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We isolated a moderately halophilic bacterium with high level of tolerance to two toxic oxyanions,
selenite and tellurite, from hypersaline soil in Garmsar, Iran. 16s rRNA sequence analysis revealed
that the isolate, strain MAM, had 98% similarity with Halomonas elongate, and is closely related to
other species of the genus Halomonas. We observed that the tolerance to tellurite and its removal
increased significantly when both selenite and tellurite were added to the culture media, suggesting a
positive synergism of selenite on tellurite tolerance and removal. We applied a proteomic approach to
study the proteome response of Halomonas sp. strain MAM to selenite, tellurite, and selenite + tellurite.
Out of ∼800 protein spots detected on 2-DE gels, 208 spots were differentially expressed in response
to at least one of treatments. Of them, 70 CBB stained spots were analyzed by MALDI TOF/TOF mass
spectrometry, leading to identification of 36 proteins. Our results revealed that several mechanisms
including fatty acid synthesis, energy production, cell transport, oxidative stress detoxification, DNA
replication, transcription and translation contributed in bacterial response and/or adaptation. These
results provided new insights into the general mechanisms on the tolerance of halophilic bacteria to
these two toxic oxyanions and the use of them for bioremediation of contaminated saline soils and
wastes discharge sites.
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Introduction

Selenium and tellurium are semimetal elements of group XVI
in the periodic table and remarkably share similar chemical
properties. Selenium is a trace element essential for all living
cells, as it is present in active sites of numerous enzymes that
are crucial in oxidoreductase reactions, in the form of seleno-
cysteine amino acid,1,2 but there is a narrow range between
its essential concentration and the toxic doses.1,3-5 Tellurium
has not yet been shown to be a biologically essential micro-
nutrient and is a rare element in the biosphere.6 Selenium and
tellurium have vast applications in industrial fields such as
electronic and photoelectric industries, refining process, glass,
rubber, steel and various alloys manufacturing.7,8 The wide
usage of these metalloids has led to their environmental
distribution and increasing their possibility of becoming en-
vironmental pollutants.

In aerobic conditions, selenium and tellurium are predomi-
nantly found in their high valence oxidized forms, selenite
(SeO3

2-, +IV), selenate (SeO4
2-, +VI), tellurite (TeO3

2-, +IV) and
tellurate (TeO4

2-, +VI). The oxidized forms of these metalloids
are highly soluble, environmentally mobile, toxic and more
bioavailable in the environment than their elemental counter-
parts. Tellurium oxyanions such as tellurite (Te), at concentra-
tions as low as 1 µg/mL are highly toxic toward most
microorganisms.9,10 Selenium is also toxic at concentrations
as low as few micrograms per milliliter (µg/mL).11 Since
chemical detoxification of metal- and metalloid-polluted sites
has proven to be very expensive with potential side effects in
the environment, the biological treatments could be the
alternative way. Bacteria play a major role in the global cycle
of these metalloids.12 Detoxification of these oxyanions by
bacteria usually occurs via reduction13 and/or alkylation such
as methylation14 of these compounds. In many microorgan-
isms, including some phototrophic bacteria, or some bacilli
strains,15 selenite (Se) can serve as electron acceptor in
anaerobic respiration similar to that in denitrification.16

Different mechanisms of transformation and localization
have been described in bacteria including selenium expulsion
across the plasma membrane in Rhodospirillum rubrum and
Enterobacter cloacae17,18 and selenium accumulation in the

* Corresponding author: Ghasem Hosseini Salekdeh, Agricultural Bio-
technology Research Institute of Iran, P.O. Box 31535-1897, Karaj, Iran.
E-mail: h_salekdeh@abrii.ac.ir. Fax: +98-261-2704539.

† Agricultural Biotechnology Research Institute of Iran.
‡ University of Tehran.
§ Royan Institute.
| University Antwerp-Campus Drie Eiken.

3098 Journal of Proteome Research 2009, 8, 3098–3108 10.1021/pr900005h CCC: $40.75  2009 American Chemical Society
Published on Web 04/01/2009



cytoplasm of Ralstonia metallidurans19 after Se reduction.
Similar behavior has been also reported in Rhodobacter sphaeroi-
des and Rhodobacter capsulatus during Te detoxification.20,21

Periplasmic deposition and intracellular localizations of sele-
nium and tellurium have been reported in Escherichia coli22-24

and some strains of Pseudoalteromonas,25 respectively. Various
biochemical, genetic, molecular and proteomic approaches
have been exploited to provide insights into the mechanisms
of metabolism of these oxyanions.26-30

Different reductases with the capacity of reducing these
oxyanions to their ground state have been reported.4,31-34

However, little has been published about the exact mechanisms
of detoxification and particularly the entrance of these oxya-
nions into the cytoplasm.

During the past decade, proteomics has been widely applied
in microbiology particularly in medical microbiology,35 dairy
industry,36 and response to environmental stresses.37 However,
this approach has been less used to study microorganisms with
extensive potentials in bioremediation. Cheung et al.38 ex-
ploited two-dimensional gel electrophoresis (2-DE) to analyze
the proteins expressed by Bacillus megaterium TKW3 and found
a novel aerobic membrane-associated reductase with Cr(+VI)-
induced expression. Bébien et al.28 studied the effect of Se on
growth and protein synthesis in the phototrophic bacterium
R. sphaeroides.

Recently, the tolerance and bioremediation of Se and Te in
halotolerant and halophilic bacteria has been reported39,40

which suggest them as potential candidates for bioremediation
of salty environments and salty wastewaters. In this study, we
isolated a halophilic bacterium highly tolerant to toxic oxya-
nions, Halomonas sp. strain MAM, from a hypersaline soil in
Iran. We applied a 2-DE based proteomics approach to analyze
the bacterial response to Se and Te which provided new insight
into physiological stress pathways.

