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Abstract: The toxicity of molybdenum to ruminants and its general toxicity to spermatogenesis in animals are 

increasingly being reported. Its contamination of aquatic bodies has been reported, and this necessitates its removal. 

In this work, we utilize the dialysis tubing method coupled with the molybdenum-reducing activity of S. 
marcescens strain Dr.Y6 to remove molybdenum from solution. The enzymatic reduction of molybdenum into the 

colloidal molybdenum blue traps the reduced product in the dialysis tubing. The initial rate of increase of Mo-blue 

product was determined using the modified Gompertz model while the resultant inhibition kinetics profile was 

carried out using the Haldane model. The calculated maximal rate of Mo-blue production was 153 mole (Mo-

blue.hr)
-1

 and the concentration of molybdate resulting in the half-maximal rate of reduction (Ks), and the inhibition 

constant (Ki) were 0.22 and 506 mM, respectively. The results indicate that the system using dialysis tubing 

coupled with the Mo-reducing bacterium is a good candidate for a method for molybdenum bioremoval from 

solution. 
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Introduction 

Molybdenum pollution has long been reported 

globally.
1
 It is relatively low in toxicity to human but it 

is known to be very toxic to ruminant animals causing 

scouring and deaths in cows at levels as low as 5 

ppm.
2,3

 In Tirol, Austria, the first case of 

bioremediation of molybdenum was attempted at a 

large pasture areas that was contaminated with high 

concentrations of molybdenum.
4
 In Malaysia, several 

cases of heavy metals pollution from a copper mine 

rich in minerals including molybdenum has been 

reported. High concentration of metals in the 

surrounding has been reported due to this episodic 

contamination.
5,6

 More recent reports on the toxicity of 

low concentration of molybdenum to spermatogenesis 

in animals and humans
7–13

 should be a warning signal 

to this potentially dangerous contaminant that have not 

been given a proper attention. 

The use of bacteria in metal removal is a cost effective 

strategy. Enzymatic reduction of metals into less toxic 

precipitable states is the most often reported.
14

 In the 

case of molybdenum, its reduction to molybdenum 

blue (Mo-blue) is a striking example. The reduced 

product is colloidal and most often forms a precipitable 

mass with cellular biomass.
15,16

 Although microbial 

molybdate reduction has been reported since as early 

as 1896,
17

 we are the only workers in the world since 

the last 15 years still working in microbial 

molybdenum reduction to Mo-blue
18–44

 as an efficient 

method of molybdenum bioremoval. We manage to 

purify the Mo-reducing enzyme
45

 and works on the 

elucidation of the mechanism through identification of 

the enzyme via sequencing is in underway. Previously, 

we report on the use of the dialysis tubing (membrane) 

to capture the reduced product using a strain of Mo-

reducing bacterium.
44

 The idea was an extension of the 

works of Komori et al.
46

 on the bioremoval of 

chromate using dialysis tubing.  

The dialysis tubing method is a simple and cost 

effective bioremoval system as other systems such as 

reverse osmosis, membrane filtration, ion exchange 

and electrodialysis although more effective for 

removing metals ions, they are expensive and the 

pathway easily clogged.
46,47

 In this work we report on 

the use of another strain that was isolated from a 

contaminated site that showed a higher affinity 

towards molybdenum compared to the previous strain.  

Materials and Methods 

Growth and maintenance of S. marcescens strain 

Dr.Y6 

Serratia marcescens strain Dr.Y6 was originally 

isolated from a contaminated site near the State 

Museum in the city of Taiping, State of Perak, 

Malaysia. The bacterium exhibits strong Mo-reducing 

capacity.
21

 The growth and maintenance of S. 
marcescens strain Dr.Y6 was maintained on a solid 

agar of low phosphate (2.9 mM phosphate) media (pH 

7.0) containing (%w/v) sucrose (1.0), MgSO47H2O 
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(0.05), (NH4)2SO4 (0.3), yeast extract (0.05), NaCl 

(0.5), Na2HPO4 (0.073) and Na2MoO42H2O (0.726).
23

 

The carbon source was autoclaved separately. For 

growth in liquid media 100 mM phosphate was used 

and this is called high phosphate media (HPM). For 

large-scale growth, S. marcescens strain Dr.Y6 was 

grown in 5 L of HPM at 30 
o
C for 48 hours on an 

orbital shaker at 100 rpm (Kubota). The production of 

molybdenum blue from the media was measured at 

865 nm
 
using the specific extinction coefficient of 16.7 

mM.
-1

.cm
-1

.
18

 

Dialysis tubing experiment 

Cells were centrifuged for 10 minutes at 15,000 x g. 

