection techniques,
electrochemical and optical are most widely used for whole-cell biosensors (Close et
al., 2009; Su et al., 2011). Particularly, optical detection is massively employed by
using reporter proteins resulting in color development, bioluminescence, and
fluorescence (Figure 1.8) (Pasco et al., 2011; Tecon & van der Meer, 2008; Yagi,
2007). Optical sensing techniques are mostly preferred in high throughput screening

for monitoring multiple analytes simultaneously.
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Figure 1.8 The instruments for measuring signal output for currently used reporters: fluorescent, bio- or
chemiluminescent, and colorimetric (Tecon & van der Meer, 2008).

Commonly used reporter proteins for optical detection are 3-galactosidase encoded by
the E. coli lacZ gene generating coloration, fluorescent proteins such as GFP encoded
by Aequorea victoria, and luciferases (firefly luciferase, Luc, and bacterial luciferase,
Lux) encoded by eukaryotic lucF gene, and the bacterial luxCDABE genes (Table 1.2).
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Table 1.2 Commonly used reporter genes and their characteristics (French et al., 2011).

Reporter

Characteristics

lacZ (B-galactosidase)

I AR (bacterial luciferase)

IuxCDAEBE (bacterial luciferase)

Firefly or click-beetle luciferase

Fluorescent proteins

Chromogenic (¥-gal, o-nitropheny] galactoside) and
chemiluminescent substrates are available In E. coli
host strains with the JacZAMTS mutation, only a
small peptide representing the missing N-terminus,
designated lacZ'o, is required.

Blue bioluminescence in the presence of added
substrate (3 long-chain aldehvde, usually decanal).
As above; presence of heeCDE allows biosynthesis of
the substrate so that it need not be added to the
reaction.

Bioluminescence in the presence of added substrate
{D-luciferin). Quantum vield is higher than for
bacterial luciferase, but the substrate is much more
expensive. Luminescence is normally green, but
color variants are available.

Fluorescence when stimulated by ultraviolet or
visible light The original green fluorescent protein
(GEFP), still widely used, is stunulated best by
ultraviolet; enhanced green fluorescent protein
responds well to blue light, and numerous color

variatts are available.

The ideal reporter proteins should be easy to detect in small quantities, and not need
addition of any reagents for generation of signal. Furthermore, it should be better to
detect reporter activitiy using diverse instrumentation enabling measurements by
different systems without having to modify the bioreporters. Ideally, a reporter protein
is not naturally present in the host cell for the reporter construction because this may
dramatically increase the background activity. Then, the reporter protein should
obviously not be toxic for the producer cell or else its presence disturbs the reaction

one wishes to measure and interpret. Finally, a reporter protein should allow non-
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invasive measurement of its activity or presence to minimize disturbance to the study
system. As a consequence, many reporter proteins are available and probably not a

single one is ideal for all purposes (van der Meer, 2010).

1.6.1. Green Fluorescent Protein (GFP)

Green fluorescent protein, encoded by gfp gene, is one of the most popular reporters
due to its good stability and sensitivity, and the fluorescence signal can be easily
detected by different optical equipment without cell lysis (Su et al., 2011). The ability
to autofluoresce allows for near real-time sensing and makes GFP bioreporters an

effective method for heavy metal monitoring.

GFP is part of a family of natural and recombinant photoproteins isolated from the
jellyfish Aequorea victoria. The small size of GFP (238 amino acids) provides a
straightforward cloning procedure. GFP is an autofluorescent protein so that it does
not require any exogenous substrate or ATP, which reduces the burden on the cell,
and it isn’t influenced by the kinetics of cellular uptake of substrate. It is also resistant
to heat, alkaline pH fluctuations, chaotropic salts, organic solvents, and many
proteases (Close et al., 2009). Moreover, GFP bioreporters are amenable to various
techniques such as single-cell analysis by epifluorescence microscopy (EFM), laser-
induced fluorescence confocal spectroscopy (LIF-CS) and fluorescence flow
cytometry (FFM) (Kohlmeier et al., 2007). GFP emits a signal at 509 nm upon
excitation with ultraviolet or blue light. Consequently, GFP-based bioreporters must
always be connected to an instrument to deliver the excitation wavelength and

measuring the emission wavelength (Xu et al., 2014).

Some of the limitations of GFP are its oxygen requirement but only of a limited
amount, and difficulty in distinguishing GFP-specific fluorescence from the
background autofluorescence when the GFP is poorly localized or expressed (Zimmer,
2002). GFP keeps accumulating in cell for hours and continues even after cell death
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due to its high stability (Tombolini et al., 1997). This can hamper the dynamic real-
time biosensing potential, but it can be particularly relevant because long-lived GFP
expressed from weak promoters or under conditions of low metabolic activity can be

useful for detection over time (Feliciano et al., 2006).

The specific amino acid substitutions in GFP can alter fluorescent characteristics, and
there are many fluorescent variants with altered excitation and emission maxima such
as in the red, yellow, cyan, and orange fluorescent proteins (Miiller-Taubenberger &
Anderson, 2007; Shaner et al., 2005). The presence of selectable colors gives the
opportunity to develop bioreporters capable of sensing multiple analytes by linking
individual promoters to differently colored fluorescent reporter genes. Due to their
differently colored light emission outputs, they provide the ability of simultaneous
detection of multiple targets that can be implemented in dual-color formats where each
color indicates a separate event (Hever & Belkin, 2006). After the first isolation and
characterization of GFP in 1970s, its genetic manipulations and applications have
expanded greatly resulting in a wide range of mutant gfp genes encoding variants with
different useful characters such as thermostability, enhanced fluorescence intensity,
shifted excitation and emission spectra, no dimerization at high concentration, faster
chromophore folding and optimized codon usage for expression in different hosts
(Fukuda et al., 2000; Zacharias & Tsien, 2006).

1.7. Bioreporter Immobilization Methods

Irrespective of its sophisticated genetic engineering, practical application of a bacterial
bioreporter outside the laboratory boundaries is only possible when they become
miniaturized and portable biosensing device. This autonomous biosensors for on-line
and real-time applications should allow long-term storage and maintenance of cells,
sample introduction, and signal transduction. For efficient application of bacterial
biosensors, the viability as well as activity and analytical performance of the cells

should be preserved to obtain a reasonable “shelf-life” by either keeping their activity

29



at an optimum level over a long time or to restore the cells in active state at the time

of sample exposure (Belkin, 2006; Roggo & van der Meer, 2017).

To overcome these challenges, different techniques for maintenance and preservation
of biosensor cells have been proposed. One approach is to lyophilize by freeze/vacuum
drying, second one is continuous cultivation by sustaining a constant pool of actively
growing cells, third one is to immobilize them in biocompatible organic/inorganic
polymers (Bjerketorp et al. 2006; Date et al., 2010). These methods with their
advantages and disadvantages are given in Table 1.3.

Proper immobilization of bioreporter cells has several advantages such that it prevents
wash out from flow cell while enabling efficient communication with the surrounding,
gives better correlation to target concentration, provides essentially the same local
aqueous microenvironment while preventing self-aggregation, occupies less space
compared to free-cells, easier to handle, and can be used repeatedly. Moreover, whole
cells could be associated intimately with the transducer/detecting platforms, instead
of passive culture flasks, can convert the fluorescence light signal into electrical
quantity to be processed and enable the measurement of many cellular parameters in
a precise and quantifiable manner (Close et al., 2009; Gupta et al., 2019; Xu & Ying,
2011).
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Table 1.3 Various methods for stabilization of bacterial biosensors (Bjerketorp et al., 2006).

Prezervation method

Advantages

Disadvantages

Freeze drying

({lyophilization)

Vacuum drying

Continnous culture

Encapsulation in
organic polymers

(e.g. hydrogels)

Encapsulation in
inorganic polymers

(e.g. sol-gel)

Conserves formulation structure
Proven industrial performance
record

Easily relydrated product
Yields potentially high survival
rates and long-term stability
Eelatively low production costs
Possible alternative for freeze-
sensitive microorganisms
Provides a biocompatible static
environment and fresh, active

bacteria

Immobilisation, physical
shielding and isolation
Allows solute diffusion

Immobilisation, physical
shielding and isolation
Mechanical rigidity and
good optical properties
Allows solute diffusion
Limits bacterial growth

Costly and complex technique
Product zensitive to moisture

Less well-proven performance
record

Harzher drying conditions than
freeze drying

Complex and labour-intensive
maititenance

Eiszk of genetic drift

Eisk of contamination
Biodegradable

Bacterial growth may occur
Opacity may hinder optical
signal detection

Less well-proven performance
record

Tested for a limited variety of

MiCroorganisms

The immobilization methods have been improved with the time (D'Souza, 2001) and
several immobilization strategies have been utilized for supporting bioreporter cells
onto solid platforms. Frequently used methods are shown in Figure 1.9. As a result of
immobilization onto portable devices, optical fibers, and high-throughput platforms
such as 2D and 3D cellular microarrays, multi-well microtiter plates, microfluidics

platforms, integrated circuits and 3D-printed cell minicartridges can be obtained (Ben-

Yoav et al., 2011; Cevenini et al., 2016; Hong et al., 2017; Shin, 2011).
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Figure 1.9 Schematic representation of the prevalent methods for immobilization of whole-cell sensing systems
(Gupta et al., 2019).

The choice of the immobilization technique is critical and determined by the criteria
of biological activity, sensor stability and durability, sensing specificity, proximity of
the biological layer to the transducer, and measurement rate (i.e. the diffusion
characteristics of a support (Date et al., 2010; Eltzov & Marks, 2011).

1.7.1. Entrapment/Encapsulation Methods

One of the most widely used and the least disruptive methods for immobilization is
encapsulation or entrapment of bioreporters (Zhu, 2007). It can be achieved by the
retention of the cells in close proximity of the transducer surface using dialysis or filter
membrane or in biopolymers (e.g., agar, carrageenan, or alginate), proteins (e.g.,
gelatin, collagen, or egg white), synthetic polymers (polyacrylamide,
polydimethylsiloxane (PDMS), sol-gel silica glass, photo cross-linkable resin,
polyethylene glycol (PEG) (Lei et al., 2006; Michelini & Roda, 2012; Xu & Ying,
2011).
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Entrapping and encapsulation bacteria in a hydrogel is straightforward, rapid, and mild
process and functional at ambient temperature. In theory, encapsulated cells should
remain viable but not growing which is very important when immaobilized cells have
to be stored for long periods of time without loss of viability. Hydrogels (such as
collagen, fibrin, alginate, and PEG) are extensively used as biomaterials to mimic
extracellular matrix (ECM) due to their cytocompatibility, moldability, tunability in
mechanical properties, highwater content, and controlled porosity, which can provide
a suitable environment for diffusion of oxygen and nutrients and samples. Usually, the
application of substances to the bioreporter requires mixing the cell culture with a
liquid polymer (Ben-Yoav et al., 2011; Chen et al., 2016; Michelini & Roda, 2012).

1.7.1.1. Agar immobilization

Agar is a commonly used hydrogel polymer. It is a dried colloid extracted from the
cell wall of certain macroalgae of the Rhodophyceae class. Agar is a mixture of
polysaccharides and has two major fractions, agarose and agaropectin. Chemically, it
is made up of alternating D- and L-galactopyranose units. It has also been widely
studied and applied in the biomedical field because of its good biocompatibility,
biodegradability, nontoxicity. Agar entrapment has certain advantages such as easy
preparation, low cost, good mechanical and acid stability. Agar is insoluble in cold
water and melts around 85 °C. For 1.5% agar solution, gelation starts when its

temperature drops below 45 °C (Albuquerque et al., 2016; Rinaudo, 2008).

One example of agar application in bacterial bioreporter, cell chip or a multi-well plate
preparation by dispersing the cell-agar mixture. Then the toxicity assessment of
sample water was done by measuring bioluminescence change using a highly sensitive

cooled charge-coupled device camera. (Lee et al., 2007).
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1.7.1.2. Alginate immobilization

Alginate or alginic acid is another widely used biocompatible hydrogel biopolymer
derived from marine brown algae. It is an anionic linear polysaccharide consisting of
1,4-linked B-D-mannuronic acid (M) and a-L-guluronic acid (G), present in varying
amounts. Its physical properties in agueous medium are determined by both the M/G
ratio and the distribution of M and G units along the chain (Rinaudo, 2008). It can
form gel (crosslinked network) in the presence of divalent cations such as calcium,
Ca?*, and the higher content of G units form stable crosslinked junctions with divalent
counterions (Figure 1.10a). This spontaneous ionic gelation of alginates is attractive
for cell entrapment (Albuquerque et al., 2016). The resultant insoluble calcium
alginate beads are recognized as rapid, nontoxic, inexpensive, and versatile form of

immobilization.

These beads can be formed by extrusion or emulsification techniques. In the extrusion
method, the cells are suspended in sodium alginate (2—4% wi/v) solution and added
dropwise into a calcium chloride (20-100 mM) hardening solution (Figure 1.10b). In
the emulsification method, the cell/alginate suspension is dispersed into an oil phase

and gelation then occurs when calcium is added.
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Figure 1.10 lonotropic gelation of alginate solution. a) Chemical structure of alginate and the crosslink between

alginate and the counterions (Albuquerque et al., 2016), b) Extrusion method, representing the formation of
calcium-alginate beads (Gao et al., 2016).

The factors affecting the bead properties like gel strength, size, stability, and
subsequently cell activity include the type of alginate (viscosity, monomeric
composition, block structure, and molecular size), alginate concentration, CaCl»
concentration and cell/alginate ratio (Zhu, 2007). Alginate bead preparation is a rapid
and mild process that can be carried out at room temperature and physiological pH.
Moreover, calcium alginate beads are biocompatible, inexpensive, transparent,
permeable, highly porous and having high-water absorption capacity and high
mechanical strength and stability (de-Bashan & Bashan, 2010; Ulah et al., 2015).

As an example, Polyak et al. (2001) immobilized their bioluminescent E. coli
bioreporter cells onto unclad optic fiber tips by using alginate for detection of
genotoxic compounds. After coated tips were dipped into a water sample, the response

was read by a photon counter at the other end of the fiber.
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1.8. Aim of the Study

The main aim was to construct fluorescent E. coli whole cell bioreporters to be used
for the detection of highly toxic and prominent heavy metals, namely inorganic arsenic
and cadmium. The studies included generation of heavy metal specific E. coli strains
and their evaluation in terms of metal specificity and detection limits as bioreporter
systems. Their fluorescence performances were characterized under different

conditions including growth phase of induction and growth media.

The second aim was to convert the liquid assay format into reproducible solid format
later to be integrated into portable biosensor devices enabling in-field detection. To
this end, immobilization of arsenic bioreporter strain was investigated in different
biocompatible polymers, agar and alginate, by optimizing their entrapment
parameters. Then, immobilized arsenic bioreporters were evaluated in terms of their

specificity and limits of detection.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials
2.1.1. Bacterial Strains and Plasmids

E. coli DH5a was used as the host for recombinant DNA protocols (for recombinant
plasmid constructions). pET-17b (Novagen, Madison, WI) was used as an expression
vector which has medium copy number with T7 inducible promoter. E. coli BL21
(DE3) pLysS (Novagen, Madison, WI) cells were used as expression host for pET-
SGFP construct. pBR322 (Promega, USA) was used as a cloning vector. E. coli
MG1655 (ATCC 700926) strain was used as the whole cell bioreporter host.

2.1.2. Growth Media

E. coli strains were grown in Luria-Bertani (LB) Broth (Appendix A) for cloning
purposes. M9 supplemented medium and MOPS supplemented medium (Appendix
A) were used for heavy metal detection assays. Ampicillin (100 pg/mL) was added to

the culture for plasmid maintenance and positive selection.

E. coli strains were maintained in LB-Amp petri dishes and as freezer stocks in 20%
glycerol and stored at -80 °C. Prior to use stocks were cultured in Luria-Bertani media,
inoculated flasks were incubated at 37 °C on a rotary shaker at 125 rpm. Once
exponential growth was achieved, a 100 pL aliquot was transferred into a flask
containing 25 mL of shaken minimal medium. After the first transfer into minimal
medium, 200 pL were transferred to a flask containing 50 mL shaken minimal

medium.
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2.1.3. Chemicals, Enzymes and Kits

Compositions of solutions and buffers were given in Appendix B. All solutions were
prepared by using sterile distilled water. All the enzymes used for DNA
manipulations, PCR and cloning were purchased from New England Biolabs (USA)
and Thermo-Scientific (USA). Bacterial genomic DNA was isolated using Bacterial
Genomic DNA Isolation Kit, for Gram-negative bacteria (Nanobiz, Turkey). Plasmid
DNA was isolated from bacterial strains using Zippy Plasmid Miniprep Kit
(ZymoResearch, USA). DNA purifications were carried by using DNA Clean&
Concentrator-5 (ZymoResearch, USA). Plasmid DNA fragment was isolated from
agarose gel by using Zymoclean™ Gel DNA Recovery Kit (ZymoResearch, USA).
AgNQO3, CdCl,, CoCly, CuSQs, FeCls, HgClz, MgClz, MnCl,, Na2MoOas, NaAsO,,
Na;HAsO4.7H20, NiClz, Pb(CH3C02)2.3H20 and ZnCl> metal salts were supplied
from Merck, Sigma-Aldrich and Applichem. Agar (05039) and alginic acid sodium
salt (71238-for immobilization of microorganisms) were purchased from Sigma-
Aldrich.

2.1.4. Instruments

The cell growth was measured using Multiskan GO UV/Visible Microplate and
Cuvette Spectrophotometer (Thermo Fisher Scientific, U.S.A.) at 600 nm. Purity and
concentration of DNA were measured by a Biodrop Duo UV/Vis Spectrophotometer
(Isogen Life Science, the Netherlands). For 96-well microplate experiments,
fluorescence measurements were done by using fluorescence microplate readers. For
fluorescence measurements of liquid assay of arsenic bioreporter, Spectramax
Paradigm (Molecular Devices, USA) was used. For fluorescence measurements of
liquid assay of cadmium bioreporter and of immobilized arsenic bioreporter,
Varioskan Lux multimode microplate reader (Thermo Fisher Scientific, USA) was
used at Aexcitation: 395 nm and Aemission: 509 nm with a bandwidth value of 12 nm.
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For large scale induction cultures including groundwater test with arsenic bioreporter
and pET expression cultures, the emitted fluorescence was measured using Nanodrop
3300 Fluorospectrometer (Thermo Fisher Scientific, USA) at excitation A: 365+10 nm
(UV LED) and emission A: 509 nm.

After cells were pelleted and resuspended with 1X PBS (Appendix B), fluorescence
images were taken by using EVOS Floid Imaging Station (Thermo Fisher Scientific,
USA) under illumination of blue channel with excitation of 390 + 40 nm and emission
of 446 + 33 nm and fluorescence microscope, Leica DM6000 M Fully Automated
Upright Microscope at bright field and fluorescence channel with fluorecence I3 filter
(excitation range: blue, excitation filter: BP 450-490), with 1 minute of exposure time

and 100X total magnification.

2.2. Molecular Genetics Methods
2.2.1. Design of DNA Fragments and Polymerase Chain Reaction (PCR) Primers

The reporter protein was chosen as GFPuv which is a mutant variant of wild type GFP;
however, throughout this study the reporter protein is referred as synthetic GFP
(sGFP). The sequence of promoterless sgfp gene fragment is based on the gfpuv gene
in pGFPuv (GenBank Accession Number U62636.1) (Appendix C). It was
synthesized by Integrated DNA Technologies (USA) and amplified using
oligonucleotides sGFP-F and sGFP-R (Table 2.1) as primers. BamHI restriction site
in the original gfpuv gene was disabled and a new BamHI site was created upstream
of the synthetic gfp DNA fragment for insertion of promoter regions. Also, extra stop
codons were added downstream of the stop codon of original gfpuv gene. This sgfp
DNA fragment has no promoter region such that following restriction of cloning sites

there is an immediate start codon.

The arsenic sensing DNA fragment consisting of the promoter/operator of the arsR

operon and arsR gene from E. coli resistance plasmid R773 (GenBank Accession
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Number X16045.1) (Appendix C) was synthesized by PRZ Biotech (Turkey) and
amplified using oligonucleotides arsR773-F and arsR773-R (Table 2.1).

The cadmium sensing DNA fragment consisting of the promoter/operator of the zntA
gene (Gene ID number: 947972) (Appendix C) was amplified from E. coli K12
MG1655 genomic DNA using oligonucleotides zntAp-F and zntAp-R (Table 2.1).

For specificity of designed oligonucleotides, NCBI/Primer-BLAST web tool
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used. Tm values of primer
pairs were checked in Tm calculator web tool.

Table 2.1 Gene specific primers designed for different cloning vectors.

Primer Oligonucleotide Sequence Restriction
name enzyme
sGFP-F 5°-GCAGAAAAGCTTGTCGGATCCATG-37 HindIill
(pBR322)

sGFP-R S-TGCTTCCCCGAGTTATCATTATTT-3° Ecod8l
(pBR322)

sGFP-F 5-GCATGAGGATCCATGAGTAAAGGAGAAGAAC-3°  BamHT
(pET-17h)

sGFP-R 5-GCATGAGAATTCTTATTTGTAAGCTCATCCATG- 3" EcoRT
(pET-17b)

arsR773-F 5-GTTGTAGAATTCAGCGGATCAGTTCCAGCAG-3° EcoRI
(pBR-sGFP)

arsR773-R 5°-GCAGTTGGATCCTTAACTGCAAATGTTCTTACT-3°  BamHI
(pBR-sGFP)

zntAp-F 5 -GTGACAGAATTCGCGCTGTTACTGGCGATTATC-3°  EcoRI
(pBR-sGFP)
zntAp-R 5'-GTATGTGGATCCATCCTCCGGTTAAGTTTTTTC-3"  BamHT

(pBR-sGFP)

-Restriction sites are underlined.
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2.2.2. Bacterial Genomic DNA Isolation

E. coli K12 MG1655 genomic DNA was isolated for promoter amplification.
Genomic DNA isolation was performed by using Nanobiz DNA4U Bacterial Genomic
DNA Isolaton Kit for Gram-negative bacteria. Purity and integrity of the plasmid
DNA were confirmed by Biodrop Duo spectrophotometer and gel electrophoresis,

respectively. The isolated genomic DNA was stored at -20°C until use.

