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ABSTRACT. Benthic biofilms, macrocolonies and net plankton samples collected in summer from well
warmed-up bays and shallow waters of Lake Baikal during the mass development of cyanobacteria were
studied. The contents of saxitoxin and neosaxitoxin were determined by means of liquid chromatography
mass spectrometry in the form of 2,4-dinitrophenylhydrazine derivatives. The production of paralytic
shellfish toxins and the saxitoxin/neosaxitoxin ratio depend on the species of cyanobacteria were also
determined. Nowadays, the planktonic and benthic cyanobacteria of Lake Baikal can be considered as
a natural source of neosaxitoxin only for research purposes. However, with obtaining cultured strains
among the studied species, they can be used soon as producers.
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1. Introduction

Neosaxitoxin (NEO) is a compound of the
group consisting of ~60 structurally related natural
chemicals called paralytic shellfish toxins (PSTs).
Some representatives of dinophytes, including species
of the genus Alexandrium (A. andersoni, A. catenella,
A. excavatum, A. fundyense, A. minutum, A. ostenfeldii,
A. tamarense, and A. tamiyavanichi), as well as species
Gymnodinium catenatum and Pyrodinium bahamense, are
saxitoxin producers in marine resources (Llewellyn,
2006). At the same time, cyanobacteria of genera
Anabaena, Cylindrospermopsis, Aphanizomenon,
Planktothrix, Lyngbya, etc. are the PST producers in
freshwater bodies (Wiese et al., 2010). In addition
to the direct production by cyanobacteria, NEO, and
some other PST variants, can be a product of enzymatic
oxidation of gonyautoxins 1 and 4 (GTX1/4) (Sugawara
et al., 1997).

Filter feeding shellfish that consume dinophytes is
capable of bioaccumulating PSTs in high concentrations,
which is hazardous to humans who use them as a food
(Negri et al.,, 1995). In freshwater bodies, PSTs are
mainly orally transmitted to humans and animals, for
example, via drinking water.

Neosaxitoxin and its analogues target integral
membrane protein (voltage-gated sodium channel
(VGSCs or Nav channel) involved in the transmission of
electrical signals in cell and the distribution of the action
potential, basic physiological processes of the nervous
system (Cestele and Catterall, 2000; Yu and Catterall,
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2003). The toxic effect of PSTs on living organisms
arise from sodium channel blocking of electrically
excitable membranes in nerve and muscle cells by the
guanidine fragment in the structure of the toxin. The
toxic effect of PSTs on living organisms occurs when
the sodium channel of electrically excited membranes
in nerve and muscle cells is blocked by a fragment of
guanidine in the structure of the toxin. This leads to a
decreased production of nerve impulses in tissues and
organs. An acute toxicity arises even at minimal doses
of saxitoxins (STXs) and can result in rapid death from
paralysis of respiratory muscles, whose membranes are
rich in sodium channels.

Blocking of sodium channels by saxitoxins
in nerve cells is similar to tetrodotoxin (TTX) action
mechanism. Such a unique feature of STXs made it
possible to study neosaxitoxin as an analgesic for local
anaesthesia in clinical practice (Rodriguez-Navarro et
al., 2007; 2011) and veterinary medicine (Riquelme et
al., 2018; Varela et al., 2019).

After asingle injection, neosaxitoxin (individually
or combined) has provided prolonged analgesia from
one to three days. NEO is more effective and less toxic
than STX (Manriquez et al.,, 2015; Rathmell et al.,
2015), and currently it is in clinical trial phase no. 1
(Rodriguez-Navarro et al., 2007; 2011).

Prolonged analgesic effect of NEO at extremely
low therapeutic doses (50-100 pg/day) is due to its
high affinity and specificity for targets of the peripheral
nervous system. Owing to low concentrations together
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with the inability to overcome the blood-brain barrier
and affect the central nervous system, there are no
dose-depending side effects as well as physiological
and psychological dependences, in contrast to narcotic
analgesics (Rodriguez-Navarro et al., 2011; Riquelme
et al., 2018; Varela et al., 2019).

We previously reported the presence of saxitoxin
and its analogues’ producers in Lake Baikal and other
water bodies of the Irkutsk Region (Belykh et al., 2020).
All investigated samples, except for plankton samples
collected near the Turka settlement (August 2010),
were analysed only by enzyme-linked immunosorbent
assay (ELISA), while PST variants were identified by
the MALDI-TOF/TOF method.

