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ABSTRACT. Lipid droplets of diatoms are dynamic organelles essential for energy and lipid metabolism
within the cell; however, their intracellular life cycle remains largely unexplored at the ultrastructural
level. In this study, we investigated the dynamics of lipid droplets in the pennate diatom, Encyonema
silesiacum, using fluorescence and transmission electron microscopy. The size and number of lipid drop-
lets were assessed using BDP 505/515 staining. After five days of cultivation, lipid droplets had a diam-
eter of 0.6 =0.1 um, while with an increase in the cultivation time to 25 days, the diameter decreased to
0.8+0.2 um. In other words, with increasing culture age, the size increased, indicating stress-induced
accumulation of TAGs. We suggest that lipid droplets undergo complete vacuolar engulfment, followed
by morphological degradation. Analysis of literature data suggests that complete lipid droplet uptake
by vacuoles represents a widespread and conserved microlipophagic pathway in diatoms. These results
contribute to our understanding of the lipid metabolism diversity in diatoms.
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1. Introduction

Diatoms (phylum Bacillariophyta) are a group of
unicellular eukaryotes with the unique ability to synthe-
size species-specific silica frustules (Round et al., 1990).
Currently, the phylum comprises 10 classes (Kociolek
et al., 2026) with diverse frustule symmetry. According
to the current phylogeny, species with multiradial and
polar symmetry belong to six classes (Coretrophycaea,
Leptocylindrophyceae, Melosirophycaea,
Coscinodiscophyceae,  Thalassiosirophyceae, = and
Biddulphiophyceae), while bilateral symmetry
is characteristic of the classes Striatellaphyceae,
Plagiogrammaphyceae, Fragilariophyceae, and
Bacillariophyceae (Kociolek et al., 2026).

In addition to their morphological uniqueness,
diatoms, like other eukaryotic microalgae, are distin-
guished for their ability to produce triacylglycerols
(TAGS), which are stored in lipid droplets (LDs)—spe-
cialized organelles (Goold et al., 2015; Maeda et al.,
2017). Depending on cultivation conditions, including
stress, diatoms synthesize a wide range of saturated
and unsaturated fatty acids, which accumulate in LDs.

LDs are not inert inclusions but dynamic organelles that
play a key role in cellular energy and lipid homeostasis.
The size and number of LDs vary widely (from 0.3 to
5.6 um in diameter) depending on environmental con-
ditions and the phase of lipid accumulation (Maeda et
al., 2017; Cvjetinovic et al., 2024).

In most eukaryotes, LD biogenesis is conserved
process: neutral lipids accumulate between the mem-
brane leaflets of the endoplasmic reticulum (ER), form
lenses, and bud off into the cytosol, where they inter-
act with mitochondria and peroxisomes (Olzmann and
Carvalho, 2019). In microalgal cells, unlike the bulk
of higher plants, LD function as transient organelles
(Zienkiewicz et al., 2016): in response to environmen-
tal changes, cells break down TAGs and sterol esters,
releasing lipids for membrane synthesis and metabolic
energy production.

Lipophagy is one of the key pathways for LD deg-
radation, a process mediated by autophagy. In green
algae, lipophagy occurred in vacuoles (Zhao et al., 2014;
Schwarz et al., 2017; Kokabi et al., 2020; Zienkiewicz
et al., 2020). There are two types of lipophagy: mac-
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rolipophagy, which involves the formation of a pha-
gophore and its conversion to an autophagosome, and
microlipophagy, in which LD is transferred to the vacu-
ole without the formation of an autophagosome (Garcia
et al., 2018). For diatoms, the existence of new, previ-
ously unknown microlipophagic pathways is suggested
(Nonoyama et al., 2019; Tanaka et al., 2024). Tanaka
et al. (2024), based on a Fistulifera solaris S. Mayama,
M. Matsumoto, K. Nemoto & T. Tanaka model, pro-
teomic analysis, and inhibition of autophagy with
chloroquine, demonstrated LD degradation in this dia-
tom via lipophagy. Fluorescence microscopy revealed
increased contact between vacuoles and LD under con-
ditions stimulating lipid degradation; this process was
suppressed by autophagy inhibitors. Transmission elec-
tron microscopy (TEM) demonstrated direct fusion of
vacuoles and LD, suggesting the presence of a new type
of microlipophagy in F. solaris, in which degradation
occurs through partial (not complete) fusion of LD into
the vacuole (Tanaka et al., 2024).

However, the work by Tanaka et al. (2024)
remains one of the few ultrastructural studies of LD
degradation in diatoms. Despite growing interest in this
group of microalgae, the formation, maturation, and
degradation of LD during their intracellular movement
remain poorly understood. Given the high morpholog-
ical diversity of diatoms, we can assume that microli-
pophagy in different species may have species-specific
ultrastructural characteristics. Detailed studies of LD
biology in diatoms are necessary to fill the gap in our
knowledge of the fundamental features of cellular orga-
nization and lipid metabolism in this group.

In this study, we used Encyonema silesiacum
(Bleisch) D.G. Mann, a freshwater raphe pennate dia-
tom (class Bacillariophyceae), as a model, for which
the ultrastructural dynamics of LDs were previously
studied. The aim of this study was to characterize the
ultrastructural dynamics of LDs in situ using fluores-
cence microscopy (BDP 505/515 staining) and TEM.
Particular attention was paid to the intracellular local-
ization of LDs and their transformation during vacuole
immersion.

2. Materials and methods
2.1. Cultivation conditions

Encyonema silesiacum strain Ov460 was isolated
from a sample collected from the Yenisei River in 2019.
Cells were grown in DM medium (Culture collection...,
1988) at 8°C and 300 umol m? s* illumination with
a 12-hour light/12-hour dark cycle. The culture was
maintained in 50-mL Erlenmeyer flasks with subcul-
tures every 60 days. Cultures were used for experiments
on the 5" and 25™ days of culturing. Each time point
represented three biological replicates.

2.2. Light and fluorescence microscopy

Living cells from 5- and 25-day-old cultures
were stained with the fluorescent dye BDP 505/515
(Lumiprobe, Russia), specific for neutral lipids, to visu-
alize LD. A 5 mM dye solution was added to the cell

524

medium to a final concentration of 2 uM. After 30 min-
utes of incubation in the dark, the cells were washed
twice with phosphate buffer (0.1 M; pH 7.0) and ana-
lyzed using an Olympus IX83 microscope (Olympus,
Japan) equipped with a U-FBNA fluorescent filter cube
(excitation at 470-495 nm; emission at 510-550 nm).
Chloroplast autofluorescence was visualized using a
U-FGNA fluorescence filter cube (excitation 360-370
nm; emission 420-460 nm). Micrographs were obtained
using an Olympus DP74 digital camera and the CellSens
4.1 software package.

2.3. Measurement of lipid droplet sizes
and statistical processing

To assess LD size, measurements were taken
using fluorescence micrographs. At each time point, at
least 30 randomly selected cells from triplicates were
analyzed. All visible LDs in each cell were measured.
To compare LD sizes between 5- and 25-day-old cul-
tures, the nonparametric Mann-Whitney U test was
used. Differences were considered statistically signifi-
cant at p<0.05.

2.4. Transmission electron microscopy

(TEM)

Cells from a 25-day culture were fixed for three
hoursin a 2.5% glutaraldehyde solution (Sigma-Aldrich,
USA) in phosphate buffer (0.1 M; pH 7.0). After wash-
ing in the same buffer (three times for 15 minutes),
the samples were further fixed in a 1% osmium tetrox-
ide solution in phosphate buffer for 12 hours at 4°C.
Dehydration in a series of increasing ethanol concen-
trations (30, 50, 70, 80, 96, and 100%) and acetone,
as well as embedding in Araldite 502 Kit epoxy resin
(SPI, USA), were performed according to the standard
protocol (Bedoshvili and Likhoshway, 2012).

