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ABSTRACT

Fox, James David, The analysis of selenocyanate from the broth cultures of selenium-
resistant bacteria using solid-phase extraction and capillary electrophoresis. Master of
Science (Chemistry), August, 2008, Sam Houston State University, Huntsville, Texas.

The purpose of this research was, in part, to develop a method for the pre-

concentration and extraction of selenocyanate from the liquid cultures of selenium-

resistant bacteria using solid-phase extraction and capillary electrophoresis with

photodiode array detection.  An environmental soil bacterium (130404) growing on a

complex medium displayed an inherent resistance to various forms of selenium and had

the ability to convert them into elemental and insoluble selenium and into

organoselenides.  Experiments using ion chromatography-inductively coupled plasma-

mass spectrometry indicated that this bacterium was also able to convert small quantities

of selenate into selenocyanate.

Experiments also examined the effect of various selenium-containing species on

the growth of 130404 and E. coli clone (1VH) by examining the optical density of the

culture over time.  Similar experiments were done with a Bacillus spp. to determine such

factors as nitrate dependence and ampicillin resistance.

The headspace of liquid cultures of 1VH and the Bacillus was also examined

using solid-phase microextraction and gas chromatography with fluorine-induced sulfur

chemiluminescence detection.  Both organosulfides and organoselenides were observed

in the headspace of selenium-amended cultures, indicating their ability to bioprocess the

selenium-containing species.
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CHAPTER I

INTRODUCTION

For the most part, the role of selenium in our world is subtle.  At 0.05 ppm, it is

the sixty-sixth most abundant element in the earth’s crust (Greenwood and Earnshaw,

1997), and is most commonly found in the environment in the water-soluble oxyanions

selenite (SeO3
2-) and selenate (SeO4

2-).  Despite its relatively small abundance, selenium

plays an important biological role in most, if not all animals in the form of the amino

acids selenocysteine and selenomethionine, as well as the proteins formate

dehydrogenase and thioredoxin reductase.  In fact, people living in areas of low

environmental selenium concentration have been observed to fall ill with diseases related

to selenium deficiency in substantial numbers (Chasteen and Bentley, 2006; Chasteen and

Bentley, 2002).  This biological role of selenium also extends to plants and

microorganisms.  Though rare, several strains of bacteria require unusually large

concentrations of selenium (236-7896 mM) in order to survive (Lindblow-Kull et al.,

1982).

Despite its biological role, the toxic and carcinogenic effects of selenium have

been studied since 1842 (Moxon et al., 1943; Nelson et al., 1943).  More recently, it has

come to the attention of scientists that the accumulation of selenium does not stop with

remediating plants, but continues up the food chain into human diets as well.  Extensive

studies have been carried out to examine the accumulation of selenium in biological

systems (Dumont et al., 2006).

Research in this area has been fueled largely by concerns over the ecological

repercussions of regions with a naturally high selenium concentration such as the
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Kesterson National Wildlife Reserve in the San Joaquin Valley in California.  It is

thought that the contamination here originates from Cretaceous marine sedimentary rock.

Via weathering and irrigation drainage, water-soluble forms of selenium eventually find

their way to hydrologically-closed basins.  In 1983, this accumulation of selenium was

found to be responsible for the 64% deformity and death rate of embryos and hatchings

of aquatic birds in the region.  So profound was the phenomena that it was eventually

dubbed “The Kesterson Effect” (Presser, 1994).

Unfortunately, selenium contamination is not limited to natural causes.  Other

major sources include copper and oil refinement (Greenwood and Earnshaw, 1997).

While selenate and selenite are the two major selenium-containing species produced,

selenocyanate (SeCN-) has also been of interest.  Special attention was given to the

removal of selenocyanate from oil refinery wastewater via its deselenation and

precipitation with elemental iron (Meng et al., 2002).   However, studies by Miekeley et

al. (2005) suggest that selenocyanate is a natural component of oil, and therefore another

method may be desired.

Much attention has been given to proposed methods for cleaning selenium

contaminates from toxic sites.  Some plants are capable of converting water-soluble

selenium species into methylated volatile compounds.  It was determined that such plants

could be instrumental in the cleanup of polluted sites (Meija et al., 2002; Kahakachchi et

al., 2004).  The construction of artificial wetlands has been shown to successfully reduce

the overall concentration of water-soluble selenium species in wastewater from a coal gas

stripping plant by 64-79%.  This was accomplished by using plants native to the western

United States that have an innate ability to accumulate large amounts of selenium.  Of the



3

plants tested, several displayed no inhibition of growth when introduced to the

wastewater (Ye et al., 2003).  Such bioaccumulation of selenium has also been noted in

several strains of yeast (Wrobel et al., 2005) as well as algae (Larsen et al., 2001).

In addition to phytoremediation, bioremediation also presents an alternative

cleanup method.  Several microorganisms exhibit a resistance to water-soluble forms of

selenium and are able to bioprocess them via reduction and methylation.  In these cases,

the organism sometimes apparently uses selenate or selenite as the terminal electron

acceptor in its metabolic cycle.  Volatile methylated selenides have been observed in the

headspace of such anaerobic bacterial cultures (Chasteen et al., 1990).  A mechanism for

the process that leads to the organo-metalloids found in bacterial headspace has been

proposed (Challenger, 1945; Chasteen, 1993).  In addition to this, many microorganisms

are able to reduce a substantial portion of the soluble selenium to which they’re exposed

to Se0, which can be seen as a red precipitate in the liquid culture (Losi and

Frankenberger, 1997) and is substantially less toxic than the initial selenium oxyanions.

This process is affected in some organisms by the presence of nitrate as an electron

acceptor (Oremland et al., 1999), thus lowering the overall yield of selenium conversion.