Materials and Methods

Isolation and Identification of the Highly Tolerant
Strains. Twenty-two strains of moderately halophilic bacteria
were isolated from saline or hypersaline soil samples from
different regions of Iran. All isolates were assessed for their
tolerance to Se and Te oxyanions. To determine the resistance
of the strains to these oxyanions, the minimum Inhibitory
Concentration (MIC) for each oxyanion was determined. The
strains were cultured on nutrient agar (NA) plates containing
8% NaCl, with different concentrations of oxyanions and
incubated at 34 °C, for 48 h. The MIC was determined in
triplicates for each strain. Among the strains isolated, the strain
named MAM showed the highest tolerance toward these
oxyanions and was selected as a model strain for further
experiments. Morphological and physiological characterizations
were performed in basal culture media containing 8% (w/v)
NaCl and were tested using methods described by Smibert and
Krieg.41 Motility of this strain was analyzed by the wet-mount
method.42 The presence of flagella was examined as described
by Kodaka et al.43

Molecular identification of strain MAM was carried out by
16S rRNA gene analysis. Bacterial colonies were picked from a
plate and suspended in PCR reaction mixture containing 10
pmol of each primer, 250 µM of each deoxyribonucleoside
triphosphate, 2.5 µL of 10× PCR buffer (100 mM Tris-HCl, 15
mM MgCl2, 500 mM KCl; (pH 8.3) and 0.5 U of Taq DNA
polymerase. Amplification of the gene encoding for the 16S
rRNA was performed with universal bacterial primers corre-

sponding to E. coli positions 8F (5′-AGAGTTTGATYMTGGCT-
CAG-3′) and 1541R (5′-AAGGAGGTGATCCAGCCGCA-3′) by
polymerase chain reaction (PCR) using a Biorad Thermo Cycler.
DNA was amplified using a 35-cycle PCR (initial denaturation,
94 °C for 5 min; subsequent denaturation, 94 °C for 45 s;
annealing, 57 °C for 1 min; extension, 72 °C for 1.5 min and
final extension, 72 °C for 10 min). The product of amplification
was directly double-strand sequenced by Seqlab Laboratory
(Germany). Analysis of DNA sequences and homology searches
were completed using the BLAST algorithm for the comparison
of the nucleotide query sequence against a nucleotide sequence
database (blastn). Multiple sequence alignments were done
using ClustalX Version 1.81.44 Phylogenetic trees were inferred
using the neighbor-joining method as implemented in ClustalX
and the dendrogram displayed using Tree view software version
1.6.6.45

Cultivation Conditions. The cells of strain MAM were grown
aerobically at 34 °C and 175 rpm in nutrient broth (NB) (Merck)
supplemented with 8% (w/v) NaCl. The pH of the medium was
adjusted to 7.5 before autoclaving. Sodium selenite and potas-
sium tellurite were prepared as 1 M stock solutions in deionized
water and sterilized by filtration through 0.22 µm pore diameter
filters. To assess the growth behavior of the bacteria under
different conditions, the following procedure was carried out.
Single bacterial colonies from nutrient agar (NA) plus 8% (w/
v) NaCl plates were used to inoculate 100 mL of 8% (w/v) NaCl
supplemented NB medium. The primary culture was obtained
by growing the cells until mid-exponential phase (OD660 nm )
∼1.5; ∼5 × 106 cells/mL). Approximately 100 mL of sterile fresh
medium was inoculated with 2 mL of preculture. Se and Te
were added at time zero to reach the desired final concentra-
tion. At appropriate time intervals, aliquots of the bacterial
culture were withdrawn and growth rate was monitored
spectrophotometrically (Carry 300) by measuring OD660, as a
function of time by using a 1-cm-path-length cuvette. After
centrifugation of the aliquots, cell pellets were washed with a
low salt buffer, 10 mM Tris-Cl, pH 7, and the supernatant and
the pellet were used for further oxyanion and protein content
determination, respectively. To estimate the cfu in the course
of the experiments, appropriate serial dilutions were made and
seeded onto NA plates with 8% (w/v) NaCl, which were
incubated at 34 °C, and the colonies were counted after 36 h.
The population levels of the isolate were expressed as log10 cfu
per mL. Tolerance of the isolate to different treatments was
assessed in terms of growth changes in each medium.

Three biological replicates were prepared for each treatment,
and oxyanion-free cultures, grown under identical conditions,
were used as control. The effect of treatments was analyzed
using two-tailed paired t test.

Total Protein Content Determination. At time intervals, the
sediment and washed bacterial pellet of withdrawn samples
were resuspended in 0.1 N NaOH and boiled for 40 min in
Eppendorf tubes and centrifuged at 13 000 rpm for 10 min. The
supernatant was used for total protein measurements using
Bradford reagent (Bio-Rad, Hercules, CA) and bovine serum
albumin (BSA) as a standard.

Oxyanion Content Determination. The Se content was
measured as described by Kessi et al.17 After removal of the
cells form the samples by centrifugation and appropriate
dilution of the medium, Se concentration was determined
spectrophotometrically by measuring OD377 of extracted sele-
nium-2,3-diaminonaphthalene complex with cyclohexane as
an organic solvent. All measurements were done in triplicate.
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To determine Te concentration, the established DDTC (Dieth-
yldithiocarbamate) colorimetric method was used.46

Electron Microscopy. Bacterial pellets were first fixed for 60
min in 2.5% (w/v) glutaraldehyde, and washed once in distilled
water. The cells were then postfixed in 1% (w/v) aqueous OsO4,
before being dehydrated with a graded ethanol-water series
and embedded in low-melting-point agarose. Ultra microtome-
cut ultrathin sections were remained unstained and examined
in an electron microscope (Zeiss model CEM902 A) working at
80 kV.

Sample Preparation for 2-DE. Fifty milliliter cultures of
Halomonas sp. strain MAM grown to late logarithmic phase
(OD at 660 nm ∼ 1.7) were exposed to various concentrations
of Se and Te including 0 mM oxyanion, 100 mM Se, 0.5 mM
Te, and 100 mM Se with 0.5 mM Te (Te + Se). The appearance
of the red and black inclusions, a sign of the reduction of Se to
Se0 and Te to Te0 was observed approximately after 3 h of
oxyanion introduction. After 9 h of exposure, the cells were
sedimented by centrifugation, washed once with 10 mM Tris-
HCl buffer (pH 7), frozen in liquid nitrogen, and stored in -80
°C for 2-DE purposes.

