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ABSTRACT. Araphid diatoms of the genus Ulnaria are the dominant species in many freshwater ecosys-
tems of Eurasia. Diatom populations are genetically heterogeneous and represent a combination of dif-
ferent genotypes. Genetic diversity is a necessary factor for adaptation to different environmental con-
ditions and successful dispersal of species. We were analyzed the genetic diversity of the species Ulnaria
danica and Ulnaria ulna using the example of monoclonal strains isolated from geographically distant
water bodies of the continental part of Eurasia: Lake Ritsa, Lake Goluboe and Lake Baikal. Phylogenetic
analysis of cox1 gene fragments of the studied strains demonstrated for the first time the heterogeneity
of populations and the absence of geographic isolation for individual genotypes of the studied species.
By analyzing the 18S rRNA marker genes, rbcL and cox1, the possibility of horizontal gene transfer
between closely related species Fragilaria radians, Ulnaria acus, U. danica and U. ulna was established.
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1. Introduction

Single-celled diatoms are important players in
both freshwater and marine ecosystems. The role of the
diatoms is that they produce approximately 40% of the
primary food source in the primary production in the
world ocean (Field, 1998; Smetacek, 1999; Tréguer and
Pondaven, 2000) and are involved in the biogeochem-
ical cycles of carbon (C), nitrogen (N), phosphorus (P),
silicon (Si), and iron (Fe) (Nelson et al., 1995; Tréguer
et al., 1995; Buesseler, 1998; Tréguer and Pondaven,
2000; Sarthou et al., 2005; Benoiston et al., 2017).
They are also the priamry link in food chains in the
aquatic ecosystems. Understanding their importance in
the ecosystem leads to conclusions about the need for
their comprehensive research.

Traditionally, diatoms are classified based on the
morphology of their siliceous frustule, which is richly
ornamented with various types of openings (areoles,
pores), processes and spines. The structure, location
and number of which are species-specific. According
to recent studies, there are about 17,000 validly
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described species of diatoms (Guiry and Guiry, 2024),
but their number may increase to 100,000 (Mann and
Vanormelingen, 2013). Many species have a wide geo-
graphic distribution (Finlay et al., 2002). These prot-
tists have successfully evolved, adapting to various
environmental conditions and using a wide range of
ecological niches (Malviya et al., 2016).

The wide distribution of species certainly con-
tributes to the morphological, physiological and
genetic differentiation of populations. Genetic diversity
plays an important role in facilitating rapid adaptation
to new environmental conditions (Sz{ics et al., 2017).
Identifying and tracking the genetic diversity of these
populations allows to uncover the evolutionary mech-
anisms that influence the ability to adapt (Godhe and
Rynearson, 2017; Rengefors et al., 2017). The driving
force affecting the genetic structure of a population
and modern evolution is the constant genetic variabil-
ity, which determines the amount of variation present
within a species. Diatom populations are known to be
genetically heterogeneous and represent a mixture of
different genotypes, which reflects their ability to adapt
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to a changing environment (Guo et al., 2015; Wolf et
al., 2019; Rynearson et al., 2022). The life cycle of
diatoms includes a long period of vegetative division
followed by a short reproductive phase. During sexual
reproduction, recombinant genetic material is distrib-
uted among offspring of the next generation, which
helps maintain genetic heterogeneity (Rynearson and
Armbrust, 2004). The frequency of sexual recombina-
tion depends on the duration of the life cycle, which for
different diatom species ranges from several months to
several years (Jewson, 1992; Montresor et al., 2016).

Under favorable conditions, there is a mass devel-
opment (“bloom”) of certain species or complexes of
species of planktonic diatoms, while the majority of the
focus of studying this process was related to studying
the influence of environmental conditions. Relatively
recently, a transition has been outlined to the study
of intraspecific genetic diversity and microevolution-
ary processes in the phytoplankton population during
the bloom period in marine ecosystems (Rynearson
and Armbrust, 2005; Rynearson et al., 2006; Chen and
Rynearson, 2016). Using the genes encoding Sigl and
B-tubulin as an example, it was shown that the genetic
composition of Thalassiosira weissflogii (Grunow)
G.A.Fryxell & Hasle exhibits relatively high levels of
sequence divergence in isolates collected from different
geographic locations (Armbrust and Galindo, 2001). At
the same time, studies of the genetic structure of Pseudo-
nitzschia multiseries (Hasle) Hasle and Skeletonema mari-
noi Sarno & Zingone populations using ITS (internal
transcribed spacer) showed that different populations
of these species may inhabit different regions of the
North Atlantic and Pacific Oceans (Evans and Hayes,
2004; Godhe et al., 2006). Using the marine centric
diatom Thalassiosira gravida Cleve as an example, it
was shown that high levels of genetic diversity were
observed during the bloom from 02 to 13 May 2008 in
the Atlantic Ocean near Iceland (Chen and Rynearson,
2016). For freshwater ecosystems, uneven distribution
of individual genotypes of a number of species was also
shown, which, according to the authors, may be due
to differences in their ecological preferences (Pérez-
Burillo et al., 2021). In freshwater benthic diatoms,
genotypic diversity varies between populations of the
same species and sometimes significantly decreases,
which may be due to the alternation of sexual and
asexual reproduction, since during periods of asexual
reproduction, genotypic diversity gradually decreases
as a result of natural selection (Vanormelingen et al.,
2015). Another reason for genetic differences may be
the geographic remoteness and isolation of water bod-
ies, which significantly affects the formation and distri-
bution of genotypes of freshwater species (Marchenkov
et al., 2022). Taken together, this makes it possible to
assert the intraspecific genetic heterogeneity inherent
in both marine and freshwater diatoms and the ability
to split into separate populations, which should con-
tribute to an increase in the ability to adapt.

The aim of our study was to determine genetic
differences in populations of planktonic freshwater
diatoms of the genus Ulnaria (Kiitzing) Compere. We
focused on the pennate araphid diatoms Ulnaria dan-
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ica (Kiitzing) Compere & Bukhtiyarova and Ulnaria
ulna (Nitzsch) Compére, as they are closely related
species with similar morphological features, but differ
in their distribution ranges, with the western part of
the Eurasian continent being inhabited by U. ulna, and
the eastern part by U. danica (Podunay, 2022). In this
regard, an analysis of the marker genes 18S rRNA, rbcL
and cox1 was carried out in monoclonal strains of these
species isolated from Lakes Ritsa and Lakes Goluboe
in the West Caucasus region (Republic of Abkhazia)
and Lake Baikal, located in the southern part of Eastern
Siberia.

2. Materials and methods
2.1. Sampling and culturing

In this work, we used 28 monoclonal strains
from the collection of living diatom cultures of the
Limnological Institute of the Russian Academy of
Sciences, isolated from phytoplankton samples of
Lake Baikal (Fig. 1, Table 1), according to the proto-
col published earlier (Zakharova et al., 2023), as well
as 12 strains from the World Ocean Diatom Collection
(WODC) of the T.I. Vyazemsky Karadag Scientific
Station (Feodosia, Russia) isolated from samples in
Lake Ritsa and Lake Goluboe (Fig. 1, Table 1). The cells
were grown in 100 ml Erlenmeyer flasks at 8 °C and
16 pmol/m2/s illumination with a 12:12 hour day/
night cycle in sterile DM (Diatom Medium) (Thompson,
1988) and subcultured once a month. The species affili-
ation of the strains was preliminarily determined using
light microscopy.

2.2. DNA extraction, PCR and sequencing
of marker genes

DNA was isolated from the biomass of monoclo-
nal diatom strains as described previously (Marchenkov
et al., 2018). Amplification of fragments of the V3-V4
18S rRNA variable loop, rbcl. and cox1 genes was
performed using the primers listed in Table 2 and a
Taq DNA polymerase kit (Eurogen, Russia). The PCR
product was loaded onto a 1,5% agarose gel in 1X
TAE, and ethidium bromide-stained gels were stud-
ied under UV-transillumination. PCR products were
purified using the Monarch® DNA Gel Extraction Kit
(NEB, USA) following the manufacturer’s instructions.
Sanger sequencing was performed using the GenSeq
kit (Synthol, Russia) on a Nanofor 05 genetic analyzer
(Synthol, Russia) at the Collective Use Instrumentation
Center for Physicochemical “Ultramicroanalysis” of the
LIN SB RAS (Ultramicroanalysis Collective Use Center,
Irkutsk, Russia). Nucleotide sequence analysis was per-
formed using the Chromos software (Technelysium Pty
Ltd, Australia). All sequences are deposited in GenBank
(Table 1).

2.3. Phylogenetic analysis

The datasets for 18S rRNA, cox1, and rbcL gene
fragments for phylogenetic reconstruction contained
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Fig.1. Map showing phytoplankton sampling stations. A) Map of Eurasia; B) Territory of the Republic of Abkhazia; C) Lake
Baikal. Blue dots — sampling stations of Lake Baikal (Russia); light blue dot — Lake Goluboe (Republic of Abkhazia); green dot

— Lake Ritsa (Republic of Abkhazia).

the sequences obtained in this work and homologs
from the NCBI database (Table 1, Supplementary
Table S1). Sequence alignment was performed using
the MAFFT online resource (https://mafft.cbrc.jp/).
Molecular evolution models were built based on the
Bayesian information criterion (BIC) in IQ-TREE v.
2.3.6 (Minh et al., 2020) using the ModelFinder module
(Kalyaanamoorthy et al., 2017). The ultrafast bootstrap
values (Hoang et al., 2018) and the approximate like-
lihood ratio test SH-aLRT (Guindon et al., 2010) were
used to assess the support for tree topology. Based on the
lowest Bayesian information criterion (BIC) value, the
TPM2u + F + 1+ G4 model was selected for the phyloge-
netic reconstruction of coxl genes, the TN+F+1+R2
model for 18S rRNA genes, and the GTR +F + G4 model
for rbcL.

3. Results and discussion

For initial identification of the strains, we ana-
lyzed the 18S rRNA gene fragment sequences for all
strains used in this work (Table 1) to confirm species
affiliation. The results of phylogenetic reconstruction
(Fig. 2) show that the analyzed sequences are assigned
to clades corresponding to the genera Ulnaria and
Fragilaria. Pennate diatoms of the genus Ulnaria are very
often the dominant species in freshwater microalgae
communities. Representatives of the genus, together
with the closely related genus Fragilaria, are subject to
constant revision (Williams and Round, 1987; Aboal
et al., 2003; Tuji and Williams, 2013; Lange-Bertalot
and Ulrich, 2014; Williams and Blanco, 2019; Williams,
2024). However, in some cases, the morphological dif-
ferences between species are so subtle that scanning
electron microscopy or molecular biology methods are
required (Zakharova et al.,, 2023). It has been previ-
ously shown that using a fragment of the 18S rRNA
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gene, including the variable regions V3-V4, it is possi-
ble to fairly confidently establish the species affiliation
of the studied specimens to U. acus or to F. radians, as
well as to the species complex of U. ulna and U. danica
(Morozov et al., 2023; Zakharova et al., 2023).

