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ABSTRACT

Hexavalent chromium (Cr (VI)), the most toxic form of chromium, is widely used
in industrial processes. As a result substantial amounts of Cr (VI) contaminated wastes
are produced. The use of microbial cells as bioremediation of heavy metals is a potential

alternative to conventional chemical methods.

In this work, laboratory- scale experiments were performed to investigate Cr (VI)
removal using five environmental Gram-negative bacterial strains, three of which were
nosocomial strains. The potential of live and autoclaved bacterial strains was investigated
to mitigate Cr (VI) from its initial concentration of 2.54 mg/l. The autoclaved bacteria
were used to determine whether Cr (VI) removal was dependent upon metabolism of the
cells or a simple chemical reaction. The results showed notable reduction in Cr (VI)

concentration (up to 87% and 23% using live and autoclaved bacteria, respectively).

Proteus mirabilis and Methylococcus capsulatus (Bath) bacterial strains were
selected for further detailed analyses to investigate the enzyme system that is responsible
for Cr (VI) reduction. To locate the cell compartment in which Cr (VI) removal took
place in P. mirabilis, a standard bacterial cell fractionation method was used. The highest
Cr (VI) removal activity resided in the cytoplasm, and there was also some activity in the

cell membrane. No chromium VI removal was observed in the cell wall fraction.

The removal by M. capsulatus of Cr (VI) in high copper sulfate media was more
rapid than in low copper sulfate media. Phenylacetylene, an inhibitor of soluble methane
monooxygenase, completely inhibited Cr (VI) removal. The results reveals that pMMO,
sMMO or other enzymes that induced by copper were involved in reducing or otherwise
removing Cr (VI). The di-heme cytochrome ¢ peroxidase is also a possible candidate
enzyme of reducing chromium (VI), since it is known to be present in the periplasm and

to play a role in reducing peroxides generated by oxidative metabolism.

Inductively coupled plasma mass spectrometry coupled with ion chromatography,
for the determination of chromium species in P. mirabilis and M. capsulatus, showed that
Cr (VI) was reduced and detoxified to less toxic and less soluble Cr (III). Furthermore,

prominent changes in the polysaccharide, fatty acids, phosphate and proteins were



observed in FTIR spectra of P. mirabilis and M. capsulatus (Bath) with potassium

dichromate. These changes were consistent with the adsorption of chromium.

BLAST searches using known chromate (VI) reducing enzymes from other
bacteria showed a presence of four significant potential chromate reductase genes in the

genome sequence of P. mirabilis.

During the growth of M. capsulatus (Bath), it was noticed that a contaminant
bacterium appeared in some cell cultures. The contaminant bacterium was identified as
Bacillus licheniformis (100%) using PCR and 16S rRNA sequencing. The mixed culture
that contains M. capsulatus (Bath) plus Bacillus licheniformis was also tested for Cr (VI)

mitigation.

The results of this work are a step forward in understanding the potential of
environmental microorganisms for remediation of hexavalent chromium contamination.
The future work may reveal more about the mechanism of Cr (VI) removal by the

bacteria studied here as well as how they can be exploited for practical bioremediation.
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CHAPTER 1

1 GENERAL INTRODUCTION AND LITERATURE
REVIEW



1.1 Introduction

Chromium is a heavy metal like cadmium, lead, copper and nickel that can
contaminate soils, ground water, sediments and surface waters. It is extremely toxic to
biological and ecological systems. Heavy metals can be released by the discharge of
effluent into the environment by a variety of industries such as electroplating, leather
tanning, wood preservation, wood pulp processing, steel manufacturing, etc. (Faisal and
Hasnanin, 2004). Such pollution is a danger to human health and the environment
because of the low solubility of many heavy metals and their carcinogenic and mutagenic

properties (Alloway, 1995; Diels et al., 2002).

Physico-chemical methods have been devised for the treatment and removal of
heavy metals from contaminated environments. These methods include electrochemical
treatment, ion exchange, precipitation, reverse osmosis, evaporation and sorption
(Kadirvelu et al., 2001; Kadirvelu et al., 2002). Microbial reduction of heavy metals has
been proposed as an alternative method of remediation. In this work, the potential of
Gram-negative environmental bacteria was investigated as a means of hexavalent

chromium remediation.