2.2.3. Isolation of Plasmid DNA from Bacteria

Miniprep plasmid DNA isolation was performed by using Zippy Plasmid Miniprep
Kit (ZymoResearch, USA) according to the manufacturer’s instructions. Purity and
integrity of the plasmid DNA were confirmed by Biodrop Duo spectrophotometer and
gel electrophoresis, respectively. The isolated plasmid DNA was stored at — 20 °C

until use.

2.2.4. Agarose Gel Electrophoresis of DNA

Plasmid molecules and PCR products were visualized on agarose gel which was
performed according to Sambrook & Russel (2001). Different gel concentrations (0.8-
2 % wiv) were prepared in 1X TAE electrophoresis buffer solutions. The samples to
be loaded were mixed with 6X DNA gel loading dye (Thermo Fisher Scientific, USA)
and applied into the wells. Together with the samples, commercial DNA size marker
Thermo-Scientific GeneRuler 1 kb DNA Ladder (SM0311) was loaded into separate
wells to determine approximate size of samples. Then the electrophoresis tank was
connected to a power supply and run under constant voltage of 90-100 volts. The

resolved gels were visualized and documented with UVP gel imaging system.

2.2.5. Isolation of DNA Fragments from Agarose Gel

PCR products, restriction enzyme digested DNAs and plasmid DNAs were loaded on
2% agarose gel run at 90 V and visualized under the UV light. Desired DNA fragment
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bands were excised from the gel as quickly as possible and gel piece was transferred
into 2-mL tube and weighed. The volume of the sliced gel was determined by its
weight and Zymoclean™ Gel DNA Recovery Kit (ZymoResearch, USA) was used
for isolation of DNA fragment from gel.

2.2.6. Restriction Enzyme Digestions

Restriction enzymes from Thermo-Scientific (USA) were used for all restriction
enzyme digestion reactions. Double digestion reactions were preformed according to
DoubleDigest™ web tool (https://www.thermofisher.com/tr/en/home/brands/thermo-
scientific/molecular-biology/thermo-scientific-restriction-modifying-
enzymes/restriction-enzymes-thermo-scientific/double-digest-calculator-thermo-
scientific.htmL) which supplies selection of recommended buffer for double digestion
reaction. Plasmid DNA (~ 100 ng) and/or PCR products (~ 50 ng) were digested with
restriction enzymes (10 U/uL) in a reaction mixture including proper enzyme buffers
in recommended final concentration. Total reaction volume was completed to 20 uL
with nuclease-free water and incubated at 37° C in thermocycler for 14 hours for
complete digestion. Digested products were then either column purified using DNA
Clean& Concentrator-5 (ZymoResearch, USA) or gel purified using Zymoclean™
Gel DNA Recovery Kit (ZymoResearch, USA).

2.2.7. Ligation of DNA Fragments

T4 DNA ligase (NEB) was used for ligation reactions according to manufacturer’s
recommendation. Concentration of the plasmid and insert DNA was determined by
using Biodrop Duo spectrophotometer and by comparing the relative band intensities
of products with the bands in prescribed amount of DNA ladder. Ligation mixture
contains 1:3 molar ratio of plasmid:insert DNA. The ligation mixture was incubated
for 16 hours at 16°C for complete ligation and then T4 ligase was heat denaturated at
65 °C for 10 mins. Ligation reaction mixture was then transformed into the competent

E. coli DH5a cells.
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2.2.8. Transformation of Bacteria

The cloning and expression vectors used were transferred to competent E. coli cells

via the heat shock method.

2.2.8.1. Preparation of Competent E. coli Cells

E. coli DH5a and E. coli MG1655 strains from the glycerol stock were streaked onto
LB agar plate and were grown overnight at 37°C. A single colony of bacterial strain
was inoculated into 5 mL of LB medium and incubated overnight at 37°C with shaking
at 250 rpm. From this, subculture was made by diluting 1:100 into LB medium and
grown until reach to exponential phase (ODsoo = 0.3 - 0.5). The culture was incubated
on ice for 15 minutes and from this point, the cells were kept on ice during procedure.
The cells were centrifuged at 3500 xg for 10 minutes at 4°C in Sigma Laboratory
Centrifuge Model 3-16PK, Germany, using a pre-chilled rotor. The pellet was
resuspended in 0.4 volume (100 mL for 250 mL culture) transformation buffer I
(Appendix B) and incubated on ice for 15 minutes. The cells were lastly centrifuged
at 3500 xg for 10 minutes at 4°C and supernatant was discarded. The second
resuspension was made with 0.04 volumes (10 mL for 250 mL culture) of
transformation buffer Il (Appendix B). The cells were finally dispensed in 100-pL
aliquots of cells into 2-mL tubes. Tubes were flash frozen in liquid nitrogen and stored
at -80°C.

2.2.8.2. Transformation of E. coli with Plasmids

Ligation products or plasmids were added into competent E. coli cells which were
thawed on ice for 5 mins. This cell and DNA mixture was incubated on ice for 30
minutes and then a heat shock at 42°C for 60 seconds was applied to facilitate the
entrance of ligation products or plasmids into the cells. The mixture was immediately
incubated on ice for 5 minutes. Then, 900 uL of room temperature LB medium was

added on bacteria cell suspension and grown at 37°C for 70 minutes. Finally, 150 pL
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transformed bacterial cells were spread onto pre-warmed LB agar plates with
ampicillin (100 pg/mL) which were inverted and incubated overnight at 37°C for 18

hours for bacterial colony formation.

2.2.9. PCR Amplification of Synthetic gfp Gene

PCR amplification of synthesized gfp DNA fragment with gene specific forward and
reverse primers (for either pET-17b or pBR322) was performed by using Phusion
DNA polymerase. PCR conditions and program used for PCR amplification are given
in Table 2.2 and Table 2.3, respectively. Phusion polymerase is a high-fidelity DNA
polymerase with 3’— 5° exonuclease activity and generates blunt-ended products.
After all other components were added to PCR tube, Phusion DNA polymerase
enzyme was added to the mixture and contents were mixed by tapping the tube gently
and briefly spinning the tubes once in a microfuge. PCR reaction on the above mixture
was carried out as per reaction conditions given in Table 2.3. At the end of the reaction
the tubes were removed from thermocycler, and the PCR mix was electrophoresed as
described. For determining the size of the DNA band of interest, a maker was also
electrophoresed. At the end of electrophoresis, the gel was photographed as described.
Amplified fragment was purified using DNA Clean & Concentrator-5
(ZymoResearch, USA).

(765) End

(754) EcoRI
(16) BamHI

(7) Hind111 (745) Aval
(0) Start (stop codons|

— sqfp DNA sequence |

sgfp
765 bp

Figure 2.1 Graphical representation of promoterless synthetic gfp DNA fragment.
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Table 2.2 Optimized PCR condition for amplification of sgfp gene.

Reagents Stock Amount Final conc.
dNTPs 5mM 1 uL 250 uM each
HF Buffer 5X 4 uL 1X

Forward gene specific primer 10 uM 1 uL 0.5 uM
Reverse gene specific primer 10 uM 1 uL 0.5 uM
Synthesized DNA fragment 10 ng/uL 1 uL 0.5 ng/uL
Phusion DNA Pol 2 units/uL 0.2 uL 0.02 units/uL
dH20 11.8 uL

Total 20 pL

Table 2.3 Optimized PCR cycling conditions for amplification of sgfp gene.

PCR Steps Temperature  Time Cycle
Initial denaturation 96 °C 30 sec 1
Amplification Denaturation 97 °C 20 sec 10
Annealing 62 °C 20 sec
Extension 72 °C 25 sec
(15-30 sec/ 1 kb)
Final Extension 72 °C 4 min 1

2.2.10. Cloning of sgfp into pET-17b Expression Vector (pET-sGFP)

The pET-17b vector carries an N-terminal 11aa T7 Tag sequence followed by a region

of useful cloning sites (Figure 2.2). Target genes are cloned in pET plasmids under

control of strong bacteriophage T7 transcription and translation signals; plasmids are

transferred into expression hosts having a chromosomal copy of the T7 RNA

polymerase gene under lacUV5 control, and expression is induced by the addition of
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isopropyl 3-D-1-thiogalactopyranoside (IPTG) following manufacturer’s instructions
(Figure 2.3).

The sgfp DNA fragment was Phusion amplified by using oligonucleotides sGFP-F
(PET-17b) and sGFP-R (pET-17b) (Table 2.1). Both sgfp PCR product and pET-17b
plasmid were double digested with EcoRI and BamHI restriction enzymes overnight
at 37 °C and ligated by T4 DNA ligase. Thus, sgfp gene was introduced into multiple
cloning sites in pET-17b and the construct was named as ‘pET-sGFP’. Then ligation
product was transformed to competent E. coli DHS5a cells. After finding the right
transformant, pET-sGFP was transformed into E. coli BL21 (DE3) pLysS competent
cells for expression. Transformation was done according to manufacturer’s

instructions.

ECORI (174)
BamHI (205)

pET-17b

3306 bp

Figure 2.2 Vector map of pET-17b. (AmpR: Ampicillin resistance gene; ori: pBR322 origin; MCS: multiple
cloning site).
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Figure 2.3 Graphical abstract of pET expression system. Addition of IPTG to a growing culture induces T7 RNA
polymerase production, which in turn transcribes the target DNA in the plasmid (Novagen pET system manual).

2.2.11. Cloning of sGFP into pBR322 Vector (pBR-sGFP)

For template vector of reporter plasmids, E. coli cloning vector, pBR322 (GenBank
Accession Number J01749.1) was used. Promoterless sgfp gene was Phusion PCR
amplified by using oligonucleotides sGFP-F (pBR322) and sGFP-R (pBR322) (Table
2.1). The amplified DNA fragment and pBR322 were double digested with HindlIlI
and Eco88l (Aval). The large fragment of digested pBR322 was extracted from gel
by using Zymoclean™ Gel DNA Recovery Kit (ZymoResearch, USA) and digested
sgfp product was purified with DNA Clean & Concentrator-5 (ZymoResearch, USA).
Then digested fragments were ligated and ligation product was transformed to
competent E. coli DHSa cells. The construct was designated as ‘pBR-sGFP’ and
transformed into E. coli MG1655 competent cells for expression studies to serve as
blank.
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(4359) EcoRI HindIII (29)
| |

BamHI (375)
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4361 bp

Aval (1425)

Figure 2.4 Vector map of pBR322. (AmpR: Ampicillin resistance gene; TcR: Tetracycline resistance gene; ori:
pBR322 origin of replication; rop: regulates plasmid replication, keeps the copy number at about 20 per cell).

2.2.12. Construction of Arsenic Specific Sensor Plasmid (pBR-arsR773)

The arsenic sensing DNA sequence consisting of the promoter region of the arsR
operon and arsR gene obtained from E. coli plasmid R773 (GenBank Accession
Number X16045.1) (Appendix C) was synthesized by Integrated DNA Technologies
(USA). High fidelity PCR amplification of ParsR-arsR was carried out (Table 2.4,
Table 2.5) using oligonucleotides arsR773-F and arsR773-R (Table 2.1). The
amplified DNA fragment and promoterless plasmid (pBR-sGFP) were digested with
EcoRI and BamHI and the sticky ends were ligated. Ligation product was transformed
to competent E. coli DH5a cells and positive transformant was chosen by colony PCR.
The resulting sensor plasmid named as ‘pBR-arsR773° was transformed into

competent E. coli MG1655 cells for expression studies.
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Table 2.4 Optimized PCR conditions for amplification of ParsR-arsR.

Reagents Stock Amount Final conc.
dNTPs 5mM 1.5ulL 250 uM each
HF Buffer 5X 6 uL 1X

Forward specific primer 10 uM 1,5 uL 0.5 uM
Reverse specific primer 10 uM 1,5 uL 0.5 uM

Gene fragment 10 ng/uL 2 ulL 1 ng/uL
Phusion DNA Pol 2 units/uL 0.3 uL 0.02 units/uL
dH20 17.2 uL

Total 30 uL

Table 2.5 Optimized PCR cycling conditions for amplification of ParsR-arsR.

PCR Steps Temperature Time Cycle
Initial denaturation 97 °C 30 sec 1
Amplification Denaturation 97 °C 25 sec
Annealing 59 °C 20 sec 22
Extension 72 °C 19 sec
(15-30 sec/1 kb)
Final Extension 72 °C 3 min 1

2.2.13. Construction of Cadmium Specific Sensor Plasmid (pBR-PzntA)

The cadmium sensing DNA sequence information consisting of the promoter region
of the zntA gene (Appendix C) was obtained from E. coli MG1655 genome (GenBank
Accession Number U00096.3). High fidelity PCR amplification of PzntA was carried
out (Table 2.6, Table 2.7) with oligonucleotides zntAp-F (pBR-sGFP) and zntAp-R
(pBR-sGFP) (Table 2.1) using E. coli MG1655 genomic DNA. The amplified DNA
fragment was then digested with EcoRIl and BamHI and inserted at the same restriction

sites into promoterless plasmid (pBR-sGFP). Ligation product was transformed to
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competent E. coli DHSa cells and positive transformant was chosen by colony PCR.
The resulting sensor plasmid named as ‘pBR-PzntA’ was transformed into competent

E. coli MG1655 cells for expression studies.

Table 2.6 Optimized PCR conditions for amplification of PzntA.

Reagents Stock Amount Final conc.
dNTPs 5mM 1.5uL 250 uM each
HF Buffer oX 6 uL 1X

Forward specific primer 10 uM 1,5 uL 0.5 uM
Reverse specific primer 10 uM 1,5uL 0.5 uM
Genomic DNA 2 ng/uL 6 uL 0.4 ng/uL
Phusion DNA Pol 2 units/pL 0.3 uL 0.02 units/uL
dH-0 132 uL

Total 30 uL

Table 2.7 Optimized PCR cycling conditions for amplification of PzntA.

PCR Steps Temperature  Time Cycle
Initial 98 °C 1 min 1
denaturation
Amplification Denaturation 97 °C 35 sec

Annealing 61 °C 20 sec 22

Extension 72 °C 14 sec

(15-30 sec/1 kb)

Final Extension 72 °C 4 min 1
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2.2.14. Confirmation of Plasmid Constructs
2.2.14.1. Colony PCR

To verify the presence and orientation of the DNA insert into recombinant clones,
colony PCR, restriction analysis and sequencing were performed depending on the
purpose. Colonies which were grown overnight at 37°C were randomly selected and
colony PCR method was firstly applied for the detection of recombinants. The
following protocol was used for colony screening by PCR (Table 2.8) with vector
specific forward primer Col-F (5'-ATCACGAGGCCCTTTCGTCTTCAAGAATTC-
3" and gene specific reverse primer Col-R (5'-
ACGCTGCCCGAGTTATCATTATTTGTAGAGCTC-3'). Individual colony was
picked and resuspended in 14 pL of the nuclease-free water and burst at 98 °C for 10
minutes. PCR master mix without water was prepared in PCR tube on ice and
dispensed into colony lysates. PCR was performed as; 97°C, 2 min; 95°C, 35 s, 58°C,
20 s, 72°C 1 min/kb; 27 cycles. The PCR products were analyzed on 1% agarose gel.

Table 2.8 Colony PCR ingredients for detection of recombinants.

Component Amount
10X Taq buffer 2.0 uL
dNTP mix, 5 mM each 1.0 uL
MgClz, 25 mM 1.5 ul
Forward sequencing primer, 10 uM 1 uL
Reverse gene specific primer, 10 uM 1 uL
Tag DNA polymerase 5 U/uLL 0.3 uL
Water, nuclease-free 13.2 uL
Total volume 20.0 uL
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2.2.14.2. Restriction Analysis and DNA Sequencing

Positive colonies were grown in liquid culture and plasmid DNA was isolated from an
overnight bacterial culture. Following plasmid isolation, restriction analysis was
performed using appropriate restriction endonuclease enzymes. All constructed
plasmids (~50 ng) containing inserted fragment were digested with 1 uL of restriction
enzyme (10 U/uL) in a reaction mixture including appropriate enzyme buffers in 1X
final concentration. Reaction mixture was rolled up to 20 uL of final volume with
nuclease-free water and incubated at 37° C for 2 hours. The size of construct was

confirmed using gel electrophoresis.

If the colony carries the DNA insert, plasmid was sequenced. All constructs, except
pET-sGFP, were sent to RefGen Biyoteknoloji Ltd. Sti. (Ankara, Turkey) or Poyraz
Biyoteknoloji Ltd. Sti. (Ankara, Turkey) for 5° and 3° sequencing using the
oligonucleotides Col-F and Col-R (2.2.14.1) as primers.

2.3. Reporter Expression Studies
2.3.1. Induction of pET-sGFP Construct

Induction protocol for E. coli BL21 (pET-sGFP) was followed according to Novagen
pET system manual, retrieved from,
http://kirschner.med.harvard.edu/files/protocols/Novagen_petsystem.pdf. A single
colony from a freshly streaked plate was picked and inoculated 50 mL LB containing
the appropriate antibiotic(s) for the plasmid and host strain in a 250 mL Erlenmeyer
flask. For good aeration, medium up to only 20% of the total flask volume was added.
Culture was incubated with vigorous shaking at 37 °C until ODsoo reached to 0.6 as
recommended, about 3 h. After initial growth, sample for the uninduced control was
removed and to the remainder, IPTG from a 100 mM stock to a final concentration of
0.4 mM was added. After IPTG was added, fluorescence measurements were taken up

to 24 h with incubation at 37 °C with vigorous shaking.
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2.3.2. Fluorescence Measurements of pET-sGFP

In order to follow bacterial growth, ODsoo measurements were done at determined
time periods for 24 h. After induction of pET-sGFP culture with IPTG, at every 3 h,
1 mL of culture was taken and centrifuged at 3000 xg for 5 min at RT. Bacterial pellet
was resuspended in 1 mL of 1X PBS (Appendix B) solution. Then, fluorescence
measurements were taken by using Nanodrop 3300 Fluorospectrometer. As a blank

measurement, E. coli BL21 (pET-17b) culture was used.

2.3.3. Induction of pBR-arsR773 and pBR-PzntA Constructs
2.3.3.1. Microplate Assays for Arsenic and Cadmium Sensing Bioreporters

The cultures were then added in 190-pL aliquots to wells of a 96-well black microplate
(Fluotrac, Greiner Bio-One). Dilution series of metal ions, for arsenic bioreporter,
As(IIT) and As(V) (ranging from 0.133 uM to 2 pM) and for cadmium bioreporter,
Cd(Il) (ranging from 0.018 uM to 0.89 uM) including a metal-free control, were added
in 10 pL aliquots. Fluorescence intensities were measured by the fluorescence
microplate reader, for arsenic bioreporter, Spectramax Paradigm (Molecular Devices,
USA) and, for cadmium bioreporter, Varioskan Lux Multimode Microplate Reader
(Thermo Fisher Scientific, USA) were used. Fluorescence microplate readers were
programmed to measure fluorescence with excitation/emission wavelength of 395
nm/509 nm for every 30-min during 12 hours with continuous incubation at 35 °C and

with orbital pulsed shaking before each measurement.

2.3.3.2. Bacterial Growth Effect on Arsenic and Cadmium Sensing Bioreporters

The overnight culture of bioreporter cells was diluted with fresh medium at a 1:100
ratio and grown to early exponential phase (ODsoo = 0.1), mid exponential phase
(ODe0o = 0.4 - 0.6) and stationary phase (ODesoo= 1.5 - 2.0). The bioreporter cells were
assayed in M9 supplemented medium and in MOPS supplemented medium. The

measurements were taken using the procedure described in Section 2.3.3.1.
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2.3.3.3. Metal Specificity Test for pBR-arsR773

The induction of the sensing system by various metal ions, including Ag(l), As(lll),
As(V), Cd(Il), Co(l1), Cu(ll), Fe(ll), Hg(11), Mg(ll), Mn(11), Mo(VI1), Ni(ll), and
Zn(11), was studied. Final metal ion concentrations of arsenite and arsenate were 50
ng/L, while other metals were 500 pug/L. The bioreporter cells in early growth phase
were assayed in M9 and MOPS supplemented medium. The measurements were taken

using the procedure described in Section 2.3.3.1.

2.3.3.4. Metal Specificity Test for pBR-PzntA

The induction of the sensing system by various metal ions, including Ag(l), As(lI),
As(V), Cd(ll), Co(ll), Cu(ll), Fe(ll), Hg(l1), Mn(l1), Ni(ll), Pb(ll) and Zn(Il), was
studied. Cadmium was added in 50 pg/L, whereas all other metal salts were added in
250 pg/L of final metal ion concentration. The bioreporter cells in early growth phase
were assayed in M9 and MOPS supplemented medium. The measurements were taken
using the procedure described in Section 2.3.3.1.

2.4. Immobilization Studies
2.4.1. Bacterial Cell Culture Preparation for Immobilization

The bioreporter cells grown in M9 medium overnight were used for inoculation into
fresh M9 or MOPS medium at a 1:50 (v/v) ratio. Exponentially growing cells were
centrifuged at 3000 xg and 25 °C for 5 mins. Cell pellets were then resuspended in

calculated amount of fresh media (M9 or MOPS) to adjust cell concentration.

