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INTRODUCTION 

 
Heavy metal and organic pollution poisoning of soil and 
waterways is a severe issue that affects the whole world. 
Bioremediation has been used extensively to clean up polluted 
places. Low-concentration contaminants cannot be removed 
using chemical or physical methods. However, bioremediation is 
a viable approach [1]. Manufacturing and mining operations are 
the primary causes of molybdenum pollution in the environment. 
About 60% of the world's molybdenum production is used in the 
steel industry, which is often the source of pollution caused by 
molybdenum manufacturing processes. Several places associated 

with the steel industry in Japan, the Black Sea, China, and Austria 
have been polluted by emissions and aqueous effluents from such 
enterprises. Molybdenum pollution from an incandescent light-
bulb manufacture line in China is one of the greatest reported 
industry-related contaminations, with values of 252 mg/kg in 
soils and 0.5 ppm in groundwater [2]. Mining produces more 
serious incidents of pollution than industrial activity. Due to 
seepage from mine tailing’s storage depots, the Red River in New 
Mexico has been contaminated by molybdenum. As a 
consequence, a neighbouring river habitat has been devastated 
[3]. Mine tailings waste deposited near the Nver River in western 
Liaoning, China, has generated a similar scenario in which 
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 ABSTRACT 
More and more people are looking at bioremediation as a cheaper option to physhiochemical 
techniques for cleaning up pollution from farming, mines, and other chemical industries. Toxic 
effects of molybdenum on spermatogenesis harm not only humans but also livestock and aquatic 
life. As a result, efforts are being made to remove it from the ecosystem. A microorganism that 
can convert soluble molybdenum into colloidal molybdenum blue has been discovered. 
Phosphate concentrations were optimum between 2.5 and 5, molybdate concentrations between 
15 and 20, pH between 6, and temperature between 25 and 34 degrees Celsius for the bacteria to 
thrive. Absorption spectrum of Mo-blue shows a peak at 865 nm and a shoulder at 700 nm, which 
indicates that it is in fact reduced phosphomolybdate. Copper, mercury, silver, copper, and 
chromium are all hazardous heavy metals that hinder the synthesis of Mo-blue. Bacillus sp. strain 
Zeid 15 is the most likely candidate for the bacterium's identity. As part of our screening, we look 
for the bacterium's capacity to employ different nitriles and amides as potential electron donors 
for molybdenum reduction or as substrates for growth. A microplate format was used for the 
screening. The bacterium was able to use the amides acrylamide and propionamide as sources of 
electron donor for reduction. Mo-blue production was best supported by acrylamide between 750 
and 1250 mg/L, and propionamide between 750 and 1000 mg/L. In addition, these amides 
including acetamide could support the growth of the bacterium. The modified Gompertz model 
was utilized to model the growth of this bacterium on amides. The model’s growth parameters 
obtained were lag periods of 1.372, 1.562 and 1.639 d and maximum specific growth rates of 
1.38, 0.95 and 0.734 d-1, for acrylamide, acetamide and propionamide, respectively. The capacity 
of this bacterium to decontaminate simultaneously amides and molybdenum is a novel 
characteristic that will be very beneficial in bioremediation. 
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molybdenum contamination of the river with levels considerably 
beyond the norms has been caused by molybdenum mining 
operations in the region [4]. Mine tailings waste from the 
Alaverdi copper molybdenum mine in Armenia is also 
responsible for the pollution of almost 300 square kilometres of 
land [5]. In southern Colorado, molybdenum mining activities 
are responsible for an even higher molybdenum pollution levels 
where molybdenum concentrations ranging from 900 to 2,000 
mg/L have contaminated soils and water bodies in the region [6].  
 

The tailings dam from the Miduk copper mine complex in 
Iran, seeped through the soils and into the groundwater 
contaminating surrounding agricultural area with copper and 
molybdenum above the regulatory limits [7]. In Malaysia, 
seepage and ruptures of pipe carrying molybdenum and copper 
mine waste cause contamination of agricultural areas including 
vast areas of paddy fields. The mine is in Ranau, Sabah [8]. In 
Indonesia, in Batu Hijau, Sumbawa, mining exercise to extract 
metals from the copper-gold-molybdenum porphyry deposit has 
progressively contaminate the nearby shoreline zones. The mine 
deposited over several million tonnes of excess tailings into the 
nearby sea every year ultimately causing water pollution and 
decreased fish populations as monitored between the years 2006 
and 2010 [9,10]. 
 