The plankton samples from Barguzin Bay
contained STX and NEO; those from Kurkut Bay — STX
and decarbamoylated derivatives of gonyautoxins,
dcGTX1/4 and dcGTX2/3 (Lake Baikal, August 2010)
(Belykh at el., 2015). In benthic biofilms (settlements of
Listvyanka and Bolshiye Koty, September 2015), eight
variants with different toxicity (STX, NEO, dcGTX1/4,
deGTX2/3, GTX5, decSTX, dcNEO, and doGTX2/4) were
detected (Belykh et al., 2016).

A preliminary assessment of the total STX
content in water, planktonic and benthic samples
was carried out by ELISA method using the Abraxis
Saxitoxin ELISA kit test system (Abraxis LLC, United
States) with a determination limit of 0.015 ug/L. ELISA
has a high sensitivity, nevertheless it cannot assess
the concentration of individual toxins. Moreover,
the specificity of the test system depends on the STX
nature and varies from 100% for saxitoxin to 1.3% for
neosaxitoxin as well as <0.2% for gonyatoxin 1 and 4.

High performance liquid chromatography-mass
spectrometry (HPLC-MS) combines the ability of high
sensitive mass spectrometric detection of individual
saxitoxins and capable to selective separation of
studied mixtures thus can be considered as one of the
powerful and universal methods for determination of
target compounds.

Therefore, we aimed to study phytoplankton
and phytobenthos of Lake Baikal as a natural source of
pharmacologically significant substance — neosaxitoxin,
using HPLC-MS.

2. Materials and methods

The following equipment and materials were
used in present study:

An ultrasonic homogenizer UP100H (Hielscher
Ultrasonic, Germany); MiniSpin microcentrifuge
(Eppendorf, Germany); Freeze dryer CoolSafe (Scanlaf,
Denmark); Concentrator Plus vacuum centrifuge
(Eppendorf, Germany); Analytical + analytical balances
(OHAUS Europe, Switzerland); Sonorex ultrasonic bath
(Bandelin, Germany); household refrigerator with a
freezer (Stinol, Russia);

Agilent 6210 time-of-flight mass spectrometer
with electrospray ionization (ESI-MS-TOF) coupled to
an Agilent 1200 liquid chromatography system (HPLC-
DAD) with a Zorbax 300SB-C18 (5 um; 2,1 X 150 mm)
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column. Eluent A was 0,1% heptafluorobutyric acid
(HFBA) in water, and eluent B was 0,1% HFBA solution
in acetonitrile. The column temperature was 35°C. The
column was preconditioned with 100% eluent B for 15
min at 0,2 ml/min, then 10% eluent B for 15 min at
0,2 ml/min. Gradient elution (10% eluent B to 100%
eluent B) was performed at a flow rate of 0,15 ml/
min for 20 min. The detection mode was electrospray
ionization with positive ion registration (ESI+). The
range of detection was 100 to 600 Da, and the ion
source temperature was set at 250°C, gas flow was 3,5
L/min, nebulizer was 45 psi.

Distilled water, acetic acid (analytical grade,
Reakhim, Russia), chloroform (analytical grade,
Kriokhrom, Russia), acetonitrile (HPLC grade,
AppliChem, Germany); trifluoroacetic acid (analytical
grade, Panreac, Germany); heptafluorobutyric acid
(99.5%, FluoroChem, UK); 2,4-dinitrophenylhydrazine
(double recrystallized from ethanol, Reakhim, Russia),
standard saxitoxin solution with a concentration of
63.3 umol/L (National Research Council, Canada).

3. Results and discussion

Plankton samples were taken in mid-July-August,
during the mass development of cyanobacteria, from
bays and shallow waters that warm up well in summer.
The sampling method was chosen depending on the
habitat and species of cyanobacteria. Plankton was
sampled using the Apstein net (20 pm) from a depth of
0-5 m. Nostoc pruniforme existing in nature as separate
large spherical colonies were manually collected
from the soil surface of edge water zone. Gloeotrichia
echinulate, a species forming freely floating spherical
colonies (up to 2-5 mm in diameter) and visible
in water, were collected together with the surface
water. The samples were frozen and delivered to the
laboratory. In total, eight samples, whose sampling
sites are shown in the Table, were studied.

After thawing at room temperature, large
colonies were shredded into small parts (less than 5
mm); the small ones were filtered through the fabric.
Unstructured samples were mixed well (more than 5
min), placed to the Petri dishes, and large inclusions
(particles of sand, wood and etc.) were removed.
The obtained samples were further lyophilized. After
that, different parts of the dried sample from the dish
(centre and several points throughout the area) were
transferred to a mortar and ground for five minutes.
Ground samples were transferred to test tubes and
stored at —20°C until analysis.

