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ABSTRACT. Anthropogenic heavy metal contamination of aquatic ecosystems results in the toxic effects
on microorganisms and the disruption of microbial community structures. To adapt to toxic stress,
microorganisms employ various detoxification mechanisms, one of which is the biosynthesis of sid-
erophores. In this study, we analyzed the changes in the exometabolite profile of the Bacillus velezensis
S$18 strain grown in the presence of different concentrations of heavy metals. It was demonstrated that
salts of CoCl, x 6H,0, AlCL,, ZnSO,, MnSO,, NiSO, X 7H,0O, FeCl, X 6H,0, CuSO,x 5H,0 and GaBr, sig-
nificantly reduced the production of catecholate and hydroxamate-type siderophores, with complete
inhibition observed in the presence of Ni?*, Fe*, and Cu?*. HPLC profiling of exometabolites was per-
formed, and their iron-chelating activity was evaluated using the CAS assay. These findings highlight
the potential application of the B. velezensis S18 strain in bioremediation processes and the synthesis of

broad-spectrum biochelators.
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1. Introduction

Ubiquitous heavy metal pollution of aquatic
resources, driven by high anthropogenic pressure, exerts
toxic effects on microorganisms and disrupts micro-
bial community structures. In response to prolonged
exposure to metals, microorganisms have adapted by
developing comprehensive detoxification mechanisms,
including reduced membrane permeability (i.e. barrier
function), intra- and extracellular sequestration, active
ion efflux, enzymatic detoxification and decreased
cellular target affinity for toxic agents (Bruins et al.,
2000). One of the most important adaptive mecha-
nisms is the biosynthesis of siderophores—molecules
with a high affinity for iron (Ahmed and Holmstrom,
2014). Although their primary function is the chelation
and transport of ferric iron, microorganisms are also
capable of using siderophores to bind other metals.
Siderophore biosynthesis can be induced not only by
iron deficiency but also by the presence of other heavy
metals that form complexes with different stability
(Butler and Theisen, 2010). Siderophores reduce the
toxicity of heavy metals by chelating them and facili-
tating their transport into microbial cells (Schalk et al.,
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2011; Roskova et al., 2022).

Bacteria related to the genus Bacillus are widely
distributed across diverse aquatic ecosystems, includ-
ing rivers, lakes, seas and oceans, and play pivotal
roles in maintaining microbial equilibrium and biore-
mediation processes (Argentino et al., 2025). Their
metabolic potential, including the capacity to produce
complex-forming metabolites, is actively exploited for
heavy metal mobilization. The Bacillus velezensis species
is of particular interest, as its genome contains numer-
ous gene clusters that encode biosynthetic pathways
for secondary metabolites such as polyketides (PKs)
and non-ribosomal peptides (NRPs) (Prasanna et al.,
2021). Siderophores are a key group of these secondary
metabolites, with the bacillibactin biosynthetic cluster
being the most widely distributed and prevalent among
B. velezensis representatives (Rabbee et al., 2019).

The aim of this study is to investigate the influ-
ence of individual heavy metals on the exometabolite
profile of Bacillus velezensis S18, with a focus on sid-
erophore production and their iron-chelating activity.
To achieve this goal, quantitative determination of sid-
erophores, HPLC profiling, and functional analysis of
metal-binding activity were performed.
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2. Materials and Methods

Preparation of solutions and cultivation
conditions

Stock solutions of heavy metal salts (CoCl, X 6H,0,
AlCl,, ZnSO,, MnSO,, NiSO,x7H,0, FeCl,x6H,0,
CuSO, x 5H,0 and GaBr,) were prepared and sterilized
by filtration through PES membrane filters (0. 22 pm).
These stock solutions were used to adjust the metal
concentrations in M9 minimal medium (g/L: Na,HPO,
(6.77), KH,PO, (3), NH,CI (1), NaCl (0.5)), pH 7.0. The
final concentrations of the metals in the medium were as
follows: Fe3* at 10 uM; Co?*, Al®*, Cu2?*, Ga®* at 20 uM;
Ni?* and Zn?* at 100 uM; Mn?* at 400 uM. Additionally,
the M9 medium was supplemented with 0.6% casamino
acids, as well as solutions of MgSO, x 7H,0 and CaCl,
at final concentrations of 246 uM and 100 pM, respec-
tively. M9 medium supplemented with 2,2’-bipyridyl
(50 uM) was used as control.

Determination of siderophore production

Cultivation of B. velezensis S18 was carried out at
30°C with shaking at 200 rpm for 120 h. Siderophore
production was determined using the methods of
Arnow (Arnow, 1937) and Atkin (Atkin et al., 1970).
All experiments were performed in duplicates.

Metabolite Extraction

Metabolites were extracted from the culture lig-
uid of B. velezensis S18 grown in 20 ml of M9 medium
containing heavy metal salts at appropriate concentra-
tions. The culture liquid was separated from the biomass
by centrifugation at 9000 rpm for 20 min. The resulting
supernatant was filtered through a 0.22 pm membrane
(PES Millipore Express PLUS Stericup, Millipore, USA)
and filtered through C18 cartridges (Supelco Discovery
DSC-18, Supelco, USA). Metabolites were eluted with
100% methanol. Eluates were concentrated on a rotary
evaporator (Concentrator Plus, Eppendorf, Germany)
at a temperature not exceeding 45 °C. The dry residue
was resuspended in 50% aqueous methanol for further
HPLC analysis.

High Performance Liquid Chromatography
(HPLC)

HPLC analysis was performed on an UltiMate
3000 UHPLC system (Thermo Scientific Dionex, USA)
using an Acclaim® PolarAdvantage II (PA2) C18
reversed-phase column (250 X 4.6 mm, 5 um). Gradient
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elution was performed at a flow rate of 1 mL/min
using (A) water with 0.01% vol. trifluoroacetic acid
(TFA) and (B) acetonitrile:water (80:20, vol/vol) with
0.01% vol. THF. The gradient program was set as fol-
lows: 0-40 min, linear increase of phase B from 0% to
60% vol; 40-50 min, increase from 60% to 100% vol
of phase B; 50-55 min, isocratic incubation at 100% B,
55-60 min, return to initial conditions (0% B) followed
by column re-equilibration. Detection was performed
using a photodiode detector (220 nm) and a fluores-
cence detector (470/530 nm).

