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ABSTRACT. Ultra-small bacteria are ubiquitous in the environment, but for some time they have
remained out of scientific focus. One of the reasons is their small size. Ultramicrobacteria, which are
defined as bacteria with a cell size of less than 0.1 pm?, can pass through a filter with a pore size of
0.2 pm. Moreover, there are some difficulties associated with their cultivation. Currently, relatively
pure cultures have been obtained, but mostly for dominant phyla. Rare phyla are represented only by
single strains. At the same time, ultramicrobacteria are found in a wide range of environments, and
their high-ordered, small genomes and unique physiological features attract the increasing attention of
researchers. The development of metagenomics allows us to partially overcome cultivation limitations,
and in this article, we present metagenomic assemblies derived from water samples of the largest oli-
gotrophic lakes on the Earth, Baikal (Russian Federation) and Khubsugul (Mongolia). In this study, we
carried out the taxonomic and functional analysis of reconstructed genomes of Saccharimonadia class
bacteria (phylum Patescibacteria), which is intended to expand our knowledge of rare representatives
of microbial communities and supplement the already available information regarding the inhabitants
of the oldest ecosystems.
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1. Introduction Knowledge about this group of bacteria is mainly lim-

) . ited because currently only a few cases of cultured

The superphylum Patescibacteria, also known Patescibacteria have been described; this fact is largely

as the Candidate Phyla Radiation (CPR) (Rinke et al., due to their symbiotic/parasitic nature (Soro et al.,
2013), according to The Genome Taxonomy Database 2014; He et al., 2021; Ibrahim et al., 2021; Yakimov
(GTDB) (Parks et al., 2022), includes 30 classes that et al., 2022). Some of the cultured species (e.g., TM7x)

comprise more than 15% of all bacterial phyla (Brown (He et al., 2015) belong to the Saccharimonadia class.
et a}., 2015; Fujii et a}l., 2022). Pate§c1bactgr1a inhabit Representatives of this class were first discovered by
a wide variety of environments: aquifer sediments and analyzing partial 16S rDNA sequences from a peat bog
reservoirs, water treatment plants, activated sludge, in Germany (Rheims et al., 1996), and they are among
_801d TINES, polgr and rainforest soils, human sahva}, the best known. Interest in studying Saccharimonadia is
In association with sponges and cockroaches, predomi- driven mainly by their putative role in the development
nating in many of them (Brown et al., 2015; Hug et al,, of oral diseases. Saccharimonadia (previously described
2016; Fujii et al., 2.022)" ) as TM7) cultured under laboratory conditions clearly

Cultre‘ntly, little is anWH about th.e functional demonstrated a symbiotic relationship with actinobac-
characteristics of these bacteria, and there is no consen- teria, and a similar pattern was observed for other few
sus on whether all CPR representatives are endosymbi- cultured CPRs. Indeed, known Patescibacteria typically
onts that rely on other bacteria for their vital act.lv‘lty, possess a small genome size (up to 1.0 Mb) (Lemos
or whether some of them are capable of free-living. et al., 2019; Nakai, 2020) and incomplete biosynthe-
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sis pathways (Castelle et al., 2018). A combination of
these characteristics suggests a host-associated, symbi-
otic or parasitic lifestyle.

However, the unique habitat conditions in large
deep-water oligotrophic lakes, such as Baikal and
Khubsugul, may explain the decrease in genome size
and the presence of functional specificities. These eco-
systems are also of interest in terms of bacterial evo-
lution, taking into account the age and common ori-
gin of the two tectonic lakes in the Baikal rift zone. In
addition, samples from Lake Baikal were collected at
different depths: in the upper water layers, i.e. in the
photic layer (up to 25 m) and at a depths of 1250-1350
m, which also potentially affects bacterial metabolism.

Therefore, this study aims to analyze and
compare the functional features and lifestyle of
Saccharimonadia obtained from Baikal and Khubsugul
water samples using metagenomic assemblies and
genome reconstruction.

2. Materials and methods

Water samples were collected in Lake Baikal at
the central station of the Maloye More strait, at the cen-
tral stations of the transects Listvyanka settlement-Tank-
hoi settlement, Ukhan Cape-Tonky Cape, Elokhin Cape-
Davsha settlement, 7 km and 3 km from the Listvyanka
settlement, 3 km from the Turka settlement, and 3 km
from Elokhin Cape in March-September 2018-2022.
During open water periods, sampling was conducted at
the depths of 0, 5, 10, 15, 20, 25, 50 m by the SBE-32
bathometer system (Carousel Water Sampler, Sea Bird
Electronics Inc., USA). During the freeze-up period,
samples were taken under the ice using Niskin bathom-
eters. In Lake Khubsugul, water samples were obtained
3 km from the Khankha settlement on October 13,
2023. Samples were collected from the water layers of
0, 10, 25, 40, 50 and 70 m using the bathometer from
the boat.

Water samples were sequentially filtered through
polycarbonate filters with pore diameters of 0.4 pm and
0.2 um (Millipore, USA) to remove large forms of plank-
ton. The filtrates were concentrated using a VivaFlow
200 tangential flow ultrafiltration system (Sartorius,
Germany) to a final volume of ~20 ml. Samples were
further concentrated using a Vivaspin Turbo 15 (50
kDa, Sartorius, Germany) tangential flow ultrafiltration
system to a volume of ~100 pL.

Table 1. Sampling conditions and data sources

DNA was extracted using the standard phe-
nol-chloroform method. DNA libraries including A_63,
A_68, A9 were sequenced using the Illumina MiSeq
platform. Metagenomic data was deposited in bioproj-
ect PRINA1006167. DNA sequencing for I 78 was per-
formed on the DNBSEQ-G50 platform (MGISEQ-200).

Additionally, we used eight sets of raw metag-
enomic reads generated by Shotgun sequencing and
placed for public access in bioprojects (PRINA396997,
PRIJNA521725, PRJINA615165). The sequencing mate-
rial was taken from Lake Baikal water samples col-
lected in summer, on July 12-13, 2018, 8 km from
the Listvyanka settlement at four depths (5, 20, 1250,
and 1350 m). Winter water samples were taken from
5 and 20 m depths on March 14, 2016 and from 1250
and 1350 m depths on March 29, 2018, 7 km from
the Listvyanka settlement (Cabello-Yeves et al., 2018;
Cabello-Yeves et al., 2020; Coutinho et al., 2020). The
information about the relationship between the names
of the reconstructed genomes and the materials for
their assemblies is provided in Table 1.

The reconstruction process of the A_63, A_68,
and A_9 genomes included sequencing quality assess-
ment using the MultiQC v. 1.12 program (Ewels et al.,
2016), removal of adaptors with the Trim Galore v.
0.6.5 program (Krueger et al., 2023), assembly of reads
into contigs using SPAdes v. 3.15.5 (Bankevich et al.,
2012), and alignment of reads to contigs via BWA v.
0.7.17 (Li and Durbin, 2010) and the Samtools package
v. 1.18 (Danecek et al., 2021). Metagenomic binning
and isolation of genomes from the assembly were per-
formed using the MetaWRAP v. 1.3 software package
(Uritskiy et al., 2018). Assembly and analysis of P_794
and I_78 genomes comprised sequencing quality assess-
ment by the FastQC v. 0.12.1 program (Andrews et al.,
2010), removal of adapters and short reads (less than
141 for P_794 and 90 for 1_78) with the application of
Trimommatic v. 0.39 (Bolger et al., 2014), and purifi-
cation from eukaryotic DNA by the Kraken 2 v. 2.1.3
software package (Wood et al., 2019; Lu et al., 2022).

To assemble contigs containing P_794, an exter-
nal assembly was performed by merging the reads of the
corresponding direction from eight samples; thereby,
the result was one merged set of paired-end reads,
which were then assembled by the MEGAHIT assem-
bler (Li et al., 2015). For external assembly, alignment
of reads to contigs was performed using the Bowtie
2 v. 2.5.4 (Langmead et al., 2019) and the Samtools

Time Period July-March, 2016-2018

Source of Data obtained from
Data bioprojects:

PRJIJNA615165
(Cabello-Yeves et al., 2018;
Cabello-Yeves et al., 2020;

Coutinho et al., 2020)

P_794 A 63 A_68 | A9 1.78
Location Baikal Baikal Khubsugul
Depths, m 5, 10, 1250, 1350 0, 5, 10, 15, 20, 25, 50 0, 10, 25, 40, 50, 70

March-September,
2018-2022

Data were collected and pro-
cessed independently. Row

PRJINA396997, PRINA521725,| reads deposited in the bioproject

PRINA1006167

October, 2023

Data were collected and pro-
cessed independently
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v. 1.20 package (Danecek et al., 2021). Based on the
obtained coverage statistics, filtering and removal of
short and low-coverage contigs were performed using
the R script. Final contig assemblies were performed
using the SqueezeMeta pipeline (Tamames and Puente-
Sanchez, 2019), applying coassembly mode for P_794,
including all eight sets of reads and external assembly,
and sequential mode for 1.78. The assembler used for
P_794 was MEGAHIT (Li et al., 2015), and for 1.78-
SPAdes v. 3.15.5 (Bankevich et al.,, 2012). Binning
was performed using CONCOT v. 1.1.0 (Alneberg
et al., 2014), MaxBin v. 2.2.7 (Wu et al., 2016), and
MetaBAT2 v. 2.12.1 (Kang, 2015). The integration of
the binning results was performed in DAS Tool v. 1.1.7
(Sieber, 2018).