1.2 Chromium

Chromium (Cr) is a heavy metal that occurs naturally in the environment
(primarily in rocks and minerals) in the form of metal-ores such as those containing iron.
It is a transition element, located in group VI of the periodic table, and was discovered in
1797 by the French chemist, Louis-Nicolas Vaquelin (1763-1829) in a mineral known as
Siberian red lead ore (crocoites). The word chromium was derived from the Greek word
‘chroma’ that means ‘colour’ because many chromium compounds have distinctive

colours ranging covering the visible spectrum (Young, 2000).

Chromium is the 21® most abundant element in the earth’s crust with an
abundance of about 100-300 ppm (Barnhart, 1997). In its pure form, elemental chromium
is a hard, steel grey, shiny metal that breaks easily. It has an atomic number of 24,

melting point of 1900 °C, a boiling point of 2642 °C and a density of 7.1 g cm™. It is also



odourless, tasteless and malleable. Physical properties that greatly add to chromium’s
commercial importance are that it can be polished to a high shine, has high corrosion
resistance and hardness. Chromium is a metal that does not react with water but does
react with most metals. It combines slowly with oxygen at room temperature to form
chromium oxide (Cr,O3). The chromium oxide form acts as a protective layer, preventing

the metal from reacting further with oxygen (Young, 2000).

1.2.1 Chromium chemistry

Chromium is found in all compartments of the environment including air, water
and soil. It has been reported that chromium contamination in soil and water is caused by
leakage, unsuitable storage, or improper disposal practices of chromium wastes (Rock et
al., 2001). Chromium exists in nine valence states, ranging from -2 to +6 (Smith et al.,
2002). The most common oxidation states of chromium are +2, +3, and +6. The most
stable forms of chromium are the trivalent Cr (III) and hexavalent Cr (VI) species, which
display different chemical properties (Fendorf et al., 1992; Fukai, 1967; Holleman et al.,
1985; Jan and Young, 1978; Kota and Stasicika, 2000; McGrath and Smith, 1990;
Sarangi and Krishnan 2008; Shanker et al., 2005). Naturally occurring chromium exists
predominantly in its chromic (Cr’") form, while the chromate (CrO4%) state is rarely

found in nature.

Different types of chromium exhibit different properties, which are important for
assessing the risk of potential harm to human health. The divalent (chromous) state is a
strong reductant and is rapidly decomposed in air and water to form the relatively inert
chromic (trivalent) compound, which is the most abundant form of chromium found
naturally in the environment (Lai and Lo, 2008). Cr (III) is a hard acid, which exhibits a
strong tendency to form hexacoordinate octahedral complexes with a variety of ligands
such as water, ammonia, urea, ethylenediamine and other organic ligands containing
oxygen, nitrogen or sulphur donor atoms (Kota and Stasicka, 2000). Cr (VI) is frequently
encountered in the environment, but it is unstable in the presence of electron donors such
as Fe (II) and organic matter with oxidizable groups. Cr (VI) usually occurs associated

with oxygen as chromate (CrO,%) or dichromate (Cr,07%") oxyanions. Major forms of Cr

3



(V1) in natural waters are HCrO4~ and CrO4> (Katz and Salem, 1994; Richard and Bourg,
1992).

Cr (V]) is a strong oxidizing agent particularly in acidic media and associates with
oxygen, forming the chromate and dichromate anions (Lai and Lo, 2008). The relative
proportion of these anions depends on pH and total Cr (VI) concentration. H,CrO;, is a
strong acid and at pH > 1, its deprotonated forms prevails, while above pH7 only CrO4>
ions exist in solution throughout the concentration range. Between pH 1 and 6, HCrO* is
the predominant form up to 102 M Cr (VI), when it starts to condense yielding the
orange-red Cr,07>". Cr (VI) oxyanions can be reduced to Cr (1II) by reducing agents such
as organic matter or reduced inorganic species, which are widely found in soil, water and
atmospheric systems (Kota and Stasicka, 2000). The predominant form of Cr (III) at pH
less than 3 is Cr’*. As pH increases, the hydrolysis of Cr (III) occurs and the most

abundant species become CrOH>, Cr(OH)},Cr(OH)} and Cr(OH); (Palmer et al.,
1991).