Protein Extraction and 2-DE. After harvesting the bacteria
by centrifugation for 10 min at 8000g (4 °C), proteins were
extracted using TRI reagent (Invitrogen), as described by
manufacturer’s instructions. In brief, 1 mL of TRI reagent was
added to about 100 mg of bacteria and cells were lysed by
repetitive pipetting and stored for 5 min at room temperature.
Then, 0.2 mL of chloroform was added to the homogenate
following 15 s vigorous shaking and 15 min incubation at room
temperature. After centrifugation for 15 min at 12 000g at 4 °C,
the aqueous upper phase was discarded. To precipitate DNA,
0.3 mL of absolute ethanol was added to the lower phenol
phase, mixed by inversion, and incubated for 3 min at room
temperature. The mixture was centrifuged for 5 min at 2000g
at 4 °C. Proteins were precipitated by incubating 400 µL of the
phenol-ethanol supernatant with 1.2 mL of acetone at room
temperature for 10 min, followed by centrifugation for 10 min
at 12 000g at 4 °C. The protein pellet was then washed three
times with washing solution (0.5 mL of 0.3 M guanidine
hydrocholoride, in 95% (v/v) ethanol and 2.5% (v/v) glycerol)
and centrifuged at 8000g for 5 min. The final washing step was
performed using 1 mL of ethanol containing 2.5% (v/v) glycerol.
After decanting the alcohol, the pellet was air-dried at room
temperature and resuspended in a lysis buffer (7 M urea, 2 M
thiourea, 4% (w/v) CHAPS, 1% (w/v) DTT, 1% (v/v) pH 3-10
ampholytes, and 35 mM Tris base). The total protein concen-
tration was determined by the Bradford assay (Bio-Rad, Her-
cules, CA) with BSA as the standard. IPG strips (24 cm, pH 4-7,
linear) were loaded with sample proteins during rehydration
for 16 h at room temperature with 450 µL of rehydration buffer
(8 M (w/v) urea, 2% (w/v) CHAPS, 0.28% (w/v) DTT, 2% (v/v)
IPG buffers) in a reswelling tray (Amersham Pharmacia Biotech,
Uppsala, Sweden).47,48

For analytical and preparative gels, 140 µg and 1.5 mg of
protein was loaded, respectively. IEF was conducted with a
Multiphore II system (Amersham Pharmacia Biotech, Uppsala,
Sweden) for a total of 40 000 Vh. The focused strips were
equilibrated twice for 15 min in 10 mL of equilibration solution.
The first equilibration was performed in a solution containing
6 M urea, 30% (w/v) glycerol, 2% (w/v) SDS, 1% (w/v) DTT,
and 50 mM Tris-HCl buffer, pH 8.8. The second equilibration
was performed in a solution modified by the replacement of
DTT with 2.5% (w/v) iodoacetamide. Separation in the second

dimension was performed by SDS-PAGE in a vertical slab of
11% acrylamide using a Dodeca Cell (Bio-Rad, Hercules, CA)
for 6 h at 200 V. The analytical 2-D gels were stained with silver
nitrate as described originally by Blum et al.49 Preparative gels
were stained with colloidal CBB G 250.50

Image and Data analysis. The analytical gels were im-
mediately scanned using a GS-800 calibrated densitometer
(Bio-Rad) at 600 dpi resolution. Melanie 3 software (GeneBio,
Geneva, Switzerland) was used to analyze gel images as
described in the user manual. Spot detection was done using
optimized parameters as follows: number of smooths, 2;
Laplacian threshold, 3; partial threshold, 1; saturation, 97;
peakness increase, 100; minimum perimeter, 14, and spot
pairing was manually performed. The molecular mass and pI
of spots were calculated by standard protein markers (Amer-
sham Pharmacia Biotech) and interpolation of missing values
on IPGs, respectively. Quantitative comparison of protein spots
was based on their percent volumes. One 2D gel per sample
was run and percent volume of each spot was analyzed. For
each treatment, three 2-DE gels representing three biological
replicates were used for data analysis. The one way Analysis
of Variance (ANOVA) and comparison of treatment means were
carried out by spss 11.5 program. Only those statistically
significant spots (P e 0.05) were accepted and they had to be
consistently present in all replications. The accepted spots were
filtered based on average expression level of 1.5-fold.

Protein Identification by MS. Protein spots of interest were
cut from the 2DE gels and destained for 1 h at room temper-
ature using a freshly prepared wash solution consisting of 100%
acetonitrile/50 mM ammonium bicarbonate (NH4CHO3) (50:
50 v/v). Wash solution was removed and spots were left to dry
for 30 min at 37 °C. Proteins were digested using a trypsin
solution containing 12 ng/µL (10 µL) trypsin in 50 mM
ammonium biocarbonate solution. This reaction was left to
proceed for 45 min at 4 °C. Excess trypsin solution was removed
and 20 µL of 50 mM ammonium biocarbonate was added
before gel pieces were placed in a 37 °C incubator overnight.

All samples were desalted and concentrated with a 10 µL
ZipTipC18 (PerfectPure C-18 Tip, Eppendorf), following the
instructions provided by manufacturer. Peptides were eluted
in a volume of 0.7 µL using a concentrated solution of R-cyano-
4-hydroxycinnamic (5 mg/mL) in 70% acetonitrile and 0.1%
trifluoroacetic acid in water and deposited onto the MALDI
target plate and left to dry in air. Peptide mixtures were then
analyzed using MALDI-TOF/TOF-MS. Before each analysis, the
instrument was calibrated with the Applied Biosystems 4700
Proteomics Analyzer Calibration Mixture. Data Interpretation
was carried out using the GPS Explorer Software (Applied
Biosystems) and automated database searching was carried out
using the MASCOT program (Version 2.1, Matrix Science Ltd.,
London, U.K.). Combined MS-MS/MS searches were conducted
with the selection of following criteria: NCBInr database
(Release 28.10.2005; 2 928 294 sequences; 1 009 792 487 resi-
dues), all entries, parent ion mass tolerance at 50 ppm, MS/
MS mass tolerance of 0.2 Da, carbamidomethylation of cysteine
(fixed modification) and methionine oxidation (variable modi-
fication). The Probability score (95% confidence level) calcu-
lated by the software was used as criteria for correct identification.

