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ABSTRACT. This paper presents the research results of the activity of microbial communities (MCs)
in relation to humic substances after cyclic freeze-thaw. Groundwater from different aquifer depths
from wells at different distances from the riverbank filtration (RBF) zone and river water were used
as inoculum. Cyclic freeze-thaw (CFT) was carried out in two stages: the first freezing lasted 30 days
at -18°C; then 5 cycles of freezing and thawing were carried out alternately after 7 days. Two types of
thawing conditions were created: slow thawing from -18°C to +4°C and fast thawing from -18°C to
+23°C. Growth activity on peptone, an easily available substrate, confirmed the survival of the MCs
from groundwater and river water after CFT. The maximum activity after CFT with sodium humate
(HNa) at a thawing temperature of 4°C was shown by MCs from a depth of 41 m from wells 1,500 m off
the bank. It was comparable to the MC activity in river water during the observation period. At a thaw-
ing temperature of 23°C, microorganisms in river and groundwater from wells close to the bank were
highly active, regardless of the carbon source composition during the CFT period. The growth activity
of MCs was affected by the thawing temperature of 23°C in distant wells following CFT, depending on
the water sampling depth. Thus, in MCs from depths of 21 m and 41 m, the activity increased with the
distribution of easy-to-access co-substrate. The thawing temperature had an impact on the change in the
spectral characteristics of HNa after CFT. The distance of the wells from the bank affected the aromatic
compound contribution to the composition of the HNa transformation products (. =275 nm). At a tem-
perature of 23°C, the aromatic compound values were higher in the MCs of river water and wells located
in the RBF zone compared to those at 4°C. Slow thawing at 4°C had a positive effect on the transforma-
tion of humic substances by microorganisms from distant wells due to their natural adaptation potential.
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1. Introduction lutionary selection and is genetically encoded in pro-

tein sequences (Struvay and Feller, 2012). The ability
of microorganisms to survive at low temperatures is
related to the production of cold-active enzymes that
break down various organic substrates, including lac-
tose, cellulose, lignin, starch, and lipids (Hou et al.,
2017; Manyapu et al., 2022). Psychrophilic microor-
ganisms are capable of transforming persistent organic
matter (OM) in conditions of seasonal freezing and
thawing in the aquatic environment. Experimental stud-
artie ) ies simulating permafrost thawing found that microbi-
Psychrophilic microorganisms are thought to be ome responses depended more on thawing temperature

the most abundant organisms in terms of biomass and  than on sampling and filtration location (Messan et al.,
diversity: their adaptation to cold is the result of evo- 2020).

Large-scale changes in the biosphere and cryo-
sphere are predicted in the coming years due to global
warming (Margesin and Collins, 2019). The conse-
quences of permafrost thawing are associated with
changes in the composition of surface and ground
waters. Multiple studies in regions with thawing per-
mafrost have shown that large-scale effects on terres-
trial and aquatic ecosystems can be related to biogeo-
chemical activity at the microscopic level (Zona, 2016).
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Humic substances (HS), which participate in
complex biogeochemical processes, play an important
role in the research of the OM transformation dynam-
ics in seasonal freeze/thaw conditions. Microorganisms
use HS to stimulate biodegradation processes and/
or reduce the bioavailability of certain metals. HS, in
turn, by controlling environmental conditions, change
the structure of microbial communities (MCs) and their
activity (Kulikova and Perminova, 2021). The biodeg-
radation of HS affects the general condition and func-
tioning of the hydrosphere by determining the chemi-
cal composition of water (Young et al., 2004).

The HS composition depends on the nature
of the interaction of surface and ground waters with
soils, rocks, and, to a large extent, climate change
(Lipczynska-Kochany, 2018). The HS reactivity in the
environment is thought to depend on the set of func-
tional groups in the structure of the macromolecules
(Lee et al., 2015). A change in the ratio of ketone and
auxochrome groups in the aromatic rings affects the
intensity of the coloration of the aquatic solution, and
the color of a solution of HS is determined by the pres-
ence of chromophore functional groups: nitrogen-con-
taining (-N=N-), azomethine (>C=N-), carboimine
(>C=NH), nitro- (-NO2), and nitroso groups (-NO)
(Chen et al., 2002).

Previously, on the basis of experimental stud-
ies, it was hypothesized that a significant part of HS
fractions represents a dynamic system of macroaggre-
gates differing in composition and character of subunit
interactions. Macroaggregates are formed by means of
hydrophobic, hydrogen, ester bonds, etc. The optical
characteristics of the included HS and the reactivity of
macromolecules are changed during freezing and thaw-
ing of various soils and stones (Shirshova et al., 2009).
Some authors (Esparza-Soto and Westerhoff, 2003)
explain such processes by hydrophobic interaction
between humic substances and extracellular polymers
of bacterial cells.

The interaction of microorganisms with the HS
macromolecules (biosorption) is the first step preced-
ing their fermentative digestion, hydrolysis and micro-
biological consumption. The ability of microorganisms
to produce extracellular polymers and the presence of
divalent cations such as calcium and magnesium are key
factors (Goode and Allen, 2011). The further evolution
of HS depends on the presence of low-molecular-weight
organic acids, the hydrophobicity of biopolymers, and
various elements that form with them mobile chelate
complexes (Huber et al., 2011).

It is established that resistance to stress factors
and adaptation potential are increased under ground-
water aeration. The microbial complexes of under-
ground hydrosphere exist in the form of complex-struc-
tured consortia (Flemming and Wuertz, 2019). The
adaptive potential of microorganisms to stress factors
changes when groundwater is aerated by the inflow of
surface and river waters.

Hypothetically, at the biogeochemical barrier
in the riverbank filtration zone of river water into the
aquifer (AF), iron may act as a regulator of organic
matter behavior of different genesis. In this case, the
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dominant process is the reaction of dissolved iron
with humic substances (Krupiniska, 2017). It has been
demonstrated that approximately 90% of dissolved iron
is combined with HS during extreme floods in the Amur
River (Yan and Guan, 2014).

Pumped water from wells located in the river-
bank filtration zone (RBF) contained three groups of
microorganisms: autochthonous bacteria from the aqui-
fer and pore space, allochthonous soil microorganisms
entering with surface infiltration, and microorganisms
entering the edge waters with river filtrate. Braun et al.
(2016) previously found that the microbial community
in unexploited wells was mainly dominated by the phy-
lum Proteobacteria (95%), Actinobacteria, Bacteroidetes
(~5%). After saturation of AF with aerated water, there
was a significant reorganisation of the community
structure and an increase in microbial species diversity:
Actinobacteria (~20-50%); Proteobacteria ~ 30-50%;
Bacteroidetes,  Nitrospirae,  Firmicutes,  Chloroflexi,
Verrucomicrobia et al. (~20-50%).

In our opinion, the dominance of certain micro-
organisms depends not only on the depth of pumped
water, but also on the organic matter (OM) that comes
with surface water. The composition and availability
of organic matter influences the activity, behavior and
succession dynamics of dominant microbial groups. For
example, more than 300 different organic compounds
were detected in the thawing of Greenland frozen soils
using mass spectrometry method (Kramshgj et al.,
2018), and these compounds could include products
of microbiological transformation of OM of different
genesis.

Our research aimed to determine the activity of
microbial communities under cyclic freeze/thaw condi-
tions in relation to the low-molecular-weight peptides
(peptone) and humic substances (sodium humate), as
well as during the interaction of ground and surface
waters in the riverbank filtration zone.

2. Materials and methods

The study area is located in the central part of the
Middle Amur Lowland. Its relief is quite varied, with a
slight slope in the northeast direction. The Amur River
channel and floodplain form an extensive and complex
floodplain-channel system. The floodplain is rather
heavily watered, and during floods, a significant part
of it is flooded. The morphology of the river channel in
this zone is characterized by intensive bank erosion. In
winter, up to 60% of the total Amur River flow passes
along the left bank, and in summer, when levels rise by
4-5 m, the share of flow decreases to 45%.

The Tunguska groundwater deposit (GW) is
located in the interstream of the Amur and Tunguska
rivers in the aquifer of Pliocene-Quaternary alluvial
deposits (sands, gravels). The observation wells are
located at different distances from the Amur River
channel (Fig.1). A biogeochemical barrier is formed at
the site where the GW interacts with river water.

The contribution of each component depends on
the hydrological regime and season. During low water
periods, the interaction of surface and ground waters is
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Fig.1. Location of observation wells for groundwater sampling from different depths of the aquifer and at different distances

from the riverbank

multidirectional, resulting in the unloading of ground-
water into the river channel. Conversely, during flood
periods and catastrophic floods, there is a reverse infil-
tration of river water into the AF (Kulakov, 2024). The
biogeochemical barrier, which is subject to seasonal
freezing and thawing, is the site of a number of micro-
biological processes that have not been extensively
studied. These processes contribute significantly to the
formation of natural water quality.

The GW samples of the Tunguskoye deposit
were collected in November 2023 from five wells at
varying depths and distances from the left bank of the
Pemzenskaya channel (Amur River). River water was
sampled from a depth of 0.5 m from the surface and 50
m from the bank (Table 1).

The following carbon sources were used in the
experiments: a preparation of humic substances (humic
acid sodium salt, H16752, Germany), as an analogue of
difficult-to-mineralize OMs; peptone (GOST 13805-76,
Obolensk, series 299), which is a mixture of polypep-
tides, free amino acids, enzymes, and nucleic acids.

Cyclic freeze/thaw (CFT) was performed in ster-
ile disposable 50-mL medical polymer containers with
a lid (Berimed, EVROKEP LLC, Russian Federation).
The containers were filled with two variants of sterile

medium (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. The first variant contained 0.2
g/L sodium humate (HNa), while the second one was
supplemented with an additional co-substrate of 0.2%
low-molecular-weight peptides (peptone). Each sample
was inoculated with 5 ml of natural water.

The first freeze lasted 30 days in a freezer at -
18°C. Two groups of samples were then formed, dif-
fering in their thawing conditions. The first group
underwent a slow thawing process at a temperature of
-18°C to +4°C, while the second one underwent a rapid
thawing process at a temperature of -18°C to +23°C.
All samples were subjected to five cycles of alternating
CFT after seven days. Control samples without inocu-
lum were subjected to all stages of CFT.

The total number of culturable heterotrophic
bacteria (CHB) was determined by the limiting dilu-
tion method on fish peptone agar diluted 10 times
(FPA:10). Ammonifying bacteria (AFB), involved in the
process of ammonification of OM, were grown on FPA
(Namsaraev et al., 2006). The number of microorgan-
isms was expressed in colony-forming units (CFU/ml).

