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Abstract Natural habitats are often characterized by the

coexistence of Zn and Cr. This study assessed the potential

of two Gram-positive, Cr(VI)-reducing, aerobic bacterial

strains belonging to Arthrobacter genera, which were iso-

lated from basalt samples taken from the most polluted

region of the Republic of Georgia, to remediate Cr(VI) in

environments in the presence of Zn(II). Our batch experi-

ments revealed that the addition of Zn(II) to the tested

bacterial cells significantly enhanced the accumulation of

Cr. According to electron spin resonance (ESR) measure-

ments, the presence of Zn(II) ions did not change the nature

of Cr(V) and Cr(III) complexes generated during the

microbial reduction of Cr(VI). The efficiency of Cr(VI)

reduction also remained unchanged after the addition of

50 mg/l of Zn(II) to the bacterial cells. However, at high

concentrations of Zn(II) (higher than 200 mg/l), the

transformation of Cr(VI) to Cr(V) and Cr(III) complexes

decreases significantly. In addition, it was shown that the

accumulation pattern of Zn in the tested bacterial species in

the presence of 100 mg/l of Cr(VI) fits the Langmuir–

Freundlich model well. The two tested bacterial strains

exhibited different characteristics of Zn accumulation.
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Introduction

Arthrobacter species are common soil bacteria [12]. They

have a great potential for detoxification of the environment

[13, 20, 24]. Specifically, they can degrade aromatic

compounds and humic substances [13, 24]. Arthrobacter

species are also resistant to heavy metals [20]. In our recent

studies we established that the Gram-positive bacterial

strains of Arthrobacter genera isolated from basalt samples

which were taken from the most polluted regions of the

USA and the Republic of Georgia can reduce and detoxify

Cr(VI) with a high efficiency under aerobic conditions

[4, 9, 22, 23]. Our electron spin resonance (ESR) experi-

ments revealed that Cr(VI) is reduced to less toxic Cr(III)

compounds through the formation of oxo Cr(V) diols at the

surface of bacteria [4, 9]. Later, the decomposition of

Cr(V) diols to Cr(III) complexes was also investigated

[23]. Cr(V) species are mutagenic in bacteria and genotoxic

in mammalian cells [11]. Therefore, the formation and the

lifetime of Cr(V) intermediates should be evaluated care-

fully. Thus far, no studies have examined the formation of

Cr(V) species in Cr(VI)-reducing bacteria in the presence

of other heavy metal ions. Besides, until now only a few

laboratory studies have investigated the response of

microorganisms to chromium stress in the presence of

other metal ions [7, 8, 14].

The purpose of our study was to assess the potential of

Arthrobacter species isolated from polluted regions of

Georgia to remediate Cr(VI) in the presence of Zn(II).

Specifically, our aims were (1) to study the uptake of dif-

ferent concentrations of Cr(VI) by the tested bacteria in the
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presence of Zn(II), and on the contrary, (2) the uptake of

different concentrations of Zn(II) by tested bacteria in the

presence of Cr(VI); (3) to investigate dynamics of the

formation of Cr(V) and Cr(III) complexes in Arthrobacter–

Cr(VI) systems in the presence of Zn(II). These goals are

relevant because natural habitats are very often character-

ized by the coexistence of Zn and Cr, and zinc is an

essential metal ion but at higher concentrations it becomes

toxic [13].

Materials and methods

Bacterial strains

Two Gram-positive, Cr(VI)-reducing, aerobic bacterial

strains belonging to Arthrobacter genera—A. globiformis

151B and Arthrobacter sp. 61B—were used as our model

bacteria. These bacteria were isolated from polluted basalts

taken from Kazreti (Republic of Georgia) [21].

Bacterial growth conditions and sample preparation

All chemicals used in the experiments were ACS reagent

grade, produced by Sigma (St. Louis, MO, USA).

