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ABSTRACT. Microbial transformation of phenanthrene in the groundwater of the riverbank filtration
zone is the aim of this study. Seasonal monitoring of the groundwater, conducted by the Institute of the
Water and Ecology Problems FEB RAS, confirmed the presence of phenanthrene in the water samples.
The results of the experimental modeling showed that phenanthrene transformation was significantly
affected bytemperature and adaptive potential of microbial communities. The degradation of phenan-
threne by microbial consortia is accompanied by methylated transformation byproducts (benzene deriv-
atives) impairing water quality and water treatment.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) belong
to a group of priority organic pollutants that pose a seri-
ous threat to the environment and human health due to
their toxic, mutagenic and/or carcinogenic properties,
as well as their transboundary distribution (Wang et
al., 2024). PAHs are involved in complex biogeochem-
ical processes, can be transformed into water-soluble
toxic compounds and accumulate in organs and tissues
of various taxonomic groups of organisms, causing
undesirable effects (Ghosal et al., 2016; Vijayanand
et al., 2023). PAHs are persistent compounds charac-
terized by a stable structure and low bioavailability.
They enter the environment through natural and indus-
trial routes (Lamichhane et al., 2016; Premnath et al.,
2021). The most relevant are 16 priority PAHs, includ-
ing phenanthrene. The tricyclic PAH representative is
found in almost all aquatic ecosystems (Montgomery
et al., 2020),often used as a model compound in study-
ing the biodegradation conditions of PAHs (Seo et al.,
2009; Gao et al., 2013; Li et al., 2024).

Water intakes located in riparian zones and
quickly interacting with the surface waters (riverbank
filtration zone, RBF) are of particular importance (Shen
et al., 2024). The vertical migration of PAHs in natural
conditions includes several stages (Sun et al., 2010):
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transfer with suspended particles under the action of
gravity to the soil surface (in terrestrial ecosystems) or
to bottom sediments (in river ecosystems); accumula-
tion of these compounds and pollution of the aeration
zone; further convection and dispersion of PAHs as a
part of complex organic matters (OM) under aeration
conditions and secondary contamination of the aquifer
when PAHs enter the groundwaters (GW).

Long-term monitoring of the groundwaters in
the Amur-Tunguska interfluve has shown that natural
waters are constantly and chronically polluted with
persistent OM. The dominant pollutant was phenan-
threne; it was recorded in all seasons (Kulakov and
Kondratyeva, 2008; Kondratyeva and Andreeva, 2018).
After PAHs pollution of the surface waters of the Amur
River, vertical migration of PAHs into bottom sediments
is inevitable and, through river filtration they penetrate
into the deeper layers of the Tunguska groundwater
deposit (Kulakov et al., 2021).

In aquatic environments, phenanthrene under-
goes various abiotic and biotic changes that can entail
formation of more toxic compounds, such as methyl-
ated benzene derivatives (BTEX products) (Premnath
et al., 2021; Zanello et al., 2021). In addition, PAHs
interact with humic substances and metals. Toxic heavy
metals, Cu (II), Cd (II), Zn (II), Ni (II), and Cr (VI) are
known to occur in PAH-contaminated sites, which neg-
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atively affect their biotransformation (Liu et al., 2017,
Li et al., 2024).

Microorganisms play an important role in the
degradation processes of phenanthrene. Previously,
PAHs were considered to be poorly susceptible to bio-
degradation due to their stability in natural components
of the environment. However, recentlynew species and
multispecies microbial consortia that participate in
PAHs transformation have been increasingly discussed
(Wang et al., 2023; Li et al., 2025).

The main factors influencing the microbial trans-
formation of PAHs are the composition and structure
of organic matter contained in the aqueous phase, the
number and type of microorganisms, physical factors
(temperature, humidity, pH, etc.), as well as the ori-
gin and molecular characteristics of PAHs (Wang et
al., 2021, Vijayanand et al., 2023). It was found that
the transformation of PAHs is directly related to the
adaptive potential of microbial communities, which
depends on the frequency and periodicity of the intro-
duction of PAHs into natural environments (Gopinath
and Ramasamy, 2012).

In this regard, the aim of the work was to study
the features of the transformation of hydrophobic poly-
cyclic aromatic compounds, using phenanthrene as an
example, by microbial complexes of groundwater.

2. Materials and methods

The objects of this study were microbial com-
plexes from the groundwater of the Tunguska deposit
(Far East, Russia). Water samples were taken in August,
2019 from the observation wells located in the river-
bank filtration (RBF) zone at a distance of 50 m from
the bank at different depths: 15, 30, 45 m. At this dis-
tance from the bank, the maximum influence of river
waters (Pemzenskaya channel, Amur River) is recorded.

Experimental modeling of phenanthrene transfor-
mation was performed at different temperatures(23°C
and 4°C) under sterile conditions, in triplicate using
microorganism cultivation methods,. Nutrient mineral
medium of the following composition was used, g/L:
KH,PO,— 1.33; K,HPO,— 2.67; NH Cl— 1; Na,SO,—2;
KNO,— 2; FeSO,7H,0— 0.001; MgSO,7H,0— 0.1.
Phenanthrene (2%) was added as a carbon source.
Transformation of phenanthrene was accompanied by
changes in visual parameters of the culture liquid: color,
optical density, formation of biofilms. Determination of
phenanthrene transformation products in vitro was car-
ried out on the 90th day of cultivation with use of gas
chromatography (Crystal-5000.1), HP-FFAP column
(50 m; 0.320 mm; 0.50 pm) at a temperature range of
45-200°C in the Center for Environmental Monitoring,
IWEP FEB RAS, analyst G.M. Filippova.