A fluid nutrient medium on readily available
carbon source (0.2% peptone) was used to assess the

Table 1. General characterization of groundwater from the monitoring wells in the riverbank filtration zone in November 2023

Water Indicators
samples Di
istance | Depth, pH Fe, mg/I1 Mn, NH,, SAC,,,, |CHB, CFU/| AFB, CFU/
from river m mg/1 mg/1 m ! ml ml
bank, m
GW 1-15 50 15 6.57 18.0 1.40 0.274 20.5 185.3 126.3
GW 1-35 35 6.43 23.9 1.12 0.075 12.8 135.2 97.3
GW 51-21 1500 21 6.48 26.0 6.50 0.350 7.6 52.2 45.2
GW 51-41 4] 6.46 24.7 1.15 0.404 8.2 79.3 63.4
GW 51-51 51 6.43 17.3 0.59 0.412 9.7 119.6 95.2
River water |50 m from 7.34 0.70 0.073 0.168 20.8 179.0 137.8
the left 0.5
bank

Note: CHB - cultivable heterotrophic bacteria; AFB - ammonifying bacteria; SAC - spectral absorption coeffi-

cient organic content; CFU - colony forming units
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viability and growth activity of microbial communities
(MCs) in natural waters after CFT. The nature of growth
on peptone at 23°C was determined using photometric
method by the change in the optical density (OD) of
the culture fluid using KFK-3-01 spectrophotometer at
a wavelength of 600 nm. The impact of varying thaw-
ing temperatures on the characteristics of microbiolog-
ical transformation of HS was assessed by examining
the absorbance values at different wavelengths: change
in the total OM content at A =254 nm; transforma-
tion of the aromatic compound of HS at A =275 nm
(Kumar, 2006); content of the chromophoric groups at
A. =465 nm (Shirshova et al., 2015) using a SHIMADZU
UV-3600 spectrophotometer.

3. Results and discussion

When analyzing the seasonal dynamics of the
number of culturable heterotrophic bacteria (CHB) and
ammonifying bacteria (AFB) in the river and ground
waters sampled from wells located in the riverbank
filtration zone (RBF), there was a general trend of
increase in the number of microbial communities in
the late autumn period (Table 2). The maximum CHB
abundance in the AF during the observation period was
recorded in November at a depth of 15.7 m and was
comparable to the CHB abundance in river waters. More
significant differences in CHB abundance between river
and groundwater are recorded at 35.7 m depth during
spring and autumn. The AFB abundance rates in ground
waters were significantly lower than in river water,
especially in the deeper AF layers where less OM was
supplied as a result of vertical and horizontal filtration.

The total number of microorganisms in the
lower AF layers can be supported by autochthonous
OMs, which are formed as a result of microbiological
processes during the interaction of water with rock
formations. These may include microbial metabolites,
including extracellular biopolymers and lysis products
of bacterial biofilms.

3.1. MC growth activity from river and
groundwaters on peptone after CFT

At the end of the experiment, culture fluid sam-
ples after CFT were used as inoculum to evaluate the
survival and growth activity of microbial communities
(MCs) on nutrient medium with peptone (Table 3). The
growth activity depended not only on the survival after

30 days of freezing at -18°C but also on the thawing
temperature. The used carbon and nitrogen sources
played an important role: variants with HNa alone and
in combination with a co-substrate in the form of pep-
tone (P).

When thawed at 4°C, the MCs from a depth
of 41 m of the wells located 1,500 m from the bank
showed the maximum activity after CFT with HNa.
The differences in the activity of the MCs from the
other depths were minimal. At this thawing tempera-
ture, their growth activity on peptone after CFT was
high regardless of the presence of HS alone as a carbon
source or with the supplemental addition of a low-mo-
lecular-weight co-substrate. Microbial communities of
river water showed high activity with HNa after thaw-
ing at 4°C, even without co-substrate application. The
MCs from groundwater sampled from a well as close to
bank as possible at a depth of 15 m were less active,
regardless of the composition of the OMs used.

When thawed at 23°C, the other patterns in MC
responses were observed. Microorganisms of river and
groundwater from wells close to the bank showed high
protease activity independently of the composition
of carbon sources during the CFT period. In wells far
from the bank, the thawing at 23°C had an effect on the
growth activity after CFT, depending on the depth of
water sampling. For example, the activity in MCs from
depths of 21 m and 41 m increased with the addition
of co-substrate. The MC activity from a distant well
at 51 m depth during thawing at 23°C remained high
despite the combination of organic substrates. It should
be noted that in the presence of HS alone as a carbon
source, the thawing temperature did not significantly
affect the protease activity of MCs from the RBF zone
at 35 m depth and river water. This may explain the
close relationship between surface water and ground-
water in the bank zone, which is reflected in the similar
responses of microbial communities to different thaw-
ing temperatures.

3.2. Influence of microbial communities
and thawing temperature on the spectral
characteristics of HS after CFT

The ability of the vast majority of OMs of different
classes to absorb light in the UV band at wavelengths of
250-280 nm is well known. Unsaturated and aromatic
compounds with various atom groupings, including
proteins, phenols, humic substances, lignin-sulfonic

Table 2. Seasonal dynamics of the abundance of culturable microbial communities of ground and surface waters in the riv-

erbank filtration zone (CFU/ ml)

Sampling date River water GW from different depths
CHB AFB CHB AFB
15.7 m 35.7 m 15.7 m 35.7 m
27.03.2023 56 = 4 60 = 2 62 = 10 83 6 15+ 2 10 = 2
1.06. 2023 69 *= 2 54 = 2 58 £ 3 65 £ 2 22 x1 19 = 2
1.08.2023 127 = 8 93 £ 6 112 = 7 100 = 6 84 £5 53 £3
13.11.2023 179 £ 5 138 = 6 185 = 3 135 = 3 126 = 4 97 £ 3

Note: CHB - culturable heterotrophic bacteria, AFB- ammonifying bacteria
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Table 3. Impact of the co-substrate and thawing temperature on the growth activity of microbial community after CFT

Microbial OD, 600 nm
SO HS 4°C HS + P4°C HS 23 °C HS + P 23°C
GW 1-15 0.100+0.003 0.098+0.003 0.133+0.006 0.144 %0.009
GW 1-35 0.154+0.010 0.108 +0.004 0.157 %0.010 0.150%0.010
GW 51-21 0.1150.005 0.139+0.008 0.095+0.003 0.168%0.012
GW 51-41 0.1670.012 0.169+0.012 0.108+0.004 0.141%0.008
GW 51-51 0.1150.005 0.1350.007 0.136+0.007 0.132%0.007
River water 0.170+0.012 0.131+0.006 0.159+0.010 0.160+0.010

acids, and other complex compounds, are intensively
absorbed in this UV band. Inorganic ions, with few
exceptions, do not absorb in this band. There was a
direct correlation between the UV-indicator values at A
=254 nm and the Corg, COD, and BOD, indicators.

For the determination of fluorophores (chro-
mophoric groups) formed during the microbiologi-
cal transformation of terrigenous material and humic
substances, the 450-500 nm wavelength range is often
used (Birdwell and Engel, 2010). Natural and anthro-
pogenic factors are thought to influence the relation-
ship between absorption spectra and the molecular
structure of HS (Shirshova et al., 2015). The choice
of specific wavelengths for assessing changes in the
molecular structure of HS is still a subject of debate.

After CFT during thawing at 4°C, the microbial
communities from groundwater were actively involved
in the transformation of sodium humate compared to
microorganisms from river water (Table 4). Based on
the spectral characteristics of the nutrient solution with
sodium humate, changes in the aliphatic (A =254 nm)
and aromatic compounds of the molecule occurred
with the participation of MCs (. =275 nm). MCs from
groundwater in the RBF zone increased their activity
with depth. In groundwater sampled from distant wells,
the MC responses differed by the AF layers. An active
change in the aromatic compounds was observed in
MCs present at 21 m and 51 m depths. Minimal changes
in spectral characteristics at three wavelengths at this
thawing temperature were observed in MCs from a
depth of 41 m. Changes in the composition of chromo-
phoric groups (A = 465 nm) coincided with the activity
of MCs in relation to the aromatic compound of HNa.

During thawing at 23°C, the microbiological
transformation of sodium humate also depended on
the water of the sampling points and the correspond-
ing MC activity in relation to different compounds of a
humic substance molecule. MCs from river and ground
waters sampled from a depth of 15 m in the RBF zone
were characterized by minimal activity. The spectral
characteristics of sodium humate after CFT at a thaw-
ing temperature of 23°C were comparable when MCs
from wells at different distances from the bank and at
different depths were used (GW 1-35 and GW 51-21).
This may be related to the survival during rapid thaw-
ing of the same microbial species present in the general
groundwater pool and capable of degrading hard-to-
reach organic matter.

Changes in the spectral characteristics of HNa
as a result of microbiological transformation are most
commonly associated with changes in the condensed
aromatic nucleus (aromatic compound at A =275).
Taking into account that aliphatic side chains without
double bonds (polysaccharides, polypeptides, and sat-
urated hydrocarbons) are not responsible for HS color-
ation, it can be assumed that the process of their utili-
zation is related to the change in the absorbance value
at A =254 nm.

According to the conducted studies, MCs of
groundwater after CFT, independent of the place of
their localisation in situ, participated in the transfor-
mation of aliphatic and aromatic compounds of humic
compounds at different thawing temperatures. In con-
trast, MCs in river water were less active in relation to
sodium humate.

Table 4. Influence of microbial communities on changes in the spectral characteristics of HNa at different thawing

temperatures
Microbial Thawing temperature
communities 4°C 23 °C
254 nm 275 nm 465 nm 254 nm 275 nm 465 nm
Control of HNa 2.502 2.227 0.392 2.636 2.361 0.400
GW 1-15 1.952 1.698 0.256 2.150 1.894 0.309
GW 1-35 1.682 1.470 0.216 1.769 1.553 0.245
GW 51-21 1.649 1.430 0.217 1.772 1.555 0.237
GW 51-41 1.960 1.733 0.302 1.900 1.672 0.274
GW 51-51 1.743 1.510 0.221 1.745 1.539 0.250
River water 2.269 1.980 0.331 2.185 1,925 0.327
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3.3. Change in the component
composition of complex nutrient medium
after CFT

As shown above, in the MC freeze/thaw exper-
iment with a single carbon source of sodium humate
(HS), changes in the spectral characteristics were
related to the metabolic activity of microbial commu-
nities from different habitats. However, the changes in
the state of humic substances may not only be related
to the transformation of their macromolecules. An
important factor is biosorption, which is associated
with specific mechanisms of hydrophobic interaction
between HS and extracellular polymers of bacterial
cells (Esparza-Soto and Westerhoff, 2003).

It's worth to remark that the addition of a read-
ily available co-substrate to a nutrient solution contain-
ing HS resulted in a significant alteration in its optical
properties. In comparison to the control, the absor-
bance values at the three wavelengths demonstrated an
increase (Fig.1), which can be attributed to the func-
tioning of MS. In addition to the aliphatic and aromatic
compounds resulting from the HNa metabolism, prod-
ucts of the peptone metabolism may also be present.
Moreover, the sequence of consumption of each carbon
source and the contribution of specific metabolic prod-
ucts to changes in spectral characteristics are challeng-
ing to predict under CFT conditions. It is not excluded
that in our experiment, there was a partial biosorption
of HNa on the biomass of developing microorganisms
due to the consumption of low-molecular-weight pep-
tides. This biomass was removed by filtration before
using spectrophotometry. Nevertheless, it was found
that there were some differences in the spectral charac-
teristics of the culture fluid when MCs of groundwater
at different thawing temperatures were involved.

Thus, following CFT, the change in the total OM
content (at A 254 nm) when MCs were cultured
with HNa in the presence of co-substrate depended on
the thawing temperature and on the location of the
microbial community (Fig. 2). The highest level of the
activity was observed in microbial communities (MCs)
from wells situated at a distance from the riverbank,
at a thawing temperature of 4°C. This level of activ-

ity decreased with the depth of the active layer (AF).
Groundwater samples collected from the RBF zone did
not exhibit a response to the thawing temperature, but
their activity was lower than that of MCs from river
water.

