Ceodiation s

Journal of

ISSN: 2155-6199

Wessels and Chirwa, J Bioremediat Biodegrad 2017, 8:3
DOI: 10.4172/2155-6199.1000391

Bioremediation & Biodegradation

Research Article OMICS International

Reduction of Selenium by Pseudomonas stutzeri Nt-I: Growth, Reduction

and Kinetics
Wessels CE* and Chirwa EMN

University of Pretoria, Hatfield, Pretoria, South Africa

~

Abstract

Bioremediation of seleniferous water is gaining more momentum, especially when it comes to bacterial reduction
of the selenium oxyanions. More and more bacterial strains that are able to reduce selenium are being isolated.
These bacteria need to be studied further to determine whether they are suited for industrial application. In this
study, the reduction of Se(VI) to Se(0) by Pseudomonas stutzeri NT-l was examined using batch experiments with
the bacteria suspended in MSM. For the determination of the optimum conditions for the growth of the bacteria, the
linearized rate during the exponential phase for different conditions were compared. A pH 7, temperature of 37°C,
salinity of 20 g.L"* NaCl and initial concentration of 5 mM selenate were found to be the best at promoting growth. To
determine the optimum conditions for the reduction of selenium, the amount of Se (0) recovered from the plug after
16 hours of incubation was measured. A pH of 8, temperature of 37°C and salinity of 5 g.L" resulted in the most Se
(0) recovered. The kinetics of the reduction of Se(VI) to Se (0) was found to follow the adapted Monod equation. An
increase in the initial Se(VI) concentration positively affected the reduction rate indicating that substrate saturation
had not yet been reached. One k . could be fitted to each of the two reactions but not one K_. It was found that K_
decreased with increasing initial selenate concentration. Visually it can be deduced that inhibition starts playing a
role in the reduction of selenate at a concentration of 4 mM. Pseudomonas stutzeri NT-l is an exemplary selenium
reducing agent and deserves more attention, not only for industrial application but also in the research world, for

further understanding of the complex mechanism behind metal reduction in bacteria.
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Introduction

Selenium, first discovered in 1818, is a metalloid and chalcogen. It
has multiple oxidation states, beginning with the most reduced state,
namely selenate (SeO,”, Se(VI)), followed by selenite (SeO,>, Se(IV)),
elemental selenium (Se’, Se(0)) and finally selenide (Se*). Of the
selenium released into the environment, 37.5-40.6% can be ascribed
to anthropogenic activities. It is released from the earth’s crust by the
mining of coal and various metals, oil production, use of agricultural
products, as well as during the melting of non-ferrous metals [1].
Landfill ash disposal that generates toxic leachate poses a risk of
groundwater contamination, which leads to the polluting of nearby
water bodies [2].

Selenium is mostly presentin water as selenate or selenite. According
to different studies, acid mine drainage waters contain selenium at
concentrations ranging between 2 x 10* and 6.2 x 10° mM of total
selenium [3]. Waste water from oil refineries in the San Francisco Bay
(USA) contains relatively low concentrations of selenium of about 50-
300 pg. L' [4]. The waste water from a selenium refinery plant in Japan
contained an average of 30 mg. L selenium, with the majority of the
selenium present as selenite [4].

The upward trend in energy production from coal, along with the
burning of fossil fuels contribute to this increase in selenium release.
The high concentration of these selenium oxyanions poses a problem
to the environment, since they are toxic and bio-accumulate readily.
In one case it was found the concentration of selenium in the apex
predators (birds and humans) in the area were 2 000 times higher than
in the water [4]. Elemental selenium is not soluble in water and thus has
a much lower bio-availability than the oxyanions. Elemental selenium’s
toxicity is also much lower than that of the oxyanions [1].

Birth defects and reproductive problems among fish and waterfowl
are examples of the effects of selenium poisoning. In the human
body, selenium poisoning can have many adverse effects, including
respiratory difficulty, gastrointestinal distress and liver damage. It
also has a negative impact on the central nervous system [5-7]. In the
US, the National Primary Drinking Water Standard is 50 ppb of total
selenium, while the National Fresh Water Quality Standard is 5 ppb of
total selenium [8]. For countries that don’t have a legislative framework
for drinking water pollutants, the World Health Organization propose
a value of 40 ppb [9].

