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ABSTRACT. Microorganisms are fundamental to global ecosystem functioning, playing crucial roles in
biogeochemical cycles and producing diverse bioactive secondary metabolites. Extremophiles are prom-
ising sources of novel metabolites due to their adaptations to harsh environments. This study investi-
gated the biosynthetic potential of the thermophilic, heavy metal-resistant bacterium Cytobacillus pseud-
oceanisediminis BNO”, isolated from a deep subsurface mineral spring. Genomic analysis identified six
biosynthetic gene clusters (BGCs): terpene-precursor, type III polyketide synthase (T3PKS), azole-con-
taining RiPP-terpene, terpene, nonribosomal peptide synthetase (NRPS), and NRPS-independent (NI)
siderophore. Comparative analysis revealed high homology (>95% identity) for five BGCs (T3PKS,
RiPP-terpene, terpene, NRPS, NI-siderophore) with the marine sediment strain C. pseudoceanisediminis
2691 and related Cytobacillus species, indicating evolutionary conservation within the genus. The ter-
pene-precursor cluster showed low homology (52.3% identity for core genes) and matched non-Cyto-
bacillus species, suggesting potential horizontal gene transfer. Transcriptomic analysis under standard
laboratory conditions (LB medium, 37°C) revealed constitutive expression (>90% of genes) for all BGCs
except the NI-siderophore cluster (51.7% genes expressed). This constitutive expression suggests the
basal importance of these metabolites for physiology or pre-adaptation to the native stressful environ-
ment and facilitates potential biotechnological exploitation. The presence of NRPS and siderophore clus-
ters correlates with the strain’s exceptional heavy metal resistance. This study highlights C. pseudocean-
isediminis BNOT as a source of conserved and potentially novel BGCs, with significant biotechnological
potential, particularly for bioremediation. Future work should characterize the metabolites produced
and investigate BGC expression under stress conditions.

Keywords: Cytobacillus pseudoceanisediminis, biosynthetic gene clusters, secondary metabolites, extremophiles,
horizontal gene transfer, constitutive expression

For citation: Yakhnenko A., Tarasov K., Kravchenko E. Studying the Genetic Potential of Cytobacillus pseudoceanisediminis from a
Deep Subsurface Mineral Spring for the Synthesis of Biologically Active Substances // Limnology and Freshwater Biology. 2025.
-Ne 4. - P. 907-918. DOI: 10.31951/2658-3518-2025-A-4-907

1. Introduction nature, bacterial secondary metabolites facilitate eco-

L logical interactions as defensive or signaling molecules

The functioning of global ecosystems, funda- and enable adaptation to diverse habitats (Santana-
mental to life on Earth, is impossible without micro- Pereira et al., 2020; Pandey et al., 2021). Biologically
organisms. Their indispensable role is manifested in active substances isolated from bacteria play a crucial
maintaining b1ogeoghem1cal cycles, supporting fOOFl role in medicine, agriculture, and industry. Currently,
chains, and preserving the health of plants and ani- up to 80% of antibiotics used in medicine are derived
mals (Bahram et al., 2018; Falkowski et al., 2008). from microorganisms (Newman and Cragg, 2016).
Their metabolic capabilities, partlcu'larly' the abll}ty Secondary metabolites are also employed as antican-
to degrade pollutants and produce biologically active cer agents, immunomodulators, and antiparasitic drugs

compound§ (secondary‘ metabolites), are of key signifi- (Austin and Noel, 2003; Kamran et al., 2022; Gabriel et
cance (Amina and Lotfi, 2024; Alamer et al., 2025). In al., 2018), can bind divalent heavy metal cations, and
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are used in bioremediation (Gomes et al., 2024). The
majority of secondary metabolites produced by bacteria
are synthesized by multi-enzyme complexes encoded
by biosynthetic gene clusters (BGCs). These clusters are
compact genetic loci comprising genes responsible for
constructing the molecular carbon skeleton, its modi-
fication, and expression regulation (Austin and Noel,
2003). Whole-genome sequencing is the most advanced
approach for identifying BGCs in microorganisms (Qiu
et al., 2024). When complemented by transcriptomic
analysis, it becomes possible to study the potential for
secondary metabolite biosynthesis under laboratory
conditions (Rabara et al.,, 2023). This approach will
enable the discovery of new metabolic pathways, con-
tributing to the development of more sustainable and
eco-friendly technologies amid increasing environmen-
tal pressures.

The study and discovery of novel BGCs is highly
relevant using extremophilic organisms, as survival in
harsh environments necessitates specific adaptations.
Consequently, secondary metabolites derived from
extremophiles may be more stable in aggressive envi-
ronments and hold promise for various biotechnologi-
cal applications (Maccari et al., 2015; Mashakhetri et
al., 2024; Amina and Lotfi, 2024).

Among representatives of the genus Cytobacillus,
inhabiting a wide range of environmental conditions,
including extreme ones, the ability to biosynthesize
bioactive substances with potential for various biotech-
nological applications has been demonstrated. These
include lipopeptide biosurfactants exhibiting antimi-
crobial activity against pathogenic fungi, identified in
Cytobacillus firmus and C. oceanisediminis (Alyousif and
Al-Luaibi, 2025). Also promising are Cytobacillus kochii,
producing enzymes used in antiviral drug production
(Setiawan et al., 2025), cepacian-degrading Cytobacillus
sp. strain Dbcl for combating pathogenic biofilms on
medical devices (Ghosh et al., 2024), and Cytobacillus
sp. Strain HMBC3, capable of degrading low-density
polyethylene (Alamer et al., 2025). Among representa-
tives of the genus Cytobacillus, Cytobacillus pseudocean-
isediminis BNO”, isolated from a deep subsurface min-
eral spring in an unused part of the underground tunnel
of Baksan Neutrino Observatory INR RAS (Russia),
stands out (Tarasov et al., 2022). It represents an inter-
esting target for searching gene clusters involved in the
synthesis of bioactive substances. Representatives of
this species have also been isolated from marine sedi-
ments and microplastic particles in seawater (Lee et al.,
2012; Wang et al., 2025). This strain is a Gram-positive
aerobe, thriving at elevated temperatures (>40°C),
demonstrating the ability to utilize C1 compounds as
a carbon source, and exhibiting outstanding resistance
to heavy metals, including lead, cadmium, and copper,
making it promising for bioremediation and biotech-
nology (Tarasov et al., 2022).

The aim of this study is the comprehensive anal-
ysis of the genome and transcriptome of C. pseudocean-
isediminis BNO™ to identify biosynthetic gene clusters
(BGCs) for biologically active substances and to analyze
the expression of genes within these clusters under lab-
oratory conditions.
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2. Materials and Methods

The search for gene clusters encoding bioactive
substances was conducted using the AntiSMASH 8.0.1
service (Blin et al., 2025) in the genomes of Cytobacillus
pseudoceanisediminis (BNO strain CP097349.1, 2691
strain NZ_CP015506.1, NCBI GenBank database).

