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ABSTRACT. Diatom valve morphogenesis occurs under the control of microtubules. It is known that
y-tubulin is an important component of the microtubule center, which controls the polymerization of
microtubules and provides their nucleation in the cell. In this work, using Aulacoseira islandica as an
example, a-tubulin was visualized during valve formation after cytokinesis and during interphase. It was
shown that inhibition of y-tubulin in A. islandica cells causes the formation of valves with an abnormal
structure and an increased number of death cells in culture at gatastatin concentrations of 3 and 10 pM,
with a threefold decrease in the number of dividing cells. The small number of valves formed under
the influence of gatastatin suggests that y-tubulin activity is required both for the nucleation of
microtubules in the cell and for the onset of valve morphogenesis. The results obtained clarify the role
of the microtubule center in the morphogenesis of diatom valves.
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1. Introduction

Diatoms are unicell eukaryotes belonging to
the kingdom Chromista (Cavalier-Smith, 2018); the
morphology of their silica frustules is widely various
(Round et al., 1990). Diatom systematics are based on
the frustule structure and phylogeny of marker genes
such as 18S rRNA and rbcL (Medlin and Kaczmarska,
2004; Theriot et al., 2010). Silica frustules consist of
two valves and a ring of several overlapping girdle
bands (Pickett-Heaps et al., 1990). Frustule details are
synthesized sequentially during the cell cycle; after
mitosis, valve morphogenesis occurs and girdle bands
are formed throughout interphase.

The efforts of many researchers are aimed at
searching for genetic and cell mechanisms providing
species specific differences in diatom frustule symmetry
and structure. It is known that valve morphogenesis
is under cytoskeleton control, and the microtubule
role is the most studied (Tesson and Hildebrand,
2010; Bedoshvili and Likhoshway, 2021). The
correct functioning of microtubules is based on the
dynamic polymerization/depolymerization of a- and
B-tubulin (Mitchison and Kirschner, 1984; Caudron
et al., 2005). It was shown that treatment of diatom
cells with microtubule inhibitors led to various valve
anomalies (Oey and Schnepf, 1970; Cohn et al., 1989;
Van de Meene and Pickett-Heaps, 2002; Van de Meene
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and Pickett-Heaps, 2004; Kharitonenko et al., 2015;
Bedoshvili et al., 2018). It was shown that colchicine can
stop nucleus division; however, for some species, valve
morphogenesis still occurred; thus, under the influence
of colchicine, the cells of centric Cyclotella cryptica and
Aulacoseira islandica (Oey and Schnepf, 1970; Bedoshvili
et al., 2018) formed “lateral” valves whose morphology
was similar to that of normal valves, but their only
face surface was adjacent to mature girdle bands. It
is supposed that such morphology is possible when
microtubules disrupt under the colchicine influence
at the mitosis beginning (Bedoshvili et al., 2018). Due
to the disruption of karyokinesis and cytokinesis after
colchicine treatment, cells with lateral valve formation
have a single irregularly shaped nucleus.

The microtubule formation (nucleation) does
not occur randomly in the cells; there are specialized
nucleation sites, mostly in the Microtubule Organizing
Center (MTOC). Diatoms have a specific acentriolar
MTOC with atypical features (De Martino et al.,
2009). There are variations in the MTOC morphology;
however, y-tubulin underlies all these structures
forming large complexes with other proteins (Zheng
et al.,, 1995; Oegema et al., 1999). These complexes
do not include a- or B-tubulins, and y-tubulin is an
essential condition for microtubule nucleation. Earlier,
it was shown that diatom genomes contain a-, 3-, and
y-tubulins (De Martino et al., 2009; Aumeier, 2012;
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Findeisen et al., 2014). More detailed analysis allows to
identify structural features of the predicted amino acid
sequences of diatom y-tubulin (Khabudaev et al., 2022),
but its significance for silica valve morphogenesis was
not shown.

Gatastatin is a recently synthesized anti-cancer
drug, which is able to bind with y-tubulin and block
microtubule nucleation without influencing o- and
B-tubulin (Hayakawa et al., 2012). The use of gatastatin
makes it possible to demonstrate the role of y-tubulin in
the diatom valve morphogenesis. The freshwater diatom
Aulacoseira islandica turned out to be a convenient
model for studying abnormal valve morphology due to
its valve with a high mantle and large girdle bands. The
main purpose of this study was to study y-tubulin role
in the valve morphogenesis of Aulacoseira islandica.

2. Materials and methods
2.1. Cultivation

The Aulacoseira islandica Mr553 strain was
isolated from a natural population in Lake Baikal and
cultivated in the DM medium (Thompson et al., 1988)
at 4°C with natural light and a day-night cycle. The
procedure of isolation and cultivation were made
according to the protocol described earlier (Zakharova
et al., 2020).

2.2. Scanning electron microscopy (SEM)

The frustules were cleaned according to the
previously described protocol (Kharitonenko et al.,
2015). Suspensions of cleaned frustules were pipetted
onto cover glasses, dried, and mounted on SEM stubs
with carbon double-sided adhesive tape (SPI Supplies,
West Chester, USA). Morphological analysis among
the 200 frustules encountered was carried out using
a QUANTA 200 scanning electron microscope (FEI
Company, Hillsboro, USA).

2.3. Gatastatin treatment

The Aulacoseira islandica culture was incubated for
48 hours in the presence of gatastatin at concentrations
selected according to literature data and manufacturer’s
recommendations (10, 3, 0.3, and 0.03 uM) and in the
presence of PDMPO (Thermo Fisher Scientific, USA) to
visualize the forming silica frustules. All experiments
were carried out in triplicate. At the end of the
experiment, the cells were fixed with paraformaldehyde
(4% in the culture medium) for 2 hours. After fixation,
the cells were washed with phosphate buffer (0.1 M,
pH 7.0) and mounted on glass slides in Mowiol® 40-
88 (Sigma-Aldrich, Germany) for fluorescent and laser
scanning microscopy.