Since the amount of selenium allowed in water bodies is regulated,
industrial waste water is in need of effective selenium removal before
it can be discharged into local water bodies. Different treatment
technologies for the removal of selenium from water are available,
including physical, chemical and biological methods. Biotic processes
for the removal of selenium from water include the algal bacterial
process; algal bioremediation; volatilisation; biological precipitation
and wetlands [10].

Biological precipitation is the process where bacteria is used to
reduce the selenium oxyanions to elemental selenium, which then
precipitates out as agglomerated nanoparticles. A wide range of
bacteria that reduce selenium oxyanions have been isolated. The
advantages are high reduction efficiency, low production of residual
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solids due to slow growth rate, and eliminating exposure to wildlife and
the environment. The 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 identified selenate-reducing bacteria function under
anaerobic conditions and, except for a few, can only reduce low
concentrations of selenate. Several bacterial strains capable of reducing
selenate under aerobic conditions have been isolated by different
researchers. A few of them are Pseudomonas stutzeri [12]; Enterobacter
cloacae SLD1a-1 [13]; Stenotrophomonas maltophilia [14], and Bacillus
sp. STG-83 [15]. Two advantages of aerobic selenate reducing bacteria
are firstly, that selenate reduction is not limited by the presence of
oxygen and secondly, the aerobic conditions allow for a higher growth
rate and thus an increase in cell production.

More than one Pseudomonas species that can metabolise selenate
and selenite have been found. Examples are P. seleniipraecipitatus [16];
P. moraviensis stanleyae [17]; P. aeruginosa (SNT-SG1) [18]; P. stutzeri
[12], and P. Stutzeri NT-1 [19]. The genus Pseudomonas includes a wide
variety of bacterial species. P. stutzeri is better known for denitrification
under aerobic conditions, however an isolate of P. stutzeri has been
found to reduce selenate/selenite aerobically [12]. This isolate has the
same taxonomical features as P. Stutzeri NT-I, but these two strains
differ in a few aspects. For example, the isolate could not reduce
selenate at concentrations above 48.1 mM, nor could it reduce selenate
anaerobically [19]. This study focuses specifically on Pseudomonas
stutzeri NT-1. The bacteria was originally isolated from the drainage
water of a selenium refinery plant in Hyogo, Japan by Masashi Kuroda
and his team [19].

Materials and Methods

All chemicals used were of analytical grade and were obtained from
Merck, Johannesburg, except for CaClZ, Na-EDTA, DAN, NaSeO, and
NaSeO, which were obtained from Sigma Aldrich, Johannesburg.

Cultivation media: Tryptone Soy Broth and Agar (TSB, TSA) was
used for the cultivation of the bacteria.

Reaction Media: Mineral Salt Medium (MSM) was used as the
solution in which all the experiments took place. One litre of MSM
was prepared according to the following recipe: 30 mM NH,CI, 10 mM
KZHPOA, 20 mM KHZPOA, 0.8 mM NaZSO4, and 0.2 mM MgSOA. For
experiments where the MSM had to be at pH 6, 8 and 9, the ratio of
K,HPO, to KH,PO, was adjusted. 1 mL of a solution containing 50 uM
CaClz, 25 uM FeSO,, 0.1 uM ZnClz, 0.2 uM CuClz, 0.1 uM NaBr, 0.05
uM Na,MoO,, 0.1 uM MnClz, 0.1 yM KL, 0.2 uyM H,BO,, 0.1 uyM CoClz,
and 0.1 uM NiCl, was added to every 1 L of MSM.

Bacterial strain: The strain used in this study, Pseudomonas
stutzeri NT-1, was furnished from the NITE Patent Microorganisms
Depository (NMPD) in Chiba Ken, Japan. The strain ID is NITE BP-
685.

