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Rice straw has been successfully tested as an effective organic source and a carrier of selenate
[Se(VI)]-reducing bacteria to remove Se(VI) from agricultural drainage water. In this study, an Se-
(VI)-reducing bacterium identified as Enterobacter taylorae was isolated from rice straw and used to
remove Se(VI) from a 0.5% tryptic soy broth (TSB) and high-salt (15.5 dS m-1) synthetic agricultural
drainage water containing Se(VI) in a range of 500-5000 µg/L. Results showed that E. taylorae
reduced 81-94% of the added Se(VI) to elemental Se [Se(0)] in the 0.5% TSB solution during a
5-day experiment. In the high-salt drainage water, Se(VI) reduction was rapid during a 9-day
experiment. On the final day of the experiment, Se(0) [75%] and Se(-II) [19%] were the major forms
of Se in the drainage water with small amounts of Se(VI), Se(IV), and volatile Se released. The
pathway of Se(VI) reduction in the drainage water followed the order Se(VI) f selenite [Se(IV)] f

Se(0) f selenide [Se(-II)]. This study suggests that E. taylorae may be used to remediate high-salt
Se(VI)-contaminated agricultural drainage water.
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INTRODUCTION

Environmental discharge of agricultural drainage water in
California’s San Joaquin Valley has had serious ecotoxicological
impacts on wildlife, which are well documented in the literature
(1, 2). Selenium (Se)-rich soils in several western states of the
United States, which are more extensive than originally believed,
are sources of contamination (3,4). The major form of Se in
drainage water is selenate [Se(VI)], with lesser amounts of
selenite [Se(IV)] and organic Se (5, 6). Se(VI) is highly soluble
and toxic and has been shown to bioaccumulate in the food
chain (7, 8). Therefore, it is imperative to study ways of
removing Se(VI) from agricultural drainage water. Although
much work has been done, the goal of finding a practical,
effective technology for treating Se-contaminated water has not
yet been accomplished. Discovering a means for Se removal is
fundamental to minimizing environmental contamination and
ensuring wildlife protection in the region.

Reduction of Se(VI) to elemental Se [Se(0)] is employed in
the remediation of contaminated drainage waters due to the
insolubility of Se(0) in aquatic environments (5, 9-13). A
sequence reduction pathway of Se(VI) involves reduction of
Se(VI) to Se(IV) and then to Se(0), which can precipitate to
the bottom of drainage water treatment systems. In the aquatic
system, Se(VI) can be used in microbial respiration as a terminal
electron acceptor for growth and metabolism. Many bacteria

have been found to be capable of reducing Se(VI) to Se(0),
that is, Sulfurodpirillum barnesiii, Enterobacter cloacae,
Pseudomonas stutzeri, Wolinella succinogenes, and Thauera
selenatis(5, 11-14). By using an effective electron donor such
as acetate, lactate, or glucose, Se(VI) can easily be reduced to
Se(0). In a pilot scale Se bioremediation system conducted by
Cantafio et al. (5) in the San Joaquin Valley, it was found that
Se(VI) reduction to Se(0) proceeded rapidly in a series of four
columns by using an Se(VI)-respiring bacterium (T. selenaties)
and acetate as the electron donor. About 98% of Se(VI) in
agricultural drainage water was reduced.

In a recent study on the removal of Se(VI) from drainage
water by air-dried rice straw, Zhang and Frankenberger (15)
found that∼95% of added Se(VI) in drainage water was reduced
to Se(0) during 14 days in the laboratory. In this study, we have
isolated an Se(VI)-reducing bacterium from rice straw and have
tested it for the first time to assess its potential for removing
Se from agricultural drainage water. By using this bacterium,
removal of Se(VI) was characterized in a series of the batch
experiments.

