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Representatives of the genus Pseudo-nitzschia (Bacillariophyta) cause blooms in different areas
of the World Ocean. Therefore, it is necessary to know their ecological features, including the way
those interact with other species of unicellular algae. Moreover, for rapid identification of these algae
in the environment, a certain technique is needed. Thus, we assessed the dynamics of cell abundance
for Pseudo-nitzschia hasleana and Thalassiosira pseudonana in mono- and mixed cultures by their
direct counting in a Nageotte chamber. Temperature curves of chlorophyll a fluorescence obtained
by laser-induced fluorescence in a temperature chamber were also analyzed. The experiments lasted
for 14 days. As shown, P. hasleana had different effect on 7. pseudonana depending on initial abun-
dance of T. pseudonana. At initial concentration of 0.8 x 10% cells-mL™, a pronounced stimulation
of the growth of this diatom occurred. At initial concentrations of 1.6 x 10* and 3.2 x 10* cells-mL™!,
T. pseudonana growth was inhibited. In the mixed culture, 7. pseudonana remained at the station-
ary growth phase, while in a monoculture, the population entered the dying phase by the 14" day
of the experiment. 7. pseudonana had an inhibitory effect on P. hasleana growth. The experiment
with P. hasleana and T. pseudonana co-cultivation showed as follows: chlorophyll a fluorescence
of the mixture is more affected by the microalga with much higher concentration. The fluorescent
signal of two separately cultivated monocultures can potentially be used to search for these cultures
in a mixture.

Keywords: Pseudo-nitzschia hasleana, Thalassiosira pseudonana, allelopathy, chlorophyll a
fluorescence, microalgae identification
Natural phytoplankton communities are affected by many environmental factors. Those can cause

blooms or, conversely, prevent them [Lima-Mendez et al., 2015]. As shown, the dominance of Pseudo-
nitzschia spp. toxic complex is associated with a decrease in N : Si ratio in the presence of sewage efflu-
ents. Pseudo-nitzschia australis Frenguelli, 1939 is capable of urea osmotrophy and active growth on it,
which is the reason for blooms of this species [Burkholder et al., 2008]. The effect of biotic factors,
in particular, microalgae interaction with each other, remains a less studied problem [Long et al., 2018].
Evaluation of the growth of mixed microalgae cultures in a laboratory experiment is one of the ways to an-
alyze biotic interactions. Specifically, population—population relationships are investigated; boundaries
of the stability of coexisting species are determined; and the conditions for their dominance and elimina-
tion are assesses [Mikheev et al., 2018]. However, there is still no standardized methodology for studying
the effects of algal populations on each other, as in toxicological research [Long et al., 2018].
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Pseudo-nitzschia representatives are ubiquitous in the waters of the World Ocean [Huang et al.,
2009; Sobrinho et al., 2017; Trainer et al., 2012; Yasakova, 2013]. Those are of interest to re-
searchers not only because of their periodic blooms, but also because of the presence of domoic
acid which is toxic to warm-blooded animals [Trainer et al., 2012]. Pseudo-nitzschia abundance
in a monospecific bloom can reach 1 x 10 cells-mL™! [Louw et al., 2017], and the bloom can last for two
months [Bates et al., 1989]. At the same time, Pseudo-nitzschia spp. can account for 99% of the total
phytoplankton [Lundholm et al., 2005].

In the phytoplankton community, together with Pseudo-nitzschia spp., representatives of another
genus of diatoms, Thalassiosira, are regularly recorded [Balzano et al., 2017; Orlova et al., 2009]. These
genera were shown to have the same iron requirement [Cohen et al., 2017]. Thalassiosira pseudonana
is involved in the phytoplankton succession cycle and is of great ecological importance as a species
affecting the formation of phytoplankton blooms [lanora et al., 2011]. The interest in this microalga
is, among other things, due to cases of salmon death during its mass reproduction [Mardones, 2020].
Species of this genus are often found in the waters of temperate and polar seas [Harris et al., 1995].

As a rule, the mutual effect of cultures is assessed on allelopathically aggressive species,
and to a lesser extent, on coexisting ones [Phatarpekar et al., 2000]. We have shown earlier that fluo-
rescent characteristics of Pseudo-nitzschia can be used to identify it in water [Popik et al., 2022]. How-
ever, due to the mutual effect of algae during co-cultivation, the question arises whether the joint growth
of different species can also affect chlorophyll a fluorescence in microalgae, making it difficult to iden-
tify them in the natural environment. Therefore, the aim of this work is to study growth and temperature
curves of chlorophyll a fluorescence in diatoms Pseudo-nitzschia hasleana and Thalassiosira pseudonana
in the mixed culture.

