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Abstract Bacteria are regarded as the most effective in
the detoxification of heavy metals, being environmental
compatible. Metalloresistant bacteria are usually found
in nature in highly contaminated environment where
they interact with a combination of several toxic metals.
For the present research, Arthrobacter oxydans and
Arthrobacter globiformis have been isolated from the
soil samples of the most polluted regions of Georgia,
rich with manganese and iron, and contain co-produced
toxic metals such as Cr, V, Zn, Ni, Pb, and Mo. We have
studied the effects of the metals with different valence/
charge on the metalloresistant Arthrobacter spp., the
divalent cation—Zn(II) and the hexavalent anion—
Cr(VI). The permanent presence of a nontoxic concen-
tration of zinc alone or zinc together with the subtoxic
concentration of chromium at the growth of A. oxydans
and A. globiformis as batch culture causes the activation
of the zinc primary uptake system transporters from the
ZIP family (Zrt1). Chromium does not affect the pro-
cess. The studied Arthrobacter spp. differ by the char-
acter of the activation of the antioxidant defense system.
Chromium and zinc concomitant action causes the
strongest oxidative stress in the case of A. globiformis

that is demonstrated by the increased activity of super-
oxide dismutase (SOD) and catalase. In the case of
A. oxydans, the zinc separate action, and the joint action
of zinc and chromium decreases the activity of SOD and
catalase. The antioxidant system is active in
A. globiformis at the prolonged action of metals (96 h),
whereas the cells of A. oxyidans activate the other de-
fense mechanisms to survive.
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1 Introduction

The low concentrations of heavy metals such as zinc,
copper, and chromium are essential for growth and
development of living organisms, but are toxic at high
concentrations. The accumulation of metals in soil and
water may cause soil degradation, decline of crop yields
and its quality, pollution of surface water and ground-
water. These processes could influence the food produc-
tion and affect human health. It has been demonstrated
that the increased level of the heavy metals in the
environment complicates the possibility of their removal
by the existing contemporary methods (Tang et al. 2014;
Tchounwou et al. 2012). Nowadays, the method of
microbial remediation could be regarded as an innova-
tive and promising technology. It uses microorganisms
for the accumulation and detoxification of the pollut-
ants. Bacteria are more effective in bioremediation,
followed by fungi and actinomycetes. Microbial
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remediation does not destroy the soil environment for
plant growth, is not secondary pollution, and does not
transfer the pollutants to residuals (Akshata et al. 2014;
Ayangbenro and Babalola 2017; Gupta et al. 2016).

The experimental results show that microorganisms
differ in their way of heavy metals detoxification. In
addition, different strains of the same bacteria species
also exhibit different processing capabilities (Tang et al.
2014; Tchounwou et al. 2012). In general, there are two
basic heavy metal ion resistance mechanisms: (i) forma-
tion of the insoluble toxic metal complexes and (ii)
reduced accumulation of toxic metals based on active
efflux of the cations. Binding factors and enzymatic
transformations such as oxidation, reduction, methyla-
tion, and demethylation play a role as defense mecha-
nisms in bacteria as well (Hynninen 2010). The toxicity
of heavy metals, apart from their immediate action, is
often revealed by the formation of reactive oxygen
species (ROS) and oxidative damage (Ercal et al.
2001; Schutzendubel and Polle 2002; Valko et al. 2016).

Arthrobacter is a common genus of soil bacteria, all
species of which are Gram-positive, obligate aerobes,
metabolically versatile, produce many different en-
zymes, and grow on a wide range of substrates. The
high ability to survive has been attributed to the
Arthrobacter’s unique morphological cycle that allows
it to remain in a stable, coccoid form at stressful times.
The metabolic diversity of Arthrobacter species pro-
vides the possibility to biodegrade various types of
pollutants in the environment and survive under stress-
ful conditions induced by starvation, ionizing radiation,
oxygen radicals, and toxic chemicals (Camargo et al.
2003; Scheublin and Leveau 2013; Westerberg et al.
2000).