Bioremediation has been used successfully in some cases using bacteria isolated from

rice-straw from the Broadview Water District in California (Zhang et al., 2003; Zahir et

al., 2003).

While resistant to selenium, some microorganisms exhibit selenium-dependent

specific growth rates (SGR).  This allowed researchers to assess the relative toxicity of

various selenium species by examining the specific growth rate of bacterial cultures
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dosed with them (Strotmann et al., 1994; Yu et al., 1997), as well as selenium’s effect on

persister cells (Harrison et al., 2005).

Analytical Techniques for Detecting Selenium Compounds

A number of instrumental techniques have been applied in the search for various

selenium species.  X-ray absorption near-edge structure (XANES) spectroscopy has been

successfully implemented in the detection of various forms of selenium, including

elemental, aqueous and volatile forms (Pickering et al., 1995; Sarret et al., 2005).  Ion

chromatography–inductively coupled plasma–mass spectrometry (IC-ICP-MS) has also

been used in the detection of trace amounts of water soluble selenium species.  This

method has the added benefit of low detection limits (0.04-0.09 ng) in the presence of

complex samples (Miekeley et al., 2004).  Hydride generation-atomic absorption

spectroscopy (HG-AAS) was also used with positive results.  In a study by Losi et al.

(1997), the microbiological conversion of selenate to selenite and then to elemental

selenium was observed.

For this research, several different methods of selenium speciation were applied:

Gas Chromatography with Fluorine-Induced Sulfur Chemiluminescence Detection

There are a number of benefits in using gas chromatography with fluorine-

induced sulfur chemiluminescence detection (GC/SCD) to look for volatile organo-sulfur,

-selenium, and -tellurium compounds.  Given their non-polar nature and relatively large

differences in boiling points, volatile methylated selenides have been found to separate

easily on several different gas chromatographic columns (Basnayake et al., 2001; Meija
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et al., 2002; Hunter and Kuykendall, 2004; Swearingen, Jr. et al., 2006).  In the SCD,

gaseous, elemental fluorine is produced in situ by flowing sulfur hexafluoride across an

1100 V volt discharge at approximately 26 kHz of alternating current.  A substantial

portion of the resulting gas phase fragments reform as F2 and continue into the reaction

vessel.  It is there that they react with methylated chalcogens to produce excited-state

hydrogen fluoride, which, upon de-excitation, emits a photon that is detected via a

photomultiplier tube.  The pressure in the reaction vessel is maintained at less that one

torr to ensure low collisional deactivation.

Because of the intense reaction of methylated chalcogens with F2 compared to

other molecules, the background signal for this instrument remains low enough and the

selectivity high enough to obtain detection limits in the picogram range for this family of

compounds (Chasteen, 1993).

Capillary Electrophoresis (CE)

Much work has been done in the task of separating and detecting various water-

soluble selenium species using capillary electrophoresis.  Some methods include coupling

CE with inductively-coupled plasma-atomic emission spectroscopy (ICP-AES) (Deng et

al., 2007), conductivity detection (Kubá_ et al., 2004) or simple ultraviolet/visible

absorption spectroscopy (Walker et al., 1996).  CE has provided an efficient means of

separating and detecting these selenium species in solution.  It is because of this that CE

seems ideal for use with broth cultures of selenium-resistant bacteria.  Recently, work by

Pathem et al. (2007) showed the time-dependant conversion of selenate to selenite and

elemental selenium by a strain of Escherichia coli.
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The principles on which electrophoresis operates are simple, yet effective.  The

method’s capillary, similar to a capillary column in GC, is made of fused silica with a

polyimide coating for thermal and electrical insulation.  The inner diameters usually

range from 25-75 µm and the length is between 50-75 cm.  Because of this, the sample

volume needed is typically 1-50 nL.  This allows smaller overall sample sizes.  For

UV/Vis detection, a small portion of the polyimide coating is removed so that light can

pass through with minimal absorbance by the capillary itself.  This is the capillary

window.

Before separation can occur, the capillary is filled with a buffer solution that acts

to ionize the silanol groups along its interior.  The more basic the buffer solution, the

more ionization occurs thus raising the overall negative charge along the capillary walls.

This buffer solution will also act as an electrolyte to carry the current during separation.

Positively charged ions will coat the interior of the capillary in two layers: one that is

affixed to the wall and one that will move in the electric field.  This second layer causes a

mass movement of molecules within the capillary, thus establishing the electro-osmotic

flow (EOF).  Typically the cathode is on the same end as the detector, causing positively

charged molecules to move toward this electrode the fastest, followed by neutral and then

negatively charged molecules dragged along by the EOF.

In these experiments, a photodiode array was used for detection, allowing for the

simultaneous monitoring of absorbance values between 190 and 300 nm.  As the

molecules pass the capillary window, their absorbance was measured as a function of

time and wavelength.  This was useful for distinguishing between CE peaks whose

retention times are similar but differ in their absorbance profiles.
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In the case of the water-soluble selenium species, negatively charges ions are of

interest.  Therefore a modification to the EOF was necessary.  To accomplish this, a

surfactant (tetradecyltrimethylammonium bromide) was used to coat the interior of the

capillary, reversing its charge.  Once this was done, the polarity of the electric field was

also reversed.  This caused anions to elute first, followed by neutral molecules and then

cations.

With broad linear ranges and low detection limits, CE is ideal for the monitoring

of trace amounts of selenium species produced by selenium-resistant microorganisms.

Solid-Phase Extraction (SPE)

While CE provides low detection limits, it may be necessary to pre-concentrate

the samples in order to better see them in the electropherogram at even lower

concentrations or in the presence of interfering species.  In order to accomplish this, SPE

was utilized to collect selenocyanate from broth cultures of selenium-resistant organisms.

