


DECLARATION
I declare that this dissertation entitied identification and characterization of heavy metal-tolerant
bacteria isolated from mine tailings and their potential use for phytoextraction, is a true outcome
of the research performed by me at the School of Biological Sciences, North West University
(Matikeng Campus) under the supervision of Prof Olubukola O Babalola. I declare that the work
has not previously been submitted by me for a degree at this or any other University, and that all
information derived from the literature has been duly acknowledged in the text and a list of

references provided.

Signed: Plia Date: 215’/&0/7/0/5







STRUCTURE OF DISSERTATION
This study comprises of two main chapters submitted for publication in international journals.
Chapters are not projected to be individual articles but describe the research work which was

carried out to achieve the aim and objectives of this study:

Chapter 1 presents the general introduction, literature review, objectives, and outline of this
project

Chapter 2 describes the isolation, characterization and identification of Ni, Cr and Cd tolerant
bacteria from mine tailings

Chapter 3 studies the effect of bacterial inoculation on growth and heavy metal (Cd, Cr, and Ni)
uptake by B. juncea, in a phytoextraction approach

Chapter 4 consists of the general conclusions from chapters 2 and 3 including future research

that can be pursued.



ABSTRACT

The main objective of this study was to isolate and characterize metal tolerant bacteria from
heavy metal-contaminated soils with the aim of selecting suitable bacterial isolates that can be
used to improve growth and heavy metal accumulation in Indian mustard (Brassica juncea).
Eleven bacterial isolates were recovered from soil samples collected from a mine tailings facility
and checked for tolerance against heavy metals (Cr, Ni, and Cd). All isolates showed multiple
tolerances against heavy metals but most promising results were shown by bacterial isolates
BCr3, BCd33 and BNill that were tolerant to 15 mM of Cr6+, 7.5 mM of Cd*" and 10 mM of
Ni%" respectively. The effect of heavy metals on bacterial growth was tested together with their
ability to grow at different concentrations of NaCl, pH, and temperature values. Bacterial isolates
grew well between pH 7.5 and 8.5. The optimum temperature for maximum growth was between
35-37°C and no significant change in bacterial growth was observed in the presence of 2% NaCl.
In addition, the bioaccumulation potential of bacterial isolates was investigated. Bacterial
isolates BCr3, BCd33 and BNill showed high bioaccumulation ability of Cr (68.7%), Cd
(72.4%) and Ni (69.8%) respectively. All bacterial isolates were identified by [6S rRNA gene
sequencing. Analysis of plasmid content revealed that all bacterial isolates contained a single
plasmid. Further, polymerase chain reaction together with DNA sequence analysis was used to
screen all bacterial isolates for the presence of metal tolerant genes (CzcD, ChrA, ChrB, CzcB,
CzcC, NeeA and CadA) on both plasmid and chromosomal genomes.

Among the metal tolerant bacterial isolates recovered from mine tailings, three bacterial
isolates (BCr3, BCd33 and BNill), identified as Pseudomonas aeruginosa KP717554,
Alcaligenes feacalis KP717561 and Bacillus subtilis KP717559, were selected based on their
ability to tolerate high concentrations of multiple heavy metals. Bacterial isolates also exhibited
multiple plant growth beneficial characteristics including the production of indole-3-acetic acid,
hydrogen cyanide, ammonia, insoluble phosphate solubilization together with the potential to
protect plants against fungal pathogens. Bacterial inoculation improved seeds germination of B.
juncea in the presence of 0.1 mM Cr, Cd and Ni, as compared to the control treatment. In
addition, the ability of bacterial isolates to enhance metal solubilization was also analyzed.
Compared with control treatment, soil inoculation with bacterial isolates, Pseudomonas
aeruginosa KP717554, Alcaligenes feacalis KP717561 and Bacillus subtilis KP717559
significantly increased the amount of soluble heavy metals in soil by 51% (Cr), 50% (Cd) and



44% (Ni) respectively. Subsequently, a pot experiment was performed to study the effects of
bacterial inoculation on the growth and heavy metal accumulation by B. juncea grown in soil
spiked with 100 mg kg of NiCl,, 100 mg kg of CdCl,, and 150 mg kg of K,Cr,07. The
results revealed that inoculation with metal tolerant bacteria not only protected plants against the
toxic effects of heavy metals, but also increased growth and metal accumulation of plants
significantly. These findings suggest that such metal-tolerant plant growth promoting bacteria

are valuable tools which could be used to develop bio-inoculants for enhancing the efficiency of

phytoextraction.

KEYWORDS: Heavy metals, heavy imetal tolerant bacteria (HMTB), bioaccumulation, metal

tolerant genes, phytoextraction, B. juncea, soil contamination.
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CHAPTER 1: LITERATURE REVIEW AND OBJECTIVES

1. GENERAL INTRODUCTION AND PROBLEM STATEMENT
Consequent to global industrialization, heavy metal contamination has increased steadily over
the years and has become one of the most significant environmental problems facing us today
(Lalitagauri er al, 2000). Heavy metals are not degraded biologically or chemically. This
property together with high toxicity allows them to bioaccumulate in living systems via food
webs, thus posing serious ecological and human health problems (Gerhardt et al., 2009; Liu et
al., 2007). Due to the grave nature of this threat, immense scientific efforts are being made to
develop effective remediation technologies that will help preserve the quality of soils by
reducing heavy metal concentrations to safe and acceptable levels (Valls and Lorenzo 2002).
Biological systeins have emerged as effective and less expensive tools for the
remediation of heavy metal-contaminated sites, in contrast to physico—~chemical methods (Wu et
al., 2006). The idea is to use metal tolerant bacteria and plants (identified as hyperaccumulators)

to remove metals from contaminated environments.

1.2 HEAVY METALS: AN OVERVIEW

The term “heavy metal” has no standardized definition by a legitimate body such as the IUPAC
(International Union of Pure and Applied Chemistry) although various definitions have been
used in scientific publications over the last few years. According to some authors, the term
“heavy metal” generally refers to a series of metals and metalloids whose atomic density is
greater than 5.0 g/cm’ (Nies, 1999). Among 90 elements found on the periodic table, 21 are non-
metals, 16 are light metals and 53 are heavy metals. Common examples include chromium (Cr),
copper (Cu), antimony (Sb), zinc (Zn), mercury (Hg), nickel (Ni), cadmium (Cd), arsenic (As),
thallium (T1), lead (Pb), selenium (Se), cobalt (Co), and iron (Fe). The heavy metals examined in

this dissertation are Ni, Cr and Cd.

1.3 SOIL CONTAMINATION WITH HEAVY METALS: A GLOBAL PROBLEM
Generally, any heavy metal may be considered a contaminant if it is found in a place where it
does not occur naturally or in a form or quantity that is unusually higher than normal background

levels (Mclntyre, 2003). Soils naturally contain low background concentrations of heavy metals

1






Table 1: Heavy metals uses and health effects on humans

Vletals uses

Health E1lects

Cd Electroplating, paints, plastics, alloys,
batteries, pesticides, galvanized pipes,

phosphate fertilizers

Cr Electroplating, galvanometry, pulp,
leather tanning, mining, dyes, textile,
nuclear weapons, petroleuin refining

Ni Ceramics, coins, fertilizers, batteries

electroplating, , steel production

Cancer, cardiovascular disease, liver and kidney
damage, damage to nervous tissue, emphysema,
high blood pressure, anemia, arthritis,
osteoporosis, obstructive lung disease, alopecia,
growth impairment
Ulcers, skin irritation, nausea cancer, vomiting,

ulcers, asthma, liver and kidney damage

Liver necrosis, cancer, asthina, heart and liver
damage, anemia, headache, fatigue, skin irritation,

chronic damage to the nervous system, kidney and

gastrointestinal tract

1.3.1 SITUATION IN SOUTH AFRICA

Currently, the mining industry in South Africa generates over R330 billion annually to the gross
domestic product (GDP) of the country making it the fifth largest mining sector in the world. The
country is famous for producing and supplying up to 56.7% of the world’s platinum group metals
(platinum, palladium, rhodium, ruthenium, osmium and iridium) and has a large reserve of other
minerals including manganese (£80%), chromite ore (+72%), gold (+40%), vanadium, nickel and
diamonds (Chamber of Mines South Africa, 2003). Despite these economic advantages, mining
operations in South Africa have also led to widespread contamination of soils and water bodies
with toxic heavy metals and other hazardous chemicals (McCarthy, 2011). The largest and
presumably most heavily contaminated sites are found close to industrialized areas
encompassing Johannesburg, Pretoria and Rustenburg (Gzik et al., 2002). To address these
concerns, several chemical and biological processes have been developed to remove toxic heavy

metal from contaminated sites.



1.4 REMEDIATION TECHNOLOGIES FOR HEAVY METAL CONTAMINATED
SOIL
The remediation of metal contaminated soil has focused primarily on physicochemical
technologies including soil excavation and land fill, soil washing, and electrokinetic
decontamination. However, these methods are unfeasible on large areas such as industrial or
agrochemically contaminated soils because they are expensive and labour intensive (Green-Ruiz
et al., 2008; Pulford and Watson 2003; Tekerlekopoulou et al., 2010). They also have the
potential to adversely affect the physicochemical and biological properties of the treated soil
which may lead to loss of soil fertility along with other negative impacts on the environment
(Kumino et al., 2001; Lasat, 2002; Quartacci et al., 2006). These concerns have prompted the
development of effective, low cost and eco-friendly technologies for soil remediation.

Bioremediation is an example of such a technology.

1.4.1 BIOREMEDIATION
Bioremediation is a natural process that involves the use of biological agents (bacteria, algae,
fungi, and plants) to neutralize or remove hazardous materials from the environment including

heavy metals (Carrasco et al., 2005; Delorme et al., 2003).

1.4.2 BACTERIA-HEAVY METAL INTERACTIONS

The soil is an important ecological habitat that supports the growth of numerous types of bacteria
whose survival depends on their ability to adapt to changes in environmental conditions caused
by changes in temperature, pH, salinity, carbon, energy sources and water availability including
high loads of metal contaminants. In low concentrations, some heavy metals such as Fe, Co, Cu,
Zn, Cr, Ni, and Mn serve as essential micronutrients needed for bacterial growth and
development. They serve as vital structural components in enzymes and nucleic acid, regulate
gene expression, maintain osmotic balance and stabilize protein structures through electrostatic
interactions (Bruins et al., 2000).

On the other hand, heavy metals like Cd, Hg and Pb are non-essential. They have no
known biological or physiological function in bacterial cells and thus are toxic even if present in
small quantities (Pan and Wang 2012). Heavy metals can negatively influence soil bacterial
communities by decreasing their growth, metabolic activity as well as functional diversity

(Selvin et al., 2009). Some toxic effects of heavy metals on bacteria are presented in Figure 2.






1.4.3.2 INTRACELLULAR BIOACCUMULATION

Some bacterial cells synthesize and release specific metal-binding proteins such as
metallothioneins (MTs) and phytochelators. These proteins are low molecular weight,
sulfhydryl-containing, cysteine-rich polypeptides that bind metal ions and reduce their
bioavailability (Adamis et al., 2004, Kao et al., 2006; Umrania, 2006). For instance, SmtA, a
metallothinein of Synechococcus PCC 7942, binds and detoxifies Zn*" and Cd**. Another well-

known metallothionein is BmtA that binds Zn** (Morby et al., 1993).

1.4.3.3 EXTRACELLULAR METAL SEQUESTRATION AND COMPLEXATION

Researchers have demonstrated that bacterial surface structures (cell wall or envelope) are
capable of adsorbing metal ions through a non-enzymatic process called biosorption (Pardo et
al., 2003). This process involves non-specific binding of metal cations to the cell envelope or
extracellular polymeric substances (EPS) like proteins, polysaccharides, siderophores, teichoic
and teichuronic acids (Henriques and Love 2007; Velasquez and Dussan 2009). These
substances contain several functional groups like carboxyl, amide, phosphate, imidazole,
sulhydryl, amino, carbonyl, phosphodiester and hydroxyl groups that give bacterial cell walls a
strong negative charge (Gupta et al., 2000; Vijayaraghavan and Yun 2008), allowing them to
bind and regulate the interaction of metal cations with vital intracellular structures (Valls et al.,

2000).

1.4.3.4 ENZYMATIC DETOXIFICATION

Bacteria are able to reduce the toxicity of many heavy metals by converting them from a more
toxic to a less toxic state through various processes such as oxidation, reduction, biomethylation,
and demethylation (Elena et al., 2005). An example is the reduction of Hg®" to elemental Hg by
mercuric reductase (MerA). Another is the reduction of Cr®* to the less toxic C .

These mechanisms are regulated by genes which have been found on bacterial
chromosomes, transposons and plasmids. Examples of heavy metal ions with genetically-
encoded mechanisms include Pb>", AsO”, AsO43', Bi3+, Cd2+, C02+, Cu®, Hg2+, Ag+, Ni%*,
TeO;z’, TI', Zn>" and C1‘O42'.The tolerance mechanisms in bacteria to selected heavy metals are

described in the section below,



1.44 GENETIC DETERMINANTS FOR CHROMIUM TOLERANCE IN BACTERIA
Bacterial tolerance against chromium is mainly achieved by a specific efflux system that pumps
chromate ions out of the cell, subsequently reducing the intracellular concentration to sub-toxic
levels (Branco et al., 2008; Nies and Silver 1995; Ramirez-Diaz et al., 2008). This system is
mediated by the Chr determinant which encodes a number of proteins including Chr4, ChrB,
ChrC, ChrE and ChrF (Juhnke et al., 2002). The ChrA is a membrane bound protein that
transports chromate ions from the cytoplasm (Pimentel et al., 2002), ChrB reduces chromate
accumulation and also functions as a regulator of the Chr operon, ChrC is proposed to be
responsible for the production of superoxide dismutase and ChrF encodes a protein with an
unknown function (Morais et al., 2011). These tolerance determinants have been identified in
Cupriavidus metallidurans CH34 (Nies et al., 1990), Pseudomonas aeruginosa PAO]
(Cervantes et al., 1990), Shewanella sp. strain ANA (Aguilar-Barajas et al., 2008),
Synechococcus elongatus PCC 7942 (Aguilar-Barajas et al, 2012), Lysinibacillus fusiformis
ZC1 (He et al., 2011), Bacillus cereus SJ1 (He et al., 2010).

