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Today, the issue of biosphere contamination with heavy metal salts is one of the key challenges for the safety and
preservation of ecosystems. Among these, lead is particularly notable as a toxic metal that enters water and soil on a
massive scale through industrial emissions, mineral extraction, and the consequences of armed conflicts. Lead does not
degrade over time but accumulates continuously in the environment. High concentrations of this metal have a
detrimental effect on living organisms. Conventional physicochemical approaches to soil and water detoxification
typically require significant financial investment and are accompanied by the generation of hazardous secondary waste,
which complicates their disposal. In light of this, bioremediation technologies based on the ability of specific
microorganisms to accumulate or neutralize ecotoxicants are emerging as a promising alternative. Bacteria capable of
surviving in extreme conditions are of particular interest.

This study investigated the effect of lead loading (specifically, lead ions at concentrations up to 0.6 mg/L) on the
adaptive responses of the actinobacterium G. rubripertincta.

It was found that the bacteria exhibit extremely high tolerance to lead ions. The presence of the toxicant at
concentrations up to 600 ug/L does not inhibit culture growth, ensuring stable biomass accumulation and colony
formation. At the same time, a dose-dependent intensification of exopolysaccharide synthesis was observed. At the
maximum toxic load, the concentration of cell-bound exopolysaccharides increased by nearly 1.5-fold, and that of free
exopolysaccharides by 5-fold. The extracellular exometabolites of the studied microorganism appear to form a reliable
protective barrier that ensures intensive binding and immobilization of Pb2+on the cell surface. An assessment of the
dynamics of this process showed that when 6 ug/L and 60 ug/L of the toxicant were introduced into the medium, the
bacteria removed 66% and 76% of the lead, respectively. The results confirm the high bioremediation potential of G.
rubripertincta under conditions of severe chemical stress. In particular, the identified mechanisms of microbial
adaptation open up promising prospects for the development of effective new-generation biopreparations. Such
environmentally safe preparations can be successfully applied for the full restoration of agricultural soils and the
purification of industrial wastewater from heavy metal ions. Further fundamental research will logically focus on a
detailed study of the genetic determinants of metal resistance in this valuable strain and the optimization of conditions
for its large-scale cultivation.
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Introduction. Lead is a heavy metal that is a
natural component of the lithosphere, but intense
anthropogenic pressure — driven by its widespread
use due to specific physicochemical properties like
softness, malleability, and high corrosion resistance
— leads to its dangerous and uncontrolled
accumulation in biogeocenoses. The main sources of
environmental lead pollution are the mining
industry, metallurgy, battery production, as well as
the incineration and disposal of electronic waste
(Tchounwou, 2012; Zhou, 2020). In addition, a
significant amount of lead has already accumulated
in soils since the days of active use of leaded
gasoline and lead-based paints (Needleman, 2004).
In the context of modern armed conflicts, munitions
remnants and destroyed industrial infrastructure also
become major sources of pollution, leading to
localized extreme contamination of soils and
groundwater with heavy metals (Certini, 2013).
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Due to its inability to biodegrade, this element
forms long-term reservoirs in the pedosphere,
hydrosphere, and bottom sediments, gradually
migrating through food chains (Kumar, 2020). Its
presence in the soil disrupts the normal functioning
of the microbiome, reduces fertility, and
significantly inhibits plant growth and development
(Pourrut, 2011; El Khattabi, 2025). For animals and
humans, lead is a highly toxic element. It can
accumulate in bone tissue, cause severe neurological
disorders, disrupt the functioning of the
cardiovascular and urinary systems, and negatively
affect reproductive function (Wani, 2015).

The cytotoxicity of Pb?* is largely due to their
structural similarity to biogenic metals, which allows
them to replace the latter in metabolic pathways. It
binds strongly to the sulfhydryl (-SH) groups of
proteins, which inevitably leads to their denaturation
and complete inactivation of enzymes (Flora,
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2012).Additionally, lead ions trigger the formation
of excessive amounts of free radicals. This causes
severe oxidative stress, which damages cell
membrane lipids and DNA molecules (Ercal, 2001;
Matovic, 2015).