Ultrathin sections (60-70 nm thick) were
prepared on an Ultracut R ultramicrotome (Leica,
Germany) using an ULTRA 35 diamond knife (Diatom,
Switzerland). The sections were placed on copper grids
and contrasted with a saturated aqueous solution of
uranyl acetate (30 min) and Reynolds’ lead citrate (10
min). The preparations were analyzed on a Leo 906 E
transmission electron microscope (Zeiss, Germany) at
an accelerating voltage of 80 kV. Micrographs were
obtained using a MegaView II digital camera (Zeiss,
Germany).

Sections of 50 different cells were examined.
Only transverse sections passing through the central
part of the cell were used for analysis, as well as longi-
tudinal and oblique sections, which allow for the unam-
biguous identification of the main organelles.

3. Resulits

E. silesiacum cells were 14.5+1.6 pm long and
5.4+0.3 pym wide. Each cell contained a single chlo-
roplast, pressed to the narrower part of the cell with
lobes on the facial parts of both valves (Fig. 1). Analysis
of cells in culture of different ages, stained with BDP
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Chloroplast
autofluorescence

Fig.1. Staining of lipid droplets in living Encyonema silesiacum cells using BDP 505/515 (light and fluorescence microscopy).
A-—cells in a 5-day culture; B—cells in a 25-day culture. Scale bar-10 pm.

Bright field
microscopy

BDP 505/515 Merged

505/515, revealed LD in the cytoplasm, 0.6 = 0.1 um in 2
diameter for a 5-day culture and 0.8 £ 0.2 pm in diame-
ter for a 25-day culture (Figs. 1, 2). Overall, 81 droplets
were analyzed for a 5-day culture and 192 droplets for
a 25-day culture. A statistically significant increase in
the diameter of LDs was found in the 25-day culture
compared to the 5-day culture (medians were 0.794
um and 0.604 um, respectively; U=2757; p<0.05).
The number of droplets per cell tended to increase.
The 5-day culture was characterized by 6 =2 LDs per
cell (in this case, cells with visible stained LDs were e
included), while the 25-day culture was characterized '
by 8 =4 droplets per cell. These values for the number
of LDs per cell are qualitative in nature and reflect the
observed range of heterogeneity in the culture. 0

According to TEM data, the cell ultrastructure o =
of the studied strain was consistent with previous
data on this species (Fig. 3; Bedoshvili et al., 2018).
Two large vacuoles were clearly visible in longitudi-
nal sections (Fig. 3B). TEM revealed various variants

O Median

0 25 %-75 %

T Non-Outlier Range

© Outliers o

Diameter of lipid droplets, pm

Culture age, days

Fig.2. Box plot showing the diameter of lipid droplets in
Encyonema silesiacum cultures of different ages. The diameter
of lipid droplets increased significantly with culturing time

of LDs arrangement in the cytoplasm (Fig. 4). In sec-
tions, LDs appeared as rounded bodies with homoge-
neous contents of varying electron density. LDs were

(p<0.05, Mann-Whitney test). The statistical significance of
the differences between the 5- and 25-day groups is indicated
by an asterisk (*) above the connecting line.

Fig.3. Ultrastructure of Encyonema silesiacum cells from the 25-day-old culture (TEM). A—cross-section of a cell; B-longitu-
dinal section of a cell. Legend: Chl-chloroplast; G-Golgi apparatus; LD-lipid droplet; m-mitochondrion; P-pyrenoid; V-vacuole.
Scale: A-1 um; B-2 pm.
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Fig.4. Ultrastructure of lipid droplets from the 25-day-old culture of Encyonema silesiacum in the cytoplasm (TEM). A-C-sec-
tions of lipid droplets completely localized in the cytoplasm; D-F-lipid droplets partially located in the cytoplasm. Black arrows
indicate ER cisterns. Legend: Chl-chloroplast; LD-lipid droplet; m-mitochondrion. Scale bar-200 nm.

located either entirely in the cytoplasm (Fig. 4A-C) or
could be partially immersed in a vacuole (Fig. 4D-F). In
both cases, LDs could be associated with the ER cistern
(Fig. 4A, E).

LDs were also found to be localized in vacuoles,
with changes in their morphology observed—cavities
of varying density appeared within them (Fig. 5). The
density of most of these structures prevented the epoxy
resin from effectively penetrating them, resulting in
large holes visible in sections of lipid droplets in vacu-
oles (Fig. 5A, B, D). Such residual lipid droplets in vacu-
oles could occupy a bulk of the vacuole (Fig. 5B). Figure

5 shows LDs at an early stage (Fig. 5C) and a later stage
(Fig. 5D) of morphological changes in the vacuole. In
addition to degrading LDs, there were also membrane
remnants of unknown origin in the vacuoles.

4. Discussion

BDP 505/515 staining enabled the detection
of LDs in E. silesiacum cells and the quantification of
their diameter in cultures of different ages. An increase
in LD size during long-term cultivation was reported
for many microalgae species (Goold et al., 2015) and

Fig.5. Ultrastructure of lipid droplets from the 25-day-old culture of the Encyonema silesiacum vacuoles (TEM). A—-oblique
section of cells undergoing valve formation after division, all possible types of lipid droplet localization in the studied species are
represented in the cell, the black arrow indicates membranes of unknown origin inside the vacuole; B—oblique section through
cells forming valves after division, lipid droplets occupy most of the vacuoles; C-enlarged fragment of Figure 5A, the lipid droplet
is at the early stage of morphological change after its transfer to the vacuole; D-lipid droplet at the late stage of morphological
change in the vacuole. Legend: Chl-chloroplast; LD-lipid droplet; m-mitochondrion; V-vacuole. Scale: A, B-2 pm; C, D-200 nm.
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is considered an adaptive response to the depletion of
biogenic elements in the medium. In diatoms, increased
LD biogenesis is associated with a deficiency of silicon
(Roessler, 1988; Smith et al., 2016), nitrogen (Hu et al.,
2008; Levitan et al., 2015; Yang et al., 2013), or phos-
phorus (Lombardi and Wangersky, 1991; Yang et al.,
2014). Although we did not directly measure concen-
trations of biogenic elements or culture growth curves
in our study, we speculate that culturing E. silesiacum
without medium change for 25 days resulted in the
depletion of one or more of these elements, which in
turn stimulated TAG accumulation and an increase in
LD size. Overall, culturing without medium change can
be considered a model for stress-induced TAG accumu-
lation in diatom cells as a result of biogenic element
deficiency and, possibly, the accumulation of metabo-
lites in the medium.

The ultrastructure of E. silesiacum cells, described
in detail previously (Bedoshvili et al., 2018), is typical
of pennate diatoms and possesses all the characteris-
tic features: a single lobed chloroplast adjacent to the
valve and containing a pyrenoid crossed by a thylakoid
lamella; a nucleus surrounded by dictyosomes; and
mitochondria with tubular cristae (Round et al., 1990).
The cytoplasm of the studied species contains numerous
vesicles, prominent ER cisterns, and two large vacuoles
occupying a significant portion of the cell volume.

Of particular interest is our observed association
of LD with ER cisternae (Fig. 4A, E). This association is
consistent with the canonical model of LD biogenesis,
which posits that neutral lipids accumulate between the
ER membrane leaflets, form lenses, and subsequently
bud into the cytosol (Olzmann and Carvalho, 2019;
Leyland et al., 2020). The presence of ER-associated
LD both in the cytoplasm and in a partially vacuolar
position suggests that LD transport to the vacuole may
occur simultaneously with ongoing biogenesis of new
droplets, which is particularly relevant under stress
conditions.