The extraction of toxins and its derivatization
with 2,4-dinitrophenylhydrazine were carried out
following the procedure, which was previously proposed
by us for saxitoxin (Grachev et al., 2018; Zubkov et al.,
2018). The table shows the results of the study.

The present study has revealed that Nostoc
pruniforme and Gloeotrichia echinulata are capable of
simultaneous production of STX and NEO. The samples
of benthos, where the species Tolypothrix distorta is a
likely producer of PSTs, have indicated only STX or
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Table 1. Results of saxitoxin and neosaxitoxin content in biota samples from the coastal zones of Lake Baikal

Entry Sampling site Sample type Probable PST pro- |STX, ng/kg of dry| NEO, ng/kg of
ducer/Dominant mass dry mass
species
1 Listvennichny Bay Benthic fouling Tolypothrix distorta 900+150 nd
Bolshoye Goloustnoye Benthic fouling Tolypothrix distorta nd nd
settlement
3 Bolshiye Koty settlement Benthic fouling Calothrix sp. nd nd
Aya Bay (Lake Baikal) Benthic fouling Chamaesiphon con- 250+100 nd
fervicolus
5 Mukhor Bay Macrocolonies Nostoc pruniforme 3800600 1300200
Mukhor Bay (the Kuchel- | Net plankton sample | Gloeotrichia echinu- 430+100 2200+300
ga River, estuary) lata
7 Mukhor Bay (the Kuchel- | Net plankton sample | Gloeotrichia echinu- 400+100 2300400
ga River, 1,5 km to the lata
north of the estuary)
8 The Ushkany Islands Macrocolonies Nostoc commune nd nd

no toxins, as in the sample consisting mainly of the
Calothrix sp. filaments.

The ratio of toxin variants in samples depends
on the species of dominant cyanobacteria. For example,
plankton samples, in which Gloeotrichia echinulata
(entry 6 and 7) prevailed, contain the greatest amount
of NEO (Table). The Nostoc pruniforme macrocolonies
contain the maximum amount of STX (entry 5).

The concentration of NEO in the sample with
dominant Gloeotrichia echinulata from Lake Baikal
(Table) is comparable with other members of the order
Nostocales, e.g. Aphanizomenon DC-1 from Dianchi
Lake (China), 2279 pg/kg (Liu, 2006), and more than
nine times higher than in Aphanizomenon flos-aquae
isolated from the water of Montargil Lake in Portugal
(Pereira, 2000).

It is worth to be mentioned that the required
single dose of NEO as a local anaesthetic for an adult is
50-100 pg (Rodriguez-Navarro et al., 2007; 2011). The
low concentration of NEO in cyanobacteria from Lake
Baikal and a short period of their mass development
allows us to conclude that it is inappropriate to consider
natural samples from the lake as a source of NEO for
commercial uses.

At present time, an organic synthesis approach
can be the main source of NEO for pharmaceutical
purposes. Despite the method is extremely laborious,
the target yield for (4+)STX, as an example, is up to
70% yield (Fleming at al., 2006).

On the other hand, the colonies of Nostoc
pruniforme and Gloeotrichia echinulate are convenient
for collection; the concentrations of toxins in them
are sufficient for scientific purposes. Therefore, we
assume that with the capabilities of modern analytical
equipment for extracting individual toxins one can
consider Lake Baikal as a natural source of toxins
for research aims. Furthermore, upon obtaining pure
cultures of cyanobacteria and choosing the optimal
cultivation conditions, their use in medicine is also
possible.

4. Conclusions

Present study revealed the production of
neosaxitoxin by cyanobacteria in various habitats of
Lake Baikal. The Nostoc pruniforme and Gloeotrichia
echinulata cyanobacteria are capable of simultaneous
production of NEO and STX. Samples of benthos, where
the species Tolypothrix distorta is a probable producer
of PSTs, contained only STX. The production and
the ratio of toxin variants in phytoplankton depend
on species of cyanobacteria. Thus, plankton samples
with prevailing Gloeotrichia echinulata showed the
greatest amount of neosaxitoxin. The Nostoc pruniforme
macrocolonies contained the maximum amount of
saxitoxin. Nevertheless, Baikal cyanobacteria produce a
small amount of neosaxitoxin; therefore, it is possible to
consider Lake Baikal as a natural source of neosaxiton
only for research purposes.
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