Within the Fragilaria clade, a separate group
with high reliability includes strains isolated from
phytoplankton samples of Lake Baikal (Russia) and
identified as the species F. radians (Fig. 2). Within the
Ulnaria clade, two groups are distinguished. The U.
acus group contains sequences of U. acus strains iso-
lated from Lake Baikal (Russia), as well as published
U. acus sequences from Lake Ritsa (Abkhazia) and Lake
Matana (Indonesia) (Table S1). The U. danica / U. ulna
group contains sequences of strains of these species
from Lake Ritsa (Abkhazia), Lake Goluboe (Abkhazia),
Lake Baikal (Russia), and strains isolated from water
bodies in South Korea, France, and Italy (Fig. 2, Table
S1). The absence of separation between representatives
of these two species based on the analysis of data from
different variable regions of 18S rRNA has also been
shown previously (Morozov et al., 2023; Zakharova et
al., 2023). It should be noted that U. ulna and U. dan-
ica have similar morphology in general features and
at the same time a number of subtle distinctive ones
(Zakharova et al., 2023), which, together with differ-
ences in geographic localization and reproductive iso-
lation (Podunay, 2022), do not allow their unification
into a single species.

The level of 18S rRNA divergence in diatoms in
comparison with other marker genes (ribulose-1,5-bis-
phosphate carboxylase/oxygenase large subunit — rbcL,
cytochrome C oxidase subunit 1 — cox1, internal tran-
scribable spacer — ITS, universal plastid amplicon —
UPA) showed that the rate of mutation accumulation
in the cox1 gene is higher than in other genes (Guo
et al., 2015). Phylogenetic analysis of the cox1 gene
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Table 1. Name of the studied strains

Strain Species Sampling location 18S rRNA cox1 GenBank GenBank
sequence num- [sequence number|sequence num-
ber in GenBank ber of rbcL

Russia, Lake Baikal
BZ 5 U. acus Bargusinsky Bay PQ456333 PQ497024
BZ 251 U. danica OP159836 PQ497061 OP169177
BZ 261 PQ456352 PQ497043 PQ541091
BZ 263 PQ456353 PQ497044
ACH 275 F. radians Akademician Ridge PQ472489 PQ497025 PQ541090
MM 118 U. acus Cape Zunduk PQ456347 PQ497040
MM 609 U. danica Strait Olkhon Gate PQ456366 PQ497050
M-S278 F. radians center of the Maritui- PQ456348
M-S586 Solzan section PQ456351
M-S 607 U. acus PQ456344 PQ497037

5K557 U. danica 5 km from the Kharauz PQ456355 PQ497046

Bayou, delta of the Selenga

5KH561 River PQ456356 PQ497027 PQ541092
ChZz519 U. danica Chivyrkuysky Bay PQ456354 PQ497045 PQ541095

L549 U. acus near the settlement of PQ456334 PQ497026

Listvyanka

B-T577 U. acus center of the Baikal-Turali PQ456335 PQ497028

B-T605 section PQ456343 PQ497036

T-N578 F. radians center of the Tyya- PQ456349

T-N 579 U. acus Nemnyanka section PQ456336 PQ497029
Y-T 594 U. acus center of the Wuhan-Tong PQ456340 PQ497033
Y-T 581 section PQ456337 PQ497030
Y-T 580 F. radians PQ456350
K-A 598 U. danica center of the PQ456364 PQ497047
Kotelnikovsky-Amundakan
section
15K 588 U. acus 15 km from the Kultuk PQ456338 PQ497031
15K 589 PQ456339 PQ497032
L-T 600 U. acus center of the Listvyanka- PQ456341 PQ497034
L-T 604 Tankhoy section PQ456342 PQ497035
L-T 602 U. danica PQ456365 PQ497049
Republic of Abkhazia
G.21.0309-0E-1 U. ulna Lake Goluboye PQ456367 PQ497051
G.21.0309-0OE-3 PQ456361 PQ497038 PQ541088
G.21.0309-OE-4 PQ456357 PQ497053
G.21.0309-OF-5 PQ456369 PQ497054
G.21.0309-0G-7 PQ456371 PQ497056
G.21.0309-OE-8 PQ456360 PQ497057 PQ541094
R.21.0309-OE-2 Lake Ritsa PQ456368 PQ497052
R.21.0309-0Q-6 PQ456370 PQ497055 PQ541093
R.21.0309-01-9 PQ456372 PQ497058 PQ541089
R.21.0309-OE1-10 PQ456362 PQ497059
R.21.0309-001-11 PQ456359 PQ497060
R.21.0309-001-12 U. acus PQ456345 PQ497039
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fragment makes it possible to distinguish
between genotypes of the same diatom
species isolated from geographically dis-
tant points (Ehara et al., 2000; Evans et
al., 2007; Hamsher et al., 2011), includ-
ing representatives of the genus Ulnaria
(Marchenkov et al., 2022). Thus, the use
of this gene is appropriate for establishing
genetic differentiation in natural popula-
tions of the species U. ulna and U. danica.

The choice of “universal” primers
for cox1 of diatoms is a rather complex
task due to the high degree of divergence
and the presence of extended introns
within the genes. The use of primers
designed for the cox1 gene fragment of
U. acus did not give a positive response
with the species U. ulna and U. danica
(Table 2). This result led to the need to
design primers specific only for these spe-
cies. For the first time, we obtained cox1
sequences for all strains that, based on the
analysis of the 18S rRNA gene fragment,
were assigned to the U. ulna and U. danica
group (Table 1).

The analysis showed the forma-
tion of a common group corresponding
to the genus Ulnaria. The cox1 sequences
of U. ulna and U. danica strains are not
divided into separate clades of species
order (Fig. 3). The analysis formed three
clades representing different genotypes.
Clades 1 and 2 contain sequences of U.
ulna and U. danica from Lake Baikal and
lakes of Abkhazia, as well as from water
bodies of continental Europe (Table S1).
Thus, these genotypes can be found in
geographically distant water bodies. The
geographical limits of the distribution of
these species in Eurasia were previously
shown (Podunay, 2022). The author
notes that U. ulna is widespread in the
western part of the Eurasian continent,
while U. danica inhabits water bodies of
the eastern part. Populations of U. ulna
are capable of interspecific hybridization
with populations of U. danica located in
the West Siberian Lowland and to the
east of it up to Lake Baikal (Podunay,
2022). According to the latest data, only
U. danica is present in the phytoplankton
of Lake Baikal (Zakharova et al., 2023).
Clade 3 contains only sequences of strains
from Lake Baikal (Fig. 3). Due to the
small amount of data, we cannot reliably
state that this genotype has geographical
limitations in distribution. Thus, it was
shown that, according to the cox1 gene
fragment, the populations of U. ulna and
U. danica of Lake Ritsa and Goluboe, as
well as Lake Baikal, are heterogeneous.
It should be noted that data on coxl in
representatives of the genus Ulnaria are

Table 2. Sequences of primers used in this study

Primer

Subsequence (5" - 3°)

18S_1F (Katana et al., 2001)
18S_1050R (Guo et al., 2015)
Ua_cox1_1F (Marchenkov et al., 2022)
Ua_cox1_714R (Marchenkov et al., 2022)
Uu_cox1_72F
Uu_cox1_624R
rbcL-F (Zakharova et al., 2020)
rbeL-R (Zakharova et al., 2020)

AACCTGGTTGATCCTGCCAGT
GTTTCAGHCTTGCGACCATACTCC
ATGAAGTTTGCTAATCGATGGT
AAAAAGGTGTTGGAACAGTACAG
AGCTATTTCCGGTGTAGCGGGTAC
AGCTCCTGCCAACACAGGTAAAG
ATGTCTCAATCTGTATCAGAACGG
CAACCTTGTGTAAGTCTCACTATTC

93.7/97

85/89

AT-185Gel3 Fragila

81.4/53| 82.6/60)

s0327 Fragilaria bidens
65.2/82

—68.3/77

100/100

AT186gel3 Fragilaria vaucheriae
At114gel5 Fragilaria rumpens
A-06 Fragilaria capucina

At135.13 Fragilaria delicatissima

—————— s0907 Amphora marina
76.5@‘_7 s0388 Plagiostriata goreensis
ROS D99 Fragilaria barbararum
ACH275 Fragilaria radians
MM246 Fragilaria radians
MM103 Fragilaria radians
MMO9 Fragilaria radians
M-S278 Fragilaria radians
M-S586 Fragilaria radians
Y-T580 Fragilaria radians
T-N578 Fragilaria radians
AT-124.05b Fragilaria sp.

Fragilaria radians

ria crotonensis

Genus Fragilaria

5.0227-E Ulnaria acus
L549 Ulnaria acus
MM118 Ulnaria acus
L-T604 Ulnaria acus
M-5607 Ulnaria acus
15K588 Ulnaria acus
Y-T594 Ulnaria acus
5.1015-C Ulnaria acus
15K589 Ulnaria acus
3B357 Ulnaria acus
3B327 Ulnaria acus
BZ5 Ulnaria acus
5.1015-B Ulnaria acus
B-T605 Ulnaria acus
B-T577 Ulnaria acus
Y-T581 Ulnaria acus
3B355 Ulnaria acus
T-N579 Ulnaria acus
0.0224-0OD Ulnaria acus
L-T600 Ulnaris acus
5.0227-F Ulnaria acus
I R.21.0309-0A1-12 Ulnaria acus

Ulnaria acus

of

85/

G.21.0309-OE-4 Ulnaria ulna
91.4/<{90 r HYU-D007 Ulnaria ulna )
- R.21.0309-OE1-10 Ulnaria ulna

88/93]
"“’- BZ261 Ulnaria danica

 ChZ519 Ulnaria danica
R.21.0309-OE-2 Ulnaria ulna
5KH557 Ulnaria danica

- 5KH561 Ulnaria danica

I G.21.0309-0OC-3 Ulnaria ulna
G.21.0309-OF-5 Ulnaria ulna
K-A598 Ulnaria danica
L-T602 Ulnaria danica
R.21.0309-001-11 Ulnaria ulna
G.21.0309-0 n:
G-21.0309-0E-8 Uln:
TCC626 Ulnaria ulna
G.21.0309-OE-1 Ulnaria ulna
BZ263 Ulnaria danica
R.21.0309-0Q-6 Ulnaria ulna
R.21.0309-01-9 Ulnaria ulna
MM609 Ulnaria danica
BZ251 Ulnaria danica
TCC670 Ulnaria ulna

Ulnaria ulna / Ulnaria danica

AT-101.02 Stauroneis kriegeri
AT-182.07 Stauroneis phoenicenteron

79.9/90— AT-177.13 Prestauroneis integra
99.2/98 E

0.02

SAG 1050-3 Navicula pelliculosa
Mﬁ':ﬂmmoe Pinnularia substreptoraphe
92.8/97,
AT-161.05 Pinnularia mesolepta

AT-161.02 Pinnularia viridis

Genus Ulnaria

Fig.2. Phylogenetic reconstruction based on the 18S gene fragment.
Nodes for key clusters determine the support for the superfast bootstrap
topology and the approximate likelihood ratio of SH-aLRT. The sequences
obtained in this work are highlighted in color: blue — Russia, Lake Baikal;
green — Abkhazia, Lake Ritsa, light blue — Abkhazia, Lake Goluboe.
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89.9/83)

99/99

86.8/78 Ulnaria acus

— BZ251 Ulnaria danica
R.21.0309-OE-2 Ulnaria ulna
a7.4/53{

G.21.0309-OE-8 Ulnaria ulna
TCC626 Ulnaria ulna
BZ263 Ulnaria danica
G.21.0309-OE-1 Ulnaria ulna
R.21.0309-OE1-10 Ulnaria ulna

- R.21.0309-01-9 Ulnaria ulna
75.9/

It=]

TCC670 Ulnaria ulna

- BZ261 Ulnaria danica

K-A598 Ulnaria danica

Ulnaria

01 0308-0G-7 Ulnark
61,6170 G.21.0309-0G-7 Ulnaria ulna

Ulnaria ulna / Ulnaria danica

L-T602 Ulnaria danica
R.21.0309-0Q-6 Ulnaria ulna 2
~ MM609 Ulnaria danica

s~ G.21.0309-OF-5 Ulnaria ulna

61.2/5!

