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ABSTRACT

Contamination of organic xenobiotic pollutants and heavy metals in a contaminated site allows
the use of multiple bacterial degraders or bacteria with the ability to detoxify numerous toxicants
at the same time. A previously isolated SDS- degrading bacterium, Acinetobacter baumannii
strain Serdang 1 was shown to reduce molybdenum to molybdenum-blue. The bacterium works
optimally at pH 6.5, the temperature range between 25 and 34°C with glucose serves as the best
electron donor for molybdate reduction. This bacterium required additional concentration of
phosphate at 5.0 mM and molybdate between 15 and 25 mM. The absorption spectrum of the
molybdenum blue obtained is similar to the molybdenum blue from other earlier reported
molybdate reducing bacteria, as it resembles a reduced phosphomolybdate closely. Ag(i), As(v),
Pb(ii) and Cu(ii) inhibited molybdenum reduction by 57.3, 36.8, 27.7 and 10.9%, respectively, at
1 p.p-m. Acrylamide was efficiently shown to support molybdenum reduction at a lower
efficiency than glucose. Phenol, acrylamide and propionamide could support the growth of this
bacterium independently of molybdenum reduction. This bacterium capability to detoxify several
toxicants is an important tool for bioremediation in the tropical region.

INTRODUCTION

metabolism, and toxicity level has been a reported at several
parts per million [5,6]. Aside from heavy metals, organic

Bacteria with the ability to detoxify more than a few toxicants
including toxic heavy metals is very advantageous to remediate
sites co-contaminated with several pollutants [1]. Molybdenum
is an important heavy metal and forms cofactor in many
enzymes including nitrate- and nitrite reductases. Molybdenum
has been used as an alloying agent, lubricant, anti-corrosive
component, and as anti-freeze component in the automobile
engine. Its wide application in the industry has resulted in
several pollutions reported worldwide including in the Tokyo
Bay, Tyrol, Austria, and the Black Sea [2]. What is alarming is
that recently, molybdenum has been demonstrated to inhibit
spermatogenesis in several organisms like catfish and mice and
can arrest embryogenesis at concentrations as low as several
p-p-m. [3,4]. Classically, molybdenum affects ruminants, with
cows being the most affected by disrupting the copper

pollutants are major global pollutants [7,8]. An incredible
number of tonnes of such chemical compounds are created
every year with a good portion observed damaging the
surroundings. The removal of heavy metals and organic
contaminants by bioremediation is considered the most cost-
effective solution in comparison with physical or chemicals
approaches as this strategy may not be economical for extended
terms and also primarily at low concentrations of toxicants [1].

Acrylamide is a xenobiotic toxic chemical substance which
is revealed to indicate neurotoxicity in man, and demonstrated
carcinogenicity and reproductive poisoning in animal models
[9]. It forms the starting compound as a monomer for the
polymer polyacrylamide, which is globally used in pesticides
formulation, soil stabilizer and water treatment [10] and it is
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from these industries that the pollution caused by acrylamide
has been reported with contaminating levels as high as 1000
mg/L [11]. A known possible source of potential pollution of
acrylamide in Malaysia can be contributed from the treatment of
drinking water [10].

Microorganisms which could break down many
xenobiotics substance are in great requirement as the flexibility
of these microorganisms are required in contaminated sites in
which several contaminations are present [12]. Xenobiotic
degradation together with heavy metals reduction has been
reported [13,14]. Previously, molybdenum-reducing bacteria
that grow on sodium dodecyl sulfate (SDS) as the main carbon
source have been reported although molybdenum reduction was
not supported by SDS [15]. Another Mo-reducing bacterium
can also use amide as an electron donor source for molybdenum
reduction [16], and this activity is the most sought after
regarding remediating sites contaminated with amides and
heavy metals.

In this work, a previously isolated phenol degrading
bacterium [17] were screened for the capacity to reduce
molybdenum to molybdenum blue and to evaluate numerous
xenobiotics capacity to perform as electron donors in
molybdenum reduction. On top of that, the bacterium capacity
to utilize these xenobiotics separately as a carbon source for
growth were furthermore screened [18]. The fact that this
bacterium can reduce molybdenum and grow on two toxic
xenobiotics is novel.

MATERIALS AND METHODS

Chemicals

All chemicals used were of analytical grade and purchased from
Sigma (St. Louis, MO, USA), Fisher (Malaysia) and Merck
(Darmstadt, Germany).

Growth
bacterium
Acinetobacter baumannii strain Serdang 1 was grown and
maintained on a low phosphate medium (LPM) with the
following compositions: glucose (1%), (NH4)2.SOs (0.3%),
MgS04.7H20 (0.05%), yeast extract (0.5%), NaCl (0.5%),
NaxMo004.2H20 (0.242 % or 10 mM) and NaxHPO4 (0.071% or
5 mM) [19]. Blue colonies growth on the plate indicate
molybdenum reduction by bacteria. Molybdenum reduction in
liquid media was conducted in 100 mL of the above LPM media
with the phosphate concentration increased to 100 mM in 250-
mL shake flasks at pH 7.0 at room temperature for 48 h of
incubation at 120 rpm orbital shaker speed. Molybdenum blue
spectrum was monitored by scanning the absorption spectrum
from 400 to 900 nm (Shimadzu 1201UV-Vis).

and maintenance of molybdenum-reducing

Preparation of resting cells for molybdenum reduction
characterization

Characterization of the molybdenum reduction to molybdenum
blue was conducted using the resting cell as before in a
microtiter plate format [20]. Molybdenum blue production at
the defined time was measured using the specific extinction
coefficient of 11.69 mM.!.cm™! at 750 nm [36].

