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Molybdenum, an emerging pollutant, has recently being demonstrated to be toxic to
spermatogenesis in several animal models. It is also very toxic to ruminants causing
death at very low level (parts per million). Molybdenum is mined as a small by-
product of copper and gold mining in Malaysia. Molybdenum pollution is also found
at dumping sites of waste oil lubricant containing molybdenum disulfide, with levels
of up to hundreds of parts per million found. Molybdenum, in the soluble form,
molybdate can be reduced to molybdenum blue, a colloidal and relatively insoluble
product and this phenomenon forms the basis for bioremediation of molybdenum. This
research is therefore, aimed at screening, phylogenetic identification, characterization
and optimization of molybdenum-reducing activity of the best isolate via one-factor-
at-a-time (OFAT) and response surface method (RSM); modelling the kinetics of
molybdenum reduction through primary and secondary models; finally purify and
characterize the molybdenum-reducing enzyme activity. One of the ten previously
isolated cyanide-degrading bacteria from gold mine soils in Malaysia exhibited a
novel molybdenum reduction to molybdenum-blue, with this best molybdate-reducer
further studied on a molybdate low phosphate minimal salts media supplemented with
glucose and ammonium sulfate as the carbon and nitrogen source, respectively. Strain
HMY 3 via phylogenetic analyses reveals that the isolate belongs to Serratia genus.
Sucrose was the best carbon source supporting molybdate reduction in this strain and
was optimum at 20 g/L. Ammonium sulfate was the best source of nitrogen for strain
HMY3 and was optimal at 10 g/L. Strain HMY3 grew best at 35 °C and at pH 6.5.
Response Surface Method shows the best conditions for molybdenum reduction were
molybdate concentration between 55 and 57.5 mM, phosphate concentration of 3.95
mM, pH 7, sucrose concentration between 15 and 17.5 g/L and incubation time
between 48 and 60 h. Molybdenum reduction was inhibited by the heavy metals such
as copper, mercury, chromium and arsenic at concentrations higher than 1 ppm.
However, prolonged incubation succeeded in overcoming this inhibition. Analysis of
the reduction kinetics showed that molybdenum reduction over time can best be



modelled using the modified Gompertz model while the reduction kinetics was best
modelled using the Luong model. Statistical analysis of these models has been carried
out and they exhibit low values for RMSE and AlCc, highest adjusted R? values, F-
test and with Bias Factor and Accuracy Factor nearest to unity (1.0) over other models.
The calculated value for the Luong’s constants which are maximal reduction rate, half
saturation constant for maximal reduction, maximal concentration of substrate
tolerated and curve parameter that defines the steepness of the growth rate decline
from the maximum rate symbolized by Qmax, Ks, Sm, and n were 0.06+0.1 hr?,
47.95+£10.12 mM, 69.63+0.8 mM and 0.69+0.11, respectively. The Luong model
clearly shows strong substrate inhibition to rate of reduction at high substrate (Mo)
concentration. The Mo-reducing enzyme has been purified using an ammonium
sulfate precipitation followed by gel-filtration chromatography. The results showed
that the best ammonium sulfate fraction giving the highest enzyme activity was
between 50 and 60% ammonium sulfate concentration. The molybdenum-reducing
enzyme was monomeric with an estimated mwt of 105 kDa. The enzyme was further
characterized, and the results show that the enzyme is most stable in Tris-buffer pH 7
containing 0.1 mM DTT, temperature 4 °C and not affected by metabolic inhibitors
and heavy metals (1 ppm). The enzyme attains optimum catalysis at pH 5.5,
temperature between 25 and 35 °C, substrate concentration (LPPM) 12 mM and
electron donor (NADH) concentration 5 mM. In conclusion, a novel cyanide-
degrading bacterium with a molybdenum reduction capacity has been isolated, and
statistical method using RSM has succeeded in optimizing reduction. Also, the
enzyme has been purified to homogeneity. The characteristic of this bacterium makes
it suitable for future bioremediation works in polluted soil containing cyanide and
molybdenum metal.
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Molibdenum, bahan pencemar yang baru muncul pada waktu kebelakangan ini adalah
toksik kepada proses spermatogenesis dalam beberapa model haiwan. la juga sangat
toksik kepada ruminan menyebabkan kematian pada kepekatan yang sangat rendah
(bahagian per juta). Molibdenum dilombong sebagai bahan produk sampingan kecil
dari perlombongan kuprum dan emas di Malaysia. Pencemaran molibdenum juga
dijumpai di tapak pelupusan pelincir minyak sisa yang mengandungi molibdenum
disulfida di beberapa tempat di Malaysia pada kepekatan sehingga beratus-ratus
bahagian per juta. Molibdenum, dalam bentuk terlarutnya adalah molibdat, dan boleh
diturunkan kepada molibdenum biru, satu produk koloidal dan tidak larut, dan
fenomena ini menjadi asas bagi bioremediasi molibdenum. Oleh itu, objektif
penyelidikan ini adalah bertujuan untuk menyaring, mengenalpasti secara filogenetik,
membuat pencirian dan memoptimumkan aktiviti penurunan molibdenum melalui
kaedah satu-faktor-pada-satu-masa (OFAT) dan kaedah permukaan tindak balas
(RSM); memodelkan kinetik penurunann molibdenum melalui model-model primer
dan sekunder; dan terakhir sekali menulenkan dan mencirikan aktiviti enzim
penurunan molibdenum. Salah satu daripada sepuluh bakteria pengurai sianida yang
sebelumnya dipencilkan dari tanah perlombongan emas di Malaysia mempamerkan
keupayaan novel penurunan molibdenum kepada molibdenum-biru, dengan bakterium
penurunan molibdat ini dikaji selanjutnya menggunakan media garam minimal
molibdat dengan fosfat rendah ditambah dengan glukosa dan ammonium sulfat
sebagai sumber karbon dan nitrogen, masing-masing. Melalui analisa filogenetik
strain HMY3 ini didapati tergolong dalam genus Serratia. Sukrosa adalah sumber
karbon terbaik yang menyokong penurunan molibdat dalam strain ini dan adalah
optimum pada 20 g/L. Ammonium sulfate adalah sumber terbaik nitrogen untuk strain
HMY 3 dan adalah optimum pada 10 g/L. Strain HMY 3 tumbuh paling baik pada suhu
35 °C dan pada pH 6.5. Melalui kaedah permukaan tindak balas, keadaan terbaik untuk
penurunan molibdenum adalah pada kepekatan molibdat di antara 55 dan 57.5 mM,