Cells forming parts of the frustules (valves
immediately after division or girdle bands during
interphase) were counted among 100 randomly
encountered cells. Cells without internal contents and
without chloroplast fluorescence or PDMPO staining
were considered dead. Counting was made with an
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optical microscope Axiovert 200 equipped with a blue
filter for light with a wavelength of 546 nm.

2.4. Immunostaining and laser scanning
microscopy (LSM)

To localize a-tubulin, a previously proposed
modified protocol was used (Pasternak et al., 2015).
Cell cultures were fixed with a 2% paraformaldehyde
solution with the addition of 0.1% Triton X-100 in a
microtubule stabilizing buffer (MTSB - PIPES 0.1M,
EGTA 0.01M, MgSO,*7H,0 0.01M, KOH 0.1M, pH
7.0) for 30 min, washed with the same buffer, and
permeabilized with a solution of 1% Triton X-100
and 10% DMSO for 20 min at 37 °C. Blocked with
2% BSA solution in MTSB. To localize alpha-tubulin,
monoclonal antibodies to the fragment 426-450 a.a.
of the chiken a-tubulin were used. Antibodies were
conjugated with Alexa488 (Alexa Fluor® 488 Anti-
alpha Tubulin antibody [DM1A] (ab195887), Abcam).
Cells were incubated with antibodies at a dilution of
1:200 for 2 h at 37°C, after which the cells were washed
with buffer, additionally stained with DAPI (10 ug/ml
for 10 min), and mounted on glass using Mowiol® 4-88
(Sigma-Aldrich, Germany).

The samples were examined using a laser scanning
microscope LSM 710 (Zeiss) equipped with a Plan-
Apochromat 63 % /1.40 Oil DIC M27 immersion lens
(Zeiss). Chloroplast autofluorescence was excited with
a 561 nm laser; emission was registered in the range of
650-723 nm. Alexa488 fluorescence was excited with
a 488 nm laser; emission was registered in the range
496-647 nm. DAPI fluorescence was excited with a
405 nm laser; emission was registered in the ranges of
410-492 nm. Three-dimensional reconstructions were
obtained from 100 optical sections (z-thickness 15-30
um). PDMPO fluorescence was excited by a laser with
a wavelength of 405 nm, and emission was recorded in
the range of 441-587 nm. The 3D reconstruction was
obtained from 100 optical sections (z-thickness 15-70
um).

3. Results

Figure 1 shows electron microscopy of the
frustules of Aulacoseira islandica strain 3Mr553. The
strain studied was characterized by the formation of
valves of different lengths in sister cells (Fig. 1A). All
control valves have spatulate connecting spines and
ordered rows of areoles (Fig. 1B). The girdle bands
covering the valves from the beginning of formation
until the next division are sometimes so densely packed
on the valves that they remain there even after harsh
multi-stage chemical treatment (Fig. 1C).

In the cells of the studied strain, a-tubulin was
localized in interphase and at the early stage of valve
formation (Fig. 2). Interphase cells are characterized
by a star-shaped distribution of microtubules; large
bundles of microtubules are irradiated from a center
that is in close connection with the nucleus and indicate
indirectly the location of the microtubule center (Fig.
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2A). Microtubule strands are localized in A. islandica
in a thin layer of cytoplasm, and often a single optical
layer is sufficient to visualize them. During the early
stages of valve morphogenesis, the microtubule packing
was not dense enough to be visible in transmitted light,
so large strands of microtubules were not observed
(Fig. 2B).

3D-reconstructions of the valves and girdle bands
of Aulacoseira islandica formed during the experiment
and stained with PDMPO are presented in Figure 3.
During the experiment, the cells that formed the girdle
bands were able to synthesize from one to three of
them. Abnormal morphology was observed among
valves formed in the presence of gatastatin. Figure 3
shows the main anomalies encountered among them:
anomalies of connecting spines (or their absence)
and, in rare cases, disruption of striation (disordered
areolae).

The studied strain was characterized by the
presence of at least 30% dead cells in the culture (Fig.
4). Most cells formed actively both valves and girdle
bands. At all gatastatin concentrations, the number of
dead cells was higher than in the control. The number of
colored valves was lowest at gatastatin concentrations
of 3 and 10 pM, while at gatastatin concentrations from
0.03 to 3 pM, the number of girdle bands remained
approximately the same, but less than in the control.

For A. islandica, it was shown that the number
of forming valves and girdle bands decreased with an
increase in gatastatin concentration in the medium. At
gatastatin concentrations of 0.3 and 0.03 uM, the number
of formed valves and girdle bands was comparable
to control samples (Fig. 4). At concentrations of 3
and 10 pM, all found staining valves had changes in
morphology.

4. Discussion

Earlier, it was shown that diatom y-tubulin is
present in their microtubule center (Craticula cuspidata
— Aumeier, 2012). However, even in the large cells
of some diatom species, visualization of y-tubulin is
hampered by its small size. Of all the diatom tubulins,
y-tubulin was the least conserved (Khabudaev et al.,
2022), therefore poorly visualized by antibodies to
y-tubulin in other organisms. Despite the fact that the
main part of the microtubule center is y-tubulin and
proteins of the y-tubulin complex, the localization of
a-tubulin allows indirect detecting of the microtubule
center localization in the cells of Aulacoseira islandica
and to show the microtubule polymerization degree.
It was shown that microtubule bundles that were
described earlier for large cells of Coscinodiscus granii
(Tesson and Hildebrand, 2010) localized not so much
during valve morphogenesis as in the interphase cell,
when the valve was already formed. It is likely that such
a difference is due to the small volume of cytoplasm in
A. islandica cells compared to the previously studied C.
granii.

Tubulins are highly conserved proteins, and the
diatom a-tubulin sequence fragment (426-450 a.a.)
is identical to the homologous sequence of chicken
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Fig.1. Fine structure of valves and girdle bands of
Aulacoseira islandica strain 3Mr553 (SEM). Scale: A — 5 um;
B,C-1 pm.

Fig.2. Visualization of a-tubulin at the early stage of
valve formation and in interphase in one optical section (A,
B) and 3D-reconstructions (A-1, B-1) in the cells of A. islandica
(LSM). Green - fluorescence of Alexa-488 after staining of
a-tubulin, blue - fluorescence of DAPI, red — autofluorescence
of chlorophyll. Scale bar: A, B — 10 pm; A-1, B-1 — 2 pm.

tubulin, from which the antibodies used were obtained.
Thus, although the a-tubulin sequence of A. islandica is
not available, there is no doubt about the identity of the
localized protein (Fig. 2).

