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Pseudomonas pseudoalcaligenes KF707 is naturally resistant to the toxic metalloid tellurite, but the mecha-
nisms of resistance are not known. In this study we report the isolation of a KF707 mutant (T5) with
hyperresistance to tellurite. In order to characterize the bacterial response and the pathways leading to
tolerance, we utilized Phenotype MicroArray technology (Biolog) and a metabolomic technique based on
nuclear magnetic resonance spectroscopy. The physiological states of KF707 wild-type and T5 cells exposed to
tellurite were also compared in terms of viability and reduced thiol content. Our analyses showed an extensive
change in metabolism upon the addition of tellurite to KF707 cultures as well as different responses when the
wild-type and T5 strains were compared. Even in the absence of tellurite, T5 cells displayed a “poised”
physiological status, primed for tellurite exposure and characterized by altered intracellular levels of gluta-
thione, branched-chain amino acids, and betaine, along with increased resistance to other toxic metals and
metabolic inhibitors. We conclude that hyperresistance to tellurite in P. pseudoalcaligenes KF707 is correlated
with the induction of the oxidative stress response, resistance to membrane perturbation, and reconfiguration
of cellular metabolism.

Genomic studies have provided a rationale for the ability of
bacteria to adapt to environmental changes or adverse condi-
tions, such as exposure to toxic metals (8). Although valuable,
these investigations have shortcomings for the assignment of
regulatory or metabolic functions to novel genes (23). As a
consequence, transcriptomics, proteomics, and metabolomic
analyses need to be undertaken, in order to measure the func-
tional cellular units in response to genetic as well as environ-
mental perturbations. The metabolome is defined as the quan-
titative collection of the low-molecular-weight molecules
(metabolites) required for growth and normal function of a cell
(24). On the basis of this definition, metabolomics is the char-
acterization and quantification of the cellular metabolome and
provides a snapshot of the metabolic status of a cell in a
particular physiological condition (14). Nuclear magnetic res-
onance (NMR) spectroscopy is widely used in metabolomics,
as it allows for the identification and quantification of a broad
range of cellular metabolites simultaneously (15). 1H NMR has
been used in microbial systematics to identify bacterial species
and distinguish pathogenic isolates from avirulent laboratory
strains on the basis of their metabolic profiles (5, 7). Recently,
a highly innovative technique (i.e., targeted profiling) has been
developed for the analysis of 1H NMR data (41). Targeted
profiling NMR metabolomics relies on the identification and
determination of the relative concentrations of metabolites

directly from 1H NMR spectra, before multivariate data anal-
ysis is performed. As a consequence, the dimensionality of
NMR data sets is reduced and more-robust models can be
obtained, which are less affected by spectral distortions and
sampling differences (28, 42).

Tellurium (Te) is a metalloid element for which no biolog-
ical function has been described and whose compounds are
associated with toxicity. Tellurite (TeO3

2�), in particular, is the
most soluble form of tellurium in the environment and is highly
toxic to both prokaryotes and eukaryotes at concentrations as
low as 4 �M (30). Tellurium and its compounds have found
multiple industrial applications and are employed in the man-
ufacture of goods used in everyday life (i.e., glassware and
electronic devices). In addition, tellurite is added to selective
medium formulations for the isolation of pathogenic microor-
ganisms (30, 45), while tellurite resistance determinants are
beginning to be used as nonantibiotic selection markers to
monitor bacterial strains after environmental release (16, 27,
44). The genetic and physiological bases of tellurite resistance
have been investigated in numerous microorganisms (45), but
a unifying mechanism of response cannot be proposed, al-
though thiol biochemistry and metabolism are likely to play a
central role in both tellurite toxicity and bacterial tolerance to
this oxyanion (20, 32, 35, 38).

Pseudomonas pseudoalcaligenes KF707 is a soil microorgan-
ism, known for its ability to degrade polychlorinated biphenyls
(13), and is naturally resistant to tellurite (10). The latter
property was used in the past to trace KF707 survival in soil
microcosms contaminated with polychlorinated biphenyls (44).
In this work we report the isolation of a KF707 strain (T5)
having increased resistance to tellurite in comparison to the
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wild type. To gain insights into the metabolic response which
parallels the resistance mechanisms, we used the metabolomic
technique of targeted profiling in conjunction with Phenotype
MicroArrays (Biolog) (1). In addition, the cellular responses to
the oxyanion of both T5 and wild-type cells were examined in
terms of viability and change in reduced thiol (RSH) content.
The results presented in this study indicate that the phenom-
enon of high-level tellurite resistance in P. pseudoalcaligenes
KF707 correlates not only with the activation of the oxidative
stress response but also with resistance to membrane pertur-
bation and reconfiguration of cellular metabolism.