Experiments

Determination of exponential growth phase constant: The
bacteria was cultivated by taking a loopful of bacterial cells from
a TSA plate and inoculating it into 20 mL of glucose-MSM in a 100
mL serum bottle that was covered with cotton wool and foil and
incubated for 24 hours at 37°C. Thereafter 5 mL was transferred to
100 mL of fresh glucose-MSM medium containing 1 mM selenate
in a 250 mL Erlenmeyer flask. 3 mL samples were withdrawn with a

syringe to measure the OD,  every 2 hours for at least 24 hours. These
experiments were repeated at different temperatures, different pHs,
different salinities and different initial concentrations. All experiments
were conducted in triplicate. The specific growth rate was measured by
the change in absorbance during the log phase of growth according to
the following equation:

InOD,,,— anDSOOJO

a t—t,
u=Specific growth rate, h''; t=time, h; OD,,: 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: 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. The 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 flask and cultivated for a further
8 hours. The 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), whereafter it was resuspended in
50 mL of glucose-MSM (amended with 5 gL' NaCl) with an OD, far
above 1.5, to ensure that further growth of the bacteria is marginal.
The 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 final concentration of
1 mM selenate in the adjusted washed cell suspension (final volume of
20 mL). The time at which the selenate stock solution was added was
taken as t. The extent of selenate reduction to elemental selenium by
Pseudomonas stutzeri NT-1 was quantified at different temperatures,
pHs and salinities. The percentage of elemental selenium recovered
after 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. Whereafter 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 flask and cultivated for 8 hours. The
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 different amounts of Na,SeO, (pH 8, glucose 10 g.L"") with
a high biomass (between 20 to 40 g.L"' depending on experiment). The
procedure followed for the baseline experiment (0.5 mM Selenate, 37°C,
pH 8) was as follows: The 100 mL flask containing 30 mL of washed
cell suspension was capped with cotton wool and foil whereafter it
was incubated at 37°C with continuous shaking on a rotary shaker
at 120 rpm. A 1 mL sample was taken at different time intervals and
transferred to a 1.5 mL centrifuge tube. The reaction in the sample was
stopped by centrifugation (6 000 rpm, 15 minutes, room temperature).
The supernatant from the tube was decanted from the plug and diluted
to a final volume of 25 mL with distilled water and filtered (Whatman
42, Sigma Aldrich, South Africa). 5 mL was used to analyse for selenite
using the colorimetric method described below.
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Analytical methods

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

OD_,, vs. dry biomass: Cells were cultivated following the same
procedure as for the washed cell suspension, the only difference being
that a litre of washed cell suspension was made and 4 samples of 200
mL were taken periodically. The OD_ of these samples were measured
whereafter the sample was centrifuged. The plug, containing the cells,
was resuspended in 10 mL saline and dried in an oven at 70°C for 5

days. After it was dried, the weight of the cells were measured.

Selenite: The measurement of selenite was carried out using the
colorimetric method described in Standard methods for the examination
of water and waste (APHA, 2012) (3500-Se C Colorimetric method, p
3-93). The absorbance at 480 nm was measured and the concentration
was obtained using the linear calibration curve generated during the
calibration of the instrument.

Elemental selenium in plug: The plug containing the elemental
selenium and the cells was resuspended in 20 mL distilled water
whereafter 10 mL concentrated HCl and 10 mL concentrated HNO,
were added, and the volume was made up to 50 mL by adding distilled
water. With the addition of the acids, the characteristic colour of
the elemental selenium disappeared, thereby confirming that the
elemental selenium was oxidised back to the selenium oxyanions. After
the volume was made up to 50 mL, 10 mL was taken and placed in
a heating block at 100°C for 60 minutes. The next step was to make
up the 10 mL sample to 50 mL using distilled water and then filtering
the sample (Whatman 42), following which it was placed in a sample
container and analysed using Inductively-Coupled Plasma-Optical
Emission Spectrometry (ICP-OES) (ARCOS FHS12, Spectro Analytical
Instruments, Kleve, Germany).