The distance of the wells from the riverbank
influenced the contribution of the aromatic compound
to the OM composition (at A = 275 nm). However, the
slow thawing temperature of 4°C had a positive effect
on MC from the distant wells. This is caused by the
natural adaptation of MCs to the corresponding tem-
peratures. In the RBF zone, the temperature regime is
influenced by river water, while in the distant wells,
the temperature is more stable between 4-6°C, depend-
ing on the depth of groundwater sampling. Therefore,
the diversity of the HNa transformation metabolites
in the presence of readily available sources of nitro-
gen-containing OM related to aromatic compounds
may increase in distant wells, especially during spring.
At a thawing temperature of 23°C, the MCs of river and
ground waters from a distant well at a depth of 41 m
were more active.

The response of chromophoric groups (A =465
nm) determining the colour of natural waters also
depended on two factors: the distance of the wells from
the bank and the thawing temperature during CFT.
Figure 2 shows that the most active in the HNa trans-
formation processes in the presence of co-substrate at
4°C were the MCs of the groundwater sampled from a
depth of 41 m of the distant well GW 51-41. However,
at a thawing temperature of 23°C, the spectral charac-
teristics of the chromophoric groups were comparable
when the MCs from the distant well GW 51-41 and the
MCs of the river water were involved. Microorganisms
from this AF layer in the distant well had high adaptive
potential for transforming a mixture of carbon sources
during rapid and slow thawing.

4. Conclusions

The conducted studies showed that staying frozen
at -18°C for 30 days and 5 freeze/thaw cycles had no
effect on the viability of microorganisms. The thawing
range and the presence of readily available co-substrate

254 nm 1 275 nm 465 nm
8
b= 3
54 C
2z ] - 05 m23°C
< C 2 °
: e
1 C
0 0 ’ 1 2 3 456
3 4
1 2 3 456 1 2 3 4 5 6 Samples

Fig.2. Changes in the spectral characteristics of nutrient medium (HNa + co-substrate) involving microbial communities of
ground and river waters after CFT at different thawing temperatures: 1- GW 1-15; 2 - GW 1-35; 3 - GW 51-21: 4 - GW 51-41;

5 - GW 51-51; 6 — river water; C — control.
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proved to be important factor affecting the HNa trans-
formation. According to the spectral characteristics of
HNa after CFT, the responses of the MC of groundwa-
ter differed among the aquifer layers. A change in the
aromatic compound was observed at a thawing tem-
perature of 4°C in MCs present at depths of 21 m and
51 m in wells located at a distance from the bank. At a
thawing temperature of 23°C, close absorption values
for the content of aromatic groups were recorded with
the participation of the MCs from the different aquifer
depths and independently of the distance of wells from
the bank.

After CFT in the presence of co-substrate, thaw-
ing temperature affected subsequent growth on pep-
tone and the manifestation of proteolytic activity. At
a thawing temperature of 4°C, the high activity of MCs
from wells located 1,500 m from the bank was pre-
served. However, at the thawing temperature, activity
decreased in MCs of river water and MCs from the deep
aquifer layers in wells located in the riverbank filtra-
tion zone. A distinct pattern was observed at a thawing
temperature of 23°C in the presence of a co-substrate in
the MCs from wells that were maximally distant from
the bank. The highest activity was observed in micro-
bial communities from the upper layers of the aquifer,
and it gradually decreased with depth.

When a complex medium with two substrates
was used, the most significant changes in the spectral
characteristics of the culture fluid at different thawing
temperatures were observed when the MCs of ground-
water were applied. They responded to the thawing
temperature with a greater change in spectral charac-
teristics responsible for the chromophoric groups. Their
abundance was maximized at 4°C with the MCs from a
distant well (41 m depth). The MCs from river water
were less dependent in their activity on thawing tem-
perature, rather preferring 23°C.

It is important to emphasize that the activation
of proteolytic activity in the MCs was accompanied
by active gas generation and biofilm formation. These
characteristics of the MC responses may provide evi-
dence that readily available carbon sources entering
groundwater during the summer can have a significant
impact on the groundwater quality, with biofilm forma-
tion acting as a risk factor for the colmatage of wells.
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OpuruHanbHan craTbf

OTBeTHbIE peaKuum M"Kp06HbIX ILIMNOLOGY
KOMMNAEKCOB Ha 3amep3aHue/oTrauBaHue FRESHWATER
B 30HEe B3aMMOAEHUCTBUA NMOBEepPXHOCTHLIX U BIOLOGY
MOA3EMHbIX BOA

KonapateeBa JI.M.*, Augpeena [I.B.

HHcmumym G00HbIX U 5KoJT02udecKux npobtem JJaibHedocmouHoeo omdesteHus Poccutickoti Akademuu Hayk, Xabaposdckozo
¢edepavHozo uccsredodamestbckozo yeHmpa, JJukonosyeda, 56, Xabapoack, 680000 Poccusa

AHHOTAIIHUS. B paboTe mpeicTaBjieHbl pe3yJibTaThl MCCJIENOBAHUI aKTMBHOCTA MUKPOOHBIX COO00-
mecTB (MC) mo OoTHOLIEHNI0 K T'yMHHOBBIM BelllecTBaM IIOCJIe IIMKJIMYECKOro 3aMep3aHus,/ OTTauBa-
HUA. B kayecTBe MHOKYJIATA MCIOJIb30BAHBI IIOA3€MHEBIE BOAB! C pa3HOM IJTyOMHBEI BOAOHOCHOTO IOpU-
30HTA M3 CKBAXWH, PACIOJIOXKEHHBIX HA pasHOM yJaJIeHMU OT 30Hbl PeYHOU OeperoBoil GuUIIbTpaIuu
(PB®), u peunas Bomga. L{ukindeckoe 3amopaxuBaHue,/ orrauBanue (1130) nmpoxoauso B [Ba STamna:
nepBoe 3aMopaxuBaHue Aauaochk 30 cyTok npu Temneparype —18°C; 3aTeM MPOBOAWUIIN MOOYEPESHO 5
I[MKJIOB 3aMOpaXMBaHUsA U OTTauBaHUA dyepe3 7 CyTOK. Bruin chopMuUpoBaHbl ABAa BapUaHTa yCJIOBUN
OTTauBaHUA: MeJiJleHHOe oTTauBaHue ot —18°C mo +4°C; 6sicTpoe orrauBaHue ot —18°C go +23°C.
BepkuBaemocts MC u3 moA3eMHBIX M pedHbIX BoA Iocse L[30 noarBepkaeHa IO aKTUBHOCTH pOCTa
Ha JIETKOAOCTYIIHOM cybcTpaTe nentoHe. MakcuMasbHYI0 akKTUBHOCTE Iocjie C30 ¢ ogHMM IyMaToM
Hatpus (I'Na) npu Temneparype orrauBanus 4°C npossisuin MC c riryounst 41 M U3 CKBaXXyH, yaajleH-
HBIX OT Oepera Ha paccrossHuu 1500 M. OHa 6bl1a cOOCTaBUMOM ¢ akTUBHOCTHI0O MC 13 peuHOl BOJbI B
nepuof HabmoAeHui. [Ipu TemnepaTtype ortanBaHuA 23°C MUKPOOPTraHU3MBL U3 PEYHBIX 1 TOA3EMHBIX
BOJ U3 CKBAXXMH, PaCIOJIOXKEeHHBIX 6JI1M3KO0 K 6epery, IPOSBJIA/IM BHICOKYI0 aKTUBHOCTh HE3aBHCHMO OT
coCTaBa MCTOYHUKOB yriepoda B nepuof 1130. B ynaneHHbIX OT Oepera cKBaXxknHax TeMIlepaTypa OTTa-
nBaHuA 23°C BiusiIa Ha akTUBHOCTb pocta MC mocie I[[30 B 3aBUCHMMOCTU OT IJIyOMHBI 0TOOpa Mpoo
Bojibl. Tak y MC c riry6unst 21 M 1 41 M aKTUBHOCTh YBeJIMYMBajach MPU BHECEHUU JIETKOIOCTYITHOT'O
Ko-cybcTpaTta. TemnepaTypa oTTanuBaHUA OKa3blBajla BJIMsAHHNE Ha M3MeHEHHe CIeKTpaJbHBIX XapakTe-
puctuk I'Na mocye 1130. Ha Bkyiafy apomMaTHyecKoi COCTAaBJIAIIIEN B COCTaBe MPOAYKTOB TpaHCcdOp-
manuu I'Na (A =275 HM) BiIMsIa yAaJleHHOCTh CKBaXUH OT Oepera. IIpu yyactuu MC peuHOI BOABI U
MC u3 ckBaXHH, pacloJioXeHHbIX B 30He PB® mpu Temnepatype oTrauBaHusa 23°C mokasaHus cojiep-
JKaHHA apoMaTHU4ecKUX CoeAHEHMI ObLIN BhIIe, 4eM IIpu Temiepatype 4°C. MeayieHHOe OTTanuBaHUe
npu TemrepaTtypa 4°C okasblBajio MOJIOKUTEJIbHBIN 3¢Q@deKT Ha TpaHCcHOpMALHI0 TYMUHOBHIX BeleCTB
MHKPOOpraHu3MaMu 13 yAajleHHbIX CKBaXXWH 3a cU4eT UX IPUPOAHOro afanTaloHHOT0 IOoTeHI1aIa.

Kiouegeie cstoga: MUKpoOHbIe cOOOIeCcTBa, 3aMep3aHne/oTTauBaHne, peyHasa OGeperosas GpuiabTpanus,
I'YMIHOBBIE Bell[ecTBa

Jia nutupoBaHusa: Konapareesa JI.M., Auapeesa [[.B. OTBeTHBIE peakI[ii MUKPOOHBIX KOMIIJIEKCOB Ha 3aMep3aHue/0TTanBa-
HUe B 30He B3aUMO/IEHICTBIA MOBEPXHOCTHBIX U NOJ3eMHBIX BOJ // Limnology and Freshwater Biology. 2024. - Ne 4. - C. 955-970.
DOI: 10.31951/2658-3518-2024-A-4-955

1. Beeaenne [oKasajiy, 4YTO KpynHoMacuiTaOHble 3¢@eKTs mqiida

Ha3eMHBIX U BOJIHBIX SKOCHCTEM MOTYT OBITH CBSI3aHBI
¢ 6uoreoxXUMHYECKON aKTUBHOCThI0O HA MUKPOCKOMIYe-
cKkoM ypoBHe (Zona, 2016).

Cuurtaior, 4To HauboJjiee pacnpoCTpaHEHHBIMU
OpraHu3MaMH C TOYKH 3peHus OHoMacchl M pa3HOO-
Opa3us ABJIAITCA NCUXPOMUITBHBIE MUKPOOPTAaHU3MHI,
UX afanTanusa K XOJIOAY fABJIAETCA Pe3yJIbTaTOM 3BO-

B Osmkaiinivie rogsl B CBA3U € IJ1I00aJIbHBIM IOTE-
IJIEHHEM MPOTHO3UPYIOT KPyIMHOMAaCIITabHble U3MeHe-
Hus B 6uocdepe u kpuocdepe (Margesin and Collins,
2019). IocencTBus TasgHUA MHOTOJIETHEN Mep3JIOTHI
CBA3BIBAIOT C M3MEHEHWEM COCTAaBa MOBEPXHOCTHBIX U
MMOA3eMHBIX BOJ. MHOrou4rcJIeHHbIE KCCJIeOBAaHUA B
pervuoHax c OTTauBawIell MHOTOJIETHEN Mep3JIOTOU

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: kondratevalm@gmail.com (JI.M. KonapartbeBa)

© ABrop(s1) 2024. DTa paboTa pacnpocTpaHsi-
INocmynwna: 06 mas 2024; IIpunama: 27 mas 2024; eTcs o MexIyHapoJHo! jiutieH3uel Creative BY NG
Ony6tukoaana online: 30 aprycra 2024 Commons Attribution-NonCommercial 4.0.