1.4.5 GENETIC DETERMINANTS FOR CADMIUM TOLERANCE IN BACTERIA

Cd tolerance in bacteria is based on two main mechanisms: Cad4 ATPase, a membrane-localized
efflux pump that has been widely studied in Gram-positive bacteria (e.g. Staphylococcus aureus)
and the plasmid-borne Czc operon in gram negative bacteria (e.g. Cupriavidus metallidurans
CH34 (Mergeay et al., 1985; Nies et al., 1987). The Czc operon is an inducible, energy-
dependent cation efflux system that exports Cd**, Zn*" and Co*" from bacterial cells (Figure 3).
It is made up of three structural genes (CzcC, CzcB and CzeAd) and two regulatory genes (CzeD
and CzcR) (Nies, 2003). The CzcA is an inner membrane transport protein that functions as a
chemiosmotic cation/H" antiporter driven by an electrochemical proton gradient (Leedjirv et al.,
2008). CzcB is a membrane bound protein that links the inner and outer cell membrane of gram-
negative bacteria. It is responsible for removing metal ions from the cytoplasm (Choudhury and
Srivastava 2001). The CzcC is an outer membrane protein, thought to be a modulator of substrate

specificity (Nies, 1992).






1.47 PHYTOREMEDIATION TECHNOLOGY: OVERVIEW

The term phytoremediation includes a set of technologies in which plants are used to remove
organic or/and inorganic contaminants from the environment (Angle and Linacre 2005;
Cheliregani et al., 2009; Ghosh and Singh 2005; Haque et al., 2008; Kotrba et al., 2009; Ma et
al., 2009; Peng et al., 2009; Suresh and Ravishankar 2004; Weyens et al., 2009). In recent years,

this concept has received increasing interest because of certain beneficial features:

I. 1t is generally less expensive to manage and operate when compared to physiochemical
remediation methods. This is mainly because the energy required for the process is
acquired from sunlight.

2. 1t also has the potential to treat sites containing multiple contaminants and can be used to
clean up large areas of soil with low to moderate levels of contamination.

3. It is an aesthetically pleasing technology in that it helps improve the natural properties and
functioning of soil by promoting microbial activity and diversity. It also helps to prevent
landscape destruction by water and wind erosion (Fischerova ef al., 2006; Miretzky, 2004;

Sekhar et al., 2005).

On the other hand, phytoremediation is a relatively slow process (i.e. between 10 and 20 years)
because of its dependence on plant growth and tolerance to contaminants. Secondly, it cannot be
used to treat sites with heavy contamination because the harsh conditions could inhibit plant
growth. Effectiveness may be influenced by prevailing climatic conditions and the consumption
of contaminated plants by animals with subsequent transfer into the food chain is also an issue of
great concern. Depending on the nature of contaminant involved and the way plants are used,
phytoremediation can be broadly categorized into several distinct processes summarized in Table

2.



Table 2: Various phytoremediation processes

Phytoremediation Mode of action
technique

Phytoextraction Absorption and accumulation of heavy metals from the soil through the roots into
harvestable tissues of plants

Phytostabilisation ~ Plants reduce the mobility of organic or inorganic contaminants in soil and water
as a result of adsorption or accumulation within the root zone

Rhizofiltration Plants are used to reduce or adsorb contaminants from aquatic environments
(water and wastewater) through absorption or precipitation onto their roots

Phytovolatilization Plants extract volatile organic compounds (TCE and MTBE) and metal
contaminants from soil and water, translocate to the aerial parts and then release
them into the atmosphere by evaporation through the leaf surface

Phytodegradation  Use of plants in association with microbes to break down organic compounds

(herbicides, TNT, MTBE, and TCE) in soil and surface water through metaboilic

processes with enzymes

The following section provides a summary of the use of plants in phytoremediation, with

emphasis on phytoextraction.

1.4.7.1 PHYTOEXTRACTION OF METAL-CONTAMINATED SOILS

The primary objective of phytoextraction is the utilization of metal-tolerant plants to accumulate

and store large amounts of metal ions in their shoots. Plants are grown on contaminated sites for

a few months after which they are harvested and incinerated or composted for use as fertilizer

(Whiting et al., 2004). Certain important metals can also be recycled through a process called

phytomining. For viable and effective phytoextraction, plants must not only have the capacity to

tolerate and accumulate high concentrations of one or more metals, but must also be able to grow

very quickly and produce a high above-ground biomass (Dary ef al., 2010; McGrath ef al., 2002;

Nie et al., 2002).
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1.4.7.2 HYPERACCUMULATORS

Hyperaccumulators are usually defined based on accumulating capability or bioconcentration
factor (BCF): the ratio of metal concentration in plants relative to that in soil. Based on this fact,
Baker et al., 2000 described hyperaccumulators as herbaceous and woody plants that are capable
of accumulating more than 1000 mg/kg of heavy metals (Cu, Co, Cr, Ni, or Pb) in their dry
shoots and leaves. Currently, there are approximately 400 plant species from at least 45 plant
families that have the ability to tolerate and accumulate large amounts of heavy metals without
showing any symptoms of toxicity (Mclntyre, 2003; Prasad and Freitas 2003). Common
examples include; Ricinus communis (castor bean), Brassica juncea (Indian mustard), Brassica
napus (turnip), Thlaspi caerulescens (alpine pennycress), Zea mays (maize), Helianthus annuus
(sunflower), and Salix spp (willow) (Milner and Kochian 2008). Although these plants are
capable of accumulating large amounts of metal ions in their shoot tissues, most of them are not
suitable for cleaning up soils with high levels of metals due to their slow growth and low

biomass production.

1.4.7.2.1 Brassica juncea— A HYPERACCUMULATOR OF HEAVY METALS

Brassica juncea or Indian mustard is an oil producing plant of the Brassicaceae family that has
been described by some researchers as a ‘model’ plant species for phytoextraction because of its
ability to grow in harsh environments together with a high capacity for metal ion accumulation
(Gisbert et al., 2006; Quartacci et al., 2006). It is an annual plant that is capable of self-
pollination and can grow up to | m or more. The lower leaves are deeply lobed with toothed,
scalloped or frilled edges, while the upper leaves are narrow and entire and short petioled. This
plant species has been found to be tolerant to a number of heavy metals, including Ni, Pb, Zn, Cd
and Se, a physiological trait which can be exploited for the bioremediation of metal

contaminated soils and waters.

1.4.8 MECHANISMS OF METAL TOLERANCE AND HYPERACCUMULATION IN
PLANTS

Hyperaccumulators have adaptive mechanisms for tolerating high concentrations of heavy metals

which also allow accumulation of large quantities of metals (Xiao et al., 2008). Although such

mechanisn  are complex and often less understood, there is a consensus that four major

processes are involved:
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1. Active transport of metal ions through the plasma membrane transport proteins of root
cells

2. Xylem loading and transport to shoots

3. Cytoplasmic chelation and compartmentalization within (cell walls, vacuoles)

4. Sequestration and detoxification (glutathione—phytochelatin) in specific cell
compartments within the leaves (Jabeen er al., 2009; Lombi et al., 2002; Mendoza-Cozatl

and Moreno-Sanchez 2000).

Despite these mechanisms, the application of most hyperaccumulators in phytoextraction is
greatly restricted by their low uptake of metal ions, small annual biomass production and slow
growth in heavily contaminated soils (Begonia et al., 2005; Carrasco et al., 2005; Dickinson et

al., 2008; Doty 2008; Luo et al., 2005; Martha et al., 2009; Weyens et al., 2010).

1.4.9 FACTORS THAT INFLUENCE THE RATE OF PHYTOEXTRACTION

Metal accumulation by plants is mainly influenced by the existing state of the metal i.e.
bioavailability (Chen er al., 2004; Garbisu and Alkorta 2001; Sheng et al., 2008). Metal
bioavailability with regards to phytoextraction represents the fraction or percentage of metals in
the sotl that is available for plant root uptake. It is strongly governed by several physicochemical
and biological properties of soils such as pH, redox reactions, cation exchange capacity (CEC),
organic matter content, electrical conductivity of clay minerals, hydrous oxides, water content,

temperature, soil particle size, and climate changes.

1.4.10 HOW TO MAKE METAL PHYTOEXTRACTION MORE EFFICIENT

To enhance metal ion mobility and solubility in phytoextraction studies, several synthetic
chelating agents like EDTA (ethylene-diamine-tetra-acetic acid), DTPA (diethylene
triaminepenta-acetic  acid), EDGA (glycoletherdiamine tetra-acetic acid), HEDTA
(hydroxyethyl-ethylenediaminetriacetic), NTA (nitrilotriacetic), and EDDS
(ethylenediaminedisuccinic acid), have been used. These compounds function by absorbing
heavy metals and forming solubie metal complexes which can either be taken up as fr  metal
ions or entire complexes by plant roots (Chiu et al., 2005; Evangelou et al., 2007; Khan et al.,

2000; Luo et al., 2005; Romken ef al., ~102). Unfortunately, the use of these complexing agents
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in tield conditions may constitute a new source of soil pollution. For example, these chelators
and the formed chelate-metal complexes generally show a low degree of biodegradability
(Lon 1etal, 2001) and are highly toxic for plants and soil microbes (Bouwman et al., 2005).
Moreover, these synthetic compounds can leach into the subsoil thereby increasing the risk of
surface and groundwater contamination as well as deleterious effects on soil fertility (White,
2001). All these limitations have prompted researchers to formulate alternative strategies to

make phytoremediation a feasible technology.

1.4.11 PLANT-BACTERIA INTERACTIONS AND THEIR ROLE IN

PHYTOEXTRATION OF HEAVY METALS
The inoculation of plant seeds with metal tolerant bacteria to promote plant growth and metal
accumulation is currently an area of rapidly expanding research. Plant roots are known to
produce and secrete a wide range of organic compounds (Table 3) into the soil that attract many
different types of bacteria. Some bacteria are harmful and therefore inhibit plant development;
some are neutral and so have no influence on plant growth while others are beneficial.

Such beneficial bacteria use plant root exudates as substrates to facilitate their growtlh and
metabolism and in turn improve soil health and plant growth through several mechanisms (Gupta
et al., 2000; Vessey, 2003). For example, bacteria can enhance plant growth directly by
providing the host plant with certain essential nutrients that are not easily accessible. They can:
convert atmospheric nitrogen and supply plants with elemental nitrogen in the form of either
ammonia or nitrate (Park et al., 2005; Sahin er al., 2004), convert unavailable forms of bound
fixed and insoluble phosphorous into soluble forms (H,POs and HPO,?) making it readily
available for plant uptake (Jeon et al., 2003), synthesize metal-chelating agents like siderophores
which can solubilize Fe** reducing it to Fe?* which is more easily absorbed by plant roots and
other microorganisms (Belimov et al., 2005; Burd et al., 2000; Madhaiyan and Poonguzhali

2007, Patten and Glick 2002; Tripathi et al., 2005).
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Table 3: Organic Compounds Released by Plant Roots (Macario et al., 2003; Nicholas, 2007)

Compounds

Single components

Sugars and Polysaccharides

Amino Acids

Organic Acids

Fatty Acids

Sterols

Growth Factors

Enzymes

Flavonones and Nucloetides

Arabinose, deoxyribose, fructose, galactose, glucose, maltose,
mannose, mucilages of various composition, oligosaccharides,
raffinose, rhamnose, ribose, sucrose, xylose

a-alanine, P-alanine, amino adipic, gamma amino butyric,
arginine, asparagines, aspartic, citrulline, cystathionine, cysteine,
cystine, deoxymugineic, 3-epihydroxymugineic, glutamic,
glycine, homoserine, histidine, leucine, lysine, methionine,
mugineic, ornithine, phenylalanine, proline, serine, threonine,
tyroptophan, tyrosine, valine

Acetic, aconitic, aldonic, ascorbic, benzoic, butyric, caffeic,
citric, p-coumaric, erythonic, ferulic, formic, fumaric, glutaric,
glycolic, glyoxilic, lactic, malic, malonic, oxalacetic, p-hydroxy
benzoic, piscidic, propionic, pyruvic, succinic, syringic, tartaric,
tetronic, valeric, vailli

Linoleic, linolenic, oleic, stearic

Campesterol, cholesterol, sitosterol, stigmasterol

p-amino benzoic acid, biotin, choline, n-methyl nicotinic acid,
niacin, pantothenic, vitamins B, (thiamine), B; (riboflavin), and
B (pyridoxine)

Amylase, invertase, peroxidase, phenolase, phosphatases,
polygalacturonase, protease

P-amino benzoic acid, biotin, choline, n-methyl nicotinic acid,
niacin, pantothenic, vitamins B, (thiamine), B; (riboflavin), and

B (pyridoxine).
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Bacteria also synthesize several different phytohormones including auxins (IAA, indole-3-acetic
acid), cytokinins and gibberelins, which all act to enhance the different phases of plant growth
(Egamberdiyeva, 2005; Garcia de Salamone er al., 2001; Gutierrez-Manero et al., 2001). In
addition, a number of bacteria are capable of decreasing metal toxicity to plants by inhibiting
ethylene synthesis, thanks to the production of I-aminocyclopropane-1-carboxylate (ACC)
deaminase, an enzyme which hydrolyses ACC, the intermediate precursor of ethylene to yield
ammonia and a- ketobutyrate (Dell’ Amico et al., 2005; Glick, 2005).

