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Abstract A Pseudomonas sp. that may be useful in bio-

remediation projects was isolated from soil. The strain is of

potential value because it reduces selenite to elemental red

selenium and is unusual in that it was resistant to high con-

centrations of both selenate and selenite. Exposure of the

strain to 50, 100, and 150 mM selenite reduced growth by 28,

57, and 66%, respectively, while no change in growth was

observed when the strain was exposed to 64 mM selenate, the

highest level tested. Cells of the strain removed 1.7 mM

selenite from the culture fluid during a 7-day incubation. A

selenite reductase with a molecular weight of *115 kD was

detected in cell-free extracts and a protein with a molecular

weight of *700 kD was detected that reduced both selenate

and nitrate. The bacterial isolate is a strict aerobe, reducing

selenite to elemental red selenium under aerobic conditions

only. Pseudomonas sp. strain CA5 might be useful as an

inoculum for bioreactors used to harvest selenium from sel-

enite-containing groundwater. 16S rRNA gene sequence

alignment and fatty acid analysis were used to identify the

bacterium as a novel species of Pseudomonas related to

P. argentinensis, P. flavescens, and P. straminea.

Introduction

Selenite (SeO3
2–) and selenate (SeO4

2–) are both soluble and

mobile in groundwater. Selenite is the most toxic of the

selenium oxyanions though the presence of either selenium

oxyanion in drinking waters at high concentrations is

undesirable. Selenite can interfere with cellular respiration,

damage cellular antioxidant defenses, inactivate proteins by

replacing sulfur, and block DNA repair [7, 8, 34]. Because of

the toxicity of these selenium oxyanions, the U.S. Environ-

mental Protection Agency has set a limit of 0.05 mg L-1 for

selenium in drinking water [36]. Ordinary drinking water

treatment does not remove these oxyanions from water and the

most economic means of removing selenite from water may

involve the use of microorganisms that remove this oxyanion

from water by biological reduction, forming solid elemental

selenium (Se0). Se0 has a very low biological availability and

therefore a low toxicity. Bacterial reduction involves several

different processes. Reduced thiols can reduce selenite to Se0

via the Painter reaction [32–34]. Also, enzymatic reduction

may be involved. Hydrogenase I functions as a selenite

reductase in Clostridium pasteurianum [38], arsenate reduc-

tase may be involved in Bacillus selenitireducens [1], an

E. coli nitrate reductase can reduce selenite [2], and a nitrite

reductase reduces selenite in Thauera selenatis [3] and may

also do so in Rhizobium selenitireducens strain B1 [9, 18, 19].

The optimization of biological remediation processes

depends on an understanding of the biology involved and, if

bacterial inoculation is needed, the identification and charac-

terization of microorganisms that can best carry out the desired

remediation. This report describes the identification and char-

acterization of a Pseudomonas sp. strain CA5 that is resistant to

high levels of selenite and that reduces selenite to Se0.

Materials and Methods

Media and Incubations

Growth media were tryptone-yeast extract (TY) media

[17], National Water Research Institute (NWRI) media
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[12], and N-2-hydroxyethylpiperazine-N0-ethanesulfonic

acid and 2-(N-morpholino) ethanesulfonic acid (HM) salts

media with 1% glycerol and 0.1% yeast extract [17]. Cells

grown on agar plates were incubated at 28�C in the dark

and cells in liquid media were grown at 28�C and100 rpm

under ambient lab lighting conditions.

Isolation, Morphology, and Identification

A soil-wash solution [16] was prepared from material

collected from Parlier, California, and a loop full of the

solution streaked onto NWRI agar plates containing

16 mM selenite. Plates were incubated until colonies

showing a reddish color formed, *4 days. Colonies were

isolated and cloned by repeated transfer onto fresh media

and were examined with a dissecting scope while cells

were examined with a phase-contrast microscope. Genomic

DNA was isolated from an 18-h culture (NWRI media)

using a MoBio Microbial DNA kit (MoBio Laboratories,

Solano, CA). A 1321-bp fragment of the 16S rRNA gene

sequence was amplified from 10 ng of genomic DNA with

the 63F [24] and 1389R [27] rRNA primers and cloned into

the TOPO TA cloning kit for sequencing (Invitrogen,

Carlsbad, CA). Three positive clones were sequenced in

both directions using the Big Dye cycle sequencing

chemistry (Applied Biosystems, Carlsbad, CA) and a full-

length consensus sequence was generated. The Blast

database (http://www.ncbi.nlm.nih.gov/BLAST/) was used

to make sequence comparisons and a neighbor-joining tree

was constructed with MEGA 3.1 software (http://

www.megasoft.net). The 16S rRNA gene sequence was

deposited as accession FJ422810 in the GenBank

database. Cellular fatty acids were determined by MIDI

Labs (Newark, DE). The strain was deposited in the

USDA-ARS Culture Collection (Peoria, IL) as NRRL

B-51283.