In recent years, data have accumulated on the
numerous functions of vacuoles in diatoms. They serve
as a storage site for biogenic elements (Kooistra et
al., 2007; Behrenfeld et al., 2021), chrysolaminarin
(Chiovitti et al., 2004; Huang et al., 2016), and, pre-
sumably, can differ in functional specialization within
a single cell. Autophagy is the most important function
of vacuoles in microalgae, including diatoms (Laude et
al., 2024; Nonoyama et al., 2019; Tanaka et al., 2024).
Previously, it was reported on the centric diatom,
Cyclotella meneghiniana Kiitzing, that exposure to xeno-
biotics (chlorinated benzenes and chromium) causes
the appearance of autophagosome-like structures in
vacuoles (Sicko-Goad et al., 1989; Lazinsky and Sicko-
Goad, 1990). Autophagic compartments in microalgae
are bounded by a single membrane, which identifies
them as vacuoles rather than classic autophagosomes.

The obtained data on the localization and mor-
phology of LD in E. silesiacum significantly expand our
understanding of the mechanisms of lipophagy in dia-
toms. In contrast to the F. solaris model, where only
partial fusion of LD with the vacuole was observed, in
E. silesiacum, complete transfer of LD into the vacuo-
lar compartment with their subsequent morphological
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transformation was recorded (Figs 4, 5). This allows
us to distinguish sequential stages of vacuolar lipoph-
agy in E. silesiacum: initiation, when LD is localized in
the cytoplasm; invagination, during which LD is local-
ized at the border of the vacuole (to varying degrees
of fusion); and complete transfer and degradation, in
which LD is located inside the vacuole and shows signs
of destruction. Most likely, the altered LD in vacuoles
have a different chemical nature than cytoplasmic
droplets. Poor impregnation with epoxy resin indicates
that in the vacuolar environment, modification of the
LD occurs with partial oxidation or hydrolysis of TAGs,
which changes their physicochemical properties.

The data presented here provide new insights
into the diversity of microlipophagy mechanisms in
diatoms. The complete immersion of LD into the vac-
uole observed in E. silesiacum is most likely not a spe-
cies-specific feature but may represent a more conserved
and widespread mechanism among Bacillariophyta.
Previously published ultrastructural works, including
classical cytological descriptions (Helmcke and Krieger,
1966-Plates 588, 596, 602, etc.) and relatively new
studies (Bedoshvili et al., 2009-Fig 4c; Cvjetinovic et
al., 2024-Fig 8D, D), repeatedly depict LD within vacu-
oles; however, these structures were not interpreted as
stages of microlipophagy and did not attract the atten-
tion of researchers focused on other aspects of diatom
cytology. In this regard, the F. solaris model described
by Tanaka et al. (2024) is particularly noteworthy,
where microlipophagy is limited to partial contact of
the LD with the vacuole without complete engulfment,
despite changes in vacuole volume. This difference
suggests that in F. solaris, this degradation pathway is
either blocked at the membrane invagination stage or
replaced by an alternative mechanism, making this spe-
cies an exception among studied diatoms rather than a
universal rule.

5. Conclusions

Our data were obtained exclusively using static
electron microscopy, which captures cells at a specific
point in time and provides only “snapshots” of intracel-
lular processes. Observations of lipid droplets localized
in the cytoplasm, at the vacuole border, or within the
vacuole provide indirect ultrastructural evidence that
we can interpret as sequential stages. Confirmation of
lipophagy in current studies requires the use of molec-
ular markers (e.g., colocalization of LDs with auto-
phagosome or vacuolar membrane proteins), autoph-
agy inhibitors, or intravital imaging (Tanaka et al.,
2024). Nevertheless, the presented data contribute to
our understanding of the morphological diversity of
lipophagic pathways in diatoms and form the basis for
future molecular studies.
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OpuruHanbHan craTbf

YABTPACTPYKTYPHAA XapaKTepucTuKa [ IMNOLOGY
OMoreHesa AMNMAHBLIX KaneAab U FRESHWATER
MUKpoAunodaruv y neHHaTHOM AMaTtomeu BIOLOGY

Encyonema silesiacum -

bepomBuau E.JI.*", OpyoBa A.A., 3axaposa [O.P.

JlumHostoeuyeckuti uHcmumym, Cubupckoe omoesieHue Poccutickotli akademuu Hayk, yJ1. YiaH-Bamopckas, 3, Hpkymck, 664033,
Poccua

AHHOTAILIHUSL. JIunuaHble Karivi UaTOMOBBIX BOJOPOCIe — AUHAMUYHBIE OpraHesUIbl, HE0OOXOAMEbIe
J1J11 DHEPreTU4ecKoro 1 JUMKUAHOro oOMeHa B KjleTKe, OJHAKO UX BHYTPUKJIETOYHBIN XKU3HEHHBIN [[UKJT
ocTaeTcs B 3HAUMTeJIbHOU CTelleHW Hel3y4YeHHBIM Ha yJIbTpacTpyKTypHOM ypoBHe. B HacTosmeli pabote
OblIa McclejoBaHa AWMHAMUKa JMIMOHBIX Kaleyb y MeHHAaTHOW OUaTOMOBOM Bogopocu Encyonema
silesiacum c mOMOIIbI0 GJIyOPECLIEHTHOM M POCBEYNBAIOIIEN JIEKTPOHHOW MUKpOCKomuu. OIieHKa pas-
MepOB U KOJINYeCTBa JIMIMUAHBIX KaleJslb OCYyIIeCTBIAIACh ¢ MOMOIIbIo okpacku BDP 505/515. IToka3aHo,
YTO MpU KYJIbTUBUPOBAHUU B TeueHUe 5 AHel JunugHble Kam umenn auametp 0,6 +=0,1 Mkm, a npu
yBeJIMYeHUN BpeMeHU KyJIbTUBUpOBaHMA A0 25 maHel — 0,8 =0,2 MKkM, T.e. ¢ yBeJIMYeHHEM BO3pacTa
KyJIbTYpBl HaOJII0JaJIOCh yBeJIlnyeHle pa3MepoB, YTO yKa3blBaJIO Ha CTpecc-MHAYLMPOBaHHOE HaKoILIe-
Hue TAT. Mul npeamnosiaraeM, YTO JIMIAAHBIE KallJIM MOJHOCTBIO IEPEHOCATCA B BAKYOJIU C IOCJIENYI0-
meli MopdoJIorhnyecKo Aerpagainueil. AHaIN3 JAaHHBIX JIATepaTyphbl NIO3BOJIAET MPEeANOJIOKUTh, YTO
II0JIHOE TIOTJIoNIeHNe JIMNUAHBIX KalleJlb BaKyoJIIMU IIpeACTaBJiseT cOO0l MIPOKO pacnpoCTpaHeHHBIN
1 KOHCepBaTHBHBIN IIyTh MUKPOJIUNIOMaruy y AMaToMOBBIX Bogopociel. [TosyyeHHbIe pe3yIbTaThl CIIO-
CcOOCTBYIOT MOHUMAHUIO Pa3HOO0pa3usl JIMINJHOTO MeTab0JIM3Ma y JUAaTOMOBBIX BOJOPOCJIEN.