The structure of mature valves can be described
using electron microscopy; however, different stages
of valve morphogenesis remain mostly inaccessible
because forming valves are closed by girdle bands
during the cell cycle for research unless the cells are
treated with harsh reagents to remove organic matter.
Due to the short exposure time of gatastatin (48 hours),
most of the valves formed under its influence remain
hidden for examination using SEM. The use of intravital
fluorescent dyes and laser scanning microscopy enables
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to observe the developing valves as 3D-reconstructions.
This method allows to determine accurately the valves
formed specifically in the current experiment.

Previously it was shown that under the influence
of colchicine cells of A. islandica formed valves with the
only center of symmetry, which was the cause of the
failed cytokinesis. In this case, the valve morphogenesis
occurs and new forming valve is positioned like a giant
girdle band (Bedoshvili et al., 2018). Colchicine did not
cause high cell mortality at the high concentration of
20 and 40 pug/mL, unlike gatastatin. The results of the
study show that the effect of gatastatin caused not so
much the formation of abnormal valves but rather a
stop in cell division, accompanied by an arrest of the
valve morphogenesis. Furthermore, under the influence
of gatastatin, lateral valve morphogenesis did not occur
indicating that valve formation in A. islandica was
impossible without the participation of the microtubule
center.

It is known that gatastatin is able to bind not only
to y-tubulin, but also to a- and p-tubulin, although, the
dissociation constant with the latter is more than ten
times higher (Chinen et al., 2015). It is obvious that
anomalies in the structure of the valves are precisely
associated with the ability of gatastatin to bind to all
types of tubulins, and the formation of spines in A.
islandica occurs throughout the entire morphogenesis
of the valve; therefore, they are the most sensitive
structure to various aberrations (Bedoshvili et al.,
2018).

5. Conclusion

Specific staining enabled to localize a-tubulin in
Aulacoseira islandica cells during valve morphogenesis
and in interphase. The microtubule nucleation center
was visualized in close association with the nucleus,
which was a characteristic of a microtubule center.
Inhibition of vy-tubulin using the specific inhibitor
gatastatin showed a decrease in the number of valve-
forming cells suggesting that a properly functioning
microtubule center was required to initiate valve
morphogenesis. Thus, the results obtained suggest that
the microtubule center is an important structure not
only for cell division, but is also necessary for the onset
of valve morphogenesis.
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JlumHostoeudeckuti uHcmumym Cubupckoeo omdesieHua Poccutickoti akademuu Hayxk, yi1. Ynan-Bamopckas, 3, Hpkymck, 664033, Poccus

AHHOTAILHA. MopdoreHe3 CTBOPOK AUATOMOBBIX BOAOPOCJIEN IPOMCXOAUT NOA KOHTPOJIEM MHKPO-
TpyOouek. VI3BeCTHO, YTO Y-TyOyJIMH BaXXHBIYI KOMIOHEHT MUKPOTPYOOUKOBOTO LIeHTPa, KOHTPOJIMPY-
IOIIero NoJMMepH3aIiiio MUKPOTpyOoUeK 1 obecrneunBamliero nx HykKJealuoo B KjieTke. B HacTosAmein
paboTte Ha mpuMepe Aulacoseira islandica 6b171 BU3yaIM3UPOBaH Q-TyOyJIMH IpU MOpdOoreHese CTBOPKU
Y BO BpeMs mHTepdassl. BEII0 MOKAa3aHO, YTO MHTMOUPOBaHUe Y-TyOyJiHa B KjieTKax A. islandica npu-
BOAUT K GOPMUPOBAHUIO CTBOPOK C U3MEHEHHO! CTPYKTYOU U yBeJIMUMBAET Iribesib KJIeTOK B KyJIbType
IIpY KOHLleHTpanuu raractatiHa 3 u 10 MkM, IIpy 5TOM KOJIMYECTBO AeAMNXCA KJIeTOK YMEHbIIaeTC s
B Tpu pasa. Majioe KOJINYeCTBO CTBOPOK, C(OOPMHPOBAHHEIX MOJ BIWAHUEM raTacTaTWHA, IO3BOJIAET
MIPENOJIOKUTD, YTO aKTUBHOCTD Y-TyOyJIMHA TpedyeTcA Kak [Jisg HyKJIeallud MUKPOTPYyOOUYeK B KJIETKe,
TaK U i Havaja MopdoreHesa cTBOpKU. IlojlydeHHBIe pe3yJIbTaThl CIOCOOCTBYIOT IOHMMAaHUIO POJIU
MUKPOTPYOOYKOBOrO IIeHTpa B MopdoreHe3e CTBOPOK AUATOMOBBIX BOJOPOCTIEN.

Kiiouegsie citoga: 1uTockesieT, MOpQporeHes CTBOPKHU, ratacTaTuH, y-TyOyJIUH

1. Beeaenue

JluaToOMOBBIE BOJIOPOC/I — OJHOKJIETOYHBIE
SYKApHWOTHI, TMpHUHajIexamue K I1apctBy Chromista
(Cavalier-Smith, 2018); mopdosiorus ux KpemHe3eM-
HBIX TaHOUpel oveHb pasHooOpaszHa (Round et al.,
1990). Cuctemaruka auaToMell OoCHOBaHa Ha Mopdo-
JIOTUM TAHIMperd U (UIOTeHWU MAapKepPHBIX TeHOB,
Takux kak 18S rRNA u rbcL (Medlin and Kaczmarska,
2004; Theriot et al., 2010). x KpemMHe3eMHbIe MaH-
OUPU COCTOAT M3 ABYX CTBOPOK M CHUCTEMBI B3aMMHO
MEePEKPHIBAIOITNXCS KOJIBI[EBBIX TOSCKOBBIX OOOIKOB
(Pickett-Heaps et al., 1990). [leTasu naHI[UPs CHHTE3U-
PYIOTCA TIOCJIeIOBATEJIBHO B TeUEHHE KJIETOYHOTO IUK-
Jia; TocJie MUTO3a IMPOUCXOUT MOpGOreHe3 CTBOPKH,
a TOSICKOBBIE O0OAKHM (OPMUPYIOTCS Ha MPOTIKEHUU
nHTEepdaskl.