MATERIAL AND METHODS

The objects of study were strains of unicellular algae cultures, Pseudo-nitzschia hasleana Lund-
holm, 2012 MBRU_PHI8 and Thalassiosira pseudonana Hasle & Heimdal, 1970 MBRU_TSP-
02 (Bacillariophyta). The algae were grown on medium f [Guillard, Ryther, 1962] prepared on the basis
of filtered and sterilized seawater with a salinity of 32%o, in 250-mL Erlenmeyer flasks with 100 mL
of a culture medium, at a temperature of +18 °C, an illumination intensity of 70 umol-m 25", and a light—
dark period of 14h:10h (light:dark). Cultures at the exponential growth stage were used as in-
oculum. Initial cell concentrations were 0.1 x 10* cells-mL™" for P. hasleana and 0.8 x 10*, 1.6 x 10*,
and 3.2 x 10* cells-mL™" for 7. pseudonana. Biovolume ratios for P. hasleana : T. pseudonana cells were
1:1,1:2,and 1:4. The biovolume of P. hasleana was 210 um?, and that of T. pseudonana was 26.5 ym>.
Algae biovolumes were calculated by the formulas from [Hillebrand et al., 1999].

The experiments were conducted in two stages. At the first one, the dynamics of the microalgae
abundance in monocultures at various initial concentrations was studied, while at the second one, the mi-
croalgae growth in the mixed culture of P. hasleana and T. pseudonana was investigated. The experi-
ments lasted for 14 days. Sampling for cell counting was carried out on the 3%, 7% 10", and 14™ day.
Cell abundance was established in a Nageotte chamber. Fluorescence spectra of microalgae, as well
as temperature curves of chlorophyll a fluorescence intensity and chlorophyll a fluorescence wavelength,
were determined according to the methods described earlier [Popik et al., 2022; Voznesenskiy et al.,
2019]. The experiments were carried out in triplicate. The data were statistically processed in MS Excel.
The graphs show the mean values and standard deviations.
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RESULTS

Pseudo-nitzschia hasleana and Thalassiosira pseudonana growth in monocultures. For 3 days,
the concentration of P. hasleana cells remained low, and by the 7t day, it increased
to 1x10* cellsmL™ (Fig. 1). From the 10" to 14™ day, cell abundance rose from 3.8x10*
to 32.4x 10* cells-mL"™".
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Fig. 1. Growth curve of Pseudo-nitzschia hasleana in the monoculture

By the 3" day of the experiment, the abundance of T. pseudonana cells did not differ significantly
at all initial cell concentrations (Fig. 2). On the 10" day, the maximum value was registered. On the last
days, cell abundance in cultures decreased.
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Fig. 2. Growth curve of Thalassiosira pseudonana in the monoculture. Initial concentration of cells,
cellsmL™': 1,0.8x10% 2, 1.6 x 10%; 3, 3.2x 10*

Pseudo-nitzschia hasleana and Thalassiosira pseudonana growth in mixed cultures. The abun-
dance of P. hasleana cells increased after the 3" day of the experiment (Fig. 3). At initial concentra-
tion of T. pseudonana cells of 0.8 x 10* cells-mL™', P. hasleana entered the stationary growth phase
on the 7" day; at higher initial 7. pseudonana concentrations, the abundance of P. hasleana cells rose
even on the last day.

The abundance of T. pseudonana cells in the mixture increased from the beginning of the ex-
periment at all its initial concentrations (Fig. 4). At 3.2x 10* cells-mL™!, the alga growth was inhib-
ited after the 7™ day: cell abundance was 137 x 10* cells-mL""!, while in the monoculture, the value
was 203 x 10* cells-mL™".
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Fig. 3. Growth curve of Pseudo-nitzschia hasleana in the mixed culture with Thalassiosira pseudonana.
Initial concentration of T. pseudonana cells, cells-mL™": 1, 0.8 x 10%; 2, 1.6 x 10%; 3, 3.2 x 10*
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Fig. 4. Growth curve of Thalassiosira pseudonana in the mixed culture with Pseudo-nitzschia hasleana.
Initial concentration of T. pseudonana cells, cellsmL™': 1,0.8x10* 2, 1.6x 10*; 3, 3.2x 10*

