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ABSTRACT. The aim of the study was to analyze the phototrophic bacterioplankton composition and
vertical structure of Lake Linevo, a polyhumic iron-rich lake in the Raifa section of the Volga-Kama
Nature Reserve (Tatarstan, Russia), and three other ferruginous boreal lakes in Russia, Finland, and
Canada. The results demonstrated the presence of identical phylogenetic groups and dominant oper-
ational taxonomic units, but the inntensity of development and overall structure of the phototrophic
bacterioplankton community was nevertheless different. Highest abindance was detected in Lake Linevo
which had a number of unique features when compared to the other studied lakes. In particular, it had
the largest number of phototrophic bacteria and a significant abundance and diversity of phototrophic
Chloroflexales that were scarce in the other lakes. It seems desirable to further characterize the oxy-
gen-depleted zone of this lake in more detail and, if possibly, to apply metagenomic and whole-genome
analysis methods that have already been used in lakes Lovojarvi and L227 as well as many other boreal
brown-water lakes.
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1. Introduction L227 (Experimental Lake Area, Ontario, Canada), to

evaluate the similarities and differences between these

Many stratiﬁe:d lakes in .the. temperate forest lakes, and particularly the typical and unique features
zone have a ferruginous hypolimnion (schiff et al., of Lake Linevo.

2017). Such lakes are relatively rare in the Middle
Volga region, and sporadically found mainly in the
Mari and Nizhny Novgorod Polesie regions. However,
there are several lakes of this type on the territory of
the Raifa section of the Volga-Kama Nature Reserve,
near Kazan city. The most characteristic of these is Lake
Linevo. Since 2006, we have been studying the vertical
structure of phototrophic bacterioplankton of this lake
using “classical” methods. In 2022, we also determined
the phylogenetic composition of microorganisms for
the first time based on metabarcoding data from the
hypervariable V4 region of the 16S rRNA gene at five
different horizons.

This study aims to compare the phototrophic bac-
terioplankton composition and vertical structure of this
particular lake with the available data from three other
ferruginous forest lakes: Lake Svetloe (Arkhangelsk
region, Russia), Lake Lovojarvi (Finland) and Lake

2. Matherials and methods
2.1. Physicochemical conditions

Lake Linevo is a flow-through lake on the Ser-
Bulak creek with maximum depth of 5.75 m and sur-
face area of about 0.07 km? (Unkovskaya et al., 2009)
Its water has a high color, 270 oPt, low mineraliza-
tion and even in the surface layer contains high con-
centrations of iron (more than 10-20 uM). In summer,
the lake is stratified; water layers below 1.5-2 m are
sharply hypoxic or completely deprived of oxygen. Iron
concentration in the near-bottom layers varied from
0.27 mM (2006) to 0.17 mM (2019) while the sulfide
concentrations were always less than 10 uM.

The characteristics of lakes 1227, Lovojarvi and
Svetloe are given in the respective articles (Schiff et
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al., 2017; van Grinsven et al., 2021, Kallistova et al.,
2018). All these lakes have a high content of Fe (II) in
the bottom layers, which reaches 0.17 mM, 0.83 mM
and 0.24 mM, respectively. Lakes L.227 and Lovojarvi
are polyhumic, Lake Svetloe is clear-water and has con-
firmed meromixis. Lake Lovojirvi has a halocline from
12 to 15 m, below which, apparently, there is a small
monimolimnion, which was not mentioned in (van
Grinsven et al., 2021).

Deposition of the results of high-throughput
sequencing of bacterioplankton samples from Lake
Linevo is in preparation; archived results from the
remaining lakes have been downloaded from the
public SRA archives database (NCBI). Run numbers
are: Lake 1227 (2014) — SRR5050827, SRR5050844,
SRR5050836, SRR5050838, SRR5050833 and
SRR5050835; Lake Lovojarvi SRR14118646
SRR14118649, SRR14118651 - SRR14118658; Lake
Svetloe — SRR6059086 - SRR6059086.

2.2. Bioinformatics processing

Paired sequences from lakes L.227, Lovojarvi and
Linevo were initially merged using the Usearch pro-
gram (Edgar, 2010). The positions of primer sequences
515f and 806r (Walters et al., 2015) were determined;
the fragments delimited by primers sequrnces were
extracted, and the reads in which these sequences were
not found were discarded. Further processing and clus-
tering into operational taxonomic units (OTUs) was
carried out using the Usearch program according to the
standard pipeline.