The content of priority PAHs in groundwater
of the Tunguska deposit (Table 1) was carried out in
the certified analytical laboratory of the Regional
Center for Environmental Monitoring of the Natural
Environment of the Khabarovsk Territory Department
for Civil Defense, Emergencies and Fire Safety with use
of high-performance liquid chromatography (HPLC)
(Shimadzu LC-20 with a spectrofluorometric detector)
in accordance with PND F 14.1:2:4.70-96.

3. Results and Discussion
3.1. Content of PAHs in groundwater

An important role in the processes of PAH trans-
formation and self-purification of aquatic ecosystems is
played by microorganisms with high adaptive capacity
and plasticity of metabolic processes. The data obtained
as part of environmental monitoring conducted by the
Institute of the Water and Ecology Problems, FEB RAS
from 2012 to 2019 confirm the regular presence of

Table 1. Content of PAHs in groundwater of Tunguska field (March, October 2016)

SI: “The VIII-th Vereshchagin Baikal Conference”

Components, Wells
(ng/dm?) 115 | 230 | 345 415 | 530 | 6-40 720 | 840 | 955
Distance from the river bank |Distance from the river bank| Distance from the river bank
50m 500m 1500m
March, 2016
Phenanthrene 0.054 0049 0.055 0016 0.022 0.035 0051 00074 0062
Fluorene 0016 0014 0014 < 0.006 | < 0006 | 00092 0.014 < 0.006 0020
October, 2016
Phenanthrene 0.018 0.039 0.15 0.13 0.056 0.057 0.070 0.065 0.0047
Fluorene < 0.006 | < 0.006 | 0.027 0.016 | < 0.006| 0.0063 0.012 0.011 0.0081
Anthracene 0.0053 | < 0.001 1.9 1.5 < 0.001 | 0.024 0.013 0.011 < 0.001
Fluoranthene < 0.02 | <0.02 | 0.026 0.050 < 0.02 | 0.025 < 0.02 | < 0.02 < 0.02
Piren < 0.02 < 0.02 | <0.02 0.020 <0.02 | <0.02 | <0.02 | <0.02 < 0.02
Chrysene < 0.003 | < 0.003| 0.031 0.011 0.0076 0.013 0.032 | < 0.003| < 0.003
Benz(c) < 0.001 | 0.0096 | < 0.001| 0.001 0.001 | < 0.001 | 0.0016 | < 0.001| < 0.001
fluoranthene
Benz(a)pyrene | < 0.001 [ 0.0020 | < 0.001 | < 0.001| 0.057 | < 0.001 | < 0.001 | < 0.001| < 0.001
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various PAH representatives in the samples from the
Tunguska field (Kondratyeva and Andreeva, 2018),
among which phenanthrene was one of the most com-
mon. It was previously shown that in the spring and
summer of 2014, phenanthrene was detected in the sur-
face layers of the aquifer (0.018 pg/dm?). According
to the data obtained in 2015, the presence of phenan-
threne was recorded groundwater sampled in June
(0.011-0.021 pg/dm?), and in October its concentration
decreased (0.0063-0.0069 pg/dm?).

In October 2016 (Table 1), a pronounced vertical
stratification of phenanthrene content in the ground-
water was recorded at a distance of 50 m from the
bank, with its accumulation in deeper layers of the
aquifer. In wells located at a distance of 500 and 1500
m from the bank, another pattern was established: the
content of phenanthrene was changed with the depth
of the aquifer. This can significantly affect the qual-
ity of groundwater due to the succession of microbial
communities involved in the transformation of organic
matter, including PAHs.

In the spring of 2019, a rich diversity of organic
matter of various genesis (78 components) was detected
in well 2-30 (50 m from the bank) with use of the chro-
matograph mass spectrometry method, compared to
surface river waters (54 components). Among them, the
maximum number of aromatic compounds with methyl
groups was recorded, which belong to the category of
substances with poorly studied toxicity. Their entry
into the groundwater is associated with spring snow-
melt and infiltration of soil solution into the aquifer.

3.2. Seasonal microbiological studies in
2019

Seasonal analyses of the abundance of microbial
complexes in the GW in the RBF zone showed the max-
imum abundance of two physiological groups of bacte-
ria in August 2019. A significant increase in the abun-
dance of cultivated heterotrophic bacteria was in the
upper layer of the aquifer (1-15) up to 3000 CFU/mL
(Fig. 1a), compared to river waters (RW) — about 1000
CFU/mL. Ammonifying bacteria dominated the micro-
bial community (Fig. 1b). This may be due to intense
precipitation and influx of various nitrogen-containing
OM with the surface runoff and RW. Waterlogged soils
played a significant role in the influx of OM into the
aquifer.
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Fig.1. Seasonal dynamics in the abundance of cultivated
heterotrophic bacteria (a) and ammonifying bacteria (b) from
the groundwater of the Tunguska field, river bank filtration
zone, 2019.