1.2.2 Industrial uses of chromium

Chromium compounds are used in several industrial processes and products
including; dyes and pigments, additives in cooling water, chrome plating, leather tanning
and wood preservation and cement manufacturing (Zayed and Terry, 2003). One of the
most important applications of chromium is in the production of steel; high-carbon and
other grades of ferro-chromium alloys are added to steel to improve mechanical
properties, increase hardening and enhance corrosion resistance. It also added to cobalt
and nickel-base alloys for the same purpose (Barlett, 1991; Katz and Salem, 1994).
Chromium is also used in coatings, as it is applied on the surface of other metals for

decorative purposes, to enhance resistance and to lower the coefficient of friction.

Cr (II) chloride is used as a reducing agent in organic chemistry and in metal
plating In particular it is used to reduce alpha-haloketones to their parent ketones,
epoxides to alkenes and aromatic aldehydes to their corresponding alcohols (Patnaik,

2003).



Cr (III) chloride is used for chromium plating, in leather tanning, as a
waterproofing agent and as a catalyst for polymerization of alkenes. Cr (III) sulfate is
used as the electrolyte to produce pure chromium metal. Other important applications of
chromium III sulfate are as a mordant for treatment of fabrics before dyeing, to dissolve
gelatin, to impart green colour to paints, varnishes, inks and ceramic glazes and as a
catalyst. Cr (III) oxide is used as pigment for glass and fabrics. It is also used in
metallurgy, as a component of refractory bricks, abrasives and ceramics and to prepare
other chromium salts. Cr (III) fluoride is used in printing and dyeing woollens,
mothproofing woollen materials, metal polishing and colouring marbles (Palmer and

Wittbrodt, 1991; Sawyer et al., 1994).

Cr (VI) oxide is used in purification of oil and for cleaning laboratory glassware
and for chromium plating, copper stripping, as an oxidizing agent for conversion of
secondary alcohols into ketones, and as a corrosion inhibitor, (Ayres, 1992; Nriagu and

Pacyna, 1988; Patnaik, 2003).

Due to the wide use of chromium in various industrial activities, chromium is
released into the environment in larger amounts, which account for 60-70% of the total
emissions of atmospheric chromium (Alimonti et al., 2000; Barceloux, 1999; Seigneur
and Constantinous, 1995). These industries have become especially large contributors of
chromium pollution, which can ultimately have significant adverse biological and
ecological effects (Figure 1.1). In recent years, contamination of the environment by
chromium has become a major concern (Hagendorfer and Goessler, 2008; Palmer, 2000;
Riley et al., 1992; Shanker, 2005). The difference in the toxicities of its different forms
and its high concentration in the environment, speciation analysis of chromium is

necessary for health and environmental considerations.
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1.2.3 Health issues

Chromium is unique among toxic elements in that environmental legislation
regulates different species of chromium, specifically Cr (III) and Cr (VI), based on their
differing toxicities. All other toxic elements such as lead, cadmium and arsenic are
regulated based on their total concentrations, irrespective of their oxidation state (Cheung
and Gu, 2002 & 2003; Kimbrough et al., 1999; McLean et al., 2000). People can be
exposed to chromium through breathing, eating or drinking and through skin contact with

chromium or its compounds.

Cr (VI) is a known mutagen and carcinogen and it is more soluble and more
mobile than Cr (III). Cr (VI) is considered the most toxic form of chromium to human,
animals, and plants (Moore et al., 1984). In addition to an increased risk of respiratory
cancer, Cr (V]) is also known to be a skin irritant leading to ulcerations causing allergic
contact dermatitis (Ajmal et al., 1984; Nethercott, et al., 1994; Seishima et al., 2003;
Wong and Trevors 1988). Other respiratory problems caused by Cr (VI) exposure include
nasal irritations and bleeds (Kou, 1997), and lung carcinoma (Ajmal et al., 1984; Wong
and Trevors 1988). The reason for such toxicity arises from the possibility of free
diffusion of Cr (VI) across the cell membrane and its strong oxidative potential

(Turpeinen et al., 2004).

Unlike Cr (VI), trivalent chromium is an essential nutrient for humans, even
though in trace quantities. According to Anderson et al. (1992), most foods provide less
than 2 pg of chromium per serving. The study reported the recommended daily chromium
intakes, provided in the Dietary Reference Intakes (DRIs) developed by the Institute of
Medicine of the National Academy of Sciences, which ranges between 50 to 200 pg
(Institute of Medicine Food and Nutrition Board, 2001; National Research Councii, Food
and Nutrition Board, 1989).