The taxonomy of the obtained OTUs was assigned
using the SINA online service on the Arb-Silva platform
(database v.138.0) and refined using the databases PR2
and RDP v.19 and 16S-rRNA gene collection GTDB_
bac120_arc53_ssu_r214 fullTaxo.fa (Ali, 2023) as well
as by search in Genbank using BLAST. OTUs identified
as belonging to eukaryotes, mitochondria and chloro-
plasts were excluded from further analysis.

3. Results and discussion

The pooled library sequences were clustered into
7,717 prokaryotic operational taxonomic units (OTUs);
520 of these belonged to Archaea (10 phyla), 7,039
belonged to Bacteria (58 phyla) and 158 were unclas-
sified at the kingdom level. The average number of ten
bacterial phyla (in descending order: Pseudomonadota,
Bacteroidetes, Actinobacteria, Verrucomicrobia,
Chloroflexi, Desulfobacteria, Patescibacteria,
Cyanobacteria, Planctomycota and Acidobacteria) and
one archaeal phylum (Halobacteria) exceeded 1%.

Phototrophic bacteria in lakes were repre-
sented mainly by oxygenic cyanobacteria and anox-
ygenic Chlorobiaceae and Chloroflexaceae. Purple
sulfur bacteria, Chromatiaceae, were almost absent.
Identification of non-sulfur and aerobic APBs from the
phyla Pseudomonadota and Gemmatimonadota, using
the V4 region of the 16S rRNA, is hardly possible.

Cyanobacteria except for clear-water Lake
Svetloe, were most numerous in the epilimnion; below
their abundance decreases sharply (Figure A-C). In
Lake Svetloye, their share was maximal in the chemo-
cline zone, at 20-23 m (Figure D). The dominant
group in all lakes was the family Cyanobiaceae, which
includes single-celled picocyanobacteria and small-
celled colonial forms, traditionally assigned to genera
Anathece, Aphanocapsa, Merismopedia, Cyanodictyon
and even some Microcystis (Callieri et al., 2012). In
L1227 Cyanobiaceae accounted for about half of all cya-
nobacteria, while in other lakes its abundance usually
exceeds 80-90%. The rest of the cyanobacterial OTUs
belonged mostly to filamentous forms, among which
two families, Pseudanabaenaceae and Nostocaceae,
were prominent. Althought a total of 46 OTU belong-
ing to Cyanobacteria were detected, only five, four
Cyanobia and Dolichospermium sp. (Nostocaceae), were
found in all lakes, and four other OTU were present in
three of four studied lakes.

Among anoxygenic phototrophs, Chlorobia was
the most important in all lakes. The dominant OTU-8

A B C
(5,8) (3,6) (4,6)
0 0.003 0.006 0.009 O 0.02 0.04 0.06 0.3
0 OI 1 1 0
1 2
10
S
52 N
o
8
5 6 20
4 8
30
5 10 18 + : . :
0 5 10 15 20 25 O 2 4 8 0 0204 06 08 10 02 4 6 810121416
(1-3) (1,2) (1) (1,2)
0 02 04 06 08 0 010203040506 0 0.5 0 0.05 0.1 0.15 0.2 0.25

4)

4)

10 15 20
(2,3) (4,6)

——1 —A—2 v 34 0—5-—0-6
Fig. Vertical distribution of taxonomic groups of phototrophic bacteria in the studied lakes: A- lake. Linevo, B —lake L227, N —
lake Lovojarvi, D — lake Svetloe. Designations of taxa: 1 — Cyanobacteriia, 2 — Chlorobiales, 3 —Chloroflexales, 4 — Roseiflexaceae,
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sequence matches the Chlorobium sp903851385 and is
similar to the common Pelodictyon clathratiforme 4DE
and two photoferrotrophs, C. feroxidans KofoX and
Ca. Chlorobium masyuteum, suggesting possible iron
oxidizing activity; the next most abundant OTU-107,
which differs by one nucleotide from the Chlorobium
sp909394635 (GCA_90994463.1), is far from a pho-
toferotrophic species, but was isolated from a small
forest lake, Lomtjarnan (Sweden), with a high methane
content. This OTU occurs in significant amounts only
in Lake Linevo, along with OTU-5599, which has no
closely related cultured analogues and may belong to
the epibionts of phototrophic consortia (similarity to
the clone AJ272091 98.81%).

The most characteristic feature of bacterio-
plankton in the anaerobic zone of Lake Linevo from
the very beginning of our research there was the pres-
ence of planktonic Chloroflexales (Gorbunov, 2011)
morphologically identified as “Chloronema giganteum”.
According to metabarcoding data, fifteen OTUs of the
phototrophic Chloroflexia were found in the studied
lakes, twelve of them belonged to the Chloroflexaceae
family. Eleven of these OTUs were present in Lake
Linevo while the remaining one was found only in Lake
L227. Only two OTU were registered in each of the
lakes, L227 and Lovojérvi, and they were absent from
Lake Svetloe. Only OTU-48 and OTU-636 belonged to
the Chloronema giganteum phylogenetic lineage GNSB-
1. Both of them were found in Lake Linevo and were
absent from other lakes. OTE-48 was almost absent at
a depth of 2 m, but developed at 2.4 and 3 m, reaching
an abundance of 2-3.5%. The share of the OTU-636 did
not exceed 0.03%.

