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within a range of 200 to 800 nm were carried out at metalloid oxyanion concentrations
that produced a maximum OD reading not larger than 3.5.
Results
Elemental Se and Te spectral measurements

Figures 11 and 12 display the spectral measurements for Se and Te formed upon
reduction with borohydride. Since the reference beam’s cuvette contained LB medium
with 3.5 mM sodium borohydride, the features in Figures 11 and 12 represent only the
absorbance and scattering of the metalloid-containing particles formed by the reduction

of selenite and tellurite, respectively.

Elemental Se scattering
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Figure 11. Scattering of elemental selenium formed by the 3.5 mM borohydride reduction

of selenite.
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Elemental Te scattering
1.6
1.4 -
1.2 -
S
= 1
o8
S 0.6 1
204 -
<02 -
O ! T T T T T
100 200 300 400 500 600 700 800
Wavelength (nm)

Figure 12. Scattering of elemental tellurium formed by the reduction of tellurite by
3.5 mM borohydride.
Calibration Experiments

In an attempt to develop a method for the quantification of Se and Te oxyanions
in aqueous solution, a set of calibration experiments were performed. Different sets of
solutions containing increased concentrations of Se and Te anions in LB media were
prepared and then reduced using a final concentration of 3.5 mM NaBH,4 as determined
from the borohydride optimization experiments described above. The absorption readings
taken were used to develop a linear range for these anions’ analyses. The calibration
curve developed was used to determine whether the increase in absorption at 500 nm
caused by the reduction of anions present in the solution was proportional to Se” or Te’
concentration or not and over what range. The results obtained can be used to correlate
the bacterial ability of reducing these anions in grown cultures with oxyanion

concentration in those cultures.
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Selenite and Selenate Calibration

Using borohydride as reducing agent, the linear ranges for selenite and selenate
were determined. Figure 13 and 14 represent the calibration graphs for selenite and
selenate determined spectrophotometrically. Formation of brick red precipitate indicated
the reduction of Se oxyanions to elemental Se. The detection limit was determined as an
analyte concentration that would produce 3 times the standard deviation of multiple blank
readings (n=5; 95% confidence), and the bottom of the linear range for each of the anions
studied was determined as the concentration that would yield a signal 10 times the
standard deviation of multiple blank readings (Skoog et al., 2007). A typical linear
calibration graph obtained had a correlation coefficient of 0.991 for selenite and 0.993 for

selenate.

Calibration graph for selenite
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Figure 13. Calibration curve for selenite. Three replicates were prepared for each

standard and error bars represent the standard deviation of those three replicates.
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Calibration graph for selenate
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Figure 14. Calibration curve for selenate quantification by this method. Error bars

represent 1 standard deviation of 3 replicates

Tellurite and Tellurate Calibration

A good correlation coefficient of 0.996 was typically obtained for tellurite, and
for tellurate analysis, R* value was 0.963 with a much narrower linear range (Figures 15
and 16). The reason for this was probably the insolubility of tellurate at higher
concentrations: the highest concentration of dissolved TeO,> was not much beyond 6
mg/mL in LB medium. The determined concentration ranges for all metalloidal
oxyanions examined were in the range of the Minimal Inhibitory Concentrations (MICs)
for this oxyanions of metalloid-resistant bacteria we have been studying in our lab.
Therefore, this method can reasonably be used as a means of determining metalloid

concentrations in bacterial culture supernatants.
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Calibration graph for tellurite
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Figure 15. Tellurite calibration curve. Error bars represent 1 standard deviation of 3

replicates.

Calibration graph for tellurate
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Figure 16. Calibration curve for tellurate with a narrow linear range compared to tellurite.

Error bars represent 1 standard deviation of 3 replicates.
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Time Course Experiments for Reduction Reaction

To estimate the range of time over which the elemental forms of Se or Te that
formed as a result of the reduction reaction were stable, measurements of OD for reduced
oxyanion solutions at regular intervals of time for a particular period were performed.
Figure 17 and 18 depict the time course measurement of absorbance for selenite and
tellurite standard solutions. The stability of elemental Se or Te formed in the solution by
borohydride reduction was longer at lower metalloid anion concentration. The stability
was shorter at higher metalloid anion concentration probably because of the presence of

more metalloid available for reduction: for instance, the ODjpoyrs 0f @ 200 mg/mL selenite

237-1.72
sample was 37% different from the ODjgmin ( 3—X100) while for a 25 mg/mL
1.72

0.785-0.779
selenite sample this difference was 0.77% (WXIOO). For tellurate this

reduction was much slower, reaching a stable maximum after only about 60 minutes.
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Figure 17. Time course measurement of selenium concentration at 500 nm formed as a

result of reduction of selenite by sodium borohydride.
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Time course measurement of
tellurium concentration
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Figure 18. Measurement of absorbance at regular intervals of time for the concentration

of tellurium formed in the reaction between tellurate and borohydride at 500 nm.