MATERIALS AND METHODS

Isolation and Identification of the Selenate-Reducing Bacterium.
Rice straw as an effective organic source and a carrier of Se(VI)-
reducing bacteria has been tested to remove Se(VI) from agricultural
drainage water (15, 16). Water samples from a rice straw bioreactor
channel system (17) were serially diluted in sterile deionized water
and spread onto tryptic soy agar (TSA; Difco, Detroit, MI) plates
containing 50 mg of Se(VI)/L . Plates were incubated at 30°C for 40
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h when several large colonies with red Se(0) precipitates were observed
on the TSA plates. The colonies were restreaked on TSA plates with
and without Se(VI) to ensure that the red colony was not a bacterial
pigment.

One pure bacterial isolate, tentatively designated Z1, was identified
by analysis of the 16S rRNA gene sequence (MIDI Labs, Newark, DE).
Briefly, primers corresponding to the 16S rRNA gene ofEscherichia
coli positions 005 and 531 were used to amplify the 16S rRNA gene
by Polymerase Chain Reaction (PCR). The template was genomic DNA
isolated from the bacterial colonies. Excess primers and dNTPs were
removed from the PCR product using Amicon 100 (Millipore, Bedford,
MA) molecular mass cutoff membranes. The purity of the PCR product
was checked by agarose gel electrophoresis. Cycle sequencing of the
PCR product was carried out using an ABI Prism 377 DNA sequencer.
Sequence data were analyzed using Applied Biosystem’s Microseq
microbial analysis software and database. Neighbor-joining phylogenetic
trees were generated (18) using the top 10 alignment matches. Using
this method, the bacterium was identified asEnterobacter taylorae.

Selenate Reduction in a Tryptic Soy Broth Solution.A set of
experiments were conducted in the laboratory to characterize the
reduction of Se(VI) to red Se(0) in 0.5% tryptic soy broth (TSB; Difco).
Before the experiments, a uniform inoculum was prepared by aseptically

transferring a loopful ofE. tayloraeisolated from a TSA plate to 100
mL of 1% sterile TSB solution and growing the culture to an optical
density at 600 nm (OD600) of 0.55. This solution was used as the
inoculum.

In the experiments, a 0.1 mL aliquot of the inoculum was added to
a 250 mL Erlenmeyer flask containing 200 mL of 0.5% sterile TSB
spiked with a range of Se(VI) from 500 to 5000µg/L. An Se(VI) stock
solution (10 000 mg/L) was passed through a 0.2µm filter prior to
use. The flask was capped with a sterile stopper and incubated at a
room temperature (21°C) for 5-6 days. All experiments were run in
triplicates. The TSB samples were collected at a 0.34-1 day interval
for analysis of total soluble Se and measurements of OD600.

Characterization of Selenate Reduction in High-Salt Agricultural
Drainage Water. This experiment was conducted to determine the
removal of Se(VI) from a synthetic agricultural drainage water byE.
taylorae. Synthetic agricultural drainage water with a salinity [electrical
conductivity (EC)] of 15.5 dS/m and a pH of 8.5 was prepared with
the following constituents (in g/L): Na2SO4, 7.398; NaCl, 1.648;
NaHCO3, 0.344; CaCl2‚2H2O, 1.10; MgSO4, 0.993; (NH4)2SO4, 0.073;
Na2B4O7‚4H2O, 0.176; KCl, 0.019; NaH2PO4, 0.046; FeCl2, 0.0002;
yeast extract, 1.0; glucose 0.5; and trace element solution (19), 1 mL/
L. CaCl2‚2H2O, MgSO4, and other chemicals were separately dissolved
in deionized water and autoclaved (18 psi at 121°C) for 20 min before
mixing upon cooling. An Se(VI) standard stock solution (10000 mg/
L) was passed through a sterile 0.2µm membrane prior to its dilution
to the drainage water.E. tayloraewas pregrown in a 0.5% TSB solution
and incubated (30°C) for 1 day. The solution was then centrifuged
(5000 rpm, 20 min). To remove the TSB residues, cells were washed
three times by centrifugation (5000 rpm, 20 min) with 45 mL of sterile
high-salt synthetic drainage water. Washed cells were resuspended in
the same high-salt solution to give an OD600 of 2.2.