Molybdenum can be removed from solution by means of 
chemical, physical, and biological strategies. Of these methods, 
biological elimination by means of bacterial reduction is 
attaining additional consideration as a result of economic aspects. 
Bacterial reduction of molybdate to the insoluble molybdenum 
disulphide by sulphate reducing bacteria [11], and to the colloidal 
molybdenum blue [12] are two such candidates for molybdenum 
bioremediation. Of the two, the latter is preferred as the bacterial 
conversion of molybdenum to Mo-blue can be carried out under 
facultative anaerobic conditions instead of a complete anaerobic 
conditions in the former [13]. In addition, molybdenum 
disulphide formation is associated with toxic hydrogen sulphide 
gas production [11]. Mo-blue-producing bacterial candidates 
suitable for bioremediation have been reported. These include the 
bacterium Acinetobacter calcoaceticus [14],  E. coli K12 [15], 
and bacteria from the genera of Klebsiella  [16–18], 
Pseudomonas [14,19],  Enterobacter [13,20], Bacillus [21,22],  
and Serratia [23–26]. 
 

Earlier studies on molybdenum toxicity found that 
ruminants like cattle and sheep are extremely susceptible to low 
molybdenum concentrations. Copper, sulphur, and molybdenum 
interactions occurred in the rumen of ruminants. Under anaerobic 
conditions, reactions between molybdenum and sulphur are 
accelerated by sulphate-reducing bacteria, resulting in 
thiomolybdates, which are easily taken into the circulation. 
Copper is chelated by thiomolybdates, particularly 
tetrathiomolybdate, lowering its bioavailability in copper-
containing proteins and enzymes [27].  

 
Another significant harmful effect of molybdenum is it 

suppresses spermatogenesis. Drosophila fed with molybdenum 
adversely afflicted spermatogenesis. Molybdenum is discovered 
to impact the early stages of spermatogenesis [28]. The genotoxic 
effect of molybdenum on spermatogenesis is a result of defect in 
steroidogenesis and free radical formations [29]. 
Histopathological and histomorphometric studies of the testes of 
the mature male Wistar rats subjected to ammonium molybdate 
reveal irregularities with a decrease in the weight of the testes 
seen [30]. Analysis of metal content in the muscle of the fish 
Pangasianodon hypophthalmus in the Mekong Delta indicated 
the presence of high concentrations of heavy metals including 

molybdenum. This instigated research on the effect of metal ions, 
which includes molybdenum on spermatogenesis utilizing the 
testicular organ culture of the Japanese eel. The results revealed 
that molybdenum synergistically interact with other metal ions at 
concentrations of between 0.1 to 10 mg/L to inhibit 
spermatogenesis [31].   
  

Acrylamide (Fig. 1) is a toxic xenobiotic. It is the building 
block for the polymer, polyacrylamide. This polymer has many 
uses such as stabilising tunnels and dams, as sewage-flocculating 
agents, and as industrial adhesives [32]. It has been reported in 
Sweden that acrylamide poisoning caused by environmental 
contamination has caused the death of cows and fish [33], among 
other animals. Polyacrylamide is used as a dispersion agent in the 
composition of the herbicide glyphosate [34], and it is possible 
that this is a significant source of acrylamide pollution in soils 
and run-off. At levels as high as 1g/L, the acrylonitrile and the 
acrylamide factories have been recognised as major acrylamide 
pollution sources. [35] in the aforementioned industries. 
 
 
 

(a)  (b) 
 
Fig. 1. The structure of acrylamide (a) and acetamide (b). 
 

Heavy metals, amides, and other toxins abound in polluted 
environments. The capacity to employ amides as an electron 
donor for reduction or growth was tested in this context using an 
agricultural soil molybdenum-reducing bacterium. We 
discovered that the bacterium could use the amides as electron 
donor and also for growth. Another amide: was not able to act as 
electron donor but can be used as a carbon source for growth. The 
screening and characterization of molybdenum reduction was 
carried out in a microplate or microtiter plate.  
 
MATERIALS AND METHODS 
 
Isolation, maintenance and partial identification of Mo-
reducing bacterium 
An agricultural land in the city of Juba, South Sudan, Africa was 
chosen as the site of soil sampling carried out in 2012. Soil 
sample was scooped 5 cm from the topsoil and transfer into a 
sterile polypropylene container. Potential candidates of 
molybdenum-reducing bacteria were isolated using a minimal 
salts media (MSM). The media had the phosphate and molybdate 
concentrations set at 5 and 10 mM, respectively. This is low 
phosphate molybdate media or LPM. As the LPM media causes 
bacterial clumping, a high phosphate molybdate (HPM) media 
for growth of resting cells was opted with the composition of the 
medium was the same to the LPM media, but with the critical 
difference where the phosphate concentration was increased to 
100 mM to avoid Mo-blue production.  
 