Screening of molybdenum reduction using xenobiotics as
source of electron donor for molybdenum reduction and
growth

Xenobiotic compounds like phenol, acrylamide, nicotinamide,
acetamide, acetamide, iodoacetamide, propionamide, Sodium
Dodecyl Sulfate (SDS) and diesel ability to act as electron

donors in molybdenum reduction was tested using the
microplate format by replacing glucose with these xenobiotics
compound in low phosphate medium at the final concentration
of 500 mg/L. Diesel was added at the final concentration of 0.5
¢/L in 10 mL media and sonicated for 5 minutes. Two hundred
uL of the media was then added to the microplate wells. To
screen for the ability of these toxicants to be utilized as a carbon
source of growth independent of molybdenum reduction,
molybdenum was omitted from the LPM media and growth was
monitored through the increase in absorption at 600 nm.

Effect of heavy metals on molybdenum reduction

Seven heavy metals; Pb (ii), As (v), Cu (ii), Hg (ii), Ag (i), Cr
(vi) and Cd (ii) were studied in this work. Bacterial incubation
with heavy metals was conducted in a microtiter plate at the
final concentration of 1 p.p.m. and incubated for 48 h at room
temperature. Molybdenum blue production was measured 750
nm as before.

Statistical analysis

All data were analyses using GraphPad InStat version 3.05 and
GraphPad Prism version 3.0 available from
www.graphpad.com. Student's t-test analysis or one-way
analysis of variance with post hoc analysis by Tukey’s test was
conducted for comparing between groups. P < 0.05 was
measured as statistically significant.

RESULTS AND DISCUSSION

A simple and rapid high throughput method was use in this
work involving microplate format to obtaining more data and to
speed up characterization when compare to normal shake flask
approach [20,38]. Resting cells in stationary condition have
been used to characterize molybdenum reduction in bacterium
was commenced by [22]. Heavy metals reduction study
involving resting cells had been used in selenate [39] and SDS
biodegradation SDS [40].

Molybdenum absorbance spectrum

Acinetobacter baumannii strain Serdang 1 exhibited absorption
spectrum of molybdenum blue at about 700 nm with a
maximum peak close to infra-red region (860 nm and 870 nm)
with median recorded at 865 nm (Fig. 2). Molybdenum blue
identity was not easily determined because of it complex
structure and many species [23]. Molybdenum blue is a reduced
product of molybdenum complexes- isopolymolybdate and
heteropolymolybdate. According to Campbell et al. [21]
molybdenum blue reduction observe in E. coli K12 is a reduced
form of phosphomolybdate without no reasonable mechanism.
Isopolymolybdenum blue formation from molybdate is not
likely to happen by biological-based reducing agents as a strong
reducing agent was required for the conversion to happen under
acidic condition. Heteropoly molybdenum blue formation by
biologically-based reducing agents like ascorbic acids or
enzymatic reduction is more likely as observe in the phosphate
determination method by means of ascorbic acid [41]. The
hypothesis is that microbial molybdate reduction in molybdate
containing media must progress through phosphomolybdate
intermediate. Molybdate conversion to this structure happen due
pH decrease during bacterial growth. To put it simply, both
chemical and biological processes are required in molybdenum
reduction to molybdenum blue.

Molybdenum blue absorption spectrum from this
bacterium must show a spectrum closely similar to phosphate
determination method if it follows this mechanism. To be exact,
maximum absorption spectrum observed must in between 860
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nm and 870 nm take up at approximately 700 nm. Phosphate
determination method for molybdenum blue usually display
maximum absorption about 880 to 890 nm and taken up around
700 nm to 720 nm [28]. Previously we have shown that the
whole Mo-blue spectra from other bacteria follow this condition
[23]. Absorption spectrum result from this work clearly
indicates similar spectrum pattern thus provides substantial
evidence as a hypothesis. Exact phosphomolybdate species
identification must be conceded out using n.m.r and e.s.r. due to
the compound-complex structure. Characterization of
heteropolymolybdate  species through spectrophotometric
analysis by examining the scanning spectroscopic profile is a
less cumbersome and accepted method [42]. Maximum
absorption for molybdenum blue was at b65 nm, however,
measurement at 750 nm although it is 30% lower than normal, it
is enough for molybdenum blue production routine monitoring
as the intensity obtained was higher than cellular absorption at
600-620 nm [20]. Previously several wavelengths like 710 nm
[22] and 820 nm [21] were used for molybdenum blue
production monitoring.

