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Weakly basic fluorescent dye for vital
staining of calcium structures in living
organisms
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ABSTRACT. Vital dyes capable of staining developing skeletal elements made of carbonate or calcium
phosphate contain carboxyl groups that can interact with calcium ions. These dyes are in demand both
in research of the biomineralization mechanisms and in the tagging of fish and mollusks in ecological
and aquaculture experiments. At the same time, negatively charged dye molecules such as calcein do
not penetrate cell membranes well. This necessitates the use of high concentrations, which can cause
toxic effects and non-specific staining. This article describes an effective method for synthesizing a new
fluorescent dye, QE2, containing a weakly basic amino group and two carboxyl groups in the form of
methyl esters capable of hydrolysis in a weakly alkaline environment or under the action of enzymes.
The fluorescence of QE2 and its hydrolysis product significantly depends on the polarity of the environ-
ment, intensifying in a nonpolar environment with a simultaneous shift in emission from the green-blue
to the blue region. The dye is able to easily penetrate living cells, as shown by the example of dinoflagel-
late culture. Growing organisms with calcium skeletons (gastropods, fish) in the presence of QE2 leads
to fluorescent staining of growth areas (gastropod shell aperture, fish spine and fin elements). The QE2
dye can be used to track areas of calcium mineralization, assess the polarity of cell organelles, introduce
markers into fish for experiments in ecology and aquaculture, and stain cell cultures and skeletal ele-
ments for confocal microscopy studies.
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1. Introduction

The vital staining of skeletal elements of living
organisms with fluorescent dyes is used to monitor
growth, study the influence of various factors on organ-
isms, and investigate the mechanisms of biomineral
structure formation. In the case of organisms with a
siliceous skeleton (diatoms, sponges), compounds con-
taining substituents with electron-donating nitrogen
atoms at the fluorophore are used. These dyes easily
penetrate biomineralizing cells and bind to grow-
ing siliceous structures, allowing to trace the growth
of these structures (Annenkov et al., 2010; Kucki and
Fuhrmann-Lieker, 2012; Shimizu et al., 2001). Calcein,
alizarin, and tetracycline (Fig. 1) are used for staining
skeletal elements based on calcium carbonate or phos-
phate (Gonzalez-Pabén et al., 2021; Mount et al., 2004;

Prentice et al., 2006; Vidavsky et al., 2015). Such com-
pounds are in demand in environmental research and
aquaculture, where they are used to introduce fluores-
cent markers into the shells of mollusks and the fins of
fish. This allows the subsequent tracking of specimens
in their natural environment. The dyes are introduced
with food or into aquarium water in fairly high con-
centrations (20-500 uM) (Davis and Honeyfield, 2020;
Gao et al., 2024; Prentice et al., 2006; Ramesh et al.,
2017), significantly exceeding the concentration of
dyes in experiments with siliceous organisms (0.5-1
uM). Previously (Zelinskiy et al., 2023), we reported on
the synthesis of the coumarin dye QA2 (Fig. 1), which
effectively stains synthetic calcium carbonate and cal-
cium phosphate. Attempts to use QA2 at a concentra-
tion of 1 uM for in vivo staining of the shells of Baikal
gastropods Benedictia baicalensis were unsuccessful.
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Fig.1. Structures of calcium-specific fluorescent dyes.

The dyes for calcium structures described above
contain carboxyl and phenolic groups capable of bind-
ing with calcium ions. On the other hand, these groups
cause a negative charge on the dye molecules, which
prevents them from penetrating negatively charged
cell membranes. The use of high concentrations of dyes
results in nonspecific staining of organisms, includ-
ing soft tissues (Mohler, 2003) and fully formed cal-
cium structures, such as the central parts of mollusk
valves (Gao et al., 2024) and fin ray segments (Lii et
al., 2019). Moreover, the use of dyes in concentrations
of hundreds of mg/L or the introduction of compa-
rable amounts into feed may have toxic effects even
after brief exposure (Gao et al., 2024). To solve this
problem, it has been proposed (Tsien, 1981) to trans-
form the acidic groups into ester groups, making the
molecule neutral or even positively charged in the case
of calcein. Acetoxymethyl is proposed as a modifying
group, which is removed by enzymatic hydrolysis when
entering a living cell. In the case of calcein, the new
dye was named Calcein-AM and it is mainly used as a
reagent to determine the vital status of cells. Calcein
AM itself does not exhibit fluorescence, but it does so
in living cells, allowing them to be distinguished from
dead cells. Calcein AM is promising for visualizing cal-
cium structures in living cells (Sviben et al., 2016), but
examples of such works are few, which is due to the
high cost of the dye (200 dollars/mg or more). The use
of such an expensive dye is acceptable in cell cultures,
but impossible when working in natural environments
and aquaculture. In addition, the fluorescein fragment
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in calcein emits in the yellow-green region of the spec-
trum, overlapping with the autofluorescence of mol-
lusks (Delvene et al., 2022; Donaldson, 2020; Spires
and North, 2022) and algae (Schoor et al., 2015; Tang
and Dobbs, 2007), which may complicate the interpre-
tation of results.

The aim of this work was to synthesize a weakly
basic analogue of the coumarin dye QA2 (Zelinskiy et
al., 2023) containing ester groups capable of being con-
verted into acids under the action of the corresponding
enzymes. A synthesis strategy has been developed that
allows the target product (QE2, Fig. 1) to be obtained
in a single-step reaction without the intermediate for-
mation of QA2. The ability of QE2 to penetrate living
cells was studied using the dinoflagellate Gymnodinium
corollarium. The staining of calcium structures was
demonstrated using Baikal gastropods B. baicalensis and
Baikal lake-river whitefish Coregonus fluviatilis.

2. Materials and methods
2.1. Chemical reagents

Acetonitrile was HPLC grade (Cryochrom, St.
Petersburg, Russia). All other solvents and reagents
were reagent grade (Vekton JSC, Petersburg, Russia).
Ethanol (95 wt%) was refluxed with sodium hydrox-
ide and distilled. Ethyl acetate was washed with an
aqueous sodium bicarbonate solution, distilled water,
dried over anhydrous calcium chloride, and distilled.
Dichloromethane and n-hexane were stirred with con-
centrated sulfuric acid for 3 hours, washed with dis-
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tilled water, an aqueous sodium bicarbonate solution,
distilled water, dried over anhydrous calcium chloride,
and distilled. Dimethylformamide (DMF) was shaken
for 30 minutes with anhydrous CuSO,, filtered through
a Biichner funnel, distilled in Vacuum and kept with
3A molecular sieves. Triethylamine was dried with
CaH, and distilled. Succinimidyl ester of 7-diethyl-
aminocoumarin-3-carboxylic and dimethyl L-aspartate
hydrochloride were prepared following the techniques
reported in (Berthelot et al., 2005) and (Thangavelu et
al., 2017), respectively.

2.2. Instrumentation

Absorption, excitation and emission spec-
tra were measured with SM-2203 spectrofluorime-
ter (CJSC Spectroscopy, Optics and Lasers — Modern
Developments, Republic of Belarus, Minsk) in 10 mm
quartz cuvette. A pulsed xenon lamp was used as an
excitation source in the device. The relative quantum
yield, Qs, of the sample can be calculated using the fol-
lowing equation (Levitus, 2020):
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where the subscripts S and R denote the sample and
reference respectively. Q, is the known quantum yield
of the reference standard, Int is the integrated fluores-
cence spectrum intensity, A is the absorbance of the
solution at the excitation wavelength (A_), and n is the
refractive index of the solution solvent. Fluorescein
disodium salt in 0.1 M NaOH was used as the reference
standard.

Light and fluorescent microscopy was performed
with MOTIC AE-31T inverted microscope with HBO
103 W/2 OSRAM mercury lamp. Excitation was per-
formed at 470 nm for green, yellow and red emission
and 365 nm for blue emission. A Moticam Pro 205A
camera was used to record the images.

Chromatographic  experiments were per-
formed with HPLC system Milichrom A-02 (EcoNova,
Novosibirsk, Russia) with a column ProntoSIL-120-
5-C18 (2 X 75 mm, 5 um) using gradient elution mode
with a 0.05 M phosphate buffer of pH 6.86 as eluent A
and acetonitrile as eluent B. The mobile phase’s compo-
sition changed as follows: 0-1875 L, 20-50% B; 1875-
2500 pL, isocratic condition, 50% B. Eluent flow rate
was set 0.150 mL/min, column temperature 35 °C, sam-
ple volume 10 pL, analysis time 16.7 min. Detection
wavelengths were 210 and 260 nm.