Six detected OTUs formed a common group with
clone ENRICH SisoF2F (EU918581) from Lake Siso
(Bafieras et al., 2009), and are more distantly related
to the uncultured clones Um-2 (KP341999) from the
microbial mat of the Umkey spring (Buryatia), and CAL
M1 (FR675955) from ferruginous sands of Elba Island
(Italy). These OTUs are distant from all cultured spe-
cies. These included OTU-19, the absolute dominant
in the lake Linevo at a depth of 2 m, where its abun-
dance exceeded 10% of the total. The remaining five
OTUs were sparse. Three more clones, OTU-50, OTU-67
and OTU-1319, belonged to the genus Oscillochloris.
The first two OTUs reached a population of 4-5% at
a depth of 2 m in the lake Linevo, and were found in
small quantities in lake Lovojarvi, and the third OTU
was present in lake L227.

Two minor OTUs found in the epilimnion of all
lakes belonged to the genus UBA965 (Roseiflexaceae).
Since members of this genus contain the pufM gene and
develop in the aerobic layer of many freshwater bodies
(Villena-Alemany et al., 2023), they are likely aerobic
APB. Thus, they were present in the epilimnion of the
studied lakes and significantly reduced their numbers
with depth (Fig.). These OTUs were the only members
of Chloroflexales detected in Lake Svetloe. Clone OTU-
383 found in the metalimnion of Lake Linevo had 94%
similarity to the recently described Ca. Chlorohelix allo-
phototropha (L227-S17 sp013390565). Noteworthy, no
representatives of this genus were found in Lake L227
itself in 2014.
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4. Conclusions

The presented data demonstrate that, despite the
presence of similar metabolic groups of bacteria and
archaea and individual dominant operational taxo-
nomic units (OTUs), the overall structure of bacterio-
plankton communities in ferruginous lakes differs. The
ratios of metabolic groups and their subgroups are rel-
atively stable within each lake but there is a sharp con-
trast between lakes which is often difficult to explain.

Lake Linevo has several unique features com-
pared to other studied lakes. It has the largest devel-
opment of phototrophic bacteria overall, as well as a
significant development and diversity of phototrophic
Chloroflexota, which are minor even in Lake L227. In
future, it would be desirable to obtain more data to
fully characterize the oxycline zone of this lake, espe-
cially the upper part of the oxycline zone. Given the
presence of unidentified dominant sequences, the use
of metagenomic and genome-wide analysis methods
may have good prospects for studying this lake.
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M

doToTpoPHLIM GaAKTEePUONAAHKTOH
yerTbipex cTpaTuPUUUPOBaAHHDbIX
deppyruHo3HbIX 03€ep A€eCHOM 30HbI
CeBepHOro NOAyliapua: CpaBHUTEAbHbIN
aHaAHu3 BepTUKaAbHbIX npodunen 16S
pPHK

['opOynoB ML.IO.*

Camapckuti gedeparbHblil uccredosamestvekull yenmp Poccutickoti akademuu Hayk, HHcmumym 3kostoeuu Bosticckoeo baccetiHa
PAH, Tosteammu, 445003 Poccus