Metalloresistant bacteria are usually found in nature
in the highly contaminated environment where they
interact not only with one particular metal but also with
combinations. For the present research, the Arthrobacter
species have been isolated from the basalt samples of the
most polluted ecological regions of Georgia (Marneuli,
Zestafoni, Kazreti). These regions are rich with manga-
nese and iron, and contain co-produced toxic metals
such as Cr, V, Zn, Ni, Pb, and Mo (Tsibakhashvili
et al. 2011).

The ions with similar valence often reveal the high
chemical similarity. For example, Zn(II) chemically is
identical to Cd(II) and Pb(II), that the majority of the
transcription factors fail to differentiate between them
(Brocklehurst et al. 2003; Yoon et al. 1991). The same

applies for Cu(I) and Ag(I) (Stoyanov et al. 2001;
Stoyanov and Brown 2003). However, it is less known
about the joint action of the metals with different va-
lence/charge.We have intended to study coactions of the
metals with a different transport system, the transforma-
tion processes and the action mechanisms. For this
purpose, we have chosen the divalent cation—Zn(II)
and the hexavalent anion—Cr(VI). These metals have
different physical structures and biochemical features.
Chromium transforms from Cr(VI) to Cr(III), producing
Cr(IV) and Cr(V) as intermediate products, and zinc is
not characterized by transformation.

Zinc possesses a specific transport system that has
not been demonstrated for chromium. Chromium and
zinc interact with different biomolecules/structural com-
ponents of biomolecules and activate/inactive different
signaling pathways. However, their indirect action
causes similarly the increase of the reactive oxygen
species and the oxidative damage of cells in the detox-
ification processes. Consequently, the joint action of
these metals may have an influence on the cell antiox-
idant status and the metalloresistance of bacteria.

The zinc participates in many intracellular processes
and is essential for the maintenance of the structural
stability of biomacromolecules. Zn(II) serves as a cofac-
tor for more than 300 enzymes (McCall et al. 2000).
Zn(II) also plays an important role in gene expression as
the structural component of Zn(II)-dependent transcrip-
tion factors. High concentrations of zinc may suppress
the aerobic respiration chain that causes toxicity
resulting in the destruction of biological systems
(Beard et al. 1995; Hynninen 2010).

Environmental protection from the hexavalent chro-
mium contamination is one of the main problems as the
Cr(VI) can spread widely because of its anionic mobility
and is a hazard to human health. It is highly toxic,
mutagenic, and carcinogenic (Joutey et al. 2015). Chro-
mium does not have any specific transporter. Cr(VI) can
cross the cell membrane and penetrate into cellular
structures by passive or active transport mechanisms,
but mostly via the sulfate transport system (Viti et al.
2014). Cr(VI) does not interact directly with DNA; its
genotoxicity is attributed to its intracellular reduction to
Cr(III). Cr(III) complexes interact with DNA, that could
affect replication and transcription and cause mutagen-
esis. Additionally, Cr(III) may alter the structure and
activity of enzymes by reacting with their carboxyl
and thiol groups (Daud et al. 2014; Joutey et al. 2015;
Viti et al. 2014). Accompanying products that are
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generated during intracellular reduction of Cr(VI) to
Cr(III) are reactive oxygen species, including singlet
oxygen, superoxide, and hydroxyl radicals and hydro-
gen peroxide, causing various structural damage of
biopolymers.

Several intracellular and extracellular mechanisms
have been described to account for bacterial resistance
to chromate. Extracellular mechanisms include (i) abil-
ity to regulate uptake mechanisms such as the sulfate
uptake shuttle system that is involved in initial cellular
accumulation (Brown et al. 2006); (ii) extracellular ca-
pacity to reduce Cr(VI) to Cr(III), which is then re-
moved easily via reactions with functional groups on
bacterial cell surfaces (Ngwenya and Chirwa 2011); (iii)
capacity to reduce Cr(VI) to Cr(III) in the cell mem-
brane, usually preceded by the adsorption of Cr(VI) to
functional groups that are located on the bacterial cell
surface (Joutey et al. 2013; Opperman and van Heerden
2008). Intracellular mechanisms include (i) intracellular
reduction of Cr(VI) to Cr(III) and (ii) activation of
antioxidant ferments (Ackerley et al. 2006; Cervantes
and Campos-Garcıa 2007; Joutey et al. 2015).