Completeness of the final genomes were assessed
using CheckM2 v. 1.0.2 (Chklovski et al., 2023). Open
reading frames (ORFs) were detected using Prodigal
v.2.6.3 (Hyatt et al., 2010). Gene annotation was per-
formed using Bakta v1.9.2 (Schwengers et al., 2021)
with default settings. KEGG annotation and assign-
ment of KO numbers to proteins was performed by the
KofamKOALA service (Aramaki et al., 2020). Genomes
were taxonomically classified using the Genome
Taxonomy Database Toolkit (GTDB-Tk) version 2.4.0
(Chaumeil et al., 2020). MacSyFinder v. 2.1.4 (Néron
et al., 2023) and TXSScan v. 1.1.3 models (Abby et al.,
2016) were used to search for protein secretion systems.

3. Results and discussion
3.1. Genome description and taxonomic
classification

Five Saccharimonadia genomes were assembled
based on three metagenomic datasets. All of them show

a relatively high level of assembly completeness of
84.9-97.6%, with contamination below 2.6%, except
for genome 1_78 where it was 7.0% (Table 2). Their
coding density (median 90.5%; range 89.6%-91.8%)
and GC content (median 42.2%; range 40,7-45,0%)
%) are consistent with free-living organisms or facul-
tative intracellular or extracellular symbionts/parasites
(Chiriac et al., 2022).

P_794 represents the largest genome with the
maximum number of CDSs (1074) and a rather exten-
sive range of functions for a member of the class.
Furthermore, based on the GTDB taxonomic database
search, it can be identified only up to genus, and the
similarity with the nearest reference organism accord-
ing to ANI is only 78.94. 93% of TPM (transcripts per
kilobase million, the number of reads normalized by
the length of each read multiplied by a million) belong-
ing to this bin corresponds to the summer samples of
Baikal water from 1250 and 1350 m depths.

Genomes A_63, A_68, and A_9 were also obtained
from Baikal samples at the upper water layers. The size
of their genomes, as well as the number of CDSs, is
approximately the same order of magnitude. Taxonomic
identification by GTDB revealed a fairly close similarity
in ANI for A_63 and A_9, identifying the genus of all
genomes and, in the case of A_63, the species as well.

1.78 is a genome assembled from sequencing data
of surface water samples from Lake Khubsugul. It is the
second largest of those presented in the paper and the
most contaminated. At the same time, the number of
CDS in it amounts to 675. Interestingly, according to the
taxonomic analysis, the most similar Saccharimonadia
belonging to the same genus, according to the prelimi-
nary classification, are A_68 from Baikal and 1_78 from
Khubsugul samples.

Table 2. Description and taxonomic assignment of reconstructed genomes

Name P_794 A 63 A _ 68 A9 178
Genome Size, bp 984 478 655 626 594118 612 023 718 727
Completeness, % 91.6 97.6 91.2 84.9 93.9
Contamination, % 2.08 0.29 2.56 7.00

GC Content, % 45 41 42 41 42
Contig N50, bp 10 865 57 148 35054 12 346 3970
Coding Density, % 89.6 90.7 89.6 91.8 90.5
CDS 1016 686 594 645 675
Taxonomy
Kingdom Bacteria Bacteria Bacteria Bacteria Bacteria

Phylum Patescibacteria Patescibacteria Patescibacteria Patescibacteria Patescibacteria

Class Saccharimonadia | Saccharimonadia | Saccharimonadia | Saccharimonadia | Saccharimonadia

Order Saccharimonadales CAILADO1 CAILADO1 Saccharimonadales CAILADO1

Family UBA1547 A BJGX01 CAILADO1 AWTP1-31 CAILADO1

Genus 2011-GWC2-44-17 CALRAYO1 CAILADO1 CAJAXBO1 CAILADO1

Species - CALRAYO01 - -

Closest reference | GCA_016199685.1 | GCA_943353705.1 | GCA_013816445.1 | GCA_943353855.1 | GCA_903832035.1
Closest ANI 78.94 97.66 78.36 92.13 77.02
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Classification to species level using GTDB is real-
ized only for A_63. The two genomes, P_794 and A_9,
belong to the order Saccharimonadales and to uncul-
tivated families and genera. A_63, A_68 and 1.78 are
assigned to uncultivated taxa at all levels.

3.2. Annotation and functional analysis of
genomes

Comparison of the annotated genomes by func-
tional orthologs of the KEGG database showed that
the number of common genes is 20.8% (Fig. 1). At the
same time, the most unique gene set for this sample
is possessed by P_794, which has 14.0% of predicted
genes that do not overlap with genes in the other stud-
ied genomes.

Functional analysis established a common mech-
anism, the most plausible for all genomes, for obtaining
energy in the form of ATP-catabolism of carbohydrates
with pyruvate synthesis. In this case, the production of
pyruvate follows the de Vries-Stouthamer hexose mono-
phosphate pathway or, in other words, the bifido-shunt
(Pinevich, 2007). All the genomes have practically the
entire set of enzymes necessary for its implementation:
fructo-bisphosphate aldolase, transaldolase, and tran-
sketolase. It is remarkable that even in the absence of
enzymes, a unified strategy is traced. The genes respon-
sible for the production of phosphoglyceromutase,
which is involved in the transformation of 3-phospho-
glycerate into 2-phosphoglycerate and is necessary for
the further pyruvate synthesis, are not present in all
Saccharimonadia studied here.

From the stage of functional category analy-
sis (Fig. 2), a distinctive feature of P_794 was already
apparent, namely, the presence of a cluster of genes
responsible for the cleavage of sucrose and starch
oligo- and polysaccharides to D-glucose, in particular
through the production of a-glucosidase, alpha-amy-
lase, maltase-glucoamylase, etc. The second genome,
in terms of the number of predicted genes, involved in
carbohydrate metabolism is A_63. However, its hexose
monophosphate pathway begins with the cleavage of
glucose-6-phosphate or fructose-6-phosphate. In other
reviewed genomes, the functional set of carbohydrate
metabolism is even smaller: A 9, A 68, and 1.78 are
only capable of fructose-6-phosphate conversion.

Notably, in all studied Saccharimonadia, fer-
mentation is not performed; the process is terminated
by the formation of pyruvate and one ATP molecule
per molecule of oxidized hexose. Normally, pyruvate,
which is the most important intermediate of fermen-
tation, undergoes oxidative carboxylation via one of
the four pathways (Pinevich, 2007). In the case of the
investigated genomes, the enzymes required for fer-
mentation are absent in all genomes, except for A_63.
For this organism, lactate dehydrogenase is predicted to
enable pyruvate-based lactic acid fermentation, which,
however, does not find confirmation in the annotation
by the KEGG. Moreover, other types of fermentation
require the engagement of vitamins, the production of
which is absent in all five microorganisms. At the same
time, this practice is widespread in microbial commu-
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A9
A 63
A 68
178
P 794

3.6%

4.5%
2.0%

20.8%

14.0% 2.5%

Fig.1. Venndiagram showing overlapsin Saccharimonadia
genes annotated using the KEGG Orthology database

nities where there are major producers that supply the
demand of other bacteria for essential vitamins for met-
abolic reactions.

Another distinguishing characteristic of P_794 is
the increased number of genes involved in oxidative
phosphorylation in comparison with others. Thus, a
complete oxidase complex consisting of five subunits
(CyoA, CyoB, CyoC, CyoD, and CyoE) was found in
it, which is an aerobic respiratory chain reacting with
oxygen, reducing it to water with simultaneous trans-
fer of four protons across the membrane (Chepuri et
al., 1990). The presence of the enzyme FAD-dependent
oxidoreductase also confirms the respiration ability.
The A_9 genome also contains genes that are part of
the photosynthesis and oxidative phosphorylation com-
plexes, but all are associated with the F-type ATPase,
a multi-subunit enzyme complex whose role changes
under aerobic and anaerobic conditions (Walker, 2013).
Under anaerobic conditions, enzymes reverse the reac-
tion and generate proton motive force by utilizing the
energy released during hydrolysis of ATP (Walker and
Dickson, 2006).

In general, the investigated Saccharimonadia do
not possess synthesis of all essential nucleotides, amino
acids, lipids, vitamins, cofactors, or the complete tricar-
boxylic acid (TCA) cycle, which is consistent with the
results obtained previously. Biosynthesis of secondary
metabolites is also barely represented. Although there
are individual variations in the presence of certain
genes, which, nevertheless, do not provide a complete
cycle for the production of compounds.

According to studies some Saccharimonadia
demonstrate the ability to produce rhodopsin (Jaffe et
al., 2022), but in the current samples, the genes respon-
sible for its synthesis are absent. Meanwhile, regions
encoding the production of heliorhodopsin, a new fam-
ily of rhodopsins, are predicted in four genomes (A_9,
A_63, A_68, and I_78). Heliorhodopsin has been recently
discovered, and is still poorly studied (Pushkarev et al.,
2018). At the same time, there is a current assumption
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that the presence of heliorhodopsin is not possible in
organisms with double membranes and requires direct
interaction with the environment for its functioning
(Flores-Uribe et al., 2019).

Saccharimonadia also show differences in the
mechanisms of adaptation to the environment; A_68
contains the maximum set of genes for the synthesis
of bacterioruberin, which is responsible for membrane
adaptation to low temperatures (Flegler and Lipski,
2022). A9, A_68, and P_794 have genes of superox-
ide dismutase. A_63, A_68 and 1.78 have a glutathi-
one-S-transferase gene. Both enzymes are required to
cope with oxygen stress, which is relevant for lakes with
high oxygen content, such as Baikal and Khubsugul
(Scott et al., 1987; Roth et al., 2011).