Western Blot Analysis. Forty micrograms of proteins were
separated using 12% SDS-PAGE electrophoresis (120 V for 1 h)
with a Mini-PROTEAN 3 electrophoresis cell (Bio-Rad) and
proteins were transferred to nitrocellulose membrane (Bio-Rad)
by semidry blotting (Bio-Rad) using Dunn carbonate transfer

research articles Kabiri et al.

3100 Journal of Proteome Research • Vol. 8, No. 6, 2009



buffer (10 mM NaHCO3,, 3 mM Na2CO3, 20% methanol).
Membranes were blocked for 1.5 h using Western blocker
solution (Sigma, W0138) and incubated overnight at 4 °C with
anti-BirA (1:1000, Abcam, ab14002). At the end of the incuba-
tion time, membranes were rinsed three times (15 min each)
with PBS-Tween-20 (0.05%) and incubated with the peroxidase-
conjugated secondary antibodies (anti-chicken, 1:5000, Sigma,
A9792), for 30 min at room temperature. Finally, the blots were
visualized using ECL detection reagent (Sigma, CPS-1-120).
Subsequently, the films were scanned with densitometer (GS-
800, Bio-Rad) and quantitative analysis was performed using
UVI bandmap software (UVItec, Cambridge, U.K.). Western blot
analysis was carried out using four biological replicates for each
treatment. To investigate the uniformity of proteins amount
loaded on gels, the membranes were stained by Fast Green
(FCF, Sigma, F7252).

Results and Discussion

Effect of Se and Te and Their Interaction on the Growth
Behavior of Halomonas sp. Strain MAM. Among the 22
isolates, the strain designated MAM showed the highest toler-
ance toward Se and Te (data not shown) and was selected as
a typical strain for further analyses. Our results showed that
the MAM strain could tolerate 25 mM of Se (Supporting
Information Figure 1A). When the concentration of Se in culture
media increased up to 200 mM, no change was observed in
the growth rate. However, the lag phase drastically increased
and an adaptation period of about 4 days was observed in the
presence of 200 mM Se. When different concentrations of Te
were added to the medium, the growth rate decreased drasti-
cally due to the extensive toxicity pertinent with this oxyanion
(Supporting Information Figure 1B). In oxyanion amended
cultures, increase in the bacterial population was accompanied
by the formation of color. This coloration can be a result of
reduction into their elemental counterparts, which mostly
occurred during the stationary phase. Since the resultant
elemental particles scatter the light, the absorbance collected
at late logarithmic and stationary phase (the time when cultures
were getting colored) was virtual overestimated amounts and
were not reflective of the amounts of bacteria present in the
sample, so it is not illustrative from these curves whether
presence of oxyanion affects final cell density reached in the
stationary phase. In the presence of 100 mM Se, the reduction
in growth rate was not observed in 0.5 mM Te amended

cultures, suggesting a positive synergism in coexistence of these
oxyanions (Supporting Information Figure 1). In 25 mM Se +
0.5 mM Te culture, bacteria reached final cell density that was
only about half of that in 100 mM Se + 0.5 mM Te, suggesting
that in higher concentration of Se, the cells become more
tolerant to Te.

Identification of the Bacterium. Phenotypic characterization
of strain MAM suggests that it likely belongs to the genus
Halomonas (Supporting Information Table 1).51,52 We deter-
mined the 16S rRNA gene sequence of strain MAM, with 1485
nucleotides, and deposited it on the Genbank database under
accession number DQ400851. The sequence analysis revealed
the highest similarity between this isolate and Halomonas
elongata (98%) as well as high similarity with other members
of the genus Halomonas. This result was further confirmed by
phylogentic analysis of isolate MAM with those of members of
the genus Halomonas and the family Halomonadaceae (Figure
1).

Halomonas sp. strain MAM was a Gram-negative, curved rod,
nonspore forming, facultatively anaerobic bacterium, which
was motile by means of one or two subpolar flagella. General
characteristics of Halomonas sp. strain MAM are shown in
Supporting Information Table 1. Being a halophilic bacterium,
Halomonas sp. strain MAM could grow in nutrient media
containing 0.5-32% NaCl with optimum growth at 5-10%
NaCl. No growth was observed in the absence of NaCl. Our
results showed that Halomonas sp. strain MAM tolerate a wide
range of Se and a narrower range of Te, but the level of
tolerance depends on the amount of NaCl in the medium
(Supporting Information Figure 2). The highest tolerance,
expressed as MIC was observed under 5% and 15% NaCl for
Se and Te, respectively. The effect of Se on tolerance of the
strain toward Te was also examined. Interestingly, the presence
of Se has led to about 17-fold increase in Te tolerance in the
presence of 8% NaCl, so we preformed the rest of the experi-
ments under 8% NaCl.

Exposure to Se and Te. To collect samples for proteomic
studies, sterile oxyanions were added to the heavy bacterial
population in late logarithmic phase. Physiological growth was
also recorded in a time period before and after sampling. As
indicated in Figure 2A,B, addition of 100 mM Se caused a slight
lag phase lasting about 4 h following an increase in growth. In
presence of 0.5 mM Te, a severe stress in the form of a drop in
growth was observed in comparison with 0.5 Te + 100 mM Se.

Figure 1. Unrooted tree showing the phylogenetic position of Halomonas sp. strain MAM among members of halophilic bacteria in
Halomonas and Chromohalobacter genrea. Bootstrap values greater than 50% are indicated.
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In order to follow the real bacterial growth behavior when
coloration of the medium disturbed the absorbance, growth
curves were also depicted by protein content determination
resulted in similar trend in growth rate even after 48 h (Figure
2B). In order to trace the effects of these oxyanions on cell
viability, log cfu was estimated. The synergic effect of Se on Te
tolerance was clearer in Figure 2C. We found that the positive
effect of Se on Te was not only an increase in Te tolerance of
MAM strain, but also Te removal was positively affected.
Though Se was removed more rapidly in Se amended cultures
rather than Te + Se amended cultures, total Se removal did
not show significant changes in the presence of Te (Figure 2D).
After 9 h of exposure to 0.5 mM Te, only 5% of total Te was
removed, whereas Te removal showed an increase of up to 25%
in presence of 100 mM Se (Figure 2E).