3 1
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16h
1 -
8h
0 T T T
600 700 800 900
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Fig. 2. Scanning absorption spectrum of Mo-blue from Acinetobacter
baumannii strain Serdang 1 at different time intervals.

Effect of pH and temperature on molybdate reduction

Incubation of Acinetobacter baumannii strain Serdang 1 at
different pH ranging from pH 5.5 to 8.0 with Tris-Cl and Bis-
Tris buffers (20 mM) showed that ANOVA analysis for
optimum pH was at 6.3 (Fig. 3). The effect of temperature over
a wide temperature range (20 to 60°C) was observed with
optimum temperatures ranging from 25-34°C  with no
significance different (p>0.05) among the measured values as
analysed with ANOVA (Fig. 4). Molybdenum blue production
from Acinetobacter baumannii strain Serdang 1 was inhibited
strongly at temperatures lower than 34 °C.

Both pH and temperature show important roles in
molybdenum reduction. As this process was mediated by an
enzyme, both parameters disturbs enzyme activity, and protein
folding resulted in inhibition of molybdenum reduction. In
tropical country similar to Malaysia with yearly average
temperature ranging from 25 to 35 °C the optimum condition
would be advantageous [24]. Therefore, Acinetobacter
baumannii strain Serdang 1 might be a suitable candidate for
molybdenum soil bioremediation locally and in other tropical
countries. Common reducers show an optimum temperature
ranges in between 25, and 37 °C [19,24,25,27-31,33-35,43] as
all of them were isolated from tropical soils with only one
psychrotolerant reducer isolated from Antarctica exhibit optimal

temperature for supporting a reduction in between 15 and 20 °C
[32]. Acinetobacter baumannii strain Serdang 1 optimum pH
ranges for molybdenum reduction indicate bacterium property
as neutrophile organism. Neutrophils are characterised by their
capability to grow in between pH 5.5 and 8.0. A significant
observation is that the optimal pH for molybdenum reduction in
bacteria is a slightly acidic pH with optimum pHs ranging from
pH 5.0 to 7.0. [21,22,24-35,43]. As previously suggested,
acidic pH is important as it involves phosphomolybdate
formation and stability before it is being reduced to Mo-blue.
Therefore, the optimal reduction happens as there is a balance
between enzyme activity and substrate stability [44].

Effect of electron donor on molybdate reduction

Glucose is the best electron donor for molybdate reduction
followed by citrate (Table 1) among all others electron donor
tested as others carbon sources cannot support molybdenum
reduction. As describe previously by Shukor et al. some
molybdenum reducing bacteria like S. marcescens strain Dr.Y9
[19], Serratia sp. strain Dr.YS5 [25], Enterobacter cloacae strain
48 [22], and Serratia marcescens strain DRY6 [24] indicated
sucrose as the best carbon source.

Table. 1. Effect of various sources of electron donor (1% w/v) on
molybdenum reduction by Acinetobacter baumannii strain Serdang 1.
Error bars represent mean + standard deviation (n = 3).

Carbon source A 750 nm (mean=SD,
n=3)
Citrate 0323 + 0.013
Fructose 0.108 + 0.067
D-Glucose 0.892 + 0.0838
Glycerol 0.131 = 0.098
Glycogen 0.102 + 0.014
meso-Inositol 0.101 + 0.096
Lactose 0.111  * 0.059
Mannitol 0.122 + 0.101
D-Mannose 0.069 + 0.007
Maltose 0.089 + 0.043
Melezitose 0.121 + 0.103
Melibiose 0.091 + 0.049
Raffinose 0.103 + 0.067
Rhamnose 0.074 + 0.025
Ribose 0.115 + 0.098
Salicin 0.076 + 0.006
Sorbitol 0.105 + 0.103
Sucrose 0.088 + 0.008
Starch 0.086 + 0.100
Trehalose 0.083 + 0.097
+

Control 0.126

Abs 750 nm

0.5 1

0.0 T T T T 1
5.5 6.0 6.5 70 75 8.0

pH

Fig. 3. Effect of pH on molybdenum reduction by Acinetobacter
baumannii strain Serdang 1. The bacterial resting cell was incubated in
a microtiter plate under optimized conditions for 72 hours. Error bars
represent mean + standard deviation (n=3).
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Fig. 4. Effect of temperature on molybdenum reduction by
Acinetobacter baumannii strain Serdang 1. The bacterial resting cell
was incubated in a microtiter plate under optimized conditions for 72
hours. Error bars represent mean + standard deviation (n=3).

For instance, Bacillus sp. strain A.rzi [34], Pseudomonas
sp. strain DRY1 [32], Escherichia coli K12 [21], Bacillus
pumilus strain lbna [31], Serratia sp. strain Dr.YS [25],
Enterobacter sp. strain Dr.Y13 [26] Pseudomonas sp. strain
DRY?2 [28], and Acinetobacter calcoaceticus strain Dr.Y12
[29] all prefer glucose as the carbon source. Carbon sources
presence in the media, allow the bacteria to produce electron
donating substrates like NADH and NADPH through various
metabolic pathways like glycolysis, electron transport chain and
Kreb’s cycle. Both NADPH and NADH are in control of
electron donating substrates for molybdenum reducing-enzyme
[43,45].