Regardless of the differences in the mechanisms of
zinc and chromium activity, they both produce ROS and
activate the antioxidant systems. Consequently, their
simultaneous action may change the oxidative status of
bacterial cells and their heavy metal resistance. The
purpose of this research is to study the separate action
of zinc and the simultaneous effect of Zn(II) and Cr(VI)
on the cell total protein composition and the status of the
antioxidant defense system.

2 Materials and Methods

2.1 Bacterial Culture and Growth Conditions

The identified endolytic bacteria (Arthrobacter
oxydans and Arthrobacter globiformis) were isolated
from basalts of ecologically most polluted regions of
Georgia (Marneuli, Zestafoni, Kazreti) and used to
study molecular mechanisms of metal resistance
(Tsibakhashvili et al. 2011). In our laboratory, the
cells were maintained as a batch culture in a stan-
dard medium recommended for Arthrobacter species
(Girard and Snell 1983) at a temperature of 21 °C
with constant shaking. Culture growth was moni-
tored by measuring optical density at 490 and
590 nm. 50 ppm Zn(II) and 100 ppm Cr(VI) were

added (separately or simultaneously) at the late-
stationary phase, and the incubation was proceeded
for 96 h. Zn(II) was added as ZnCl2, and Cr(VI) was
added as K2CrO4. In all cases, bacterial culture
growth without or with Cr(VI) and Zn(II) proceeded
without medium replenishment. The viability was
detected by cell growth on agar plates with a cell
suspension dilution.

2.2 Cell Lysate Preparation

Cells were harvested by centrifugation at 10,000 rpm for
10 min (4 °C) and washed twice in 0.15 M NaCl. The
cell pellets were treated with 500 μl of lysis buffer B-
PER, pH 7.5 (Pierce) per 2 × 109 cells overnight at 4 °C.
The lysate was centrifuged at 15,000 rpm for 20 min
(4 °C).

2.3 Analytical Methods

Protein concentration was determined by using the BCA
(bicinchoninic acid) protein assay reagent from Pierce
(Rockford, IL). Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) was performed by the
method of Laemmli (1970), using 10% gels. Molecular
weight markers used were as follows: bovine serum
albumin (66 kDa), glutamate dehydrogenase (52 kDa),
ovalbumin (42 kDa), carbonic anhydrase (30 kDa), and
human Cu,ZnSOD (16 kDa). Twenty-five micrograms
of the total protein was run per lane. The gels were
stained with Coomassie blue R-250.

2.4 SOD in Gel Assay

The technique of SOD assay involves photoreduction
of nitro blue tetrazolium (NBT) for the determination
of activity of SOD following native polyacrylamide
gel electrophoresis. The protein corresponding to
SOD can be then visualized as an achromatic zone
through the inhibition of NBT (Sigma) reduction via
SOD. Achromatic bands were visualized for 50 μg
protein equivalent. Crude extract was mixed with the
loading buffer in the absence of 2-mercaptoethanol
and SDS and loaded into the gel without heating.
Following electrophoresis in 12.5% gels for 3 h at
30 mM, the gels were subjected to two-step staining
procedure described by Steinman (1985).
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2.5 Catalase Activity

Catalase activity in the cell crude extract was deter-
mined by measuring the rate of H2O2 (10 mM)
decomposition in 50 mM potassium phosphate buff-
er (pH 7.0), in the presence of the cell crude extract
at 240 nm and 25 °C, ε H2O2 = 43.6 M−1 cm−1

(Beers and Sizer 1952).

3 Results and Discussion

3.1 Zinc Influence on the Total Protein Composition
of A. oxydans and A. globiformis

The prolonged action of 50 ppm Zn (96 h) generates the
impoverishment of the cell total protein composition,
especially under 30 kDa (Fig. 1). However, the obtained
results have revealed the sharp increase of the clearly
visible 51 kDa protein in A. oxydans and the 42 kDa
protein in A. globiformis.

The stringent maintenance of Zn(II) intracellular/
extracellular concentration level is one of the base
conditions for the existence of living cells. Since
Zn(II) is not capable of passing the cell membrane
through diffusion, Zn transporters have been detect-
ed in the regulation system (Joutey et al. 2015). Zinc
transporters are classified by several different

transporter families: ABC (ATP-binding cassette)
transporters and RND (resistance nodulation divi-
sion) transporters, with most notable member CBA
(consisting of subunits C, B, and A) proteins, which
are found in bacteria, but not in eukaryotes; ZIP—
zinc-regulated transporter (ZRT) etc. (Eide 2006;
Guerinot 2000; Li et al. 2013).