Iron-binding activity of metabolites

To analyze the metal-chelating capacity of extra-
cellular metabolites produced by B. velezensis S18 after
120h of cultivation under metal exposure, 5 uL aliquots
of test samples were loaded into wells on chrome azurol
S (CAS) agar plates (Payne, 1994). Formation of orange
halos around the wells indicated iron-binding activity.

3. Results and discussion

Effect of Heavy Metals on Siderophore
Production

Previous research confirmed that endolithic
strain B. velezensis S18 is resistant to heavy metals
and has the ability to secrete siderophores (Elistratova
et al., 2024). The present study aims to evaluate the
impact of aquatic toxicants, specifically heavy met-
als, on the iron-dependent bacterial metabolism of B.
velezensis S18. The optimal metal concentrations (Fe®*:
10 uM; Co?*, AR+, Cu?*, Ga®*: 20 uM; Ni2*, Zn?*: 100
uM; Mn?*: 400 uM) were determined based on liter-
ature data regarding the effects of metals on Bacillus
siderophore activity (Gaonkar and Bhosle, 2013).

The results showed that the catechol-type sid-
erophores produced by B. velezensis S18 grown in the
presence of Co2?*, Al**, Zn?*, and Ga** ranged from 4
to 16 uM, representing a 3- to 7-fold reduction com-
pared to the metal-free control (30-54 pM; Fig. 1A).
Complete inhibition of catechol-type siderophores was
observed in the presence of Mn2*, Ni?*, Fe?*, and Cu?*
(Fig. 1A). The accumulation of hydroxamate-type sid-
erophores was suppressed by =2-fold relative to con-
trol (31-48 uM) by all heavy metals except Co?* and
Ga3*. Siderophore biosynthesis was completely inhib-
ited by iron, nickel and copper (Fig. 1B).
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Fig.1. Production dynamics of catechol-type (A) and hydroxamate-type (B) siderophores by Bacillus velezensis S18 in the
presence/absence of heavy metals. All experiments were performed in duplicates.
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Despite the closest phylogenetic relationship
between Bacillus velezensis and Bacillus amyloliquefa-
ciens, studies have shown that the B. amyloliquefaciens
NAR38.1 strain did not exhibit suppression of sidero-
phore production in the presence of heavy metals in the
medium (Gaonkar and Bhosle, 2013; Fan et al., 2017).
B. amyloliquefaciens NAR38.1 demonstrated neither the
capacity to inhibit siderophore accumulation in the
presence of Fe3* (<30 uM) or Mn2* (<1000 puM), and
there was no significant decrease in growth. However,
lower concentrations of these metals completely inhib-
ited the growth and siderophore production of the B.
velezensis S18 strain. Furthermore, Cu?* (10 uM), Zn?*
(125 puM), and Co?* (20 uM) stimulated siderophore
biosynthesis in B. amyloliquefaciens NAR38.1, whereas
no stimulation of catecholate or hydroxamate sidero-
phore production was observed for B. velezensis S18
under the same conditions. The only exception is Al**
(20 uM), which exhibited the inhibitory effect on both
strains.

Previous studies demonstrated that the accu-
mulation of hydroxamate-type siderophores (schizoki-
nin and N-desoxyschizokinin) by B. megaterium ATCC
19213 significantly increased in the presence of high
aluminum concentrations (10 mg/L) under iron-de-
ficient conditions (Hu and Boyer, 1996). In contrast,
cultivation of B. velezensis S18 in aluminum-containing
media resulted in reduced accumulation of both cate-
cholate and hydroxamate siderophores. Similarly, the
enhancement of hydroxamate-type siderophores pro-
duction was found for Bacillus sp. PZ-1 (Yu et al., 2017).

The present study established that the presence
of heavy metals, particularly Ni?*, Cu?*, and Fe®*, led
to a reduction in siderophore production by B. velezen-
sis S18. In contrast, other metals exhibited a less sig-
nificant inhibitory effect, or alternatively, a stimula-
tory effect on biosynthesis of new metabolites. These
findings are consistent with the results of Gaonkar
and Bhosle (2013), which demonstrated the complex
influence of similar metals on microbial siderophore
systems. Significant differences in heavy metal toler-
ance and siderophore production are observed even
between phylogenetically close Bacillus species such as
B. velezensis and B. amyloliquefaciens. The phenotypic
differences between the two closely related strains are
presumably due to their isolation in significantly differ-
ent ecological niches, resulting in divergent evolution-
ary adaptations to metal bioavailability and toxicity.

HPLC Profiling of exometabolites and met-
al-dependent changes

The HPLC profiling of the secondary metabo-
lites of B. velezensis S18 revealed significant variabil-
ity dependent on the presence of metals. In the culture
fluid of strain S18 without heavy metals, nine major
peaks were detected, which were absent in the medium
with ferric iron (Fe®**) (Fig. 2A). However, a single per-
sistent metabolite (retention time (RT) 12.0 min) exhib-
ited an exception to this trend, maintaining production
in the presence of Ni2*, Fe®**, and Mn2*. In the presence
of CuSO,, strain S18 exhibited the accumulation of a
distinctive metabolite at RT 14.5 min. In contrast, the
presence of Co?* and Zn?* resulted in the induction of
de novo synthesis of compounds at RT 37.0 and 52.0

\Aﬁwj 10 pM Cu?*

minutes, respectively (Fig. 2A). Fluorescence detection
revealed four metal-sensitive peaks in the absence of
the elements Ni, Fe, Mn, and Cu (Fig. 2B). However, in
the presence of these metals, the peaks completely dis-
appeared. This observation suggests that the majority
of detected exometabolites of B. velezensis S18 might be
classified as siderophores. Furthermore, the strain S18
produces fluorescent compounds, which are likely to
belong to the hydroxamate-class siderophores.