The 'H NMR spectrum was recorded in CDCI, at
room temperature on a Bruker DPX-400 spectrometer.
Chemical shifts (8 in ppm) were measured with accu-
racy of 0.01, and referred to TMS.

ng

b

R

2.3. Synthesis of dimethyl
2-(7-(diethylamino)-2-o0xo-2H-chromene-3-
carboxamido)succinate (QE2)

To a magnetically stirred solution of succinim-
idyl ester of 7-diethylaminocoumarin-3-carboxylic acid
(2.70 g, 7.53 mmol) in dry DMF (28 mL), dimethyl
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L-aspartate hydrochloride (1.49 g, 7.54 mmol) was
added at room temperature. After dissolution, triethyl-
amine (0.98 g, 9.7 mmol) was added to the mixture.
Stirring was continued for 8 hours and the reaction ves-
sel was put into a refrigerator (10°C). In 15 hours, the
reaction mixture was warmed to RT and quenched by
adding 450 g of 3.1% of potassium carbonate aqueous
solution and extracted with dichloromethane (4 X 100
mL). The combined extract was dried with anhydrous
potassium carbonate and concentrated with a rotary
evaporator. The reddish-brown liquid residue was sep-
arated by flash chromatography on a column (silica
gel 40-63 um, CH,Cl:AcOEt=8:2, R,=0.51) using a
SepaBean Machine T flash chromatograph. The target
fraction was concentrated under reduced pressure and
kept under rotary vane pump vacuum at 40-50°C for
3 hours to give QE2 (Fig. 2) as a yellow solid (1.11 g,
36%). 'H NMR (CDCl,, 400 MHz) & (ppm): 9.57 (1H,
d, J=7.82 Hz, H-7), 8.67 (1H, s, H-6), 7.42 (1H, d,
J=8.80 Hz, H-5), 6.64 (1H, dd, J=2.44, 8.80 Hz, H-4),
6.50 (1H, d, J=1.96 Hz, H-3), 5.10 (1H, dt, J=3.72,
7.83 Hz, H-8), 3.79 (3H, s, H-10), 3.73 (3H, s, H-10),
3.46 (4H, q, J=7.01 Hz, H-2), 3.08 (1H, dd, J=4.89,
16.63 Hz, H-9) and 2.97 (1H, dd, J=5.14, 16.88 Hz,
H-9), 1.25 (6H, t, J=7.10 Hz, H-1).

2.4. Hydrolytic stability of QE2

The stability of QE2 to hydrolysis was studied in
aqueous solutions with pH 4.00 (acetate buffer, 0.05
M), 6.86 (phosphate buffer, 0.05 M), and 9.18 (borate
buffer, 0.01 M). Samples were prepared by adding a
methanol solution of the dye (0.25 mg/ml, 0.240 ml)
to 1.260 ml of the corresponding buffer until a final dye
concentration of 0.04 mg/ml (0.099 mM) was reached.
The solutions were left at room temperature (25°C)
in a dark place and analyzed by HPLC over time. The
proportion of dye remaining in the solution was deter-
mined as the ratio of the dye peak area (absorbance at
260 nm) to the total area of the dye peak and the peaks
of the decomposition products.

2.5. Staining living organisms with QE2 dye
2.5.1. Dinoflagellates

The strain G. corollarium SCCAP K-0983 was iso-
lated from the northern part of the Baltic Sea, Sweden
(Sundstrom et al., 2009). The monoculture was grown
on f/2-Si medium (Guillard and Ryther, 1962) based
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on artificial seawater (salinity 11%). Cultivation was
carried out in 25-50 ml plastic flasks at a temperature
of 4 °C and illumination of 13-21 umol'm?%s?! with a
day:night interval of 12:12 h. To study dye uptake into
cells, 5 ul of dye at a concentration of 100 uM was
added to 0.5 ml of medium with dinoflagellates, and
dye uptake into cells was studied using a fluorescence
microscope.

2.5.2. Gastropods

B. baicalensis gastropods were collected by divers
at a depth of 10-30 m in the vicinity of Listvyanka vil-
lage. The mollusks were kept in three 3.6-liter aquariums
with constant aeration at a temperature of 9°C and fed
with filamentous Baikal algae. At the beginning of the
experiment, 12 individuals were placed in each aquar-
ium. Lighting was provided by daylight without direct
sunlight, with a daylight intensity of 3-6 yumol'm?%s!
(May-July 2025).

After acclimatization for 7 days, an experiment
was started to stain the shells with two dyes, QA2 and
QE2, with the third aquarium serving as a control. Dyes
were added to aquariums No. 1 and No. 2 to a concen-
tration of 1 uM. Every week, 1.5 liters of water from the
aquarium was replaced with 1.5 liters of fresh Baikal
water, adding dyes to a concentration of 1 uM.

2.5.3. Fish

In this experiment, 6-month-old C. fluviatilis fry
measuring 3.5 to 6 cm in length were used. The dye
was administered both as an additive to the feed and
directly into the aquarium. The fish were kept in glass
aquariums at a temperature of 13°C with 12/12 day/
night lighting cycles and constant aeration. Fifty per-
cent of the water was replaced six times a week.

The feed was prepared by evenly moistening dry
feed (LLC “NPK Ruslo”, Russia, malt, for whitefish and
salmonids, size 0.3 mm) with a solution of QE2 in ace-
tone (concentration 2 mg/ml) and then drying it in a
vacuum at 35°C. After drying, the feed was impregnated
with an aqueous solution of sodium alginate (0.05% by
mass) and dried in a vacuum at 35°C. After drying, the

of 1.5 g per day (50% in the morning and 25% in the
afternoon and evening).

When the dye was added to the aquarium, the
water volume was 20 liters, the number of fish was 4,
and the water change and feeding regime were similar
to the previous experiment. The dye stock solution in
DMSO (1 mM, 404.4 mg/L) was added every morning
(5 mL) after the water change, diluting the stock solu-
tion in 1 L of water. On the first day of the experiment,
10 mL of the dye stock solution was added. The dye
concentration in the water was 1 uM (404.4 pg/L).

3. Results and discussion

QE2 dye was prepared by the reaction of succin-
imidy] ester of 7-(diethylamino) coumarin-3-carboxylic
acid with dimethyl L-aspartate hydrochloride (Fig. 3).
The structure of the new dye was confirmed by 'H NMR
spectroscopy, and its purity was confirmed by HPLC. A
study of the dye’s behavior in water (Table 1) showed
that it is sufficiently stable in neutral and slightly acidic
environments, whereas in alkaline medium (pH=9.18)
it degrades by 50% within 4 hours.

The absorption, excitation, and emission spectra
of the new dye (Figs. 4 and 5) are close to those of the
QN2 and QA2 dyes (Annenkov et al., 2019; Zelinskiy et
al., 2023). The main absorption peak is in the 400-460
nm range with a shift to the blue region as the polarity
of the solvent decreases in the water-ethanol-hexane
row. The excitation and emission spectra behave sim-
ilarly. In the case of hexane, additional peaks appear
in the absorption and emission spectra. The quantum
yield of fluorescence decreases sharply with increasing
polarity of the medium (Table 2). Similar phenomena
have been observed previously for coumarin-contain-
ing dyes (Annenkov et al., 2019 and references in this
article) and were explained by the influence of the
solvent on the aromatic system and an increase in the
probability of non-radiative relaxation of the excited
state of molecules in polar solvents.

Table 1. Change in the content of dye QE2 in solution,
% of initial content

feed was passed through a sieve with a pore size of .
0.31 mm. The content of QE2 dye in the fish feed was Time, b pH .00 pH 6.86 pH9.18
2 mg/g (4.94 pmol/g), and sodium alginate was 0.69 2 100 o8 63
mg/g. 4 100 - 51
The aquarium used for the experiment involving 24 100 94 6
the addition of dye to the feed contained 80 liters of
water and 12 fish. The feed was administered at a rate 5 days S i '
CH
o--"3
O (@]
N(Et)s o
/@rk In DMF CH3 X H
HCI* HoN ~ENHCT )N oo ~CH,
HaC “CH, HyC QE2

Fig.3. Scheme of dye QE2 synthesis.
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Table 2. Spectral characteristics and relative fluorescence quantum yield (Q) for QE2

Solvent Excitation wavelength, nm € (x10° L'mol!-cm)* Q, %
Water 433 38.09 2.2
95% ethanol 423 39.84 11.1
hexane 405 40.31 99.3

Note: * Extinction coefficient for excitation wavelength

The ability of QE2 dye molecules to penetrate liv-
ing cells was evaluated using G. corollarium dinoflagel-
late cells (Fig. 6). When QE2 was added to the culture
medium at a concentration of 1 uM, a characteristic
blue fluorescence of the cells was observed. In the case
of the acidic dye QA2, no cell staining was observed.
Coumarin-containing dyes are capable of lumines-
cence in the green region of the spectrum (Annenkov
et al., 2019; Zelinskiy et al., 2023), but only blue flu-
orescence was observed when staining dinoflagellates.
The green region of the spectrum is located above 500
nm, and when transferred to a nonpolar solvent, the
luminescence shifts to a shorter wavelength region,
suggesting that QE2 is located in nonpolar vesicles. A
sharp increase in the quantum yield of fluorescence
in a nonpolar medium (Table 2) makes it possible to
observe the luminescence of cells without removing the
dye from the medium, which is a problem when using
rhodamine dyes.