Results

Preliminary experiments

The OD,, of the bacteria at stationary phase was determined. This
was done with no selenium present, since the discoloration due to the
red elemental selenium forming when nearing the stationary phase
interfered with the accurate determination of the complete growth
curve. The OD_ at stationary phase was determined as 1.5. In terms of
the relationship between optical density and dry biomass, it was found
that at an optical density of 1, the weight of the dry biomass is 0.416 g.
L.

Growth experiments

The exponential growth phase kinetic constants, u (h?), for the
different experiments were compared. Before the results are given,
it should be noted that the growth rates were determined at specific
predetermined values and therefore the optimum values determined
cannot be taken as the absolute optimum condition but only as the
optimum for the values at which it was measured.

The optimum temperature for growth is 37°C with an exponential
growth rate constant of 0.22 h''. What can also be seen from the data
is that there is a sharp decline in growth rate for temperatures above
37°C going as low as 0.02 h! whereas the relative difference in growth
rate between 30 and 37°C is much less. In terms of pH, no growth
was observed at a pH of 6; in fact the inoculum died soon after the

experiment commenced. The optimum pH was found to be 7 with an
exponential growth rate constant of 0.22 h™'. The decline in growth
rate from pH 7 to 8 is not that significant, the implication being that
the pH can be increased to a value between 7 and 8 without losing
too much growth potential. For the growth rate evaluated at different
salinities ranging from 0 to 20 g.L! NaCl, an optimum of 0.26 h! was
determined at a salinity of 20 g.L ' NaCl. For the experiments done with
different initial selenate concentrations, optimum growth (0.36 h™') was
observed at a concentration of 5 mM selenate (715 mg.L"), indicating
that the selenate is useful for energy and growth. What is notable is
that the growth rate for the experiment which contained no selenium is
lower than the maximum growth rate.

Reduction rate experiments

In the study done by Kuroda et al. [19], it was determined that the
bacteria could reduce selenate to selenite within 6 hours and the selenite
can then be further reduced to elemental selenium in another 18 hours.
This information was used to determine the length of the reduction
experiments. However, for the experiments done as part of this study
it was found that the reduction proceeded at a much faster rate. This
may be due to a different carbon source being used (glucose instead
of lactate) or the temperature of the experiments being different. In
the paper referred to earlier, the temperature of the reduction reaction
experiments is not given. Due to this inconsistency, the amount of
elemental selenium recovered from the plug after 16 hours of incubation
was taken as the criterion by which the optimum reduction conditions
were determined. ICP-OES analysis confirmed that after 16 hours the
reduction of both oxyanions were complete except for the experiment
conducted at 30°C. Extra reduction experiments were performed, one
without glucose, one with a heat-killed washed cell suspension and,
lastly, one without any bacterial cells. No reduction was observed
in these experiments. This means that the reaction is dependent on
glucose as an electron donor and that the reduction occurs strictly due
to microbial activity.

The experiment that was done at a temperature of 30°C was used
to do a mass balance check. The supernatant was analysed on the ICP-
OES for total selenium and added to the amount of elemental selenium
measured in the plug. After adding 79 mg.L"' of selenium to the
reaction mixture, at the end there was 19 mg.L" in the supernatant and
53.2 mg.L" in the plug. The difference between what was added and the
amount at the end was 6.8 mg.L" and translates to a 91.4% recovery of
selenium, which is within the acceptable range for mass balances done
in microbial systems (Figure 1).

Figure 2 shows the impact temperature, pH, and salinity has on
the amount of elemental selenium recovered after 16 hours of reaction
time with a washed cell suspension of Pseudomonas stutzeri NT-I1. The
optimum temperature, 37°C, is the same as that of growth and is within
the region of the temperature of industrial wastewater. The optimum
pH for reduction of selenate is 8, which is different to the optimum pH
of 7 for growth. When looking at Figure 2 it can be seen that from a
salinity of 5 g.L ! a further increase lowers the reduction capacity.