Bacteria can also enhance plant growth indirectly by providing protection against
phytopathogenic microbes using a wide range of mechanisms. Such mechanisms include:
competition for nutrients and colonization sites on roots, limiting the amount of iron available for
the growth of pathogens through the production of siderophores, antibiotics (ammonia,
butyrolactones, 2,4-diacetyl phloroglucinol, kanosamine, oligomycin A, oomycin A, phenazine-
1-carboxylic acid, pyoluteorin, pyrrolnitrin, viscosinamide, Xanthobaccin, zwittermycin A),
hydolytic enzymes (Chitinase, glucanases, pectinase cellulase, pectin lyase and cutinase) and
other antimicrobial compounds like DAPG, phenazines, pyrrolnitrin, and Hydrocyanic acid
(HCN) (Dobbelaere et al., 2002; Dey et al., 2004). Specific strains of non-pathogenic bacteria
can also trigger plant defence mechanisms against a wide variety of pathogenic microbes by
stimulating the production of multiple antimicrobial compounds. This phenomenon is called
induced systemic resistance (ISR) (Glick ef al., 2007; Van Loon et al., 1998). Several studies
have shown that metal tolerant bacteria are able to enhance plant growth and increase metal

uptake (Table 4).
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Experiment Bacterial strain Mode of action Effect on plant Reference
al plant
Bacillus edaphicus NBT  1AA, siderophores, Increased plant biomass Sheng ef al.,
ACCD 2008
B. subtilis SJ1-101 IAA, P Increased nickel uptake Zaidi et al.,
solubilization 2006
Pseudomonas sp. 29C, IAA, siderophores, Increased plant biomass Rajkumar
Bacillus sp. 4C ACCD, P and Freitas
solubilization 2008
B. napus Bacillus sp. RJ16 1AA, Cd Increased root and shoot Sheng and
mobilization length together with plant ~ Xia 2006
biomass
Increased Cd uptake by
plant
Pseudomonas tolaasii ACCD, Plant root elongation Dell’Amico
ACC23, P. fluorescens  siderophore, IAA promotion etal., 2008
ACC9, Mycobacterium activity, shoot and root dry
sp. ACCl4 biomass
increased Cd uptake
Bacillus licheniformis unknown Enhanced Cr uptake Brunetti et
BLMBI al., 2011
Enterobacter cloacae Increased plant biomass Nie et al.,
CAL2 2002
Kluyvera ascorbata ACCD Increased plant biomass Burd et al.,
SUD165 1998
Psuedomonas aspleni [AA Increased plant biomass Reed and
AC Glick 2005
A. murale Microbacterium Ni mobilization Increased Ni uptake Abou-
oxydans Shanab et
AY509223 al.,2003
Orychophrag  Flavobacterium sp. unknown Increased root length, He et al.,
mus biomass, metal 2010
violaceus uptake
Cajanus Proteus vulgaris KNP3  unknown Increased seed Rani et al.,
cajan germination, plant biomass 2008

and chlorophyll
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1.5 HYPOTHESIS, AIM AND OBJECTIVES

Ni, Cr and Cd are toxic metals commonly found at contaminated sites. ..ie use of bacteria and
plants in bioremediation offers a less expensive option for the detoxification of metal
contaminated sites. Research on this subject has led to the identification of various bacterial and
plant species with the capacity to tolerate and immobilize metals in soil and water. However,
additional information on metal tolerant organisms is required. This makes the identification and
characterization of metal tolerant bacteria an important pathway to pursue.

We hypothesize that bacteria found in metal contaminated soils are prone to develop
resistance and may eventually become much more tolerant to higher concentrations of metal
ions. In addition, such bacteria could serve as growth—promoting inoculants for
hyperaccumulators in metal contaminated soil. Based on these assumptions, this project was
launched to obtain more information on how bacteria (bacteria-metal interactions, bacteria-plant
interactions) can be used to develop new bioremediation processes for chromium, cadmium and

nickel contaminated environments. Thus, our objectives were to:

1. Isolate and identify Ni, Cr and Cd tolerant bacteria from metal contaminated soil

2. Determine the maximum tolerable concentration (MTC) and bioaccumulation capacities
of bacterial isolates

3. Screen bacterial isolates for the presence of plasmids and metal tolerance genes on both
plasmid and chromosomal DNA

4. Screen metal tolerant bacteria for the production of plant growth promoting substances
such as [AA, ammonia (NH3) and hydrogen cyanide (HCN)

5. Evaluate the effects of bacterial inoculation on growth and heavy metal (Ni, Cr and Cd)

accumulation by B. juncea.
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CHAPTER 2: IDENTIFICATION AND CHARACTERIZATION OF Cr, Cd and Ni

TOLERANT BACTERIA ISOLATED FROM MINE TAILINGS
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2.1 INTRODUCTION
Imagine going to work on horseback! Yes. Human life can be miserable without gadgets such as,
cars, jewellery and television, just to name a few things that humans cannot do without in their
daily lives. These wonderful commodities are manufactured from minerals especially heavy
metals. The term ‘heavy metal’ is often used to describe a group of elements (both metals and
metalloids whose atomic density is greater than 5 gcm'3 (Duffus, 2002). These include the
transitional elements from V to the half-metal As, from Zr to Sb, and from La to Po. The demand
and production of these metals has increased exponentially over the past few decades, making
them one of the most precious commodities on the global market. Currently, the mining industry
in South Africa generates over R330 billion annually to the gross domestic product (GDP) of the
country making it the fifth largest mining sector in the world. The country is famous for
producing and supplying up to 56.7% of the world’s platinum group metals (platinum,
palladium, rhodium, ruthenium, osmium and iridium) and a large reserve of other minerals
including manganese (£80%), chromite ore (+72%), gold (+40%), vanadium, nickel and
diamonds (Chamber of Mines South Africa, 2003). However, mining operations have been
recognized as a major contributor to soil contamination with heavy metals. Mining operations
have frequently been reported to generate/discharge massive amounts of waste materials
(tailings, and acid mine drainage); which often contain high concentrations of heavy metals (Cu,
Zn, Fe, Mn, Ni, Pb and Cd) (Monica et al., 2008), that can result in widespread contamination of
soils and water bodies including the atmosphere. Nowadays, contamination of soils,
groundwater, sediments, surface water and air with heavy metals represents a serious threat to
the environment and health of all living organisms since most metals are highly toxic and cannot
be degraded like carbon-based (organic) molecules and thus, persist in the environment
indefinitely (Navarro et al., 2008; Zulkali et al., 2000). Therefore, cleanup of metal contaminated
sites is necessary for environmental and human health preservation. In this regard, several
physiochemical methods such as precipitation, ion exchange, reverse osmosis, electrodialysis,
and ultrafiltration are commonly used to remove metal ions from aqueous media (Hashim er al.,
2011). However, most of these methods are very costly, ineffective and environmentally
destructive (Wang and Chen, 2009), which is why alternative processing methods, such as those
using bacterial biomass have received a great deal of attention over the past few years (King et

al., 2007; Ahluwalai and Goyal 2007). This is because bacterial biomass can be used in situ, are
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2.2 MATERIALS AND METHODS

2.2.1 SOIL COLLECTION AND ANALYSIS
Five soil samples were randomly collected from a platinum mine (Rustenburg, South Africa).

Samples were taken from the surface layer (0-10 cm) placed in labeled polythene bags, and then
transported to the laboratory (North-West University) for analysis. For physical and chemical
analysis, a subsample of each collected sample was pulverized using a sterile mortar and pestle,
dried and then passed through a 2 mm metal screen to remove large pieces of stones, wooden

pieces, gravel, and organic debris (Lei et al., 2008).

2.2.2 DETERMINATION OF SOIL pH, REDOX POTENTIAL, AND ELECTRICAL
CONDUCTIVITY

For this, 5 g of each soil sample was suspended in 12.5 ml of distilled water. The mixture was

allowed to stand for 30 mins and the pH and redox potential was recorded using a calibrated

glass electrode pH meter. All assays were conducted in triplicate. The electrical conductivity of

each sample was recorded using a conductivity meter (EC 215), after calibration with HI 7030

solutions.

2.2.3 TOTAL METAL (Cr, Ni, Cd) CONCENTRATION IN SOIL

The amount of heavy metals present in each soil sample was determined using a microwave
digester (Anton Paar microwave 3000) according to the standard methods published by US
environmental protection agency (USEPA, 20006). After digestion, the volume of each sample
was adjusted to 50 ml using distilled water and the concentrations of Cr, Cd, and Ni in each
sample was measured using a Perkin Elmer (Nexion 300 Q) inductively coupled plasma mass

spectrophotometer (ICP-MS).

2.2.4 PREPARATION OF METAL SOLUTIONS

The metals Ni, Cr and Cd were used as NiCl,, K,Cr,07, and CdCl; respectively. Stock solutions
(IM) were prepared by dissolving metal salts in distilled water. Each stock solution was
steril  :d by filtration and stored at 4"~ All plastic and glassware used were acid-washed in ~N
HNOs3 and thoroughly rinsed several times with deionized water before use to avoid metal

contamination.
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2.2.5 ISOLATION AND SELECTION OF METAL-TOLERANT BACTERIA

For isolation and enumeration of metal tolerant bacteria, duplicate composite soil samples (1g)
was suspended in 90 ml of sterile saline solution (0.9% NaCl) in a 250 mL conical flask and
mixed thoroughly on a magnetic stirrer at 150 rpm for 5 min. Standard serial dilutions (10 ' to
107) were prepared by adding | ml of the suspension to test tubes containing 9 ml of sterile
saline solution. Aliquots (100 pl) from each dilution were spread with a glass rod over triplicate
Luria-Bartani (LB) medium supplemented (separately) with 0.5 mM of NiCl,, CdCl; or K;Cr,05.
The pH of the medium was adjusted to 7.0 using a | N HCl or I N NaOH solution to minimize
complexation of heavy metal ions. Plates were placed in an incubator for 3 days at 37°C. The
number of colony forming units (CFUs) was determined and the percentages of bacteria tolerant

to each metal were calculated as follows (Prescott and Harley 2002):

No. of colonies x dilution factor
Total CFU/ml= -

Inoculum size (ml)

Metal tolerant bacteria

% Metal tolerant bacteria = Total Bacteria
a

Well isolated, metal tolerant bacterial colonies which varied in shape and color were selected at
random and then purified by repeated streaking on fresh LB medium containing 0. mM of
NiCl,, CdCl; and K,Cr,04 in order to maintain their ability to tolerate heavy metals (Rajkumar et

al., 2006). Strains were maintained on agar slants at 4°C.

2.2.6 STUDY OF BACTERIAL COLONIAL AND CELL MORPHOLOGY

Isolated colonies of purified strains grown on LB plates were observed and data was recorded
regarding the size, shape, color, elevation and margins (Prescott and Harley 2002). In order to
determine the cellular morphology, bacterial colonies were gram stained using standard
procedure. Slides were observed under a light microscope (oil immersion at 100 to X 400

m: ification) to determine the shape and arrar ~~ment of cells along with Gram-reaction.
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and OD of each culture was measured at 600 nm using a UV Spectrophotometer (Thermo

Spectronic, Merck, SA).

2.2.10 EFI'™CT OF TEMI .RATURE ON BACTERIAL GROWTH

To study the effect of temperature on growth of bacterial isolates, 20 ul of each bacterial isolate
was inoculated in 20 ml of sterilized LB broth containing 1 mM of metal salts at different
temperatures (28°C, 30°C, 37°C, and 40°C). All test tubes were incubated for 24 L at 150 rpm.
After incubation, the OD of each isolate was measured at 600 nm using an UV

Spectrophotometer (Thermo Spectronic, Merck chemicals SA).

2.2.11 EFFECT OF NaCl ON BACTERIAL .ROWTH

Bacterial tolerance to NaCl was evaluated in test tubes containing 20 ml of LB broth
supplemented with increasing concentrations of NaCl (0.2, 0.4, 0.6, 0.8, and 1.0%). Flasks were
inoculated with 100 pl (OD=0.5) of overnight bacterial cultures and then incubated at 37°C with
constant shaking for 24 h. The OD was measured at 600 nm using a UV Spectrophotometer

(Thermo Spectronic, Merck chemicals SA).

2.2.12 ACCUMULATION OF Cd, Cr AND Ni BY BACTERIAL ISOLATES

For bioaccumulation studies, an aliquot (10 ml) of overnight bacterial cultures was inoculated
into cotton plugged Erlenmeyer flask (250 ml) containing 100 ml of LB broth amended with 150
mg L of the metal salt (NiCly, K,Cr,07, or CdCl,). Flasks were incubated at 37°C at optimum
pH and temperature while shaking at 150 rpm for 7 days. After every 24 h, 10 ml aliquots were
taken out of every sample and centrifuged at 10000 rpm for 15 min. The supernatant was
digested in 5 ml of HNO; (65%) in glass tubes for 24 h in a microwave. Digested samples were
cooled and diluted with 100 ml of distilled water and acidified with 100 pl of conc HNO; before
analysis. The concentration of Cd, Ni, and Cr in the supernatant was determined using an ICP-
MS. The amount of metal accumulated by each bacterial isolate was expressed in percentages

using the following equation.

Cl-C2
=¥Xl

00
Cl
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Where R bioaccumulation percentage, C  initial concentration of heavy metal used (mg L™
and C2 = concentration of heavy metals ions in the treated solution (mg L™") (Qin ez al., 2006).

Bacterial isolates grown without metals were used as blank for spectrophotometric analysis.
MOLECULAR CHARACTERIZATION OF BACTERIAL ISOLATES

2.2.13 GENOMIC DNA EXTRACTION
For genomic DNA extraction, the bacteria were grown in 10 ml LB Broth containing 0.1 mM of

NiCl,, CdCl, and K,Cr,O7. The cultures were grown for 24 h in a shaking incubator (100 rpm) at
37°C after which 1.5 ml of each culture was transferred to sterile Eppendorf tubes and
centrifuged at 10000 rpm for 5 min. The supernatants were discarded and cells were re-
suspended in 650 pul of TE buffer. Total DNA was extracted from each bacterial suspension
using a DNA extraction kit (ZR soil microbe DNA MiniPrepTM kit (Zymo Research, USA))

according to the manufacturer’s instructions.

2.2.14 PLASMID DNA EXTRACTION

Bacterial cells grown overnight in 10 ml of LB broth were harvested by centrifuging 1.5 ml of
each culture in microfuge tubes for 5 min at 6,000 rpm (revolutions per min) and screened for the
presence of plasmid DNA using high pure plasmid isolation kit (Roche Diagnostics, SA)
according to the manufacturer’s instruction. The resulting plasmid preps were stored at -80"C for

further use.

2.2.15 DNA QUANTIFICATION AND PCR AMPLIFICATION OF 16S rRNA GENE

DNA concentration (ng/pul) and purity of DNA was assessed by NanaDrop LITE. Amplification
of a 1500 bp fragment of the 16S rRNA gene was performed by polymerase chain reaction
(PCR) using universal bacterial 16S rRNA primers 27F (5'-AGA GTT TGA TCC TGG CTC
AG-3") and 1492R (5'-GGTTAC CTT GTT ACG ACT T-3') (Liu et al., 2007) in order to
confirm the identity of bacterial isolates. Amplifications were carried out in a final reaction
volume of 25 pl containing 12.5 pl of 2x PCR Master Mix (0.05 U/ul Tag DNA polymerase, 4
mM MgCl, and 0.4 mM dNTPs (Fermentas), 1 pl of genomic DNA template (10 ng), 0.5 ul (10
uM) of each forward and reverse primer and 11 pl nuclease-free water. This reaction mixture

was subjected to 30 cycles in a C1000 thermal cycler (BioRad) using the following program: an
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initial denaturation, 95°C for 5 min; followed by denaturation at 95°C for 1 min; annealing, 58°C

for 30s; extension, 72°C for 1 min and final extension, 72°C for 7 min.