Effect of phosphate and molybdate concentrations to
molybdate reduction

The determination of phosphate and molybdate concentrations
supporting optimal molybdenum reduction is important because
both anions displayed inhibition of molybdenum blue
production in bacteria.[19,24,26-30,32,34,43].  Phosphate
concentration was optimum at 5 mM with higher concentrations
strongly inhibit to reduction (Fig. 5). High phosphate
concentration inhibits phosphomolybdate stability as this
complex needs acidic conditions. An increase in phosphate
concentration allows strong buffering power of the phosphate
buffer used. Moreover, the presence of high phosphate through
unknown mechanism make phosphomolybdate complex
unstable [46-48]. So far, all isolated molybdenum-reducing
bacterium obliges to have not more than 5 mM phosphate
concentration for optimal reduction [21,22,24-35,43].

Effect of molybdenum concentration studies on
molybdenum reduction exhibited that, the newly isolated
bacterium was able to reduce molybdenum as high as 60 mM
but with a decrease in molybdenum blue production. The
reduction was optimum at a range between 15 and 25 mM (Fig.
6). High concentration reduction to insoluble form allow
concentrated molybdenum pollution to be reduced. The highest
molybdenum concentration for optimal reduction in both E. coli
K12 [21] and Klebsiella oxytoca strain hkeem [30] is 80 mM
whilst 15 mM of molybdenum concentration reported in
Pseudomonas sp strain Dr.Y2 is the lowest optimum
concentration [28]. Other molybdenum- reducing bacteria like
EC48 [22] and Enterobacter sp. strain Dr.Y13[26] both can
produce optimal molybdenum blue at 50 mM molybdate

concentration. More than that both S. marcescens strain Dr.Y6
[24] and S. marcescens. Dr.Y9 [19] reported to tolerate
molybdate concentrations at 25 mM and 50 mM respectively. A
few others reported species like Pseudomonas sp. strain Dr.Y2
[28], Serratia sp. strain Dr.YS5 [25], and Acinetobacter
calcoaceticus [29] was reported to tolerate 30 mM, 30 mM and
20 mM of optimal molybdate concentration respectively. This
show that potential bacteria strain that can tolerate high
concentration of molybdenum pollution in real environment
have been isolate as currently the highest molybdenum
concentration reported in the environment is at 2000 ppm near
to 20 mM [49].

Effect of heavy metals

Molybdenum reduction was inhibited by Ag (i), As (v), Pb (ii)
and Cu (ii) at 57.3, 36.8, 27.7 and 10.9%, respectively, at 1 ppm
(Fig. 8). In bioremediation process, a main problem is the
inhibition by other metals ions and heavy metals that might
affects the whole bioremediation process. Therefore, the need to
screen and isolate bacteria with many metal resistance
capabilities is important. In a previous work, Shukor et.al. [50],
describe mercury as a physiological inhibitor to molybdate
reduction while in this work, the metal appears not to inhibite
reduction. Most molybdenum-reducing bacterium were
inhibited by toxic heavy metals (Table 1). Typical heavy metals
like mercury, silver, cadmium and copper naturally target
sulfhydryl group of enzymes [51]. Other heavy metals like
chromate is popularly known to inhibit glucose oxidase enzyme
[52]. Binding of heavy metals inactivated metal-reducing
capability of the enzyme(s) responsible for the reduction.

25 4
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Fig. 5. The effect of phosphate concentration on molybdenum reduction
by Acinetobacter baumannii strain Serdang 1. Bacterium resting cells
were incubated in a microtiter plate at optimized conditions for 72 h.
Error bars represent mean + standard deviation (n = 3).
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Fig. 6. The effect of molybdate concentration on molybdenum reduction
by Acinetobacter baumannii strain Serdang 1. Bacterium resting cells
were incubated in a microtiter plate at optimized conditions for 72
hours. Error bars represent mean + standard deviation (n = 3).
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Fig. 7. The effect of metals on Mo-blue production by Acinetobacter
baumannii strain Serdang 1. Bacterium resting cells were incubated in a
microtiter plate at optimized conditions for 72 hours. Error bars
represent mean + standard deviation (n = 3).

Table 1. Inhibition of Mo-reducing bacteria by heavy metals.

Bacteria Heavy Metals that Author

inhibit reduction

Bacillus pumilus strain As™, Pb*, Zn?*,  [31]
Ibna Cd>, Cr*, Hg™,
Cu2+
Bacillus sp. strain A.rzi Cd?*, Cr®, Cu®*, Ag", [34]
Pb2*, Hg?* Co?*, Zn*

Cr, Cu, Ag, Hg [27]

Serratia sp. strain

Dr.Y8

S. marcescens strain Cr%, Cu*, Ag*, Hg** [19]
Dr.Y9

Serratia sp. strain n.a. [25]
Dr.Y5

Pseudomonas sp. strain  Cr®*, Cu®*, Pb**, Hg?** [28]
DRY2

Pseudomonas sp. strain  Cd**, Cr®, Cu**, Ag*, [32]
DRY1 Pb2+, Hg2+
Enterobacter sp. strain  Cr%*, Cd**, Cu*, Ag*, [26]
Dr.YI3 Hg™
Acinetobacter Cd*, Cr*, Cu®,  [29]
calcoaceticus strain Pb%, Hg**

