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Adaptations of the antarctic bacterium Paenibacillus tundrae
IMYV B-7915 to copper (II) chloride exposure

Abstract. Heavy metals are common in Antarctic habitats. However, the adaptations of Antarctic microorganisms to heavy metals
are poorly understood. One of the mechanisms of toxicity of transition metals is the formation of free radicals which damage the
cell macromolecules. In 2020, we isolated the bacteria Paenibacillus tundrae IMV B-7915 from a sample containing moss, soil,
and underground parts of Deschampsia antarctica (Berthelot Islands, Maritime Antarctic). The aim of the study was to investi-
gate the influence of copper (1) chloride on the specific growth rate, the content of products of free radical damage to lipids and
proteins, the activity of antioxidant defense system enzymes, and the synthesis of extracellular polymeric substances in P. fun-
drae IMV B-7915. The bacteria were incubated for an hour in Tris-HCI buffer with 2—8 mM copper (II) chloride, then washed
and inoculated into the tryptic soy broth. The bacteria were cultured for 72 hours. The content of copper in the cells was deter-
mined by atomic absorption spectrometry. The content of indicators of lipid peroxidation (diene conjugates, lipid hydroperox-
ides, thiobarbituric acid-reactive substances), oxidative modification of proteins (carbonyl groups in proteins), the activity of the
antioxidant defense system enzymes (catalase, superoxide dismutase, glutathione peroxidase, glutathione S-transferase, glu-
tathione reductase), total thiols, exopolymeric compounds (exopolysaccharides and proteins) were determined photometrically.
Within an hour, cells accumulate 1.5—3.4 mg Cu/g of biomass, leading to a decrease in biomass accumulation and specific growth
rate within 24 hours. In cells, copper ions induce free radical reactions of damage to cell macromolecules, reflected in the in-
crease in the content of primary lipid peroxidation products and carbonyl groups in proteins. Cell division is inhibited. In re-
sponse, P. tundrae IMV B-7915 cells activate efflux systems, as evidenced by a significant decrease in copper content during pro-
longed cultivation, and enzymes of antioxidant defense and synthesis of exopolysaccharides. The complex of the studied adaptation
reactions ensures the detoxification of copper accumulated in cells, reflected in the restoration of the specific growth rate.

Keywords: antioxidant defense, extracellular polymeric substances, free radicals, heavy metals, lipid peroxidation, protein damage

1 Introduction

Heavy metals, particularly copper, are found in dif-
ferent substrates of the Maritime Antarctic (Parniko-
za et al., 2017; Artemenko et al., 2019; Bedernichek
et al., 2020; Komplikevych et al., 2023). They are one
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of the factors of environmental stress affecting the lo-
cal microbiota. Copper mainly exists in two redox
states: Cu (I) and Cu (II); Cu (I) predominates in the
cytoplasm, while in an oxidizing environment, both
states can occur (Zuily et al., 2022). The high redox
potential of the Cu (II1)/Cu (I) pair (+160 mV) pro-
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motes oxidation processes (Andrei et al., 2020). Dur-
ing the oxidation of cellular macromolecules, Cu?* is
reduced to Cu* and then is easily re-oxidized by in-
teraction with O, and H,O,. The hydroxyl radicals
produced in this way are highly reactive and cause
further damage to cellular components (Imlay, 2018;
Zuily et al., 2022). Free radical formation intensifies
at low temperatures (Tribelli & Lopez, 2018).
Oxidative damage to proteins disrupts the struc-
ture of the polypeptide backbone and amino acid side
groups, forming amino acid derivatives (Stadtman &
Levine, 2003; Hawkins & Davies, 2019). The toxic
effect of protein radicals involves the protein-medi-
ated initiation of lipid peroxidation (Schéneich, 2011),
i.e., the formation of cytotoxic compounds known to
covalently modify cellular proteins, lipids, and nu-
cleic acids. These agents affect the activity of cellular
enzymes and fluidity of the cytoplasmic membrane
and cause DNA mutations (Repetto et al., 2012; Sem-
chyshyn & Lushchak, 2012; Pizzimenti et al., 2013;
Ayala et al., 2014). The cell’s response to protein rad-
icals and lipid peroxidation products depends on
metabolic conditions and reparative potential (Prade-
nasetal., 2013; Ayalaetal., 2014; Ezraty et al., 2017).
Bacteria show significant adaptive potential to the
influence of stress agents, including reactive oxygen
species (ROS). In cells of both anaerobic and facul-
tatively anaerobic bacteria, the most common sys-
tems under oxidative stress are superoxide dismuta-
ses—catalases/peroxidases for acrobes and superoxide
reductases-rubberitrin — for anaerobes (Holmes et
al., 2009; Mishra et al., 2020). The glutathione redox
system and glutathione-dependent enzymes detoxify
ROS, terminate free radical chain reactions, detoxify
toxic products of ROS-mediated damage to cellular
macromolecules, and maintain the cell’s redox status
(Fuetal., 2007; Allocati et al., 2009; Yan et al., 2013).
Several microorganisms resistant to heavy metals
were isolated from different substrates of Antarctica
(Havryliuk et al., 2020). Adaptations of Antarctic mic-
roorganisms to heavy metal compounds need to be stu-
died more. Studying adaptations occurring in psychro-
philic and psychrotolerant microorganisms to the effects
of copper ions may be important for understanding cel-
lular resistance mechanisms to heavy metals in general.