The strain C. pseudoceanisediminis BNO”, previ-
ously isolated from a hot subsurface mineral spring in
an unused section of the BNO tunnel (Tarasov et al.,
2022), was used for the experiment. It was cultured in
liquid Miller’s LB medium at 37°C and 160 rpm.

Transcripts belonging to the BGCs were identified
as follows: 3 ml of an overnight culture of Cytobacillus
pseudoceanisediminis BNO™ was diluted 10-fold with
fresh medium in three replicates. After 3 hours, 10 ml
was taken from each flask. Samples were centrifuged
at 10,000 g for 5 minutes. Total RNA was immediately
isolated from the pellet using TRIzol (Chomczynski,
1993). The RNA was treated with DNase. Libraries
were prepared using the TruSeq Stranded Total RNA
with Ribo-Zero kit (Illumina). Sequencing was per-
formed on the Illumina NovaSeq 6000 platform (2 x
100 bp), generating 10 million reads per sample. Read
demultiplexing was performed using Illumina bcl2fastq
v2.20. Adapters were removed using Skewer v0.2.2
(Jiang et al., 2014). FASTQ file quality was assessed
using FastQC v0.12 (Andrews, 2010) and MultiQC
(Ewels et al., 2016). rRNA reads were removed using
SortMeRNA v4.3.6. Low-quality reads were removed
using Trimmomatic (Bolger et al., 2014). Reads were
mapped to the C. pseudoceanisediminis reference genome
using STAR (Dobin et al., 2013).

3. Results and Discussion

Six gene clusters for the biosynthesis of bio-
logically active compounds were identified in the
C. pseudoceanisediminis BNO genome (GenBank NCBI
CP097349.1) (Table 1, Fig. 1).

1. Terpene-precursor: All 22 genes were consti-
tutively expressed under laboratory conditions.
ClusterBlast analysis revealed the highest match
with an NRPS/NRPS-like cluster in Enterococcus
thailandicus (Table 1). However, homology was
low: only 8 out of 22 genes had >45% identity,
with an average identity of 52.3% among these
core genes. Other top hits included Enterococcus
faecium, Enterococcus lactis, and Ligilactobacillus
salivarius, with even lower homology levels.
Terpenoids represent the most diverse class of sec-
ondary metabolites, encompassing over 70,000
compounds like vitamins, carotenoids, phero-
mones, and drugs with anticancer and antimalar-
ial properties (Yamada et al., 2015; Kamran et al.,
2022; Gabriel et al., 2018).

. Type III Polyketide Synthase (T3PKS) Cluster:
All 48 genes were -constitutively expressed.
ClusterBlast revealed high homology with several
genomes, including Bacillus sp. (99.3% identity,
100% genes), C. oceanisediminis CK22 (99.3%),
C. oceanisediminis YPW-V2 (99.29%), C. firmus
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Table 1. BGCs identified in the C. pseudoceanisediminis BNO genome (CP097349.1).

Region Type From* To* ClusterBlast Best Hit (Accession) |% Identity| % Genes | % Genes
found |Expressed
1 [terpene-precursor| 125,567 | 146,457 | Enterococcus thailandicus strain OF20- 52.3 36.4 100%
18ACA (NZ_JAQEWG010000001.1)
T3PKS 324,152 | 365,233 Bacillus sp. (NZ_GL635752) 99.3 100 100%
azole-containing-| 834,221 | 867,494 |Cytobacillus oceanisediminis strain YPW- 97.9 72.7 96.9%
RiPP-terpene V2 (NZ_CP062790)
4 terpene 3,092,376 | 3,114,268 Cytobacillus oceanisediminis strain 97.4 100 95.4%
179-M (NZ_JAHHWV010000003)
5 NRPS 3,330,009 | 3,385,692 | Cytobacillus pseudoceanisediminis 2691 98.75 96 96%
(NZ_CP015506)
6 NI-siderophore | 3,680,590 | 3,712,092 Cytobacillus firmus strain A88 99.89 100 51.7%
(NZ_JANTPI010000022)

Note: *Coordinates in genome CP097349.1 (GenBank NCBI)
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Fig.1. Schematic representation of the domain composition and organization of the identified BGCs: (A) terpene-precursor
cluster, (B) T3PKS gene cluster, (C) azole-containing-RiPP and terpene gene cluster, (D) terpene gene cluster, (E) NRPS gene
cluster, (F) NI-siderophore gene cluster. Legend: core biosynthetic genes | additional biosynthetic genes | transport-related genes
| regulatory genes | other genes | resistance | binding site.
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B12 (98.2%), and C. pseudoceanisediminis 2691
(99.3%, 98% genes). T3PKS enzymes are homod-
imeric ketosynthases producing diverse secondary
metabolites, often precursors to flavonoids, can-
nabinoids, waxes, and alkaloids, found in plants,
fungi, and bacteria (Katsuyama and Ohnishi, 2012;
Bisht et al., 2021).

Azole-containing-RiPP-Terpene Cluster: 32 out
of 33 genes were constitutively expressed. Top
ClusterBlast hits were C. oceanisediminis YPW-V2
(97.9% identity, 72.7% genes), C. oceanisediminis
179-M (97.75%), Bacillus sp. 2_A_57_CT2 (97.7%),
C. oceanisediminis CK22 (97.75%), and C. firmus
A88 (97.9%). C. pseudoceanisediminis 2691 ranked
6th (97.85%, 72.7% genes). This cluster produces
terpenes and azole-containing peptides (RiPPs).
Azole-containing peptides exhibit antibacterial
activity via mechanisms like enzyme inhibition,
membrane disruption, and ribosomal targeting
(Travin et al., 2019; Arnison et al., 2013; Pierrat
and Maxwell, 2003; Molohon et al., 2016; Metelev
et al., 2017).

. Terpene Cluster: 21 out of 22 genes were consti-
tutively expressed. Top ClusterBlast hits included
C. oceanisediminis 179-M (97.4% identity, 100%
genes), C. oceanisediminis CK22 (97.68%), C. fir-
mus M41 (95.6%), C. firmus B12 (96.27%), and
C. pseudoceanisediminis 2691 (97.45%).

. Nonribosomal Peptide Synthetase (NRPS)
Cluster: 49 out of 51 genes were constitutively
expressed. Top ClusterBlast hits were C. oceanisedi-
minis 2691 (98.75% identity, 96% genes), C. firmus
A88 (99.3%, 94%), C. firmus B12 (97.39%, 84%),
C. firmus M41 (97.76%, 84%), and Bacillus cereus
VKM (63.52%, 49%). NRPSs are multi-enzyme
complexes synthesizing diverse metabolites like
siderophores, toxins, antibiotics, pigments, and
biosurfactants, widely used in industry and biore-
mediation of heavy metals (Bushley and Turgeon,
2010; Wang et al., 2014; Sharma et al., 2022).