L G.21.0309-OE-4 Ulnaria ulna

58.3/404) ChZz519 Ulnaria danica
5KH557 Ulnaria danica

98.5/100

0.03

PnKk14 Pseudo-nitzschia micropora

L 730 i
78.8/91
98.6/98] CCMP787 Skeletonema menzelli
FTY008
99/99|

PnPd29 Pseudo-nitzschia cuspidata
92.3/88
PnTB31 Pseudo-nitzschia fukuyoi

Fig.3. Phylogenetic reconstruction based on a fragment of the cox1 gene. Nodes for key clusters determine the support for
the superfast bootstrap topology and the approximate likelihood ratio of SH-aLRT. The sequences obtained in this work are high-
lighted in color: blue — Russia, Lake Baikal; green — Abkhazia, Lake Ritsa, light blue — Abkhazia, Lake Goluboe.

scarce. Previously obtained data on the heterogeneity
of the U. acus population refer to the northern basin of
Lake Baikal. Baikal (Marchenkov et al., 2022).

When comparing the results of phylogenetic
analysis for two marker genes 18S rRNA and cox1, it
was noted that three strains are grouped into different
clades of the species order (Fig. 4). According to the
18S rRNA analysis, strain ACH275 was located in the
clade of the species F. radians (Fig. 4 18S rRNA), and
strains 5KH561 and G.21.0309-OC-3 were assigned to
U. danica and U. ulna (Fig. 4 18S rRNA). According to
the results of phylogenetic analysis of the cox1 gene
fragment, these strains belong to the U. acus clade
(Fig. 4 cox1).

Based on the genetic data we obtained, it could
be assumed that hybridization is possible under natural
conditions between pairs of species F. radians and U.
acus, U. danica and U. acus, U. ulna and U. acus, and the
studied strains are first-generation hybrids. However,
we have never observed interspecific hybridization
between the species U. danica and U. acus under labora-
tory conditions (Podunay et al., 2021). Also, the identi-
fied fact may indicate the possibility of horizontal gene
transfer (HGT) between the studied species, namely the
transfer of genetic information between reproductively
isolated species. HGT is a process that occurs quite fre-
quently between organisms belonging to taxa of differ-
ent systematic ranks (Keeling and Palmer, 2008; Garcia
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et al., 2021), and can also occur in organisms belonging
to the same genus (Kavanaugh et al., 2006; Alvarez et
al., 2006). Cox1 transfer is considered to be a fairly
common phenomenon in angiosperms (Zhang et al.,
2020). It is suggested that this process occurs through
introns that encode a site-specific DNA endonuclease
and that part of the exon is replaced by gene conver-
sion (Delahodde et al., 1989; Sanchez-Puerta et al.,
2011). HGT is one of the mechanisms for improving the
adaptive capabilities of organisms. The contribution of
HGT to the development and ecological adaptation of
diatoms remains largely unexplored. Diatoms contain
plastids formed as a result of multiple endosymbiotic
events (Benoiston et al., 2017), and therefore their
mosaic genetic structure is the result of endosymbiotic
gene transfer (EGT) (Morozov and Galachyants, 2019).

To confirm the species affiliation of the strains
with possible horizontal transfer (ACH275, 5KH561,
G.21.0309-0C-3), a phylogenetic analysis of the rbcL
gene fragments was additionally performed (Table 2).
According to the results obtained, none of the three
strains was classified as U. acus. Strain ACH275 was
classified as F. radians. Strain 5KH561 was grouped with
other representatives of the U. danica species from Lake
Baikal, and G.21.0309-OC-3 was combined with other
U. ulna strains from lakes in Abkhazia, Lake Labynkyr
(Yakutia), and water bodies in continental Europe
(Fig. 5). Sequences of U. ulna strains obtained from
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Fig.4. Comparison of phylogenetic reconstruction of 18S rRNA and cox1l gene fragments. Strains ACH275, 5KH561,

G.21.0309-0OC-3 are marked in red.

phytoplankton samples from water bodies on Great
Britain Island form a separate subgroup in the clade
with sequences of U. danica from Lake Baikal. Thus,
the distribution of rbcL sequences for strains ACH275,
5KH561 and G.21.0309-OC-3 corresponds to the result
obtained from the analysis of 18S rRNA gene fragments.
The topology of the phylogenetic tree obtained by us in
this work corresponds to the results of the phylogenetic
analysis of representatives of the genus Ulnaria using
the variable fragment rbcL (Kochoska et al., 2023).

4. Conclusions

Diatoms are one of the most diverse groups
of microalgae, with a high level of latent speciation.
Intraspecific variability of diatoms is necessary to be
studied for understanding the processes of adaptation
to various environmental conditions. Genetic diversity
of marine diatoms has been studied relatively widely,
including intraspecific variability, while studies of
freshwater species remain limited. Our analysis of the
cox1 gene fragment showed heterogeneity of U. danica
and U. ulna populations from Lake Baikal and lakes of
Abkhazia. Data were obtained indicating possible hor-
izontal gene transfer between the studied species. To
reveal the processes underlying this phenomenon, it is
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necessary to conduct a comparative analysis of the plas-
tid genomes of the species F. radians, U. danica, U. ulna
and U. acus, which may help to explain some aspects of
speciation in diatoms.
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T TumHostoeuyeckuti uHcmumym Cubupckoeo omdesteHus Poccutickotli akademuu Hayk, ys1. YiaaH-Bamopckas, 3, e. UpKymck,
664033, Poccua

2 Kapadaeckaa HayyHaa cmanyua um. T.H. Bazemckoeo — npupooHbiii 3anode0Hux PAH, yi. Hayku, 24, noc. Kypopmtoe, 298188,
®deodocus, Poccusa

AHHOTAILIUA. BecmoBHbIE JUAaTOMOBBIE Bojgopocu u3 poxa Ulnaria sBIANTCA AOMUHHUPYIOIAMU
BUAaM{U BO MHOTMX IIPECHOBOJHBIX SKocucTeMmax EBpasuu. IlonmysiAnuy AuaTOMOBBIX BOAOPOCTEN
ABJIAIOTCS TeHeTUYeCKW HEeOAHOPOAHBIMM W Ipe[CTaBJIAIOT COOOH codyeTaHHWe pasHBIX [eHOTHUIIOB.
I'eneTnyeckoe pasHooOpasue ABJAeTCs HEOOXOAUMBIM (GAaKTOPOM IS afanTalyy K pasjIdyHbBIM yCJIO-
BUAM OKpY’Kalollleil cpefbl M YCIELIHOTO paccejeHHs BHUAOB. MbI NpoaHaIM3MpOBaild reHeThuYecKoe
pasHoobpasue BumoB Ulnaria danica v Ulnaria ulna Ha mpuMepe MOHOKJIOHAJIBHBIX IITAMMOB, BbIJe-
JIeHHBle U3 reorpaduyeckyd yaajeHHBIX OpPYr OT Apyra BOJOEMOB KOHTHMHEHTaJIbHOH uyacTu EBpasun
o3epa Puria, ozepa 'oiy6oe u o3epa Baiikai. [Ipu puioreHeTnuyeckoM aHann3e (pparMeHTOB reHa coxl
rcciiefyeMbIX ITaMMOB BIlepBble ObljIa TIOKa3aHa reTeporeHHOCTh IOMyJIALNH U OTCyTCTBHe reorpadu-
YeCKO U30JIALUY JJI OTAeJIbHBIX TeHOTUIIOB hccjleAyeMbIX BUAOB. IlyTeM aHain3a MapKepHbIX TeHOB
18S pPHK, rbcL u cox1, ycTaHOBJIEeHAa BO3MOXHOCTh TOPU30HTAJIBHOTO MIEPEHOCA TEHOB MeXay GJIM3KO-
poacTBeHHbIMU Bumamu Fragilaria radians, Ulnaria acus, U. danica u U. ulna.

Kitiouegvie cytoda: [UiaTOMOBBIE BOIOPOC/IN, TEHETUYECKOE Pa3sHooGpasye, rOpU30HTAJIBHEIN IIEPEHOC TeHOB, cox1,
18S pPHK, rbcl., Ulnaria
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1. Beepenne TpaauIoOHHO knaccupukanua — AuaTtoMen

IocTpoeHa Ha MOpP(OJIOriuy UX KpeMHUCTOT0 NaHIups,
KOTOPBHII OOWJIBHO OpHaMEHTHPOBaH pas3jIMuyHOro
TUIa OTBepCcTUAMU (apeoslamMu, MOpaMu), BEIPOCTaMU
n munamu. CTpoeHMe, paclojio)keHre U KOJINYecTBO
KOTOPHBIX fABJAETCA BUAOCIenUOUYIECKUM IPHU3HAKOM.
CorslacHO HefjaBHMM paboTaM, CyllecTByeT OKOJIO 17
000 BayMAHO ONMCAHHBIX BUJOB AUATOMOBEIX BOJOPO-
cyiett (Guiry and Guiry, 2024), 0JHaKO UX YHCJIO MOXET
Beipactu 1o 100 000 (Mann and Vanormelingen, 2013).
[Tpu 3TOM MHOrHe BHIbl UMEIOT MIKpPOKoe reorpadu-
yeckoe pacnpocrpaHenue (Finlay et al., 2002). OTtu
MPOTUCTH YCIEMHO 3BOJIIOINOHUPOBAIIY, afanTHpPO-

OOHOKJIETOYHBIE JUATOMOBBIE BOOOPOCIIU SABJIA-
I0TCA BaXXHBIM WTPOKOM KaK B IPECHOBOJHBIX, TaK U
MOPCKHX 3KocHucTeMax. Pojib auatoMed o6yciiaBiu-
BaeTCsA B TOM YKCJIE U TEM, YTO OHM MPOU3BOLAT IPU-
MepHO 40% nepBUYHON NIPOAYKIMU B MUPOBOM OKeaHe
(Field, 1998; Smetacek, 1999; Tréguer and Pondaven,
2000), a Takxe YyYacCTBYIOT B OHOTreOXMMHYECKUX
nukax yriaepoga (C), azora (N), ¢pocdopa (P), kpem-
HusA (Si) u xene3a (Fe) (Nelson et al., 1995; Tréguer
et al., 1995; Buesseler, 1998; Tréguer and Pondaven,
2000; Sarthou et al., 2005; Benoiston et al., 2017). Ouu