Cultivation of Baikal gastropods B. baicalensis in
a medium with 1 pM QE2 added (Fig. 7) resulted in the
appearance of characteristic blue fluorescence of the
shell on the side of the aperture, where the shell growth
occurs. When fluorescence is excited by light with a
wavelength of 470 nm (Fig. 7C), a red-yellow-green
fluorescence of the shell is observed, noted both in the
control group and when using the QA2 dye. These facts
indicate the need to use dyes with blue fluorescence to
detect calcium-mineralizing structures.

The keeping of C. fluviatilis fish in the presence
of QE2 dye, added either to feed (2 mg/g) or to the
aquarium (1 pM), resulted in fluorescent staining
of the fish (Fig. 8). Observation of whole organisms
(Fig. 8B) is hampered by light scattering, including
on the protective slime layer covering the bodies of
fish. Nevertheless, the fluorescence of the caudal fin
and spine can be noted. Fluorescence in the abdomi-

nal cavity is probably associated with the presence of
dye-containing feed. Mechanical removal of muscle
tissue (Fig. 8C) allows for a clearer view of the stain-
ing of the spine and fin. Microphotographs of a more
purified preparation (Fig. 8D-G) also indicate a signifi-
cantly brighter fluorescence of samples with QE2 com-
pared to the autofluorescence of control preparations.
In the case of the caudal fin (Fig. 8H-J), the boundaries
of the bone segments are stained, especially the joints
between segments (Fig. 8J). In contrast to the action
of high concentrations of acidic dyes (Lii et al., 2019),
there is no nonspecific staining of previously formed
bone segments. The introduction of dye into aquarium
water led to similar results with a significantly higher
reagent consumption (2.02 mg per fish per day com-
pared to 0.25 mg when QE2 was added to the feed).
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Fig.4. Absorption spectra of QE2 solutions in various sol-
vents: (1) — water, (2) — ethanol, (3) — hexane. Concentration
10 pM.
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Fig.5. Excitation and fluorescence spectra of QE2 solutions in water (A), 95% ethanol (B), and hexane (C). Monochromator
slits 5 nm (input) and 5 nm (output). Dye concentration 10 uM. Excitation spectra were measured for fluorescence at 478 (A),
466 (B), and 437 nm (C). Excitation wavelengths, in nm: (1), (3) — 260, (2) — 428, (4) — 420, (5) - 242, (6) — 256, (7) — 355, (8)

- 374, (9) - 385, (10) — 403.
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Fig.6. Mlcrophotographs of dinoflagellate G. corollarium Fig.7. Visible (A, B, and E) and fluorescent (C, D, F, and
5 min after adding QE2 dye at a concentration of 1 pM. Scale E) microphotographs of B. baicalensis gastropod shells culti-
bar: 10 pm. vated in the presence of 1 uM QE2, viewed from the aperture.

A-D - cultivation for one month, E-G — two months. Scale bar:
500 (A, E, and F) and 100 (B-D and G) um.

! II|I|H-\’HHWW]Illl‘I|I||1q\‘I'l|||||\l\“‘\lqlllilw m\ |I||||”||“” ‘H”‘H ||H| .
w1 2 3_4‘567 8

Fig.8. Photographs of C. fluviatilis fish under natural lighting (A) and under LED lighting with a wavelength of 365 nm (B,
C). C - fish skeletons after mechanical removal of muscle tissue. The upper image refers to a specimen from the control group,
the lower one - from the experimental group, after cultivation for 14 days with feed modified with QE2 dye. D-J — fluorescent
microphotographs: of the spine (D-G) and caudal fin (H-J) after cleaning by soaking in water at 100°C for 5 minutes. D and F —
control group samples, images in pairs D-E and F-G were obtained with the same microscope video camera settings. Scale bar:

500 (D-G and H-I) and 100 um (J).
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4. Conclusions

An effective method has been developed for syn-
thesis of the new fluorescent dye QE2. It contains a
weakly basic amino group and two carboxyl groups in
the form of methyl esters, which are capable of hydro-
lysis in a weakly alkaline medium or under the action
of enzymes. The dye is able to easily penetrate living
cells, as demonstrated by the example of dinoflagellate
culture. Cultivation of organisms with calcium skele-
tons (gastropods, fish) in the presence of QE2 leads to
fluorescent staining of growth areas (gastropod shell
apertures, fish spine and fin elements). The fluores-
cence of QE2 and its hydrolysis product QA2 (Zelinskiy
et al., 2023) significantly depends on the polarity of the
environment, intensifying in a nonpolar environment
with a simultaneous shift in emission from the green-
blue to the blue region.

Thus, the QE2 dye can be used to track areas of
calcium mineralization, assess the polarity of cell organ-
elles, tag fish for experiments in ecology and aquacul-
ture, and stain cell cultures and skeletal elements for
confocal microscopy studies.
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KPacuTeAb AAA NPMXU3IHEHHOW OKPacKH FRESEIWATER
KaAbLMEBbIX CTPYKTYP B )KHBbIX BIOLOGY
opraHusmMmax -

3enunckuu C.H.*", [lTanunosuesa E.H.", I'neizuna O.10.", Cyxanosa JI.B.",
CtpenoBa M.C.”, ITanpmus B.A.”,| AHHeHKOB B.B."|

JlumHostoeuyeckuti uHcmumym Cubupckoeo omdesteHus Poccutickoti akademuu Hayk, 3 ys. Ynan-Bamopckas, Hpkymck, 664033,
Poccua

AHHOTAILIUS. [Ipuxu3HeHHble KpacUTEW, CIIOCOOHBIE OKpamKBaTh (GOpMUPYIOMINECS CKeJeTHhIe
3JIeMeHTHl U3 KapOoHarta uiu ¢ocdara Kajablusd, cofepXaT KapOOKCUJIbHEIE I'PYNIbI, CIIOCOOHEIE K B3a-
MMOJIEHCTBUIO C MOHAMU KaybluA. JJaHHbIe KpacuTesd BOCTpeOOBaHb! KaK B HMCCJIeOBAHUAX MeXaHU3-
MOB OMOMUHepaJIU3alyy, TaK 1 IIpU BBeIeHUU METOK B PBIO 1 MOJIIIOCKOB IIPU 5KOJIOTMYECKUX U aKBa-
KyJIbTYPHBIX dKCIIepUMeHTax. B To xe BpeMs, MOJIEKYJIbl KpacuTesieli, Hecyliie OTpUIlaTeIbHBIN 3apsy,
HanpuMep, KajbllelHa, IIJI0X0 IPOHUKAIOT yepe3 KJIeTOYHble MeMOpaHbl, YTO NPUBOAUT K HEOoOX0oau-
MOCTHU HUCIOJIb30BaHUA BBICOKUX KOHI[EHTpaluli, BEI3BIBAIOMINX TOKcHYeckue 3GdeKTH U Hecnenuduye-
CKyI0 OKpacKy. B naHHO! craThe paspaboTaH 3 ¢eKTHBHBIN MEeTO[ CUHTe3a HOBOTrO (JIyopeciieHTHOIO
kpacurtesisi QE2, comepxkaiiero c1abooCHOBHYI0 aMUHOI'PYIIY U [Be KapOOKCUJIbHbIE I'PYIIHI B (hopMe
METUJIOBBIX 3UPOB, CIIOCOOHBIX K TUAPOJIN3Y B CJIAOOMIEIOYHON cpejie Win No[ AelicTBrueM depMeH-
ToB. ®ayopecneHiysa QE2 u npoaykTra ero ruposysa Cyl[eCTBeHHO 3aBHCUT OT IIOJIADHOCTH CPeAbl,
YCUJINBAsACh B HEMIOJIAPHOM OKPYK€HHNH C OJHOBPEMEHHBIM CMellleHreM HCIy CKaHUA U3 3eJIEHO-T0JIy00i
B CHHIOI0 00J1acTh. KpacuTtess ciocobeH jierko NpOHMUKAaTh B JKMBbIE KJIETKH, YTO [TOKa3aHO Ha IIpuMepe
KyJIbTYpBl AuHOGJIaresuiAT. KyapTuBupoBaHre OpraHu3MOB C KaJIbLEBBIMU cKejleTaMi (racTpOIoAs,
pBIOBI) B mpucyTcTBUU QE2 mprBOAUT K (PJIyopecreHTHOMY OKpallMBaHUIO 30H pocTa (yCTbs paKOBUH
racTpoIoJi, 3JIeMeHTHl CKejleTa U IUIaBHUKOB pbi0). Kpacutens QE2 mokeT HalTH NpHUMeHeHUe I
OTCJIeXXUBAHUA 30H KaJIbLIeBON MUHepaJIn3alyu, OLeHKU IOJIIPHOCTH KJIETOYHBIX OpraHeJuUl, BBeJe-
HUA METOK B PBIOBI 17151 5KCIIEPUMEHTOB B 00J1aCTH 5KOJIOTUM U aKBaKyJIbTyp, OKpalINBAaHUA KJI€TOUHbIX
KyJIbTYp U CKeJIETHBIX 3JIEMEeHTOB [AJIA hCCJIe0BaHU MeTOAO0M KOH(POKaJIbHON MUKPOCKOINH.