A soil suspension was made by combining one gram of soil 
in 10 ml of tap water and was completely blended. A 0.1 mL of 
the soil suspension was then spread onto a petri dish containing 
a solid media (w/v) adjusted to pH 6.5 as follows: Agar (1.5%), 
NaCl (0.5%), yeast extract (0.5%), agar (1.5%),  (NH4)2•SO4 
(0.3%), MgSO4•7H2O (0.05%), glucose (1%), Na2MoO4•2H2O 
(0.242 % or 10 mM), and Na2HPO4 (0.071% or 5 mM) [18]. At 
room temperature incubation for 48 h resulted in the formation 
of a number of white blue colonies on the plate. In order to 
cleanse the bacteria, the ten isolates were moved onto another 
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LPM agar plate on a regular basis. A 100 mL liquid (LPM) 
culture was used to produce Mo-blue in order to select the best 
isolate from the batch of isolates. Depending on phenotypical and 
biochemical procedures described in Bergey's Manual of 
Determinative Bacteriology, the identification of the Mo-
reducing bacteria was accomplished [36]. The results were 
computed into the online bacterial identification system or ABIS  
[37]. 
 
Absorption spectra for Mo-blue produced 
LPM was used as the baseline correction for scanning the 
molybdenum blue absorption spectrum between 400 and 900 nm 
using a UV-visible range spectrophotometer (Shimadzu 1201) 
and the molybdenum blue absorption spectrum.  
 
Preparation of bacterial resting cells for Mo-blue production 
characterization 
The same as previously, a microtiter format was used to describe 
molybdenum reduction in order to determine the concentrations 
of phosphate and molybdate, as well as the impacts of  
temperature, pH, carbon sources and heavy metals. The 
experiments were performed at room temperature  [38]. To 
summarise, bacterial cells were cultured aerobically on an orbital 
shaker (120 rpm) in a series of 250 mL shake flasks with a total 
capacity of 1 L. The shaking mechanism was an orbital shaker. 
The medium utilised was High Phosphate Media (HPM), with the 
primary difference between it and Low Phosphate Media (LPM) 
being the phosphate concentration, which was set at 100 mM. 
Bacterial cells were first centrifuged at 10,000g for 10 min at 4 
degrees Celsius. To eliminate any leftover germs, the formed 
bacterial pellets were rinsed twice with deionized water. 
Following that, the pellet was resuspended in 20 mL of LPM 
without the addition of glucose.  
 

Adjustments to the LPM medium were found to be 
necessary to accommodate the various characterization 
approaches outlined before. Using sterile procedures, 180 mL of 
media was pipetted into the flat-bottom microplate wells. Sterile 
glucose (20 mL) was added to the final concentration to obtain a 
final concentration of 1.0 percent (w/v). The maximum volume 
was 200 microlitres. A two-day period of incubation at room 
temperature was followed by the sealing of the microplates. The 
amount of Mo-blue produced was measured using a BioRad 
Microtiter Plate reader at 750 nm (Model No. 680, Richmond, 
CA). For the purpose of quantifying Mo-blue generation [38], an 
extinction coefficient of 11.69 mM.-1.cm-1. was measured at 750 
nm. Heavy metals were supplied from standard solutions for 
Atomic Absorption Spectrometry (AAS) analysis (Merck KGaA, 
Darmstadt, Germany). 
 
Test of amides and nitriles as sources of electron donor or 
growth 
At 1,000 mg/L, several amides and nitriles were evaluated. 
Simply said, 200 mcirolitres of medium was combined with 50 
microlitres of resting cell suspension in microplate wells and 
grown at room temperature for 96 h. The synthesis of Mo-blue 
was monitored using a microplate reader to determine the 
absorbance at 750 nm. If the bacteria is unable to use the amides 
and nitriles as electron donors for Mo-blue synthesis 
(molybdenum reduction), the amides and nitriles were evaluated 
for their capacity to maintain growth in their absence. [39].  
The ingredients of the growth media (LPM) at pH 7.0, were as 
follows: NaNO3 (0.2%), NaCl (0.5%), MgSO4•7H2O (0.05%), 
(NH4)2•SO4 (0.3%), yeast extract (0.01%) and Na2HPO4 (0.705% 
or 50 mM).  
 