AHHOTAILIHSL. I{enbio nccaeoBaHus ObLT aHAIN3 COCTABA 1 BEPTUKAJIBHOU CTPYKTYPHI GOTOTPODHOTO
6aKTepHOILIAHKTOHA MOJIMTYMO3HOro deppyruHo3Horo odepa JlnHeBo Paudckoro yuactka Boypkcko-
Kamckoro 3anoBepguuka (TatapcraH, Poccus) u Tpex Apyrux ¢eppyruHO3HBIX OOpeasibHBIX O3ep
Poccun. ®unnaaauu u Kanaasl. Pe3ysibTaThl aHaIM3a IpoAeMOHCTPHUPOBAIN IpeobiagaHue naeHTHY-
HBIX (pUIOreHeTUYeCKUX IpynI U AOMUHUPYIOUINX ONEPAIMOHHBIX TaKCOHOMUYECKUX eOuHHI] (HoTo-
TpodHbIX OakTepuii. OQHAKO CTeleHb Pa3BUTHA U CTPYKTYpa GOTOTPODHOTO OHaKTepUOILIaHKTOHA, TEM
He MeHee, ObUIa pasnnuHoi. Hanbosbias 4ncjieHHOCTh GOTOTPOdHBIX OaKTepuil oTMeudeHa B 03epe
JInHEeBO, KOTOPOE UMEJIO PsIfl YHUKAIBHBIX 0COOEHHOCTEN [0 CPaBHEHUIO C JPYTUMU N3yYeHHBIMU O3€e-
pamu. B yacTHocTH, B HEM 3HAUUTEJIbHAS YUCJIEHHOCTh U pasHoobOpa3ue ¢oToTpodHBx Chloroflexales,
KOTOpbIe ObUTH PeAK!U B IPYI'UX o3epax. IIpefcTasiiAeTcs NepcleKTUBHBIM 60JIee IeTaJbHO OXapaKTepu-
30BaTh 30HY OKCHUKJIMHA 3TOT'0 03epa U, 10 BO3MOXHOCTH, IIPUMEHUTh MEeTOAbl MeTareHOMHOIr'0 1 HOJI-
HOT€HOMHOT'O aHaJIN3a, KOTOphIe yXe GBI HCII0JIb30BaHHl B MCC/IeJOBAaHUX o3ep JloBospeu u L227, a
TaKXe MHOTUX APYTUX TEMHOBOIHBIX OOpeasibHBIX 03ep.

Kiouegwie citoga: siecHule 03epa, GeppyruHO3HBIN IMIIOJIMMHNOH, OaKTepUoIJIaHKTOH, GOTOTpodHbIe 6aKTeprUn

Juaa omutupoBaHua: I'opoyHoB M.IO. ®oTOTpOodHBIN OaKTEPHUOIIAHKTOH YeThIpeX CTPAaTU(GUIUPOBAHHBIX (eppyrMHO3HBIX
03ep JIeCHOH 30HB CeBepHOrO IMOJIyLIapUs: CPaBHUTEJIBHBIM aHaM3 BepTUKaIbHBIX npodruieit 16S pPHK // Limnology and
Freshwater Biology. 2024. - Ne 4. - C. 900-907. DOI: 10.31951/2658-3518-2024-A-4-900

1. BBeAeH"e I ()190) HacTosIel pa6OTbI ABJIAETCA CpaBHE-

HHE COCTaBa U BEPTUKAJIbHONU CTPYKTYPH POTOTPO-
(dHOrO OGaKTEpHOIUIAHKTOHA 3TOTO0 O3epa C TpeMm:A
JpPYTUMU JIeCHBIMU ¢GeppyrMHO3HBIMU O3epaMu, IJiA
KOTOPBIX JOCTYHHBI JaHHbBlE MeTabapKOAWHIA: 03.
Caetioe (ApxaHrenbckas o0J1., Poccus), 03. JloBospsu
(Ounnsauaua) u  o3. L227 (OxcrepumeHTabHasA
OzepHass O6nacte (IISD-ELA), Onrapuo, Kanaga),
YTOOBI OLIEHWUTh €ro TUIHYHBIE M YHUKAJIbHbIE YEPTHI
cpeniu 3TOM O4eHb CBOeOOpA3HOM I'PYIIIIHI 03ep.

Msuorue crpatu@uLUpoBaHHbBIE O3€pa yMepeH-
HOH JIeCHOU 30HBI UMEIT (heppyruHO3HBIN T'UIIOJIUM-
HUoH (Schiff et al., 2017). B Cpenuem I10BOIXbE OHU
JOBOJIbHO PEIKH, U CIOPaJM4eCcKd BCTpPEYarnTCsa B
ocHOBHOM B MapuiickoMm u Huxeropojickom Ilosteckbe,
OZTHAKO MMeeTCs HeCKOJIbKO 03ep 3TOro THUIIA B OKpec-
HocTax r. Kazanu, Ha Tepputopun Pandckoro yyactka
Bomxcko-Kamckoro 3amnoBegHuka. Hawbosiee xapak-
TEPHBIM U3 HUX ABjAeTcA 03epo JInHeso; C 2006 r. MBI
HUCCJIeqOBAJIU BePTUKAIBHYIO CTPYKTYPY GOTOTPOPHBIX

OakTepuil 3TOr0 03epa «KJIACCUYECKUMU» MeTOJaMu;
B 2022 r., HapsAAy C 3TUM, BIepBble ObUI OIpefdesieH
dusoreHeT4YecKnil cOCTaB MUKPOOPraHMU3MOB 110 JaH-
HBIM MeTabapKOoJUHra runepBaprabuIbHOIO ydacTKa
V4 rena 16S-pPHK Ha nATH ropusoHTax.
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Anpec e-mail: myugor1960@gmail.com (M.}O. Top6yHOB)