3.3. Effect of temperature on
the composition of phenanthrene
transformation products

Recentclimate changes have led to intense tem-
perature fluctuations in the groundwater, which pos-
sibly affect the development scenarios of microbial
transformations in organic matter, and in some cases
activate it (Benz et al., 2024). As a result of experi-
mental modeling of phenanthrene transformation by
microbial consortia from GW underdifferent tempera-
ture conditions (23°C and 4°C), variations in the com-
position of transformation products were established
depending on the depth of the aquifer (Table 2). The
transformation process was accompanied by the change
in the optical density of the culture fluid and biofilm
formation on the phenanthrene particles.

At a temperature of 23°C, active transformation
of phenanthrene with the formation of toxic BTEX
products (benzene, toluene, ethylbenzene, xylene)
occurred in the upper layers of aquifer (1-15), and with
the participation of microorganisms from the lower
layer of aquifer (3-45), volatile aromatic compounds
were absent.

At a temperature of 4°C, the maximum activity
towards phenanthrene was demonstrated by micro-
biocenoses from the lower layers of the aquifer (3-45),
which were adapted to the natural temperature regime
(4-6°C). At a low temperature, the total content of
microbial metabolism products was significantly higher

Table 2. Products of microbial transformation of phenanthrene at different temperature

Samples Transformation products, pg/cm?® 23°C Total
benzene | ethylbenzene | toluene o-xylene m-xylene p-xylene
1-15 0.0009 0.001 0.0023 0.0014 0.0006 - 0.0062
2-30 0.0005 0.0003 0.0029 0.0006 0.0002 - 0.0045
3-45 - - - - - - -
Transformation products, ug/cm? 4°C

1-15 - - 0.0005 0.0004 - - 0.0009
2-30 0.0003 0.0006 0.0012 0.0009 0.0005 - 0.0035
3-45 0.0168 0.0061 0.0125 0.0107 0.0057 0.0064 0.058
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than at a temperature of 23°C. The minimum content of
BTEX products at this temperature was established in
the culture liquid with the participation of microorgan-
isms from the surface layer of the aquifer.

The increase in the concentrations of BTEX prod-
ucts during the transformation of phenanthrene at low
temperatures by microbial communities from the lower
layer of the aquifer may be associated not only with
microbial activity, but also with the accumulation of
toxic elements that can inhibit the development of
some representatives of the microbial consortium.

It is worth noting that among the phenanthrene
transformation products, the highest concentrations
were recorded for toluene and benzene. These com-
pounds are known to have higher mobility in the dis-
solved phase and are capable of accumulating in the
aquatic environment (Zanello et al., 2021), which causes
additional risks for the underground hydrosphere.

4. Conclusions

As a result of the conducted studies on the exam-
ple of phenanthrene, it was established that the trans-
formation of PAHs by microbial complexes of the GW
can be carried out at different temperatures (23°C and
4°C) and depends on the activity and adaptive charac-
teristics of microbial complexes present in situ at differ-
ent depths of the GW. Toxic BTEX intermediates, which
formed during the phenanthrene transformation, can
cause pollution of groundwater ecosystems and act as
a risk factor in the implementation of water treatment
processes.
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1. Beeaenue

[Monmuuukanyeckrie apoMaTuieckue YTJIEBOZO-
poxet (ITAY) BxomAT B rpynmny NpPUOPUTETHBIX Opra-
HUYECKUX 3arpsA3HAIONINX BeIIeCTB, MpeAcTaBJIAINIINX
Cepbe3HyI0 yIrpo3y [Jis OKpyXalomel cpedsl U 370-
pOBbsl HacejeHUsA, BCJIEACTBUE TOKCUYHBIX, MyTareH-
HBIX U/WJIN KaHIIepOTeHHBIX CBOMICTB, a TakXxe H3-3a
X TpaHCTpaHWYHOro pacmpoctpaHeHus (Wang et al.,
2024). ITAY BOBJIEKAIOTCA B CJIOXHBIE OMOreoxXyuMuye-
CKHe TIpolecchl, CrocoOHB TpaHcHOPMHPOBATHCA [0
BOJIOPACTBOPHUMBIX TOKCHUYHBIX COEQUHEHUMN U aKKy-
MYJIMpOBaTbCA B OpraHax U TKaHAX Pa3JIMYHBIX TaK-
COHOMMYECKUX T'PYII OpraHU3MOB, BBI3bIBAs HeXeJsia-
tesbpHBIE 3ddekTh (Ghosal et al., 2016; Vijayanand et
al., 2023). TTAY sBIAIOTCA CTOMKHUMU COeIUHEHUAMH,
KOTOpBIE XapaKTepU3yIOTCA CTAOWIBHOU CTPYKTYPOIl
U HU3KOU O6HofocTynHocThio. OHU NomajamT B OKPY-
KaIyl0 cpelly B pe3yjbTaTe eCTeCTBEHHBIX U IIPO-
MBIILUTEHHBIX mporeccoB (Lamichhane et al., 2016;
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Premnath et al., 2021). HauGoJiee akTyaIbHBIMU SABJISA-
o1cA 16 npuoputeTHeix ITAY, Brutouammux (eHas-
TpeH. Tpunmkindeckuil mnpefcrasutesb I[TAY oOHa-
pyXeH MpakTU4YecKu BO BCeX BOAHBIX 3KOCHCTeMax
(Montgomery et al., 2020), ero yacTo HCHIOJB3YIOT B
KayecTBe MOJEJIBHOTO COeqUHEHUsA IpU H3ydYeHUU
ycoBuii bmoaerpananuu ITAY (Seo et al., 2009; Gao et
al., 2013; Li et al., 2024).