Since traditional physicochemical methods for
removing lead from the environment (such as soil
washing or chemical precipitation with reagents) are
economically costly and often irreversibly destroy
the natural structure of ecosystems, modern science
is actively seeking alternative solutions (Dixit,
2015). This is why the use of microorganisms
capable of surviving under conditions of extreme
lead stress and binding this toxic metal is becoming
one of the most promising and environmentally safe
approaches to bioremediation (Dixit, 2015).

Therefore, the aim of our study was to
investigate the adaptive responses of Gordonia
rubripertincta bacteria to the toxic effects of lead
ions by assessing the intensity of exopolysaccharide
synthesis.

Materials and Methods. The study utilized a
pure culture of Gordonia rubripertincta, kindly
provided by the D. K. Zabolotny Institute of
Microbiology and Virology of the National
Academy of Sciences of Ukraine.

To obtain seed material, G. rubripertincta was
cultured in a standard liquid medium — meat-peptone
broth (MPB) — for 24 hours at 37 °C.

Primary incubation was carried out in 250-ml
glass flasks with a working liquid volume of 50 ml.
For this purpose, 45 ml of nutrient medium (MPB)
and 5 ml (10% of the volume) of a one-day-old
bacterial inoculum were added to each flask.
Cultivation was carried out for 3 days at 37 °C with
periodic stirring (100 rpm). The experiments were
conducted in 4 biological replicates.

To comprehensively study the response of G.
rubripertincta to xenobiotic stress, a solution of lead
nitrate was added to the experimental flasks across a
wide range of concentrations — from ecologically
relevant to extremely toxic levels. In general, the
tested variants were divided into the following
groups: a baseline group with the maximum
permissible concentration for fishery water bodies
(Snizhko, 2021) of 6 pg/L Pb*, a group with a
moderate concentration of 60 pg/L Pb®,and high —
600 pg/L Pb?*,

The differential centrifugation method was
used to separate bacterial biomass and extracellular
metabolites. The culture medium was transferred to
centrifuge  tubes. To break up massive
conglomerates of bacteria and lead crystals
(bioflocs), warm saline solution (0.9% NaCl) was
added to the samples, and the samples were
subjected to vigorous vortex mixing. This was

followed by low-speed centrifugation at 1000 rpm
for 5 minutes to precipitate heavy lead salt crystals.
The resulting supernatant was carefully collected
and centrifuged again at 4000 rpm for 15 min to
precipitate G. rubripertincta cells. The cell-free
culture supernatant was used for further analysis of
exometabolites.

Quantification of exopolysaccharides (EPS) was
performed using a colorimetric assay with anthrone
reagent (Dreywood, 1946). After cooling the
samples in cold water, the optical density of the
solutions was measured on a spectrophotometer at a
wavelength of 620 nm. The EPS concentration was
calculated using a calibration curve.

The concentration of residual Pb?* in the culture
medium was determined using atomic absorption
spectrophotometry.

Statistical analysis of the data was performed
using licensed Microsoft Excel software.

Results and Discussion. As a toxicant, lead is
capable of causing a wide range of adverse effects.
Throughout the experiment, the overall effect of the
stressor on the physiological activity of the bacterial
culture was investigated. The intensity of cell
proliferation and biomass accumulation was
assessed by daily measurement of the optical density
of the culture medium at a wavelength of 540 nm.
As the experimental data show, the bacteria
demonstrated extremely high tolerance to heavy
metal ions. Notably, the addition of lead nitrate to
the culture medium did not inhibit growth. It was
observed that even under conditions of significant
toxic load at 100 MPC (600 pg/L), the optical
density of the culture at the final stage of cultivation
was practically indistinguishable from control
values. Individual screening measurements at
extremely high concentrations (up to 60,000 ug/L)
also confirmed the culture’s ability to grow.

The viability of cells under conditions of
pollutant exposure was confirmed by counting
colony-forming units (CFU/mL). It was noted that in
the control variant, the indicator averaged 8.52 x10°
CFU/mL. Under conditions of increasing toxic load,
the cell count remained consistently high within the
range of 8.22-8.29 x10° CFU/mL, indicating the
absence of a pronounced bactericidal effect of lead
on this culture.