YcunuAa MHOTUX HcCCiefoBaTesiell HalpaBJieHbI
Ha MOHCK T'€HETHYECKUX UM KJIETOYHBIX MEXaHH3MOB,
obecreunBalOINX BHUJIOBBIE PA3JIMYMA CUMMETPUU U
CTpoeHMsA NMaHIpen quaTtoMeii. I3BecTHO, 4TO MOpdo-
reHe3 CTBOPOK HaXOIUTCS MOJT KOHTPOJIEM LIUTOCKEIETA
U POJIb MUKPOTpyOouek HanboJiee usydeHa (Tesson and
Hildebrand, 2010; Bedoshvili and Likhoshway, 2021).
[IpaBuJibHOE (PYHKIIMOHUPOBAHUE MHUKPOTPYOOYEK OC-
HOBaHO Ha AUHAMHWYECKOU TMOJIMMepHU3anuu/aenom-
Mepusanuu a- u B-tyoysmHa (Mitchison and Kirschner,
1984; Caudron et al., 2005). ITokazaHo, 4TO 06paboOT-
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Ka KJIETOK JuaToMell MHTMOUTOpaMu MUKPOTPYyOOUeK
IPUBOUT K PA3JIMYHBIM aHOMAJIHAM UX CTBOPOK (Oey
and Schnepf, 1970; Cohn et al., 1989; Van de Meene
and Pickett-Heaps, 2002; Van de Meene and Pickett-
Heaps, 2004; Kharitonenko et al., 2015; Bedoshvili et
al., 2018). KosxunuH crnoco6eH OCTAHOBUTH [eJIeHUe
KJIETKH, OJIHAKO, AJIA HEKOTOPBIX BUIOB OBLJIO MOKa3a-
HO, 4TO MopdoreHe3 CTBOPKU BCEe PABHO MPOUCXOIUT.
Tak o[ BJMAHUEM KOJIXUIMHA KJIETKU I[eHTPUYECKUX
nuatomeir Cyclotella cryptica u Aulacoseira islandica
(Oey and Schnepf, 1970; Bedoshvili et al., 2018) dop-
MUDYIOT «JIaTepasibHble» CTBOPKU, MOPGOJIOTHUS KOTO-
PBIX CXOIHA C HOPMaJIbHOM, OHAKO UX JIIleBasA YacTh
mpHXaTa K 3pejibiM MOsICKOBBIM o6oakaM. [Ipeamnosiara-
JIOCh, YTO Takas MOPGOJIOTUSA CTAHOBUTCS BO3MOXKHOI
pU HapylmieHur paboThl MUKPOTPYyOOUeK IOJ BJIUS-
HHEeM KOJIXMI[MHA B Hauyasie mMurto3a (Bedoshvili et al.,
2018). [Tocste 06pabOTKU KOJIXUIMHOM B KJIETKAX MPO-
HUCXOMAT HapylleHWs B KapUOKWHe3e U IUTOKUHE3E,
YTO MPUBOIUT K GOPMHUPOBAHUIO JIaTEPAJIbHON CTBOP-
KU B KJIETKE C €IMHCTBEHHBIM sIPOM HeNpaBUJIbHOM
$opmBL.

dopMHUpOBaHle MUKPOTPyOouek (1 MX HyKJjea-
I[1s1) TIPOUCXOMAT B KJIeTKE He CJIyYaliHbiM o6pa3oM, a
O[] KOHTPOJIEM CHEIMAIM3UPOBAHHOTO caiiTa B KJIET-
K€ — MHUKPOTPYOOYKOBOTO OPTraHU3YIOIIEro IeHTpa
(MTOLI). duaToMOBble BOJOPOCTUA HMEIOT CIenudu-
yecKuil aneHTpUoJIApHbIM MTOIL] ¢ aTUNMMYHBIMU OCO-
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6ertoctamu (De Martino et al., 2009). MopdoJtorus
MTOL] MoxeT OBITh pa3HOOOPA3HOM, OOHAKO, B OCHO-
BE€ €ro CTPYKTYPHI JIEXUT Y-TyOyanH, GOpMUPYIOLUINIL
KpYIHBIE KOMIUIEKCH ¢ Apyrumu Geskamu (Zheng et
al.,, 1995; Oegema et al., 1999). OTU KOMILIEKCH He
BKJTIOYAIOT B ce0s a- U B-TyOyJiMH, a IPUCYTCTBUE B
HUX Y-TyOyJmHa sBJiseTcA 00s3aTesIbHBIM YCJIOBUEM
U1 HyKJlealluM MUKpOTpyOouek. PaHee ObLIO moOKa-
3aHO, YTO T€HOM AUATOMEN COHAEPXHUT TeHHl O-, - U
y-TyOysiuHOB (De Martino et al., 2009; Aumeier, 2012;
Findeisen et al., 2014). BoJjiee gerasjibHbII aHAJIN3 II0-
3BOJIMJI MAEHTUGULUPOBATh CTPYKTypHBIE O0COOeH-
HOCTU TMpeJiCKa3aHHbIX aMUHOKHCJIOTHBIX IIOCJIe[I0-
BaTeJIbHOCTEH Y-TyOyJIMHA JUATOMOBBIX BOJOPOCIEN
(Khabudaev et al., 2022), HO ero 3HaueHue AJIA MOp-
¢doreHesa kpeMHe3eMHBIX CTBOPOK He OBLIO ITOKA3aHO.