The temperature and pH at which the experiment was conducted is
important since a change in temperature or pH leads to a change in the
pK, value of an enzyme, which in turn impacts the enzyme’s ability to
reduce the metal anion involved. Each enzyme has a pK_ value specific
to them. For E. Cloacae SLD1a-1 the optimum pH was found to be
lower at 6.5 to 7 [20] whereas for T. selenatis the optimum pH was 8
[21]. Different selenium reducing bacteria operate best at various pH’s,
which indicates that there are multiple reduction mechanisms involved
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Figure 1: Exponential growth rate constants for experiments at different
temperatures, pH’s, salinities and initial selenate concentrations.

depending on which bacteria is being used. The change in reduction
capacity between pH 7 and pH 8 is not much. This makes the setting up
of a reactor where growth and reduction occurs at the same time easier
in that the pH only needs to be kept between 7 and 8 to still achieve a
high reduction rate.

The decrease in reduction capacity at higher salinities may be due to
the denaturing of the enzymes involved in the reduction pathway. This
is the opposite of what is seen with the impact of salinity on growth.
A compromise between reduction capacity and growth will have to be
made when both are occurring in the same reactor. A salinity of 5 g.L*
is suggested for such instances. In the other study already mentioned
(Kuroda et al.), the optimum conditions for reduction of selenate by
Pseudomonas stutzeri NT-1 was 40°C, pH 8 and low salinity. This is
once again in close agreement with the findings presented here.

Kinetic batch experiments

The bacteria took 2 hours to completely reduce 2 mM of selenate
which translates to a reduction rate of 0.0313 mmol.(g.h)! When

compared to other bacterial strains identified 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)"! [22]. Pseudomonas fluorescens only reduced 95%
of 0.2 mM selenate after 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

The bacteria took 2 hours to completely reduce 2 mM of selenate
which translates to a reduction rate of 0.0313 mmol.(g.h)'. When
compared to other bacterial strains identified 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)? [22]. Pseudomonas fluorescens only reduced 95%
of 0.2 mM selenate after 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.
The motivation behind this was that the selenate concentration in
the supernatant could be calculated then from the difference 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.
This 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. The 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 difficult to do a mass balance for the sake of the kinetic
modelling. Therefore only the selenite concentration in the supernatant
was used.

Figure 4 plots how the reduction rate changes with initial selenate
concentration used. The reduction rate increases with initial selenate
concentration. This 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
the substrate.

Two kinetic models were considered when parameter estimation
was performed, namely a first order rate equation and an adapted
Monod equation. The first order rate equation did not fit the data but
the Monod equation, adapted for metal reduction did. Differential
equations were used in the software package AQUASIM [25] to
estimate the parameters for the reduction of selenate to selenite and
selenite to elemental selenium. AQUASIM estimates the parameter
values by minimising the sum of squares of the weighted deviations
between calculated results and measured values.
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Figure 2: Percentage elemental selenium recovered for experiments done at
different temperatures, pH’s and salinities.

Figure 3: Total selenium and selenite present in the supernatant.

Figure 4: Change in reduction rate with initial selenate concentration.

—dSe®" B k.. olSe”]
Xdr K, +[Se™]

_dS€4+ _ kmax4O[Se4+] _ kmax64[Se6+]
Xdt K, +[Se"] K, +[Se™]

—dse’ B kmax40[Se4+]
Xdt K., +[Se"]

k Maximum reaction rate for the reduction of selenate to

max64

selenite, mol.(g.min)™

k, ..., Maximum reaction rate for the reduction of selenite to

elemental selenium, mol.(g.min)™

K, Substrate saturation coefficient for the reduction of selenate

to selenite, mM

K, Substrate saturation coefficient for the reduction of selenite

to elemental selenium, mM
X Biomass concentration, g.L"!

Since only selenite measurements could be used, the AQUASIM
model was set up to fit the parameters of the equation for the reduction
of selenite to the data points from three experiments where the initial
concentration of selenate differed (0.5, 1 and 2 mM). Figure 5 shows
the results of this fit 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
fits 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.

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

The K value for each of the reaction is also supposed to remain
constant like the kmm. The fact that one K, value could not be fitted,
but that the unique values fitted 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. This was done with caution since the true K_ value is
not known. Upon adding a product inhibition term the fit was not
significantly improved. Other inhibition models were also tested for
the sake of being thorough but none of them led to an improved fit.