To this day, SPE is typically used as a cleanup method for complex biological

samples (Shimelis et al., 2007).  However, this method was shown to be effective at

retaining and recovering analytes when, among others, Monohan et al. (1995) used strong

anion exchange (SAX) SPE in order to collect the herbicide Dacthal for analysis via GC

with electron capture detection.

This research made use of aminopropyl-coated SPE cartridges.  The pKa of the

amine group on the cartridges was approximately 9.8.  Solvation of the cartridge

protonated the amine groups to generate a positive charge and ionic binding between

them and negatively charged components of the solvation buffer.  Once solvated, a
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sample was passed through the cartridge, at which time negatively charged selenium-

containing species attached to the amino groups and were retained on the cartridge’s solid

phase.  Then, a buffer (pH=11.8) was passed through, causing the deprotonation of the

amino groups and the elution of the analytes.  This allowed an amount of analyte to be

collected and deposited into a smaller volume of liquid, effectively raising the

concentration.

Microorganisms Used

For this research, data from three different metalloid-resistant, anaerobic

microorganisms were examined: 130404 (a species of the genus Alcaligenes), Bacillus

spp. and Escherichia coli 1VH.  The organism 130404 was provided by collaborating

researchers at the University of Santiago, Chile.  E. coli 1VH was prepared by Araya et

al. (2004).  The Bacillus spp. was isolated in the Chasteen research group at Sam Houston

State University and its genus determined in Chile.  All organisms display some degree

of selenium resistance as measured by their ability to grow in millimolar solutions of

selenium oxyanions.

Relevance of This Research

Much instrumentation has already been successfully applied to examine the

conversion of water-soluble selenium into other forms.  However, many of these methods

have looked solely at the conversion to elemental or volatile selenium.  Interesting work

examining the intermediate biological steps as selenium-containing oxyanions are

bioprocessed to less oxidized forms has been reported (Walker et al., 1996; Pathem et al.,
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2007).  This may be important in understanding the final destination of selenium as it is

processed by these resistant organisms.

IC-ICP-MS experiments by Gürleyük et al. (2006) indicated that one possible

biological product that had been overlooked was selenocyanate.  Until this point, the

occurrence of selenocyanate in contaminated areas was attributed to one of two things:

the reduction of other selenium species via environmental chemistry or the presence of

oil waste.  Locating a microbiological source of selenocyanate may prove useful to those

interested in the removal of selenium from areas of high concentration.

For the work in this thesis, a method was developed to examine the

bacteriological production of selenocyanate using solid-phase extraction and capillary

electrophoresis.  In addition to this, the relative toxicities of the various water-soluble

selenium species and the production of volatile headspace gases was also determined.
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CHAPTER II

EXPERIMENTAL

Bacterial Growth

Reagents

The chemical reagents used in these experiments were obtained from the

following sources: pancreatic digest of casein and yeast extract from Difco Laboratories

(Detroit, MI, USA); tryptic soy broth from Mediatech, Inc. (Herndon, VA, USA); sodium

selenite, sodium selenate and sodium hydroxide from Sigma-Aldrich (Milwaukee, WI,

USA); potassium selenocyanate from Acros Organics (New Jersey, USA); potassium

nitrate from EM Science (Gibbstown, NJ, USA); sodium chloride from BDH (West

Chester, PA, USA); agar from Amresco (Solon, OH, USA).  All water used in the

experiments was purified via a RiOs 3 water purification system from Millipore

(Billerica, MA, USA).

Bacterial Cultures and Growth Media

Bacterial cultures of Escherichia coli 1VH and the Gram negative bacterium

130404 were grown anaerobically in Lauria-Bertani (LB) medium at 37º C in a water

bath.  The LB medium was prepared by adding 10.0 g of pancreatic digest of casein, 5.0

g of yeast extract and 5.0 g of sodium chloride to 1.0 L of water and mixing thoroughly.

If needed, the pH of the solution was adjusted to 7.0 with 1.0 M sodium hydroxide.  This

media was then distributed into flasks and sterilized at 121º C and 15 psi for 20 min.

Once cooled, the media was inoculated with 1VH from a stab culture using a sterile loop

and allowed to incubate for 24 hours.  Plate cultures were prepared by adding 20 g of
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agar to 1.0 L of LB medium and sterilized as above.  Before cooling, the agar was

distributed to Petri dishes and amended with 1.0 mM sodium selenite.  These plates were

streaked using a sterile loop dipped in samples of the prepared liquid cultures and

allowed to incubate for 24-36 hours (until single, red bacterial colonies could be seen).

Precultures were prepared by inoculating LB medium with a single colony and allowed it

to incubate for 24 hours.  Experimental cultures were made by distributing sterile LB

medium into test tubes and inoculating with a 1:10 v/v inoculum from the preculture.

Experimental cultures were amended with sodium selenate, sodium selenite or potassium

selenocyanate to yield a final concentration of 1.0 or 10.0 mM.

The Bacillus spp. was grown anaerobically in tryptic soy medium with a 0.3%

nitrate content (TSN3) at 30º C in a water bath.  TNS3 was prepared by adding 10.0 g of

tryptic soy broth (TSB) and 3.0 g of potassium nitrate to 1.0 L of water and mixed

thoroughly.  Plate cultures, precultures and experimental cultures were made with TSN3

using the same steps as above.

Headspace Sampling

Apparatus

For the headspace analysis, a Hewlett-Packard 5890 Series II gas chromatograph

(GC) with a Sievers 300 fluorine-induced sulfur chemiluminescence detector (SCD)

(Ionics Instruments, Boulder, CO, USA) was used.  The GC was equipped with a DB-1

column (100% polydimethylsiloxane, 5.0 µm stationary phase) that measured 30 m x

0.32 mm i.d. (J&W Scientific, Folsom, CA, USA).  Data acquisition was accomplished

using a Hewlett-Packard 3396 Series III integrator.  The headspace samples were
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collected using 75 µm Carboxen™-polydimethylsiloxane (PDMS) solid-phase

microextraction (SPME) fibers from Supelco (Bellfonte, PA, USA).