Being auxotrophs in many categories,
Saccharimonadia require alternative ways to obtain the
compounds necessary for life activity, suggesting their
involvement in symbiotic or parasitic relationships
with other organisms. When such relationships occur,
they are thoroughly regulated through protein secre-
tion; therefore, secretion systems must include mech-
anisms for translocation of secreted proteins (effectors
and toxins) across the host plasma membrane.

The type 2 secretion system (T2SS) is not fully
represented in genomes. The T2SS is Sec-dependent
and includes pseudopiles, outer and inner membrane
complexes (Korotkov et al., 2012; Lomovatskaya and
Romanenko, 2020). Only A9 has one of the three
proteins of the inner membrane platform of the T2SS-
GspF. The remaining Saccharimonadia encode only
GspG, which belongs to the pseudopiles. Furthermore,
none of the outer membrane complex proteins, such as
GspD and GspS, were identified, raising doubts about
the functional ability of the T2SS. At the same time, the
SecA gene (A9, A_63, A_68, and P_794), responsible
for ATP hydrolysis to trigger protein translocation, as
well as SecD-G and SecY genes encoding the complete
membrane complex, are present in almost all genomes
(Schneewind and Missiakas, 2012; Chiriac et al., 2022).
Additionally, A_63, A_68, and P_794 contain the YidC
protein, which mediates the incorporation of Sec pro-
teins into the membrane (Kuhn et al., 2003).

As a plausible mechanism for enabling symbiotic
or parasitic lifestyles, Saccharimonadia may utilize a
type IV protein (T4aP) secretion system that forms a
pili attached to the host outer membrane (Ibrahim et
al., 2021; Hendrickson et al., 2022). Type IV pili are
surface appendages involved in many processes, includ-
ing adhesion to biotic and abiotic surfaces, aggregation,
DNA and phage uptake, specific motility and electron
transfer (Tammam et al.,, 2013; Berry and Pelicic,
2015). Search with MacSyFinder and the TXSScan
model set revealed the diversity of pili in the genomes.
All Saccharimonadia, except for 1.78, contain clusters
of major and minor type IV pili: pilABCDE, piMNO,
pilT, and pilVWX. Another argument in favor of a
Saccharimonadia dependent lifestyle is the presence of
ABC transporters, including those with specific func-
tions, namely transport of ATP, cobalt, iron, and sugar
as well as those with unknown functional properties
(Fujii et al., 2022).
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4. Conclusions

The development of metagenomic analysis tech-
niques has greatly expanded our ability to study uncul-
tured bacteria. Although the completeness and con-
tamination of metagenomic data are limiting factors to
take into account, especially in the functional analysis
of poorly characterized organisms. Nevertheless, even
a first approximation, representing the study of five
metagenomic assemblies, provided previously inac-
cessible information on ultramicrobacteria inhabiting
the unique ecosystems of oligotrophic lakes Baikal and
Khubsugul.

Preliminary taxonomic analysis showed that the
database contains a sufficiently close reference organ-
ism only for one of the studied genomes; for all the
others, the similarity by ANI is very distant. Moreover,
the investigated genomes also do not demonstrate tax-
onomic similarity among themselves, except for A_68
and 178 presumably belonging to the same genus.
Functional comparison also showed differences in
genes. Only 20.8% of them are shared, while P_794
contains 14% of unique genes different from the class
members.

Functional comparison indicates rather extensive,
especially in the context of a small genome, differences
in genome metabolism. Thus, P_794 possesses abilities
to degrade sucrose and starch, and is also suspected to
be a facultative anaerobe capable of oxygen respiration
due to the presence of a complete oxidase complex. At
the same time, all studied Saccharimonadia probably
carry out energy metabolism by glycolysis through a
metabolic loop, involving the de Vries-Stouthamer
hexose monophosphate pathway. The fate of pyruvate
in this pathway remains unknown because enzymes
necessary for fermentation are missing.

Genomes also exhibit different ways of adapta-
tion to the environment and protein secretion systems.
The protein secretion systems, in particular, the wide
representation of genes encoding T4aP, along with the
limited metabolic potential and the presence of ABC
transporters with unknown functions, suggest a symbi-
otic or parasitic lifestyle of the Saccharimonadia. This
is supplemented by the observed coding density, which,
although quite high, is still below the coding densities
expected for free-living microorganisms, where values
> 95% are common (Chiriac et al., 2022). Nevertheless,
although the studied genomes possess incomplete path-
ways for biosynthesis of compounds required for cell
construction and life activity, we cannot exclude the
ability of Saccharimonadia to synthesize them de novo
or obtain them from the environment via unknown
pathways, and that such rationalized genome reduction
did not arise as an adaptation to low or nutrient-limited
environments.
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XapakrepucTtuka 6aKkrepum Knacca
Saccharimonadia B o3epax baMkan
n XyO6Ccyryn: TakcoHoMmHMueckoe U
dyHKuMOHaAbHOE pa3HoOoOGpa3ue

I'yrauk JI.1.1'*, ITotanoB C.A.!, KpacHomneeB A.10.!, Tuxonosa 1.B.!, Bykun }0.C.,
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I TumHostoeuyeckuti uHcmumym Cubupckoeco omdesteHus Poccutickoti Akademuu Hayk, yi1. Yian-bamopckaa, 3, e. Hpkymck,
664033, Poccusa

2 @edepartbHoe 6r00%cemHoe yupescdeHue Hayku «CaHkm-IlemepOypeckutli HaAytHO-UCCIe008aMeTbCKULL UHCMUNY M SNU0eMUoIoeull U
Mukpobuostoeuu um. Ilacmepa», ys1. Mupa, 0. 14, e. Cankm-Ilemep6ype, 197101, Poccus

AHHOTAILIHSL. Y npTpamenkue 6akTepyun TOBCEMECTHO PaclpOCTpaHeHHI B OKpYyXalollleli cpe/ie, 0AHAKO
HEKOTOpOe BpeMs OHU OCTaBajlCh B CTOPOHE OT Hay4yHOro ¢okyca. Cpeau MpUYMH MOXHO BBIAEJIUTH
MX MaJiblii pa3Mep. YJIbTpaMUKpOOaKTEpUU, KOTOPhIE ONPeNesIsIoTCA KaK 0aKTepuu ¢ 00beMOM KJIETKU
MeHee 0,1 MkM3, MOryT MpPOXOAUTH Yepe3 GUWIbTP ¢ pasmepoM mop 0,2 MKM. KpoMe TOro, ecTb psf
CJIOXXHOCTEH, CONMPsXEHHBIX C UX KyJIbTUBHPOBaHKEM, Ha JaHHBII MOMEHT yAaJIoCh MOJIyYUTh YHCTEIE
KyJIbTYpHl, HO, B OCHOBHOM, JOMUHHPYIOIIUX (UIYMOB, pelKue IpeAcTaByIeHbl JUIIb eJUHUYHBIMU
mTaMMaMu. [Ipy 3ToM yJIbTpaMUKpoOaKkTepun 0OHapy’KeHbl B MIPOKOM CIIEKTPe Cpefd, a UX BBICOKOY-
opAAoYeHHbIe, HeOOoJIblIie TeHOMBI 1 yHUKaJIbHbIe 5KO(MHU3M0JIOTNYecKre 0COOEHHOCTH MPUBJIEKAIOT
Bce OoJiblllee BHUMaHUe HccilefoBareseli. Pa3BuTre MeTareHOMUKH N0O3BOJIAE€T YaCTUYHO IIPEOI0JIeTh
6apbep, CBA3aHHBIN C OrpaHUYEHUAMHU B KyJIbTUBHPOBAaHWM, U PaCcCMOTPETh B JaHHOU cTaTbe MeTare-
HOMHBIe COOpKH, [T0JIyYeHHbIe 113 00pa3loB BOAB KPYIIHENIINX OJIUTOoTPpOdHEIX 03ep 3eMiu — Balikana
n Xybcyrysa. B gaHHOM ucciiefJoBaHUM NPOBeeH TaKCOHOMUYECKWH U (PYHKIMOHAJIBHBIN aHaIu3
PEKOHCTPYHPOBAHHBIX FeHOMOB OakTepuil Kjiacca Saccharimonadia (pumym Patescibacteria), koTopbiit
[IpM3BaH PacIIMpUTh HAIllM 3HAHUA O PeAKUX IpeACTaBUTesIAX MUKPOOHBIX COOOIIEeCTB M JOIOJIHUTH
yXKe MMelomuecs ceefieHns nHdopMaleii 06 oouTaTesnsax JpeBHENIINX S3KOCUCTEM.