MATERIALS AND METHODS

Strains, media, and growth conditions. P. pseudoalcaligenes KF707 was grown
aerobically at 30°C. The effect of 25 �g ml�1 tellurite on growth was studied by
measuring the optical density at 660 nm of cell cultures at different time points
in LB (tryptone, 10 g liter�1; yeast extract, 5 g liter�1; NaCl, 10 g liter�1) and
minimal salt medium (MSM) [K2HPO4, 4.4 g liter�1; KH2PO4, 1.7 g liter�1;
(NH4)2SO4, 2.6 g liter�1]. Sodium salts of succinate, fumarate, and malate were
added to MSM at a final concentration of 0.3% (wt/vol). Trace elements were
added to sterile MSM from 100� stock solutions (final concentrations in MSM
were MgSO4 � 7H2O, 0.4 g liter�1; CaSO4 � 2H2O, 0.0031 g liter�1;
MnSO4 � H2O, 0.05 g liter�1; and FeSO4 � 7H2O, 0.1 g liter�1). K2TeO3 was
added from a filter-sterilized 25-mg ml�1 stock solution.

Determination of tellurite removal. In order to determine the amount of
residual tellurite in growth media, cell cultures were assayed at different time
points during growth in the presence of tellurite (25 �g ml�1; �100 �M) in LB
and MSM with different carbon sources (i.e., succinate, fumarate, and malate).
At each time point, 500-�l aliquots of cell cultures were removed and centrifuged
at room temperature for 2 min. The supernatants were collected in new tubes
and used for tellurite determination using the diethyldithiocarbamate reagent
(Sigma) as previously described (33). Cell pellets were used for the determina-
tion of the total protein content by the method of Lowry et al. (21).

Determination of MIC of tellurite. For MIC determination, overnight-grown
cultures were washed and diluted in saline solution (NaCl, 0.9 g liter�1) to an optical
density at 660 nm of �0.6 (�108 CFU ml�1). Twenty-microliter drops of the cellular
suspensions were spot plated onto LB and MSM agar plates containing increasing
concentrations of K2TeO3. The absence of colonies in the area corresponding to the
culture drop after 48 h of incubation was scored as negative for growth, and the
corresponding tellurite concentration was reported as the MIC.

Determination of viability and RSH content. Overnight LB-grown cultures
were used as a source of 1% inoculum to obtain LB exponentially growing
cultures (A660 of �0.6). K2TeO3 was added to the cultures to a final concentra-
tion of 25 �g ml�1 (�100 �M) for viability and RSH content assays. For the
determination of RSH, samples of 500 �l were taken at 0, 15, 30, 45, and 60 min,
and the content of RSH was measured by means of the Ellman’s reagent (5,5�-
dithiobis-2-nitrobenzoic acid) as previously described (35). Additional samples
were removed at the same time points for the determination of the total protein
content by the method of Lowry et al. (21). RSH values were normalized over the
protein content of cultures at the corresponding time points. The concentration
of RSH at t � 0 min was subtracted from the corresponding sample data sets to
obtain the amount of RSH oxidized as a result of tellurite exposure. The residual
viability of cell cultures was measured by means of viable cell counts and plating
of appropriate dilutions onto LB agar plates. Each experiment was performed in
duplicate and repeated in three independent trials.

Membrane potential (��) measurements. A polyvinylchloride membrane
selectively permeable to the tetraphenylphosphonium cation (TPP�) was con-
structed as described by Kamo et al. (17), and the TPP� distribution was fol-
lowed as described by Rugolo and Zannoni (26). Following the calibration
addition of TPP�, cells (1.66 mg of protein for KF707 and 1.54 mg of protein for
T5) were added to 2 ml of air-saturated buffer {TES [N-tris(hydroxymethyl)
methyl-2-aminoethanesulfonic acid] buffer [50 mM, pH 7.5], KCl [10 mM] at
28°C}. An internal volume of 5.5 �l/mg of protein was assumed, according to
Kell et al. (18).

Metabolite extraction. LB exponentially growing cultures (A660 of �0.6) were
either nonexposed or exposed to K2TeO3 at 25 �g ml�1 (�100 �M) for 30 min,
and cellular metabolites were harvested by cold methanol extraction (22, 39). For
control and tellurite samples, 10 to 12 replicates were produced. Forty milliliters
of culture was added to 160 ml of 60% methanol in water, which was cooled to
below �40°C in a dry-ice–ethanol bath. The samples were immediately centri-

fuged at 5,000 � g for 10 min at �20°C. Cell pellets were washed once with 60%
cold methanol and centrifuged again under the same conditions. Cell pellets
were resuspended in 5 ml of 100% cold methanol and sonicated. The lysates were
centrifuged, and the supernatants were transferred to a clean tube. To purify the
metabolites, two extractions were performed by adding 5 ml of water and 10 ml
of chloroform and shaking for 5 min. The samples were centrifuged at 5,000 �
g for 15 min at 4°C. The water-methanol phase containing the metabolites was
transferred to a clean tube and aliquoted into 1.5-ml tubes. The samples were
dried down in a Speed-Vac and resuspended in 700 �l of deuterium oxide (D2O).
Samples were filtered in 3-kDa-cutoff spin columns (3 K Nanosep; Omega),
which had been washed with water and then D2O to remove the glycerol used to
conserve the columns. The filtered extracts were stored at �80°C until analysis.