Kitiouegsie cstoda: GryopecueHIysi, BUTAJIBHBIN KPaCUTEb, KyMapUH, KaJIbI[€BBIE CKEJIEThI, JUHOMIIAre IJIATHI,
racTPOIOIbl, CUTOBBIE PHIOHI

A nutupoBanua: 3enuHckuil C.H., Janunosnesa E.H., I'meizuna O.10., Cyxanosa JI.B., CtpenoBa M.C., [Tagpmuu B.A.,
AnneHkoB B.B. C1a000CHOBHBIN (JIyOPECLIEHTHBI KpacuTesb A NPUXA3HEHHON OKPAaCKU KaJIbLIMEBHIX CTPYKTYP B KHBBIX
opranusmax // Limnology and Freshwater Biology. 2025. - No 6. - C. 1289-1304. DOI: 10.31951/2658-3518-2025-A-6-1289

1. Beepenue HUKaIT B OMOMHHepaIu3upyoliie KJIeTKH U CBA3BI-

BAIOTCA C PACTYIUMH KPEMHUCTHIMH CTPYKTypaMu,

IIpyXy3HeHHOe OKpalliBaHUe CKeJIeTHBIX 3Je- YTO TO3BOJIAET MPOCTEXHBAT POCT 3THX CTPYKTYD
MEHTOB XMBbIX OPraHHU3MOB (JTyOPeCIeHTHRIMH Kpa- (Annenkov et al., 2010; Kucki and Fuhrmann-Lieker,
CUTEAIMHA - UCHOJIB3Y€eTCA U1 MOHMTOpUHIA  pOCTa, 2012; Shimizu et al., 2001). [ OKPacK¥ CKeJIETHBIX
M3yueHUs BJMAHUA PasHBIX (GAKTOPOB HA OPraHU3MBI, 5JIEMEHTOB HA OCHOBE KapGOHaTa WM (ocdara Kab-
a TaKxe IIpY HCCJIeJOBAHNY MeXaHU3MOB 06pa3oBaHUsA LIUA TIOJTYUELTH PACTIPOCTPAHEHHE KATBIIEHH, ATH3APHH
GHOMUHEpPAJIbHBIX CTPYKTYp. B ciydYae opraHusmMoB u Terpanuiynd (Puc. 1) (Gonzalez-Pabén et al., 2021;
C KPEMHHCTHIM CKeJIeTOM (IMaTOMOBbIe BOIOPOCIIH, Mount et al., 2004; Prentice et al., 2006; Vidavsky et
ryOKH) NIPUMEHAIOTCA COeIMHEHHS, CO/IepXallie 3aMe- al., 2015). ITomo6HBIE COeAMHEHHA BOCTPEOOBAHBI B
CTUTETN € 3JIEKTPOHOAOHOPHBIMU  aTOMaMK  a30Ta 5KOJIOTUYECKUX MCCIIe[JOBaHUAX U paboTax B 067acTu
npu dryopodope. [lanHble KpacuTeNM JIErKO Mpo- aKBaKyJIbTYp JiA BBefleHHsA (JIyOpecleHTHHIX MeTOK
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Puc.1. CtpykTypHBle GOPMYJIb KaJbIUI-clIeqUDUUHBIX (JIyOpecleHTHBIX KpacuTesen.

B MAHLUMPU MOJUTIOCKOB, IJIABHUKU PBHIO AJIA MOCJIeLdy-
I0I[er0 OTCJIeXXUBaHMA 0cobell B MPHUPOOHON cpepe.
Kpacutenu BBOAATCA C KOPMOM WJIM B aKBapUaJIbHYIO
BOJIy B JIOCTAaTOYHO BBICOKMX KOHNeHTparuax (20-500
MkM) (Davis and Honeyfield, 2020; Gao et al., 2024;
Prentice et al.,, 2006; Ramesh et al., 2017), 3Hauu-
TeJIbHO IPEeBBIMAKIINX KOHIIEHTPaLWI0 KpacuTeseil B
dKCIIepUMEHTaX ¢ KpeMHHUCTHIMHU opranusmamu (0,5-1
MKM). Panee (Zelinskiy et al., 2023) Mb coo6manu o
cHUHTe3e KyMapHuHoBoro kpacurensa QA2 (Puc. 1), koTo-
PBIIl XOPOIIIO OKpalllMBaeT CMHTeTUYeCKUI KapOoHaT U
docdar kanbiuA. [ToneiTku nucnoap3oBatb QA2 B KOH-
neHtpauuu 1 uM Ajia NpUXU3HEHHON OKpacKu MaHIU-
petli Gatikanbckux racrponoy Benedictia baicalensis oka-
3aJIMCh HeyJauyHbIMU.

OnucaHHbIe BBIIEe KpacUTeIU AJIA KaJibI[MeBbIX
CTPYKTYp cojepxaT KapOOKcuJibHbieE U (eHOJIbHbIE
TPYIIIbI, CIIOCOOHBIE K CBA3BIBAHMIO C MOHAMM KaJlb-
uud. C Opyro CTOPOHBI, 3TU IPYHIE 00YCJIOBJINBAIOT
oTpullaTeJbHBIN 3apAA MOJIEKYJI KpacuTeJiel, 4To mpe-
MATCTBYeT UX MPOHUKHOBEHHUIO uUepe3 OTpUIlaTeIbHO
3apsokeHHBble KJIeTOUHble MeMOpaHbl. McroJib3oBaHue
BBICOKUX KOHI[EHTpAI[UMl KpacuTejeil NPUBOOUT K
Hecrnermuuieckol oKpacke OpraHU3MOB, BKJTIOUAsA MAT-
kue Tkanu (Mohler, 2003) 1 MOJTHOCTHIO cHOPMUPOBAH-
HbIe KaJIbli1ieBble CTPYKTYPHI, HAIpUMep, lieHTpabHbIe
YyacTH CTBOPOK MoJLTiockoB (Gao et al., 2024) u cer-
MeHTHI JTyueli iaBHuKoB (Lii et al., 2019). Kpome Toro,
WUCIIOJIb30BaHNe KpacuTesiell B KOHIIEHTpaluu COTeH
MT/JI U BBeJleHUe COTIOCTaBUMEIX KOJUYECTB B KOPM
MOXeT OKa3zaTh TOKCHYeckoe BO3elCTBHE Oaxe NpuU
HEeMpOo0/IXUTeIbHOM KOoHTakTe (Gao et al., 2024). [

1298

pelreHus 3ToU mpobieMsl mpeioxeHo (Tsien, 1981)
TpaHCcPOPMUPOBATh KUCJIOTHBIE TPYIIBE B 3(MUPHBIE,
Jesiad MOJIEKYJly HeUTpasIbHOM WU Aaxe IOJIOXU-
TeJIbHO 3apsKeHHOH B cJiyyae KajibllernHa. B kauecTBe
MoANPUIMPYIOIIEN TPYIIHI MPeAJIoXXeHa alleTOKCUMe-
TUJIbHAsA, KOTOpAs MpPH MONAfJaHUU B XUBYI KJIETKY
yaassgeTrcsa 3a CuéT (pepMeHTAaTUBHOTO TuapoJn3a. B
cJIyJyae KajbllerHa HOBBIM KpacUTeJIb TOJIyYnsI HauMe-
HOBaHUe KajplerH AM U OH MCNOJIb3YeTCA, B OCHOB-
HOM, B KauyeCTBe peareHTa, IO3BOJIAIOIIETO IIOHATH
BUTAJIbHBIM cTaTyc KjeToK. Cam KasellenH AM He
ob6amaeT GyopeclieHIiuel, HO HaUMHaeT CBeTUThCA B
JKUBBIX KJIETKAX, YTO MO3BOJIAET OTJIMYATh UX OT MEPT-
BoIX. Kasibiien AM nepcnekTuBeH [JiA BU3yan3aluu
KaJIbIIEBBIX CTPYKTYP B KUBBIX KileTkax (Sviben et al.,
2016), HO mTpHMepH MOAOOHBIX PabOT HEMHOTOYMC-
JIEHHBI, YTO CBA3aHO C BBICOKOI CTOMMOCTBIO KpacUuTeJIA
(200 u Gosee mosmapoB/mr). McmoJsib30BaHUE CTOJIb
JOpOroro Kpacuresd AOMYCTUMO B ciiydae KJIETOYHBIX
KyJbTYyp, HO HEBO3MOXHO IIpU paboTax B MPUPOIHOMN
cpefde U akBakyJbTypax. Kpome Toro, ¢yopeciieiHO-
BBl (bparMeHT B KaJblieMHe U3JIydaeT B XEJITO-3eJIé-
HOI 00J1aCTU CIIeKTpa, NepeKphBasACh ¢ aBTOodJIyopec-
nennuei mosutiockos (Delvene et al., 2022; Donaldson,
2020; Spires and North, 2022) u Bogopoceti (Schoor et
al., 2015; Tang and Dobbs, 2007), uTo MoXeT 3aTpy.-
HUTb UHTEPIPETALNIO PE3yIbTATOB.