Fluorescence of P. hasleana cells during the first week correlates with their concentration. As Pseudo-
nitzschia sp. cultures grow, cell size decreases [Lelong et al., 2012; Trainer et al., 2012]. Therefore,

the amount of chlorophyll per cell drops, which results in decreased fluorescence. This effect should be

observed with longer cultivation, but even in our experiment, a drop in the intensity of chlorophyll a
fluorescence was recorded on the 14™ day compared to that on the 7" day (Figs 5, 6).
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Fig. 5. Fluorescence temperature curves of Pseudo-nitzschia hasleana cells during cultivation for two
weeks: 0, the beginning of the experiment; 3, the 3rd day; 7, the 7t day; 14, the last day
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Fig. 6. Temperature curves of Pseudo-nitzschia hasleana chlorophyll a fluorescence: a, absolute values;

b, normalized to mean intensity. The time of the experiment: 0, the beginning; 3, the 3" day; 7, the 7™ day;
14, the last day

The shape of temperature curves of chlorophyll a fluorescence for the microalga P. hasleana (Fig. 6)
was analyzed by us earlier [Popik et al., 2022]. Temperature curves of chlorophyll a fluorescence wave-
length for P. hasleana monoculture, which were obtained during the experiment, showed as follows.
Within the range of +20...440 °C, the maximum intensity of chlorophyll a fluorescence occurred
at a wavelength of 682.5 nm (Fig. 7).
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Fig. 7. Changes in the wavelength of chlorophyll a fluorescence maximum for Pseudo-nitzschia hasleana

monocultures. The time of the experiment: 0, the beginning; 3, the 3rd day; 7, the 7th day; 10, the 1ot day;
14, the last day

T. pseudonana monoculture, sown at a concentration of 0.8 x 10* cells-mL™, reaches growth lim-

its (the stationary phase) within 10 days. Then, the culture begins to die off, which may manifest itself
in a decrease in the intensity of fluorescence of individual cells (Fig. 8).
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Fig. 8. Fluorescence temperature
curves of Thalassiosira pseudonana
cells during cultivation for two weeks.
The time of the experiment: 0, the be-
ginning; 3, the 3rd day; 7, the 7th day;
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It can be concluded that the microalga in laboratory culture is in approximately the same state
as microalgae during real bloom. In this case, the normalized fluorescence temperature curve (here-
inafter NFTC) of the culture changes (Fig. 9), and the differences in its form correspond to three
stages: NFTC at low concentrations (the O™ day), NFTC of a growing culture (the 3" day), and NFTC
of a “stagnating” culture (the 7"-14" days) with high concentration (Fig. 10). If we do not take into
account a rise in chlorophyll a fluorescence observed for 7. pseudonana on the 3™ day of the experi-
ment, we can conclude that there is an inverse correlation between an increase in the culture concentra-
tion and chlorophyll a fluorescence. A rise in chlorophyll a fluorescence after reseeding may be caused
by the corresponding stress of the culture.
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Fig. 9. Fluorescence temperature curves of chlorophyll a for the culture of the microalga Thalas-
siosira pseudonana: a, absolute values; b, normalized to mean intensity. The time of the experiment:

0, the beginning; 3, the 3rd day; 7, the 7th day; 14, the last day
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Fig. 10. Fluorescence temperature
curves of chlorophyll a for the cul-
ture of the microalga Thalassiosira
pseudonana corresponding to differ-
ent stages of development. Stage 1
is the initial one, during which there
is no significant growth; stage 2 corre-
sponds to rapid, exponential growth;
stage 3 is the stage of “stagnation”
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For T. pseudonana, temperature curves of fluorescence for all three stages have certain similarities.
These are stable high chlorophyll a fluorescence in the range of +20...+32 °C, the presence of a local
maximum of its fluorescence at +50...4+53 °C, and stabilization of chlorophyll a fluorescence at a low
level at temperatures above +60 °C. At the same time, the initial stage is characterized by higher value
of chlorophyll a fluorescence at a local maximum, than that for normal temperatures. For the growth
stage, the local maximum of chlorophyll a fluorescence is significantly lower in terms of its intensity
than fluorescence at initial stages. The local maximum of the intensity of chlorophyll a fluorescence
at the “stagnation” stage is comparable to the intensity at +20 °C.