Kiioueauvie citoga: Saccharimonadia, yiapTpamukpobaktepun, Batikan, Xy6cyrys, MeTareHOMUKa, MeTaboIi3M

Jiia qutupoBanus: I'yrauk 1., [Tortanos C.A., KpacHonees A.10., Tuxonosa U.B., Bykun 10.C., 'magkux A.C., Kitounukosa E.O.,
C6apuases B.A., AcitamoB H.A., Benbix O.1. XapakTtepucrtuka 6aktepuil kiacca Saccharimonadia B o3epax Baiikan u XyGceyryJr:
TakCOHOMUYecKoe U (QYHKIMOHAIbHOEe pasHooOpasue // Limnology and Freshwater Biology. 2024. - Ne 4. - C. 908-924.
DOI: 10.31951/2658-3518-2024-A-4-908

1. BBeAe“"e Ha }I[aHHbeI MOMEHT H€ TaK MHOI'O M3BE€CTHO O

(QYyHKIMOHAIIBHEIX OCOOEHHOCTAX 3TUX OakTepuii, a
TakXXe He CYIeCTBYeT €QUHOI0 MHEHHs O TOM, SIBJIS-
0TCA U Bee npefcrasutenu CPR cumbuoHTaMu, KOTO-
pble ToJIararTcs B CBOEH XKU3HeAesATeJIbHOCTU Ha ApY-
rue 6aKTepyuy, WJIN Xe HeKOTOphble M3 HUX CIIOCOOHBI K
CcBOOOAHOMY CYyIIIeCTBOBaHUIO. 3HAHUA 00 3TOM IpyIlime
O6akTepuil OrpaHUYeHbl B OCHOBHOM T€M, YTO B HACTOsA-
Ilee BpeMs OIMMCAHBI TOJIBKO eJUHUYHBIE CJIy4au KyJib-
tuBupoBaHus Patescibacteria; qaHHspIf ¢pakT 4acTUYHO
0o0ycI0BJIeH HX CHUMOHMOTHYECKOMN/Napa3suTU4ecKomn
npupogoii (Soro et al., 2014; He et al., 2021; Ibrahim
et al., 2021; Yakimov et al., 2022). OgHu 13 HEMHO-
I'MX KyJIbTUBUPOBaHHHIX BUJ0B (Hanpumep, TM7x) (He
et al., 2015) npunamexur kiaccy Saccharimonadia.
[TpencraBuTesu JaHHOTO Kjacca BIepBble ObIM OOHa-

Cynepounym Patescibacteria, Takke M3BECTHBIN
kak Candidate Phyla Radiation (CPR) (Rinke et al.,
2013), corsnacHo 6a3e nanHeix The Genome Taxonomy
Database (GTDB) (Parks et al., 2022), sxiouaetr 30
KJIacCOB, KOTOpBIE cOCTABJIAIT GoJibiie 15% Bcex 6ak-
TepualibHBIX ¢riyMoB (Brown et al.,, 2015; Fujii et
al., 2022). Patescibacteria o6uTalT B caMbIX pa3HOO-
Opa3HBIX cpefjax: OCAAKU BOJOHOCHBIX TOPM3OHTOB U
BOJIOEMBI, BOJOOYMCTHBIE COOPYKEHMA, aKTUBHBIN WJI,
30JI0ThIe TIPUMCKH, MOJIAPHBIE TIOYBBI W MOYBHI TPOIU-
YeCKUX JIeCOB, CJIIOHA YeJIoBeKa, B acCOoLHAlUu C ry6-
KaM¥ ¥ TapakaHaMu, 1, 60Jiee TOro, BO MHOTUX U3 HUX
oHU AoMUHUPYIOT (Brown et al., 2015; Hug et al., 2016;
Fujii et al., 2022).
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PYXeHBl IIPU aHa/JIM3e YaCTUYHBIX I10OCJIeI0BaTEeJIbHO-
creii 16S pIHK muxpo6HBIX co00IecTB TOpHIHOTO
6oJiota B 'epmanum (Rheims et al., 1996), u apasw0TcA
OJHUMH U3 CaMBIX M3BeCTHHIX. VIHTepec K U3y4YeHUI0
Saccharimonadia Bo MHOroM BEI3BaH UX IpejoJiarae-
MOMU pOJIbIO0 B pa3BUTUM 3a00JIeBaHUH MoJiocTu pra. Te
Saccharimonadia, koTOpsle yaasoch KyJIbTUBHPOBATh
B JIaGOpaTOPHBIX YCJIOBUAX, OJHO3HAYHO I€MOHCTPU-
poBaJIM CUMOMOTUYECKYIO CBA3b C aKTMHOOAKTEpUAMH,
cxoxas KapTuHa HabJsrofanach M A APYrUX HeMHO-
ro4ucjIeHHBIX KyJbTuBUpoBaHHBIX CPR. U neficTBu-
TeJIbHO, u3BecTHhIe Patescibacteria o6bpIYHO 00JiamaioT
HeboJsbmiM pa3MepoM reHoma (o 1,0 M6) (Lemos et
al., 2019; Nakai, 2020) 1 HEMOJHBIMH MyTAMHU OHO-
cunre3a (Castelle et al., 2018), coueTaHue 3THX Xapak-
TEPUCTUK YKa3blBaeT Ha aCCOLMMPOBAHHBIN C XO3AU-
HOM, CUMOMOTHUYECKHUI MJIM Napa3uThuecKuil oOpasbl
KU3HU.

OJ1HaKO yHUKaJIbHBIE yCJIOBUA OOUTAHUSA B KPYII-
HBIX TJIyDOKOBOJHBIX OJINTOTPOGHBIX 03epax, KaKo-
BHIMU ABJIAIOTCSA Batikan u Xy6cyryJsi, MOTYT SIBJIATHCA
MPUYMHON YMeHbIIeH!sA pa3MepoB IeHOMOB U OTpa-
XaThcs B GYHKIIMOHATIBHBIX 0COOEHHOCTSAX. DTU 9KOCH-
CTEMBI TaKXe NPeACTaBJIAIT UHTEPEC ¢ TOYKU 3PeHUs
3BOJIIOIMM OakTepuil, NpUHUMAas BO BHUMAaHUSA OpeB-
HOCTh U OOIIHOCTh IPOUCXOXIEHUA ABYX TEeKTOHUYe-
ckux o3ep Batikanbckoi pudToBoii 30HE. KpoMe Toro,
obpazusl u3 03. balikan oTobpaHbl Ha pa3HBIX IITyOU-
Hax: B BePXHUX CJIOAX BOJHI, T.e. B (HOTHUECKOM cJioe
(mo 25 M) u Ha raybuHax 1250-1350 M, 4yTO Takxe
MOTEeHIIUAaJIbHO BJMsAET Ha MeTabosu3M OGakTepuil.
TakyuM o6pa3oM, Iiesiblo paboTHl ABJISIETCA U3yueHHe U
cpaBHeHUe GYHKIIMOHAJIBHBEIX 0cOOeHHOCTeH 1 obpasa
xu3HU Saccharimonadia, mosy4yeHHBIX 13 P06 BOBL
Baiikana u Xybcyryya, ¢ IIOMOLIbI0 MeTareHOMHBIX
cOOPOK U PeKOHCTPYKIUY TeHOMOB.

2. MaTepuanbl U MEeTOADI

[TpoGul Boxel oToOpaHBl B 03. balikan Ha LeH-
TpaJIbHOH cTaHUUM B mpoJyuBe Majoe Mope, Ha 1eH-
TpaJIbHBIX CTAHIMAX pa3pe3oB Moc. JIMCTBAHKA — MOC.
Tanxom, Mbic YxaH — Mmbic ToHKUH, Mbic ETOXHUH — moc.
JlaBma, B 7 KM 4 B 3 KM OT Moc. JINCTBAHKA, B 3 KM OT
noc. Typka, B 3 kM ot Mbica EjloxvH B MapTe-ceHTs-
6pe 2018-2022 rr. B nepuobl OTKPHITOM BOJBI OTOOP
npo6 mpoBoAuIM Ha riaybunax 0, 5, 10, 15, 20, 25, 50
M, UCIOJIB3ysA cucteMy 6atomeTpoB SBE-32 (Carousel
Water Sampler, Sea Bird Electronics Inc., CIIIA). B moz-

Ta6suna 1. Ycaosus or6opa npob U NCTOUYHUKN JAaHHBIX

JNEQHBIN nepuo[ Mpobbl 0TOMpaIN CO JbJA C TOMOIIbIO
6atoMmeTpoB Huckuna. B o3. Xyb6eyryn (MoHrosus)
oTOOp Mpo6 BOJIBI MPOU3BEeAEH B 3 KM OT moc. XaHXa B
okTsa6pe 2023 1. IIpo6wl oTOOpaHs! Ha riybuHax 0, 10,
25, 40, 50 u 70 m 6aTOMETPOM C JIOJIKHU.

[Ipo6sl BoABI mOCJeAOBaTeIbHO (UIbTPOBAIIN
yepe3 MoJMKapOoHaTHble GUIBTPH C AUAMETPOM IIOp
0,4 u 0,2 mxm (Millipore, CIIIA) ais yaajieHUs Kpyn-
HbIX GOpM IUTaHKTOHA. DUIIbTpPaThl KOHLIEHTPHPOBAJIU
C TIOMOIUIBI0 CHUCTEMHBI YJIbTpadWiIbTpalid B TaHTeH-
nuagpHoM mortoke VivaFlow 200 (Sartorius, ®PI') mo
KOHeyHOro oobema ~20 mi. Jlanee oOpaslipl KOHIIEH-
TpupoBasiM, npumeHsasa Vivaspin Turbo 15 (50 x[a,
Sartorius, ®PI') no o6bema ~100 MKJI.

JHK sxcTparuposaiy cTaHAapTHBIM QeHOoJI-XJI0-
podpopmubM MetomoMm. JHK 6ubiuoTexky, BKJIIOYa-
oumue A 63, A_68, A9 cekBeHUPOBAIU C HCHOJIB30-
BaHueM Itardopmel Illumina MiSeq, MeTareHOMHBIE
JaHHBle pa3MellleHbl B Ouomnpoekre PRINA1006167.
CexBenupoBanue JHK na 178 npoucxoansio Ha miat-
¢popme DNBSEQ-G50 (MGISEQ-200).