The bacteria were grown aerobically in the following

nutrient medium: 10 g of glucose, 10 g of peptone, 1 g of

yeast extract, 2 g of caseic acid hydrolysate, 5 g of NaCl,

and 1 l of distilled water. Bacterial cells were grown in

500-ml Erlenmeyer flasks as a 100-ml suspension. The

medium was inoculated with 0.1 ml of overnight broth and

incubated at 21�C being shaken continuously. Cr(VI) as

K2CrO4 and Zn(II) as ZnSO4 were added simultaneously to

the bacterial cell cultures at the early stationary phase of

their growth. Two sets of experiments were performed. In

the first one 50 mg/l of Zn(II) was added to the bacterial

cells at a given concentration of Cr(VI) within the range of

50–1,000 mg/l. In the second set, 100 mg/l of Cr(VI) was

added to the bacterial cells at a given concentration of

Zn(II) within the range of 50–1,000 mg/l. After being

cultivated for 5 days the cells were harvested by centrifu-

gation (12,000 g, 15 min, 4�C), rinsed twice in a 20 mM

phosphate buffer, and subjected to ESR analysis. For

atomic absorption spectrometry (AAS) measurements this

wet biomass was placed in an adsorption-condensation

lyophilizer and dried following the procedure reported in

[15].

Methods of measurements

The ESR method was employed to monitor and identify the

formation of Cr(V) and Cr(III) complexes in bacterial

systems. To estimate both the total chromium and zinc

content in bacterial cells, we performed AAS on the cells

after the wet ashing of the cells by concentrated nitric acid.

ESR measurements

ESR was the key method employed in this study. ESR

measurements were carried out on the RE 1306 radio

spectrometer (Russia) with 100-kHz modulation at

9.4 GHz. The experiments were performed at ambient

temperature (300 K). The typical settings for spectral

acquisition are described elsewhere [9]. In each case, the

parameters are given in the figure captions. The ESR signal

intensity was measured by the peak-to-peak height of the

signal (the width of ESR line does not change and therefore

the signal intensity is proportional to the concentration of

paramagnetic centers). To measure the value of the g-factor

accurately, we took into account the difference in the

values of the magnetic field caused by different positions of

the samples and by the sensor used for magnetic field

measurement. We measured the values of the g-factor of

the standards, obtained the small difference, and included

them in the measurements of g-factors of the samples. The

error in the value of the g-factor was ±0.0003 and ±0.005

for Cr(V) and Cr(III), respectively.

AAS measurements

The total chromium and total zinc contents in bacteria were

measured using an atomic absorption spectrometer (Beck-

man 495, USA) with an acetylene–air flame. The detection

was carried out at 357.9 nm (for chromium) and at

213.8 nm (for zinc). The instrumentation detection limit

for the Cr measurement was 0.02 lg/ml and for Zn was

0.01 lg/ml.

Results and discussion

We recently showed that under aerobic conditions the

accumulation of chromium in A. globiformis 151B and

Arthrobacter sp. 61B is dose-dependent and its character

changes significantly at higher concentrations of Cr(VI)

[22]. Other metal ions can affect the binding efficiency of

Cr(VI) through a simple additive effect or by synergetic

and antagonistic interactions [6]. To study the effect of

coexisting zinc on the uptake of chromium, in the first set

of experiments 50 mg/l of Zn(II) was added to the bacterial

cells. Note that each set of experiments was replicated at

least three times and the data shown in the figures represent

averaged values. In Fig. 1, for comparison, the level of Cr

accumulation at different Cr(VI) concentrations in the

nutrient medium (in the absence of Zn(II)) is also presented

which illustrates that for both bacteria the character of Cr
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accumulation changed significantly when 50 mg/l of Zn(II)

was added to the bacterial cells. Specifically, in each case,

the level of chromium accumulation was much higher at

each given concentration of Cr(VI) and, besides, it became

almost constant within the tested range of Cr(VI). The

obtained result can be explained as follows: Zn(II) ions can

bind to negatively charged groups on the surface of bac-

terial cells and these metal ions might then assist the

contact between CrO4
2- ions and bacterial cells.

The survival of Arthrobacter species is decreased with

the increase of Cr(VI) content in the nutrient medium [1].