Table 1.1 summarizes the daily adequate intakes (Als) of chromium from food as
found in several studies (Anderson et al., 1992; National Research Council of Food and

Nutrition Board, 1989).
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process (Volesky and Naja 2007). Non-living biomass appears to present specific
advantages in the form of a biosorption process (Ozturk et al., 2004). It contributed to
removal of toxic Cr (VI) under all conditions tested including when the cells are no

longer alive.

The membrane filtration technique has received significant attention for
wastewater treatment (Pugazenthi ez al., 2005). It involves the application of hydraulic
pressure to bring about the desired separation through a semipermeable membrane. This
technique has several drawbacks apart from being expensive. It gives only incomplete
removal of the metal that requires a high energy input and expensive reagents. It also
generates toxic sludge and other waste products that require disposal. Chromium can also
be removed using methods such as chemical precipitation, and membrane separation,
although such approaches are not effective at metal concentrations below 100 mg 1!

(Kapoor and Viraraghavan, 1995).

The above mentioned approaches can be effective in reducing levels of a range of
contaminants, but have several drawbacks, principally their technological complexity and
lack of public acceptance. They also tend not to be cost-effective (Kadirvelu et al., 2001;
Vidali 2001; Volesky and May-Philips, 1995) and can result in generalised pollution
(Kratochivil et al., 1998). The relatively high costs of the chemical reagents and
associated problems with sludge disposal make these methods somewhat limited in
application. As a result of these and other shortcomings of physical and chemical
treatment processes, low cost and effective alternatives are desirable for the remediation
of environmentally toxic metals such as hexavalent chromium. In recent years, biological
approaches have been considered as alternative means of remediating heavy metal
contamination. Interest has been focused on the use of microorganisms to remove metal
ions (Davis et al., 2003; Mark, 2006; Munoz and Guieysse, 2006; Pena-Castro et al.,
2004). Therefore chromium reducing microorganisms may represent a cost efficient and
highly effective technology for the removal or detoxification of the toxic forms of
chromium. A number of aerobic and anaerobic microorganisms are capable of reducing
Cr (VI). Thus, this work focuses on the use of environmental bacteria for bioremediation

of Cr (VI).
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The Gram-negative bacteria include the Cyanobacteria, Spirochaetes, green
sulfur and green non-sulfur bacteria and Proteobacteria. Important examples of the
Proteobacteria include Pseudomonas, Moraxella, Helicobacter, Stenotrophomonas,
Legionella, acetic acid bacteria; the Enterobacteriaceae includes Escherichia coli,

Salmonella, Shigella and many others.

1.3.2 Methanotrophic bacteria

Methanotrophs or methanotrophic bacteria are a subset of a physiological group
of bacteria known as methylotrophs, i.e. microorganisms able to grow using organic
compounds that lack carbon-carbon bonds. Methanotrophs were first detected by
Sohngen in 1906 and are distinguished from other microorganisms by their ability to
utilize methane (CHy) as their sole carbon and energy source (Anthony, 1982, 1986 &
1991; Dijkhuizen et al, 1992; Hanson, 1992; Hanson et al., 1991; Lidstrom, 1991;
Whittenbury and Dalton, 1981; Whittenbury and Krieg, 1984). The best characterised
methanotrophs are aerobic bacteria that play a major role in the global cycling of carbon,
nitrogen and oxygen as well as in the degradation of hazardous organic material. Most
methanotrophs discovered to date show optimal growth at moderate pH (5-6) and
temperature ranges (20-35 °C), but psychrophilic (growth < 15 °C), thermophilic (growth
> 40 °C), alkaliphilic (growth at pH > 9.0), and acidophilic (growth at pH < 5)

methanotrophs have been isolated (Semrau et al., 2010).

Due to the ability of methanotrophs to synthesise complex biomolecules from
methane and also because they are able to oxidise a wide range of hydrocarbons and other
chemicals, methanotrophs have attracted the considerable attention on the part of
biotechnologists, Thus, they have found applications ranging from production of single
cell protein (SCP) from natural gas to bioremediation of trichloroethylene-contaminated
ground water. They are also potentially interesting for industrial applications such as
production of bulk chemicals. Methanotrophs are widespread in nature, and have been
isolated from a variety of environments, typically at the boundary between aerobic and
anaerobic conditions where both oxygen and methane are found (Csaki, 2001; Hanson

and Hanson, 1996; Lontoh and Semrau, 1998; Oremland and Culbertson, 1992).