A comprehensive study on the effects of indi-
vidual metals (Al, U, Mn, Fe, Cd, Cu, Co, and Ni) and
their mixture on B. cereus strain CPT56D-587-MTF
demonstrated changes in the expression levels of genes
involved in the biosynthesis of the catecholate-type sid-
erophore bacillibactin (Goff et al., 2023). Notably, only
the combined exposure to heavy metals, as opposed to
individual metals (e.g., Ni and Cu), led to the overreg-
ulation of bacillibactin biosynthesis genes and its trans-
porters from the Major Facilitator Superfamily (MFES).
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Fig.2. : Metal-induced modifications in the exometabolite
profile of B. velezensis S18. (A) HPLC chromatograms detected
at 220 nm detection and (B) fluorescence emission profile
(excitation/emission 470/530 nm detection) of metabolites
produced by B. velezensis S18 grown in the presence/absence
of heavy metals. Lines correspond to the following treat-
ments: Cu?>* (dark black); Zn?* (black); Ni%* (violet); Co?*
(blue); Control (red); Mn?* (brown); AlI** (bright green); Fe3*
(orange); Ga** (turquoise).
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The biosynthesis of microbial siderophores is
regulated by the available iron level, therefore prevent-
ing the accumulation of excess iron and the subsequent
cellular damage. (Andrews et al., 2013). The inhibitory
effect of Ni2* and Cu?* on biosynthetic enzyme systems
is probably associated with their toxicity; however, in
their presence, siderophore transporters exhibit up-reg-
ulation (Goff et al., 2023). Meanwhile, other metals
have been observed to exert mild inhibitory effects or
stimulate the synthesis of novel metal-binding metab-
olites. In particular, in the strain of B. toyonensis SFC
500-1E, up-regulation of siderophore transporters
and the Fur regulator was observed in the presence of
Cr(VI). (Fernandez et al., 2023).

Metal-binding activity of metabolites

In order to confirm the functional activity of the
exometabolite mixtures derived from B. velezensis S18
culture liquid at 120 h, assays were performed on CAS
agar, with halo formation being visually assessed. The
control group, as well as the following compounds:
CoCl,x6H,0, ZnSO,, AICl,, and GaBr,, demonstrated
positive reactions. Growth of strain S18 in media sup-
plemented with iron, nickel, copper, or manganese
salts yielded metabolites that lacked Fe(IIl)-chelating
activity. These results align with Arnow and Atkin
assay data, confirming metal-dependent regulation of
siderophore biosynthesis.

Conversely, the bacterium B. cereus CPT56D-
587-MTF exhibits enhanced siderophore upregulation
exclusively in response to combined exposure to multi-
ple heavy metals. In contrast, B. velezensis S18 displays
metabolic plasticity characterized by the production of
metabolites with Fe(III)-binding activity when exposed
to individual metals such as Co?*, Zn?*, Al**, and Ga®".
Moreover, this strain demonstrates de novo biosynthe-
sis of metal-binding compounds specifically induced by
Co?* and Zn?".

4. Conclusion

This study provides the first evidence that the
endolithic strain Bacillus velezensis S18 employs a
unique strategy for adaptation to heavy metals through
changing its exometabolome. We identified metal-spe-
cific shifts in the exometabolome characterized by (1)
suppression of metabolite production in the presence
of Fe3* and (2) de novo synthesis of compounds in
Co?*- and Zn?*-supplemented media. Furthermore, the
dependence of catechol and hydroxamate siderophore
production on the presence of heavy metals in the
medium was revealed. These findings suggest poten-
tial applications for B. velezensis S18 in bioremediation
processes and the development of bio-chelators with a
broad spectrum of activity.
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Cneu. sbinyck: «VIII-s5 MexdyHapooHasi
BepewazuHckas balikanbckasi KoHgbepeHyusi»

U3meHneHue npodpuna saksometrabonuros
Bacillus velezensis S18 B npucyTcTBMM

TAXXEeAbIX MMeTaAnoB

KpaTtkoe coobuienune

LIMNOLOGY
FRESHWATER
BIOLOGY

M

EnuctpaTtoBa A.A., [llapunosa M.P., Xumsac U.B.*

Kazanckuii ¢pedepartsHnlii yHugepcumem, yJi. Kpemeackas, 0.18, Kaszaxv, 420008, Poccus

AHHOTALIUA. 3arpssHeHue BOAHBIX DPECYPCOB TsKEJIBIMH MeTajulaMy, OO0yCJIOBJIEHHOE BBICOKOM
AHTPOIIOTEHHOM Harpy3Koi, OKa3blBaeT TOKCHUYeCKOe BJIMAHNE Ha MHKPOOPraHU3MBI U CTPYKTYPY
MUKPOOHBIX coob1iecTB. I afanTanu K TOKCHYeCKOMY BO3JeCTBUI0 MUKPOOPTraHNU3MBI MCIOIb3YI0T
pas3JInyHble MeXaHN3MBI AeTOKCHUKaI[Y, OJHUM 13 KOTOPHIX ABJIAeTcsA OrocuHTe3 cuaepodopos. B pam-
KaxX JaHHOM paboThl ObUT BHITOJIHEH aHAJIN3 U3MeHeHUs Npoduiia 3K30MeTabonToB mramma Bacillus
velezensis S18, BeIpaIlleHHOTO B MPUCYTCTBUH Pa3HBIX KOHI[EHTPAIMI TAXKEIBIX METAJLJIOB. BhLIO MmoKa-
3aHo, uTo cou CoCl, X 6H,0, AlCl,, ZnSO,, MnSO,, NiSO, X 7H, 0, FeCl, X 6H,0, CuSO, X 5H,0 u GaBr,
3HauYMTEeJIbHO CHIKAJIN IPOAYKINIO clIepodOpOB KaTeX0JI0BOrO U T’HIPOKCaMaTOBOIO TUIIOB, JOCTUTaA
MIOJTHOTO TIoAaBJieHus B mpucytcTBum Ni2t, Fe** u Cu?*. BremoJsiHeHO BOXX-nipoduirpoBaHue 5K30Me-
TabOJINTOB U OLIEHEHA UX XeJie30-CBA3BIBaIasA akTUBHOCTh MeToAoM CAS-tecta. [TosyueHHbIE pe3y.Jib-
TaThl OTKPHIBAIOT IEPCIEKTHUBEI HCIIOJIB30BaHUA MTaMMa B. velezensis S18 B GuopeMeuanuy U CUHTe3e
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1. BBeaenue