Kpome Toro, 6wy ucrnoJib3oBaHbl 8 HabOpPOB
HeoOpaboTaHHBIX MeTareHOMHBIX MPOYTEHUH, TMOJIy-
YeHHBIX ¢ IOMOIIbI0 Shotgun-ceKBeHPOBAaHUS U pas-
MeIlleHHBIX [JIA IyOJIMYHOIO [OCTyna B OHOIpOeK-
tax (PRINA396997, PRINA521725, PRINA615165).
MarepuasioM A1 CeKBEHUPOBAaHUA MOCJIY>XXUJIU IPOOHI
BObI 03. Batikan, B3sAThie jgetoM 12-13 miosiss 2018 1. B
8 kM ot noc. JluctesaHka Ha 4 riyounax (5, 20, 1250 u
1350 M), a Takxe 3UMHUE NPOOHI BOABI, OTOOpaHHBIE C
riyouH 5 u 20 M — 14 mapra 2016 r., u c riry6us 1250
1 1350 m — 29 mapta 2018 r. B 7 kM OT noc. JIucTBsAHKa
(Cabello-Yeves et al., 2018; Cabello-Yeves et al., 2020;
Coutinho et al., 2020). Uudopmalya o COOTBETCTBUU
HaVMeHOBaHUN peKOHCTPYHMPOBaHHBEIX TI'€HOMOB U
MaTepuasoB, MOCIYXUBIINX OCHOBOM I UX COOPOK,
npepacrasiseHa B Tabiure 1.

[Iporiecc pekOHCTpyKIMU reHOMOB A_63, A_68,
A_9 BxJII0YaJI OLIEHKY KayecTBa MeTareHOMHOI'O CeKBe-
HUPOBaHUsA C MOMOIIpI0 mporpammbel MultiQC v. 1.12
(Ewels et al., 2016), ynajieHre agantepoB C MOMOIIBIO
nporpaMmsl Trim Galore v. 0.6.5 (Krueger et al., 2023),
cOOpKY pUIOB B KOHTUTH C moMotibio SPAdes v. 3.15.5
(Bankevich et al., 2012) u BrIpaBHMBaHHE PHIOB Ha
KoHTUTH TocpesicteoM BWA v. 0.7.17 (Li and Durbin,
2010) u nakera SAMtools v. 1.18 (Danecek et al., 2021).
MeTareHOMHBI!I OMHHUHI U BblJieJIeHHE€ I'eHOMOB U3
cO60pKU IIpOBefieHkl C UCII0Ib30BaHNeM IIPOrpaMMHOI0
naketa MetaWRAP v. 1.3 (Uritskiy et al., 2018).

PRJNA396997, PRINA521725,
PRINA615165
(Cabello-Yeves et al., 2018;
Cabello-Yeves et al., 2020;
Coutinho et al., 2020)

P_794 A 63 | A _68 A9 178
Bonmoem Batikan Batikan Xybeyry
I'yOuHEL, M 5, 10, 1250, 1350 0, 5, 10, 15, 20, 25, 50 0, 10, 25, 40, 50, 70
Iepuon Hronb-Mapr, 2016-2018 Mapt-CeHTA6pB, OxTs6pb, 2023
2018-2022
W cTOoYHUK [Ty6uyHbBle JaHHbIE: CobcTBeHHBIe JaHHBIE: CobcTBeHHBIe JTaHHbIE

PRIJNA1006167
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[MoaroroBka mNpodYTeHUU [ COOPOK, OTHO-
camuxesa K P_794 u 1.78, cocrosia U3 OlLleHKU Kaue-
cTBa cekBeHHpoBaHus mporpammoii FastQC v. 0.12.1
(Andrews et al., 2010), ynajeHus aganTepoB U KOPOT-
kux pugoB (MeHbile 141 ocHoBaHuii aasa P_794 u 90
s 1_.78) c npumenenneM Trimommatic v. 0.39 (Bolger
et al.,, 2014) u ouncTtku OT 3ykapuoruyeckonn JHK
nporpaMMHbIM kKomruiekcoM Kraken 2 v. 2.1.3 (Wood
et al., 2019; Lu et al., 2022). disa c60pKHA KOHTUIOB,
comepxamux P_794, co3naHa BHellHsAsA cOopka MyTeM
CJIUSAAHUA NPOUYTEHNI COOTBETCTBYIOIEro HalpaBjieHNuA
u3 8 06pa3noB, OTIMYAIONIMXCA N0 TJIyOMHE U Ce30HY,
B UTOre MOJIyyeH OAWH 0ObedUHEHHBII Habop mnap-
HBIX NPOYTEHUN, KOTOpHIe 3aTeM coOpaHbl accembiie-
pom MEGAHIT (Li et al., 2015). Jna BHemHeH cO0pKU
Mpou3BeleHO BhIpaBHUBaHME PUAOB Ha KOHTUTHU IpPU
momoinu Bowtie 2 v. 2.5.4 (Langmead et al., 2019)
u makera Samtools v. 1.20 (Danecek et al., 2021).
OCHOBBIBasiCh Ha MOJIyYeHHOH CTaTHUCTKE IO MOKPBHI-
TUIO, OCyIeCcTBJIeHb (PUJIbTpalusa U yAajieHue KOpOT-
KHUX U KOHTUTOB C HU3KUM IOKPHITHEM C IOMOIIBIO
ckpunta R. ®uHanpHble cOOPKU KOHTUTOB [ BblJe-
JieHUs1 TeHoOMOB P_794 u 178 BbINOJIHEHBHI C HCIOJIb-
30BaHHMEM KoHBellepa SqueezeMeta (Tamames and
Puente-Sanchez, 2019), misa P_794 npuMeHsICS PeXUM
coassembly c BKJIIoOUeHHEM Bcex 8 HAGOPOB MPOYTEHUI
U BHeIIHeH c6opkHy, a Ay 1_78 — sequential. B kauecTBe
accembJiepa 1A P_794 ucnonbzoBaHn MEGAHIT (Li et
al., 2015), a gnsa 1.78 — SPAdes v. 3.15.5 (Bankevich
et al., 2012). BUHHUHT MPOBEJIEH C KCIOJIb30BAaHUEM
CONCOT v. 1.1.0 (Alneberg et al., 2014), MaxBin v.
2.2.7 (Wu et al., 2016) u MetaBAT2 v. 2.12.1 (Kang,

2015). UuTerpaiius pe3yJibTaTOB OMHHUHIA OCYIIECT-
ByieHa B DAS Tool v. 1.1.7 (Sieber, 2018).

[loHOTAa ¥ 3aBepIIEeHHOCTb OKOHYATEJIbHBIX
reHoMoB oreHeHa npu nomomu CheckM2 v. 1.0.2
(Chklovski et al., 2023). OTKpBITbIE paMKH CYUTHIBA-
HuA (open reading frame, ORF) omnpenessiiv, UCIOJTb-
3ya Prodigal v.2.6.3 (Hyatt et al., 2010). AHHOTauuA
reHOB OCYIIeCTBJIeHa ¢ mpuMeHeHueM Bakta v.1.9.2
(Schwengers et al., 2021), c HacTpoiikaMu IO yMOJTYa-
Huw. AuHortanuiw KEGG u npucBoeHue HOMepoB KO
6enkam nmpoBoamiiu cepBrucoM KofamKOALA (Aramaki
et al., 2020). F'eHOMBI TaKCOHOMHYECKHU KJIACCUDUIIN-
pOBaHBl C WHCHOJIb30BaHUEM Habopa HHCTPYMEHTOB
6as3bl JaHHBIX TakcoHoMmuu redoma (GTDB-TK) v. 2.4.0
(Chaumeil et al., 2020). MacSyFinder v. 2.1.4 (Néron
et al.,, 2023) u momenu TXSScan v. 1.1.3 (Abby et
al., 2016) mpuMeHsIN [JIs MOWCKA CUCTEM CEKpElru
6eJIKOB.

3. Pe3yAabTathbl M 06Ccy)xpeHue
3.1. OnucaHue reHOMOB U
TaKCOHOMMUYECKanA Karaccupukaumuna

Ha ocHoBe Tpex HabOpoOB MeTareHOMHBIX JaH-
HBIX coOpaHO mATh reHoMoB Saccharimonadia. Bce
OHU JEeMOHCTPUPYIOT [OCTAaTOYHO BBICOKUI ypOBEHb
MOJIHOTHL cOopku 84,9-97,6% ¢ KOHTaMUHAI[UEeN HUXe
2,6%, 3a uckiIw4YeHUeM reHoma [ 78, rme oHa cocra-
Buna 7,0% (Tabnuua 2). II70THOCTH KOAUPOBaHUA
(menuana 90,5%; auanasoH 89,6%-91,8%) u conepxa-
Hue GC (Meauana 42,2%; quana3oH 40,7-45,0%) y HUX
COOTBETCTBYIOT CBOOOAHOXUBYIIUM OpraHu3Mam WJId