Ocoboe 3HaueHHe UMeT BOJ03a00pHl, KOTOphIE
pacnoyio)keHsl B NMPUOPEXHOI 30HE peyHbIX NOJIMH U
TECHO B3aMMOCBS3aHbl C IIOBEPXHOCTHBIMM BOJaMU
(3oHa peuHoii GeperoBoii ¢uibTpauun) (Shen et al.,
2024). IIponecc BepTukagbHOM Murpanuu ITAY B npu-
POAHBIX cpefiaXx BKJII0OYaeT HECKOJIbKO 3TamnoB (Sun et
al., 2010): mepeHoC €O B3BEMIEHHBIMU YaCTUIIAMU TIOJ
JelicTBHeM CHJIBI TsDKECTH K IOBEPXHOCTU TpyHTa (B
Ha3eMHBIX dKOcHUcTeMax) JIubo K JOHHBIM ocajakam (B
peuYHBIX 5KOCHCTeMax); akKKyMyJIALUA 3TUX COoeJiHe-
HUI U 3arps3HeHMe 30HBI aspaluy; AajibHelIie KOH-
BekuA u aucnepcus ITAY B cocTaBe CJIOXKHBIX Opra-
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Huyeckux BemiecTB (OB) B 30He aspanuu U BTOPUYHOE
HeToueyHoe 3arps3HeHue BOAOHOCHOI'O TIOpHU30HTA
(BI") mpu nonaganuu I[TAY B nopgzeMmusie Bogs! (I1B).

MHoroyileTHUI MOHUTOPUHI TOA3E€MHBIX BOA
Awmypo-TyHrycckoro Mexnaypeubs IOKasaj, 4TO IpHU-
poAHBle BOABI IOABEPXXEHBl XPOHUYECKOMY 3arpsas-
HEHHUI0 CTOMKMMHU OpraHMYecKHMH BelleCTBaMHU.
JloMyHUpylomyo pojib uUrpaj ¢eHaHTpeH, MPUCYT-
CTBHE KOTOpOro GpukcupoBasu Bo Bce ce30HH (Kyakos
u KonupgpartbeBa, 2008; Kondratyeva and Andreeva,
2018). Ilonmagas B mOBepXHOCTHBIE BOABI peku AMyp,
Hens0exHa BepTUKajbHasg murpanus ITIAY B qoHHBIE
OTJIOKEHHUA 1 IOCPeACTBOM peyHOH GuiIbTpanuy — npo-
HUKHOBeHUe B Gosiee riry6okue cyiou BI' TyHrycckoro
Mecropoxaenus (Kynakos u ap., 2021).

B BonHOI cpelie ¢eHaHTpeH moaBepraercsa pas-
JIMYHBIM abMOTUYeCKUM U OMOTHUYecKUM IIpeobpa3oBa-
HUAM, B pe3yJibTaTe KOTOPHIX MOTYT 0Opa30oBhIBaThCA
6oJiee TOKCHUYHBIE COeQVHEHHsA, HanpuMep, MeTWJIU-
poBaHHble TNpousBoAHble OeH3ona (BTEX-mpoayKThr)
(Premnath et al., 2021; Zanello et al., 2021). ITAY B3a-
MMOJEHNCTBYIOT C TyMUHOBEIMU BellleCTBaMU U MeTaJl-
namu. U3BecTHO, 4TO Ha 3arps3HeHHEIX [TAY yyacTkax
BCTPEYAIOTCA TOKCUYHBIE TsKesible MeTasutsl Cu (1), Cd
(I1), Zn (I, Ni (IT) u Cr (VI), koTOpble OKa3bIBAIOT Hera-
TUBHOE BJIMAHME Ha Ux 6norpancdopmanmio (Liu et al.,
2017; Li et al., 2024).

Oco0y1o poJib B IIpolieccax ferpafganuu dpeHaH-
TpeHa UrpaiT MUKpoOOpraHusMbl. PaHee cuutanu, 41O
[TAY mano noaBepxkeHbl OHOPa3JIOKeHUI0 13-3a CBOeH
CTabMJIBHOCTH B IPHUPOAHBIX KOMIIOHEHTaX OKpyXalo-
meli cpeasl. OqHAKO B IOCJIeJHee BpeM:A Bce yallle yIio-
MMHaeTCs O HOBBIX BUJAX U MYJIbTUBUAOBBIX MUKPOO-
HBIX KOHCOPIMYMax, aKTHUBHO TpaHCHOPMUPYIOMNX
ITAY u, B yactHOCTH, (peHaHTpeH (Wang et al., 2023;
Li et al., 2025).