[ToBceMecTHOe 3arpsi3HeHHE BOAHBIX PECYp-
COB TSKEJILIMU MeTaJUlaMu, 00yCJIOBJIEHHOE BBICOKOH
AHTPONOTeHHON HArpy3KOl, OKa3blBaeT TOKCHYECKOe
BJINSIHHE HAa MHUKPOOPTaHU3MBI U CTPYKTYpPy MHKpPOO-
HBIX cooOlecTB. B OTBeT Ha QJINTEJIbHOE BO3EHCTBUE
MeTaslaMUd MUKPOOPTraHU3MBbI BEIpabOTaIN KOMILIEKC-
Hble MeXaHU3MBbI JeTOKCUKAINK: CHIDKEHNEe IPOHUIIae-
MocTu MeM0OpaH (6apbepHas QyHKIMA), BHYTPU- U BHe-
KJIETOYHAsA CeKBEeCTpauus, aKTUBHHBI BHIOPOC HOHOB
(addokc), pepMeHTATHUBHAS JETOKCUKALMA U CHU-
XeHHe CPOACTBA KJIETOYHBIX MUIIEHEHN K TOKCUKaHTaM
(Bruins et al., 2000). OgHUM U3 KJIIOYEBBIX aalTHB-
HBIX MEXaHU3MOB ABJiAeTcA OMOCUHTEe3 cuaepodopoB -
MOJIEKYJI C BBICOKOUM adpdUHHOCTHIO K xeJiedy (Ahmed
and Holmstrom, 2014). XoTa ux ocHOBHasA (PyHKUMS
3aKJII0YaeTCss B XeJIATUPOBAHUM U TPAHCIOpPTE TPY.-
HOAOCTYIIHOTO JXeJjie3a, MHKPOOPTraHU3MbI CIOCOOHEI
KCII0JIb30BaTh cUAepO(OpPHl IS CBA3BIBAHUS [PYIHUX
MeTasUioB. BruocuHTe3 cumepodopoB MOXeT UHAYIH-
pOBaThCSI HE TOJIBKO MeUIUTOM XKeje3a, HO U HpU-
CYTCTBHUEM [PYTUX TsKEJBIX METaJUIOB, 00Pa3yOMIX
C HUMM KOMILIEKCHI Pa3jIMyHOM cTabuibHOoCcTU (Butler
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and Theisen, 2010). Cumepodopsl yMEHbIIAIOT TOKCHUY-
HOCTH TSDKEJIBIX MeTaJUIOB 6Jiarofaps UX XeaaTHpoBa-
HUIO ¥ TPAHCIIOPTHUPOBKE BHYTPb KjeTok (Schalk et al.,
2011; Roskova et al., 2022).

Baktepum poma Bacillus, mmpoko pacmpocrpa-
HeHHbIe B pa3HOOOPa3HbIX BOAHBIX dKocucTeMax (peky,
o3epa, MOpsI, OKeaHbl), UTpaloT KJI0YEBYI0 POJib B MIOJ-
JepxaHuu 6ajlaHca MHUKPOOHBIX COOOIIeCTB U IpoO-
eccax ouopemenmnaiuu (Argentino et al.,, 2025). Ux
MeTabO0JIMUYEeCKUI MOTEHIMA, BKJII0Yas CIIOCOOHOCTH
MpOAYLMPOBATh KOMILJIEKCOOOpa3yolre MeTaboIUTHI,
aKTUBHO WCIOJIb3YeTCA I MOOMJIM3AINU TsKeJIbIX
MeTasioB. OcoOblii UHTEpeC B 3TOM KOHTEKCTe Ipef-
craBiisieT BuA Bacillus velezensis, TeHOMBI IIITaMMOB
KOTOPOT'O XapaKTePU3yITCA HAJIMYMEM MHOTI'OYHCIIeH-
HBIX KJIACTEPOB I'€HOB, KOJUPYIOIIUX OMOCHUHTE3 BTO-
PUYHBIX MeTabOoJIUTOB, Takux Kak mnosukeTtusl (I1K)
u Hepubocomubie nentugsl (HPIIC) (Prasanna et al.,
2021). Cpeay BTOPUYHBIX MeTaboJIMTOB cuaepodOphl
3aHUMAIOT 0cob0oe MecTo, puieM OHOCUHTETUYeCKUN
KkJactep GaunaubakTUHA sABJIsAeTCA HauboJiee KOHcep-
BaTUBHBIM U MIIPOKO PACIPOCTPAHEHHBIM Cpeqy Ipej-
craButesien B. velezensis (Rabbee et al., 2019).

© Asrop(s1) 2025. DTa pabora pacnpocTpaHs-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.


https://www.doi.org/10.31951/2658-3518-2025-A-4-834
mailto:irina.khilyas@gmail.com

Enucmpamosa A.A. u dp. / Limnology and Freshwater Biology 2025 (4): 834-843

Cneu. sbinyck: «VIII-s5 MexdyHapooHasi
BepewazuHckas balikanbckasi KoHgbepeHyusi»

Llesipl0 AQHHOTO WCCJIEOBAHUA SIBJISIETCS U3Y-
YeHHe BJIMAHUS OTHEIbHBIX TSDKEJIBIX MeTaJUIOB Ha
npoduas sk3oMetabonutoB Bacillus velezensis S18, ¢
aKIeHTOM Ha MPOAYKIUI0 cuUepodopoB M HUX Xejie-
30-CBSA3BIBAIOINYI0 AKTUBHOCTD. J[JI1 JOCTIXKEHUSA IeJIN
IIPOBEJIEHO KOJIMYECTBEHHOE OIpefesieHre CHAepo-
¢opos, BOXX-npodpunupoBanre u GyHKIMOHAJIbHBIN
aHaJIN3 MeTaJUICBSA3BIBAIOIIEN aKTUBHOCTH.