INocmynwna: 05 utona 2024; ITpunama: 20 uoHA 2024,
Ony6tukoaana online: 30 aprycra 2024

904

2. MaTtepuanbl U METOADI.
2.1. PU3UKO-XMMHUYECKHE YCAOBUA B
o3epax

O3epo JIMHEBO — 3TO PYCJIOBOE 03€pO HA Pyube
Cep-ByJsiak, mjomajpi0 OKOJIO 7 ra ¢ MaKCHMaJbHOI

© ABrop(s1) 2024. DTa paboTa pacnpocTpaHsi-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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riaybuHoit 5.75 M (YHkoBckas u fp., 2009). Bogxa
UMeeT BBICOKYI0 I[BETHOCTb, 270 oPt, HU3KOMUHepa-
JIM30BaHa U JaXxe B MOBEPXHOCTHOM CJIOE COAEPXKUT
BBICOKME KOHIleHTpaluu xese3a (6osee 10-20 MkM).
Konnenrpauusa Fe B rumojJvMMHUOHE B pa3Hble TOJIbI
Bappuposasa ot 0.27 MM (2006) mo 0.17 MM (2019),
a KOHLeHTpauuA cyabGuaoB He mnpesbimana 10 MxM.
B jleTHuni1 nepuoj o3epo cTpaTuPUIUPOBAHO; BOAHBIE
cJjiou HuXe 1.5-2 M pe3Ko I'MIIOKCUYHBI UJIN MTOJTHOCTHIO
JIWIIEHBI KUCJIOPOoa.

Xapaktepuctuku o3ep L227, JloBosgpBu wu
CBeTJiOoe aHBI B CTAThsX, MOCBAIIEHHBIX UX HCCJIEI0-
panuio (Schiff et al., 2017; van Grinsven et al., 2021,
Kallistova et al., 2018). Bce 3Tu o3epa UMEIOT BHICOKOE
conepxanue Fe (II) B npuJoHHOM cJioe, KOTOpOe 0CTU-
raet, coorBercTtBeHHO, 0.17, 0.83 u 0.24 mM. O3zepo
CBeTJjioe — eJUHCTBEHHOE JOCTOBEPHO MEpPOMUKTHYE-
CKOe U CBeTJIOBOAHOe, L227 n JIoBOApBU — NOJIUTYMO3-
Hele. O3. JIoBoApBU HMMeeT TajIoOKJMH oT 12 g0 15 M,
HIXXe KOTOPOro, BO3MOXHO, PacroJioXeH HeOGOJIbIION
1o 06beMy MOHHUMOJIMMHUOH.

Pe3ysibTaThl BBICOKOIIPOM3BOJUTEJIBHOTO CEKBe-
HUpOBaHUA Npo6 OaKTepUOIJIAaHKTOHA U3 03. JIHeBO
TOTOBATCA K JENOHUPOBAHMIO, apXUBHBIE Pe3yJIbTaThl
U3 OCTaJIbHBIX O3ep 3arpyXeHbl U3 O0OIeOCTYITHO
6a3pl maHHbIX SRA-apxuBoB NCBI (03. L227 (maHHBIE
2014 r.) - SRR5050827, SRR5050844, SRR5050836,

SRR5050838, SRR5050833 wu SRR5050835; oa3.
JloBospBu - SRR14118646 - SRR14118649,
SRR14118651 - SRR14118658; o03. Csetjioe -

SRR6059086 - SRR6059086).

2.2. BbuounpopmaTuueckan obpaborka

[TapHble nociefoBaTeJbHOCTH U3 o03ep L227,
JloBosipBu 1 JIuHeBO ObLIM NpeBapUTEJIbHO O0benu-
HeHBI ¢ moMotbio mporpammbl Usearch (Edgar, 2010).
W3 Bcex mocisiefoBaTesIbHOCTeN OBLJIA  BbIAEJIEHBI
y4acTKY, OrpaHUyYeHHble CHapyXu npaiiMepamu 515f
u 806r (Walters et al., 2015); mocjiejoBaTeJIbHOCTH, B

KOTOpBHIX OHM He ObLIM OOHapyXeHBI, 0TOpachIBaJIlCh.
JanbHelmas o6paboTka U BbJeJIeHre OllepalliOHHBIX
TaKCOHOMMWYECKHUX eJMHUI] IPOBOAWJIACH B IIporpaMme
Usearch o crangapTHO! cxeMe.