At all stages of cultivation, temperature curves of chlorophyll a fluorescence for the monocul-
ture remain relatively stable (Fig. 11); at +20...4+45 °C, the wavelength of the maximum for chloro-
phyll a fluorescence is 685.5 nm. The difference in the wavelength of the maximum on the 1% day
from that on other days may be due to the adaptation of the monoculture during its reseeding. Also,
temperature curves of chlorophyll a fluorescence wavelength are stable for all days of cultivation
within the range of +45...4+52 °C. In this range, there is a sharp drop in the wavelength of the max-
imum for chlorophyll a fluorescence from 685.5 to 680.5 nm. Then, a slight increase in the wave-
length is observed for 2-3 min (dT = 2...3 °C), which is followed by its slow monotonic decrease.
At the same time, within the range of +55...+80 °C, temperature curves of chlorophyll a fluorescence
wavelength for the culture at various stages of cultivation begin to differ from each other. This
may be due to the different composition of pigment—protein complexes for a culture going through
all stages of its growth.

Since Pseudo-nitzschia are capable of forming red tides [Trainer et al., 2012] and often co-evolve
with other diatoms, studying fluorescent characteristics of mixtures of Pseudo-nitzschia and other micro-
algae is of particular interest for their further use in environmental monitoring. Due to different growth
rates, on the 7% day of the experiment, microalgae in P. hasleana : T. pseudonana mixture had the con-
centrations of 1:30. With such a ratio, the effect of P. hasleana culture fluorescence in the mixture
becomes insignificant: the main contributor to the fluorescent signal is 7. pseudonana. Since fluorescent
characteristics are planned to be used for environmental monitoring, there are no prospects in the inves-
tigation of mixtures, in which the fluorescent signal of chlorophyll a for P. hasleana cannot be measured.
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Therefore, it was decided not to determine chlorophyll a fluorescence for mixtures during further culti-
vation. For the mixtures studied, in temperature curves of chlorophyll a fluorescence wavelength, the mi-
croalga T. pseudonana predominated (Fig. 12). The form of NFTC of the mixtures is highly correlated
with the form of NFTC of T. pseudonana, as can be seen when comparing NFTC of a mixture and NFTC
obtained as the sum of NFTC of the monocultures.
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Fig. 11. Changes in chlorophyll a fluorescence maximum for monocultures of the microalga Thalassiosira

pseudonana. The time of the experiment: 0, the beginning; 3, the 3™ day; 7, the 7 day; 10, the 10 day;
14, the last day
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Fig. 12. Fluorescent characteristics of the mixed culture of Pseudo-nitzschia hasleana and Thalassiosira
pseudonana: a, temperature curves of chlorophyll a fluorescence wavelength of the mixture; b, normalized

fluorescence temperature curves of the mixture. The time of the experiment: 0, the beginning; 3, the 3™ day;
7, the 7™ day
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Fig. 13 provides a comparison of NFTC of mixtures and summed monocultures. The sum-
mation of NFTC was carried out based on the proportional ratio of cells in the culture mixture.
When summing NFTC for the 0" day, we used NFTC of T. pseudonana at the initial stage. When
summing NFTC for the 3™ and 7" days, we used NFTC of T. pseudonana at the exponential
growth stage.
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Fig. 13. Fluorescence temperature curves of the mixed culture of Pseudo-nitzschia hasleana and Tha-
lassiosira pseudonana compared to fluorescence temperature curves of the corresponding monocultures
and their mathematical sum: a, normalized fluorescence temperature curves (NFTC) of Thalassiosira
pseudonana at the initial stage; b, Thalassiosira pseudonana NFTC at the beginning of the growth stage;
¢, Thalassiosira pseudonana NFTC at the end of the growth stage; d, Thalassiosira pseudonana NFTC
at the “stagnation” stage; 1, measured characteristic of the mixture; 2, characteristics of Pseudo-nitzschia
hasleana monoculture; 3, characteristics of Thalassiosira pseudonana monoculture; 4, characteristics
of monoculture mixture
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DISCUSSION

Exploitative competition (competition for a limiting resource) is one of the biotic factors that de-
termine the structure of the phytoplankton community. Under such conditions, an organism with less
consumption may be more successful than other ones in a given community and become a new dominant.
Another strategy is interference competition. Specifically, an organism inhibits the growth of other ones
directly or indirectly via the secretion of chemicals, cell—cell interactions, and so on. In eutrophic water
areas, interference competition comes to the fore [Zhao et al., 2018]. Artificial media for microalgae cul-
tivation are nutrient-rich; apparently, when P. hasleana and T. pseudonana are co-cultivated, interference
competition occurs rather than exploitative one.