. NRPS-independent (NI) Siderophore Cluster:
15 out of 29 genes (51.7%) were constitutively
expressed. Top ClusterBlast hits showed very high
homology: C. firmus A88 (99.89% identity, 100%
genes), C. pseudoceanisediminis 2691 (99.79%),
C. oceanisediminis CK22 (99.75%), C. oceanisedi-
minis YPW-V2 (99.5%), and Bacillus sp. (99.5%).
Siderophores are low-molecular-weight iron chela-
tors vital for iron acquisition, regulated by envi-
ronmental iron levels (Hider and Kong, 2010).
They are used medically as antimicrobials and as
“Trojan horses” to overcome antibiotic resistance
(Gorska et al., 2014). Some siderophores also bind
heavy metal divalent cations, making them prom-
ising bioremediation agents (Hofmann et al., 2021;
Gomes et al., 2024).

All identified BGCs in the C. pseudoceanisediminis
BNO genome, except the terpene-precursor cluster,
exhibit high homology (>95% identity) with another
representative of this species, Cytobacillus pseudoce-
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anisediminis 2691, isolated from marine sediments in
South Korea (Jung et al., 2016). This indicates that
these gene clusters are conserved within the C. pseud-
oceanisediminis species and likely play an important role
in its core physiology or ecological niche, regardless of
habitat, further supported by the constitutive expres-
sion of most cluster genes. These BGCs are not random
acquisitions specific to one strain. High homology was
also observed with species Cytobacillus oceanisediminis,
Cytobacillus firmus, and Bacillus sp., suggesting a com-
mon evolutionary origin for these clusters within the
Cytobacillus genus.

The terpene-precursor cluster showed extremely
low homology (52.3% average identity for core genes)
with database sequences. None of the top 5 ClusterBlast
hits belonged to the genus Cytobacillus, suggesting
potential horizontal gene transfer (HGT) of this clus-
ter (Choufa et al., 2024) or extremely high variability
within this DNA region.

For all gene clusters except the NI-siderophore
cluster, constitutive expression of >90% of genes was
demonstrated under standard laboratory conditions
(LB medium, 37°C). This suggests the products of these
gene clusters are important for the basal metabolism
of C. pseudoceanisediminis BNO" or represent part of its
adaptation strategy for surviving potentially stressful
conditions in its native ecological niche. The consti-
tutive expression of BGC genes under laboratory con-
ditions facilitates the isolation of target biosynthetic
products and their potential biotechnological applica-
tion. This area holds significant promise and requires
further investigation. The question of changes in sec-
ondary metabolite biosynthesis gene expression under
stress conditions remains open. The presence of NRPS
and siderophore clusters correlates with the strain’s
documented heavy metal resistance (Tarasov et al.,
2022), suggesting their involvement in metal chelation
or detoxification.

4. Conclusions

The comprehensive genomic and transcrip-
tomic analysis confirmed the presence of a conserved
set of BGCs in the extremophilic strain C. pseudocean-
isediminis BNO”, whose genes are actively expressed
under standard conditions, underscoring their potential
importance for its physiology and adaptation. The con-
stitutive expression facilitates potential biotechnologi-
cal exploitation. The NRPS and siderophore clusters are
likely linked to its exceptional heavy metal resistance.
The terpene-precursor cluster represents a candidate
for horizontal gene transfer. To further elucidate the
potential of the identified BGCs, future work should
analyze changes in gene expression under stress condi-
tions (e.g., heavy metals, elevated temperature, C1 sub-
strates) and isolate and characterize the biosynthetic
products of these BGCs.
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U3yueHHe reHeTHYeCKOro noTeHuuana
Cytobacillus pseudoceanisediminis n3
rAy0OOKOro noao3eMHoOro MMHepanbHOro
MCTOYHHUKA AN OMocHHTe3a 6Monornueckm
aKTUBHbIX BelLecCTB

fAxuenko A.*", Tapacos K., KpaBueHnko E.

MeacdyHapodHasa MedxncnpasumestbCma@eHHaA Hay4HO-UCCIe008amestbckas opearusayus O6eOUHeHHbLL UHCMUMYMm A0epHbLX
uccytedosdaruti, yit. XKonuo-Kwopu, 6, e. Jy6Ha, 141980, Poccusa