Takconomus nosydeHHbIXx OTE 6bly1a IpricBoeHa
¢ momoteio online-cepBuca SINA Ha iatopme arb-silva
(6aza manubIx v.138.0) 1 yTOUHEHa C MCIIOJIb30BAaHUEM
6a3 gauueix PR2, RDP v.19 u GTDB_bac120_arc53_ssu_
r214 fullTaxo.fa (Ali, 2023) u moucka B Genbank c
nomoteio Blast. OTE, ugeHTUGUIMPOBAHHbIE KaK MPU-
Hajjexalide 3yKkapuoTaM, UX MUTOXOHAPHUAM U XJIO-
pornactaMm ObLIN MCKJII0UYEHHl U3 aHaIu3a.

3. Pe3yAabTathbl M 06Ccy)xpeHue

INocnenoBaTteslbHOCTH OOBeUHEHHON OMOJIN-
oTeku ObuIM KjactepuszoBaHbl B 7717 OTE mnpo-
kapuoT; 520 u3 HuX nOpuHagiexanmu apxeam (10
¢unymon), 7039 — Gakrepusam (58 dumymos) u 158
OCTaJINCh HeKJIaccUGULIMPOBAaHHBIMM OO LiapcTBa.
[MpencraButenu 10 GuimymoB OGakTepuii, B MOpsAKe
yobBanus: Pseudomonadota, Bacteroidota (BkJItO-
yasg Chlorobia), Actinobacteriota, Verrucomicrobiota,
Chloroflexota,  Desulfobacterota,  Patescibacteria,
Cyanobacterota, Planctomycetota u Acidobacteriota,
u omgHoro duiyma apxeii, Halobacterota, mo cpenneit
JloJie B MCCJIeJOBAaHHBIX ITpo0ax MpeBHIaoT mopor 1%.

®otoTrpodHEle OakTepuu B O3epax IIpeAcTaB-
JIeHBl OKCUT'€HHBIMU I[MAaHOOaKTepUsAMHU U aHOKCUTeH-
weiMu Chlorobiaceae u Chloroflexaceae. Chromatiaceae
[IpaKTU4YeCKd OTCYTCTBYIOT; OIlpefieJieHue Hecep-
HBIX U a3pobHbIXx ADB ¢uiymoB Pseudomonadota u
Gemmatimonadota mo gaHHbM o0 V4-dparmeHTe 16S
pPHK npakTtryecky HEBO3MOXHO.

[luanoGakTepuy, 3a UCKJI0YeHrueM 03. CBeTJIoe,
HauboJiee MHOT'OYMCJIEHHBl B SIMJINMHHUOHE U Pe3KO
CHUXXAIOT BKJIAJ B OOMIYI0 YMCJIEHHOCTh C TJIyOMHOMN
(Puc. A-C). B o03. CBerjioe ux [oJjid MakcuMaJjlbHa B
30He xeMokJinHa, 20-23 M (Puc. D). JJoMmuHupyomei
rPYIION B o3epax sBjsAercs ceM. Cyanobiaceae, o6be-

A B
(5,6) (3,6)
0 0.003 0.006 0.009 O 002 0.04 006
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0O 5 10 15 20 25 O 2 4 6 8 0 02 04 06 08 10 0 2 4 6 8 10121416
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(& T T T 1 r T T T T T 1 T T T T 1 T T T T T 1
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—— 1

—A— 2 v 3-6-4 0506

Puc. BepTukasnbHoe pacnpefiesieHre TaKCOHOMUYECKUX Ipymnil GoToTpodHEIX 6akTepuil B McCIIeJOBAHHBIX o3epax: A- 03.
JIluneBo, B — 03. L227, C - 03. JloBosipBu , D — 03. CBeTsioe. OG03HaueHus TakcoHoB: 1- Cyanobacteriia, 2 — Chlorobiales, 3 —
Chloroflexaceae, 4 — Roseiflexaceae, 5 — Chlorohelicaceae, 6 — Chromatiaceae. ITo ocAM «X» - OJIX B OOIIElN YUCIEHHOCTH, %.
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JUHAIOIIee OOHOKJIETOYHBIE U KOJIOHUAJIbHBIe (HOPMBI
NUKONMaHOOaKTepuli, BKJIIOYasg  MeJIKOKJIETOYHEIE
dbopMEI, TPAQAUIIMOHHO OTHOCHMBIE K posiaM Anathece,
Aphanocapsa, Merismopedia, Microcystis u Cyanodictyon
(Callieri et al., 2012). B 03. L227 Cyanobiaceae cocTas-
JIAIOT OKOJIO ITIOJIOBUHBI BCeX [IMaHOOaKTepuii, B OCTaJIb-
HBIX 03epax X YMCJIeHHOCTh, KaK IPaBuUJIOo, [IpeBhIIaeT
80-90% Bcex 1uaHobakTepuii. OcransHble OTE npuHag-
Jlexar B OCHOBHOM K HUTYaThM popmaM, cpeau KOTo-
PBIX BBIIEJIAIOTCA JBa ceMelicTBa, Pseudanabaenaceae
u Nostocaceae. Xorss B cymMe obHapyxeHo 46 OTE,
npuHajiexanmx K Cyanobacteriia, jump nATh U3
Hux — yerbipe Cyanobiaceae u Dolichospermum sp.
(Nostocaceae) IpuCyTCTBYIOT BO BCeX O3epax, U elle
YyeThlpe — B TPeX U3 YeThlpeX UCCJIe[JOBAaHHBIX 03ep.