GC Parameters

Helium was used as a carrier gas at a flow rate of 1.0 mL per minute.  All samples

were injected in splitless mode into a 275º C injection port.  The split valve opened at

2 min.  The initial oven temperature was held at 30º C for 2 min and then raised

15º C/min until a final temperature of 275º C was reached.  This temperature was held for

5 min.

SPME Sampling

Cultures (10 mL liquid) used for headspace samples were grown in 16 mL test

tubes capped with open-top screw caps with Teflon®/silicone liners purchased form

Alltech (Deerfield, IL, USA).  The SPME syringe was used to pierce the septa and the

fiber was then exposed to the volume of gases above the liquid culture for approximately

30 min in order to adsorb the headspace gases.  The fiber was then retracted and then

introduced into the injection port of the GC and exposed for the duration of the

temperature program (initiated immediately after exposure of the fiber).

CE Samples

Reagents

The reagents used in the CE analysis were obtained from the following sources:

potassium dihydrogen phosphate (KH2PO4) from Sigma-Aldrich;

tetradecyltrimethylammonium bromide from Acros Organics; concentrated hydrochloric
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acid (Mallinckrodt, Paris, Kentucky, USA); and methanol from Burdick & Jackson

(Muskegon, MI, USA).

Apparatus

A P/ACE MDQ CE system (Beckman Coulter, Fellerton, CA, USA) was used in

all CE experiments.  This system was equipped with an auto sampler and temperature

control for the sample trays and capillary.  Fused silica capillaries (also purchased from

Beckman Coulter) with dimensions of 57 cm total length, 50 cm effective length, 75 µm

i.d. and 375 µm o.d. were used.

CE Analysis

All CE samples were run according to the methods developed by Pathem et al.

(2007).

The run buffer was made by adding 0.204 g KH2PO4 and 0.036 g TTAB to

100 mL of water.  This was mixed thoroughly and then the pH of the buffer was adjusted

to 10.5 using 1.0 M NaOH.  All fluids (samples, buffers, wash liquids, etc.) were sterile-

filtered using 0.2-µm syringe filters (Pall Corporation, Ann Arbor, MI, USA) before

introduction into the CE.

The capillary was conditioned by injecting 1.0 M NaOH for 5 min at 40º C, then

rinsed with water for 5 min at 25º C.  For all samples, the capillary was maintained at

25º C.  Before each sample, the capillary was rinsed with water for 1 min, methanol for

2 min, water for 1 min, 0.1 M HCl for 2 min, water for 1 min, 1.0 M NaOH for 2 min and

then with run buffer for 2 min.  This ensured that the capillary was thoroughly cleaned
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and prepped for the sample.  Samples were injected using hydrodynamic injection at

0.5 psi for 5 sec. The separation was performed using -25 kV over the course of five

minutes.  Data acquisition was accomplished using a photodiode array to simultaneously

monitor absorbance from 190-300 nm.  Selenate and selenite were monitored at 190 nm

and selenocyanate was monitored at 200 nm.  Quantification of the peaks was

accomplished with peak integration based on a standard curve.

IC-ICP-MS Analysis

Analysis via IC-ICP-MS was carried out by Applied Speciation Consultants LLS

in Tukwilla, WA, USA.  Chromatographic duties were carried out with either an AGP-1

ion chromatography pump (Dionex, USA) or a Series 200 LC pump.  These were

connected to a Perkin Elmer ELAN DRCplus inductively-coupled plasma mass

spectrometer.  The method used in this experiment was based largely on the work by

Gürleyük and Wallschläger (2001).  This entailed a Dionex IonPac AS16 anion exchange

column (4 x 250 mm) and a Dionex IonPac AG16 guard column (4 x 50 mm) used with

an alkaline gradient.  Throughout the analysis, two isotopes of selenium (78Se and 82Se)

were monitored to confirm the presence of selenium.  Data were acquired using the

instrument’s on-board software and then processed using Totalchrom or Chromera

software (Perkin Elmer).  Limits of detection (LOD) were generated for all selenium-

containing species using replicate analysis of the lowest concentration standard (50 ng/L)

in the calibration curve.  LOD’s were found to be 1.6 ppb for selenocyanate, 2.1 ppb for

selenite and 2.6 ppb for selenate.
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Solid-Phase Extraction

Cartridge

Isolute® solid phase extraction cartridges were purchased from International

Sorbent Technology (Glamorgan, UK).  These cartridges contained 500 mg of sorbent

material (housed in a 10-mL reservoir).

SPE Method

In order to effectively solvate and extract analytes using the SPE cartridges,

buffers and samples were required to pass over the sorbent at approximately 1 mL/min.

This was accomplished by assembling a rudimentary device (Figure 1) that used

compressed air to achieve the desired flow rate.  Once the necessary flow rate was

established, sample extraction could be performed.
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Figure 1. The extraction apparatus.

To begin, the cartridges were solvated with 10 mL of a solution of 15 mM

KH2PO4 in a 50/50 mix of water and methanol.  Then, the sample was loaded into the

reservoir and eluted using compressed air.  Then the cartridge was removed from the

device and fitted with a 0.2-µm sterile filter.  Elution buffer was loaded into the reservoir

and 2.0 mL of the buffer (pH = 11.8) were passed through the sorbent and filter directly

into CE sample vials for analysis.  This process is detailed in Figure 2.  In step A, the
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cartridge was solvated with the buffer solution.  This protonated the amine groups,

creating a positive charge in the solid phase surface that was balanced by the phosphate

anions.  The extraction of selenocyanate occurred in step B, causing selenocyanate to

displace the phosphate ions and accumulate on the solid phase.  The subsequent elution in

step C (performed with sodium hydroxide) deprotonated the amino groups, causing the

selenocyanate to continue through the column and elute.