AHHOTAIIU 1. MUKpOOpraHU3MBbI UTPal0T GyHJaMeHTaIbHYI0 POJib B @YHKIIMOHNPOBAHUM I 100 TbHBIX
SKOCHCTEM, BHINOJIHAA KJII0YeBble QYHKINY B OMOre0OXMMHYEeCKUX [UKJIaX U MPOAyLHpys pa3HooOpas-
Hble 6110JI0TMYeCKU aKTUBHBIE BTOPUYHbIE MeTab0JIUTEL. DKCTPEeMO(UIIB IPeICTaBIIAIOT COO0I ITepCrekK-
TUBHbIe ICTOYHHKYM HOBBIX MeTab0JIUTOB OJlarofgapa UX afjanTalyy K arpeCcCUBHBIM YCJIOBHAAM OKpyKa-
IoIiel cpefpl. B jaHHOM HcciiefoBaHMU M3yvasicad NOTeHIMaa K OMOCHHTe3y BTOPUYHBIX MeTaboJIUTOB
TepMOGHUIIBHOM, YCTOMYMBOU K TsKeJbIM MeTasiaMm 6aktepuu Cytobacillus pseudoceanisediminis BNOT,
BbIJIeJIEHHON U3 IJIyOOKOro MoA3eMHOI0 MUHEPaJIbHOIO UCTOYHMKA. [€HOMHBIN aHan3 BBIABWJI IIECTh
6uocuHTeTU4YecKUXx kKyactepoB reHos (BKI): mpepiiecTBeHHUK TeprieHa, mojukerupcuHTasa III Tuma
(TIKC III Tuma), azoJsicomepxamuii Pullll-teprieH, TepneH, HepubocoMHas nentuacuHrerasa (HPIIC) u
HPIIC-He3aBucumsiii (HH) cugepodopHsiii kiactep. CpaBHUTEIBHBIN aHaIM3 MTOKa3aJll BBICOKYIO T'OMO-
Joruo (>95% ugeHTUYHOCTU MocjaefoBaTesibHocTel) i mAtu BKI (IIKC III Tuma, Pullll-tepres,
tepreH, HPIIC, HH-cunepodop) ¢ MopckuMm mrammoM C. pseudoceanisediminis 2691, BbIEJIEHHBIM 13
JIOHHBIX OCAJKOB, U POJICTBEHHHIMU BugaMu pona Cytobacillus, 4To yka3bBaeT Ha 5BOJIIOLIOHHYIO KOH-
CepBaTUBHOCTD 3TUX KJIACTEPOB B IIpefiesiax pofa. Kiacrep npeamecTBeHHUK TeplieHa oKa3asl HU3KYI0
romosioruio (52,3% WOEeHTUYHOCTU) U COOTBETCTBOBAJ BHIAM, He oTHocAmmMcs K Cytobacillus, uto
IpeArojaraeT BO3MOXHOCTb TOPHM30HTAJIBHOIO IlepeHoca reHOB. TpaHCKPUIITOMHBIN aHajJIu3 B CTaH-
JapTHBIX JiJabopaTOpHBIX ycaoBusax (cpema LB, 37°C) BBIABMJI KOHCTUTYTHUBHYIO akcmpeccuio (>90%
reHoB) aiia Bcex BKT, 3a uckiouenuem kiacrepa HH-cugepodopa (skcnpeccupyioresa 51,7% reHoB).
KoHcTuTyTHBHAA dKclpeccHs yKasblBaeT Ha 3HAYMMOCTh JAaHHBIX MeTaboJIMTOB A 6a3oBoil (usno-
JIOTHY KJIETKH WJIM IIpeajanTaliy K IpUPOJHOM CTPECCOBOM Cpefe U YNpoIlaeT MOoTeHI[HaIbHOe MpU-
MeHeHHe POAYKTOB OuocuHTe3a. Hanmume kiactepoB HPIIC u cupepodopa KOppeupyeT ¢ UCKIIIO-
YNTEJIbHOU YCTOMYMBOCTBIO HITaMMa K TSXeJIbIM MeTajulaM. JlaHHOe HcciefoBaHUe MOAYepKHBAET
MEePCIEKTUBHOCTY MCIOIb30BaHMA mTammMa C. pseudoceanisediminis BNOT kak ICTOYHHKA KOHCEPBATHB-
HBIX U IIOTeHN1aJIbHO HOBBIX BKT', 00yagaromux 3HaYUTeIbHBIM OHOTEeXHOJIOTMYeCKIM [TOTeHI[aIoM, B
YacTHOCTH, AJiA bnopeMeauanuu. B xoae maapHeHIIX HccjieJOBaHNH IIJIAHNPYeTCs 0XapaKTepu30BaTh
IIpoAyLipyeMble MeTaboJUTEL U 1ccjleqoBaTh sKcnpeccuio BKI' B cTpecCOBBIX YCIOBUSAX.

Kiioueauvie citoga: Cytobacillus pseudoceanisediminis, GOCHTETUYECKIE KJIACTEPH T€HOB, BTOPUYHBIE META0OJIUTHI,
BKCTpeMO(l)I/IJIbI, FOPHBOHTaJIbeIﬁ IIepeHOC 'eHOB, KOHCTUTYTHBHAA 3KCIIPpECCUA

Juisa nutupoBaHus: fAxHeHko A., Tapacos K., KpaBuenko E. i3yueHue renerndeckoro norenuuasna Cytobacillus pseudoceanisediminis
13 TJIyOOKOro MOJ3eMHOT0 MHHEPAJIbHOTO MCTOYHUKA Ui OMOCHHTEe3a OMOJIOTHYeCcK aKTHBHBIX BemecTB // Limnology and
Freshwater Biology. 2025. - Ne 4. - C. 907-918. DOI: 10.31951/2658-3518-2025-A-4-907

1. BBeAeH"e obecrieueHUH MUIIEBHIX LeNel 1 COXpaHeHMH 3JOPOBbA

pacreHuii u XuUBOTHBIX (Bahram et al., 2018; Falkowski
et al., 2008). MeTaboJyimyeckre BO3MOXHOCTU MUKPO-
OpraHU3MOB, B YaCTHOCTU CIOCOOHOCTH K Aerpajanuu
3arpsA3HUTENIel U NPOAYIMPOBAHUI0 OHOJIOTHYECKU
aKTUBHBIX COeJUHeHUI (BTOpPUYHBIX MeTaboJIMTOB),

OyHKIMOHMPOBaHUe TIJI00AJIbHBIX 3KOCUCTEM,
dyHmameHTasIbHOE [JIA XWU3HU Ha 3eMJie, HeBO3MOXHO
6e3 MUKpPOOpraHu3MoB. X He3aMeHUMas pOJib NPOsB-
JifeTca B NojjepXaHUM OHOreoXMMUYeCKHX IMKJIOB,
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UMeIOT KJIoueBoe 3HaueHue (Amina and Lotfi, 2024;
Alamer et al., 2025). B mpupope 6akTepuaabHble BTO-
pUYHBIe MeTabOJIUTHl OCYIIECTBJISIOT JKOJIOTHYecKue
B3aUMOJENCTBYSA, BBICTYIAsA B POJIM 3aIUTHHIX HJIU
CUTHAJIBHBIX MOJIEKYJI, ¥ 00ecleyrBaloT aJalTaluio
K pa3jM4HbBIM MecTroobuTaHusaM (Santana-Pereira et
al., 2020; Pandey et al., 2021). BuoJiorn4ecKkyu aKTHUB-
Hble BeIlecTBa, BbleJIeHHble U3 OakTepuil, UIrpaiT
pelanIyo pojb B MeAUNUHE, CeJIbCKOM X03AHCTBe U
NpOMBILLIEHHOCTU. B HacTosmee Bpemsa a0 80% aHTu-
OUOTHKOB, WCIIOJb3YeMBIX B MeAUINHEe, IOJIyYeHBbI
u3 MukpoopranusMoB (Newman and Cragg, 2016).
BropuuHble MeTaGOoJIUTH TaKXe NPHUMEHSIOTCA B Kade-
CTBE NIPOTUBOOIYXO0JIEBEIX CPEICTB, UMMYHOMO/TYJISITO-
POB U NPOTUBOINAPA3UTAPHEIX NpenapaTos (Austin and
Noel, 2003; Kamran et al., 2022; Gabriel et al., 2018),
CIIOCOGHEBI CBSI3BIBATh JIByXBaJIeHTHble KATHOHBI TsXe-
JIBIX MeTaJUIOB U UCIOJIb3YIOTCS B OuopeMenuanuu
(Gomes et al., 2024). BOJBIIMHCTBO BTOPUYHBIX METa-
60JIMTOB, MPONYUUPYEMBIX OaKTepusMU, CUHTE3UpPY-
I0TCSI MyJIbTU(GEPMEHTHEIMU KOMILJIEKCaMH, KOAUpye-
MBIMH OHOCHHTETHYeCKMMHU KyiacTepaMmu reHoB (BKI).
OTU KJIacTepHl IPEACTABJIAIT OO0 KOMIIAKTHbIE TeHe-
THUYeCKUe JIOKYCHl, coZepXallllie I'eHbl, OTBETCTBEHHEIE
3a [OCTPOEeHHE YIJIEpOJHOIO CKeJleTa MOJIEKYJIBl, ero
MoaubuKanuo 1 peryysanuio skcnpeccuu (Austin and
Noel, 2003). [ToJJTHOreHOMHOE CEKBEHUPOBAHUE SBJISA-
eTcsl HauboJiee nepeJOBHIM NOAXONOM IJIA UAeHTUbU-
kanuu BKI' y mukpoopranu3amoB (Qiu et al., 2024). B
COYETaHUH C TPAHCKPUIITOMHBIM aHAJIN30M IOSBJISAETCS
BO3MOXHOCTH U3y4aTh [TOTeHNINas GMOCUHTe3a BTOPUY-
HBIX MeTaboJIUTOB B JIabopaTopHBIX ycaoBusax (Rabara
et al., 2023). OTOT MOAXO/ MO3BOJIUT OTKPHIBATH HOBBIE
MeTabomuecKye NMyTH, CIIOCOOCTBYs pa3BUTUIO OoJiee
YCTOMYUBBIX U 3KOJIOTMYECKU 6e30MacHbIX TEXHOJIOTUIL
B YCJIOBUAX PACTYIIEro S5KOJIOrMYecKoro JaBJIeHMUsl.