Ta6smna 2. OnucaHue ¥ TAKCOHOMUYeCcKas IPUHAIJIEXHOCTh PEKOHCTPYHPOBAHHBIX TEHOMOB

| P_794 A 63 | A _68 A9 178
OnurcaHue
Pa3mep, H.II. 984 478 655 626 594 118 612 023 718 727
[MonHOTA, % 91.6 97.6 91.2 84.9 93.9
Kontamuuanus, % 2.08 - 0.29 2.56 7.00
r+1,% 45.0 41.3 42.3 40.7 42.2
Kourur N50, H.1I. 10 865 57 148 35 054 12 346 3970
[I710THOCTD 89.6 90.7 89.6 91.8 90.5
KoaupoBaHus, %
Kos-Bo CDS 1016 686 594 645 675
TakcoHoMUA
ITapcTBO Bacteria Bacteria Bacteria Bacteria Bacteria
OUIyM Patescibacteria Patescibacteria Patescibacteria Patescibacteria Patescibacteria
Kiacc Saccharimonadia | Saccharimonadia Saccharimonadia Saccharimonadia | Saccharimonadia
IMopsanox Saccharimonadales CAILADO1 CAILADO1 Saccharimonadales CAILADO1
CeMelicTBO UBA1547 A BJGX01 CAILADO1 AWTP1-31 CAILADO1
Pon 2011-GWC2-44-17 CALRAYO1 CAILADO1 CAJAXBO01 CAILADO1
Bun - CALRAYO01 - - -
Brvkaiimuii reHoM | GCA_016199685.1 | GCA_943353705.1 | GCA_013816445.1 | GCA_943353855.1 | GCA_903832035.1
ANI na 78.94 97.66 78.36 92.13 77.02
OIrKaIero
reHoma, %
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(dakysIbTaTUBHBIM BHYTPUKJIETOUYHBIM WJIM BHEKJIETOY-
HBIM cuMbuoHTaM/mapasutaMm (Chiriac et al., 2022).

U3 nccienyeMblx reHOMOB P_794 npepncrasiser
€060l caMblii KPYIIHBIN M'eHOM C MaKCHMMaJIbHBIM YHC-
aom CDS (1074) u gocTaToyHO OOUIUPHBIM AJIA Mpea-
cTraBuTesia Kiacca HabopoMm (@yHkiui. I[Ipu sToM,
COTJIACHO IMOMCKY IO TaKCOHOMMYeCcKOoH 0Oa3e JaHHBIX
GTDB, onpefenuTh ero NpUHAAJIEKHOCTb BO3MOXHO
TOJIBKO [0 pOJa, IpHU4YeM CXOACTBO C OJIMXailInuM
pedepeHcHBIM opraHusMoM 1o ANI cocTaBsifeT Bcero
78,9%. 93% TPM (transcripts per kilobase million,
YNCJIO IPOYTEeHUI, HOPMaJIM30BaHHbBIX Ha JJIMHY KaX-
J0ro IpOYTeHM:dA, YMHOXEHHOe Ha MWJUIMOH), IpH-
HaJIeXxalyx 3ToMy OHHY, COOTBETCTBYeT HIOJIbCKUM
obpaznam Bofsl batikana c riyoun 1250 u 1350 m.

l'enombl A_63, A_68 n A_9 Takxe MOJyuYeHBl U3
falikaabCKUX MpoO € TNOBEPXHOCTHBIX T'OPHU30HTOB.
Pazmep ux re’HomoB, kak u uucjio CDS, mpumepHO
oaHoro mnopsaaka. TakcoHoMmuyeckoe omnpefesieHHUE C
nomoipio GTDB no3Bosiniao 06HapyXUTh JOCTaTOYHO
6u3koe cxoncto mo ANI s A_63 u A_9, onpefeus
PO BceX reHOMOB, a B ciIydae ¢ A_63 u BUA.

1.78 — renomM, coOpaHHBINI M3 JaHHBIX CEeKBEHU-
pOBaHNA IOBEPXHOCTHHIX ITpo0 BoAbl 03. XyOcyryi. OH
BTOpOI II0 BeJINUMHE U3 NpeJicTaBJIeHHBIX B paboTe U
HauboJiee KOHTaMUHHpOBaH. [Ipn 3TOM KOJIMYeCTBO
CDS y Hero coctasiiseT 675. UIHTepecHO, 4TO COrJIacHO
TaKCOHOMUYECKOMY aHaiau3y, Haubosiee OJIU3KUMU
NpUHaAJIeXalMi OOHOMY pOAYy IO IIpeBapUTeJIb-
HoOI Kyaccudwmkanmu, okazanuch Saccharimonadia u3
MOBEePXHOCTHBIX 00pa3noB Baiikasia A_68 u XyOcyrysa
1.78.

CoBnageHus A0 BUJA C MOMOUIBIO Kilaccudpuka-
uuu GTDB BwIsABJIEHO TOJIBKO AJ1s1 A_63. J[Ba reHOMa
P_794 u A_9 npunaanexar nopsaaxky Saccharimonadales
U HeKyJIbTUBUPDYEeMBIM ceMelicTBaM U pojaaM. A_63,
A_68 1 1_78 Ha Bcex ypOBHAX OTHECEHHI K HEKYJIbTUBU-
PyEeMBIM NpeACTaBUTEJIAM.

3.2. AHHOTauMA U QYHKUHOHANAbHBIN
aHaAM3 reHOMOB

CpaBHeHNe aHHOTUPOBAHHBIX TeHOMOB I10 QYyHK-
LMOHaJIbHBIM opTosioraMm Oa3bl maHHBIX KEGG moka-
3aJ10, YTO YHCJIO OOLMX reHoB cocTtasseT 20,8% (Puc.
1). TIpu sToMm HauboJiee YHUKAJIbHBIM I AAaHHOU
BeIOOpKU HabopoM reHoB obsazaet P_794, y kotoporo
14,0% npenckazaHHBIX T€HOB He COBIAAalT C reHaMu
JApYyTrux paccMaTpHBaeMBbIX TeHOMOB.

OyHKIMOHAJIBHBIN aHaJIU3 YCTaHOBUJI HauboJiee
BEpOATHYIO OOIIyI0 AJIA BCceX reHOMOB CXeMy IoJjIyue-
HUA cBoOOAHOM 3Hepruu B popMme AT® — kaTabosIru3M
yIJIeBoJioB ¢ oOpa3zoBaHueM NupyBarTa. [IprueM B maH-
HOM cJiyyae oOpa3oBaHUe NUpyBaTa HUIeT 10 I'eKCo30-
MoHodochaTtHOMy nyTu Ae dpusa-Crayramepa Wiu
oudugo-myaty (Pinevich, 2007). Tak, y Bcex reHOMOB
IIPUCYTCTBYeT IMpakTH4YecKUu Becb Habop (epMeHTOB
Heo0XOAMMBIX AJIA ero peajausanuu: Gppykrozobducdoc-
darT-anpaosaza, TpaHcasJbAoJIa3a M TpaHCKeTOoJsasa.
[TpuMeuaTesbHO, YTO U B OTCYTCTBUM (PepMEHTOB NpO-
cJlexuBaeTcs eluHas cTparervs. ['eHbl, oTBevaomye
3a BIpaboTKy ¢ocdoriuiepoMyTasbl, y4acTBYIOIIEN B
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A9

A 63
A 68
178

P 794

3.6%

4.5%
2.0%

20.8%

14.0% 2.5%

Puc.1. [luarpamma BeHHa, JeMOHCTpUpyOlias Iiepece-
YeHUs B cocTaBe reHoB Saccharimonadia, aHHOTHPOBaHHBIX €
nomobio 6a3el JanHbeX KEGG Orthology

peaknuu npespaienus 3-pocdorauiepara B 2-pocdo-
ryaurepar 1 HeoOXOQUMOU [J1sA AajibHewiero ob6paso-
BaHUA NUPyBaTa, OTCYTCTBYIOT Y BCeX HcCCJIeAyeMbIX B
pabore Saccharimonadia.

Ve Ha sTane aHauu3a GyHKIHOHAJIbHBIX KaTe-
ropuii (Puc. 2) MOXHO OTMETUTb OTJIMYUTEIHHYIO
yepTy P_794, a, UMeHHO, IPUCYTCTBUE KJIacTepa reHoB,
OTBeYalol[MX 3a pacliensieHre OJIMIo- U IoJiucaxapu-
JI0B caxapo3bl 1 KpaxMasia 10 D-Ty10ko3bl, B 4aCTHOCTH,
3a cueT NPOAYKIMHU O-TJIIOKO3MJa3bl, ajibda-aMuiasH,
MaJibTa3bl-TJII0KOAMWIassl U T.. BTOpEIM reHOMOM IO
KOJINYeCTBY IpeJiCKa3aHHBIX T'€HOB, 3a/1eliCTBOBAHHBIX
B yrJieBOOHOM oOMeHe, aBideTrca A_63. OgHako, A
Hero rekco3oMoHodocdaTHBIN yTh HAYMHAETCS C pac-
HienJIeHus TJII0KO3BI-6-pocdaTr ninm GpyKTO3bI-6-d0cC-
dat. ¥ ocraspHBIX paccMaTpHUBaeMbIX FeHOMOB (yHK-
I[OHAJIBHBIN HAOOP yTJIeBOJHOTO 0OMeHa ellje MeHbIIIe,
A9, A_68, 1.78 crioco6HBI TOJIBKO K Ipeobpa3oBaHUI0
dpykro3n-6-dpocdar.