In the experiments, 0.5 mL aliquots of the washed cell solution were
added to a 250 mL Erlenmeyer flask containing 200 mL of the synthetic
agricultural drainage water spiked with an Se(VI) concentration of 2000
µg/L. Flasks were capped with sterile stoppers and incubated at room
temperature (21°C). The experiment was run in triplicate for 9 days.
The samples were collected daily for analysis of Se species. On the
final day of the experiment, volatile Se was collected according to a
purging-trapping method developed by Zhang et al. (20). In brief,
Teflon tubing with a 0.2µm filter connected to a pure N2 cylinder was
inserted into the sterile deionized water in a 500 mL flask to produce
sterile Se-free N2. The sterile N2 was pulled through Teflon tubing into
the bottom of the flask at a 30 mL/min N2 flow rate created by a vacuum
pump. The volatile Se from the synthetic drainage water was withdrawn
into a series of three glass tubes filled with an alkaline H2O2 solution
(6% H2O2 and 0.05 N NaOH). After 2.5 h of purging and trapping at
21 °C, the alkaline H2O2 solution containing Se was heated in a hot
water bath (60-80°C) until all H2O2 was decomposed.

Analysis. Selenium species in the drainage water samples were
determined using a method developed by Zhang and Frankenberger
(15) after Se(0) was removed from the solution by centrifugation at
12000 rpm for 10 min. In brief, Se speciation was carried out as
follows: Se(IV) in the water samples was determined in a pH 7 buffer
solution. The sum of Se(IV) and Se(-II) [organic Se and inorganic
Se(-II)] was determined when the Se(-II) in the water samples was
oxidized to Se(IV) by Na2S2O8, which was indicated by precipitation
of manganese oxides formed from the oxidation of added Mn2+. The
Se(-II) concentration was calculated as the difference between Se in
this water sample and the Se(IV) concentration determined in another
subsample. Total soluble Se in the water samples was determined by
oxidizing all Se to Se(VI) by Na2S2O8, followed by reduction to Se(IV)
in 6 N HCl. The Se(VI) concentration was calculated as the difference
between total soluble Se concentration and the sum of Se(IV) and
Se(-II) concentrations determined in another subsample. Se(0) was
determined as the difference between added Se(VI) and total soluble
Se. In the TSB samples, only total soluble Se and Se(0) were
determined. Se concentrations in all prepared solutions were analyzed
by hydride generation atomic absorption spectrometry (HGAAS) (21,
22). The detection limit in the prepared solution was 0.5µg/L.

Bacteria cells and Se(0) particles in the solution were analyzed with
a Philips Electron Optics, B.V. (Eindhoven, The Netherlands), model

Figure 1. Reduction of Se(VI) to Se(0) in a 0.5% TSB solution by E.
taylorae: (A) 2000 µg/L Se(VI) without inoculation; (B) 500 µg/L Se(VI)
with inoculation; (C) 2000 µg/L Se(VI) with inoculation; (D) 5000 µg/L
Se(VI) with inoculation.
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CM300 transmission electron microscope (TEM) operated at 200 keV
and equipped with an EDAX International (Mahwah, NJ) energy-
dispersive spectrometer (EDS).

RESULTS AND DISCUSSION

Selenate-reducing bacteria have been found in different
aquatic environments. Like strain SES-3 isolated from estuarine
sediment (23),T. selenatisfrom Se(VI)-contaminated waste

water (24), andγ-proteobacteriafrom a solar evaporation pond
salt (25),E. tayloraeisolated from rice straw was also capable
of reducing Se(VI) to Se(0) in a 0.5% TSB solution containing
Se(VI) in a range of 500-5000µg/L (Figure 1). Upon
inoculation, the growth ofE. tayloraewas rapid in the first 2
days, followed by a slight increase during the rest of the
experiments. At the same time, total soluble Se decreased from
500, 2000, and 5000µg/L at the beginning of the experiments

Figure 2. Transmission electron micrographs of E. taylorae (A) and X-ray energy-dispersive spectra (B) of the free particles in the TSB solution.
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to 58, 129, and 960µg/L, respectively. During 5 days of the
experiments,∼81-94% of added Se was removed from the
TSB solution. There was no reduction of Se in the noninoculated
2000µg/L Se(VI) control (Figure 1A), and total added Se was
not removed from the TSB solution during the experiment.