Kiioueanie citoga: Encyonema silesiacum, TUNMgHBIE KAILTU, MUKPOJIUIOGMArvs, BaKyoJIb, IPOCBEYNBAIOIIAs
3JIEKTPOHHAA MHUKPOCKOIINA, AMaTOMOBBIE BOAOPOCIIN

Jia qutupoBanus: begomsunu E.J[., OpsioBa A.A., 3axaposa I0.P. YibTpacTpyKTypHas XapakTepruCTUKa O1oreHe3a JIUINIHBIX
KareJib 1 MUKpoJunodarum y neHHaTHoOU auatomeu Encyonema silesiacum // Limnology and Freshwater Biology. 2026. - No 4.
- C. 523-536. DOI: 10.31951/2658-3518-2026-A-4-523

1. Beepenne [TomuMo MOpPGOJIOTUYECKON  YHUKAJIBHOCTH,

JUaTOMOBBIE BOAOPOCJIM, KaK U Jpyrue 3yKapuoTU-
yeckre MUKPOBOAOPOCJIM, NPHUBJIEKAIOT BHUMAaHUE B
KavecTBe IMpPOAYLIeHTOB TpuanmirauueposioB (TATI),
3amacaeMbIX B COCTaBe JIMIUAHBIX Kamesb (JIK) — creru-
aym3upoBaHHBIX opraHesut (Goold et al., 2015; Maeda
et al., 2017). B 3aBUCUMOCTH OT YCJIOBUI KYJIbTUBUPO-
BaHMsA, B TOM UKCJIe TIpU CTpecce, AUaTOMOBBIE BOMO-
PpOCJIM CUHTE3UPYIOT pa3HOOOpa3HEIN penepTyap Hachl-
IIeHHBIX ¥ HEHAaCHIIeHHBIX XUPHBIX KHUCJIOT, KOTOphIe
HakamuBawTca B JIK. JlunuaHele Kamiu OpeacTaB-
JIAI0T cO0OI He MHEPTHBIE BKJIIOUEHNA, a JUHAMUYHbBIE
opraHeJuIbl, UTpaloIre KJIIOUEeBYI0 POJib B 3HepreTu-
YyeckOM M JIUIHUAHOM TromMeocTa3e KJIeTKu. Pasmep u
xosimyecTBO JIK BappupyIOT B MIMPOKUX Ipefdeyiax (OT
0,3 mo 5,6 MKM B JuameTpe) B 3aBUCUMOCTH OT YCJIO-
BUI cpefibl U ¢a3sl HaKorieHuA aunuoB (Maeda et al.,
2026). 2017; Cvjetinovic et al., 2024).

JlnatomMoBLbIe BOJOPOCJI (bunym
Bacillariophyta) — rpymma OQHOKJIETOYHBIX 3yKapHUOT,
o0JlafgamwiUXx YHUKAJIbHONH CIIOCOOHOCTBIO CHHTE3U-
poBaTh BuAocHenudUYHbEe KpeMHe3eMHble MaHIMpU
(Round et al., 1990). B HacTosmee BpeMsa GUIYM
HacuuteiBaeT 10 xiaccoB (Kociolek et al., 2026) c
pasHooOpas3HOU cuMMeTpueil mnaHnupsa. CorjacHo
COBpeMeHHON QUJIOreHNH, BUABI C MYyJIbTHpaaHaIb-
HOM Y TOJIADHOM CHUMMeETpHUell OTHOCATCA K IIeCTH
kimaccam  (Coretrophycaea, Leptocylindrophyceae,
Melosirophycaea, Coscinodiscophyceae,
Thalassiosirophyceae u Biddulphiophyceae), Torga
Kak OwiaTepajsibHasg CHUMMETPHA XapakTepHa MJiA
kiaccoB Striatellaphyceae, Plagiogrammaphyceae,
Fragilariophyceae u Bacillariophyceae (Kociolek et al.,

*ABTOp 114 nepenuicky. Anpec e-mail: bedoshvili@lin.irk.ru (E.J. BemomBrim)
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ITpunama nocsie dopabomxku: 15 aprycra 2026; eTcs o MexIyHapoJHo! jiutieH3uel Creative BY N
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Y OGospmmHCTBAa 3ykapuoTr OuoreHe3 JIK KoH-
CepBaTUBHBII Ipoliecc: HeHTpaJibHble JUIWIb HaKa-
IJIMBAIOTCA MeXJy JIMCTKaMU MeMOpaHBl 3HJIOIJIa3-
MaTHh4yeckoro petukyiayma (OP), GopMUpYyIOT JIMH3HI
Y1 OTHNOYKOBBIBAIOTCA B ILUTO30J1b, IIOCJIE 4Yero B3au-
MOJEHICTBYIOT ¢ MMTOXOHAPHUAMM U IepoKCcHCcOMaMu
(Olzmann and Carvalho, 2019). B kjeTkax MHUKPOBO-
JopocJieli, B OTJInYKe OT OOJIBIIMHCTBA BBHICIINX pacTe-
Huil, JIK QyHKIIMOHUPYIOT KaK BpeMeHHEIe OpraHeJiibl
(Zienkiewicz et al., 2016): B oTBET Ha U3MEHEHUA OKPY-
JKaroleil cpenl kieTku pacierniaoT TAT u agups! cre-
POJIOB, BEICBOOOXAas JIMNIKUABI AJI CUHTe3a MeMOpaH U
BBIpAOOTKU MeTabO0JIN4uecKON SHEPTUH.

OaHuMM U3 KJIIOYeBBIX MyTed pAerpaganuu JIK
ABJIAeTcA Junodarusa — Mpoliecc, ONOCPeIOBaHHBIN
aytodarueri. Y 3ejeHBIX BOAOPOCJIEN IMOKa3aHO, YTO
aunodarys MpOUCXOAUT B BakyoJsiax (Zhao et al., 2014;
Schwarz et al., 2017; Kokabi et al., 2020; Zienkiewicz
et al., 2020). Pazauvaror ABa TUMA JIUMOMaruu: Makpo-
nunodaruio, BKIYawilyo dopmupoBaHue ¢parodpopa
U ero npeobpaszoBaHue B ayTodarocomy, U MHKpPO-
aunodaruio, npu koropoil JIK nepeHocuTca B Baky-
oib 6e3 oOpasoBaHusA ayrodarocomsl (Garcia et al.,
2018). 14 quaTOMOBBIX BOAOPOCJIEN MpeAInoaraeTcs
CyILlleCTBOBaHNE HOBBIX, paHee HEW3BEeCTHBIX IyTel
Mukposunodaruu (Nonoyama et al., 2019; Tanaka et
al., 2024). B pabote TaHaka c coaBTopamu (2024) Ha
Mopnenn Fistulifera solaris S. Mayama, M. Matsumoto,
K. Nemoto & T. Tanaka ¢ ucroJib30BaHUEM MPOTEOM-
HOI'0 aHa/IM3a U MHrubupoBaHusa ayTodaruyd XJIOpOXu-
HOM OBLIO ITOKa3aHo, 4To Aerpaganud JIK y sToil nua-
TOMeHU JAeHCTBUTEIbHO MPOMCXOAUT dYepe3 Junodaruio.
diyopecrieHTHAasA MUKPOCKONNA BHIABUJIA YBeJINUYeHHe
KOHTaKTa BakyoJiedl c¢ JIK B yc/JIOBUAX, CTUMYJIMPYIO-
IUX Aerpajanuio JUMUAOB; 3TOT IpoliecC MOAAaBJIAICA
nHruburopamu ayrodaruu. I[IpocBeunBaromas 3Jiek-
TpoHHasA Mukpockonusa (IIDM) npoaemoHcCTpupoBasa
npsAMoe cJIMsAHue BakyoJiel u JIK, 4To Io3BOJINJIO aBTO-
paM IpeAnosyIokuTh Hanuuue y F. solaris HoBoro tumna
MuKposunodaruy, Ipu KOTOPOM Aerpajalus NpOUC-
XOJUT MpU YacTUYHOM (He IosiHOM) norpyxeHuu JIK B
BakyoJib (Tanaka et al., 2024).