The genus Paenibacillus is found in different cli-
matic conditions, from polar regions to the tropics
and from aquatic environments to the driest deserts
(Dsouza et al., 2014). Interest in these bacteria is due
to the fact that among the genus Paenibacillus, there
are plant growth-promoting strains (acting through
phosphate solubilization, indole-3-acetic acid bio-
synthesis, and siderophore production) (Kumari &
Thakur, 2018; Xue et al., 2023), heavy metals-resis-
tant strains (Kumari & Thakur, 2018), and bacteria
capable of biosorption of copper (Prado Acostaetal.,
2005). There are some approaches for creating cop-
per-detecting environmental biosensors based on
Paenibacillus sp. (Abdu et al., 2017).

We aimed to analyze the products of free-radical
damage to lipids and proteins, the activity of antioxi-
dant defense system enzymes, and the synthesis of
extracellular polymeric substances in Paenibacillus
tundrae IMV B-7915 under the influence of copper
(IT) chloride. The results will help to elucidate the
mechanism through which the polar microorganisms
adapt to the effects of heavy metals.

2 Materials and methods

2.1 The cultivation of bacteria

Paenibacillus tundrae IMV B-7915 (GenBank acces-
sion number: MW362265.1) was isolated at the De-
partment of Microbiology of Ivan Franko National
University of Lviv. The strain was isolated from a sam-
ple containing moss, soil, and underground parts of
Deschampsia antarctica E. Desv., 1854 (Berthelot Is-
lands, Maritime Antarctica), collected during the XXIII
Ukrainian Antarctic Expedition in February-March
2019 (Hnatush et al., 2020). Bacteria were grown at
+ 27 ...+ 30 °C in 250 ml flasks filled with 100 ml of
tryptic soy broth (TSB) (Merck, USA).

To investigate the effect of copper ions on cells, P.
tundrae IMV B-7915 was incubated for one hour in
50 mM Tris-HCl buffer (pH 7.5) containing 2, 4, 5.5,
7, or 8 mM CuCl,. After incubation, the cells were
washed and transferred (0.1 g/1) to metal-free TSB.
Bacteria were cultivated for 72 hours. The pretreat-
ment stage was necessary because adding the salt di-
rectly to TSB, which is optimal for the bacteria (Bos-
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mans et al., 2017), would lead to the formation of the
insoluble Cu(OH),. It is also known that the optimal
pH value for the biosorption of copper by microbial
cellsis pH 6 (Prado Acosta et al., 2005; Ghaed et al.,
2013; Liu et al., 2013), which is determined by the
charge of carboxyl, hydroxyl, amino groups and oth-
er functional groups that bind the ions. However, we
did not use this pH value, as it is not optimal for P.
tundrae IMV B-7915 and may affect the physiology
of the bacteria.

The testing was done at 1, 24, 48, and 72 hours of
cultivation (HoC) unless stated otherwise.

2.2 Copper content determination

To prepare samples for analysis of copper, 0.45 g of
cells were weighted into Teflon glass, after which acid
decomposition in autoclaves of the START D micro-
wave laboratory system (Milestone, Italy) was carried
out. The system keeps the sample during microwave
decomposition in 69% nitric acid (Merck, USA), its
transition into the solution, and subsequent removal
of solvent vapors. After cooling, the hydrolysates were
quantitatively transferred for subsequent dissolution
in deionized water (Milli-Q system, Merck Millipo-
re, USA) to a concentration within the calibration
curve. Copper was measured using atomic absorption
spectrometry (Zeeman Atomic Absorption Spectro-
meter AA240Z Varian with GTA 120 Graphite Tube
Atomizer, Australia). Argon flow was 0.3 L/min, the
ashing temperature was +800 °C, and the tempera-
ture of the atomization stage was +2300 °C. Detec-
tion of copper was carried out at 327 nm.