2.2.16 PCR ANALYSIS TARGETING GENES ENCODING HEAVY METAL
TOLERANCE IN BACTERIA

Genes associated with cadmium (Cad), nickel (Ncc), chromium (Chr) and multiple heavy metal

tolerance (Czc) in each isolate were screened by PCR amplification. The oligonucleotide

sequences used as primers for the partial amplification of the CzeD, Chrd, ChrB, CzeB, CzcC,

NccA and CadA loci are given in Table 1.

Table 1: Oligonucleotide primers for PCR amplification of genes involved in metal tolerance

Gene

Forward sequence Reverse sequence Reference

NceA

CzeC

CadA

ChrB

CzeD

CzcB

ChrA

ACGCCGGACATCACGAACAAG CCAGCGCACCGAGACTCATCA Abou-Shanab et al., 2007

ACATACCTTGGTGCAATTCGA ATGTTTTATGAATCCCGTCTTACC Dell’Amico 2008

GACAAGACYGGMACYMTCAC GCRTGGTTRATSCGTC Dell’ Amico 2008

GTCGTTAGCTTGCCAACATC CGGAAAGCAAGATGTCGATCG Nies et al., 1990

CAGGTCACTGACACGACCAT  CATGCTGATGAGATTGATGATC  Niesetal., 1989

CTATTTCGAACAAACAAAAGG CTTCAGAACAAAACTGTTGG Abou-Shanab et al., 2007

CTTATACGCTACGCCAACTG GTAATGGCATTCAGTCGCTTG Nies et al., 1990

Amplification reactions were carried out in 25 pl volumes containing: 11 pl of nuclease-free
water, 12.5 ul 1x PCR Buffer; 1 pl of genomic or plasmid DNA from the respective strain; 0.5 pl
of each primer (100 mM); 200 uM of each ANTP and 0.5 ul 1.25 U Taq DNA polymerase
(Fermentas) Master Amp Taq DNA polymerase and Epicentre failsafe PCR 2x premix buffers D,
E, and F for amplification of chrB, NccA, CzeD respectively. The thermal cycler (C1000 Biorad)

was programmed with the following five steps: initial denaturation at 95C for 5 min; followed by
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35 cycles of denaturation (94°C for 30 s), annealing (52°C for 30 s), elongation (72°C for 2 min);

and a final elongation step at 72°C for 5 min.

2.2.17 AGAROSE GEL ELECTROPHORESIS

DNA, plasmid and genomic including PCR products were checked in a 1% (w/v) agarose gel
prepared by dissolving 1.0 g of agarose (Bio-Rad, SA) in 100 ml of 1X Tris-acetate-
ethylenediaminetetraacetate (TAE, pH 8). The mixture was heated for 3 mins in a microwave
oven. After cooling, EtBr (1 pl/ml) was added to the molten gel which was then poured in a gel
casting tray and then allowed to solidify. After solidification, combs were removed and the gel
was carefully placed in the electrophoresis tank containing 1X TAE buffer (40 mM Tris, 20 mM
Acetic acid, and 100 mM EDTA pH 8.0). DNA samples were prepared by mixing 10 pl genomic
DNA/ plasmid DNA/ PCR product with 5 pl of 6x DNA loading dye (Fermentas) and then
carefully loaded in pre-formed wells in the gel. A GeneRuler™ DNA Ladder (100 bp—10,000
bp) was used to estimate the sizes of genomic DNA and plasmid DNA bands. The
electrophoresis was performed at 100V for 1.5 . Gels were visualized and photographed using a

gel documentation system (Gel Doc 2000, Bio-Rad).

2.2.18 DNA PURIFICATION AND SEQUENCING ANALYSIS

Before sequencing, PCR products were purified with a PCR purification kit (Roche diagnostics)
according to the manufacturer’s instructions. Sequencing was carried out at Inqaba Biotech (SA).
Acquired 16S rDNA, czeD, czeC, czeB, cadA, nccA, chrB and chrA sequences were assembled
within Bioedit (version 7.0.9.0) and matched with similar sequences in the National Centre for
Biotechnology Information website (NCBI, www.ncbi.nih.gov) using the Basic Local Alignment

Search Tool (BLAST).

2.3 DATA ANALYSIS
The physicochemical properties of soil samples, the number of metal tolerant bacteria, growth
curve of each bacterial isolate, and their MTCs were statistically analyzed by calculating mean

values and standard error (SE) using the SPSS statistical program (Version 22.0).

43



24 RESULTS AND DISCUSSION

2.4.1 SOIL CHARACTERISTICS

Some physico-chemical properties of the soils investigated in this study are presented in Table 2.
The soils were sampled from a platinum mine tailings dam located on the outskirts of
Rustenburg, South Africa. The mean pH of our samples ranged from 7.3 to 8.6 i.e. neutral to
slightly alkaline. The redox potential varied from 265.3 to 457.8 Eh while the electrical
conductivity (EC) ranged from 306.1 to 802.7 ps cm™. Soil pH, Eh and EC are important
parameters which strongly influence the chemical behavior of metal ions present in terrestrial
and aquatic environments. They have a direct/indirect effect on the solubility and mobility of
metal ions, including their potential to form chelates with other soil constituents (Jan et al.,
2010). For instance, at neutral pH, the solubility of metal ions in any given soil solution is
usually low. Wu et al. (2006) observed that a decrease in pH resulted in an increase in cation
concentration in the soil solution. During their study, the solubility and mobility of metals such

as zinc were affected by the decrease in pH.

Table 2: Physico—chemical characteristics of soil samples used for isolation of heavy metal

tolerant bacteria

Soil pH EC (us cm") RP (Eh) Heavy metal concentration (mg/kg)
sample (H,0) Cca’ Cr®’ Ni**
SS1 7.3 456.9 301.9 32.7 115.2 254.5
SS2 7.8 802.7 457.8 10.2 432.9 120.1
SS3 8.3 672.4 324.2 112.5 278.6 105.8
SS4 7.5 406.6 289.7 18.3 242.4 275.2
SSS 8.6 306.1 265.3 43.4 545.8 338.3

*EC= Electrical conductivity, RP=redox potential

ICP-MS analysis of soil samples revealed a reasonably high level of heavy metal ions in the
following order of concentration: Cr>Ni>Cd with maximum concentrations of 545.8, 338.3 and
1 w vy, TI minii o1 © ry is of - "+ contributors soil

| ion with v vy n als in South Africa. Mining  ivil e o 1
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chemical waste products that are deposited on tailings dams. These waste products usually

contain high levels of heavy metals.

2.4.2 ISOLATION AND SELECTION OF Cr, Cd and Ni BACTERIA

Soils containing high levels of heavy metals are potential sources of metal-tolerant bacteria
(Clausen, 2000). Data from numerous studies suggests that the presence of high concentrations
of metal ions provides a selective medium favoring the evolution of bacterial communities which
are more tolerant to heavy metals, but with lower diversity (Pal et al., 2005; Tsai et al., 2005,
Rosewarne et al., 2010). With this in mind, the present study was initiated to isolate and identify
heavy metal (Cr, Ni and Cd) tolerant bacterial isolates followed by an investigation of common
genetic mechanisms involved in bacterial tolerance to heavy metals including their potential to
remove metals from an aqueous solution.

A relatively large number of potential metal tolerant bacteria were observed on LB
medium amended with 0.5 mM of NiCl,, CdCI, and K,Cr,O;. The number of viable colony
forming units (CFUs) and the percentages of bacterial tolerance to each metal salt are presented
in Table 3. The total plate count of the bacterial colonies grown on LB plates with no metal
induction ranged from 14.8x10* to 3.5x10°. The percentage of bacterial colonies (CFU/g soil)
tolerant to Cd*" fluctuated from 28.41% to 77.14%. Approximately 38.14% to 65.36% of all
bacterial colonies where tolerant to Cr®*, while 33.71% to 61.44% exhibited tolerance to Ni*".
Several investigators have also reported isolation and characterization of Cr, Cd and Ni-tolerant
bacteria from metal contaminated soils and wastewater. For instance, Belimov et al. (2005)
isolated 42 Cd-tolerant bacterial strains from the rhizoplane of plants grown in the soils, sewage
sludge and mining waste. Thacker et al. (2007) isolated 38 morphologically different bacterial
isolates from soil samples which were heavily contaminated with chemical industrial wastes and
found that all isolates were able to grow on LB agar plates containing 50-300 mg I of K2Cr,07.
Sevgi et al. (2010) recovered 433 bacterial strains from soils containing high levels of Ni and Cr
and found that 73.9% of the bacterial strains were tolerant to Cr, whereas 26% and 11.5% were
tolerant to Ni and Cd respectively. In another study, 70 bacterial strains were recovered from
industrial and agricultural soils and tested for their ability to tolerate Cr, Ni Zn, and Cd. The
investigators found that 88.8% of the strains exhibited tolerance to Ni, while 82.8%, 80%, and
71.4% v res;, 0 M et ., LAl ab et al.

(2007) la 1< bac al strains from Ni-rich serj it soil including tI leric il of
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Alyssum murale, and found that all isolates were tolerant to Ni, Pb, and Zn whereas 53% and

42% were tolerant to Cr and Cd, respectively.

Table 3: Numbers of culturable bacteria (Cfu g'l) and proportions of metal-tolerant populations

in soil samples

Sample No. S1 S2 S3 S4 S5

Total Cfu/g 19.4x10° 17.6x10° 3.5% 10 14.8x10° 15.3x10°
Cd TB (Cfu/g)  8.7x10° 5.0x10* 2.7x10° 6.4x10* 7.2x10*
%o tolerance 44.5% 28.41% 77.14% 43.24% 47.1%
Cr TB (Cfu/g) 7.4 x10" 8.9 x10" 16.4 x10* 6.6 x10* 10.7 x10*
% tolerance 38.14% 50.57% 45.7% 44.59% 65.36%
Ni TB (Cfu/g) 7.06 x10* 6.9 x10* 11.8 x10° 7.1 x10* 9.4 x10*
%6 tolerance 39.18% 39.20% 33.71% 47.8% 61.44%

*TB= Tolerant Bacteria

During the initial screening process, 50 morphologically distinct colonies were selected at
random and tested for tolerance against increasingly higher metal concentrations. Finally, eleven
bacterial isolates were selected for further characterization. Bacterial codes and phenotypic

characteristics are listed in Tables 4 and 5.

243 COLONIAL AND CELLULAR MORPHOLOGY OF BACTERIAL ISOLATES

Morphological characterization of bacterial isolates showed that 73% of all bacterial cell shapes
where circular while 27% where irregular (Table 4). Some elevations were flat (27%), convex
(46%), and umbonate (27%). Bacterial margins where entire (73%), lobate (18%) and irregular

(9%). The various colors exhibited by various bacteria were white (42%), yellow (8%), red (8%),

( , (1), 1 ).
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bacterial isolates were gram-positive (75%) while the remaining 25% were gram-negative.

Cellular arrangement was singles (16%) and scattered (84%).

Table 4: Colonial and Cellular morphology of bacterial isolates

Isolate Color  Shape Margin Etevation Shape Arrangement Color Gram
Codes Reaction
~ BCrz/ white  Circular  kntire Flat Kods Scattered Purple +ve
BCdl16 White  Circular  Entire Convex Rods Scattered Purple +ve
BNi6 White  Circular  Entire  Umbonate  Rods Scattered Pink -ve
BCr7 Brown Circular  Entire Flat Rods Scattered Purple +ve
BCr3 White Irregular  Lobate Convex Rods Singles Pink -ve
BNil2 Yellow Circular  Entire Convex Rods Singles Purple +ve
BCd33 Orange Circular  Entire  Umbonate Rods Scattered Purple +ve
BNill Yellow lrregular  Lobate Convex Rods Scattered Purple +ve
BCr32 Cw Circular  Entire  Umbonate Rods Scattered Purple +ve
BNi22 Orange Circular  Entire Convex Rods Scattered Purple +ve
BCd2 Brown Irregular Irregular Flat Rods Scattered Purple +ve

CW=Cream White

244 BACTERIAL TOLERANCE TO HEAVY METALS

High bacterial metal tolerance is an important factor to be considered for remediation of heavy
metals because it is directly related to the survival and growth of bacteria in metal contaminated
soil or water. In this study, bacterial tolerance to Cr®*, Cd*" and Ni** was determined using the
agar dilution method. A log phase culture of each bacterial isolate was aseptically inoculated on
LB agar plates containing NiCl,, CdCl, and K,Cr,07, at concentrations ranging from 0.5 to 40
mM. The MTCs of all bacterial isolates against the above metal salts are given in Table 6. Our
data indicated that Cr®" was less toxic, whereas Ni*" and Cd** were highly toxic to most bacterial

isolates. Metal toxicity to bacterial isolates was found in the following order Cd>Ni>Cr. The
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high tolerance to Cr®" was probably due to the binding of Cr ions to the organic constituents of
the medium, which reduced its toxicity (Laxman and More, 2002).

All bacterial isolates showed multiple tolerances to various heavy metal ions and were capable of
growing at high concentrations of heavy metals. A large variety of bacteria with multiple metal
tolerance to metal ion have also been reported by several researchers (Thacker et al., 2007,

Abou-Shanab et al., 2007; Dell’amico et al., 2008).

Table 5: Maximum tolerable concentration (MTC) of 3 metal ions tested against bacteria

isolates
Isolate Code MTC (mM)
Crs Nt car

BCd33 1 2.5 7.5
BCr3 15 2 1.5
BNill 1.5 10 2.5
BCd16 1 0.5 5
BNi6 1.5 5 2.5
BCr26 5 2.5 0.2
BCr32 5 2 2
BNil2 2 5 0.1
BCr7 10 2 0.5
BNi22 1 5 2.5
BCd2 2 0.5 5

Among all bacterial isolates examined in this study, BCd33 showed maximum tolerance to cd*
(7.5 mM) followed by BCd16 and BCd2 which showed the same level of tolerance to Cd * with
MTC of 5 mM, while BCr7 was the least tolerant to Cd 2* with MTC of 0.5 mM.