963


https://www.doi.org/10.31951/2658-3518-2024-A-4-955
mailto:kondratevalm@gmail.com

KoHdpamebesa J1.M., AHOpeesa [1.B. / Limnology and Freshwater Biology 2024 (4): 955-970

Cnevy. sbinyck: « VI Mex0yHapoOHbili
Balikanbckuli Mukpobuonoaudeckuli Cumnosuym»

JIIOLMOHHOIO OTOOpa W TeHeTHWYecKHW 3aKoAupOoBaHa
B mocJiegoBaTtebHOCTH OesikoB (Struvay and Feller,
2012). CnocobHOCTP MUKPOOPTaHU3MOB BBDXHBATh
[IpY HU3KUX TeMIlepaTypax, CBA3LIBAIOT C NMPOAYKIMen
XOJIOJOAKTUBHBIX (EepMeHTOB, PpacIlellJIAIINX pas-
JIMYHBlEe OpraHuveckye CyOCTpaThl, BKJIIOYas JIaKTO3y,
[[eJUTI0JI03Y, JIMTHUH, KpaxMan u jgunugsl (Hou et al.,
2017; Manyapu et al., 2022). ITcuxpodHJIbHBIE MUKPO-
OpraHu3Mbl CIOCOOHBI TpaHCHOpMHPOBATh CTONKHE
opranudeckue BemiecTBa (OB) B yc0BHAX CE30HHOTO
3aMep3aHUA W OTTauBaHWA BOAHOU cpefbl. B pesysib-
TaTe SKCIIepUMEHTAIbHBIX HCCJIeJOBaHUIN, WMUTUPY-
I0IIUX OTTaWBaHKe MHOIOJIETHEll Mep3JIOTH, YCTaHOB-
JIEHO, 4TO OTBeTHBIE peaKI[i MUKPOOHOMOB 3aBHCesIN
B 3HAUYMTEJIbHOM CTeNeHW OT TeMIepaTyphl OTTauBa-
HUA, YeM OT MeCTOII0JIOXKeHUA oTOopa npob 1 ux Guiib-
Tpauuu (Messan et al., 2020).

BaxxHoe MecTO B HCCJIeOBaHUAX JUHAMUKU
TpaHchopmanuu OB B ycCJIOBHUAX CE30HHOIO 3amep-
3aHWA/OTTaNBaHUA 3aHMMAIOT I'YMUHOBBIE BelllecTBa
(I'B), xoTOphIe y4yacTBYIOT B CJIOXHBIX OHMOreoxXxuMuye-
CKUX Mpoueccax. MukpoopraHmsmbl Hucnosib3yior I'B
JUIl CTUMYJIMPOBaHMA IIpolleccoB O6HopasioxeHUuA U/
WIN CHIDKEHHUA OMOAOCTYNHOCTH HEKOTOpHIX MeTall-
J10B. B cBOWO Oouepenp I'B, KOHTpOJIMpPYs OKpyXxaroliue
YCJIOBHA, U3MEHSAIOT CTPYKTYPY MUKPOOHBIX COOOIeCTB
(MC) um wmx axtuBHOocTh (Kulikova and Perminova,
2021). Buopnerpaparus I'B Biuser Ha obllee cocTos-
HUe U (QYHKIMOHMpPOBaHHe rujpocdepsl, onpenesisas
XUMUYeCKHui cocTaB Bojibl (Young et al., 2004).

CocraB I'B 3aBucuT OT Xxapakrepa B3auMomel-
CTBUA MOBEPXHOCTHBIX U NOJ3eMHBIX BOJ C IOYBaMH,
TOpPHBEIMU NOpOAaMU, U B 3HAYMTEJIbHOM CTelleHHd OT
uaMeHeHus kimmara (Lipczynska-Kochany, 2018).
CuuraloT, 4YTO peakiMoHHasA crocoOHOCTh I'B B okpy-
JKarollell cpefie 3aBUCUT OT Habopa (yHKLIHOHAIbHBIX
TPYII B CTPYKType Makpomoekys (Lee et al., 2015).
H3MmeHeHUe COOTHOIIEHN KeTOHHBIX M ayKCOXPOMHBIX
TPYyIIl B cOCTaBe apoMaTH4YeCKuX KoJjel] BjuAeT Ha
WHTEHCHUBHOCTh OKpalllBaHWA BOAHOU cpelbl, a LBeT-
HOCTh pacTBopa I'B oOycjioBjeHa IpUCYTCTBHEM XpO-
MOGOpHBIX GYHKIMOHAJIBHBIX IPYIIN: a30TCOAEepKaIX
(-N=N-), azomeTnHOBBIX (> C=N-), KapOOUMHUHOBHIX
(> C=NH), nurpo- (-NO2) u nHurposorpymnn (-NO)
(Chen et al., 2002).

Panee, Ha OCHOBaHUU 3KCIIEPUMEHTAJIbHbIX
yuccjefoBaHuil OblIa BBIABUHYTA TUIOTE3a O TOM,
YTO 3HAuYMTeJIbHaA 4YacTh dpaxiuuil HS npexacrasisor
co0Oll AMHAMHYHYI0 CHCTeMy MaKpoarperatroB, pas-
JIMYAIOIUXCA COCTaBOM U XapaKTepoM B3auMomei-
cTBUA cyObeAuHUL. Makpoarperatsl OopMUPYIOTCA 3a
cyeT ruApodOOHBIX, BOJOPOAHBIX, CJIOXXKHO3(MUPHBIX
cBaAsell u ap. IIpu mpomep3aHUU U OTTaWBaHWUM pas-
HBIX [I0YB U IIOPOA MEHAITCA He TOJIbKO ONTHYecKue
CBOICTBA BKJIIOUEHHBIX B HUX HS, HO u peakijoHHas
cnoco6HOCTh MakpomoJiekys (Shirshova et al., 2009).
INomo6HEBIe npoliecchl HekoTophle aBTOpHl (Esparza-Soto
and Westerhoff, 2003) o6bsacHAIOT TUAPOPOOHBIM B3au-
MoJieiicCTBHEM MeXAy T'YMUHOBBIMU BellleCTBAMU U BHe-
KJIETOYHBIMU [TOJIMMepaMy 6aKkTepHrasIbHBIX KJIETOK.

BzaumopericTBie MHKPOOPraHU3MOB C MakKpo-
Monekynamu I'B  (Guocopbmus) sABJseTCs IEePBBIM
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maroM, IpefllecTBYIOIINM HX (epMeHTaTUBHOMY
pacienieHnio, THAPOJIN3y U MHUKPOOHOJIOTUYeCKOMY
norpebJsiennto. KioueBeIMu (akTopamMy BHICTYHAIOT
CIIOCOOHOCTh MMKPOOPraHU3MOB MPOAYILMPOBaTh BHe-
KJIeTOYHEIe II0JIMMephl U IPUCYTCTBUE IBYXBaJIeHTHBIX
KaTHOHOB, B TOM 4HcJIe Kablusa u Maraus (Goode and
Allen, 2011). JanpHeiimasn cyap6a ['B 3aBUCUT OT IpH-
CYTCTBUA HU3KOMOJIEKYJIAPHBIX OpraHN4eCcKuX KHCJIOT,
ruipodo6HOCTU OHONOJIMMEPOB U Pa3jInYHBIX 3JIeMeH-
TOB, 00pa3yIoIINX C HUMU MOJBIXHbIE XeJaTHble KOM-
mwiekcel (Huber et al., 2011).

YCTaHOBJIEHO, 4YTO IIpU aspanuy MOA3eMHBIX
BOJ] MTOBBIINAIOTCA YCTOMYMBOCTD K cTpecc-pakTopaM U
aJanTaliOHHBIN MoTeHIaa. MUKpPOOHble KOMILIEKCHI
OA3eMHOM rufpocdeprl, CyIeCTBYIOT B BHJE CJIOX-
HO-CTPYKTYPUPOBaHHBIX KoHcopruyMoB (Flemming
and Wuertz, 2019). Ilpu a’panuu MOA3EMHBIX BOJ
3a CYeT IOCTYIUIEHUWM IIOBEPXHOCTHBIX M PEeYHBIX
BOJ M3MeHAeTCA WX aJalNTallMOHHBIN IMOTeHIHaa K
cTpecc-dakTopaM.

l'unoreTnyecky Ha 6uoreoxnMmudeckoM bapbepe
B 30He GeperoBoii GpubTpalil pevyHo!l BOABI B BOJO-
HOCHBIV ropu3oHT (BI') jxejie30 MOXeT BBICTYIIATh pery-
JaTopoM nosefeHusa OB pasinyHoro reHesuca. B atom
cjlydyae AJOMHHUPYIOIMM IIPOLIECCOM BBICTYIIAeT peak-
I[1s B3aMMOJIEMCTBUA PaCTBOPEHHOTIO Xeje3a ¢ I'yMU-
HoBbIMU BemectBamu (Krupinska, 2017). ITokasaHo,
4YTO B IIepHOJ dKCTpeMaJIbHBIX HaBOJHEHU! B p. AMyp
0k0J10 90 % pacTBOPEHHOrO XeJjie3a HaXOAUTCA B KOM-
6unanuu ¢ I'B (Yan and Guan, 2014).

B orkaumBaemoil Bofe W3 CKBaXxWH, pacIoJio-
XKeHHBIX B 30He peyHol OGeperoBoii puiabTpaly MOTJIN
IIPUCYTCTBOBaTh TpPWU TpPYyNNbl MHUKPOOPTaHU3MOB:
aBTOXTOHHBIe OakTepyUu M3 BOJOHOCHOI'O T'OPHU3OHTa
1 [IOPOBOTO IIPOCTPAHCTBA; AJIJIOXTOHHBIE IIOYBEHHBIE
MHKPOOPraHu3MBbl, IIOCTyHalIllie C IOBEpXHOCTHOMH
MHOWIbTpalyel; MUKPOOPraHU3MBI, IOCTyHalmlie B
IIJIACTOBbIE BOJBI C peUYHBIM (QUIbTPATOM.

Panee 6bUT0 ycTaHoBJieHO (Braun et al., 2016),
4YTO B HEIKCILUIyaTUPyeMBIX CKBaKMHAaX B MUKPOOHOM
coolllecTBe B OCHOBHOM JIOMUHHPOBaJU (PUITyMBI
Proteobacteria (95%) Actinobacteria, Bacteroidetes ~
5%. Iocne HacwimeHusa BI' aspupyemoil BOOoH, Mpo-
HCXo[Wjla 3HauuTesbHasg IepecTpoiika CTPYKTYpHI
coolllecTBa M YBeJIMYMBAJIOCh BHJI0OBOE pa3HOOOpa-
3Me MHKpOOpraHmamoB: Actinobacteria ~ 20-50%;
Proteobacteria ~ 30-50%; Bacteroidetes, Nitrospirae,
Firmicutes, Chloroflexi, Verrucomicrobia u ap. ~
20-50%.