Bacterial growth at room temperature was monitored at 600 nm 
after 96 h of static incubation. 
 
HPLC analysis of acrylamide degradation 
HPLC analysis (Agilent,1100 series) was utilised to confirm the 
degradation of acrylamide, which results in the creation of acrylic 
acid. The standard was acrylic acid of analytical grade obtained 
from Sigma (St. Louis, Missouri, United States of America). The 
reverse phase column (Supelco Discovery® HS C18) measures 
4.6 x 150 mm and has a particle size of 5 mm (Sigma-Aldrich 
Co., USA). To eliminate bacterial contamination of the system, a 
suitable sample of the bacterial culture was centrifuged at 10,000 
g for 10 min. A 20 mL sample was introduced into the system 
using a 0.45-micron polytetrafluoroethylene (PTFE) filter from 
an appropriate aliquot. The flow rate was 0.5 mL per minute, 
using ultrapure water as the mobile phase. The detection 
wavelength in this experiment was 196 nm, with a reference 
wavelength of 360 nm [40]. 
 
RESULTS AND DISCUSSIONS 
 
Molybdenum or molybdate (sodium salt) reduction to Mo-blue is 
first mentioned in E. coli nearly over a century ago in 1896 [12]. 
This was followed by Serratia sp. [41]. However, Campbell et al. 
initiated the first detailed study of the phenomenon in mutant 
cells in 1985 in E. coli  K12 [15]. Ghani et al. reported the 
phenomenon again in 1993 in the bacterium Enterobacter 
cloacae strain 48 but was unaware of any previous heterorophic 
molybdate reduction to Mo-blue mentioned previously [13]. 
Ghani et al. was the first to suggest the utility of this bacterium 
for bioremediation [13]. Since then, numeorus Mo-reducing 
bacteria have been isolated (Table 1). 
 
Identification of Mo-reducing bacterium 
Ten microbial isolates with the ability to reduce molybdenum to 
Mo-blue were the grown in liquid LPM media. The best isolate 
with the highest Mo-blue production was isolate ix (Table 2). 
This isolate was then further identified, and its Mo-blue 
production characterized. The bacterium was an aerobic Gram-
positive bacterium. Partial identification was carried out based on 
(Table 3) the Bergey’s Manual of Determinative Bacteriology 
[43] and plugging the results into the ABIS online software [37]. 
The software gave two suggestions for the bacterial identity as 
Bacillus subtilis or Bacillus atrophaeus with the same 91% 
homology and 94% accuracy, indicating assignment to the 
species level cannot be done. Despite this, we are carrying out 
further molecular identification technique by analyzing the 
16srRNA gene of this bacterium. At this moment the bacterium 
is identified as Bacillus sp. strain Zeid 15.  
 

Previously, two Mo-reducing bacteria from this genus; 
Bacillus pumilus strain lbna [21] and Bacillus sp. strain A.rzi [22] 
have been isolated and characterized. The effect of heavy metals 
to Molybdenum reduction showed that mercury, silver, copper 
and chromium at 2 ppm inhibited Mo-bleu synthesis by 83.0, 
70.3, 61.1 and 40.1%, respectively, (data not shown) suggesting 
that mercury was the strongest inhibitor. The sulfhydryl group is 
a probable target for inhibition similar to works in bacterial 
chromate reduction where the heavy metals mercury and copper 
were found to bind to the sulfhydryl group of chromate reductase, 
inhibiting the reduction [44,45].  
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Table 1. Characterization of Mo-reducing bacteria isolated to date. 
 

Optimal 
C source 

Optimal 
Phosphate 
(mM) 

Optimal 
Molybdate 
(mM) 

Bacteria Heavy metals inhibition Ref 

glucose 5-7.5 5-20 Klebsiella 
oxytoca strain 
Aft-7 

Cu2+, Ag+, Hg2+ [18] 

glucose 4 50 Bacillus sp. 
strain A.rzi 

Cd2+, Cr6+, Cu2+,Ag+, 
Pb2+, Hg2+, Co2+,Zn2+ 

[22] 

glucose 2.5-5 40 Bacillus 
pumilus strain 
lbna 

As3+, Pb2+, Zn2+, Cd2+, 
Cr6+, Hg2+, Cu2+ 

[21] 

glucose 5 30-50 Pseudomonas 
sp. strain 
DRY1 

Cd2+, Cr6+, Cu2+,Ag+, 
Pb2+, Hg2+ 

[19] 

fructose 4.5 80 Klebsiella 
oxytoca strain 
hkeem 

Cu2+, Ag+, Hg2+ [16] 