Cpenu aHOKCUTeHHBIX poTOoTpodOB HauboJIbIIIEE
3HauyeHue urpawT Chlorobiaceae. [TocyiefoBaTEIBHOCTD
novuHupywomero OTE-8 cosmamaer ¢ Chlorobium
sp903851385 u 6mmska k C. feroxidans KofoX u Ca.
Chlorobium masyuteum wu Pelodictyon clathratiforme
4DE, 4TO yKasbplBaeT Ha BO3MOXHYI (doTodeppoTpo-
dulo; crenyronuii Mo YKUCJIEHHOCTH M paclpocTpaHe-
Huwo OTE-107 otranyaercai OOHUM HYKJICOTUAOM OT
Chlorobium sp903994635 (GCA_903994635.1), mase-
Koro ot ¢porodeppoTpOPHEIX BUIOB, OJHAKO BBIJEICH-
HoOro 13 He6oJibIIoro JecHoro o3. Lomtjarnan (IIIseruis)
C BBICOKOM KOHIleHTpalueil MeTaHa B Boge. OToT OTE
MIPUCYTCTBYeT B 3aMeTHBIX KOJIM4YecTBax TOJIbKO B O3.
JluneBo, Kak u eme oauH OTE-5599. IlociemHuil He
nMeeT OJIM3KUX KYyJIbTUBUPYEMBIX aHAJIOroB, U, BO3-
MOXHO, INPHUHAAJIEXUT K 3NUOUOHTaM (GOTOTPOPHBIX
KOHcOPIMII (cXoAcTBO ¢ KJIoHOM AJ272091 — 98.81%).

CaMbIM XapakTepHBIM IpU3HAKOM OaKTepuo-
IJIAaHKTOHA aHaspoOHOM 30HBI 03. JIMHEBO € caMoro
Hayajla HalluX WCcjeJOBaHUHM ObUIO IPUCYTCTBUE
wiaHKkToHHBIX Chloroflexales mopdoJsiornuecku ormpe-
JeneHHbIX Kak “Chloronema giganteum” (T'opOGyHOB,
2011). Mo manHBIM MeTabapKOJWHTa, B HCCJIEJOBaH-
HBIX o3epax oOHapyxeHbl nATHaauate OTE oTpsama
Chloroflexales naBeHaguaTh ©M3 HHUX OTHOCHJINCH K
cemerictBy Chloroflexaceae. OmuHHagUATh U3 ITUX
OTU npucytcTtBoBanu B o3epe JIMHEBO, a OTCYTCTBO-
BaBmuii B HeM OTU Obl71 OOHapy’keH TOJIBKO B 03epe
L227. B xaxzaoMm u3 o3ep L227 u JloBosipBu 6bLIIO 3ape-
rucTprupoBaHo ToJibko 1o aBa OTU, a B o3epe CaeTJioe
oHU oTcyTcTBoBasnu. Toapko OTU-48 u OTU-636 npu-
HautexaT K uioreHerndyeckoil yiHUM Chloronema
giganteum GNSB-1. O6a oHU 6B/ OOHAPYXKEHBI TOJIBKO
B o3epe JIMHEBO U OTCYTCTBOBAJIM B APYIUX O3epax.
OTE-48 npakTtuyecku OTCYTCTBOBAJ Ha IJIyOuHe 2 M,
HO pa3BuBaJIcs Ha riybuHe 2,4 u 3 M, JOCTUTras 4YuC-
neHHoctu 2-3,5%. [Homa OTU-636 He mnpeBwllIasIa
0,03%.