TaKXe ABJIAITCA HadaJIbHbIM 3B€HOM ITHILEBBIX LIEIIEN B BaBILNCH K Pa3jINYHLIM YCJIOBUAM OKPy')KaIOH.Ieﬁ cpeabt
BOJHBIX 3KocucTeMax. [loHnMaHue nx 3Ha4yeHUs B 9KO- Y KCITIOJIb3YIOT ]J.II/IpOKI/Iﬁ CIIEKTP SKOJIOTMYECKUX HHII
cucreMe MnmpuBoAWT K BbIBOAAM O HeOGXO}Z[I/IMOCTI/I nux (Malviya et al 2016)
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[Ilupokoe pacnpocTpaHeHHEe BUAOB 0E3yCJIOBHO
crnoco6cTByeT  MOpPGOJIOTMYECKOH,  (duanosioruye-
CKM U TeHeTudeckou aubdepeHIUANN TOMYJIAIUHN.
T'eHeTHYecKkoe pa3HOOOpa3ue UTrpaeT BAXHYK pPOJIb B
comeiicTBUM OBICTPOM afanTalUy K HOBBHIM YCJIOBUAM
oKpy>katolei cpeabl (Sziics et al., 2017). BrisABieHue u
OTCJIEXUBAHUE TeHETUYECKOTO pa3sHOOOpasusA MOMmyJis-
[UH TIO3BOJIAET PACKPHITH SBOJIIOIMOHHBIE MEXAHU3MBI,
BJIMAIOIE Ha criocobHocTh K amanTtarnuu (Godhe and
Rynearson, 2017; Rengefors et al., 2017). [Bwxyuieii
CHJIOM, BO3/IelCTBYIOIIEN HA TeHeTUYECKYI0 CTPYKTYPY
MOMYJIALIMM Y COBPEMEHHYIO 3BOJIIOLUI0, SBJISAETCA
MOCTOSTHHAS FreHeTUYeCcKasi U3MEHYUBOCTb, OMPeeJIAlo-
as KOJIMYeCTBO BapyalUi, MPUCYTCTBYIOIUX BHYTPU
Bua. U3BeCTHO, YTO MOMYJIALUYU AUATOMOBBIX BOAOPO-
cJIeii ABJIAIOTCA reHeTHYeCK HEOJHOPOAHBIMU U TIpe-
CTaBJIAIOT COOOM COoYeTaHWe PA3HBIX T€HOTHUIIOB, YTO
OTpaXkaeT UX CIIOCOGHOCThH afanTUPOBATHCA K U3MEHS-
Iomieics okpyxartoieii cpege (Guo et al., 2015; Wolf et
al., 2019; Rynearson et al., 2022). )Ku3HEHHbIH UK
JAUAaTOMOBBIX BOJOPOCJEN BKJIIOYAET IJIUTEIbHBIN
Mepyo]] BEreTaTUBHOIO JeJIeHUsA, CMEHSIOIUICA Ha
KOPOTKYIO penpoAyKTHBHYI (da3y. B mporiecce moJio-
BOT'O BOCIIPOUM3BENEHUS MTPOUCXOAUT OOMEH reHeTHuye-
CKMM MaTepHajoM, KOTOPHIN MepefaeTcs MOTOMKaM
CJIEIyIOUIETO TOKOJIEHUS, YTO TOMOTAET TOJJepXKU-
BaTh TeHETUYECKYyI0 reTeporeHHocTh (Rynearson and
Armbrust, 2004). YacToTa mOJIOBOM peKOMOHUHAIUU
3aBUCUT OT MPOAOJDKUTEJIBHOCTU XU3HEHHOTO IHKJIA,
KOTOpasi AJiA Pa3HbIX BUJOB JAUATOMEN COCTABJIAET OT
HECKOJIBKUX MeCsAIeB JI0 HeCKOJIbKux JieT (Jewson,
1992; Montresor et al., 2016).

[lpy O6JIArONPUATHHIX VCJIOBUAX TMPOUCXOIUT
MaccoBoe pas3BuTHe (“IBeTeHNe”) OTAeJIbHBIX BHUJIOB
WJTH KOMILJIEKCOB BU/IOB IUIAHKTOHHBIX AUATOMEH, NMpU
3TOM akIeHT M3y4YeHUs AAaHHOTO IMpolecca paHee ObLT
CMellleH Ha U3yvYeHNe BIIUAHUA YCJIOBUH OKPYKAMOLIEH
cpensl. OTHOCUTEPHO HEJAaBHO HAMETWJICA TMepPeXxo]]
K U3yYeHHWI0 BHYTPUBHUIOBOTO T€HETHMYECKOTO PAa3HO-
06pa3vsa ¥ MHUKPOIBOJIIOLMOHHBIX MPOILIECCOB B TOITY-
Jauuu QUTOIUIAHKTOHA B TNEPUOJ IBETEHUSA B MOp-
ckux 3kocucrteMmax (Rynearson and Armbrust, 2005;
Rynearson et al., 2006; Chen and Rynearson, 2016). Ha
MpUMepe reHoB, Koaupyomwmx Sigl u B-TyOyJiiH, moka-
3aHO, 4TO reHeTUYeckuil coctaB Thalassiosira weissflogii
(Grunow) G.A.Fryxell & Hasle gemoHcTpupyeT OTHO-
CUTEJIPHO BBICOKHME YPOBHHU PaCXOXIEeHUA TOCJIe0Ba-
TEJIBHOCTEH Y U30JIATOB, COOPAaHHBIX U3 Pa3HBIX I'eorpa-
duveckux sokaumii (Armbrust and Galindo, 2001). B
TO JX€ BpeMs MCCJIeJOBAaHUSA TeHETUYECKON CTPYKTYPHI
nonyJisanui Pseudo-nitzschia multiseries (Hasle) Hasle u
Skeletonema marinoi Sarno & Zingone ¢ momoisio ITS
(internal transcribed spacer) mokasasu, 4TO paziny-
HbIE MOMYJIAUY 3TUX BHUIOB MOTYT OOHUTaTh B Pa3HBIX
pernoHax CeBepHON ATnaHTUKM U THUXOro okeaHa
(Evans and Hayes, 2004; Godhe et al., 2006). Ha npu-
Mepe MOPCKOH IleHTprudeckor auatomen Thalassiosira
gravida Cleve moka3aHo, YTO BBICOKHI YPOBEHD T'€HETHU-
YeCcKOro pasHooOpa3usa HaOJI0AAJICA BO BPeMs «IIBETe-
HusA» ¢ 02 mo 13 masa 2008 r. B ATJIaHTUUECKOM OKeaHe
psanoMm ¢ Ucnanauednt (Chen and Rynearson, 2016). A
MPECHOBOAHBIX JKOCHUCTEM TaKXe MOKA3aHO HEpaBHO-
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MepHoOe paclipefieJieHre OT[JeJIbHBIX T'eHOTUIOB pAfa
BUJIOB, YTO, [0 yTBEPXJEHWUI0 aBTOPOB, MOXeT OBITh
CBA3aHO C pa3jIMuMAMU B UX 5KOJIOTMYECKUX MpeJIIo-
yteHusax (Pérez-Burillo et al., 2021). ¥ npecHOBOAHBIX
OEHTOCHBIX AMAaTOMell reHOTUNNYeckoe pasHooOpasue
oTJMvyaeTcs MeXxJy MOMyJIANUAMU OAHOTO M TOTO Xe
BUJa U MHOTAa 3aMeTHO COKpalllaeTcs, YTO MOXeT OBITh
CBA3aHO C yepefoBaHKEM II0JIOBOrO U 6ecIiojioro pas-
MHO’KeHHs, [TI0CKOJIbKY B IIepHUOAbl 6ecrosoro pasMHo-
XKeHUs TeHOTHIHNYecKoe pasHooOpas3ue IOCTelNeHHO
coKpalaeTcsa B pe3yJjibTaTe eCcTeCTBEHHOro oTbopa
(Vanormelingen et al., 2015). Eme ogHON HNPUYMHOMN
reHeTUYeCKUX pasIM4ui MoXeT ObITh reorpapuyieckas
yAaJIeHHOCTh Y M30JIALMA BOAOEMOB, KOTOpas 3Hayu-
TeJIbHO BJIMAeT Ha popMHpOBaHUe U pacnpocTpaHeHne
FeHOTHUITOB MpecHOBOAHBIX BUAoB (Marchenkov et al.,
2022). B cOBOKYIHOCTHU 3TO AaeT BO3MOXHOCTb YTBep-
XAaTh O BHYTPHUBHIOBOM I'eHEeTUYeCKOH reTeporeHHO-
CTH IPHUCYIel KaK MOPCKHUM, TaK M IIPECHOBOJHEBIM
JuaToMesM U CIOCOOHOCTU pasfiesieHrs Ha OTAeJsIbHbIe
MOMYJIALMY, YTO AOJDKHO CIIOCOOCTBOBATD MOBBIIIEHUIO
CIIOCOOHOCTH K afjanTalumu.

Llenp Hamiero ucciaefoBaHUA COCTOsAJIA B TOM,
yTOOBl ONpefie/INTh reHeTu4yecky auddepeHpanuio
B TIOMyJANUAX IUIAHKTOHHBIX IPECHOBOJHBIX OHUATO-
MOBBIX Bofopociel poma Ulnaria (Kiitzing) Compeére.
MBI cocpefoTOYMJIM CBOE BHHUMAaHHE Ha INEeHHATHBIX
OecHIOBHBIX JUATOMOBBIX Bojopociiax Ulnaria danica
(Kiitzing) Compére & Bukhtiyarova u Ulnaria ulna
(Nitzsch) Compeére, TOCKOJIbKY OHU ABJISIOTCA GJIN3KO-
POACTBEHHBIMU BHAAaMM CO CXOXHMU Mopdosoruye-
CKMMH NpU3HaKaMu, OJHAKO pa3jInyaloTcs IpeaeiaMu
pacrpocTpaHeHus, 3anagHas yacTb EBpasniickoro KoH-
THHeHTa 3acesieHa U. ulna, a Boctounasa — U. danica
(Podunay, 2022). B cBs3u ¢ 3TuM ObUI MPOBEJIEH aHa-
Ji3 MapkepHbiXx reHoB 18S pPHK, rbcL u cox1 y MoHO-
KJIOHAJIBHBIX IITAaMMOB 3TUX BHUJOB, BBIAEJIEHHBIX W3
o3ep Puna u lony6oe 3anmanHo-KaBkaskoro peruosHa
(pecnybnmika AGxasus) u o3epo batikan, Haxopsile-
rocs B 10XXHOI 4acCTH BOCTOYHOM Cubupu.