Our current experiments revealed that after addition of

50 mg/l of Zn to the nutrient medium, the number of

bacterial cells practically did not decrease with the increase

of Cr(VI) concentration (Fig. 2a). Zinc plays an important

role as an essential trace element in development, growth,

and differentiation of all living systems [16]. It is a com-

ponent of enzymes and is also known to be the stabilizer of

membranes and various macromolecules. The second set of

experiments, in which the different concentrations of Zn(II)

were added to the bacterial growth medium together with

100 mg/l of Cr(VI) at each given concentration of Zn, also

points to a certain positive effect of Zn. Figure 2b shows

that the biomass of both bacteria increased almost linearly

with the increase of Zn content in the nutrient medium. For

resistance to physiologically required metals, the survival

is optimized by cooperation between the resistance mech-

anism and the normal cellular metabolism, allowing the

cell to accumulate sufficient metal to maintain the metal-

dependent activities [2, 3, 17]. According to data presented

in Fig. 2b, the concentration of Zn within the range of

50–1,000 mg/l promotes the normal growth of both bac-

terial species.

Essential metal ions enter the cell through specific and

non-specific uptake systems [5]. The first are fast and

generally driven by the chemiosmotic gradient across the

cytoplasmic membrane of microorganisms. The second

uptake systems are inducible. For example, in the yeast

Saccharomyces cerevisiae there exist two separate systems

for zinc uptake [25]. One system with high substrate

affinity is induced in zinc-deficient cells and the second

having lower affinity is highly regulated by zinc status.

Figure 3 presents the uptake of Zn in A. globiformis 151B

a

b

Fig. 1 Accumulation of chromium by Arthrobacter sp. 61B a and

A. globiformis 151B b in the presence of 50 mg/l of Zn(II) in the

nutrient medium

a

b

Fig. 2 a Effect of Cr(VI) concentration on the growth of Arthro-
bacter sp. 61B (filled circles) and A. globiformis 151B (open squares)

in the presence of 50 mg/l of Zn(II); b Effect of Zn(II) concentration

on the growth of Arthrobacter sp. 61B (filled circles) and A.
globiformis 151B (open squares) in the presence of 100 mg/l of

Cr(VI)
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and Arthrobacter sp. 61B in the presence of 100 mg/l of

Cr(VI) in the nutrient medium. Figure 3 demonstrates that

in the tested bacteria the uptake of zinc, similar to chro-

mium uptake, includes two phases—rapid and slow. The

rapid phase is connected with the metabolism-independent

binding of Zn(II) ions to bacterial surface. The cell wall of

Arthrobacter species contains a second bilayer of waxy

lipids in addition to the thicker peptidoglycan layer, poly-

saccharides, menaquinones, teichoic acids, and proteins

[18]. Functional groups within these biomolecules provide

the amino, carboxylic, sulfydryl, phosphate, and thiol

groups that can bind metal ions. The slower rate of zinc

accumulation can be explained by the intracellular uptake

of Zn(II) ions.

Figure 3 also demonstrates the difference between Zn

uptake by A. globiformis 151B and Arthrobacter sp. 61B.

Specifically, for Arthrobacter sp. 61B the rate of Zn

accumulation slows down earlier than for A. globiformis

151B with the increase of Zn(II) loading.

To quantify Zn uptake by the tested bacteria, the

Langmuir–Freundlich (LF) model [19] was used:

q ¼ qmaxðbcÞ
1
n

1þ ðbcÞ
1
n

Here c is the concentration of metal ions; qmax represents

the maximum metal accumulation; b is the affinity

parameter of the isotherm reflecting the high affinity of

the biosorbent for the sorbate; and n is the empirical

parameter that varies with the degree of heterogeneity.

It follows from Fig. 3 that the zinc accumulation by

cells fits the LF model well. R2 and the fitting parameters

for the LF fit to the accumulation curve of A. globiformis

151B and Arthrobacter sp. 61B are presented in Table 1.

According to these data, in the presence of 100 mg/l of

Cr(VI), the affinity of zinc accumulation is an order of

magnitude higher in Arthrobacter sp. 61B than in

A. globiformis 151B. As a result, in the Arthrobacter sp.

61B cells the maximum amount of zinc was reached at

lower concentrations of Zn(II) in the nutrient medium.

Besides, the A. globiformis–Zn(II) system can be consid-

ered as heteregenous (n \ 1), contrary to the other bacte-

rial–metal system (here n = 1). It is also found that the

maximum amount of Zn accumulated in both bacteria is

almost equal but exceeds about 4–5 times that of Cr [22].