Dimethylselenide and Dimethyldiselenide Analysis

Dimethylselenide and dimethyldiselenide were assayed as

previously described [17].

Effect of Selenate, Selenite, and Electron Acceptors on

Growth

The effect that high concentrations of selenite and selenate

had on growth was determined by inoculating the isolate

onto NWRI agar supplemented with Na2SeO4 or Na2SeO3

[17]. Na2SeO3 was measured with suppressed ion chro-

matography [14]. Electron acceptor studies were conducted

as described previously [17].

Removal of Selenite from Media

Log-phase cells, 8 ml, grown in HM salts broth media were

inoculated into 125-ml flasks containing 72 ml HM salts

broth media supplemented with 25 mM NaNO3 and 8 mM

Na2SeO3. Flasks, five replicates, were incubated as

described above and sampled at intervals. Samples were

assayed for selenite.

Cell-Free Extracts and Electrophoresis

These procedures have been described elsewhere [15].

Briefly, aerobically grown log-phase cells were lysed with

a French pressure cell, then centrifuged, and native gel

electrophoresis was performed on the supernatant fluid.

Selenate, nitrate, and nitrite reductase activities were

detected by staining the gels with reduced methyl violo-

gen and then incubating the gels in buffer that contained

nitrate, nitrite, or selenate, respectively. The substrate-

specific oxidation of the methyl viologen produced clear

areas in the gels that marked the location of the corre-

sponding reductase [23]. Selenite reductase cannot be

detected by the methyl viologen method and its location

was determined by the accumulation of red Se0 when the

gels were incubated in buffer containing selenite and

NADH [4].

Statistical Comparisons

Mean and mean standard error (SE) were estimated using

the Instat computer program (GraphPad Software Inc., San

Diego, CA).

Results and Discussion

Strain Identification

Incubation of the CA5 strain on NWRI agar for 9 days

yielded glistening yellow colonies approximately 4–6 mm

in diameter with slightly irregular to circular forms, raised

or umbonate elevations, and undulate margins. Two

slightly differing colony morphologies were present, with

one exhibiting a larger more translucent edge than the other

(Fig. 1a and b). Cells were motile rods up to 1.6 lm long

and *0.7 lm in diameter. A BLAST analysis of the CA5

strain’s 16S rRNA gene sequence (1325 bp) suggested that

the isolate was related to, but distinct from, P. argentin-

ensis, P. flavescens, and P. straminea. The composition of

the strain’s cellular fatty acids (data not presented), the

production of a water-insoluble cellular yellow pigment, its

inability to denitrify, and its morphological characteristics

are consistent with this classification [13, 28, 35].
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Selenate and Selenite Toxicity

Strain CA5 was highly resistant to the toxic effects of both

selenate and selenite and the minimum inhibitory concen-

tration (the lowest amount of an antimicrobial agent that

will completely inhibit the growth of an organism) for

selenite for this organism exceeded 150 mM, an unusual

level of resistance (Table 1). It is worth noting here that

studies on selenite toxicity reported in the scientific liter-

ature were conducted using different methods and that

comparisons can be misleading. For the CA5 strain, sele-

nite, at concentrations of 50, 100, and 150 mM, inhibited

growth by 28%, 57%, and 66%, respectively. Selenate, at

64 mM, had no effect on growth (data not presented). Cells

and colonies of strain CA5 exposed to selenate and selenite

did exhibit several physiological responses. Colonies

grown in the presence of 64 mM selenate developed red-

dish-orange centers indicating the formation of elemental

red selenium as a reduction product of selenate (Fig. 1c).

Colonies grown in the presence of 64 mM selenite devel-

oped dark-red colonies (Fig. 1d) with an unusual surface

texture (Fig. 1d and e). Microscopic examination of cells

grown in the presence of selenite show that they were

greatly elongated (Fig. 1g) relative to cells grown in media

that contained no selenite (Fig. 1f). In addition, spherical

particles, *0.4 lm in diameter, were observed both asso-

ciated with the cells and free in the media with cells grown

with high concentrations of selenite. These particles

Fig. 1 Influence of selenate and

selenite on the appearance of

colonies and cells of

Pseudomonas sp. strain CA5.

