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The ubiquitous copepod species Arctodiaptomus salinus (Daday, 1885) and Calanipeda aquaedulcis
(Krichagin, 1873) are important components of food chains of numerous fresh- and saltwater areas. These
copepods are suitable for feeding larvae of both marine and freshwater fish species; however, influence
of nutrition on the production characteristics of these species is not well understood. Previously we deter-
mined that monocultures of microalgae Dinophyceae and Prymnesiophyceae are optimal feeding objects
for egg production by females ofA. salinus andC. aquaedulcis, survival rate, and development time of these
copepods throughout ontogenesis. The aim of this work was to determine the production characteristics
of copepods A. salinus and C. aquaedulcis under optimal temperature conditions depending on the model
of the feeding with a mixture of microalgae Dinophyceae and Prymnesiophyceae. The highest survival
rates of A. salinus from the naupliar stage to the adult one (93–95 %) were observed when copepods
were fed with a monoculture of microalga Isochrysis galbana (Parke, 1949) or a mixture I. galbana + Pro-
rocentrum cordatum (Ostenfeld) J. D. Dodge, 1975; the shortest development time (19 days) – when cope-
pods were fed with a mixture of three microalgae I. galbana + P. cordatum + Prorocentrum micans (Ehren-
berg, 1834). The shortest development time of C. aquaedulcis from the naupliar stage to the adult one
(13 days) was observed when copepods were fed with a mixture of microalgae I. galbana + P. corda-
tum. The shortest duration of the naupliar stage of development of both copepod species was observed
when their diet included I. galbana as a monoculture or one of mixture components. During the cope-
podit stage, the pattern remains the same, only with P. cordatum. The maximum absolute fecundity
of C. aquaedulcis reached 24 eggs per female (I. galbana), of A. salinus – 16 eggs per female (P. cor-
datum). Egg hatching of C. aquaedulcis when being fed with both monocultures of microalgae P. corda-
tum and I. galbana and with their mixture reached 100 %. The highest egg hatching rate for A. salinus
was reached only when copepod females were fed with a mixture of microalgae I. galbana + P. micans.
Keywords: copepods, Arctodiaptomus salinus, Calanipeda aquaedulcis, survival, development,
reproduction, microalgae, mixture of microalgae, Dinophyceae, Prymnesiophyceae

For this experimental work, two Calanoida representatives were selected as model species: brackish
water copepods Arctodiaptomus salinus (Daday, 1885) and Calanipeda aquaedulcis (Krichagin, 1873).
One of the main advantages of using these species as food objects in aquaculture is the possibility of us-
ing them for feeding both marine and freshwater larvae of valuable fish species, since both copepod
species can withstand a wide range of salinity (up to 50–60 ‰) [4]. Among other technological advantages
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4 L. O. Aganesova

it can be distinguished that, unlike marine Calanoida (for example, those of genus Acartia), these species
lack cannibalism (neither their own eggs nor early naupliar stages are eaten by adult copepods). As a result,
naupliar, copepodit, and adult stages can be grown together.

The main criteria for microalgae nutritional value for copepods are: development time of individuals
when being fed with the same microalgae species; survival rate during embryonic development (egg hatching
rate); success of moults during the transition from one life stage to another; success of metamorphosis
during the transition from the last naupliar stage to the first copepodit one; time of reaching sexual maturity;
female fecundity (egg production rate); survival rate before feeding naupliar stage, and successful transition
of nauplii to exogenous nutrition.

The results of our previous studies [1 ; 3] showed that monocultures of microalgae Dinophyceae
and Prymnesiophyceae are optimal food objects for egg production by A. salinus and C. aquaedulcis fe-
males, as well as copepod survival and development rates throughout ontogenesis. We identified tempera-
ture optimal values of copepod cultivation (+20…+22 °C for A. salinus and +20…+26 °C for C. aquaedul-
cis [2]), at which the overall development time significantly reduces and the highest values of survival rate
and fecundity of individuals are obtained.

The aim of this work was to determine production characteristics of copepods A. salinus
and C. aquaedulcis under optimal temperature conditions when being fed with a mixture of microalgae
Dinophyceae and Prymnesiophyceae.

MATERIAL AND METHODS
The experiments were carried out on laboratory cultures of copepods A. salinus and C. aquaedulcis

at a temperature of (21 ± 1.5) °C. As food for A. salinus, a mixture of microalgae was used: Prymnesio-
phyceae (Isochrysis galbana Parke, 1949, of 3–6 μm) and Dinophyceae (Prorocentrum cordatum (Osten-
feld) J. D. Dodge, 1975, of 12–14 μm; Prorocentrum micans Ehrenberg, 1834, of 28–42 μm). As food
for C. aquaedulcis, a mixture of microalgae I. galbana + P. cordatum was used. Concentration of food was
maintained at the level of 0.02–0.08 mg of dry weight per ml (microalgae ratio in a mixture was equalized
by the dry weight of its components). The microalgae used in the experiments were grown in a cumula-
tive mode on the basis of sterilized Black Sea water saturated with Walne’s medium [7], at a temperature
of (24 ± 1.5) °C and round-the-clock illuminance with an intensity of 5000 lx. Adaptation of copepods
to nutrition with a specific microalgae mixture was carried out for at least 2 to 3 weeks.

Black Sea water [(17.8 ± 0.2) ‰] was used as a culture medium (microalgae suspension in sterilized
seawater) for copepods; this water was subjected to rough purification, settled, then mechanically puri-
fied by sequential filtration through cartridge filters (with pore sizes of 10, 5, and 1 μm), sterilized by ul-
traviolet, and pasteurized twice. For the experiments, 50-ml glass cylindrical vessels were used, which
were illuminated around the clock with an intensity of 2000 lx. Complete replacement of culture medium
in the experimental vessels was carried out every 2–3 days.

To determine copepod development time, survival rate, and percentage of males and females, we trans-
planted from laboratory cultures of C. aquaedulcis and A. salinus, being adapted to nutrition with a specific
microalgae mixture, 15 hatched N1 nauplii (see the explanation below) (6 replicates for each microalgae
mixture) of each copepod species into 50-ml vessels with culture medium. The experiments were carried
out at a copepod density in vessels of 0.3 ind. per ml.

Copepod survival rate was assessed as the percentage of individuals that survived all stages from the first
naupliar (N1) to adult one (C6). Copepod development time was identified as an average time interval
for the development of individuals from N1 to reaching C6.

Морской биологический журнал Marine Biological Journal 2020 vol. 5 no. 2



Production characteristics of the copepods Arctodiaptomus salinus and Calanipeda aquaedulcis… 5

In experiments to determine reproductive characteristics of A. salinus and C. aquaedulcis from labora-
tory cultures of copepods adapted for being fed with a specific mixture of microalgae, 1 female (of each
copepod species) with eggs was transplanted in 50-ml cylindrical glass vessels (n = 25 for each microalgae
mixture). The number of eggs in the laying (absolute fecundity) and hatched viable nauplii (egg hatching
rate) were calculated. All observations of copepods (every 1–3 days) were carried out intravitally using
MBS-12 microscope at a magnification of 2×8 and 4×8.

For comparison, the data on the reproductive characteristics of A. salinus and C. aquaedulcis were used
when copepods were fed with monocultures of microalgae Dinophyceae and Prymnesiophyceae. Those data
were obtained in previous works [1 ; 3].

For all the data obtained, arithmetic means (M), confidence interval (95 % CI), standard deviations (SD),
and reliability (p) of differences in sample means using Student’s t-test were calculated.

RESULTS

The survival rate of C. aquaedulcis andA. salinus throughout moults from stage N1 to C6 varied depend-
ing on microalgae species the copepods were fed with. The survival rate of C. aquaedulcis was of 92.5 %
when being fed with P. cordatum; of 83 % – with I. galbana; of 89 % – with a mixture I. galbana + P. cor-
datum (Fig. 1). The minimum survival rate of A. salinus throughout all the moults from stage N1 to C6
(68.6 %) was observed when being fed with P. cordatum; the maximum survival rate – when being fed with
I. galbana (94.5 %) and with a mixture of microalgae I. galbana + P. cordatum (93 %) (Fig. 1).

The influence of microalgae species on development time of copepod stages was identified (Fig. 2).
When being fed with microalgae I. galbana and P. cordatum, development time of C. aquaedulcis was
of 14 days; when being fed with a mixture I. galbana + P. cordatum, it was of 13 days. The shortest devel-
opment time of naupliar stage (6 days) was obtained when copepods were fed with I. galbana and I. gal-
bana + P. cordatum. The shortest development time of copepodit stage of C. aquaedulcis (C1–5) (7 days)
was obtained when being fed with P. cordatum and I. galbana + P. cordatum.

Development time from the first naupliar stage to the adult one of another copepod species – A. salinus –
turned out to be significantly longer than that of C. aquaedulcis, when being fed with all microalgae species
proposed. The development time of A. salinus when being fed with monocultures I. galbana and P. cor-
datum, as well as a mixture I. galbana + P. cordatum was of 20 days. The shortest development time
(19 days) was noted when copepods were fed with a mixture of three microalgae I. galbana + P. corda-
tum + P. micans. When being fed with a mixture I. galbana + P. micans and with a monoculture P. micans,
the development time of copepods increased to 21 and 22 days, respectively. The longest development time
(25 days) was observed when copepods were fed with a mixture P. cordatum + P. micans.

The shortest time of A. salinus naupliar stage of development was of 7 days (when being fed with
I. galbana and mixtures of microalgae I. galbana + P. cordatum + P. micans and I. galbana + P. micans),
and the longest was of 10 days (with P. cordatum + P. micans). The shortest time of A. salinus copepodit
stage of development (C1–5) was of 12 days (when being fed with P. cordatum and mixtures of microalgae
I. galbana + P. cordatum + P. micans and I. galbana + P. cordatum), and the longest was of 15 days (when
being fed with P. cordatum + P. micans).

The percentage of males and females of A. salinus and C. aquaedulcis when reaching the adult stage
of development also varied depending on microalgae species the copepods were fed with (Table 1).
For C. aquaedulcis, the lowest percentage of males (21 %) was obtained (reliably) when copepods were fed
with I. galbana; the proportion increased to 43 % when copepods were fed with P. cordatum and a mixture

Морской биологический журнал Marine Biological Journal 2020 vol. 5 no. 2



6 L. O. Aganesova

I. galbana + P. cordatum. For A. salinus, the highest percentage of males (70 %) was obtained (unreliably)
when copepods were fed with a mixture I. galbana + P. micans, and the lowest (45–48 %) – when being
fed with monocultures P. micans and P. cordatum.

Fig. 1. Survival rate ofCalanipeda aquaedulcis (I) andArctodiaptomus salinus (II) in the experiment depending
on being fed with various microalgae species (M; 95 % CI; n = 15)

Table 1. Percentage of males (M) and females (F) of copepods Calanipeda aquaedulcis and Arctodiaptomus
salinus when being fed with various microalgae species (M ± SD; n = 15) (95 % CI)

Microalgae C. aquaedulcis A. salinus
M, % F, % M, % F, %

I. galbana 20.8 ± 8.3 79.2 ± 8.3 56.1 ± 12.7 43.9 ± 12.7
P. cordatum 42.7 ± 6.3 57.3 ± 6.3 47.7 ± 10 52.3 ± 10
P. micans – – 45 ± 2.3 55 ± 2.3
I. galbana + P. cordatum 43.3 ± 9.3 56.7 ± 9.3 61 ± 5.9 39 ± 5.9
I. galbana + P. micans – – 70.1 ± 12.3 29.9 ± 12.3
P. cordatum + P. micans – – 59.1 ± 12.4 40.9 ± 12.4
I. galbana + P. cordatum + P. micans – – 52.8 ± 12.7 47.2 ± 12.7

Морской биологический журнал Marine Biological Journal 2020 vol. 5 no. 2
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Fig. 2. Development time of Calanipeda aquaedulcis (I) and Arctodiaptomus salinus (II) in the experiment
depending on being fed with various microalgae species (M; n = 15)

The average value of absolute fecundity of C. aquaedulcis slightly varied (19.3 ± 3.2) eggs per female
(I. galbana + P. cordatum) to (24.2 ± 1.8) eggs per female (I. galbana). Egg hatching reached 100 %
when copepods were fed with both monocultures of microalgae P. cordatum and I. galbana and with their
mixture (Fig. 3).

Significant differences were identified in the effect of microalgae species on the absolute fecundity
of A. salinus: the minimum [(8.8 ± 1.9) to (10.3 ± 1.3) eggs per female] was noted when copepods
were fed with P. cordatum + P. micans; I. galbana + P. cordatum + P. micans; I. galbana + P. micans; I. gal-
bana, and the maximum [(13.75 ± 2.3) to (16.4 ± 2.4) eggs per female] – when being fed with P. micans;
I. galbana + P. cordatum; P. cordatum.

The trophic conditions (chemotaxonomic characteristics associated with a species and a class of mi-
croalgae which copepod females were fed with) had the most expressed effect on the embryonic develop-
ment of A. salinus, the norm of which is characterized by the hatching rate from the eggs of viable nauplii.
This index was reliably minimal [(62.63 ± 10) %] when A. salinus females were fed with P. cordatum.
Then the value of the hatching rate of nauplii varied (unreliably) (84.9 ± 7.3) to (97.46 ± 2.7) %, reaching
a maximum (100 %) when copepods were fed with I. galbana + P. micans.

Морской биологический журнал Marine Biological Journal 2020 vol. 5 no. 2



8 L. O. Aganesova

Fig. 3. Comparative diagrams of absolute fecundity and hatching rate of viable nauplii from the total number
of eggs of females of copepods Calanipeda aquaedulcis (I) and Arctodiaptomus salinus (II) when being fed
with various microalgae species (M ± SD; n = 15) (95 % CI)

DISCUSSION
When comparing values of copepod survival rates and development time, a similarity of the influence

of some microalgae species on indices of C. aquaedulcis and A. salinus is found. The shortest duration
of the naupliar stage of development of both copepod species was observed when their diet included I. gal-
bana as a monoculture or one of mixture components. During the copepodit stage, the pattern remains
the same, only with P. cordatum.

Feeding with small-sized I. galbana turned out to be optimal for the development of copepod nau-
pliar stages. Meanwhile, such nutrition delayed the development of copepodit stages compared to nutrition
with large-sized P. cordatum. The shortened development time during the naupliar stage when copepods
are fed with I. galbana is leveled out by the shortened development time during the copepodit stage when
they are fed with P. cordatum. Thus, the total development time (naupliar stage plus copepodit stage) was
the shortest for C. aquaedulcis when copepods were fed with a mixture I. galbana + P. cordatum (13 days),
and for A. salinus – when they were fed with I. galbana + P. cordatum + P. micans (19 days).
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It is known that in most Calanoida copepods, females are always larger than males; smaller sizes
of Calanoida males are usually associated with their faster development [6]. According to hypothesis [11],
under the influence of unfavorable environmental conditions, a shift in the sex ratio towards the predomi-
nance of males can be expected; when the conditions are favorable, a shift towards females can be expected.
In case of C. aquaedulcis and A. salinus, males are smaller than females. Therefore, if the hypothesis is cor-
rect, then a shift in the sex ratio towards males can testify non-optimal environmental conditions: extreme
temperatures and/or high salinity, or inadequate food availability. It is likely that food biochemical com-
position can also affect sex differentiation of developing copepods, as defined for other hydrobionts [13].
Concentration and quality of food affect numerical sex ratio of adult Calanus spp.: an increase in the propor-
tion of females is observed with an increase in the concentration of food in the medium, in which copepods
develop [8]. However, the data obtained on the supposed influence of microalgae chemotaxonomic char-
acteristics on the sex ratio in copepod experimental populations require additional comprehensive studies
of their biology, combined with studies of the biochemical composition of microalgae and copepods being
fed with them.

The chemotaxonomic composition of microalgae, that female copepods are fed with, certainly af-
fects their reproductive characteristics and especially viability of nauplii of both species throughout hatch-
ing. In our experiments, the maximum egg hatching rate (100 %) of nauplii was observed when female
C. aquaedulcis were fed with monocultures I. galbana and P. cordatum, as well as a mixture of the same
microalgae. However, for A. salinus, some differences were found in the influence of microalgae species
on the survival rate of nauplii while hatching. Thus, the minimum hatching rate ofA. salinus nauplii and their
females’ maximum absolute fecundity were obtained when copepods were fed with P. cordatum.

Microalgae Dinophyceae are characterized by a high content of highly unsaturated fatty acids with a pre-
dominance of docosahexaenoic acid (hereinafter DHA) over eicosapentaenoic one (hereinafter EPA) [12].
Prymnesiophyceae are characterized by an increased DHA content with a low EPA content [10]. Content
and ratio of DHA and EPA in microalgae composition, supposedly, are among the main chemotaxonomic
factors, which influence the reproductive characteristics of Calanoida copepods [5 ; 9]. Balanced EPA
and DHA presence in microalgal nutrition throughout copepod ontogenesis has a positive effect on the de-
velopment rate of C. aquaedulcis and A. salinus. At the same time, the nutrition of copepod females with
a mixture of microalgae Dinophyceae and Prymnesiophyceae determines maximum nauplii hatching rate
of both copepod species.

Conclusion. The highest survival rates of A. salinus from the naupliar stage of development to the adult
one (93–95 %) were obtained when copepods were fed with a monoculture of microalga I. galbana
and a mixture I. galbana + P. cordatum, and the shortest development rate (19 days) – when copepods
were fed with a mixture of three microalgae I. galbana + P. cordatum + P. micans. The shortest develop-
ment rate of C. aquaedulcis from the naupliar to the adult stage (13 days) was obtained when copepods
were fed with a mixture of microalgae I. galbana + P. cordatum.

ForC. aquaedulcis, the lowest percentage of males (21 %) was obtained reliably when copepods were fed
with I. galbana; their proportion increased to 43 % when being fed with P. cordatum and a mixture I. gal-
bana + P. cordatum. No significant differences in the percentage of A. salinus males and females when
reaching the adult stage depending on microalgae species were identified.

The shortest duration of the naupliar stage of development of both copepod species was observed when
their diet included I. galbana as a monoculture or one of mixture components. During the copepodit stage,
the pattern remains the same, only with P. cordatum.
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The maximum absolute fecundity of C. aquaedulcis reached 24 eggs per female (I. galbana); of A. sal-
inus – 16 eggs per female (P. cordatum). Egg hatching reached 100 % when copepods were fed with
both monocultures of microalgae P. cordatum and I. galbana and with their mixture. The highest egg
hatching rate for A. salinus was reached only when females were fed with a mixture of microalgae
I. galbana + P. micans.

Therefore, mixtures of microalgae P. cordatum + I. galbana (for C. aquaedulcis) and I. galbana + P. cor-
datum + P. micans (for A. salinus), due to balanced presence of eicosapentaenoic and docosahexaenoic
acids, were determined as optimal food objects for copepod survival rate and development time throughout
ontogenesis. Also, these microalgae mixtures determined the maximum hatching rate of viable nauplii.

This work was carried out within the framework of government research assignment of IBSS “Investigation
of the mechanisms of controlling production processes in biotechnological complexes with the aim of developing
the scientific foundations for the production of biologically active substances and technical products of marine genesis”
(No. АААА-А18-118021350003-6).
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ПРОДУКЦИОННЫЕ ХАРАКТЕРИСТИКИ КОПЕПОД
ARCTODIAPTOMUS SALINUS И CALANIPEDA AQUAEDULCIS

ПРИ ПИТАНИИ СМЕСЬЮМИКРОВОДОРОСЛЕЙ
DINOPHYCEAE И PRYMNESIOPHYCEAE

Л. О. Аганесова

Федеральный исследовательский центр «Институт биологии южных морей имени А. О. Ковалевского РАН»,
Севастополь, Российская Федерация

E-mail: la7risa@gmail.com

Убиквитные виды копепод Arctodiaptomus salinus (Daday, 1885) и Calanipeda aquaedulcis
(Krichagin, 1873) — важные компоненты пищевых цепей многочисленных пресных и солёных
водоёмов. Данные копеподы пригодны для кормления личинок как морских, так и пресновод-
ных видов рыб, однако влияние питания на продукционные характеристики этих видов копе-
под изучено недостаточно. Ранее нами было определено, что монокультуры микроводорослей
Dinophyceae и Prymnesiophyceae являются оптимальными кормовыми объектами для продуциро-
вания яиц самками A. salinus и C. aquaedulcis, выживаемости и скорости развития этих копепод
на всём протяжении их онтогенеза. Цель данной работы заключалась в определении продукци-
онных характеристик копепод A. salinus и C. aquaedulcis в оптимальных температурных услови-
ях в зависимости от варианта питания смесью микроводорослей Dinophyceae и Prymnesiophyceae.
Наиболее высокие значения выживаемости A. salinus от науплиальной до взрослой стадии разви-
тия (93–95 %) отмечены при питании копепод монокультурой микроводоросли Isochrysis galbana
(Parke, 1949) и смесью I. galbana + Prorocentrum cordatum (Ostenfeld) J. D. Dodge, 1975; наимень-
шая продолжительность развития (19 суток) — при кормлении смесью из трёх микроводорослей
I. galbana + P. cordatum + Prorocentrum micans (Ehrenberg, 1834). Наименьшая средняя продолжи-
тельность развития C. aquaedulcis от науплиальной до взрослой стадии развития (13 сут.) зафик-
сирована при питании смесью микроводорослей I. galbana + P. cordatum. Наименьшая продолжи-
тельность науплиального периода развития копепод обоих видов отмечена тогда, когда в состав
их диеты входила I. galbana в качестве моно- или одного из компонентов смеси. Такая же зако-
номерность сохраняется для копеподитного периода, только уже с P. cordatum. Максимальная аб-
солютная плодовитость C. aquaedulcis достигала 24 яиц на самку (I. galbana), A. salinus — 16 яиц
на самку (P. cordatum). Выклев C. aquaedulcis при питании как монокультурами микроводорослей
P. cordatum и I. galbana, так и их смесью достигал 100 %. Для A. salinus только питание самок
смесью микроводорослей I. galbana + P. micans обуславливает максимальный процент выклева.
Ключевые слова: копеподы, Arctodiaptomus salinus, Calanipeda aquaedulcis, выживае-
мость, развитие, размножение, микроводоросли, смесь микроводорослей, Dinophyceae,
Prymnesiophyceae
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To increase R-phycoerythrin concentration in red Black Sea alga Gelidium spinosum (S. G. Gmelin)
P. C. Silva, 1996 (Rhodophyta), it was cultivated in laboratory conditions in polyculture microalga
Tetraselmis viridis – mussel Mytilus galloprovincialis – Gelidium; the results of the study are presented.
The positive effect of mussel exometabolites on R-phycoerythrin concentration in Gelidium in polycul-
ture is described. The relevance of the work is determined by the value of R-phycoerythrin, which
is used as a powerful antioxidant, as well as a marker in cytometry and microscopy. The aim of the study
is to increase R-phycoerythrin concentration in Gelidium using the polyculture method. As a material,
Gelidium from the fouling of rocks and coastal protection structures of Karantinnaya Bay (Sevastopol)
was used; it was cultivated in a laboratory installation with eight working volumes, four of which contained
mussels. Mussel decontamination, supplemented with mineral salts and biogens, was used as a nutrient
medium for Gelidium. The combination of mussel exometabolites with previously developed nutrient
medium, based on Black Sea water and enriched with nutrients and mineral salts, results in an increase
in R-phycoerythrin concentration by more than 2 times, while the addition of exometabolites to pure
filtered seawater increases it maximum by 35 %. Approximate ratios of polyculture elements in 1.5-L
volumes, allowing to achieve the desired results in 2 weeks, are as follows: 2 g of Gelidium / 50–60 g
of two-year-old mussels / 0.4–0.6 g of microalga wet weight.
Keywords: cultivation, polyculture, microalgae, molluscs, macrophytes, nutrient medium

Black Sea Gelidium spinosum (S. G. Gmelin) P. C. Silva, 1996 is a valuable raw material source of high-
quality agar and R-phycoerythrin – phycobiliprotein pigment, which is widely used in immune diagnos-
tics, microscopy, and cytometry [13]. Algae containing agar and R-phycoerythrin are cultivation objects
in many countries of the Asia-Pacific [9 ; 14], and the cost of 1 g of purified R-phycoerythrin reaches
$3250–14000 [12].