BaxHOo oTMeTuTb, YTO Yy BCeX U3yYaeMbIX
Saccharimonadia oTcyTcTByeT OpoXeHHe, MpoLuecc
obprIBaeTcs Ha 06pa3oBaHUU NMUPYyBaTa U OJHON MoJie-
KyJibl AT® Ha MoJeKyJly OKHCJIEHHOH reKco3bl. OGBIYHO
YpyBarT, ABJIAIONUICA BaXXHEUIINM NPOMeXYTOYHBIM
IIPOAYKTOM OpOXXeHUs, OABEPraeTcsA OKUCIUTEIbHOMY
KapOOKCUIIMPOBAHUIO 110 OAHOMY U3 4 myTeli. B ciyuae
€ U3yvyaeMbIMH reHOMamu, HeoOXOquMble s Gpoxe-
HUA (PepMeHTHl OTCYTCTBYIOT Y BceX, KpoMe A _63. [{na
3TOro OpraHu3Ma IpeAcKa3aHO HajJIuuue JIaKTaTAeru-
JlporeHasbl, KOTOpas II03BOJIfAeT OCYIIeCTBJIATh MOJIOY-
HOKHCJIOe OpoxeHue Ha OCHOBe IHpyBaTa, 4TO, TeM
He MeHee, He HaXOAUT NOATBEpXJeHUe B aHHOTaIuu
¢ nomompio KEGG. Kpome Toro, aisa ocymecTBIeHUA
Jpyrux TUIOB OpoXeHUs HeoOXOAMMO ydacThe BUTa-
MHHOB, IPOAYKIMS KOTOPHIX OTCYTCTBYeT y BCeX IIATU
MHKPOOpPraHusMoB. BmecTe c Tem, Takasd NpakTHUKa
MIMPOKO paclpocTpaHeHa B coo0llecTBax MHUKPOOpPTra-
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HU3MOB, KOTJla CYyIIeCTBYIOT OCHOBHBIE IPOJYLIEHTHI,
obecneunBaonyie MOTPeOHOCTh APYyrux OakTepuil B
He3aMeHHMBIX JJId peakiuil MeTabon3Ma BUTaMUHAaX.

Eme ogHol oTMuMTeIbHOM YepToil P_794 aBins-
eTcd yBeJIMYeHHOe II0 CPaBHEHWUIO C JPYyTMMHU YHCJIO
TeHOB, 3aJleICTBOBAaHHBIX B OKHUCJIUTEJIBHOM (¢ocdo-
puiupoBaHuu. Tak, y Hero HaliileH MOJIHBIM OKCH-
Ja3HbIil KOMILJIEKC, COCTOSMMUN U3 NATU CyObeqUHUI]
(CyoA, CyoB, CyoC, CyoD, CyoE), npencraBJisaiomuii
co60i1 a3poOHYI0 ABIXaTeJIbHYI0 Iellb, pearupymollyo
C KHUCJIOpPOAOM, BOCCTaHABJIMBasA €ro J0 BOABL C OAHO-
BpeMeHHBIM [IepeHOCOM 4 IIPOTOHOB uYepe3 MeMOpaHy
(Chepuri et al., 1990). CiocoGHOCTH K ABIXaHUIO TO/I-
TBepxaaeTcsa U HajmuueM ¢pepmeHTa FAD-3aBuCMMOI
OKcHopenyKTas3el. 'eHOM A_9 TakXe CONEpXUT I'eHH,
BXOJAIME B COCTaB KOMILIEKCOB (POTOCHHTE3a 1 OKHC-
JuTesibHOro ¢pochopuInpoBaHusa, HO Bce OHU CBA3aHBI
¢ AT®dazoii F-tuma — MHOrocy0beqUHUYHBIM (ep-
MEHTHBIM KOMILJIEKCOM, POJIb KOTOPOro H3MeHsAeTcA
B a3pOOHBIX M aHa’pOOHBIX ycmoBuax (Walker, 2013).
B anHaspoOHBIX yCJIOBUAX (epMeHThl OCYILIeCTBJIAIOT
0o0paTHYI0 peakl[di0 U IeHepHUpyHT IPOTOHHYIO IBU-
JKYLIYI0 CHJIY, UCIOJIb3Ys SHEprulo, BEICBOOOXAaeMylo
npu rugpoanse AT® (Walker and Dickson, 2006).

B nesioMm, nsyuyaemele Saccharimonadia He o6sa-
JaloT CHUHTEe30M BceX HeOOXOAMMBIX HYyKJIEOTUOB,
aMHHOKUCJIOT, JINIUAOB, BUTAMUHOB, KOQAaKTOPOB WU
MOJIHBIM LIUKJIOM Tpukap6oHoBhIX kuciyor (TKK), uto
COOTBETCTBYeT pe3yJibTaTaM, IIOJy4eHHBIM B paHee
ONyOJMKOBaHHBIX paboTax. BHocuHTEe3 BTOPUYHBIX
MeTaboJIMTOB Takke MPAaKTUYeCKW He IpeJCcTaBJIeH,
XOTS U CyLIecTBYIOT MHAUBHUAyaJIbHbBIE OCOOEHHOCTHU B
HaJIM4YMU TeX WM MHBIX TeHOB, KOTOpBle TeM He MeHee
He o0ecneyyBalT I[IOJIHOTO LMKJIAa TNPOU3BOACTBA
Bell[eCTB.

CorjacHO ucCCIe€JOBaHUAM, Y  HEKOTOPBIX
Saccharimonadia o6HapyxeHa crmOCOGHOCTh K MPOAYK-
nuu pogoncuHa (Jaffe et al., 2022), oqHaKO B TEKYIINX
oOpasiax reHbl, OTBevalolllle 3a €ro CHUHTe3, OTCYyT-
ctBytoT. Ilpu 3TomM y dYeThipex reHoMmoB (A9, A_63,
A_68, 1_.78) npexncka3aHsl 00J1aCcTH, KOAUPYIOL[UE BBIpa-
60TKy reJIJMOpOAOIICHHA — HOBOI'O ceMelCTBa pOAOICH-
HOB. 'eTMOPOAONCHH OTKPHIT COBCEM HeAaBHO, B 2018
roay, u eme ciabo usydeH (Pushkarev et al.,, 2018).
BmecTe ¢ TeM Ha JaHHBIM MOMEHT CyIIeCTBYeT pero-
JI0XeHue, YTO Hajliuyue reJJMopoAoNChHa HEBO3MOXHO
Yy OPraHU3MOB C JBOMHOI MeMOpaHoi U 115 ero GyHK-
LMOHUPOBaHUA HEOOXOAMMO IIpsAMOe B3aUMOJelicTBIe
¢ okpyxartoieii cpenoii (Flores-Uribe et al., 2019).

Saccharimonadia geMOHCTPUPYIOT OTJINYMA U B
MexXaHU3Max ajjanTalur K oKpyxamwlileil cpede, A_68
obJylagaeT MyCcThb W He IOJHBIM, HO MaKCHMaJIbHBEIM
cpequ paccMmaTtpuBaeMbix Saccharimonadia wHaGopom
reHOoB JJiA cuHTe3a OakTepuopybeprHa, OTBeyalouero
3a aganranuio MeMOpaH K HM3KHMM TeMIlepaTypam
(Flegler and Lipski, 2022). A9, A_68 u P_794 conep-
’KaT reHBl cynepoxcuaaucmyTasbel. ¥ A_63, A 68 u
.78 ob6HapyxeHa rJjiyTaTUOH-S-TpaHchepaza. Oba
dpepMeHTa HEOOXOAUMEI 1711 GOPBOBI C KHCJIOPOJHBIM
CTPeccoM, YTO aKTyaJIbHO JIJIA 03ep C BBICOKHM COAep-
’)kaHWeM KHCJIoOpoAa, Takux kak batikan m XyOcyryn
(Scott et al., 1987; Roth et al., 2011).

921

Byayuu aykcoTpodamu 110 MHOTUM KaTeropusM,
Saccharimonadia HyXaaTcA B aJIbTepHATUBHBIX MY TAX
[IOJIydyeHHUs] HeOoOXOAWMBIX [JIS JKU3He[eATeJbHOCTHU
COeMHEHMI, YTO II03BOJIAET MPEeAIIOJIOXUTh UX BOB-
JIeUeHHOCTh B CMMOMOTHYECKOe WJIU Napa3suThdecKue
OTHOILIEHU:A C APYTMMU opraHusmamMu. [Ipy BO3HUKHO-
BEHMHM TaKOT0 poja CBA3el MPOUCXOAUT TIlaTesbHAasA
UX peryJAlrsa IOCPelCTBOM ceKpeluu OesKOB, Tak,
CHCTEMBl CeKpeluy MAOJDKHBI BKJIIOYaTh MeXaHW3MBI
JUIA TPaHCJIOKALlUM ceKpeThpyeMbIXx OesikoB (addek-
TOPOB ¥ TOKCHMHOB) Yepe3 IIJIa3MaTU4YecKyo MeMOpaHy
X03sAMHa.