OcHOBHBIMU  (paKTOpamu, BIMAKMNMU Ha
MUKpOOHyI0 TpaHchopManuio [TAY, ABiAI0TCA cOCTaB
U CTPYKTypa OpraHMYecKUX BeIIecTB, COAepKaIluxcs
B BOAHOU (ase, KOJIWYECTBO U TUI MUKPOOPraHH3-
MOB B KyJbType, Gusndeckue GakTopsl (Temmepa-
Typa, BJIaXxHoCTb, pH 1 Ap.), a Takxke IPOHUCXOXAEHNe
U MOJIEKYJIApHbIe XxapakTepuctuku [TAY (Wang et al.,
2021, Vijayanand et al., 2023). Takxe yCTaHOBJIEHO,
uyTo TpaHchopmanusa [TAY Hanpamyio cBg3aHa ¢ agal-
TaIMOHHBIM IOTEHIINAaJIOM MUKPOOOLIEHO30B, KOTOPHII
3aBHCUT OT YacCTOTH W MEepUOJUYHOCTH NOCTYIJIEHU:A
B MPUPOJHbIE cpenbl npenctaButesiedl I[TAY (Gopinath
and Ramasamy, 2012).

B cBaA3u ¢ aTuM, Iesib paboTHl 3aKkjoyalach B
HccjieJoBaHuY ocoOeHHoCTel TpaHcopMaluy ruipo-
(OOHBIX NOJUIMKINYECKHUX apoMaTUuYecKuX Coeau-
HeHUl, Ha npuMmepe ¢peHaHTpeHa, MUKPOOHBIMHU KOM-
IJIeKcaM¥ NIOJI3eMHBIX BOJ.

2. MaTepuanbl U MeTOADI

O6beKTaMH HCCIeNOBAaHUA SABJAIINCH MUKPOO-
Hble KOMIUIEKCHl OJ[3eMHBIX Bo TYHI'ycCKOro MecTo-
poxnaenus (JampHuii Boctok, Poccus). IIpoGel BoJb
6b711 oTOOpaHk! B aBrycte 2019 r u3 HabJI0aTeIbHBIX
CKBaXXMH, PacCIOJIO)KeHHBIX B 30He peyHoU OGeperoBoi
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unprpanuu (Pb®) Ha paccrossHuu 50 M oT Gepera c
pasHoii raybunsl: 15, 30, 45 m. Ha aToM paccrosHuu
oT Oepera nposBJAeTCcsS MaKCUMaJlbHOe BJIUAHMNE ped-
HBIX Bof (npoTtoka Ilem3eHckas, p. AMyp).

DKCIlepUMeHTaJlbHOe MOJeMpoBaHNe TpaHC-
dopmanuu TpexIUKINYecKoro mnpenacrasurens [1AY
— (peHaHTpeHa, OCYyIIeCTBJIAIN IIPU Pa3/IMYHOM TeM-
nepatypHom pexume (23°C u 4°C) ¢ npumMeHeHUEM
METO/OB KYyJIbTUBUPOBAHUA MHUKPOOPraHMU3MOB, B
CTEepUJIBHBIX YCJIOBHUAX, B TPEXKPAaTHOH IOBTOPHO-
ctu. Mcnosb3oBaau NUTATEIbHYI0) MHHEpPaJIbHYIO
cpeny crienyiomero cocrasa, r/yu KH,PO,— 1.33;
K,HPO,— 2.67; NH,Cl— 1; Na,SO,—2; KNO,— 2;
FeSO,7H,0— 0.001; MgSO,7H,0— 0.1. B Hee BHO-
CWJIM B KayecTBe HCTOYHUKA yrijiepofa (¢eHaHTpeH
(2%). O TtpaHchopMmaluu ¢eHaHTpeHA CYOUIU IO
M3MEHEeHUI0 BH3yaJIbHBIX IIOKa3aTeJiell KyJbTypajlb-
HOM KHWJKOCTH: LIBETHOCTb, OOpa3oBaHUe OHONJIEHOK
Ha vactunax (eHaHTtpeHa. OmnpefesieHue IPOJYKTOB
TpaHchopmanu ¢deHaHTpeHa in Vitro TPOBOAWIIU
Ha 90 cyTkM KyJIbTUBUPOBaHUA C IIOMOIIBIO TIa3o-
Boi1 xpomarorpadum (Kpucrann-5000.1), KoJioHKa
HP-FFAP (50 m; 0,320MmM; 0,50 MKH) mpu UHTepBajie
temmepaTtyp 45-200°C B LleHTpe KOJIJIEKTUBHOIO
nosib3oBanusa UMBOII IBO PAH “lLleHTp 3KoJiormye-
CKOTO MOHUTOpPUHra”, aHamutuk Oununmosa I'.M.
CopnepxaHue npuoputeTHHX [TAY B noa3eMHBIX BoAax
TyHrycckoro mecropoxaenus (Tabauna 1) npoBoauiu
B CcepTUQUIIMPOBAHHON aHaJIUTHYecKol JabopaTo-
puu KpaeBoro reHTpa 3KOJOTMYeCKOro MOHHUTOPHHIA
MpUPOJIHOU cpenbl “YmpasiyieHus no Aesam 'O UC u
[16 XabapoBckoro kpasa” MeTOJI0M BbICOK03(h(eKTUB-
HOU XHUAKOCTHON Xpomartorpaduu (BOXKX) (Shimadzu
LC-20 co crekTpo-GJIyopoMeTpruiecKUM JeTeKTOPOM)
corjacHo I[THA @ 14.1:2:4.70-96.