2.3 Biochemical methods of determination
of cell damage indicators

To obtain cell-free extracts, the cells were washed
twice with saline solution and resuspended in 0.05 M
potassium phosphate buffer (pH 7.0) with phenyl-
methylsulfonyl fluoride (10-° M) and ethylenediami-
netetraacetic acid (EDTA) (10~ M). Cells were dis-
rupted by ultrasonic disintegrant UZDN-2T (22 kHz,
5 min, 0 °C). Cell fragments were precipitated by cen-
trifugation (8000 g, 30 min, 4 °C). The protein con-

centration was determined by the Bradford method
(Bradford, 1976).

The processes of lipid peroxidation were studied by
changes in the content of diene conjugates, lipid hy-
droperoxides, and thiobarbituric acid reactive sub-
stances (TBARS) in the cell-free extract of bacteria
during cultivation.

To determine the content of diene conjugates, 0.1 ml
of cell-free extract was added to 0.9 ml of a mixture
of n-heptane and isopropyl alcohol (1:1). The ob-
tained mixture was shaken and left in closed tubes for
30 min, then centrifuged (2000 g, 10 min). The super-
natant was collected in tubes, and 0.05 ml of double-
distilled water was added. To 0.5 ml of the obtained
heptane phase, we added 2.0 ml of ethanol and mea-
sured the absorbance at L = 233 nm. The control was
a solution containing 0.5 ml of n-heptane and 2.0 ml
of ethanol (Oleksiuk & Yanovych, 2010).

The content of lipid hydroperoxides. 2.8 ml 96%
ethanol and 0.05 ml 50% trichloroacetic acid were
added to 0.2 ml of cell-free extract. The mixture was
shaken for 5 minutes. 1.5 ml of the supernatant was
mixed with 1.2 ml of ethanol. Then 0.02 ml of con-
centrated HCl and 0.03 ml of a 1% solution of Mohr’s
salt in 3% HCI were added. The obtained mixture
was shaken for 30 s, and 0.2 ml of 20% ammonium
thiocyanate solution was added. Absorption was
measured with the application of DeNovix DS-11+
at 480 nm. The content of lipid hydroperoxides was
determined by the difference between the test sample
and the control, to which we added the appropriate
amount of double-distilled water instead of the cell-
free extract. The concentration of lipid hydroperox-
ides was expressed in conventional units per 1 g of
protein (Oleksiuk & Yanovych, 2010).

To determine TBARS, 1 ml of cell-free extract was
added to 1 ml of trichloroacetic acid (at a final con-
centration of 10%) and centrifuged (2500 g, 10 min).
The supernatant was mixed with 1.5 ml of saturated
thiobarbituric acid solution in 0.1 M HCI (pH 2.5).
The mixture was boiled in a water bath for 20 min-
utes. In the control sample, double-distilled water
was added instead of the supernatant. After rapid
cooling, 3 ml of butanol was added to the samples;
the mixture was stirred vigorously and centrifuged as
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before. The concentration of TBARS in the butanol
layer was determined at 535 nm (Lushchak et al.,
2004; Holovchak et al., 2012).

Carbonyl groups (CG) in proteins were investigated
by the reaction with 2,4-dinitrophenylhydrazine. To
0.5 ml of cell-free extract, 1 ml of trichloroacetic acid
(at a final concentration of 10%) was added and cen-
trifuged (5000 g, 5 min). To the resulting precipitate,
we added 1 ml of a 10 mM solution of 2,4-dinitrop-
henylhydrazine in 2 M HCI. To the control, we added
1 ml of 2 M HCl instead. The mixture was stirred and
incubated for 1 h at room temperature, then cen-
trifuged (7000 g, 5 min). The precipitate was washed
twice with 1 ml of ethanol and ethyl acetate (1:1) and
centrifuged (7000 g, 5 min). The washed precipitate
was dissolved for 30 min in a 6 M guanidine hydro-
chloride solution. Undissolved material was separat-
ed by centrifugation (8000 g, 15 min). In the super-
natants, the extinction of CG in proteins was deter-
mined at 370 nm (Lushchak et al., 2004).