Hzyuenuie u otkpbiTue HOBEIX BKI' BEICOKO aKTy-
aJIBHO C HCI0JIb30BAHNEM dKCTPeMO(DUIBHBIX OPraHu3-
MOB, TaK KaK BEDKUBaHHE B CyPOBBIX YCJIOBUAX TpedyeT
cnenuduveckux afganranuil. CieoBaresibHO, BTOPUY-
Hble MeTaboJIUTH, NOJIyYeHHBIE OT 3KCTPeMOGUJIOB,
MOryT ObITh GoJiee CTaGUIIBHEIMU B arpecCUBHBIX Cpe-
J1aX ¥ IepCreKTUBHBI 1JIs1 PA3JINYHBIX OMOTEXHOJIOrye-
ckux mpuMeHeHud (Maccari et al., 2015; Mashakhetri
et al., 2024; Amina and Lotfi, 2024).

Cpenu nipencrasutesieii poga Cytobacillus, Hace-
JIAIONIMX MIUPOKUI CHeKTpP YCJIOBUM OKpyXarolleil
cpenbl, BKJIIOYas OSKCTpeMasibHBE, IPOAEMOHCTPU-
poBaHa CHOCOOHOCTh K OHOCHHTE3y OHOJOTUYecKU
aKTUBHBIX BeIIeCTB C IOTEHINAJIOM JIs Pa3JIMYHBIX
OUOTEeXHOJIOTUYEeCKUX NpuMeHeHU. K HUM oTHOCATCS
JunonentuAHele  6uocypdaKTaHTH, IMPOSBIIA0IINE
AHTUMHUKPOOHYI0 aKTHUBHOCTb IIPOTHUB IAaTOT€HHBIX
rpuboB, naeHTudULUpoBaHHBle y Cytobacillus firmus
u C. oceanisediminis (Alyousif and Al-Luaibi, 2025).
Takxe mepcnektuBHbl Cytobacillus kochii, npomyru-
pylomrie dbepMeHTHI, HCIOJIb3yeMble B IIPOM3BOJICTBE
MPOTHUBOBUPYCHBIX MpenapartoB (Setiawan et al., 2025),
paspywmaroimuii renanyad mramm Cytobacillus sp. Dbcl
A 60pbOBl ¢ MAaTOTreHHBIMU OWOILIEHKaMU Ha Mequ-
IUHCKUX ycrpoiicTtBax (Ghosh et al., 2024), u mramm
Cytobacillus sp. HMBC3, crnocoOHBII K Jerpaganuu
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MOJIMSTUJIEHA HU3KOI myioTHOocTH (Alamer et al., 2025).
Cpenu npepcraBureneil poaa Cytobacillus BeigesnsgeTcs
Cytobacillus pseudoceanisediminis BNOT, BbIme/IeHHBII
U3 TJIyOOKOrO TMOA3EMHOTO MUHEPAJIBbHOTO WCTOY-
HUKA B HEUCIIOJIb3YEeMOU YacTU MOJ3EMHOI0 TYHHEJIA
bBakcaHckoll HelTpuHHON o6cepBatopuu UAW PAH
(Poccus) (Tarasov et al., 2022). OH mnpexacTaBiAeT
co60l1 UHTEPECHYI0 MUILIEHD IS TIOWCKA TE€HHBIX KJIa-
CTEpOB, YYACTBYIOLINX B CUHTE3€e OHMOJIOTMYECKU AKTUB-
HBIX BellecTB. [Ipe/icTaBUTENIN 3TOr0 BUAA TaKXKe OBLIN
BBIJIEJIEHBl U3 MOPCKMX OCAJKOB M YaCTHI[ MUKPO-
mIacTuka B Mopckoil Bojie (Lee et al.,, 2012; Wang
et al.,, 2025). DTOT WTaMM - T'PaMIIOJIOXUTEbHBIN
a3po6, OOUTAIOIIME TP TOBHIIEHHBIX TeMIEepaTypax
(>40°C), meMOHCTpUPYIOIMUN CIOCOOHOCTh YTUJIN3U-
poBath Cl-coeuHEHUs B KayecTBe MCTOYHUKA YrJie-
poda U TMPOABJAINUEN BBIJAKIIYIOCA YCTOMYUBOCTD
K TSKeJIBIM MeTaJlylaM, BKJII0Yas CBUHEl, KagMHil U
Mefb, YTO JejlaeT €ro MepcrneKTHUBHBIM Ui Gropeme-
auanuu u 6uorexnosioruu (Tarasov et al., 2022).

Llesqpl0  JaHHOTO  KCCJIEIOBAaHUA  SBJISAETCA
KOMIUIEKCHBIHI aHaJIu3 TeHoMa U TPaHCKPHUIITOMA
C. pseudoceanisediminis BNO" mis wuneHTUPUKAIIIN
OMOCHUHTETUYECKUX KJiacTepoB reHoB (BGC) 6uosoru-
YeCKU aKTHBHBIX BEIECTB U aHAJIM3a IKCIIPECCUY TeHOB
B 3TUX KJIaCTepax B JJAOOPATOPHBIX YCJIOBUSAX.

2. MaTtepuanbl U MEeTOAbDI

[Touck reHHBIX KJIacTepoB, KOAUPYIOMNX 6110J10-
rM4ecKy aKTHUBHBIE BelllecTBa, IIPOBOJUIICS C UCIIOJIb30-
BaHueM cepBuca AntiSMASH 8.0.1 (Blin et al., 2025) B
reHoMax Cytobacillus pseudoceanisediminis (uramm BNO
CP097349.1, mrramMm 2691 NZ_CP015506.1, 6a3a maH-
HbIX GenBank NCBI).