laTtacTaThH — HEJABHO CHUHTE3UPOBAHHBIN aH-
TUOIYXOJIEBBIN IpenapaT, CHOCOOHBIM CBA3BIBATHCA C
y-TyOyJINHOM U GJIOKUPOBATh HYKJIeallMI0 MUKDPOTPY-
Oouek, He OKa3bIBas CyI[eCTBEHHOrO BJIMUAHUA Ha O- U
B-ty6ynuu (Hayakawa et al., 2012). Hcmosib3oBaHue
raracraThHa II03BOJIAeT IOKa3aThb pOJIb y-TyOyJMHa
B MopdoreHese CTBOPKM [AUATOMOBBIX BOAOPOCJEMN.
IMpecuoBonHass muaromes Aulacoseira islandica oxa-
3ajlach yoOHOHI MoJesbl0 AJIA HCCIIeJOBaHWA Hapy-
meHuil MOp@osoruM CTBOPOK OJarogapsi BBICOKOMY
3aruby CTBOPKM U KPYIHBIM IIOSICKOBBIM OOOIKaM.
OCHOBHOI 1eJIbI0 HacToAlell pabOTH OBLJIO HCCJIeNo-
BaHMe poJsiu y-TyOysnHa B MopdoreHese CTBOpKHU A.
islandica.

2. MaTtepuanbl ¥ METOAbDI
2.1. KyabtuBMpOBaHue

Itamm Aulacoseira islandica Mr553 Obls1 Bbize-
JIeH U3 IPUPOHON MOy AUy 03. Baiikasn u KyJibTu-
BupoBajica B cpese DM (Thompson et al., 1988) mpu
4°C, eCcTeCTBEHHOM OCBEIIeHN! U I[UKJIAMU JeHb-HOYb.
IMporieaypy BHOEJEHUA U KYJIbTUBHUPOBAHUA IIPOBO-
IWIM COTJIACHO OMIyOJIMKOBAaHHON paHee MEeTOLHKe
(Zakharova et al., 2020).

2.2. CxkHMpylOUWan SAeKTPOHHanA
nmukpockonua (COM)

[Maniupu oOpabaTeiBajii COTJIACHO IIPOTOKO-
ny, onucanHomy paHee (Kharitonenko et al., 2015).
CycCIleH3UI0 OYMIIEeHHbIX MAHI[MPEeH HAHOCWJIM Ha II0-
KPOBHOE CTeKJIO, BBICYIIMBAJIU U pa3Meliajid Ha CTO-
ske A COM ¢ mOMOLIbI0 ABYCTOPOHHEIO YIrJIepoA-
Horo ckoT4a (SPI Supplies, West Chester, USA). Auanus
MopdoJIoruy MPOBOAUIU C UCIOJIb30BaHUEM CKaHUPY-
o1Iero 3JieKTpoHHOro Mukpockona QUANTA 200 (FEI
Company, Hillsboro, USA).

2.3. O6paboTka raTacTaTMHOM

KyneTypy A. islandica vHkyOGupoBaiu B mpu-
CyTCTBUM raTtactatuHa B TeueHue 48 yacos. KomiieH-
Tpaluy TraTacTaTWHA BHIOMpAJM COTJIACHO OmyGsIu-
KOBaHHBIM JJaHHBIM JINTEPATYPhl M PEKOMEHJAIUAM
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npousBoauTtesis (10, 3, 0.3 u 0.03 mxM). Knetku uH-
kyoupoBanu B npucytctBuu PDMPO (Thermo Fisher
Scientific, USA) mna Busyanusanuu GOpMUPYIOIIIXCS
KpeMHe3eMHBIX MaHIupell. Bce akcnepuMeHTH IPOBO-
JIWJIN B TpeX MOBTOPHOCTAX. [0 OKOHYAHUU 3KCIEPU-
MeHTa KJeTKu ¢uKcupoBaiu napadpopMaibaeruioM
(koHeuHas KOHLleHTpanusA B cpelie — 4 %) B TeueHue 2
4acoB, IOCJIe 3TOro OTMbIBaIU ¢ocdaTHeM Oydepom
(0,1 M, pH 7) u MOHTUpPOBaJI Ha IpeAMETHOM CTeKJie
B cpeie Mowiol® 40-88 (Sigma-Aldrich, Germany) na
(diiyopecrieHTHO! U Jia3epHOU CKaHUPYIOIel MUKPO-
CKOITHU.

Knerku, @QopmMmupyomue [getaayd MOaHIUPA
(cTBOpPKU Ccpasy mocJie JjejieHus WU M0sACKOBEIE 000-
KU B TeueHue uHTepdasbl) cuutanu cpeau 100 ciy-
YalfHO BCTpeueHHBIX KJIeTOK. KiieTku 6e3 BHYTpeHHEro
cogepxuMoro u ¢JyopecleHIUN XJIOPOIIaCcTOB WU
PDMPO cuuTasu B kauyecTBe norudmux. [logcueT mpo-
BOAWJIM Ha ONTUYECKOM MHKpockome Axiovert 200,
OCHaMNIeHHOM CHMHUM GWIBTPOM [JISA CBeTa C AJIMHOM
BOJIHBI 546 HM.

2.4. AMmmyHOOKpawiMBaHue U
CKaHMpYyolLana Aa3epHaa MUKPOCKONUA
(ACM)

Jna noxkanuzanuum o-TyOyJIMHA KCIOJIb30BAIN
MPOTOKOJI, TpeIJIOKEeHHBIN paHee, ¢ MOAUDUKALTUAMU
(Pasternak et al., 2015). KiteTku B KyJIbType puKcHpo-
Basiu 2 % pacTtBOpoM nmapadopmasnbiaeruja ¢ gobase-
HueMm 0,1% Triton X-100 B 6ydepe, cTabUIN3UPYOILIEM
mukpoTpy6ouku (MTCB — PIPES 0,1M, EGTA 0,01M,
MgSO,*7H,0 0,01M, KOH 0,1M, pH 7) B Teuenue 20
MUH, OTMBIBAJIU TeM Xe OydepoM U mnepmeabuiIn3u-
poBanu B pactBope 1% Triton X-100 u 10% DMSO B
teueHue 20 muH nipu 37 °C. BJIOKMpOBaHWE MPOBOIUIIA
B 2% pactBope BCA na MTCB. 14 jiokajau3anum a-Ty-
OyJIMHa MCIOJIb30BAJIM MOHOKJIOHAJIbHBIE aHTHUTEa K
dparmenTy a-tyOysnHa 1pinieHka 426-450 a.o., KOHb-
forupoBaHHbie ¢ Alexa488 (Alexa Fluor® 488 Anti-
alpha Tubulin antibody [DM1A] (ab195887), Abcam).
KiteTky MHKyOUpOBa/IM C aHTUTEJIAMU B pa3BeleHUU
1:200 B Teuenue 2 y npu 37°C, mocjie 4ero OTMEIBa-
au 6ydepom, mONMOJHUTEIbHO okpammBaii DAPI (10
MKT/MJI B TedeHrie 10 MUH) ¥ MOHTHUPOBAJIM Ha TpPeJ-
MeTHEbIe cTekJia B cpefie Mowiol® 4-88 (Sigma-Aldrich,
Germany).