When algae were co-cultivated, no alterations in cell size and morphology were noted in any
of the species. Interestingly, in the study of the effect of the macrophyte Pyropia haitanensis (T. J. Chang
& B. F. Zheng) N. Kikuchi & M. Miyata, 2011 on Pseudo-nitzschia multiseries (Hasle) Hasle, 1995
and Pseudo-nitzschia pungens (Grunow ex Cleve) G. R. Hasle, 1993, valve curvature and chloroplast
condensation were registered [Patil et al., 2020]. Also, in experiments on dinoflagellates of the genus
Alexandrium Halim, 1960, when co-cultivated with other microalgae, infer alia diatoms, dinoflagellates
negatively affected cell abundance and morphology of target species. Moreover, their physiological state
changed under the effect of metabolites released by dinoflagellates: there were inhibition of photosys-
tem II, an increase in the content of reactive oxygen species in cells, changes in lipid composition,
membrane damage, and cell immobilization and sedimentation [Long et al., 2018; Tan et al., 2019;
Zheng et al., 2016].

The growth of T. pseudonana with initial concentrations of 1.6x 10* and 3.2 x 10* cells-mL™!
was suppressed when P. hasleana began to grow more intensively. At the same time, the stimulation
of growth was recorded for T. pseudonana at the lowest initial concentration, 0.8 x 10* cells-mL™.
As shown earlier, the initial concentration of monoculture cells in the mixture affects the response
of the microalga to metabolites of another species. Specifically, when Skeletonema costatum (Greville)
Cleve, 1873 was cultivated on Heterosigma akashiwo (Y. Hada) Y. Hada ex Y. Hara & M. Chihara, 1987
filtrates, S. costatum growth was inhibited at low cell concentration and was not affected at high one [Ya-
masaki et al., 2009]. The same was observed when cultivating Phaeodactylum tricornutum Bohlin, 1898
with Prorocentrum donghaiense D. Lu, 2001 [Cai et al., 2014]. Small algal species are thought to be
more susceptible to allelopathic substances than large ones [Felpeto et al., 2019; Prasetiya et al., 2016].
At the same time, small species gain a competitive advantage due to their rapid growth [Mikheev et al.,
2018]. In general, whether a toxic or toxin-sensitive species has an advantage depends on which species
becomes a dominant in the environment [Hulot, Huisman, 2004]. In the experiment with P. hasleana
and T. pseudonana, both species in mixed cultures had a mainly inhibitory effect on each other — with
the exception of 7. pseudonana at the lowest initial cell concentration in the medium. Apparently,
interactions between algae depend on their species; so, it is now difficult to see a universal pattern
of microalgae interaction. To date, the most studied toxic algae in terms of their effects on other species
are Alexandrium dinoflagellates [Long et al., 2018; Zheng et al., 2016].

As shown in the experiments aimed at Pseudo-nitzschia multiseries and Bacillaria sp. co-cultivation,
in Bacillaria sp., the abundance decreased by 50-70% [Sobrinho et al., 2017]. Inhibition of 7. pseudo-
nana growth in a mixed culture with P. hasleana was observed on the 3" day of the experiment.
Cell abundance of Rhodomonas salina (Wislouch) D. R. A. Hill & R. Wetherbee, 1989, Chattonella
marina (Subrahmanyan) Hara & Chihara, 1982, and Akashiwo sanguinea (K. Hirasaka) Gert Hansen
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& Moestrup, 2000, both due to lysis and growth inhibition, decreased when co-cultivated with P. pungens.
At the same time, in Prorocentrum minimum (Pavillard) J. Schiller, 1933 and Phaeocystis globosa Scherf-
fel, 1899, cell abundance in a mixed culture with P. pungens remained the same as in a monoculture [Xu
et al., 2015].

Domoic acid has no toxic effect on microalgae [Lundholm et al., 2005; Poulin et al., 2018].
In this regard, it can be assumed that the inhibition of 7. pseudonana growth results from the re-
lease of other substances. Diatoms are known to produce large amounts of polyunsaturated alde-
hydes [Pichierri et al., 2017], which trigger a cascade of reactions causing microalgal cell death
via apoptosis [lanora et al., 2011].