Upper plates: Colonies grown

for 9 days on NWRI media that

did not contain selenite or

selenate (a and b) and on

medium containing 64 mM

selenate (c). d Colonies grown

for *3 weeks on media

containing 64 mM selenite; e a

closeup of the surface of a

colony growing on 64 mM

selenite. Lower plates: Cells

grown for 9 days on medium

that contained no selenite (f)
and on medium containing

64 mM selenite showing cell

elongation (g)
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appeared dark or black under a bright-field microscope but

tended to refract light when viewed under phase contrast

(Fig. 1g). The development of reddish colonies on media

containing selenate or selenite is a common observation.

Also, cell elongation resulting from an inhibition of cell

division has been noted previously for cells exposed to

selenite and other metals [25, 29]. In addition, the forma-

tion of nanospheres of elemental selenium by cells exposed

to selenite has been reported previously [10, 15]. However,

strain CA5 was unusual in the level of resistance that it

showed to selenite and we are unaware of previous reports

of colonies with surface textures similar to those noted here

(Fig. 1d and e). The unusual texture resulted from the

accumulation of gas bubbles within the colony. The gas or

gases involved are unknown; tests for dimethylselenide and

dimethyldiselenide, two common gasses formed during the

biological reduction of selenium [17], were negative (data

not presented).

Selenate and Selenite Reduction

Pseudomonas sp. strain CA5 formed reddish-colored col-

onies when grown on agar plates supplemented with

selenite or selenate (Fig. 1c and d), a clear indication that

the strain can reduce both to Se0. When grown aerobically

in HM broth with nitrate, selenite, selenate, selenite ?

nitrate, or selenate ? nitrate as medium supplements, Se0

accumulated as a red precipitate only in the treatments that

contained selenite; no reddish precipitate formed in media

containing selenate, indicating that the strain reduced

appreciable amounts of selenite to red selenium but that it

was unable to reduce sufficient amounts of selenate to form

a visible precipitate (data not presented). In aerobic broth

culture, in the presence of 30 mM nitrate, strain CA5

removed 1.7 mM selenite from the culture in 7 days

(Fig. 2). Under anaerobic conditions strain CA5 did not

reduce selenate or selenite.

Native Gel Electrophoresis

Electrophoresis of cell-free extracts revealed protein bands

capable of reducing both selenate and selenite (Fig. 3).

Selenate was reduced by a high molecular weight protein

that also reduced nitrate, while selenite was reduced by a

protein with a much lower molecular weight. A nitrite

reductase was also identified that had a molecular weight

that was clearly different from that of selenate and selenite

reductases.

Conclusions

Aerobically grown Pseudomonas sp. strain CA5 reduced

both selenate and selenite to red Se0 when grown on solid

media, but only selenite was reduced, in detectable

amounts, in nitrate-supplemented liquid media, where

cultures removed *1.7 mM selenite in 7 days. An *700-

Table 1 Minimum inhibitory concentrations (MICs) of different

selenite-reducing bacteria exposed to selenite

Bacterium MIC for

selenite

Reference

Pseudomonas sp. strain CA5 [150 mM This paper

Aeromonas salmonicida C278 [16 mM [17]

Bacillus subtilis [1 mM [11]

Bradyrhizobium japonicum 6–12 mM [22]

E. coli W1485 5.8 mM [31]

E. coli ISU41 \8.3 mM [37]

Pseudomonas fluorescens FK-121 C5 mM [20]

Pseudomonas stutzer FK-2 & FR-1 C5 mM [20]

Proteus vulgaris ISU-37c [20 mM [37]

Ralstonia metallidurans 6.0 mM [30]

Rhizobium selenitireducens strain B1 8–16 mM [19]

Rhizobium meliloti 100 mM [22]

Rhizobium fredii USDA 201 6 mM [22]

Rhizobium leguminosarum bv. viceae 25–200 mM [22]

Rhizobium etli TAL 182 6 mM [22]

Rhodobacter spheroids 2.9–4.6 mM [26]

Rhodospirillum rubrum DSM 467 [2 mM [21]

Salmonella thompson ISU-86-2 *17 mM [37]

Stenotrophomonas maltophilia
SeITE02

50 mM [6]

Thauera selenatis [10 mM [5]

Wolinella succinogenes DSM 1740 1 mM [33]

0 2 4 7

Day

6

7

8

S
el

en
ite

 (
m

M
)

Fig. 2 Removal of selenite from HM salts broth by strain CA5. Each

data point is the mean ± SE (N = 5)
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kD molecular weight protein that reduced both nitrate and

selenate was detected in cell-free extracts and a protein

with a molecular weight of *115 kD that reduced selenite

was also detected. The selenite reductase was clearly dif-

ferent from proteins that reduced nitrate and nitrite. The

strain was unusual in that it was resistant to selenite at

concentrations [150 mM. Also, colonies grown on media

containing selenite developed an unusual surface texture,

apparently due to the formation of a gas within the colony.
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