Dr.Y12

Serratia marcescens Cr®, Cu®, Hg™**  [24]
strain DRY6

Enterobacter cloacae Cr, Cu** [22]
strain 48

Escherichia coli K12 Cré* [21]
Klebsiella oxytoca strain ~ Cu®*, Ag*, Hg**  [30]
hkeem

Xenobiotics as electron donors for molybdenum reduction
and independent growth

Various xenobiotics ability to support molybdenum reduction
was explored. Out of all the xenobiotics tested, acrylamide
displayed the ability to support molybdenum reduction at a
lower efficiency than glucose while other xenobiotics tested
cannot (Fig. 8). However, phenol (as expected), acrylamide and
propionamide could support the growth of this bacterium
independently of molybdenum reduction (Fig. 9). This is the
first report on carbon sources other than carbohydrates that
could support Mo-reduction in the bacterium. Other xenobiotics
like phenol can be used as electron donors in chromate
reduction [53]. Amides such as acrylamide, acetamide and
propionamide are produced in the order of millions of tons per
year [54]. Acrylamide is mostly used to produce the
polyacrylamides polymer that has several uses as water-soluble
thickeners and as an inert ingredient of various glyphosate
formulations [55]. Other uses include in the papermaking
process, as coagulants in wastewater treatment and as

permanent fabrics press in cloth manufacturing process.
Acetamide is used as a plasticizer and as an industrial solvent
while propionamide is used as an ingredient in many different
organic processes to form other useful compounds. The
pollution of these amides have been reported, and several
microbes have been isolated that could use these amides growth
sources of nitrogen and carbon.[10,10,54,56,56-58,58—66].

120 -
100 -
80 -
60 -
40 -
20 -

0

Mo-blue Production (%)

(/] N
& &£ & 6"‘& 6'\@?' & &F P o,@oﬁ

Fig. 8. Mo-blue reduction by xenobiotics at 10 mM in low phosphate
media. Glucose was a positive control. Resting cells of the bacterium
were incubated in a microtiter plate under optimized conditions for 72
hours. Error bars represent mean + standard deviation (n = 3).
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Fig. 9. The growth of Acinetobacter baumannii strain Serdang 1 on
xenobiotics independent of molybdenum reduction. Glucose was a
positive control. Resting cells of the bacterium were incubated in a
microtiter plate under optimized conditions for 72 hours. Error bars
represent mean + standard deviation (n = 3).

CONCLUSION

A phenol-degrading bacterium has shown to be able to reduce
molybdenum to molybdenum, blue. The bacterium works
optimally to reduces molybdate to molybdenum blue at pH 6.3
and temperatures ranges between 25° C and 34 ° C. Glucose act
as the best electron donor for molybdate reduction followed by
citrate. Additional phosphate concentration at 5.0 mM and
molybdate concentration at between 15 and 25 mM are
required. Molybdenum-blue produces similar absorption
spectrum compared to the previous Mo-reducing bacterium and
resembles a reduced phosphomolybdate closely. Molybdenum
reduction was inhibited by Ag (i), As (v), Pb (ii) and Cu (ii) at
57.3, 36.8, 27.7 and 10.9%, respectively. Acrylamide was
shown to support molybdenum reduction at a lower efficiency
than glucose while other xenobiotics tested could not. Phenol,
acrylamide and propionamide can support this bacterium
growth independent of molybdenum reduction. This bacterium
has the ability to detoxify numerous toxicants, and this is a
novel property, and this makes the bacterium an important tool
for bioremediation in the tropical region. At present, efforts are
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ongoing to purify the molybdenum-reducing enzyme from this
bacterium and to fully characterize its xenobiotic-degrading

property.

ACKNOWLEDGEMENTS

This project was supported by the Putra-IPS grants GP-
IPS/2017/9572200 to Dr Hafeez Yakasai and GP-IPS/2017/
9572300 to Mr Fadhil Abd. Rahman.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

Lim KT, Shukor MY, Wasoh H. Physical, chemical, and
biological methods for the removal of arsenic compounds.
BioMed Res Int. 2014;2014.

Neunhiuserer C, Berreck M, Insam H. Remediation of soils
contaminated with molybdenum using soil amendments and
phytoremediation. Water Air Soil Pollut. 2001;128(1-2):85-96.
Yamaguchi S, Miura C, Ito A, Agusa T, Iwata H, Tanabe S, et al.
Effects of lead, molybdenum, rubidium, arsenic and
organochlorines on spermatogenesis in fish: Monitoring at
Mekong Delta area and in vitro experiment. Aquat Toxicol.
2007;83(1):43-51.

Zhang Y-L, Liu F-J, Chen X-L, Zhang Z-Q, Shu R-Z, Yu X-L, et
al. Dual effects of molybdenum on mouse oocyte quality and
ovarian oxidative stress. Syst Biol Reprod Med. 2013;59(6):312—
8.