Ha nam B3riAn, AOMUHUpOBaHME TOH WU
HMHOY TpyNIbl MUKPOOPraHU3MOB 3aBHUCUT He TOJIBKO
OT IJIyOWHBI 3aJleraHusA OTKauWBaeMOU BOJBI, a Takxke
oT Bkiaga OB, mocTymamomux € HNOBEPXHOCTHBIMU
BogaMmu. CocTaB U JOCTYNHOCTh OB BIUAIOT Ha aKTHB-
HOCTh MUKPOOHBIX COOOIeCTB, UX MOBeJeHne U JUHa-
MUKy CyKIlecCUM [OMMHaHTHBIX TIpynn. Hampumep,
IIpY OTTaWBaHWUU Mep3JIbIX TPYHTOB I'peHyIaHquu MeTo-
JIOM Macc-clieKTpoMeTpuu obHapyxeHo Oosiee 300
Pa3JINYHBIX oOpraHuyecknx coeauHeHud (Kramshgj
et al., 2018), B ux cOCTaB MOTJIU BXOJUTH MPOAYKTHI
MHKpobuosiorndeckoil TpaHchopmanuu OB pasnnu-
HOro reHesuca.
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Lleqp HAIUX WCCJIEOBAHUI COCTOsJIA B OIpe-
JeJIeHUU aKTUBHOCTU MUKPOOHBIX COOOIECTB B yCJIO-
BUAX LUKJINYECKOTO 3aMep3aHus/ OTTauBaHUA TIO
OTHOILIEHUIO K JIETKOIOCTYITHBIM HU3KOMOJIEKYJIAPHBIM
nentujaM (IenToH) U TYMUHOBBIM BelllecTBam (rymar
HaTpUsA), IPU B3aUMOJEHCTBUU MO3EMHBIX U TTOBEPX-
HOCTHBIX BOJ B 30HE pevyHOU GeperoBoii GrIbTpanumu.

2. MaTepuanbl U MeTOADI

Pation uccieqoBaHUM pPacloJioXeH B IieHTpasib-
Hol yactu CpefgHeamypckoil HusMeHHocTU. Ee pesbed
JOCTAaTOYHO pa3HooOpa3eH ¢ He3HAYUTeJIbHbIM HaKJIo-
HOM B CeBepO-BOCTOYHOM HampasJjieHuu. Pycio u
noviMa p. AMyp, o6pa3yioT OOLUIUPHYIO CJIOXHYIO MOH-
MeHHO-PYCJIOBYI0 cucTeMy. IlofiMa AOBOJIBHO CHJIBHO
0o0BOJHEHa M BO BpeM:dA IIaBOJKOB 3HAUMUTeJIbHAsA ee
yacTh 3arammBaercA. Mopdosorua pycia pekd Ha
3TOM yYacTKe XapaKTepu3yeTcsA MHTeHCUBHBIM pa3Mbl-
BoM OeperoB. B 3umMHui1 nepuop BAOJb JieBoro 6epera
npoxomut Ao 60 % Bcero cToka p. AMyp, a JIeTOM Mpu
nogbeMe ypoBHeH Ha 4-5 M J0JIA CTOKa yMeHbIIaeTcs
1o 45 %.

TyHrycckoe MecTOpOXJAeHHe IOA3eMHBIX BOA
(TIB) Haxomgutcs B Mexaypeube pek Amyp u TyHrycka
B BOJOHOCHOM TOPH30HTe IUIMOLleH-4YeTBepTHY-
HBIX aJUTIOBUAJIbHBIX OTJIOKEHUM (lecku, TIpaBuil).
HaGrogaTesibHBle CKBaKMHBI PaCIIOJIO’KeHbl Ha pa3HOM
yaasieHuu ot pycia p. AMyp (Puc. 1). Ha y4actke, raoe
[1B B3anuMoOAeNCTBYIOT C peuyHoU BoAoH, hopMupyercs
b6uoreoxumuueckuil Oapbep. Bkiag Kaxmgol cocTaB-
JIAI0IIel 3aBUCUT OT TMAPOJIOTMYECKOro pexnMa U
BpeMeHHU roja. PasHoHanpaBjeHHOe B3auMOJelicTBHe
MOBepXHOCTHHIX U IIB B nmepuoA MexeHH IPUBOAUT K
pasrpyske NMOA3eMHBIX BOJA B PYCJIO peKH, a B epuof
NABOJKOB U KaTacTpoPUUYecKUX HaBOAHEHUM Mpo-
HUCXOAUT oOpaTHasA MHOWIbTpaLUA peyHBIX Bod B BT
(Kulakov, 2024). MeHHO 31ech, Ha OHOreoxumMuye-
ckoM Oapbepe, B IIepHOJ CE30HHOIO0 3aMep3aHusa u
OTTaWBaHUA IPOUCXOAAT MaJl0 H3yUYeHHBle MUKpPO-
6uoJioruyeckrie Ipolecchl, BHOCAINE CyIleCTBeHHBIN
BKJIaJ B GOpMUpOBaHNe KayecTBa IPUPOAHBIX BOJ.

[Tpo6wi 1B TyHrycckoro MecTopoXxaeHus oTou-
panu B Hosa6pe 2023 r. U3 5 CKBaXuH, C pa3HOU IJIy-

6uHbl BI' 1 pacrosiokeHHBIX Ha pasHOM yAajieHUH OT
neBoro 6epera IlemseHckoll npoToku (p. AMyp); ped-
HyI0 BoAy oTOMpau ¢ riayOuHsl 0.5 M OT TOBEPXHOCTHU
B 50 M ot Gepera (Tabsumna 1).

JnA 5KCIepuMeHTOB B KadecTBe KCTOYHU-
KOB yrJjiepofja MCIOJIb30BaJIM: IIpenapaTr I'yMUHOBBIX
BemecTB (Humic acid sodium salt, H16752, Germany),
Kak aHajor TpyAHO MuHepasnusyemblx OB; nentoH
(T'OCT 13805-76, r. O6oseHCck, cepus 299), npeacTaB-
JISIOITUHM OO0 cMech MOJIUIENTHIOB, CBOOOJHBIX aMU-
HOKHCJIOT, GepMeHTOB 1 HyKJI€MHOBBIX KHUCJIOT.

Huxnndeckoe 3aMopaxuBaHKe/0oTTanuBaHUe
(I130) mpoBoAWIIY B CTEpUJIBHBIX OAHOPA30BBIX MeJu-
I[MHCKUX [TOJIMMEPHBIX KOHTeliHepax Ha 50 MJI ¢ KpBIII-
ko (Berimed, OOO «EBPOKOII», P®). B koHTelHEpHI
3aJiMBajid [Ba BapuaHTa CTepuUJIbHON cpefdsl (r/n):
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. [Tepsoiii BapuaHT cofepxas 0.2 r/J rymara HaTpus
(I'Na), Bo BTOpOI BapuaHT BHOCUJIM JOIMOJIHUTEIbHBII
ko-cybcrpar 0.2 % HHU3KOMOJIEKYJIAPHBIX MENTUIO0B
(nenToH). B xauecTBe MHOKYJIATA MCIOJb30BAJIU IO 5
MJI IPUPOJHBIX BOJ.

[lepBoe 3amopaxuBaHue aauioch 30 CyTOK B
MOPO3UJIBHON Kamepe rpu Temmneparype -18°C. 3aTtem
6b1TM cOPMHUPOBAHHI JIBe IPYIIIEI 00paslioB, KOTOPHIE
OTJINYaJIMCh yCJIOBUAMM OTTauMBaHUA: IlepBasg — OTTa-
“BaHMe B XoJoaAuJbHIKe oT -18°C no +4°C; BTopasg —
OBICTpOE OTTanBaHUe, TP KOMHATHOH TeMIlepaType OT
-18°C mo +23°C. Bce o6pa3ifpl Ipouiu 5 NUKJIOB MO0-
yepeaHoro 1130 uyepe3 7 cyTok. KoHTpoJsibHBEIE 0Opa3Lbl
6e3 MHOKYJIATa Npoxoauu Bee 3Tamsl 1130.

OOm1yl0 4YKMCJIEHHOCTh KyJIbTUBHUPYEMBIX TreTe-
porpodHeix 6akTeputii (KI'B) onpenesisiu MeToqoM Ipe-
JleJIbHBIX pa3Be/leHUil Ha pPeI00-NIeITOHHOM arape, pas-
6aBneHHoM B 10 pa3 (PITA:10). AMMOHUDUIUPYIOIINX
6akrepuii (AMB), yuacTByIOIIUX B Ipoljecce aMMOHU-
¢ukanuu OB, Beipamusaau Ha PITA (Hamcapaes u ap.,
2006). YnciaeHHOCTh MUKPOOPIaHU3MOB BBIpaXKajiu B
KoJioHueoOpa3zylomux eauHunax (KOE/mun).

JnA OleHKM >XM3HeCIOCOOHOCTM M aKTHUBHO-
CcTU pocTta MUKpPOOHBIX coobiectB (MC) MpUpOIHBIX
BoA nocJie 1130 ucnosib3oBaay XUAKY0 NUTaTeIbHYI0
cpefly C JIETKOAOCTYIHBIM MCTOYHMKOM yryepoga (0.2

HOKpOSHbl@ CY2IIUHKU

Puc.1. PacriosioxxeHue HabI0jaTeIbHBIX CKBAXHUH 110 0TOOPY MOJ3EMHBIX BOJ C Pa3HOU IJIyOMHBI BOJOHOCHOTO TOPU30HTA

U Ha Pa3HOM PacCTOSHUU OT Gepera peKu.
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Ta6suna 1. O6mmasn xapakTepucTHKa 0/I3eMHBIX BOJ 13 HabJIi0JaTeIbHBIX CKBAXXMH B 30He peyHoll 6eperoBoii GuibTpanuu

B HOs16pe 2023 T.

O6pa3ubl HNHauKaTOpsI
BOZEI Paccrosnue | I'imy6uHa, pH Fe, Mmr/n Mn, NH,, SAC,,,, |KI'B, KOE/|AMB, KOE/
OT PEYHOro M MI'/J1 MI'/J1 M1 MJI MJI
Gepera, M
I1B 1-15 50 15 6.57 18.0 1.40 0.274 20.5 185.3 126.3
I1B 1-35 35 6.43 23.9 1.12 0.075 12.8 135.2 97.3
I1B 51-21 1500 21 6.48 26.0 6.50 0.350 7.6 52.2 45.2
I1B 51-41 41 6.46 24.7 1.15 0.404 8.2 79.3 63.4
I1B 51-51 51 6.43 17.3 0.59 0.412 9.7 119.6 95.2
PeuHas Bosa 50 M oT 7.34 0.70 0.073 0.168 20.8 179.0 137.8
JIeBOTO 0.5
Gepera

IIpumeuanme: KI'D — kysnbpTuBHUpyeMsble reTeporpodHele 6aktepun; AMB — ammonuduiupytome 6akrepun; SAC

054 — CHEK-

TpasbHBIN a6CcOpOLMOHHEIN NoKa3aTesb cofiepxanusa OB; KOE/Mi1 - konn4ecTBO KOJIOHUY 00pa3yoniux eAuHUL B 1 MIL.