[TpenapaThl MCCIIEOBAJIN HA JITA3€PHOM CKaHUPY-
orieM Mukpockore LSM 710 (Zeiss) ¢ ”MMepPCUOHHBIM
o6bekTrBOM Plan-Apochromat 63 X /1.40 Oil DIC M27
(Zeiss). ABTOGdJIIyOpECIIEHIINIO XJIOPOIJIACTOB BO30Y-
KIasiy Ja3epoM ¢ AJIMHOM BOJIHBL 561 HM; 3MUICCUIO pe-
TUCTpUPOBAJIU B AuanasoHe 650-723 uM. diyopeciien-
1uio Alexa488 Bo30yxaaau JazepoM C AJIUHOIN BOJIHBI
488 HM; SMUCCHUI0 PETUCTPUPOBAIN B Auamna3oHe 496-
647 um. @ayopecueHnyio DAPI Bo30yxaanu jiazepom
¢ IITMHOU BOJIHBI 405 HM; SMUCCHUI0 PETMCTPUPOBAJIA B
auanaszoHe 410-492 uMm. TpexMmepHble peKOHCTPYKIIUN
O TToJTy4eHsl 3 100 onTuYecKux cpe3oB (TOJIIIIHA
o ocu z 15-30 mxm). @iyopecreHnuio PDMPO Bo36y-
XKOaJy JIa3epoM C AJIMHOU BOJIHH 405 HM, SMUCCHIO pe-
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TACTpUpOBa/IM B Auana3zoHe 441-587 HM. TpexmepHbie
PEKOHCTPYKIIUU ObLIM moJjydeHbl M3 100 onTuyecKkux
cpe3oB (ToJiuHa 1o ocu z 15-70 MxMm).

3. Pe3yAbTarthbl

Ha Pucynke 1 mpeacrasijieHa 3j1eKTPOHHAsA MU-
Kpockonus maHnupeil mramma A. islandica 3Mr553.
Jlna ucciieqOBaHHOTO MITaMMa XapakKTepHO (popMHpo-
BaHHe CTBOPOK C Pa3HON BBICOTON 3aruba y cecTpUH-
ckux kyietTok (Puc. 1A). Bce CTBOpKM MMeJH JIOMACTe-
BUAHBIE COEJUHUTEJIbHbIE WIUNbI U YHOpsAJOYeHHbIe
paasl apeosi (Puc. 1B). TlosckoBbie OOOOKM TOKpPHIBA-
IoIMe CTBOPKU OT Havasa (popMHUpOBaHUA A0 CJIeAyIo-
ero JiejieHnA B HEKOTOPBIX CJTy4dasax ObLIN yIaKOBaHBL
HaCTOJIBKO IJIOTHO, YTO OCTaBaJIMCh HA CTBOPKax Aaxe
mocJjie MHOTOCTagUuMHON XxuMmnueckoii (Puc. 1B).

B xiteTkax MccljieJOBaHHOrO MTaMMa O-TyOyJIMH
OBLJT JIOKaJIN30BaH B uHTepdase M Ha paHHel cTaguu
dopmupoBaHus crBopku (Puc. 2). Iy KJIETOK B UHTEP-
¢aze OBLJIO XapaKTepHO 3Be3[000pa3HOe pacipeerie-
HUe MUKPOTPYOOUeK, UX KPYIHbIe IIYYKU PaCXOAUJINCh
OT I[eHTPa, IPUXATOro K AAPY, U KOCBEHHO yKa3blBaJIl
Ha pacroJiokeHre MUKPOTPyOOUYKOBOTo IeHTpa (Pruc.
2A). Tsoxu MuKpoTpy6ouek y A. islandica joxanuso-
BaJIMCh B TOHKOM CJIO€ LUTOILJIA3MEI U 4acTO JIA UX
BU3yaJIM3aluu ObLJIO JOCTATOYHO OJHOT'O ONTHUYECKOIo
ciios. Ha paHHux cragusax MopdoreHe3a CTBOPKHU yIia-
KOBKa MHUKPOTpPyOOUYeK He OblJIa HAaCTOJIBKO IIJIOTHOM,
yTOOBI OBITH BUAVMMOM, U KPYIHBIE TSHKU MUKPOTPYOO-
yek He ObUTH OOHapyXxeHH (Puc. 2B).

TpexMepHble peKOHCTPYKLIUY CTBOPOK U MOSACKO-
BBIX 00011KOB A. islandica, chopMUpPOBAHHBIX BO BpeMs
aKcnepruMeHTa U okpameHHbx PDMPO, npeacTtaBjieHbl
Ha Pucynke 3. 3a BpeMs dKcliepyuMeHTa KJIeTKU ObLIN
CIOCOOHBI CMHTE3UpOBaTh OT OOHOTO A0 TPeX MOsACKO-
BBIX 000AKOB. Cpeau CTBOPOK, CHPOPMUPOBAHHBIX B
MIPUCYTCTBUU raTacTaTuHa, Hab/II0Jaanch HapylleHus
mopdosiorun. Ha PucyHke 3 npefcTaBjieHbl OCHOBHBIE
3aperucTpUpoBaHHbE AHOMAJIMM CTPOEHUs: HU3MeHe-
HUA B CTPOEHUM COeJUHUTEJIBHBIX IINIOB (MJIU UX OT-
CYTCTBHE) U B PeAKUX CJIydyasx HapylleHue CTpUanuu
(HeynopsOYeHHbIEe PAABI apeoJt).