For gel concentration optimization tests, final bacterial cell density of ODeoo = 0.1 was
used in the matrix. For cell density optimization tests, final cell densities of ODegoo
values of 0.1, 0.4 and 0.7 were tested in the matrices. The optical density of cells was
measured using Multiskan GO UV/Vis Microplate and Cuvette Spectrophotometer
(Thermo Fisher Scientific, USA) at 600 nm.
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2.4.2. Agar Immobilization

For agar immobilization, to assess the effect of agar concentration, aqueous agar
solutions with different percentages (1, 2 and 3 % (w/v)) were autoclaved at 121 °C
for 15 min and then kept at 70 °C. Before immobilization, temperature of agar solution
was decreased to 42 °C in water bath. Bacterial culture prepared in M9 supplemented
medium at given OD600 value was mixed with the agar matrix in 1:1 (v/v) ratio and
gently pipetted for homogenization. The procedure was carried out in temperature-
controlled heat-block at 40 °C. The cell culture and immobilization matrix mixtures
were immediately pipetted into the wells of the 96-well microplate in 100 pL aliquots
and left to solidify at room temperature for 30 mins. The microplate was then covered
and stored at 4°C in an airtight container to prevent evaporation until use, which was
always the next day. To assess parameters of optimum cell density and agar
percentages, immobilized cells were induced with final 25 and 100 pg/L of As(III)

concentrations.

2.4.3. Alginate Immobilization

For alginate immobilization, to the assess effect of alginate concentration, aqueous
alginate solutions with different percentages (2, 3 and 4 % (w/v)) were prepared one
day before making beads for polymer stabilization. Bacterial cultures prepared in M9
supplemented medium at given ODeoo Value were mixed with the alginate matrix in
1:1 (v/v) ratio and stirred for complete homogenization. With a syringe pump
(Goldman AR-03, Turkey) connected to a 10 mL syringe with a 2 mm inner diameter
spout, the alginate/bacteria solution was dripped at a flow rate of 3 mL/min into a 0.2
M CaClz solution in a beaker glass, spontaneously forming spherical beads. The beads
were stirred for additional 30 mins for hardening and to assure the completion of the
gelling process and rinsed with sterile dH20 to remove excess calcium chloride. Three
beads were then placed into the wells of the 96-well microplate. The microplate was
then covered and stored at 4°C in an airtight container to prevent evaporation until

use, which was always the next day. To assess parameters of optimum cell density and
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alginate percentages, immobilized cells were induced with final 25 and 100 pg/L of

As(I11) concentrations.

2.4.4. Bioassays for Arsenic Detection of Immobilized Cells

For the arsenic dose response tests, bioreporter cells were prepared in either M9
supplemented or MOPS supplemented medium at determined optimal cell density and
matrix concentration. Dilution series of As(lll) and As(V) were prepared in sterile
deionized water to obtain final arsenic (MW: 75 g/mol) ion concentrations of 10, 25,
50, 75, 100, 150 and 200 pg/L (ranging from 0.133 puM to 2.66 uM of As) within
wells. The microplates were removed from 4°C storage and incubated at room
temperature for one hour to allow the cells to recover. Then arsenic dilutions including
an arsenic-free control (deionized water) were added in 25 pL aliquots for agar and in
100 pL aliquots for alginate matrices into each well. Fluorescence measurements were
performed using Varioskan Lux multimode microplate reader (Thermo Fisher
Scientific, USA) which was programmed to measure fluorescence for every 30-min
up to 16 h during continuous incubation at 30 °C ambient temperature. For the reporter
protein, SGFP, the excitation and emission wavelengths were selected as 395 nm and

509 nm, respectively.

2.4.5. Metal Specificity Test for Immobilized Bioreporters

The induction of the immobilized sensing systems by various metal ions other than
As(111) and As(V) including Ag(l), Cd(ll), Co(ll), Cu(ll), Fe(ll), Hg(ll), Mn(ll),
Ni(l1l), Pb(Il) and Zn(1l) were studied. Arsenite and arsenate were tested at 50 pg/L,
whereas all other metal ions were tested at 250 pg/L final concentration. Both agar
and alginate immobilized bioreporter cells were assayed in MOPS supplemented
medium employed with their respective optimal parameters. The fluorescence

measurements were taken using the procedure described above.
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2.5. Data Analysis

All the statistical analyses in this study were conducted using Microsoft Excel and the
IBM SPSS Statistics 25.0 software package for Windows. Raw fluorescence
Intensities were expressed in the instrument’s arbitrary relative fluorescence units
(RFU). These units vary with different fluorimeters. The stable background
fluorescence emitted from E. coli carrying promoterless plasmid (as blank) was
subtracted from all averages of fluorescence values at the corresponding time points.
The response of bioreporter cells to different concentrations of metals was shown by
fluorescence intensity, RFU values. All analyses were performed in triplicate and
results were expressed as mean =+ standard deviation (SD) which were represented by
error bars in the figures. The one-way analysis of variance (one-way ANOVA) was
performed with the significance level of 0.05 (p < .05) between induced samples and
uninduced sample (negative control) to determine the detection limit followed by
Tukey’s post hoc comparison test to test for differences between data. Standard curve

fits were done by linear regression analysis.
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CHAPTER 3

RESULTS AND DISCUSSION

In order to detect environmental arsenic and cadmium contamination, arsenic and
cadmium sensing E. coli bioreoporter strains were constructed by engineering sensing
E. coli plasmids. The plasmids were obtained by genetically fusing the arsenic and
cadmium sensing regulatory regions and/or gene upstream of promoterless reporter
gene, sgfp. These two different heavy metal sensing fluorescent bacterial strains were
characterized in terms of their metal specificities and detection limits in different
induction schemes. Finally, arsenic specific bioreporter strain were immobilized in

different hydrogel polymers and their characterization studies were carried out.

3.1. Molecular Cloning Studies
3.1.1. Amplification of Reporter Gene (sgfp)

Wild-type green fluorescent protein (GFP) is a 27 kDa protein of 238 amino acids in
length. Wild-type GFP fluoresces maximally when excited at 395 nm, with a minor
peak at 475 nm, and emits at 509 nm. GFPuv was chosen as a reporter protein in this
study which is the “cycle 3” variant of GFP described by Crameri et al. (1996).
Compared to wild-type GFP, GFPuv has three amino acid substitutions and three silent
mutations. These substitutions involved the replacement of hydrophobic residues with
more hydrophilic residues, which resulted in reduced aggregation and increased
chromophore activation. Thus, GFPuv has been optimized for brighter fluorescence
when excited by ultraviolet (UV) light at 395nm with a maximum emission spectrum
of 509nm, similar to that of wild-type GFP. GFPuv is 18 times brighter than wild-type
GFP under excitation and can easily be detected by the eye without the need for

specialized equipment.
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The promoterless sgfp gene was obtained with restrictions sites at both ends by high-
fidelity amplification of synthesized gene fragment. The purified PCR product’s
integrity and band size (expected size: 765 bp) were confirmed on agarose gel (Figure
3.1).

1kbDNA :CFP
ladder PCR

product

Figure 3.1 Agarose gel electrophoresis result of PCR amplification of synthetic gfp gene, with length of 765 bp.
1% agarose gel in 1X TAE solution was run for 60 minutes at 100 volts.

3.1.2. Cloning of sgfp into pET-17b Expression Vector

Before using synthetic gfp as a reporter gene, verification of promoterless sgfp gene
that should produce functional fluorescent protein was confirmed by cloning it into
PET-17b expression vector. To that end, the amplified sgfp fragment was digested
with EcoRI and BamHI and inserted at the same restriction sites into pET-17b vector
(Figure 3.2).
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Figure 3.2 Vector map of constructed pET-sGFP.

3.1.3. Conformation of pET-sGFP Vector
3.1.3.1. Colony PCR Result

After ligation and transformation into E. coli DH5a cells, to obtain the right colony
having gene insertion, colony PCR was performed. Colony PCR was done using gene
specific primers, SGFP-F (pET-17b) and sGFP-R (pET-17b). Colony PCR conditions
was previously described in the Section 2.2.10. The colony PCR amplification

products that belong to sgfp gene were visualized on 1% agarose gel.
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Figure 3.3 Agarose gel electrophoresis result of colony PCR for selected transformants. 1% agarose gel in 1X
TAE solution was run for 60 minutes at 90 volts.

As seen in Figure 3.3, all the colonies picked showed gene insertion, so that one of
them was streaked into a fresh LB-agar and further verified by ‘diagnostic digestion’

procedure.

3.1.3.2. Single Enzyme Digest Result

To show the final plasmid size after gene insertion, the plasmid isolation was done
from the bacteria on newly streaked plate. The recombinant plasmid (pET-sGFP) and
PET-17b plasmid were digested with BamHI restriction enzyme to show the size
difference. The plasmid size of pET-17b is 3306 bp and after gene insertion, expected
plasmid size of pET-sGFP, 4017 bp was obtained as shown in Figure 3.4.
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Figure 3.4 Agarose gel electrophoresis result of BamHI single digests of pET-17b and pET-sGFP. 1% agarose
gel in 1X TAE solution was run for 90 minutes at 90 volts.

After verification of cloning, the pET-sGFP vector was transformed into E. coli BL21
(DE3) pLysS competent cells. After visible GFP production was confirmed as referred
in Section 3.2.1, the cloning studies were continued for construction of bioreporter

plasmids.

3.1.4. Cloning of sgfp into pBR322 Vector

For construction of promoterless reporter plasmid, promoterless sgfp was cloned into
pBR322 plasmid. E. coli plasmid, pBR322, was chosen since it has a medium copy
number and for biosensing applications, either low or medium plasmid copy number
was preferred to control the behavior of the reporter systems. For cloning of sgfp into
pBR322 plasmid, sgfp was amplified as described in Section 2.2.11. Both isolated
pBR322 plasmid and sgfp were double digested with Hindlll and Eco88I (Aval)
restriction enzymes. After digestion, sgfp PCR product was purified by using PCR
purification kit. However, after double digestion of pBR322, it produced two large

fragments that the smaller fragment of 1423 bp, including TcR gene, (Figure 3.5) that

63



cannot be eliminated by kit purification. So, the desired fragment of 2938 bp was

excised from the gel and agarose gel purified by using kit.

1 kb DNA Double digested
ladder pBR322 plazmids

Figure 3.5 Agarose gel electrophoresis result of pPBR322 (4361 bp) cloning vector cut with Hindll1 and Eco88I
and loaded in three wells of agarose gel. 1% agarose gel in 1X TAE solution was run for 60 minutes at 90 volts.

After purifications, digested gene and plasmid products were loaded in agarose gel to

check for their integrity, purity and concentration (Figure 3.6).
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Figure 3.6 Agarose gel electrophoresis result of agarose gel purified large fragment of double digested pBR322
and purified double digested sgfp PCR product cut with HindlI1 and Eco88l. 1% agarose gel in 1X TAE solution
was run for 30 minutes at 80 volts.
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3.1.5. Confirmation of pBR-sGFP
3.1.5.1. Colony PCR Result

After ligation and transformation into E. coli DH5a cells, to obtain the right colony
having gene insertion, colony PCR was performed. Colony PCR was performed using

gene and plasmid specific primers, Col-F and Col-R.

col#1 col#1 col#3 col#4 col#5 col#6 ] kb DNA
ladder

Figure 3.7 Agarose gel electrophoresis result of colony PCR using Col-F and Col-R primers with an amplicon
size of 805 bp. 1% agarose gel in 1X TAE solution was run for 60 minutes at 90 volts.

As seen in Figure 3.7, all the colonies picked showed gene insertion, so that one of
them was streaked into a fresh LB-agar and further verified by ‘diagnostic digestion’

procedure.

3.1.5.2. Single Enzyme Digest Result

To show the final plasmid size after gene insertion, the plasmid isolation was done
from the newly streaked plate. The recombinant plasmids, pBR-sGFP (Figure 3.9)
were digested with BamHI restriction enzyme. The plasmid size of pBR322 is 4361
bp and after digestion and gene insertion, expected plasmid size of pBR-sGFP, 3703

bp were obtained as shown in Figure 3.8.
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Figure 3.8 Agarose gel electrophoresis result of pBR-sGFP (3703 bp; large fragment of pBR322 (2938 bp) plus
SGFP (765 bp) vector digested with BamHI. 1% agarose gel in 1X TAE solution was run for 90 minutes at 90
volts.

pBR-sGFP

3703 bp

Figure 3.9 Vector map of constructed promoterless reporter plasmid, pBR-sGFP.
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After isolation of pBR-sGFP, the plasmid was sent to RefGen Biyoteknoloji Ltd. Sti.
(Ankara, Turkey) for sequencing and the results showed that it has the right orientation
and base pairing. Then this plasmid was used to insert promoter sequences in

orientation of EcoRlI restriction site at 5> end and BamHl| site at 3’ end.

3.1.6. Cloning of ParsR-arsR into pBR-sGFP

In order to construct arsenic sensing bioreporter plasmid, synthesized DNA sequence
consisting of the promoter region of the arsR operon and arsR gene was amplified and
cloned upstream of the promoterless sgfp gene in pBR-sGFP. At the best Tm value
for primer annealing, high fidelity PCR was performed with Phusion DNA
polymerase to amplify the sensing DNA element, ParsR-arsR. After double digestions
of PCR product and plasmid with BamHI and EcoRI restriction enzymes, PCR purified
ParsR-arsR PCR product and pBR-sGFP plasmid were checked on agarose gel to

determine their integrity, purity, and concentration for ligation (Figure 3.10).

1 kb DNA Double Double
ladder digested digested
pBR-=CFP ParzR-
arsR

Figure 3.10 Agarose gel electrophoresis result of purified double digest products of pBR-sGFP (after cut 3669
bp) vector and ParsR-arsR gene (537 bp). 1% agarose gel in 1X TAE solution was run for 30 minutes at 80 volts.
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3.1.7. Confirmation of pBR-arsR773
3.1.7.1. Colony PCR Result

After ligation and transformation into E. coli DH5a cells, to obtain the right colony
having gene insertion, colony PCR was performed by using gene and plasmid specific
primers, Col-F and Col-R.

1kb ' )
DNA col#1l col#2 col#3 col#4 col#5 col#6  col#7

ladder

Figure 3.11 Agarose gel electrophoresis result of colony PCR using Col-F and Col-R primers with an amplicon
size of 1342 bp. 1% agarose gel in 1X TAE solution was run for 60 minutes at 90 volts.

As seen in Figure 3.11, col#3 and col#5 showed gene insertion, and they were streaked

into a fresh LB-agar and further verified by ‘diagnostic digestion” procedure.

3.1.7.2. Single Enzyme Digest Result

To show the final plasmid size after gene insertion, the plasmid isolations were
performed from the newly streaked plate. The recombinant plasmids, pBR-arsR773
(Figure 3.13) were digested with BamHI restriction enzyme. The expected plasmid
size of pBR-arsR773 is 4206 bp was obtained as shown in Figure 3.12.
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Figure 3.12 Agarose gel electrophoresis result of pBR-arsR773 (4206 bp) vector digested with BamHI. 1%
agarose gel in 1X TAE solution was run for 90 minutes at 90 volts.

pBR-arsR773

4206 bp

Figure 3.13 Vector map of constructed arsenic sensing bioreporter plasmid, pBR-arsR773 (Elcin & Oktem,
2019).
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After isolation of pBR-arsR773, the plasmid was sent to Poyraz Biyoteknoloji Ltd.
Sti. (Ankara, Turkey) for sequencing and the results showed that it had the right

orientation and base pairing.

3.1.8. Cloning of PzntA into pBR-sGFP

In order to construct cadmium sensing bioreporter plasmid, the DNA sequence
consisting of the promoter region of the zntA gene was amplified and cloned the
upstream of the promoterless sgfp gene in pBR-sGFP. Since zntA promoter region was
to be amplified from genomic DNA, first E. coli MG1655 cells were grown in LB
medium, its genomic DNA was isolated, and its integrity was checked (Figure 3.14a).
By using primers specific for promoter region of zntA gene, gradient PCR was
performed with genomic DNA as template to determine optimal annealing
temperature of primers. At the best Tm value for primer annealing, high fidelity PCR
was performed with Phusion DNA polymerase to amplify the sensing DNA element,
PzntA (Figure 3.14b).

1 kb DNA PzntA PCR

1 kb DNA Genomic ladder product

ladder DNA

Figure 3.14 Agarose gel electrophoresis results of a) isolated genomic DNA from E. coli MG1655 and b)
Phusion PCR product of PzntA (379 bp). 1% agarose gel in 1X TAE solution was run for 45 minutes at 90 volts.
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After double digestions of the PCR product and plasmid with BamHI and EcoRl
restriction enzymes, PCR purification kit purified PzntA PCR product (Figure 3.15a)
and pBR-sGFP (Figure 3.15b) were checked on agarose gel to determine their
integrity, purity, and concentration for ligation.

Doubl Double digested 1t DNA ladder
1 kb DNA s BR-sGFP
loddon digested £

Poned [ .

Figure 3.15 Agarose gel electrophoresis results of double digested and purified a) Phusion PCR product of
zntAp (355 bp). b) pBR-sGFP plasmid (after cut 3669 bp). 1% agarose gel in 1X TAE solution was run for 30
minutes at 90 volts.

3.1.9. Confirmation of pBR-PzntA
3.1.9.1. Colony PCR Result

After ligation and transformation into E. coli DH5a cells, to obtain the right colony
having gene insertion, colony PCR was performed. Colony PCR was performed using

gene and plasmid specific primers, Col-F and Col-R.
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Figure 3.16 Agarose gel electrophoresis result of colony PCR using Col-F and Col-R primers with right
amplicon size of 1160 bp. 1% agarose gel in 1X TAE solution was run for 60 minutes at 90 volts.

As seen in Figure 3.16, col#1 and col#8 showed gene insertion, and they were streaked

into a fresh LB-agar and further verified by ‘diagnostic digestion” procedure.

3.1.9.2. Single Enzyme Digest Result

To show the final plasmid size after gene insertion, the plasmid isolations were
performed from the newly streaked plate. The recombinant plasmids, pBR-PzntA
(Figure 3.18) were digested with BamHI restriction enzyme. The expected plasmid

size of pBR-PzntA is 4024 bp was obtained as shown in Figure 3.17.
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Figure 3.17 Agarose gel electrophoresis result of pBR-PzntA (4024 bp) vector digested with BamHI. 1% agarose
gel in 1X TAE solution was run for 90 minutes at 90 volts.

pBR-PzntA

4024 bp

Figure 3.18 Vector map of constructed Cd sensing bioreporter plasmid, pBR-PzntA.
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After isolation of pBR-PzntA, the plasmid was sent to Poyraz Biyoteknoloji Ltd. Sti.
(Ankara, Turkey) for sequencing and the results showed that it has the right orientation

and base pairing.

3.2. Expression Studies
3.2.1. Induction of E. coli BL21 (pET-sGFP) Strain

To elucidate functional reporter protein expression, pET-sGFP plasmid, in which sgfp
gene was under the control of lac promoter, was induced with IPTG according to

manufacturer’s instructions.

Induction of E. coli BL21 (pET-sGFP) strain along with blank (pET-17b) and negative
control were done in LB medium. During the expression studies, bacterial growth was
measured at 3", 6™, 9™ and 24™ hours of bacterial culture. The optical density results

of bacterial cultures at 600 nm are shown in Table 3.1.

Table 3.1 Bacterial growth, OD600 values, of pET-17b, pET-sGFP and IPTG added pET-sGFP cultures in LB
medium over time.

PET-sGFP PET-sGFP
OD/hour  pET-17b
(no IPTG) (0.4 MM IPTG)
3 0.67 +£0.07 0.69 +0.06
6 1.40 £ 0.09 1.3+0.08 1.37 £0.04
9 1.98 £0.1 1.83 £0.09 1.83 £0.07
24 2.66 £0.15 2.52+0.13 246+0.11

-The average values of replicates are presented with standard deviation (n = 3).

According to manufacturer’s instruction, pET-SGFP bacterial culture was induced
with final 0.4 mM of IPTG in late exponential phase (at 3™ hours of growth). At the

indicated hours, the cultures were drawn, and the fluorescence intensities were
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measured as described in Section 2.3.2. The fluorescence intensity values of samples
are shown in Table 3.2.

Table 3.2 Fluorescence intensity values of pET-sGFP and IPTG added pET-sGFP cultures over time.

PET-sGFP PET-sGFP
RFU/hour
(no IPTG) (0.4 mM IPTG)
3 59.83 +1.31 NA
6 92.3+1.44 117.33 £5.43
9 122.9 £ 5.62 197.5 £2.08
24 586.36 +8.2 776.6 +10.03

- The average values of replicates are presented with standard deviation (n = 3).
-NA: Not applicable.

As seen in Table 3.2, IPTG induced culture showed increased GFP expression,
although uninduced pET-sGFP culture also showed GFP expression, probably due to
high basal expression or leakage of lac promoter. The samples were taken from blank
culture (pET-sGFP), uninduced culture (pET-sGFP) and induced culture after 24

hours of growth and visualized by using cell imaging station (Figure 3.19).
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Figure 3.19 Fluorescence micrographs of bacterial cells having a) pET-17b, b) pET-sGFP, and ¢) pET-sGFP
(IPTG induced). Images were taken by using an EVOS Floid Imaging Station (Thermo Fisher Scientific, USA).

Under UV illumination, blank culture showed no GFP expression while pET-sGFP
and IPTG induced pET-sGFP culture showed fluorescent bacteria. Thus, reporter
protein expression was confirmed and then the metal sensing plasmids were

constructed.

3.2.2. Induction of E. coli MG1655 (pBR-arsR773) Bioreporter Strain

For expression studies, arsenic sensor plasmid, pBR-arsR773, was isolated from E.
coli DH5a and transformed into E. coli MG1655 strain. Before 96-well microplate
experiments, the growth of E. coli MG1655 (pBR-arsR773) strain was tested under
low and high concentrations of arsenite and arsenate to confirm the healthy bacterial
growth under metal exposure. The growth curves for up to 48-h are given in Appendix
D.
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Table 3.3 Bacterial growth, OD600 values, of pBR-sGFP and pBR-arsR773 cultures in M9 supplemented
medium in presence of arsenite, As(l11) and arsenate, As(V) over time.