The pellet was resuspended in low phosphate solution 

at pH 7.0 containing (%w/v) MgSO47H2O (0.05), 

(NH4)2SO4 (0.3), Na2HPO4 (0.05), NaCl (0.5) and 

yeast extract (0.05) 
19

 to an absorbance of 1.0 at 600 

nm. The cell density was about 0.0030 mg dry cells 

mL
-1

. About 10 ml of this suspension was transferred 

into a dialysis tubing that had been previously boiled 

for 10 minutes. The tubing was then immersed in 100 

ml of sterile LPM media at p
H
 7.0 containing various 

concentrations of sodium molybdate and incubated 

statically at 30 
o
C. For the control, 10 ml of the cell 

suspension was placed in a polypropylene tube and 

boiled for 10 minutes and cooled down and placed 

inside the dialysis tubing. Aliquots (1 ml) of the media 

were periodically taken and then centrifuged for 15 

minutes at 15,000 g. The supernatant was read at 865 
nm. Experiments were carried out in triplicate.  

Modeling of Mo-blue production and kinetics 

Mo-blue production was modeled using the modified 

Gompertz model (eqn. 1) as this model is the most 
often used for microbial growth.

48,49
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where A=Mo-blue production lower asymptote; µm= 

maximum specific Mo-blue production rate; V= affects 

near which asymptote maximum reduction occurs; 

λ=lag time; ymax= Mo-blue production upper 

asymptote; e = exponent (2.718281828); t = sampling 

time. 

 

Mo-blue rate of production that shows inhibition can 

be modelled using the Haldane inhibition model (eqn. 

2) instead of the typical Monod kinetics.
50

 The model 
is as follows; 

 

i

s
K

S
KS

S
q

2max



                                          (2) 

where qmax=maximal Mo-blue production rate (h
-1

); Ks 

=half saturation constant for maximal Mo-blue 

production (mM); S=substrate concentration (mM). 

Fitting of the data and statistical analysis 

The nonlinear equations were fitted to growth data by 

nonlinear regression with a Marquardt algorithm that 

minimizes sums of square of residuals using 

CurveExpert Professional software (Version 2.2). This 

is a search method to minimize the sum of the squares 

of the differences between the predicted and measured 

values. Values are reported as mean ± standard 

deviation of three replicates. a Student's t-test or a one-

way analysis of variance with post hoc analysis by 

Tukey’s test was used for comparison between groups 

and P < 0.05 was considered statistically significant. 

 

Results and Discussion 

The increase in the production of Mo-blue inside of the 

dialysis tubing at different concentrations of sodium 

molybdate appears to be sigmoidal at all molybdate 

concentrations with observable lag periods of between 

2 and 3.8 hours as molybdate concentration was 

increased to 70 mM (Figs. 1 and 2). Mo-blue 

production was maximal at the eight hour and onwards 

for all concentrations of molybdenum tested. 