3. Pe3yAabTathbl M 06Ccy)xpeHue
3.1. Coaep)xanue MNAY B noA3eMHbIX BoOAAX

Baxnyno posib B Ipolneccax TpaHcpopmauuu
ITAY 1 caMooumIeHNUs BOJHBIX 9KOCUCTEM BHINOJIHAIT
MUKPOOpraHu3sMsl, obJiafanlye BBICOKMMU afanTanu-
OHHBIMH CIIOCOOHOCTAMMU U IJIACTUYHOCTHI0 OOMEHHBIX
mporneccoB. JlaHHbIe, MOJIydYeHHbBIE B paMKaxX 3KOJIO-
TMYeCcKoro MOHUTOpHHra, nposogumoro MBOII IBO
PAH c 2012-2019 rr, noATBepXKAa0T peryJspHoe Mpu-
cytctBue B npobax [IB TyHrycckoro MecTopoxieHus
pasymuHbix npencraButesied ITAY (Kondratyeva and
Andreeva, 2018), cpenu KOTOpPHIX OJHUM K3 CaMBIX
pacrnpocTpaHeHHBIX oKa3asca peHaHTpeH. PaHee ObLIO
MOKa3aHo, YTO B BeCeHHUH U JieTHU nepuop 2014 r
(deHaHTpeH ObLI OOHApPyXeH B IOBEPXHOCTHBIX CJIOAX
BI' (0,018 mkr/mm3). CoryiacHO JaHHBIM, MOJTyYE€HHBIM
B 2015 r nmpucytctBue ¢deHaHTpeHa ObLIO 3adUKCU-
pOBaHO B MIOHbCKUX Mpobax mojzeMHbix Bog (0,011-
0,021 mkr/mM®), a B OKTAOpe ero KOHILEHTPAIUsA CHU-
xasack (0,0063-0,0069 MKr/om?3).

B oxtsa6pe 2016 r (Tabsuma 1) oTMeueHa sIpKO
BhIpaXX€HHas BepTUKaJIbHas cTpaTudUKaLnusa coaepxa-
HUA (peHaHTpeHa B NOA3EMHBIX BOAAX HA PacCTOAHUU
50 M ot 6epera, ¢ ero akkymyJsiueln B 6oJiee riay0o-
kux ciosix BI. B mpoGax nmoazeMHBIX BOJ U3 CKBaXUH,
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Ta6suna 1. - Conepxanue ITAY B I1B TyHrycckoro MmectopoxaeHus (MapT, okTa6ps, 2016)

KomMrmoHeHTHI, CKBaXXMHBI
(vxcr/ ) 115 | 230 | 345 | 415 | 530 | 640 | 720 | 840 | 955
Paccrosanue ot 6epera 50 m |Paccroanue ot 6epera 500 M| Paccrosanue ot 6epera 1500 m
Mapr, 2016
deHaHTpeH 0,054 0,049 0,055 0,016 0,022 0,035 0,051 | 0,0074 0,062
dyopeH 0,016 0,014 0,014 | < 0,006 | < 0,006 | 0,0092 0,014 | < 0,006 0,020
OxTs6psb, 2016
deHaHTpeH 0,018 0,039 0,15 0,13 0,056 0,057 0,070 0,065 0,0047
diiyopeH < 0,006 | < 0,006 | 0,027 0,016 | < 0,006 0,0063 0,012 0,011 0,0081
AHTparneH 0,0053 | < 0,001 1,9 1,5 < 0,001 | 0,024 0,013 0,011 < 0,001
@JiyopaHTeH < 0,02 < 0,02 | 0,026 0,050 < 0,02 | 0,025 < 0,02 | < 0,02 < 0,02
Tupen <002 | <002 | <0,02| 0,02 [ <0,02]| <002 | <0,02| <0,02| < 0,02
XpuzeH < 0,003 | < 0,003 | 0,031 0,011 0,0076 0,013 0,032 [ < 0,003 | < 0,003
Bens(k) < 0,001 | 0,0096 | < 0,001 0,001 0,001 | < 0,001 | 0,0016 | < 0,001 | < 0,001
(piyopanTeH
Bens(a)muper | < 0,001 | 0,0020 | < 0,001 | < 0,001 | 0,057 | < 0,001 [ < 0,001 | < 0,001 | < 0,001

yaajeHHbIX Ha paccrosgsHuu 500 u 1500 M oT Gepera,
YCTaHOBJIEHO M3MeHeHUe cofepxaHus ¢(eHaHTpeHa C
rJIyOMHOM BOJOHOCHOI'O TOPU30HTA. DTO MOXeET Cylie-
CTBEHHO BJIMATh Ha KauyeCTBO IOA3EMHBIX BOJ BCJed-
CTBHE CYKIIeCCMM MUKPOOHBIX COOOILIeCTB, y4acTBY-
IIKUX B TpaHchopMaluy OpraHNYecKux BelecTB,
BKJnrouas [TAY.