Clearly, such a high level of resistance is due to
the effective functioning of the microorganism’s
defense systems. As researchers note (Arenskotter,
2004; Alvarez, 2017), primary resistance to
xenobiotics is largely ensured by the specific
architecture of the cell wall and the presence of
mycolic acids, which form a dense hydrophobic
barrier. This barrier significantly slows the diffusion
of toxic lead cations into the intracellular space,

Haykosuii sicnux Qepniseyvkozo ynisepcumemy. Bionoeis (Bionoeiuni cucmemu). 2026. 18 (1). 197



giving the bacteria time to activate the synthesis of
the exopolysaccharide matrix (Gupta, 2017; Tiquia-
Arashiro, 2018).

When assessing the level of cell-bound EPS
(Fig. A), a pronounced dose-dependent effect was
observed — their concentration increased from 1.37
(in the presence of 6 ug/L Pb? in the culture
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Fig. Level of G. rubripertincta exopolysaccharides under conditions of Pb2+addition to the culture medium

Note: A — cell-bound EPS; B — free EPS

To gain a comprehensive understanding of the
strain’s adaptive response, the fraction of free EPS
(Fig. B) — which the bacteria secrete directly into the
culture medium — was studied in parallel. Under
conditions of 6 pg/L Pb?" addition, this parameter
increased 2.35-fold, and with a further increase in
lead concentration, it increased fivefold compared to
control values.

The obtained data suggest that under conditions
of increasing stress, the bacterium hypersecretes
mucus into the environment, creating a kind of
buffer zone to bind lead cations at a distance,
significantly reducing their bioavailability and the
overall toxicity of the solution. These results are
fully consistent with current scientific understanding
of the mechanisms of microbial adaptation to
conditions of chemical stress. It is known from the
literature that in response to the appearance of heavy
metal salts in the environment, bacteria specifically
increase the secretion of exopolysaccharides (Gupta,
2017). Due to their high content of negatively
charged functional groups (in particular carboxyl
and phosphate groups), these polymeric molecules
act as powerful biosorbents (Gupta, 2017). They
effectively bind positively charged lead cations
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Ha cbo200ni numanns 3a0pyonenns Oiochepu consimu 8aicKux Memanie € 0OHUM I3 KIOY08UX GUKIUKIE OJisi Oe3neKu
ma 30epedxcenna exocucmem. Ceped Hux ocobnuge micye nocioae ceuneyb — MOKCUYHULL MeMAl, AKUU MAco80
nompanise y 600y ma IpyHmMu uepe3 nPOMUCLO8] GUKUOU, 8UOOOYMOK KONAAUH MA HACTIOKU 30POUHUX KOHMIIKMIS.
Csuneyb He po3KIA0AEMBCA 3 YACOM, A NOCMILHO HAKONUYYEMbCA )y 006K Bucoki xonyenmpayii yboco memany
32Y0HO 8NIUBATOMb HA JHCUBi opeanizmu. Knacuyni gizuxo-ximiuni nioxoou 0o oemoxcuxayii IpyHmis i 600 3a38udail
nompe6y10mv 3HAYHUX DIHAHCOBUX 6KIAOEHb A CYNPOBOONCYIOMbCA 2EHEPAYICI0 HeOEe3NeUHUX GMOPUHHUX 8I0X00i8,
wo ycknaouioe ix ymunizayiro. 3 02110y Ha ye, NepcneKmugHoI0 AlbmMepHAmuo0 Cmarms mexHonocii biopemediayii,
Wo 6a3yIomMucs HA 30AMHOCMI CReYUDIUHUX MIKPOOP2AHIZMIE AKyMY06amiu abo Helumpanizyeamu eKomoKCUKAHmU.
Ocobnugy yeazy npusepmaioms 6axmepii, wo 30ammui 6UNCUSAMU 8 eKCMPEMATbHUX YMOBAX.