Bacterial tolerance to Ni*" was found to be in the range of 0.5 to 10 mM of NiCl,. Isolate
BNill showed highest tolerance to Ni** (10 mM) while BNi6, BNil2 and BNi22 showed the
san ler  of tolerance to Ni*' in I medium with the MTC of 5 mM. BCd16 was the least

to mt with MTC of 0.5 mM.
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Tolerance to Cr®" was found to be in the range of 1.0 to 10 mM. Bacterial isolate BCr3
was the most tolerant to with MTC of 15 mM followed by BCr7 with MTC of 10 mM. While
BCd33, BCd106, BNi22 were least tolerant with MTCs of 1 mM.

This high level of tolerance against multiple metal ions could be attributed to the fact that
the bacteria used in this study were isolated from a soil containing relatively high levels of Ni*',
Cd* and Cr®. Moreover, bacteria exhibit several physiological and genetic mechanisms to
counteract the toxic effects of metal ions. For instance, many bacteria can mitigate the toxicity of
heavy metal ions like Cr*" by converting it to a less toxic form (Cr’") through enzymatic
reduction. Bacterial tolerance to heavy metals is also attributed to a number of proces
including bioaccumulation by cell biomass, efflux systems, complexation, precipitation and
oxidation reactions. These mechanisms could be utilized for remediation of metal contaminated
environments (Ahmed et al., 2005; Malik, 2004; Canovas et al., 2003).

The MTC values for Ni, Cr and Cd observed in our study are much higher than those
obtained by Samanta et al. (2012), Banerjee et al. (2015) and Bhagat et al. (2016). However, the
MTC values for Cr (15 mM) and Cd (7.5 mM) are much lower than those reported by Oyetibo et
al., 2010 where the MTC for Cd and Cr were 14 mM and 17 mM, respectively. Similar results
were reported by Coral et al. (2005) who demonstrated that certain Enterobacter strains, which
were isolated from water drainage near a landfill (Sofulu village, Adana), were tolerant to 16
mM of Ni**, 14 mM of Cd*" and 16 mM of Cr*'. In another study conducted by Stoppel and
Schlegel (1995), 4. eutrophus was tolerant to 25 mM of Ni*' which is much higher than the
MTCs for Ni reported in this study. These differences can be attributed to several factors

including; the type of growth media used and incubation conditions.

2.4.5 EFFECTS OF Cr, Cd AND Ni ON BACTERIAL GROWTH
Growth inhibition curves of all bacterial isolates in LB medium containing 1 mM of Cr, Cd and
Ni, in comparison to their respective growth patterns without heavy metal addition are presented
in Figures 1, 2 and 3. Results obtained were in good agreement with bacterial tolerance (MTC)
for each heavy metal. In a nutshell, we observed a decrease in optical density of all bacterial
isolates in the presence of heavy metal compared to the metal free medium, which was similar to
observations reported by Suresh ef al. (1998), Pal et al. (2004) and Raja et al. (2006).

In the absence of Cr®" (F' ire 1b), the >wth rates of all bacterial isolates increased

steadily and reached a maximum after 72 h before declining sharply. Isolates ....3 and BCr26
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The growth of bacterial isolates, BCd33, BCd2 and BCd16 was significantly reduced when LB
medium contained Cd*", indicating that this metal ion had a high degree of toxicity towards the
bacterial isolates (Figure 2a). BCd16 was the strain most affected by the presence of Cd*" within
the first 48 h compared to isolates BCd33 and BCd2. However, growth increased rapidly after 72
h. An unexpected phenomenon was observed in isolates BCd33 and BCd2. The growth of these
isolates increased steadily after 48 h, decreased slightly after 72 h and then increasing again after
96 h.
Growth curves for isolates BNi6, BNil2, BNi22 and BNill in the presence of | mM Ni?* are
shown in Figure 3a. The results indicate that the growth of BNil2, BNi6 and BNi22 increased
steadily over the entire 96 h testing period even though the growth rates of BNil2 and BNi6
were significantly lower than that of BNi6 and BNill. However, maximum growth in Ni
containing medium was observed in BNil 1 after 48 h.

Metal ions are directly/indirectly involved in many cellular processes of microorganisms.
Ni is an essential trace element, while Cr and Cd are non-essential elements for bacteria and are
often toxic with no biological role (Nies, 1999). Several studies have proven that high levels of
these metals can negatively influence soil bacterial communities by decreasing their growth,

metabolic activity as well as functional diversity (Kamnev et al., 2005; Wang et al., 2010).

24.6 EFFECT OF TEMPERATURE ON BACTERIAL GROWTH

Temperature is an important factor that has a significant effect on bacterial growth. The effect of
temperature on bacterial growth in the presence of Cd**, Ni** and Cr®" is shown in Figures 4a, b
and c. The results suggest that all the isolates preferred an optimum temperature of 35-37°C for
maximum growth. Growth of bacterial cultures decreased significantly when the temperature
was raised to 40°C. This can be attributed to a decrease in metabolic activity caused by the
increase in temperature above optimum. High temperatures of metal solutions can inhibit or
denature enzymes and also damage structural components of the plasma membrane,
consequently slowing down bacterial growth. Likewise, at low temperatures, the rate of bacterial
growth is also reduced because most enzymes are inactivated at low temperatures, and thus

decrease the rate of metabolism (Prescott and Harley 2002; Whiteley and Lee 2006).
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Metal ion accumulation by bacterial cells is  nerally achieved via two main
mechanisms. These include bindit  of metal ions to cell surfaces (biosorption), and/or
intracellular sequestration/ translocation (bioaccumulation) (Vieira and Volesky 2000; Wu et al.,
2000). Bacterial surface structures (cell wall or envelope) are also capable of adsorbing metal
ions through electrostatic interactions. This process involves non-specific binding of metal
cations to the cell envelope or extracellular polymeric substances (EPS) like proteins,
polysaccharides, siderophores, teichoic and teichuronic acids (Henriques and Love 2007,
Velasquez and Dussan 2009). These substances contain several functional groups like carboxyl,
amide, phosphate, imidazole, sulhydryl, amino, carbonyl, phosphodiester and hydroxyl groups
that give bacterial cell walls a strong negative charge (Vijayaraghavan and Yun 2008). Metal
cations may be attracted to the cell surface structures due to opposite charges of chemical
functional groups. They can also be transported across the cell membrane into the cell via ion
pumps, carrier mediated transport, endocytosis, complex permeation, and lipid permeation. Most
of these mechanisms have been studied and documented in numerous scientific reports. For
instance Zolgharnein et al. (2010) studied the biosorption of heavy metals (Cu, Zn, Cd and Pb)
by Pseudomonas aeruginosa MCCB 102 and reported that accumulation of metal ions involves
both surface phenomena and diffusion. In another study, transmission electron microscopic
(TEM) analysis revealed intracellular and periplasmic accumulation of cadmium in
Pseudomonas putida 62 BN that was grown in the presence of 0.5 mM of cadmium (Rani ef al.,
2009). This was attributed to the presence of metal-binding proteins and/or eftlux systems within
the cells. Subcellular fractionation studies performed by Guo et al., 2010 to determine the
distribution of Cd ions in a multi-metal resistant bacterium, Bacillus sp. L14, revealed that
almost 80.8% of the Cd*" taken up by the cell was found on the membrane fraction. Yoshida et
al. (2002) and Naz et al. (2005) demonstrated that intracellular and periplasmic accumulation of
heavy-metal ions in Escherichia coli was as a result of metallothionein expression. Our results
indicate that bacterial isolates BCd33, BNill and BCr3 are excellent candidates for

bioremediation of Cd, Ni and Cr respectively.

2.4.10 16S rRNA BASED IDENTIFICATION
t! I

Yuauvy i oo wplification of the 16S rRNA genes was performed successfully using a set

60






Pseudomonas aeruginosa and Staphylococcus aureus appeared as the most dominant genera.
They also discovered that Gram-negative bacterial isolates were generally more tolerant than
their Gram positive counterparts. The opposite was found in our study. Most metal tolerant
strains were Gram positive and belonged to the genus Bacillus. This corresponds to the findings
of Piotrowksa-Seget et al. (2005) who reported that metal tolerance is often associated with
members of the Gram positive genera such as Bacillus, Arthrobacter and Corynebacterium.
Moreover, they indicated that Gram negative organisms such as Pseudomonas, Alcaligenes and
Ralstonia can also display tolerance to heavy metals. Ellis et al. (2003) also reported that

Bacillus sp. had a higher relative abundance in the most heavy metal contaminated soil.

Table 8: Identity of the bacterial isolates based on 16S rRNA gene sequence analysis

Isolate code Closest match (%) Genbank accession No.
BCr3 Pseudomonas aeruginosa (98%) KP717554
BCr7 Bacillus safensis (97%) KP717556
BCr32 Alcaligenes feacalis (98%) KP717562
BCr27 Bacillus cereus (99%) KP717558
BCd2 Bacillus pumulis (97%) KP717553
BCd33 Bacillus cereus (95%) KP717555
BCd1le Bacillus sp (67%) KP717563
BNill Bacillus subtilis (99%) KP717559
BNil2 Alcaligenes feacalis (98%) KP717561

BNi6 Proteus mirabilis (98%) KP717560
BNi22 Bacillus cereus (98%) KP717557

2.4.11 DETECTION OF PLASMIDS

In the present study, a single band of plasmid DNA was observed in all bacterial strains.
According to the electrophoretic separation, isolated plasmids were approximately 10 000 bp
each in size (F'—ire 8). In a study conducted by Piotrowska-Seget (2005), it was found that
tolerance to Zn and Cd was related to plasmids. The heavy metal tolerant genes in bacteria have
often been reported to be located on plasmids and transposons (Lee et al., 2006). Hence they

have generated a high degree of interest in the area of environmental bioremediation. However,
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CHAPTER 3: EFFECT OF BACTERIAL INOCULATION of STRAINS of Pseudomonas
aeruginosa, Alcaligenes feacalis AND Bacillus subtilis ON GERMINATION, GROWTH
AND HEAVY METAL "1, Cr, and Ni) UPTAKE OF Brassica juncea
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3.1 INTRODUCTION

Heavy metals (Cr, Cd and Ni) are major ecological contaminants that negatively affect soil
quality, crop production and public health in many countries around the globe today. Therefore,
reducing the amount of metal contaminants in soil is necessary for human health and ecosystem
preservation (Abou-Shanab et al., 2006). However, this is a challenging task because unlike
organic contaminants, heavy metals cannot be degraded and the dangers they pose are
aggravated by their high toxicity and persistence in the environment. At present, a range of
physicochemical processes including excavation, land-fill, solidification, stabilization, soil
washing, and electrokinesis are used for remediation of heavy metal contaminated soils
(Mulligan er al., 2001; Susarla et al., 2002). However, these processes have certain limitations.
Not only are they too expensive to manage and operate, they lack specificity and may generate
large amount of waste that are potentially harmful to the environment (Quartacct ef al., 20006).
This makes them unsuitable for cleaning up large areas such as industrial and agrochemically
contaminated soils.

Recently, phytoextraction has gained much attention within the scientific community
because it is cheap and environmentally compatible. This relatively new technology uses
hyperaccumulator plants to extract large amounts of metals and accumulate them in their above-
ground tissues (Lasat, 2002). Unfortunately, most of the identified metal hyperaccumulators are
not suitable for phytoextraction due to their slow growth and low biomass production in soils
containing high concentrations of heavy metal ions (Khan ez al., 2000). To solve this problem,
the use of metal tolerant bacteria with plant growth promoting properties has been proposed
(Sheng and Xia 2006). Bacteria are a key constituent of the soil and are quite capable of forming
mutual beneficial relationships with most terrestrial plants. They can enhance metal
bioavailability and provide protection to plants against the toxic effects of heavy metals using a
variety of processes including biosorption, bioaccumulation and biotransformation (Yang et al.,
2005). In addition, bacteria also have the capacity to fix atmospheric nitrogen, solubilize
inorganic phosphate, synthesize antibiotic substances as well as plant growth regulators like
siderophores, 1-aminocyclopropane-1-carboxylic acid, indole acetic acid (IAA) gibberellin acid
(GA) and cytokinin, which stimulate growth and allow greater metal accumulation by host plants
(Dell’ Amico et al., 2008; Rajkumar er al., 2009; Sheng and Xia 2006). Therefore, the present

study was conducted to:
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Screen metal tolerant bacteria for the production of plant growth promoting substances
such as IAA, ammonia (NH3) and hydrogen cyanide (HCN)
Evaluate the effects of bacterial inoculation on growth and heavy metal (Ni, Cr and Cd)

accumulation by B. juncea.
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3.2 MATERIALS AND METHODS

3.2.1 1SOLATION AND SELECTION OF METAL TOLERANT BACTERIA

1 a previous study, eleven metal tolerant bacteria were isolated from mine tailings and three
strains: Pseudomonas aeruginosa KP717554 (BCr3), Alcaligenes feacalis KP717561 (BCd33)
and Bacillus subtilis KP717559 (BNill) were selected based on their high tolerance to heavy
metals Cd, Cr and Ni respectively. Selected bacterial isolates were screened for plant growth
promoting traits and their influence on plant growth and heavy metal accumulation by B. juncea

was evaluated.

QUALITATIVE DETERMINATION OF PLANT-GROWTH PROMOTING
CHARACTERISTICS OF BACTERIAL ISOLATES

3.2.2 CATALASE ACTIVITY
Bacterial cultures were grown on Luria Bertani (LB) medium for 24 h. The cultures were mixed
with a drop of 3% hydrogen peroxide on a clean glass slide and observed for effervescence

(Chacko et al., 2009).

3.2.3 INDOLE-3-ACETIC ACID (1AA) PRODUCTION

Bacterial isolates were inoculated in LB medium amended with 50 mg ml™" of tryptophan and
then incubated at 37°C for 24 h. After incubation, 1 ml of cell suspension was centrifuged at
10000 rpm for 10 min and 2-3 drops of orthophosphoric acid was added to the supernatant along
with 4 ml of Solawaski’s reagent (50 ml 35% perchloric acid; 1 ml of 0.5 M FeCl;). The tubes
were allowed to stand at room temperature for 20 min. IAA production was indicated by the
development of pink cooler (Brick ef al., 1991). IAA production assays were repeated twice for

each isolate.

3.2.4 MINERAL PHOSPHATE SOLUBILIZATION

Bacterial isolates were evaluated for their ability to solubilize inorganic phosphate. A loop full of
each isolate was streaked on Pikovskya’s medium (Pikovskaya, 1948) modified with tri-calcium
phosphate (Ca; (POy4)s) and placed in an incubator at 37°C for 7 days. The formation of a clear
zone around the bacterial colony was considered as positive result (Husen, 2003). The

experiment was performed twice.
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GREENHOUSE EXPERIMENTS

Greenhouse pot culture experiments were conducted to evaluate the effect of bacterial
inoculation on the growth and removal of heavy metals (Cd, Ni and Cr) by the hyperaccumulator
B. juncea. The experiniental plant was selected based on its ability to accumulate substantial

amounts of metals in its shoots and rapid growth rate (Quartacci et al., 2000).