Cucrema cekpeliuu Broporo tuna (T2SS) npen-
CcTaBJieHa B reHoMmax HenosiHo. T2SS saBiysercs Sec-
3aBHCHUMOI U BKJII0OYaeT B ceOs: IICeBIONNIIN, BHEIIIHUN
1 BHyTpeHHHUIl MeMOpaHHBle KoMmiutekchl (Korotkov
et al.,, 2012; Lomovatskaya and Romanenko, 2020).
Jlume y A_9 obOHapyxeH OoAWH U3 Tpex OeJKOB BHY-
TpeHHell MewmOpaHHOU miardopmbel T2SS — GspF.
Octasnphbie Saccharimonadia kogupyoT TopKO GSpG,
OTHOcAMelcA K nceBgonuiAaM. Kpome Toro, He OBLI
omnpejesieH HA OAWH U3 0OeJIKOB KOMIUIeKca BHeIIHeN
MeMOpaHbl, Takux Kak GspD u GspS, 4TO CTaBUT NOA
COMHeHNe (QYHKUMOHAJIbHYI crnocoOHocTh T2SS. TIpu
3TOM IIOYTHU Y BCeX MIPUCYTCTBYIOT reH SecA (A_9, A_63,
A_68 u P_794), oTBeTcTBeHHHIH 3a runposu3 ATD giia
3arycka TpaHcJIoKanuu 6eJikoB, a Takxke SecD-G u SecY
reHbl, KOAUPYIOIKe MOJIHbIE MeMOpaHHBIN KOMILIEKC
(Schneewind and Missiakas, 2012; Chiriac et al., 2022).
Kpowme Toro, A_63, A_68 u P_794 conepxat 6esok YidC,
ONoCpeayI1il BCTpauBaHue B MeMOpaHy 6eJikoB Sec
(Kuhn et al., 2003).

B kauecTBe BepoATHOro MexaHHU3Ma [Jig obe-
creyeHus CHUMOMOTHMYECKOrO0 WM Mapa3uTU4YecKoro
obpasa xwu3HM Saccharimonadia moryr wucnoJib30-
BaTh cucreMmy cekpeliuu OenkoB IV Tuma (T4aP), Ha
OCHOBE KOTOPHIX (GOPMHUPYIOTCA NHUJIH, MPUKPEIJIAI0-
myecs K BHelTHell MemOpaHe xo3sauHa (Ibrahim et al.,
2021; Hendrickson et al., 2022). ITunu tuna IV — 310
[IOBEPXHOCTHble NMPUAATKY, y4YacTBYIOIIe BO MHOI'MX
Ipolieccax, BKJII0Yas aAre3uio K O6MOTUYECKUM U abuo-
TUYEeCKUM I[IOBEpXHOCTAM, arperaiuio, IOTJIOIIeHue
AHK u ¢aros, cnenudpryHyo NOABUXKHOCTD U IIepeHOC
asekTpoHoB (Tammam et al., 2013; Berry and Pelicic,
2015). Tlouck c momompio MacSyFinder u Habopa
mopesieti TXSScan mokazasi pasHooOpas3ue mnujeil B
paccMaTprBaeMbix reHoMmax. Bece Saccharimonadia, 3a
uckaodeHueM 1 78, copepxanu kaacTepbl MakOPHBIX
Y MUHOpHBIX nuiteit IV tuma: pilABCDE, piMNO, pilT
u pilVWX. Eme ogHUM aprymMeHTOM B IOJIb3y 3aBU-
cuMmoro obpasa xwu3HM Saccharimonadia sBisercs
Hanuuue ABC-TpaHcopTepoB, B TOM 4YKCJIe U C OIpe-
JleJIeHHBIMM (YHKIUAMH, a HMeHHO, mnepeHoc AT®,
kobaJibTa, XKeJjie3a, caxapa, a Takke U ¢ Hel3BeCTHEIMU
dyuxmonanbeHeIMU cBovictBamu (Fujii et al., 2022).

4. BoiBOADI

Pa3BuTHe METOOUK MeTareHOMHOTO aHaJn3a
CYIIECTBEHHO PACIHIMPUJIO HAIM BO3MOXHOCTU HCCJIe-
JTIOBaHU HEKYJIbTUBUPYeMBIX 6aKkTepuil. XOTA MOJIHOTa
Y KOHTaMUHAIUsA METareHOMHBIX JAHHBIX ABJIAIOTCS
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orpaHuYMBanIUMU  (pakTopamu, KOTOpBle CJieyeT
YUUTHIBATh, OCOOEHHO IpU (PYHKIMOHAJIBHOM aHa-
JmM3e Majlo ONMCaHHBIX OpraHW3MoB. TeM He MeHee,
Jaxe mepBoe MpuOIIKeHUe, NpeAcTaBJsoilee co00i
U3yuyeHHe IATU MeTareHOMHBIX CcOOpOK, IT03BOJIUJIO
MIOJIyYWTh paHee HeJOCTYIHY0 HMHGOpMaLNi0 00 yJib-
TpaMUKpOOaKTepHuAxX, OOUTAIONINX B YHUKAJIBHBIX 5KO-
cucreMax oJUrorpodHux o3ep baiikana u XyOcyrya.

[IpenBapuTeabHBINI TaKCOHOMUYECKUIN aHaIu3
[oKasajl, 4YTO TOJIbKO JJIA OOHOTO U3 M3y4YaeMbIX reHO-
MOB B 6a3e JaHHBIX COAEPXUTCA AOCTATOYHO OJIM3KUI
pedepeHCHBINI OpraHu3M, AJA BCeX OCTAaJIbHBIX CXO-
ctBo 1o ANI ouens otnasieHHoe. [Ipuuem, Mexay coboi
paccMaTpuBaeMble T€HOMBI TOXe He AeMOHCTPUPYIOT
TaKCOHOMUYECKOr0 POACTBa. 3a MCKIIueHneM A_68
u 178, npeAnosoXuTesbHO OTHOCAIIUXCA K OJHOMY
poay. dyHKIMOHAJIBPHOE CpaBHEHME TakXe I0Ka3ajlo
pasinuusA B reHax, Bcero 20,8% cpeau HUX ABJIAIOTCA
obuumu, B To BpeMs Kak P_794 comepxur 14,0% yHu-
KaJIbHBIX OTJIMYHBEIX OT cOOpaTheB IO KJIacCy I'eHOB.

[IpeameTHOe QYyHKUHOHAJIbBHOE CpaBHEHUE CBU-
JeTeJIbCTByeT O JOCTAaTOYHO OOLIMPHBIX, OCOOEHHO B
yCJIOBUAX HeOOJIBIIOro reHoMa, OTJIMYMAX B MeTabo-
au3Me reHoMoB. Tak, P_794 obnagaeTr crmocoOHOCTAMU
K Jerpajalii caxapo3bl M Kpaxmasia, a Takxe Ipef-
MIOJIOKUTEJIBHO fABJIAeTcA (haKyJIbTaTUBHBIM aHaspo-
60M, CIIOCOOHBIM K KHCJIOPOJHOMY ABIXaHHIO OJjiaro-
Japs HaJIMYWIO IOJIHOTO0 OKCUAA3HOro KoMiulekca. Ilpu
3TOM Bce paccMmartpuBaemble Saccharimonadia, Bepo-
ATHO, OCYIIEeCTBJIAIOT JHepreTU4ecKuii MeTaboJIH3M
3a cueT Ipoliecca IJIMKOJIu3a Yyepe3 MeTaboJIM4ecKylo
MeTJII0, BKJIIOYAIOLIYI0 IeKCO30MOHOdOc(aTHBII IyTh
ne dpusa-Crayramepa. OTKpHITHIM OCTaeTcs cyabOa
nypyBarta B 3TOM IIyTH, MOCKOJIbBKY (pepMeHTOB, HeoO-
XOJIUMBIX /1 OpoXkeHus, He ObLJIO OOHapyXeHO.

l'eHoMBI TakXxe AEeMOHCTPUPYIOT pas/IMyHbIe
cnoco0bl afjanTanyy K OKpy’kaloleil cpefie U CUCTeMBI
cekpenun OeskoB. FIMeHHO cucTeMBl cekpenuu 6eJi-
KOB, B YacTHOCTH, OOMMpHasA MpeacTaBIeHHOCTb
reHoB, Koaupymoomux T4aP, HapAay ¢ orpaHNYeHHBIM
MeTaboJIM4ecKUM IMOTeHI[ajioM U HaiauuueM ABC-
TPaHCIOPTEPOB C HEM3BeCTHbHIMH (YHKIMAMU, CBU-
JeTeJIbCTBYIOT O CHMOMOTHYEeCKOM WIM MNapa3uTu-
4yeckoM crocobe CyIecTBOBaHHA paccMaTpUBaeMBbIX
Saccharimonadia. [lomoyiHsieT 3TO MpeAnoJoXeHUe
HabJiojaemMas IJIOTHOCTh KOAWPOBaHUA, KOTOpas XOTb
U ABJIAETCA JOCTAaTOYHO BBICOKOM, HO BCe XXe HIXKe
HabJTI0JaeMbIX IJIOTHOCTE KOAMPOBAHUSA V¥ CBOOOIHO-
JKUBYIIMX MHUKPOOOB, rfle 3HaueHus > 95% ABjAlTCA
o6srunbiME (Chiriac et al., 2022). Tem He MeHee, XOTH
U3yuyeHHBle HaMU T'eHOMBl U 00JIafaloT HeNoJIHBIMU
nyTAMM OHMOCHHTe3a COeJUHEeHUI], HeoOXOOUMBIX OJiA
IIOCTPOEHMA KJIETOK U KHU3HeJeATeJbHOCTH, Hesb3s U
HICKJTIOYATh CIIOCOOHOCTH Saccharimonadia cuHTe3upo-
BaTh UX de NOVO WM MOJIyYaTh U3 OKPYXAaIIIel cpessl
10 HEU3BECTHBIM MyTAM, U TOro, 4TO TaKoe palyoHa-
JIM3UPOBaHHOE COKpallleHre reHoMa He BO3HMKJIO Kak
ajanTainys K yCJIOBUAM C HU3KUM WJIM OrpaHUYeHHEBIM
cojiepXaHueM IUTaTesIbHbIX BellecTB.
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