199


https://doi.org/10.3390/ijerph17072179
https://doi.org/10.1146/annurev.med.55.091902.103653
https://doi.org/10.1146/annurev.med.55.091902.103653
https://doi.org/10.1146/annurev.med.55.091902.103653
https://doi.org/10.1016/j.earscirev.2013.08.009
https://doi.org/10.1016/j.earscirev.2013.08.009
https://doi.org/10.1016/j.gecco.2020.e00925
https://doi.org/10.1007/978-1-4419-9860-6_4
https://doi.org/10.1515/intox-2015-0009
https://doi.org/10.1016/j.fct.2015.02.011
http://dx.doi.org/10.2174/1568026013394831
https://doi.org/10.1007/s10534-024-00639-5
https://doi.org/10.1016/j.chemosphere.2013.01.075
https://doi.org/10.1016/j.chemosphere.2013.01.075
https://doi.org/10.3390/su7022189
https://doi.org/10.17721/2308-135X.2020.56.52-57
https://doi.org/10.17721/2308-135X.2020.56.52-57
https://doi.org/10.1021/i560156a015
https://doi.org/10.1021/i560156a015
https://doi.org/10.1128/AEM.70.6.3195-3204.2004
https://doi.org/10.1016/j.chemosphere.2016.09.070
https://doi.org/10.1016/j.btre.2016.12.006
https://doi.org/10.1016/j.btre.2016.12.006
https://doi.org/10.1007/s00253-018-8969-6
https://doi.org/10.1007/s00253-018-8969-6
mailto:l.vasina@chnu.edu.ua

Y pobomi docridsceno ennus ceunyeso2o HasanmadiceHHs (30Kkpema, ioHie naromoymy y konyenmpayii oo 0,6 me/n)
Ha adanmusHi peaxyii akmunobaxkmepiu G. rubripertincta.

Bcemanoeneno, wo 6axmepii nposignaioms Ha036UUAHO BUCOKY MOJEpAHMHICIb 00 ionie naiombymy. Haseunicme
MoKcuxkanma y Kouyewmpayisix 0o 600 mxe/n ne ineibyec picm Kynemypu, 3abesneuyiouu cmabiibhe HAKONUYEHHS
biomacu Ha pieni ma Gopmyseanus KoaoHiu. IIpu ybomy KOHCMAMOBAHO O0303ANENHCHY IHMEHCUQIKayilo cunmesy
exzononicaxapuoie. 3a  MAKCUMANbHO2O — MOKCUYHO20 — HABAHMACEHHA  KOHYEHmMpayis  KIiMuHHO-38'A3AHUX
ex3zononicaxapuoie 3spocmae matixce 6 1,5 pasu, a einbHux — y 5 paszie. Ilosaxiimunni ex3omemabdoximu
00CHIOHCYBAHO20 MIKPOOP2AHIZMY, O04eBUOHO, opmyroms HAOMiHULL NnpomeKkmopuull 06ap'ep, axuil 3abes3neuye
iHmeHcugHe 38'a3y8anus ma immooinizayito Pb2+ na nogepxui xnimun. OyiHka OUHAMIKU Yb020 npoyecy 3aceiouunda,
Wo 3a ymo8 eHecenns y cepedosuuje 6 mke/n ma 60 mxe/n mokcukanma daxmepii eunyuarome i3 cepedosuwa 66% i
76% nmombymy 6ionosiono. Ompumani pesyrbmamu niOmeepoicyloms Gucokull diopemediayitinuii nomenyian G.
rubripertincta 3a yM08 JHCOPCMKO20 XiMiuHO20 cmpecy. 30Kpema, 6USGIeHI MeXaHizmu MIKpoOHoi adanmayil
8iOKpusaomos 06a2amoobiysioui nepcnekmusu 01 po3pobku egexkmuenux oOionpenapamié Ho6020 nokoninus. Taxi
eKoJI02iuHO  De3neyHi npenapamu  MOXCYMb OYmMu  YCHIWHO 3ACMOCO8AHI 0Nl  NOBHOYIHHO2O0 — GIOHOGIEHHS
CLIbCLKO2OCNOOAPCHKUX [PYHMIE MA OYUWEHHS CIIYHUX 800 NPOMUCIOSUX NIONPUEMCME IO [OHI8 6ANCKUX MEemAaiis.
Hooanvwi  ¢pynoamenmanvhi  0ocnioxcenHs 0OyO0ymo JI02IUHO CHPAMOBAHI HA OemAalbHe BUBYEHHSI 2eHEeMmUYHUX
oemepmiHaum Memanope3uCmeHmHocmi  Yyb02o YIHHO20 wmamy ma ORNMUMI3ayilo YMO8 1020 MAco8020
KYAbMUBY8AHHL.

Krouosi crosa: Gordonia rubripertincta, ionu niomoymy, ekzononicaxapuou, biopemediayis, 8axicki memanu
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