The primary uptake system for zinc is the Zrt1
transporter of the ZIP family that is required for
growth in low zinc conditions. Zrt1 expression
levels are upregulated by zinc intracellular concen-
tration at the transcriptional level. Increased level of
Zn(II) causes Zrt1 overexpression and increases high
affinity uptake of zinc. Zrt1p is the high affinity zinc
transporter located on the plasma membrane, which
participates in the primary uptake of zinc. ZRT1
expression is highly correlated to the intracellular
concentration of zinc (Eng et al. 1998; Gitan et al.
1998; Zhao and Eide 1996, 1997).

According to the literature data, the 42 kDa pro-
tein in A. globiformis could correspond to the Zrt1p
protein (molecular weight: 41,6 kDa) encoded by
ZRT1gene. As for A. oxydans, the increase of the
51 kDa protein could correspond to the Zrt1p pro-
tein (molecular weight: 51,2 kDa) (Eng et al. 1998;
Gitan et al. 1998; Zhao and Eide 1996, 1997).
Therefore, the zinc uptake system is active in the
both bacteria isolates grown in the permanent pres-
ence of 50 ppm Zn(II) for 96 h.

3.2 The Total Protein Composition of A. oxydans
and A. globiformis in Response to Zn(II) and Cr(VI)
Joint Action

The simultaneous effect of chromium and zinc on the
cell total protein composition at their permanent ac-
tion for 96 h has been detected (Fig. 2). The Zn
(50 ppm) in the presence of Cr (100 ppm) slightly
impoverishes the total protein composition of
A. oxydans under 30 kDa at 96 h, as it was already
observed in case of the separate action of Zn (Fig. 1).
In the case of A. globiformis, Zn in the presence of Cr
intensifies some proteins, especially with a molecular
weight (MW) more than 60 kDa and with low mo-
lecular weight with emphasis on the 16 kDa protein
(red arrow). The joint action of Zn(II) and Cr(VI) as
well as the separate action of zinc, intensifies expres-
sion of the 42 kDa and the 51 kDa proteins accord-
ingly in A. globiformis and A. oxydans. Therefore,

Fig. 1 The total protein composition of Arthrobacter sp. in re-
sponse to 50 ppm Zn(II) action. M, marker; C, control cells
without Zn(II) action; Zn, Zn(II)-treated cells for 96 h. Zn(II)
was added at the stationary phase of bacterial culture growth.
The whole protein extract was prepared by cell extraction with
bacterial Buffer B-PER™ (in Phosphate Buffer) (Pierce, USA).
35μg of the total protein was applied to the gel. Green bracemarks
the group of protein fractions with MW between 52 and 42 kDa.
Red arrows mark the protein withMW 42–40 kDa and 50–52 kDa
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the active zinc transport system is not affected by
chromium in both bacterial isolates.

3.3 The Influence of Separate and Joint Action of Zn(II)
and Cr(VI) on the SOD Activity

As it follows from the presented data (Fig. 3), both
metals inhibit SOD activity in A. oxydans regardless of
their separate or simultaneous action. In the case of
A. globiformis, Zn (50 ppm) does not influence the
SOD activity, Cr at the concentration of 100 ppm in-
hibits the enzyme activity, but the joint action of metals
causes the sharp increase of SOD activity. Therefore, in
the case of A. globiformis, separate metals actions on
SOD activity strongly differ from their joint action.