12
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1.3.2.1 Classification of methanotrophs

The first methanotrophic bacterium that was isolated in 1906 (Sohngen, 1906)
was named Bacillus methanicus. Then, Whittenbury et al. (1970) isolated and
characterized more than 100 new methane-utilizing bacteria and thus established the basis
for the current classification of methanotrophs. Whittenbury separated the known
methane-oxidizing bacteria into five groups; Methylomonas, Methylobacter,
Methylococcus, Methylocystis, and Methylosinus based on morphological differences,
types of resting stages, the fine structures of intracytoplasmic membranes, and some

physiological characteristics (Whittenbury and Dalton, 1981; Whittenbury et al., 1970).

The majority of well characterized methanotrophs are Gram-negative bacteria that
are classified as type I or type II methanotrophs according to whether they belong to the y
or o- subdivisions of the proteobacteria respectively although additional groups of

methanotrophs are now known (Smith and Murrell, 2009).

1.3.2.2 Methanotrophs and the bioremediation process

Because of the wide substrate range of methane monooxygenase enzymes
(MMOs), methanotrophs have attracted the interest of researchers involved in the
development of biological methods for degradation of toxic chemicals and organic
synthesis (Higgins et al., 1982; Large and Bamforth, 1988). The MMO enzymes, found
in methanotrophic bacteria, catalyze the conversion of methane to methanol using
dioxygen as the oxidant at ambient temperatures and pressures. These systems have also
attracted considerable attention in studying the mechanism of biological methane
oxidation (Anthony, 1982; Bedard and Knowles, 1989; Crabtree, 1995; Smith and
Murrell, 2009).

Methane and methanol have been important starting materials for the chemical
industry for many years and methanotrophs have also been used for the production of
single-cell protein as food for farmed fish and livestock. In recent years the
biotechnological potential of methanotrophs has been increased by the isolation and

characterization of a large number of new methane-utilizing microbes, and studies of
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their physiology and genetics (Dalton and Stirling, 1982; Davies and Whittenbury, 1970;
Haber et al., 1984; Higgins et al., 1980; Large and Bamforth, 1988; Quayle, 1980;
Whittenbury et al., 1970). Recently, methanol has largely replaced methane as a potential
feedstock for industrial fermentations involving methanotrophic bacteria. Methanol is

abundant, stably priced, relatively safe to use, and easily stored and transported.

The first step in the pathway for methane oxidation is oxidizing methane to
methanol by MMO enzymes (Anthony, 1982 & 1986; Dalton, 1991; Dalton and Leak,
1985; Lipscomb, 1994). MMOs are monooxygenases that use two electrons to split the
covalent bonds of O, (Figure 1.4). One of the oxygen atoms is reduced to form H,O and

the other is incorporated into methane to form CH;OH.

There are two major pathways for carbon assimilation in methanotrophs; the type
I methanotrophs assimilate carbon into cell biomass predominantly by the ribulose
monophosphate (RuMP) pathway, and the type II methanotrophs use the serine pathway.
Approximately 50% of the carbon is assimilated into cell biomass as formaldehyde and
the remaining 50% is further oxidized to CO, by formaldehyde dehydrogenase (FADH)
and formate dehydrogen (FDH) (Vorholt, 2002).

TYPE I METHANOTROPHS
RuMP PATHWAY

A

NADH+H" NAD'
0, H,0 PQQ PQQH, H,0 2H NAD® NADH+H'

CH, CH,OH Ll’ HCHO &l’ HCOOH gcoz

MMO MDH FADH FDH

A 4

SERINE PATHWAY
TYPE 11 METHANOTROPHS

Figure 1.4: Pathways for methane oxidation and assimilation of formaldehyde
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1.3.2.3 Enzymology of methanotrophs

Methane-oxidising bacteria possess two distinct types of MMO enzymes: soluble,
cytoplasmic enzyme complex (sMMO) and a membrane-bound, particulate enzyme
system (pMMO). The single factor that governs expression of the two types of MMO in
these organisms is the concentration of available copper (Lee and Lipscomb, 1999; Lloyd
et al., 1997). At high copper-to-biomass ratio pMMO is produced, whereas the soluble
form of the enzyme (sMMO) is expressed when the copper-to-biomass ratio is low (Jahng
and Wood, 1996; Murrell 2000; Prior and Dalton, 1985a; Stanley et al., 1983; Smith and
Dalton, 1989; Smith and Murrell, 2008). Several research studies reported that the
pMMO enzyme is found in most known methanotrophs and is located in the cytoplasmic

membrane.