2. MaTepuanbl 1 MEeTOADI
2.1. OT60p NPO6 M KyALTUBMpPOBaHHE

B paGorte ObUIM HCHNOJIB30BaHB 28 MOHOKJIO-
HaJIbHBIX [ITAMMOB W3 KOJUIEKI[MU >XUBBIX KYJIBTYP
JUaTOMOBBIX Bofopociell JINMHOJIOrM4eckoro WHCTH-
TyTa PAH, BeigesieHHBle U3 P00 PUTONIAHKTOHA O3.
batixan (Puc. 1, Tabnuma 1), corjacHO NPOTOKOJY,
onyOsmkoBaHHOMY paHee (Zakharova et al., 2023), a
Takxke 12 mTaMMOB M3 KOJUJIEKIIMN ANATOMOBBIX BOJO-
pocJieit Muposoro okeana (WODC) Kapapaarckoii Hayy-
HoM cranuuu uM. T.U. Bazemckoro (®eogocus, Poccus)
BhIleJieHHbIe 13 pob B 03. Puria u 03. l'osy6oe (Puc. 1,
Ta6yuna 1). Kietku BeipamuBanau B 100 mu kosbax
Opsiermeriepa ipu 8 °C u ocBeleHHUH 16 MKMOJIb/M?2/C
C JyepefjoBaHMeM AHA U Houd 12:12 yacoB B CTepusib-
Hoti cpefe DM (Diatom Medium) (Thompson, 1988) u
IepeceBajIi OAWH pa3 B MecAL. Bugosasa npuHajiex-
HOCTb HCCJIelyeMbIX IITaMMOB ObljIa IpeABapUTebHO
onpejesieHa Npy MOMOIIY CBETOBON MUKPOCKOIIMU.
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Puc.1. Kapra ¢ ykazaHueM craHiuu ot6opa npo6 ¢uromnankroHa. A) Kapra Espasuit; B) Teppuropus pecry6snku A6xas3uuy;
B) 03. Batikas. CuHUI TOYKY — cTaHIMM oTO0pa npob o3. Batikai (Poccus); rosybas Touka — 03. I'osy6oe (Peciybivika A6xasus);

3eJieHas Touka — 03. Pura (Pecmy6iiiika A6xasus).

2.2. Ixcrpakuua AHK, MUP u
CeKBEeHHPOBaHME MapKepPHbIX FEeHOB

JIHK Obi1a BhIAejieHA u3 OMOMacChl MOHOKJIO-
HaJIbHBIX [ITAMMOB JUAaTOMOBBIX BOJOPOCJIEH KaK OIK-
caHo paHee (Marchenkov et al., 2018). AMmndukaluo
dparmenToB reHoB V3-V4 netsiu 18S pPHK, rbcl u
cox1 mpoBOAWTIY, UCIOJIb3Ys NpaliMephl, yKa3aHHbE B
Tabmuue 2, u Habop Taq JHK-monumepaza (EBporeH,
Poccus). [TpoaykThl aMiinpukany pasaesisiin dJieK-
Tpodopesom B 1,5% arapo3HoM rejie ¥ OUYUILAIIU OT
PeaKIMoHHON cMecH ¢ moMoupio Monarch® DNA Gel
Extraction Kit (NEB, CIIIA). CexkBeHUpOBaHHEe MeTO-
aoM CsHrepa IpPOBOAMJIM C HCIOJIb30BaHHeM Habopa
I'eiCek (CuntoJ, Poccus)) Ha reHeTHMYECKOM aHaJIu-
3atope Hanodop 05 (Cunros, Poccus) B [IpubopHOM
I[eHTpe KOJUJIEKTMBHOI'O II0JIb30BaHUA (PU3UKO-XUMHU-
yeckoro yJjbpTpamukpoaHanuza JIMH CO PAH (IIKII
«YnpTpamMukpoaHanus», Hpkyrtck, Poccus). Ananus
HYKJICOTUAHBIX I0CJIeJOBATeJIbHOCTEN INPOBOAMWIIN
C HCHOJIb30BaHMEM MpPOrpaMMHOIO obecredyeHus
Chromos (Technelysium Pty Ltd, ABctpasus). Bce
CeKBeHHUPOBaHbIe [10CJIeJOBAaTeIbHOCTY eIOHUPOBAHBL
B GenBank (Ta6smna 1).

2.3. dunoreHeTuuecKum aHanus

HaGopsl ganHbIX Ui ¢parMeHTOB reHOB 18S
PPHK, cox1l wu rbcl. mis puioreHETUYECKON PEKOH-
CTPYKLIMH COAEepXali IOCJe[oBaTeJIbHOCTH, IOJIy-
YyeHHBIe B JaHHOHN paboTe, U romoJioru nu3 6a3bl aH-
Heix NCBI (Ta6numa 1, Ilpunoxenue Tabmuma S1).
BrlpaBHUBaHUe [10CJIeJOBAaTeIbHOCTEN IPOBOAWIIN NIPU
nmoMoIny oHJIaiiH-pecypca MAFFT (https://mafft.cbre.
ip/). Mopesnu MoJIeKyIAPHOH 3BOJIIOIUY OBLITN TOCTPO-
eHbl Ha OCHOBe 0aiiecoBCKOro MH(POPMAIMOHHOT'O KPU-
Tepus (BIC) B nmporpamme IQ-TREE v. 2.3.6 (Minh et
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al., 2020) c¢ wucnosp3oBanneM moxyJsisi ModelFinder
(Kalyaanamoorthy et al., 2017). [{yia OLeHKH NOJ-
JIepXKH TOMOJIOTUU JiepeBbeB HCIIOJIb30BAJIM 3Haye-
HUA cBepxObicTporo 6yTcTpena (Hoang et al., 2018) u
TeCT MPUOJIN3UTEIPHOrO OTHOILIEHUS MPaBAONOa00UsA
SH-aLRT (Guindon et al., 2010). [Io HauMeHbIIEMY
3HaYeHHUI0 0aliecOBCKOro WH(OOPMALMOHHOTO KpHUTe-
pusa (BIC) ana duioreHeTUYeCKOl PEKOHCTPYKLUIO
reHoB cox1 Gpu1a BeiOpaHa Monens TPM2u+F +1+ G4,
ana retoB 18S pPHK mogmens TN+F+I+R2, u nia
rbcL momens GTR +F + G4.

3. Pe3yAabTathbl M 06Ccy)xpeHue

[ mepBoHavyasbHON HAeHTUGUKAIMU IITaM-
MOB HaMU OBLIM NpOAHAJIN3MPOBAHEI NOCJIEOBATEIb-
HocTu (QparmeHTta reHa 18S pPHK pgia Bcex wram-
MOB, HCIOJIb3yeMBIX B JaHHOU pabore (Tabauma 1)
JUIA TOATBEpXJeHUs BHOOBOM NpUHALJIExXHocTU. U3
pe3yJibTaToB  (GUJIOTEHeTUYeCKON  PeKOHCTPYKINU
(Puc. 2) BUJIHO, YTO aHAJIMU3MpyeMble IOCe0BaTe N b-
HOCTH COOTHECeHH K KJIaJlaM, COOTBETCTBYIOUIMMU
ponam Ulnaria w Fragilaria. [leHHaTHBIE OUATOMEU W3
poaa Ulnaria o4eHb 4acTO SABJIAIOTCA JOMUHUPYIOMINMU
BUJIaMM B COCTaBe NPECHOBOIHBEIX COOOIIECTB MUKPO-
BoopocJiell. ITpefcraBuTes posja, COBMECTHO C GJIH3-
KOpOJIcTBeHHBIM eMy pojioM Fragilaria, moxgsepraorcsa
nocroaHHON peBusun (Williams and Round, 1987,
Aboal et al., 2003; Tuji and Williams, 2013; Lange-
Bertalot and Ulrich, 2014; Williams and Blanco, 2019;
Williams, 2024). OgHako, B HEKOTOPBIX CJIy4asX MOp-
dosorryeckre pasyuyua MeXAy BHUOAMU HACTOJIBKO
TOHKHe, 4YTO TpebyeTcs MpHUMeHeHUe CKaHUPYIoLlei
3JIEKTPOHHON MUKPOCKOIINH MJIM METO/I0B MOJIEKYJIAP-
Hol 6uosioruu (Zakharova et al., 2023). Panee 6bLJIO
[I0Ka3aHo, 4YTO, UCMOJIb3yA pparmeHnT resa 18S pPHK,
BKJIIOYaromiero B ce6s1 BapuabesibHBE pertoHs V3-V4,
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Ta6suna 1. HaiMeHoBaHuUe HccilelyeMbIX IITaMMOB

IIItamm Bupg MecTto oT6opa npo6 Howmep nocneno-| Howmep mociie- | Homep mociie-
BaTeJibHOCTH 18S| moBaTe/ibHOCTH |OBaTEJIbHOCTH
pPHK B GenBank | cox1 B GenBank |rbcL B GenBank

Ozepo Baiikan (Poccus)
BZ5 U. acus BaprysuHckuil 3a1uB PQ456333 PQ497024

BZ 251 U. danica OP159836 PQ497061 OP169177

BZ 261 PQ456352 PQ497043 PQ541091

BZ 263 PQ456353 PQ497044

ACH 275 F. radians AkaneMuueckui xpeber PQ472489 PQ497025 PQ541090

MM 118 U. acus npoJsiuB Masioe Mope, MbIC PQ456347 PQ497040

3yHOyK
MM 609 U. danica npoJsius Masioe Mope, PQ456366 PQ497050
LEHTP

M-S278 F. radians LIEHTp pa3pes3a PQ456348

M-S586 Maputyit-Cornzan PQ456351

M-S 607 U. acus PQ456344 PQ497037

5K557 U. danica 5 KM OT IpoToKa Xapays, PQ456355 PQ497046

5KH561 Aensta p. Cenenra PQ456356 PQ497027 PQ541092

ChZ519 U. danica YNBBIPKYHCKUI 3aJIUB PQ456354 PQ497045 PQ541095
L549 U. acus HeJlaJieko OT M. JIMCTBsAHKA PQ456334 PQ497026

B-T577 U. acus LIEHTp pa3pes3a PQ456335 PQ497028

B-T605 barkasbcxoe-Typanu PQ456343 PQ497036

T-N578 F. radians LIeHTp paspes3a PQ456349

T-N 579 U. acus Tou-Hemrsirka PQ456336 PQ497029

Y-T 594 U. acus LIeHTp paspes3a PQ456340 PQ497033

Y.T 581 ¥xan-Torkuit PQ456337 PQ497030

Y-T 580 F. radians PQ456350

K-A 598 U. danica LIeHTp paspesa PQ456364 PQ497047

KoTtesnbHUKOBCKUI
- AmyHpaakan

15K 588 U. acus 15 kM ot p. n. Kyaryk PQ456338 PQ497031

15K 589 PQ456339 PQ497032

L-T 600 U. acus LIeHTp paspesa PQ456341 PQ497034

L-T 604 JlnersAnKa-Tauxoit PQ456342 PQ497035

L-T 602 U. danica PQ456365 PQ497049

Pecny6simika A6xasus

G.21.0309-OE-1 U. ulna 03. Tosty60e PQ456367 PQ497051

G.21.0309-OE-3 PQ456361 PQ497038 PQ541088

G.21.0309-OE-4 PQ456357 PQ497053

G.21.0309-OF-5 PQ456369 PQ497054

G.21.0309-0G-7 PQ456371 PQ497056

G.21.0309-OE-8 PQ456360 PQ497057 PQ541094

R.21.0309-OE-2 03. Puna PQ456368 PQ497052

R.21.0309-0Q-6 PQ456370 PQ497055 PQ541093

R.21.0309-0I-9 PQ456372 PQ497058 PQ541089
R.21.0309-OE1-10 PQ456362 PQ497059
R.21.0309-001-11 PQ456359 PQ497060
R.21.0309-001-12 U. acus PQ456345 PQ497039
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MOXHO JIOCTaTOYHO YBEPEHHO YCTaHO- Ta6auna 2. IocienoBaTeNbHOCTH NPadiMEPOB, MCIOJIb30BAHHBIX B
BUTh BUAOBYIO IpUHAAJIEXHOCTh U. acus HacToAmMEM HNCCJIeN0BaHNN
u F. radians, a TaKXke K KOMILIEKCY BUIOB Tipaitmep TocegopatesrocTs (5 — 37
U. ulna n U. danica (Morozov et al., 2023;
Zakharova et al., 2023) 18S_1F (Katana et al., 2001) AACCTGGTTGATCCTGCCAGT
o .