JnA  sKcnepuMeHTa MCIOJIb30BAJIM — HITaMM
C. pseudoceanisediminis BNQ”, paHee BbIIeJIEHHBII
13 ropsAYero MOA3eMHOro MUHepaJbHOIO KCTOYHHKA
B HeucnoJibayeMoMm yudacTke TyHHessa BHO (Tarasov
et al.,, 2022). Ero KyJIbTUBHMPOBAJIN B XKUAKOHN cpefe
Muwusniepa LB nipu 37°C u 160 06/MuH.

Tpanckpuntel, nOpuHagiexamue BKI, wuneH-
TUGULUPOBAIN CJIeAyomKUM oOpa3oM: 3 MJI HOYHOH
KyabTyphl Cytobacillus pseudoceanisediminis BNO™ pas-
6aBis B 10 pa3 cBexell cpefoil B Tpex MOBTOPHO-
cTax. Uepes 3 yaca U3 KaxJoH KoJiObl oT6upassu no 10
mJ1. O6pasusl enTpudyruposanu npu 10 000 g B Teue-
Hue 5 MuHYT. TotanbHyo PHK HeMmeiyileHHO BBIe/IAIN
U3 ocajaka c wucrnosb3oBaHuem TRIzol (Chomczynski,
1993). PHK o6pabateiBaniu JJHKazoii. Bubnuorteku
rOTOBUJIM C KCIIOJIb30BaHUeM Habopa TruSeq Stranded
Total RNA with Ribo-Zero (Illumina). CekBeHnpoBaHue
mpoBo M Ha mwiaTdopme Illumina NovaSeq 6000 (2
x 100 bp), rerepupys 10 MUIITMOHOB PUAOB Ha oOpa-
3en. JleMyJIbTUIIJIEKCPOBaHNWE PHJOB BBIIOJIHAIU C
ucnoss3oBanueM Illumina bel2fastq v2.20. Agantepst
yoansanu ¢ nomoimnbio Skewer v0.2.2 (Jiang et al.,
2014). KauectBo FASTQ ¢aiisioB oleHHMBaIu C IIOMO-
mipio FastQC v0.12 (Andrews, 2010) u MultiQC (Ewels
et al.,, 2016). Pubocomusie PHK (pPHK) ynansamu c
nomonibio SortMeRNA v4.3.6. HuskokadecTBeHHbIE
punbl ymansaiu ¢ nomomrpio Trimmomatic (Bolger
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et al.,, 2014). Punpl KapTUpoBau Ha pedepeHCHBIN
reHoM C. pseudoceanisediminis ¢ ucnosib3oBanviem STAR
(Dobin et al., 2013).

3. Pe3ynabTatbl M 06Ccy)xpeHue

B renome C. pseudoceanisediminis BNO (GenBank
NCBI CP097349.1) ugeHTH(PULUPOBAHO LIEeCTh F'eHHBIX
KJIacTepoB OMOCHHTe3a OHOJIornYecky aKTHUBHBIX coe-
quHenuni (Tabmuna 1, Puc. 1).

1. IIpenmiecTBeHHUK TepneHa: Bce 22 rena skc-
MpeccUupoBaJilCh KOHCTUTYTMBHO B JiabopaTop-
HbIx ycaoBusax. AHaim3 ClusterBlast BbigByI
Hauiyudllee coOoTBeTcTBUe ¢ kjactepom HPIIC/
HPIIC-mogo6Horo Tumna y Enterococcus thailandicus
(Tabmuma 1). OgHako romMmoJiorud ObLla HU3KOM:
TOJIbKO 8 13 22 reHoB umean >45% ngeHTHUYHO-
CTH, CO cpedHell WAEHTUYHOCTBIO 52.3% cpenu
3TUX TeHoB. [[pyrue Jiydiive COBNAfeHWsA BKJIIO-
yanmu Enterococcus faecium, Enterococcus lactis u
Ligilactobacillus salivarius ¢ eme 06oJiee HU3KUM
ypOBHEM romoJioruui. TeprneHOUAbl NPeACTaBIIAIOT
coboil HauboJsiee pa3HOOOpa3HBIN KJIacC BTOPUY-
HBIX MeTaboJIMTOB, BKJIoUaloniuii 6osiee 70 000
coelUHEeHU!, TaKWX KaK BUTAMUHBL, KapOTUHO-
uasl, GepoMOHH U JieKapCTBEHHBIE CpeJicTBa C
MIPOTUBOOIIYXOJIEBBIMUA Y IPOTHUBOMAJIAPUIHBIMU
cporictBamu (Yamada et al., 2015; Kamran et al.,
2022; Gabriel et al., 2018).

. Knmacrep tuma III mosmkeruacuHTaspl (IIKC
II): Bce 48 reHOB 3KCIIPECCHUPOBAJIUCH KOHCTU-
TytuBHO. ClusterBlast BBISBUJI BBICOKYI0 T'OMO-
JIOTUI0 C HECKOJIbKUMU TeHOMaMH, BKJIIoYas
Bacillus sp. (99.3% ugenTuuHoct, 100% reHoB),
C. oceanisediminis CK22 (99.3%), C. oceanisediminis
YPW-V2 (99.29%), C. firmus B12 (98.2%) u
C. pseudoceanisediminis 2691 (99.3%, 98% reHOB).
®epmenTnl IIKC III mpeacTtaBiAowT coOOM Tomo-
JOUMepHbIe KEeTOCHHTAa3bl, MPOAYIMPYIOIIUe pas-
HOOOpa3Hble BTOPUYHBIE MeETAOOJIUTHI, YacTo
ABJIIOIINECS  TpelleCTBEHHUKaMHM  (hJIaBOHO-
WA0B, KAaHHAOWMHOUJOB, BOCKOB U aJIKaJIOWJIOB,
BCTpEeUaloIIMXCA Y pacTeHuii, rpuboB U 6akTepuil
(Katsuyama and Ohnishi, 2012; Bisht et al., 2021).