As(111) As(111) As(V) As(V)

OD/hour pBR-sGFP NC
100 pg/L 400 pg/L 100 pg/L 400 pg/L

3 032+0.03 035+0.02 032+0.04 030+0.03 0.33+0.02 0.32+0.01
6 0.98+0.07 0.99+£0.03 0.97+0.08 092+0.01 095+0.06 0.94+0.02
9 1.32+0.08 136+0.05 137+0.04 135+£0.06 1.37+0.05 1.32+0.04
24 200+0.1 220+0.13 2.09+0.08 2.11+0.14 2.19+0.19 2.10+0.09

- The average values of replicates are presented with standard deviation (n = 3).
- NC: Negative control (pBR-arsR773 culture with no addition of arsenic)

The growth results did not show any bacterial growth impairment (Table 3.3), and
then the expression studies were performed. Induction of GFP expression from ParsR-
arsR will occur by As(111) along with the dissociation of ArsR transcriptional repressor

protein from its cognate promoter, ParsR.

The applicability of bioreporter was assessed by inducing the cells with arsenite and
arsenate in different media and different induction schemes. The concentrations of
arsenic ions between 0 and 150 pg/L were chosen in relation to Turkey’s current
regulation of drinking water quality standard maximum of 10 pg/L, and surface water
quality standards permissible limit value of 50 pug/L. Moreover, surface waters

containing arsenic concentrations above 100 pg/LL are regarded to be highly

contaminated (T.C., 2013, 2015).

M9 itself is a minimal and low osmolarity defined media for E. coli, resulting in slower
growth rate of these cells and the recipe was taken from Maniatis et al. (1982).
Bacterial growth could be controlled by changing medium composition in order to
enhance reproducibility and sensitivity of biosensors, since bacteria reproduce very
fast in nutrient rich media (doubling time: 20 minutes, at 37 °C) (Sezonov et al., 2007).
Thus, it is important to keep the number of bioreporter cells as stable as possible

during the period of sensing to minimize the risk of growth-dependent variations in
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GFP production. The reason for using supplemented M9 medium is because it is
supplemented with amino acids which is crucial for biosynthesis of reporter protein,

enhancing the response of whole-cell bioreporters.

3.2.2.1. Fluorescence Emission Kinetics of Arsenic Bioreporter Strain in M9

Supplemented Medium

To characterize the arsenic bioreporter cells in response to different concentrations of
arsenite and arsenate, 96-well plate assays were performed with M9 supplemented
medium as an induction medium. The detection limit was determined using
statistically significant change (p < 0.05) in RFU compared with no induction

(negative) control RFU.

Fluorescence against time curves were drawn for 6-h induction time for clarity, since
it presented adequately high fluorescent signal to differentiate between dose—response
curves. One-way ANOVA result for M9 supplemented medium showed that the
arsenic bioreporter induction by all of the tested concentrations of As(l11) compared
to uninduced sample was significant after 2 hours, p=.000. Also, 150 pg/L (2 uM) of
arsenite was detected after 30-min incubation and 10 pg/L (133 nM) of arsenite was
detected after 2 hours of induction with a statistically significant change (p<0.05), thus
the bioreporter’s detection limit was higher in the beginning and it decreased with
time. The fluorescence signal increased continuously with time as GFP tend to
accumulate in cell. The background fluorescence exhibited by the uninduced
biosensor did not have any statistically significant fluorescent change during the
incubation period. Moreover, a linear dynamic range was obtained between 0 and 150
ng/L of arsenite concentrations (Figure 3.20). In order to determine the significance
levels of induction groups, Tukey’s HSD (honestly significant difference) test was
performed for 2-h time point; the descriptive statistics table, ANOVA table and post
hoc test results are given at Section A in Appendix E.
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Figure 3.20 Fluorescence emission kinetics of arsenic bioreporter cells in response to arsenite, As(l11).
Bioreporter cells grown in M9 supplemented medium (till ODeoo = 0.1) induced with different arsenite
concentrations. Data shown as mean + SD of triplicate wells of each induction. Error bars are shown only when
they exceed the size of the symbols.

Bacterial biosensors for As(l111) have previously been developed using various reporter
genes, such as lacZ, luxCDABE, luc, and gfp with various induction patterns and

sensitivities for detecting As(l11).

Liao and Ou (2005) described a construction of E. coli whole-cell biosensor for the
detection of bioavailable As(I11), As(V), and Sb(lll) by employing red-shifted GFP
(rs-GFP) as a reporter protein. The sensor plasmid, pVLASL, is based on the
expression of rs-GFP under the control of the ars promoter and the arsR gene of the
S. aureus plasmid pI258. The detection limit for As(II) was 0.4 uM (30 pg/L) and for
As(V) was 1 uM (75 pg/L) after 2-h exposure time in LB medium. When the
induction time was increased to 8 h, the lowest detection limit for As(l11) and As(V)
was 0.1 uM (7.5 pg/L).
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Tani et al. (2009) used an E. coli DH50 for plasmid construction. Design of
oligonucleotides used for PCR was based on the nucleotide sequences of K12
chromosome DNA deposited at GenBank/EMBL/DDBJ accession numbers
NC000913. They attempted fluorescent microplate method to detect arsenic using
recombinant Escherichia coli cells transformed with plasmids harboring three tandem
copies of the ars promoter/operator—the gene for green fluorescent protein (gfp).

They detected 10 ug/L of arsenite at the response time of 6 h in LB medium.

Theytaz et al. (2009) designed and tested microfluidic chips with fluorescent (GFP)
E. coli bacteria that respond to arsenic, E. coli DH5a pProbe-gfp(tagless)-arsR-ABS.
This particular strain was engineered in order to generate a fluorescent signal, due to
the production of GFP in response to arsenite. They were engineered to produce the
ArsR protein, which normally controls the synthesis of a set of proteins implicated in
arsenite resistance, but now represses expression of the gene for GFP. The response

time to detect 50 pg/L of arsenite was 90 minutes in minimal medium.

Hu et al. (2010) proposed an arsenic-resistant promoter and the regulatory gene arsR.
This was obtained by PCR from the genome of E. coli DH5a, and then ligated to the
reporter protein gene phiYFP. The construction was introduced into E. coli DH5a. to
convert this bacterium as an arsenic whole-cell biosensor (WCB-11) in which phiYFP
produced good results for the first time. They detected 375 pg/L of arsenite and
arsenate with a response time of 2 h in LB medium.

Li et al. (2015) constructed an arsenite-inducible vector with GFP as the reporter gene,
pUC18-ars-gfp. Then, iteratively, multirounds of directed evolution were applied to
improve the arsenite-sensing element and looked for the improved mutants. Induction
response of a final mutant ep3, E. coli (pUC18-ep3ars-gfp) was obtained with more
than 12-fold fluorescence intensity compared with that of the wild- type control, E.
coli (pUC18-ars-gfp). They had improved the detection limit of As(l11) from 3 to 0.75
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ng/L within 1 hour and also the evolved ep3 arsenite biosensor could detect 10 pg/L
As(I11) within 45 min in TB (terrific broth) medium.

Huang et al. (2015a) proposed a DNA fragment comprising the promoter/operator of
the ars operon (Pars) and arsR gene, which was amplified by PCR from the pl258
plasmid isolated from Staphylococcus aureus (NCTC 50581; National Collection of
Type Cultures, Colindale, London, UK). The amplified DNA fragment was
subsequently inserted upstream of the promoterless lacZ gene in the vector pTZ110
for creating pAs-lacZ fusion plasmid. The recombinant plasmid pAs-lacZ was then
transformed to E. coli DH5a. The developed bacterial biosensor demonstrated a

quantitative range from 10 to 500 pg/L of arsenite in 3-h reaction time in LB medium.

Prévéral et al. (2017) constructed the transcriptional fusion between the bacterial
luciferase operon lux and an arsenite-inducible promoter Pars controlled by the
transcriptional repressor ArsR. The genetic construct pArs-lux was hosted in E. coli
W3110. The detection of 0.1-0.2 uM (7.5-15 pg/L) of arsenite was achieved after 60-

min upon arsenite addition in LB medium.

Pola-Lopez et al. (2018) constructed a bacterial biosensor named arsenic biosensor
POLA (ABP) made with three genetic modules. These modules consisted of a
promoter, a gene expression amplifier, and a reporter gene, into an Escherichia coli
MG1655k12, with the goal of reaching higher sensitivity for arsenite detection in
water. The plasmid backbone and polymerase used were pSB1A2 and T7 RNAP,
respectively. The detection range changed from 5 to 140 pg/L of arsenite with

response time of 1 h in LB medium.

By comparing our arsenic bioreporter with these reports, it can be concluded that the
sensitivity of arsenic bioreporter developed in this study is comparable to or more
sensitive than other gfp-based arsenic bioreporters. On the other hand, any of the tested

arsenate concentrations had no effect on GFP expression of arsenic bioreporter even
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after 6 hours, p=.088. However, only 150 pg/L or higher concentrations of arsenate
showed induction after 10-hour induction time, while much higher arsenate
concentrations resulted in induction less than 10 hours (data not shown). This may
result from high inorganic phosphate content of M9 minimal medium outcompeting
arsenate ions, and only after phosphate was used by cells with time, arsenate can be
taken by the cell so that induction can occur. Thus, arsenic bioreporter cells showed

higher sensitivity toward arsenite rather than arsenate in M9 supplemented medium.

Rothert et al. (2005) reported a bioreporter strain E. coli AW10 (pSD10). It carries a
reporter plasmid with a transcriptional fusion between the o/p sequence of the ars
operon and arsR gene isolated from plasmid pBGD23 and the gene encoding gfpuv
isolated from plasmid pBAD-GFPuv. They also used M9 minimal assay medium and
reported the higher detection limit for arsenite of 8 uM (600 pg/L) with a response
time of 30 min and no induction by arsenate. They concluded that ars operon is not
induced by similar anions referring to arsenate which is not the case for ars operon.
Roberto et al. (2002) proposed an O/P region, as well as the entire arsR gene and initial
region of arsD. These were amplified by PCR from pIRC120 using oligonucleotide
primers designed based on the published sequence of the R46 ars operon. They
detected 1 pg/L of arsenite with a longer response time of 12 h. They also described
threefold lower fluorescence response at 10 ppm (10 pg/L) arsenate compared to
arsenite of their arsR-gfp reporter system in M9 minimal medium after 12-h induction

time.

Figure 3.21 shows the fluorescence microscopy images of uninduced and As(ll1)-
induced bioreporter cells assayed in M9 supplemented medium after 6 hours of
induction. Images were taken by using Leica DM6000 M Fully Automated Upright

Microscope.
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Figure 3.21 Fluorescence microscope images of arsenic bioreporter cells: a) uninduced bioreporters under BF
channel, b) uninduced bioreporters under Fluo channel, ¢) induced bioreporters with 75 ug/L arsenite under BF

channel, d) induced bioreporters with 75 ug/L arsenite under Fluo channel. BF: Bright field, Fluo:
Fluorescence. Scale: 20um.

3.2.2.2. Fluorescence Emission Kinetics of Arsenic Bioreporter Strain in MOPS

supplemented medium

Nearly all the bacterial biosensors developed so far were focused on the detection of
arsenite based on the argument that arsenite is around tens of times more toxic than
arsenate (Akter et al., 2005).

Few studies reported bacterial bioreporters’ response to environmentally relevant
concentrations of arsenate, which is the next most toxic form after arsenite. It is very

important to detect dominant forms of arsenic species in water which are both
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available to millions of people around the world. Some well-documented examples
include Bangladesh, India, Thailand, and Vietnam (Singh et al., 2015), also Turkey,
in the region of Simav plain (Kiitahya) (Gunduz et al., 2010). Arsenite and arsenate
are readily interconverted and therefore often found together, and the speciation
between these might take place depending on the conditions such as the redox
potential, pH, oxygen enrichment status, organic and other dissolved matter contents,
and microbial activity (Panagiotaras & Nikolopoulos, 2015). Furthermore,
biotransformation of inorganic arsenic has been shown to occur in both animals and
humans. Reduction of arsenate and oxidation of arsenite in vivo have been
demonstrated in experimental animals (Fowler et al., 2015). Thus, determining the
abundance of different forms of arsenic ions is helpful in assessing the potential

toxicity levels of water bodies.

Composition of induction medium affects the sensitivity and specificity of bioreporter
cells by changing the bioavailability of heavy metals and metalloids. Defined media
like a minimal medium confer bioreporter cells a higher sensitivity than a complex
media like LB medium (Hynninen & Virta, 2010). For arsenic bioassays, commonly
used media is LB (Tani et al. 2009; Liao & Ou, 2005); however, arsenic bioreporter
cells in this study didn’t exhibit an efficient fluorescence performance in LB medium
instead a weak fluorescence response was observed for high concentrations (150-750
ug/L) of arsenite and arsenate overnight. However, this arsenic bioreporter cells
showed striking change of response to arsenate when assayed in MOPS supplemented
medium which is rarely used medium for arsenic bioassays. MOPS supplemented
medium was different from M9 supplemented medium in a way that phosphate

compounds were substituted by MOPS for buffering purpose.
One-way ANOVA result for MOPS supplemented medium showed that the arsenic

bioreporter induction by the all of the tested concentrations of As(l1l) compared to

uninduced sample was significant after 3.5 hours, p=.000. Also, 150 pg/L of arsenite
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was detected after 1-hour incubation and 10 ug/L of arsenite was detected after 3.5

hours of incubation with a statistically significant change (p<0.05) (Figure 3.22a).

One-way ANOVA result for MOPS supplemented medium showed that the arsenic
bioreporter induction by all of the tested concentrations of As(V) compared to
uninduced sample was significant after 2 hours, p=.000. Also, 150 pg/L of arsenate
was detected after 1-hour incubation and 10 pg/L of arsenate was detected after 2
hours of incubation with a statistically significant change (p<0.05) of GFP expression
(Figure 3.22Db).

The fluorescence increased with time and linearly with increasing arsenite/arsenate
concentrations up to 150 pg/L. In order to determine the significance levels of
induction groups, Tukey’s HSD tests were run for arsenite at 3.5-h time point and for
arsenate at 2-h time point; the descriptive statistics tables, ANOVA tables and post

hoc test results are given at Section B and C, respectively in Appendix E.
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Figure 3.22 Fluorescence emission Kinetics of arsenic bioreporter cells in response to a) arsenite, As(l11), b)
arsenate, As(V). Bioreporter cells were grown in MOPS supplemented medium (till ODgoo = 0.1). Data shown as
mean + SD of triplicate wells of each induction. Error bars are shown only when they exceed the size of the

symbols.
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The reason for the dramatic increase in sensitivity toward arsenate compared to M9
medium might be explained by the absence of phosphate ions in MOPS medium
resulting an increase in bioavailability of arsenate. Dissolved As(I11) most likely enters
the cell by diffusion in its trioxyanion form through a glycerol channel and As(V) via
phosphate transporters followed by its reduction to As(lll) (Figure 3.23). Arsenate
complexes (H2AsO4) and inorganic phosphate (H2PO4’) are chemical analogs, and in
E. coli, arsenate is taken up by two major phosphate transport systems: Pst and Pit
(Willsky & Malamy, 1980). The Pit system is the major uptake system for arsenate,
while the Pst system has a higher affinity for phosphate than for arsenate but induced
by phosphate starvation. Therefore, phosphate depletion favors arsenate uptake by the
cells, and they become sensitive to arsenate (Yang et al., 2012). Once inside of cells,
As(V) is reduced to As(l11) by one of several different As(V) reductases in addition to
ArsC reductase. In bacteria, two unrelated ArsC enzymes reduce As(V) using either
glutathione and a small thiol protein glutaredoxin 2 or another small thiol protein
thioredoxin (Garbinski et al., 2019).
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Figure 3.23 Overview of bacterial interactions with arsenic. The metalloid is taken up through glycerol or
phosphate transporters. Arsenate is reduced to arsenite which may then be extruded from the cell by ArsAB
(Kruger et al., 2013).
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This was the first study (Elcin & Oktem, 2019) to describe the effect of media on arsR-
gfp-based bacterial bioreporter to evaluate response to arsenate concentrations. The
results suggest that while M9 medium is suitable for detection of low concentrations
of arsenite, MOPS medium can be used to detect both arsenite and arsenate with higher
sensitivity toward arsenate. Thus, by comparing the detected arsenic content in both
media, relative content of different arsenic species in a sample can be determined

semi-quantitatively.

3.2.2.3. Metal Specificity of Arsenic Bioreporter Strain

In natural waters, other metal ions are generally found in combination with arsenic,
which may produce a non-specific induction of fluorescence. To evaluate specificity
of the constructed arsenic bioreporter, the response to some of the most common
metals that are of public health concern was tested at 500 ug/L while arsenic

concentrations tested at 50 pg/L in M9 and MOPS supplemented media (Figure 3.24).
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Figure 3.24 Metal specificity of the arsenic bacterial bioreporter. Bioreporter cells were grown either in M9 or
in MOPS supplemented medium (till ODeoo = 0.1). Control refers to no metal addition. Data shown as mean +
SD of triplicate wells of each induction group and presented at 6-h time point. *p< 0.001.
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The arsenic biosensor gave no significant change of fluorescence response towards
tested metals in both media indicating the arsenic bioreporter had high affinity to
arsenic species but no apparent affinity to other metals. This indicates the high
specificity of arsenic biosensor which is commonly reported feature of the arsR-based
bacterial bioreporters.

3.2.2.4. Fluorescence Response of Arsenic Bioreporter Strain at Different
Growth Phases

Physiological status of the cells considerably affects the performance of the whole-
cell metal bioreporters. Cells that are in the exponential growth phase have often been
used in bioreporter assays. However, the best growth phase of each bacterial
bioreporter strain should be determined for specific genetic construction and induction

protocol for better reliability and reproducibility of results.

In this study, different bacterial cultures in terms of growth phases were tested to
evaluate the effect of growth stage on the sensitivity of arsenic bioreporter. Assays
were conducted in both M9 and MOPS supplemented media. Apart from early
exponential cells, mid exponential cells (ODsoo = 0.4-0.6) and stationary cells
(overnight culture, ODsoo = 1.5-2.0) were used for induction. Early exponential phase
was chosen for dose-response assays because, in preliminary experiments with cells
taken from exponential and stationary culture, higher variability in fluorescence

response was observed.

When the arsenite-induced fluorescent responses were compared for M9
supplemented medium, higher fluorescence response for all arsenite concentrations
were obtained for stationary phase cells. However, stationary cells also had the highest
background fluorescence due to large number of cells and so the detection of 10 pg/L
arsenite within 2 hours was less significant, probably due to lower bioavailability
arsenite due to crowded cell population. Moreover, the fluorescence response reached
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plateau earlier than other phases (Figure 3.26b). At concentrations of arsenite higher
than 10 ug/L, the bacterial cultures in mid-exponential and stationary phase cells
showed higher fluorescence values than early exponential phase cells with higher
standard deviations (Figure 3.25).
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Figure 3.25 The fluorescence intensity values of arsenic bioreporter induced with arsenite at different growth

phases. Bioreporter cells were grown in M9 supplemented medium. Data shown as mean + SD of triplicate wells
of each induction group and presented at 6-h time point.
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Figure 3.26 Fluorescence kinetic profile of arsenic bioreporter with different induction schemes. Bioreporter
cells grown in M9 supplemented medium to a) mid-exponential and b) stationary phase induced with different
arsenite concentrations. Data shown as mean + SD of triplicate wells of each induction.

To detect arsenite in M9 supplemented medium, both mid exponential or stationary
cells could be used if the cell growth and induction parameters can be tightly

controlled to reduce the deviation and standardize the biosensor application. On the
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other hand, using overnight culture directly is more practical and simple experimental
procedure than preparation of exponentially growing cells such that mid exponential

phase cells in M9 medium can be reached after 4 hours of incubation.

For bioreporters cultured in MOPS supplemented medium, for arsenite (Figure 3.27a)
and arsenate (Figure 3.27b), mid exponential phase cells exhibited higher fluorescence
values for all concentrations than others with higher standard deviations. Again,
stationary cells had the highest background fluorescence due to large number of cells
and the fluorescence response reached plateau earlier than other phases (Figure 3.28,
Figure 3.29). The fluorescence performance of stationary cells in MOPS medium was
worse than that in M9 medium. The reason could be that cells in M9 medium were
healthier since M9 medium has sufficient inorganic phosphate which is an essential
nutrient for cells. Moreover, the detection limit of arsenite increased to 25 ug/L for
stationary cells.
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Figure 3.27 The fluorescence intensity values of arsenic bioreporter induced with a) arsenite and b) arsenate at
different growth phases. Bioreporter cells were grown in MOPS supplemented. Data shown as mean £+ SD of
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To detect arsenite/arsenate in MOPS supplemented medium, mid exponential cells

could be used instead of early exponential cells if the cell growth and induction
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parameters can be tightly controlled to reduce the deviation and standardize the

biosensor application.

a
8.0B+07 1 o 150 ugL
7.0E+07 | —e—75ug/L
. ——25 g/l
S 6.0E+07 - ne
LL —o— 10 pg/L

L 5.0E+07 { —e—No As(lll)
[«B]
(8]
€ 4.0E+07
2
® 3.0E+07
o

T 2.0E+07
1.0E+07
0.0E+00 » ®
0 1 .3 4 5 6
Time (h)
h
3.5E+07 { —®— 75 png/l
. —e—25 ug/L
& 5 5E+07 { —*—NoAs(lll)

@
o
S 2.0E+07
2
L 1.5E+07
S
iz 1.0E+07

5.0E+06

—
—s
0.0E+00 .