B xiane Fragilaria ¢ BBICOKON 18S_1050R (Guo et al., 2015) GTTTCAGHCTTGCGACCATACTCC
JIOCTOBEPHOCTHIO OT/IEJILHO PaciosiokeHa cox1_1F (Marchenkov et al., 2022) ATGAAGTTTGCTAATCGATGGT
rpymnma, BKJIouammias B cebs IITaMMBL, cox1_714R (Marchenkov et al., 2022) AAAAAGGTGTTGGAACAGTACAG
BBIfleJIeHHble 13 Npo0 (UTOMJIAHKTOHA Uu_cox1_72F AGCTATTTCCGGTGTAGCGGGTAC
03. Baiikama (Poccusa) u upeHTUQUIN- Uu_cox1_624R AGCTCCTGCCAACACAGGTAAAG
POBaHHHle kak pu F. radians (Puc. 2). B rbcL-F (Zakharova et al., 2020) ATGTCTCAATCTGTATCAGAACGG
Kkane Ulnaria BEAE/IAIOTCA [IB€ IPYIIIBL. rbcL-R (Zakharova et al., 2020) CAACCTTGTGTAAGTCTCACTATTC
I'pynma U. acus copepXuTr IMocjaenoBa-

TeJbHOCTH InTaMMOB U. acus, BbIJieJIeH- 0907 Amphora marina
HBIX U3 03. Barikana (Poccus), a Takxke 765%9:23212221‘;:::“9°fee"3is
onyOJINKOBaHHBIE nocJieJoBaTeIbHO- ACH275 Fragilaria radians |
MM246 Fragilaria radians s
ctu U. acus nu3 o3. Punna (A6xasus) u 98.7197| 103 Fragitaria radians | &
e B <]
03. Marana (MugoHes3us) (Ta6smna S1). 5785 MM99 Fragilaria radians =
. M-S278 Fragilaria radians 5 ©
. . T . M-S586 Fragilaria radians 5 | s
I'pymnma U. danica / U. ulna comepxu 77.1/53 = | &
: ana fac I
0CJIE/IOBATEIBHOCTA ~ ITAMMOB  J1aH- hishsabincwiiurendl | |
HBIX BUAOB H3 03. Puma (A6xaswus), 03. AT-124.05b Fragilaria sp. 2
o AT-185Gel3 Fragilaria crotonensis S
T'ony6oe (AGxa3us), o3. batikasn (Poccus) a26i60 || AT186ge13 Fragilaria vaucheriae °
81.4/53 | At114gel5 Fragilaria rumpens
M IITaMMOB, BbIJ€JIEHHBIX N3 BOJOEMOB A-06 Fragilaria capucina
B IOxHoi1 Kopee, ®panuuu u Uranuu 50327 Fragilaria bidens
At135.13 Fragilaria delicatissima
(Puc. 2, Tabnuna S1). OTcyTcTBUE pas- 65.2/82 5.0227-E Ulnaria acus
JeJeHdus MeXIy MpeICTaBUTENIAMU 3TUX R e
ABYX BHUJIOB Ha OCHOBe aHaju3a [aH- L-T604 Ulnaria acus
M-S607 Ulnari:
HBIX pasHBIX BapuaOesbHBIX y4acTKOB s
18S pPHK 6b110 TakXke moka3aHO paHee o dinarta acus
(Morozov et al., 2023; Zakharova et al., 15K589 Ulnaria acus "
2023). C I | 88.3/77 3B357 Ulnaria acus 3
). Cnenyet oTMeTuTh, uro U. ulna u 38327 Ulnaria acus 8
U. danica UMeT CXO0XyH0 MOPGHOJIOTUIO e s
o - | I U 3
B O0IIMX YepTax U MPU 3TOM PsAL TOHKUX B-T605 Ulnaria acus >
B-T577 Ulnaria acus
OTJIMYMTEJIbHBIX Tpu3HakoB (Zakharova il
et al., 2023), YTO COBMECTHO C Pa3JINYU- 3B355 Ulnaria acus
© T-N579 Ulnaria acus
AMM B reorpaduueckoi JioKajausaluuu u 0.0224-OD Ulnaria acus
penpoaykTusHoit usossnueii (Podunay, SOt o ace =
2022) He NO3BOJIAIOT NPOBECTU UX 00be- 1001100 R21.0309-0A1-12 Ulnaria acus §
G.21.0309-OE-4 Ulnaria ulna
AVMHEHNEe B OJWH BH/. o1 47{90 r HYU-D007 Ulnaria ulna §
’ I R.21.0309-OE1-10 Ulnaria ulna ]
Yposenb ausepreHuuu 18S pPHK i e sbon bty o
y JauatoMeil B CpaBHEHUM C APYrUMU - ChZ519 Ulnaria danica
R.21.0309-OE-2 Ulnaria ulna
MapKepHbBIMU TreHaMu (OoJibinas cyObe- 5KHS557 Ulnaria danica s
_ _ _ [ 5KH561 Ulnaria danica ‘c
AnHALA pH6y‘H030 1,5 6I/IC(1)0C(I)aTKap [ G.21.0309-0C-3 Ulnaria ulna 3
6okcrtassl/okcurenassl — rbcl, cy6be- G.21.0308-OF-5 Ulnaria ulna 2
K-A598 Ulnaria dani
guHuna 1 nuroxpom-C-okcuaassl — coxl, il 5
¥ ¥ o R.21.0309-001-11 Ulnaria ulna ©
BHyTpeHHHI/I TpaHCKpI/I6I/I13yeMbIH CHeI/IU G.21.0309-0G-7 Ulnaria ulna ?:s
cep — ITS, yHUBEpCaJIbHbIN TIJIAaCTUAHBIN G-21.0309-OE-8 Ulnaria ulna &
TCC626 Ulnaria ul -]
aMIuKoH — UPA) mokasaJsi, 4To CKOPOCTh e G <
HaKOILJIeHNUsA MyTaluil B reHe cox1 Bhille, 22221633‘3';2'2 :T;i“_ ;
> o - - naria uina
yeMm y npyrux reHos (Guo et al., 2015). R.21.0309-01-9 Ulnaria ulna
o MM609 Ulnaria danica
dusioreHeTHYeCKNl aHaiau3 ¢parMeHTa Wdesli
reHa coxl MO3BOJIAET pas3jiuyaTh T'€HO- 7713 Prostauroneis i TCC670 Ulnaria uina
79.9/90] C] 7 restauroneis integra
TUIBI OJTHOT'O M TOTO € BUJA JAUATOMO- 99.2/98|—£ AT-101.02 Stauroneis kriegeri
BBIX BOJIOPOCJIEH, BBIJIEJIEHHBIE U3 Teo- s oo 105‘3?32‘V?Zu:*;“erl‘l’igjl';‘;“"e”'°e"‘er°”
rpa(l)que(:KI/I yIOaJIeHHBIX TOYEK (Ehara et 90/96 93.2/95 AT-70.09 Pinnularia substreptoraphe
92.8/97] AT-161.02 Pinnularia viridis
al., 2000; Evans et al., 2007; Hamsher et AT-161.05 Pinnularia mesolepta

al., 2011), B ToM umcye U y IpeCTaBUTE-
nen u3 pona Ulnaria (Marchenkov et al.,
2022). TakuMm ob6pa3oM, HCMIOJIb30BaHUE
JaHHOTO reHa IlejiecooOpa3HO A/ ycTa-

0.02
Puc.2. ®dunoreHernyeckas peKOHCTpyKLusA o ¢pparMeHTy resa 18S.

V3Bl [JIA KJIIOYEBBIX KJIACTEPOB OIpPeesiAT IMOANEPXKKY TOIOJIOTUU
cBepxObICTPOIT 3arpy3ku U NpubIM3UTESIbHOE OTHOIIeHNe IPaBAoIo 00

HOBJIEHUA IeHeTH4YecKon aupdepeHnya- SH-aLRT. ITocJiefoBaTeJIbHOCTH, TIOJIyY€HHBIE B JaHHOM PaboTe BHIIEJIEHBI
MY B MPUPOJHBIX MOMyJIANUAX BUIOB U. BeToM: cuHUe — Poccus, o3. Batikas; 3eseHsle — AGxasus, 03. Puna, rosy-
ulna u U. danica. 6ble — A6xasus, 03. T'osy6oe.
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Bribop «yHUBepcasbHBIX» INpaliMepoB Ha cox1
JVAaTOMOBBIX BOJAOPOCJIEN SBJIsIeTCS NOCTATOYHO CJIOXK-
HOU 3ajavell 13-3a BBICOKOH CTelleHU AuBepreHIuu
U HaJUYAU MPOTSIKEHHBIX MHTPOHOB BHYTPU TI'eHOB.
Hcnonp3oBaHue mpaiiMepoB, CKOHCTPYMPOBAHHBIX Ha
¢parmeHT rena cox1 U. acus, He JaBaJii MOJIOXKUTEb-
Horo oTBeta ¢ Bugamu U. ulna u U. danica (Tabaura 2).
OTOT pe3yJbTaT NpUBEJ K HEOOXOIUMOCTU KOHCTPYHU-
poBaHUs IpaiiMepoB clenu@UUYHBIX TOJIbKO AJIA aH-
HBIX BUZOB. Hamu ObUIM BIlepBble MOJIyYeHBI IOCJe-
JoBaTesbHOCTU cox1 AJiA BceX MITaMMOB, KOTOpBIE TI0
pe3yJbraTam aHaiusa pparmeHTa reta 18S pPHK 6b11u
oTHeceHHI K rpymne U. ulna u U. danica (Ta6auna 1).