Two different elution buffers were tried.  The first contained only the sodium

hydroxide used to adjust the pH.  The second contained 86 mM sodium chloride in

addition to the sodium hydroxide.  The sodium chloride was used in attempt to actively

displace selenocyanate bound to the solid phase.

Figure 2. The extraction process.
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CHAPTER III

DATA AND RESULTS

Bacterial Growth Curves

As discussed in Chapter II, cultures of the various bacteria were prepared in order

to determine the specific growth rates (SGR) with and without the selenium amendments.

Once these cultures were inoculated, spectrophotometric readings were taken at intervals

of 15-20 minutes at 526 nm in accordance with the methods developed by Yu et al.

(1997).  The data were then plotted as the natural log of the optical density versus the

time measured in hours.  From these charts, data points that were determined to fall

within the log phase of bacterial growth were then used to calculate the SGR of each

culture (the SGR (h-1) being equivalent to the slope of the linear least squares (LLS) fit in

the log phase).  Growth curves of optical density versus time can be seen for E. coli 1VH

in Figure 3-6 and for 130404 in Figures 7-10.  A comparison of the SGR can be seen in

Table 1.  The Bacillus spp. was tested for nitrate dependence and ampicillin resistance

(Figures 11-14); the results of which can be seen in Table 2.  In all plots, the points

chosen to represent the log phase are indicated by the LLS line.  The log phase for some

bacteria were difficult to distinguish (such as Figure 7), in which case data points were

chosen that best represented the most rapid growth encompassing multiple readings.  In

Figures 3-14, error bars represent one standard deviation of three replicates.
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Figure 3. Growth data for E. coli 1VH in LB medium.
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Figure 4. Growth data for E. coli 1VH in LB medium with 10.0 mM selenite.
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Figure 5. Growth data for E. coli 1VH in LB medium with 10.0 mM selenate.
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Figure 6. Growth data for E. coli 1VH in LB medium with 10.0 mM selenocyanate.
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Figure 7. Growth data for 130404 in LB medium.
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Figure 8. Growth data for 130404 in LB medium with 1.0 mM selenite.
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Figure 9. Growth data for 130404 in LB medium with 1.0 mM selenate.
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Figure 10. Growth data for 130404 in LB medium with 1.0 mM selenocyanate.
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Table 1. Comparison of the specific growth rates in selenium-amendments for organisms grown in

LB medium (average of three replicates with standard error in parentheses).

Amendment SGR of 1VH (h-1) SGR of 130404 (h-1)

Control 1.42 (0.05) 0.39 (0.01)

Selenite 0.77 (0.03) 0.34 (0.02)

Selenate 1.07 (0.03) 0.39 (0.02)

Selenocyanate 0.97 (0.02) 0.37 (0.02)
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Figure 11. Growth data for Bacillus spp. in TSN3.
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Figure 12. Growth data for Bacillus spp. in TSN1.
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Figure 13. Growth data for Bacillus spp. in TSB.
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Figure 14. Growth data for Bacillus spp. in TSN3 with ampicillin.

Table 2. Comparison of the specific growth rates for Bacillus spp. (standard error in parentheses).

Media SGR (h-1)

TSN3 0.67 (0.04)

TSN1 0.60 (0.02)

TSB 0.64 (0.01)

TSN3 + Amp 0.61 (0.02)
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Headspace Analysis

Samples were prepared for headspace analysis as discussed in Chapter II.  These

samples were allowed to incubate at 37º C for approximately 72 hours in order to let

volatile organosulfur and/or organoselenium compounds accumulate.  Identities of the

peaks in the chromatograms were determined by retention times.  Figures 15-18 detail the

headspace of E. coli 1VH cultures and Figures 19-22 detail the headspace of the Bacillus

spp. cultures.
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Figure 15. The headspace of E. coli 1VH in LB medium.
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Figure 16. The headspace of E. coli 1VH in LB medium with 1.0 mM selenite.
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Figure 17. The headspace of E. coli 1VH in LB medium with 1.0 mM selenate.
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Figure 18. The headspace of E. coli 1VH in LB medium with 1.0 mM selenocyanate.



31

Figure 19. The headspace of Bacillus spp. in TSN3 medium.
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Figure 20. The headspace of Bacillus spp. in TSN3 medium with 1.0 mM selenite.
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Figure 21. The headspace of Bacillus spp. in TSN3 medium with 1.0 mM selenate.
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Figure 22. The headspace of Bacillus spp. in TSN3 medium with 1.0 mM selenocyanate.
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IC-ICP-MS

Analyses of bacterial controls and selenium-amended cultures via IC-ICP-MS

were carried out by Applied Speciation and Consulting, LLC, Tukwilla, WA, USA.  The

salient details are presented below (Table III); values for standard deviation are provided

for three replicate samples.  Concentrations are listed in parts per million.

Table 3. Summary of the IC-ICP-MS results.

 Selenite Selenate Selenocyanate

Sample Conc. SD Conc. SD Conc. SD

Sterile LB Medium 0 NA 0 NA 0 NA

Sterile LB Medium with 1.0 mM Selenite 92.4 NA 2.8 NA 0.058 NA

Sterile LB Medium with 1.0 mM Selenate 0.03 NA 85.7 NA 0.064 NA

130404 with 1.0 mM Selenite 24.2 4 2.2 0.004 0.037 0.003

130404 with 1.0 mM Selenate 0.67 0.08 39.4 6.4 0.172 0.01

Solid Phase Extraction and Capillary Electrophoresis

The goal of the SPE process was to successfully preconcentrate selenocyanate in

selenium-amended bacterial cultures such that it could be detected using capillary

electrophoresis.  The CE method used for these experiments was determined by Pathem

et al. (2007) to be the most effective at separating these selenium species in LB medium.