TEM micrographs of strain MAM after 9 h of exposure to
each treatment are shown in Figure 3. In Se treatments,
electron-dense granules essentially located in the cytoplasm
with a marked tendency toward local deposition near cyto-
plasmic membrane are visible. Metallic selenium particles were
also found outside the cells probably due to a system actively

involved in selenium efflux or secretion of an extracellular
enzyme implicating in Se reduction. The presence of tellurium
outside the cells may also be partly due to dead broken
bacteria. Occurrence of both intra- and extracellular electron
dense particles was also seen in Te + Se treatment. The
granules that are most probable to be elemental tellurium or
selenium are indicated by arrows. Morphological features of
the Gram stained bacteria were also traced using light micro-
scope. Changes in appearance were soon observed after
oxyanion addition. Light reflecting particles, distinct from
bacteria and spread around them, are abundantly seen in Se
and to a lesser content in Te + Se amended cultures.

By comparing buoyancy of R. rubrum, Kessi and co-workers
demonstrated that the excretion of elemental selenium oc-
curred at the end of the reduction phase across the plasma
membrane and cell wall.17 However, we observed the extra-
cellular light reflecting particles concurrent with reddening of
the medium, suggesting that reduction and excretion are
occurring together.

Te amended cultures showed vigorous differences with other
treatments (Figure 3D,H). No electron dense particle was seen

Figure 2. Trend growth of Halomonas sp. strain MAM upon exposure to oxyanion stress at late logarithmic phase (A-C): (A) OD at 660
nm; (B) cell protein content; (C) viable cell numbers based on cfu. Reduction and removal of Se and Te from solution by Halomonas
sp. strain MAM (D and E). (D) Total concentrations of Se when cells were incubated with 100 mM Se only (black triangle), and 100 mM
Se with 0.5 mM Te (white rectangle); (E) total concentrations of Te when cells were incubated with 0.5 mM Te only (black circle), and
100 mM Se with 0.5 mM Te (white rectangle). Values represent the means of three independent determinations.
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in Te micrographs, which is consistent with scarce reduction
of Te. This may reflect the fact that the severe oxidative
conditions exerted by Te cause cells to undergo morphological
changes, or to form some kind of aggregated structures of
cellular components or proteins which was seen as dark regions
in Figure 3D.

As methylation is regarded as an alternate mechanism of
detoxification, though having a little contribution,53 we cannot
rule out the possibility that alkylation and volatilization of Te
is taking part in Te removal in this bacterial strain. Indeed
Halomonas sp. strain MAM produced garlic odor which is likely
to be dimethyl telluride. Analysis of the gases in the headspace
is required to grasp this possibility and to confirm the occur-
rence of methylation in Halomonas sp. strain MAM.

The effect of bi- or multioxyanion addition on bacteria has
been reported previously,54 but it seems that the increased
tolerance in coexistence of two oxyanions is an attribute of
halophilic bacteria.40 This level of tolerance to Te has been
reported previously in Natronococcus ocultus (belong to the
archaea domain) with an intrinsic tolerance up to 20 mM of
Te.55

Proteome Analysis. 2-DE images of silver stained gels were
analyzed by Melanie software and percent volume of the spots
were estimated and compared. Out of more than 800 spots
reproducibly detected across the gels, 208 spots showed
statistically significant (P < 0.05) changes in response to either

treatments (Supporting Information Figures 3, 4, and 5). The
changes in expression level were more pronounced in response
to Te (Figure 4). The expression levels of protein spots under
different oxyanion treatments are presented in Supporting
Information Table 2 and Supporting Information Table 3B. The
expression pattern of some typical proteins has been presented
in Supporting Information Figure 3.

We analyzed 70 of the differentially expressed proteins
detectable on CBB stained by MALDI TOF/TOF, leading to
identification of 36 proteins (Figure 5, Table 1 and Supporting
Information Table 3A and 3C). The asterisks in Table 1 identify
the abundance ratios that are significantly different from 1.00
based on triplicate extractions and analyses.

Down-Regulated Proteins. Twenty out of 36 identified
proteins were down-regulated in response to at least one
treatment. Fourteen proteins were down-regulated only in
response to Te. The abundance of one protein decreased only
in response to Se and two proteins were down-regulated only
in response to Te + Se. Spot 806 was down-regulated in
response to Se and Te + Se and spot 895 was down-regulated
in all three treatments. Spot 272 was not detectable by silver
staining in gels for Te treated samples but was seen under
normal condition as well as Se and Te + Se treatments.

Three down-regulated protein spots in response to Te belong
to peroxiredoxin (PRX) family. They include two alkyl hydro-
peroxide reductase (spots 1 and 2) and a peroxidase (spot 85).

Figure 3. Electron micrograph (A-D) and light microscopic images (E-H) of Halomonas sp. strain MAM grown in (A and E) the absence
of any oxyanion (control); (B and F) the presence of 100 mM Se; (C and G) the presence of 100 mM Se with 0.5 mM Te; (D and H) the
presence of 0.5 mM Te. The granules that are most probable to be the reduced elemental form of Se and/or Te are indicated by
arrows. The large light reflecting particles in part F and G are likely to be aggregated selenium and/or tellurium. Bars (in A and C) are
0.6 µm, (in B) 0.25 µm, and (in D) 1.1 µm.