kepekatan fosfat pada 3.95 mM, pH 7, kepekatan sukrosa di antara 15 dan 17.5 g/L
dan masa inkubasi di antara 48 dan 60 jam. Penurunan molibdenum direncat oleh
logam berat seperti kuprum, merkuri, kromium dan arsenik pada kepekatan yang lebih
tinggi daripada 1 bahagian per juta. Walau bagaimanapun, waktu pengeraman yang
berpanjangan telah berjaya mengatasi perencatan ini. Analisis kinetik menunjukkan
bahawa penurunan molibdenum melawan masa dapat dimodelkan dengan baik sekali
menggunakan model Gompertz terubahsuai manakala kinetik penurunan adalah dapat
dimodelkan dengan baik sekali menggunakan model Luong. Analisis statistik model-
model ini mempamerkan nilai-nilai yang rendah untuk RMSE dan AICc, nilai
tertinggi untuk R? yang diselaraskan, ujian F dan Faktor Bias dan Faktor Ketepatan
yang paling dekat dengan satu (1.0) berbanding model-model lain. Nilai-nilai yang
dikira untuk pemalar Luong seperti kadar penurunan maksima, pemalar tepu separuh
untuk penurunan maksima, kepekatan maksima substrat yang diguna dan parameter
lengkung yang menentukan kecuraman penurunan kadar pertumbuhan dari kadar
maksimum yang diwakilkan oleh gmax, Ks, Sm, dan n adalah 0.06 + 0.1 jam™, 47.95 +
10.12 mM, 69.63 + 0.8 mM dan 0.69 + 0.11. Model Luong jelas menunjukkan kesan
perencatan substrat yang kuat pada kadar penurunan pada kepekatan substrat (Mo)
yang tinggi. Enzim penurunan Mo telah ditulenkan menggunakan pemendakan
ammonium sulfat diikuti oleh kromatografi gel-penapisan. Hasilnya menunjukkan
bahawa peratusan ammonium sulfat yang memberikan aktiviti enzim tertinggi adalah
di antara 50 hingga 60%. Enzim penurunan molibdenum adalah monomerik dengan
anggaran berat molekul 105 kDa. Pencirian enzim ini menunjukkan enzim adalah
paling stabil pada pH 7 menggunakan penimbal Tris yang mengandungi 0.1 mM DTT,
pada suhu 4 °C dan tidak terjejas oleh perencat metabolik dan logam berat pada 1
bahagian per juta. Enzim ini mencapai pemangkinan optimum pada pH 5.5, suhu di
antara 25 dan 35 °C, kepekatan substrat substrat (LPPM) pada 12 mM dan kepekatan
penderma elektron (NADH) pada 5 mM. Sebagai kesimpulannya, satu bakteria
pengurai sianida novel dengan kapasiti penurun molibdenum telah diasingkan, dan
kaedah statistik menggunakan RSM telah berjaya mengoptimumkan penurunan. Juga,
enzim telah dapat ditulenkan sehingga homogen. Ciri-ciri bakteria ini menjadikannya
sesuai untuk kerja bioremediasi pada masa hadapan di tanah tercemar yang
mengandungi logam sianida dan molibdenum.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Research background