. Asos-comepxxamuid-Pullll-TeprieHOBbIF  KJIa-
crep: 32 u3 33 reHOB JKCIPECCUPOBAINCH KOH-
cTUTyTUBHO. Jlyuiue coBnageHus mo ClusterBlast:
C. oceanisediminis YPW-V2 (97.9% wuneHTUY-
HoctH, 72.7% renoB), C. oceanisediminis 179-M
(97.75%), Bacillus sp. 2_A 57 CT2 (97.7%),
C. oceanisediminis CK22 (97.75%) u C. firmus A88
(97.9%). C. pseudoceanisediminis 2691 3aHsn 6-e
MecTo (97.85%, 72.7% reHoB). DTOT KJjIacTep IIpo-
IYIUPYET TEePIEeHBl M a30JI-CoJiepXKallie MenTUIbI
(Pullllel). A3os-cofiepXXallyie TEeNnTUbl IPOsIB-
JITIOT aHTUOAKTEPUAJIbHYI0 aKTUBHOCTb IOCDE/I-
CTBOM TaKUX MEXaHU3MOB, KaK WHIHUOMpPOBaHUE
¢depMeHTOB, HapylleHNe IeJIOCTHOCTH MeMOpaHbI
U BO3JekcTBUe HA pubocomsl (Travin et al., 2019;
Arnison et al., 2013; Pierrat and Maxwell, 2003;
Molohon et al., 2016; Metelev et al., 2017).
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4. TeprneHOBBIN Kjactep: 21 u3 22 reHOB dKCIpec-
CHUpOBAJICA KOHCTUTYTUBHO. Jlyumiuve coBmafe-
Hus mo ClusterBlast Bxyiouanu C. oceanisediminis
179-M (97.4% wupentuyHocty, 100% reHOB),
C. oceanisediminis CK22 (97.68%), C. firmus
M41 (95.6%), C. firmus B12 (96.27%) wu
C. pseudoceanisediminis 2691 (97.45%).

Kimacrep HepuO0OCOMHOH NENTHJ CHHTETAa3bl
(HPIIC): 49 u3 51 reHOB 3KCIIPeCCUPOBAJIMICH KOH-
crtutytuBHo. Jlyumne coBnagenus mo ClusterBlast:
C. oceanisediminis 2691 (98.75% WOEHTUYHOCTH,
96% reHoB), C. firmus A88 (99.3%, 94%), C. firmus
B12 (97.39%, 84%), C. firmus M41 (97.76%, 84%)
u Bacillus cereus VKM (63.52%, 49%). HPIIC npen-
CTaBJIAIOT CO00M MyJIbTH(PEpMeHTHBIE KOMILJIEKCHI,
CHUHTE3UpYION[ie pa3HoOOpasHble MeTa0OIUTHI,
Takue Kak cuyiepodopsl, TOKCUHBI, aHTUOMOTUKH,
MUTMEHTH U GrocypdaKTaHTHI, IMPOKO MCIIOJIb-
3yeMble B MPOMBIIJIEHHOCTH U OHOpeMeauaIiiu
Tsxesibix MetasuioB (Bushley and Turgeon, 2010;
Wang et al., 2014; Sharma et al., 2022).

. HPIIC-He3aBucumsbiii (HH) cunepodopHbIil
kjacrep: 15 u3 29 renos (51.7%) skcmpeccu-
POBAJINCh KOHCTUTYTUBHO. Jlydlime coOBIaje-
Husa no ClusterBlast mokasaiyu O4YeHb BBICOKYIO
romosioruto: C. firmus A88 (99.89% uaeHTUYHO-
ctu, 100% renoB), C. pseudoceanisediminis 2691
(99.79%), C. oceanisediminis CK22 (99.75%),
C. oceanisediminis YPW-V2 (99.5%) u Bacillus sp.
(99.5%). Cunepodopsl NpeiCcTaBJIAIT COOOM HU3-
KOMOJIEKYJIADHBIE XeJIAaTOPBl Xeje3a, XKU3HEHHO
BaXXHbIe IJIA €r0 YCBOEHUS, PETYJIALUSA KOTOPBIX
3aBUCHUT OT YPOBHS XKeJie3a B OKPYXXalollel cpejie
(Hider and Kong, 2010). OHM HCHOJIB3YIOTCA B
MeAUIIMHE B KadeCcTBE aHTUMHUKPOOHBIX CpEJICTB
U KaK «TposiHCKMEe KOHU» JJIS TIPEOJIOJIEHUSA aHTHU-
6uoTukopesucteHTHOCTH (Gérska et al., 2014).
HekoTtopsie cuiepodopsl TakXke CBA3BIBAIOT JIBYX-
BaJIEHTHbIE KAaTHOHBI TSXKEJBIX METAaJIJIOB, YTO
JleJlaeT UX MEepPCHEeKTUBHBIMU areHTaMu AjsA 6uo-
pemenuanuu (Hofmann et al., 2021; Gomes et al.,
2024).

Bce wnmentuduuuposanusie BKI' B reHome
C. pseudoceanisediminis BNO", 3a uCKJII0YeHUEM KJIa-
cTepa IpeAllleCTBEHHUMKA TepleHa, JeMOHCTPU-
PYIOT BBICOKYI0 romMoJioruio (>95% uaeHTUYHOCTU)
¢ JpyraM TpejcTaBuUTesieM 3Toro Bupma, Cytobacillus
pseudoceanisediminis 2691, BbIIeJIEHHBIM U3 MOPCKHUX
ocazkos B IOxxHo1 Kopee (Jung et al., 2016). 3To yka3bl-
BaeT Ha TO, YTO 3TU reHHBbIe KJIaCTephl KOHCEpBATUBHBI
B mpefiesiax Buga C. pseudoceanisediminis u, BepOsITHO,
WI'PAIOT BAXXHYIO POJIb B ero 6a30Boil GU3NOJIOrUH WIN
OKOJIOTMYeCKOl HMIle, He3aBHCHMO OT MecTooOuTa-
HUS, YTO JIONOJIHUTEJIbHO MOJTBepXJaeTcs KOHCTUTY-
THUBHOI 3KcIpeccuell GOJBIIMHCTBA T€HOB KJlacTepa.
Otu BKI' He sABAAIOTCA CJIyYalHBIMU IpHOOpeTeHU-
MU, crenu@UYHBIMU JI OOHOro mrTamMMa. Beicokas
roMoJIorys Takxe Habogasack ¢ Bugamu Cytobacillus
oceanisediminis, Cytobacillus firmus n Bacillus sp., 4T0
npejmnosiaraeT obliiee 3BOJIIOINOHHOE IPOUCXOXAeHNe
3THUX KJIAaCTEPOB B npenenax pona Cytobacillus.
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B

Ta6smuna 1. BI'’K, BoisaBieHHbIe B reHOMe C. pseudoceanisediminis BNO™ (CP097349.1).