{espio maHHOI pabOTH ABJAJCA CHHTE3 cCJia-
OOOCHOBHOT'O aHajiora KyMapHHOBOT'O KpacHuTeJsid
QA2 (Zelinskiy et al., 2023), comepxaruero 3dup-
HBl€ TPYIIBL, CHOCOOHBIE K TPEBpalleHUI0 B KHCJIOT-
HBlE TOJ JeNCTBUEM COOTBETCTBYIOIIUX (EepMEHTOB.
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PaspaboTaHa cTpaTerus CHMHTe3a, I03BOJIAIONIAA IIOJIY-
yath nesneBoil npoaykT (QE2, Puc. 1) omHocTaguiiHOM
peakuueii, 6e3 mpomexyTouyHoro obpazoBaHusa QA2.
H3ydeHa cnocobHOCTh QE2 NpOHUKATh B XUBBIE KJIETKU
Ha npumMmepe AuHobIareAr Gymnodinium corollarium.
OxpammuBaHie KaJbLMEBBIX CTPYKTYP IPOAEMOHCTPU-
POBaHO C MCIOJIb30BaHHEM OalKaJIbCKUX TracTpOIOf
B. baicalensis 1 6aliKaJbCKOTO 03epHO-PEYHOTO CUra
Coregonus fluviatilis.

2. MaTepuanbl U METOADI
2.1. XumuueckKkue peareHTbl

Joa BOXX ucnosp3oBasiy alleTOHUTPUII cOpTa
“0” («Kpuoxpom», Cankt-IleTepOypr, Poccus). Bce
ocTaJIbHble pacCTBOPUTEJIN U peareHThl ObLIN KBaIUhU-
kauuu “xu” (3A0 «BexTon», CaHkT-IleTepOypr, Poccus).
OtaHou (95 mac.%) KUIATUIN ¢ TUAPOKCUAOM HaTpus
Y TeperoHsuIM. JTujalneTraT IPOMBIBAJIM BOOHBIM pac-
TBOpOM OukapboHaTa HaTpus, JUCTUJLIMPOBAHHO
BOJOH, cymnau Hajg 0e3BOAHBIM XJIOPWAOM KasbIuA
U IeperoHANU. J[UxjgopMeTaH U H-TeKCaH IepeMellu-
BaJIU C KOHI[EHTPHUPOBAHHOI CEPHOM KUCJIOTOH B Teue-
HUe 3 4acoB, IPOMBIBAJIU ANCTUJUIMPOBAaHHON BOJOM,
BOJHBIM pacTBOpoM OukapOoHaTa HaTpusd, AUCTUJUIN-
POBaHHON BOJAOH, CyIIMJIM HaJ 0e3BOJHBIM XJIOPHJIOM
KasbluA U neperossanu. Jumerundopmamuy (AMDA)
BCTpAxuBay B TedeHre 30 MuHYT ¢ 6e3BoaubiM CuSO,,
dunpTpoBanu yepe3 BOPOHKY BloxHepa, eperoHAnu B
BaKkyyMe U BBIEPXHUBAJIM C MOJIEKYJIAPHBIMU CUTaMU
3A. Tpuatunamun cymwiu Hag CaH, U meperoHsuIu.
CyKUMHUMUAWJIOBEIY 3dup  7-AU3TUIIAMHHOKyMa-
pUH-3-KapOOHOBOI KMCJIOTH M TUAPOXJIOPUI AUMe-
Tui-L-acraprata noJyiydeHel IO MeTOAMKAM, OINKCAaH-
HbeIM B (Berthelot et al., 2005) u (Thangavelu et al.,
2017), cOOTBETCTBEHHO.

2.2. NMpubopbi

ChHekTpel  MOIJIOUIeHUs,  BO30yXOeHUA U
HUCIyCKaHUA U3MepAId Ha craekTpodJyopuMerpe
CM-2203 (3AO0 «Cnekrtpockonus, Ontuka u Jlazeps —
Asanrapausie Pazpabotku», Pecnybnuka Benapycs, T.
MuHck) B KBapleBol KioBeTe TomuHon 10 mM. B kaue-
CTBe MCTOYHMKA BO30yXAeHUs B IpHOOpe MCII0Ib30Ba-
Jlach UMIyJIbCHaA KCeHOHOBasA Jlamia. OTHOCHUTE IbHBIN
KBaHTOBHII BBIXO[ (JIyOpecleHIIMN pacCUYMTHIBAIN IO
dopwmyne (Levitus, 2020):

jZ

2oz

rae noacTpouHsle S 1 R 0603Hava0T KpacuTesib U CTaH-
JapT cpaBHEHWs. Q, - MU3BECTHbBIA KBAHTOBBIN BBIXO]
cTaHaapTa cpaBHeHus, Int — uHTerpaj cnekrpa ¢GJyo-
peclieHIInY, A — MOIJIoleHre IpYU JIMHEe BOJIHBI BO3-
OyxneHus ¢uyopecuenuun (A ), n — KodpduimeHt
IpeJIoMJIeHUs pacTBOpuUTesia. B kauecTBe crangapra
CpaBHeHUA MCII0JIb30BaI AVHATPUEBYIO COJIb (JIyo-
pecuenHa B 0,1 M NaOH.

CBeTOBYI0 U (JIyOpeCLeHTHYI0 MHUKPOCKOIIUIO
MIPOBOAWJIM C IOMOIIBI0 WHBEPTUPOBAHHOI'O MUKPO-
ckonma MOTIC AE-31T c pryrHoii samnoii HBO 103

S

b

1-10""*
1-10"

R
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W/2 OSRAM. [lsniiiHa BOJIHBI BO30YXAeHUA COCTaBJIANIA
470 HM AOJid KpacHOW, 3eJIEHOU U XKEJITOM 3MUCCUU U
365 HM [ cuHel sMmuccud. J[yia 3amucu usobpaxe-
HHI UCIIOJIb30BaIM kaMmepy Moticam Pro 205A.

AnanuTuyeckylo Xxpomarorpaduio IIPOBOAWUIN
¢ wucnosb3oBaHueM BDXX-cuctembl «Mwuianxpom
A-02» (OxoHoBa, HoBocubupck, Poccust) ¢ KOJOHKOM
ProntoSIL-120-5-C18 (2 X 75 MM, 5 MKM) B rpaJiUeHT-
HOM peXrMe 3JII0MpOoBaHusA ¢ ucnosb3zosanueM 0,05 M
docdartHoro 6ydepa c pH 6,86 B kauecTBe 3JII0€HTA
A u anetoHUTpUsa B KadecTBe syoeHTa B. Cocras
NOABMXHOM (a3pl M3MeHsICA ciaefylomuM o0pa3oMm:
0-1875 Mk, 20-50% B; 1875-2500 Mk, M30KpaTU-
yecky, 50% B. CKOpOCTh MOTOKA 3JII0€HTa COCTaBJIAIa
150 mxy/MuH, Temneparypa koioHku 35 °C, o6bem
npo6s1 10 Mk, BpeMs aHanu3a 16,7 MuH. JJJIMHBI BOJIH
JeTeKTupoBaHuA cocTaBann 210 u 260 HM.

'H AMP cnexTp 3anucanu ajis pactsopa B CDCI,
IIpY KOMHATHOI TeMIepaType Ha crniekrpoMetpe Bruker
DPX-400. Xumuueckue caBury (8 B M.JI.) U3MEPSIIU C
ToyHOCThI0 0,01 oTHOCcuTesbHO TMC.