2.4 Determination of the activity of enzymes
of the antioxidant defense system

To determine the activity of specific superoxide dis-
mutase (EC 1.15.1.1), we prepared reagent C (100 ml
of 0.08 mM EDTA solution was combined with 100
ml of 0.1 M potassium phosphate buffer (pH 7.8),
and the pH was adjusted to 10.0 with concentrated
N,N,N,N-tetramethylethylenediamine solution). Quer-
cetin at a concentration of 1.4 uM was dissolved in
dimethyl sulfoxide and brought to a liquid state by im-
mersion in hot water. Immediately before determina-
tion, the resulting quercetin solution was diluted ten
times with distilled water. To prepare the control mix-
ture, 1 ml of reagent C, 2.4 ml of H,O, and 0.1 ml of
quercetin were added. To the test tube, 1 ml of reagent
C, 2.3 mlof H,0, 0.1 ml of cell-free extract, and 0.1 ml
of quercetin were added. Measurements were done at
406 nm at zero time (immediately after adding quer-
cetin) and after 20 minutes (Holovchak et al., 2012).

The reaction mixture for determining catalase ac-
tivity (EC 1.11.1.7) contained 2.8 ml of 0.5% H,0O,
solution and 0.1 ml of cell-free extract diluted # times.
After 5 min of incubation, we added 1.0 ml of 6%
(NH,),Mo00, solution to stop the reaction. The con-

trol was a sample that contained H,O instead of a
cell-free extract. Measurements were performed at
410 nm immediately after adding the (NH,),MoO,
(Holovchak et al., 2012).

To determine the activity of glutathione peroxidase
(EC1.11.1.9) (umol reduced glutathione min—' - mg~!
protein), 0.1 ml of cell-free extract was incubated for
10 min at +28 °C with 0.9 ml of 0.1 M Tris-HCI buf-
fer (pH 8.5) containing 6 mM EDTA, 12 mM NaN_,,
and 4.8 mM reduced glutathione. After incubation,
0.1 ml of 20 mM tert-Butyl hydroperoxide was added
and incubated for 5 min. The reaction was stopped
by 0.2 ml of 20% trichloroacetic acid. The precipi-
tated proteins were removed by centrifugation (2500 g,
15 min). To 0.1 ml of the supernatant, 3 ml of 0.1 M
Tris-HCI buffer (pH 8.5) and 0.1 ml of 10 mM ElI-
man’s reagent were added. After 5 min, the samples
were measured at 412 nm (Holovchak et al., 2012).

Glutathione-S-transferase (EC 2.5.1.18) activity
(umol glutathione-S-2,4-dinitrobenzene min—! - mg™!
protein) was determined by the rate of formation of
reduced glutathione conjugate in the reaction with
I-chloro-2,4-dinitrobenzene. For this purpose, 1 ml
of 0.1 M potassium phosphate buffer (pH 8.5) with
2 mM reduced glutathione and 1 ml of 2 mM 1-chloro-
2,4-dinitrobenzene dissolved in 0.1 M potassium
phosphate buffer (pH 8.5) was added to 0.1 ml of cell-
free extract. The measurements were done at 340 nm
immediately after the addition of 1-chloro-2,4-dini-
trobenzene and after 3 min (Holovchak et al., 2012).

Glutathione reductase (EC 1.8.1.7) activity (umol
NADPH, min~' - mg~' protein) was determined by the
decrease in NADPH, content within 1 min by mea-
suring the optical density at 340 nm. For this, 2.9 ml
of assay solution (12.5 uM oxidized glutathione, 20 uM
NADPH,, 200 uM potassium phosphate buffer (pH
8.0)) was added to the spectrophotometer cuvette and
the optical density was measured against the control
using potassium phosphate buffer. 0.1 ml of cell-free
extract was added into the assay solution in the cu-
vette, and the decrease in optical density at 340 nm
was measured for 5 min at I min intervals. To calcu-
late the activity of glutathione reductase, the differ-
ence in the extinction of the sample at zero and at
5 minutes was used (Holovchak et al., 2012).
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2.5 Determination of the total thiol content

We added 1 ml of 0.5 mM Elman’s reagent in 100 mM
potassium phosphate buffer (pH 7.4) to 50 pl of cell-
free extract. To the control solution, 1 ml of potassi-
um phosphate buffer (pH 7.4) was added instead of
Elman’s reagent. A sample containing 50 pl of water
and 1 ml of Elman’s reagent was used as a blank solu-
tion. The solutions were mixed and incubated in the
dark for 30 min at room temperature. The optical
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Figure 1. The content of copper in Paenibacillus tundrae IMV
B-7915 cells after incubation in Tris-HCI buffer with different
CuCl, content and after cultivation in metal-free tryptic soy broth
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density was measured at 412 nm. The differences be-
tween the test, control, and blank samples were used
for calculations (Hawkins et al., 2009).