B Becennuii nepuof 2019 r B ckBaxkuse 2-30 (50
M OT Oepera) MeTOAOM XpoMaTOMacC-ClIeKTPOMETPUU
6b1JI0 OOHapyxeHo 6oraTtoe pasHoobpasue OB paznnu-
HOro reHesuca (78 KOMIIOHEHTOB), IO CPaBHEHHIO C
[IOBEPXHOCTHBIMY PeYHBIMU BoAaMU (54 KOMIIOHEHTa).
Cpeau HUX OBUIO OOHApyXX€HO MaKCHMMaJjlbHOE KOJIU-
YecTBO apoMaTUYeCKUX COeJUWHEHUN C MeTUJIbHBEIMU
rpyInaMu, KOTOpble OTHOCATCA K KaTerOpUM BellecTB
C MaJIO M3yYeHHOH TOKCHMYHOCTBIO. MIX MOCTyIlJIeHue B
I1B cBsA3aHO C BeCEHHUM CHeroTasHueM U WHQUIbTpa-
L[iell B BOJOHOCHBIN FTOPU30HT [I0YBEHHOI'0 PacTBOpa.

3.2. Ce3o0HHbIe MMKpOOHOAOTrHUECKHE
uccanepoBanuna B 2019 r

CorjlacHO Ce30HHOMY aHaJM3y 4YMCJIEHHO-
CTU MUKpPOOHBIX KoMmILiekcoB B IIB B 30He PB® mak-
CAMaJIbHOE KOJINYECTBO [BYX (PU3NOJIOINYECKUX
rpynn 6akTepuil ObLIO yCcTaHOBJIEHO B aBrycre 2019
r. CyllecTBeHHOE YyBeJIMYEHUEe UKCJIEHHOCTH KYJIb-
TUBHPYEMBIX IeTepoTpOodHBIX OakTepuil OTMEYeHO B
BepxHeM cjioe BI' (1-15) mo 3000 KOE/ma (Puc. 1a),
10 cpaBHEHMIO ¢ peuHbIMU Bogamu (PB) - oxoso 1000
KOE/MJ1. [JoMUHUPYIOMIYIO POJIb B CTPYKType MUKPOO-
HOro coofllecTBa urpaja rpymnmna aMMOHUGMUIMPYIO-
mux 6akrepuii (Puc. 16). 3To MoxeT OBITh CBSI3aHO C
WHTEHCUBHBIMU aTMOCGEpHBIMU OCaJKaMU U IOCTY-
IJIEHWEM pa3JIMYHBIX azoTcomepxkaumux OB ¢ mosepx-
HOCTHBIM CTOKOM U PEYHBIMHM BOJAMU. 3HAYUTEJIbHYIO
posb B mnoctymsleHn OB B BOJOHOCHBIM TOPU30HT
Urpajiv NnepeysJlaKHEHHbIE IT0YBbI
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3.3. BAauanume Temnepartypbl Ha COCTaB
npoaykroB TpaHchopmauumn GpeHaHTpeHa

B mocnenHee BpeMs 3a cueT KJIMMAaTHYeCKUX
M3MeHeHU!l Noj3eMHble BOABl NOABEPraiTCs HHTeH-
CHBHBIM KoJieOaHHAM TeMIlepaTypHOrO pexuma, 4To
MOXeT IOBJUATh Ha ClieHapUu Pa3BUTHS IPOIECCOB
MUKpob6HOU TpaHchopmanuu OB, a B HEKOTOPHIX CJIy-
Yasx UX akTUBU3UpoBaTh (Benz et al., 2024). B pe3yib-
TaTe 3KCIepHUMeHTaJIbHOr0 MOAeIMpoBaHuA TpaHchOop-
Maiuu ¢peHaHTpeHa MUKPOOHBIMY KOHCOpLyMaMU U3
[1B npu pas3nnyHOM TeMmnepatypHoMm pexume (23°C
u 4°C) OGbUIM YCTAHOBJIEHBI PA3/IM4MsA B COCTaBe IPO-
JYKTOB TpaHchopMally B 3aBUCHMOCTU OT IJIyOHHBI
BI' (Tabmuua 2). [Tpouecc TpaHchopmanum COMpPOBO-
XAajcA U3MeHeHNeM ONTHUYEeCKOH IIJIOTHOCTU KYJIbTY-
pasIbHOM XUAKOCTU U (GOpMUPOBaHNEM OUOILIEHOK Ha
yactunax peHaHTpeHa.