Tem He MeHee, pabota TaHaka c coaBTOpaMu
(2024) ocraercsi ogHUM K3 HEMHOTUX YJIbTPACTPYK-
TYPHBIX UccjiefoBaHuil Aerpaaanuu JIK y 1uaToMOBBIX
BoJiopocJieii. HecMoTps Ha pacTyu[uii MHTepec K 3TOM
rpylile MHUKPOBOJOpPOCJel, ocobeHHOocTH (GOpMHUpPO-
BaHus#A, co3peBaHud u Aerpaganuu JIK B mpolecce ux
BHYTPHKJIETOYHOI'O IlepeMellleHus OCTalTcA MaJlo-
U3y4YeHHBIMU. YUYWUTHIBas BBICOKOE MOP(QOJIOTHYeCcKoe
pasHooOpasue AuaToMell, MOXHO IPeAIoJIOXUTh, 9TO
MuKpoJsunodarus y pasHbelX BUJ0B MOXeT UMeThb BHJI0-
cnenuduyHble yJIbTPAaCTPYKTypHBIE XapaKTepUCTUKHU.
JertanbHble ucciaenosanua 6uosioruu JIK y guaromo-
BBIX BOAOpOCJell HeoOXOAUMBI [Ji BOCIOJIHEHUA Mpo-
6ena B 3HaHUAX O (QyHAAMEHTAJBHBIX O0COOEHHOCTAX
KJIETOYHOM OpraHu3aniuu U MeTabojn3Me JIMIINIOB
3TOU TPy

B HacTosmeil pabore MBI BBIOpajid B KauecTBe
Monenn Encyonema silesiacum (Bleisch) D.G. Mann -
MpeJCTaBUTeJIs IMPEeCHOBOAHBIX IIOBHBIX I€HHATHBIX
anaromedt (knacc Bacillariophyceae), ansa xotoporo
yabTpacTpyKTypHasa AuHamuka JIK paHee He u3yda-
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Jace. llesnpio ncciiefoBaHus ObLJIO OXapaKTepHU30BaTh
YJIbTPACTPYyKTypHYyI0 AvHaMmuky JIK in situ ¢ ucnoss3o-
BaHNeM (QJIyopeclieHTHOM MHMKpOCKOnuU (OKpalluBa-
Hue BDP 505/515) u [I9M. Oco6oe BHUMaHUe yAeJIeHO
BHYTPUKJIETOUHOH Jiokanusanuu JIK u ux tpancdop-
Maly NpU NOrPyXeHU! B BaKyOJIb.

2. MaTtepuanbl M MEeTOADI
2.1. YcrAoBHA KYALTUBUPOBAHUA

MItamm Encyonema silesiacum Ov460 GbL1
BhiZleJieH U3 TpoObl, oToOpaHHOUI B p. EHuceil B
2019 r. Knetku BeipamuBaysii Ha cpee DM (Culture
collection..., 1988) npu Temmeparype 8 °C 1 ocBellleH-
Hoctu 300 MkMosb M2 ¢! B pexume 12 u cBera: 12
9 TeMHOTH. KyabTypy nopaepxuBaiu B 50-MJ KOJI-
6ax DpJieHMeliepa c nepeceBoM Kaxasle 60 aueit. [y
SKCIIEPUMEHTOB UCIIOJIb30BAJIA KyJIbTypy 4depe3 5 u 25
JHel nocJie nepeceBa. Kaxaasa BpeMeHHas TOUKa IIpef-
cTaBjieHa TpeMsA 0MOJIOTMYeCKUMU TOBTOPHOCTAMHM.

2.2. CeeroBana U GayopecueHTHanA
MHUKPOCKONUA

KuBble KJIeTKU U3 KyJIBTYP 5- U 25-CyTOYHOTO
BO3pacTa OKpammBaiM AjA Busyanusauuu JIK duyo-
pecueHTHRIM KpacutejeM BDP 505/515 (Lumiprobe,
Poccus), crnenuduuyHeIM K HeEUTpaJIbHBIM JIUNUAAM.
PactBop kpacuresa ¢ KoHIeHTpanueiri 5 MM mo6as-
JIAIY B cpefly C KJeTKaMU J0 KOHEeYHOI KOHIleHTpa-
nquu 2 MKM. Uepe3 30 MMH WHKyOauuud B TeMHOTeE
KJIeTKA [ABaxAsl OTMbIBaIU ¢ochaTtHEIM Oydepom
(0,1 M, pH 7,0) u aHaIU3UPOBAJIM C IOMOIIbI0O MUKPO-
ckorma Olympus IX83 (Olympus, Japan), ocHalieH-
HeIM (iyopecueHTHEIM GuiabTp-Kyoom U-FBNA (Bo3-
oyxnenue npu 470-495 um, smuccusa 510-550 HM).
ABTOdJTyopeclieHIIA XJIOPOILJIACTOB  BU3yaJIM3UPO-
Bajlachb ¢ moMOLIbI0 (iyopeclueHTHOro ¢uiabTp-Kyba
U-FGNA (Bo3byxaeHue 360-370 HM, smuccusa 420-
460 uM). Mukpodororpadpuu MmosydeHsl C MOMOIIbIO
udposoit kamepsl Olympus DP74 1 makeTa mporpaMm
CellSens 4.1.

2.3. UamepeHue pa3mepoB AMIUAHBIX
KaneAb M cTaTUCTHUECKana obpabortka

Jia ouenku pasmepos JIK mposoaunu usme-
peHusa Ha (QiyopecueHTHbIX Mukpodortorpadpusax. B
KaxJ0l BpeMeHHOH TOuYKe aHaJM3UpOBaJIM He MeHee
30 ciywaliHO BBIOpaHHBIX KJIETOK M3 TpeX IOBTOPHO-
creil. M3Mepsanu Bce BuauMele JIK B KaxOol KileTke.
Huia cpaBHeHusa pasmepos JIK Mexay KyJabTypamu 5- U
25-CyTOYHOrO BO3pacTa MCIIOJIb30BaIM HelapameTpu-
yeckuil U-kpurepuil MaHHa-YuTHU. Paznuuusa cuu-
TaJu cTaTucTU4ecky 3HaunMbeIMu ripu p < 0,05.

2.4. lMpoceeunBaloLWan SNEKTPOHHaA
mukpockonus (M3AM)

Kitetku 25-cyTOYHOIN KyJIBTYpHl (PUKCHpOBAIU
B TeyeHre 3 4 B 2,5% pacTBOpe IJIyTapoOBOro ajbfe-
ruaa (Sigma-Aldrich, CIIIA) B dochaTHOM Gydepe (0,1
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M, pH 7,0). Ilocyie oTMBIBKH B TOM Xe 6ydepe (3 pasa
no 15 MuH) 00pasubl AONOJIHUTEIBHO (QUKCHPOBAU
B 1% pacTtBope TeTpaokcuzga ocMusa Ha ¢ocdaTHOM
O6ydepe B TeueHue 12 u npu 4°C. ObGe3BOXUBaHUE B
cepuM 3TaHOJIa Bo3pacTamwieil koHueHTpanuu (30, 50,
70, 80, 96 u 100%) u arjeToHa, a TakXe 3aKJII04eHUe B
anokcuaHyto cMmouty Araldite 502 Kit (SPI, CIIIA) mpo-
BOJIWJIM IO CTaHAapTHoMY mpoTtokouty (Bedoshvili and
Likhoshway, 2012).

VYnbpTpaToOHKHE cpe3bl ToJmuHONM 60-70 HM
rotoBuiM Ha yJjaprpamukporoMme Ultracut R (Leica,
l'epmaHus) c nomoineio aaMasHoro Hoxa ULTRA 35
(Diatom, IIeefinapus). Cpe3sl moMemnjaand Ha MeJHbIE
ceTKu ¢ (GOpMBapoOBOI MOAJIOKKONH M KOHTPAacTHUPO-
BaJIy HaCHIIIeHHBIM BOJHBIM PacTBOPOM ypaHWJIa ale-
tata (20 MUH) U IIUTpPaTOM cBUHIA 1o PeiiHosbacy (5
MMH). AHanu3 npenapaToB NPOBOAWJINA Ha TPaHCMMUC-
CHOHHOM 3JIeKTPOHHOM MukKpockorie Leo 906 E (Zeiss,
l'epmanusa) npu yckopswieM HanpsokeHuu 80 kB.
MukpodoTorpaduu nojyyaau c MoMolisio HUGPoOBOLl
kamepel MegaView II (Zeiss, [epmaHus).

beumn ucciepoBaHel cpe3pl 50 pasHBIX KJle-
TOK. [l;1A aHaju3a HCIOJIb30Bajd TOJIBKO Iolepeu-
Hble cpe3bl, IPOXOAAIlKe uYepe3 LeHTpaJbHYl0 4acTb
KJIETKH, a TakKe IIPOJAOJIbHBIE U KOCBle Cpe3bl, II03BO-
JIAI0IIe OJHO3HAYHO HAeHTU(OUIMPOBATh OCHOBHEBIE
OpraHeJLIbL.