.3
Time (h)
Figure 3.28 Fluorescence kinetic profile of arsenic bioreporter with different induction schemes. Bioreporter

cells grown in MOPS supplemented medium to a) mid-exponential and b) stationary phase induced with different
arsenite concentrations. Data shown as mean + SD of triplicate wells of each induction.
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Figure 3.29 Fluorescence kinetic profile of arsenic bioreporter with different induction schemes. Bioreporter
cells grown in MOPS supplemented medium to a) mid-exponential and b) stationary phase induced with different
arsenate concentrations. Data shown as mean + SD of triplicate wells of each induction.
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3.2.2.5. Arsenic Content Determination of Groundwater Sample

To test the applicability of arsenic biosensor to real life samples, a groundwater sample
was obtained from an arsenic polluted tube well in Central Anatolia region, Turkey.
For quantitative assessment of the total inorganic As concentration in groundwater,
bioreporter cells were cultured in MOPS supplemented medium and a standard curve
was generated from known concentrations of arsenite, As(l11), in deionized water by
linear analysis and a good linear response to arsenite occurred between 0 and 150 pg/L
(Figure 3.30). Calculated arsenite concentration from the standard curve was 93.24 +
13.08 pg/L. After taking the dilution factor of the groundwater sample into account as
MOPS culture medium and groundwater were mixed in 1:1 (v/v) ratio, the estimated

concentration of arsenite in the groundwater were 186.48 +=26.16 pg/L.

To further verify the concentration, groundwater sample was spiked with a known
concentration of As(IIl) (50 pg/L) to eliminate possible inhibitory effects caused by
compounds other than arsenic in the groundwater. For As(111) spiked groundwater, the
fluorescence intensity was similar to that of a positive control in standard curve
containing the same final concentration of arsenite (~150 ug/L) in deionized water.
Since groundwater samples have mostly arsenite due to their anoxic conditions, the

total arsenic ion concentration calculated was mostly attributed to arsenite.
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Figure 3.30 Calibration (standard) curve for arsenite ranging from 0 to 150 ug/L after bioreporter cells were
assayed in MOPS medium for 4 hours. Slope linearly interpolated from average of triplicate samples (Elcin &
Oktem, 2019).

According to laboratory analysis with ICP-MS and groundwater sample’s natural
content of total arsenic was reported as 240 pg/L. The values obtained with the arsenic
biosensor were lower than the data obtained by ICP-MS analysis, indicating the
bioavailable portion of arsenic was lower than the total arsenic content. This may
result from the presence of water-insoluble arsenic in the form of complexes with
organic matter and adsorbed onto Al- and Fe-oxyhydroxides, and phyllosilicates (Aide
et al., 2016). Moreover, presence of phosphates and reduction by sulfides and other
metals influence the speciation and bioavailability of arsenic (Jonnalagadda & Rao,
1993). Given the notion that metal toxicity to organisms is related to bioavailable
portion rather than the total metal concentration (Olaniran et al., 2013), this bioreporter
system gives comparable results with analytical techniques and bioavailable arsenic
content in order to determine the acute toxicity risks. Thus, according to both ICP-MS
and arsenic biosensor results, the tube well must be closed immediately because the

arsenic concentration was higher than 50 pg/L.
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3.2.3. Induction of E. coli MG1655 (pBR-PzntA) Bioreporter Strain

For expression studies, Cd sensor plasmid, pBR-PzntA, was isolated from E. coli
DH5a and transformed into E. coli MG1655 strain. Before 96-well microplate
experiments, the growth of E. coli MG1655 (pBR-PzntA) strain was tested under low
and high cadmium concentrations to confirm the healthy bacterial growth under metal

exposure. The growth curves for up to 48-h is given in Appendix D.

Table 3.4 Bacterial growth, OD600 values, of pBR-sGFP and pBR-PzntA cultures in M9 supplemented medium
in presence of cadmium, Cd(ll), over time.

Cd (1) Cd (1)
OD/hour pBR-sGFP NC
100 pg/L 500 pg/L
3 0.31+0.02 0.31+0.01 0.34 £ 0.03 0.30 £ 0.01
6 0.92 +0.07 1.02 +£0.06 1.16 £0.13 1.0 £0.01
9 1.33+£0.05 1.39+0.09 1.46 +£0.08 1.35+0.08
24 2.2+0.08 2.1£0.09 2.23+0.09 2.12+£0.1

- The average values of replicates are presented with standard deviation (n = 3).

- NC: Negative control (pBR-PzntA culture with no addition of cadmium)

The growth results did not show any bacterial growth impairment (Table 3.4), and
then the expression studies were performed. Induction of GFP expression from PzntA
will occur by Cd(11) along with the activation of ZntR transcriptional regulator protein

to allow expression from its cognate promoter, zntA.

The applicability of bioreporter was assessed by inducing the cells with cadmium in
different media and different induction schemes. The concentrations of cadmium ions
between 0 and 200 pg/L. were chosen. According to current regulation in Turkey,
maximum of 5 ug/L of cadmium was employed as allowable limit for drinking water
and for surface water quality standards. Moreover, surface waters containing cadmium

concentrations above 7 pg/L are regarded to be highly contaminated (T.C 2013, 2015).
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3.2.3.1. Fluorescence Emission Kinetics of Cadmium Bioreporter Strain in M9
and MOPS Supplemented Media

To characterize the cadmium bioreporter cells in response to different concentrations
of cadmium, 96-well plate assays were performed with M9 supplemented medium as
an induction medium. The detection limit was determined using statistically
significant changes (p < 0.05) in RFU compared with no induction (negative) control
RFU.

Fluorescence against time curves were drawn for 6-h induction time for clarity, since
it presented adequately high fluorescent signal to differentiate between dose—response
curves. One-way ANOVA result for M9 supplemented medium showed that the
cadmium bioreporter induction by tested concentrations of Cd(ll) compared to
uninduced sample was significant after 3.5 hours, p=.000. Also, 50 and 100 pg/L of
cadmium was detected after 1.5 hours incubation and 5 pg/L (44 nM) of cadmium was
detected after 3.5 hours of induction with a statistically significant change (p<0.05),
thus the bioreporter’s detection limit was higher in the beginning and it decreased with
time. In M9 supplemented medium, 2 ug/L (18 nM) of cadmium couldn’t be detected
within assay time. The fluorescence signal increased continuously with time and
increasing metal concentration and the background fluorescence exhibited by the
uninduced biosensor did not have any statistically significant fluorescent change
during the incubation period (Figure 3.31). In order to determine the significance
levels of induction groups, Tukey’s HSD test was performed for 3.5-h time point; the
descriptive statistics table, ANOVA table and post hoc test results are given at Section

D in Appendix E.
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Figure 3.31 Fluorescence emission kinetics of cadmium bioreporter. Bioreporter cells grown in M9
supplemented medium (till ODeoo = 0.1) induced with different cadmium, Cd(Il) concentrations. Data shown as

mean + SD of triplicate wells of each induction. Error bars are shown only when they exceed the size of the
symbols.

One-way ANOVA result for MOPS supplemented medium showed that the cadmium
bioreporter induction by all of the tested concentrations of Cd(Il) compared to
uninduced sample was significant after 1.5 hours, p=.000. Also, both 2 and 100 pg/L
of cadmium could be detected after 1.5 hours incubation with a statistically significant
change (p<0.05). The background fluorescence exhibited by the uninduced biosensor
did not have any statistically significant fluorescent change during the incubation
period. The fluorescence signal increased continuously with time and increasing metal
concentration except for 2 pg/L of cadmium (Figure 3.32). In order to determine the
significance levels of induction groups, Tukey’s HSD test was run for 1.5-h time point;
the descriptive statistics table, ANOVA table and post hoc test results are given at

Section E in Appendix E.
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Figure 3.32 Fluorescence emission kinetics of cadmium bioreporter. Bioreporter cells grown in MOPS
supplemented medium (till ODeoo = 0.1) induced with different cadmium, Cd(ll) concentrations. Data shown as
mean £ SD of triplicate wells of each induction. Error bars are shown when they exceed the size of the symbols.

According to the results, the fluorescence values in MOPS medium were higher than
that of M9 medium, suggesting that cadmium bioreporter cells were more sensitive to
cadmium in MOPS supplemented medium. The reason for the increased sensitivity
may be attributed to the increased bioavailability of cadmium ions, since inorganic
polyphosphate causes extracellular precipitation of metal-phosphate complexes in the
medium. It is also known that one of the passive mechanisms of bacterial tolerance to
heavy metals is intracellular chelation of heavy metals by anionic polyphosphate that

the amount of polyphosphate in a cell correlates with cellular tolerance to heavy metals
(Keasling & Hupf, 1996).

Biran et al. (2000) constructed a biosensor for cadmium in E. coli RBE23-17 that
consists of the lacZ gene expressed under the control of the cadmium-responsive
promoter of zntA. They reported that under optimized conditions, using cells growing

exponentially in rich medium (LB), 50 nM Cd?* was the lowest concentration that
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could be detected after 30 min, and 25 nM (2.8 pg/L) Cd?* could be detected after 1

hour.

Riether et al. (2001) constructed lux transcriptional fusion to the zntA gene to create
heavy metal luminescent reporter strain, E. coli MG1655 (pZNT::lux). This strain
proved to be sensitive to Cd(I1), Pb(Il), Zn(I1), and Hg(ll). Metal concentrations that
caused the highest luminescence induction were 0.3 uM CdCl2, 1 uM Pb(NO3)2, and
30 uM HgCl2 and ZnSO4 after 80-min incubation. The strongest inducer of this strain
was cadmium with the lowest detection threshold and significant luminescence
induction at 10 nM, (1.1 pg/L) in modified glycerol-glycerophosphate medium
(GGM) (glucose 0.5%, 40 mM MOPS, 1 mM MgClz, 18 mM NH4Cl, 13 mM KCI, 5
mM K2SO4, 0.07 mM CaCl,, 5 mM disodium B-glycerophosphate). They also
concluded that the sensitivity of the zntAp::lux biosensor in LB compared to GGM
medium was reduced probably due to metal chelation or precipitation by medium

components such as inorganic phosphates.

Charrier et al. (2010) constructed lux transcriptional fusion to the zntA promoter and
formed an E. coli DH1 pBzntlux strain. They reported that eight metals were detected
by E. coli DH1 pBzntlux. Detection limits for cadmium and mercury were 5 nM and
other heavy metals like lead, zinc, tin, cobalt, nickel, and chromium (V1) were detected
at 5 or 50 uM. They used an acetate medium with a C/N/P ratio of 100/10/1 for growth
and biosensor applications.

Gireesh-Babu & Chaudhari (2012) constructed E. coli DH5a (pPROBE- zntR-zntA)
by cloning zntA gene promoter and zntR regulatory gene of E. coli znt operon
amplified from E. coli DH5a genomic DNA into upstream to the gfp gene in pPROBE-
KT vector. The detection limit for Cd(Il), Hg(ll) and Zn(Il) was 5 pg/L, 2 pg/L and

20 mg/L, respectively, after 16 hours of incubation.
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Hou et al. (2015) constructed E. coli (pzntRluc) sensor by cloning Pznt promoter to
the upstream of luc in pUC18luc. The detection limit reported for Cd(Il) was 0.1 uM
(11.2 pg/L) and for Pb(IT) was 0.05 uM after 2.5 hours of incubation time.

Yoon et al. (2016) constructed the metal-sensing plasmids pZntA-eGFP and pZntA-
mCherry, consisting of the promoter region of zntA (zntAp) in E. coli and egfp or
mcherry as a sensing and reporter domain, respectively. E. coli DH50 was used as the
host strain for plasmids and LB was used for assay medium. E. coli (pZntA-eGFP)
strain detected 0.1 mg/L of Cd(Il) after 1 hour while E. coli (pZntA-mCherry) strain
showed slower and weaker response that 1 mg/L of Cd(l1) was detected after 2 hours.

3.2.3.2. Metal Specificity of Cadmium Bioreporter Strain

Since zntA gene is a pump for heavy metals, besides Zn(Il) and Cd(Il), ZntA exports
also other divalent ions such as Pb(ll), Hg(I1), Co(lIl) and Ni(Il) from the cell (Beard
etal., 1997). In order to evaluate specificity of the constructed cadmium bioreporter,
the response to major heavy metal contaminants of territorial environments and mostly
divalent metal ions was tested at 250 ug/L while cadmium was tested at 50 ug/L
concentration both in M9 and MOPS supplemented medium (Figure 3.33).
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Figure 3.33 Metal specificity of the cadmium bacterial bioreporter. Bioreporter cells were grown either in M9 or
in MOPS supplemented medium (till ODsoo = 0.1). Control refers to no metal addition. Data shown as mean +
SD of triplicate wells of each induction group and presented at 6-h time point. *p< 0.001.

Among all tested metals, except Cd(ll), only Hg(ll) showed a high fluorescence
response especially in MOPS medium rather than M9 medium. Moreover, In M9
medium, Cu(ll) showed a little higher response than in MOPS medium while Zn(ll)
showed higher response in MOPS medium rather than M9 medium (Figure 3.33).

Biran et al. (2000) stated that their biosensor was specific to CdCl, although a weak
response to HgCl, and an even weaker response to ZnCl, were obtained at a higher
concentration (100 times).

Riether et al. (2001) also reported that E. coli MG1655 (pZNT::lux) strain proved to
be sensitive to a lesser degree to Co(l1), Ni(Il), SbO2 ", CrO4%, and Cr.07%. They said
that the other metal ions except Cd(Il) were detected at higher concentrations in the
following order: Ph(11)>Hg(11)>Zn(11)>Co(I1)>Ni(Il)= ShO?>Cr0O4*> =Cr,07*
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Charrier et al. (2010) also concluded that their E. coli DH1 pBzntlux strain detects
large number of heavy metals and consequently it cannot be used as a specific sensor,
rather it should still be considered as a general warning system for heavy metal water

pollution.

Yoon et al. (2016) stated that the WCB harboring pZnt-eGFP and pZnt-mCherry
showed the same metal selectivity and showed highest induction coefficient toward
Cd(I1) among tested metal(loid)s with a lesser extent to Pb(I1), Cr(1l) and Zn(l1). They
speculated the reason why the WCB employing zntAp was more sensitive to cadmium
than the other metals tested was that Cd(Il) would associate with ZntR more tighter
than others, and since it has larger atomic and covalent radii, the Cd(11)-ZntR complex
would be more stable. They concluded that the quantification of bioavailable cadmium
using WCBs was logical given that the interaction of the endogenous ZntR in E. coli
with Cd(I1) was predicted to be stronger than any other metal ions, including zinc.

Gireesh-Babu and Chaudhari (2012) stated that the concentrations of Hg(ll), Cd(ll)
and Zn(11) needed for the induction of the zntR-zntA based sensor differed remarkably,
the amount of Hg(I1) being 700 and the amount of Cd(Il) being 450 times lower than
the respective concentration of Zn(ll). Most importantly, the concentrations of
mercury, cadmium and zinc inducing the biosensor are in good correlation with the
toxicities of these metals. For example, for crustacean Daphnia magna the 24 h LC50
(lethal concentration) values for Hg(ll) (0.01 mg/L) and for Cd(ll) (0.64 mg/L; 24)
are 760 and 12 times lower than for Zn(ll) (7.6 mg/L; 25). The correlation of the
sensitivities with toxicities of the metals is quite expected as the ‘sensing’ elements of

the current biosensors originate from living organisms.

3.2.3.3. Mercury Sensitivity of Cadmium Bioreporter Strain

The cadmium biosensor showed a fluorescence response toward 250 pg/L of mercury,

Hg(I1) which is very high according to water quality standards. In Turkey, if mercury
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concentration exceeds 2 png/L, the surface water is marked as highly polluted (T.C.,
2015). Also, drinking water safety limit for mercury is 1 ug/L (T.C., 2013). To check
for the specificity and sensitivity to mercury, the lower concentrations of Hg(ll) of 1,
5, 10, 25, 50, 100 and 200 pg/L were tested in both M9 and MOPS supplemented
media. The general trend for both media was that the bioreporter’s fluorescence
response was lower towards mercury than that of cadmium indicating lower sensitivity

towards mercury.
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Figure 3.34 Fluorescence emission kinetics of cadmium bioreporter cells in response to mercury, Hg(Il).
Bioreporter cells were grown in M9 supplemented medium (till ODsoo = 0.1). Data shown as mean + SD of’
triplicate wells of each induction. Error bars are shown only when they exceed the size of the symbols.

In M9 supplemented medium, cadmium bioreporter cells can detect 100 and 200 pg/L
after 1.5 hours, and 50 pg/L of Hg(Il) after 3 hours. It can detect maximum Hg(ll)
concentration of 25 pg/L after 10 hours while it couldn’t detect concentrations of 1, 5
and 10 pg/L of Hg(Il). The fluorescence values for all tested Hg(Il) were lower
compared to that of the same cadmium concentrations and the fluorescence response

didn’t increase continuously during the assay time and reached plateau (Figure 3.34).
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The fluorescence response increased with time for 100 and 200 pg/L of Hg(II) while

for 50 pg/L or lower it didn’t increase.
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Figure 3.35 Fluorescence emission kinetics of cadmium bioreporter cells in response to mercury, Hg(Il).
Bioreporter cells were grown in MOPS supplemented medium (till ODeoo=0.1). Data shown as mean £ SD of
triplicate wells of each induction. Error bars are shown only when they exceed the size of the symbols.

In MOPS supplemented medium, cadmium bioreporter cells can detect 50, 100 and
200 pg/L after 2 hours. Here, it cannot detect 25, 10, 5 and 1 pg/L of Hg(Il) during
the assay period. Again, the fluorescence values for all tested Hg(ll) were lower
compared to that of the same cadmium concentrations. The fluorescence response
increased with time for 100 and 200 pg/L of Hg(II) while for 50 pg/L it didn’t increase
(Figure 3.35).

To conclude, the bioreporter’s sensitivity to mercury in both media was limited to 50
ng/L which was very high compared to cadmium which was 2 pg/L. Also, as in the
case of cadmium, the fluorescence performance was higher in MOPS medium

compared to M9 medium.
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Figure 3.36 Fluorescence microscope images of cadmium bioreporter cells: a, b) uninduced bioreporters under
BF and Fluo channel, ¢, d) induced bioreporters with 100 ug/L cadmium under BF and Fluo channel, e, f)
induced bioreporters with 400 ug/L mercury under BF and Fluo channel. BF: Bright field; Fluo: Fluorescence.
Scale: 20 um.
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Figure 3.36 shows the fluorescence microscopy images of the uninduced, Cd(Il) and
Hg(1l)-induced cadmium bioreporter cells assayed in M9 supplemented medium after
6 hours. Images were taken by using Leica DM6000 M Fully Automated Upright

Microscope.

3.2.3.4. Fluorescence Response of Cadmium Bioreporter Strain at Different
Growth Phases

For cadmium bioreporter, the best growth phase of this strain with better cadmium
sensitivity was determined. Assays were conducted in both M9 and MOPS
supplemented media. Apart from early exponential cells, mid exponential cells (ODsoo
= 0.4-0.6) and stationary cells (overnight culture, ODgoo = 1.5-2.0) were used for
induction. Early exponential phase was chosen for dose-response assays because, in
preliminary experiments and the results of growth effect experiments with cells taken
from exponential and stationary culture, poor fluorescence performance and higher

variability in fluorescence response were observed.

When the cadmium bioreporter’s fluorescent responses were compared for M9
supplemented medium, the higher fluorescence responses were obtained for 5 and 25
ug/L of Cd(II) concentrations in exponential growth phase cells. For 100 pg/L of
Cd(I1), early exponential phase cells were more sensitive than other phases (Figure
3.37).
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Figure 3.37 The fluorescence intensity values of cadmium bioreporter with different induction schemes.

Bioreporter cells grown in M9 supplemented medium. Data shown as mean + SD of triplicate wells of each
induction group and presented at 6-h time point.

As in the case of arsenic bioreporter cells, stationary phase cells had the highest
background fluorescence and highest standard deviation due to large number of cells.

For both mid exponential and stationary growth phases the fluorescence response
reached plateau earlier than early phase cells (Figure 3.38).
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Figure 3.38 Fluorescence kinetic profile of cadmium bioreporter with different induction schemes. Bioreporter
cells grown in M9 supplemented medium to a) mid-exponential and b) stationary phase induced with different
cadmium concentrations. Data shown as mean £ SD of triplicate wells of each induction.

To detect cadmium in M9 supplemented medium, both early and mid exponential cells
could be used if the cell growth and induction parameters can be tightly controlled to
reduce the deviation and standardize the biosensor application. On the other hand,
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using overnight culture may not be good since the cells perform worse in this phase
with less sensitivity.

For cadmium bioreporter cultures cultured in MOPS supplemented medium, early
exponential phase cells exhibited higher fluorescence values for all concentrations
than other phases (Figure 3.39). The stationary cells had very high background
fluorescence and it did not have sensitivity to any of the tested cadmium
concentrations (Figure 3.40b). Mid exponential cells were better than stationary cells,
but the dose response was absent for increasing concentrations (Figure 3.40a). The
reason for poor fluorescence performance of later phases can be that the cells in M9
medium were healthier due to presence of inorganic phosphates which are the essential

nutrients for bacteria.
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Figure 3.39 The fluorescence intensity values of cadmium bioreporter with different induction schemes.

Bioreporter cells grown in MOPS supplemented medium. Data shown as mean + SD of triplicate wells of each
induction group and presented at 6-h time point.
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Figure 3.40 Fluorescence kinetic profile of cadmium bioreporter with different induction schemes. Bioreporter
cells grown in MOPS supplemented medium to a) mid exponential and b) stationary phase induced with different
cadmium concentrations. Data shown as mean + SD of triplicate wells of each induction.