In previous years, we carried out studies to determine the optimal conditions for Gelidium growth
and R-phycoerythrin accumulation in it: concentrations of mineral salts and biogens, light and temperature
conditions, carbonation of the nutrient medium, as well as its circulation and flow rate [2].

It is known that under natural conditions, Gelidium is often found as an epibiont of molluscs-filtrators.
Such symbiosis is caused by the positive effect of mollusc exometabolites on macrophyte growth, and that
is why hydrobiont cultivation in polyculture has been developed [7 ; 14].
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Previously, we obtained results on the beneficial effect of exometabolites of Anadara kagoshimensis,
starving in pure Black Sea water for 15 days, on Gelidium growth and R-phycoerythrin content. With an in-
crease in Gelidium biomass by 11.6 %, R-phycoerythrin concentration increased by 40 % compared with
the control [4].

The aim of this work is to increase R-phycoerythrin concentration during Gelidium cultivation in poly-
culture. To achieve the aim, the following task is set: to determine the optimal ratio of polyculture elements
microalga – mussel – macrophyte.

MATERIAL AND METHODS

As a material, Gelidium spinosum from the fouling of rocks and coastal protection structures in the area
of Martynova and Karantinnaya bays (Sevastopol) was used. It was cultivated in a laboratory installation
with eight working volumes [1] at a temperature range of +15…+27 °C and illumination of 10–25 klx
in the mode of 18 h day : 6 h night. The nutrient medium was prepared on the basis of filtered Black
Sea water with an increase in its salinity to 26 ‰ and addition of nitrogen, phosphorus, iron, magne-
sium, and manganese [3]. Mussels (Mytilus galloprovincialis Lamarck, 1819) of 45–50 mm were picked
from farm collectors located south of the entrance to the Sevastopol Bay, opposite IBSS radiobiological
building. Microalga was cultivated separately in a flat cultivator.

Four of eight working volumes of the installation with a right-angled bottom were modernized to con-
tain mussels: they were blocked by left-angled perforated shelves for placing there 2 to 6 individuals with
an average weight of 9.5 to 11.5 g. Constant bubbling of the working volumes with air was regulated so that
mollusc feces did not stir up and remained in the deepened bottom part.

Mussels were fed with a suspension of Tetraselmis viridis (Rouchijajnen) R. E. Norris, Hori & Chi-
hara, 1980 culture, taken from museum of IBSS biotechnology and phytoresources department, either
once or twice a day or once every two days. Culture density was of 12–17 mg of microalga wet weight
per 1 ml, ranging 5 to 35 ml per one working volume. The contents of the working volumes with mus-
sels were completely poured into previously dried containers with Gelidium once every two days; in these
containers, a set of minerals and biogens was added [2]. Measurements of R-phycoerythrin concentration
in Gelidium were carried out by a standard method [10] once a week and at the end of the experiment.
Macrophyte initial weight in each working volume was of (2.00 ± 0.05) g. Measurements were made using
Sartorius L 220 S balance.

Experiments were carried out in autumn and winter. In the first experiment, decontamination was
poured into the containers with Gelidium from the working volumes with mussels (4 ind. in each), main-
tained in clean filtered seawater with the salinity of 26 ‰ and fed with Tetraselmis viridis microalga. Thus,
Gelidium was fed exclusively with mussel metabolites, without mineralization of the medium, the same
as in the experiment with Anadara [4].

In the second experiment, the components of a previously developed nutrient medium were added
to the poured decontamination: nitrogen (8.54 mg per L as KNO₃), phosphorus (1.77 mg per L as KH₂PO₄),
iron (1.39 mg per L as FeSO₄·7H₂O in combination with 17 mg of Na₂EDTA per 1 g of salt), manganese
(0.55 mg per L as MnCl₂·4H₂O), and magnesium (120 mg per L as MgSO₄·7H₂O) [2]. Four mussels with
an average weight of 9.5–11.5 g were placed into each of four modernized working volumes, and (2 ± 0.05) g
ofGelidiumwere placed into four other volumes. Mussels were fed with microalga: 5 to 20 ml of suspension
per day.
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The first two experiments were carried out according to our patent [3] with an element of Gelidium
weekly “maturing” to increase R-phycoerythrin concentration. In the third experiment, this element was
excluded because of weekly measuring of pigment concentration.

In the third experiment, the same as in the second one, Gelidium was grown on mussel decontamination
with the addition of minerals and biogens. To identify the dynamics of pigment accumulation in Gelid-
ium and to determine the optimal weight ratio of polyculture elements, different number of mussels were
maintained in the containers: 3, 4, and 5 ind. with a total initial weight of 33.4, 41.4, and 57 g. They were
fed with Tetraselmis viridis suspension in the amount of 15, 25, and 35 ml, respectively. Microalga culture
density was of 17 mg of wet weight per 1 ml and was kept constant throughout the experiment. In two
control working volumes (No. 1 and 5), Gelidium was cultivated on the medium mentioned above [2] with-
out metabolites added; it was supplemented with minerals and biogens only. R-phycoerythrin concentration
was determined after two, three, and four weeks of cultivation.

The peculiarity of the third experiment was as follows: Gelidium was cultivated in five working vol-
umes (No. 1–5) with equal initial mass of 2 g. In three volumes (No. 2–4), the number of added metabo-
lites increased consistently due to both different number of mussels (3; 4; 5) from the volumes No. 6–8
and increased diet of the molluscs (5; 6.25; 7 ml of culture per ind.).

RESULTS AND DISCUSSION
The results of the first two experiments are presented in Tables 1 and 2, of the third one – in Table 3

and in Fig. 1.

Table 1. R-phycoerythrin concentration in Gelidium grown on exometabolites of Black Sea mussels
with different microalga diet

No. Volume of Tetraselmis viridis culture R-phycoerythrin
of the experiment with the density of 12 mg of wet weight per ml concentration, mg per g

Control 0 5.8 ± 0.5
1 10 6.4 ± 0.9
2 15 5.6 ± 0.4
3 20 7.9 ± 0.8

Table 1 shows that R-phycoerythrin concentration in Gelidium increased within the range 10 to 35 %
in the polyculture microalga Tetraselmis viridis – mussel Mytilus galloprovincialis – macrophyte Gelidium
spinosum, when being fed with mussel exometabolites (if considering the result of the second experiment
an artifact). The last figure shows the results close to that obtained in the experiment with Anadara [4].

Table 2 presents the results of the experiment, in which decontamination was completely poured into
the working volumes with Gelidium from the volumes with mussels and enriched with a set of biogens
and microelements. Four variants of mussel diet were tested; the maximum variant (20 ml per volume)
contributed to an increase in R-phycoerythrin concentration in Gelidium by more than three times.

The results of the dynamics of weight growth and pigment concentration in the third experiment
are presented in Table 3, and R-phycoerythrin accumulation – in Fig. 1.

The results of a 4-week experiment show that on the 12ᵗʰ day of cultivation in variants with the addition
of metabolites from the working volumes with 3, 4 and 5 mussels, R-phycoerythrin accumulation exceeds
the initial control value by 50–100 %, while in the containers with no metabolites added (volumes No. 1
and 5) – only by 16 %.
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Table 2. R-phycoerythrin concentration in Gelidium grown on mussel exometabolites with the addition
of nutrients and mineral salts into the culture medium

No. Volume of Tetraselmis viridis culture R-phycoerythrin
of the experiment with the density of 12 mg of wet weight per ml concentration, mg per g

Control 0 7.9 ± 0.8
1 5 16.1 ± 1.5
2 10 20.3 ± 4.4
3 15 18.3 ± 2.2
4 20 28.8 ± 4.5

Table 3. Dynamics of weight growth and R-phycoerythrin concentration in Gelidium thalli at different
number of mussels in the polyculture

No. Number Vma, ml Gelidium weight, g / R-phycoerythrin concentration, mg per g
of the volume of mussels 30.01.2019 11.02.2019* 18.02.2019* 25.02.2019*

1; 5 0 0 2.0 / 6.9 ± 2.3 2.90 / 8.0 ± 2.3 3.00 / 9.6 ± 1.6 3.20 / 11.1 ± 1.2
2 3 15 2.0 / 6.9 ± 2.3 3.00 / 11.4 ± 2.4 2.55 / 8.7 ± 0.9 3.00 / 12.3 ± 1.2
3 4 25 2.0 / 6.9 ± 2.3 3.25 / 12.4 ± 1.8 3.10 / 10.6 ± 0.8 3.22 / 13.6 ± 0.9
4 5 35 2.0 / 6.9 ± 2.3 3.05 / 14.4 ± 1.4 2.85 / 14.9 ± 1.7 3.30 / 14.4 ± 0.1

Note: at the dates marked with an asterisk (*), samples were taken to measure R-phycoerythrin, and Gelidium weight
was returned to W0 = 2 g; Vma indicates volume of microalga suspension.

At the end of the 3ʳᵈ week of cultivation, there was a significant decrease in pigment concentration
in Gelidium from the working volume No. 2, into which the decontamination was poured from the volume
with 3 mussels. It is 24 % lower than the previous result and 29 % lower than the final one. Since algae
were equally supplemented with minerals and biogens in all the volumes, it could result from a change
in the physiological state of at least one of three mussels, which we did not monitor in our experiments.

This result can be considered an artifact, since nothing was found in this volume that distinguishes
it from the rest ones. Meanwhile, in our other experiments, there were emissions of mussel sex products
(such cases can be the reason for further separate studies of their effect on R-phycoerythrin concentration
in Gelidium).

According to the results of 4 weeks of cultivation, it was noted, that pigment levels in Gelidium
from the working volumes No. 2–4 were arranged in increasing order directly proportional to the expected
increase in the number of exometabolites from 3, 4, and 5 mussels. If R-phycoerythrin level in Gelidium,
cultivated by already known method [3] in the volumes No. 1 and 5, is taken as 100 %, then we can conclude
that the increases from the use of mussel exometabolites are of 11, 12, and 30 %, respectively.

The maximum R-phycoerythrin content obtained in the second experiment (Table 2) was 2 times higher
than the maximum pigment concentration in the third experiment (Table 3). This is explained by the facts
that in the latter case, the algae were taken for measurements immediately after the end of the experiment
and the element of “maturing”, in which the lag of phycoerythrin accumulation in rapidly growing biomass
is eliminated in the dark and at a low temperature, was not used [3]. In this case, the specific rate of biomass
weight growth was quite high: the biomass doubled in less than 10 days.

The change in R-phycoerythrin concentration in Gelidium with a different number of mussel individ-
uals in the polyculture is clearly shown in Fig. 1. After two weeks of cultivation, when the macrophyte
was fed with exometabolites of 5 mussels, we observed a 2-fold increase in R-phycoerythrin content.
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After four weeks of cultivation, the difference with the control decreased and was approximately of 25 %.
Exometabolites of 3 and 4 mussels also caused an increase in pigment concentration after two weeks
of cultivation – by 30 and 40 %.
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Fig. 1. Dynamics of R-phycoerythrin concentration in Gelidium with different number of mussels
in the polyculture (1 – control; 2 – 3 mussels; 3 – 4 mussels; 4 – 5 mussels)

The average results of Gelidium growth in the volumes No. 2–4 for the last two weeks of the third
experiment were of 1 g per week. Thus, a system, including microalga Tetraselmis viridis cultivator with
a productivity of 600 mg of wet weight per day, a 1.5-L volume for maintaining 5 mussels with a total
weight of 60 g, and a 1.5-L Gelidium cultivator, is quite capable of producing 14.4 mg of R-phycoerythrin
in 7 days.

The advantages of macrophyte cultivation in polyculture in comparison with cultivation in mono-
culture are known from literature. Thus, macrophytes accumulate larger biomass and larger amount
of protein [8 ; 14], and agar quality of Gracilaria improves due to creating an optimal diet resulting
from exometabolite extraction by invertebrates [7].

Macroalgae can extract from water up to 60 % of nitrogen compounds, including up to 95 % of ammo-
nium [14]. Mussels are known to release ammonium nitrogen into the medium [5]. The chromophore group
of pigment (phycobilin) is covalently bound to a water-soluble protein such as globulin [13], the building
of which requires nitrogen. In addition, phycobiliproteins are considered to be a “depot” of protein in algae
cells. They are destroyed primarily by nitrogen starvation [6 ; 11]. Meanwhile, it is highly possible that
not only the addition of nitrogen, but also the form of its compound affect R-phycoerythrin level. However,
according to the results of previous studies, culture medium contained a sufficient amount of nitrogen [3].
It seems likely that in that case other interactions have an effect (for example, at the level of hormonal regula-
tion). Thus, the use of metabolites, including in polyculture, creates a fundamentally new way of regulating
natural processes [8].

Conclusion. A positive effect of mussel exometabolites on R-phycoerythrin synthesis in the polycul-
ture microalga Tetraselmis viridis – mussel Mytilus galloprovincialis – macrophyte Gelidium spinosum was
revealed. The addition of mollusc exometabolites into clean filtered seawater gave an increase in R-phy-
coerythrin concentration in Gelidium by 10–35 %, and the addition of exometabolites in combination
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with a standard nutrient medium led to an increase in R-phycoerythrin content by more than 2 times. Ap-
proximate weight ratios of polyculture elements in 1.5-L working volumes, allowing to achieve the desired
result after two weeks, were as follows: 2 g of Gelidium / 50–60 g of two-year-old mussels / 0.4–0.6 g
of microalga raw weight.

This work was carried out within the framework of government research assignment of IBSS “Investigation
of the mechanisms of controlling production processes in biotechnological complexes with the aim of developing
the scientific foundations for the production of biologically active substances and technical products of marine genesis”
(No. АААА-А18-118021350003-6).
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INFLUENCE OF MUSSELMYTILUS GALLOPROVINCIALIS EXOMETABOLITES
ON R-PHYCOERYTHRIN CONCENTRATION

IN RED ALGA GELIDIUM SPINOSUMWHEN GROWN IN POLYCULTURE

B. N. Belyaev and N. M. Beregovaya1

1A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russian Federation
E-mail: belyaevbob@yandex.ru

Приведены результаты исследований культивирования красной черноморской водоросли
Gelidium spinosum (S. G. Gmelin) P. C. Silva, 1996 (Rhodophyta) в лабораторных условиях в по-
ликультуре микроводоросль Tetraselmis viridis — мидия Mytilus galloprovincialis — гелидиум
с целью повышения концентрации R-фикоэритрина в последнем. Описано положительное
влияние экзометаболитов мидий на концентрацию R-фикоэритрина в гелидиуме в поликультуре.
Актуальность работы определяется ценностью фикоэритрина, который используют как мощный
антиоксидант, а также как метчик в цитометрии и микроскопии. Цель исследования — увеличить
концентрацию R-фикоэритрина в гелидиуме с применением метода поликультуры. В качестве
материала использовали гелидиум из обрастания скал и берегоукрепительных сооружений
в районе бухты Карантинная (г. Севастополь); его культивировали в лабораторной установке
с восемью рабочими объёмами, в четырёх из которых содержали мидий. Деконтат мидий,
дополненный минеральными солями и биогенами, использовали как питательную среду для гели-
диума. Сочетание экзометаболитов мидий с разработанной ранее питательной средой на основе
черноморской воды, обогащённой биогенами и минеральными солями, приводит к увеличению
содержания R-фикоэритрина более чем вдвое, в то время как внесение экзометаболитов в чистую
профильтрованную черноморскую воду повышает его максимум на 35 %. Ориентировочные
весовые соотношения элементов поликультуры в 1,5-литровых объёмах, позволяющие достичь
желаемого результата уже через две недели, — это 2 г гелидиума / 50–60 г двухлетних мидий
/ 0,4–0,6 г сырого веса микроводорослей.
Ключевые слова: культивирование, поликультура, микроводоросли, моллюски, макрофиты,
питательная среда
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This long-term observation of the faunal composition within the Barents Sea provides a benchmark
for monitoring community changes caused by oceanographic variability, fishery activities, and crab preda-
tors (Chionoecetes opilio, Paralithodes camtschaticus), whose populations have been rapidly growing
and spreading in recent years. In the Arctic systems, megabenthic communities comprise a significant
part of benthic biomass and play an important role in carbon cycling on continental shelves. The gradual
accumulation of knowledge on megabenthos may make it possible to assess their role in the ecosystem
and ultimately contribute to a more rational management of the Barents Sea resources. This article rep-
resents an important series of long-term megabenthic observations in the Barents Sea. The main goal
of our research is to identify spatial patterns and temporal trends in the megabenthic part of communities,
including changes in the biomass and production values. As a part of the joint Norwegian-Russian ecosys-
tem surveys, benthic experts have been identifying the invertebrates (megafauna) collected by bottom
trawls during annual assessments of commercial stocks, such as Atlantic cod (Gadus morhua) and north-
ern shrimp (Pandalus borealis). The sampling equipment used was a Campelen 1800 bottom trawl, rigged
with rockhopper ground gear and towed on double warps, and standardized to a fixed sampling effort
(equivalent to a towing distance of 0.75 nautical miles (nm), or 1.4 km). The processing of the biologi-
cal material was conducted in accordance with standardized procedures, following the retrieval of each
trawl. This work represents data from 5016 stations from 2005 to 2017, with a total sampled biomass
of 238.4 tons and 14.9 million individual organisms. In total, 694 megabenthic species (1058 taxa) have
been recorded, with the greatest diversity observed in the depth range of 100–400 m, while the largest
mean catches were taken between depths of 600–800 m. The biomass (B) and production (P) values
of the benthic megafauna were approximately stable during the 9 years of investigation, although there
was a decreasing trend after 2014. The annual production P/B ratio of megabenthos was calculated to be
at 0.3. The distribution, contribution to production, and gross biomass values of the megabenthos had been
underestimated in the previous studies of zoobenthos. The results from this research show that, in the cur-
rent warm period, the majority of the Barents Sea is in an intermediate state between the Arctic and bo-
real regions due to the wide distribution of boreal species toward the north. The dynamics of the mean
biogeographical index (the border between areas of the dominance of boreal and Arctic species) within
the central-southern part of the Barents Sea suggests that a large part of the area can be characterized
as predominantly boreal intermediate since 2013.
Keywords: Arctic, Barents Sea, megabenthos, climate, Atlantic Current, production, species distribution

The effects of global climate change have been particularly noticeable in the Arctic, causing a restructur-
ing of Arctic ecosystem [19 ; 25 ; 33] and a northward shift of biogeographical boundaries as a consequence
of warming [5 ; 6 ; 10 ; 12 ; 18 ; 21].
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In the Arctic systems, megabenthic communities comprise a significant part of benthic biomass [7 ; 30]
and play an important role in carbon cycling on continental shelves [23 ; 32]. Marine benthic communi-
ties are well-suited for long-term comparative investigations, as comprising species have a relatively long
lifespan and either are sessile or have low motility. These traits make it possible to measure the effects
of environmental change on communities over time. The potential impact of climate change on the marine
environment may be acute, but it is difficult to register due to the lack of baseline data. A recent analysis
showed that 34–59 % of Arctic megafauna taxa have yet to be documented [45].

The Barents Sea is a continental shelf sea with an average depth of 230 m (Fig. 1a); it is characterized
by a transitional zone from warm Atlantic waters to cold Arctic ones (Fig. 1b) [43 ; 44]. Substantial climatic
changes have been observed during the last four decades [8 ; 47]. Water temperatures in the subarctic
Barents Sea during the past decade have reached the highest rates over the period observed [8]. Ice coverage
has declined by about 10 % [4], while water temperature has risen by approximately 1.5 °C [35]. The area
covered by the warmer Atlantic water has increased [28] due to northward shifts in the polar front, where
Atlantic and Arctic water masses meet [43].

Analysis of Barents Sea benthic megafauna shows clear biogeographical patterns, with an Arctic produc-
tive community dominating in the northeast [11] and occasionally in the northwest, and an Atlantic warm
water community in the southwest [29 ; 30]. A deep-cold-water community is found in the northwestern
part of the Barents Sea shelf. A shallow bank community is predominant on the Spitsbergen Bank located
southwards of Spitsbergen and in the southeastern Barents Sea. This shallow bank community is also found
sporadically west and north of Spitsbergen [30].

Fig. 1. The Barents Sea, with: A – a map
showing place names and depth contours;
B – a map of bottom water currents with
arrows showing: 1) the main streams of At-
lantic water (red), 2) coastal currents (green),
and 3) cold Arctic currents (black) [49].
C – % of areas covered by water with dif-
ferent bottom temperatures in the Barents Sea
(N71–79°, E25–55°) (August to September
in 2000–2017) [26]
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It has been suggested that climate change is causing a northward shift of biogeographical boundaries
in the northern hemisphere due to the warming process [21]. The number of boreal species has increased,
while the number of arctic species have declined [31]. The range of some species has expanded, and new
boreal-subtropical species have appeared in the Arctic [52 ; 53].

The gradual accumulation of knowledge on megabenthos may make it possible to assess its role
in the ecosystem and ultimately contribute to a more rational management of Barents Sea resources. This ar-
ticle presents an important series of long-term megabenthic observations in the Barents Sea. The main goal
of our research is to identify spatial patterns and temporal trends in the megabenthic part of communities,
including changes in biomass and production values.

MATERIAL AND METHODS

Benthos sampling. Norwegian and Russian ships were used to survey the Barents Sea annually August
to November. Sampling stations were established at fixed positions along a regular grid (around 35 nautical
miles between each station), covering an area of about 1.5 million km². The sampling equipment used was
a Campelen 1800 bottom trawl, rigged with rockhopper ground gear, towed on double warps, and stan-
dardized to a fixed sampling effort (equivalent to a towing distance of 0.75 nautical miles, or 1.4 km).
The horizontal opening was 15 m, and the vertical one was 5 m. The mesh size was 80 mm (stretched)
in the front and 22 mm in the cod end, allowing capture and retention of vertebrates (fishes) and large in-
vertebrates (megabenthos) from the seabed. All catch data presented in the article have been standardized
to 1 nautical mile (hereinafter nm).

Data. Benthos specialists from the Polar branch of VNIRO (Russian and Norwegian ships), Institute
of Marine Research, Murmansk Marine Biological Institute, and other international institutions (Norwegian
ships) were involved in the processing and identification of benthos collected by the scientific trawl during
the annual Norwegian-Russian Ecosystem Survey [1].

The processing of the biological material was conducted in accordance with standardized proce-
dures, following the retrieval of each trawl [30]. The invertebrates were separated from the vertebrate
catch in the onboard fish laboratory. Depending on catch weight, the material was processed in total
or as a subsample. Records were made using paper datasheets, to be entered into a database afterward.

The total subsample weight was used to determine the adjustment factor in order to represent the full
catch. All large (> 100 g) species, as well as rare megabenthic ones, were taken from the total catch, while
the remaining species were extracted only from the subsample.

Most of the taxonomic processing was undertaken onboard to the lowest possible taxon. In cases
of identification difficulties, the species were photographed and/or preserved for further processing by tax-
onomic specialists on land. In order to develop standardized species identification across all involved ships
and throughout the entire research period, the naming of all the species was checked using photographs
of each processed catch since 2013.

Following identification, the number of individuals of each species or taxon was counted, and wet weight
was measured on electronic balances (± 0.5 g).

Totally, 5016 stations were sampled between 2005 and 2017 (Fig. 2). The total sampled biomass of ben-
thic megafauna was 238.4 tons, consisting of over 14.9 million individuals. Some individuals were assigned
to the genus or higher taxonomic level due to difficulties with their species identification. The final list
included 1058 taxa, of which 694 were identified to species onboard (Table 1). As the Campelen trawl
is designed to catch northern shrimp (Pandalidae family), this semipelagic shrimp could be overestimated
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in the data, and therefore it was excluded from the analysis and used only for megabenthic data smooth-
ing. Similarly, all pelagic species, such as jellies (Scyphozoa), were also excluded from the analysis.
Values are presented as mean ± standard error (hereinafter SE) unless otherwise stated.