NMR acquisition and data analysis. Immediately prior to analysis, samples
were thawed and the pH was adjusted to 7.00 � 0.05 with small amounts of
NaOH or HCl. A chemical shift standard (2,2-dimethyl-2-silapentane-5-sulfo-
nate) was added to a final concentration of 0.25 mM in a total of 1 ml of D2O.
A 600-�l aliquot of sample was loaded into an NMR tube for analysis. 1H NMR
spectra were acquired on a 600-MHz Bruker Avance II spectrometer using a
standard nuclear Overhauser effect spectroscopy (NOESY) presaturation exper-
iment from the Bruker pulse program library (noesypr1d), with an initial relax-
ation delay of 3 s and an acquisition time of 2 s for an overall recycle time of 5 s.
A delay of 100 ms was used for the NOESY mixing time. The baselines of all the
spectra were manually corrected and the metabolites present were identified and
quantified using Chenomx NMR Suite 4.6 (Chenomx Inc., Edmonton, Canada),
which provides reference 1H NMR spectra of pure compounds. In order to
eliminate changes in concentrations due to differences in cell growth between
replicates, the concentrations of metabolites were normalized by dividing each
metabolite concentration by the sum of all the concentrations in that particular
spectrum. The relative concentrations of metabolites were subjected to multi-
variate analysis by supervised orthogonal partial least square discriminant anal-
ysis (OPLS-DA) using the SIMCA-P statistical software (Umetrics AB, Sweden).
Model quality was assessed by means of the goodness-of-fit parameter (R2) and
cross validation predictive ability (Q2). Ideal models will have R2 and Q2 values
near 1, although in biological systems this is rarely observed due to their vari-
ability. For each of the models generated, the SIMCA-P software assigns a value
known as the variable influence on projection (VIP) to each metabolite variable.
The VIP indicates the relative importance to the model of each variable based on
the overall contribution to R2 and Q2. Significance was assessed using the VIP
parameter (a VIP of 	1 indicated a significant contribution of a metabolite
concentration to the statistical model).

Phenotype MicroArray analysis. Phenotype MicroArray technology for the
screening of chemical sensitivity allows for 24 different chemicals to be tested at
four increasing concentrations in a single Phenotype MicroArray plate. In each
assay, active cellular respiration is probed using the redox chemistry of a pat-
ented tetrazolium dye, which forms a purple derivative upon reduction. P.
pseudoalcaligenes strains were tested on Phenotype MicroArray plates 13B, 16A,
and 17A (information about Phenotype MicroArray plates is available from
Biolog, Hayward, CA) as described by Viti et al. (40). Cells were grown overnight
at 30°C on Biolog universal growth agar plates. The cellular biomass was sus-
pended in 15 ml of inoculation fluid (IF-0) using a sterile cotton swab, and the
cell density was adjusted to 85% transmittance on a Biolog turbidimeter. The
85% transmittance suspension was diluted 200-fold into 120 ml of inoculation
fluid (IF-10), and 1% tetrazolium dye was added. The mixture was inoculated
into the Phenotype MicroArray plates (100 �l per well), which were incubated at
30°C in an Omnilog reader. Quantitative color changes were recorded automat-
ically every 15 min by a charge-coupled device camera for a period of 48 h. The
kinetic responses of the KF707 strains were analyzed with the Omnilog-PM
software, OM_PM_109M release. The data were filtered using average height as
a parameter.

RESULTS

Growth of P. pseudoalcaligenes KF707 in the presence of
tellurite and isolation of a KF707 tellurite-hyperresistant
strain (T5). Tellurite shows different toxicity levels in P.
pseudoalcaligenes KF707, depending on the nutritional envi-
ronment (Fig. 1). Growth of KF707 in the presence of tellurite
(25 �g ml�1, �100 �M) was characterized by a prolonged
initial lag phase, the duration of which varied with the carbon
source (Fig. 1). A KF707 mutant library was produced using
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the mini-Tn5 lacZ1 transposon (9) and tested to isolate
mutants with different tellurite resistance levels in comparison
to the wild type. Hyperresistant mutants could be isolated from
the screening, but one strain in particular, referred to as T5,
was chosen for the characterization of the response to tellurite,
as it showed the unique ability to grow in the presence of
tellurite without an initial lag phase and also a two- to three-
fold increase in MICs (Fig. 1). Notably, the doubling times of
wild-type and T5 cells did not differ for growth in the absence
of tellurite (not shown). The ability of KF707 and T5 cultures
to remove tellurite from growth media was measured using the
diethyldithiocarbamate reagent (33). Tellurite removal by T5
did not differ from that by wild-type KF707 (not shown), and at
the end of the growth phase, only a fraction of the added
tellurite was present in the medium (�10 to 30% of the initial
value).