To detect cadmium in MOPS supplemented medium, early exponential cells should
be used since exponentially growing and stationary cells had very poor sensitivity
compared to early phase cells.
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Similar results were shown by Riether et al. (2001) that the best performance of the
luxCDABE-expressing Cu and Zn reporters (E. coli) in cells grown in rich LB media
was obtained at early exponential growth. That study also showed that the response of
the bioreporters decreased at higher cell densities, most likely due to the absorption of
metals by cell wall components or to light absorption due to the turbidity of the
bacterial suspension. A similar effect has been shown with bioluminescent Hg-sensing
E. coli, P. putida, and Enterobacter aerogenes, where reducing cell density by two
orders of magnitude increased the sensitivity of the assay by two orders of magnitude
(Rasmussen et al., 1997; Fu et al., 2008). In the case of Bacillus subtilis, the lowest
concentrations of the target metals were sensed in the early stages of growth when cell
density was low (Tauriainen et al., 1997). However, Harkins et al. (2004) reported a
maximum of bioluminescence in exponential phase for their bioluminescent mercury
bioreporter. Also, Charrier et al. (2010) stated that the induction of their E. coli DH1
pBzntlux strain by Cd(Il) was extremely reliant on the growth phase. The induction
ratio of E. coli DH1 pBzntlux was at maximum during the stationary phase (beginning
and end of the growth). They explained this phenomenon by the fact that the ZntR
regulator from the MerR family (specific to heavy metals and considered as stress-

sensitive factors) is mainly expressed during the stationary phase of the growth.

These disparities between different studies could be explained by the genetic
construction, reporter proteins and the use of different induction protocols and
conditions. Thus, it is important to perform growth phase experiments since the

mentioned factors significantly affect the bioreporter’s performance and sensitivity.

3.3. Immobilization Studies of Arsenic Bioreporter Strain

To be used as a portable on-site monitoring device, the bioreporter cells should be
preserved in a way for supporting long-term cell viability and biological activity,
obtaining a rigid network tight enough for preventing wash-out from flow cell while
enabling efficient exchange with the surrounding. For that, in this study, whole-cell
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fluorescent arsenic bacterial bioreporter was immobilized/entrapped in the interstices
of naturally occurring biocompatible gel polymers, agar and alginate, to convert the

liquid assay into reproducible solid assay format.

Despite of various arsenic bioreporter systems reported with good sensing properties
with low detection limits, there are relatively few studies for formulation of bacterial
bioreporter specific to arsenic. These studies include bioreporters in lyophilized form
(Charrier et al., 2011; Kuppardt et al., 2009; Prévéral et al., 2017), agarose embedded
form (Jouanneau et al., 2012; Buffi et al., 2011) and alginate embedded fibre-optic
form (lvask et al., 2007). However, there are no alginate immobilization in bead
format. Moreover, mostly bioreporter’s response to arsenite was investigated but not
to arsenate which the second most abundant ionic form of arsenic. In this study, agar
gel and alginate bead immobilizations of the fluorescent arsenic bioreporter strain, E.
coli MG1655 (pBR-arsR773), were investigated in terms of sensitivities of both
systems towards two ionic forms of arsenic. To date, this is the first study to describe
the agar hydrogel and alginate bead immobilized fluorescent arsenic bacterial
bioreporter systems that can detect both arsenite and arsenate at a safe drinking water

limit.

For immobilization experiments, exponential phase cells were used for
immobilization studies since it was found that (Section 3.2.2.4) mid exponential cells
showed higher fluorescence performance both in M9 and MOPS supplemented media
than other phases. Although they have higher standard deviation than early
exponential cells, entrapped cells showed lower deviation than free cells probably

because of limited growth of cells due to lower metabolism in a restricted area.

For both matrices parameters such as gel (polymer) concentration and cell density in
the final mixture were evaluated to optimize fluorescence performance in terms of
sensitivity and reliability. Formulations with different media were evaluated to be used
as both arsenite and arsenate biosensor by fluorescence response. Metal specificity of
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the bioreporter systems to arsenic species was also determined. All bioassays were
performed at 30 °C in order to further slow the growth of bacteria in the matrix
(optimum growth at 37 °C) to keep cell number constant and also to mimic outdoor

conditions.

3.3.1. Agar Gel Immobilization

Agar hydrogel was chosen as one of the immobilization matrices since it is an
advantageous well-known polymer for entrapment of bacterial cells due to its ease of

preparation, low cost, good mechanical stability (Albuquerque et al., 2016).

3.3.1.1. Optimization of Agar Gel Immobilization- Percentage and Cell Density

For agar gel optimization studies, the bioreporter cells prepared in M9 supplemented
medium were used and induced with arsenite solution. Agar gel matrix was prepared
by adding cell culture to agar solution at the temperature close to the setting point of
the agar while minimizing heat damage to the bacterial cells. The volume of the agar-
cell mixture within the wells was chosen as 100 pL since it has provided a
homogenous distribution of added arsenic solution throughout the matrix. Three
different final agar percentages of 0.5, 1 and 1.5 (w/v) were tested to assess the effect
of agar concentration on the fluorescence response. Final cell density ODgoo = 0.1 was
kept constant for different agar concentrations. The agar percentages between 0.5 and
1.5 (w/v) were chosen since final agar percent higher than 1.5 was too viscous to mix
with the cell culture and requires high working temperature (higher than 42 °C) that
can damage the cells; agar percent lower than 0.5 was not solid enough to support the

cells.
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Figure 3.41 Effect of agar percentages of 0.5, 1 and 1.5 (w/v) on the fluorescence response of agar-immobilized

arsenic bioreporter prepared in M9 supplemented medium with ODsoo = 0.1. The average values of triplicate of
each induction were presented for 6-h with standard deviation.

Figure 3.41 shows that increasing agar concentration in the matrix resulted in increase
of fluorescence response to arsenite concentrations. Final agar concentration of 1.5 %
(w/v) had highest fluorescence response to low (25 pg/L) and high (100 pg/L) arsenite
concentrations which also had better mechanical rigidity compared to lower
percentages. Thus, final agar concentration of 1.5% (w/v) was employed for further
experiments. Similar result was also reported by Mitchell & Gu (2006) that the best
agar concentration for their stress-responsive bioluminescent bacterial strains was
1.5%.

The effect of concentration of entrapped cells within agar gel was also determined.
Final optical cell densities (ODgoo) of 0.1, 0.4 and 0.7 (0.1 unit of ODegoo = 1 x 108
cells/mL) were tested in agar-1.5% (w/v) matrix. When the cell concentration
increased within the matrix, relative fluorescence value of induced samples to the
uninduced sample decreased since the fluorescence of uninduced cells drastically

increased (Figure 3.42). The fluorescence intensity increase of uninduced cells can be
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attributed to ‘leakage’ of the ars promoter, i.e., incomplete binding of the ArsR
repressor protein in the absence of metal. Slight leakage at low cell densities might
have become more prominent when cell concentration was increased. For cell
densities of 0.4 and 0.7, the sensitivity of bioreporter-agar matrix decreased with
increasing cell density such that 25 pg/L As(IIl) could not be distinguished from
uninduced sample but rather 100 ug/L As(l11) was detected.

12.00 -

10.00 A
’:')‘ I I m0pug/L
i As(11)
4 8.00 -
3
§ 6.00 - m25 pg/lL
4
S 4.00 A
[T 100 pg/L

2.00 ~

0.00 -

0.1 0.4 0.7

Optical density (ODgq)
Figure 3.42 Effect of cell densities (ODsoo) of 0.1, 0.4 and 0.7 on the fluorescence response of agar-immobilized

arsenic bioreporter prepared in M9 supplemented medium with agar percent of 1.5 (w/v). The average values of
triplicate of each induction were presented for 6-h with standard deviation.

Final optical cell density (ODeoo) of 0.1 was found to have better fluorescence
response compared to higher cell densities. This result can be explained by the
negative effects of the crowded cell population such as shading, quenching and
lowered chemical mass transfer. Some cells may die in the immobilization matrix
where a barrier was formed destroying the mass transfer of both metabolites and
inducers. Reduced oxygen diffusion and availability to the deeper bacterial layers in

the agar matrix may also be a reason since oxygen is an essential component for
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fluorescence emission (Kim & Gu, 2003). Thus, final ODeoo= 0.1 of cell concentration
within agar matrix was chosen for further experiments since it provided the best

sensitivity and dose-dependent increase in response to arsenite.

3.3.1.2. Fluorescence Response of Agar Gel Immobilized Biosensor to Arsenite
and Arsenate

After determining optimal agar concentration (1.5% (w/v)) and cell density (ODeoo =
0.1), these parameters were employed for agar immobilization of arsenic bioreporter
cells which were then induced with a concentration range between 0 and 150 ug/L of
arsenite and arsenate for determination time dependent dose response profile.

Fluorescence emission curves are shown up to 8 hours.
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Figure 3.43 Kinetic profile of fluorescence emission of agar immobilized arsenic bioreporters formulated with
optimal parameters in M9 supplemented medium induced with arsenite, As(I11). Data shown as mean + SD of
triplicate wells of each induction. Error bars are shown only when they exceed the size of the symbols.
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When bioreporter cells in M9 supplemented medium were immobilized in agar matrix,
arsenite concentration of 150 pg/L was detected after 1.5 hours incubation and
detection limit decreases to 10 pg/L after 3 h-incubation time with a statistically
significant change (p<0.05) (Figure 3.43). Compared to free cells, immobilized cells
responded arsenite an hour later, possibly due to slow diffusion rate of arsenite through
agar gel. One-way ANOVA analysis was performed for 3-h time point; the descriptive
statistics table, ANOVA table and post hoc test results were given at Section F in
Appendix E. Arsenate concentrations between 0 and 150 pg/L did not yield any
significant fluorescence response within assay time as in the case of free bioreporter
cells (data not shown).

The effect of medium used in immobilization procedure was tested by using MOPS
supplemented medium, which has limited inorganic phosphate increasing the
bioavailability of arsenate ions. For agar immobilized bioreporter cells prepared in
MOPS medium, arsenite concentration of 150 ug/L was detected after 2 hours, 25
ug/L after 6 hours and 10 pg/L after 7 hours of incubation (Figure 3.44a). Arsenate
concentration of 150 pg/L. was detected after 2 hours and 10 pg/L after 5 hours of
incubation time with a statistically significant change (p<0.05) (Figure 3.44b).
Generally, for effective detection of lower concentrations of arsenic longer incubation
period was required and higher concentrations of arsenic could elicit faster induction
as early as an hour. Compared to free cells, immobilized cells responded 150 pg/L of
arsenite an hour later; although they responded 10 ug/L of arsenite and arsenate 4.5
hours and 3.5 hours later than free cells, respectively. In fact, 100 ug/L of arsenite and
arsenate can be detected within 3 hours and it is helpful enough to assess the acute

toxicity in a short period of time.
The fluorescence increases with time and linearly with increasing arsenite/arsenate

concentrations up to 150 pg/L. In order to determine the significance levels of

induction groups, Tukey’s HSD tests were run for arsenite at 6-h time point and for
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arsenate at 5-h time point; the descriptive statistics tables, ANOVA tables and post

hoc test results are given at Section G and H, respectively in Appendix E.
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Figure 3.44 Kinetic profile of fluorescence emission of agar immobilized arsenic bioreporter cells formulated
with optimal parameters in MOPS supplemented medium induced with a) arsenite, As(l11), and b) arsenate,
As(V), concentrations. Data shown as mean + SD of triplicate wells of each induction.
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For agar immobilization prepared with M9 supplemented medium, none of the tested
arsenate concentrations could be detected but arsenite concentration of 10 pug/L was
detected after 3 hours of induction. Since bioreporter cell culture and aqueous agar gel
solution were mixed with 1:1 (v/v) ratio, the cell resuspension medium influenced the
bioreporter’s sensitivity and selectivity. In MOPS media formulated agar matrix,
bioreporter cells showed remarkable change of response to arsenate that arsenate
concentration as low as 10 ug/L could be detected after 5 hours. In a similar study of
Elad et al. (2011), which bioluminescent arsR reporter was immobilized in 1.5% LB-
agar and assayed at a microtiter plate at 37 °C, they reported minimal response ratio
for 0.02 mg/L arsenic (As(I11)) after 2 hours. Another example is the immobilization
of bioluminescent E. coli DH1 (pBarslux) strain in final 2% agarose and ODs20 = 0.1
in acetate medium assayed at a microtiter plate at 30 °C (Charrier et al., 2011). They
reported 1 uM (75 pg/L) detection limit for arsenite after 2 hours.

3.3.2. Alginate Bead Immobilization

Alginate gel, one of the most common encapsulation matrices, was chosen as another
immobilization matrix for arsenic bioreporter cells. It is attractive for cell entrapment
because of its ionic gelation between divalent cations, especially Ca?*, which is simple
and mild process. Calcium-alginate beads are biocompatible, pliable, transparent,
permeable and have high mechanical strength and stability (Axelrod et al., 2016;
Selimoglu & Elibol, 2010).

3.3.2.1. Optimization of Alginate Bead Immobilization- Percentage and Cell

Density

For alginate bead optimization studies, the bioreporter cells suspended in M9
supplemented medium were used and induced with arsenite solution. The number of
the beads inside well of microplate was three since it fitted better than higher number

of beads and provided more reliable and reproducible results than a smaller number

122



of beads. Average number of beads formed from 1 mL of alginate-cell matrix mixture

were 30.

Three different final alginate percentages 1, 1.5 and 2 (w/v) were tested to assess the
effect of alginate concentration on bioreporter fluorescence response. Final cell
density ODesoo= 0.1 were kept constant for different alginate concentrations. For tested
alginate percentages 1, 1.5 and 2 (w/v), the size of the beads increased as the
concentration of alginate increased such that 1% (w/v) alginate matrix solution
resulted in beads of average diameter of 3-mm while 2% (w/v) alginate matrix solution
resulted in average diameter of 4-mm (Figure 3.45). Moreover, the beads lost their
transparency and appeared to be white as the alginate concentration was increased.
This is due to more tightly crosslinked gels at higher concentrations with more calcium
binding sites (Chandramouli et al., 2004).

Figure 3.45 Photo images of alginate-immobilized arsenic bioreporter with different alginate percentages a) 1,
b) 1.5 and c) 2 (w/v).

For alginate-Ca beads, the concentration of calcium chloride solution is an important
factor for the formation of round shape beads. For tested calcium concentrations,
lower than 0.02 M did not provide spherical beads whilst 0.2 M provided good round
shaped-beads (data not shown). Higher calcium concentrations were not preferred
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since it resulted in harder beads (Wasito et al., 2019) resulting in slower interaction

between environment and bioreporter cells.

As final alginate concentration was increased, the background fluorescence increased
possibly due to increased number of cells, since the size of beads increased with the
increasing alginate concentration which can accommodate higher number of cells.
Moreover, higher alginate concentration resulted in higher standard deviation that may
result from nonuniform encapsulation and distribution of cells to the beads due to high
viscosity of higher alginate concentrations. It was reported that higher alginate
concentration results in fewer number of pores with smaller pore size (Bilal & Asgher,
2015). It could be deduced that 1% concentration allowed higher diffusion rate of
arsenite inside matrix leading to higher arsenic bioavailability and induction. Hence,
the optimal alginate concentration was found to be 1% (w/v) having higher
fluorescence response and sensitivity (Figure 3.46).
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Figure 3.46 Effect of alginate percentages of 1, 1.5 and 2 (w/v) on the fluorescence response of alginate-

immobilized arsenic bioreporter prepared in M9 supplemented medium with ODsoo= 0.1. The average values of
triplicate of each induction were presented for 6-h with standard deviation.

124



Similar result was also found by Eltzov et al., (2015b) that the optimal alginate
concentration was 0.5% (w/v) for their bioluminescent bacterial strains detecting

general toxicity of water.

The effect of the entrapped cell concentration within alginate bead on fluorescence
response was also determined. Final optical densities (ODsoo) of 0.1, 0.4 and 0.7 were
tested in alginate-1% (w/v) matrix. When the cell concentration was increased within

the matrix, fluorescence signal output increased (Figure 3.47).
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Figure 3.47 Effect of cell densities (ODeoo) of 0.1, 0.4 and 0.7 on the fluorescence response of alginate-
immobilized arsenic bioreporter prepared in M9 supplemented medium with alginate percent of 1 (w/v). The
average values of triplicate of each induction were presented for 6-h with standard deviation.

Unlike agar gel matrix, for alginate bead form, increase in cell concentration resulted
in increasing fluorescence response suggesting that bioreporter cell density is one of
the important parameters for immobilized bioreporter system development. Although
cell density of ODeoo = 0.7 had the highest fluorescence response, it had a huge
standard deviation that would disrupt the reliability and reproducibility of results. This
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high deviation from the mean may result from the variation of cell numbers in beads
and uneven diffusion of oxygen and arsenic solution to cells to deeper bacterial layers
in alginate bead. Thus, final cell density ODsgoo = 0.4 was adopted and used in the next
experiments producing highest bacterial fluorescence responses than ODesgo = 0.1 and
much lower standard deviation than ODego = 0.7.

3.3.2.2. Fluorescence Response of Alginate Bead Immobilized Biosensor to

Arsenite and Arsenate

Alginate bead immobilized arsenic bioreporter system was induced with the same
concentration range of arsenite and arsenate for determination time dependent dose
response profile of bioreporter cells employing optimal alginate matrix concentration
(1% (w/v)) and cell density (ODeoo = 0.4). Fluorescence emission curves are shown

up to 8 hours.

For alginate immobilized bioreporter cells in M9 supplemented medium, arsenite
concentration of 150 pg/L was detected after 2 hours while detection limit decreased
to 25 pg/L after 5 hours and then 10 pg/L after 7 hours of incubation time with a
statistically significant change (p<0.05) (Figure 3.48). One-way ANOVA analysis was
performed for 5-h time point; the descriptive statistics table, ANOVA table and post
hoc test results were given at Section | in Appendix E. Arsenate concentrations
between 0 and 100 ug/L did not yield significant fluorescence emission within assay
time; however, 150 ng/L of As(V) resulted in a slight induction after 11 hours (data

not shown).
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Figure 3.48 Kinetic profile of fluorescence emission of alginate immobilized arsenic bioreporter formulated with

optimal parameters in M9 supplemented medium induced with arsenite, As(Ill). Data shown as mean + SD of
triplicate wells of each induction. Error bars are shown only when they exceed the size of the symbols.

After microplate assay was completed, the alginate beads were taken out and excited
under UV channel with excitation 390 + 40 nm and emission 446 + 33 nm. It can be
seen from Figure 3.49 that while uninduced beads did not give any GFP response,
arsenite induced beads gave green fluorescent emissions. Induction with higher

arsenite concentration resulted in more intense fluorescent light.
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a
Figure 3.49 The images of alginate-bead immobilized arsenic bioreporters in M9 supplemented medium after 16-
h induction, were taken with cellphone camera during excitation under blue channel of EVOS Floid Imaging

Station: a) uninduced beads, b) induced beads with 25 ugl/L of arsenite, ¢) ) induced beads with 150 ug/L of
arsenite.

When bioreporter cells were immobilized in alginate beads with MOPS medium,
arsenate concentration of 150 pug/L was detected after 1.5 hours and 25 pg/L after 5
hours incubation time (Figure 3.50b); arsenite concentration of 150 pg/L was detected
after 2 hours incubation and 25 ug/L after 5-hour incubation time (Figure 3.50a) with
a significance level of 0.05. For both arsenite and arsenate of 10 pug/L, they could be
detected after 6 hours induction time. Fluorescence values increased with induction

time and proportional to the exposed arsenic concentration.
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Figure 3.50 Kinetic profile of fluorescence emission of alginate immobilized arsenic bioreporter cells formulated
with optimal parameters in MOPS supplemented medium induced with a) arsenite, As(l11), and b) arsenate,
As(V), concentrations. Data shown as mean + SD of triplicate wells of each induction.
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The fluorescence increased with time and increasing arsenite/arsenate concentrations
up to 150 pg/L. In order to determine the significance levels of induction groups,
Tukey’s HSD tests were run for arsenite at 5-h time point and for arsenate at 5-h time
point; the descriptive statistics tables, ANOVA tables and post hoc test results are
given at Section J and K, respectively in Appendix E.

Compared to free cells, immobilized cells responded to 150 pg/L of arsenic species
an hour later and responded to 10 pg/L of arsenic about two times slower than free
cells. However, immobilized bioreporter could detect 100 ug/L of arsenite and
arsenate within 3 hours and it is helpful enough to assess the acute toxicity in a small

period.

3.3.3. Metal Specificity of Agar Gel and Alginate Bead Immobilized Bioreporter
Cells

As metal specificity of agar and alginate immobilized bioreporter is concerned, 10
metals including Ag(l), Cd(I1), Co(ll), Cu(ll), Fe(I1), Hg(11), Mn(11), Ni(I1), Pb(11) and
Zn(11) were tested. These tested metals were chosen since they are listed as primary
interest for their potential to harm human health (U.S. EPA., 2007) and they are
commonly found in soils and groundwaters. In order to evaluate specificity of the
immobilized arsenic bioreporter, the response to some of the common metals found in
groundwaters and that are of public health concern were tested at 250 pg/L while

arsenic concentrations tested at 50 pg/L in MOPS supplemented medium.
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Figure 3.51 Metal specificity of agar and alginate immobilized immobilized bacterial bioreporter cells prepared
in MOPS supplemented medium. Arsenite and arsenate were added in 50 ug/L, and other metal ions were added
in 250 ug/L. Control refers to no-metal addition. The average values of triplicate of each induction were
presented for 8-h with standard deviation. *p< 0.001.

As shown in Figure 3.51, immobilized arsenic bioreporter cells in both agar and
alginate gave no significant change of fluorescence response to tested metal ions
indicating the immobilized arsenic bioreporters had high specificity towards arsenic
species as in the case of free cells. It can be concluded that, for the experiments with
natural water samples, metal ions are generally found in combination with arsenic,

will not produce a non-specific induction of fluorescence.