3.4 The Influence of Zn(II) and Cr(VI) Separate
and Joint Action on the Catalase Activity

The action of the studied metals (Cr, Zn) on the
catalase activity differs in the studied Arthrobacter
species (Fig. 4). In the case of A. oxydans, Zn
significantly affects the catalase activity, decreasing
it both in the absence and in the presence of Cr as

Fig. 2 The total protein composition of Arthrobacter sp. in re-
sponse to 100 ppm Cr(VI) and 100 ppm Cr(VI) + 50 ppm Zn(II)
joint action. M, markers; Cr, Cr(VI)-treated cells for 96 h; Cr +
Zn—simultaneously treated cells for 96 h. Metals were added at
the stationary phase of bacterial culture growth. The whole protein
extract was prepared by cell extraction with bacterial Buffer B-
PER™ (in Phosphate Buffer) (Pierce, USA). 35 μg of the total
protein was applied to the gel. Red arrow marks the protein with
MW 16 kDa

Fig. 3 The influence of Zn(II) and Cr(VI) separate and joint
action on the SOD activity estimated by the photochemical NBT
method of SOD detection in 12.5% native gel. 50 ppm Zn(II) and
100 ppm Cr(VI) were added separately or simultaneously at the
growth medium at the stationary phase. The bacteria were grown
in the presence of metals for 96 h. C, control cells; bacteria were

grown without metals in the medium. The whole protein extract
was prepared by cell extraction with bacterial Buffer B-PER™ (in
Phosphate Buffer) (Pierce, USA). 50 μg of the total protein was
applied to the gel. The achromatic zones of SOD positions in a gel
are presented in the invert images (panel a). Quantification of the
gel bands measuring the peak density (panel b)
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well. At the same time, Cr alone has no influence on
the enzyme activity at the studied concentrations.
Therefore, the catalase activity of A. oxydans is
sensitive to the action of zinc. In the case of
A. globiformis, Cr increases the catalase activity
regardless of the Zn presence in the growth medium.
The results show that the different mechanisms of
antioxidant defense against the Zn and Cr separate
and joint action are induced in the studied bacteria.

4 Conclusions

The results show that the studied Arthrobacter spe-
cies (A. oxydans and A. globiformis) growing in the
permanent presence of zinc alone or zinc together
with chromium could probably activate the zinc
primary uptake system transporters from ZIP family
(Zrt1) and chromium does not affect the processes
that have been demonstrated by the analysis of the
total protein composition.

A. oxydans and A. globiformis have different
metalloresistance mechanisms. The Cr and Zn joint
action produces the strongest oxidative stress on
A. globiformis as demonstrated by the activation of
the antioxidant defense system (catalase and SOD
activities, protein composition). Chromium resis-
tance is influenced by zinc causing the increased
activity of SOD and catalase. In the case of
A. oxydans, zinc affects the total protein composi-
tion, reduces the activity of the antioxidant enzymes
that are detected by the decreased activity of SOD

and catalase at the zinc separate action, and at the
joint action of zinc and chromium. We can conclude
that in the case of A. globiformis, the antioxidant
defense system still preserves its active state at the
prolonged action of zinc and chromium, whereas
A. oxydans switches on the other line of defense
mechanisms for their metalloresistance.

A search of bacteria with remediation potential is
a challenge, as there are some restrictions on the
microorganisms’ introduction to the environment.
Therefore, it is important to establish the bioreme-
diation potential of native species from a particular
location for their further use in the bioremediation/
bioaugmentation processes. Arthrobacter spp. isolat-
ed from highly polluted regions have been studied
and the observed results show their Cr(VI) remedi-
ation potential along with resistance to Zn(II) action.
In view of this and with Arthrobacter spp. ability to
survive at various unfavorable conditions, the bac-
teria have the potential to be used for the remedia-
tion of metals with anionic transport system (Cr(VI),
Mn(VII) etc.), as well as potential to sustain metals
with cationic transport system (Zn(II), Cu(II), Ag(I)
etc.).
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(#2016-39) from the Shota Rustaveli National Science Foundation
(SRNSF) and (#6304) from the Science and Technology Center in
Ukraine (STCU).

Publisher’s Note Springer Nature remains neutral with regard to
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Fig. 4 The influence of Zn(II) and Cr(VI) separate and joint
action on the catalase activity. 50 ppm Zn(II) and 100 ppm Cr(VI)
were added separately or simultaneously at the growth medium at
the stationary phase. The bacteria were grown in the presence of

metals for 96 h. The whole protein extract was prepared by cell
extraction with bacterial Buffer B-PER™ (in Phosphate Buffer)
(Pierce, USA). The data presented are mean values ± SD from
three separate sets of experiments
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