Jiia uccimeoBaHHOroO mramMMma ObLIO XapakTep-
HO IPUCYTCTBUE B KyJIbType He MeHee 30 % morubmux
kitetok (Puc. 4). BoJIBIIUHCTBO KJIETOK aKTHUBHO (Gop-
MMpPOBaJId CTBOPKU U MOsACKOBBEE oOonku. IIpu Bcex
KOHIIEHTpaI[AX raracTaThHa KOJIMYEeCTBO MepPTBBIX
KJIETOK OBLIO BHIIIE, YeM B KOHTpoJie. Haubosiee Hu3-
KUM OBLIIO KOJIMYeCTBO C(pOPMUPOBAHHBIX CTBOPOK NPU
KOHIIeHTpanuax raracratuHa 3 u 10 MM, Torga kak
npu koHreHTpanuu ot 0,03 o 3 MkM KOJIMYeCTBO TIO-
SICKOBBIX O0DOJIKOB OCTaBaJIOCh HUXe, YeM B KOHTPOJIE,
HO OBLJIO TOYTH OIMHAKOBHIM (Puc. 4). IIpu KOoHI[eHTpa-
nuax 3 u 10 MxM, Bce copMrpoBaHHBIE CTBOPKHU UMe-
JI U3MeHeHUs B Mop(doJIorum.

4. 06cy)xpenue

Panee 6pUIO MOKa3aHO, YTO Y-TyOyJIMH y Oua-
TOMEN TPENCTABJIEH B MX MUKPOTPYOOUKOOM IIEHTpE
(Craticula cuspidata — Aumeier, 2012). OnHako maxe
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Puc.1. ToHKas CTpyKTypa CTBOPOK M HOACKOBBIX 000A-
k0B A. islandica mrramm 3Mr553 (COM). Macmrra6: A — 5 MKM;
b, B - 1 MkMm.

Puc.2. Busyanuzanua o-TyOyJaMHa Ha paHHel CTaauu
dopMupoBaHUA CTBOPKM U B HHTepdasze Ha ONTHYECKUX
cpe3ax (A, B) u TpexmepHBIX peKoHCTpykuusax (A-1, B-1) B
kietkax A. islandica (JICM). 3esyeHblil — ¢yopecLeHIus
Alexa-488 mocyie okpamwuBaHUA O-TyOyJIMHA, CUHUH — GJIy-
opecreHiua DAPI, kpacHBIll — aBTOdJIyOpecIeHI[ls XJI0POo-
¢uta. Macmrab: A, b — 10 mxMm; A-1, B-1 — 2 MKM.

B KPYIHBIX KJIeTKaX HEKOTOPHIX AUATOMeN BU3yasu3-
1y y-TyOyJiMHa 3aTpyAHeHa HeGOoJIbIINMU pa3MepaMu
MHUKPOTPYOOYKOBOTO IfeHTpa. M3 Bcex TyOyJIMHOB Au-
aTOMOBHIX BOJOpOCJIel y-TyOyJIMH HauMeHee KOHCEp-
BaTuBeH (Khabudaev et al., 2022), mo 3Toif mpu4MHe
ero CJIOXKHO BU3YaJIM3UPOBATh C IIOMOIIBI0 AHTUTEN K
y-TyOyJIMHY Apyrux opraHuaMmoB. HecMoTps Ha TO, 4TO
riaBHaA dacte MTOIL] npexacraBieHa y-TyOyJIMHOM U
OeskaMu KOMILIeKca y-TyOyJIMHa, JIoOKaJu3alusa Qa-Ty-
OyJiiHa I03BOJIAeT KOCBEHHO OIpefesiUuTh pacojio-
xeHre MTOL] B kietkax A. islandica u moka3aTh CTe-
[eHb MoJINMepu3aluu MUKPOTpyOoueK. J[Jid KpymHBIX
KJIETOK JUAaTOMOBEIX BOAOpOCJEN, B TOM uucjie IJiA
Coscinodiscus granii (Tesson and Hildebrand, 2010),
TAXU MUKPOTPyOOUeK OBIJIM ONMCaHBl paHee [JIA Kile-
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TOK, MPpOXOAAMUX MopdoreHes CTBOpKH, a He JJIA Ha-
xopAmuxcsa B unTepdasze. BepoATHo, 3T0 oTIume 006-
YCJIOBJIEHO He0OJIbIINM 00beMOM [UTOMJIa3MBbI KJIETOK
A. islandica B cpaBHeHuu c C. granii.

Kak yxe ynmoMuHa0Ch, TyOyJIMHBI BBICOKO KOH-
cepBaTuBHEIe OeJikd, U (parMeHT IOCJieJOBaTeJIbHO-
ctu o-tybynuHa (426-450 a.0.) UOEHTHYEH TOMOJIO-
TUYHOM IOCJIeJOBAaTeJIbHOCTU O-TyOyJIMHA I[BIIIJIEHKa,
K KoTopoMy ObuTH moJtyueHbl aHtutesia (Khabudaev et
al., 2022). TakuMm 06pa3omM HECMOTPA Ha TO, YTO TOCJIe-
JIoBaTeJIbHOCTh O-TyOyJinHa A. islandica mosyueHa He
ObLs1a, HET COMHEHUN B UIEHTU(DUKAIIUY JIOKATN30BaH-
Horo 6eyika (Puc. 2).