Two most important characteristics of bacterial bioreporters are their specificity (the
range of detected chemicals) and sensitivity (the detection limit). Several factors may
influence the sensitivity of the biosensor for detecting arsenic. These factors include
the exposure time, the bacterial culture medium composition, the growth phase of the
harvested bacteria, and the number of bacteria per measurement (Hansen & Serensen,

2001; Hynninen & Virta, 2010; Huang et al., 2015b). Moreover, factors including the
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sensor plasmid, the host strain, the reporter gene, the analytical detection method, the
fluorescent transducer used, and the methods used to define the detection limit in the
biosensor assays may also contribute to varying sensitivities of arsenic detection. As
it is difficult to directly compare the biosensor developed in the current study with
other biosensor constructs due to the factors described above, the sensitivity of the
immobilized arsenic bacterial biosensor in this study is comparable with other reports
(Elad et al., 2011; Prévéral et al., 2017; Truffer et al., 2014).

The WHO guidelines for drinking-water quality and the water quality standards in
Turkey is 10 pg/Las the provisional guideline value and maximum permissible
concentration of 50 ug/L arsenic were established. The countries employ different
allowable national standards for arsenic such as 50 pg/L in India and Bangladesh
(Rahman et al., 2015), 25 pg/Lin Mexico, and 10 pg/L in most European countries
and the USA (Fisher et al., 2017). The experiments indicated that the genetic
constitution and arrangement of Pars, arsR, and sgfp established in this study with
immobilization studies have greatly promoted the development of the practical
biosensor module for the fluorescent microplate assay that can detect low levels of
arsenic in a relatively short time. This arsenic biosensor can be employed for primary
screening of naturally polluted water once the procedure is standardized. As a rule of
thumb, for chemical detection accuracy with bioreporters, it is important to
standardize the experimental conditions, detection techniques as well as method of
data analysis. Therefore, the future challenge lies in using such biosensors to develop
portable, inexpensive, single-use tools for monitoring environmental heavy metal

toxicity.
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CHAPTER 4

CONCLUSION

In this study, as an alternative to conventional techniques, whole-cell bacterial
biosensors were proposed for practical environmental detection of prominent heavy

metal pollutants which are arsenic and cadmium.

Firstly, green fluorescent protein based whole cell E. coli bioreporter (pBR-arsR773)
was constructed for the measurement of dominant inorganic arsenic species, arsenite
and arsenate. The expression studies of liquid assays in M9 supplemented medium
showed that the arsenic bioreporter strain could detect arsenic at safe drinking water
quality standard of 10 ug/L of arsenite after 2 hours incubation. It has been shown that
the bioreporter has much higher sensitivity towards arsenate ions in inorganic
phosphate limiting minimal medium compared to phosphate rich minimal medium. In
phosphate limiting medium, it could detect 10 pg/L of arsenate after 2 hours of
incubation. Also, the bioreporter has a high metal specificity towards arsenic species.
The groundwater test suggests that this fluorescent arsenic biosensor could be used in
quantitative measurement of bioavailable portion of arsenic complementing the

traditional analytical methods which give total content of arsenic.

Secondly, green fluorescent protein based whole cell E. coli bioreporter (pBR-PzntA)
was constructed for the measurement of inorganic cadmium. The expression studies
of liquid assays in M9 supplemented medium showed that the cadmium bioreporter
strain could detect cadmium safe drinking water quality standard of 5 pg/L of
cadmium after 3.5 hours of induction. In MOPS supplemented medium, it has higher
sensitivity that 2 pg/L of cadmium could be detected after 1.5 hours of induction. The

growth phase test showed that it has higher detection sensitivity when it is induced at
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early exponential phase. Furthermore, it has been shown that it can detect very high

concentrations of mercury which is not an environmentally relevant case.

Thirdly, arsenic bioreporter was immobilized in agar and alginate biopolymer
matrices. Different entrapment parameters were evaluated for optimization of

fluorescence performance.

When optimal parameters were applied, agar immobilized bioreporter could detect
arsenite of 10 pg/L after 3 hours in M9 supplemented medium and, arsenate of 10
ug/L after 5 hours in MOPS supplemented medium. Alginate immobilized bioreporter
could detect arsenite of 10 pg/L after 7 hours in M9 supplemented medium and,
arsenite and arsenate of 10 pg/L after 6 hours in MOPS supplemented medium.
Although the time required for detection of 10 ug/L seems to be long, these
immobilized systems can detect 100 pg/L of inorganic arsenic species after 2 hours of
induction, which is enough time for near real time monitoring and early warning
purposes. As a result, similar to free cells, the immobilized arsenic bacterial
bioreporter is also applicable in determining the concentrations of the two abundant

ionic forms of arsenic at safe drinking water limits.

The results of this study will be leading to further investigations for developing fast,
specific and sensitive and low-cost portable biosensor device for detection of arsenic
and cadmium content of environmental samples. Either agar gels and alginate beads
can be lyophilized by using appropriate cryoprotectants and stored at vials in room
temperature that could provide longer shelf-life. Also, they can be used in different
microarray platforms that can be stored at 4 °C later to be integrated into transducer
device. In various ways of packaging, they would be used as an alternative and/or
complementary method to conventional analytical methods. They could be used for
in-field applications by everyone to determine the bioavailable content of heavy metal
along with its forms, which would give an insight about the risk of toxicity and

planning of treatment or removal processes.
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APPENDICES

A. COMPOSITIONS OF BACTERIAL CULTURE MEDIA

Luria-Bertani Broth (1 L)
Yeast extract 5g
Tryptone 109

NaCl 10g

Bacterial agar 15 g (for solid medium)

-The pH of the medium is adjusted to 7.4 and autoclaved at 121°C for 20 minutes.

M9 supplemented medium (500 ml)

5X M9 Minimal Salts 100 mi
Filter sterilized stock solutions added,
MgS0s.7H20 stock, 1 M 1ml
CaCl2.2H20 stock, 1M 500 pl
Casaminoacids stock, 10% v/v) 5ml
Glucose stock, 20% (v/v) 10 ml

-The pH of the medium is adjusted to 7.0. Complete to 500 ml with sterile distilled

water.

M9 Minimal salts, 5X (1 L)
NazHPO4 309

KH2PO4 15¢

NaCl 25¢

NH4CI 59

-Autoclaved at 121°C for 20 minutes.
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MOPS supplemented medium (500 ml)
MOPS sodiumsalt 4.9¢

NaCl 0.25¢g
NH4CI 05¢
Na2HPO4 0.025¢g
KH2PO4 0.025¢g

The pH is adjusted to 7.0 by addition of NaOH and completed to 483.5 ml with
distilled water. Autoclaved at 121°C for 20 minutes.

Filter sterilized stock solutions added,

MgS0s.7H20 stock, 1 M 1ml
CaCl2.2H20 stock, 1M 500 pl
Casaminoacids stock, 10% v/v) 5ml
Glucose stock, 20% (v/v) 10 mi
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B. BUFFERS AND SOLUTIONS

50X Tris-Acetate-EDTA (TAE) Buffer (1 L)

Component Quantity
Tris Base 242 g
Glacial Acetic Acid 57.1mL

0.5 M EDTA (pH: 8.0) 100 mL
-For 1X working solution, 50X stock is diluted in 1:50 ratio with dH20.

Transformation buffer I (200 mL)

Compound Amount Final molarity
Potassium acetate 0.588 ¢ 30 mM
Rubidium chloride 2429 100 mM
Calcium chloride 0.29% g 10 mM

Glycerol 30 ml 87% v/v

Transformation buffer 11 (100 mL)

Compound Amount Final molarity
MOPS 021g 10 mM
Calcium chloride 119 75 mM
Rubidium chloride 0.121¢g 10 mM

Glycerol 15 ml 87% v/v

-The pH of the buffers is adjusted to 6.5 and performed filter sterilization.
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1X Phosphate-buffered saline (PBS) (1 L)

Compound Amount Final molarity
NaCl 8¢ 137 mM

KCI 029 2.7 mM
NaxHPO4 1449 10 mM
KHzPO 0.24 ¢ 1.8 mM

-The pH of the solution is adjusted to 7.4 with HCI. Autoclaved at 121°C for 20

minutes and performed filter sterilization.
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C. PGFPUV, PARSR-ARSR AND PZNTA DNA SEQUENCES

Cloning vector pGFPuv, Partial Sequence

LOCUS CVU62636 3337 bp DNA linear
14-AUG-1996
DEFINITION Cloning vector pGFPuv, complete sequence.
ACCESSION U62636
VERSION U62636.1
SOURCE Cloning vector pGFPuv

ORGANISM Cloning vector pGFPuv

other sequences; artificial sequences; vectors.

REFERENCE 1 (bases 1 to 3337)

AUTHORS Kitts,P.A.

TITLE pGFPuv complete sequence

JOURNAL Unpublished
REFERENCE 2 (bases 1 to 3337)

AUTHORS Kitts,P.A.

TITLE Direct Submission

JOURNAL Submitted (28-JUN-1996) CLONTECH Laboratories, Inc.

1020 East Meadow Circle, Palo Alto, CA 94303-4230, USA
FEATURES Location/Qualifiers
source 1..3337
/organism="Cloning vector pGFPuv"
/mol type="genomic DNA"
/db_xref="taxon:49914"

gene 289..1005
/gene="gfpuv"
CDS 289..1005

/gene="gfpuv"

/note="green fluorescent protein variant;
GFPuv is the GFP variant called 'cycle 3'"

/codon_start=1

/transl table=11

/product="GFPuv"

/protein id="AAB06048.1"

/translation="MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTL
KFICTTGKLPVPWPTLVTTEFSYGVQCEFSRYPDHMKRHDFFKSAMPEGYVQERTISEFKD
DGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYITADKQKNG

IKANFKIRHNIEDGSVQLADHYQONTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHM
VLLEFVTAAGITHGMDELYK"

gene 1537..2397
/gene="bla"
CDS 1537..2397
/gene="bla"

SYN

/function="confers resistance to ampicillin"
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https://www.ncbi.nlm.nih.gov/protein/1490529
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/codon_start=1

/transl table=11
/product="beta-lactamase"
/protein id="AAB06049.1"

/translation="MSIQHFRVALIPFFAAFCLPVFAHPETLVKVKDAEDQLGARVGY

IELDLNSGKILESFRPEERFPMMSTFKVLLCGAVLSRIDAGQEQLGRRIHYSQONDLVE

YSPVTEKHLTDGMTVRELCSAATITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRL

DRWEPELNEATPNDERDTTMPVAMATTLRKLLTGELLTLASRQQLIDWMEADKVAGPL

LRSALPAGWFIADKSGAGERGSRGIIAALGPDGKPSRIVVIYTTGSQATMDERNRQIA

ORIGIN
1 agcgcccaat
tgcagctggce
241 catgcctgca
gagtaaagga
301 gaagaacttt
tgttaatggg
361 cacaaatttt
acttaccctt
421 aaatttattt
cactactttc
481 tcttatggtg
tgactttttc
541 aagagtgcca
agatgacggg
601 aactacaaga
tcgtatcgag
661 ttaaaaggta
cgagtacaac
721 tataactcac
caaagctaac
781 ttcaaaattc
ttatcaacaa
841 aatactccaa
gtcgacacaa
901 tctgcccttt
tgagtttgta
961 actgctgctg
tccaactgag
1021 cgccggtcge
actagtcggc
1081 cgtacgggcc
tgacacatgc
1141 agctcccgga

CAagCCCECunnierrcererenenene

3301 accgagcgca
//

EIGASLIKHW"

acgcaaaccg cctctcccecceg

ggtcgactct
tcactggagt
ctgtcagtgg
gcactactgg
ttcaatgctt
tgcccgaagg
cgcgtgctga
ttgattttaa
acaatgtata
gccacaacat
ttggcgatgg
cgaaagatcc
ggattacaca
taccattacc
ctttcgtctce

gacggtcaca

agaggatccc
tgtcccaatt
agagggtgaa
aaaactacct
ttccegttat
ttatgtacag
agtcaagttt
agaagatgga
catcacggca
tgaagatgga
ccctgtectt
caacgaaaag
tggcatggat
aacttgtctg
gcgcgtttceg

gcttgtctgt

cgcgttggcec
cgggtaccgg
cttgttgaat
ggtgatgcaa
gttccatggce
ccggatcata
gaacgcacta
gaaggtgata
aacattctcg
gacaaacaaa
tccgttcaac
ttaccagaca
cgtgaccaca
gagctctaca
gtgtcaaaaa
gtgatgacgg

aagcggatgc

gattcattaa

tagaaaaaat
tagatggtga
catacggaaa
caacacttgt
tgaaacggca
tatctttcaa
cccttgttaa
gacacaaact
agaatggaat
tagcagacca
accattacct
tggtccttct
aataatgaat
taataggcct
tgaaaacctc

cgggagcaga

gcgagtcagt

gagcgaggaa
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https://www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi?mode=c#SG11
https://www.ncbi.nlm.nih.gov/protein/1490530

ParsR-arsR DNA Sequence

E. coli R-factor R773 arsR gene

LOCUS
18-APR-2005
DEFINITION
ACCESSION
VERSION
KEYWORDS

X16045 727 bp DNA linear BCT

E. coli R-factor R773 arsR gene.

X16045

X16045.1

arsenical resistance; arsR gene; ArsR protein; DNA-

binding protein;

SOURCE
ORGANISM

regulatory protein; resistance gene.
Escherichia coli

Escherichia coli

Bacteria; Proteobacteria; Gammaproteobacteria;

Enterobacterales;

REFERENCE
AUTHORS
and

TITLE

JOURNAL
PUBMED
REFERENCE
AUTHORS
TITLE
JOURNAL

Enterobacteriaceae; Escherichia.
1 (bases 1 to 727)
San Francisco,M.J., Hope,C.L., Owolabi,J.B., Tisa,L.S.

Rosen,B.P.

Identification of the metalloregulatory element of the
plasmid-encoded arsenical resistance operon

Nucleic Acids Res. 18 (3), 619-624 (1990)

2408017

2 (bases 1 to 727)

Rosen,B.P.

Direct Submission

Submitted (09-AUG-1989) Rosen B.P., Department of

Biochemistry,Wayne State University, School of Medicine, 54- E
Canfield Avenue, Detroit MI 48201, U S A

FEATURES Location/Qualifiers
source 1..727
/organism="Escherichia coli"
/mol type="genomic DNA"
/db_xref="taxon:562"
/clone="pWSU1"
/clone lib="pBR322"
regulatory 73..79
/regulatory class="promoter"
/note="pot. -35 region"
regulatory 96..102
/regulatory class="promoter"
/note="pot. -10 region"
misc feature 107
/note="transcriptional start site"
regulatory 114..118
/regulatory class="ribosome binding site"
/note="pot. ribosome binding site"
CDS 125..478
/note="unnamed protein product; ArsR protein
(AA 1 - 117)"

/codon_start=1
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https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=562
https://www.ncbi.nlm.nih.gov/pubmed/2408017
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=562
https://www.ncbi.nlm.nih.gov/nuccore/X16045.1?from=73&to=79
https://www.ncbi.nlm.nih.gov/nuccore/X16045.1?from=96&to=102
https://www.ncbi.nlm.nih.gov/nuccore/X16045.1?from=107&to=107
https://www.ncbi.nlm.nih.gov/nuccore/X16045.1?from=114&to=118
https://www.ncbi.nlm.nih.gov/nuccore/X16045.1?from=125&to=478

/transl table=11
/protein_id="CAA34l68.l"
/db_xref="GOA:Pl5905"
/db_xref="InterPro:IPR0O01845"
/db_xref="InterPro:IPR0O11991"
/db_xref="InterPro:IPR018334"
/db_xref="UniProtKB/Swiss-Prot:P15905"

/translation="MLQLTPLQLFKNLSDETRLGIVLLLREMGELCVCDLCMALDQSQ

PKISRHLAMLRESGILLDRKQGKWVHYRLSPHIPSWAAQIIEQAWLSQODDVQVIARK
LASVNCSGSSKAVCI"

regulatory

ORIGIN
1 gaattccaag
tgcgtttttg
61 gttatgtgtt

caaaggagag

121 ggaaatgttg
aaacccgttt

181 gggtatcgtg
tttgcatggc

241 actggatcaa
aaagtggaat

301 ccttctggat
atattccttc

361 atgggctgcc
ttcaggtcat

421 cgcacgcaag
gcatctaaaa

481 aatttgcctg
aacgttaatg

541 gtatttgacc
tgatcaggct

601 ctggtcgatt
aattgagcgt

661 ttcaatcttg
agcgtttatt

721 gaagctt
//

482..511

/regulatory class="terminator"

/note="pot.
ttatctcacc
gtttgactta
caactaacac
ttgttgctca
tcacagccca
cgtaaacagg
cagattattg
ctggcttcag
aacatatatg
cggcgatgtg
tttctacaga

Ccgcaacaacc

stem-loop
taccttaagg
atatcagagc
cacttcagtt
gggagatggg
aaatatcccg
gaaaatgggt
agcaggcctg
ttaactgctc
ttttatcaaa
ttgcagcacc
tgtgcaatgg

gatgagcttt
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structure"
taatagtgtg
cgagagatac
atttaaaaac
agagttgtgce
tcatctggcg
tcactaccgc
gttaagccaa
cggtagcagt
tgcgaggtat
ggcgtctgcg
ctcaaacaat

gtacagaacg

attaatcata
ttgttttcta
ctgtccgatg
gtgtgtgatc
atgctacggg
ttatcaccgc
caggacgacg
aaggctgtct
ttaagatgaa
gtacagatgt
gcggtgtaca

agaaggtcaa


https://www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi?mode=c#SG11
https://www.ncbi.nlm.nih.gov/protein/42717
https://www.ebi.ac.uk/ego/GProtein?ac=P15905
https://www.ebi.ac.uk/interpro/ISearch?mode=ipr&query=IPR001845
https://www.ebi.ac.uk/interpro/ISearch?mode=ipr&query=IPR011991
https://www.ebi.ac.uk/interpro/ISearch?mode=ipr&query=IPR018334
https://www.uniprot.org/uniprot/P15905
https://www.ncbi.nlm.nih.gov/nuccore/X16045.1?from=482&to=511

PzntA DNA Sequence (upstream region of zntA gene)

Ecogene3.0 GenePage for the zntA gene of Escherichia coli K-12

T S

v
-

TAATCGGTTT
3605451 GGAGCCATAT
3605501 CGATGCGGCG
3605551 GTTTGCTCAT
3605601 GCCAGTTATG
3605651 AGACCGTAGG
3605701 ATGCTTTGGT
3605751 TGCATCGTAT
3605801 CCCTTCTTCT
3605851 ATTAGCTATC
3605901 GCTAACCCTG
3605951 TCCTCTCGCA
3606001 TCTTTCTTCT
3606051 ACTGGCGATT
3606101 CGTTTATCGG
3606151 TTCTTCCGTC
3606201 GCTGTTTATC
3606251 TCCGTGCGGA
3606301 CTGATCGTCC
3606351 [{eeNENEIiGT
3606401

ATGTCGACTC
3606451 CAAACCGCTA
3606501 CATGTTCCAG
3606551 AGCTGGARAG

Coordinates

TTCCCGCTTG
CATTATCAGC
ACGACRATTA
CTTTATCCCT
GTGTTGTCAT
CATTCCGCTT
CGTTTATCGC
CGTGGGCCAA
CCTGCTGTTA
TGGTGCTGGC
TTGCCACGTC
CCTGCTGTAC
GGCCTCTACC
ATCTGGACGC
CATGACGCTG
CGARACCGCTCC
AGTAACTTTG
TAACGCGATT
GCTCGCTGTA
ATCCTTCGGT

CTGACRATCA
ACCACGGTAC
CACGCCRACT
TCAGCGGCAT

| Positions

TTGCTCACCA
TTTTTCCCGT
AGCCAATGAT
CATCGGRRARR
CCGTCCARCCC
ACGRRARARRAAT
TGTCTGTCTT
CCTGGCRACG
CTGGCCTGGC
AGGGCTGTGC
ARCGTCTGAT
ACCATCTATT
ACTGGTGCTG
GCCTGGAAGA
GIGATGGTGT
GGCGCTCTCT
TCTGGCTGGG
GCTGCGGCCT
TCTCTGATAR
TAATGAGARR

CGGCRRAGARRR
AGRACGCCARRA
CTCTCTGAAR
GGACTGCGCC
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CCACCAGCTT
CGCTGTTGCA
AACARATRRAG
TGCGGARRATA
TCGCCACTAR
ABCGAATTCA
TCCGCATGGC
CTGGGTGTTT
AAGCGCCGAT
GCCTCACTGC
GTACGCCATC
TCGCCAGTCA
CTGGTTCTGG
GTACCGTTGG
GGCTGGCAGG
GCGTTTGTTG
GAGCCACTAT
GCTACTTTGC

BT s

TTGCTGGAGC
TARRACGARR
ARAAGAGGTG
AGCATACCCT
ACTGGARGCA
AGGARRACTARG
TATCTGTGGA
ARACCGTTAA
GITTCGACGCC
TGGGCGATGC
GGCGCGTTTT
GATGACGCTC
GITGCGCTGTT
CCTATCTGCA
TGAACTGTGG
GCGCTTCGTT
CGCCGACGCT
CGGTCACTTC

pvASNEnCTC TGGAGTCGAC

ARACTTAACC

GCCCCTCAAT
CGACTGTTGC
ACGTCTCCGG
GCCTGTGCGC

GGAGGATGCC

TTGCTGCGTT
TGCGACGGCG
CACCCGCTAT
GCAAGGTAGA

[-1000 -9
[-950 -90
[-900 -85
[-850 -80
[-800 -75
[-750 =70
[-700 -65
[-€650 -¢&0
[-600 -55
[-550 -50
[-500 -45
[-450 -40
[-400 -35
[-350 -30
[-300 -25
[-250 -20
[-200 -15
[-150 -10
[-100 -51
£2901]
[1 50]
[S1 100]
[101 150]



D. GROWTH CURVES

The growth curves of pBR-sGFP, and uninduced and arsenic induced pBR-
arsR773 cultures (n = 3)
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The growth curves of pBR-sGFP, and uninduced and cadmium induced pBR-

PzntA cultures (n = 3)