Fig. 2. Location of 5016 trawl stations
covered during 2005–2017 by the joint
Norwegian-Russian Ecosystem Survey

Table 1. Summary of the analyzed megafauna from the joint Norwegian-Russian Ecosystem Survey
(2005–2017)

Year Number Total Average Average Amount

of stations Abundance Biomass abundance biomass species taxa(ind.) (tons) (ind.·nm−1) (kg·nm−1)
2005 224 107,114.0 2.6 522.5 12.7 142 218
2006 637 964,569.0 25.9 1576.0 42.1 261 388
2007 551 633,761.5 22.9 1240.2 44.6 222 351
2008 431 901,885.1 14.8 2183.7 35.7 157 244
2009 378 769,129.3 15.9 2056.4 42.2 283 391
2010 319 285,322.8 8.6 900.0 27.3 273 360
2011 391 1,333,887.2 13.4 3411.4 34.3 282 442
2012 443 4,345,807.4 55.6 9832.1 125.5 354 513
2013 487 1,888,138.0 34.8 3885.0 71.7 362 538
2014 165 463,108.6 6.0 2806.7 36.7 220 333
2015 334 606,272.4 6.6 1815.1 19.9 398 599
2016 317 1,340,958.8 11.5 4230.1 36.3 266 423
2017 339 1,277,828.3 19.8 3769.4 58.6 319 500
Total 5016 14,917,782.4 238.4 2940.7* 45.2* 694 1058

Note: * indicates the mean value across all years.

To determine whether there were any temporal differences in abundance and smoothed mean biomass
among megabenthic fauna across the Barents Sea, the mean values per grid cell (N0.5°, E2°) were calculated
both for early (2005–2011) and late (2012–2017) time periods of the study (see Figs 8 and 9).
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Data smoothing. An examination of megabenthic biomass values in the Barents Sea indicated exten-
sive inter-annual variations (Table 1). Therefore, the following steps were taken to minimize the chances
of a possible sampling error and a distortion of results: 1) data collection was restricted to the area be-
tween N68–80°, E15–62° in order to exclude sectors covered only occasionally; 2) catches of > 1 ton were
excluded; 3) shrimps of the Pandalidae family were excluded from the overall calculations and analyzed
separately because all species of this family are benthopelagic, and the Campelen trawl possesses high
catchability for such shrimps [51].

A smoothing function was constructed using a second-degree polynomial equation that was considered
to minimize fluctuations in megafauna data. This was done for both Russian and Norwegian data samples,
followed by a merge into a consolidated database. The smoothing procedure was conducted in three steps:
1) smoothing Pandalid data; 2) smoothing sessile epifauna data; 3) smoothing data of two other ecological
groups (mobile epifauna and infauna).

The smoothing of Pandalid shrimp annual biomass data showed that the majority of shrimp biomass
values had insignificant variations when compared to the smoothing curve. From the adjusted Pandalid
values, correction coefficients were used to adjust the sampled biomass data of other taxa.

After this process, the megabenthic biomass was divided into three categories: “sessile epifauna”,
“mobile epifauna”, and “infauna”. Because epifauna biomass fluctuated more than biomass of Pandalid
shrimps, a second correction coefficient derived from the second-degree polynomial equation was calculated
in the same way as for Pandalid shrimp biomass.

For mobile epifauna and infauna, the real values were divided by the second correction coefficient.
Thereafter, modified biomass values of the mobile epifauna and infauna were smoothed in the same way.
Smoothed data were used for further analysis in special cases, which are discussed below.

Production was calculated by multiplying taxon biomass by production to biomass (P/B) ratio.
Two types of P/B ratio were used. The first was calculated for the major taxonomic groups from Degen
et al. [11], and the second was calculated from the Manushin formula [37] (Table 2), except for taxa Porifera,
Cnidaria, and Bryozoa, that were taken from Degen et al. [11]. Community production was calculated
from the summarized production value of each taxon/species per station.

Table 2. Equations describing the dependence of the P/B ratio on mean body weight (𝑊 , g of wet weight)
for different taxa

Taxon Equation
Annelida P / B = 0.365 × 𝑊 −0.377

Arthropoda P / B = 2.190 × 𝑊 −0.276

Chordata P / B = 0.073 × 𝑊 −0.579

Echinodermata P / B = 0.730 × 𝑊 −0.342

Total P / B = 0.694 × 𝑊 −0.390

Biogeographical analysis. The biogeographical status of the Barents Sea can be assessed by determin-
ing the boundary lines between the Arctic and boreal communities at different points in time. The fluctuation
of these boundary lines over time reflects the effects that water temperature changes have on benthic fauna.
Here the Biogeographical Indices (hereinafter BGI) [38] are used to show the ratio between the boreal
and Arctic components of the fauna:

𝐵𝐺𝐼 = 𝐵𝑏 − 𝐵𝑎
𝐵𝑏 + 𝐵𝑎 , (1)

where Bb and Ba are biomasses of the boreal and Arctic species, respectively.
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Each species from the stations was placed into one of three biogeographical categories: “boreal”, “Arc-
tic”, or “boreal-Arctic” [50]. Afterwards, all species classified as “boreal-Arctic” were excluded from further
analyses, leaving only pure “boreal” and “Arctic” species to be used in the calculation of the boreal-Arctic
ratio per station [46]. The station value of the BGI varied from −1 (only Arctic species) to +1 (only boreal
species). In the case of absence or equal amounts of boreal and Arctic species, the BGI for a station is zero.
The stations with such BGI values represent the hypothetical boundary line between the Atlantic boreal
and Arctic biogeographical regions.

To illustrate the BGI distribution, the Barents Sea and adjacent waters were divided into grid cells
(10° long., 1° lat.), and the mean values of all stations per grid cell over a 3-year period were calculated
and used as input for the map.

To show the distributional dynamics of borderlines between areas dominated by either boreal or Arctic
species (i. e., BGI = 0) 2005 to 2017, the centroid of each grid cell was used to plot the BGI in Map Viewer
(Golden Software) [20]. The inverse distance to a power method was performed for gridding, and the moving
average method was used for calculating the time series. Henceforth, the name “boreal-Arctic boundary”
is used for the hypothetical boundary lines (BGI = 0) between the Atlantic boreal and Arctic biogeographical
regions.

Dynamics of boundary shifts in the region of N69–76°, E20–55° 2005 to 2017 was described using
the BGI per cell over a 3-year period and calculated using the moving average method. The area delimited
by N69–76°, E20–55° was chosen for the analysis because it provided the most informative annual station
coverage during the research period, with the exceptions being 2005 and 2014 due to the lack of data
from the Norwegian participants of the study.

RESULTS

Biomass dynamics. The mean biomass 2006 to 2017 was estimated to be 31 kg·nm⁻¹. The mean
biomass varied year to year, with the highest mean observed in 2012 (54 kg·nm⁻¹) and the lowest one regis-
tered in 2010 (22 kg·nm⁻¹) (Fig. 3A). The smoothed annual biomass reduced the maximum values of 2012
and 2017 considerably, resulting in a relatively stable curve, although variability increased after 2013, with
the lowest biomass means observed in 2016 and 2017 (Fig. 3B). The average smoothed biomass 2006
to 2017 was estimated at 27 kg·nm⁻¹, with annual means varying −6 kg·nm⁻¹ in 2016 to +7 kg·nm⁻¹ in 2014.

Fig. 3. Inter-annual variations in mean (± SE) biomass (kg·nm−1) in the Barents Sea for observed (A)
and smoothed (B) data (2006–2017)
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Biomass of different taxa. The surveys in the Barents Sea have revealed patterns in the distribution
of the megabenthic fauna. For the region as a whole, Porifera biomass dominated the fauna, followed by that
of Arthropoda and Echinodermata (Fig. 4).

Fig. 4. Biomass distribution of the main
megabenthic groups from 2005–2017 trawl sur-
veys in the Barents Sea

Patterns were also noted in the spatial distribution in phyla biomass within the survey area (Fig. 5).
Porifera was predominant in the western and northern peripheral areas; Arthropoda was predominant
in the central and northwestern areas, while Echinodermata dominated mostly at the northern stations
of the Barents Sea. Cnidaria dominated in the deep stations in the northern periphery but also had a no-
ticeable presence in several locations in the central Barents Sea. Chordata (mainly Ascidiacea) biomass
was dominant sporadically but with no apparent pattern. Areas with even phyla distribution were par-
ticularly prevalent in the shallow areas of the Novaya Zemlya Bank (eastern Barents Sea), Spitsbergen
(northwestern Barents Sea) and other bank areas, due to the diversity of biotopes and environmental
conditions there.

Fig. 5. Biomass distribution of the main phyla (Arthropoda, Echinodermata, Mollusca, and Porifera) and other
groups (Annelida, Bryozoa, Sipuncula, Cnidaria, Chordata, and Brachiopoda) shown as mean values per grid
cell (N1°, E5°) in 2005–2011 and 2012–2017
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Several changes were observed in phyla dominance from the early period (2005–2011) to the late one
(2012–2017). The northernmost stations, adjacent to the Arctic Ocean, shifted from being dominated by ei-
ther Arthropoda or Echinodermata to becoming almost entirely dominated by Porifera. Along the west coast
of Novaya Zemlya, the previously high diversity of phyla changed to domination by Arthropoda. Mean-
while, the central-eastern Barents Sea (N72–77°, E40–50°) has shifted from mostly Arthropoda to being
dominated by Echinodermata.

Inter-annual variation in biomass (smoothed values) of five most dominant taxa revealed that Porifera
remained relatively stable, except in 2017 when the biomass increased. The biomass of Cnidaria and Echin-
odermata experienced rapid decreases from 2015, while Arthropoda and Mollusca were more variable,
ending with low values in 2017 (Fig. 6). Arthropoda and Echinodermata biomass were inversely related
(linear regression is as follows: Echinoderm biomass = −1.4 × Arthropod biomass + 19.1; R² = 0.64).

Fig. 6. Inter-annual variations
in the mean biomass (± SE) of the most
dominant megabenthic groups in the Bar-
ents Sea: A) Porifera; B) Cnidaria;
C) Echinodermata; D) Arthropoda;
and E) Mollusca (2006–2017)
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The number of species. Species of the Barents Sea, presented as the mean number of species recorded
during 2005–2017 (Fig. 7), had the highest values around Spitsbergen, while the lowest value was found
in the northeastern region, which had the poorest coverage during the research period. However, low species
diversity was also recorded in the southern areas of the Barents Sea that had experienced regular coverage
as in the western and central areas of the sea.

Fig. 7. Mean number of megabenthic
species in the Barents Sea per grid cell
(N0.5°, E2°) across the research period
(2005–2017)

Abundance and biomass distribution during two time periods (2005–2011 and 2012–2017).
The mean abundance was generally similar for both periods (the early one – (5489 ± 226) ind.·nm⁻¹; the late
one – (5023 ± 363) ind.·nm⁻¹). However, the maximum catch nearly doubled between the early and late
periods: 388,000 to 793,000 ind.·nm⁻¹. F-test shows that the differences between periods are statistically
significant (Ffact (0.38) < Fcrit (0.93); p-value = 0.0).

For both the early and late periods (Fig. 8), high mean abundances (up to 50,000 ind.·nm⁻¹)
were recorded in the central region of the Barents Sea. However, in the late period, high abundances were
also frequently noted in the northeastern region. The lowest abundances were observed in the southern area,
particularly around Cape Kanin Nos that had regular coverage, but also in the northwest in the early period
with poor coverage.

Fig. 8. Mean abundance (ind.·nm−1) per grid cell (N0.5°, E2°) for the early (2005–2011) and late (2012–2017)
research periods
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The smoothed mean biomass decreased both in the early and late periods: (70.6 ± 6.6) kg·nm⁻¹ in the ear-
lier period to (63.0 ± 6.2) kg·nm⁻¹ in the later one (Fig 9). F-test showed that these differences were statis-
tically significant (Ffact (1.12) > Fcrit (0.07); p-value = 0.0025). Meanwhile, the maximum catch increased
8.5 t·nm⁻¹ in the early period to 9.8 t·nm⁻¹ in the late one.

In the early period, the largest catches (> 1 ton) were obtained in the southwestern part of the Barents
Sea (Fig. 9) due to the abundant sponge fields in this area; these were intentionally avoided in the late period
due to the risk of damage to the bottom fauna and the gear. While relatively large catches have been made
within a large area of the central Barents Sea in the early period, similar catches were mostly observed
in the northeastern part of the Barents Sea during the late period. Late period data showed that large areas
of the southeastern Barents Sea had the lowest biomass amounts (< 1 kg·nm⁻¹).

Fig. 9. Mean biomass (kg·nm−1, smoothed values) per grid cell (N0.5°, E2°) across 2005–2011
and 2012–2017

The depth-related species richness, abundance, and biomass are shown in Fig. 10A, and a sampling
frequency – in Fig. 10E. The highest sampling frequency and, therefore, more robust results were observed
at 100–400-m depth. Stations shallower than 50 m or deeper than 600 m were less frequently sampled.
In terms of species richness, the greatest diversity was seen at depths of 100–400 m (642 species), with
lower richness on stations at ≤ 50 m (179 species) and a steady decline in richness at 500 m and deeper
(≤ 347 species). The largest biomasses (average catch > 100 kg·nm⁻¹) were caught at 700-m depth, while
the lowest biomasses (< 20 kg·nm⁻¹) – at ≥ 900 m. The highest abundances were noted at 200–300-m depth
(more than 5000 ind.·nm⁻¹), while the lowest (less than 500 ind.·nm⁻¹) took place at ≤ 50 m and ≥ 700 m.

Production.When comparing the results for calculating production (see Fig. 11), the inter-annual vari-
ation showed similar trends between two methods, but at different scales, with the Manushin values being
almost twice as large as those obtained with using the Degen et al. method (Fig. 11). Inter-annual vari-
ations of average megabenthic production in the Barents Sea in 2006–2017 reached the highest in 2008
and 2014 and the lowest in 2017. Most years showed a range 3–4 kg·nm⁻¹·year⁻¹ (Fig. 11A) with a mean
of (3.6 ± 0.6) kg·nm⁻¹·year⁻¹ or 7–10 kg·nm⁻¹·year⁻¹ with a mean of (8.1 ± 0.1) kg·nm⁻¹·year⁻¹ (Fig. 11B).

The distribution of the Arctic versus boreal taxa of the Barents Sea. The distribution of the BGI val-
ues (see “Material and Methods”) in the Barents Sea during 2005–2017 showed Arctic species dominating
in the northern and eastern sectors of the Barents Sea, while the southern and western areas were dominated
by the boreal species. These two regions are separated by a boreal-Arctic boundary line that has varied over
time (Fig. 12).
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Fig. 10. Species richness (A); mean species
number per trawling (± SE) (B); mean biomass
(± SE) (C); mean abundance (± SE) (D);
and number of stations per depth category (E)
for 2005–2017

Fig. 11. Inter-annual variation of mean megabenthic production (± SE) in the Barents Sea in 2006–2017
calculated with two different P/B ratios: A) Degen et al. [11] and B) Manushin [37]
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The location of the boreal-Arctic boundary line closely follows three main currents of Atlantic wa-
ter in the Barents Sea: along the western slope of the Barents Sea shelf, to the Central Bank, and along
the western shelf of the Novaya Zemlya archipelago (see also Fig. 1A).

Fig. 12. Temporal distribution of the Arctic (blue) and boreal (red) areas of the Barents Sea (2005–2017).
The black line shows the position of the boreal-Arctic boundary

The position of the boreal-Arctic boundary (BGI = 0) varied between years and locations (Fig. 13).
In the southeastern part of the sea, the positions of the boundary have changed spatially by approximately
150–200 nm during 2005–2017, around 150 nm on the Spitsbergen Bank, and less than 50 nm in the central
part of the sea.

The inter-annual fluctuation in the boreal-Arctic boundary position is most distinctive in the south-
eastern part of the Barents Sea. The results show that the boundary moved towards the southwest (up-
per five pictures in Fig. 12) during 2006–2010, indicating a prevalent distribution of Arctic species
over boreal, while over the course of the next six years (2011–2016) it moved back in a northwards
direction.

An area-based mean BGI for the central-southern part of the Barents Sea (Fig. 14) demonstrated
a prevalence of Arctic species during 2007–2014, with a minimum value in 2010, followed by a preva-
lence of boreal species during 2014–2017. The years 2005 and 2014 are excluded from the calculation
due to the lack of Norwegian data. The lowest and highest presence for boreal species in the constrained
area is observed in 2010 and 2015–2016, respectively. Values below zero indicate the dominance of Arctic
biomass, while values above zero indicate boreal dominance in the defined area (see embedded map
in Fig. 14).
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Fig. 13. Annual position of the boreal-Arctic
boundary (BGI = 0) calculated 2005 to 2017

Fig. 14. Temporal variation of the mean BGI
calculated for the central-southern Barents Sea
constrained by N69–76°, E20–55° (map em-
bedded) (2006–2017)

DISCUSSION

Throughout 13 years (2005–2017) of annual monitoring of the benthic megafauna, 21 % of 3245 species
previously known [36] from Barents Sea, have been recorded. More than 5000 stations, 200 tons, and 14 mil-
lion individuals of megafauna have been sampled. This achievement has become possible with using exist-
ing annual stock surveys, already being conducted by national governmental institutions, with the addition
of benthic expertise, thereby making it possible to identify and evaluate the benthic by-catch from the com-
mercial fish/shrimp trawl. It has proven to be a time- and cost-efficient approach for conducting long-term
monitoring of the benthic habitats without additional seabed impact.
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As the surveys were carried out using a trawl, animals in the catch were characterized by size
as megabenthos [1]. Previous studies of zoobenthos mainly used material collected by grabs [15], but trawls
and dredges of various design are better suited for sampling large invertebrates [17]. This was confirmed
when studying the echinoderm fauna in the Kara Sea [2]. Taking into account the fact that the distribution,
contribution to production, and gross biomass of 694 species (1058 taxa) studied here have been previ-
ously undervalued, it is therefore assumed that zoobenthos in previous studies had not been fully taken
into account.

In 2005–2014 (the first nine years of investigation), the mean biomass and production values
of the benthic megafauna were mostly stable, but they tended to decline after 2014.

The spatial distribution of the biomass showed that the highest values of megabenthos were recorded
on the continental slope in the areas of hydrological fronts where water masses meet [39 ; 40 ; 42]. Similar
results have previously been obtained for macrobenthos in the Barents Sea [2 ; 9 ; 14 ; 15 ; 34 ; 41], indicat-
ing that the same environmental factors are structuring these two faunal components. Prior to the ecosys-
tem survey of the Barents Sea, however, there was no data on the distribution of megabenthic or-
ganisms in the Barents Sea, thus making it difficult to compare megabenthic and macrobenthic parts
of the communities.

The depth range of 100–300 m accounted for 65 % of sea area [34] and included 79.5 % of the total
number of stations used in the ecosystem survey, meaning that the investigated area was approximately
evenly covered by bottom trawling. The highest species variety was observed in the 100–400-m depth
layer, and a reduction in the number of species coincided with an increase in depth. This is also in accor-
dance with prior investigations of macrobenthos [24], and has previously been explained by the depletion
of food resources [34]. However, the mean numbers of species per trawling (Fig. 10B) show that species
diversity in general is remarkably high in both shallow coastal areas and deep sea of the investigated parts
of the Barents Sea.

The largest average catches of megabenthic fauna were taken at a depth range of 600–800 m, along
the continental slope of the western and northern parts of the Barents Sea. Communities of high benthic
biomass (predominantly sponges) have previously been reported [9 ; 34] in the area of the warm Atlantic
Current of the West-Spitsbergen branch [39 ; 40 ; 42] and in Saint Anna Trough near Franz Josef Land [22]
where they filtrate water current for food particles.

The average biomass of Arthropoda was at its highest in 2006–2007, coinciding with the introduction
of red king crab (Paralithodes camtschaticus) to the southern part of the Barents Sea, and in 2013–2016,
when the population of snow crab (Chionoecetes opilio) rose dramatically in the eastern part of the Bar-
ents Sea. The decrease in crustacean catches in recent years is most likely related to the spreading of snow
crab over a larger area and the beginning of fishing in the areas of its maximum concentrations in the eastern
part of the Barents sea in 2016 [48], where up to 8,000 tons of crab are caught annually.

It can be suggested that the decline observed in the biomass of Cnidaria and Echinodermata after
2014, was caused by predation and competition from the snow crab. Echinoderms and cnidarians are fre-
quently found in crab stomachs [54], which may indicate feeding on these animals by large populations
of snow crab.

Apart from a few exceptions, the Mollusca biomass tended to increase until 2016. Taking into account
only the area populated by snow crab, the average biomass of Mollusca has increased, while across the Bar-
ents Sea as a whole, biomass was stable, which suggests that snow crabs may have only a small influence
on the Mollusca biomass.
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Molluscs are one of the main macrobenthic groups in snow crab diet [54]. However, large molluscs with
strong shells, that could be caught by trawls, were not present in its diet, which suggests that the biomass
of large molluscs is driven by other factors.

Both methods used to calculate the inter-annual variation of the megabenthic production in the Bar-
ents Sea showed similar trends; however, the use of Manushin formula doubled the resulting values of pro-
duction. Using the mean biomass (27 kg·nm⁻¹), the annual P/B ratio was calculated to be 0.14 [11]
and 0.3 [37]. There is a difference between the P/B ratio calculated by the Degen et al. method in this paper
(0.14) and the value in the original article (0.15) [11]. This difference is explained by the selection of area
of the Barents Sea (see “Material and Methods”), exclusion of catches > 1 ton, and the longer research
period. It is assumed that the values obtained from the calculation with using the Manushin method [37]
are more realistic because his formula is based on taxonomic status and an individual average body weight
of ectothermic animals. It could be suggested that Degen et al. [11] calculations had not taken into ac-
count small-sized groups of animals, due to the low catchability of small animals by the Campelen trawl.
In Manushin formula [37], this underestimation is minimized because both available materials and author’s
own data are used to create production equation for a wide size range of animals. Similar results were
obtained in a study of scallop (Chlamys islandica) near the Kola Peninsula, being a similar megabenthos
size group, where P/B ratio was estimated to be 0.25 [13]. Comparing P/B ratio of macrobenthos (0.2–5.3;
mean (1.44 ± 0.06) [54]) and megabenthos (0.3), the level of megabenthic production seems to be realistic.

The boreal-Arctic boundary line in the Barents Sea (also called the biogeographical border between
the Arctic and boreal regions) has been known since the mid-XIX century, but without general consensus
of its position due to different criteria for setting the biogeographical boundaries [27].