% mernToH). XapakTep pocTa Ha IelITOHe [IpU TeMIlepa-
Type 23°C onpenesisinu GOTOMETPpUYECKUM METOAO0M 110
U3MeHeHUIo onTrieckoii miotHoctu (OIT) KyJbTypasib-
HoH xmakoctu Ha KOK-3-01 mpu mimHe BostHBI 600
HM. Biuanue quanasoHa TeMIiepaTypsl OTTauBaHUA Ha
0CcO0eHHOCTH MUKPOOHOJIOrrYeckol TpaHchopManuu
I'Na oneHuBa/iM MO M3MEHEHUIO 3HaUeHUI abcopOiuun
[IpY pa3HBIX JJIMHAX BOJIH: M3MeHeHHe oO0Iero cojep-
s)kanusa OB npu A =254 HM; TpaHcopManuo apoMaTu-
yeckol coctapyaomielr 'Na npu A =275 am (Kumar,
2006), comepxaHue XpoMODOPHBIX IPYII npu A =465
HM (Shirshova et al., 2015), ucnosb3ys crnekTpodoTo-
meTp SHIMADZU UV-3600.

3. Pe3aynbTaTthbl U 06Ccy)kpeHHe

[Ipu ananuze Ce30HHON AUHAMMKU YHCJIEHHO-
CTHU KyJIbTUBUPYeMBIX reTepoTpodHbIX 6akTepuii (KI'B)
u amMMmoHubunupylomux 6aktepuii (AMB) B peuHON
BOJle U MOA3EeMHBIX BOJlaX, OTOOPAHHBIX M3 CKBaXXUH,
pacIioJIOKeHHBIX B 30He pevyHoil GeperoBoli ¢ubTpa-
nuu (PB®), 6611 oTMeueH OOImMN TpPeH[ YBeJIUYeHUs
YHCJIEHHOCTU MMKPOOHBIX COOOIIeCTB B IO3QHEOCEH-
Huti nepuwop (Tabsmma 2). MakcuMmasibHas YHCJIEH-
HocTh KI'B B BI' 3a nmepuop HaOJ0ieHNs YCTaHOBJIEHA
B HOsAOpe Ha riry6uHe 15.7 M, oHa ObljIa cOOCTaBUMa C
yucseHHOCcThI0 KT'D B peunsix Bogax. bojiee cyiecTBeH-
Hble pa3nnuusa B yncyieHHocTu KI'b Mexy peuHsIMU U

[O/I3eMHBIMHU BOJaMU yCTaHOBJIEHBI Ha TyIyOuHe 35.7 M
B BeCeHHUI U oceHHUH Mepuofsl. [lokazaTesu yncieH-
Hoctu AMD B moj3eMHBIX BoAax ObLIM 3HAUYUTEJIBHO
HUXe, YeM B PEYHOH BOAe, 0coOeHHO B 6GoJiee riry6o-
Kux cy1osax B, Kyja B MeHblIeM KOJINYEeCTBe [IOCTYIIaIn
OB B pe3yJibTaTe BepTUKAJIbHOW U TOPU30HTAJIbHOM
dunpTpanum.

OO011y10 9YMCIIEHHOCTh MUKPOOPTaHU3MOB B HITX-
HUX cJioax BI' moryT noaaepxuBaTth aBTOXTOHHEIE OB,
KOTOpBIe 00pasylTcs B pe3yjbTaTe MHUKPOOHOJIOTH-
YecKHX IIpolleccoB NpU B3aHMOJEHCTBUU BOLBL C I'Op-
HBIMM IopoAaMu. Cpeau HUX MOTYT IPHUCYTCTBOBATh
MUKpPOOHBIE MeTabOJIUTH, BKJIOYas BHEKJIETOYHBIE
OuonosMMepbl U NPOAYKTHl JiM3uca OaKTepHhasIbHBIX
OMOIIJIEHOK.

3.1. AkTuBHOCTb pocTta MC M3 peuHbIX K
noA3eMHbIX BOA Ha nenTtoHe nocAae U330

B xoHI1e SkcieprMeHTa 00pasIfbl KyJIbTYPaJIbHON
xkuakoctu nocie 1130 ObUin HCHOJIb30BaHEl B KauecTBe
WHOKYJIATA JJIs OI[eHKU BBIXXKMBAEMOCTU M aKTUBHOCTU
pocta MUKpPOOHBIX coobiiectB (MC) Ha muTaTtesbHOU
cpene c mentoHoM (TaGiuma 3). AKTHBHOCTH POCTA
3aBucesia He TOJIbKO OT BBDKMBAHUA mocyie 30 cyTou-
HOro 3aMep3aHus npu -18°C, a Takxe OT TeMnepaTyphl
OTTaMBaHUA. BaXHyH pOJIb WUrpajd WCHOJIb3yeMbIE

Ta6suma 2. Ce3oHHas JUHAMUKA YMCJIEHHOCTHU KyJIbTUBHUIPYEMBIX MI/IKPOGHBIX Co001I[eCTB MO/I3€MHBIX U NIOBEPXHOCTHBIX

BOJI B 30He peuHoli 6Geperosoii dubTparuu (KOE/ M)

Jara PeuHas Bona IToa3eMHas Boja Ha pa3HOU IIyGuHe
KI'B AMB KI'B AMB
15.7 m 35.7m 15.7 m 35.7m
27.03.2023 56 = 60 = 2 62 = 10 83 6 15 = 2 10 = 2
1.06. 2023 69 + 2 54 = 2 58 = 3 65 = 2 22 =1 19 = 2
1.08.2023 127 £ 8 93 = 6 112 £ 7 100 = 6 84 =5 53 = 3
13.11.2023 179 £ 5 138 + 6 185 + 3 135 = 3 126 + 4 97 = 3
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Ta6suna 3. BiausHue ko-cybcTpara 1 TeMIlepaTyphl OTTauBaHNA Ha aKTUBHOCTh pPocTa MUKPOOHBIX coobiiecTB nociie 1{30

Mukpo6Hsie OIl, 600 HM

HTE DL I'Na 4°C I'Na + I14°C I'Na 23°C I'Na + I123°C
IIB 1-15 0.100+0.003 0.098+0.003 0.133+0.006 0.144+0.009
IIB 1-35 0.154+0.010 0.108 +0.004 0.157 +0.010 0.150+0.010
IIB 51-21 0.115+0.005 0.139+0.008 0.095+0.003 0.168+0.012
IIB 51-41 0.167 +0.012 0.169+0.012 0.108+0.004 0.141+0.008
IIB 51-51 0.115+0.005 0.135+0.007 0.136+0.007 0.132+0.007

Peunas Boja 0.170+0.012 0.131+0.006 0.159+0.010 0.160+0.010

WCTOYHUKU yIJjIepoja U a30oTa: BapuaHTHI TOJIBKO ¢ 'Na
U B COYETAHUM C KO-cybcTpaToM B Bufe mentoHa (I1).

ITpu Temnepatype orrauBanus 4°C MakcHMaJib-
Hyw akTuBHOCTH nocJjie [[30 ¢ I'Na nmpossianu MC c
riIyouHbl 41 M U3 CKBaXWH, yAaJeHHBIX OT Oepera Ha
paccrosHuu 1500 m. Pa3nnunsa B aKTUBHOCTH MEXTy
MC c¢ apyrux riayOouH ObLIM MWHUMAJIBHBEIMU. [Ipn
3TOM TeMmuepaType OTTauBaHUA UX aKTUBHOCTh poCTa
Ha nenToHe mnocJje 1130 6bljia BEICOKON He3aBUCHMO OT
NPUCYTCTBUSA B Ka4eCTBE MCTOYHUKA YIJIepoAa OJHOIO
I'Na unu npu JONOJHUTEIBHOM BHECEHUU HU3KOMOJIE-
KyJIApHOTO KO-cyOcTpaTta. MukpoOHbIe coofIecTBa u3
PEYHBIX BOJ IIPOSABJIAJIM BBICOKYI0 aKTHMBHOCTH Ha I'Na
nocJie orrauBaHusA npu 4°C gaxe 6e3 BHeCeHUs KO-Cy0-
ctpata. MC 13 noAg3eMHBIX BOJ, OTOOpaHHBIX U3 CKBa-
KUHBI MAaKCUMAJIbHO TPHUOJIMXEeHHON K Oepery ¢ riy-
OuHbl 15 M ObLJIM MeHee aKTUBHBIMM, HE3aBUCUMO OT
COCTaBa MCNoJb30BaHHEIX OM.

[Tpu temnepatype orrauBaHua 23°C OTMeuyeHHI
VHble 3aKOHOMEPHOCTHM B OTBETHBIX peaknuax MC.
MuKpoOopraHu3Mbl peyHbIX M NOA3EMHBIX BOJ] U3 CKBa-
’KMH, PacIOJIOKEeHHBIX OJM3KO K Oepery, MpOABIIAIA
BBICOKYI0 TpOTE€a3Hyl AaKTUBHOCTb HE3aBHCHUMO OT
coCTaBa NCTOYHUKOB yriepofa B nepuof 1130 B 3aBu-
CAMOCTH OT IJIyOMHBI oTOOpa mpo6 BoAwl. Tak y MC
¢ Tayboussl 21 M u 41 M aKTHBHOCThH YBeJINYMBaJIach
Npyu BHECEHUU Ko-cyOcTpata. AktuBHOCTh MC u3 yaa-
JIEHHOM CKBaXXMHBI Ha TyiyOuHe 51 M pu TemrepaTtype
orrauBaHus 23°C coxpaHsjlach BBICOKON He3aBUCHMO
OT COYEeTAHUA OpraHuveckux cyocrpartoB. CTOUT IOA-
4YepKHYTb, YTO B MIPUCYTCTBUU TOJIbKO ['Na B kauecTBe
UCTOYHMKA yIJjlepofa, TeMmIlepaTypa OTTauBaHUA He
OKa3blBajla CYIL[eCTBEHHOrO BJIMAHUA Ha IMPOTEa3HYIO
akTuBHOCTh MC u3 30Hb PB® Ha rirybuse 35 M u peu-
HBIX BOJA. DTHUM MOXHO OOBACHUTH TECHYH B3anMOC-
BAI3b MEXY MNOBEPXHOCTHBIMHU U MOA3€MHBIMU BOJAMU
B IIpUOpPEXHOI 30He, KOTOpas MpOsABJIAeTcsA B OJUHA-
KOBBIX OTBETHBIX peakIUAX MUKPOOHBIX COOOIIECTB Ha
pasHyIo TeMIepaTypy OTTauBaHUs.