The genetic analysis showed that the T5 strain harbored a
transposon insertion into the cheA gene. A cheA::Km mutant
was constructed, which showed tellurite resistance levels sim-
ilar to those of the wild type. As well, T5 complemented with
a KF707 genomic fragment containing the cheA gene main-
tained a tellurite hyperresistance phenotype. These results sug-
gested that the transposon insertion was not responsible for T5
hyperresistance to tellurite and that additional mutations could
have been selected for the establishment of increased tellurite
resistance levels.

The characterization of KF707 and T5 growth responses to
tellurite indicated that the nature of the carbon source influ-

enced the MIC and growth abilities of the two strains. In order
to further the understanding of tellurite resistance mecha-
nisms, we decided to analyze additional aspects of the KF707
and T5 physiological and metabolic responses to the toxic
metalloid. The genetic bases of the T5 tellurite phenotype will
be analyzed in a separate study (to be reported elsewhere).

Viability and RSH loss in KF707 parental and T5 cells.
Exposure to tellurite results in the oxidation of cellular thiols
(RSH) (31, 35). RSH loss and cell viability were measured for
T5 in comparison to wild-type KF707 during exposure to 25 �g
ml�1 tellurite in LB (Fig. 2). After 30 min of exposure, KF707
and T5 cells underwent similar viability and RSH losses, al-
though increased viability and recovery of RSH content was
observed for T5 cells after 1 h of treatment. These results
showed that the initial depletion of RSH and loss of viability
were readily countered by T5 but not by wild-type KF707.

Tellurite effect on membrane potential generated by KF707
and T5 cells. The membrane potentials (
�) of KF707 and T5
cells growing in LB in the presence or absence of tellurite were
measured by following the distribution of the TPP� cation
(Fig. 3). The continuous trace on the left side of Fig. 3 shows
that following the addition of KF707 cells, a rapid upward
deflection of the trace is seen, which is indicative of TPP�

uptake (i.e., development of a negative potential inside the
cells). Under steady-state respiratory conditions, reached
within approximately 1 min, the estimated 
� was 168 � 2 mV
after dissipation of the 
pH component of the 
�H� by the
K�/H� exchanger nigericin. Conversely, addition of the K�

FIG. 1. Growth curves of P. pseudoalcaligenes KF707 wild-type and T5 strains in the presence of K2TeO3 (25 �g ml�1, �100 �M) in LB and
MSM with different carbon sources. Growth of KF707 in succinate and fumarate shows a lag phase of 10 to 16 h (B and C), comparable to the
lag phase for growth in LB (A). With malate, growth does not require a phase of adaptation (D). In contrast to that of wild-type KF707, growth
of T5 is characterized by the lack of initial lag phase and increased MICs under all conditions tested in this study. Representative growth curves
obtained in one experiment are shown here. (A) LB; (B) MSM-succinate (0.3%, wt/vol); (C) MSM-fumarate (0.3%, wt/vol); (D) MSM-malate
(0.3%, wt/vol).
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ionophore valinomycin and/or the protonophore carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP) totally col-
lapsed the TPP� uptake. The zero 
� was therefore defined as
the TPP� uptake level observed in the presence of both valin-
omycin and FCCP. The behavior of T5 cells was similar to that
of KF707 cells, but a few quantitative differences were present,
namely, (i) the steady-state level of T5 potential was slightly
lower (
� � �154 � 2 mV) than the one measured in KF707
cells (
� � �168 � 2 mV), and (ii) the steady-state level was
reached after approximately 2 min, with a two-times-slower
kinetics than in the wild-type cells. As previously shown (3),
tellurite mimics the effect of nigericin on membrane potential.
Hence, as expected, the addition of tellurite (50 �g ml�1; �200
�M) to KF707 and T5 cells growing in LB slightly increased

the steady-state membrane potential in the absence of nigeri-
cin (Fig. 3). It can be observed that tellurite had similar effects
on KF707 and T5 cells. Further experiments (not shown) in-
dicated that in cells growing in the presence of 25 �g ml�1

tellurite, the 
� measured as TPP� uptake was higher in T5
cells (�133 � 2 mV) than in KF707 cells (�118 � 2 mV). The
latter result clearly suggests that T5 cells are more resilient to
perturbation of the membrane potential caused by tellurite.