2.6 Extracellular polymeric substances

To extract extracellular substances, an equal volume
of EDTA (2 %) was added to the bacterial cell sus-
pension and incubated at 4 °C for 3 h. After that, the
mixture was centrifuged at 8300 g for 20 min at 4 °C
(Panet al., 2010).

In the supernatant with extracted extracellular
substances, the content of exopolysaccharides was
determined using anthrone (Frglund et al., 1996). To
do this, 1.6 ml of anthrone solution in sulfuric acid
(0.125 % anthrone in 94.5 % H,SO,) was added to
0.8 ml of the supernatant. The reaction mixture was
mixed and kept in a water bath at 100 °C for 14 min
and cooled at 4 °C for 5 min. The optical density was
determined at 625 nm. The calibration curve for cal-
culations used glucose as a standard.

The content of extracellular proteins was determined
by the Bradford method (Bradford, 1976) in the su-
pernatant with extracted extracellular substances.

2.7 Data analysis
The results are presented as the average values with

standard deviations (x £ SD). The influence of CuCl,
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Figure 2. The effect of copper on biomass accumulation (a) and specific growth rate (b) of Paenibacillus tundrae IMV B-7915
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on the indicators of interest was estimated using the
t-test (p-value < 0.05). The graphs were built using
OriginPro 8.5 (OriginLab Corporation, USA, 2010).

3 Results

The influence of different concentrations of copper
on biomass accumulation and specific growth rate

After incubation of P. tundrae IMV B-7915 in 50 mM
Tris-HCl buffer (pH 7.5) for 1 hour, copper ions were
accumulated in bacterial cells. At 2 mM and 4 mM
CuCl, in the buffer, the cells contained 1.5 = 0.08 mg

Cu/g of biomass. With an increase in CuCl, concen-
tration (5.5—8 mM), the content of copper in bacte-
rial cells also increased (2.7 = 0.2—3.4 £ 0.3 mg Cu/g).
After incubation, the bacteria were grown in a TSB
medium without the metal. Under these conditions,
within 24—72 hours, the content of copper in the cells
did not exceed 0.060 mg Cu/g of biomass (Fig. 1).
As a result of copper accumulation in the cells, the
biomass of P. tundrae IMV B-7915 decreased by 56—
92 % compared to the control at 24 hours of cultiva-
tion. At 48 and 72 HoC, the bacterial biomass was
5—26 % lower than the control (Fig. 2, a). The ac-
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cumulation of copper in P. tundrae IMV B-7915 cells
caused a decrease in the specific growth rate at 24
HoC. The specific growth rate decreased with an in-
crease in the accumulated copper. At 48 and 72 HoC,
the specific growth rate of pretreated cells did not
differ from the control (Fig. 2, b).

Lipid peroxidation and oxidative modification of proteins

Within 1 HoC, the content of diene conjugates chan-
ged slightly compared to the control. Under the in-
fluence of all studied concentrations, the content of
diene conjugates at 24 HoC was 2.7—3 times higher
compared to the control. At 48 HoC, the content of
diene conjugates decreased with increasing concen-
tration of CuCl,. After further cultivation, the con-
tent of these products was significantly lower com-
pared to the control (Fig. 3, a).

The content of lipid hydroperoxides increased af-
ter 1 HoC under the influence of 2—4 mM CuClL,
and at higher concentrations, it did not differ signifi-
cantly from the control. Within 24 hours, under the
influence of all studied concentrations, the content
of lipid hydroperoxides significantly exceeded the
content of these LPO products in the control. At 48
and 72 HoC, the content of lipid hydroperoxides de-
creased compared to 24 HoC and did not differ sig-
nificantly from the control (Fig. 3, b).

72

The content of TBARS exceeded its level in con-
trol only at 48 HoC (Fig. 3, ¢).

The content of carbonyl groups in the bacterial
proteins after 1 HoC after exposure to 2—7 mM CuCl,
was lower or slightly different from the control. After
exposure to 8 mM, it was higher. At 24 HoC, the
content of carbonyl groups exceeded the control un-
der the influence of 2 mM CuCl,, and with increas-
ing concentration, their content decreased. A similar
tendency was observed at 48 and 72 HoC (Fig. 3, d).