Figure 4. (A) Number of proteins showed statistically significant changes (p < 0.01) in response to Se, Te and Te + Se. (B) Venn diagram
indicating the number of responsive proteins to each treatment.
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Peroxidase (spot 85) belongs to 1-cys PRX family, whereas alkyl
hydroperoxide reductase (spots 1 and 2) belongs to 2-cys PRX
family. 1-cys and 2-cys PRXs contain one and two conserved
cysteine, respectively, which serve as the peroxidatic cysteine.
It has been shown that excess Te can induce formation of
reactive oxygen species (ROS).56 Down-regulation of these
proteins may suggest that Te toxicity is associated with the
reduction in ROS detoxification capacity. This may reflect
the fact that the ROS detoxification enzymes and mechanisms
have failed to maintain its capacity to detoxify ROS which might
have led to reduction in cell growth.

In response to Te, we observed down-regulation of an
ATPase involved in chromosome partitioning (spot 119) with
a role in multiple resistance and pH adaptation. The lower
expression of this enzyme may reflect the response of the
bacterial strain to limit its growth under harsh condition and/
or a drawback of Te toxicity.

The only protein that was absent in response to Te (spot
272) was identified as toluene tolerance (ttg2) protein. Ttg2
protein has significant similarity to the ABC transporter and
has been implicated in toluene tolerance.57 There is little
information about the transport of Se and Te into the cell and
within it. However, several lines of evidence suggest that various
alternate mechanisms of Se and Te transport exist.27 To our
best knowledge, no transporter specific to Se or Te has yet been
identified. ABC transporter is a major system of bacteria

participating in the export of a wide variety of substances, such
as proteins, polysaccharides, antibiotics, and growth inhibi-
tors.58 Meidanis et al.59 suggested that the Ttg2 ABC system
might be an import system eventually involved in glutamate
import rather than a toluene exporter. Altered expression of
both types of primary and secondary transporters in response
to Te suggests that Te transfer across the plasma membrane
does not depend on a single specific transporter and most likely
different mechanisms take part in this toxic oxyanion transport.

A translation elongation factor G (EF-G) (spot 1037) was also
down-regulated. Synthesis of EF-G protein is stringently con-
trolled and is subject to growth rate dependent regulation.60

Therefore, the down-regulation of this protein is consistent with
decreased growth upon exposure to Te.

Up-Regulated Proteins. Eighteen proteins spots were up-
regulated in response to at least one treatment. Of them,
expression of 10 spots increased significantly in only one
treatment including Te (5 spots), Se (2 spots), and Te + Se (3
spots). Seven proteins were up-regulated in response to two
treatments, whereas only one protein (spot 857) increased
significantly in all treatments.

The most up-regulated proteins (spots 479 and 481) were
identified as acetyl-CoA carboxylase, biotin carboxylase subunit
(AccC). Spot 479 was up-regulated in response to both Te and
Se, whereas spot 481 showed an increase in abundance only
in presence of Te.

Figure 5. 2-DE gel analysis of proteins extracted from Halomonas sp. strain MAM using TRI Reagent. Numbered spots on the
representative single experiment 2-DE gel correspond to proteins identified. Arrows indicate proteins analyzed by MS.
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Acetyl-CoA carboxylase (ACC) is a cytosolic enzyme needed
for synthesis of fatty acids and the major site of regulation of
fatty acid synthesis. It catalyzes the first committed step in fatty
acid metabolism, the ATP-dependent formation of malonyl-
CoA from acetyl-CoA and bicarbonate. In E. coli and most other
bacteria, ACC is composed of four distinct proteins, biotin
carboxyl carrier protein (BCCP; accB), biotin carboxylase (accC),
and two proteins (accA and accD) catalyzing the carboxyltrans-
ferase partial reaction. The transcription rate of all four acetyl-
CoA carboxylase genes is regulated with respect to growth rate.
Unlike accA and accD genes, the accB and accC genes form an
operon and have similar pattern of regulation.61 The accB and
accC genes have been found to be adjacent even in bacteria
only distantly related to E. coli. In addition to fatty acid
synthesis, it has been shown that coordinate expression of accB
and accC is necessary for normal regulation of biotin synthesis
in E. coli.62 Expression of the E. coli biotin synthetic (bio)

operon is negatively regulated by the BirA protein. The BirA
also catalyzed reactions involved in the covalent attachment
of biotin to accB. The two functions of BirA allowed regulation
of the bio operon to respond to the intracellular concentra-
tions of both biotin and unbiotinylated accB. It is known that
higher expression of BirA can increase the efficiency of bioti-
nylation of target proteins. Taking into consideration that
heterotetramer of the accA and accD subunits forms active ACC
and biotinylated accB is the form normally incorporated into
the accB-accC complex, cell may need to increase its BirA
expression to improve biotinylation of accB and increase
activity of ACC. To investigate this hypothesis, we analyzed the
expression of BirA using Western blot analysis (Figure 6).
Interestingly, our results showed that the expression pattern
of BirA is very similar to accC and increased in response to
treatments particularly Te and Se + Te. In E. coli, ACC has
recently been shown in vivo to be a rate-limiting enzyme in

Table 1. Induction Factors (the Average Percent Volumes of Protein Spots in Te, Se, and Te + Se Treatment/the Average Percent
Volumes of Protein Spots in Normal Condition) of Identified Proteinsa

a Asteriks: (**), proteins with 99% confidence; (*) proteins with 95% confidence. Proteins were sorted based on their response to treatment including
down-regulated (black cells), up-regulated (white cells), and no significant change (gray cells).
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fatty acid synthesis.63 It may be reasonable to think that the
up-regulation of ACC may elevate membrane biosynthesis
which may increase the ability of cell to repair damaged
membranes and strengthen the membrane rigidity and increase
the permeability barrier.57 This result may suggest a novel
regulatory system by which bacterium cope with stress by a
sustain biotinylaion of target proteins.

Two proteins were up-regulated in Te + Se treatment but
not under Se or Te treatments. They were identified as ATP-
dependent Clp protease proteolytic subunit (spot 703) and
transcription antitermination protein NusG (spot 391) and were
up-regulated up to 1.5- and 2.3-fold, respectively. ATP-depend-
ent Clp protease is involved in post-translational modification,
protein turnover, chaperones/intracellular trafficking and se-
cretion. Clp proteolytic complexes are responsible for adapta-
tion to multiple stresses by degrading accumulated and mis-
folded proteins.64 Transcription antitermination protein NusG
is involved in transcription termination regulation. Further
investigation will be needed to determine the interaction of
Se and Te in controlling the expression level of these two
proteins.