First, selenocyanate was tested by itself using this method (Figure 23):
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Figure 23. 1.0 mM selenocyanate sample in CE.

Two buffers were tried: one with a 50/50 mix of acetonitrile and water (Figure 24)

and one with a 50/50 mix of methanol and water (Figure 25) to determine what solvation

buffer would most effectively prepare the column for extraction (see Figure 2 and its

discussion).  Both solvation buffers contained 15 mM potassium dihydrogen phosphate

(KHP).  Once solvated, the cartridges were used to extract 10 mL of a 1.0 mM solution of

selenocyanate.
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Figure 24. SPE using methanol and water solvation mixture.

Figure 25. SPE using acetonitrile and water solvation mixture.

The yield of the methanol-containing buffer was over three times that of the

acetonitrile-containing buffer.  In order to test the retention of selenocyanate against other
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ionic components in LB medium, the next series of experiments used samples containing

both 1 mM selenocyanate and 85.5 mM sodium chloride (Figure 26).

Figure 26. Sample with selenocyanate and sodium chloride.

The next step was to test potential interference from biological components of the

medium and selenate (Figure 27).  Other methods of elution were also considered: elution

with a 50/50 mix of water and methanol (Figure 28), elution with a buffer containing

 85.5 mM sodium chloride (Figure 29) and slightly higher concentrations of sodium

hydroxide in the buffer.
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Figure 27. Sample with 1.0 mM selenate and selenocyanate, yeast extract and digest of casein.

Figure 28. Sample with 1.0 mM selenocyanate in LB medium eluted with water and methanol.
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Figure 29. Sample with 1.0 mM selenocyanate eluted with sodium chloride in buffer.

Finally, it was decided that eluting with sodium chloride in the buffer would be

the most effective at collecting selenocyanate from the SPE cartridge.  Cultures were

grown and amended with 1.0 mM selenate and grown at 37º C.  Samples were collected

periodically and sterile-filtered before being extracted.
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Figure 30. 130404 in LB medium with 1.0 mM selenate at 3 hours.

Figure 31. 130404 in LB medium with 1.0 mM selenate at 7 hours.
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Figure 32. 130404 in LB medium with 1.0 mM selenate at 10 hours.
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CHAPTER IV

DISCUSSION

Bacterial Growth Curves

Experiments were designed to test the relative toxicity of the selenium

amendments of selenite, selenate and selenocyanate.  This was accomplished by

periodically measuring the optical density of growing liquid cultures of E. coli 1VH and

130404 with and without said amendments until the cultures reached the stationary phase

of growth.  Relative toxicity can be evaluated both by the specific growth rate in the log

phase (Table 1) and the overall shape of the growth curve.  The growth curves can be

seen in Figures 3-10.  For E. coli 1VH, a genetically-modified organism with inserted

genes conferring metalloid resistance, a clear trend in the toxicity of the amendments can

be observed: selenate and selenocyanate having similar effects and selenite having the

most toxic effect.  For 130404, a soil microbe, the overall effect of the selenium-

containing species was more subtle.  Both the control and the selenate-containing culture

grew at approximately the same rate, followed by a slight growth rate reduction in the

presence of selenocyanate and even further with selenite.

For the Bacillus spp., the selenium-resistant bacterium isolated from selenite-

amended plates in our lab, experiments were designed to test for both nitrate dependence

and resistance to ampicillin.  These plots can be seen in Figures 11-14.  The most

significant difference was observed between the cultures in TSN3 (0.3 % nitrate in

growth medium) and in TSN1 (0.1 % nitrate in growth medium).  When the nitrate

concentration was lowered, it resulted in a 10% drop in the SGR.  However, when grown

in the absence of nitrate (TSB, just tryptic soy broth), there was only a 5% reduction in
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the SGR.  It can be surmised that while the bacterium may have utilized nitrate in its

metabolism, its survival was not dependant on it.  Nitrate anions are widely available in

the environment and so bacterial growth involving nitrate dependence or hindrance is

important.   For ampicillin, a small reduction in the SGR was observed, however the

cultures continued to grow, therefore it can be assumed that the bacteria carries a genetic

resistance to ampicillin.  In 1VH, the plasmid that confers resistance to the selenium-

containing species also codes for ampicillin resistance.  Such behavior in the Bacillus

spp. may indicate that similar genes are involved.

Headspace Analysis

For the analysis of volatile organosulfur- and organselenium-containing gases in

the headspace of liquid bacterial cultures, SPME, along with GC/SCD was used.  The

cultures were grown with or without metalloid amendments over a period of 72 hours in

order to allow for the gases to achieve a headspace concentration sufficient for analysis.

Previous work in our lab has shown that this family of compounds has a dimensionless

Henry's Law constant of approximately 0.088 to 0.14 at 25°C in a well-defined (simple)

salt medium (Gürleyük, 1996), and therefore the concentrations of the dissolved organo-

chalcogens were 7 to 13 times higher in solution than in the cultures headspace gases.

Because the organisms in these experiments were grown at 37º C, the ratio of gases in the

headspace to those dissolved in solution was probably substantially higher.

In Figure 15, the SCD chromatogram of the volatile gases in the headspace of E.

coli 1VH in LB medium can be seen.  The three dominant peaks indicate methanethiol

(MeSH), dimethyl disulfide (DMDS) and dimethyl trisulfide (DMTS).  The relative size
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of the control's organo-sulfur peaks gave a good indication that the bacteria were healthy

and that that amendment experiments would be based on a healthy inoculum (also the

source of the concurrent amendment experiments).  The first amendment’s chromatogram

observed was 1.0 mM selenite (Figure 16).  Selenium-containing headspace gases

observed here were dimethyl selenenyl sulfide (DMSeS), dimethyl diselenide (DMDSe)

and dimethyl selenodisulfide (DMSeDS).  This later compound's identity was based upon

retention times established by previous work in our lab (Swearingen, 2006).  In Figure

17, the headspace of a culture amended with 1.0 mM selenate gave a relatively even

distribution of the faster-eluting gases MeSH, DMDS, DMSeS, DMDSe and DMTS.  In

Figure 18, the headspace of a culture amended with 1.0 mM selenocyanate can be seen.