The results from this research show that, in the current warm period, the majority of the Barents Sea
is in an intermediate state between the Arctic and boreal regions due to the wide distribution of boreal
species toward the north. Dynamics of BGI mean value within the central-southern part of the Barents Sea
(see Fig. 14) suggests that since 2013, a larger part of the Barents Sea could be characterized as a predomi-
nantly boreal intermediate area. Moreover, it is suggested that the shift in the boundary line between the Arc-
tic and boreal areas toward its most southern position in 2009–2011 may have been caused by the coldest
year prior to the research period (2003, i. e., six to eight years beforehand), resulting in the largest negative
anomaly for the megabenthos biomass.
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МЕГАБЕНТОС БАРЕНЦЕВА МОРЯ:
ПРОСТРАНСТВЕННО-ВРЕМЕННОЕ РАСПРЕДЕЛЕНИЕ

И ПРОДУКЦИОННАЯ ХАРАКТЕРИСТИКА
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Представлены результаты программы мониторинга мегабентоса Баренцева моря и сопредельных
акваторий, выполняемой Россией и Норвегией с 2005 г. Мегабентос является одним из важней-
ших компонентов донной составляющей экосистемы Баренцева моря, формируя значительную
долю живого вещества, включённого в пищевые цепи и систему экологических взаимоотноше-
ний. В частности, организмы мегабентоса играют существенную, а зачастую и определяющую роль
в питании донных рыб и ракообразных Баренцева моря, в том числе важнейших промысловых
видов: трески, пикши, камчатского краба, краба-стригуна опилио и др. Нередко представители
данной группы формируют специфические биотопы, определяющие условия существования мно-
жества других видов животных. Постепенное накопление знаний о мегабентосе позволит оценить
его роль в экосистеме и в конечном итоге поспособствует рациональному управлению ресурсами
Баренцева моря. Основная цель нашего исследования — описать пространственное распределе-
ние и выявить динамику биомассы и продукции мегабентоса в Баренцевом море. С 2005 г. в рам-
ках оценки запасов промысловых видов рыб и беспозвоночных проводится обработка прилова
мегабентоса из донных тралений. За 2005–2017 гг. выполнено 5016 траловых станций, обработа-
но 238,4 т валовой биомассы мегабентоса, просмотрено около 14,9 млн экз. животных. Матери-
ал собирали с помощью донного трала Campelen 1800 — низкоселективного активного сетного
орудия лова, выполненного из капроновой дели с шагом ячеи 125 мм, с мелкоячеистой сетной ку-
товой вставкой с размером ячеи 22 мм и резиновым грунтропом типа «рокхоппер» с диаметром
катков 40 см. Для удобства сравнительного анализа количественные параметры, представленные
в статье, рассчитывали на стандартную дистанцию траления в 1 морскую милю (nm). Обработку
материала проводили на борту судна непосредственно между постановками тралов. В ходе иссле-
дования зарегистрировано 694 вида мегабентоса; высокое видовое разнообразие зафиксировано
на глубинах 100–400 м, наибольшие средние значения биомассы и численности отмечены на глу-
бинах 600–800 м. Биомасса (B) и продукция (P) мегабентоса были стабильны на протяжении пер-
вых девяти лет исследований, но после 2014 г. появилась тенденция к их снижению. Значение
коэффициента P/B для мегабентоса оценивается на уровне 0,3. Предполагается, что предыдущие
исследования бентоса в Баренцевом море недооценивали вклад как минимум 694 видов из группы
мегабентоса в видовое богатство, валовую биомассу, численность и продукцию. Динамика биогео-
графического индекса (граница между бореальной и арктической зонами) в южной части Барен-
цева моря позволяет предположить, что с 2013 г. бόльшую часть моря можно охарактеризовать
как бореальную промежуточную область.
Ключевые слова: Арктика, Баренцево море, мегабентос, климат, Атлантическое течение,
продукция, видовое богатство
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Status of Mytilus galloprovincialis populations in the natural habitat is known to directly depend on de-
velopment of Black Sea mussel at all its stages, including initial stages of larval ontogenesis, which
are very sensitive to environmental pollution. Organic pollutants adversely affect mussel larvae by in-
hibiting their growth and development. Patterns of mussel reproduction are well studied, which makes
it possible to obtain larvae from artificially fertilized eggs of this mollusc species in controlled laboratory
conditions. In this work, the fatty acid composition of M. galloprovincialis larvae at the trochophore stage
on the 3ʳᵈ day in the control experiment and under artificial contamination with polychlorinated biphenyls
(PCBs) in different concentrations is studied for the first time. The fatty acid composition of total lipids
in the biomass of larvae obtained on the 3ʳᵈ day of the experiment was studied by means of gas chro-
matography – mass spectrometry. Totally, 14 fatty acids were identified in the samples; 59 % of them
were saturated fatty acids, 24 % were monounsaturated fatty acids, and 17 % were polyunsaturated fatty
acids. Statistical analysis was performed using Statistical Toolbox of MATLAB software (version 8.2).
The totals of monounsaturated and polyunsaturated fatty acids significantly differed in lipids of M. gal-
loprovincialis trochophores in the experiment with different PCB concentrations. The totals of saturated
fatty acids did not significantly differ. The major saturated fatty acids in all mussel trochophores stud-
ied were palmitic (C16:0) and stearic (C18:0) acids. Their concentration did not significantly change
under the exposure to PCBs. The main monounsaturated fatty acids were oleic (C18:1ω9), palmitoleic
(C16:1ω7), and vaccenic (C18:1ω7) acids. The fraction of monounsaturated fatty acids was twice as low
when exposed to the PCB concentrations 0.1 and 1.0 μg·L⁻¹. However, when the PCB concentration was
10 μg·L⁻¹, the total of these acids did not differ from the control. Among polyunsaturated fatty acids hav-
ing biological essentiality, it was possible to identify arachidonic (C20:4ω6), eicosapentaenoic (C20:5ω3),
and docosahexaenoic (C22:6ω3) acids. The total fraction of omega-3 and omega-6 acids in mussel larvae
in the control did not exceed 12.8 %. With an increase of the PCB concentration in the growth medium
0.1 to 1.0 μg·L⁻¹, the fraction of polyunsaturated fatty acids increased 2.5-fold. At the PCB concentration
10 μg·L⁻¹ and in the sample with pure acetone added, the total fraction of polyunsaturated fatty acids was
comparable with that in the control. The results of the study indicate that fatty acid response is the highest
when the medium is exposed to the PCB concentrations ranging 0.1 to 1.0 μg·L⁻¹. At the PCB concentra-
tions equal to 10 μg·L⁻¹ or higher, biochemical processes in larvae seem to slow down. The results of this
study will contribute to a better understanding of biochemical rearrangements that allow molluscs at larval
developmental stages to adapt to environmental pollution with organic xenobiotics.
Keywords: polychlorinated biphenyls, fatty acids, larvae, trochophore, mussel Mytilus galloprovincialis,
Black Sea
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The study of the effect of contamination of Mytilus galloprovincialis living in the natural conditions
of Sevastopol marine area and being cultivated in coastal marine farms has been the subject of a number
of works, focused mainly on adult mature individuals [11 ; 12 ; 19 ; 24 ; 31], as well as their gametes [7].

Mussels are known to be resistant to various types of pollution. Being filtrators, these molluscs ac-
tively accumulate pollutants in the organism. One of the most toxic environmental pollutants is organochlo-
rine compounds (hereinafter OCC). The widespread prevalence of OCC in Black Sea water determined
the pollution of natural mollusc populations in many marine areas off Sevastopol, since mussels accumu-
late hydrophobic OCC even with their relatively low concentration in seawater. In mussels from Martynova,
Karantinnaya, and Golubaya bays, the total concentration of polychlorinated biphenyls (∑PCB₆) varied
from 3.8 ng·g⁻¹ (hereinafter on wet weight) in gills to 459 ng·g⁻¹ in hepatopancreas [6]. In Laspi Bay, where
the anthropogenic impact is not so pronounced, OCC concentration was lower and ranged from 0.21 ng·g⁻¹
in gills to 10.3 ng·g⁻¹ in gonads [6]. OCC accumulation in mussel organs positively correlated with the con-
tent of total lipids in them [6]. Since embryos and larvae are the most sensitive stages of mussel ontogenesis,
the influence of pollutants can lead to inhibition and arrest of their growth [8]. Under experimental con-
ditions, chromosomal aberrations in cells under the influence of solutions of toxicants, such as surfactants,
on fertilized eggs have already been established [9]. A few years ago, we showed in vivo a positive correla-
tion of OCC concentration in water with pelagic eggs mortality and a negative correlation with the number
of fish larvae at early stages of postembryonic development [23].

The aim of this work was to determine fatty acid composition of trophophores of the cultivated mussel
M. galloprovincialis, grown under experimental contamination with polychlorinated biphenyls.

MATERIAL AND METHODS

The object of research was the bivalve molluscMytilus galloprovincialis Lamarck, 1819, taken in spring
2019 from collectors of a mussel-and-oyster farm located in Karantinnaya Bay water area (Sevastopol,
Crimean Peninsula). To prepare for the study, 150 spec. of mussel with a shell length of 7–10 cm were
selected. During that season, the molluscs were mainly at the spawning stage of development.

Larvae were obtained in laboratory conditions; the laboratory did not contain toxic fumes and gases.
The ambient temperature in the laboratory was (20 ± 2) °C. The indoor lighting was combined [5]. To clear
the digestive tract, 150 spec. of mussel were kept for 4 hours in filtered seawater, collected by a bathometer
in Karantinnaya Bay water area. In the mussel-and-oyster farm area, the total polychlorinated biphenyls
(hereinafter PCBs) concentration in water did not exceed 3 ng·L⁻¹, which corresponded to the average
value for the open areas of the Black Sea [6 ; 10].

Each mollusc was placed the umbo down in a 0.5-L glass beaker. The glassware for the experi-
ment was chemically clean. The seawater filtered through a membrane filter (with the pore size 3–5 μm)
and heated to +25 °C was poured into each glass beaker, so as to cover the upper edge of the mussel
cusps, thereby stimulating spawning [3]. The seawater, in which the larvae spawning and rearing took place,
had the following physiochemical characteristics: temperature +23…+25 °C; pH 8.1–8.3; Ca²⁺ concentra-
tion 210–290 mg·L⁻¹; Mg²⁺ concentration 460–640 mg·L⁻¹; salinity 18 ‰; dissolved oxygen saturation
in the surface water layer 100–110 %.

During the mollusc spawning, which occurred 4 hours after the stimulation, the eggs deposited
on the bottom in the form of bright orange sediment, and sperm was released into the water in the form
of a white cloud. After the isolation of gametes, the molluscs were removed from the glass beaker. The re-
sulting solutions with eggs were joined and transferred to a 3-L container. The solutions with sperm were
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collected in another 3-L container. Then, 10 mL of the mussel sperm solution was added to the egg con-
taining solution. Since the fertilization process is fast [16], the solution with fertilized eggs was dispensed,
3 minutes after joining the solutions, in five separate 1-dm³ reactors. A solution of PCB mixture in acetone
(Aroclor 1254, Supelco, USA) was added to 3 reactors. PCB concentrations in water of the reactors affect-
ing the larvae were 0.1, 1, and 10 μg·L⁻¹. Acetone was added to the 4ᵗʰ reactor in the same amount as in the re-
actors with the PCBs. The 5ᵗʰ reactor was a control one. The experiment was carried out in triplicate.

The temperature in the reactors for larvae growing was (20 ± 2) °C. The light in the reactors was both
artificial (fluorescent lamps) and natural. The combined illuminance measured with a Yu-116 lux meter
did not exceed 750 lx. Mussel larvae were grown for 3 days when they were fed endogenously. At this
stage, the development of the digestive system and the increase of the body cavity were only at the very
beginning [16].

Lipid extraction and production of fatty acid methyl esters. The fatty acid composition was studied
in total lipids isolated from the biomass of larvae obtained on the 3ʳᵈ day of the experiment (in vitro). To ob-
tain fatty acids, the larvae were separated from water by filtration through a filter with a pore size of 84 μm.
The larvae were thoroughly washed from the filter with several 5-ml portions of a mixture of ethanol : chlo-
roform (1 : 1). The resulting solution with 20 mL in volume was centrifuged for 10 minutes at 1500 rpm with
a double volume of distilled water. The lower chloroform layer was collected with a capillary. The chlo-
roform fraction was triply washed with water and evaporated on a rotary evaporator. After evaporation
of chloroform to saponify lipid residues, 5 mL of an alkaline methanolic solution (10 mL of a 3 N solu-
tion of NaOH mixed with 90 mL of 90 % methanol) were added into the flask. The resulting solution was
refluxed until complete saponification for two hours. After cooling, a few drops of a 1 % solution of phenol-
phthalein were added into the solution, and the extraction of unsaporifiable lipids was performed three times
with hexane. The water-alcohol phase was acidified with hydrochloric acid by adding 300 μL of 6 N HCl.
Then the repeated extraction of fatty acids was carried out with 3–4 portions of hexane, 5 mL each. The hex-
ane fraction was evaporated to dryness on a rotary evaporator at a temperature +30…+35 °C; 5 mL of a 3 %
solution of hydrogen chloride in methanol was added to the residue for methylation. The mixture was re-
fluxed for 2 hours; after cooling, it was subjected to triple extraction with hexane (5 mL each portion).
The hexane layer was filtered using an ashless filter. Before the determination of fatty acid methyl esters
(hereinafter FAME), the hexane fraction was stored for no longer than a day at a temperature +5 °C [4].

Identification of fatty acid methyl esters. FAME identification was performed at IBSS “Spectrometry
and Chromatography” core facility using a Crystal 5000.2 gas chromatograph (SKB “Chromatek”,Yoshkar-
Ola, Russia) with a quadrupole mass detector and a capillary column DB-5ms (“Agilent Technologies”)
30 m long, with the inner diameter of 0.25 mm and the film phase thickness of 0.25 μm. The measure-
ments were carried out in the electron impact ionization mode with a potential of 70 eV. The carrier gas
was helium; the flow rate was 1 ml·min⁻¹. The sample injection was carried out in the splitless mode. The in-
jector temperature was +280 °C. The column temperature was as follows: initial temperature +60 °C; delay
for 1 minute; temperature ramp 5 °C·min⁻¹ to +180 °C; temperature ramp 5 °C·min⁻¹ to +290 °C; final tem-
perature +325 °C maintained for 10 minutes. The volume of the sample injected was 1.0 μl. The FAME
identification was carried out in the total ion current. The FAME identification was carried out by com-
paring the relative retention time of the experimental chromatograms with that of the standard FAME
mixture chromatogram (Supelco 37 component FAME mix) and by matching the obtained mass spectra
of FAME – against the NIST 14 library counterparts with a degree of agreement exceeding 92 %. The cal-
culation of FAME percentage in the sample was carried out by the normalization to the sum of the peak
areas. The standard deviation of the output signal of the chromatograph did not exceed 6 % [15].
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Statistical data processing. For the statistical analysis, we used Statistical Toolbox package embedded
integrated in MATLAB software (version 8.2). Statistically significant differences between the samples were
determined using one-way ANOVA and the Tukey – Kramer post-hoc test.

RESULTS AND DISCUSSION

It is known that the level of PCB accumulation by mussels depends on many factors such as tissue fat,
mollusc size, and sexual maturation stage. It is individual differences of these factors that determine wide
ranges of variation in the concentration of organochlorine toxicants in individuals collected in one region.
Thus, PCB concentration in soft tissues of mussels in the sampling area varied 14 to 162 ng·g⁻¹ and averaged
68 ng·g⁻¹ (n = 24). A comparison of PCB levels in the mussels with the maximum permissible concentration
(2000 ng·g⁻¹ for the PCB according to the Technical Regulation of the Customs Union [13]), shows that
there is no hazard for humans in case of consumption of the cultivated mussels from the farm. Moreover,
according to the criteria established in the EU countries, the quality of mussels is ranked as very high, since
the values do not exceed the established threshold for PCB concentration of 250 ng·g⁻¹ [16].

In the experiments on the effect of environmentally significant PCB doses on mussel larvae, their re-
sponse to this kind of pollution was revealed, which manifested itself in the variation of the fatty acid
composition (Tables 1 and 2).

Table 1. Fatty acid fractions (% of the total) in trochophore lipids of mussel M. galloprovincialis grown
in a medium with different concentrations of polychlorinated biphenyls

Identified fatty acid Control PCBs concentration, μg·L−1
Acetone

0.1 1 10
Lauric (dodecanoic) (C12:0) 1.4 ± 0.6 0.6 ± 0.3 1.3 ± 0.4 1.0 ± 0.3 1.4 ± 0.5
Myristic (tetradecanoic) (C14:0) 6.2 ± 0.2 5.7 ± 0.6 7.7 ± 0.7 6.4 ± 0.4 6.5 ± 0.6
Pentadecanoic (C15:0) 4.4 ± 0.8 5.3 ± 1.1 8.5 ± 0.5 5.8 ± 0.2 4.7 ± 0.7
Palmitoleic (cis-9-hexadecenoic) (C16:1ω7) 11.0 ± 0.6 6.8 ± 0.6 7.0 ± 0.2 9.6 ± 0.4 10.8 ± 0.8
Palmitic (hexadecanoic) (C16:0) 29.3 ± 4.3 33.8 ± 0.4 30.1 ± 0.3 34.7 ± 0.6 31.7 ± 2.3
cis-10-heptadecenoic (C17:1ω7) 3.9 ± 1.5 1.2 ± 0.4 1.2 ± 0.2 1.4 ± 0.4 2.4 ± 1.5
14-methylhexadecanoic (anteiso-C17:0) 2.4 ± 0.5 1.8 ± 0.3 2.3 ± 0.2 2.0 ± 0.1 2.6 ± 0.8
Arachidonic (cis,cis,cis,cis-5,8,11,14-eicosatetraenic)
(C20:4ω6) 1.3 ± 0.2 20.5 ± 1.5 12.8 ± 0.6 3.3 ± 0.3 1.0 ± 0.4

Linoleic (cis,cis-9,12-octadecadienoic) (C18:2ω6) 2,2 ± 0,6 3.0 ± 0.3 4.8 ± 0.6 1.3 ± 0.4 1.6 ± 0.7
Oleic (cis-9-octadecenoic) (C18:1ω9) 14.4 ± 1.5 1.5 ± 0.2 1.2 ± 0.2 15.3 ± 0.4 14.6 ± 1.1
Vaccenic (cis-11-octadecenoic) (C18:1ω7) 2.4 ± 0.3 5.8 ± 0.3 5.7 ± 0.2 2.4 ± 0.3 2.5 ± 0.7
Sum of two isomers of octadecenoic acids 16.8 ± 1.8 7.3 ± 0.5 6.9 ± 0.4 17.7 ± 0.7 17.1 ± 1.8
Stearic (octadecanoic) (C18:0) 14.4 ± 0.5 8.1 ± 0.4 10.3 ± 0.3 9.2 ± 0.3 13.3 ± 0.5
Eicosapentaenoic (cis,cis,cis,cis,cis-5,8,11,14,17-
eicosapentaenoic, EPA) (C20:5ω3) 4.2 ± 0.6 3.0 ± 0.2 4.0 ± 0.1 4.6 ± 0.3 4.3 ± 0.3

Docosahexaenoic (cis,cis,cis,cis,cis,cis-4,7,10,13,16,19-
docosahexaenoic, DHA) (C22:6ω3) 2.4 ± 1.0 2.9 ± 0.2 3.1 ± 0.2 2.8 ± 0.4 2.5 ± 0.5

Total saturated fatty acids (SFA) 58.2 55.3 60.2 59.1 60.3
Total monounsaturated fatty acids (MUFA) 31.6 15.3 15.1 28.8 30.3
Total polyunsaturated fatty acids (PUFA) 10.2 29.4 24.7 12.1 9.5
Total unsaturated fatty acids (UFA) 41.8 44.7 39.8 40.9 39.8
Total SFA / total UFA ratio 1.4 1.2 1.5 1.4 1.5
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Table 2. Significant differences (denoted by pluses) in fatty acid composition of mussel M. galloprovincialis
trochophores as found from one-way ANOVA (df = 4) and Tukey – Kramer post-hoc test

Fatty acid
Pollutant

Control
Pollutant concentration,

F pconcentration, μg·L⁻¹
μg·L⁻¹ 0.1 1 10

Lauric

0.1 – – –

0.620 0.661 – – –
10 – – –

acetone – – – –

Myristic

0.1 – – –

1.81 0.201 – – –
10 – – –

acetone – – – –

Pentadecanoic

0.1 – – –

5.40 1.4·10⁻²1 + – –
10 – – –

acetone – + – –

Palmitoleic

0.1 + – –

13.32 5.1·10⁻⁴1 + – –
10 – – –

acetone – + + –

Palmitic

0.1 – – –

1.11 0.411 – – –
10 – – –

acetone – – – –

cis-10-heptadecenoic

0.1 – – –

1.48 0.281 – – –
10 – – –

acetone – – – –

14-methylhexadecanoic

0.1 – – –

0.58 0.681 – – –
10 – – –

acetone – – – –

Arachidonic

0.1 + – +

124 1.8·10⁻⁸1 + – +
10 – + +

acetone – + + –

Linoleic

0.1 – – –

6.80 6.6·10⁻³1 – – +
10 – – +

acetone – – + –

Oleic

0.1 + – +

71.3 2.6·10⁻⁷1 + – +
10 – + +

acetone – + + –
Continue on the next page…
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Fatty acid
Pollutant

Control
Pollutant concentration,

F pconcentration, μg·L⁻¹
μg·L⁻¹ 0.1 1 10

Vaccenic

0.1 + – +

23.1 4.9·10⁻⁵1 + – +
10 – + +

acetone – + + –

Stearic

0.1 + – –

41.2 3.5·10⁻⁶1 + – –
10 + – –

acetone – + + +

Eicosapentaenoic

0.1 – – –

3.52 5.0·10⁻²1 – – –
10 – – –

acetone – – – –

Docosahexaenoic

0.1 – – –

0.344 0.841 – – –
10 – – –

acetone – – – –

Total SFA

0.1 – – –

1.00 0.451 – – –
10 – – –

acetone – – – –

Total MUFA

0.1 + – +

37.3 5.6·10⁻³1 + – +
10 – + +

acetone – + + –

Total PUFA

0.1 + – +

65.5 3.9·10⁻⁷1 + – +
10 – + +

acetone – + + –
Note: “+” indicates significant differences (α = 0.05; n = 3); “–” indicates lack of significant differences (α = 0.05; n = 3);
F indicates Fisher’s F-test; p indicates probability. The components with significant differences are in bold.

It was found that in lipids of M. galloprovincialis trochophores the totals of monounsaturated fatty acids
(hereinafter MUFA) and polyunsaturated fatty acids (hereinafter PUFA) significantly differed. The to-
tal of saturated fatty acids (hereinafter SFA) did not statistically change. The main SFA were palmitic
(C16:0) (35–39 %) and stearic (C18:0) (8–14 %) acids. Saturated acids with a carbon number of 14 and 15
ranged 4 to 7 %. A relatively high level of SFA in trochophores is associated with high metabolic activity
of molluscs during the spring spawning [30]. For example, when studying a seasonal fatty acid composition
of the pearl oyster Pinctada fucata martensii, it was determined that the major SFA were myristic (C14:0),
palmitic (C16:0), and stearic (C18:0) acids. Myristic (C14:0) acid in animals is rarely the main component.
In our studies, its percentage varied 5.7–7.7 %.

The most common MUFA are represented by palmitoleic (C16:1ω7), oleic (C18:1ω9), and vaccenic
(C18:1ω7) acids. Palmitoleic (C16:1ω7) and oleic (C18:1ω9) acids are derivatives of palmitic (C16:0)
and stearic (C18:0) acids [14]. Vaccenic (C18:1ω7) acid is an isomer of oleic (C18:1ω9) acid,
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which is synthesized in animal cells (endoplasmic reticulum and mitochondria) from stearic (C18:0) acid
by the double bond formation. The presence of cis-vaccenic (C18:1ω7) acid, which is characteristic
of anaerobic bacteria [18], in trochophore samples indicates non-sterile experimental conditions.

The monounsaturated oleic (cis-9-octadecenoic) (C18:1ω9) acid, found by us in mussel trochophores,
has two possible origins: exogenous (via the digestion of diatoms) and endogenous (via the conversion
of palmitic (C16:0) and stearic (C18:0) acids) [20]. The increased content of irreplaceable oleic (C18:1ω9)
acid in mollusc trochophores may be due to its additional synthesis under the toxic effects of pollutants
in order to bind and detoxify xenobiotics [22]. An increase in the level of isomers of octadecenoic (C18:1)
acids may indicate an enhanced metabolism in larval cells [14].

The following PUFA were identified in trochophore lipids: arachidonic (C20:4ω6), eicosapentaenoic
(C20:5ω3), and docosahexaenoic (C22:6ω3) acids. The total fraction of omega-3 and omega-6 acids in mus-
sel larvae of the control experiment did not exceed 12.8 %. The concentration of the essential arachidonic
(C20:4ω6) acid in trochophores was not constant and varied over a wide range 1 to 21 %. For comparison,
the concentration of arachidonic (C20:4ω6) acid in gastropods reached 5.73 % [25]. As is known, liv-
ing organisms can synthesize arachidonic (C20:4ω6) acid from the essential omega-6-unsaturated linoleic
acid [1]. The biosynthesis of linoleic (C18:2ω6) acid can be carried out only in plants. Then, it is transferred
to animals through food chains. Since linoleic (C18:2ω6) acid was found in mussel larvae in almost every
sample, it can be assumed that it is necessary for the biosynthesis of arachidonic (C20:4ω6) acid at further
stages of the mollusc development. Arachidonic (C20:4ω6) acid is also a major component of membrane
phospholipids in animals. In addition, it is necessary for prostaglandin biosynthesis [29]. Probably, higher
levels of this fatty acid in trochophores are related to more intense synthesis of prostaglandins [21].