3.2.8 PREPARATION OF BACTERIAL INOCULUM

Bacterial inocula were prepared by growing bacterial strains, Pseudomonas aeruginosa
KP717554 (BCr3), Alcaligenes feacalis KP717561 (BCd33) and Bacillus subtilis KP717559
(BNil1) in separate 250 ml Erlenmeyer flasks containing 100 ml of sterilized LB broth amended
separately with I mM of Cd, Cr or Ni. Flasks were placed in a shaking incubator at 120 rpm at
37°C for 48 h. Bacterial cells were harvested by centrifugation at 10000 rpm for 15 min and
washed twice with sterile distilled water. Cell pellets were re-suspended in phosphate buffer
(0.01M, pH 7.0) and then adjusted to an absorbance of 1.5 at 600 nm (approximately = 5.7x10’

cfuml™) using a spectrophotometer (Thermo Spectronic, Merck, SA) (Kumar et al., 2009).

3.2.9 PREPARATION OF POT EXPERIMENTS

Prior to sowing, a mixture of vermiculite, sphagnum peat moss and perlite (3:4:1) was oven dried
at 70°C for 72 h, passed through a 2 mm sieve, then sterilized by autoclaving at 121°C for 15
min. After sterilization, 400 g of the medium was transferred into plastic pots (24 cm diameter)
and spiked separately with 100 mg kg NiCl,, 100 mg kg™ of CdCl,, 150 mg kg' of KyCrr05.
Another set of pots were spiked with a combination of all three metals. Pots were placed in a

greenhouse for two weeks (for metal stabilization) until inoculation.

3.2.10 EFFECTS OF BACTERIA ON THE MOBILITY OF SOIL META " 3

Bacterial strains were grown in cotton plugged Erlenmeyer flasks (50 ml) containing 30 ml of
LB broth. Inoculated flasks were placed inside a shaking incubator at 37°C and 200 rpm. After
24 h, bacterial cells were harvested from cultures by centrifugation (6000 rpm for 15 min),
washed twice with phosphate buffer (pH 7.0) and then resuspended in 5 ml sterile water. The
optical density of each suspension was adjusted to 1.5 at 600 nm using an UV spectrophotometer
(Thermo Spectronic, Merck SA). Bacterial cells (1 ml aliquots) were added to 1 g of metal (Cr,
Cd, and Ni) contaminated soil in 50 ml Falcon tubes and placed on an orbital shaker at 200 rpm

at room temperature. Control soils (axenic) received | ml of sterile water. After . days, 10 ml of
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sterile water were added to each tube to extract tt water soluble heavy metals (Ni, Cd and Cr).
Soil particles were removed from each tube by centrifugation at 7000 rpm for 10 min and the
resulti  solution was filtered. The concentrations of Ni, Cd and Cr in the filtrate were
determined using an inductively coupled plasma mass spectrometer (Perkin Elmer Nexion 300

Q) (Rajkumar ef al., 2008).

3.2.11 SEED GERMINATION TEST IN PETRI DISH

Seed germination tests were carried out to investigate the effect of bacterial inoculation on seed
germination in the presence of metal contaminants using a modified procedure of Huang ef al.,
(2013). For this, four clean glass Petri dishes were prepared by placing two filter papers on the
bottom of each Petri dish followed by 10 ml bacterial suspensions or sterile tap water (controf).
Bacterial suspensions and water were supplemented or not with 0.1 mM of Cr, Ni or Cd. Before
testing, B. juncea seeds were sterilized by immersion in 70% ethanol for 30 min and then washed
three times with sterile distilled water. The seeds were then soaked in a 2% sodium hypochlorite
(NaClO,) solution for 10 min and then rinsed thoroughly with distilled water to remove any
remains of disinfectant solution (Madhaiyan et al., 2007). Sterile seeds were inoculated by
immersion in 10 ml of bacterial suspension for 2 h on a rotary shaker (150 rpm) then placed in
each Petri dish (25 seeds per plate) and incubated at room temperature. Each treatment was
replicated three times. After 7 days, the number of germinated seeds in each Petri dish was
counted. Five seedlings were randomly taken from each plate to determine growth parameters
(shoot length, root length and dry weight) of seedlings. The germination percentage and vigor

index were determined by the following formulas (Karnataka 2009; Ghorbanpour Hatami 2014).

n
Germination rate(%) = e 100

Where 7 1s the number of germinated seeds after 7 days; N is the total of number seeds

Vigor index = % germination x total length of seedling (shoot length+root length)

3.2.12 PLANT GROWTH EXPERIMENT
B. juncea seeds were sterilized by immersion in 70% ethanol for 30 min and then washed three

times with sterile distilled water. The seeds were then soaked in a 2% NaClO, solution for 10
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mins and then washed thoroughly with distilled water. Sterilized seeds of B. juncea were
inoculated by immersion in bacterial cultures or sterile water (control) for 4 h, and then allowed
to germinate on wet filter paper at room temperature before planting. Four seeds (inoculated and
non-inoculated) were sown at a depth of 5 cm into each plastic pot containing 400 g of soil.
Twelve days after germination, the pots were thinned by leaving 1 seedling per pot. Bacterial
suspensions (50 ml per pot) were added to the soil near root zone during transplantation and then
applied twice at 10 day intervals. Following planting, pots were placed in a glasshouse (North-
West University, Mafikeng) and watered twice daily with either 50 ml of water (control) or a
solution of 0.1 mM NiCly/K,Cry0,/CdCl,. The Experiment general consisted of four treatments

with three replicates:

1. B. juncea + non-contaminated soil (control)
B. juncea + metal contaminated soil

B. juncea + non-contaminated soil + bacteria

ESCI

B. juncea + metal contaminated soil + bacteria

Thus, the total number of pots was 48. After 45 days, all plants were carefully removed from
their respective pots and washed with distilled water to remove all soil material. The height and
fresh weight of each plant were measured and then plants were separated into roots and shoots.
Plant tissues (roots, stems and leaves) were placed in individual foil packages and dried at 70"C
for 72 h. Oven dried plant tissues were ground using a mortar and pestle before recording the
dry weight of each plant using a digital balance (Radwag PS 750/C2). Plant samples were stored

in polyethylene bags for further analysis.

3.2.13 ANALYSIS OF HEAVY METALS (Cr, Ni and Cr) IN PLANTS

For heavy metal analysis, 0.2 g of dried plant sample (root and shoot) from each sample was
accurately weighed and placed inside a 100 ml Erlenmeyer flask containing 9 ml of HCL, 3 ml
conc HNO; (69%) and | ml of H,O,. The mixture was heated in a microwave reaction system
(Anton Paar microwave 3000) at 160"C for 15 min. After digestion, the mixture was allowed to
cool and then diluted to 10 ml with distilled de-ionized water. The resulting solution was filtered
twice through filter paper after which the various concentrations of heavy metals (Ni, Cd and Cr)

in the samples were measured using a Perkin ._.mer (Nexion 300 Q) ICP-MS.
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3.2.14 DETERMINATION OF BIOCONCENTRATION FACTOR (BCF) AND
TRANSLOCATION FACTOR (TF)
The TF or total amount of heavy metal absorbed by the upper parts of the plants from soil was

calculated using the formula:

Metal in shoot
Metal 1n root

BCF represents the ratio of metal concentration in the roots to that in soil (Yoon et al., 2006). It

is usually expressed as:

BCF = Metal in root
" Metal in soil

3.3 DATA ANALYSIS

The experimental data obtained in this study were analyzed separately according to Li and
Ramakrishna (2011). The data obtained for each treatment was presented as arithmetic mean
with standard error. One-way analysis of variance (ANOVA) was used to determine the
significant differences among the means based on Fisher’s least significant difference (LSD)
procedure. Statistical significance was defined at the level of p<0.05. All statistical analyses were

performed by using SPSS 22.
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3.4 RESULTS AND DISCUSSION

34.1 HEAVY METAL TOLERANCE AND PLANT-GROWTH PROMOTING

CHARACTERISTICS OF BACTERIAL ISOLATES
Despite the toxic effects of heavy metals on microbes, bacteria possess adaptive mechanisms that
enable them to survive in environments containing heavy metals. Such metal tolerant bacteria
can be isolated and selected for their potential to promote plant growth and heavy metal
accumulation by plants (Chen et al., 2008; Dell’ Amico et al., 2008; Kumar et al., 2008; Sheng et
al., 2008; Ma et al., 2009; Rajkumar et al., 2009). In this investigation, three bacterial isolates
(BCr3, BNill and BCd33) were selected from mine tailings with an objective to assess their
effects on growth and heavy metal accumulation on B. juncea. These strains were identified as
Pseudomonas aeruginosa KP717554, Bacillus subtilis KP717559, and Bacillus cereus
KP717555 respectively. Pseudomonas aeruginosa KP717554 showed an extremely high level of
tolerance (15 mM) to Cr whereas; the strains Bacillus subtilis KP717559 and Alcaligenes
Jeacalis KP717561 were able to tolerate up to 10 mM and 7.5 mM concentrations of Ni and Cd
respectively. The order of the toxicity of the metals to all bacterial strains tested was found to be
Cd > Ni> Cr (Table 1).

All bacterial isolates exhibited multiple plant growth promoting properties. All three
strains were positive for catalase activity, inorganic phosphate solubilization, NH; and 1AA
production. Inorganic phosphate solubilization has been reported in a variety of bacteria sp
including Bacillus, and Pseudomonas. It has been repeatedly stressed that phosphate
solubilization is a key plant growth-promoting mechanism (Richardson, 2001). The various
mechanisms through which bacteria help to increase the supply of phosphorus to plants have
been described (Chen et al., 2006; Rashid et al., 2004). These include; production of organic
acids/chelating substances which reduce the pH in the rhizosphere, and secretion of phosphatases
to free phosphorous bound in organic matter. Chabot et al. (1993) demonstrated growth
enhancement of maize and lettuce by a number of microorganisms capable of mineral phosphate
solubilization. Besides supplying plants with essential nutrients, a number of bacteria have been
reported to possess the ability to produce plant hormones, mainly indole-3-acetic acid that
stimulate and facilitate plant growth (Patten and Glick, 2002). Bacterial synthesis of IAA has

I nreported inan ber of ra includit »spirillum, Burkholderia, Enterobacteria, and
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Pseudomonas (Patten and Glick, 2002; Kuklinski-Sobral et al., 2004). Antoun et al. (1998)
reported that 58% of 266 Rhizobium and Bradyrhizobium isolates produced 1AA. Patten and
Glick (2002) demonstrated the benefits of IAA synthesis using wild-type and mutant strains of
Pseudomonas putida as PGPB on canola plants. The wild-type strain produced an average of 35-

50% longer roots compared to plants inoculated with an A A-deficient mutant.

Table 1: Plant growth promoting and antagonistic properties of metal tolerant Pseudomonas
aeruginosa KP717554, Alcaligenes feacalis KP717561 and Bacillus subtilis KP717559.

~ icterial NH; Catalase Phosphorus [IAA HCN MTC (mM)
isolates production  activity solubilization ) )

production production Ni Cr Cd
Alcaligenes + + + + - 1 25 75
feacalis
KP717561
Bacillus subtilis + + + + + 10 5 25
KP717559
Pseudomonas + + + + + 2 15 05
aeruginosa
KP717554

Bio-control of phytopathogens is another area which has gained much attention in recent years.
Certain species of bacteria have been known to increase plant growth indirectly by suppressing
the growth of pathogens (Dobbelaere et al., 2003). Pathogen suppression may be as a result of
competitive exclusion, secretion of volatile compounds such as NHj, includit  other anti-fungal
enzymes and production of HCN (Brimecombe et al., 2001). Friedlander ef al. (1993) identified
strains of Pseudomonas cepacia that possessed the enzyme f — 1,3 glucanse, which has the
ability to break-down fungal cell wall components. In this study, all bacterial isolates and fungal
strains grew rapidly on PDA. The spectrum of antifungal activity of the three bacterial strains is

presented in Figure 1. Pseudomonas aeruginosa KP717554 exhibited significant growth
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34.2 SEED GERMINATION TEST

Germination parameters were investigated to gather information on seed quality, plant tolerance
to heavy metals and the ability of bacterial isolates to promote plant growth. Seed inoculation
with bacterial strains significantly increased plant height, root length, seed germination and vigor
index (Table 2). Maximum germination percentage (92%) was observed in seeds treated with a
mixed culture of bacterial strains (Pseudomonas aeruginosa, Alcaligenes feacalis and Bacillus
subtilis). The lowest germination percentage (44%) was recorded in un-inoculated seeds grown
in Petri dishes containing all three metals (Cr, Ni and Cd).

The Vigour index reflects the health of the seedlings produced including the ability of
seeds to withstand a variety of different stress factors. In the present study the highest seedling
vigour index (1472) was reported in seeds treated with a mixed culture containing all three
bacterial strains. The lowest value (324) was recorded in un-inoculated seeds grown in Petri
dishes containing a mixture of metals. A high value of vigor index indicates better seedling
health. The results presented in Table 2 indicate that the inoculation of metal tolerant, plant
growth promoting strains significantly enhanced seed germination and seedling vigor in B.
Juncea. For instance, inoculation of B. juncea seeds with Pseudomonas aeruginosa KP717554
increased the root length, shoot length, seed germination and vigor index by 50%, 47.6%, 23.5%
and 83.7% respectively; with Bacillus subtilis KP717559, root length (35.7%), shoot length
(26.5%), seed germination (17.6%) vigour index (54.8%); with Alcaligenes feacalis KP717561,
root length (31%), shoot length (64.7%), seed germination (11.8%), and vigor index (63.2%)
respectively. Qualitative analysis for IAA production showed that all three bacterial strains
(BCr3, BCd33 and BNill) were able to use L-tryptophan as a precursor for growth and IAA
biosynthesis. It is well known that bacterial IAA can help to break seed dormancy by initiating
the emergence of roots as well as shoot development by stimulating cell division and expansion
of the plant cells (Spaepen et al., 2007). Similar enhancement of seed germination parameters by
inoculation with Bacillus sp. RM-2, and bacilli formulations (LS256 and LS257) has been
observed in food crops such as cowpea (Minaxi, ef al., 2012) and pearl millet (Niranjan et al.,
2003). This effect to the production of different metabolites like 1AA, GA, cytokinins and
enzymes such as alpha-amylase. Bharathi er al. (2004) suggested that an increa in seedling

vigour couldt duetol ter synthesis of auxins.
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= able 2: _.fects of Pseudomonas aeruginosa KP717554, Alcaligenes feacalis KP717561 and

Bacillus subtilis KP717559 on root length, shoot length, vigour index and germination of B.