3. Pe3ynbTarthbl

Knetku E. silesiacum wumenu piuHy 14,5+1,6
MKM U mupuHy 5,4+ 0,3 MkM. B kax ol kjieTke npu-
CyTCTBOBaJI €IUHCTBEHHBI XJIOPOILIACT, MPUXKaThIN
Kk 0OoJiee y3KOUI YacTH KJIETKU C JIOMACTAMU, PacIoJio-
’KeHHBIMM Ha JIMIEeBhIX YacTsax obenx ctBopok (Puc. 1).
AHanu3 KJIETOK B KYyJIbType pa3HOIo BO3pacTta, OKpa-
meHHbIXx BDP 505/515, mokazajio HajMuue B ITUTO-
miasme JIK pasmepom 0,6 =0,1 MkM B guameTpe [JiA
5-nHeBHOM KysbTypl u 0,8+0,2 MKM B JOuamerpe

Mwukpockonus
B CBETIIOM
none

BDP 505/515

nasa 25-gHeBHOM KyJsibTyphl (Puc. 1, 2). Becero mpoa-
Hau3upoBaHbl 81 Kamia AjA 5-AHeBHOHN KyJIbTYPH U
192 kannu ana 25-gHeBHOU KyJIbTypbl. OGHapyXeHO
CTaTUCTUYEeCKH 3HayuMoe yBeJMYeHue AuaMerpa
JIK B 25-gHEBHOI KyJIbType IO CpaBHEHMIO C 5-/THeB-
HOM (Memuanbl coctaBuan 0,794 mMkMm u 0,604 MKM
CcoOTBeTCTBeHHO; U 2757, p <0,05). KonuuecTBo
KafeJsib Ha KJIeTKy MMeJI0 TeHJEHIUIO K yBeJINUYeHUIO.
JnA 5-AHEeBHOU KyJbTyphl OBLJIO XapaKTepHO Hajlluue
6+ 2 JIK Ha kJieTKy (B JaHHOM cJiyyae B aHAJIU3 ObLIU
BKJIIOUEHHI KJIETKU C BUAUMBIME OKpameHHbMU JIK), a
71 25-THEeBHOU KyJIbTYpPH — 8 ¥4 Kamiu Ha KJIeTKy.
[TpuBeneHHble 3HaueHus uucia JIK Ha KIeTKy UMeIoT
KayecTBEHHBIN XapaKTep M OTpaXkalT HabJiioJaeMBbIi
Jrana3oH reTeporeHHOCTH B KyJIbTYpe.

[lo pmanapiM [IOM yabTpacTpyKTypa KJIETOK
HCCJIEJOBAHHOIO MITaMMa COOTBETCTByeT MAaHHBIM,
MOJIyYEHHBIM 1151 3TOro Bufa paHee (Puc. 3; Bedoshvili
et al.,, 2018). Ha mpoAOJIbHBIX Cpe3ax YeTKO BUIAHBI
nBe kpymHble Bakyonu (Puc. 3B). I[IOM mnosBosmiia
BBIAABUTH pasjIMyHble BapuaHTH pacnojioxeHus JIK B
nuromnasMe (Puc. 4). Ha cpesax JIK umenu Bujg okpy-
[JIBIX TeJiell ¢ OAHOPOAHBIM COAEPKUMBIM pa3IM4HON
3JIeKTPOHHOM II0THOCTHU. JIK pacnosaraauch Kak moJ-
HOCThIO B nutoriasame (Puc. 4A-B), Tak 1 MoOrji OBITh
YaCcTUYHO MOrpyXeHHl B Bakyosb (Puc. 4I-E). B oGoux
ciyvasx JIK moryiu ObITh CBsi3aHBI ¢ HucrepHoii DIIP
(Puc. 4A, J1).

YcraHoBieHa Jiokanusanus JIK Takke u B Baky-
0J1AX, IpU 3TOM HaOJII0JaJoCh U3MeHeHHe HX MOp-
doJiorny — BHYTpU MNOABJIAJIINUCH MOJIOCTH Pa3InYHON
mwioTHocTu (Puc. 5). IIsIOTHOCTH OOJIBIIMHCTBA 3TUX
CTPYKTyp He IO3BOJIMJIO 3MOKCHAHON CMoOJie AoCTa-
TOYHO 3(p(PeKTUBHO IPOHUKHYTh B HUX, B CBA3U C 3TUM
Ha cpe3ax JIK B BaKyoJiAX BUAHBI KPYNHBIE OTBEPCTUA
(Puc. 5A, B, I'). Takue ocrartounsle JIK B BakyoJsiax
MOTJIM 3aHUMAaTh OoJbIIyI0 YacTh Bakyosau (Puc. 5B).
Ha Pucynke 5 npepncrasiennl JIK, HaxomAmuecsa Ha
paHHell craguu (Puc. 5B) u Oojiee mo3gHeil craguu

ABTO-
dnyopecueHuma CoBwmelleHune
Xr0ponnacTos KaHanos

Puc.1. Okpacka JIMIUJHBIX KamneJsib B )KUBHIX KJIeTOK Encyonema silesiacum ¢ nomorupsio BDP 505/515 (CBeToBas u ¢iyopec-
LIeHTHasi MUKPOCKONN:A). A — KJIETKU B 5-JHeBHOH KyJIbType; B — kileTku B 25-qHeBHOU KyJbType. Macmtab — 10 MKM.
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(Puc. 5T") mopdosiornueckux U3MeHeHUI, TPOUCXO/Is-
mUX B BaKyoyu. B BakyoJiax Hapsay ¢ Aerpagupylo-
mumu JIK 06HapyXUBaOTCS TakXe OCTaTKU MeMOpaH
HeN3BeCTHOT'O IPOMCXOXIEeHMUS.

4. 06cyxpeHue

Okpacka BDP 505/515 nosBosuia BBHIAABUTH B
knetkax E. silesiacum JIK 1 KOJIM4eCTBEHHO OI[€HUTh X
JuaMeTp B KyJIbTypaX pa3HOro Bo3pacTa. YBejaudeHue
pasMepoB JIK mpu [OauTesbHOM KyJIbTUBUPOBAHUU
[TOKa3aHo JIJIsi MHOTMX BUJI0B MUKpoBoaopocJielt (Goold
et al.,, 2015) u paccmaTpuBaeTcA KakK aJaNTHUBHBIN
OTBeT Ha McuepllaHue NUTaTeJbHBIX BellleCTB B cpefe.
¥ auaTtoMOBBIX BOAOpOCieN ycuileHHBIN OuoreHes JIK
cBA3BIBAIOT C¢ AedbunutoMm KpemHus (Roessler, 1988;
Smith et al., 2016), asora (Hu et al., 2008; Levitan et
al., 2015; Yang et al., 2013) wm ¢ocdopa (Lombardi
and Wangersky, 1991; Yang et al., 2014). XoTs B Halem
HccJieJIOBaHUY MBI He IIPOBOAMJIN IIPAMOIO U3MepeHus
KOHIIEHTpaI[i IMTaTeJbHBIX BellecTB MJIU KpPHBBIX
pocTa KyJIbTYpHI, MBI IIpeIiojaraeM, 4To KyJIbTUBHUPO-
BaHue E. silesiacum 6Ge3 3aMeHBI cpefpl B TeueHue 25
JHell NpuBeJsio K HCTOIIEeHNI0 OJHOT0 WJIA HEeCKOJIbKUX
W3 3TUX 3JIEMEHTOB, 4TO, B CBOIO O4Yepefdb, CTUMYJINPO-
BaJI0 HaKOIUIeHHe TPUALUJIIJIMIEePOJIOB U yBeJIndeHne
pasMepa JIK. B 1esioM KyJbTHBHpPOBaHUE 0e3 CMeHBI
cpeanl MOXHO paccMaTpyBaTh Kak MOJeJIb CTPeCCOBOM
WHAyKNuM HakoluleHua TAI' B KJleTKax OUaTOMOBBIX
BOJOpOCJIell B pe3yJibTaTe Aeduiura OMOreHHbIX 3Je-
MEHTOB, a TakXe, BO3MOXHO, ¥ HaKOIlJIeHUuA MeTabo-
JIUTOB B cpefe.