B pesynbraTe aHanmuza ObUJIO TOKazaHO ¢oOp-
MHpOBaHUe o0Ilell Tpynmnbl, COOTBETCTBYIOIIEN pOIy
Ulnaria. ITocnenoBaTtenbHocTH cox1 mrammos U. ulna u
U. danica He pa3fenAOTcA Ha OTAEeJIbHbIE KJIaAbl BUAO-
Boro mopsaaka (Puc. 3). Ilpu anamuze popmupyrorcs
TPU KJaJibl, TPeACTaBJAIIMe CcOOON pa3Hble T'eHOo-
Tunel. Knaael 1 u 2 comepxaT mocjeJoBaTeIbHOCTU
U. ulna v U. danica w3 o3. Batikan u o3ep Ab6xasuu, a
Takxe U3 BOJOEMOB KOHTUHEHTaJbHON yacTu EBpoIb
(Tabmuma S1). Takum o6pa3oMm, 3THU TeHOTHUIIBI MOTYT
BCTpevaThcs B reorpaduieckuil yaajaeHHbIX BOJIoeMax.
Panee 6bUIN Moka3aHbl reorpaduyueckye npejessl pac-
MpocTpaHeHus JaHHbBIX BUJOB Ha TeppuTtopuu EBpasuu
(Podunay, 2022). Aptop otMmeuaer, uro U. ulna
UMeeT MIMPOKOe paclpocTpaHeHHe B 3amafHOU 4acTu
EBpa3suiickoro KOHTUHEHTA, TOrja kak U. danica Hace-
JIsileT BoJoeMbl BOCTOYHOHN yactu. Ilomyssmuu U. ulna

89.9/83

99/99)

£6.078 Ulnaria acus

[ 730 i
78.8/91
98.6/98| CCMP787 Skeletonema menzelli
FTY008

CIOoCOOHBI K MEXBUIOBOM Trubpuau3any C MOMyJis-
nuamu U. danica, HaxoAAmWMUMUCA B palioHe 3amagHo-
Cubupckoil HU3ME@HHOCTH U K BOCTOKY OT Hee BILJIOTb
no o3. baiikan (Podunay, 2022). CoryiacHO HocJieJHUM
JaHHBIM B (QUTOIIaHKTOHe 03. Bailikay mpucyTcTByeT
tobko U. danica (Zakharova et al., 2023). Kimaga 3
COMEepPXUT TOJIBKO IOCJIeJOBATEJIbHOCTU IITAMMOB U3
o3. barikas (Puc. 3). M3-3a majsioro oobemMa JaHHbBIX MBI
He MOXeM JIOCTOBEPHO YTBepXJaTh, YTO JAHHBII I'eHO-
TUN HUMeeT reorpaduieckre OrpaHUYeHUs B PacIpo-
crpaHeHuu. TakuMm obpa3oM, OBLIO MOKa3aHO, YTO TO
dparmenty rena cox1 nonymnsanuu U. ulna u U. danica
ozepa Pumia u. TI'ony6oe, a Takxe o3. Batikan sBis-
10TCsA reTeporeHHbBIMU. CliefyeT OTMETUTD, UTO JaHHbIE
o cox1 y mpexncraButesieii poaa Ulnaria HeMHOTOYMC-
JleHHbl. PaHee mMoJiyyeHHble JJaHHbIE O TeTepOTreHHO-
ctu nonyJisanuu U. acus [jis ceBepHOU KOTJIOBUHBI 03.
Baiikan (Marchenkov et al., 2022).

[Ipu cpaBHeHUU pe3yabTaTOB GuUIOreHeTHYe-
CKOro aHau3a 1o AByM MapkepHbM reHam 18S pPHK u
cox1 6BLJIO OTMEUEHO, YTO TPHU MITaMMa I'PyNIUPYIOTCA
B pa3Hble Kj1ajibl BuoBoro nopsaka (Puc. 4). CornacHo
AaHHbIM aHanmsa 18S pPHK mrtamm ACH275 pacno-
narasica B kiaage suga F. radians (Puc. 4 18S rRNA),
a mramMmbl 5KH561 u G.21.0309-OC-3 oTHeceHHI K U.
danica u U. ulna (Puc. 4 18S rRNA). IIo pe3yibTatam
dunoreHeTnyeckoro aHaamusa ¢parmeHra resa coxl
9THU IITAaMMBbI OTHOCATCA K kiaje U. acus (Puc. 4 cox1).

Ha ocHOBaHUM NOJIy4YeHHBIX HAMU T'eHeTUYeCKUX
JaHHBIX MOXHO IPeJIOJIOKUTh, YTO B €CTeCTBEHHBIX

— BZ251 Ulnaria danica
R.21.0309-OE-2 Ulnaria ulna
87’4/63-|((3.2’1,0309-0&'-8 Ulnaria ulna
TCC626 Ulnaria ulna
BZ263 Ulnaria danica
G.21.0309-OE-1 Ulnaria ulna
R.21.0309-OE1-10 Ulnaria ulna
- R.21.0309-01-9 Ulnaria ulna

7!
98 16C670 Ulnaria ulna

- BZ261 Ulnaria danica

K-A598 Ulnaria danica

Ulnaria

G.21.0309-0G-7 Ulnaria ulna
61.6/70|

L-T602 Ulnaria danica

Ulnaria ulna / Ulnaria danica

R.21.0309-0Q-6 Ulnaria ulna 2

- MM609 Ulnaria danica

61,2651~ G-21.0309-OF-5 Ulnaria ulna

- G.21.0309-OE-4 Ulnaria ulna

Skatitol ChZ519 Ulnaria danica
5KH557 Ulnaria danica

99/99

98.5/100

0.03

PnKk14 Pseudo-nitzschia micropora

PnPd29 Pseudo-nitzschia cuspidata
92.3/88
PnTB31 Pseudo-nitzschia fukuyoi

Puc.3. ®dunoreHeTnueckas peKOHCTPYKIMA 0 pparMeHTy resa coxl. Y3jbl Ajid KJII0UEBBIX KJIACTE€POB ONpeAesIAloT MOJ-
JepXKy TOIOJIOTUU CBepPXOBICTPOH 3arpy3Ku U MpUOJIN3UTeIbHOE OTHOIIeHNe npaBaononobus SH-aLRT. [TocneqoBaTenbHOCTH,
roJIyueHHble B JaHHOU paboTe BbleseHH I[BeToM: cuHUe — Poccus, o3. Baiikas; 3esensle — A6xa3us, o3. Pura, rosy6eie —

Ab6xazus, 03. I'omy6oe.
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18S rRNA cox1
0907 Ampl marina BZ251 Ulnaria danica o,
L= I — R.21.0309-OE-2 Ulnaria ulna
7 g 6.21.0309-OE-8 Ulnaria ulna |[87-4/63
10 Eia 'I e _ i S TCC626 Ulnaria ulna
ragilaria radians ® ;
MM99 Fragilaria radians ; ; B2263 Ulnaria ulna
—o5/89 sy | MeS278 Fragilaria radians | ¢ E G.21.0309-OE-1 Ulnaria ulna
. M-S586 Fragilaria radians = -] # ;
Y-T580 Fragilaria radians B - R.21.0309-OE1-10 Ulnaria ulna
T-N578 Fragilaria radians o E R.21.0309-01-9 Ulnaria ulna 6o
A?I;-;széolgbsmﬁllaﬂa Sp- w < TCC670 Ulnaria ulna [
B el3 Fragilaria crotonensis =] " "
B AT186gel3 Fragilaria vaucheriae = BZ261 Ulnaria danica
[ 81.4/53) At114 gel5 Fragilaria rumpens g K-A598 Ulnaria danica
A-06 Fragilaria capucina = g N
50327 Fragilaria bidens : G.21.0309-0G-7 Uln.arla u!na 61.6/70
s 2/82At135.13 Fragilaria delicatissima = L-T€02 Ulnaria danica
- 2-5042926-'5 Ulnaria acus 2 | R21.0309-0Q-6 Uinaria ulna
naria acus =
MM118 Ulnaria acus = MM609 Ulnaria danica 89.9/83
L-T604 Ulnaria acus G.21.0309-OF-5 Ulnaria ulna 5
M-S607 Ulnaria acus N
15K588 Ulnaria acus G.21.0309-OE-4 Ulnaria ulna
Y-T594 Ulnaria acus ChZ519 Ulnaria danica 98.2/100
8.4015-C Ulnarla acus @ 5KH557 Ulnaria danica
15K589 Ulnaria acus 3 3
68.3777| 38357 Ulnaria acus 8 5.0227-E Ulnaria acus 189 2/100
3B327 Ulnaria acus © 0227.E llinaria acus
BZ5 Ulnaria acus = — >
5.1015-B Ulnaria acus g ACH275 Fragilaria radians, 99/99
B-T605 Ulnaria acus 5 R.21.0309-OAT-12"Uifiaria acus
B-T577 Ulnaria acus Y-T581 Ulnaria acus
Y-T581 Ulnaria acus y
3B355 Ulnaria acus Y-T594 Ulnaria acus
L-T600 U:;lzflia acus 3B357 Ulnaria acus
p— 0.0224-O naria acus v
T-N579 Ulnaria acus L1604 Ulnarla acus
5.0227-F Ulnaria acus 5.1015-B Ulnaria acus
100/100 R.21.0309-OA1-12 Ulnaria acus M-S607 Ulnari 186.8/78
G.21.0309-OE-4 Ulnaria ulna vl
g4 [ HYU-D0O7 Ulnaria ulna & MM118 Ulnaria acus
) o R.21.0309-OE1-10 Ulnaria ulna =3 L-T600 Ulnaria acus
|- BZ261 Ulnaria danica 8 i
ChZ519 Ulnaria dani 8 « — acus
9 = 'E 5KH561 Ulnaria danica
L _— = 0T afia acus
=]
] B-T577 Ulnaria acus
=
s 3B355 Ulnaria acus |77/73
aneeETCa = ¢
L-T602 Ulnaria danica S 43K588 Ulnagla'acus
R.21.0309-001-11 Ulnaria ulna ; 0.0224-0D Ulnaria acus eI
G.21.0309-0G-7 Ulnaria ulna £ T-N579 Ulnari g
G.21.0309-OE-8 Ulnaria ulna 5 579 Unaria acus
TCC626 Ulnaria ulna K] 589 Uinaria acus |7, .0
G.21.0309-OE-1 Ulnaria ulna H .21.0309-0C-3 Ulnaria ulna}
BZ263 Ulnaria danica £
R.21.0309-0Q-6 Ulnaria ulna =] 0.02T50B Ulnaria acus
R.21.0309-01-9 Ulnaria ulna 3B327 Ulnaria acus
MM609 Ulnaria danica
BZ251 Ulnaria danica Bz Ulnaria acus
TCC670 Ulnaria ulna L549 Ulnaria acus
Outgmupl>—
Outgroup
0.02 0.03

Puc.4. ConocraBiieHne ¢QuioreHeTnyeckoil pekoHCTpykiusa ¢parmeHToB reHa 18S pPHK wu coxl. HItammer ACH275,

5KH561, G.21.0309-OC-3 oTMeuyeHBl KpaCHBIM I[BETOM.