Previously, a linear increase of molybdenum blue 

production was observed in Serratia sp. strain 

DRY5.
44

 Molybdate at 20 mM gave the highest level 

of molybdenum blue whilst the lowest was given by 70 

mM (Fig. 1). Boiled cells showed no Mo-blue 

production (Data not shown). The initial rate of 

increase of Mo-blue product as obtained from the 

modified Gompertz model (Fig. 3) was plotted against 

molybdate concentration. This result in an inhibition 

kinetics profile (Fig. 3) that was modeled using the 

Haldane model. The calculated maximal rate of Mo-

blue production was 153 mole (Mo-blue.hr)
-1

 and the 

concentration of molybdate resulting in the half-

maximal rate of reduction (Ks) and the inhibition 

constant (Ki) were 0.22 and 506 mM, respectively. In 

comparison, the calculated maximal rate of Mo-blue 

production from Serratia sp. DRY5 was 264 mole 

(Mo-blue.hr)
-1

 and the concentration of molybdate 

resulting in the half-maximal rate of reduction was 

21.78±3.89 mM molybdate. The very low Ks value 

obtained in this work was about 100 times lower than 

Serratia sp. strain Dr.Y5 indicating the Mo-reducing 

activity in Serratia marcescens strain Dr.Y6 shows a 

stronger affinity towards molybdenum. The high cell 

density in the dialysis tube probably allows for 

maximal reduction in molybdate concentrations. The 

specific maximal rate of Mo-blue production was 

approximately 51.1 mmole Mo-blue/hr/mg cells. In 

contrast, the specific maximal rate of Mo-blue 
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production from Serratia sp. DRY5 is much higher at 
80 mmole (Mo-blue.hr)

-1 
per mg cells.

44
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This high rate or Mo-blue production is not surprising 

since the most efficient Mo-reducing bacterium, E. 
cloacae strain 48, could tolerate and reduce sodium 

molybdate at concentration as high as 200 mM.
16

 For 

practical purposes, the highest concentrations of 

molybdate ever reported in soil or water bodies as a 

pollutant is approximately 2000 ppm or 20.8 mM.
51

 

Metal removal using similar strategy of membranous 

bacterial biofilm supported on PVC have been 

attempted for the removal of the toxic chromate with 

72.6% removal rate achieved with an influent 

concentration of 200 gL
-1

 Cr
52

. In another study, a 

chromate reducing bacterium using hydrogen gas as an 

electron donor, and immobilized in a membrane 

bioreactor was able to reduce chromium (vi) to 
chromium (ii) and insoluble precipitate removed.

52
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Gompertz model is often used to model bacterial 

growth as the latter often shows a sigmoidal phase in 

which the specific growth rate starts at a value of zero 

followed by a lag time () before accelerating to a 

maximal value (max) in a certain period of time. 

Then the final phase is where the rate decreases and 

eventually reaches zero otherwise known as the 

asymptote (A). The Gompertz model requires values of 

the bacterial growth, in this case molybdenum blue 

production, to be transformed using natural 

logarithm.
49

 To our knowledge, this is the first time the 

Gompertz model is used to model Mo-blue production 

from bacteria. Kong et al.
47

 use the modified Gompertz 

model to model the growth of bacterium in the 
presence of chromium during the latter’s reduction. 

The Haldane model has been cited for modelling the 

kinetics of metal-reducing bacterium such as 

mercury,
53

 arsenate
54

 and chromate.
55

 It is a 

modification to the Monod model, which in turn was 

inspired by the Michaelis-Menten enzyme kinetics 

model.
50

 The modification is necessary when substrate 
starts to inhibit the rate of product formation.  
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Figure 1: Mo-blue production in dialysis tubing by S. 
marcescens strain Dr.Y6 at various molybdenum 

concentrations. Error bars represent mean ± standard 

deviation of three replicates. 
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Figure 2: Mo-blue production in dialysis tubing by S. 
marcescens strain Dr.Y6 at various molybdenum 

concentrations fitted using the modified Gompertz 

model. Error bars represent mean ± standard deviation 
of three replicates. 
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Figure 3: Rate of Mo-blue production at various 

molybdenum concentrations. Error bars represent 

mean ± standard deviation of three replicates. 
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Conclusion 

In conclusion, the results indicated the resilience of 

this bacterium to high concentrations of molybdenum 

and its rapid reduction rate of this metal to the 

corresponding colloidal molybdenum blue. The 

reduction rate or Mo-blue production rate shows a 

sigmoidal pattern that could be efficiently modeled 

using the Gompertz model whilst the resultant 

inhibition kinetics can be efficiently modeled using the 

popular Haldane model. The very low concentration of 

molybdenum needed to achieve half maximal Mo-blue 

production rate in this bacterium was 100 times lower 

than a previous strain indicating a more efficient 

system in this bacterium. The fact that molybdenum is 

extremely toxic to other organisms means that the use 

of this bacterium in the removal of molybdenum, 

especially from aquatic bodies, is a very promising 

future. Hence, this novel technology in the case of 

molybdenum could be pursued further in dealing with 

actual water bodies or soils contaminated with 

molybdenum.  
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