Methanotrophs that possess only pMMO, such as Methylomonoas methanica and
Methylomicrobium album. Type II methanotrophs Methylyocella sylvestris has been
shown to possess SMMO but not pMMO. Methylococcus capsulatus (Bath) type I and
Methylosinus trichosporium OB3b (type II) can produce either form of MMO (Smith and
Murrell 2009).

1.3.2.3.1 Particulate methane monooxygenase (pMMO)

The pMMO, shown in Figure 1.5, is a multiple copper containing enzyme,
although the number and roles of copper ions in the active form of the enzyme continues
to be unclear, as the possible involvement of iron in the metal centres of the enzyme
(Lieberman and Rosenzweig, 2005; Martinho et al., 2007). pMMO has proven more
diffcult to study than sMMO because is loses activity when solubilised (Myronova et al.,
2006; Nguyen et al., 1994; Nguyen et al., 1996; Semrau et al., 1995; Lieberman and
Rosenzweig, 2005). The first reliable purification procedure for isolation of the pMMO
complex from M. capsulatus was achieved by Smith and Dalton (1989) using dodecyl B-

D maltoside as the solubilising agent.

The active pMMO complex consists of two components, the hydroxylase

(pMMOH) which comprise three subunits (a, B, y) of approximate masses 47, 24, and 22

16
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chromate-polluted wastewater. Bioremediation of toxic chromium compounds is of a
special interest since this metal has found a variety of industrial applications (Barnhardt,
1997) and as a consequence it causes severe environmental problems due to its extreme
toxicity to living organisms (Cieslak-Golonka, 1995; Cohen et al., 1993). A large number
of bacterial strains have been evaluated for reducing Cr (VI) to Cr (III) (Cher and Hao,
1996; Fude et al., 1994; Lovely and Philips, 1994; White et al., 1997).

In general bioremediation of heavy metals operates by conversion of the metal
ions into insoluble forms by specific enzyme-mediated reactions that remove them from
the aqueous phase (Park ef al., 2000). A number of bacteria possess chromate reductase
activity that can convert Cr (VI) to Cr (III), which is much less toxic and less soluble, and
thus reduction by these enzymes provides a means of chromate bioremediation (Gadd and

White, 1993).

1.4.1 Types of microorganisms capable of hexavalent chromium

bioremediation

Microbial reduction of Cr (VI) is considered to be an effective alternative method
to the use of chemicals (Cervantes et al., 2001). Since the discovery of the first microbe
capable of reducing Cr (VI) in the 1970s (Romanenko and Korenkov, 1977), a number of
bacterial strains (both aerobic and anaerobic) have been isolated and investigated for Cr
(VI) reduction such as B. cereus, B. subtilis, Pseudomonas. aeruginosa, Pseudomonas
ambigua, Pseudomonas fluorescens, E. coli, Achromobacter eurydice, Micrococcus
roseus, Desulfovibrio desulfuricans and D. vulgaris (Lovley, 1993 & 1994). E. coli
(ATCC 33456) and Shewanella alga (BrY-MT) have also been shown to reduce Cr (VI)
(Blake II et al., 1993; Camargo et al., 2003; Cheung et al., 2006; Guha et al., 2001;
Shakoori ef al., 1999 & 2000; Shen and Wang, 1994; Wang and Xiao, 1995).

Bacterial strains such as Acintobacter haemolyticus (Ahmad et al., 2013),
Desulfomicrobium norvegicum (Michel et al., 2003), Bacillus (Camargo et al., 2003),
Shewanella (Guha et al., 2001; Middleton et al., 2003; Viamajala et al., 2003)
Desulfovibrio (Chardin et al., 2002), Escherichia coli (Puzon et al., 2002), Pseudomonas
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(McLean and Beveridge, 2001), and Alcaligenes (Peitzsch et al., 1998) can reduce Cr
(VI) to Cr (I10).