Spot 191 was up-regulated in response to Se and identified
as protein of unknown function DUF47. The search of this
polypeptide in NCBI Conserve Domain database V2.11 revealed
that this protein contains phosphate transport regulator do-
main which has a role in inorganic ion transport and metabo-
lism. Another up-regulated protein (spots 647) was identified
as ATP binding cassette (ABC) transporter.

Proteins with Opposite Response in Different Treatments.
We identified two electron transfer flavoprotein (ETF) alpha
subunit (spots 418 and 423) and one ETF beta subunit (spot
369). Spot 418 was down-regulated in response to Te and up-
regulated in response to Se and Te + Se. An alpha subunit of
ETF (spot 423) was down-regulated in response to Te, whereas
the beta subunit of ETF (spot 369) was up-regulated in Te +
Se treatments. This suggests the role of cytoplasmic electron
transfer pathway in Se reduction and possible interruption in
electron transfer in Te treated cells which might have led to
reduction in cell growth.

We identified two proteins as tripartite ATP-independent
periplasmic (TRAP) dicarboxylate transporter, DctP subunit
(spots 415 and 477). Of them, spot 415 was down-regulated
up to 2-fold in response to Te, whereas spot 477 was up-
regulated up to 3 and 2.8 in response to Te and Te + Se. TRAP

dicarboxylate transporters are three-subunit transporters for
dicarboxylate transport. These are secondary transporters,
energized by ion gradients, rather than primary transporters
powered by ATP directly. The characteristic architecture in-
cludes an integral membrane protein with 12 predicted trans-
membrane (TM) regions and another with 4 predicted TM
regions. Although this consensus sequence is common in
glucose transporters, some members of this family have been
found to transport inorganic phosphate, citrate, or aromatic
amino acids.65-67

Concluding Remarks. This study identifies for the first time
proteins involved in response/tolerance to Te as well as Se.
The set of stress-related proteins suggested that Te and in lower
extend Se impose a stress response situation, which is in
agreement with their toxic character. Our proteomic analysis
revealed that several mechanisms including energy production,
fatty acid synthesis, cell transport, oxidative stress detoxifica-
tion, DNA replication, transcription and translation contributed
in bacterial response and/or adaptation. However, these data
cannot discriminate whether intermediate metabolites of Se
metabolism induce and enhance Te detoxification pathway or
it is the same metabolic pathway, at least in part, that is
involved in Se and Te resistance and removal, which is induced
by less toxic Se. On the basis of these results, we are beginning
to understand the general mechanism for tolerance of these
two toxic oxyanions in the halophilic bacterium Halomonas sp.
strain MAM that is a promising candidate for bioremediation
of contaminated saline soils and wastes discharge sites.

Supporting Information Available: Figures of growth
curve of Halomonas sp. strain MAM in NB, effect of salinity
on Te and Se resistance in Halomonas sp. strain MAM, a
representative normal 2-DE image of proteins extracted from
Halomonas sp. strain MAM, representative 2-DE image of
proteins extracted from Halomonas sp. strain MAM after Te
treatment, expression pattern of four representative proteins
under control, Te, Se and Te + Se stress. Tables of features for
differentiating Halomonas sp. strain MAM from other related
species of the genus Halomonas, induction factors of responsive
spots, proteins identified by MALDI TOF/TOF, expression level
of identified proteins which showed significant change in
response to treatments. This material is available free of charge
via the Internet at http://pubs.acs.org.
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(36) Manso, M. A.; Léonil, J.; Jan, G.; Gagnaire, V. Application of
proteomics to the characterisation of milk and dairy products. Int.
Dairy J. 2005, 15 (6-9), 845–855.

(37) Cash, P. Characterisation of bacterial proteomes by two-dimen-
sional electrophoresis. Anal. Chim. Acta 1998, 372 (1-2), 121–145.

(38) Cheung, K. H.; Lai, H. Y.; Gu, J. D. Membrane-associated hexava-
lent chromium reductase of Bacillus megaterium TKW3 with
induced expression. J. Microbiol. Biotechnol. 2006, 16 (6), 855–
862.

(39) Amoozegar, M. A.; Hamedi, J.; Dadashipour, M.; Shariatpanahi,
S. Effect of salinity on the tolerance to toxic metals and oxyanions
in native moderately halophilic spore-forming bacilli. World J.
Microbiol. Biotechnol. 2005, 21 (6-7), 1237–1243.

(40) Amoozegar, M. A.; Ashengroph, M.; Malekzadeh, F.; Reza Razavi,
M.; Naddaf, S.; Kabiri, M. Isolation and initial characterization of
the tellurite reducing moderately halophilic bacterium, Salinic-
occus sp. strain QW6. Microbiol. Res. 2007, 163 (4), 456–465.

(41) Smibert, R. M.; Krieg, N. R. Phenotypic characterization. In Methods
for General and Molecular Bacteriology; Gerhardt, P.; Murray, R. G.;
Wood, W. A.; Krieg, N. R., Eds.; American Society for Microbiology:
Washington, D.C., 1994; Vol. 1, pp 607-654.

(42) Murray, R. G. E.; Doetsch, R. N.; Robinow, C. F. Determinative
and cytological light microscopy. In Methods for General and
Molecular Bacteriology; Gerhardt, P.; Murray, R. G. E.; Wood, W. A.;
Krieg, N. R., Eds.; American Society for Microbiology: Washington,
D.C., 1994; Vol. 1, pp 22-41.

(43) Kodaka, H.; Armfield, A. Y.; Lombard, G. L.; Dowell, V. R. Practical
procedure for demonstrating bacterial flagella. J. Clin. Microbiol.
1982, 16 (5), 948–952.

(44) Thompson, J.; Gibson, T.; Plewniak, F.; Jeanmougin, F.; Higgins,
D. The ClustalX windows interface: flexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic Acids
Res. 1997, 25 (24), 4876–4882.