2. MaTepuanbl M METOADI

IToaroroBka
KYJIbTUBUPOBaHUA

CTOKOBBIE PACTBOPHI COJIEH TSKeJIbIX MeTaJlJIOB
(CoCl,x6H,0, AlCl,, ZnSO,, MnSO,, NiSO,x7H,0,
FeCl, X 6H,0, CuSO, X 5H,0 u GaBr,) roToBuIx U CTe-
puwinzoBanu GuibTpanueil yepe3 MemOpaHHble PES
unpTper (0.22 mMxMm). PacTBOpbl BHOCHJIM B MHHHU-
MasbHylo cpeay M9 (cocras, r/m: Na,HPO, (6.77),
KH,PO, (3), NH,CI (1), NaCl (0.5)), pH 7.0. KoneuHsie
KOHIIEHTpal[ui CcoJiell TsKeJbIX MeTajUIoB B cpefe
MO: Fed* (10 mxM); Co?*, AI*+, Cu?*, Ga®* (20 MxkM);
Ni2* u Zn?* (100 mxM); Mn2* (400 MxM). B cpeny
M9 nonosiHUTeJIbHO BHOCUJIM Ka3aMHUHOBBIE KHCJIOTHI
(6 r/m), a taxxe pactBopel MgSO, X 7H,0 u CaCl, no
KOHEeYHBIX KOHLleHTpauui 246 MM u 100 mxM, coot-
BETCTBEHHO. B KauecTBe KOHTPOJIA HCIOJIb30BaJIU
cpeny M9 ¢ nobasnenuem 2,2’-6unupuaunia (50 MxM).
KynpruBupoBaHue Bacillus velezensis S18 mpoBomwiu
npu 30°C, 200 06/muH, 120 yacos.

OmpenesieHre NpoayKuuu cuzepodopos

OnpepnenieHre NpOAYKINU CUAEPO(POPOB BHINIOJI-
HAJIM C WCIOJIb30BaHMEM MeToauk ApHOy (Arnow,
1937) u Atkuna (Atkin et al.,, 1970). Bce skcmepu-
MeHThl ObUIM BBIIOJIHEHB B [ABYX OHOJIOTMYeCKUX
IIOBTOPHOCTSIX.

JKcTpaKIua MeTaboJIuTOB

OKCTpaKLUI0 MeTaboJIWTOB IPOBOAWIM U3
KyJIbTYPaJIbHON Xumgkoctu B. velezensis S18, BrIpa-
meHHou B 20 mut cpenbl M9, copepxaieii cou Tsxe-
JIBIX METaJIJIOB B COOTBETCTBYIOUIMX KOHI[EHTpalUAX.
KyibpTypasibHyl0 XUAKOCTb OTAEJsUIM OT OHOMacChl
ueHtpudyruposanuem npu 9000 o6/MUH B TeueHUE
20 wmuH. [lomydyeHHBIE cynepHaTaHT QUIBTPOBAIU
yepe3 Mmembpany 0.22 mxm (PES Millipore Express
PLUS Stericup, Millipore, CIIIA) u mporyckaau depe3
C18 xaprpumxu (Supelco Discovery DSC-18, Supelco,
CIIIA). Meta6osmTel asoupoBanu 100% MeTaHOJIOM.
DJII0aThl KOHI[EHTPUPOBAJIM Ha POTOPHOM HCIIapuTesie
(Concentrator Plus, Eppendorf, TepmaHus) npu Temrie-
parype He Bbime 45 °C. Cyxoll OCTaTOK pecycleHAu-
poBanu B 50% BOOHOM MeTaHOJe AJiA HNOCJIeAyHIiero
aHau3a metogom BOXX.

Bricoko3ddeKkTUBHAA XKUOKOCTHASA XPOMATO-
rpadus (BIXX)

BOXX-ananu3 BeImoyiHsIM Ha cucteme UltiMate
3000 UHPLC (Thermo Scientific Dionex, CIIIA) c
UcroJjib30BaHrEeM  oOpaimieHHO-Ga30BO  KOJIOHKU
Acclaim® PolarAdvantage IT (PA2) C18 (250 X 4.6 mmM,
5 MmxMm). I'paiieHTHOE 3JTIOMPOBaHNE OCYIIECTBIISIIA CO
CKOpOCTBIO ITOTOKa 1 MJI/MHH, IPUMeHAA B KayecTBe
noBrkHBIX da3: (A) Boay ¢ 0.01% o6. TpudTopykcyc-
Hoi kucsioroit (TOY) u (B) aneronutpun:sona (80:20,

PacTBOpOB u ycJIOBUSA
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06./00.) ¢ 0.01% 06. TO®Y. I'pagueHTHYI0 IPOTPaMMy
3a1aBaiu ciaenywomum obpazom: 0-40 MUH - JTUHEHHOe
yBesmmueHue ¢asbl B ¢ 0% go 60% 006.; 40-50 MuH - pocT
¢ 60% 1o 100% 06. ¢dassl B; 50-55 MUH - u30KpaTuye-
ckoe BoifiepxuBanue npu 100% B; 55-60 muH - Bo3Bpar
K HavaJibHBIM ycsioBuaM (0% B) ¢ mocseyomnieii peak-
BUJIMOpaInuel KOJIOHKHU. J[eTeKTHpOBaHUE MPOBOIUIIU
¢ momompio poToamomHoro nerekropa (220 HM) u
dnyopecnienTHoro nerexkropa (470/530 Hm).

XKesneso-cBaA3bIBaomas aAKTHUBHOCTD
MeTaboJIuTOB

JUIa aHaJIM3a MeTaJIJIOCBA3BIBAIONIEN CITIOCOOHO-
CTH BHEKJIETOYHBIX MeTabO0JIMTOB, MOJIyUYeHHBIX [OCjIe
1204 xyspTUBHpOBaHUA mTamMMa B. velezensis S18 B
MPpUCYTCTBHUU MeTaJLJIOB, B yamky [lerpu ¢ CAS-arapow,
cojepXamuM KpacuTeslb XpoM a3ypoJl S, BHOCWJIU B
JIYHKH 110 5 MKJI UccyiegyeMoro obpasia (Payne, 1994).
O6pa3oBaHue OpaHXeBbIX 30H BOKDYI JIYHOK CBUJe-
TeJIbCTBOBAJIO O XeJIe30CBA3bIBalollel] aKTUBHOCTU.

