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Introduction
Selenium, �rst discovered in 1818, is a metalloid and chalcogen. It 

has multiple oxidation states, beginning with the most reduced state, 
namely selenate (SeO4

2-, Se(VI)), followed by selenite (SeO3
2-, Se(IV)), 

elemental selenium (Se0, Se(0)) and �nally selenide (Se
to di�erent studies, acid mine drainage waters contain selenium at 
concentrations ranging between 2 × 10

-4 and 6.2 × 10-3 mM of total 
selenium [3]. Waste water from oil re�neries in the San Francisco Bay 
(USA) contains relatively low concentrations of selenium of about 50-
300 µg. L-1 [4]. �e waste water from a selenium re�nery plant in Japan 



Citation: Wessels CE, Chirwa EMN (2017) Reduction of Selenium by Pseudomonas stutzeri Nt-I: Growth, Reduction and Kinetics. J Bioremediat 
Biodegrad 8: 391. doi: 10.4172/2155-6199.1000391

Volume 8 • Issue �� • 1000391

Page 2 of 7

J Bioremediat Biodegrad, an open access journal 
ISSN:2155-6199

syringe to measure the OD600 every 2 hours for at least 24 hours. �ese 
experiments were repeated at di�erent temperatures, di�erent pHs, 
di�erent salinities and di�erent initial concentrations. All experiments 
were conducted in triplicate. �e speci�c growth rate was measured by 
the change in absorbance during the log phase of growth according to 
the following equation: 
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µ=Speci�c growth rate, h-1; t=time, h; OD600: Absorbance of cell 
suspension at 600 nm.

Batch experiments conducted with washed cell suspensions: 
For the reduction experiments the washed cell suspensions were 
prepared as follows: �e bacteria was cultivated by taking a loopful 
of bacterial cells from a TSA plate and inoculating it into 20 mL of 
TSB medium in a 100 mL serum bottle capped with foil and cotton 
wool. �e serum bottle was then placed in the incubator for 24 hours 
at 37°C. Subsequently 10 mL was transferred again to 100 mL of fresh 
TSB medium in a 250 mL Erlenmeyer �ask and cultivated for a further 
8 hours. �e cells were harvested by centrifugation (6 000 rpm, 15 
minutes, room temperature) and then washed with physiological saline 
(0.85% w/v NaCl in distilled water), wherea�er it was resuspended in 
50 mL of glucose-MSM (amended with 5 g.L-1 NaCl) with an OD600 far 
above 1.5, to ensure that further growth of the bacteria is marginal. 
�e 50 mL of washed cell suspension was then distributed between 
three  100 mL serum bottles, each containing 15 mL of washed cell 
suspension in the end. An amount of 5 mL of the 4 mM selenate stock 
solution was added to the serum bottle to give a �nal concentration of 
1 mM selenate in the adjusted washed cell suspension (�nal volume of 
20 mL). �e time at which the selenate stock solution was added was 
taken as t0. �e extent of selenate reduction to elemental selenium by 
Pseudomonas stutzeri NT-I was quanti�ed at di�erent temperatures, 
pHs and salinities. �e percentage of elemental selenium recovered 
a�er 16 hours was determined by taking the whole reaction volume and 
centrifuging it to separate the reaction volume into a plug containing 
the elemental selenium and bacterial cells, and the supernatant 
containing the unreacted selenium oxyanions.

For the kinetic batch experiments the bacteria was cultivated by 
taking a loopful of bacterial cells from a TSA plate and inoculating 
it into 20 mL of TSB medium in a 100 mL serum bottle capped with 
foil and cotton wool. Wherea�er it was placed in the incubator for 24 
hours at 37°C. Subsequently 10 mL was transferred again to 100 mL of 
fresh TSB in a 250 mL Erlenmeyer �ask and cultivated for 8 hours. �e 
cells were harvested by centrifugation (6 000 rpm, 15 minutes, room 
temperature) and then washed with physiological saline, following 
which it was resuspended in 30 mL of MSM amended with glucose, 
containing di�erent amounts of Na2SeO4 (pH 8, glucose 10 g.L-1) with 
a high biomass (between 20 to 40 g.L-1 depending on experiment). �e 
procedure followed for the baseline experiment (0.5 mM Selenate, 37°C, 
pH 8) was as follows: �e 100 mL �ask containing 30 mL of washed 
cell suspension was capped with cotton wool and foil wherea�er it 
was incubated at 37°C with continuous shaking on a rotary shaker 
at 120 rpm. A 1 mL sample was taken at di�erent time intervals and 
transferred to a 1.5 mL centrifuge tube. �e reaction in the sample was 
stopped by centrifugation (6 000 rpm, 15 minutes, room temperature). 
�e supernatant from the tube was decanted from the plug and diluted 
to a �nal volume of 25 mL with distilled water and �ltered (Whatman 
42, Sigma Aldrich, South Africa). 5 mL was used to analyse for selenite 
using the colorimetric method described below.

solids due to slow growth rate, and eliminating exposure to wildlife and 
the environment. �e disadvantages are the high cost associated with 
the addition of a carbon source, and the fact that the lowest residual 
soluble concentration achievable at this stage is 30 ppb, which means a 
polishing step will most probably be required [11].

 Most of the identi�ed selenate-reducing bacteria function under 
anaerobic conditions and, except for a few, can only reduce low 
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Analytical methods

Optical density: �e wavelength at which the spectrophotometer 
measured the optical density (OD600) of the cell suspension was set 
at 600 nm. �e blank used to zero the spectrophotometer was MSM 
containing no bacteria.