Knacrep Tun or* Ho* Jly4miue coBrmageHusA % uneH- | % HalifeH- | % 3kcmpec-
ClusterBlast (Homep mgocTyma) | THYHOCTH | HBIX T€HOB |CHPYIOLIHUXCS
TeHOB
1 [IpenmectBenHuk | 125,567 | 146,457 Enterococcus thailandicus 52.3 36.4 100%
TepneHa strain OF20-18ACA
(NZ_JAQEWG010000001.1)
TIKC III 324,152 | 365,233 Bacillus sp. (NZ_GL635752) 99.3 100 100%
AzoJt- 834,221 867,494 |Cytobacillus oceanisediminis strain 97.9 72.7 96.9%
cofiepxKanui- YPW-V2 (NZ_CP062790)
Pullll-Tepnen
4 TepneH 3,092,376 | 3,114,268 |Cytobacillus oceanisediminis strain 97.4 100 95.4%
179-M (NZ_JAHHWV010000003)
5 HPIIC 3,330,009 | 3,385,692 | Cytobacillus pseudoceanisediminis 98.75 926 96%
2691 (NZ_CP015506)
6 HH-cupepodop | 3,680,590 | 3,712,092 | Cytobacillus firmus strain A88 99.89 100 51.7%
(NZ_JANTPIO10000022)
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Puc.1. Cxemaruueckoe IpeJicTaBjIeHre JOMEHHOU KOMIIO3UNMY U opraHusauuu ufeHtudunpoBaniex BKI: (A) reHHbI
KJIacTep IpefilecTBeHHUKA TeprieHa, (B) rennsiii kiactep IIKC III, (C) reHHbIil kjacTep asoj-cofepxaiiero-PUIIII u TepneHa,
(D) rennsiii kiactep tepreHa, (E) rennsii kiactep HPIIC, (F) rennsiit knacrep HH-cunepodopa. Jlerenna: kiioueBsle GLOCUHTe-
THYECKYE T'eHbl | JOIOJIHUTE IbHbIE GOCHHTETHYECKYE TeHbl | T€HbI, CBA3aHHbIE C TPAHCIOPTOM | PeryJIITOpPHEIE TeHEH! | Apyrue

T€HBI | YCTOMYMBOCTD | CANT CBA3BIBAHMA.
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Kiactep cuHTe3a mIpeAnlecTBeHHUKA TepleHa
rokasaj ype3BblUYaliHO HU3KYyI0 romosioruio (52.3%
cpefHell UJEHTUYHOCTH [JI KJIIOYEBBIX TI€HOB) C
[ocJieoBaTeJIbHOCTAMU B 0a3ze maHHBIX. Hu oauH u3
ton-5 cosmagenuil ClusterBlast He mnpuHagnexan K
poay Cytobacillus, uTo mpeAmnoJiaraeT MOTEHI[UATBHBIN
ropusoHTaIbHbIN nepeHoc reHoB (I'TII) sToro kiactepa
(Choufa et al., 2024) 1 ype3BHIYANHO BRICOKYIO BapH-
abesbHOCTD B JaHHOM obJsiactu JJHK.

Jl714 Bcex reHHBIX KJIacTepoB, 3a WCKJIIOUYeHHeM
kinacrepa HH-cupmepodopa, 1npoaeMOHCTpUpOBaHa
KOHCTUTYTHBHasA 3kKcopeccusa >90% reHoB B CTaH-
JapTHBIX J1abopaTopHbIX ycioBusx (cpema LB, 37°C).
ODTO MO3BOJIAET MPEeAINOJIOXKUTh, YTO MNPOAYKTHl 3TUX
TeHHBIX KJIaCTepOB BaXKHBI 1J1A 6a30BOro MeTabom3Ma
C. pseudoceanisediminis BNO™ uin SBJAIOTCA 4YacThIO
ero cTpaTeruy ajanTanuy A BBDKMBAHHUA B IOTEH-
[[aJIbHO CTPECCOBBIX YCJIOBUAX €ro HaTHBHOM 3KOJIO-
ruyeckoil HUIIN. KOHCTUTYTHBHas 3KCIpeccus IeHOB
BKT' B 1abopaTOpHBIX YCJIOBUAX O0JierdyaeT BbliesieHue
1[eJIeBBIX MPOAYKTOB OMOCHHTE3a 1 UX MOTeHIMaJIbHoe
O6MOTeXHOJIOTUYeCKoe ITprMeHeHue. JTa 06j1acTh 00Jia-
JaeT 3HA4YUTeJIbHBIM IOTeHLIMajIoM U TpebyeT Oasib-
Helillero rnccjiefoBanuA. Bonpoc 00 n3MeHeHUAX B 9KC-
IIpeccuy reHoB OMOCHHTE3a BTOPUYHBIX MeTab0JINTOB B
YCJIOBHUAX CTpecca ocTaeTcs OTKPHITHIM. [IpucyTcTBuHe
kitactepoB HPIIC u cugepodopa KoppeaupyeT ¢ MokKa-
3aHHOM paHee YCTONMYMBOCTBIO IITaMMa K TsKEJIBIM
Mmetasutam (Tarasov et al., 2022), yto mpenmosaraer
BOBJIEUEHHOCTb IIPOAYKTOB OMOCHHTE3a B XeJIaTHupoBa-
HUe WJIA AeTOKCUKAIMI0 MeTaJlJIOB.

4. BoiBOADI

KomniekcHBIII TeHOMHBIEI U TPaHCKPUIITOM-
HBIIl aHaJu3 MOATBEpPAWJI HajJnuyue KOHCepBaTUB-
Horo HabGopa BKI' y skcTpemModUIBHOrO IITaMma
C. pseudoceanisediminis BNO”, reHbl KOTOPOTO aKTUBHO
SKCIIPeCCUPYIOTCA B CTaHAAPTHHIX YCJIOBUAX, MOOYEp-
KHBasg UX NMOTEHNMAaJIbHYy} BaXXHOCTb JIA ero (pusm-
ojoru M ajantanuu. KOHCTUTYTHBHAasA SKCIpeccus
obJyieryaeT MOTeHOMaJbHOe  OHOTEXHOJIOTUYecKoe
ucnosnb3oBanue. Kiactrepst HPIIC u cupgepodopa,
BEpOATHO, CBA3AHBI C €ro HMCKJIIUUTEIbHON YCTONYM-
BOCTBIO K TsDKeJIBIM MeTasiaM. Kiactep nmpefiiecTBeH-
HUKa TepleHa MOTeHLIHAJIbHO ABJIAeTCA pe3yJIbTaToM
TOPU30HTAJIBHOI'O IepeHoca reHoB. J[J1a JajipHeiero
BBIAICHEHUA MOTeHIMasa uAeHTUGUIUpoBaHHBIX BKT
Oyaymas pabora AO0JDKHA BKJIIOYAaTh aHAIWM3 HM3MeHe-
HUI 5KCIIpecCHy TeHOB B YCJIOBUAX cTpecca (Hampu-
Mep, TsKejble MeTaJlIbl, NOBBILIEHHAsA TeMIleparypa,
Cl-cybeTpaThl), a TakKe BblJiesIeHNe U XapaKTepUCTUKY
O6MOCUHTeTUYeCKUX IPOAYKTOB BbIABIEeHHbIX BKT'

bAaaropapHoCTH

WUccienoBaHue BBHINOJHEHO IMIPU  NOAAEpXKe
Poccuiickoro HayuHoro @¢oHzga (mpoekt PH® No
24-24-00003).
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