In the last set of experiments the effect of Zn on Cr(VI)

reduction by A. globiformis 151B was studied. According

to ESR measurements, in bacterial systems the Cr(V) ESR

line is characterized by a g-factor of 1.980 and a line width

of 12 G (corresponding to Cr(V) diols) and the Cr(III) ESR

signal is characterized by a g-factor of 2.02 and a line

width of 650 G (corresponding to Cr(III) hydroxide) [4, 9].

Thus, the presence of Zn(II) ions did not change the nature

of Cr(V) and Cr(III) complexes generated during the

reduction of Cr(VI) by this bacterial strain.

Figure 4a presents Cr(V) and Cr(III) ESR signal inten-

sities in A. globiformis 151B at different Cr(VI) concen-

trations in the presence of 50 mg/l of Zn(II) in the nutrient

medium. At each given concentration of Cr(VI), the bac-

teria were cultivated for 5 days. This figure illustrates the

dose-dependent formation of Cr(V) and Cr(III) complexes

in A. globiformis 151B. The Cr(V) ESR signal intensity

increases with the increase of Cr(VI) concentration in the

nutrient medium. Formation of Cr(III) complexes

was pronounced at the beginning (within the range of

50–500 mg/l) and then became slower at higher concen-

trations of Cr(VI). This behavior of Cr(V) and Cr(III)

complexes is similar to that of the Arthrobacter–Cr(VI)

system without Zn(II) [10], for which it was concluded that

the excessive amount of Cr(V) and Cr(III) formed in the

interval of 500–700 mg/l probably stressed the bacterial

cells and made them lose their ability to transform newly

formed Cr(V) complexes into Cr(III).

A completely different picture was obtained when

100 mg/l of Cr(VI) was reduced by A. globiformis 151B in

the presence of different concentrations of Zn(II) (Fig. 4b).

It follows from this figure that the maximum amount of

Cr(V) and Cr(III) complexes was generated at 50 mg/l of

Zn(II) in the nutrient medium and then was decreased with

the increase of zinc content in the nutrient medium.

Besides, it follows from Fig. 4b that the number of

Cr(V) diols was already decreased significantly at low

concentrations of Zn, while the number of Cr(III) com-

plexes was decreased gradually. For example, at 200 mg/l

of Zn(II), the Cr(V) ESR signal intensity was almost halved

and the Cr(III) ESR signal intensity decreased only by

about 15%. Earlier we established that the reduction of

Cr(VI) by Arthrobacter species begins at the surface of

bacteria [5]. Therefore, it can be suggested that the high

Fig. 3 Accumulation of zinc by Arthrobacter sp. 61B (filled
triangles) and A. globiformis 151B (open circles) in the presence of

100 mg/l of Cr(VI) in the nutrient medium
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concentrations of Zn made the contact of Cr(VI) with the

bacterial surface impossible and, as a result, caused the

decrease of transformation of Cr(VI) to Cr(V).

Conclusions

In bacteria isolated from polluted basalts in the Republic of

Georgia—A. globiformis 151B and Arthrobacter sp. 61B—

we studied: (1) the uptake of different concentrations of

Cr(VI) in the presence of 50 mg/l of Zn(II), and (2) the

uptake of different concentrations of Zn in the presence of

100 mg/l of Cr(VI). AAS measurements revealed that the

addition of Zn(II) to the tested bacterial cells significantly

enhanced the accumulation of Cr. Experiments also

revealed that the accumulation of Zn is dose-dependent and

it follows the Langmuir–Freundlich model well in both

bacteria. The comparative analysis of zinc accumulation

showed that this process took place differently in the dif-

ferent bacterial strains. However, in both cases the pres-

ence of zinc had a positive effect on the growth of bacteria.

According to the ESR data, the presence of Zn(II) ions

did not change the nature of Cr(V) and Cr(III) complexes

generated during the reduction of Cr(VI) by A.globiformis

151B. Besides, the behavior of Cr(V) and Cr(III) com-

plexes was found to be similar to that of complexes gen-

erated in the Arthrobacter–Cr(VI) system without 50 mg/l

of Zn(II). However, high concentrations of Zn(II) (more

than 200 mg/l) made the contact of Cr(VI) with the bac-

terial surface impossible and caused the decrease of

transformation of Cr(VI) to Cr(V) and then to Cr(III).
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