Today, our environment is under constant threat from our own activities. Humans
expanding population, industrialization, urbanization and intensive agriculture have
caused tremendous damage to our environment. Man’s ignorance of the laws of nature
and over exploitation of natural resources has further aggravated the problem (Bhatia,
2006; Hamid et al., 2010).

Metals and their compounds have been long recognized as toxic agents, causing a
range of acute to chronic toxicity cases in occupational and environmental high-
exposure settings. Heavy metals are elements that occur naturally in the environment.
However, their level has increased tremendously since the pre-industrial times due to
anthropogenic activities (Kaplan 2013; Meyer et al., 2014; llyin et al., 2015).
Presently, increasing population and industrialization have led to a considerable and
indiscriminate release of pollutants into the environment (Soares and Soares, 2012;
Dixit et al., 2015). When heavy metals levels exceeded the so-called critical loads,
they exert harmful effects to human health and biota (Alloway, 1995; Meyer et al.,
2014; Illyin et al., 2015; Gupta et al., 2016). Metals such as arsenic, cadmium,
chromium, cobalt, copper, lead, mercury, molybdenum, nickel, silver and zinc are
known to be toxic in their elemental forms and different chemical combinations
(Rosca et al., 2015). They are non-degradable (Sarubbo et al., 2015), hence,
accumulate in the food chain posing a serious threat to the ecosystem (Li and Tao,
2013) due to their carcinogenic and mutagenic property (Singh and Prasad, 2011).
Today, pollution by heavy metals has become a global public health concern. Thus,
their removal from the environment is of great importance.

Molybdenum is an essential trace element and a micronutrient required as a cofactor
by more than 50 enzymes (Zhai et al., 2013; Wu et al., 2014). It promotes cellular
function by catalyzing a variety of hydroxylation and redox transfer reactions, thus
play an important role in animal and plant physiology (Pandey and Singh, 2002).
Earlier studies have shown that molybdenum is an endocrine disruptor and affect
spermatogenesis in several animal models, nevertheless, it is ubiquitously found in a
number food and water sources (Kargar et al., 2011; Zhai et al., 2013). The wide
distribution of molybdenum in the industrial manufacture of ceramics, glass and
contact lens solution, metallurgical processes, lubricants, pigment, catalyst, electronic
products and as color additives in cosmetics has increased the risk of humans exposer
to its toxicity (Pandey and Singh, 2002; Zhai et al., 2013). For instance, an elevated
level of molybdenum in ground water around the mining areas up to 0.2 mg/L was
previously reported, which is above WHO recommended limit of 0.07 mg/L in
drinking water. Thus, animals in contact with molybdenum in drinking water or while
foraging for plants are likely to reflect symptoms of hypocuprosis or suffer from



molybdenosis over a long exposure period (Zhai et al., 2013).

Microbial molybdate reduction to Mo-blue is a phenomenon that has puzzled scientists
for over a century. It was until recently that the phenomenon was proven to be
enzymatic rather than abiotic. Before the work of Halmi et al. (2013), previous works
on bacterial molybdate reduction are centered towards isolating molybdenum-reducer
with a higher Mo-blue production capacity as a tool in bioremediation. However, since
most polluted sites contain mixed contaminants of both organics and inorganics origin,
makes effective remediation a complex one. During the last five years, attention has
been shifted towards isolating microorganisms with multi-reduction and/or degrading
potentials that could be used to remediate co-contaminated areas. To date, about eight
molybdenum-reducing bacteria with the potential to degrade other organic
contaminants were isolated. Therefore, the detailed understanding of the reduction
mechanism and kinetics of Mo-reducing enzyme through various optimization
processes, will assist in unravelling the mystery that lingers around the phenomenon
of molybdate reduction to Mo-blue, thus an important step towards effective
translation of laboratory findings to the field practice.