3. Pe3yAbTatbl M 06Ccy)XpAeHue

BiusiHUe TsSXKeJIbIX MeTaJLIJIOB Ha MPOIYKIHIO
cunepodopoB

[peneigyinee mccieqoBaHNe NOATBEPAUIIO, YTO
SHAOJIUTHBIM wmTaMM B. velezensis S18 ycroiuuB K
TSKEJIBIM MeTaslslaM U o0JiafjaeT CIOCOOHOCTBIO IMPO-
nyuupoBath cufepodopsl (Elistratova et al.,, 2024).
Llestb HACTOSIIIETO WCCJIEOBAHUS - OLIEHUTH BJIMSHUE
BOAHBIX TOKCUKAHTOB, B YACTHOCTH TSDKEJIBIX MeTal-
JIOB, Ha XeJle30-3aBUCHUMBIN OaKTepuabHbIN MeTa-
6osm3Mm B. velezensis S18. J[uama3oH KOHI[EHTpALUI
MetasuioB (Fe®*: 10 uM; Co?*, A3+, Cu?*, Ga®*: 20 uM;
Ni2*, Zn?*: 100 uM; Mn?*: 400 uM) BEIOpaH Ha OCHOBe
JIaHHBIX, NPUBENEHHBIX B JIUTEPATYPHBIX HCTOYHHKAX
0 BJIMSHUM MeTaJUUIOB Ha cuiepodOpHYI0 aKTUBHOCTh
6aktepuii poaa Bacillus (Gaonkar and Bhosle, 2013).

Pe3yJipTaTh OKA3aJIM, YTO KOHI[EHTPAIUA CULe-
podOpOB KaTeXoJIOBOT'O THIA, NPOAYLHMPYEMBIX B.
velezensis S18 B npucytctBuu coseir Co?*, AI**, Zn?* u
Ga®* pappupoBasia B guamnasone 4-16 MxM, uto B 3-7
pa3 HIXe KOHTpoJbHOro ypoBHA (30-54 MxM) B cpefie
6e3 metasuioB (Puc. 1A). IloyiHOe nHrubupoBaHue 610-
cuHTe3a cuaepodOpoOB KATEXOJIOBOrO TUIA HaGIIona-
Jiock B mpucyTcTBum Mn?*, Ni2*+, Fe3* u Cu?* (Puc. 1A).
AHaJIOTMYHO, MIPUCYTCTBHE BCEX TSKEJIBIX METAJIOB B
cpene, kpome Co?* u Ga®* MHruOMPOBaJIO HAKOIJIEHUE
cunepodopoB IMAPOKCAMATOBOTO THUIA LITAMMOM B.
velezensis S18 xak MUHUMYM B 2 pa3a 10 CPaBHEHMUIO
¢ koHTpoJIeM (31-48 mMxM). JXKeyie30, HUKeJb U Me[lb
MIOJITHOCTBI0 MHrUOUpOBasiu OHMOCHHTE3 cuaepodopoB
(Puc. 1B).

HecmoTpsa Ha dusoreHetmveckyo 0sn3octh B.
velezensis u B. amyloliquefaciens, riccjieoBaHMsA MOKAa3bI-
BaIOT, 4TO y mTamMma B. amyloliquefaciens NAR38.1 He
Ha0J1I04aJI0Ch NOAABJIEHUA NPOAYKIUU cuaepodopos
B IIPUCYTCTBUU TSDKEJBIX MeTaJuioB B cpefe (Gaonkar
and Bhosle, 2013; Fan et al., 2017). B. amyloliquefaciens
NAR38.1 He npoieMOHCTPUPOBAJI CHUXXEHUS MPOAYK-
U cusepodopoB B mpucyrcrBuu Fe**™ (<30 MkM)
wm Mn?* (<1000 MKM) WM 3HAYUTETBHOTO yTHE-
TeHus poctra. OpHako OoJiee HU3KHE KOHIIEHTPAH
METaJUIOB MOJIHOCTBI0 MHTUOMPOBAIN POCT U HPOAYK-



Enucmpamosa A.A. u dp. / Limnology and Freshwater Biology 2025 (4): 834-843

Cneu. sbinyck: «VIII-s5 MexdyHapooHasi
BepewazuHckas balikanbckasi KoHgbepeHyusi»

A

60

=)

R 60 2 < —=— KoHTpone

3 &= —— Co?* 20 uM

gg_ gL 3+

S, 2 E 404 — AT 20uM

S 3£ —— Ni#* 100 uM

@

Sg o Zn?* 100 uM

53 g2

g € 20- g & 204 —= Mn?* 400 uM

= x I =

S s2 —— Cu?*10pM

z = o = 3+

G i =% -+ Ga* 10uM

* 0 T T T T T 0 T T T T —— Fe¥ 10 uM
0 24 48 72 96 120 0 24 48 72 96 120 H

Bpewms, 4 Bpewms, 4

Puc.1. [[unamuika OpoAyKIuu cuaepodopos katexosoBoro (A) u ruapokcamaroBoro (B) Tumos mrammMoM B. velezensis S18
B NIPUCYTCTBUM/OTCYTCTBUE TSDKEJIBIX METAJLJIOB. Bce aKcIieprMeHTHI OBLIN BHIITOJHEHH! B IBYX OMOJIOTMYECKUX TOBTOPHOCTSIX.

nuio cugepodopos mramma B. velezensis S18. Kpome
toro, Cu?* (10 uM), Zn?* (125 uM) u Co?* (20 uM)
CTUMYJIUPOBaId OMOCHUHTE3 cuAepodOpoB LITAMMOM
B. amyloliquefaciens NAR38.1, Torma Kak CTUMYJIALAU
poAyKIuM cufiepodopoB KaTeXxoJIOBOIO U T'MApPOKca-
MaTOBOI'O THUIIA MTaMMOM B. velezensis S18 B mpucyT-
CTBUM TeX Xe MeTaJIJIOB He ITpoucxoAusio. UckioueHue
cocTaBJiseT Hasmuue B cpefie Al*+ (20 M), okasbiBalo-
ero MHruoupylolree JefcTBre Ha 06a mramMmMma.