glucose 5 20 Acinetobacter 
calcoaceticus 
strain Dr.Y12 

Cd2+, Cr6+, Cu2+, Pb2+, 
Hg2+ 

[42] 

sucrose 5 20 S. marcescens 
strain Dr.Y9 

Cr6+, Cu2+, Ag+, Hg2+ [26] 

sucrose 5 50 Serratia sp. 
strain Dr.Y8 

Cr, Cu, Ag, Hg [25] 

glucose 5 15-20 Pseudomonas 
sp. strain 
DRY2 

Cr6+, Cu2+, Pb2+, Hg2+ [14] 

glucose 5 30 Serratia sp. 
strain Dr.Y5 

n.a. [24] 

glucose 5 25-50 Enterobacter 
sp. strain 
Dr.Y13 

Cr6+, Cd2+, Cu2+, Ag+, 
Hg2+ 

[20] 

sucrose 5 15-25 Serratia 
marcescens 
strain DRY6 

Cr6+, Cu2+, Hg2+ [23] 
 

sucrose 2.9 20 Enterobacter 
cloacae strain 
48 

Cr6+, Cu2+ [13] 

glucose 5 80 Escherichia 
coli K12 

Cr6+ [15] 

 
 
Table 2. Mo-blue production screening by soil bacterial isolates. 
 

Isolate A 750 nm (±standard deviation, 
n=3).  

i 0.42 ± 0.04 
ii 0.41 ± 0.00 
iii 0.79 ± 0.03 
iv 1.07 ± 0.12 
v 0.75 ± 0.04 
vi 0.79 ± 0.02 
vii 1.11 ± 0.07 
viii 1.12 ± 0.06 
ix 1.75 ± 0.05 
x 0.39 ± 0.05 

 
Molybdenum absorbance spectrum 
As part of the molybdate reduction process, aliquots of the 
culture medium supernatant were scanned from 400 to 1000 nm 
at different times over a period of several days. Spectroscopic 
analysis revealed a major peak at 865 nm and a shoulder at 700 
nm in the acquired spectrum. Through the duration of the 
incubation period, this distinct profile remained intact (Fig. 2). 
One proposed process for molybdenum reduction in bacteria is 
speculated to begin with an enzymatic reduction of Mo6+ to the 
oxidation state of Mo5+. This is in accordance with prior 
recommendations. This is followed by the entrance of phosphate 
ions, which results in the formation of Mo-blue [13]. The 
synthesis of phosphomolybdate from molybdate is a difficult 
chemical reaction to understand. When molybdate concentrations 
were more than 1 mM and acidic pH conditions were present, 
molybdate ions produced polyions, including H2Mo7O244-, 
HMo7O245-, Mo7O246-, and Mo12O372-, among others. 
 
 
Table 3. Biochemical tests for Bacillus sp. strain Zeid 15. 

 
Gram positive staining + Acid production from:  
Motility +   

Growth on usual media * + 
N-Acetyl-D-
Glucosamine d 

Growth at 45 ºC + Cellobiose + 
Growth at 65 ºC ‒ Fructose + 
Hemolysis + L-Arabinose + 
Growth at pH 5.7 + D-Glucose + 
Anaerobic growth ‒ Glycogen + 
Growth on 7% NaCl media + Glycerol + 
Casein hydrolysis + Lactose d 
Growth in Lysozyme (0.001%) ‒ meso-Inositol + 
Gelatin hydrolysis + D-Mannose + 
Esculin hydrolysis + Mannitol + 
Tyrosine degradation ‒ Melezitose ‒ 
Starch hydrolysis + Maltose         + 
Catalase + Raffinose + 
Beta-galactosidase (ONPG) + Melibiose d 
Urease ‒ Ribose + 
Oxidase d Rhamnose ‒ 
Lysine decarboxylase (LDC) ‒ Sorbitol + 
Arginine dehydrolase (ADH) ‒ Salicin + 
Citrate utilization + Starch + 
Ornithine decarboxylase (ODC) ‒ Sucrose + 
Nitrates reduction + D-Xylose + 
Egg-yolk reaction ‒ Trehalose + 
Voges-Proskauer test (VP) +   

Note: + positive result, − negative result, d indeterminate result 
 

 As the pH of the solution is reduced to less than 2.0, the 
formation of species such as Mo8O264- and Mo36O112(H2O)16 8- 
began, with more complicated species developing as the pH of 
the solution was reduced even further. Polyoxomolybdates are 
the chemical name for this kind of molybdenum. The structure 
may include heteroatoms such as silicate or phosphate, with the 
latter producing the heteropolyoxomolybdate phosphomolybdate 
structure in its final state of formation [46]. PMo12O40-3 has been 
proved to be the phosphomolybdate synthesised using the 
phosphate determination technique, with a -Keggin structure, and 
this has been confirmed experimentally.  