Jjuncea seedlings

‘1reatments Shoot length Koot length Vigour index Germination
(cm) (cm) (Yo)
Control ( H,0) 3.4+ 2.2° 4.2+1.3¢ 516.8+21.2" 68
Pseudomonas aeruginosa 5.1+1.2° 6.2+2.4™ 949.2+27.5° 84
KP717554
K,Cr;07 (0.1 mM) 2.3+1.6° 3.2+1.57 330.0+£32.1° 60
Bacillus subtilis 4.3+].4 5.7+1.2° 800.0+22.5¢ 80
KP717559
NiCl; (0.1 mM) 2.842.3° 2.6+1.4° 345.6+£22.7° 64
Alcaligenes feacalis 5.6x1.2° 5.5+1.3" 843.6+41.9" 76
KP717561
CdCl, (0.1 mM) 2.5+1.1° 3.1+1.8° 313.6+23.9° 56
T1 7.8+2.6° 8.2+2.3¢ 1472.0+32.5" 92
T2 1.4+1.8% 2.4£1.6° 167.2+£20.7" 44

*Values represent Means + Stanaard error from three repucates. Control refers to plants without

heavy metal additions and bacterial inoculations. T1= Three bacterial strains applied together,

and treated with water with no metal induction. T2 = brassica seeds grown in 0.lmM of

K,Cr;O7+ CdCly+ NiCl, without bacterial inoculum. Data of columns indexed by the same letter

are not significantly different according to Fisher’s protected LSD test (p < 0.05).
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343 EFFECTS OF METAL TOLERANT Pseudomonas aeruginosa KP717554,
Alcaligenes feacalis KP717561 and Bacillus subtilis KP717559 ON PLANT
GROWTH

Optimal plant growth is an important factor that influences the successful application of

phytoextraction (Yu and Zhou 2009). In this study, pot culture experiments were used to assess

the effectiveness of mixed bacterial cultures and single inoculant preparations on the growth of

B. juncea. Generally, brassica plants inoculated with bacterial isolates exhibited a significant

increase in shoot length, root length, plant fresh and dry weight in the presence and absence of

metals, compared to the un-inoculated soil.

A mixed culture of three bacterial strains performed better than plant inoculation with
individual strains. In the absence of heavy metals, co-inoculation of B. juncea with bacterial
strains, Pseudomonas aeruginosa KP717554, Alcaligenes feacalis KP717561 and Bacillus
subtilis KP717559, increased root length, shoot length, fresh and dry weight of plants by 82.8%,
88.5%, 139.5% and 69.5% respectively (Table 4).

It is conceivable that all three bacterial strains interacted synergistically with each other,
to supply their host plants with key nutrients, remove inhibitory substances and stimulate each
other through physical and biochemical activities. For individual inoculations, maximum plant
growth-promoting effect was observed in isolate Pseudomonas aeruginosa KP717554, which
increased root length, shoot length, fresh and dry weight of B. juncea plants by 40.5%, 60.1%,
116.2% and 58.2% respectively (Table 3a), followed by Bacillus subtilis KP717559 which
increased root length, shoot length, fresh and dry weight of plant by 40.5%, 68.2%, 97.3% and
43.2% respectively (Table 3b). Similarly, Alcaligenes feacalis KP717561, enhanced the root
length, shoot length, fresh and dry weight by 31%, 46%, 66.6% and 32.6% respectively (Table
4). A similar observation was reported by several authors (Dell’ Amico et al., 2008; Kumar et al.,
2008; Ma et al., 2009), who stated that the increase in plant growth as a result of bacterial
inoculation was due to the solubilization of minerals such as phosphorus, synthesis of plant
growth substances such as 1AA that promote plant root elongation and shoot growth resulting in
improved mineral and nutrient uptake (Gadagi et al, 2004; Lambrecht et al., 2000; Zhuang et
al., 2007). Another important trait that may indirectly influence root and plant growth is the
production of ammonia (Hardoim et al., 2008; Marques et al., 2010). Ammonia production by

bacteria has also been reported to play an important role in biocontrol or supp on of
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phytopathogens (Brimecombe et al., 2001; Minaxi, et al., 2012). HCN is another secondary
metabolite produced by bacteria that has the potential to protect plants against fungal pathogens
(Voisard et al., 1989).

In the presence of heavy metals, non-inoculated plants exposed to different heavy metals
showed a significant decrease in growth, especially when plants were grown in soil containing a
mixture of all three metals. Growth of plant roots, shoots, dry and fresh weights were reduced by
32.8%, 29.7%, 34.7%, and 38.7% respectively (Table 4). The percentage decrease in 100 mg kg
of CdCl; was 32.8% (roots), 29.7% (shoots), 34.7% (dry weight) and 38.7% (fresh weight)
(Table 3c); for 150 mg kg,'l of K;Cr,07, 23.3% (roots), 44.6% (shoots), 39.3% (dry weight) and
37.6% (fresh weight) (Table 3a); and for 100 mg kg'I NiCl;, 38% (roots), 35.8% (shoots), 28.4%
(dry weight) and 46.8% (fresh weight) (Table 3b). The toxic effects of heavy metals in plants are
well-documented (Van Assche and Clijsters 1990). Cd, Ni and Cr are elements of unknown
biological function in plants. They are known to cause chlorosis, decrease in root growth affect
nutrient uptake, CO; fixation, electron transport and biosynthesis of chlorophyll including plant
death (Padmaja et al., 1990; Sandalio et al., 2001; Sen and Bhattacharyya 2004). High amounts
of heavy metals in soil can also interfere with the uptake of nutrients such as iron and
phosphorus leading to chlorosis, stunting and even plant death (Halstead et al., 1969; Zayad et
al., 2003).

In the presence of heavy metals, co-inoculation of B. juncea plants with Pseudomonas
aeruginosa KP717554, Alcaligenes feacalis KP717561 and Bacillus subtilis KP717559,
significantly enhanced root length, shoot length, fresh and dry weight by 40.4%, 35%, 30.7%,
and 16% respectively (Table 4). Plants grown in 100 mg kg of CdCl, and then inoculated with
Alcaligenes feacalis KP717561, showed increase in root length (47.4%), shoot length (37.5%),
fresh and dry weight (36.2 and 42.5%) respectively (Table 3c). Similarly, Pseudomonas
aeruginosa KP717554 enhanced root length (25.8%), shoot length (40.2%), fresh and dry weight
(34%, and 30.6%) respectively, of plants grown in 150 mg kg of K,Cr,O; (Table 3a). Likewise,
in soils containing 100 mg kg "' NiCl,, Bacillus subtilis KP717559 increased root length (38%),
shoot length (35.8%), fresh and dry weight (46.8% and 28.4%) respectively (Table 3b). These
observations clearly indicated that the inoculation of B. juncea with bacterial strains,
Pseudomonas aeruginosa KP717554, Alcaligenes feacalis KP717561 and Bacillus subtilis

_al i inhibition
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bacteria strains were able to reduce the phytotoxic effects of the metals though bioaccumulation
and biotransformation involving redox reactions. All bacterial strains were able to produce
catalase. Singh er al. (2013) stated that bacterial strains showing catalase activity are highly
tolerant to environmental, mechanical, and chemical stress. Burd et al., (2000) mentioned that
Kluyvera ascorbata SUD 165/26 protected plants against inhibitory effects of high levels of Ni,
Pb and Zn. Rajkumar et al. (2006) found that Pseudomonas Psa4 and Bacillus sp. Ba32 protected
B. juncea against negative effects of chromium. Our results also suggest that the plant growth
promoting activity of all bacterial strains was affected by the presence of heavy metals. Several
studies have demonstrated that the environmental stress caused by heavy metals may influence
soil bacterial populations by reducing their growth and metabolic activity (Pérez-de-Mora et al.,

20006; Tsai et al., 2005; Wang et al., 2010).

Table 3a: Effects of Pseudomonas aeruginosa KP717554 inoculation on the growth of B. juncea

Treatments Root  lengths Shoot lengths Dry weight Fresh
(en) (cm) weight

(mg

plant_l) (mg plant_')
Control (H,0) 11.6+0.3" 14.8+0.2° 28.5+1.9¢  437.3+1.4°
Pseudomonas  aeruginosa 16.8+0.2° 23.7+1.4° 45.1+1.5° 945.6+ 2.1°
KP717554
K,Cr,07 (150 mg kg™) 8.9+0.2¢ 8.242.1° 17.342.3*  279.9+].8¢
Pseudomonas ~ aeruginosa 11.2+0.6° 11.5+2.2¢ 22.6+1.4° 385.1%1.6°
KP717554 + KzCI’zO7

*All the values are mean of three replicates + SE. Control refers to plants without heavy metal
additions and bacterial inoculations. Data of columns indexed by the same letter are not

significantly different according to Fisher’s protected LSD test (p < 0.05).
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Table 3b: Effects of Bacillus subtilis KP717559 inoculation on the growth of B. juncea

Treatments Root lengths Shoot Dry weight Fresh weight
(cm) (cm) (mg plant_') (mg plant™")

Control (H,0) 11.6+0.3" 14.8+0.2° 28.5+1.9" 437.3+0.4°

Bacillus  subtilis 16.3+0.4° 22.4+0.6° 40.8 +1.3° 862.8+1.8°

KP717559

NiCl; (100 mg kg") 7.240.1° 9.5+0.5¢ 20.4+2.8" 232.6+1.7¢

Bacillus  subtilis  10.4+0.7° 13.2+0.3° 24.6+1.4° 352.7+2.2°

KP717559 + NiCl,

*All the values are mean of three replicates £ SE. Control reters to Iﬂnts witnout neavy metal

additions and bacterial inoculations. Data of columns indexed by the same letter are not

significantly different according to Fisher’s protected LSD test (p < 0.05).
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Table 3c: Effects of Alcaligenes feacalis KP717561 inoculation on the growth of B. juncea

Treatments Root  lengths Shoot lengths Dry weight Fresh weight

(cm) (em) (mg plant™")  (mg plant™)

Control (H,0) 11.6+0.5" 14.8+ 0.8 28.5 +1.0° 4374+ 1.1°
Alcaligenes  feacalis 15.2+0.6" 21.6+£0.5° 37.8+1.1° 728.4+ 1.5
KP717561

CdCl, (100 mgkg") 7.8+ 0.1° 10.4 + 0.3 18.6 + 0.4° 268.1+ 1.6
Alcaligenes  feacalis 11.5+0.2° 14.3 +0.2° 26.5+0.9° 3652+ 2.2

KP717561 + CdCl,

*All the values are mean of three replicates £ SE. Control refers to plants without heavy metal
additions and bacterial inoculations Data of columns indexed by the same letter are not

significantly different according to Fisher’s protected LSD test (p < 0.05).
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Table 4: Effect of mixed bacterial culture inoculation on the growth of B. juncea

‘I'reatments Root length Shoot length  Dry weight Fresh

(cm)

weight
(cm) (mg plant™") 8

(mg plant™)

Control (H;0) 11.0+0.3 14.3+ 0.2 28.5+1.9 437.3+1.4°
Tl 21.2+0.5° 27.9+0.8° 48.3+2.7* 1047.3+2.3%
T2 5.2+0.8¢ 5.4+0.4¢ 13.1+2.3¢ 146.4+2.8¢
TI+T2 7.3£0.6° 7.1£0.3¢ 15.241.9 191.342.5°

*All the values are mean of three replicates £ SE. Control refers to plants without heavy metal
additions and bacterial inoculations. Tl1= Pseudomonas aeruginosa KP717554, Alcaligenes
feacalis KP717561 and Bacillus subtilis KP717559 applied together, and treated with water with
no metal induction. T2 = brassica plants grown in K;Cr,O7+ CdCl,+ NiCl, without bacterial
inoculum. Data of columns indexed by the same letter are not significantly different according to

Fisher’s protected LSD test (p < 0.05).

3.44 EFFECTS OF BACTERIA ON THE MOBILITY OF SOIL METALS

In addition to low plant biomass, the low availability of heavy metals in soils is another limiting
factor of phytoextraction (Li et al., 2007). The bioavailability of a metal determines its toxicity
and their extraction by plant. 1t has been defined as the fraction of metal in soil or water,
available to the utilizing organism (Dong et al., 2007). Bacteria are well known for their
involvement in the biogeochemical cycling of toxic heavy metals using mechanisms affecting
transformations which enhance the availability of metals for plant uptake (Sheng et al., 2008; He
et al., 2013). In this study, the concentrations of water soluble Ni, Cd and Cr in soil were
examined to assess the efficiency of bacterial strains in enhancing metal solubilization from the
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inoculation. Each value is the mean of triplicates with SE. Data of columns indexed by the same

letter are significantly different according to Fisher’s protected LSD test (p < 0.05).