YasTpacTpykTypa  KiIeTtok E.  silesiacum,
JeTasibHO omumcaHHas paHee (Bedoshvili et al., 2018),
SIBJII@TCS] TUTIMYHOM JIJ1s1 IEHHATHBIX AUaToOMel U 06J1a-
JaeT BCeMU XapaKTepHBIMU IIpHU3HaKaMU: eJUHCTBEH-
HBIN JIONACTHBIN XJIOPOILIACT, IPUJIeXaI[Uil K CTBOPKe
U cojepkamuil NUPeHOU], NepeceKaeMblll THUIAKOUI-
HOH JIaMeJUJION; AApO, OKpYXKeHHOe AUKTHOCOMaMU U
MUTOXOHAPUHN ¢ TyOyJsApHBIMU Kpuctamu (Round et
al., 1990). B nuTomia3me HCCJIEJOBAHHOTO BU/IA MPU-
CYTCTBYIOT MHOTOYMCJIEHHBIE BEe3UKYJIBI, BEIPa)keHHBIE
nucrepHsl OP 1 ABe KpyIHBIe BaKyoJid, 3aHMMalolye
3HAUMTeJIbHYIO YacThb o0beMa KJIETKU.

OcobeHHO uHTepecHa OOHapyXeHHasd Hamu
acconuarnus JIK c¢ rucrepHamu JIIP (Puc. 4A, [1). OSTa
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BospacT KynbTypel, CyT.

Puc.2. KopobGuartasa auarpamMma, oTpaxaromas AuaMeTp
JIMIIUAHBIX Kamejab B KyJibType Encyonema silesiacum pas-
HOro Bo3pacTta. J[uameTp JIMIMAHBIX Kamejb 3HAYUTEJIBHO
yBeJIMYMBaJICA CO BpeMeHeM KyJibTuBupoBaHus (p < 0,05,
kputepuii MaHHa-YuTtHu). Ha pucyHke craTuctuieckas 3Ha-
YUMOCTh pa3/IMuUil MexXJy Ipynmnamu ¢ 5- u 25-JHeBHBIM
KyJIbTUBHPOBaHUEeM oOO3HaveHa 3Be3foukoi (*) Haj coenu-
HUTEJIbHOU JINHUEN.

CBA3b XOPOIIO COTJIaCyeTcsi C KAaHOHWYECKOM Moge-
Jnbi0 OuoreHesa JIK, corjiacHo KOTOpOI HeHTpajbHble
JIMIUIBI HAKATUTUBAIOTCA MEXIY JIMCTKAMH MeMOpaHbI
OIIP, GoOpMUPYIOT JIMH3BI U BIOCJIEICTBUH OTIIOYKO-
BBIBalOTCA B MT030J1b (Olzmann and Carvalho, 2019;
Leyland et al., 2020). IlpucytctBue JIK, accoruupo-
BaHHBIX ¢ JIIP, KaK B IIMTOIIa3Me, TaK U B MO3UINU
YaCTUYHOTO TIOTPYXEHUs B BaKyOJib, TO3BOJIAET TPeA-
MOJIOXKUTD, 4TO TpaHcmopT JIK K BaKyoJ M MOXET IMpo-
HUCXOJIUTh OAHOBPEMEHHO C MPOOJIKAIIMMCA OHO-
reHe30M HOBBIX Karejb, YTO OCOOEHHO aKTyaJbHO B
YCJIOBUAX CTpecca.

B mocsienHue roAnsl HaKaIIMBAIOTCS JaHHBIE O
MHOTOYHCJIEHHBIX (DYHKI[UAX BaKyoJeld y JUATOMOBBIX
Bozopocyeit. OHU CyXaT MeCTOM XpaHeHUs IUTa-
TesbHBIX BeljecTB (Kooistra et al., 2007; Behrenfeld et
al., 2021), xpusonamuHapuna (Chiovitti et al., 2004;
Huang et al.,, 2016), a Takxe, MpPeONOJIOXUTEIHHO,
MOTYT Pa3iM4aThcs Mo GyHKIMOHAJIBHON CIel[han3a-
I[UU B [IpeJieslax OJHOU KJleTKU. BaxHelmelt pyHKIMeN
BaKyoJiell Yy MHKPOBOAOPOCJIel, BKJIloYas AuaTtomert,

Puc.3. YiabTpacTpyKTypa KieTok Encyonema silesiacum u3 25-nHeBHOU KyabTypsl (IIDM). A — nonepevHslil cpe3 KJIeTKu; B
— MPOJOJIBHBIN cpe3 KJIeTKU. Y cJioBHble o6o3HaueHus: Al' — annapar I'onbaxu; B — Bakyosip; JIK — sunuanas Kamis; M — MUTO-
xouapus; I1 — nupenoup; Xit — xsioportact. Macmra6: A — 1 MxM; B — 2 MxM.
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Puc.4. YipTpacTpyKTypa JIMITUAHBIX Kaneys Encyonema silesiacum B nuTomnsasMe KJIETOK M3 25-JHeBHOI KyabTypsl ([IDM).
A-B - cpesbl JIMIIMAHBIX KalleJlb, IOJIHOCTBIO JIOKAIN3YIOIUXCS B HUTOIUIa3Me; [-E — JunuaHble KAy, YaCTUYHO PaCIIOJIOKeH-
HBIE B IIUTOIJIa3Me. UepHBIe CTPeJIKY MoKa3mBalT nucTepHsl DIIP. YcioBHble o603HaveHysA: JIK — TunpaHasA Kamisd; M — MUTO-

XOoHApPUsA; XJ1 — xJoporiacT. Macmrab — 200 HM.

ABJIAIOTCA Tpoifecchl ayrodarum (Laude et al., 2024;
Nonoyama et al., 2019; Tanaka et al., 2024). Pauee
Ui HeHTpuueckoil auatomen Cyclotella meneghiniana
Kiitzing GbIJIO [MOKa3aHO, YTO BO3JEHCTBHE KCeHOOHO-
TUKOB (XJIODMPOBaHHBIX OEH30JI0OB U XpOMa) BBI3HI-
BaeT MOsBJIeHHME B BaKyoJIAX ayTodarocoMomnomot-
HBIX cTPYKTYp (Sicko-Goad et al., 1989; Lazinsky and
Sicko-Goad, 1990). AyTodaruueckrie KOMIapTMEHTH Y
MHKPOBOAOPOCJIell OrpaHUYeHbl OJUMHOYHON MeMOpa-
HOH, YTO UAeHTUUIUpPyeT UX UMEHHO KaK BaKyoJIH, a

He KJIaCCUYeCKUe ayTo(arocoMsl.

[TosrydyeHHBIE JAHHBIE O JIOKAJIU3AIMU U MOpPGO-
noruu JIK y E. silesiacum TI03BOJIAIOT CyIECTBEHHO pac-
IMPUTH NpeACTaBJIeHUA O MexXxaHu3Max junodaruu y
nuaromeil. B otanune ot mogesnu F. solaris, roe HaOJ10-
AaJioch JUIb YacTuyHoe cymsiHve JIK ¢ BakyoJibio, y
E. silesiacum GbL7T 3adUKCUPOBAH MOJIHBIE TepeHoc JIK
B BaKyOJISIDHBIM KOMIIADTMEHT C WX TMOCJeqYyIomen
Mop@oJiornyeckoil Tpanchopmanueni (Puc. 4, 5). 310
MMO3BOJIAET BHIAETUTh Yy E. silesiacum mocjienoBaTesThb-

52y .