Sulfate-reducing bacteria (SRB) have been extensively studied for reduction of
metals, including Cr (VI) (Chardin et al., 2002; Lovley, 1995; Michel et al., 2001).
Enterobacter cloacae HO1 is a Cr (VI) reducing facultative anaerobe. In this species,
oxygen inhibits Cr (VI) reduction as does the presence of other toxic metals (Kato and
Ohtake, 1991; Ohtake et al., 1990; Wang et al., 1989). Other reported Cr (VI) reducing
anaerobes include Microbacterium sp. MP30 (Pattanapipitpaisal et al., 2001), Geobacter
metallireducens (Lovley et al., 1993), Shewanella putrefaciens MR-1 (Myers et al.,
2000), Pantoea agglomerans SP1 (Francis et al., 2000), Agrobacterium radiobacter EPS-
916 (Llovera et al., 1993) and a consortium that can both reduce Cr (VI) and degrade
benzoate (Shen et al., 1996). Several attempts have been reported of Cr (VI) reductase
purification from pseudomonads (Ackerley ef al., 2004; Cheung et al., 2006; Kwak et al.,
2003; Park et al., 2002).

A number of studies have shown biosorption of chromium species by yeast
(Rapoport and Muter, 1995; Raspor et al., 2000), especially Saccharomyces cerevisiae
which is a waste product of industrial fermentations (Engl and Kunz, 1995; Krauter et al.,
1996; Volesky and May-Phillips, 1995). S. cerevisiae can accumulate chromium and
cadmium (Brady and Duncan, 1994) and other metals (Raspor et al., 2000). Among other
yeast, Cr (VI) resistant Candida sp. and Rhodosporidium strains have been isolated from
industrial wastes (Pepi and Baldi, 1992), Schizosaccharomyces pombe wild type and
mutant strains have been studied for uptake and tolerence of Cr (VI) (CzakoVer et al.,
1999), and Candida intermedia has been used to study the Cr (III) accumulation (Batic
and Raspor, 2000).

Faisal and Hasnain (2004) reported that chromium resistant bacteria isolated from
effluent of tanneries could resist up to 250 pgml™ of Cr (VI) in the medium. They also
reported that the amount of chromium accumulated by the cells increased with increase in
concentration of chromium from 100 to 1000 pgml™”. Megharaj ez al. (2003) also reported
another bacterial strain, which was isolated from polluted soil, could resist up to 100

pgml™ of Cr (VI). Besides chromium, bacterial strains such as those reported by Filali et
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employed in this research were nosocomial isolated bacteria; Ps. aeruginosa 090124-B
isolated from left leg ulcer, E. cloacae 090226-B isolated from a sputum sample. The
third bacterial strain is P. mirabilis 090321-A, which was isolated from a wound swab
and to the author's knowledge is the first strain of P. mirabilis to be tested for chromate
VI bioremediation activity. Bacteria isolated from hospital infections have been found in
other previous studies to contain genes that confer antibiotic resistance to inorganic ions
derived from mercury (Porter et al., 1982; Nasaru et al., 2004), cadmium (Nucifora et al.,
1989), silver (Gupta et al., 2001), and arsenic (Silver et al., 1981). Such bacteria possess
heavy metal resistance genes that may be present on chromosomes, plasmids, or
transposons (Silver and Phung, 2005). Here, similar strains were investigated for their

ability to reduce chromium (VI) and to bio-absorb chromium species.

E. coli DHS50 bacterial strain, which was obtained from the microbiology
laboratory of the Biomedical Research Centre (BMRC) at Sheffield Hallam University,
was also used as a benchmark for Cr (VI) reduction activity. In this study, further detailed
analyses were as carried out using M. capsulatus (Bath), which was obtained from

NCIMB, Scotland, UK.
The present work addresses bioremediation and has the following objectives:

e To implement techniques of analysis by monitoring bioremediation of chromium
(VI) as described in the literature using the proposed Gram-negative bacterial
strains.

e To select appropriate media for cultivation of bacterial strains to avoid competing
chemical reactions of the chromium VI directly with components of the medium.

e To identify the enzymes that are responsible for Cr (VI) reduction or removal in
P. mirabilis and M. capsulatus (Bath) bacterial strains.

e To identify the chromium species resulting from the bioremediation process of Cr

(VI) using P. mirabilis and M. capsulatus (Bath) bacterial strains.
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1.6 Outline of the thesis