PUFA are involved in the adaptation of the organism to the environment. Most invertebrates are not
able to synthesize PUFA and get them with food, satisfying their needs for these essential components
to maintain normal functioning of the organism [28]. For example, docosahexaenoic (C22:6ω3) acid can
affect the activity of Na⁺/K⁺-ATPase, an enzyme of cell membranes that selectively pumps out sodium
ions from a cell and accumulates potassium ions in it. The difference in concentrations of monovalent
cations created by the enzyme is used for key reactions of vital activity: excitation of a nerve impulse
and water-salt metabolism and for the regulation of cellular metabolism [26]. In our study, the fraction
of eicosapentaenoic (C20:5ω3) acid in all samples was low and did not exceed 4.5 %, and the percentage
of docosahexaenoic (C22:6ω3) acid did not exceed 3.1 %. Since eicosapentaenoic (C20:5ω3) and docosa-
hexaenoic (C22:6ω3) acids are produced by phytoplankton [27 ; 29 ; 30], their low levels can most likely
be explained by the endogenous feeding of the larvae at the trochophore stage.

It is known that the environmental pollution by PCBs affects fatty acid composition [14]. Our exper-
iments showed that the total fraction of SFA in larvae exposed to the PCBs varied in a rather narrow
range 52.2 to 65.3 %. Accumulation of these acids indicates their participation in maintaining membrane
structure integrity [14]. The lowest percentage of stearic (C18:0) acid in the larvae was observed when
they were exposed to the PCB concentration 0.1 μg·L⁻¹. Under the effect of the PCB concentrations
1 and 10 μg·L⁻¹, the fractions of stearic (C18:0) acid practically did not differ, but became lower than
in the control and in the sample with acetone. This fact suggests that larvae reaction to the PCB appearance
in the medium was manifested in a decrease of the plasma membranes permeability, which could reduce
the toxic effect of the PCBs.

MUFA fraction decreased about 2-fold at the PCB concentrations 0.1 and 1 μg·L⁻¹, while PUFA fraction
increased about 2.5–3-fold at the PCB concentrations 1 and 0.1 μg·L⁻¹ and 1.3-fold at the PCB concentration
10 μg·L⁻¹.
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With a low PCB concentration 0.1 and 1 μg·L⁻¹, the proportion of octadecenoic acids (C18:1) decreased
more than 2-fold compared to the control experiment; at 10 μg·L⁻¹, their percentage was equal to the propor-
tions in the control. It is possible that at low PCB concentrations, a change in the MUFA proportion is caused
by several catalytic mechanisms, including peroxidation, in addition to the P450 cytochrome monooxyge-
nase pathway. Enzymes of cytochrome P450 system hydroxylate C-H bonds of substrates and catalyze
omega-oxidation of saturated fatty acids and peroxidation of unsaturated fatty acids [14]. Prior to the devel-
opment of digestive organs, trochophores are fed endogenously, while fatty acids are used mainly to form
biomembranes and storage lipids [14 ; 16 ; 17 ; 25].

The change in MUFA and PUFA proportions with an almost constant fraction of SFA under the ef-
fect of PCBs is associated with the protective function of unsaturated fatty acids in the larval organism.
It is explained by the fact that the synthesis of unsaturated fatty acids proceeds from SFA. PUFA, for ex-
ample, have lower melting points compared to saturated acids and form a looser lipid bilayer structure.
The asymmetric structure and melting point are two characteristics of polyenes, which increase fluidity
of biological membranes and determine high metabolic activity of membrane enzymes [14]. The effect
of pollutants can affect resistance and tolerance of cultivated organisms directly, especially at an early stage
of ontogenesis, or indirectly, through changes in material and energy flows in the ecosystem [2].

An increase in the concentration of arachidonic (C20:4ω6) acid from 1.3 % in the control to 20.5 %
when exposed to the PCB concentration 0.1 μg·L⁻¹ is also explained by its ability to act as a hormone,
activating cell receptors, while playing an important role in immune response. At higher PCB concentrations
(1 and 10 μg·L⁻¹), the fraction of arachidonic (C20:4ω6) acid decreases, which indicates its intensive use
in enzymatic processes [14].

Conclusion. The data obtained allow us to conclude that the type and composition of fatty acids in mus-
sel trochophores changed depending on the level of PCB pollution of mollusc habitat. The fraction of SFA
(for example, stearic (C18:0) acid) and octadecenoic (C18:1) acid isomers decreased sharply when ex-
posed even to the PCB concentration 0.1 μg·L⁻¹, although the total SFA fraction was practically unchanged
at the PCB concentrations 0 to 10 μg·L⁻¹, and the fraction of octadecenoic (C18:1) acid isomers increased
almost 3-fold with an increase in PCB concentration to 10 μg·L⁻¹. This tendency is associated with struc-
tural features of both larvae cell membranes and SFA and MUFA molecules. On the contrary, the fraction
of PUFA, for example, arachidonic (C20:4ω6) acid, increased under the effect of the PCB concentration
0.1 μg·L⁻¹, which is probably due to its ability to act as a hormone in immune response.

The results of the work can be used in the management of production processes in mollusc farms.
A study of the dose-dependent effect of the PCBs on the ratio of SFA, MUFA, and PUFA in mussel larvae
tissues can contribute to a better understanding of biochemical rearrangements that allow molluscs to adapt
to the effects of adverse environmental factors.

This work was carried out within the frameworks of government research assignment of IBSS “Fun-
damental studies of the population biology of marine animals, their morphological and genetic diversity”
(no. АААА-А19-119060690014-5), “Molismological and biogeochemical fundamentals of homeostasis of marine
ecosystems” (no. АААА-А18-118020890090-2), and “Investigation of the mechanisms of controlling production
processes in biotechnological complexes with the aim of developing the scientific foundations for the production
of biologically active substances and technical products of marine genesis” (no. АААА-А18-118021350003-6).
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СОСТАВЖИРНЫХ КИСЛОТ
В ТРОХОФОРАХМИДИЙMYTILUS GALLOPROVINCIALIS,

ВЫРАЩЕННЫХ В УСЛОВИЯХ ЗАГРЯЗНЁННОСТИ ПОЛИХЛОРБИФЕНИЛАМИ

Л. Л. Капранова, Л. В. Малахова, М. В. Нехорошев, В. В. Лобко, В. И. Рябушко

Федеральный исследовательский центр «Институт биологии южных морей имени А. О. Ковалевского РАН»,
Севастополь, Российская Федерация

E-mail: lar_sa1980@mail.ru

Состояние черноморских популяцийMytilus galloprovincialis в естественной среде обитания напря-
мую зависит от развития мидии на всех стадиях, в том числе на начальных стадиях личиночных
форм, наиболее чувствительных к загрязнению окружающей среды. Поллютанты органического
происхождения оказывают негативное влияние на личинки моллюска, проявляющееся в торможе-
нии их роста и развития. Закономерности размножения мидии хорошо изучены, что даёт возмож-
ность получать в контролируемых лабораторных условиях личинки из искусственно оплодотво-
рённых яйцеклеток этого вида моллюсков. В работе впервые исследован жирнокислотный состав
общих липидов, выделенных из биомассы тканей личинокM. galloprovincialis на стадии трохофоры
в контроле и после их трёхдневной экспозиции в среде с добавлением различных концентраций по-
лихлорбифенилов. Жирнокислотный состав суммарных липидов в биомассе личинок, полученных
на третьи сутки эксперимента, исследовали методом хромато-масс-спектрометрии. Всего иденти-
фицировано 14 жирных кислот: 59 % из них относились к насыщенным, 24 % — к моноеновым,
17 % — к полиеновым. Для статистического анализа использовали программу MATLAB (версия
8.2). В условиях проведённого эксперимента в липидах трохофор M. galloprovincialis достоверно
отличались значения суммы мононенасыщенных и полиненасыщенных жирных кислот. Сумма на-
сыщенных жирных кислот статистически значимо не изменялась. Основными насыщенными жир-
ными кислотами во всех исследуемых трохофорах мидий являлись пальмитиновая (C16:0) и стеа-
риновая (C18:0). Их концентрации значительно не изменялись под действием полихлорбифенилов.
Наиболее значимые мононенасыщенные жирные кислоты — олеиновая (C18:1ω9), пальмитолеи-
новая (C16:1ω7) и вакценовая (C18:1ω7). Содержание мононенасыщенных жирных кислот пони-
жалось вдвое при действии полихлорбифенилов с концентрациями 0,1 и 1 мкг·л−1; при концентра-
ции полихлорбифенилов 10 мкг·л−1 суммарное содержание этих кислот было равно таковому в кон-
троле. Среди полиненасыщенных жирных кислот, обладающих положительной биологической ак-
тивностью, были идентифицированы арахидоновая (C20:4ω6), эйкозапентаеновая (C20:5ω3) и до-
козагексаеновая (C22:6ω3). Суммарное содержание Омега-3 и Омега-6 кислот в личинках мидий
в контрольном опыте не превышало 12,8 %. С увеличением концентрации полихлорбифенилов
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в среде выращивания трохофор с 0,1 до 1 мкг·л−1 концентрация полиненасыщенных жирных кис-
лот повышалась в 2,5 раза. При концентрации полихлорбифенилов 10 мкг·л−1 и в пробе с ацетоном
суммарное содержание полиненасыщенных жирных кислот было сопоставимо с таковым в кон-
трольном опыте. Результаты исследования свидетельствуют о том, что жирнокислотный отклик
трохофор мидий M. galloprovincialis максимален при воздействии концентраций полихлорбифе-
нилов от 0,1 до 1 мкг·л−1. При концентрации загрязнителей 10 мкг·л−1 и выше биохимические
процессы в личинках, по-видимому, замедляются. Результаты данного исследования могут спо-
собствовать лучшему пониманию перестроек, позволяющих моллюскам на личиночных стадиях
развития адаптироваться к условиям загрязнения среды обитания органическими поллютантами.
Ключевые слова: полихлорбифенилы, жирные кислоты, личинки, трохофора, мидия Mytilus
galloprovincialis, Чёрное море
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The effect of extremely low frequency electric and magnetic fields (ELF-EMF) on plants and animals
including humans is quite a contentious issue. Little is known about ELF-EMF effect on hydrobionts, too.
We studied the effect of square voltage waves of various amplitude, duration, and duty cycle, passed
through seawater, on Trichoplax organisms as a possible test laboratory model. Three Placozoa strains,
such as Trichoplax adhaerens (H1), Trichoplax sp. (H2), and Hoilungia hongkongensis (H13), were used
in experiments. They were picked at the stationary growth phase. Arduino Uno electronics platform
was used to generate a sequence of rectangular pulses of given duration and duty cycle with a fre-
quency up to 2 kHz. Average voltage up to 500 mV was regulated by voltage divider circuit. Am-
lodipine, an inhibitor of calcium channel activity, was used to check the specificity of electrical pulse
effect on voltage-gated calcium channels in Trichoplax. Experimental animals were investigated under
a stereo microscope and stimulated by current-carrying electrodes placed close to a Trichoplax body.
Variations in behavior and morphological characteristics of Trichoplax plate were studied. Stimulating
and suppressing effects were identified. Experimental observations were recorded using photo and video
techniques. Motion trajectories of individual animals were tracked. Increasing voltage pulses with fixed
frequency of 20 Hz caused H2 haplotype individuals to leave “electrode zone” within several minutes
at a voltage of 25 mV. They lost mobility in proportion to voltage rise and were paralyzed at a voltage
of 500 mV. Therefore, a voltage of 50 mV was used in further experiments. An animal had more chance
to move in various directions in experiments with two electrodes located on one side instead of both sides
of Trichoplax. Direction of motion was used as a characteristic feature. Trichoplax were observed to mi-
grate to areas with low density of electric field lines, which are far from electrodes or behind them. Ani-
mals from old culture were less sensitive to electrical stimulus. H2 strain was more reactive than H1 strain
and especially than H13 strain; it demonstrated stronger physiological responses at frequencies of 2 Hz
and 2 kHz with a voltage of 50 mV. Motion patterns and animal morphology depended on the dura-
tion of rectangular stimulation pulses, their number, amplitude, and frequency. Effects observed varied
over a wide range: from direct or stochastic migration of animals to the anode or the cathode or away
from it to their immobility, an increase of optical density around and in the middle of Trichoplax plate,
and finally to Trichoplax folding and detach from the substrate. Additional experiments on Trichoplax sp.
H2 with pulse duration of 35 ms and pulse delay of 1 ms to 10 s showed that the fraction of paralyzed
animals increased up to 80 % with minimum delay. Nevertheless, in the presence of amlodipine with
a concentration of 25 nM, almost all Trichoplax remained fast-moving for several minutes despite expo-
sure to voltage waves. Experimental animals showed a total discoordination of motion and could not leave
an “electrode trap”, when amlodipine with a concentration of 250 nM was used. Further, Trichoplax plate
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became rigid, which appeared in animal shape invariability during motion. Finally, amlodipine with a con-
centration of 50 μM caused a rapid folding of animal plate-like body into a pan in the ventral-dorsal
direction and subsequent dissociation of Trichoplax plate into individual cells. In general, the electrical
exposure applied demonstrated a cumulative but a reversible physiological effect, which, as expected,
is associated with activity of voltage-gated calcium channels. Amlodipine at high concentration (50 μM)
caused Trichoplax disintegration; at moderate concentration (250 nM), it disrupted the propagation of ac-
tivation waves that led to discoordination of animal motion; at low concentration (25 nM), it prevented
an electric shock.
Keywords: rectangular electric pulses, Trichoplax, Placozoa, voltage-gated calcium channels

Electromagnetic radiation in the range from units to several thousand Hz does not have a direct thermal
effect on living tissue, but influences indirectly on certain cellular mechanisms and causes corresponding
physiological effects [18 ; 29]. It was found that extremely low frequency electric and magnetic fields (here-
inafter ELF-EMF) can induce gene expression [41 ; 48] and cause cell proliferation [43]. Laboratory stud-
ies showed that ELF-EMF affect cell membranes and ion channels [22], especially voltage-gated calcium
channels [12].

It is of interest that calcium channel blockers significantly reduce various effects of ELF-EMF [26].
In addition, biophysical properties of voltage-gated channels can explain molecular mechanisms of ELF-
EMF biological effects. For example, a downward regulatory cellular response to such effects can be medi-
ated through Ca²⁺/calmodulin stimulation of nitric oxide (NO) synthesis, while physiological reactions may
be a result of stimulation of NO-dependent cGMP protein kinase G, and pathophysiological processes may
result from NO-peroxynitrite oxidative stress. Other Ca²⁺-mediated regulatory pathways, non dependent
of nitric oxide, have been also described [11 ; 16 ; 25].

There are several types of calcium channels: high-, intermediate-, and low-voltage-activated calcium
channels [27]. L-, P- and N-type calcium channels are activated at high values of membrane potential. Four
proteins with many isoforms Caᵥ1.1–Caᵥ1.4 belong to L-type channels, encoded in humans by CACNA1S,
CACNA1C, CACNA1D, and CACNA1F genes; they are expressed mainly in skeletal muscle and are respon-
sible for the contraction of cardiac and smooth muscles [21]. P- and N-type channels are represented in neu-
rons by Caᵥ2.1 and Caᵥ2.2 proteins, respectively; they are responsible for the release of neurotransmitters.
R-type calcium channels, intermediate-voltage-activated ones, include Caᵥ2.3 protein family [24 ; 35]. Low-
voltage-activated channels are of T-type. Cells with pacemaker activity possess them, for example human
pacemakers [5]. These channels are represented by Caᵥ3.1–Caᵥ3.3 proteins and are encoded by CACNA1G,
CACNA1H, and CACNA1I genes, respectively [46]. The obvious role of T-type Caᵥ3 channels is manifested
in cellular excitability, where their low activation voltages make it easy to depolarize the membrane. T-type
channels also play a role in triggering exocytosis mechanism in vertebrates and invertebrates [32 ; 45].
Caᵥ3 channels are present in primitive animals and in unicellular organisms [23 ; 40].

Members of the phylum Placozoa, in particular Trichoplax adhaerens [30], can be a useful model
for studying ELF-EMF effects. Trichoplax has a body of irregular shape (its size is about 1 mm);
it is formed by two layers of epithelium with a doughy cell layer between them. This tiny marine animal
is built of six basic cell types [7 ; 39]. Trichoplax aroused interest in terms of minimum requirements
for metazoa after F. E. Schulze made an initial description in 1883 [31]. The lack of organs symme-
try, nerve and muscle cells, basal plate, and extracellular matrix did not leave doubts about the anciend
origin of Trichoplax. However, despite the primitive structure, these animals are able to coordinate mo-
tion activity during feeding [37] and demonstrate chemotaxis [13], confirming the existence of complex
mechanisms of intercellular interaction and integration. Rapid rhythmic contractions of Trichoplax dor-
sal epithelium were found [30], and animal motion model based on Voronoi diagrams was proposed [38].
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Structure, function, and ionic selectivity of a single T-type calcium channel from Trichoplax (TCaᵥ3) were
characterized using the patch-clamp technique after cloning it in HEK-293T human kidney embryonic
cells [36]. Taking into account the fact that Caᵥ channels play a decisive role both in intracellular and inter-
cellular signal transmission [23] and the fact that Trichoplax has in its genome a complete set of Cav1, Cav2,
and Cav3 genes encoding Caᵥ channels [15 ; 40], it became possible to study molecular targets and mecha-
nisms underlying ELF-EMF effects on multicellular organisms.

The aim of this work was to study Trichoplax response to sequences of square-shaped pulses that sim-
ulate the effects necessary for opening the calcium channels in vivo. Rectangular pulses were chosen to in-
fluence Trichoplax because they cause greater effects on biological objects than vibrations of any another
shape. We also found it appropriate to use square waves as an idealized, “discrete” model of electromagnetic
radiation.

MATERIAL AND METHODS

Cultivation. Three Placozoa strains were used in experiments, such as Trichoplax adhaerens (hap-
lotype H1), Trichoplax sp. H2 (haplotype H2), and Hoilungia hongkongensis (haplotype H13), of which
the last strain can be attributed to a separate species [8 ; 9]. Animals were cultivated in glass Petri dishes
with a diameter of 90 cm on mats of unicellular green alga Tetraselmis marina in artificial seawater (ASW,
Red Sea Salt, Red Sea Fish Pharm LTD, Israel) with a salinity of 35 ‰ at a temperature of +25 °C ac-
cording to the standard protocol [17]. Seawater was replaced at least once a week. The pH value was
maintained in the range of 7.8 to 8.0. One hour before the start of the experiment, animals were placed
in ASW on plastic dishes without algae.

Amlodipine preparation. Dihydropyridine derivative amlodipine (C₂₀H₂₅ClN₂O₅, 3-O-ethyl 5-
O-methyl 2-(2-aminoethoxymethyl)-4-(2-chlorophenyl)-6-methyl-1,4-dihydropyridine-3,5-dicarboxylate
as besylate, Teva) was added in 96 % ethanol or in water (ASW), and the concentration was calculated
according to the solubility of this compound in those solvents.

Electrical stimulation. To generate a sequence of rectangular pulses of given duration and duty cycle,
standard Arduino Uno R3 platform based on 8-bit AVR microcontroller ATmega328P was used. LED1 was
used for visual control; a diode (D1, 1N4001) was connected in series with resistors R1 and R2 to prevent
accidental short circuit. The average voltage value was adjusted from +10 mV to +1.5 V on voltage divider
using potentiometer R2 (10 kΩ), as shown in Fig. 1. The electrodes were placed in seawater near the animal’s
body at a distance of about 1 mm from each other. We used plastic or wooden sticks, or metal electrodes
disconnected from the controller as a base test of possible influence of foreign objects on animal behavior.

Software meander. Pulse duration and delay (duty cycle) were set by a program in the range of 0.5 ms
to 10 s; the program was executed on the controller in an infinite loop (see supplementary file No. 1:
https://doi.org/10.21072/mbj.2020.05.2.05). Conversion of time intervals (ms) into frequency (Hz) was
carried out taking into account that 1 Hz corresponds to 1000 ms. To create packages of square-shaped
pulses with changing duration and delay inside the package, incremental and decremental program cycles
with a step of 1 ms were used (see supplementary file No. 2: https://doi.org/10.21072/mbj.2020.05.2.05).

Microscopy and data processing. The animals were stimulated with electric current under ZEISS
Stemi 305 stereo microscope at magnifications ×8 and ×40. Variations in behavior (motion activity, direc-
tion, and trajectory) and morphological characteristics of the body (opalescence, shape) were evaluated.
Stimulating and suppressing effects, i. e. leading to speed up of animal motion activity or to its retarda-
tion, shock, and paralysis, were identified. Trichoplax structure was studied under Nikon Eclipse Ts2R
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inverted microscope with DIC optics at maximum magnification ×600. Images and behavioral activity of an-
imals were documented using photo and video techniques. The video was processed using FFmpeg utility
on Huawei FusionServer RH2288 V3. Trichoplax motion trajectories were tracked using ImageJ wrMTrck
plugin (National Institutes of Health, USA) on Dell Precision T5810 graphics station.

Fig. 1. Electronic circuit for Trichoplax electrical stimulation

RESULTS
Culture growth dynamics. Trichoplax culture was at the state of adaptation to new conditions for sev-

eral days, showing no rise in number and size of individuals, after animals placement on fresh algal mats.
Trichoplax began to grow with subsequent division after this lag phase. At the next stage, which corresponds
to the exponential phase of the culture growth, Trichoplax grew actively and split in half once every 3–4 days
by forming a constriction in cell division with a fall in the size of daughter individuals. Entry into the sta-
tionary phase of the culture growth was observed after 2–3 weeks, and it was accompanied by a twofold
decrease in the average size of animals and by a sharp slowdown in the growth rate of their number. We
observed decreasing size of individuals, change in their shape (elongation or, conversely, formation of small
spheres detaching from the substrate and floating), as well as death of animals in old cultures. Therefore, Tri-
choplax were transplanted on fresh algal mats in the amount of 10–20 individuals per dish after 5–6 weeks
of growth, and the cultivation process was repeated. In common, animals selected at the stationary phase
of the culture growth were used.

Single electrode experiments. No pronounced reaction of animals to foreign objects was observed
in tests in which small plastic, wood, or metal rods were applied. The animal usually moved away from an
electric stimulus by a distance of one to three sizes of its body (1–3 mm) and continued to move slowly
in a random direction, when electrodes connected to Arduino Uno controller, one of which (anode or cath-
ode) setting near Trichoplax (H2 strain) and the other one at a considerable distance (more than 1 cm), were
used. Trichoplax ran away immediately with pulse duration of 100 ms and a delay of 1 ms; they crawled
away from the electrodes with a pause of several tens of seconds in the case of a delay of 1 s. It was noted that
experimental animals taken from the old culture were less sensitive to an electric stimulus, which appeared
in an increase in time of reaction delay and in a decrease in the distance they moved.

Морской биологический журнал Marine Biological Journal 2020 vol. 5 no. 2



54 A. V. Kuznetsov, O. N. Kuleshova, A. Yu. Pronozin, O. V. Krivenko, and O. S. Zavyalova

Two electrodes experiments. Trichoplax showed motion activity: it began to “explore” the space, ap-
proaching the electrodes and moving away from them, until it found a “comfortable” position in result-
ing weak electric field, when two rods made of metals with different electrochemical potential, forming
a galvanic pair near the animal, were placed (Fig. 2).

Fig. 2. Electric field lines in “electrode trap” for Trichoplax: (a) “electrode zone” with electrode gap no more
than 1 mm; (b) immobilization zone corresponds to oneTrichoplax body size (1 mm) from the center of the trap;
(c) intermediate zone; (d) zone away from electrodes; (e) “comfort zone” just behind the electrodes (see the text
for details)

Trichoplax avoided the cathode, when a direct current source (of 200 mV) was used, but did not ap-
proach the anode, crawling to the side and sometimes wandering between the electrodes. In case the animals
crawled too close to the anode, they remained near it and wrinkled after a while. Reaction rate and motion
direction depended largely on the initial position of the animal and the distance between the electrodes.
A voltage of 1.2 V was lethal for the animals, i. e. they were paralyzed, radically changed their morphology,
detached from the substrate, and subsequently desagregated.