3.45 HEAVY METAL ACCUMULATION IN Brassica juncea TISSUES

Since the process of metal accumulation by plants depends on various internal and external
factors (Gupta and Sinha 2006), we assessed whether inoculation with metal tolerant bacteria
affected the accumulation of heavy metals (Ni, Cr and Cd) by B. juncea. The increase in plant
biomass and metal availability induced by inoculation with metal tolerant strains, Pseudomonas
aeruginosa KP717554, Alcaligenes feacalis KP717561 and Bacillus subtilis KP717559, resulted
in a corresponding increase in heavy metal accumulation in the root and shoot tissues of B.
Jjuncea, compared with non-inoculated controls (Table 5). For instance, strain Pseudomonas
aeruginosa KP717554 increased the concentration of Cr in the root and shoot tissues of B.
Jjuncea by 56% and 73%, respectively. Bacillus subtilis KP717559 increased the Ni concentration
in the root and shoot tissues by 55.9 % and 32% respectively, while Alcaligenes feacalis
KP717561 increased the Cd concentration in the root and shoot tissues by 73% and 14%
respectively. Halstead et al. (1969) suggested that the process of inorganic phosphate
solubilization facilitates the uptake of the metals from soil by plants. Kumar et al. (2009)
reported that Enterobacter aerogenes NBRI K24 and Rahnella aquatilis NBRI K3 increased
plant growth and heavy metal (Ni and Cr) accumulation. In our study, BNill increased the Ni
concentration in the root and shoot tissues by 55.9 % and 32%, respectively. Similar
observations were also reported by Rajkumar and Freitas (2008) who observed that inoculation
with metal tolerant Pseudomonas jessenii PjM15 increased Ni, Cu and Zn uptake by Ricinus
communis compared with non-inoculated controls. Abou-Shanab et al. (2006) demonstrated that
inoculation of Alyssum murale with Microbacterium oxydans AY 509223, significantly increased
Ni accumulation of the plant by 36.1%, 39.3%, and 27.7% in soils containing low, medium, and
high levels of Ni respectively. Sinha et al. (2008) observed that inoculation of B. juncea with
metal tolerant bacterium, Pseudomonas aeruginosa KUCAI significantly increased plant growth
and Cd uptake by 36.89%. Likewise Dell'Amico et al. (2008) found that the inoculation of
Brassica napus with Cd tolerant rhizobacteria, Pseudomonas fluorescens ACC9 and
Pseudomonas tolaasii ACC23, enhanced plant growth and total Cd uptake of plants by 72% and
107% respectively. In contrast to this observation, Madhaiyan et al. (2007) reported that
inoc on with PGPB strains Methylobacterium oryzae CBMB20 and  wkholderia sp.
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CBMB40 enhanced plant growth but decreased Ni and Cd uptake in tomato plants. Soil microbes
and organic matter can immobilize heavy metals such as Cd; however root exudates including
organic acids can enhance the mobility of heavy metals by forming soluble complexes
(Janouskova et al., 2006). Production of H' by plant roots can influence rhizosphere pH affecting
the solubility and hence bioavailability of metals in soil (Hinsinger, 1998).

In the absence of bacterial inoculant, the quantity of metal accumulated by plants was
significantly less. It is possible that low available heavy metals in soils limited the amount of
heavy metals accumulated by plants. Heavy metals such as Cd can adversely affect the activity
of proton pump and hence production of H' by roots (Tu et al., 1989). Proton pump supplies
energy for the uptake and movement of nutrients across the plasma membrane. Accordingly, as
heavy metals alter the rhizosphere pH their solubility and hence their bioavailability is decreased
with reducing soil pH.

Furthermore, inoculation with a mixed culture of all three bacterial strains significantly
enhanced metal accumulation by B. juncea, compared to the single strain inoculants (Table 06).
The mobility of metals from the soil into the root tissues of B. juncea plants and the capability to
transfer the metals from roots to shoots were evaluated by means of the BCF and TF
respectively. The results (Tables 5 and 6) showed that B. juncea contained high amounts of
heavy metals in their roots as compared to shoots, as revealed by the TF of each metal that was
less than one. This poor translocation of metals from root to shoot system can be attributed to the
strong metal binding proteins in the roots which may be a natural toxicity response of the plant
(Burd et al., 2000; Garbisu and Alkorta 2001; Shanker et al., 2004). The results also confirmed
that B. juncea is an accumulator as revealed by the BCF values that were all greater than 1.
Furthermore, the BCF and TF of each metal in plants were increased significantly as a result of
bacterial inoculation. This indicated that plant inoculation with suitable metal tolerant-plant

growth promoting bacteria can be used to enhance the efficiency of phytoextraction.
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Table S: Cd, Ni and Cr concentrations in B. juncea tissues after 45 days of sowing

Treatment

cac

Alcaligenes  feacalis

KP717561+CdCl,
NiCl,

Bacillus subtilis
KP717559 +NiCl,
K>Cr,04

Pseudomonas

aeruginosa KP717554
+ K,CrO4

Root
(mg kg'' DW)
5695+ .47

689.5+ 11.6°

289.2+ 6.7°

451.1+ 41 29

272.6+24.9°

556.3426.5"

Shoot

(mg kg DW)

118.6+£20.4"

135.4+16.9°

146.5+31.1°

227.2+10.9¢

155.7+6.2"

339.2+5.4°

BCF -

[

3.7+0.01 0.32 £0.01

6.9+0.02 0.20 +£0.04

29+0.09 0.16%0.12

4.5+0.02 0.19 £0.02

2.7+0.3 0.57 £0.31

3.7 £0.02 0.61+0.02

*All the values are mean of three replicates = SE. BCF=

Bioconcentration factor,

TF=Translocation factor. Data of columns indexed by the same letter are not significantly

different according to Fisher’s protected LSD test (p < 0.05). DW = dry weight.
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Table 6: Effect of mixed bacterial cultures on uptake of Cd, Cr and Ni into the shoots and roots

of B. juncea in soils containing a mixture of heavy metals (CdCl,+NiCl,+K,Cr207)

Treatment Metal ions (mg kg'l)

Nitt Cr Ccd*
CdCl+NiCl,+K;Cr,O7 (control)
Root 318.6+0.7" 294.7+0.6 382.5+0.3"
Shoot 172.5+0.2° 192.3+0.4¢ 161.9+0.8°
BCF 3.2+1.3 2.0+2.4 3.8+1.5
TF 0.2+1.6 0.7+1.8 0.4+2.8
Mixed bacterial culture
Root 508.4+1.9° 624.3+£2.1° 419.1+2.5°
Shoot 311.2+1.3° 426.7+1.4° 283.4+2.7°
BCF 5.1+£2.6 4.2+2.3 4.2+1.7
TF 0.3+1.5 0.7+1.6 0.5+2.1

*All the values are mean of three replicates + SE. Data of cotumns indexed by the same letter are

not significantly different according to Fisher’s protected LSD test (p < 0.05).
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CHAPTER 4: GENERAL CONCLUSION AND FUTURE RESEARCH TRENDS

Mining activities have led to soil contamination with hazardous substances such as heavy metals,
which pose danger to environmental and human health. The soil is an important habitat that
supports the growth of numerous types of bacteria that have a great potential for agricultural use
and environmental preservation. Heavy metals can generally exert their toxic effects on soil
bacterial . nmunities by inhibiting their growth and metabolic activities (Bruins et al., 2000).
However, long term exposure to heavy metals may lead to the selection of metal tolerant
bacterial communities which have intrinsic biochemical, physiological and/or genetically
acquired mechanisms that enable them to survive and flourish in metal contaminated
environments (Abou-Shanab et al., 2007; DellAmico et al., 2005). This warranted us to
characterize and identify metal tolerant bacteria from mine tailings with the aim of determining
their potential for environmental cleanup activities.

The results obtained from this study provided evidence that a large number of metal
tolerant bacteria are present in soils contaminated with heavy metals. The total plate count of the
bacterial colonies grown on LB plates with no metal induction ranged from 14.8x10" to 3.5x10°,
The percentage of bacterial colonies (CFU/g soil) tolerant to Cd*" fluctuated from 28.41% to
77.14%. Approximately 38.14% to 65.36% of all bacterial colonies where tolerant to Cr®", while
33.71% to 61.44% exhibited tolerance to Ni*".

All isolates showed multiple tolerances against heavy metals but most promising results
were shown by bacterial isolates BCr3, BCd33 and BNill that were tolerant to 15 mM of Cr6+,
7.5 mM of Cd*" and 10 mM of Ni** respectively. The effect of heavy metals on bacterial growth
was tested together with their ability to grow at different concentrations of NaCl, pH, and
temperature values. Bacterial isolates grew well between pH 7.5 and 8.5. The optimum
temperature for maximum growth was between 35-37°C and no significant change in bacterial
growth was observed in the presence of 2% NaCl. In addition, the bioaccumulation potential of
bacterial isolates was investigated. Bacterial isolates BCr3, BCd33 and BNill showed high
bioaccumulation ability of Cr (68.7%), Cd (72.4%) and Ni (69.8%) respectively

According to Malik et al. (2008) only 1% of soil microorganisms are culturable and since

only culture-dependent techniques were used, it is possible that higher numbers of different

107



electrophoresis (DGGE), temperature gradient gel electrophoresis (TGGE) and fluorescence in
situ hybridization (FISH). These methods could also be used in future investigations to quantify
the expression of genes responsible for heavy metal tolerance in bacteria. The products encoded
by heavy metal tolerant genes could be used to engineer new metal tolerant bacteria, construct
biosensors or used as sources for probes.

All bacterial isolates displayed multiple tolerances to high levels of Cd, Ni and Cr. BCr3,
BCd33 and BNill that were tolerant to 15 mM of Cr6+, 7.5 mM of Cd* and 10 mM of Ni**
respectively. However, further investigations are needed to determine their tolerance patterns in
the presence of different or multiple combinations of heavy metals. Elucidation of the precise
tolerance mechanisms needs further investigation.

Most tolerant bacterial isolates were able to grow at different pH, temperature and Na(
concentrations. Bacterial isolates grew well between pH 7.5 and 8.5. The optimum temperature
for maximum growth was between 35-37°C and no significant change in bacterial growth was
observed in the presence of 2% NaCl. Bacterial strains (specifically BCr3, BCd33 and BNill)
also had the ability to remove large amounts of Cr, Ni and Cd from an aqueous medium,
highlighting their potential for bioremediation of Cr, Ni and Cd-contaminated soil and water.
Nonetheless, their rates of metal uptake should be determined in detail and the kinetics modeled.
Molecular techniques such energy dispersive X-ray analysis (EDX), fourier transform infrared
(FTIR) spectroscopy, scanning and transmission electron microscopy (SEM and TEM) should be
used to further characterize the bacterial isolates. The effects of other parameters pH,
temperature, combination of bacterial strains, and combination of metals should also be
investigated through a series of experiments. Furthermore, bioaccumulation of metals using
mixed bacterial cultures may prove pivotal in acquiring more information on the subject.

The screening of bacterial isolates for extra-chromosomal DNA revealed the presence of
plasmids but they were not classified. Further characterization of the isolated plasmids is
necessary to establish a connection between plasmid presence and heavy metal resistance
tolerance in bacteria. Further characterization may also provide new genetic tools for future
analysis of heavy metal tolerance mechanisms in bacteria.

Amplification of metal tolerant genes (CzcD, ChrA, ChrB, CzcB, CzcC, NecA and CadA)
was attempted on two template fractions (genomic DNA and plasmid DNA) from all bacterial
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consistently produced from DNA fractions in all bacterial strains tested. In addition, plasmid
DNA fractions failed to produce amplification products for all genetic systems encoding
resistance. To further investigate the presence of metal tolerant genes in bacteria, we may need to
design alternative primers for the various genes to be used in PCR analysis and attempt
amplification of these genes on both large and small-plasmid-isolation preparation from all
bacterial strains.

Most metal tolerant bacterial isolates displayed multiple PGP traits. Three Bacterial
strains (Pseudomonas acruginosa KP717554, Bacillus subtilis KP717559, and Bacillus cereus
KP717555) were positive for catalase activity, inorganic phosphate solubilization, NH; and 1AA
production. The effects of these bacterial strains on growth and heavy metal accumulation in B.
juncea were examined in a greenhouse experiment. Bacterial inoculation improved seeds
germination of B. juncea in the presence of 0.1 mM Cr, Cd and Ni, as compared to the control
treatment. Maximum germination percentage was observed in seeds treated with a mixed culture
of bacterial strains (Pseudomonas aeruginosa, Alcaligenes feacalis and Bacillus subtilis). The
lowest germination percentage was recorded in un-inoculated seeds grown in Petri dishes
containing all three metals (Cr, Ni and Cd). The bioavailability of a metal determines its toxicity
and their extraction by plant. Bacteria are well known for their involvement in the
biogeochemical cycling of toxic heavy metals using mechanisms affecting transformations which
enhance the availability of metals for plant uptake thus; the ability of bacterial isolates to
enhance metal solubilization was also analyzed. Compared with control treatment, soil
inoculation with bacterial isolates, Pseudomonas aeruginosa KP717554, Alcaligenes feacalis
KP717561 and Bacillus subtilis KP717559 significantly increased the amount of soluble heavy
metals in soil. A pot experiment was set-up to study the effects of bacterial inoculation on the
growth and heavy metal accumulation by B. juncea grown in soil spiked with 100 mg kg! of
NiCly, 100 mg kg™ of CdCl,, and 150 mg kg of KoCry05. A mixed culture of three bacterial
strains performed better than plant inoculation with individual strains. In the presence and
absence the of heavy metals, co-inoculation of B. juncea with bacterial strains, Pseudomonas
aeruginosa KP717554, Alcaligenes feacalis KP717561 and Bacillus subtilis KP717559
significantly enhanced root length, shoot length, fresh and dry weight of plants. For individual
inoculations, maximum plant owth-promoting effect v observed in isolate Pseudomonas
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non-inoculated plants exposed to different heavy metals showed a significant decrease in growth,
especially when plants were grown in soil containing a mixture of all three metals. Similarly,
inoculation of B. juncea with Pscudomonas aeruginosa KPT17554, Alcaligenes feacalis
KP717561 and Bacillus subtilis KP717559, resulted in a corresponding increase in heavy imetal
accumulation in the root and shoot tissues of the plant, compared with non-inoculated controls.
Inoculation with a mixed culture of all three bacterial strains was more effective than single
strain inoculants.

Although phytoextraction is an emerging cost-effective solution for the remediation of
heavy metal-contaminated soils, slow growth and low bioavailability of heavy metals in soil are
factors that greatly decrease the success of this green technology. In this study, we demonstrated
that inoculation with metal tolerant bacterial strains, Pseudomonas aeruginosa KP717554,
Alcaligenes feacalis KP717561 and Bacillus subtilis KP717559 not only protects plants against
growth inhibition caused by heavy metals (Cr, Cd, and Ni), but also increases plant growth,
bioavailability of metals in the soil with a concurrent increase in metal accumulation by the host
plant. In addition, all bacterial strains enhanced the translocation of heavy metals from roots to
shoots. However, further investigations to understand molecular mechanisms of plant-bacteria
interactions for plant growth, metal solubilization, uptake and translocation are necessary for

efficient phytoextraction of heavy metals. Our long term objectives are to:

1. Test the inoculation effects of metal tolerant bacterial strains (BCr3, BCd33 and BNill)
under natural environmental conditions in different agro-climatic zones of the world

2. Study their effects or interactions with different hyperaccumulators

3. Investigate bacterial induced changes in the rhizosphere of hyperaccumulator plants in

relation to mobilization and metal accumulation by plant tissues.

These are some of the challenges which require a thorough understanding by research scientists

in order to make phytoextraction a highly reproducible and reliable process.
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