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

Volume 8 ¢ Issue 3 « 1000391



Citation: Wessels CE, Chirwa EMN (2017) Reduction of Selenium by Pseudomonas stutzeri Nt-: Growth, Reduction

Biodegrad 8: 391. doi: 10.4172/2155-6199.1000391

and Kinetics. J Bioremediat

Page 6 of 7
S No | Initial selenate concentration (mmol. L") | k__ .. (mmol.min". g) K, .vso (MMol.min”. g') K., (mmol. L") K.,, (mmol. L) R?
1 0.5 0.0109 0.0533 12.6 58.7 0.993
2 1 0.0090 0.0575 7 49.8 0.964
3 2 0.0106 0.0547 2.9 18.8 0.997
Average 0.0102 0.0552

Table 1: Parameters for the adapted Monod equation fitted to experiments 1-3.

Figure 5: Adapted Monod equation fitted to measured selenite data for three
experiments.

Figure 6: Concentration profile for all three species of selenium present in
reaction mixture as calculated by AQUASIM.

Figure 7: Concentration of selenite for experiment with an initial selenate
concentration of 4 mM.

The lower K_ values observed at a high reduction rate alludes to
the fact that elemental selenium might be building up in the cell due
to a slower transportation than reduction rate at high concentrations.
In the case where the reduction rate is slower due to the lower initial
selenate concentration, the elemental selenium seed-nanoparticles have

time to be transported out of the cell and therefore interfere less with
the reduction reaction. It has been shown in another study [27] that
elemental selenium seed-nanoparticles can physically get in the way
of different steps in the reaction chain, for example blocking the redox
enzyme or interfering with the intermediate electron transfer sites.
These seed-nanoparticles can also negatively influence the porosity
of the cell membrane. Another possible reason for product inhibition
may be that the elemental selenium seed-nanoparticles cause the cell
viability to be lowered or physiological state altered. This possible
explanation was not further investigated due to the scope of this study
but do warrant further investigation. The interpretation of the data
requires fundamental insight into the mechanisms involved, which
include mass transfer of glucose (energy source for the detoxification
reaction), the selenium oxyanions and the elemental selenium between
the reaction sites.

The structure of the cell surface and membrane as well as the
participation of different enzymes in the electron transport chain all
add to the complexity of the detoxification mechanism. It has been
suggested that unique redox enzymes are involved in the reduction of
the valence state of metals and metalloids like zinc and selenium to
avoid cellular damage and death [6]. A few research groups have studied
this detoxification mechanism [14,28-30] and have found that in some
cases the reduction occurs in the periplasm and in other cases in the
cytoplasm. But they all require an energy source in the form of ATP
since the reduction of selenate to elemental selenium is endogenic, the
reduction reaction also requires NADH to act as the electron donor.

Conclusion

The growth and reduction studies show that Pseudomonas stutzeri
NT-I is a suitable candidate for use in bioremediation of seleniferous
industrial waste water. It is therefore recommended that further
studies be conducted to determine the most effective reactor design
for the facilitation of the reduction reactions by this bacterial strain.
Augmenting current biological reactors with this bacteria to improve
the reduction performance can also be investigated.

When considering the kinetics of the two consecutive reduction
reactions, the Monod equation, adapted for metal reduction, is a good
representation of the measured selenite concentration over time. The
assumption that biomass is constant and directly proportional to the
reaction rate holds, as would be expected for a biomass concentration
exceeding 2 g.L". The three experiments shared a k__value for each of
the two reduction reactions. One K value for each of the two reactions
in the three experiments could not be fitted though and was therefore
optimised for each experiment. A linear trend, where K_decreases with
increasing initial selenate concentration, was observed. It is postulated
that this is due to elemental selenium build-up which interferes with
the reduction reaction.

Pseudomonas stutzeri NT-1 is an exemplary selenium oxyanion
reducing agent and deserves more attention, not only so that it can be
used in industry for the bioremediation of industrial waste water, but
also in the research world to further our understanding of the complex
working of bacteria.
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