In addition to the gases already observed, this amendment produced two additional late-

eluting gases: dimethyl selenodisulfide (DMSeDS) and (we propose) dimethyl

diselenosulfide (DMDSeS).  While the identity of the peak at 16.738 minutes, DMDSeS

was unconfirmed—no commercial standard was available—this retention time would be

expected based upon that compound's boiling point and retention characteristics in this

chromatography (Swearingen, 2006). This compound only appeared when the culture

was amended with selenium, and because the SCD is a very selective detector (basically

only responding to alkylated chalcogens or members of near by elements (Pathem et al.,

2008)), DMDSeS is the presumed compound.  Experiments were designed for a

qualitative analysis via GC/MS; however the concentrations of the late-eluting gases

were insufficient for detection even with long SPME sampling times and splitless

injection.
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In Figures 19-22, the chromatograms from the analyses of the headspace of

Bacillus spp. can be seen.  Figure 19 represents the headspace of the bacterium in TSN3.

While the production of MeSH seemed low, the production of DMDS and DMTS were as

expected.  In Figure 20, the cultures were amended with 1.0 mM selenite.  This culture

gave the least amount of headspace gases with MeSH, DMDS, DMSeS, DMDSe and

trace amounts of DMTS.  In Figure 21, the cultures were amended with 1.0 mM selenate.

Little, if any MeSH was produced along with DMDS, DMSeS, DMDSe and DMTS.

Finally, Figure 22 shows the headspace of the Bacillus amended with 1.0 mM

selenocyanate.  This amendment gave the largest production of headspace gases.  Among

them were MeSH, DMDS, DMSeS, DMDSe, DMTS and DMSeDS.

The headspace gases present above the control and amended cultures were

fundamentally the same as those present in the headspace gases of selenium resistant

organisms that have the ability to create these gases via bioreduction.  It was, therefore,

concluded that the Bacillus used similar (if not the same) metabolic processes as the other

organisms studied.

IC-ICP-MS

The experimental results for the IC-ICP-MS experiments, carried out by

collaborators at Applied Speciation, provided the most interesting data.  In Table 3, it can

be seen that the sterile, selenium-free LB medium blank contained no selenium—as

expected.  The sterile LB medium with 1.0 mM selenite contained primarily selenite as

determined by solution-phase analysis of filtered extract by IC-ICP-MS, but also

contained trace amounts of selenate and selenocyanate (conversions of approximately
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2.2 % and 0.05 % respectively).  Similarly, the sterile LB medium amended with 1.0 mM

selenate contained primarily selenate with trace amounts of selenite and selenocyanate

(conversions of approximately 0.2 % and 0.04 % respectively).

Of the amended, live-culture samples, the culture of 130404, amended with 1.0

mM selenite and grown into stationary phase, showed a large reduction in the

concentration of the selenite as opposed to the sterile culture with the same amendment

(80.9 % as opposed to 27.2 %).  Still, trace amounts of selenate and selenocyanate were

found in this amended culture.  The live bacterial cultures amended with selenate and

grown into stationary phase yielded the most interesting results:  while there were trace

amounts of selenite present (0.5 % conversion), there was also a significant amount of

selenocyanate produced by this culture (roughly three times the amount present in the

sterile culture with the same amendment).  This gave some indication that the Gram

negative bacterium 130404 was able to convert selenate into selenocyanate - a biological

production of selenocyanate in growing bacterial cultures from inorganic selenate anions.

Solid-Phase Extraction and Capillary Electrophoresis

The main goal of the research involving CE was to develop a method to

preconcentrate selenocyanate from the amended broth cultures of selenium resistant

bacteria such that it could be analyzed using capillary electrophoresis with photodiode

array detection in growing bacterial cultures.  That is, to develop a CE method that would

allow time course analyses not available to us via IC-ICP-MS (carried out at a remote

lab).  In order to accomplish this, aminopropyl-coated solid-phase extraction cartridges

were used to pre-concentrate selenocyanate.



48

To begin the method development, a proper solvating buffer needed to be chosen

to prepare the cartridges for extraction.  Figure 24 shows the results of an extraction of 10

mL of 1.0 mM selenocyanate by a cartridge that was prepared using a 50/50 mixture of

water and methanol with 15 mM potassium dihydrogen phosphate.  Of the 0.01 mmols of

selenocyanate in the sample, 0.00501 were retained by the cartridge and eluted into the

CE vial.  The concentration of the eluted sample that was determined in the CE method

was 2.507 mM.  Figure 25 shows the same experiment using a 50/50 mixture of

acetonitrile and water with 15 mM potassium dihydrogen phosphate.  This time, only

0.00202 mmols were retained by the cartridge and eluted into the sample vial, making the

concentration of the determined CE sample 1.01 mM.  The effectiveness of the

methanol/water mix was approximately 2.5 times that of the acetonitrile/water, thus it

was used for all subsequent extractions.

Given the mechanism by which the aminopropyl cartridges worked (see Figure 2),

it was foreseeable that other anions in solution would hinder the retention of

selenocyanate on the cartridge; primarily, chloride was of concern.  Thus, the next

experiment was designed to test whether or not chloride would bind to the solid phase

preferentially over selenocyanate.  This was accomplished by making a solution that was

85.5 mM sodium chloride (the same concentration found in LB medium), and 1.0 mM

selenocyanate.  The resulting electropherogram of the extraction can be seen in Figure

26.  The large peak near 2.0 minutes is chloride, and the smaller peak near 2.7 minutes is

selenocyanate.  This time, only 0.00156 mmols (0.78 mM) of selenocyanate were

collected.  This confirmed that chloride was interfering with the retention of

selenocyanate.