According to the theory of the paradox of the plankton, the great diversity of planktonic species
in an ecosystem with limited resources is possible only if their cell concentrations are balanced with
the availability of light and nutrients [Hutchinson, 1961]. To date, allelopathy is considered a key com-
ponent in competition between microalgae [Ternon et al., 2018]. It can be assumed as follows: in natural
communities, the interaction of Thalassiosira and Pseudo-nitzschia species is one of the limiters of their
reproduction at a high nutrient content. Previously, on the example of S. costatum and H. akashiwo, it was
shown that the interaction between these species is one of the factors of the monospecific bloom forma-
tion [Yamasaki et al., 2007]. An increase in the abundance of some species in the phytoplankton com-
munity can reduce the pressure of grazers on other species of this community. Thus, in the South China
Sea, if S. costatum abundance increases, zooplankton pressure on P. pungens decreases; importantly,
it is the second key factor, after temperature, for this species [Huang et al., 2009].

Conclusion. Pseudo-nitzschia hasleana and Thalassiosira pseudonana affected each other in a mixed
culture. The effect of P. hasleana on T. pseudonana depended on the initial concentration of 7. pseudo-
nana cells. Specifically, at 0.8 x 10* cells-mL™", a pronounced stimulation of its growth occurred. At ini-
tial concentrations of 1.6 x 10* and 3.2 x 10* cells-mL"!, inhibition of T. pseudonana growth was reg-
istered, and the effect increased with a rise in its initial concentration. However, in the mixed cul-
ture, 7. pseudonana was at the stationary growth phase, while in the monoculture, the population be-
gan to die off. T. pseudonana had an inhibitory effect on P. hasleana growth, and P. hasleana abun-
dance in the mixed culture was 16 times lower by the end of the experiment, than that in the monocul-
ture. The experiment with co-cultivation of P. hasleana and T. pseudonana showed that chlorophyll a
fluorescence in the mixture is more affected by the microalga with significantly higher concentration.
There was no change in the curves of individual cultures in the mixtures.
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HeoOXouMa MeTOIMKa ObICTPON MAeHTU(UKAIIMK JAHHBIX BOJIOPOCTIel B cpelie. B ¢BsA3M ¢ 3THM Ha-
MU OlLIEHEHA TUHAMHUKA YUCJIEHHOCTHU KJeTOK Pseudo-nitzschia hasleana w Thalassiosira pseudonana
B MOHO- ¥ CMEIIIAHHBIX KyJbTypax MyTEM UX MPSIMOTo mojicuéra B kamepe Haxorra. Takske mpoanau-
3UPOBaHbI TEMIIEPATYPHBIE KpUBBIE (PIIyOpeclieHIINH XJIOpoduiUia a, MoJy4eHHbIe METOJIOM JIa3epHO-
MHIYLMPOBAaHHOH (biryopeclieHIIuH B TeMIlepaTypHoil kaMepe. ONbITh TPOBOJUIN B TeueHue 14 cy-
Tok. [lokazaHo, uto P. hasleana oka3piBana paznudHoe jaeicTBue Ha 1. pseudonana B 3aBUCUMOCTH
OT HavasbHOH uncienHoctn 7. pseudonana. TTpy HauanbHO# KoHneHTparmy 0,8 x 10* kr.-mm~! npo-
UCXOJMJIa BHIPAXKEHHAS CTUMYJISIMS POCTA 3TOM IMATOMOBOW BOJOpociu. [Ipy HaYa bHBIX KOHIIEH-
tpamsax 1,6 x 10% 1 3,2 x 10* ki1.-mn~! ormeueHo nHrnGupoBanue eé pocta. B cMelaHHO# Ky bType
T. pseudonana ocraBanach B CTATMOHAPHOH (ha3e pocTa, TOra Kak B MOHOKYJIBTYPE TTOITYJISIINS BXOH-
na B ¢pazy ormupanus K 14-Mm cytkam onbita. 1. pseudonana varubupoaina poct P. hasleana. Jxcrne-
PUMEHT C COBMECTHBIM KyIbTUBHpOBaHUeM P. hasleana v T. pseudonana nokasai, 4ro Ha (piryopecleH-
LU0 XJIOPO(UILIA @ CMECH OKa3bIBaeT OoJIbliee BO3/IEHCTBUE Ta MUK POBOIOPOCb, KOHLIEHTPALIUS KO-
TOPO¥i 3HAYUTENHHO Bbillie. PIyOpeCleHTHBIN CUTHAJ ABYX KYJIbTUBHPYEMBIX OTAEIBHO MOHOKYJIBTYD
NOTEHIIMATILHO MOXKET OBITh UCIOJIL30BaH /ISl MX TIOMCKA B CMECH.

KarwueBbie caoBa: Pseudo-nitzschia hasleana, Thalassiosira pseudonana, annejaonartus,
yopecuennus xnopodpusia a, uIeHTUPUKAIS MUKPOBOAOPOCIEH
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