 
As the molecule undergoes further reduction by ascorbic 

acid, it is transformed to the keggin ion, PMo12O40-7, which is 
molybdenum blue in appearance [47]. The heteropolymolybdates 
phosphomolybdate and silicomolybdate are electron acceptor 
substrates in enzymes such as xanthine- and aldehyde oxidase 
where these enzyme convert these heteropolymolydate into Mo-
blue [48–50]. The resulting molybdenum blue spectra from this 
and numerous other Mo-reducing bacteria are almost identical to 
the phosphate determination method (PDM), where the Mo-bleu 
produced in this method is reduced phosphomolybdate [18,51]. 
The Mo-blue from the PDM has a shoulder between 700 and 720 
nm and a peak maximum between 870 nm and 890 nm [49,52].  

 
Using fingerprint spectra to demonstrate the existence of the 

phosphomolybdate intermediate, we propose a novel hypothesis 
that the intermediate created during molybdate reduction in 
bacteria is phosphomolybdate, rather than molybdate, as 
previously thought [13], which is reduced to Mo-blue [51]. In 
bacterial chromate reduction from Cr6+ to Cr3+, an intermediate 
species of Cr5+ is observed, and confirmed via spectroscopic and 
paramagnetic resonance analyses [53]. The spectroscopic 
approach as utilized in this work is considered well suited for 
differentiating between the heteropolymolybdates for instance 
phosphomolybdate, silicomolybdate, and sulfomolybdate. 
Additional examination, including the use of electron spin 
resonance and nuclear magnetic resonance and will be necessary 
in order to determine the identification of the specific lacunary 
species of phosphomolybdate discovered in this research [49,54]. 
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Fig. 2. Mo-blue scanning absorption spectra from from Bacillus sp. strain 
Zeid 15 at different time intervals. 
 
Mo-blue production at various temperatures and pHs  
The effect of pH to Mo-blue production by Bacillus sp. strain 
Zeid 15 was studied at different initial pHs ranging from 5.5 to 
8.0. The optimum pH as analyzed by ANOVA indicated that 
reduction was optimum between the pHs 6.0 and 6.5 (Fig. 3).  
The range of temperature utilized for optimization studies ranged 
from 20 to 60 °C. The optimum temperature was found to be 
between 25 and 30 °C as analyzed using ANOVA. A dramatic 
decline in Mo-blue production occurred at temperatures higher 
than 30 oC, with no Mo-blue produced at 40 oC (Fig. 4). 

 
Fig. 3.  Molybdate reduction to Mo-blue at various pHs. The error bars 
are averaged or mean ± standard deviation (n=3). 

 
Fig. 4.  Molybdate reduction to Mo-blue at various temperatures. The 
error bars are averaged or mean ± standard deviation (n=3). 
 
 
The optimum temperature range exhibited by this bacterium is an 
advantage for future bioremediation works in Sudan where the 
yearly temperature average ranged from 17 to 42 o. Recently 
isolated Mo-reducing bacteria exhibited optimum temperature 
range from 25 to 37 ºC as all of them are isolated from tropical 

environment with the exception of one bacterium isolated from 
Antarctica (Table 1). The optimal pH range exhibited by this 
bacterium reflects the characteristics of a neutrophile, the latter 
exhibited optimal growth at pH ranging from pH 5.5 to 8.0 [55]. 
Most of the Mo-reducing bacteria show reduction within this 
range (Table 1).  
 
Mo-blue production using various potential electron donors  
Glucose was shown to be the most effective electron source for 
reducing molybdenum. Higher glucose concentrations (data not 
given) inhibited glucose decrease because of osmotic stress, and 
the ideal glucose concentration was 1 percent (w/v) [20]. The 
next best carbon sources were fructose, sucrose, maltose, 
trehalose, ribose, glycogen, d-mannose, lactose, melibiose, 
meso-inositol and glycerol in descending order (Fig. 5). 
Numerous metal bacterial reductions such as arsenate [56], 
selenate [57], chromate [58] and vanadate [59] utilize either 
glucose, lactate or formate as optimal electron donors.  
 