Adaptations of Paenibacillus
tundrae IMV B-7915 to copper

Under the influence of CuCl,, the activity of the en-
zymes of the antioxidant system of P. fundrae IMV
B-7915 was intensified. In particular, at 1 and 24 HoC,
superoxide dismutase and catalase activities were
15.7—28.4 and 2.4—11.9 times higher than the con-
trol. With further cultivation for up to 48 hours, su-
peroxide dismutase and catalase activity decreased
and only slightly differed from the control (Fig. 4). At
72 HoC, catalase activity increased with increasing
concentration of CuCl, and was 1.2—2.0 times higher
than the control (Fig. 4, a). Superoxide dismutase
activity increased 3.4—43.0 times compared to the
control (Fig. 4, b).
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The glutathione peroxidase and glutathione S-
transferase activities of P. tundrae IMV B-7915 in the
control and under the influence of CuCl, were the
highest during the first hour of growth (Fig. 5, a, b).
At 24 and 48 HoC, glutathione peroxidase activity
increased slightly compared to the control. An in-
crease in glutathione peroxidase activity was detected
at 72 hours (Fig. 5, a). Glutathione S-transferase ac-
tivity increased by 1.9—13.3 times at 24 HoC com-
pared to the control. At 48 and 72 HoC, glutathione-
S-transferase activity decreased compared to its ac-
tivity at the 24-hour mark but was slightly higher than
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the control (Fig. 5, b). An exception is the glutathi-
one-S-transferase activity at 4 mM CuCl, because at
48 and 72 HoC, it was lower than the control. The
glutathione peroxidase activity at 4 mM CuCl, was
also lower than at other concentrations and the con-
trol at 24 and 48 HoC (Fig. 5, a, b).

The glutathione reductase activity under the influ-
ence of 2 mM CuCl, was not significantly different
from the control over the whole period of cultivation.
When the salt concentration increased to 7—8 mM,
the enzymatic activity decreased (Fig. 5, ¢). The total
thiol content in cells increased significantly within
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the first hour at all studied CuCl, concentrations.
During further cultivation, it was slightly lower than
the control or did not differ (Fig. 5, d).

The content of exopolysaccharides during 72 HoC
increased with increasing concentration of CuCl,
and the content of extracellular proteins did not dif-
fer from the control (Fig. 6).

4 Discussion

Since copper ions have a damaging effect, bacterial
cells that are resistant to it exhibit adaptation reac-
tions. These reactions were studied in this work.

As a result of incubation in the buffer with CuCl,
for 1 hour, the cells accumulated up to 3.4 £ 0.3 mg
of Cu/g biomass. It is known that Gram-positive bac-
teria accumulate significantly higher levels of heavy
metal compounds than Gram-negative bacteria (Nan-
da et al., 2019). Paenibacillus polymyxa accumulated
up to 150 mg of Cu/g cells (Prado Acosta et al., 2005),
Rhodococcus erythropolis — 68 mg of Cu/g cells (Bal-
tazar et al., 2019), Pseudomonas stutzeri LA3 — 1.62 mg
of Cu/g biomass (Palanivel et al., 2020).

In this study, we aimed to decipher the effect of
Cu(Il) ions on P. tundrae IMV B-7915 cells and their
adaptations under these conditions. It was found that
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already after 24 hours of cultivation, the content of
copper in cells significantly decreased, probably via
efflux. The content of free copper in the cytoplasm of
bacteria is known to be insignificant (approximately
10-2' M) (Solioz, 2018). Therefore, during the growth
of P. tundrae IMV B-7915, the efflux of copper ions
from the cell is insufficient since the remaining con-
tent is also toxic. There are several reasons for the
incomplete pumping of such a toxic metal: the for-
mation of complexes with reduced glutathione or
with carboxyl, hydroxyl, and other functional groups
in proteins, cell wall components, or exopolysaccha-
rides, replacement of Fe ions in FeS clusters of cyto-
chromes and other metals in the active sites of en-
zymes, or insufficient efficiency of efflux systems as
this process is energy-consuming. The accumulation
of copper in cells negatively affected the specific
growth rate during the first 24 hours of growth. It is
assumed that the metal ions induced certain reac-
tions that made cell growth and division impossible;
however, during further growth, the bacteria man-
aged to reduce the ions’ toxicity and eliminate the
damage that occurred.

We think the lipid damage might be related to such
reactions that occur under the influence of copper.
The content of primary lipid peroxidation products
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in cells increased significantly compared to the con-
trol at 24 hours of growth, and during further growth,
was lower or not significantly different from the con-
trol. The formation of secondary products probably
does not occur, which is reflected by the low content
of TBARS and is due to the high activity of glutathi-
one S-transferase which is known to effectively reduce
lipid hydroperoxides without the need for hydrolysis
of the damaged lipid by phospholipase. We did not de-
tect a significant increase in carbonyl groups in pro-
teins of P. tundrae IMV B-7915 cells under the influ-
ence of copper; however, we assume that there may
be other modifications of protein molecules or amino
acid residues. In addition, it is known that under cer-
tain conditions of copper damage to proteins, protein
aggregates are formed, which makes it impossible to
detect carbonyl groups (Zuily et al., 2022).