Metabolite changes in response to tellurite. NMR spectra of
whole-cell extracts tend to be complex due to the presence of
a large number of diverse compounds, and therefore, multi-
variate statistical methods need to be applied in order to
gather meaningful information. We used targeted profiling 1H
NMR metabolomics and multivariate data analysis tools to
characterize the metabolic responses of KF707 and T5 strains
to tellurite.

Metabolic profiles of whole-cell extracts were obtained from
KF707 wild-type and T5 cultures exponentially growing in LB
with similar doubling times (�1 h) and exposed or nonexposed
to tellurite (25 �g ml�1) for 30 min. This exposure time rep-
resents the point before maximal damage was produced in
KF707 and recovery of RSH content took place in T5 (Fig. 2).
For each sample, 10 to 12 replicates were examined, and Fig.
4 shows representative 1H NMR spectra for the wild-type and
T5 strains exposed or not exposed to tellurite. 1H NMR spectra
were processed using the Chenomx NMR Suite 4.6 software
package, which contains an extensive metabolite reference li-
brary for the identification of metabolites. By this approach, 28
metabolites could be identified and quantified, accounting for
the majority of the peaks present in a single NMR spectrum
(not shown).

The metabolite concentrations of two samples were com-
pared using OPLS-DA. The statistical parameters for the three
models that were obtained are given in Table 1, and coefficient
plots for each model are shown in Fig. 5. In order to compare
the KF707 and T5 models with and without tellurite, we pro-
duced a VIP–shared-and-unique structure (VIP-SUS) plot

FIG. 2. Effects of tellurite on viability and RSH loss of wild-type
and T5 cells exposed to K2TeO3 (25 �g ml�1) during exponential
growth in LB. Viability is expressed as a percentage of viable cells
recovered after 30 or 60 min of exposure compared to the initial
number of viable cells (5% standard deviation). RSH loss is expressed
as a percentage of oxidized RSH at a given time point during exposure
to tellurite over the initial content (5 to 8% standard deviation).
Negative values indicate RSH oxidation.

FIG. 3. Membrane potential measurements for KF707 wild-type (left) and T5 (right) cells. The values of the membrane potentials measured
for the wild-type and T5 strains in the presence (�TeO3

2�) or absence (LB) of tellurite are indicated at the far right. The dashed traces show the
distribution of the TPP� cation (1 �M) after the addition of tellurite to KF707 (left) and T5 (right) cells growing in LB. VAL, valinomycin (4 �M);
NIG, nigericin (3 �M); FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone (5 �M).
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(43) (Fig. 6). Coefficient and VIP-SUS plots showed which
metabolites were statistically significant for the discrimination
of wild-type and T5 samples and possibly biochemically rele-
vant for the characterization of the response to tellurite of both
strains.

Our analysis showed that the KF707 wild-type and T5 strains
are different at the biochemical level, with glutathione causing
the most difference between the two strains (Fig. 5A). Also

higher in T5 were NAD�, adenosine, leucine, histidine, ty-
rosine, betaine, valine, threonine, methionine, and alanine.
When comparing the wild-type samples with and without tel-
lurite, we observed variation of several metabolites (i.e., in-
crease in threonine, leucine, tyrosine, betaine, serine, lysine,
isoleucine, alanine, arginine, valine, glutathione, and adeno-
sine levels) (Fig. 5B), which were different from the metabo-
lites varying in T5 with and without tellurite (i.e., decrease in

FIG. 4. Representative 1H NMR spectra from each of the four samples tested in the metabolomics analysis (i.e., wild-type KF707, T5, KF707
with tellurite, and T5 with tellurite). The insets display a zoomed region of the spectra corresponding to the metabolite glycerol, shown as an
example of significant variation across the samples and contributing to the multivariate models (see Fig. 5).

TABLE 1. Multivariate analysis of metabolite concentrations obtained by 1H NMR targeted profilinga

Model
Model statistics

Components Important metabolites
R2 Q2

Wild type and T5 0.613 0.385 1 � 1 Glutathione, adenosine, leucine, betaine,
NAD�, valine, histidine, glycerol,
tyrosine, alanine, methionine, threonine

Wild type with and without tellurite 0.740 0.313 1 � 2 Glycerol, tyrosine, betaine, leucine,
isoleucine, valine, threonine, arginine,
alanine, lactate, adenosine, glutathione,
lysine, serine

T5 with and without tellurite 0.732 0.337 1 � 2 Aspartate, glutamate, histidine, glycine,
tryptophan, tyrosine, phenlyalanine,
leucine, valine