Many of the Mo-reducing bacteria isolated require glucose 
or sucrose for molybdenum reduction (Table 1). Molybdate 
reduction requires NADH or NADPH as direct substrates of 
electron donors. These carbon sources can produce these 
substrates through ubiquitous bacterial metabolic pathways 
[13,50,60], thus explaining the preference observed. However, 
actual bioremediation works need a cheaper carbon source, and 
currently molasses fits the requirement as it is plentiful in Sudan 
as a sugarcane waste products [61]. 
 

  
Fig. 5. Molybdate reduction to Mo-blue using various electron donor 
sources. The error bars are averaged or mean ± standard deviation (n=3). 
 
Phosphate and molybdate concentrations effects to 
molybdate reduction 
It was found that the optimal concentration of phosphate was in 
the range of 2.5 and 5.0 mM, with greater amounts being 
substantially inhibitory to the reduction process (Fig. 6). The best 
reduction range was found to be between 15 and 20 mM. (Fig. 
7). Phosphate concentrations over a certain threshold are shown 
to impede molybdenum reduction to Mo-blue in bacteria in a 
number of early investigations. The reduction of E. coli K12 is 
hindered by phosphate concentrations more than 5 mM, but in E. 
coli 48, values greater than 2.9 mM have been observed to be 
inhibitory [13].  
 
 
Generally, in most of the recently isolated Mo-reducing bacteria, 
phosphate concentrations higher than 5 mM are inhibitory (Table 
1). The reason for this requirement lies probably in the chemical 
basis of phosphomolybdate stability. This compound requires 
acidic pH for its stability, and at neutral pH it is destabilized by 
rapid oxidation [48]. Because its pKa is so close to neutral, 
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phosphorus is an excellent buffer, particularly at neutrality. pH 
of the solution is substantially buffered at neutral pH when 
quantities of 20 mM and greater are used to make the solution. In 
certain cases, the destabilisation of phosphomolybdate might be 
caused by the action of phosphate itself.  
 

An acidified 100 mM phosphate solution destabilises an 
ascorbate-reduced phosphomolybdate, often known as Mo-blue, 
in a short period of time [62]. Table 1 demonstrates that, in 
general, the ideal sodium molybdate concentrations for Mo-blue 
synthesis range from 5 to 80 mM in concentration. Antibiotic-
resistant bacteria, in contrast to cationic heavy metals, are 
capable of tolerating and even reducing high amounts of anionic 
heavy metals. For example, the most tolerant bacterium is 
capable of tolerating and reducing chromate at 30 mM 
concentrations in Pseudomonas putida [63], arsenate at 60 mM 
in Citrobacter sp. NC-1 [56] selenate at 20 mM in Bacillus sp. 
[64], and vanadate at 50 mM in Pseudomonas isachenkovii [59].  

 
Thus, the majority of these Mo-reducing bacteria can be 

utilized to cleanup sites polluted with molybdenum at elevated 
concentrations. Several sites In South Dakota have been 
discovered to be polluted with molybdenum as high as 6,500 
mg/Kg in soils or approximately 68 mM and 900 mg/L or 
approximately 9.4 mM in water [65]. For efficient remediation, 
phosphate concentrations in sites polluted with molybdenum 
should not exceed 20 mM as this would inhibit molybdenum 
reduction. It is fortunate that phosphate concentrations in a 
variety of soils and water bodies rarely exceeded this value [66], 
allowing molybdenum reduction to take place unhindered.  
 

 
 
Fig. 6. Molybdenum blue production at varying phosphate levels. The 
error bars are averaged or mean ± standard deviation (n=3). 
 
Amides and nitriles as sources of electron donors for Mo-blue 
production or growth only 
Acrylamide and propionamide were found to promote 
molybdenum reduction at a lesser efficiency than glucose, 
whereas the other xenobiotics examined were shown to be 
incapable of supporting molybdenum reduction at all. Several of 
the amides listed above, including acetamide, may be able to 
maintain the development of this bacteria without the need for 
molybdenum reduction (Fig. 8). Mo-blue production was 
optimum when acrylamide was between 750 and 1250 mg/L, and 
propionamide was between 750 and 1000 mg/L. Amides at 
higher concentrations were inhibitory to Mo-blue production 
(Fig. 9).  
 

 
 
Fig. 7. Molybdenum blue production at varying sodium molybdate 
levels. The error bars are averaged or mean ± standard deviation (n=3). 
 