The increased content of diene conjugates and
lipid hydroperoxides under the influence of copper
leads to the idea that free radical reactions of cell
macromolecular damage occur due to ions catalyz-
ing Fenton and Haber-Weiss reactions. To remove
excess O, and H,O,, bacteria express enzymes that
neutralize harmful oxidants, preventing damage to
DNA, membrane lipids, and proteins (Gout, 2019).
We observed the activity of catalase, superoxide dis-
mutase, and glutathione peroxidase increase at the
first 24 hours of cultivation and decrease later.

We assume that the copper ions remaining in the
cells induce new reactions of free radical oxidation
and that the cells pass into a stationary phase of
growth, also accompanied by damage to lipids and
other components. It is known that under the influ-
ence of copper, it is important to maintain intracel-
lular redox homeostasis, provided by low-molecular-
weight thiols (Gout, 2019). The most abundant low-
molecular-weight thiols in bacteria include glutathi-
one, cysteine, bacillitiol, mycothiol, and coenzyme
A (Gout, 2019). They are structurally diverse and dif-
fer by expression profile, biophysical and biochemical
properties, and cellular functions. Among the major
low-molecular-weight thiols, Cys and CoA are wide-
ly represented in all bacterial species. Glutathione is
detected in millimolar concentrations in Gram-neg-
ative and only some Gram-positive bacteria, while

the formation of bacillitiol and mycothiol is limited
to Firmicutes and Actinomycetes, respectively (Gout,
2019; Ulrich & Jakob, 2019). We suppose that low-
molecular-weight thiols are involved in the adapta-
tion of P. tundrae IMV B-7915 and ensure cell sur-
vival during the first hour of growth since their con-
tent increased compared to the control during 1 hour
of bacterial cultivation. A decrease in the content of
low-molecular-weight thiols during the 24th hour of
growth of P. tundrae IMV B-7915 may be due to the
oxidation of these groups or the formation of com-
plexes with metal ions. Glutathione reductase main-
tains the required content of reduced glutathione
(Yan et al., 2013).

One of the ways that P. tundrae IMV B-7915 adapts
to the effects of copper is the synthesis of extracellu-
lar polymeric substances such as exopolysaccharides
and proteins. Their role in the resistance of bacteria
to copper and other heavy metals is described in an-
ammox granular sludge, Pseudoalteromonas, Shewa-
nella, Winogradskyella, Bacillus sp., Paenibacillus po-
lymyxa (Razaet al., 2011; Zeng et al., 2020; Nagar et al.,
2021; Pagliaccia et al., 2022). Paenibacillus tundrae IMV
B-7915 are able to synthesize exopolysaccharides and
secrete proteins on the cell surface. Exopolysaccha-
rides play an important role in protecting against the
effects of copper, as their content increased 2-fold
when the bacteria were incubated at 8 mM CuCl,.

5 Conclusions

Thus, penetrating into P. fundrae IMV B-7915 cells,
copper ions induce free radical damage of cell macro-
molecules, resulting in an increase in the content of
diene conjugates and lipid hydroperoxides. This causes
inhibition of cell division processes. In response to the
effect of copper, P. ftundrae IMV B-7915 activate efflux
systems, as evidenced by a significant decrease in the
copper content during prolonged cultivation, as well
as activate antioxidant enzymes (catalase, superoxide
dismutase, glutathione peroxidase, and glutathione S-
transferase) and synthesize exopolysaccharides. The
complex of these adaptation reactions ensures the de-
toxification of copper accumulated in the cells, re-
flected in the restoration of the specific growth rate.
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Ananrauii antapkTuunux 6akrepiii Paenibacillus tundrae IMB B-7915 no sy Kynpym (11) xiaopuny