Underwood EJ. Environmental sources of heavy metals and their
toxicity to man and animals. 1979;11(4-5):33-45.

Kincaid RL. Toxicity of ammonium molybdate added to drinking
water of calves. J Dairy Sci. 1980;63(4):608-10.

Ambily PS, Jisha MS. Biodegradation of anionic surfactant,
sodium dodecyl sulphate by pseudomonas aeruginosa MTCC
10311. J Environ Biol. 2012;33(4):717-20.

Ambily PS, Jisha MS. Metabolic profile of sodium dodecyl
sulphate (SDS) biodegradation by Pseudomonas aeruginosa
(MTCC 10311). J Environ Biol. 2014;35(5):827-31.

Shipp A, Lawrence G, Gentry R, McDonald T, Bartow H, Bounds
J, et al. Acrylamide: review of toxicity data and dose-response
analyses for cancer and noncancer effects. Crit Rev Toxicol.
2006;36(6-7):481-608.

Shukor MY, Gusmanizar N, Azmi NA, Hamid M, Ramli J,
Shamaan NA, et al. Isolation and characterization of an
acrylamide-degrading  Bacillus  cereus. J Environ Biol.
2009;30(1):57-64.

Rogacheva SM, Ignatov OV. The respiratory activity of
Rhodococcus rhodochrous M8 cells producing nitrile-hydrolyzing
enzymes. Appl Biochem Microbiol. 2001;37(3):282—-6.

Ahmad SA, Ahamad KNEK, Johari WLW, Halmi MIE, Shukor
MY, Yusof MT. Kinetics of diesel degradation by an acrylamide-
degrading bacterium. Rendiconti Lincei. 2014;25(4):505-12.
Chirwa EN, Wang Y-T. Simultaneous chromium(VI) reduction
and phenol degradation in an anaerobic consortium of bacteria.
Water Res. 2000;34(8):2376-84.

Chung J, Rittmann BE, Wright WF, Bowman RH. Simultaneous
bio-reduction of nitrate, perchlorate, selenate, chromate, arsenate,
and dibromochloropropane using a hydrogen-based membrane
biofilm reactor. Biodegradation. 2007;18(2):199-209.

Halmi MIE, Zuhainis SW, Yusof MT, Shaharuddin NA, Helmi W,
Shukor Y, et al. Hexavalent molybdenum reduction to Mo-blue by
a sodium-dodecyl-sulfate- degrading Klebsiella oxytoca strain
DRY14. BioMed Res Int. 2013;2013:Article number 384541.
Mansur R, Gusmanizar N, Dahalan FA, Masdor NA, Ahmad SA,
Shukor MS, et al. Isolation and characterization of a molybdenum-
reducing and amide-degrading Burkholderia cepacia strain neni-
11 in soils from west Sumatera, Indonesia. IIOAB. 2016;7(1):28—
40.

Yadzir ZHM, Shukor
Characterization  and

MY, Nazir MS, Abdullah MA.
identification of newly isolated

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

-23-

Acinetobacter baumannii strain Serdang 1 for phenol removal. In
2012. p. 223-8.

Haley CL, Colmer-Hamood JA, Hamood AN. Characterization of
biofilm-like structures formed by Pseudomonas aeruginosa in a
synthetic mucus medium. BMC Microbiol. 2012;12:181.

Yunus SM, Hamim HM, Anas OM, Aripin SN, Arif SM. Mo (VI)
reduction to molybdenum blue by Serratia marcescens strain Dr.
Y9. Pol ] Microbiol. 2009;58(2):141-7.

Shukor MS, Shukor MY. A microplate format for characterizing
the growth of molybdenum-reducing bacteria. J Environ Microbiol
Toxicol. 2014;2(2):1-3.

Campbell AM, Campillo-Campbell AD, Villaret DB. Molybdate
reduction by Escherichia coli K-12 and its chl mutants.
1985;82(1):227-31.

Ghani B, Takai M, Hisham NZ, Kishimoto N, Ismail AKM, Tano
T, et al. Isolation and characterization of a Mob6+-reducing
bacterium. 1993;59(4):1176-80.

Shukor MY, Adam H, Ithnin K, Yunus I, Shamaan NA, Syed A.
Molybdate reduction to molybdenum blue in microbe proceeds via
a phosphomolybdate intermediate. J Biol Sci. 2007;7(8):1448-52.
Shukor MY, Habib SHM, Rahman MFA, Jirangon H, Abdullah
MPA, Shamaan NA, et al. Hexavalent molybdenum reduction to
molybdenum blue by S. marcescens strain Dr. Y6. Appl Biochem
Biotechnol. 2008;149(1):33-43.

Rahman MFA, Shukor MY, Suhaili Z, Mustafa S, Shamaan NA,
Syed MA. Reduction of Mo(VI) by the bacterium Serratia sp.
strain DRYS. J Environ Biol. 2009;30(1):65-72.