Test studies were carried out in seawater with a salinity of 35 ‰, using pulse duration and delay of 35 ms
(~ 30 Hz) with an average voltage of 50 mV. It is of interest that in the case of an industrial frequency
(of 50 Hz), Trichoplax did not substantially change their morphology; they began to move, preferred the an-
ode, crawled away from the electrodes, sometimes came back, and again moved away from the electrodes.

Voltage effect on Trichoplax was estimated by varying pulse amplitude using voltage divider at a fixed
frequency of 20 Hz (see supplementary file No. 1: https://doi.org/10.21072/mbj.2020.05.2.05). The main
evaluation criterion was the fraction of immobilized animals that did not leave the “electrode zone”
within a few minutes. An additional criterion was pathological changes in the morphology of animals,
such as the thickness of the rim of plate, rounding of the shape and reduction of opalescence. Their frac-
tion increased in proportion to voltage rise (Fig. 3). Eventually, almost all animals left the “electrode zone”
at a voltage of 25 mV, and they remained, on the contrary, within its boundaries, acquiring pathological signs
at a voltage of 500 mV, although the intact features were recovered the next day after exposure withdrawal.
A voltage of 50 mV was used in further experiments based on the results obtained.

We used mostly two active electrodes located in close proximity on both sides of Trichoplax plate.
As one of effective options, pulses with a duration of 100 ms and a delay of 1 ms to 10 s were applied.
For the experiments, 139 animals of H2 strain were used. We observed immobilization of animals, opacity
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Fig. 3. Fraction of immobilized Trichoplax sp. H2 versus active animals at various voltage values
of rectangular pulses at a frequency of 20 Hz. Totally 59 animals were used in the experiment

along the plate periphery and in its center with a subsequent reduction in size and wrinkling or folding
ofTrichoplax for different duty cycle values in 67 % of cases on average. These changes in physiological state
and morphology of animal were not fatal. Trichoplaxes recovered several tens of minutes after the stimulus,
which was became apparent in their flattening on the substrate and acquiring motion activity.

Probability of leaving the zone of stimulating electrodes increased in experiments with two electrodes
located on one side of the plate. Moreover, the animal had the opportunity to move in different directions.
This fact was later used as a characteristic feature for different strains. An average of 56 % of Trichoplax
remained in immobilization zone near the electrodes.

In order to clarify the data obtained, an additional series of experiments was conducted on 121 an-
imals using two significantly different duty cycle values, namely a delay of 1 ms and 1 s, with a pulse
duration of 100 ms. In the case of placing the electrodes on both sides of Trichoplax plate, the fraction
of animals crawled out from the zone of exposure was insignificant and amounted to 30 % with a delay
of 1 ms and 52 % – with a delay of 1 s. The fraction of runaway animals was greater and amounted to 47 %
for each pulse delay of 1 ms and 76 % – of 1 s, when the electrodes were placed on one side of Trichoplax
plate (Fig. 4). It should be noted that in the experiments with two electrodes on both sides of the animal, Tri-
choplax took time to “decide” in which direction to crawl out of the “electrode trap”. More often Trichoplax
moved toward greater part of its body, located outside the electrodes.

Different Trichoplax strains testing. Various animal behavior patterns were revealed for different
Trichoplax strains in comparative experiments on the effects of rectangular pulses with an average volt-
age value of 50 mV, a duty cycle of 0.5, and a frequency of 2 Hz and 2 kHz. The number of individu-
als moving from the anode to the cathode or vice versa – from the cathode to the anode – was counted.
In the experiments, 143 individuals of Trichoplax were used. Of them: H1 strain – 51; H2 strain – 47;
H13 strain – 45 individuals. The animal had to get out of the “electrode trap” – two electrodes on opposite
sides of the body – in each experiment (Fig. 22). Long-term monitoring of shape change and Trichoplax
trajectory was carried out (see supplementary file No. 3: https://doi.org/10.21072/mbj.2020.05.2.05).

Морской биологический журнал Marine Biological Journal 2020 vol. 5 no. 2

https://doi.org/10.21072/mbj.2020.05.2.05


56 A. V. Kuznetsov, O. N. Kuleshova, A. Yu. Pronozin, O. V. Krivenko, and O. S. Zavyalova

Fig. 4. Fraction of active Trichoplax sp. H2 versus immobilized animals at pulse duration of 100 ms and de-
lay of 1 ms or 1 s; white color indicates the electrodes on one side of Trichoplax plate; gray color indicates
the electrodes on opposite sides of Trichoplax plate. Totally 121 animals were used in the experiment

Trichoplaxes of H1 and H13 strains moved toward a low density of the lines of electric field intensity
and sometimes stretched out along these imaginary lines (Fig. 5). Animals of H2 strain crawled to the op-
posite side of electrodes – to the “comfort zone” with a low density of lines of electric field strength –
without significant moving away from the electrodes (Table 1). In most cases, individuals of H1 strain
leaved the electrodes along an elongated path and often crawled behind one of the electrodes into the “com-
fort zone” at a low frequency (of 2 Hz). Animals of H2 strain preferred to move beyond the cathode,
although sometimes they wandered between the electrodes and eventually crawled a short distance or left
the anode. Representatives of H13 strain more often leaved the anode towards the cathode and moved
beyond it. When using a high frequency (of 2 kHz), individuals of H1 strain preferred the anode, often
remained in the “electrode zone”, lost their motion activity, and wrinkled. Individuals of H2 strain quickly
crawled to the anode or remained close to the electrodes, which often led to their immobilization. Indi-
viduals of H13 strain usually leaved the anode and moved to the cathode and crawled behind the cathode.
Reaction lag, immobilization, and wrinkling at a frequency of 2 kHz were also observed for them.

Table 1. Behavioral patterns of Trichoplax between electrodes when exposed to rectangular pulses of various
frequencies

Haplotype
Rectangular pulse frequency

2 Hz 2 kHz

H1 moves remotely
behind one of the electrodes

moves away from the cathode towards the anode
or remains in the area of the electrodes

H2 wanders between the electrodes,
moves behind the cathode or anode, crawls away

approaches the anode quickly,
wanders, stays close to the electrodes

H13 crawls off the anode
and sometimes behind the cathode

distinctly leaves the anode,
crawls behind the cathode
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Fig. 5. Change of Trichoplax adhaerensH1 shape and motion trajectory from the “electrode trap”: (a) seeking
activity and elongation of Trichoplax along the line of electric field intensity; the directed motion of Trichoplax
into the “comfort zone” located: (b) behind the anode, (c) far from the electrodes, and (d) behind the cathode.
Arrows demonstrate Trichoplax motion direction; numbers in the figure indicate identification code assigned
to the animal; “+” is the anode; “−” is the cathode; every bar length = 1 mm; graphic insert in the upper left
corner explains the image

Experiments in the modes of calcium channels functioning. In order to presumably open Trichoplax
calcium channels TCaᵥ3 in vivo, we used rectangular pulses with an average voltage of 50 mV, a duty
cycle of 0.5, and frequencies of 2.5 Hz, 5 Hz, and 2 kHz. Frequencies are borrowed from [3 ; 20 ; 33].
Significant differences in the effects were found at frequencies of 2.5 Hz and 2 kHz. Trichoplax did not
change the morphology, slowly crawled from the anode toward the cathode and moved beyond the cathode
at a frequency of 2.5 Hz. On the contrary, Trichoplax mainly moved to the anode at a frequency of 2 kHz,
but did not move far from the electrodes, changed the bulk tissue from transparent and shiny to opaque
and dark, ultimately decreased in size, twisted, and detached from the substrate.

When applying the frequencies used in the patch-clamp technique [33], that is pulse duration and delay
of 2 ms (500 Hz) or 500 ms (2 Hz), Trichoplax in the case of a frequency of 2 Hz did not change visible
morphology and crawled from anode to the cathode, and in the case of a frequency of 500 Hz, they mainly
moved from the cathode behind the anode or remained stationary and twisted.

In order to presumably open Trichoplax calcium channels TCaᵥ3 in vivo, we used rectangular pulses
with average voltage of 10 to 120 mV, corresponding to delays of 10 s to 1 ms. Pulse duration was of 35 ms,
as in [36]. To assess cumulative TCaᵥ3 channel-mediated effect of square-shaped pulses on Trichoplax sp.
H2, delays of 1 ms to 10 s were used. Physiological effect of total pulses action was revealed after several
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tens of seconds and looked like a dependence of animal mobility on the duty cycle in pulses sequence.
The fractions of paralyzed animals were high – 78 and 80 % for delays of 1 and 10 ms, respectively, at low
duty cycle, i. e. high frequency and large number of incoming signals (Fig. 6). As the duty cycle increased,
the fractions of paralyzed Trichoplax decreased up to 44 % and 17 % in the case of one pulse per 1 s and one
pulse per 10 s, respectively. Immobilized Trichoplax were absent in control experiments without electrical
exposure.

Fig. 6. Fraction of immobilized Trichoplax sp. H2 versus active animals at pulse duration of 35 ms and delay
of 1 ms to 10 s. Totally 65 animals were used in the experiment

Calcium channels blocking. Amlodipine, an inhibitor of the activity of Trichoplax voltage-gated
calcium channels TCaᵥ3, was used to prove the specificity of pulse currents effect on these channels.

In the presence of a small amount of amlodipine (25 nM), despite exposure to electric pulses of a du-
ration of 35 ms with a delay of 10 ms, almost all Trichoplax (H2 strain) retained their native morphology
and mobility for several minutes, preferring to move to the anode and then to leave it, which indicated
the prevention of electric shock, observed at low duty cycle (Fig. 6). To identify possible targets, we exposed
Trichoplax to rectangular pulse packages of variable width and duty cycle with a step of 1 ms, covering a fre-
quency range of 1 Hz to 1 kHz (see supplementary file No. 2: https://doi.org/10.21072/mbj.2020.05.2.05).
Immobilization of animals and formation of pans were observed, and their fraction decreased in the pres-
ence of 25 nM of amlodipine. However, all Trichoplax dissociated on individual cells under amlodipine
treatment after several hours.

Effect of large doses of amlodipine on Trichoplaxwas studied in final series of experiments. Amlodipine
at a concentration of 50 μM caused a rapid folding of Trichoplax plate-like body into a pan in the ventral-
dorsal direction and subsequent dissociation of the plate into individual cells (Fig. 7). The pan formation
continued for several minutes with amlodipine concentration reducing to 2.5 μM, which made it possible
to register motion of the animals to the anode with a duration and a delay of pulses of 35 ms each [36] that
corresponds to a frequency of 28.57 Hz. When using amlodipine with a concentration of 250 nM, gradual
darkening of Trichoplax was observed – first along the periphery, then in the plate center. The outer rim
thickened, Trichoplax rounded, forming a rugged scalloped edge, the blades of which were torn off the sub-
strate, bent upward, and formed a rosette. Being in an “electrode trap”, animals moved discoordinated
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and could not leave it. Further, rigidity of Trichoplax plate occurred, which was stated in the rigidity
of the shape of the animals when moving. Nonetheless, motion patterns of individuals in electric field
persisted: Trichoplax moved mainly to the anode. Later, plate rims resembling blades bent up and in. Ani-
mals dissociated into individual cells approximately 1 h after adding amlodipine, first along the periphery,
then throughout the body.

Trichoplax H1 and H13 strains showed, like H2 strain, a change in morphology under the influence
of 25 nM of amlodipine and a violation of amoeboid motion over time. In experiments without amlodipine,
no similar phenomena were observed. Animals wandered between the electrodes, placed in the “comfort
zone” or moved away at a safe distance from the electrodes in the absence of chemical effects. It should be
noted that non-dihydropyridine Ca-channel blockers, such as verapamil and diltiazem with a concentration
of 100 μM, did not significantly affect Trichoplax H2 strain, which remained viable in the presence of these
substances within one day [data is not given].

Fig. 7. Time-dependent effect of amlodipine (of 50 μM) on Trichoplax sp. H2: (a) intact animal; (b) folding
into a pan after 30 minutes; (c) dissociation into individual cells after 60 minutes; bar length = 100 μm

DISCUSSION
Because of widespread distribution of extremely low frequency electric and magnetic fields, causing

multiple physiological effects in humans [26 ; 44], the search for test objects for studying the mechanisms
of ELF-EMF action is relevant. Trichoplax adhaerens was recently proposed as a test laboratory model [1].
We studied the effect of rectangular electric pulses of various amplitude, duration, and duty cycle on three
laboratory Trichoplax strains (H1, H2, and H13).

In control tests using wood, plastic, or metal rods, no reaction of the animal to foreign objects placed
near it was observed, except the cases of galvanic pair formation. Under the effect of a weak direct current
with a voltage of 200 mV, Trichoplax H2 strain crawled away from the electrodes. However, reaction rate
and motion trajectory were largely dependent on animal initial position in relation to the electrodes. When
using active electrodes, one of which (the anode or the cathode) was placed near Trichoplax, the animal
usually moved away from the stimulus. When placing both electrodes near Trichoplax plate, various mo-
tion patterns to the anode or the cathode were registered, depending on the stimulation mode and animal
strain: “positive” migration to the anode, “negative” migration to the cathode, and “variable” migration
when the animal changed preference anode – cathode several times. In the case of Trichoplax getting into
the zone of close proximity to the electrodes, the animal was not always able to get out of the “electrode
trap”, which directly depended on the rise of amplitude and number of pulses. Far from the electrodes,
Trichoplax sometimes stretched along the lines of electric field strength and headed to the hypothetical
“comfort zone” with the lowest electric field intensity on back side of the electrodes.
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In comparative experiments on the effect of rectangular pulses with a frequency of 2 Hz and 2 kHz
on different Trichoplax strains, it was revealed that Trichoplax sp. H2 is more reactive and shows more pro-
nounced physiological responses at frequencies of 2 Hz and 2 kHz compared with H1 strain and especially
with H13 strain, which mainly migrates from the anode to the cathode. Therefore, most experiments were
conducted with H2 strain. Despite preferable motion of Trichoplax H2 strain toward the cathode at low
pulse current frequencies (about 2 Hz), a tendency was observed to gradually change a migration direction
towards the anode with increasing pulse frequency (up to 2 kHz). Nevertheless, attention should be paid
to unexpectedly wide individual variability in Trichoplax behavior, which complicates such interpretations
and requires further research.

Sufficient attention was paid to time regimes previously used by other authors in detailed studies of L-
and T-type calcium channels [3 ; 20 ; 33 ; 34 ; 36]. We investigated effects in frequency range of 2 Hz
to 2 kHz. Trichoplax behavioral reactions were not unambiguous: extreme frequencies sometimes did not
have an expected effect or led to an electric shock of the animal, which might be due to Trichoplax physio-
logical state and/or initial position of the animal in the “electrode trap”. The motion absence, plate clouding,
size reduction, and wrinkling were reversible, and after a while or after the animal returned to the algal mat,
Trichoplax revived their motion activity.

Depending on duration of stimulating pulses and their number, motion reactions and morphology of an-
imals changed: from stochastic or directed migration to/from anode/cathode to immobilization of animals,
optical density elevation, first along the periphery, then in plate center, to Trichoplax wrinkling, and even
to separating it from the substrate. The effect applied was cumulative in its nature, which is probably re-
lated to the work of calcium channels and the activity of downstream regulatory cascades [10]. It is known
that glandular cells located on Trichoplax periphery express voltage-gated calcium channels [32 ; 39].
Morphological changes observed in Trichoplax plate can be associated with calcium channel-mediated re-
sponses of secretory cells containing regulatory neuropeptides [42]. On the other hand, it was shown that
ELF-EMF pathophysiological effects are associated at the molecular level with regulation of Ca²⁺/nitric
oxide/peroxynitrite, and positive ELF-EMF physiological effect is explained by the alternative pathway
of Ca²⁺/nitric oxide/cGMP/protein kinase G [19]. Mutually exclusive Trichoplax behavioral reactions,
such as positive and negative electromigration, to varying modes of electrical exposure (Table 1) may be
due to the various signaling pathways involving calcium ions in behavioral reactions.

It is believed that amlodipine, when binding to dihydropyridine receptors, blocks L- and T-type calcium
channels, which leads to a drop-off in Ca²⁺ transfer to the cell. Amlodipine also has antioxidant properties
and contributes to the production of the neurotransmitter nitric oxide due to regulation of Ca²⁺ ions con-
centration in the cell [4 ; 11 ; 14 ; 16 ; 25]. Additional experiments with amlodipine showed that this
calcium channel blocker at low concentrations (of 25 nM) is capable of briefly neutralizing the shock effect
of rectangular electric pulses in a duration of 35 ms and a delay of 10 ms, which usually leads to immobi-
lization of Trichoplax sp. H2 without amlodipine. We also scanned potential cellular targets in frequency
range of 1 Hz to 1 kHz and studied Trichoplax responses to packages of rectangular pulses using a soft-
ware meander with a step of 1 ms. A decline in ELF-EMF negative effect within this range with amlodip-
ine at a concentration of 25 nM may indicate that ELF-EMF affects L- and/or T-type calcium channels
of Trichoplax.

In addition to silencing the effect of electric stimulus on the animals with amlodipine, we observed
other effects. Thus, use of this calcium antagonist in high concentration (of > 2.5 μM) resulted in Tri-
choplax dissociation into individual cells, which is directly caused by the destruction of calcium bridges [28].

Морской биологический журнал Marine Biological Journal 2020 vol. 5 no. 2



Effects of low frequency rectangular electric pulses on Trichoplax (Placozoa) 61

When using this calcium blocker in moderate concentration (of < 250 nM), a violation of amoeboid motion
of Trichoplax was noted, which can result from a decrease in the functional activity of the cells initiating
motion, a distortion of activation waves propagation, or a violation of nitric oxide synthesis, which may play
a role in rapid contractions of the dorsal epithelium [2 ; 11 ; 16 ; 25]. It should be noted that at the same
time, the residual mobility of rigid animals provided by the cilia was observed, which indicates independence
of the mentioned process from regulation by calcium ions.

Our data show that amlodipine inhibits Trichoplax calcium channels functioning, which is manifested
both in a decrease in animals’ reactivity at a low concentration of Ca²⁺ channel blocker and in the dis-
sociation of the cells, that make up the animal, at a high concentration of calcium antagonist. It should
be noted that amlodipine effect is similar to that of a compound ML218 – a specific blocker of T-type
calcium channels in humans. Thus, electrophysiological studies of neurons of the subthalamic nucleus
in the presence of ML218 revealed the inhibitory effect of ML218 on T-type calcium channels, suppression
of the low-voltage-activated response, and inhibition of neuron activity burst [47].

The assumption in favor of T-type Ca²⁺ channels was confirmed in additional experiments on Trichoplax
H2 strain, where besides amlodipine, one of dihydropyridine calcium channel blockers, non-dihydropyridine
calcium channel blockers, such as verapamil and diltiazem, were tested. Amlodipine led to Trichoplax
dissociation into individual cells, while verapamil and diltiazem did not have such an effect on animals.
This fact confirms that amlodipine blocks Trichoplax low-voltage-activated Ca²⁺ channel TCaᵥ3, because
amlodipine is a blocker of L- and T-type calcium channels, while verapamil and diltiazem are only blockers
of high-voltage-activated L-type calcium channels.

It should be noted that Trichoplax motion was not strictly targeted, but resembled a “stochastic”
taxis [38], kinesis, or motion to a target by trial and error. It points out that Trichoplax has no central
regulator and indicates, possibly, distributed control and collective decision making between cells, which
leads in some cases to a delay in system response to stimulus [6].

Conclusion. The study of Trichoplax electrophysiology is important in connection with the prevalence
of ELF-EMF and is of interest because of simple structure of the animal and ease of cultivation, which
makes it possible to understand the mechanisms of its behavior and motion in the future. The diverse
responses of Trichoplax to electrical stimulus discovered in our experiments indicate latent possibilities
of this organism, based on the collective action of its cells.
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НИЗКОЙ ЧАСТОТЫ НА ТРИХОПЛАКСА (ТИП PLACOZOA)
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Влияние низкочастотного электромагнитного излучения (НЭМИ) на растения и животных,
включая человека, достаточно спорно. Мало известно и о воздействии НЭМИ на гидробион-
тов. Мы изучили действие прямоугольных импульсов напряжения различной амплитуды, дли-
тельности и скважности, пропущенных через морскую воду, на трихоплакса (тип Placozoa)
как на возможную тестовую лабораторную модель. В опытах использовали три штамма Placozoa,
Trichoplax adhaerens (H1), Trichoplax sp. (H2) и Hoilungia hongkongensis (H13), отобранных на ста-
ционарной стадии роста культуры. Для генерации последовательности прямоугольных импуль-
сов заданной длительности и скважности с частотой до 2 кГц применяли аппаратную платфор-
му Arduino Uno. Среднее значение напряжения до 500 мВ регулировали с помощью схемы дели-
теля напряжения. Для доказательства специфичности действия электрических импульсов на по-
тенциалзависимые кальциевые каналы трихоплакса использовали ингибитор активности кальцие-
вых каналов амлодипин. Животных стимулировали электрическим током под стереомикроскопом.
Электроды располагали в непосредственной близости от животного. Исследовали сопутствующие
изменения поведения и морфологии пластинки трихоплакса. Выделяли стимулирующие и подав-
ляющие воздействия. Наблюдения документировали с помощью фото- и видеосъёмки. Отслежи-
вали траектории движения отдельных особей. Увеличение напряжения на электродах при фик-
сированной частоте 20 Гц приводило к тому, что животные штамма H2 покидали «зону элек-
тродов» в течение нескольких минут при 25 мВ, однако теряли подвижность пропорционально
росту напряжения и обездвиживались при 500 мВ. Именно поэтому в дальнейших опытах при-
меняли напряжение 50 мВ. В экспериментах с двумя электродами, находящимися с одной сто-
роны трихоплакса, у животного было больше возможностей перемещаться в разных направлени-
ях, чем в случае расположения электродов по обеим сторонам пластинки. Направление движения
использовали как характеристический признак. Отмечено, что трихоплаксы мигрируют в обла-
сти с низкой плотностью линий электрического поля, которые расположены вдали или за элек-
тродами. Животные из старой культуры отличались меньшей чувствительностью к электрическо-
му раздражителю. Штамм H2 был наиболее чувствительным и демонстрировал более выражен-
ные физиологические реакции на частотах 2 Гц и 2 кГц с напряжением 50 мВ, чем штамм H1
и особенно штамм H13. В зависимости от длительности стимулирующих прямоугольных импуль-
сов, их числа, амплитуды и варьирующей частоты менялись двигательные реакции и морфоло-
гия животных: от направленной или стохастической миграции в сторону анода/катода или от него
до обездвиживания животных, увеличения оптической плотности по периферии и в центре пла-
стинки и до сворачивания трихоплакса и отделения его от субстрата. В дополнительных опы-
тах на Trichoplax sp. H2 показано, что при длительности импульсов 35 мс и задержке импульсов
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от 1 мс до 10 с доля обездвиженных животных увеличивается до 80 % при минимальной задержке.
Тем не менее в случае применения амлодипина в концентрации 25 нМ практически все трихо-
плаксы в течение нескольких минут сохраняли подвижность несмотря на обработку электрически-
ми импульсами. Между тем при использовании амлодипина в концентрации 250 нМ животные
двигались дискоординированно и не могли покинуть «электродную ловушку». Далее пластинка
трихоплакса становилась ригидной, что выражалось в неизменности формы животного при дви-
жении. Наконец, амлодипин в концентрации 50 мкМ вызывал быстрое сворачивание краёв три-
хоплакса в розетку в вентрально-дорсальном направлении и последующую диссоциацию пластин-
ки на отдельные клетки. В целом применяемое электрическое воздействие имело кумулятивный,
но обратимый эффект, который, как предполагается, может быть связан с работой потенциал-
зависимых кальциевых каналов. Амлодипин в большой концентрации (50 мкМ) вызывал разру-
шение трихоплакса, в умеренной (250 нМ) он нарушал, вероятно, распространение волн акти-
вации, что приводило к дискоординации движений животного, а в малой (25 нМ) предотвращал
электрошок.
Ключевые слова: прямоугольные электрические импульсы, трихоплакс, пластинчатые,
потенциалзависимые кальциевые каналы
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In the second half of the XX century, Black Sea ecosystem has undergone significant changes: a number
of storm winds and upwellings decreased, precipitation abundance increased, coastal waters salinity de-
creased, temperature increased; moreover, ctenophores invaded. As a result, in the late 1980s, Black Sea
pelagic ecosystem abruptly got restructured. This research is based on the studies performed in 1965–1966
and 2007–2012 near Sevastopol (Western Crimea) using the remote sensing data. Analysis of satellite data
over the past 20 years showed the presence of positive dynamics in surface water temperature in Sevastopol
water area. In the mid-1960s, the annual bioluminescence was characterized by seasonal peaks of dino-
phytes luminescence. In recent years, this rhythm has changed due to ctenophores invasion. The increase
in Mnemiopsis leidyi abundance leads to a decrease in bioluminescence of luminous microalgae being con-
sumed by these ctenophores. Due to Beroe ovata invasion and reproduction, M. leidyi biomass decreased;
as a result, bioluminescence increased.
Keywords: Black Sea, bioluminescence, ctenophores, salinity, monitoring

Biophysical studies in the Black Sea began in the 1960s when D. Sc. E. Bityukov (IBSS) made the first
annual measurements of bioluminescence in Sevastopol area [2]. Thus, in 1965–1966, 18 expeditions were
carried out for instrumental measurements, and 72 net samplings of plankton were taken. Continuation
of these works was initiated by D. Sc. Yu. Tokarev (IBSS); the studies were carried out in 2008–2015.
So, it became possible to evaluate the long-term changes of coastal water bioluminescence under conditions
of climate changes.