Puc.5. YpTpacTpyKTypa JIMIIMHBIX Kaneab Encyonema silesiacum B BaKyOJIAX KJIETOK U3 25-AHEBHOM KyJIbTypsl (IIDM). A —
KOCOH cpe3 KJIeTOK, poxoAnx GopMupoBaHue CTBOPKU I0cJIe [iejieHNs, B KJIeTKe NpeJICTaBJIeHbl Bce BO3MOXKHBIE THIIBI JIOKA-
JM3alyy JUNUAHBIX KaleJlb y UCcc/IeJOBAaHHOIO BU/Ia, YepHasA CTpeJiKa yKasblBaeT Ha MeMOpaHbl HEM3BECTHOTO IIPOUCXOXAeHUA
BHYTPHU BakyoJid; b — kocoli cpe3 yepes kjeTky, GopMupylolye CTBOPKU [1ocJie JejIeHNs, JIUIK/HbIe KallJId 3aHUMAaloT O0JIbIIYI0
4yacTb BakyoJiell; B — yBesmueHHBIN GparMeHT pUcyHKa SA, JIMNuHas Kamjid HaXoJUTCA Ha paHHel cTaAuu u3MeHeHus Mopdo-
JIOTMU IocJIe ee IlepeHoca B BaKyoJlb; I' — iunuaHas KamnjA Ha NMo3JHel cTaAuu u3MeHeHHns Mop(dOoJIoriy B BaKyoJIU. Y CJIOBHbIE
o6o3HaueHus: B — Bakyosip; JIK — munuHas Kami; M — MUTOXOHpUs; XJ1 — xyiopomiacT. Macmra6: A, b — 2 mxm; B, I' — 200 HM.
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Hble CTQAUM BaKyoJIIPHON Jyunodarvy: WHUNUAIMA,
korpaa JIK jokanusyeTcs B [UTOILIa3Me; NHBaruHaIus,
mpu Kotopoil JIK jiokajusyeTcsi Ha rpaHulle BaKyoJIu
(B pa3HoOIi cTeneHU NOTPYXKeHNs) U MOJIHBIN IIepeHoC U
Jerpaganus — npu 3toM JIK HaxoquTcs BHYTPH Baky-
OJI1 U UMeeT NpU3HAKU JecTpykuuu. Hanbosiee Bepo-
AITHO, 4TO M3MeHeHHble JIK B BakyossX MMeIOT HUHYIO
XUMHYeCKyI0 IpUpOAY, HexeJd LUTOIIa3MaThyecKue
kary. Iloxas MpomuTKa SHOKCHAHONM CMOJION YKa-
3bIBA€T Ha TO, YTO B BAKYOJIAPHOH cpejle IPOUCXOAUT
Mmomubukanusa JIK ¢ 4YacTUYHBIM OKHCJIEHHeM WU
ruaposiu3oM TAT, yTo MeHseT ux GU3NKO-XUMUYecKe
CBOIICTBA.

[lpencraByieHHble HaMU JaHHbBIE I103BOJIAIOT
[I0-HOBOMY B3IJIAHYTh Ha pasHoobOpa3ue MexaHu3-
MOB MUKposunodparusi y OUATOMOBBIX BOJOPOCIIEH.
Ha6rogaemoe y E. silesiacum nosiHoe norpyxeHue JIK B
BaKyo0JIb, HanboJiee BEPOATHO, He SIBJIAETCA BUAOCHENN-
(p1uHOI 0COOEHHOCTHIO, @ MOXeT IPeJICTaBJIATh COOOM
60J1ee KOHCEpBATUBHHII U IIMPOKO PACIpOCTPAHEHHBIH
MexaHu3M cpequ Bacillariophyta. B paHee omy6Jmko-
BaHHBIX YJIBTPACTPYKTYPHBIX paboTax, BKJIIoYas Kjac-
cuvyeckre nurosiorndeckre ommcanusa (Helmcke and
Krieger, 1966 — Plates 588, 596, 602, etc.) U OTHOCH-
TeJIbHO HOBHIE uccjaemopanus (Bedoshvili et al., 2009
— Fig 4c; Cvjetinovic et al., 2024 - Fig. 8D, D’) HeoHO-
KpaTHO BCTpevaloTcs nsobpaxenusa JIK BHyTpu Bakyo-
JieHl, OOHAKO 3TU CTPYKTYPhl He MHTepIIPEeTHPOBAJINChH
KaK cTaguy MUKposmnodaruu U He MpUBJIEKAIN BHU-
MaHUe HccieioBareJieii, cGOKyCUPOBAaHHBIX Ha IPYTUX
acneKkTax IUTOJIOIMH AUAaTOMOBBIX BoJopocyei. B aToi
CBA3U 0COOEHHO IpUMeyaTeIbHOH BHITJIAUT MoJiesib F.
solaris, onucanHas TaHaka c coaBropamu (2024), rae
MUKpoJsinnodarus OrpaHUYMBAETCS YACTUYHBIM KOH-
takToM JIK c Bakyosiblo 6e3 IIOJIHOTO HOIJIOUIeHMS,
Jlaxe HeCMOTPs Ha U3MeHeHUe o6beMa Bakyosu. Takoe
pasjuure MO3BOJIET IPeNIOoJIOKUTh, uTo Yy F. solaris
JaHHBIH Iy Th Aerpafanuu Jmu6o 3abJI0KUpPOBaH Ha CTa-
1Y MHBarvHauuy MeMOpaHHI, OO 3aMelleH aibTep-
HATUBHBIM MEXaHU3MOM, YTO [JlejlaeT 3TOT BUJ CKopee
HCKJIIOYeHNEeM cpedyl U3Y4YeHHBIX NUAaTOMell, HexXesu
JleMOHCTpalyell YHUBEPCaJIbHOIO [IpaBUJIa.

5. 3akniouenue

Hammu ganHble 66U HOJIyYeHB! UCKJTIOUUTEIIBHO
C MOMOII[BI0 CTaTUYEeCKON 3JIEKTPOHHOU MUKPOCKOMNU,
KoTopas pUKCcUpyeT KJIETKU B Olpe/ieIeHHBII MOMEHT
BpeMeHU U MpefoCcTaBjAeT JIUIb «MOMEHTaJIbHbIe
CHUMKH» BHYTPUKJIETOUHBIX IpolieccoB. HabmoneHus
JIUMUIHBIX Karlejib, JIOKAJU30BaHHEIX B IIUTOILIa3Me,
Ha rpaHHlle BaKyoJIi WM BHYTpPU BaKyoJiM, IpeJo-
CTaBJIAIOT KOCBEHHBIE YJIbTPAaCTPYKTYpHBIE [JOKa3a-
TeJIbCTBa, KOTOPBle Mbl MOXeM MHTepIpeTUpoBaTh Kak
nocJjiefjoBaTenbHble cTaauu. [loaTBepxaeHue aunoda-
TUU B COBPeMEHHBIX HCCJIeJOBAHUAX TpebyeT HCIIOJIb-
30BaHUs MOJIEKYJIAPHBIX MapKepoB (Hampumep, KOJIo-
KaJm3anus JUMUAHBIX Karess ¢ 6ejikaMu ayTodarocom
W BaKyoJIIPHONM MeMOpaHbl), MHTUOUTOPOB ayToda-
MU WIN MPUXU3HEeHHON Busyanu3auuu (Tanaka et al.,
2024). Tem He MeHee, Npe/cCTaBJeHHble JaHHBIE CIIO-
CcOOCTBYIOT HallleMy MOHMMAaHUI0 MOP()OJIOrruuecKoro
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pa3HooO6pasus aunodparudeckux MmyTel y JUaTOMOBBIX
BOJIOPOCJIEli ¥ COCTABJIAIOT OCHOBY AJ1A Oy AYIIMX MOJIe-
KYJIIDHBIX UCCJIeIOBaHUIL.
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