49

Next, the other two components of LB medium and selenate were tested.

Figure 27 shows the resulting electropherogram of an extraction of a sample containing

1.0 mM selenate, the pancreatic digest of casein and yeast extract (LB medium sans

sodium chloride).  Here, selenocyanate is represented by the large peak at 3.25 minutes.

In this run, 0.00528 mmols of selenocyanate were collected, meaning that none of the

three components tested would have negative effects on the successful extraction of

selenocyanate.

During these extractions, it was known that portions of the selenocyanate retained

by the cartridge were not eluted with the 2.0 mL that comprised the CE samples (see

discussion above).  In order to maximize the amount of selenocyanate eluted, two

different elution buffers were tested in addition to the sodium hydroxide solution.  The

first was similar to the solvation buffer: a 50/50 mix of methanol and water with the pH

adjusted to 11.8.  The result of using this elution buffer can be seen in Figure 28.  This

time 0.00666 mmols of selenocyanate were collected in the CE sample, giving it a final

concentration of 3.33 mM in solution (a concentration factor of 3.33).  Next an elution

buffer containing 85.5 mM sodium chloride was used.  The results can be seen in Figure

29.  With NaCl in the elution buffer, 0.00764 mmols of selenocyanate were collected,

making the concentration of the CE sample 3.85 mM (a concentration factor of 3.85).

Using this method for the extraction, bacterial sample could then be examined in a

time-course experiment to determine whether or not selenocyanate was produced.

Samples the growing bacterium 130404 were made as discussed in Chapter 2 and

amended with selenate to give a final concentration of 1.0 mM.  These samples were also

grown without sodium chloride.  Multiple extractions were performed over the course of
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twelve hours.  The resulting electropherograms can be seen in Figure 30-32.  If any

selenocyanate was produced, it would have been seen at 3.0 minutes.  Unfortunately, if

any had been produced, it was not in sufficient quantities to be seen using this method.

The detection limit for the method in growing cultures of LB medium is approximately

0.17 mM (assuming 3S/N in the electropherograms).  The limitation to sensitivity is the

behavior of the additional components of LB medium in the later peaks, as well as the

asymmetric peak shape produced by selenocyanate.  It can be seen in Figure 29 that the

baseline rises substantially after selenocyanate elutes, making integration more difficult

and raising the detection limit for selenocyanate.
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CHAPTER V

CONCLUSIONS AND FUTURE WORK

The relative toxicities of three selenium-containing species were evaluated using

time-dependant growth analysis of bacterial cultures.  Selenite was found to be the most

toxic to both organisms tested, followed by selenocyanate and selenate in decreasing

toxicity.

The Bacillus spp. was tested in a similar fashion to determine nitrate dependence

and ampicillin resistance.  While some variation could be seen in the specific growth

rates of the cultures, it was concluded that the bacteria showed no signs of nitrate

dependence and were resistant to ampicillin.

The headspace profiles for the Bacillus spp. and E. coli 1VH both showed

extensive production of selenium and sulfur-containing gases when grown in complex

medium and amended with selenium-containing anions.  A late eluting compound,

dimethyl diselenosulfide, CH3SeSeSCH3, was observed in the headspace of 1VH using

solid-phase microextraction and gas chromatography with fluorine-induced

chemiluminescence detection. Though the concentration was too low for GC/MS

analysis, the presumed identity was based upon retention time, boiling point, and the

selective response of the SCD.  For the Bacillus, the presence of these headspace gases

indicated the ability to bioprocess selenium into volatile, methylated compounds.

The IC-ICP-MS experiments indicated that the bacterium 130404 may have been able

to convert selenate into selenocyanate in small quantities.

Experiments with solid-phase extraction were able to successfully pre-concentrate

selenocyanate in solution by a factor of 3.85, increasing solution concentration from 1.0
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mM to 3.85 mM for CE analysis.  It was found that the yield of selenocyanate collected

form the solid phase could be increased by adding chloride to the elution buffer.  The

preferential binding of chloride to the solid phase forced most of the selenocyanate to

elute with only 2.0 mL of buffer.

Time course experiments using solid-phase extraction for the detection of

selenocyanate in growing bacterial cultures amended with selenate yielded negative

results when cultures were examined in time course experiments over a period of 10

hours.  It may still be possible that the bacterium 130404 produced the selenocyanate

found in the IC-ICP-MS samples; however the high limit of detection in the extraction

and CE method prevented its analysis.

Future experiments to determine selenocyanate in similar cultures may involve the

use of nuclear magnetic resonance spectrometry to monitor selenocyanate, the

decomposition of selenocyanate into elemental selenium via acidification for gravimetric

analysis or large-volume cultures to increase the overall selenium content.
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APPENDIX

Chemical Abstract Service Registry Numbers

Compound CAS Number

acetonitrile 75-05-8

ampicillin 69-52-3

dimethyl diselenide 7101-31-7

dimethyl disulfide 624-92-0

dimethyl selenide 593-79-3

dimethyl sulfide 75-18-3

dimethyl trisulfude 3658-80-8

hydrochloric acid 7647-01-0

potassium dihydrogen phosphate 7778-77-0

potassium selenocyanate 3425-46-5

sodium chloride 7647-14-5

sodium hydroxide 1310-73-2

sodium selenate 13410-01-0

sodium selenite 10120-18-8

tetradecyl trimethy ammonium bromide 1119-97-7

yeast extract 8013-01-2
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