The organization of the thesis reflects the sequence of steps involved in the
bioremediation of hexavalent chromium using Gram-negative bacteria. A brief outline of

the contents of the thesis is as follows:

e Chapter 1 presents background, literature review of chromium and environmental
bacteria.

e Chapter 2 describes the materials and methods and media selection for bacterial strains
cultivation.

e Chapter 3 investigates Cr (VI) interaction with Gram-negative bacteria.

e Chapter 4 focuses on further analyses during the bioremediation process of Cr (VI)
remediation using P. mirabilis.

e Chapter 5 also concentrates on detailed analyses of Cr (VI) remediation using M.
capsulatus.

e Chapter 6 presents overall conclusions and discussion of the results, together with

possible future research directions.
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from left leg ulcer, Enterobacter cloacae 090226-B was isolated from a sputum sample
and Proteus mirabilis 090321-A was isolated from wound swab. The other two strains;
Escherichia coli DH50. was obtained from the microbiology laboratory of the Biomedical
Research Centre (BMRC) at Sheffield Hallam University and Methylococcus capsulatus
(Bath) was obtained from NCIMB, Scotland, UK.

2.1.3.1 Cultivation and maintenance of bacterial strains

E. coli DH5a, E. cloacae, P. mirabilis and Ps. aeruginosa were routinely
cultivated in 250 ml conical flask containing 50 ml of M9 medium and incubated in an

orbital shaker (180 rpm) at 37 °C.

M. capsulatus (Bath) were grown and propagated aerobically in 250 ml conical
quickfit flasks containing 50 ml of a NMS medium in the presence of methane as the
source of carbon and energy. Flasks were sealed with suba-seals (Fisher Scientific, UK)
to facilitate the addition of methane using a sterile plastic syringe (Fisher Scientific, UK)
fitted with hypodermic needle (Fisher Scientific, UK). 50 ml of air was then aseptically
replaced with 60 ml of methane. The flasks were then incubated at 45 °C and 180 rpm in

the orbital incubator shaker.

The bacterial growth, during the cultivation process, was monitored by measuring
the optical density (at 600 nm) using 6715 UV/Vis spectrophotometer (JENWAY). All
strains were stored at -80 °C for long-term storage in the presence of 50 % (v/v) sterile

glycerol, after flash freezing in liquid nitrogen.

The bacterial strains were also cultivated on solid media. E. coli, E. cloacae, P.
mirabilis and Ps. aeruginosa were grown on nutrient agar plates (28 g/I) and incubated at
37 °C. While, M. capsulatus (Bath) was grown on NMS agar plates (15 g of
bacteriological agar was added to 1 litre of NMS medium prior to autoclaving) in the
presence of methane (1:4 v/v in air) as the source of carbon and energy were incubated in

aerobically stainless steel jar at 45 °C.
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2.1.3.2 Bacterial strain purity check

The purity of M. capsulatus (Bath) was routinely checked by plating cultures onto

nutrient agar plates, which were incubated at 37 °C for 24 hours. M. capsulatus does not

grow on nutrient agar and so if any microorganisms grew on these plates this indicated

contamination.

2.14

Equipment

3505 pH meter JENWAY designed and manufactured in UK, by Bibby Scientific
Ltd.

Spectrophotometer 6715 UV/Vis. spectrophotometer JENWAY single holder,
supplied by Bibby Scientific Ltd., UK.

Inductively coupled plasma-optical emission spectrometry (ICP-OES) ACTIVA
HORIB JOBIN YVON Gen Co., made in France.

A Hewlett Packard 4500 quadrupole inductively coupled plasma-mass
spectrometer (ICP-MS), model number HP 4500 G 1820A, manufactured in
Japan.

Autoclave was purchased from Classic Prestige Medical, UK.

Orbital incubator shaker was obtained from Gallenkamp, UK, and orbital
incubator shaker S1 50, STUART Scientific, made in UK. Incubator Heraeus
Kendro laboratory products, made in Germany.

Modulyod 230 Freeze Dryer purchased from Thermo Electron Corporation, UK.
Sorvall RT 6000D Centrifuge supplied by Thermo Electron Corporation, UK.
RC6 centrifuge Thermo scientific Sorvall RC6 plus centrifuge Thermo Electron
Corporation, UK.

Optima ultracentrifuge Beckman Coulter made in USA.

French press cell Disruptor Thermo Electron Corporation, UK.

FTIR, Perkin Elmer Spectrum, UK.
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