Pedepar. Baxkki MeTanu noivpeHi B 6ioronax AHTapKTuky. OnHaK aganTailii aHTaApKTUYHUX MiKPOOPTaHi3MiB 10 BaXKKUX Me-
TaJliB HEIOCTATHBO 3’sicoBaHi. OMHUM i3 MeXaHi3MiB TOKCMYHOCTI METAJIB i3 3MiHHOIO BaJICHTHICTIO € YTBOPEHHS BUTbHUX paly-
KaJliB, sIKi MOIIKOIKYIOTh MAKPOMOJEKYIU KIiTUHU. baktepii Paenibacillus tundrae IMB B-7915 Bunineni Hamu y 2020 porii 3i
3paska, 1110 MiCTUB MOX, IPYHT, Tin3eMHi yactuau Deschampsia antarctica (0. bepcenot, Mopcbka AHTapkTHKa). MeToro poboT
oyno nocainutu BruiB Kynpym (11) x1opuay Ha muToMy IIBUAKICTH POCTY, BMIiCT IMPOAYKTIB BiTbHOPAIUKAILHOTO TTOIIKOIKEHHS
JIiMiAiB Ta OiNKiB, aKTUBHOCTI €H3UMIB CUCTEMM aHTUOKCUIAHTHOIO 3aXUCTY, CUHTE3 MO3aKJiITUHHHUX MOJiIMEPHUX PEUYOBUH
bakTepiit P. tundrae IMB B-7915. bakrepii inkyOyBanu yripomnosx roguau y Tpuc-HCI 6ydepi i3 2—8 MM Kymipywm (1) xmopumy,
ITiCJIsT YOTO BiAMMBAIU Ta iHOKYJIIOBAJIM Y TPUINITOH-COEBUI OynbiioH. KynbTuByBaiu 0akTepii ynpoaosx 72 roguH. BmicT
Kynpymy y kJ1iTUHax BU3Ha4YaaId METOJOM aTOMHO-a0CcopOLiliHOT crieKTpoMeTpii. BMicT MapKepiB MepeKHCHOTO OKUCHEHHS
JIiMiAiB (IiEHOBMX KOH’IOTaTiB, TiIPOMEPOKCUIIB JiMiliB, Tio0apOiTypaTaKTUBHMX TMPOIYKTIiB), OKMCHOI Momaudikalii OilKiB
(KapOOHIIBHUX TPyN y OiJIKax), aKTUBHICTh €H3UMiB aHTUOKCUJAHTHOI CUCTEMU 3aXUCTYy (KaTajasu, CylepoKCUAIUCMYTa3H,
[JIYTaTiOHTIEPOKCUIAa3H, TJIyTaTiOH-S-TpaHchepasu, IIyTaTioHPeayKTa3H), 3aralbHUI BMICT TiOJIiB, €K30MOJIMEPHUX CIIOJIYK
(ex3omnoJicaxapu/iB Ta OiKiB) BUSHaYaIM (POTOMETPUYHO. YTIIPOJOBXK FOAMHU KJIITUHU HarpoMamxkytoTs 1.5—3.4 mr Cu/r 6io-
MacH, 110 TTPU3BOIUTH 10 3HVDKEHHST HAaTPOMAKeHHsT 6i0OMacy Ta MUTOMOI ITBUAKOCTI POCTY YIIPOIOBXK 24 TONUH. Y KITiTUHAX
ioHu KyrpyMy iHAyKYIOTb BiJIbHOpaauKalbHi peakilii MOIIKOIKEHb MAKPOMOJIEKYJI, 1110 BiIOOpaxKa€eThCsl Y 3pOCTaHHI BMIiCTY
MEePBUHHUX MPOAYKTIB MEPEKMCHOTO OKMCHEHHS JIiMiliB Ta KApOOHIIbHUX TpyN y OiKax. Lle mpu3BoaUTb 10 MPUTHIYEHHS MO~
niny xiituHy. Y Binnosinb Ha aito Kynpymy, kinituau P. tundrae IMB B-7915 aktuByioTh cucteMu ediiiokcy, Mpo 1110 CBiTYUTh
3HauYHe 3HKeHHS BMicTy Kynpymy 3a BUpOIIyBaHHSI, a TAKOXK aKTHBYIOTb €H3UMU aHTUOKCUIAHTHOT'O 3aXUCTY i CUHTE3YIOTh
ek3omnoJiicaxapuau. BcraHoBieHo, 1110 KOMILIEKC JOCIIKeHMX peaklliil aganTailii 3ade3nevye 1eTOKCUKAIlil0 HarpoMaKeHOro
y kiitnHax Kynpymy, 1110 BigoOpaka€eThbCsl y BiTHOBJIEHHI MATOMOI IIBUIKOCTI POCTY.

KiouoBi cjioBa: aHTUOKCUJIAHTHUM 3aXMCT, BaXKKi METau, BiIbHI paauKaiu, MepeKucHe OKMCHEHHS JIIiiB, MO3aKIiTUHHI
MoJIiMepHi PEUOBMHMU, MOLIKOIKEHHS OiIKiB
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