Wild type with tellurite and T5 �0.172 0.134 1 � 1 NA
Wild type with tellurite and T5 with tellurite 0.447 �0.338 1 � 1 NA

a From NMR spectra, compounds were identified and quantified using the Chenomx software. Metabolites were examined by OPLS-DA to determine compounds
that contributed most to the models. R2 and Q2 values represent the goodness of fit and the fraction of data correctly predicted in model cross-validation, respectively.
NA, not applicable.
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glutamate, aspartate, glycine, histidine, tryptophan, and ty-
rosine levels) (Fig. 5C). In particular, the VIP-SUS plot (Fig.
6) showed which of the identified metabolites were specific to
the T5 response, to the wild-type response, or to the responses

of both strains to tellurite. The results here indicated that the
variations of glutamate, aspartate, glycine, and histidine upon
addition of tellurite were specific to the T5 response (Fig. 6,
upper left quadrant). Conversely, the variations of betaine,
isoleucine, glycerol, and threonine were specific to the wild-
type response to tellurite (Fig. 6, lower right quadrant). Me-
tabolites such as tyrosine, leucine, and valine were important
for both models (Fig. 6, upper right quadrant).

Notably, we were not able to generate significant models
when comparing KF707 with tellurite and T5 or KF707 and T5
both with tellurite (Table 1). These results suggested that sim-
ilar metabolic profiles characterized wild-type KF707 with tel-
lurite and T5, as well as wild-type KF707 and T5 both with
tellurite.

Characterization of sensitivity to chemical stressors by Phe-
notype MicroArray analysis. The KF707 wild-type and T5
strains were tested on Phenotype MicroArrays for sensitivity to
chemical stressors (Phenotype MicroArray plates 13B, 16A, and
17A). These assays provided information about the effects of toxic
chemicals on KF707 metabolism by coupling cellular respiration
to the reduction of a chromogenic tetrazolium dye (1).

The comparison of the T5 phenotype with that of the wild type
(Table 2) confirmed T5 hyperresistance to potassium tellurite and
showed that increased resistance to other toxic metals, such as
sodium selenite, chromium chloride, aluminum sulfate, and
cesium chloride, was also gained. No difference was observed for
resistance to nickel chloride, potassium chromate, thallium(I) ac-
etate, cobalt chloride, cupric chloride, ferric chloride, and sodium
tungstate. In addition, T5 was resistant to higher doses of diamide
(diazenedicarboxylic acid bis-N,N-dimethylamide), a quencher of
glutathione; 1-chloro-2,4-dinitrobenzene, a standard substrate for
glutathione S-transferases; and phenylarsine oxide, which reacts
with sulfhydryl groups of closely spaced cysteinyl residues in pro-
teins. Increased resistance was also observed for T5 tested against
protamine sulfate and organic acids which perturb the membrane
potential; against the purine base analogues 6-mercaptopurine
and caffeine; and against the compounds sulfamonomethoxine
and D-serine, which are inhibitors of folate and pantothenate
synthesis, respectively. Notably, in comparison to the wild-type
KF707, T5 did not show decreased resistance to any of the chem-
ical stressors tested in this study.

DISCUSSION

Previous studies have shown that tellurite exerts various
effects on the cellular physiology of P. pseudoalcaligenes
KF707, such as the release of reactive oxygen species, the
oxidation of RSH, and the structural and functional modifica-
tion of the respiratory chain (10, 31). The interaction of tellu-
rite with membrane redox systems and thiol compounds has
been suggested to play a role in tellurite reduction and detox-
ification in several bacterial species (45). However, tellurite-
induced remodeling of the KF707 respiratory chain was not
correlated with the tellurite/tellurium reduction mechanism
(10), thus raising the question of whether these modifications
only reflected tellurite poisoning of metabolic functions. Ad-
ditionally, in the KF707 intracellular environment, the pro-
oxidant ability of tellurite is low in comparison to that of other
well-know oxidants, such as diamide and paraquat, although
cellular viability is more dramatically affected (31). These ob-

FIG. 5. Coefficient plots showing the increase or decrease in con-
centration for each of the metabolites identified by targeted profiling.
Each plot corresponds to the OPLS-DA model in Table 1, comparing
the wild type with T5 (A), the wild type with and without tellurite (B),
and T5 with and without tellurite (C). The coefficient along the y axis
is a measure of both the magnitude and direction of change of metab-
olite concentrations between the two states compared in each model.
The black dots indicate which metabolites contribute significantly to
the OPLS-DA models (VIP of 	1; see Materials and Methods for
further details). Error bars indicate standard deviations.
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servations lead to the assumption that oxidative stress accounts
for only part of the tellurite-mediated toxicity and that other,
as-yet-unknown stress events might contribute to the highly
toxic behavior of this oxyanion.