2.3. Cunre3 AMMmeTHA 2-(7-(AN3THAAMMHO)-
2-0Kkco-2H-xpomen-3-Kkapbokcamupo)
cykuuHara (QE2)

K nepememuBaeMoMy Ha MarHATHOU MellajKe
pacTBopy CYyKUMHHUMUAWJIOBOro 3dupa 7-guaTuiia-
MHUHOKyMapuH-3-kapOoHOBO! kucjaotel (2,70 r, 7,53
MMoOJib) B cyxomM JM®A (28 M) npu KOMHATHOM
TeMIepaType J00aBUJIN THAPOXJIOPUA AuUMeTus-L-ac-
naprara (1,49 r, 7,54 mmous). [Tocne pacTBopeHUs K
cMecu nob6asuiu TpudtuiamuH (0,98 r, 9,7 MMoOJIB).
[lepememuBaHue MpojAoJDKalyd B TedeHHMe 8 Yacos,
3aTeM peaKIMOHHBIH CcOCyd NOMECTHJIM B XOJIO[WUJIb-
HUK (10 °C). Uepe3 15 4yacoB peakIMOHHYI0 CMeCh
HarpeJu [0 KOMHAaTHOM TeMIlepaTyphl, H00aBWJIM B
Heé 450 r 3,1% BoxgHOro pactBopa kapboHarta Kaaus
U MpPO3KCTparupoBanu guxjopMeraHoMm (4 X100 mui).
OObeWHEHHBII JKCTPAKT BBICYIIMJINW Oe3BOJHBIM
kapOoOHaTOM KaJlisA U CKOHILIEHTPHPOBaJId Ha POTOp-
HOM ucnapuresie. KpacHOBaTO-KOpPUYHEBHIN XUAJIKUN
OCTaTOK IOABEPIJIM pasfiesIeHuI0 MeToAoM (JIaNI-Xpo-
marorpaduu Ha KoJioHKe (cunmkaresib 40-63 MKM,
CH,Cl,:AcOEt=8:2, R,=0,51) ¢ nmomopio (pJIa1m-xpo-
maTtorpada SepaBean Machine T. LlesieByio ¢ppakuuio
KOHIIEeHTPUpOBaJIM IpHU IOHWXEHHOM [aBJIeHUUd U
BBIIEpXUBAJIM [IO[ BaKyyMOM MacJIAHOTO Hacoca IIpu
40-50 °C B TeueHue 3 uyacos, nosgyuuB QE2 (Puc. 2)

\CH3

QE2
Puc.2. Crpykrypa kpacuresna QE2.
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B BUJIe XKeJToro Teepaoro Bemecrsa. 'H AMP (CDCL,
400 MI'tp) 6 (m.4.): 9.57 (1H, d, J=7,82 Hz, H-7), 8.67
(1H, s, H-6), 7.42 (1H, d, J=8,80 Hz, H-5), 6.64 (1H,
dd, J=2,44, 8,80 Hz, H-4), 6.50 (1H, d, J=1,96 Hz,
H-3), 5.10 (1H, dt, J=3,72, 7,83 Hz, H-8), 3.79 (3H,
s, H-10), 3.73 (3H, s, H-10), 3.46 (4H, q, J=7,01 Hz,
H-2), 3.08 (1H, dd, J=4,89, 16,63 Hz, H-9) 1 2.97 (1H,
dd, J=5,14, 16,88 Hz, H-9), 1.25 (6H, t, J=7,10 Hz,
H-1).

2.4. YcronunBoctb QE2 K ruApOAN3Y

YcroiiuuBocTh k ruapoausy QE2 wusyvyanu B
BOAHBIX pacTtBopax ¢ pH 4,00 (aneraTHsiii 6ydep, 0,05
M), 6,86 (pocdaThsiii 6ydep, 0,05 M) u 9,18 (6opat-
Heil1 Oydep, 0,01 M). O6pasisl roroBuan gobasie-
HHUeM MeTaHOJIbHOro pactBopa Kpacurtenda (0,25 mr/
M, 0,240 M) k 1,260 M1 cooTBeTCTBYyIOIIero 6ydepa
J0 OOCTHXEHUA KOHEYHOH KOHI[eHTpalluu KpacuTeJid
0,04 mr/mn (0,099 mM). PacTBophl ocTaBjisu IpU
KOMHaTHOH Temmneparype (25 °C) B TeMHOM MecTe U
a”HanusupoBanmu MerogoM BOXKX Bo Bpemenu. Jlosio
KpacuTeJis, OCTaBUIErocA B pacTBOpe, ONpelesisasicA
KakK OTHOIIeHNe IOy NMUKa KpacuTesia (TorJolie-
Hue Ha 260 HM) K ob1iiell IJIomaau MuKa KpacuTesis u
MHMKOB IIPOJIyKTOB Pa3JIOKEHU.

2.5. OkpawuMBaHMe YXMBbIX OPraHM3MoB
Kpacuteanem QE2
2.5.1. Aunodnrarennarbi

IIItamMm G. corollarium SCCAP K-0983 Bbize-
JleH u3 ceBepHOH yacTu banrtuiickoro mops, IlIBenusa
(Sundstrom et al., 2009). MOHOKyJIbTypy BhIpaIly-
Basu Ha cpegne f/2-Si (Guillard and Ryther, 1962) Ha
OCHOBe MCKYCCTBEHHOI MOpPCKOM BOJbI (COJIEHOCTD
11%). KynpTHUBUpOBaHHE NPOBOAWIN B IIACTUKOBBIX
kosbax o6bémoM 25-50 mu npu temmnepatype 4 °C u
ocBeméHHocTy 13-21 MKMoOJIbM?%c! ¢ WHTepBajioM
JeHb: HOub 12: 12 4. ][5 n3y4yeHus BXOXACHUS Kpacu-
TeJsisA B KJIeTKy k 0,5 M cpefs! ¢ AuHOGJIaresiATaMu
[00aBJIAIN 5 MKJI KpacuTesis KoHLeHTpanuei 100 uM
U U3ydasju BXOXJEeHHe KpacuTessd B KJIETKU C IIOMO-
11610 QJTyopecieHTHOI0 MUKPOCKOIIA.

2.5.2. TacTponoabl

T'actpononel B. baicalensis cobupasuchk BOJO-
nazamu Ha riaybuHe 10-30 M B palioHe mnocénka
JIuctesaHka. MoJUTIOCKY colepkaid B TPEX akBapuyMax
06béMoM 3,6 J1 ¢ TOCTOSTHHOMH aspaiyeil BO3AYXOM Ipu
Temneparype 9°C, B KauecTBe KOpMa HCIOJIb30BaJd
HUTYaThle Oalikajbckue BoAopocau. B Havase skcre-
pHUMeHTa B KaKABIN akBapuyM IOMecTHId 1o 12 oco-
6eii. OcBellleHHe OCyI[eCTBJIAIN JHEBHBIM CBeTOM Oe3
NPsAMBIX COJIHEYHBIX Jiyyell ¢ MHTEHCHBHOCTBIO JHEB-
Horo csera 3-6 MkMoJIb-M2c! (Maii-utoys 2025 roga).

[locne akkiaMMaTH3aliy B TeueHWe 7 mOHeH
HayaT 3KCIepHUMEeHT 10 OKpallBaHUI0O PAaKOBUH ABYMA
kpacutesnamu QA2 u QE2, Tpetuil akBapuyMm ObLJT KOH-
TpoyieM. B akBapuymbel Nol u No2 6buiu JJoGaBjieHbI
Kkpacuteau A0 KoHneHTpauuu 1 uM. Kaxayio Heneo
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MeHsanu 1,5 1 Bomel U3 akBapuyma Ha 1,5 J1 cBexeil
6alikabCKOM BOJIbI, N06aBJsAA KpacUTeIn A0 KOHIIeH-
Tpauuu 1 uM.

2.5.3. Pbi6bI

B skcmepuMeHTe — MCHOJIB30BajJd  MaJIbKOB
C. fluviatilis B Bo3pacte 6 mecsleB, JJIMHON OT 3,5 10
6 cm. Kpacutens BBOAUIM Kak goOaBjeHHEM B KOPM,
TaK M HeNOCpeJCTBEHHBIM BBeJeHHeM B aKBapUyM.
PuIOBI comepxajnch B CTEKJIAHHBIX aKkBapuyMax, Npu
temmepaTtype 13°C co cMeHOI ocBellleHUs AeHb/HOYb
B pexuMe 12/12 npu MOCTOSHHON aspaiiiul BO3yXOM.
3ameHa 50% BOJbI IpOBOAMJIACEH LIECTh pa3 B HeAeJIio0.

[IpuroroBsieHNe KopMa OCYIIeCTBJIATN paBHO-
MepHBHIM cMauuBaHueM cyxoro kopma (OOO «HIIK
Pycno», Poccus, MasIbKOBBIH, [JIS CUTOBBIX U JiOcOCe-
BhIX pbiO, pasmep 0,3 mm) pactBopoMm QE2 B aneroHe
(koHUeHTpanua 2 Mr/mJi) U JajibHeHInel CymKoON B
BakyyMe nipu 35°C. Ilocsie BeICYyIMBaHUA KOPM IIPONU-
ThIBaJId BOAHBIM pacTBOpoM asibruHara Harpusa (0,05
Macc %) u BeicymuBaau B BakyyMe npu 35°C. Ilocie
CYLIKA KOPM IIPOINyCKaJIM Yepe3 CUTO C pasMepoM Iop
0,31 mm. ComepxaHue kKpacutensa QE2 B kopme miiA
ppi6 cocraBisio 2 Mr/t (4,94 pumosb/T), ajbruHaTta
"arpusd 0,69 mr/r.