DJIeKTPOHHAsA MUKPOCKOIIHS [T03BOJIAET ONMCATh
CTPYKTYPY 3peJIbIX CTBOPOK, OAHAKO, pPa3/IM4HBIE CTa-
aun MopdoreHesa CTBOPKU OCTalOTCA B OCHOBHOM He-
JOCTYyIHBIMU [JI HCCJIeJOBaHUA, Jaxe HeCMOTPs Ha
OYMCTKY TMAHI[UPEN OT OPraHUYECKOTO Bel[eCTBa, TaK
Kak ¢GOpMUPYIOUIIECS CTBOPKU 3aKPBITHI IMOSICKOBBIMU
obogxaMu Ha NMpOTKeHUe MopdoreHesa U BCETro Kiie-
TOYHOTO I[UKJIa. M3-3a KpaTKOro BpeMeHU 5KCIIO3UIUN
c ratacTaTUHOM (48 4) 6OJIBIIMHCTBO CTBOPOK cHOpMU-
POBaHHBIX MO/ €T'0 BJIUSHUEM OCTAIOTCSA CKPHITBIMU JJIs1
uccyieqoBaHuA ¢ nomoiresio COM. Hcnosib3oBaHue Mpu-
KU3HEHHBIX KpacuTejiell U Jia3epHOI CKaHHpYIOIei
MUKPOCKOIIMU M03BOJIAeT HAb/II0aTh pa3BUBAIOLIECs
CTBOPKU B BUJIE TPEXMEPHOI PEKOHCTPYKINHU. DTOT Me-
TOJ cZeJiajl BO3MOXHBIM TOYHO OIpeNesIUTh CTBOPKHU,
dopMmupyomrecs IMEHHO B TeKyIleM SKCllepuMeHTe.

Panee 6bUI0 TOKA3aHO, YTO HOJ BJIMAHUEM KOJI-
xuiluHa KjeTku A. islandica GopMHUpPYIOT CTBOPKU C
€IMHCTBEHHBIM IIEHTPOM CMMETPUM B pe3yJbTaTe Ha-
PYLIEHHOIo I[UTOKMHe3a. B 3ToM ciiydyae mpoucxomut
Mop@doreHe3 cTBOPKH, KOTOpas pacloJiaraercsa Kak I'i-
raHTCKUH NOsACKOBHIN 00040k (Bedoshvili et al., 2018).
KoJIxuiiH He BBI3BIBAJI BBHICOKYI0 CMEPTHOCTH B KYJIb-
Type NpU BRICKOUX KoHIeHTpauusax (20 u 40 MKr/mur)
B OTJIMYME OT ratracraTuHa. Pe3yJibTaThl HaCTOAL[Ero
HCccIeIoBaHuA oKa3any, 4To 3 deKT raTacTaTuHa AB-
JisieTcs MPUYMHON He CTOJIBKO (POPMUPOBaHUsA CTBOPOK
€ aHOMaJIbHOHM MOpP(GOJIOTHel, CKOJIBKO OCTaHABJIMBAET
JlejieHye, NpU 3TOM OJIOKUPYA MopdoreHe3 CTBOPKU.
Takxe 1oj| JEeNCTBUEM ratacTaTUHa HE MPOUCXOIUT
dopmupoBaHue JaTepajbHBIX CTBOPOK, YTO MOXET
yKa3blBaTh Ha HEBO3MOXHOCTh Mop@oreHe3a CTBOPKHU
6e3 yuacTus MUKPOTPYOOUKOBOTIO IieHTpa y A. islandica.

HW3BecTHO, YTO raTacTaTUH CIIOCOOEH CBA3hIBATH-
Cs1 He TOJIBKO C Yy-TyOYJIMHOM, HO Takxe ¢ a- U 3-TyOy-
JIMHOM, OAHAaK0, KOHCTaHTa ANCCOLUAINH C [TOC/IeJHU-
Mu Bhiliie 6osiee, yeM B 10 pa3 (Chinen et al., 2015).
BeposaTHo, aHomaniuu MOPGOJIOTUM CTBOPOK CBS3aHBI
TJIaBHBIM 00pa3oM C 3THM, a TaK Kak (GOpMHpPOBAHUE
COeUHUTEbHBIX MWUMOB y A. islandica mpoucxoaut
Ha TpOTsKeHUH Bcero MmopdoreHesa (Bedoshvili et al.,
2018), TO 3TH CTPYKTYpHl SBJISAIOTCA HauboJjee YyB-
CTBUTEJIbHBIMU K PA3JIMYHBIM BO3EUCTBUSM.

5. 3aknioueHue

Crneruduryueckoe OKpallMBaHUE MO3BOJIUIIO JIO-
KaJIN30BaTh Q-TyOyJIMH B KJleTKax A. islandica B Bpems
Mopdorenesa cTBopku u B uHTepdase. LleHTp HyKJIe-

188

KoIH4yecTBO K1eTOK, %

0 MmkM

0,03 mkM
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Puc.3. CrBopku (cJieBa) U MOsACKOBBIE 000K (cripasa)
A. islandica, cdopmMupoBaHHbI€e O] BJIUSAHUEM raTacTaTUHA B
Pa3HBIX KOHIIeHTpanusax (ykasassl cjesa) (JICM, TpexmepHas
pexoHcTpykmusA). Macmtab — 2 MKM.

100
80
60

40

OI“H

0 MKkM 10 MxM 0.03 MKM
KoHIeHTpallHg ratacTaTHHA

3 MKM 0.3 MKM

OKpameHHBIE CTEOPKH OKpameHHBIE MMOACKOBBIC 06OHKH .MEPTEBIE KIIETKMN

Puc.4. MopdoreHe3 CTBOPOK U MOSACKOBBIX 00OAKOB A.
islandica oy BAVSHIIEM raTacTaTHHa.

anuy MHKPOTPyOOdYeK OBLT BU3yaJM3UPOBAH PAMIOM C
AnpoM. Murubuposanue y-TyOyJjMHA C MOMOIIBIO Tra-
TacTaTHMHA BHI3BIBAJIO CHIDXEHHE KOJINYeCTBA KJIETOK,
popmupymux CTBOPKH, 4TO IpejrosiaraeT HeoOXo-
JAUMOCTh  (QYHKIIMOHUPYIOIIEr0 MHUKPOTPYyOOUKOBOTO
LeHTpa JUIA Havasia mopdoreHesa. Takum oGpasom,
MOJIy4YeHHbIe pe3yJIbTaThl MO3BOJIAIOT IMPEANOJIOXKUTD,
YTO MHKPOTPYOOUKOBBIN I[EHTP BakHas CTPYKTypa He
TOJIBKO B KJIETOYHOM JieJIeHUH, HO U AJiA WHUIMANuU
Mop@doreHe3a CTBOPKHU.
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