[Tpu temmnepatype 23°C akTuBHas TpaHcdopMa-
us (peHaHTpeHa c obOpa3oBaHueM TokcUyHbIXx BTEX-
MpOAYKTOB (6eH30J, TOJIyOJI, 3TUJIOEH30JI, KCHJIOJI)
npoucxoausia B BepxHux cjosx BI' (1-15), a npu yua-

[=)]
—

a)
3000

2500

2000

o Mapr
» Hions
= Aprver
O Hoadps

1500

KOE/ma

1000

50;} E—i

PB  1-15 2-30 3-45 pB 1-15 2-30 3-45

TICIeHHOCTD MI IKpOOPraHiu3IMoB,

Puc.1. Ce3oHHas AUHAMUKA YUCJIEHHOCTU KyJIbTUBUPY-
eMbIX reTepoTpodHbIX 6akTepuil (a) 1 aMMOHUPUIUPYIOUUX
6akTepuii (6) B mo/i3eMHBIX BoZjax TYHI'yCCKOTO MeCTOpOX/ie-
HUA B 30He peyHol Geperosoii druibTpanuu B 2019 r.
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Ta6suna 2. ITpoaykTel MUKPOOHOH TpaHcdopmauun GpeHaHTpeHa NpYU pa3HOi TeMIlepaType

ITpo6s1 ITIpoaykTsl Tpancdopmalum, MKr/cm® 23°C Bcero
6eH30JI | 3THJIOEH30JI | TOJIyOJI | O-KCHJIOJI | M-KCHJIOJ | p-KCHJIOJI
1-15 0,0009 0,001 0,0023 0,0014 0,0006 - 0,0062
2-30 0,0005 0,0003 0,0029 0,0006 0,0002 - 0,0045
3-45 - - - - - - -
IIpoaykTel TpaHcopmanuu, MKr/cm? 4°C
1-15 - - 0,0005 0,0004 - - 0,0009
2-30 0,0003 0,0006 0,0012 0,0009 0,0005 - 0,0035
3-45 0,0168 0,0061 0,0125 0,0107 0,0057 0,0064 0,058
CTUM MHMKPOOPraHU3MOB U3 HIXHero cjos BI' (3-45) Cnucok Auteparypbl
JeTyyre apoMaTu4ecKre CoeIMHEHUA OTCyTCTBOBAJIN. Kynakos B.B., Komparsesa TLM. 2008.

[Tpu Temmnepatype (4°C) MakCUMaJIbHYIO aKTHB-
HOCTb IIO OTHOIIEHMIO K (eHaHTpeHy MpOABJIAIA
MUKpPOOOI[eHO3bl U3 HIKHUX cjioeB BI' (3-45), koro-
phble afanTHpOBaHbl K IPHPOJAHOMY TeMIlepaTypHOMY
pexumy (4-6°C). [Ipy HU3KOH TeMIlepaType CyMMapHoOe
cofepXaHue MNPOAYKTOB MHUKpPOOHOro MeTaboJsmM3Ma
OBLIIO 3HAYUTEJIBHO BHIIIE, YeM Npu Temneparype 23°C.
MunumansHoe cogepxanve BTEX-npoaykTtoB mnpu
3TOH TeMmIuepaType ObUIO YCTaHOBJIEHO B KyJIbTypaJlb-
HOM XHMAKOCTU IIPU Yy4YaCTUU MHMKPOOPTraHU3MOB U3
IOBEPXHOCTHOTO cJ10s BT

VYBenuueHue koHileHTpauuii BTEX-npoaykToB B
nporecce TpaHchopMmauuy (¢eHaHTpeHa IIpU HU3KOH
TeMnepaType MHUKpoOOOLleHO3aMU U3 HUXHero cjaos Bl
MOXeT OBITb CBA3aHO He TOJIBKO C MUKPOOHO! aKTUB-
HOCTBIO, a TaKkKe ¢ HaKOIJIEHWeM TOKCHUYHBIX 3JIeMeH-
TOB, KOTOpPBIE MOT'YT MHI'MOMpOBaTh pasBUTHE HEKOTO-
PBIX NIpeficTaBUTesIell MUKPOOHOI0 KOHCOpLyMa.

CTOUT OTMETHUTh, YTO CpeAu IPOJAYKTOB TpaHC-
dopmanuy (QeHaHTpeHa, MaKCUMaJbHbBle KOHIIeH-
Tpauuu OBLIM XapaKTepHHl [JiA TOJIyosia U OeH3oJa.
H3BecTHO, YTO 3THU COeAVHEHUs HMMeloT 0oJiee BBHICO-
KyI0 IOABMXHOCTb B PAaCTBOPEHHON (pase U CIIOCOOHEI
HaKaruIMBaThCs B BOOHOU cpefie (Zanello et al., 2021),
4yTO 00yCJIaBMBaeT BO3HUKHOBEHUE ONOJIHUTEIbHBIX
PHUCKOB AJ1A NOA3€MHON r'pocdepHl.

4. BoiBOADI

B pesyibpTaTe MNpoBeJeHHBIX HCCJIEOBAaHUN
Ha npuMmepe (eHaHTpeHa OBLJIO yCTAaHOBJIEHO, YTO
TpaHcopmanua I[TAY MUKPOOHBIMM KOMILJIEKCAMU
IIB MoXeT OocCymecTBJATbCA NpU Ppa3IUYHON TeM-
neparype (23°C u 4°C) 1 3aBUCUT OT aKTUBHOCTU U
aflanTalMiOHHBIX XapaKTepUCTUK MHUKPOOOLIEHO30B,
MPUCYTCTBYIOIUX in Situ Ha pa3jIMYHBIX Iy1yonHax BI.
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COB BOAONOATrOTOBKH.
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