ycI0BUAX MeXxay napamu Bupos F. radians u U. acus, U.
danica u U. acus, U. ulna u U. acus BO3MOXHa TUOPULIU-
3a1us, a uccjieyeMbie IMTaMMBbl SIBJISIOTCA TUOpUIaMU
nepBoro nokojieHusA. OJHaKO MBI HUKOTa He HabJIo-
JaJii MEeXBHUIOBYI0 TMOpUaU3anuio Mexay sugamu U.
ulna u U. acus B nabopaTopHbix ycjioBusx (Podunay
et al., 2021). Takxe BHIABJIEHHBINI (aKT MOXKET CBU-
JeTeJIbCTBOBAaTh O BO3MOXHOCTH TOPU3OHTAJIBHOTO
nepeHoca rexHoB (TTII'/HGT) mexnay ucciieqyeMbIMU
BUJIaMU, a UMEHHO Iepedayn TeHeTUYecKou HUHOp-
Manuu MeXAy PEeNpOAYKTUBHO M30JIMPOBAHHBIMU
sugamu. [TII' mpoiecc, KOTOPBIYI AOCTAaTOYHO 4YacCTO
BCTpeYaeTcsi MeXJy OpraHu3MaM{ OTHOCAIIUXCA K
TaKCOHaM pas3Horo cucreMmartmueckoro panra (Keeling
and Palmer, 2008; Garcia et al., 2021), a TakXxe MOXeT
MPOUCXOAUTh Y OPTraHU3MOB, OTHOCSAIIUXCSA K OJJHOMY
pony (Kavanaugh et al., 2006; Alvarez et al., 2006).
Cuuraercsa, 4To TmepeHoc cox1 y MOKPBITOCEMEHHBIX
SIBJIAETCA AOCTATOYHO OOBIYHBIM siBJleHHeM (Zhang et
al., 2020). EcTb mpefmoJsioxkeHue, YTO JAHHBINA IPO-
IlecC MPOMCXOJUT TOCPEACTBOM UHTPOHOB, KOTOpPHIE
KOOUpywT cauT crnenuduieckyo JHK sHOoHyKIeazy
¥ C TIOMOIIbI0 TEHHOM KOHBEPCUU MPOUCXOAUT 3aMeHa
yacTtu 5k30Ha (Delahodde et al., 1989; Sanchez-Puerta
et al.,, 2011). I'TI' aBygeTcaA OOHMM N3 MEXaHHU3MOB
yJIyqIllleHWs aJalTUBHBIX BO3MOXHOCTEH OpPraHu3-
MoB. Bxuyiag I'TII' B pa3BuTHE U 3KOJIOTMYECKYI0 afarl-
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TaIMI0 JUATOMEN OCTAeTCsA MOYTH He W3YYEHHBIM.
JlnaToMOBbIE BOJOPOCJIM COAEPXKAT MJIaCTUIBI 06pa3o-
BaHHbBIE B Pe3yJIbTaTe HECKOJIBKUX COOBITUM 3HJIOCUM-
6uro3a (Benoiston et al., 2017), u, cjegoBaTesIbHO, UX
MO3anYHas TeHeTUYecKas CTPYKTypa ABJIAETCS Pe3yJib-
TaTOM 3HAOCUMOUOTHYECKOTO TepeHoca reHoB (DIIT
EGT) (Morozov and Galachyants, 2019).

Ja noaTBepXOeHWA BHOBOM IIPHHAJJIEXHO-
CTU IITaMMOB C BO3MOXHBIM T'OPHU30HTAJIbHBIM IEepe-
Hocom (ACH275, 5KH561, G.21.0309-OC-3) pgomoJi-
HUTEJIbHO OBUT IpoBelieH GUIIOreHeTUYecKull aHaIu3
¢dparmenTtoB rena rbcl. (Tabsuma 2). CorjacHO MOJTy-
YeHHBIM pe3yJbTaTaM, HA OJUH W3 TPeX IITaMMOB
He oTHeceH K U. acus. Illtamm ACH275 oTHeceH K F.
radians. lltamm 5KH561 rpynnupyeTcs BMecTe ¢ ApY-
ruMu TpefcrasutensaMu Buaa U. danica u3 o3. Batikai,
a G.21.0309-OC-3 obbemuHsAETCA BMeCTe C APYTrUMU
mrammamul U. ulna u3 ozep A6xasuu, 03. JIaGBIHKBID
(AxyTusi) ¥ BOJOEMOB KOHTHHEHTAJIBHOUW YacTH
EBpomnnr (Puc. 5). IlociemoBatesibHOCTH mTamMoB U.
ulna, moyueHHble U3 MPo6 GUTOIIAHKTOHA BOJIOEMOB
0. Besnko6puTtanus, 06pasyoT OTAEJIbHYI0 NOATPYIILY
B KJaJie ¢ mocjeqoBareabHocTaMu U. danica u3 o03.
baiikan. Takum o6pa3oM, pacnpefesieHHe IOCJIeno-
BaTesibHOCTEeH rbcl. misa mrammoB ACH275, 5KH561
n G.21.0309-0OC-3 coOoTBeTCTBYeT pe3yJbTary, MOJIy-
YeHHOMY Npu aHaause ¢pparmeHToB rea 18S pPHK.
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97.2/99

96.6/98]
!

MM99 Fragilaria radians
ACH275 Fragilaria radians
MM246 Fragilaria radians
ACH111 Fragilaria radians
BK146 Fragilaria radians
L150 Fragilaria radians
MM103 Fragilaria radians
015FraP02 Fragilaria subconstricta
CCAP1011 Centronella reicheltii

s0327 Fragilaria bidens

752 Fragilaria perminuta

Fragilaria
radians

99.5/100

AJA080-13 Fragilaria sp.
005FraP02 Fragilaria gracilis

48.3/74| TCC666 Fragilaria rumpens

018FraP02 Fragilaria gracilis

4| 94-3/98! 085FraP07 Fragilaria gracilis

139FraB04 Fragilaria gracilis

88.6/9

AnMO0011 Fragilaria striatula
80.9/86 | Fragilaria striatula
95.6/94 Lab HK371 Grammonema striatula
AnMO0018 Fragilaria sp.

CCMP1423 Synedra hyperborea

CCMP1620 Synedropsis cf. recta

Genus Fragilaria

82.3/85

100/100

ACH112 Ulnaria acus

MM117 Ulnaria acus

3B355 Ulnaria acus
033SynP02 Ulnaria acus
5.0227-E Ulnaria acus
5.0227-F Ulnaria acus
5.1015-C Ulnaria acus

3B357 Ulnaria acus

L148 Ulnaria acus

LABS58 Ulnaria danica
TCC670 Ulnaria ulna
R.21.0309-0I-9 Ulnaria ulna
G.21.0309-OE-8 Ulnaria ulna

90.6/97|

Ulnaria acus

TCC656 Ulnaria ulna
720UInK13 Ulnaria ulna
TCC634 Ulnaria ulna
TCC626 Ulnaria ulna
R.21.0309-0Q-6 Ulnaria ilna
G.21,0309-0C-3 Ulnaria ulna
LAB259 Ulnaria ulna
93/98| —— LABS59 Ulnaria ulna
061SynP05 Ulnaria ulna
<|:. 836UInN05 Ulnaria ulna
L 702UInK11 Ulnaria ulna
93.2/94| L g918ynP07 Ulnaria ulna
BZ261 Ulnaria danica
— ChZ519 Ulnaria danica
BZ3 Ulnaria danica
BZ6 Ulnaria danica
MM121 Ulnaria danica
BZ264 Ulnaria danica
BZ251 Ulnaria danica
L252 Ulnaria danica
CHZ442 Ulnaria danica
5KH561 Ulnaria danica
BZ1 Ulnaria danica
LABS55 Ulnaria danica

Ulnaria ulna

Genus Ulnaria

Ulnaria danica

0.009

0247 Pteroncola inane

Puc.5. OuioreHeTnyeckas peKOHCTPYKLUA MO GparMeHTy reHa rbcl. Y3ibl [JIA KIIIOUEBBIX KJIACTEPOB ONpPeNesIioT MOJ-
JIEPXKKY TOIIOJIOTHH CBEPXOBICTPOIT 3arpy3Ky U NPUOJIM3UTEbHOE OTHOIIeHNe npasgonofnobusa SH-aLRT. ITocieqoBaTeIbHOCTH,
HOJIy4eHHble B JaHHOP paboTe BBAEJIEHHI LIBETOM: CHHMe — Poccus, o3. Bafikan; 3esieHble — AGxasus, o3. Purja, roiyGsie —

A6xazus, o3. I'omy6oe.

TonoJsioruss (puaoreHeTUYECKOro ApeBa, MOJIy4YeHHas
HaMH B JaHHOI paboTe, COOTBETCTBYET pe3yJibTaTam
¢duioreHeTMUECKOTO aHajM3a MpeAcTaBUTesell poda
Ulnaria ¢ ucnosib30BaHreM BapuabesIbHOTO pparMeHTa
rbcL. (Kochoska et al., 2023).

4. 3aknioueHue

JluaToMOBBIE BOJOPOCJIM SIBJIAIOTCA OOHOU U3
CcaMbIX Ppa3HOOOpPA3HBIX TIPYNI MHKPOBOJOPOCJIEH,
C BBICOKUM YPOBHEM CKPBITOTO BH000pa30BaHUA.
HccnenoBaHue BHYTPUBHUIOBON H3MEHYMBOCTU MAUa-
TOMOBBIX BOJIOpOCJIell HeoOXOAUMO MJis MOHUMAaHUA
MPOLIECCOB aMIAITAlU K Pa3JINYHBIM YCJIOBUAM OKpY-
xaroeil cpensl. 'eHeTnyeckoe pasHooGpasue MOp-
CKUX [UaTOMElN H3y4YeHO OTHOCUTEJIPHO LIMPOKO, B
TOM YHCJIE C TOYKU 3PEHUM BHYTPUBUAOBOI M3MEHUU-
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BOCTH, TOTA]a KaK HccilefJoBaHue IPECHOBOAHbIX BIUJI0B
OCTalOTCA OrpaHUYeHHBIMU. [IpoBefjleHHbIII HaMU aHa-
Ju3 ¢parmMeHTa reHa coxl mokasas reTeporeHHOCTb
nonysiAuui U. danica v U. ulna u3 o3. Baiikaa u o3ep
Abxasun. IlosydeHbl AaHHbBIE, CBHAETEJbCTBYIOIIKE O
BO3MOXHOM TI'OPU30HTAJIbHOM I€PEHOCE T'€HOB MeXAY
nccsjeqyeMbIMU BuAaMu. JIjiAd BbIABJIEHUs INPOLIECCOB,
Jiexxamux B OCHOBe 3Toro (eHoMeHa, HeoOXOAUMO
IIPOBECTU CPaBHUTEJIbHBIN aHaIu3 IUIACTHUAHBIX I'eHO-
moB BujoB F. radians, U. danica, U. ulna u U. acus, 4TO
MOXeT [IOMOYb OOBACHUTH HEKOTOpBIEe acCIeKThl BHJO-
00pa3oBaHNA y AUATOMOBBIX BOAOPOCJIIEH.

AononHuTEeAbHbIEe MaTepHanbl

Tabmuia S1. Characteristics of nucleotide
sequences of cox1, rbcL and 18S rRNA genes.
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