3.2. BAuAaHMe MMKPOOHbIX coobwecTB
U TeMmnepartypbl OTTaMBaHUA Ha
cnexKTpanbHble Xxapakrepuctuku F'Na nocne

u3o

H3BecTHa CHOCOOHOCTh IIOAABJIAIOIIETO OOJIb-
mmHCTBA OB pa3IMyHBIX KJIACCOB IOTJIONMIATH CBET B
Y®-o6n1actu nipu gimHax BoyiH 250-280 HM. B aTol

objacT WHTEHCHMBHO IIOTJIOM[AIOT HEeHacCHII[eHHbIE
COeIUHEHNA U COeMHEHHs apoMaTHU4yecKoro psfa C
pa3JNYHBIMU TPYNNHPOBKaMH aTOMOB, B TOM 4YHCJIE
NpOTenHHl, (EHOJIB, TYMHUHOBBIE BeEIlleCTBAa, JIMTHUH-
Cyb(pOHOBBIE KHUCJIOTH U APYrHe CJIOXKHBIE COequHe-
HuA. HeopraHuyeckue MOHBI, 32 MaJIbIM HCKJIIOUEHHUEM,
B 3TOH 006J1acTH He IOrJIOmalT. YcTapjeHa IpsaMas
KoppesAnusA 3HaueHnin Yd-nmokazartensa npu A =254
HM C MOKa3aTeJIAMU Copr, XIIK u BIIK,.

s onpepenenus ¢uyopodoposB (xpomodop-
HBIX I'PyII), 00pa3yoIIuxcsa IpyU MUKPOOHOIOTHYeCKON
TpaHcopManuy TeppUreHHOTO MaTepuaga U TyMU-
HOBBIX BEIEeCTB, YacTO KCIOJb3YIOT AWANa3oH AJIUH
BoyH OT 450-500 uMm (Birdwell and Engel, 2010). IIpu
3TOM CYMTAIOT, YTO CBA3b MEXJy CIeKTpaMH IOrJIO-
IeHus U MOJIEKYJIApPHOI CTpyKTypol I'B, 3aBucut ot
IPUPOIHBIX U AaHTPONOTreHHBIX (pakTopoB (Shirshova et
al., 2015). BeiGop KOHKPETHBIX JJIUH BOJIH JJIA OI[€HKHU
HM3MeHeHUs MOJIeKYJIIDHOM CTpyKTypel ['B mo-mpex-
HeMy SBJIAeTCSA [IpeaMeTOM ANCKYCCUM.

[Tocsie LI30 npu TemnepaType oTrauBaHusa 4°C
MUKPOOHBIE cOOO0I[eCcTBA U3 MOA3EMHBIX BO/I, IO CPaBHe-
HUI0O C MUKPOOpraHU3MaMU PeyHOH BOABI MPUHUMAJIN
akThBHOe yuacTue B TpaHcdopmanuu I'Na (Tabsuna
4). Ecnu cyauTh O ClieKTpaJibHbIM XapaKTepUCTUKaM
NATaTEeJbHOIO0 pacTBopa ¢ TyMaToM HaTpus, IpU yda-
ctuu MC npoucxoauniy U3MeHeHus B ero anudarude-
ckorl (A =254 HM) U apoOMaTUYECKOU COCTAaBJIAIOIIEN
MoJtekyJisl (A =275 Hm). MC 13 noA3eMHBIX BOJ] B 30HE
PB® yBenuuuBajiyd CBOK aKTUBHOCTH € TJIyOuHOU. B
MOA3eMHBIX BOJAX, OTOOPaHHBIX M3 yJaJIeHHBIX CKBa-
KWH, OTBeTHHIEe peakiuu MC pas3inyajuch MO CJI0AM
BI'. AKTHBHOe nM3MeHeHNe apoMaTHUYecKOl COCTaBJIA-
meii orMeueHo y MC, npucCyTCTBYIOIIUX Ha I1yOrHe 21
M u 51 M. MuHHUMAaibHblE U3MEHEHUA CIeKTPaJbHBIX
XapaKTepUCTHUK IIpY TpeX JJIMHAX BOJIH IPU 3TOH TeM-
nepatype orrauBaHusa Habmoaaau y MC ¢ riyOuHs 41
M. V3mMeHeHUs1 B cocTaBe XpOoMOGOpPHHIX rpymmn (A=
465 HM) coBIagasv ¢ akTUBHOCTHIO MC IO OTHOIIEHUIO
K apoMarunieckoi cocrasiiaomnieri I'Na.

[Tpu temneparype orrauBanua 23°C MUKpo6UO-
Jgorudyeckas tpaHcdopMmanua 'Na Takxe 3aBucesna oT
MecT oTrbopa mpoO BOAB U COOTBETCTBYIOIIEN AKTUB-
HocTH MC 1mO OTHOIIEHUI0 K PasHbIM COCTaBJIAIOIINM
MOJIEKYJIBl TYMHHOBOIO BelllecTBa. MuUHHUMAaJIbHON
aKTHUBHOCTBIO oTin4asirnch MC u3 pedyHoil BOJbl U U3
MOJI3eMHBIX BOJ, OTOOPAHHBIX C IJIyOMHBI 15 M B 30He
PB®. CriekTpaspHble XapaKTepUCTUKN TyMaTa HaTpus
nocJte 1130 nmpu Temmnepartype orrauBanusa 23°C oka3za-



KoHdpamebesa J1.M., AHOpeesa [1.B. / Limnology and Freshwater Biology 2024 (4): 955-970

Cnevy. sbinyck: « VI Mex0yHapoOHbili
Balikanbckuli Mukpobuonoaudeckuli Cumnosuym»

Ta6suna 4. BiusaHye MUKPOOGHBIX co00I[ecTB Ha N3MeHeHHe ClIeKTpasIbHBIX XapakTeprucTuk 'Na npu pasHoill TemnepaTtype

OTTauBaHUA
Mukpo6Hbie TeMneparypa oTTanBaHUA
coob1ecTBa 4°C 23 °C
254 HM 275 HM 465 HM 254 HM 275 HM 465 HM
Konurposs I'Na 2.502 2.227 0.392 2.636 2.361 0.400
GW 1-15 1.952 1.698 0.256 2.150 1.894 0.309
GW 1-35 1.682 1.470 0.216 1.769 1.553 0.245
GW 51-21 1.649 1.430 0.217 1.772 1.555 0.237
GW 51-41 1.960 1.733 0.302 1.900 1.672 0.274
GW 51-51 1.743 1.510 0.221 1.745 1.539 0.250
PeuHas Bofa 2.269 1.980 0.331 2.185 1,925 0.327

JIMCh COMOCTaBUMBIMU Ipu y4yacTum MC U3 CKBaXxUH,
yIajJeHHBIX OT Oepera Ha pa3HOe pacCTOsSHUE U HaXo-
Asamuecs Ha pasHol riy6use (IIB 1-35 u IIB 51-21).
OTO MOXeT OBITh CBA3AHO C BBDKUBAEMOCTHIO IIpU
OBICTPOM OTTAMBAHUU OOHUX U TeX Xe BUIOB MUKpPO-
OPraHU3MOB, IPHUCYTCTBYIOIINX B 0OIIeM IyJie I0/13eM-
HBIX BOJ]aX U CIIOCOOHBIX paszJjaraTth TPyOHOAOCTYIIHbIE
OopraHuyecKre BelecTBa.

M3MmeHeHHe CIEKTpaJIbHBIX XapakTepucTuk I'B
B pe3yJibTaTe MHUKPOOMOJIOTMYEeCKON TpaHcdopManuu
yaie BCEro CBfA3aHO C M3MeHeHHEM KOHJIeHCHPOBaH-
HOr0 apoMaThdecKoro sfapa (apoMmarudeckas COCTaB-
naAomias npu A=275). IIlpuHuMas BO BHUMaHUe, YTO
anudarndeckrie 60KOBbIE 1eNH, He HecyIie ABOMHBIX
cBsA3eH, (moJsmcaxapysl, MOJIUNENTUAB, HaCHIIeHHbIE
yIJ1€BOJIOPOABI), HE OTBedaroT 3a okpacky I'B mMoxHO
MpeANnoJIOXKUTh, YTO MPOI[eCcC UX YTUIN3aLUU CBA3aH C
W3MeHeHHeM BeJIMYMHBL abcopOuuu npu A = 254 HM.

CorylacHO MpoOBeJeHHBIM ucciaenoBannsaM MC
noazeMHbIXx BoA nocie [[30 He3aBUCUMO OT MecCTa MX
JIOKaJIM3alMH in situ IpUHUMAaJIU y4acTyae B TpaHcdop-
Mauum anudaTuieckol 1 apoMaTU4ecKol COCTaBJIA-
el ryMUHOBBIX COeUHEHUN MpU pa3HOM Juala3oHe
TeMnepaTryphl oTTanBaHuA. B otyimune ot Hux MC us
pevHo1 BOAbI OKa3ajiiCh MeHee aKTUBHBIMU IO OTHO-
meHuio Kk I'Na.

3.3. U3ameHeHue KOMNOHEeHTHOro cocraBsa
CAO)XHOM NUTaATEeAbHOM cpeabl nochae L30

Kak ObLIO MOKa3aHO BhIIIEe, B BapUaHTax dKCIle-
puMeHTa II0 3aMep3aHulo/orranBaHuio MC ¢ oagHUM
HCTOYHUKOM yrjepoaa — rymaroM Hatpusa (I'Na)
U3MEHEeHHe ero CIeKTpaJbHbIX XapaKTepPUCTHUK ObLIO
CBA3aHO ¢ MeTaboJINYecKOol aKTUBHOCTbI0 MUKPOOHBIX
coo0IecTB U3 pasHbIX MecTooOuTaHui. OgHAaKo, U3Me-
HEeHHe COCTOSHUs T'yMUHOBBIX BeIIeCTB MOXET OBITh
CBA3aHO He TOJIBKO ¢ TpaHchopManuell UX MaKpOMO-
JneKyJ. BaxHbeIM (akTopoM BBHICTyNaeT OuocopOIus,
CBA3aHHasA ¢ OCOOBIMH MexaHu3Mamu TuApodoOHOro
B3auMOAeNCcTBUA Mexay I'B 1 BHEKJIETOYHBIMU IOJIM-
MepaMmu OakTepuayibHBIX KJleTok (Esparza-Soto and
Westerhoff, 2003).

CTOUT OTMETUTh, YTO IpPU JONOJIHUTEJIEHOM
BHECEHUU JIeTKOAOCTYIIHOTO Ko-cyOcTpaTa B IHTa-
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TeJIbHBIII pacTBOp, coAepxammii 'Na, mpoucxogusio
CyLIeCTBEHHOE H3MEHEeHHEe ero ONTHYeCKUX CBOMCTB.
I[To cpaBHEHUIO C KOHTPOJIEM MBI HAOJII0AaId yBeaude-
HHe ToKazaTeJsell abcopbuuu mpu Tpex AJIMHAaX BOJIH
(Puc.1) 3a cuer ¢yHknuoHuposanus MC. Cpenu anu-
(aTruecknx U apoMaTHU4eCKUX KOMIIOHEHTOB MOTYT
IIPUCYTCTBOBaTh He TOJIBKO NMPOAYKTH MeTaboJsm3Ma
HS, HO u mnenrtoHa. IIpnueM IM0OCIeAOBATEIbBHOCTD
noTpebJieHnsA KaKAOro MCTOYHMKA yrjepoja U BKJIaj
KOHKPEeTHBIX IpPOAYKTOB MeTabosuM3Ma B HM3MeHeHHe
CHEeKTPaJIbHBIX XapaKTepUCTUK TPYAHO INPOTHO3UPO-
BaTh B ycioBusax 1130. He uckioueHO, 4yTO B Hallem
JKCIIepUMeHTe IPOUCXOAWJIa YacTU4yHasA Omocopouusa
I'Na Ha 6uomacce pa3BUBAIOUUXCA MUKPOOPTraHU3MOB
3a cueT norpebyeHrs HU3KOMOJIEKYJIAPHBIX NIeNTH/OB.
OJTa 6uomacca yaansanach GUiIbTpoOBaHHUEM Iepe] Mpo-
BeJieHHeM criekrpodoToMmeTpun. Ho, HecMOTps Ha 3T0,
OBLIM YCTaHOBJIEHBI HEKOTOPBIE PA3JINYUA B CLIEKTPaJIb-
HBIX XapaKTepUCTUKAX KyJIbTYPaJbHOH KUJAKOCTU NpU
ydactuu MC 13 noa3eMHBIX BOJ IPYU pasHOH TeMmIepa-
Type oTTauBaHUs.