A red culture was clearly observed in the 2000 and 5000
µg/L Se experiments. After the TEM and EDS analyses, the
red color in the 0.5% TSB solution was found to be caused by
colloidal Se(0) with a particle size range of 0.05-0.1 µm
(Figure 2). Se(0) existed freely in the TSB solution and on the
surface ofE. tayloraecells (Figure 2A). In a study on the
reduction of Se(IV) to Se(0) in the culture medium byE. cloacae
cells, Losi and Frankenberger (12) reported that Se(0) was also
of <0.1 µm in diameter and was free in the medium and can
be protruded from the outer surface of cells.

E. tayloraewas capable of reducing Se(VI) in a synthetic
high-salt agricultural drainage water (>15 dS m-1) (Figure 3).
During the first 3 days of the experiment, the added Se(VI)
decreased rapidly from 2000 to<200µg/L and then decreased
slowly with time. At the same time, Se(0) increased rapidly in
the first 3 days and then stabilized and decreased. Se(IV) was
the intermediate product of Se(VI) reduction to Se(0). Concen-
trations of Se(IV) in the drainage water ranged from 5 to 347
µg/L in the first 3 days and fluctuated around 5-26µg/L during
the rest of the experiment. In comparison to Se(VI) and Se(0)
in the drainage water, low concentrations of Se(IV) suggest that
reduction of Se(IV) to Se(0) was faster than the reduction of
Se(VI) to Se(IV). When Se(IV) was formed from Se(VI)
reduction, most of it was rapidly reduced to Se(0). In a recent
study on the reduction of Se(VI) to Se(0) in agricultural drainage
water directly by rice straw, Zhang and Frankenberger (15) also
reported low concentrations of Se(IV) (<40 µg/L) with a short
time appearance in a rice straw solution during the 14 days of
the experiments with an initial Se(VI) concentration of 1000
µg/L.

E. tayloraewas also capable of reducing newly formed Se(0)
to Se(-II) in the synthetic high-salt agricultural drainage water
(Figure 3). In the last 5 days of the experiment, Se(0) decreased
from 1800 to 1500µg/L and Se(-II) increased from 28.5 to
376µg/L as Se(IV) and Se(VI) stabilized at very low concentra-
tions (Figure 2), indicating that part of the newly formed Se(0)
was further reduced to Se(-II).

Methylation/volatilization of Se is a very important process
for removing Se from Se-contaminated environments. In a series
of studies on Se biovolatilization from agricultural drainage
water, Thompson-Eagle et al. (26) and Thompson-Eagle and
Frankenberger (27) reported thatAlternaria alternata can
transform large amounts of Se(VI) to volatile dimethyl selenide,

thus removing Se from agricultural drainage water. In this study,
∼1% of the Se(-II) was volatilized after 2.5 h of purging.
Although we do not know whether 2.5 h of purging removed
all of the volatile Se in the drainage water on the final day of
the experiment, the existence of volatile Se in the drainage water
indicates thatE. tayloraecan effectively reduce Se(VI) to Se(0)
and also produce volatile Se in a high-salt Se(VI)-contaminated
drainage water.

Results from this study show that Se(VI) can be removed
from drainage water byE. tayloraethrough two pathways: Se-
(VI) reduction to Se(0), followed by the precipitation of Se(0)
in a treatment system and Se volatilization to the atmosphere.
To examine whetherE. taylorae can be used to effectively
remediate Se(VI)-contaminated drainage water, various envi-
ronmental factors need to be optimized including pH, redox
potential, temperature, amount of salts and nitrate, and different
organic sources on Se(VI) reduction to Se(0) and Se volatiliza-
tion. These optimum parameters are currently being investigated
in our laboratory. Future field experiments need to be employed
to test this bacterium and rice straw in treating natural Se(VI)-
contaminated drainage water.
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