Shukor MY, Rahman MF, Shamaan NA, Syed MS. Reduction of
molybdate to molybdenum blue by Enterobacter sp. strain
Dr.Y13. J Basic Microbiol. 2009;49(SUPPL. 1):S43-S54.

Shukor MY, Rahman MF, Suhaili Z, Shamaan NA, Syed MA.
Bacterial reduction of hexavalent molybdenum to molybdenum
blue. World J Microbiol Biotechnol. 2009;25(7):1225-34.

Shukor MY, Ahmad SA, Nadzir MMM, Abdullah MP, Shamaan
NA, Syed MA. Molybdate reduction by Pseudomonas sp. strain
DRY2.J Appl Microbiol. 2010;108(6):2050-8.

Shukor MY, Rahman MF, Suhaili Z, Shamaan NA, Syed MA.
Hexavalent molybdenum reduction to Mo-blue by Acinetobacter
calcoaceticus. Folia Microbiol (Praha). 2010;55(2):137-43.

Lim HK, Syed MA, Shukor MY. Reduction of molybdate to
molybdenum blue by Klebsiella sp. strain hkeem. J Basic
Microbiol. 2012;52(3):296-305.

Abo-Shakeer LKA, Ahmad SA, Shukor MY, Shamaan NA, Syed
MA. Isolation and characterization of a molybdenum-reducing
Bacillus pumilus strain lbna. J Environ Microbiol Toxicol.
2013;1(1):9-14.

Ahmad SA, Shukor MY, Shamaan NA, Mac Cormack WP, Syed
MA. Molybdate reduction to molybdenum blue by an antarctic
bacterium. BioMed Res Int. 2013;2013.

Halmi MIE, Zuhainis SW, Yusof MT, Shaharuddin NA, Helmi W,
Shukor Y, et al. Hexavalent molybdenum reduction to Mo-blue by
a Sodium-Dodecyl-Sulfate-degrading Klebsiella oxytoca strain
DRY14. BioMed Res Int. 2013;2013:e384541.

Othman AR, Bakar NA, Halmi MIE, Johari WLW, Ahmad SA,
Jirangon H, et al. Kinetics of molybdenum reduction to
molybdenum blue by Bacillus sp. strain A.rzi. BioMed Res Int.
2013;2013:Article number 371058.

Khan A, Halmi MIE, Shukor MY. Isolation of Mo-reducing
bacterium in soils from Pakistan. J Environ Microbiol Toxicol.
2014;2(1):38-41.

Shukor MY, Lee CH, Omar I, Karim MIA, Syed MA, Shamaan
NA. Isolation and characterization of a molybdenum-reducing
enzyme in Enterobacter cloacae strain 48. Pertanika J Sci
Technol. 2003;11(2):261-72.

Huang Y-L, Li Q-B, Deng X, Lu Y-H, Liao X-K, Hong M-Y, et
al. Aerobic and anaerobic biodegradation of polyethylene glycols
using sludge microbes. Process Biochem. 2005;40(1):207-11.
Iyamu EW, Asakura T, Woods GM. A colorimetric microplate
assay method for high-throughput analysis of arginase activity in
vitro. Anal Biochem. 2008;383(2):3324.

Losi ME, Frankenberger Jr. WT. Reduction of selenium
oxyanions by Enterobacter cloacae strain SLD1a-1: Reduction of
selenate to selenite. Environ Toxicol Chem. 1997;16(9):1851-8.
Chaturvedi V, Kumar A. Diversity of culturable sodium dodecyl
sulfate (SDS) degrading bacteria isolated from detergent



41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

BSTR, 2016, Vol 4, No 2, 18-24

contaminated ponds situated in Varanasi India. Int
Biodeterior Biodegrad. 2011;65(7):961-71.

Hori T, Sugiyama M, Himeno S. Direct spectrophotometric
determination of sulphate ion based on the formation of a blue
molybdosulphate complex. The Analyst. 1988;113(11):1639-42.
Yoshimura K, Ishii M, Tarutani T. Microdetermination of
phosphate in water by gel-phase colorimetry with molybdenum
blue. Anal Chem. 1986;58(3):591-4.

Shukor MY, Halmi MIE, Rahman MFA, Shamaan NA, Syed MA.
Molybdenum reduction to molybdenum blue in Serratia sp. strain
DRYS5 is catalyzed by a novel molybdenum-reducing enzyme.
BioMed Res Int. 2014;2014 Article ID 853084.

Shukor Y, Adam H, Ithnin K, Yunus I, Shamaan NA, Syed A.
Molybdate reduction to molybdenum blue in microbe proceeds via
a phosphomolybdate intermediate. 2007;7(8):1448-52.

Shukor MY, Rahman MFA, Shamaan NA, Lee CH, Karim MIA,
Syed MA. An improved enzyme assay for molybdenum-reducing
activity in bacteria. Appl Biochem Biotechnol. 2008;144(3):293—
300.

Glenn JL, Crane FL. Studies on metalloflavoproteins. V. The
action of silicomolybdate in the reduction of cytochrome ¢ by
aldehyde oxidase. Biochim Biophys Acta. 1956;22(1):111-5.