AkBapuyM [J1A 3KCIIepUMeHTa ¢ BBe[leHHeM Kpa-
cutesia B KopMm comepxait 80 i Boawl u 12 preib. Kopm
BBOAWIIM 10 1,5 r B cyTku (50% yTpoMm u 1o 25% fHeM
U BeYepoM).

[Tpu nobaBieHNM KpacuTesid B akBapuyM o0beM
BO/JIbI cocTaBJisa 20 JI, KOJIMYEeCTBO PHIO — 4, cMeHa BOJbI
1 PeXHUM KOpMJIEHUS aHAJIOTMYHBI IIpefbIaylieMy dKC-
nepumeHTy. CTOKOBBIH pacTBop Kpacuressd B JIMCO (1
MM, 404,4 mr/n) nobaBssIn KaxXabll JeHb yTpoM (1o
5 MJI) ocJie CMeHBI BOJbl, pa30aBJiifsa CTOK B 1 J1 BOOHL.
B nepBbIil AeHb 3KcIieprMeHTa fo6aBuan 10 M1 CTOKO-
BOrO pacTBopa Kpacurea. KoHIleHTpanus KpacuTess B
BoJle coctaBysia 1 uM (404,4 mkr/n).

3. Pe3yAabTathbl M 06Ccy)xpeHue

Kpacurens QE2 mosiyueH myTteM peaknuu CyK-
qUHUMUAWIoBoro sdupa 7-(AUITUIAaMHHO) KyMa-
puH-3-kapOOHOBOI  KUCJIOTHL C TUAPOXJIOPHUIOM
aumetwil-L-acnaprara (Puc. 3). CTpykTypa HOBOIO
KpacuTeJisi MOATBepXkaeHa crekTpockonuen 'H AMP,
yncTtoTa — MetogoM BOXX. M3yueHune cocTosHua Kpa-
cureJia B BoJie (Tabaua 1) nokasaso ero J0CTaTOYHYIO
YCTOMYMBOCTh B HEHTpaJIbHOU U cJ1abOKHUCJION cpefie,
TorAa Kak B 1esouHoil cpefie (pH=9,18) oH pa3pyma-
ercsa Ha 50% 3a 4 yaca.

Ta6sauna 1. VameHeHue comepxaHusa kpacurensa QE2 B
pactBope, % OT UCXOIHOTO.

Bpewms, u pH 4.00 pH 6.86 pH 9.18
2 100 98 63
4 100 - 51
24 100 94 6
5 cyToK 92 82 -
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Puc.3. Cxema cuHTe3a kpacutesia QE2.
CnexTpnl NOrJIOHmEHUsA, BO30OYyXAEHUA U WCITy- JUT K BO3MOXHOCTH HAOJIIO[EHUS CBEYEHUS KJIETOK
ckaHusa HoBoro kpacuressa (Puc. 4, 5) OJM3KU K CIIEK- 0e3 yaaJsieHus KpacuTeJsis U3 CpeAbl, YTO IIpe/iCcTaBJisaeT
TpaMm Kkpacuresieii QN2 u QA2 (Annenkov et al., 2019; onpefeIEHHYI0 nTpobJieMy IPHU HCIIOJIb30BAHUU poJa-

Zelinskiy et al., 2023). OCHOBHO!l NHK INOTIJIOIIEHIS MHHOBBIX Kpacuresen.
HaxogutcA B obsactu 400-460 HM CO COABUTOM B TOJIy-
Oyio o0JacTb NMpU MOHWXEHUU MOJIAPHOCTHU PacTBOpU-
TeJlsl B pAAY BoJa — 3TaHOJI — rekcaH. AHaJOrMYHBIM
obpazoMm BenyT cebs creKTphl BO30OYXJeHUS U HCITY-
ckaHusa. B ciyyae rekcaHa B cHeKTpax IIOTJION[eHUA
Y WUCIYCKaHUA IPOSABJIAIOTCA AONOJHUTEJIbHBIE MHKU.

Ta6suna 2. CnekTpajibHble XapaKTepHUCTUKU U OTHOCU-
TeJIbHBII KBAaHTOBBIN BEIX0[ (iryopeciieHuuu (Q) ansa QE2

KBaHTOBEIN BBIXO[] (PITyOpecIieHINN Pe3KO MOHMKAEeTCs PactBopuTesb| JlIMHA BOJIHBI € Q,
IIpM MOBBIIEHUM NOoJIApHOCTH cpefpl (Tabiuma 2). BO36y>xaeHus, HM|(x102 srmoimp-eM)*| %
AmnasiornuHsle ABJleHUs HabII0aInCh paHee AJ1A KyMma- Bona 433 38,09 2,2
puH-coAepxamux Kpacuresei (Annenkov et al., 2019;
U JiuTepaTypa B 3TON CTaTbhe) U OOBACHAIUCH BJIUSA- 26 BTEL A e A Lol
HUEM pACTBOPUTEJIA Ha ApOMAaTHUYECKYI0 CHUCTEMY U reKcaH 405 40,31 99,3
MOBHIIIEHNEM BEepPOATHOCTU Ge3bI3TyvaTesIbHOM peJjlak- IMpumevanue: * KoadpOUuMeHT SKCTUHKLNAN AJIA AJIMHBL
canuy Bo30yXJIEeHHOI0 COCTOSHUA MOJIEKyJl B IOJIAp- BOJIHBI BO30YXX/eHVs1
HBIX PaCTBOPUTEJIAX.

B03MOXHOCTb IPOHUKHOBEHUS MOJIEKYJI Kpacu-
Tesss QE2 B xkMBbIe KJIETKU OlleHeHa C MCII0JIb30BaHUEM
kJeTok auHodiareiar G. corollarium (Puc. 6). Ilpu
nob6aBieHUU B KyJIbTypajbHyI0 cpeay QE2 B KOHIIeH-
Tpauuu 1 MxM Habs0anu xapakTepHoe CUHee CBede- 05
HUe KJIeTOK. B cirydae kucioro kpacuresisi QA2 okpamu- 4
BaHUA KJIeTOK He HaOsmomanu. KymapuH-comepxaiiie . B 3) M
KpacuTeJi ClIOCOOHBI K CBEUEHHIO B 3eJIEHOM 0bJ1acTu 03
cnektpa (Annenkov et al., 2019; Zelinskiy et al., 2023), el
HO IIpY OKpAIlMBAHUU AMHOMJIATEUIAT HaGJII0AaIn § 02
TOJIBKO CUHIOI0 (uiyopecieHnuo. 3ejiéHasa 00J1acTh 01

creKkTpa pacnoJioxeHa Beime 500 HM, a Ipu nepexofe
B HeNOJIAPHBIN pacTBOPUTENb CBeueHUe CABUIaeTcs 0
B Oojilee KOPOTKOBOJIHOBYIO 00JIaCTh, YTO MO3BOJIAET
MPeAIoJIOKUTE HaxoxaeHrne QE2 B HeMOJIAPHBIX Be3U-
KyJiax. Pe3koe moBblllleHie KBAaHTOBOI'O BhIxofa (iiyo-
peclieHI[UM B HemnoJisipHOU cpefie (Tabiuma 2) npuso-

200 300 400 500 600 700
A, HM
Puc.4. CrnexTphl norjomeHusa pactsopos QE2 B pasiny-
HBIX pactBopuressix: (1) — Boma, (2) — atanod, (3) — rekcaH.
Konnenrtpanusa 10 uM.