The climate changes in Black Sea ecosystem have led to the invasion of huge number of new lumi-
nous species: they were brought in with ballast waters from other regions. Therefore, all past experience
and knowledge about Black Sea bioluminescence are subject to minor adjustments.

Before ctenophores invasion, bioluminescence field in Black Sea photic layer was formed by luminous
dinoflagellates [4]. In the early 1980s, ctenophore Mnemiopsis leidyi A. Agassiz, 1865 invaded the Black
Sea, which led to a significant reduction in plankton base and fish food [18]. In the late 1990s, another
ctenophore, Beroe ovata Mayer, 1912, invaded the Black Sea and began to consume Mnemiopsis leidyi [6].
Now, the system is balanced: when the number of one species increases, the number of other species
decreases. Therefore, it was suggested that these invader species should make a significant contribution
to changing the seasonal dynamics of coastal water bioluminescence.

The aim of this work is to determine influence of these two species on the seasonal dynamics of coastal
water bioluminescence.
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MATERIAL AND METHODS
The fieldwork was carried out at the 10-mile station off the Kruglaya Bay (No. 1) and at two

stations in the Sevastopol Bay (No. 2 and 3) (Western Crimea) (Fig. 1). The research was based
on the real-time instrumental measurements of bioluminescence amplitude-frequency parameters, as well
as on the determination of their spatial conjugacy with biological and hydrophysical characteristics
of water masses.

Fig. 1. Map of stations

Station No. 1, located near the Kruglaya Bay (depth of 60 m), has water exchange with the open sea
and is characterized by a fairly stable stratification of water column, which determines the vertical structure
of temperature and salinity. Stations No. 2 and 3 are located in the Sevastopol Bay, and water exchange with
the open sea is limited. In addition, the Sevastopol Bay includes the mouth of the Chernaya River, which
is the flow of fresh water into the bay; this results in mixing of river water and seawater [15]. Depending
on the volume of river flow, the impact of fresh water extends to different zones of the bay, which sig-
nificantly affects region ecological conditions. Water area of Konstantinovskaya Bay (station No. 2, depth
of 19 m) is relatively clean. Gollandiya Bay (station No. 3, depth of 18 m) is located in the central part
of the Sevastopol Bay in the zone of active mixing of river water and seawater [8].

Bioluminescence intensity and background parameters were recorded using a submersible complex
“Salpa-M” [21]. It allows taking simultaneous measurements of bioluminescent potential, temperature,
hydrostatic pressure, turbidity, and photosynthetically active radiation. “Salpa-M” has four rows of black-
ened impellers, consisting of two groups of rows mutually perpendicular to attack angles and forming
a moving light trap. This ensures the attenuation of light energy by 2·10⁷ times, which is especially im-
portant during the daytime. The weight of the submersible complex does not exceed 15 kg; it is designed
for autonomous power supply of 24 V.

Discreteness of the measurements during the “down” operation at a speed of 1.2 m·s⁻¹ was about 0.25 m.
To construct graphs of vertical profiles, the data were integrated up to 1 m. The method of collecting
and processing the data using the “Salpa-M” complex was previously described in details [21]. On processing
its data, profiles of bioluminescence, temperature, salinity, and conditional density of water were calculated.
Results of the measurements were processed and added to a database [13].

Simultaneously with measurements with the “Salpa-M” complex, phytoplankton samples were taken
using a bathometer. The fieldwork was carried out both at night (the period of maximum bioluminescence)
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and at daytime (the period of minimum bioluminescence). At each station, measurement with the “Salpa-M”
complex was carried out twice. During several cruises of RV “Professor Vodyanitsky”, 10 to 30 continuous
soundings were made by the “Salpa-M” complex at station No. 1.

Changes in sea surface temperature (hereinafter SST) in Sevastopol area were analyzed for 2008–2017
based on the analysis of remote sensing data. Under the conditions of a sea expedition, methodologi-
cal approaches described in this article were tested, which will be applied in the scientific researches
in the Antarctic region.

RESULTS
Mean annual SST values (°C) have a negative trend since 1982 reaching its minimum in 1987; then,

the period until 2017 is characterized by a significant positive trend (Fig. 2). Since trend lines were con-
structed by least squares calculation, the accuracy of the approximation was estimated by the coefficient
of determination. This graph clearly shows that during the period of ctenophores invasion in the area studied,
substantial warming of surface waters occurred.

Fig. 2. Mean annual sea surface temperature values (°C) calculated for 1982–2017 with a spatial resolution
of 0.0417° in latitude and longitude. R-squared (R² ) is the coefficient of determination; F is Fisher’s F-test;
Fcrit is the critical value of Fisher’s F-test for the data considered at the accepted confidence probability α [14]

Data analysis showed that in 1965–1966, two seasonal peaks of bioluminescence were ob-
served (Fig. 3A), which were associated with spring and autumn phytoplankton blooming [5]. In recent
years, global warming has changed this rhythm. Thus, in 2008–2012, the seasonal dynamics of biolumi-
nescence on Sevastopol coast was characterized by the appearance of additional peaks in the warm sea-
son, associated with the outbreaks of warm-water invader ctenophores – M. leidyi and B. ovata (Fig. 3A).
Under favorable conditions, abrupt outbreaks of B. ovata abundance are possible, often alternating with
recessions up to its complete disappearance (this, for example, is typical of North America coast [11]).
It resulted in significant imbalance in the seasonal dynamics of the coastal water bioluminescence near
Sevastopol.
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Fig. 3. A – seasonal dynamics of bioluminescence intensity; B – inter-annual dynamics of bioluminescence
(mean values are indicated by a blue line) and water temperature (red line) in Sevastopol coastal waters
in 55-m layer (1966, 2008–2012)

The inter-annual dynamics of temperature and bioluminescence (Fig. 3B, Table 1) was char-
acterized by the presence of a positive annual mean trend – an increase in mean values of wa-
ter temperature in 0–55-m layer from +12.11 °C (2008) to +12.89 °C (2010). The maximum
summer values of the mean temperature increased from +18.00 °C (August 2008) to +22.62 °C
(August 2011).

The peaks of bioluminescence (Fig. 3B) were observed in June 2008 (3594·10⁻¹² W·cm⁻²·L⁻¹), in July
2009 (4200·10⁻¹² W·cm⁻²·L⁻¹), and in September 2009 (6029·10⁻¹² W·cm⁻²·L⁻¹), as well as in spring and au-
tumn regularly due to phytoplankton blooming (Table 1).

The vertical structure of bioluminescence in all the seasons was determined by hydrological conditions,
especially thermocline layer location. Bioluminescence is mainly represented by a structure of two maxima
separated by a water column where bioluminescence is reduced. The upper stationary layer was almost
always observed at a depth of 0–6 m; the lower layer with a higher luminosity migrated within 15–64 m
and was located in thermocline area.
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Table 1. Mean values of water temperature (T, °C) and bioluminescence (B, ·10−12 W·cm−2·L−1) at station
No. 1 (I–XII indicate months January till December)

Year 1966 2008 2009 2010 2011 2012
Index T B T B T B T B T B T B

I 8.5 1094 9.3 8.62 929 10.16 1204 10.45 2048 8.35 42
II 7.7 781 7.7 859 8.38 2643 9.42 1326 8.5 691 7.29 17
III 7.7 703 7.7 352 7.9 1274 8.72 1233 8.07 544 7.94 68
IV 8.7 1016 9.0 391 10.84 733 9.62 1801 8.92 850 9.58 618
V 10.2 3516 11.3 781 11.75 700 11.48 1754 12.04 1104 10.06 76
VI 11.3 3047 12.3 3594 17.03 371 16.81 974 11.27 412 11.88 249
VII 15.4 781 17.7 1172 14.9 1011 13.43 4200 12.89 772 13.46 248
VIII 17.2 703 18.0 195 14.91 1970 17.24 126 22.62 1534
IX 15.9 1094 17.0 469 16.62 6029 17.07 386 16.92 1898 13.71 1254
X 15.2 2344 16.2 781 19.36 675 16.81 2257 13.30 2410
XI 13.0 2574 13.3 5000 13.57 608 15.87 6545 11.37 2256
XII 9.8 2188 10.2 2813 12.00 900 12.00 4000 9.70 1304

Studies of the inter-annual dynamics of invader ctenophores abundance near Sevastopol
in 2009–2010 [1] showed that seasonal peaks for M. leidyi and B. ovata do not coincide (Fig. 3)
due to differences in diets of these species. Increase in B. ovata abundance leads to decrease in M. leidyi
abundance, which restores the number of luminous dinoflagellates. Recently it has been found out [20]
that even M. leidyi larvae and post-larvae are likely to consume significant amounts of microphyto-
and zooplankton including dinoflagellates, ciliated infusoria, and other flagellates.

B. ovata is the main consumer of M. leidyi in the Black Sea. Peaks of its seasonal abundance occur
at the end of summer, when M. leidyi biomass reaches its maximum value. After density of food resource
reduces, Beroe populations continue to persist due to a decrease in the mean body size of individuals [12].

Using the statistical analysis (Pearson’s correlation coefficient, r) on the data on invader ctenophore
abundance and bioluminescence dynamics showed that correlation between M. leidyi traits studied
and the bioluminescence is low (−0.49) (Figs 4, 5). Correlation between B. ovata traits studied and the bi-
oluminescence was assessed as strong (0.71). It can be concluded that in cases of r = −0.49, the increase
in M. leidyi biomass moderately affects the decrease in bioluminescence intensity. In cases of r = 0.71,
the increase in B. ovata biomass significantly affects the increase in bioluminescence intensity. Correla-
tion between these data was measured by the Chaddock scale. Criteria for evaluation were as follows:
0.1 < r < 0.3 (weak); 0.3 < r < 0.5 (moderate); 0.5 < r < 0.7 (noticeable); 0.7 < r < 0.9 (strong);
0.9 < r < 1 (very strong).

DISCUSSION

Because of the global warming, intensive distribution and development of gelatinous plankton has oc-
curred in various marine areas of the world in recent decades. Significant secular trends of increasing air
temperature (by 0.4–0.8 °C per 100 years) are observed along Black Sea coast, which corresponds to global
warming estimates [9]. During the second half of the XX century, the recurrence of strong winds and up-
wellings decreased three times; a significant increase in precipitation and a decrease in evaporation were
observed [10 ; 14]. This created the conditions for the resettlement of invader species, which have radically
changed Black Sea ecosystem.
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Fig. 4. Inter-annual dynamics of Mnemiopsis leidyi and Beroe ovata abundance (A) and biomass (B) [1]

Fig. 5. Dependence of bioluminescence on ctenophores biomass: A – Mnemiopsis leidyi; B – Beroe ovata
(for 0–10-m layer)
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In the Black Sea, warm-water ctenophores appeared about 40 years ago [17 ; 18], as well as in the Sea
of Azov [12] and the Caspian Sea [19]. Everywhere, M. leidyi invasion led to catastrophic changes
in marine ecosystems [23]. For a decade, due to the absence of natural predators, M. leidyi de-
velopment in the Black Sea was controlled only by temperature and food availability [7]. In 1997,
its consumer, new carnivorous ctenophore B. ovata, was firstly discovered in the Black Sea; in 1999
and 2000, Mnemiopsis population density began to decline rapidly due to Beroe mass development [22].
Before the invasion of this predatory ctenophore, Mnemiopsis had abundance peaks in warm sea-
son. Now, in the summertime, the second minimum of its abundance is formed, due to B. ovata
intensive development.

Till now, there are practically no studies on the effect of these invaders on the overall variability
of Black Sea bioluminescence. Prior to their invasion, the total luminosity of coastal waters was deter-
mined by seasonal peaks of dinoflagellates development [2 ; 3 ; 4 ; 5]. Invader ctenophores do not only
actively luminesce on their own, but also have a decisive influence on species composition and abundance
of other bioluminescents.

According to the results of the detailed study of the long-term variability of bioluminescence
in 2009–2012 in the research area [16], seawater luminescence in winter occurs due to the develop-
ment of microalgae Ceratium fusus Ehrenb., C. tripos Ehrenb., C. furca Ehrenb., Protoperidinium diver-
gens (Ehrenb.) Balech, P. crassipes (Kof.) Balech, P. pallidum (Ostenf.) Balech, P. depressum (Bailey),
and Balech oblongum (Auriv.) Parke & J. D. Dodge. The second peak of the development of microalgae,
Gonyaulax, Scrippsiella trochoidea (F. Stein), Scrippsiella Balech ex A. R. Loeblich III, 1965, and Lingulo-
dinium polyedrum (F. Stein) J. D. Dodge, was observed during the springtime. This study has shown that
the seasonal variability of total bioluminescence occurs in spring and autumn till now, as it was observed
in the 1970s. Meanwhile, now bioluminescence peaks are sometimes twice as high as they were 50 years ago.
It is likely that, in addition to microalgae contribution, in certain seasons of the year, the total area of lu-
minous water increases due to ctenophores bioluminescence contribution. The authors of the present study
very often register rapid increases of bioluminescence level in areas of ctenophores swarms in Sevastopol
coastal waters. However, the incompleteness of these data does not allow one to estimate direct ctenophores
contribution to the total water luminosity. On the other hand, ctenophores abundance is not comparable with
that of phytoplankton determining the total bioluminescence of coastal waters.

Thus, the results of this study showed that differences in food modes of ctenophores have a significant
impact on the seasonal dynamics of the bioluminescence of Black Sea coastal waters. The invasion of a new
predatory species has led to the emergence of a balance, that depends on the nature of regional climatic
and seasonal changes in the aquatic environment.

This work was carried out within the framework of government research assignments of IBSS “Superposition of phys-
ical, chemical, and biological processes in the formation of the quality of the marine environment and the functional
state of aquatic organisms in the Sea of Azov – Black Sea basin” (No. АААА-А18-118020790154-2) and “Functional,
metabolic, and toxicological aspects of the existence of hydrobionts and their populations in biotopes with different
physical and chemical regimes” (No. АААА-А18-118021490093-4) and partly supported by the grant of the Rus-
sian Foundation for Basic Research (No. 18-45-920015). Method development was carried out within the frame-
work of the project “Comprehensive studies of the current state of the ecosystem of the Atlantic sector in the Antarctic”
(No. АААА-А19-119100290162-0).

Acknowledgement. We are grateful to M. Biryukova and L. Eremeev for their invaluable contribution during
this study. We would like to thank the anonymous reviewers for the constructive and useful comments that greatly
contributed to improving the final version of the paper.

Морской биологический журнал Marine Biological Journal 2020 vol. 5 no. 2



74 A. V. Melnik, V. V. Melnikov, L. A. Melnik, and O. V. Mashukova

REFERENCES

1. Abolmasova G. I., Finenko G. A., Romanova Z. A.,
Datsyk N. A., Anninsky B. E. State of gelatinous
macrozooplankton in inshore waters off Crimean
coast of the Black Sea in 2009–2010. Morskoj eko-
logicheskij zhurnal, 2012, vol. 11, no. 3, pp. 17–24.
(in Russ.)

2. Bityukov E. P., Rybasov V. P., Shayda V. G. An-
nual variations of the bioluminescence field intensity
in the neuritic zone of the Black Sea. Okeanologiya,
1967, vol. 7, no. 6, pp. 1089–1099. (in Russ.)

3. Bityukov E. P. Biolyuminestsentsiya Noctiluca mil-
iaris v raznykh temperaturnykh usloviyakh. Biolo-
giya morya, 1971, iss. 24, pp. 70–77. (in Russ.)

4. Bityukov E. P., Evstigneev P. V., Tokarev Yu. N.
Luminescent Dinoflagellata of the Black Sea as af-
fected by anthropogenic factors. Gidrobiologicheskii
zhurnal, 1993, vol. 29, no. 4, pp. 27–34. (in Russ.)

5. Bityukov E. P., Vasilenko V. I., Serikova I. M.,
Tokarev Yu. N. Results and prospects of the biolu-
minescent investigation at the Black Sea. Ekologiya
morya, 1996, iss. 45, pp. 19–24. (in Russ.)

6. Datsyk N. A., Romanova Z. A., Finenko G. A.,
Abolmasova G. I., Anninskiy B. E. Zooplank-
ton community structure in the inshore waters
of the Crimean coasts (Sevastopol area) and trophic
relations in the food chain zooplankton – Mnemiop-
sis in 2004–2008. Morskoj ekologicheskij zhurnal,
2012, vol. 11, no. 2, pp. 28–38. (in Russ.)

7. Finenko G. A., Abolmasova G. I., Romanova Z. A.,
Datsyk N. A., Anninskiy B. E. Sovremennoe sos-
toyanie populyatsii grebnevikov Mnemiopsis leidyi
kak pishchevykh konkurentov promyslovykh ryb
v pribrezhnykh raionakh krymskogo poberezh’ya
Chernogo morya. In: Promyslovye biologi-
cheskie resursy Chernogo i Azovskogo morey
/ V. N. Eremeev, A. V. Gaevskaya, G. E. Shul’man,
Yu. A. Zagorodnyaya (Eds). Sevastopol : ECOSI-
Gidrofizika, 2011, chap. 9, pp. 271–276. (in Russ.)

8. Ivanov V. A., Mikhailova E. N., Repetin L. N.,
Shapiro N. B. A model of the Sevastopol’skaya
Bay. Reproduction of the vertical structure of tem-
perature and salinity fields in 1997–1999. Physical
Oceanography, 2003, vol. 13, iss. 4, pp. 201–222.
https://doi.org/10.1023/A:1025850016768

9. IPCC, 2007: Climate Change 2007: Synthesis Re-
port. Contribution of Working Groups I, II, and III
to the Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change / [Core Writing
Team ; R. K. Pachauri, A. Reisinger (Eds)]. Geneva,
Switzerland : IPCC, 2007, 104 p.

10. Lipchenko A. E., Il’in Yu. P., Repetin L. I.,
Lipchenko M. M. Reduction of evaporation from the
Black Sea surface in the second half of the XX cen-
tury as consequence of the global climate change. In:
Ekologicheskaya bezopasnost’ pribrezhnoi i shel’fovoi
zon i kompleksnoe ispol’zovanie resursov shel’fa :
sbornik nauchnykh trudov. Sevastopol : EKOSI-
Gidrofizika, 2006, iss. 14, pp. 449–461. (in Russ.)

11. Luppova N. E. Beroe ovata Mayer, 1912
(Ctenophora, Atentaculata, Beroida) in the near-
shore waters of the North-Eastern Black Sea.
Ekologiya morya, 2002, iss. 59, pp. 23–25.
(in Russ.)

12. Luppova N. E. Abundance dynamics and popula-
tion structure of the invasive ctenophore Mnemiop-
sis leidyi A. Agassiz, 1865 (Mnemiopsida, Tentacu-
lata) in the coastal zone of the northeastern Black
Sea. Povolzhskii ekologicheskii zhurnal, 2014, no. 4,
pp. 537–543. (in Russ.)

13. Melnikov V. V., Melnik A. V., Melnik L. A.,
Belogurova Yu. B., Zhuk V. F. Marine biolu-
minescence historical database. Sistemy kontrolya
okruzhayushchei sredy, 2018, iss. 12 (32), pp. 44–51.
(in Russ.)

14. Melnik A. V., Melnikov V. V., Serebrennikov A. N.,
Melnik L. A., Mashukova O. V. Biooceano-
graphic characteristics of the bioluminescence fields
in the Sevastopol coastal waters: Results of long-
term monitoring. Sistemy kontrolya okruzhayushchei
sredy, 2019, iss. 1 (35), pp. 79–88. (in Russ.).
https://doi.org/10.33075/2220-5861-2019-1-79-87

15. Repetin L. N., Gordina A. D., Pavlova E. V., Ro-
manov A. S., Ovsyanyi E. I. Affect of oceanographic
factors upon the ecological state of the Sevastopol
Bay (the Black Sea). Morskoi gidrofizicheskii zhur-
nal, 2003, no. 2, pp. 66–80. (in Russ.)

16. Serikova I. M., Bryantseva Yu. V., Tokarev Yu. N.,
Stanichnyi S. V., Suslin V. V., Vasilenko V. I.

Морской биологический журнал Marine Biological Journal 2020 vol. 5 no. 2

https://doi.org/10.1023/A:1025850016768
https://doi.org/10.33075/2220-5861-2019-1-79-87


Influence of invader ctenophores on bioluminescence variability off the coast of Western Crimea 75

Response of phytoplankton of the Sevastopol coastal
zone to climate peculiarities of the years 2009–2012.
Gidrobiologicheskii zhurnal, 2015, vol. 51, no. 5.
pp. 40–51. (in Russ.)

17. Shushkina E. A., Musayeva E. I., Anokhina L. L.,
Lukasheva T. A. The role of the gelatinous
macroplankton jellyfish Aurelia and invading
ctenophores Mnemiopsis and Beroe in the plankton
communities of the Black Sea. Okeanologiya, 2000,
vol. 40, no. 6, pp. 859–866. (in Russ.)

18. Shushkina E. A., Musaeva E. I. Structure
of epipelagic zooplankton community and its
changes related to the invasion of Mnemiopsis leidyi
in the Black Sea. Okeanologiya, 1990, vol. 30, no. 2,
pp. 306–310. (in Russ.)

19. Sokolskiy A. F., Kamakin A. M. Raspredelenie
grebnevika Mnemiopsis sp. v Kaspiiskom more
v 2001 g. In: Fisheries Researches in the Caspian :
scientific-research works results for 2000. Astrakhan :
KaspNIIRKh Publ., 2001, pp. 105–110. (in Russ.)

20. Sullivan J., Gifford L. Diet of the larval
ctenophore Mnemiopsis leidyi A. Agassiz

(Ctenophora, Lobata). Journal of Plankton
Research, 2004, vol. 26, iss. 4, pp. 417–431.
https://doi.org/10.1093/plankt/fbh033

21. Tokarev Yu. N., Vasilenko V. I., Zhuk V. F. Novyi
gidrobiofizicheskii kompleks dlya ekspressnoi ot-
senki sostoyaniya pribrezhnykh ekosistem. In: Sovre-
mennye metody i sredstva okeanologicheskikh issle-
dovanii : materialy XI Mezhdunar. nauch.-tekhn.
konf., Moscow, 25–27 Nov., 2009. Moscow : Izd-vo
RAN, 2009, pt. 3, pp. 23–27. (in Russ.)

22. Vinogradov M. E., Shushkina E. A., Anokhina L. L.,
Vostokov S. V., Kucheruk N. V., Lukasheva T. A.
Massovoe razvitie grebnevika Beroe ovata u severo-
vostochnogo poberezh’ya Chernogo morya.
Okeanologiya, 2000, vol. 41, no. 1, pp. 52–55.
(in Russ.)