Bosee paHHMe wuccjiefoBaHUsA I[IOKa3ajd, YTO
HakoIUleHue cufepodopoB T'UAPOKCaMaTOBOI'0 THIIA
(mm3okuHUHA M N-Ie30KCHUIIN30KHMHUHA) IITAMMOM
B. megaterium ATCC 19213 3HaUMTEJIbHO YBEJINYUBA-
eTcs B IIPUCYTCTBUU BBICOKUX KOHIIEHTpAIWil aJlloMU-
Hus (10 mr/i) B yeaoBusax fgeduimra xenes3a (Hu and
Boyer, 1996). B orinuue oT 3TOro, KyJbTHBHPOBa-
Hue mramMa B. velezensis S18 B cpenie ¢ aJIOMUHUEM
IIPUBOJWJIO K CHMXXEHUIO HAKOIUJIEHUA KaK KaTexoJio-
BOIO, TaK M I'MAPOKCAMaTOBOr'0 TUIOB cuAepodOpOB.
AnajyiornyHo, CTUMYyJIUpylolijee BJIUAHLE COJIU CBUHIA
Ha HaKoIUJIeHUs cuiepodopoB riipoKcaMaToBOro TUIla
ObLT0 MoKazaHo mrtammoM Bacillus sp. PZ-1 (Yu et al.,
2017).

Takum o6pa3oM, B HallleM HCCJIeJOBaHUU yCTa-
HOBJIEHO, YTO TsXKeJibie MeTasuibl Ni2+, Cu?* uFe®* moga-
BJIAIOT IpOoAyKuuio cuaepodopos B. velezensis S18, B To
BpeMs Kak Jpyrve MeTaUIbl OKa3bIBalOT MeHee BhIpa-
XKeHHOe WHrubupyliee feiicTBHe WA CTUMYJIUPYIOT
6rocuHTe3 HOBBIX MeTabonuToB. IlosTyueHHbIe JaHHbIe
coryacyroTcs ¢ ucciaegopanuaMu Gaonkar and Bhosle
(2013), B xoTOpHIX MOAOOHBIE METAJUIBl MPOSBJISIOT
KOMILJIEKCHOE BJIMSHKE Ha MUKPOOHEIE CHCTEMBI cuje-
podopos. laxe Mexay (puioreHeTUUYEeCKU OJIM3KUMU
Bunamu Bacillus (B. velezensis u B. amyloliquefaciens)
HabJ1I0jal0TCsA 3HAYNTeJIbHBIE OTJINYNSA BIIUAHUA TsKe-
JIBIX MeTaJIJIOB B MeTaJIJIOyCTOMYMBOCTH U NPOAYKIUU
cugepodopoB. BepoATtHO, GeHOTHUNIMYECKHE pa3iIu-
ynsg MeXJy ITaMMaMU OOBACHAIOTCS BBIJeJIeHNeM U3
OTJINYAIOIIHXCA 3KOJOTHYECKUX HUII, 00yCJIOBJINBAlO-
IMMU pa3jinyuA B 3BOJIIOLMOHHON ajantanuu K 6uo-
JOCTYIIHOCTU ¥ TOKCUYHOCTH METaJLJIOB.

B3XX-npodunupoBanue 3k30MeTab0JIUTOB U
MeTaJlJI-3aBHCHUMble U3MeHeHUA

B mnpepacraBieHHOll pabore OBUIO MPOBENEHO
npoGUINpoOBaHUe BTOPUYHBIX MeTabOJIUTOB MeTOAOM
BOXX u BBHIABIEHA BHIPAXX€HHAA MeTaJlI-3aBUCHMasi
BapuabesibHOCTh dK30MeTabosioma B. velezensis S18. B
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KyJIbTYpaJIbHOY XUJKOCTU mTamMMa S18 6e3 Taxesbx
MeTaJlJIOB ObLIN 3a1eTEKTUPOBAHBI 9 Ma’XOPHBIX IMKOB,
KOTOpble OTCYTCTBOBAJIM B Cpefle C TpeXBaJIeHTHBIM
xejie3om (Puc. 2A). WckyroueHne COCTaBUJI yCTONYU-
BB MeTabosut (Bpems yaepxusanus (RT) 12.0 mums,
Ybsl MPOAYKLIMA COXpaHAJach TakkKe B IPUCYTCTBUU
Ni**, Fe** u Mn>*. B npucyrcrteuu CuSO, mramm S18
HakamuBaJl eqUHCTBeHHBIE MeTaboautr ¢ RT 14.5
MuH, Torga kak Co?* m Zn?* ctumysuposaiu de novo
cuHTte3 coequHeHn# ¢ RT 37.0 muH u 52.0 MHH, COOT-
BeTcTBeHHO (Puc. 2A). dyopeclieHTHOE IeTeKTUPOBa-
HUe BBIABUJIO YeThIpe MeTaslJI-UyBCTBUTEJIbHBIX IIMKA B
KOHTPOJIe, TIOJIHOCTBIO MCcYe3aBUIMX B IPUCYTCTBUU Ni,
Fe, Mn u Cu (Puc. 2b). Takum o6pa3oMm, NOJy4eHHbIe
JlaHHbBle YKa3bIBalOT, YTO OOJIBIIMHCTBO 3aJleTeKTHUPO-
BaHHBIX JK30MeTaboJMTOB mTamma B. velezensis S18
MOTEHLIMAJIBbHO MOTYT OBITh OTHECEHHI K cuzepodopam.
Kpome Toro, mramm npoayuupyet ¢GJiyopeciyupyoue
coeJHEHN, BEPOATHO, OTHOCAIMeCs K TUApoKcaMart-
HOMY KJ1accy cuziepo¢dopoB.