In the present study we report the isolation and character-
ization of a tellurite-hyperresistant strain (T5), which main-
tains growth potential in the presence of tellurite (Fig. 1 and
2). Phenotype MicroArrays (1) and targeted profiling metabo-
lomics (41) were used here to examine the metabolic status of
the KF707 wild-type and T5 strains and to investigate the
responses to tellurite of both strains. These analyses demon-
strated that T5 and wild-type cells exponentially growing in LB
at comparable growth rates are biochemically different and
mount different metabolic responses to tellurite (Fig. 5 and 6).
The differences in metabolite levels observed for KF707 and
T5 cells could result from different nutrient uptake and/or
different metabolic activities, given that bacterial cells growing
in LB rich medium are not likely to experience nutrient limi-
tations. KF707 and T5 metabolite samples were collected at a
time point before maximal damage was produced for wild-type
cells and recovery took place for T5 cells. In this way, we
sought to obtain metabolite profiles which were not biased by
either death or recovery effects but contained primary biomar-
kers of tellurite toxicity.

In the absence of tellurite, higher levels of glutathione were
measured for the T5 strain than for the wild type (Fig. 5A).
Increased resistance to diamide and 1-chloro-2,4-dinitroben-
zene, which are oxidants for glutathione, was also observed

(Table 2). Together with glutathione, the levels of branched-
chain amino acids (i.e., valine and leucine) were higher in T5,
a result that is in agreement with the metabolomic changes
observed for Escherichia coli under paraquat-induced oxidative
stress (37). In that E. coli study by Tweeddale et al. (37), an
active role for valine in reactive oxygen species detoxification
pathways was suggested. However, those authors also observed
that requirements for branched chain amino acids had previ-
ously been linked to the inhibition imposed by superoxide
oxyanions on dihydroxyacid dehydratase [Fe-S] enzymes (6,
11), which participate in the biosynthesis of branched-chain
amino acids and pantothenate. The concomitant increase of
glutathione and branched-chain amino acids observed in T5
metabolic profiles did match with an increase of the basal
levels of resistance to paraquat (not shown). Therefore, the
activation of the antioxidative stress response in the absence of
oxidative pressure could constitute one of the mechanisms
accounting for the T5 tellurite-hyperresistant phenotype. No-
tably, the activation of the cellular response against superoxide
oxyanions is known to increase bacterial resistance to tellurite
(4, 31), and E. coli sod mutants have proven to be highly
sensitive to tellurite (34).

Adenosine levels in T5 were observed to vary significantly
between the metabolic profiles of the two strains in the
absence of tellurite. Adenosine accumulation has been ob-
served during entry into stationary phase and slow growth of
E. coli (25, 36). The increased resistance to caffeine and
6-mercaptopurine displayed by T5 (Table 2) may indicate

FIG. 6. VIP-SUS plot for the models comparing the wild type with and without tellurite and T5 with and without tellurite. Metabolites along
the x axis are important for the wild-type model (lower right quadrant), whereas metabolites along the y axis are important for the T5 model (upper
left quadrant). Metabolites with x and y values higher than 1 are important for both models (upper right quadrant). A variable is considered
important to a model if the VIP is 	1 (see Materials and Methods for further details). The VIP value is a composite measure of a metabolite’s
importance in explaining the statistical variance and the predictive value of the model.
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altered enzymatic activities for the metabolism of purine
bases, although an accumulation from an exogenous source
cannot be ruled out. It is worth noting, however, that the T5
strain exhibited increased resistance to the bacteriostatic
agents D-serine and sulfamonomethoxine. D-Serine inhibits
bacterial growth by affecting L-serine and pantothenate syn-
thesis, while sulfamonomethoxine interferes with the bio-
synthesis of folic acid. Tetrahydrofolate is a carrier of one-
carbon units in purine bases synthesis, pantothenate
biosynthesis, and the metabolism of amino acids such as
methionine, histidine, serine, and glycine. L-Serine, in par-
ticular, plays a key role in the synthesis of cysteine, the
metabolism of which is linked to glutathione biosynthesis
and relevant to tellurite resistance (12, 20, 29, 38).

Betaine (glycine betaine) can serve as a source of carbon
and nitrogen, but it also constitutes an osmolyte compound
under hyperosmolar stress (19). The increased level of be-
taine in T5 profiles in comparison to the wild type was not
dependent on variations in osmolarity, as both strains were
grown under identical conditions. As shown by Phenotype
MicroArrays, T5 is also resistant to toxic chemicals perturb-
ing both the 
� and 
pH components of the membrane
potential. These results are of particular interest consider-
ing that tellurite has a disrupting effect on the integrity of

the plasma membrane of R. capsulatus cells (2). We report
here that the membrane potential (
�) generated by KF707
wild-type cells grown in the presence of tellurite is approx-
imately 30% lower than that seen in cells grown in the
absence of tellurite. Conversely, the 
� generated by T5
cells grown in the presence of TeO3

2� is only 14% lower
than the potential measured in T5 cells grown in the absence
of tellurite. Possibly, an increase in plasma membrane sta-
bility, i.e., permeability to protons, is another mechanism
accounting for the T5 hyperresistance to tellurite toxicity.