N
3

N
o

15

Optical Density at 600 nm
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Time (h)

———pBR-sGFP —— uninduced Cd(1n = Cd(Il)
100 pg/l 500 pg/l
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E. ONE-WAY ANOVA RESULTS

A) As(l111) Detection by Arsenic Bioreporter in M9 Supplemented Medium
(incubation = 2 hours)

Descriptives
RFU2h
95% Confidence Interval for
Mean
N Mean Std. Deviation Std. Error Lower Bound ~ UpperBound  Minimum  Maximum
uninduced 3 _ 39412.6667 _ 26628.44874 | 15373.94205 | -26736.0671 | 105561.4004 | 9101.00  58038.00
10 pgll 3 2596200000  14071.03440 812381550  224665.6128  294574.3872 243388.00  268357.00
25 pall 3 659191.0000 8142412061  47010.23795  456922.2713  861450.7287 604104.00 752719.00
50 poll 3 1364563333 1426022673 823314574  1320138.966  1309987.700  1.35E+6  1.38E+6
75 pgll 3 1947869.667 8324260588  48060.14092 1741083570 2154655763  1.90E+6 2.04E+6
150pan 3 3072605.000  159048.6307  91826.76974 2677506299  3467703.701 2.97E+6 3.26E+67
Total 18 1223876.944  1082482.026 2551434605  685571.2969  1762182.592 9101.00 3.26E+6
ANOVA

RFU2h

Sum of

Squares df Mean Square F Sig.
Between Groups 1.984E+13 5 3.968E+12 595.708 .000
Within Groups 7.993E+10 12 6661018022
Total 1.992E+13 17

Post Hoc Tests

Multiple Comparisons
DependentVariable: RFU2h

~Mean 95% Confidence Interval
Difference (I-

(I) samples2h  (J) samples2h J) Std. Error Sig. Lower Bound ~ UpperBound

TukeyHSD  uninduced 10 pall -220207.333  66638.41746 055  -444040.5044 3625.8377
25 gl -619778.333  66638.41746 .000 -B43611.5044 -395945.1623

50 pall 132515067  66638.41746 000  -1548983.84  -1101317.50

75 pall -1908457.00°  66638.41746 000  -213229017  -1684623.83

150 pall -3033192.33  66638.41746 000  -3257025.50  -2809359.16
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B) As(l11) Detection by Arsenic Bioreporter in MOPS Supplemented Medium

(incubation = 3.5 hours)

Descriptives
RFU3.5h
95% Confidence Interval for
Mean
N Mean Std. Deviation Std. Error LowerBound ~ UpperBound  Minimum Maximum
Uninduced 3 1119713333 4720386224 2725316257  -5280.5610  229232.2277  79401.00 166106.00
10 pgll 3 4727383333 5516931370 3185201812 3356901606  609786.5060 439144.00 536410.00
25 pgll 3 1398737.667 1160247275 66986.90768 1110516265 1686059.0688  1.27E+6  1.49E+6
50 gl 3 2415740333 3578362073  20650.68306  2326848.892 2504631775  2.38E+6  2.45E+6
75 uall 3 3694416333  38510.80603 2223042038  3508727.831 3790104836  365E+6  3.72E+6
150 gl 3 5244028667 280691.7337 1672536004 4525204506 5064562827  5.O0GE+6  5.58E+6
Total 18 2223088778 1859972174  438309.6457 1208146376 3148031180 7940100  5.58E+6
ANOVA
RFU3.5h
Sum of
Squares df Mean Square F Sig.
Between_ Groups__ _5.860E_+13 _ 5 _1.1_72E+1__3 66_7.0»58 _ _.OOAO
Within Groups 2.108E+11 _ 12 1.757E+10
Total 5.881E+13 17
Post Hoc Tests
Multiple Comparisons
Dependent Variable: RFU3.5h
Mean 95% Confidence Interval
Difference (-
(I) samples3.5h  (J) samples3.5h J) Std. Error Sig. Lower Bound ~ Upper Bound
TukeyHSD  Uninduced 10 pall ~ -360767.000  108227.7120 052 -7242953203  2761.3203
25 pall -1286766.33  108227.7120 000 -165029465 -923238.0131
50 gl 230376900 1082277120 000  -2667297.32  -1940240.68
75 pgil | .358244500 1082277120 000 304507332  -3218916.68
150 gl | 512205733 1082277120 000 540648565  -4769429.01
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C) As(V) Detection by Arsenic Bioreporter in MOPS Supplemented Medium

(incubation = 2 hours)
Descriptives
RFUZh
95% Confidence Interval for
Mean
N Mean Std. Deviation Std. Error LowerBound ~ UpperBound  Minimum  Maximum
Uninduced 3 781303333 3467175244 2001774561  -7909.0744 1642507411 5078500 117127.00
10 pgl 3 4915433333 3996263867 2307244019 3922706356 5908160311 44556000 517876.00
25 gl 3 0734843333 046805642 546638432 0400643773 0070042803 06788400 084416.00
50 gl 3 1572822667 1524640605 8802516635  1104080.044 1951564380  1.42E+6  1.73E+6
75 gl 3 2030218667 7184418670 4147026053 1851747.813 2008689520  1.05E+6  2.08E+6
150 gl 3 3242177.333 1233054811 7119027950 2935870283 3548484384  3A0E+6  3.31E+6
Total 18 1308062778  1070721.082 2544926096 8611301157 1934005.440 5078500  3.31E+6
ANOVA
RFU2h
Sum of
Squares df Mean Square F Sig.
Between Gro_ups : 1.'.9,73E.+1.3 ] | 3_.945E+12 509:049 ._000 :
Within Groups 9.300E+10 12 A 7749971930
Total 1.982E+13 17
Post Hoc Tests
Muitiple Comparisons
DependentVariable: RFUZ2h
Diﬁgriir;e i 95% Confidence Interval
() samples2h  (J) samples2h J) Std. Error Sig. Lower Bound  Upper Bound
TukeyHSD  Uninduced 10 gl -413413.000°  71879.39867 001  -654850.2122 -171975.7878
25 gl 8053540000 7187039867 000 113679921 -653916.7678
50 gl 149469233 7187039867 000 -173612055  -1253255.12
75 gl 195208833 71879.39867 000 219352555  -1710651.2
150 gl ' 3164047.00  71879.39867 ' -2922600.79
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D) Cd(I1) Detection by Cadmium Bioreporter in M9 Supplemented Medium

(incubation = 3.5 hours)

Descriptives
RFU3.5h
95% Canfidence Interval for
Mean
I Mean Std. Deviation  Std. Error Lower Bound UpperBound  Minimum  Maximum
Uninduced 3 1.2407 81789 472 - 791 32724 .30 1.75
2 pall 3 20127 84062 48533 -.0756 41009 1.04 2.50
5 pall 3 35510 TBAT2 44208 1.6488 54532 2.67 4.03
10 pail 3 46277 84121 48567 2.5380 6.7174 3.66 516
25 gl 3 6.7210 68110 38323 5.0281 54129 5.85 7.23
50 pall 3 81977 78853 46103 6.2140 101813 7.29 g.78
100 wail 3 9.3610 75970 43861 74738 11.2482 8.49 9.87
Total 21 51017 3.00816 65643 37324 6.4710 .30 9.87
ANOVA
RFL3.5N0
Sum of
Sguares df Mean Square F Sig.
Between Groups 172.284 G 28714 46.225 .0oo
Within Groups 3.696 14 621
Total 180.980 20
Post Hoc Tests
Multiple Comparisons
DependentVariahle: RFU3.Eh
Diﬁréilge (. 95% Confidence Interval
Iy sample3.5h  {J) sample3.5h J) Std. Error Sig. Lower Bound  Upper Bound
Tukey HSD  Uninduced 2 uai - 77200 64352 883 -2.9694 1.4254
5 uall -2.31033 64352 037 -4 5077 - 1130
10 poi -3.38700° 64352 o2 -5.5844 -1.1896
25 poh -5.48033 64352 .0oo -7.B7TV -3.2830
a0 pol -6.95700° 64352 000 -9.1544 -4.7596
100 pail -8.12033 64352 .00o -10.3177 -5.9230
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E) Cd(Il) Detection by Cadmium Bioreporter in MOPS Supplemented Medium

(incubation = 1.5 hours)

Descriptives

RFL1.5h
95% Confidence Interval for
Mean
I Mean Std. Deviation  Std. Error Lower Bound  UpperBound  Minimum  Maximum
Uninduced 3 1207 (06658 03844 -.0447 2861 .08 14
2 Jal 3 1.0640 18400 10623 G069 1.521 a8 1.25
5 ual 3 1.2340 13623 07865 8956 15724 1.08 1.32
10 pal 3 21707 07EN 04336 1.9841 23572 210 225
25 pal 3 2.4897 120 (06467 22214 27774 2.38 2.60
50 pol 3 27953 14965 .08640 24236 3167 270 297
100 paf 3 2.3783 19814 11440 1.8861 28705 216 255
Taotal 2 1.7518 92541 20194 1.3306 21730 06 297
ANOVA
RFL1.5h
Sum of
Squares df Mean Square F Sig.
Between Groups 16.854 G 2.809 143.850 000
Within Groups 273 14 020
Total 17.128 20
Post Hoc Tests
Multiple Comparisons
Dependent Variahle: RFU1.5h
Diﬁg1|%?1|;e " 95% Confidence Interval
I sample1.5h (J) samplel .5h Jy Std. Errar Sig. Lower Bound  Upper Bound
Tukey HSD  Uninduced 2 gl -94337 41410 .00o -1.3329 -.5837
5 pal 111333 11410 .0oo -1.5028 - 7237
10 g -2.05000° 11410 .0oo -2.4396 -1.6604
25 pgi -2.37900° 11410 .0oo -2.7686 -1.9894
50 pgi -267467 11410 .0oo -3.0643 -2.2851
100 pgil -2.25767 11410 .0oo -2.6473 -1.8681
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F) As(l1l) Detection by Agar Immobilized Arsenic Bioreporter in M9
Supplemented Medium

(incubation = 3 hours)

Descriptives
RFU3h
95% Confidence Interval for
Mean
N Mean Std. Deviation ~ Std. Error ~ LowerBound ~ UpperBound  Minimum  Maximum
Uninduced 3 .3250 19152 11057 -.1508 .8008 A3 52
10 pall 7 3 1.5953 13870 .08008 1.2508 1.9399 1.48 1.75
25 pall 3 7 2.8210 7 .21800 12586 7 2.2795 7 3.3625 2.60 7 3.04
50 poll 3 - 2.7013 V .23537 ‘ 13589 V 2.1166 v 3.2860 ‘ 2.47 | 2.94
75.lel 3 . 3.7563 » 07524 ‘ 04344 3.5694 3.9432 370 . 3.84
100ﬁg/l 3 » 4.4920 11447 06609 42076 47764 4.36 ‘ 456
150 gl 3 59120 36831 21264 49971 6.8260 550 620
Total 7 2 V 3.0861 7 1.76145 7 .38438 7 2.2843 7 3.8879 7 A3 V 6.20
ANOVA
RFU3h
Sum of
Squares df Mean Square F Sig.
BeMeen Groups 61 .428 6 10.238 228.777 .000
Within Groupé. .627 - 14 045
Total 62.054 20
Post Hoc Tests
Multiple Comparisons
Dependent Variahle: RFU3h
Mean 95% Confidence Interval
Difference (-
(I) sample3h  (J) sample3h J) Std. Error Sig. Lower Bound  Upper Bound

TukeyHSD  Uninduced 10 pall -1.27033 A7272 .000 -1.8601 -.6806

25 pall -2.49600° 17272 .000 -3.0858 v -1.9062

50 pall -2.37633 A7272 .000 -2.9661 -1.7866

75 gl -3.43133 A7272 .000 -4.0211 -2.8416

100 pol -4.16700° 17272 .000 -4.7568 -3.5772

150 pall -5.58700" A7272 .000 -6.1768 -4.9972
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G) As(lIl) Detection by Agar Immobilized Arsenic Bioreporter in MOPS
Supplemented Medium

(incubation = 6 hours)

Descriptives

RFUGh
95% Confidence Interval for
Mean
N Mean Std. Deviation  Std. Error ~ LowerBound ~ UpperBound  Minimum  Maximum
Uninduced 3 7353 .04350 .02512 6273 8434 .70 .79
10 pa/l 3 1.5603 12947 07475 1.2387 v 1.8819 1.41 1.64
25 pall 3 3.7593 11593 .06693 34713 v 4.0473 ‘ 3.66 3.89
50 g! 3 52050 20010 11683 47979 57921 514 5.52
75 pall 3 6.8950 37054 21393 A 59745 » 7.8155 6.50 7.23
100 pall 3 8.7117 29576 7076 7.9770 9.4464 8.49 9.05
150 pall 3 11.9650 2.37556 1.37153 V 6.0638 17.8662 9.32 13.92
Total 21 V 55602 3.55915 V 7.784213 V 3.8036 V ”7.3169 V 7 .70 V 1737.92
ANOVA
RFUGh
Sum of
Squares df Mean Square F Sig.
Between Groups 285.980 _ 6 ‘ 47.663 56.167 ‘ .000
Within Groups | 11.880 | 14 | .849 |
Total 297.860 20
Post Hoc Tests
Multiple Comparisons
Dependent Variahle: RFUGh
Mean 95% Confidence Interval
Difference (I-
(I) sample6h  (J) sample6h J) Std. Error Sig. Lower Bound  UpperBound
Tukey HSD  Uninduced 10 pall -.82500 75215 ‘ 919 -3.3933 1.7433
25 pall -3.02400’ 75215 .017 -5.5923 - 4557
50 pall -4.55967 75215 .000 -7.1280 -1.9914
75 pail -6.15967 .75215 .000 -8.7280 -3.5014
100 pall -7.97633" .75215 .000 -10.5446 -5.4080
150 pall -11.22967 .75215 .000 -13.7980 -8.6614
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H) As(V) Detection by Agar Immobilized Arsenic Bioreporter in MOPS
Supplemented Medium

(incubation = 5 hours)

Descriptives

RFUSh
95% Confidence Interval for
Mean
N Mean Std. Deviation ~ Std. Error  Lower Bound UpperBound  Minimum  Maximum
Uninduced 3 .6003 .09152 .05284 3730 .8277 51 .69
10 pafl 7 3 2.0877 21316 12307 1.5582 26172 1.85 227
25 pall 3 3.5277 36258 .20933 2.6270 44284 3N 3.79
Sopgl 3 60040 38775 22387 5.0408 69672 573 6.45
75 pall 3 8.8240 .25348A 14635 8.1943 9.4537 8.56 9.07
100 pafl 3 10.9740 .26902 15532 10.3057 11.6423 10.67 11.19
150 pall 3 125807 58747 33918 111213 14.0400 11.94 13.10
Total 2 63712 435046 94935 43909 83515 &1 1340
ANOVA
RFUSh
Sum of
Squares df Mean Square F Sig.
Between Groups 376.895 6 | 62.816 » 537.954 » .000
Within Groups 1.635 14  fi _
Total 378.529 20
Post Hoc Tests
Multiple Comparisons
Dependent Variahle: RFUSh
~Mean 95% Confidence Interval
Difference (I-
() samplesh  (J) sample5Sh J) Std. Error Sig. Lower Bound  Upper Bound
Tukey HSD  Uninduced 10 pall -1.48733 27901 .002 -2.4400 -.5346
25 pall -2.92733 27901 .000 -3.8800 -1.9746
50 pall -5.40367" 27901 .000 V -6.3564 -4.4510
75 pall -8.22367" 27901 .000 V -9.1764 -7.2710
100 po/l -10.37367" 27901 .000 v -11.3264 -9.4210
150 po/l -11.98033" 27901 .000 v -12.9330 -11.0276
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1) As(lll) Detection by Alginate Immobilized Arsenic Bioreporter in M9
Supplemented Medium

(incubation = 5 hours)

Descriptives

RFUSh
95% Confidence Interval for
Mean
N Mean Std. Deviation ~ Std. Error ~ Lower Bound  UpperBound  Minimum  Maximum
Uninduced 3 1.4567 .34894 20146 5899 2.3235 1.21 1.86
10 pall 3 3.8550 .09702 .05601 3.6140 4.0960 3.76 3.95
25 pall 3 . 7.-69-03 . 1.5-0797 v .87063 . 3.9443 11.4363 . 6..16 . 9.18
50 pall 3 7 10.2223 7 1.55952 .90039 6.3483 7 14.0964 7 919 12.02
75 pall 3 13,6290 2.66400 1.53806 7.0113 20.2467 11.69 16.67
100 pall 3 . 15.0190 2.80077 1.61702 8.0615 21.9765 12.60 . 18.09
150 uéll 3 7 25.7423 7 27.4762777;:1 7 142186 7 17.62;16 7 59.3601 7 21.70” 2648
Total 21 . 10.8021 7.30826 1.59479 7.4754 14.1288 1.21 . 26.48
ANOVA
RFUSh
Sum of
Squares df Mean Square F Sig.
Between Groups 101_6.525 | 6 _ 169421 _ 45.8»90 _ t000
Within Groups 51.687 14 | 3.692
Total 1068.212 20
Post Hoc Tests
Multiple Comparisons
DependentVariahle: RFUS5h
Diﬁz‘rZ?wr;e . 95% Confidence Interval
(I) samplesh  (J) sample5h J) Std. Error Sig. Lower Bound  Upper Bound
Tukey HSD  Uninduced 10 pgll -2.39833 1.56885 ‘ 725 ‘ -7.75583 | 2.9586
25 pall -6.23367  1.56885 .018 -11.5906 -.8767
50 pall -8.76567 1.56885 ‘ .001 ‘ -14.1226 ‘ -3.4087
75 pall 41217233 1.56885 .000 -17.5293 -6.8154
100 pall -13.56233 1.56885 .000 -18.9193 -8.2054
150 pall -22.28567  1.56885 .000 -27.6426 -16.9287
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J) As(l1l) Detection by Alginate Immobilized Arsenic Bioreporter in MOPS
Supplemented Medium

(incubation = 5 hours)

Descriptives

RFUS5h
95% Confidence Interval for
Mean
N Mean Std. Deviation ~ Std. Error  Lower Bound  UpperBound  Minimum  Maximum
Uninduced 3 5097 10980 .06339 .2369 7824 43 .63
10 gl 3 29647 48726 0811 24995 34208 277 345
25 pall 3 5.6250 .27666 15973 49377 6.3123 » 5.32 . 5.86
50 pall 3 125457 210748 . 1.21676 7.3104 17.7809 10.39 ‘ 14.61
75 pall 3 19.8523 97946 56549 17.4192 22.2854 18.86. 20.81
100 g/ 3 265690 234014 135108 207558 323822 2462 2047
150 pall 3 27.9423 287313 1.65880 v 20.8051 35.0796 25.59 . 3115
Total 21 13.7155 10.78132 - 2.35268 8.8079 18.6231 43 - 3115
ANOVA
RFUSh
Sum of
Squares df Mean Square F Sig.
Between Groups 2286.225 6 381.038 138518 .000
Within Grrquprs 38.51 17 14 2.751
Total 2324.737 20
Post Hoc Tests
Multiple Comparisons
Dependent Variahle: RFUSh
Mean 95% Confidence Interval
Difference (I-
(I) sampleSh  (J) samplesh J) Std. Error Sig. Lower Bound  Upper Bound
Tukey HSD  Uninduced 10 pall -2.45500 | 1.35420 561 -7.0790 2.1690
25 pall -511533°  1.35420 .026 -9.7394 -.4913
50 pall -12.03600 V 1.35420 .000 -16.6600 -7.4120
75 pall -19.34267 7 1.35420 .000 -23.9667 -14.7186
100 po/ -26.05933; 7 1.35420 .000 -30.6834 -21.4353
150 po/l -27.43267; 7 1.35420 .000 -32.0567 -22.8086
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K) As(V) Detection by Alginate Immobilized Arsenic Bioreporter in MOPS
Supplemented Medium

(incubation = 5 hours)

Descriptives

RFUSh
95% Confidence Interval for
Mean
N Mean Std. Deviation ~ Std. Error  LowerBound  UpperBound  Minimum  Maximum
Uninduced 3 5097 10980 06339 2369 7824 43 .63
10 ug/i 3 45870 1.18868 68628 1.6342 7.5398 3.47 5.8;1
25 pall 3 . 10.6410 215621 1.24489 52847 15.9973 8.44 12.75
50 pall 3 20.4610 2.14059 V 1.23587 15.1435 25.7785 18.06 2218
775 pall 7 3 30.1657 7 1.96294 7 1.13330 7 25.2895 7 35.0419 7 27.90 7 31.43
100 gl 3 32.0667 280401 161890 26.0001 399312 3063 36.08
150 Qg/l 3 37.9690 2.85561 1.64869 30.8753 45.0627 35.35 41.02
Total 21 19.6141 14.06528 » 3.06930 13.2117 26.0166 43 41.02
ANOVA
RFUSh
Sum of
Squares df Mean Square F Sig.
Bertweern Groups 3895.5787 6 | 7649.7265 148.882 .000
Within Groups | 61.053 | 14 | 4.361
Total 3956.640 20
Post Hoc Tests
Multiple Comparisons
Dependent Variahle: RFUSh
Mean 95% Confidence Interval
Difference (I-
() samplesh  (J) samplesh J) Std. Error Sig. Lower Bound  Upper Bound
Tukey HSD  Uninduced 1Durgll -47.077733 | 1.70508 271 | -9.8995 | 11774478
25 pall -10.13133 1.70508 .001 -15.9535 -4.3092
50 gl 1095133 170508 000 257735  -14.1202
75‘|,ng| -29.65600" A 1.70508 . .000 . -35.4781 . -23.8339
10d Hall -32.45600 7 1.70508 7 .000 7 -38.2781 7 -26.6339
150 pall -37.45933" 7 1.70508 7 .000 7 -43.2815 7 -31.6372 7
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