[Tects o6HapyxeHHbIXx OTE BxoasaT B 0OIIyI0
rpynny c kjoHoM ENRICH SisoF2F (EU918581) us
03. Siso (Bafieras et al., 2009), Gojiee oTHaJIEHHO
POACTBEHHB HEKyJbTHUBHpyeMbIM kjoHaM Um-2
(KP341999) u3 MukpoOHOro mMaTa HCTOYHMKA YMKeH
(Bypsrtus), u CAL M1 (FR675955) u3 Xeje3ucThiX
reckoB ocTtpoBa Jiybba (Utanus), U AajieKu OT U3BeCT-
HBIX KyJbTHUBUpPYyeMBIX BUJOB. K 3Tol rpymnme npu-
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HaJiyiexxan abCoIOTHBIM JOMUHAHT Ha TJIyOuHe 2 M
B 03. JIMHEeBO, YMCJIEHHOCTbh KOTOPOIO Ha 3TOM TIJIy-
6uHe npessimaina 10% ot obmeii, OTE-19. OcTaibHblE
AT OTE ObuTM HeMHOrouuciieHHHL. Elle Tpu KJIOHa,
OTE-50, OTE-67 u OTE-1319, npuHajgiexanau K poay
Oscillochloris. TlepBble qBAa M3 HUX JOCTUTAJIU YHCJIEH-
HocTH 4-5% Ha rirybuHe 2 M B 03. JIuHeBo, U B HeOOJIb-
KX KoJin4yecTBax oOHapyXHUBajuch B 03. JIoBosApBY, a
TpeTuii — B 03. L227.

JBa muHOpHbBIX OTE, BCTpeyaBlIMXCA B OSMU-
JIMMHHOHE BCexX 03ep, oTHocuiuch Kk poxny UBA965
(Roseiflexaceae). IIOCKOJIBKY TpeACTaBUTEN 3TOTO
pona copepxat reH pufM u pa3BUBAIOTCA B adpOOHOM
cJloe MHOTUX TpecHBIX BojoeMoB (Villena-Alemany et
al., 2023), oHu, BEpOATHO, ABJIAITCA a3pobHBIMU ADB.
JelicTBUTeJIbHO, OHU IIPUCYTCTBOBAJIU B SIMJIMMHIOHE
HCCJIeJOOBaHHBIX 03ep U CHIXKAJIM YMCJIEHHOCTD C IJTy-
6unoii (Puc.). 3tu OTE 6b1M e JUHCTBEHHBIMU OOHaApY-
xeHHbIMU Chloroflexales B 03. CeTjioe. Kiion OTE-383,
BCTpeuaBHIMiicA B MeTaJWMHHUOHe 03. JInHeBO, nMeJ
94% cxomcTBO ¢ HemaBHO omucaHHbIM Ca. Chlorohelix
allophototropha (1L.227-S17 sp013390565). NUHTepecHO,
4TO B camMoM 03. L227 mpencraBuTesnnd 3TOro poAa B
2014 r. He oOHapPyX1BaJINCh.

4. BoiBOADI

[IpeacraBiieHHBle [JaHHBIE [OKAa3bIBAIOT, YTO
HeCMOTPs Ha NIPUCYTCTBHE OJHUX U TeX e JOMUHUPY-
omux OTE, crpykrypa doropodHOro 6akreproriaH-
KTOHa (peppyTrMHO3HBIX 03ep pa3jinyHa. X0TA B KaXI0M
13 03ep ero BepTHKaJbHAsA CTPYKTypa 3aKOHOMEpPHO
U3MeHseTca C IJIyOMHOH, cyllecTByeT pe3KWil U He
Bcerga oObsACHUMBIN KOHTPACT MeXy 03epaMHu.

Oszepo JIMHEBO HMeeT HeCKOJIbKO YHHKaJIb-
HBIX 4YepT: B HeM HaOJII0OaloTCsA BBICOKHE YKCJIeH-
HocTh (GOTOTPOPHBEIX OakTepuil B ILeJIOM, a TaKxe
MaccoBoe pas3BHUTHE U pa3HoobOpasue (GOTOTPODHBIX
Chloroflexota, kOTOpble MMOYTH TMOJIHOCTBIO OTCYT-
CTBYIOT Aaxe B 03. L227. B OyayuieM 6b1710 GBI XXeJia-
TeJIbHO NIOJIyYUTh AONOJIHUTE/IbHbIe JaHHEIe 1J1A Oojiee
OAPOOHOM XapaKTepUCTHUKU 30HBl OKCHUKJIMHA 3TOT0
03epa, 1 0cOOeHHO ero BepxXHel YacTu. YUUTHIBAA NpU-
CyTCTBUE HEeCKOJIbKUX (OTOTPOGHBIX KJIOHOB, Jajie-
KHX OT M3BeCTHBIX BUOB, IPU JajIbHeNIeM U3y4eHun
o3epa MOXeT HMMeTh XOpOoIlle MepCleKTUBHl HCIO0JIb-
30BaHHe METOJI0B MeTareHOMHOI'O U IOJIHOT€HOMHOTI'O
aHasusa.
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