OD600 vs. dry biomass: 
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compared to other bacterial strains identi�ed as selenium reducers, 
Pseudomonas stutzeri NT-I reduces the selenate to elemental selenium 
at a relatively high rate. E cloacae SLD1a-1 reduces selenate at a rate of 
0.0184 mmol.(g.h)-1 [22]. Pseudomonas �uorescens only reduced 95% 
of 0.2 mM selenate a�er 45 hours [23] and Desulvibrio desulfuricans 
took 25-37 hours to reduce 86% of 1 mM of selenate [24] which is 
much slower than what was observed in this study.

Kinetic model

�e bacteria took 2 hours to completely reduce 2 mM of selenate 
which translates to a reduction rate of 0.0313 mmol.(g.h)-1. When 
compared to other bacterial strains identi�ed as selenium reducers, 
Pseudomonas stutzeri NT-I reduces the selenate to elemental selenium 
at a relatively high rate. E cloacae SLD1a-1 reduces selenate at a rate of 
0.0184 mmol. (g.h)-1 [22]. Pseudomonas fluorescens only reduced 95% 
of 0.2 mM selenate a�er 45 hours [23] and Desulvibrio desulfuricans 
took 25-37 hours to reduce 86% of 1 mM of selenate [24] which is 
much slower than what was observed in this study. 

Total selenium in the supernatant was measured using ICP-OES. 
�e motivation behind this was that the selenate concentration in 
the supernatant could be calculated then from the di�erence between 
the selenite concentration and the total selenium. However when the 
samples were analysed the amount of selenium in the sample did not 
go to zero as would be expected if only the selenium oxyanions were 
present and all the elemental selenium was present as nanoparticles 
that would be centrifuged out from the supernatant into the plug. 
�is discrepancy can be explained by postulating that the elemental 
selenium is present in three states. Firstly, it is present as colloidal 
selenium within the cells, the colloidal selenium then form nanoparticle 
seeds which are transported to the outside of the cell where over time 
it ripens into nanoparticles that are big enough to centrifuge out 
with the cells forming the plug. �e consequence of this is then that 
the total selenium measured in the supernatant is not only made up 
of the selenium oxyanions but also elemental selenium nanoparticle 
seeds that have been dispelled from the cells but have not yet evolved 
into nanoparticles heavy enough to centrifuge out. Figure 3 shows the 
concentration of selenium in the supernatant over time proving that 
the elemental selenium is spread between the plug and the supernatant 
making it very di�cult to do a mass balance for the sake of the kinetic 
modelling. �erefore only the selenite concentration in the supernatant 
was used. 

Figure 4 plots how the reduction rate changes with initial selenate 
concentration used. �e reduction rate increases with initial selenate 
concentration. �is trend where reaction rate increases linearly with 
increasing initial selenate/selenite concentration have been observed 
by other researchers as well and is most likely due to substrate 
saturation not being reached yet. Substrate saturation occurs when all 
the enzymes available to catalyse the reaction involved is saturated with 
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kmax64	 Maximum reaction rate for the reduction of selenate to 
selenite, mol.(g.min)-1

kmax40	 Maximum reaction rate for the reduction of selenite to 
elemental selenium, mol.(g.min)-1

Ks64	 Substrate saturation coe�cient for the reduction of selenate 
to selenite, mM

Ks40	 Substrate saturation coe�cient for the reduction of selenite 
to elemental selenium, mM

X	 Biomass concentration, g.L-1

Since only selenite measurements could be used, the AQUASIM 
model was set up to �t the parameters of the equation for the reduction 
of selenite to the data points from three experiments where the initial 
concentration of selenate di�ered (0.5, 1 and 2 mM). Figure 5 shows 
the results of this �t and Figure 6 shows the predicted concentrations 
for all three species (selenate, selenite and elemental selenium) for 
the experiment with an initial concentration of 1 mM. From these 
�ts it can be seen that the assumption that the change in biomass is 
negligible and that the biomass concentration is directly proportional 
to the reaction rate holds. Other observations that can be made are that 
there is no delay time for the reaction of selenate to selenite and that 
selenite reduction is faster than that of selenate. Ma et al. [22] as well 
as Lindblow-Kull et al. [26] also found that selenite was reduced faster 
than selenate.

�e values of the �tted parameters are given in Table 1. �e kmax 
values for E. Coli K12 was 0.00681 and 0.00076 mmol.(g.min)-1 for 
selenite and selenate reduction respectively [26]. �e reduction rate 
for both oxyanions is slower than Pseudomonas stutzeri NT-I. �e Ks 
values are higher than that of other selenium reducing bacteria like 
Enterobacter cloacae SLD1-a1 which had Ks values of 3.1 and 0.72 mM 
for selenate and selenite reduction respectively [22]. One kmax value for 
each of the two reactions in all three of the experiments were �tted 
since the maximum reduction rate for a speci�c temperature and pH is 
constant. One Ks value for each of the three initial concentrations could 
not be �tted and was therefore optimised for each experiment. 

�e Ks value for each of the reaction is also supposed to remain 
constant like the kmax. �e fact that one Ks value could not be �tted, 
but that the unique values �tted decreases almost linearly as initial 
selenate concentration is increased points to some form of increasing 
interference with the two reactions. When looking at the data from the 
experiment with an initial concentration of 4 mM (Figure 7) it can be 
seen that some form of inhibition is becoming apparent. One can only 
speculate what the cause is behind the inhibition based on what other 
researchers have found. 

Adding a non-competitive inhibition term related to elemental 
selenium to the adapted Monod equation was considered due to the 
formation of insoluble seed-nanoparticles of elemental selenium 
within the cell. �is was done with caution since the true Ks value is 
not known. Upon adding a product inhibition term the �t was not 
signi�cantly improved. Other inhibition models were also tested for 
T75ID 7BT of being tr2cantlughDC 
0 Tw71e could nC2is 
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