Sims RPA. Formation of heteropoly blue by some reduction
procedures used in the micro-determination of phosphorus.
1961;86(1026):584-90.

Shukor MY, Shamaan NA, Syed MA, Lee CH, Karim MIA.
Characterization and quantification of molybdenum blue
production in Enterobacter cloacae strain 48 using 12-
molybdophosphate as the reference compound. Asia-Pac J Mol
Biol Biotechnol. 2000;8(2):167-72.

Runnells DD, Kaback DS, Thurman EM, Chappel WR, Peterson
KK. Geochemistry and sampling of molybdenum in sediments,
soils, and plants in Colorado. Molybdenum Environ. 1976;

Shukor MY, Syed MA, Lee CH, Karim MIA, Shamaan NA. A
method to distinguish between chemical and enzymatic reduction
of molybdenum in Enterobacter cloacae strain 48. Malays J
Biochem. 2002;7:71-2.

Sugiura Y, Hirayama Y. Structural and electronic effects on
complex formation of copper(Il) and nickel(Il) with sulfhydryl-
containing peptides. Inorg Chem. 1976;15(3):679-82.

Zeng G-M, Tang L, Shen G-L, Huang G-H, Niu C-G.
Determination of trace chromium (VI) by an inhibition-based
enzyme biosensor incorporating an electropolymerized aniline
membrane and ferrocene as electron transfer mediator. Int J
Environ Anal Chem. 2004;84(10):761-74.

Anu M, Salom Gnana TV, Reshma JK. Simultaneous phenol
degradation and chromium (VI) reduction by bacterial isolates.
Res J Biotechnol. 2010;5(1):46-9.

city,

Rahim MBH, Syed MA, Shukor MY. Isolation and
characterization of an acrylamide-degrading yeast Rhodotorula sp.
strain  MBH23 KCTC 11960BP. J Basic Microbiol.

2012;52(5):573-81.

Shukor MY, Gusmanizar N, Ramli J, Shamaan NA, MacCormack
WP, Syed MA. Isolation and characterization of an acrylamide-
degrading Antarctic bacterium. 2009;30(1):107-12.

Shukor MY, Gusmanizar N, Ramli J, Shamaan NA, MacCormack
WP, Syed MA. Isolation and characterization of an acrylamide-
degrading Antarctic bacterium. J Environ Biol. 2009;30(1):107—
12.

Syed MA, Ahmad SA, Kusnin N, Shukor MYA. Purification and
characterization of amidase from acrylamide-degrading bacterium
Burkholderia  sp. strain  DR.Y27. Afr J Biotechnol.
2012;11(2):329-36.

Jebasingh SEJ, Lakshmikandan M, Rajesh RP, Raja P.
Biodegradation of acrylamide and purification of acrylamidase
from newly isolated bacterium Moraxella osloensis MSU11. Int
Biodeterior Biodegrad. 2013;85:120-5.

Liu Z-H, Cao Y-M, Zhou Q-W, Guo K, Ge F, Hou J-Y, et al.
Acrylamide biodegradation ability and plant growth-promoting
properties of Variovorax boronicumulans CGMCC 4969.
Biodegradation. 2013;24(6):855-64.

Buranasilp K, Charoenpanich J. Biodegradation of acrylamide by
Enterobacter aerogenes isolated from wastewater in Thailand. J
Environ Sci. 2011;23(3):396—403.

61.

62.

63.

64.

65.

66.

-4 -

Cha M, Chambliss GH. Characterization of acrylamidase isolated
from a newly isolated acrylamide-utilizing bacterium, Ralstonia
eutropha AUM-01. Curr Microbiol. 2011;62(2):671-8.
Chandrashekar V, Chandrashekar C, Shivakumar R, Bhattacharya
S, Das A, Gouda B, et al. Assessment of acrylamide degradation
potential of Pseudomonas aeruginosa BAC-6 isolated from
industrial effluent. Appl Biochem Biotechnol. 2014;173(5):1135-
44.

Emmanuel Joshua Jebasingh S., Lakshmikandan M., Rajesh RP.,
Raja P. Biodegradation of acrylamide and purification of
acrylamidase from newly isolated bacterium Moraxella osloensis
MSUI11. Int Biodeterior Biodegrad. 2013;85:120-5.
Lakshmikandan M, Sivaraman K, Raja SE, Vasanthakumar P,
Rajesh RP, Sowparthani K, et al. Biodegradation of acrylamide by
acrylamidase from Stenotrophomonas acidaminiphila MSU12 and
analysis of degradation products by MALDI-TOF and HPLC. Int
Biodeterior Biodegrad. 2014;94:214-21.

Nawaz MS, Billedeau SM, Cerniglia CE. Influence of selected
physical parameters on the biodegradation of acrylamide by
immobilized cells of Rhodococcus sp. Biodegradation.
1998:9(5):381-7.

Thanyacharoen U, Tani A, Charoenpanich J. Isolation and
characterization of Kluyvera georgiana strain with the potential
for acrylamide biodegradation. J Environ Sci Health - Part
ToxicHazardous Subst Environ Eng. 2012;47(11):1491-9.