1.2 Problem statements

Mining sites in Malaysia, especially gold mining often contain multi-pollutant
including cyanide and heavy metals like molybdenum. These sites can be potential
molybdenum toxicity source especially if the areas are grazing areas for ruminant.
Also, new information has surfaced that molybdenum at levels above the toxic levels
for ruminants (2 to 200 ppm) is found at several waste oil lubricant dumping sites in
Malaysia. Alarmingly, these sites are also grazing areas for free wandering cows
presenting a greater threat. In addition, molybdenum recycling from industrial waste
waters can also take advantage of the bacterial reduction process as both a recycling
activity and a reduction of metal content from the wastewater before discharge
(Blokhin et al., 2000; AhmadPanahi et al., 2014; Halmi et al., 2014a; Shukor and
Shukor, 2015). Taking these issues into consideration, isolation of cyanide-degrading
bacteria with high molybdenum tolerance can be used to remediate these sites or
recycle molybdenum from wastewater. The conversion of soluble molybdenum to
insoluble molybdenum-blue (reduction product) as was demonstrated in Tyrol Austria
present a real and possible remediation technology using microorganisms
(Neunhé&userer et al., 2001). Bioremediation is generally cost effective and provides
an alternative to the existing physicochemical methods of heavy metals removal.
Some physicochemical techniques such as evaporation, chemical precipitation,
filtration, ion exchange, membrane technology, reverse osmosis and electrochemical
treatment are used to treat industrial wastes. However, these methods remain
ineffective at lower heavy metals concentrations, are laborious and often expensive
(Rosca et al., 2015). Similarly, the solubility of heavy metal salts in wastewater made
their effective removal via physical technique a complex process.



Several of the ways to improve reduction and further understand the mechanism of
reduction are studied at the molecular level. For instance, the genome of the
molybdenum resistant Bacillus subtilis LM 4-2 have been sequenced, and 116 redox
protein-coding genes have been identified (You et al., 2015). Also, a 100 KDa protein
has been shown to be a potential identity of the Mo-reducing enzyme in Serratia sp.
strain DrY5 (Shukor et al., 2014). However, the protein was not sequenced, and the
true identity of the enzyme remains unknown. Furthermore, modelling of Mo-
reduction and molybdenum inhibition kinetics have revealed important constants of
growth and inhibition that can be used for further modelling of molybdenum reduction
(Othman et al., 2013; Halmi et al., 2016). Thus, this study focused on screening
previously isolated cyanide-degrading bacterium for molybdenum-reducing capability
and to optimize molybdenum reduction in this bacterium using OFAT and RSM. Other
studies that need to be carried out include the kinetics of reduction, the effect of heavy
metals on reduction, the possibility of molybdenum reduction in the presence of
cyanide and the purification of the molybdenum-reducing enzyme from this bacterium
including the enzyme characteristics. These studies are not only very important
fundamentally but important for further understanding the capability and limitations
of this bacterium in the future bioremediation or bioremoval of molybdenum.

1.3 Hypothesis

Cyanide-degrading isolate can efficiently reduce molybdate to molybdenum-blue via
enzymatic reaction; that kinetic studies of the molybdenum reduction process can
yield important constants and limitation of the system; that further optimization
through RSM can increase the reduction efficiency and permit the production of
adequate amount of enzyme to enable the purification of Mo-reducing enzyme.

1.4 Objectives

This research is aimed at characterizing the molybdenum-reducing property of
previously isolated cyanide-degrading bacteria. With this in mind the objectives of
this study are as follows;

1.  To screen for the best molybdenum-reducer from previously isolated cyanide-
degrading bacteria and identify the best isolate using molecular phylogenetic
methods.

2.  Tocharacterize the Mo-reducing properties of the best cyanide-degrading isolate
using one-factor-at-a-time (OFAT) and response surface method (RSM).

3. To carry out primary and secondary modelling of the kinetics process for
molybdenum reduction.

4.  To purify and characterize the Mo-reducing enzyme from this bacterium.
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