When tellurite was added to wild-type KF707, we observed
a variation in the concentrations of numerous metabolites (Fig.
5B), which could be due to the poisoning of enzymatic activi-
ties as well as the accumulation of metabolites important for
the cellular response to tellurite stress. However, the metabolic
reconfiguration of KF707 cells exposed to tellurite is likely not
to be supported by the full activation of the cellular repair
machinery, as was shown by poor activation of the superoxide
dismutase-mediated response in tellurite-treated wild-type
cells (31). It is interesting to note that several metabolites that
changed in KF707 as a result of tellurite exposure (i.e., gluta-
thione, adenosine, betaine, and branched-chain amino acids)
also varied in the T5 strain in the absence of tellurite. In line
with this observation, the statistical analysis showed that the

TABLE 2. Phenotype Microarray analysis of tolerance to chemical stressors for the T5 strain in comparison to wild-type KF707

Mode of action Compound T5 tolerance

Toxic metal Potassium tellurite, sodium selenite, aluminum sulfate, chromium chloride,
cesium chloride

Increaseda

Nickel chloride, potassium chromate, thallium(I) acetate, cobalt chloride,
cupric chloride, ferric chloride, sodium tungstate

No difference

Protein synthesis, aminoglycoside Geneticin, streptomycin Increased

Protein synthesis, macrolide Tylosine Increased

DNA gyrase, topoisomerase IV, quinolone Cinoxacin Increased

Cell wall, cephalosporin Cefotaxime Increased

Oxidant, thiols Diamide, 1-chloro-2,4-dinitrobenzene, phenylarsine oxide Increased

Fungicide, phenylsulfamide Dichlofluanid Increased

Channel blocker (Ca2�, K�) Ruthenium red, 4-aminopyridine Increased

Membrane detergent Cetylpyridinium chloride Increased

Weak organic acid Sorbic acid, thiosalicylic acid Increased

Membrane perturbation Protamine sulfate Increased

Purine synthesis inhibitor 6-Mercaptopurine Increased

Adenosine antagonist Caffeine Increased

Folate antagonist, sulfonamide Sulfamonomethoxine Increased

3-Phosphoglyceric acid dehydrogenase inhibitor D-Serine Increased

Amino acid analogue Glycine hydroxamate Increased
L-Glutamic-�-hydroxamate, DL-methionine hydroxamate No difference

a Increased resistance was established when the average height parameter went over the suggested Biolog threshold (100 average height units) for the T5 strain in
comparison to the wild type.
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metabolite profiles of T5 in the absence of tellurite and of
KF707 with tellurite lack variance (Table 1), indicating that
similar metabolic features characterized the two profiles. Al-
together, these results suggest that T5 cells, which are able to
recover from tellurite stress, are in a metabolic state primed for
tellurite exposure.

A different metabolic response was observed for the T5
strain exposed to tellurite (Fig. 5C). In this case, a decrease in
glutamate, aspartate, glycine, histidine, and tryptophan levels
was measured. Glutamate and aspartate are glucogenic amino
acids which can be converted to citric acid cycle intermediates,
thus fuelling cellular metabolism. -Ketoglutarate and oxalo-
acetate are the precursors of glutamate and aspartate and are
part of the Chenomx search database used in this study. Un-
fortunately, these metabolites could not be detected, possibly
because their concentrations were below the limits of detection
of the NMR-based technique applied in this study. On the
other hand, glutamate and glycine are two substrates for glu-
tathione synthesis and their variation could reflect increased
synthesis of glutathione. It is interesting to note that the vari-
ation of glutathione did not contribute to the model involving
the comparison of T5 with and without tellurite (Fig. 5C),
while its variation was statistically relevant for the comparison
of T5 with KF707 (Fig. 5A) and of KF707 with and without
tellurite (Fig. 5B). In order to provide a physiological basis for
this observation, it is possible to hypothesize that the increased
concentration of glutathione in T5 cells (Fig. 5A) might help to
buffer the oxidant effect of tellurite on cellular thiols. Thus,
glutathione levels do not change significantly when tellurite is
added to T5 cells, while the variation is significant for the
parental strain exposed to the toxic metal. The question of
whether the changes in cellular biochemistry observed in the
T5 cells in response to tellurite actively contribute to the fitness
remains to be examined. Future studies will take into consid-
eration which of the observed variations are adaptive to tellu-
rite stress.

In conclusion, we have shown that the establishment of high-
level tellurite resistance in the T5 mutant of P. pseudoalcali-
genes KF707 correlates with multiple biochemical responses,
such as the oxidative stress response, resistance to membrane
perturbation, and extensive reconfiguration of cellular metab-
olism. Considering the conservation of primary metabolites
and metabolic pathways in living organisms, bacterial metab-
olism could be used to model the toxic action of metals and
other antimicrobial agents and to describe resistance mecha-
nisms that are universally conserved.
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