(45) Page, R. D. TreeView: an application to display phylogenetic trees
on personal computers. Bioinformatics 1996, 12 (4), 357–358.

(46) Turner, R.; Weiner, J.; Taylor, D. E. Use of diethylditiocarbamate
for quantitative determination of tellurite uptake by bacteria. Anal.
Biochem. 1992, 204 (2), 292–295.

(47) Görg, A.; Postel, W.; Günther, S. Two-dimensional electrophoresis.
The current state of two-dimensional electrophoresis with im-
mobilized pH gradients. Electrophoresis 1988, 9 (9), 531–546.

(48) Görg, A.; Obermaier, C.; Boguth, G.; Weiss, W. Recent develop-
ments in two-dimensional gel electrophoresis with immobilized
pH gradients: Wide pH gradients up to pH 12, longer separation
distances and simplified procedures. Electrophoresis 1998, 19 (4-
5), 712–717.

(49) Blum, H.; Beier, H.; Gross, H. J. Improved silver staining of plant
proteins, RNA and DNA in polyacrylamide gels. Electrophoresis
1987, 8 (2), 93–99.

(50) Neuhoff, V.; Arnold, N.; Taube, D.; Ehrhardt, W. Improved staining
of proteins in polyacrylamide gels including isoelectric focusing
gels with clear background at nanogram sensitivity using Coo-
massie Brilliant Blue G-250 and R-250. Electrophoresis 1988, 9 (6),
255–262.

(51) Mata, J. A.; Martinez-Canovas, J.; Quesada, E.; Bejar, V. A detailed
phenotypic characterisation of the type strains of Halomonas
species. Syst. Appl. Microbiol. 2002, 25 (3), 360–375.

(52) Yoon, J. H.; Shin, D. Y.; Kim, I. G.; Kang, K. H.; Park, Y. H.
Marinobacter litoralis sp. nov., a moderately halophilic bacterium
isolated from sea water from the East Sea in Korea. Int. J. Syst.
Evol. Microbiol. 2003, 53 (2), 563–568.

(53) Hapuarachchi, S.; Swearingen, J.; Chasteen, T. G. Determination
of elemental and precipitated selenium production by a facultative
anaerobe grown under sequential ananerobic/aerobic conditions.
Process Biochem. 2004, 39, 1607–1613.

(54) Kashiwa, M.; Nishimoto, S.; Takahashi, K.; Ike, M.; Fujita, M.
Factors affecting soluble selenium removal by a selenate-reducing
bacterium Bacillus sp. SF-1. J. Biosci. Bioeng. 2000, 89 (6), 528–
533.

(55) Pearion, C. T.; Jablonski, P. E. High level intrinsic resistance of
Natronococcus ocultus to potassium tellurite. FEMS Microbiol. Lett.
1999, 174, 19–23.

Effects of Selenite and Tellurite research articles

Journal of Proteome Research • Vol. 8, No. 6, 2009 3107



(56) Turner, R. J. Tellurite toxicity and resistance in Gram-negative
bacteria. Rec. Res. Dev. Microbiol. 2001, 5, 69–77.

(57) Kim, K.; Lee, S.; Lee, K.; Lim, D. Isolation and characterization of
toluene-sensitive mutants from the toluene-resistant bacterium
Pseudomonas putida GM73. J. Bacteriol. 1998, 180 (14), 3692–3696.

(58) Fath, M. J.; Kolter, R. ABC transporters: bacterial exporters.
Microbiol. Mol. Biol. Rev. 1993, 57 (4), 995–1017.

(59) Meidanis, J.; Braga, M. D. V.; Verjovski-Almeida, S. Whole-genome
analysis of transporters in the plant pathogen Xylella fastidiosa.
Microbiol. Mol. Biol. Rev. 2002, 66 (2), 272–299.

(60) Miyajima, A.; Kaziro, Y. Coordination of levels of elongation factors
Tu, Ts, and G, and ribosomal protein S1 in Escherichia coli.
J. Biochem. 1978, 83 (2), 453.

(61) Li, S. J.; Cronan, J. E. Growth rate regulation of Escherichia coli
acetyl coenzyme A carboxylase, which catalyzes the first commit-
ted step of lipid biosynthesis. J. Bacteriol. 1993, 175 (2), 332–340.

(62) Abdel-Hamid, A. M.; Cronan, J. E. Coordinate expression of the
acetyl coenzyme A carboxylase genes, accB and accC, is necessary
for normal regulation of biotin synthesis in Escherichia coli? J.
Bacteriol. 2007, 189 (2), 369–376.

(63) Davis, M. S.; Solbiati, J.; Cronan, J. E. Overproduction of acetyl-
CoA carboxylase activity increases the rate of fatty acid biosyn-
thesis in Escherichia coli. J. Biol. Chem. 2000, 275 (37), 28593–
28598.

(64) Michel, A.; Agerer, F.; Hauck, C. R.; Herrmann, M.; Ullrich, J.;
Hacker, J.; Ohlsen, K. Global regulatory impact of ClpP protease
of Staphylococcus aureus on regulons involved in virulence,
oxidative stress response, autolysis, and DNA repair. J. Bacteriol.
2006, 188 (16), 5783–5796.

(65) Sasatsu, M.; Misra, T. K; Chu, L; Laddaga, R.; Silver, S. Cloning
and DNA sequence of a plasmid-determined citrate utilization
system in Escherichia coli. J. Bacteriol. 1985, 164 (3), 983–993.

(66) Bun-Ya, M.; Nishimura, M.; Harashima, S.; Oshima, Y. The PHO84
gene of Saccharomyces cerevisiae encodes an inorganic phosphate
transporter. Mol. Cell. Biol. 1991, 11 (6), 3229–3238.

(67) Seol, W.; Shatkin, A. J. Escherichia coli kgtP encodes an alpha-
ketoglutarate transporter. Proc. Natl. Acad. Sci. U.S.A. 1991, 88 (9),
3802–3806.

PR900005H

research articles Kabiri et al.

3108 Journal of Proteome Research • Vol. 8, No. 6, 2009