Tak nocue 1130 u3MeHeHMe o0I1ero cogepxaHus
OM (mpu A =254 HM) npu KyjabTuBupoBaHuu MC Ha
I'Na B mpucyTcTBUM KO-CyOCTpaTa 3aBHCEJIO OT TeM-
nepaTtypel OTTaWBaHWA U OT JIOKallUd MHUKPOOHOTO
coobmectBa (Puc. 2). MakcumajibHyl0 aKTUBHOCTD
nposassuM MC U3 yajJeHHBIX OoT Oepera CKBaXxuH IIpU
TeMIlepaType oTTauBaHus 4°C, KoTopas CHIXajach C
riayouHoy BI'. MukpoopraHusmel U3 NOA3EMHBIX BO,
oTOOpaHHBIX B 30He PB®, (hakTryecku He pearnpoBaIn
Ha TeMIepaTypy OTTauBaHM:A, HO UX aKTUBHOCTH ObLjIa
HIxe, 4eM y MC 13 peyHOH BOAHL.

Ha Bxyjiag apoMaTH4eckoll COCTaBJIAIOIIEH B
coctae OM (mmpu A =275 HM) BiusAiIa yAaJIeHHOCTb
CKkBaXxuH OT Oepera. Ilpu Temmeparype OTTauBaHUA
23°C nokazaHusA cojiepkaHHs apoMaTHYecKuxX Coelu-
HeHU ObUIN HEMHOTO BHIIIe, YeM Ipu TeMrnepaType 4°C
npu yyactur MC U3 pedHOU BOABI U CKBaXHH, paclo-
JoxeHHBIX B 30He RBF. OqHako Me[yieHHas TeMiepa-
Typa oTTauBaHusA npu 4°C okasbelBasa OJI0KUTEIbHBII
a¢dexT Ha MC U3 yjajleHHBIX CKBaXWH. DTO 00yCJIOB-
JleHo mnpupoaHol apanrtaiueli MC K COOTBETCTBYIO-
muM TeMmnepaTypam. B 3oHe PB® Ha TemnepaTypHBII
PeXUM BJIMAIOT PeYHble BOABL, a B yAaleHHBIX CKBaXH-
Hax TeMIlepaTtypa 6oJjiee crabuspHas B ipefienax 4-6°C,
B 3aBUCHUMOCTH OT IJIyOMHBI O0TOOpa NMOA3EMHBIX BOJ.
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Puc.2. V3MeHeHNe CIIEKTPAJIBHBIX XapaKTepUCTUK nuTaresbHOH cpenbl (INa + ko-cyGeTpar) mpu y4yacTUM MHUKPOOHBIX
coo0IIecTB MOA3eMHBIX U peyHbIX BoA nocie 1[30 mpu pa3Hoil Temneparype orrauBanus: 1-I1B 1-15; 2-T1B 1-35; 3-I1B 51-21:

4-TIB 51-41; 5-TIB 51-51; 6-peunas Bofa; K—-koHTpOJIb.

INosToMy pasHoOOpasue MeTaboJIUTOB TpaHc@opMa-
uuy I'B B IpUCYTCTBUHU JIETKOAOCTYIIHBIX MCTOYHHKOB
asoTcomepxaimux OB, oTHoCANMXCA K apOMaTUYeCKUM
COeJMHEHMUAM, MOXET YBeJINYMBaThCA B yAajleHHBIX
CKBaXXMHaX, 0cOOeHHO B BeceHHU! niepuo. Ilpu temmne-
paType oTtauBaHus 6J113kol kK 23°C 6oj1iee aKTUBHBIMU
okasasmch MC peuHoii Boasl 1 MC noa3eMHBIX BOA U3
yAaJIeHHOM CKBaXHHBI C TJIyOUHBL 41 M.

[ToBenenne xpoModopHbIX rpynn (A =465 HM),
ONnpefesAIINX I[BETHOCTb IPUPOJAHBIX BOJ TakKke
3aBHCJIO OT ABYX (PAaKTOpPOB: yAAJIEHHOCTU CKBaXUH OT
6epera 1 OT TeMIlepaTyphl oTTanuBaHusA BoBpeMs L[30.
Ha pucysnke 1 BuHO, 4TO HanuboJiee akTUBHBIMU B IIPO-
neccax TpaHcopmanuu I'Na B npucyrcTBum Ko-cy0-
cTpaTa npu Temiepatype 4°C okazamicsk MC nopazem-
HBIX BOJl, 0TOOpaHHBIX C TJIyOMHBI 41 M U3 yqaJieHHOU
ckBaxuHsl 1B 51-41. OgHako npu TeMneparype oTTa-
uBaHUA 23°C creKkTpajibHble XapaKTepPUCTHUKU XPOMO-
(dopHBIX rpynn OBLIM CONOCTAaBUMBIMU IIPU y4acTUH
MC u3 ynanenHoi ckBaxussl [1B 51-41 u MC peuyHbIx
BoJ. MuKpoopranmsMsl 13 3Toro cJjios BI' B yqasieHHO
CKBaXXWHe 00J1aJjajIv BBICOKMM aJanTalllOHHBIM II0TEeH-
L[1aJIOM [IpY TpaHc(opMaIuy cMecy NCTOYHUKOB yrje-
poAda Ipu OBICTPOM U Me[JIEHHOM OTTauBaHUMU.

4. BoiBOADI

[IpoBeieHHBle HCCIEAOBAaHUA I[IOKA3aM, YTO
npeObIBaHNE MHKPOOPraHU3MOB B 3aMOPOXEHHOM
cocrosHuu 1pu -18°C B TeueHure 30 CyTOK U 5 IIUKJIOB
3aMep3aHNA/OTTauBaHNsA, He OKa3ajlo BJIUAHUA Ha UX
JKH3HECnocoOHOCTh. BaxHBIM (hakTOpOM, BIIHAIOLUINM
Ha TpaHchopMmanuio I'Na, okasajica aAuanasoH OTTau-
BaHUA U IPUCYTCTBHE JIETKOAOCTYIIHOTO KO-cyOcTparTa.

CorjiacHO CHeKTpaJIbHBIM XapaKTepUuCTHUKaM
I'Na nocsie LI3O orBeTHble peaknuu MC nom3eMHBIX
BOJl pa3JINYaJICh IO CJIOSM BOJOHOCHOT'O IOPH30HTA.
AKTHBHOe M3MeHeHHe apoMaTHhYeCKOM COCTaBJIAIOLIeN
npu TemrepaTrype orTtauBaHus 4°C otmedeHo y MC,
MPUCYTCTBYIOIUX Ha ryiyouHe 21 M u 51 M B yfasieH-
HBIX OT Oepera ckBaxuHax. [Ipu TeMneparype oTTauBa-
HuA 23°C 6au3kue 3HavueHUs abcopbuuu 1Mo copepxa-
HUI0O apOMaTHYeCcKUX I'pyINn ObLJIM 3aperucTpHpOBaHBI
npu yyactuu MC ¢ pa3HBIX IJIyOMH BOJOHOCHOTO T'OPH-
30HTAa U HE3aBHCHMMO OT YyAaJleHHOCTH CKBaXWH OT
Oepera.
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[Mociie LI30 B npucyTcTBUM KO-cyOcTpaTa TeMiie-
parypa oTTauBaHUA BJIMAJIA Ha NOCJIeAYIOUIUNA POCT Ha
[IeNITOHe U IPOsBJIeHHE NPOTeOJUTUYECKON aKTUBHO-
ctu. Ilpu Temneparype oTrtauBaHusa 4°C coxpaHsaaach
BbICOKasA akTUBHOCTb MC M3 CcKBaXxuH, yAaJIeHHBIX Ha
1500 m oT 6epera. OgHaKo IpU 3TOU TeMIlepaType
OTTavBaHUA CHIXajJach akTMBHOCTb y MC peuHoOH
Boael U1 MC u3 ryiybOKHX CJI0€eB BOJJOHOCHOT'O IOpU-
30HTa B CKBaXMHaX, PaclOJIOKEHHBIX B 30HE PEYHOH
6eperoBoii ¢uibTpanuu. CoBceM HHas 3aKOHOMeEp-
HOCTh YCTaHOBJIEHa MNpU Temieparype OTTauBaHUA
23°C B mpHUCYTCTBUU KO-cyOcTpaTa y cOOOIIecTB U3
CKBaXWH MaKCHMMaJIbHO yAajleHHBIX OoT Oepera. Camas
BBICOKAsA aKTMBHOCTb OTMeYeHa y cOOOIIecTB MUKPOOP-
raHU3MOB M3 BEPXHUX CJIOEB BOJOHOCHOI'O FOPHU30HTA,
¢ IJIyOMHOI OHA MOCTeNeHHO CHUXaJIach.

[Ipy ucnosb30BaHUU CJIOXKHOU Cpefdbl C ABYyMA
cyOcTpatamMu HauboJsiee CyliecTBeHHble WM3MeHeHU:A
B CIEKTPaJbHBIX XapaKTepUCTHUKaX KyJIbTypaJbHON
XUAKOCTA IIpU pasHOM TeMIlepaType OTTauBaHUA
oTMeueHHl 1py yyactuu MC noaszeMHbIX Boa. OHU pea-
rMpoBaJii Ha TeMIlepaTypy OTTauBaHuA, B OoJiblueil
CTelleHW U3MeHsAsA CHeKTpajbHble XapaKTepUCTUKU
OTBeTCTBEHHBIE 3a XpoModopHble rpynnsl. Ux koanye-
CTBO MaKCHMaJIbHO yBeJINYMBAJIOCh IPU TeMIleparype
4°C npu yyactun MC u3 yaajieHHON CKBaXUHBI (TJ1y-
6uHa 41 m). MC u3 pedHbIX BOJ B MeHbIIell CTeleH!
3aBHCeJIM B CBOEH aKTMBHOCTH OT TeMIlepaTyphl OTTau-
BaHUs, ckopee Mpennouynrtanu 23°C.

BaxxHO nouepKHyThb, 4YTO aKTHUBU3aLUA IIPOTEO-
JUTHUYecKol akTuBHOCTH MC coIllpoBoXAajiach aKTUB-
HBIM rasoo0paszoBaHueM U (popMupoBaHHEM OHOILIe-
HOK. DTU 0COOEHHOCTH OTBeTHBIX peakuuii MC Moryt
CJIy’)KUTh B KauyecTBe CBUJETEJIbCTBA TOr0, YTO JIETKO-
JIOCTYNIHBlE HCTOYHHKM YTJjlepoda, IOCTyHamwlye B
IoA3eMHBIe BOAB! B JIETHUI NIepHUOAd, MOTYT OKa3blBaTh
CyllleCTBeHHOe BJIMSHME Ha UX KayecTBO, a 0Opa3oBa-
HHe OMOIUIEHOK BHICTyIIaeT ()akTOPOM pHCKa KOJIbMa-
Taka CKBaXXVH.

KoH)AUKT UHTEpecoB

ABTOpBl OEKJIApUPYIOT 00 OTCYTCTBUM KOH-
(bJMKTa UHTEpECOoB.
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