Short time course experiments were also performed with 20 ug/mL tellurite to
determine the time necessary to develop the metalloid’s elemental form. The formation of
the elemental particles in solution increased gradually in the first five minutes of
reduction (see minimized graph in Figure 19) and then maintained stability thereafter for
a considerable amount of time (maximized graph in figure 19). The OD 3y min of a 20

0.225-0.219
pg/mL TeOs;” sample was only 2.7 % different (WXIOO) from the OD

0219-.02
averaged from 30 to 120 minutes and only 4.8% different (%XIOO) from the

sample at 5 minutes.
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Figure 19. Short (minimized graph) and long (maximized graph) course experiment for a

20 pg/mL tellurite sample reduced with sodium borohydride.
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Following Bacterial Bioprocessing of Tellurite Using This Method

The proposed borohydride method was implemented for the quantification of Te
and Se in culture media to compare the extent of bacterial reduction in a live culture. In
this experiment, LB medium was inoculated with a 1 % LHVE preculture and amended
with 25 pg tellurite/mL in a conical flask. These were allowed to incubate anaerobically
at 37 °C. At regular intervals of time, 10 mL culture was taken out of this solution. Five
mL were used to measure the growth rate of the bacteria at 526 nm and another five mL
were used to determine the tellurite concentration using the borohydride method. For this,
that second 5 mL sample was centrifuged for 3 min at 13000xg, then 3.5 mM NaBH, was
added to the supernatant solution and the optical density was measured at 500 nm to
estimate the amount of Te’ formed by borohydride reduction and interpolation from the
tellurite calibration curve.

Similar procedures were carried out for the cultures amended with 0.86 mg/mL
(5 mM) selenite in culture media. The results from these experiments are depicted in

Figures 20 and 21.
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Tellurite (25 pg/mL) calibration using LHVE
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Figure 20. LHVE amended with 25 pg/mL tellurite. The black curve represents the
growth rate of LHVE in the presence of 25 pg/mL tellurite over a particular period of
time whereas the grey curve gives the tellurite content using the borohydride reduction

method. These results are from a single trial without any replicate analysis.
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Figure 21. LHVE amended with 0.86 mg/mL selenite. The black line indicates the cell
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population of LHVE in the presence of selenite and the grey line represents the decrease

in optical density because of bioprocessing by LHVE. These results are from a single trial

without any replicate analysis.
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Discussion

A simple and novel method was developed for the quantification of Se and Te in
aqueous culture solutions. Compared to the much more complicated techniques which
require high-cost investments, this method is a useful replac7ement for some types of
samples. Good linear ranges were exhibited for Se and Te oxyanions. During the initial
stages of method development, there was a major problem with bubbling of solutions
immediately after adding NaBH,4 to the standards. Different parameters were adjusted
such as the pH of deionized water and the nature of borohydride added (solid/liquid).

In order to minimize the runaway bubbling during sample reduction, the optimum
borohydride concentration was determined by reducing a 200 ug/mL tellurite solution
with varying concentrations of sodium borohydride in the reduction/reaction vessel’s
solution. Our initial experiments showed that the worse the borohydride concentration,
the higher the bubbling problem. Different sets of experiments were performed with
borohydride concentrations ranging from 40 mM to 2.5 mM. There was extreme bubbling
at high NaBH,4 concentration and the bubbling decreased at lower borohydride levels.
Based on the observations of low effervescence and good linear range for the standards,
3.5 mM was determined as the optimum borohydride concentration for these
experiments. The detection limits and linear ranges for all the oxyanions studied are in

Table 2.
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Table 2. Detection limits and linear ranges for the oxyanions under study using

3.5 mM NaBHj as the reducing reagent.

Oxyanion Detection limit Linear Range
Selenite 0.13 mg/mL 0.77- 200 mg/mL
Selenate 2.88 mg/mL 47.25-400 mg/mL
Tellurite 1.61 pg/mL 28.24-200 pg/mL
Tellurate 0.026 mg/mL 0.39-6 mg/mL

A broad linear range was determined for selenate, selenite and tellurite whereas
for tellurate, the range was narrow. The linear range includes most of the MICs of
tellurite for the microorganism we have been studying recently (Burra et al., 2009a;
2009b). Therefore, this method can be employed successfully to estimate the metalloid
concentrations in culture media.

From an analytical point of view, any new method employed should produce
analytical conditions which are stable for a considerable amount of time. To confirm the
stability of the elemental metalloid formation in this method, time course experiments
were carried out. The elemental form of Se or Te formed after borohydride reduction for
concentrations lower in the linear range seems to be stable for an analytically useful
period from about 10 minutes to longer than an hour and quite a bit longer time at lower
metalloid concentration. At higher analyte concentrations, samples exhibited some
fluctuations with sample ODs rising until about 60 min before stabilizing; however, the
differences over time may still be viable for some analyses. This might be due to the

lower NaBHy/analyte ratio affecting the time necessary to reduce the metalloid present in
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solution. At lower analyte concentrations, excess reducing power almost certainly
stabilized the samples.