A 35 B 16 B 120 1
(4)
3 14 100 ]
(2) 12
2 25 ) ry
[} 5 5 80 4
2 g 10 g
24 I I
S S 8 3) S 601
215 9 ) 9 3
e g 6 g
I - I 40 A
< 14 = =
4
0.5 2 20 A
0 Ll T T T T 1 0 4 0 T T T T 1
200 300 400 500 600 700 200 300 400 500 600 700 200 300 400 500 600 700
A, HM A, HM A, HM

Puc.5. CrekTpsl Bo30yxaeHus u ¢iryopeciieHuun pactBopoB QE2 B Boze (A), 95% staHosie (B) u rekcane (B). Illes MmoHO-
xpoMaTopoB 5 (Ha Bxoa) u 5 (Ha Beixon) HM. KoHnenTparusa kpacutessa 10 uM. CnekTpsl Bo36yxeHUsA U3MepsIu i Giyo-
pectiennuu mipu 478 (A), 466 (B) u 437 um (B). JnuHb BoH Bo36yxaenus, B HM: (1), (3) — 260, (2) — 428, (4) - 420, (5) — 242,
(6) — 256, (7) — 355, (8) — 374, (9) — 385, (10) - 403.
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Puc.6. Muxkpodotorpaduu  guHOdIIAresIIAT Puc.7. Buaumsie (A, b u 1) u payopecientssie (B, I', E
corollarium yepe3 5 MuH nocJie A0GaBJIEHUS KPACUTEJIS QEZ B u X) mukpodoTorpadun pakoBuH ractponop B. Baicalensis
koHLeHTpanuu 1 uM. MacmTa6: 10 MKM. KyJIbTUBUPOBAHHEIX B npucyrcrsuu 1 uM QE2, Bupg co cro-

POHEI yCThbA. A-I' — KyJIbTUBHPOBAaHUE B T€UeHHE OAHOTO, /J-K
— nByx MecsaneB. Macmra6: 500 (A, J u E) u 100 (5-I' u X)
MKM.

4 ‘2 , 4 smo 8

Puc.8. ®ororpadum pei6 C. fluviatilis mpu ectecTBEHHOM OCBellleHUU (A) U MPU OCBEIEHUU CBETOAVOOM C JUHOU BOJIHBI
365 uM (B, B). B — ckesieTsl pbI6 IOCJIe MeXaHUYeCKOro yAaJjieHus MBIIIeYHBIX TKaHell. BepxHee m3o6paxeHue OTHOCUTCA K
9K3eMILIAPY 13 KOHTPOJIbHOM TPYIIIHL, HIDKHEe — U3 9KCIePUMEeHTAIbHOH, 1ocjle KyJIbTUBUPOBaHUA B TeueHUe 14 qHell ¢ Kop-
MowM, MoaubunipoaHHeM KpacutesieM QE2. I'-K — ¢uryopeciieHTHBIe MukpodoTorpadun: nozsoHoyHuka (I-)K) 1 XxBoCToBOro
iaBHUKa (3-K) mocjie o4ucTKYU BbliepxuBaHueM B Bofe 100°C B TeueHue 5 MuHyT. I' u E — o6pa3nbl KOHTPOJIBHOU T'PYIIIIHI,
nzobpaxenus B napax I'-/] u E-)K nojiyueHsl IpY OAMHAKOBBIX HACTPOMKax BUJieokaMephl Mukpockomna. Macmra6: 500 (I'-K u
3-1) n 100 mxm (K).
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BripamuBaHue 6alikajbCcKuxX racrpomof B.
baicalensis B cpenie ¢ no6asienniem 1 pM QE2 (Puc. 7)
MpUBeJIO K MOsIBJIEHUI0 XapaKTepHOU cuHell dJiyopec-
LIEHITUY PaKOBUHBI CO CTOPOHBI YCThA, I'Jle POUCXOOUT
eé pocrt. IIpu Bo30yxaeHnn (PJIyopecleHI[UN CBETOM C
AnuHou BosiHB 470 HM (Puc. 6C) HabiofgaeTcsa Kpac-
HO-XEJITO-3eJIEHOe CBeueHNe PaKOBUHBL, OTMedaeMoe
Kak B KOHTPOJIbHOM Irpynie, Tak U MPU HUCIOJIb30BAHNUU
kpacuresisi QA2. [TaHHble GaKThl yKa3blBalOT Ha He0O-
XOAUMOCTbh HCIIOJIb30BaHUSA KpacuTesel co cBeueHrueM
B CHHeN 00JIacTy AJ1A BBIABJIEHUS KaJIbLIUN-MUHepaIu-
3YIOIIUXCA CTPYKTYP.

Conepxanue pei6 C. fluviatilis B mpucyTCTBUU
kpacuresisa QE2;, nobassssemoro 6o B kopm (2 mr/r)
6o B akBapuyM (1 pM) npuBeso kK pJryopecrieHTHOMY
okpamwuBaHuo peid (Puc. 8). HabGmiogeHue IesIbHBIX
opraHuamoB (Puc. 8B) ocyioxHseTcs paccessHUEM CBETa,
B TOM 4MCJIe Ha 3allUTHON CJIU3U, TIOKpHIBAIOIIEN Tesia
pbi0. Tem He MeHee, MOXXHO OTMETHUTb CBeueHMe XBO-
CTOBOT'0 IJIaBHMKAa U MO3BOHOYHUKA. DIiyopeciieHNNs
B o0sacTu OpIOMIHOM IIOJIOCTU CBs3aHa, BEPOATHO,
C TPUCYTCTBUEM KOpMa, COJepXalllero Kpacuresib.
MexaHuueckoe yiajieHre MbllleuyHbIX TkaHel (Puc. 8B)
Mo3BoJisAeT OoJlee HaArJIAAHO YBUJAETh OKpacKy IMO3BO-
HOYHMKA U I1aBHUKA. MukpodoTorpaduu 6osee ouu-
meHHoro npenapara (Puc. 8I'-)K) Takxke yka3bBamT Ha
cyliecTBeHHO OoJiee sipkoe cBeueHue o0pasios ¢ QE2 B
cpaBHeHHU ¢ aBTo(dIyopeclieHI[ell KOHTPOJIbHBIX IIpe-
napartoB. B ciyudae xBocToBoro mnasHuka (Puc. 83-K)
OKpallleHHBIMU OKa3bIBAIOTCS T'PAHUIBI KOCTHBIX Cer-
MEHTOB, 0cOOeHHO coujieHeHHUs1 cermeHTOB (Puc. 8K).
B oTimume oT JelicTBUA BBICOKUX KOHIIEHTpAIUI KUC-
JotHeIX kpacuteiied (Lii et al.,, 2019) Hecnenuduye-
CKOT'0 OKpamnBaHus cOpMUPOBABIINXCs paHee KOCT-
HBIX CErMeHTOB He IPOUCXOUT. BBeieHUe KpacuTesis B
aKBapHaJbHYI0 BOJY IIPUBEJIO K aHAJIOTUYHBIM pe3yJib-
TaTaM MPU CYIIeCTBEHHO OOJIbIIIEM pacxo/ie peareHTa
(2,02 mr Ha omgHy pbIOy B JieHb B cpaBHeHuu ¢ 0,25 mMr
B cirydae fobasaeHus QE2 B kopm).

4. BoiBOADI

PazpaboraHn 5¢@eKkTUBHBIII MeTO[ CHUHTe3a
HoBoro (uyopecueHTHOro kpacuresnsa QE2, comepxa-
mero cjiabOOCHOBHYI0O aMUHOTPYIIly U ABe KapOok-
CUJIbHBIE Tpynnbl B (GopMe MeTHUJIOBBIX 3GUPOB, CIO-
COOHBIX K THIpOJIM3Y B cj1aboleI0UHON cpefie WK NOJ
JerictBueM (epmeHTOB. Kpacutesb crocoGeH Jierko
IIPOHUKATh B XKMBBlEe KJIETKM, YTO IOKa3aHO Ha IIpH-
Mepe KyJbTyphl AuHodaresiar. KyibTuBUpOBaHue
OpraHu3MOB C KaJIbI[IeBBIMU CKeJleTaMU (racTpOIOAH,
peiObl) B mpucytctBum QE2 mpuBomutr k duyopec-
L[EHTHOMY OKpallMBaHUIO 30H pocTa (yCTbs paKOBUH
racTpomnoji, 3JeMeHTH CKejleTa M IJIaBHUKOB PEIO).
dayopecuennua QE2 u npoaykra ero rupposmsa
QA2 (Zelinskiy et al., 2023) cymecTBeHHO 3aBUCUT OT
MOJIAPHOCTHU Cpefibl, YCUJIMBAACh B HENOJIAPHOM OKpY-
J)K€HUU C OJHOBPEeMeHHEBIM CMellleHeM HCITyCKaHUA U3
3eJIEHO-TOJIy00l B CHHIOI 00J1aCTh.

Takum obpasom, kpacuteab QE2 mMoxeT HailTu
IprYMeHeHUe [JIAd OTCJIeXKMBAHUA 30H KasblMeBOMH
MHUHepa/Ju3aluy, OLEeHKH [OJIAPHOCTU KJIeTOYHBIX
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opraHeJu, BBE€OAEeHNA METOK B pr6bI JAJ1A 3KCIIEPpUMEH-
TOB B 00JIaCTU 3KOJIOTHU U AKBaKyJIbTyp, OKpallrBa-
HUA KJIETOYHBIX KYJIbTYP W CKEJIETHBIX 3JIEMEHTOB OJIA
ncciaegoBaHuA METOAOM KOH(I)OKaJ'IbHOfI MUKPOCKOIINH.
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