BcectoponHee ncciiefjoBaHue BIWAHUS OTeJIb-
Heix MetasuioB (Al, U, Mn, Fe, Cd, Cu, Co u Ni) u ux
cMmecu Ha mramuM Bacillus cereus str. CPT56D-587-MTF
[IPOJIEMOHCTPUPOBAJIO U3MEHEHUs B YPOBHE 3KCIIpec-
cun TreHOB OuocuHTe3a cufepodopa KaTexoJIOBOTO
tuna — 6ammuimbaktuHa (Goff et al.,, 2023). Crour
OTMETUThb, YTO TOJIBKO KOMILIEKCHOE BO3JeliCcTBHIe
TSDKeJIBIX MeTaJlJIOB, B OTJINYMe OT OT/JeJIbHbIX (Hanpu-
Mep, Ni u Cu), npuBoaAWJIO K CBepxXperyJianuu 0anui-
JubakTUHA U ero TPaHCIOPTEPOB U3 cyllepceMelicTBa
MFC (Major Facilitator Superfamily).

Perynauua OuocuHTe3a MUKPOOHBIX cuaepodo-
POB OCyIlecTBJIAeTCsI YPOBHEM »ejie3a, YTO IpeloT-
BpaljaeT ero U30BITOYHOE HAKOIIEHHE U CBSA3aHHBIE C
3THUM KJIETOUYHBIE TTOBpexeHus (Andrews et al., 2013).
BeposTHO, nnrutupymomee osaeiicreue Ni?* u Cu?*
Ha (epMeHTHble CUCTeMbl OMOCHHTE3a, CBA3aHO C UX
TOKCUYHOCTBI0, OJIHAKO B UX IPHUCYTCTBUU Habirona-
eTcs cBepxperyJiAanus cuiepo®OpHBIX TPaHCIOPTEPOB
(Goff et al., 2023). B Toxe BpeMs IOpyrue MeTaJLIbI
MOTYT OKa3blBaTh cJiaboe WHrubupyollee AeiiCTBUE
WIN CTUMYJIUPOBaThb CHHTE3 HOBBIX MeTaJLIO-CBS3bI-
BawIMUx MeTaboauToB. B uyacTHocTu, B ImTamme B.
toyonensis SFC 500-1E nHabiomanach CBepXperyJsAanus
criepodOpHBIX TPaHCIOPTEepoB U peryiAaropa Fur B
mpucytctBuu Cr(VI) (Fernandez et al., 2023).
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MeTaJIJI-CBi[SbIBaIOIJ.[aﬂ AKTHUBHOCTbHb A
MeTaboJIUTOB

Jia noxarBepxkaeHUs (QyHKIMOHAJIBHOU aKTUB-
HOCTH CMeCH 3K30MeTabOoJIUTOB, NMOJyYeHHbIX U3 1209
KyJIbTYpaJIbHOM Xujakoctu B. velezensis S18, mpose-
psanu Ha CAS-arape 1 BU3yaJIbHO OLleHMBaJM oOpaso-
BaHMe 30H NpocBeTJieHUs. [losoxuTesibHBIE peakIuu
3apuKcupoBaHsl 1A KoHTpoJis, CoCl,x 6H,0, ZnSO,,
AlICl, u GaBr,. Hannuue B cpefe pocra mTamma S18
coJieil xeJie3a, HUKeJIs, MeIU U MapraHija NpUBOAUIIO
K GOpMHPOBaHUIO 3K30MeTabO0JIUTOB, He 00JIaaloIUX
Fe (III)-cBa3biBammeil axkTUBHOCTBIO. [losTyueHHBIE
pe3yJibTaThl  COTJIacyloTcsd C  KOJIMYeCTBEHHBIMU
TectamMu ApHOY U ATKHHA, TOATBEPX/asa MeTalI-3aBu-
CHUMYIO peryJiAaluio 6uocuHTe3a cugepodopos.

B ornunune ot mtamma B. cereus str. CPT56D-
587-MTF, y kotoporo cBepxperyjAaunus cugepodopa
aKTUBUPYeTCs WUCKJIIOYMTEIbHO MPU CMellaHHOM BO3-
OelCTBUU TAXeJbIMU MeTasllaMu, B. velezensis S18
JEMOHCTPHUpYeT MeTaboInuecKylo IJIaCTUYHOCTD, pea-
JM3yeMylo uYepe3 MPOAYKIUI0 MeTaboJIuTOB, obJiaja-
romux Fe(II)-cBa3biBaoiell akTUBHOCTBIO, B IPHUCYT-
CTBUM OTHeJbHBIX MeTajuioB (Co2*, Zn?*, AT u Ga3*)
U 6uocuHTe3 de NOVO MeTaJI-CBA3BIBAIOIINX COeHEe-
Hul nox Bo3aericreueM Co?* u Zn2*.

4. 3aknioueHume

B pa6ore BnepBble ObLJIO IIPOJAEMOHCTPUPOBAHO,
YTO JHIOJUTHHIN ImTaMM B. velezensis S18 peasnu-
3yeT yHUKaJIbHYI0 CTpaTervio ajanTaluy K TsSKeJIbIM
MeTaJIaM IO Cpe[CTBaM M3MeHeHMA 3K30MeTab0JIoM-
Horo npodua. BeUIO BBIABIIEHO MeTaUI-crieliuduiHoe
“3MeHeHHe sk3oMeTaboJioMa IMyTeM MOoJaBjieHus Mpo-
OyKIUKU MeTaboyiuToB B mpucyrcrsuu Fe*t u de novo
OMOCHHTEe3 CoeqUHEHUI B cpefle, coAepxalleil cosu
Co?* u Zn?*. Kpome Toro, 6bly1a BhIsIBJIEHA 3aBUCUMOCTh
MpOAYKIMHU cuAepodOPOB KaTeX0JIOBOIO U T'MApPOKCa-
MaTOBOT'O TUIIOB OT NPUCYTCTBUA TXKEJIBIX MeTaJlJIOB
B cpefie. YCTaHOBJIEHHbIe 3aKOHOMEPHOCTU OTKPHIBAIOT
HOBble BO3MOXHOCTU [JIA INpHMeHeHUsA mTamMma B.
velezensis S18 B mpoleccax 6ropemMeauaIiu 1 noJryye-
HUA 6M0XeJIaTOPOB MIMPOKOTro CIeKTpa AeHCTBHUA.
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