In the experiments carried out to determine the metalloid concentration in
bacterial culture using this borohydride method, a time dependent decrease in metalloid
anion concentration was observed (Figure 20 and 21, grey curve). The decrease in
supernatants’ oxyanion concentration can be related to an increase in the number of cells
as determined by bacterial growth rate (Figure 20 and 21, black curve). The decrease in
anion concentration might be attributed to the bioprocessing of those anions by metalloid-
resistant LHVE resulting in the production of other forms of metalloids in solution or
forms escaping into bacterial headspace. For instance, this organism produces methylated
forms of both selenium and tellurium when amended with metalloidal salts. We have
detected dimethyl selenide, dimethyl diselenide, and dimethyl telluride in LHVE
headspace (data not shown). The bacteria can adopt several different ways to cope with
the toxic environment and may convert these toxic anions to less toxic forms.

Conclusion

Quantification of Se and Te oxyanions in aqueous solutions was shown to be
possible using this simple and novel technique. This method uses only one reagent and
simple instrumentation for analysis, and has a relatively wide linear range for all the
oxyanions under study except tellurate. We have demonstrated the use of this technique
to determine Se and Te oxyanions in growing bacterial cultures amended with metalloid-
containing salts. The interference of species other than the target ions in this method of

Se and Te anions determination is under investigation in our lab.
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CHAPTER 5
CONCLUSIONS

Three different projects were carried out in this research. First, toxicity
experiments including specific growth rate (SGR) and zone of inhibition (ZOI) were used
to determine the relative effect of oxyanions of selenium and tellurium on a Bacillus
species isolated from Chile. Second, volatile organo-selenium compounds were detected
in the headspace of the metalloid-resistant bacteria using gas chromatography coupled to
fluorine-induced chemiluminescence detection. Third, selenium (Se) and tellurium(Te)
oxyanions in the bacterial culture media were quantified using sodium borohydride
reduction followed by UV/visible spectrophotometry.

Toxicity experiments have determined LHVE to be a metalloid-resistant organism
compared to other environmental bacteria such as to E. coli (wild type) and demonstrated
LHVE’s ability to grow in the presence of different concentrations of Se and Te
oxyanions. Based on SGR and ZOI experiments, tellurite (TeO;>) was shown to be more
toxic than all the anions examined. A ZOI of 52 mm was observed on the plates amended
5 microliters of 25 mM TeOs>". No inhibition zone was observed for the Se anions at
concentrations up to 200 mM; however, the relative toxicity of selenocyanate anion was
comparable to selenate and selenite.

Headspace analysis of the selenite amended LHVE culture led to the detection of
dimethyl diselenenyl sulfide and dimethyl triselenide (CH3;SeSeSeCHs). These
compounds were previously unreported in the literature as occurring in bacterial
headspace and their identities were confirmed based on retention time, boiling point
comparisons, and mass spectral analysis. DL-Dithiothreitol(DTT) experiments tentatively

assigned the dimethyl diselenenyl sulfide asymmetric isomer,CH3SeSeSCH3, as the form
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found in headspace above LHVE bacterial cultures amended with sodium selenite. In
addition to these two new compounds, a wide range of other organo-sulfur and —
selenium, compounds were also detected in the bacterial headspace.

In contrast to the most prolonged and strenuous methods, a straightforward and
easy technique was developed for the quantification of Se and Te oxyanions using
sodium borohydride (NaBH4) as a reducing agent. Simple instrumentation and a single
reagent were required for this analysis. Except for tellurate, relatively wide linear ranges
were obtained for all the oxyanions examined. This method was employed for the
determination of Se and Te oxyanions in growing bacterial cultures amended with
metalloid-containing salts.

Ongoing research involves the determination of interferences from chemical
species other than target ions during analysis of Se and Te anions and future work will
include the quantification of mixed Se and Te oxyanions in the bacterial culture media

with LHVE.
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APPENDIX A

ASSIGNMENT OF WORK CARRIED OUT IN THIS RESEARCH
Radhika Burra: LHVE toxicity experiments for selenium and tellurium compounds,
borohydride production of elemental metalloids, and LHVE headspace experiments
Alex O. Elias (in Chile): Borohydride production of elemental metalloids
James D. Fox (in Texas): Determination of selenocyanate by capillary electrophoresis
Roberto C. Molina (in Chile): Borohydride production of elemental metalloids
Rebecca Montes (in Texas): Borohydride production of elemental metalloids, LHVE
headspace analyses, and DTT work
Claudia Munoz (in Chile): Borohydride production of elemental metalloids
Jose M. Perez (in Chile): Borohydride production of elemental metalloids
Gonzalo Predenas (in Texas and Chile): Isolation and morphology of the Bacillus sp.
(LHVE)
Claudio Vasquez (in Chile): Isolation and morphology of the Bacillus sp., borohydride

production of elemental metalloids



APPENDIX B

CHEMICAL ABSTRACT SERVICE REGISTRY NUMBERS

Compound Name

agar
potassium selenocyanate
potassium tellurite hydrate
sodium borohydride
sodium chloride

sodium selenate

sodium selenite

sodium tellurate dihydrate
tryptone

yeast extract

CAS Number
9002-18-0

3425-46-5

123333-66-4

16940-66-2

7647-14-5

13410-01-0

101202-18-8

26006-71-3

73049-73-7

8013-01-2
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