The modified Gompertz model was utilized to model the 
growth of this bacterium on these amides (Fig. 10). One of the 
perquisites of this model is the absorbance values need to be 
converted to natural logarithm. The growth parameters obtained 
were maximum specific growth rates of 0.95, 1.38, and 0.734 d-1  
and lag periods of 1.562, 1.372 and 1.639 d, for acetamide, 
acrylamide, and propionamide, respectively. The model showed 
correlation coefficients of 0.99, 0.98 and 0.99 for acrylamide, 
acetamide and propionamide respectively, indicating a good 
agreement between observed and predicted values. The highest 
specific growth rate and the lowest lag period indicate that 
acrylamide is the most preferred substrate for this bacterium, 
while conversely, propionamide was the least preferred substrate.  
 

The degradation of acrylamide was confirmed by the 
presence of acrylic acid based on HPLC analysis (Fig. 11). It 
remains to be studied why acetamide cannot aid molybdenum 
reduction even though it is a linear amide similar to acrylamide, 
acetamide and propionamide. Aromatic amides are difficult to be 
degraded and hence not benig able to be used by the bacterium 
either as sources for electron donors or growth. Literature search 
showed that there is an absence of growth modelling data for 
bacteria on amides as substrates for growth, and the modeling 
activity carried out in this work may be the first case of the 
successful use of the modified Gompertz model. 
 

The ability of the amides to support molybdenum reduction 
has never been reported and is considered novel. In chromate 
reduction, carbon source other than simple carbohydrates  such 
as phenol and pyrene have been reported for their capability to 
support reduction [67]. These amides are being produced over 
several millions of tonnes annually. Microorganisms that can 
grow on amides include Pseudomonas azotoformans [68], 
Variovorax boronicumulans CGMCC 4969 [69], Pseudomonas 
putida [70], Pseudomonas aeruginosa [71],Stenotrophomonas 
acidaminiphila MSU1 [72], Pseudomonas sp. [40],  
Enterobacter aerogenes [73], Thermococcus hydrothermalis 
[74], Pseudomonas acidovorans [75], Pseudomonas 
chlororaphis [76], Bacillus cereus [77], Pseudonocardia 
thermophilia,  Burkholderia sp. [78], Rhodococcus sp. [79], 
Kluyvera georgiana [80] and the yeast Rhodotorula sp. [32] with 
all of these microorganisms suggested as potential 
bioremediation agents for amide pollutions. 
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Fig. 8. Xenobiotics as electron donors for Mo-blue production and 
growth of Bacillus sp. strain Zeid. The error bars are averaged or mean ± 
standard deviation (n=3). 

 
Fig. 9. Bacillus sp. strain Zeid 15 Mo-blue production with acrylamide 
and propionamide as electron donor sources. The error bars are averaged 
or mean ± standard deviation (n=3). 
 

 
 
Fig. 10. The use of the modified Gompertz model (solid lines)in 
modelling the growth of Bacillus sp. strain Zeid 15 on propionamide, 
acrylamide  and acetamide. The error bars are averaged or mean ± 
standard deviation (n=3). 

 
 

 
A 

 
B 

 
Fig. 11. HPLC chromatogram of acrylamide at the start of incubation (A) 
and acrylic acid detection during acrylamide degradation (B).  
 
CONCLUSION 
 
Using a process that reduces molybdenum to colloidal 
molybdenum blue might be a viable option for molybdenum 
bioremediation. The need to remove molybdenum from the 
environment is projected to grow since more recent research 
indicates that it is hazardous to spermatogenesis at low doses. 
Using acrylamide and propionamide as electron donors for 
molybdenum reduction, we isolated a molybdenum-reducing 
bacteria. Glucose, on the other hand, remains the finest available 
electron donor. A third amide, called acetamide, may help 
encourage this bacterium's development but not its decrease. A 
modified Gompertz model was successfully used to predict the 
bacterial growth on these amides, which, according to a literature 
search, is likely a unique approach. Analyses of key growth 
characteristics revealed the best growth substrate among these 
amides was acrylamide. HPLC examination detected 
acrylamide's breakdown product, acrylic acid, proving the 
presence of degradation. Molybdenum blue production need a 
low phosphate concentration. According to the scanning 
absorption spectra, the Mo-blue is most likely phoshomolybdate 
in its reduced form. Mo-blue synthesis was shown to be inhibited 
by a number of harmful cationic heavy metals. In bioremediation, 
the capacity of this bacteria to detoxify molybdenum and amides 
is helpful. The degradation of amides is now being studied in 
great detail. This bacteria's Mo-reducing enzyme is also being 
purified, and a molecular identification of the organism is being 
conducted. 
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