23. Vinogradov M. E., Shushkina E. A., Vostokov S. V.,
Vereshchaka A. L., Lukasheva T. A. Population
dynamics of the ctenophores Mnemiopsis leidyi
andBeroe ovata near the Caucasus shore of the Black
Sea.Okeanologiya, 2002, vol. 42, no. 5, pp. 693–701.
(in Russ.)
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НА ИЗМЕНЧИВОСТЬ БИОЛЮМИНЕСЦЕНЦИИ У БЕРЕГОВ ЗАПАДНОГО КРЫМА

А. В. Мельник, В. В. Мельников, Л. А. Мельник, О. В. Машукова

Федеральный исследовательский центр «Институт биологии южных морей имени А. О. Ковалевского РАН»,
Севастополь, Российская Федерация
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Во второй половине XX века произошли значительные изменения в экосистеме Чёрного моря.
Так, число штормовых ветров и апвеллингов уменьшилось, осадки стали обильнее, солёность при-
брежных вод снизилась, температура водных масс повысилась. Кроме того, произошло вселение
гребневиков. В итоге в конце 1980-х гг. пелагическая экосистема Чёрного моря резко перестрои-
лась. Данная работа основана на исследованиях, выполненных при помощи дистанционного зонди-
рования в 1965–1966 и 2007–2012 гг. в районе г. Севастополя (Западный Крым). Анализ спутнико-
вых данных за последние 20 лет показал наличие положительной динамики температуры поверх-
ностных вод в акватории Севастополя. В середине 1960-х гг. годовая динамика биолюминесценции
характеризовалась сезонными пиками свечения динофитовых микроводорослей. В последние го-
ды этот ритм изменился из-за вселения гребневиков. Увеличение численности Mnemiopsis leidyi
приводит к уменьшению биолюминесценции светящихся микроводорослей, которых этот гребне-
вик потребляет. Вселение и размножение Beroe ovata обусловило резкое уменьшение биомассы
M. leidyi и, как следствие, рост биолюминесценции.
Ключевые слова: Чёрное море, биолюминесценция, гребневик, солёность, мониторинг
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An increase in anthropogenic pressure on coastal water areas requires regular monitoring of marine
ecosystems. The appropriate bioindicators for indirect assessment of the quality of the near-shore en-
vironment are benthic diatom algae, which are a key element of coastal communities and are highly sen-
sitive to environmental impact. Changes in the development of diatoms under the influence of various
toxicants may be used as relevant tool for monitoring of marine environment quality. However, scien-
tific and methodological approaches to application of benthic diatom algae as test objects remain unstud-
ied. One of the important methodological problems is the assessment of the significance of the samples
in experimental vessels when counting cells abundance at different stages of toxicological test. The study
is focused on assessment of the statistical significance of the equality of the initial mean number of cells
of clonal culture inoculum placed into each of the replicates, as well as the statistical uniformity of cell
distribution over the entire bottom area of Petri dishes. We used clonal cultures of three benthic diatom
species belonging to different classes of Bacillariophyta: Thalassiosira excentrica Cleve, 1903 (Coscin-
odiscophycea), Ardissonea crystallina (C. Agardh) Grunow, 1880 (Fragilariophyceae), and Pleurosigma
aestuarii (Bréb. in Kütz.) W. Smith, 1853 (Bacillariophyceae). They significantly differ in valve mor-
phology and life history (floating in water mass, attached to substrate, and motile). The results of statis-
tical comparison of cell number variability in the experiment for all studied species confirmed the ab-
sence of significant differences between the mean values of the tested parameter at a standard signif-
icance level (0.05). It was shown that despite specific differences in cell growth rate during the exper-
iment, the variability in cell number in the microscope viewing fields varies irregularly. The highest
value of the variability coefficient was observed on the 5ᵗʰ day for the small-sized species T. excentrica
(Cv = 42…55 %), and the lowest variability – for the large-cell species A. crystallina (Cv = 27…31 %).
The absence of significant differences in cell number between three replicates (for each species) was
established both during the initial placing of inoculum into the dishes and on the following days of the ex-
periment. The conclusion is applicable for each of diatom species studied, which allows to consider all
replicates as subsamples of the replicate sample and to average the results obtained at different stages
of the toxicological experiment. The uniformity of cell distribution throughout experimental dishes bot-
tom, which does not depend on species and absolute cell number, was statistically proven. The results
obtained allow to statistically reliably estimate the changes in cell number at different stages of tox-
icological experiment according to replicate sampling, based on cell counting in a limited number
of viewing fields.
Keywords: toxicological experiment, methodology, statistical estimation, Bacillariophyta, Thalassiosira
excentrica, Ardissonea crystallinа, Pleurosigma aestuarii, Black Sea
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Due to the significant anthropogenic pressure on the Black Sea, which is especially evident in coastal
waters off the coast of Crimea, it is necessary to monitor changes in the state of planktonic and benthic
communities. As one of the most appropriate objects for bioassay and bioindication, planktonic microalgae
are widely used, and there are numerous methodological developments for their applying [3 ; 8 ; 12 ; 19].

Extensive literature on the effect of different toxicants on microalgae is mainly devoted to Chloro-
phyta [10] and Cryptophyta [17 ; 25], while the contribution of these phyla (they include 23 and 2 species,
respectively) to Black Sea benthic microalgae cenoses is quite insignificant, in contrast to the contribution
of the phylum Bacillariophyta (1094 species and intraspecific taxa) [13], representatives of which bring up
99 % of the abundance and biomass in the World Ocean microphytobenthos [29]. The fact mentioned above
indicates an insufficient level of knowledge for obtaining a comprehensive data of the effect of toxicants
on microphytobenthos communities.

Many mass benthic diatom species (Bacillariophyta), being important structural components of ma-
rine ecosystems, are characterized by development only within the certain microbiotopes and high sensitiv-
ity to the influence of adverse environmental factors [14]. This allows to apply benthic diatoms as ap-
propriate test objects, and the changes in their physiological parameters (specific growth rate, mortal-
ity, and chloroplast state) under the impact of different pollutants can be a convenient tool for indirect
assessment of environmental quality [3 ; 10 ; 12 ; 18 ; 24 ; 25 ; 27].

Within the tasks of hydrobiological monitoring of coastal water areas, the use of benthic diatoms
as test objects is a poorly developed scientific and methodological problem [9 ; 23]. Its solution allows
to obtain new experimental data on the tolerance ranges of various marine diatom species when exposed
to model toxicants (copper sulfate, synthetic surfactants, pesticides, etc.) during subacute and chronic
experiments [1 ; 10 ; 11 ; 24 ; 25]. In addition, it becomes possible to solve a number of issues
of a methodological nature, which affects the reliability of conclusions based on the results of toxicological
tests [19].

One of the main methodological problems is to check the significance of sample assessment when
counting cell number in experimental vessels (in our case, Petri dishes) at different stages of a multi-day
toxicological experiment. The accuracy of results may be affected by the uneven number of cells initially
contained in the inoculum aliquot (1 ml) input in Petri dishes at the beginning of each experiment, as well
as by possible uneven cell distribution on dishes bottom in the following days of exposure.

Due to small size and high abundance of diatom algae, direct total cell counting in each dish at different
stages of experiment is hardly possible. Therefore, cell number is counted under a microscope in a cer-
tain number of discrete viewing fields of known area, and then the numerical data obtained are recounted
for the entire bottom area of experimental vessel. In case of such indirect counting of the total cell num-
ber in dishes, the final results can vary greatly, which can lead to distortion of conclusion about the degree
of toxicant impact on cell number changes. These difficulties determined the need for special method-
ological study, the results of which can be used to optimize the carrying out of toxicological experiments
on benthic diatoms and to provide reliable conclusion when interpreting the quantitative data obtained.

The purpose of the work carried out using clonal cultures of three benthic diatom species is to verify
the validity of the following methodological hypotheses based on an assessment of the statistical significance
of the results obtained:
1) the mean number of clonal culture inoculum cells, input into each Petri dish at the beginning of the exper-

iment, should be approximately equal, i. e. the initial cell numbers in each of three replicates, that are put
in each line, should not statistically differ from each other;
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2) cell distribution in each dish, controlled during repeated counting in viewing fields over the entire bottom
area, is relatively uniform, i. e. there is no statistically significant spatial heterogeneity in cell numbers
in vitro.
The possible aggregation of cell distribution when counting a certain number of viewing fields (their sum

area is not more than 4–5 % of Petri dish total bottom area), when recounting on experimental vessel entire
bottom area, can lead to a significant overestimation (or underestimation) of the total cell number. Thus,
such results may distort the conclusion concerning the degree of impact of different toxicant concentrations
as well as the time of exposure on the total changes in cell numbers.

MATERIAL AND METHODS

Research objects. To assess microalgae distribution in experimental vessels, three benthic diatom
species were used: Thalassiosira excentrica Cleve, 1903 (Coscinodiscophycea), Ardissonea crystallina
(C. Agardh) Grunow, 1880 (Fragilariophyceae), and Pleurosigma aestuarii (Bréb. in Kütz.) W. Smith, 1853
(Bacillariophyceae). The choice of species was based on the following reasons: 1) significant differences
in valve morphology (diskoid, linear, and sigmoid); 2) different life history (planktonic – floating in wa-
ter mass, benthic – attached to substrate, and motile – moving on substrate); 3) ability to form colonies;
4) species-specific rate of reproduction, and therefore, the presumably different nature of cell distribution
on dishes bottom, as well as growth rate of cell numbers during a long-term experiment; 5) affiliation
with three different taxonomic classes of Bacillariophyta (according to taxonomic system [28]). A compar-
ative statistical assessment of cell distribution features, having cardinal differences in life history, allows
us to verify the reliability of results when conducting further toxicological experiments using representatives
of different classes of Bacillariophyta.

According to the results of molecular genetic studies and experiments on sexual reproduction, the sys-
tematic position of A. crystallina, previously transferred from the class Fragilariophyceae to Coscinodisco-
phycea, is questioned. It is assumed that Ardissonea (and other representatives of Toxariales) can represent
a unique evolutionary group isolated from the pennate diatoms [22]. Taking into account the fact that this
species is more similar to Fragilariophyceae in terms of its valve outline and ability to form bundle-shaped
colonies attached to substrate, we consider A. crystallina as belonging to this class for the purposes of our
experiment.

Selected diatom algae species were isolated into clone lines by micropipetting and 7-fold single cell
washing under MBS-10 binocular at magnification ×40 [2 ; 5 ; 18].

Thalassiosira excentrica strain was isolated from microphytobenthos of soft substrate, sampled in Laspi
Bay in September 2017 at a 9-meter depth. The species is marine, bento-planktonic, and able to float in water
column or dip to bottom. It is characterized by high abundance in Black Sea sublittoral zone. Cells form
chain-shaped colonies of 4–6 individuals connected by a thin transparent filament [13 ; 15]. The valves
are flat-cylindrical; disk diameter is of 25 μm*; height is of 3 μm (Fig. 1A, D).

Ardissonea crystallina strain was isolated from phytoperiphyton of artificial substrate, sampled
in Kazach’ya Bay in April 2018 at a 5-meter depth. The species is marine, benthic, often found
in coastal areas. Cells attach to substrate, forming bundle-shaped colonies of 4–30 individuals [4 ; 13].
Valves are narrowly linear; length is of 410 μm; width is of 18 μm (Fig. 1B, E).

*Hereinafter, cell sizes are indicated as they were at the beginning of the experiment.
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Pleurosigma aestuarii strain was isolated from microphytobenthos of rocky substrate, sampled
from Cape Aya in July 2018 at a 3-meter depth. The species is marine, benthic, often found
in the Black Sea sublittoral zone. Cells are single, motile; they quickly move along substrate sur-
face [13 ; 16]. Valves are narrow-lanceolate, sigmoid curved at the ends; length is of 135 μm; width
is of 22 μm (Fig. 1C, F).

Fig. 1. Benthic diatoms used in experiment: A, D – Thalassiosira excentrica; B, E – Ardissonea crystal-
lina; C, F – Pleurosigma aestuarii. Light microscope – A, B, C (scale bar = 10 μm); scanning electronic
microscope – D (scale bar = 5 μm), E (scale bar = 50 μm), F (scale bar = 20 μm)

Cultural media maintenance. Clonal cultures were maintained in natural seawater media by Gold-
berg [7 ; 21] modified for the cultivation of marine benthic diatoms, at a constant temperature of (22 ± 2) °C
in ambient light on the north window of IBSS laboratory. To prepare the medium, seawater was
taken in a 12-mile off-coast zone and filtered through a 0.45-μm filter, then pasteurized three times
at a temperature of +75 °C and enriched with nutrients according to the protocol (Table 1).

Experiment design. Possible discrepancies between three replicates in mean cell number in each Petri
dish after 1 day and 5 days of exposure were assessed in an experiment with clonal cultures of three di-
atom species. For each species, the experiment was carried out using modified natural seawater media
by Goldberg, without adding a toxicant. Totally, 30 ml of natural medium and 1 ml of clonal culture inocu-
lum were added to each dish (inner diameter of 85 mm; bottom area about 5700 mm²); then the contents
were thoroughly mixed, and the dish was sealed with Parafilm film to prevent medium evaporation.
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Table 1. Recipes for modified natural seawater media by Goldberg

No.
of solution Substance Amount of substance

per 100 ml of dH2O
Quantity of solution used
per 1 L of seawater, ml

1 KNO3 10.1 g 2.0
2 NaH2PO4×2H2O 1.421 g 0.5

3 MnCl2×4H2O 0.01979 g 1.0
CoCl2×6H2O 0.02379 g

4 Na2EDTA×2H2O 0.244 g 1.0
FeCl3×6H2O 0.144 g

5 FeNH4-citrate 0.072 g 0.5
6 Na2SiO3×5H2O 1.5 g 2.0
7 Thiamine (vitamin B1) 0.05 mg 0.5
8 Cyanocobalamin (vitamin B12) 0.5 mg 5.0

To control distribution uniformity of random viewing fields over the entire area, dish bottom was divided
by lines into 8 equal parts (Fig. 2). Within the boundaries of each sector, photographies of 8–9 viewing
fields were carried out. Viewing fields were selected randomly over the whole bottom area; so, 64–72 fields
were taken into account in each dish. Microphotography was carried out under Carl Zeiss Axiostar Plus
light microscope with an Achroplan ×10 lens using Canon PowerShot A640 digital camera (IBSS RAS,
Sevastopol) and under JEOL JSM-6390LA scanning electron microscope (Komarov Botanical Insti-
tute RAS core facility, Saint Petersburg). Taxonomic identification was carried out according to species
guides [6 ; 15 ; 16 ; 26].

Fig. 2. Estimation of distribution heterogeneity of random viewing fields over the entire Petri dish bottom
area in the experiment

Cell counting was performed using photographs of each sector. The area of one viewing field was about
4.0 mm², i. e. during the viewing, 4.5–4.9 % of bottom area of each dish was counted. Further, when
assessing distribution uniformity of diatom cells over dish bottom at different stages of the experiment,
the mean values of cell number in viewing fields in 4 sectors of dish bottom (A, B, C, and D) were com-
pared, and the previously obtained calculation data for viewing fields from 8 adjacent parts were combined
in pairs: 1 + 2, 3 + 4, 5 + 6, and 7 + 8. These methodical features were related to the fact that the absolute
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variation in cell number, when comparing individual viewing fields even within one of 8 sectors, could be
significant, especially on the 5ᵗʰ day of exposure. For example, for A. crystallina the range of variation was
16÷41 cells, for T. excentrica – 11÷48, for P. aestuarii – 36÷91. The coefficient of variation, when counting
cell numbers in individual sectors separated by lines, could also reach 70–78 %. When making comparative
estimation for 4 sectors (A–D) with combined data from adjacent parts of dishes bottom, the variability
indexes of cell number (variance and standard error) were significantly lower due to taking into account
the doubled number of measurements for each replicate. To assess discrepancy degree between the repli-
cates (dishes), the statistical significance of pairwise differences in mean cell number was counted both
between 4 sectors of the same dish (i. e. the degree of cell aggregation within the bottom of one dish was
assessed) and between sectors belonging to different dishes.

Since these diatom species are characterized by different growth rates of cell number during the ex-
periment, for the correct assessment of statistical differences by the mean number, the relative cell growth
rate (V) for all studied species was calculated using the formula [19 ; 20]:

𝑉 = (𝑁(𝑡+∆𝑡) − 𝑁𝑡) / (Δ𝑡 ⋅ 𝑁𝑡) ,

where N✁ is the mean cell number in a culture in a Petri dish at time t (the 1ˢᵗ day of the experiment);
N(t+Δt) is the mean cell number in a culture at time t+Δt (the 5ᵗʰ day of the experiment);
Δt is the period of exposure (four days).

Statistical data processing. Statistical processing of the experimental results was carried out
using standard routines of parametric and rank analysis included in the statistical analysis platform
“SigmaPlot 12.5” [30].

Normality of cell distribution mode in the sample (cell number in 64–72 viewing fields in each Petri
dish) was estimated according to Shapiro – Wilk or Kolmogorov – Smirnov criterion with preliminary
data testing and exclusion from calculations of sharply differed values in each sample estimated by quintile
method. Such aggregations with an abnormally high cell abundance are not the result of a natural increase
in their number during the experiment, but occur sometimes either as a result of the initial placing into
the Petri dish of inoculum, which already contains cell aggregation linked by polysaccharides, or as a result
of fluctuations of dish contents while photographing.

Comparison of variances for 3 and more independent subsamples was carried out using the Fisher crite-
rion (ANOVA), as well as the Kruskal – Wallis test by ranks (in case of the non-normal distribution mode)
for significance level Р = 0.05. The following comparison of the statistical significance of differences
in mean feature values (mean cell number in random viewing fields in 4 sectors of dishes taking into ac-
count various exposure stages) was performed using Student’s t-test (in case of normality of the distribution
mode in samples and the equality of variances). To compare independent samples, in which the distribu-
tion mode differed from the normal one, non-parametric Holm – Šidák test (for samples equal in amount)
and Dunn’s test (when different-sized samples were compared) were applied [30].

RESULTS AND DISCUSSION

The results of the analysis showed that the variability of data, when counting cell number in viewing
fields, can significantly differ both when comparing different species and in one species but at different
exposure stages (Table 2).
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Table 2. Variation characteristics for three benthic diatom species reflecting the changes in mean cell number
in Petri dishes (3 replicates) on the 1st and 5th days of the experiment

Species Replicate The 1st day The 5th day
n N ± SE Cv, % n N ± SE Cv, %

Ardissonea crystallina
I 65 6.16 ± 0.41 51.3 63 22.70 ± 0.82 31.4
II 63 6.82 ± 0.41 44.8 62 24.71 ± 0.90 32.2
III 62 6.79 ± 0.42 46.2 68 24.65 ± 0.76 26.7

Thallassiosira excentrica
I 63 9.19 ± 0.39 34.1 63 20.68 ± 1.42 54.6
II 64 9.67 ± 0.44 37.3 63 20.91 ± 1.21 46.1
III 62 11.45 ± 0.41 28.3 62 24.00 ± 1.26 41.6

Pleurosigma aestuarii
I 65 17.37 ± 0.38 29.6 72 63.44 ± 1.37 22.3
II 67 18.55 ± 0.54 24.0 72 60.78 ± 1.71 23.9
III 72 19.79 ± 0.52 22.8 72 61.83 ± 1.80 24.7

Note: n – total number of examined viewing fields in each Petri dish minus the sharply distinguished values (statistical
outliers); N ± SE – mean cells number ± sampling standard error; Cv – coefficient of variation.

Possible statistical differences in distribution pattern of diatom cells on dish bottom at different stages
of the experiment could be caused by the fact that on the 1ˢᵗ day cell distribution was mainly determined
by thorough mechanical mixing of the inoculum before and after placing it into a dish, which theoretically
caused a more uniform cell distribution in viewing fields. On the 5ᵗʰ day of exposure, distribution pattern
of diatom cells on dish bottom could be mainly determined by individual motility of cells and by ten-
dency to attach to substrate and to form aggregations or to soar passively in the cultural medium. The fac-
tors mentioned above could influence the non-uniformity of values when counting cell numbers in random
viewing fields.

The highest coefficient of variation was observed in A. crystallina samples on the 1ˢᵗ day of the experi-
ment (45–51 %), as well as in T. excentrica samples on the 5ᵗʰ day (42–54 %), although the mean cell number
in viewing fields of these species differed by 3.5 times. The high variability of the data could be caused
by distribution heterogeneity of these species, when along with single cells in viewing fields there are ag-
gregations, in which cells are bound by polysaccharide secretions (T. excentrica) or form bundle-shaped
colonies (A. crystallina) attached to dish bottom at single point. Thereby, P. aestuarii samples in viewing
field are characterized by minimal variability (23–29 %) in terms of abundance, regardless of exposure
stage, which was explained by cell motility of this species that freely move throughout dish bottom during
the experiment and do not concentrate in one point.

The results of analysis for studied diatom species showed that the variances between the sam-
ples did not differ statistically, when comparing three replicates: the probability (P) of the accepting
the null-hypothesis is much higher than the critical one (0.05) and ranges 0.27–0.49 on the 1ˢᵗ day
and 0.16–0.47 on the 5ᵗʰ day. The results of a pairwise comparison of the mean values of cell num-
ber in each Petri dish (comparison between replicates) at different stages of the experiment are shown
in Table 3.

For A. crystallina, all pairwise differences in the mean cell number between replicates on both the 1ˢᵗ
and 5ᵗʰ days of exposure were insignificant (Pexp >> 0.05).

For T. excentrica, on the 1ˢᵗ day, significant differences in the mean cell number in viewing fields were
identified between pairs of replicates I – III and II – III (Pexp ≤ 0.003). The differences were unreliable when
comparing the pair I – II (Pexp = 0.416). On the 5ᵗʰ day, there were no significant differences in the mean
cell number values between all pairs of replicates.
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Table 3. Results of testing the differences between the mean cell numbers in Petri dishes under pairwise
comparison of three replicates for diatom species at different stages of experiment

Species Pair Mean value
P

Mean value
P

of replicates (the 1st day) (the 5th day)

Ardissonea crystallina
I – II 6.16 6.82 0.252 22.70 24.71 0.090
I – III 6.16 6.79 0.283 22.70 24.65 0.092

II – III 6.82 6.79 0.951 24.71 24.65 0.747

Thallassiosira excentrica
I – II 9.19 9.67 0.416 20.68 20.91 0.906
I – III 9.19 11.45 0.000 20.68 24.00 0.084

II – III 9.67 11.45 0.003 20.91 24.00 0.080

Pleurosigma aestuarii
I – II 17.37 18.55 0.163 63.44 60.78 0.077
I – III 17.37 19.79 0.001 63.44 61.83 0.200

II – III 18.55 19.79 0.135 60.78 61.83 0.671
Note: Р – probability of acceptance of the null-hypothesis that there are no differences between the mean values of cell
number in samples compared (Pα = 0.05). Statistically significantly different results are indicated in bold.

For P. aestuarii, on the 1ˢᵗ day, there were no reliable mean differences under the pairwise comparison
between replicates I – II and II – III. Only when comparing the pair I – III, the differences in mean cell
number values were reliable (Pexp ≤ 0.001). On the 5ᵗʰ day, there were no significant differences in mean
cell number values when comparing all replicates (Pexp > 0.05).

The rate of relative increase in cell number was in average higher in P. aestuarii (0.59) and T. excen-
trica (0.40), than in A. crystallina (0.37), which could affect the variability indexes, although the resulting
differences in cell number between replicates of the experiment turned out to be not significant for both
species (see Table 3).

Thus, it can be assumed that the variability range of the mean cell number for each species in different
replicates in most cases does not exceed the statistical error. This fact gives reason to consider all replicates
(random subsamples of cells) as corresponding to one initially taken sample (inoculum of each species cells)
with a similar degree of variability.

The results of assessment of cell number distribution uniformity in 4 sectors of Petri dishes bottom
showed the following.

The 1ˢᵗ day. For all diatom species studied, there were no statistically significant differences (P >> 0.05)
between the mean values of parameter (cell number in 16–18 viewing fields) at pairwise comparison
of 12 sectors, i. e. three replicates (4 sectors in each dish – A, B, C, and D). Consequently, at the initial stage
of experiment, cell distribution over dishes bottom was statistically uniform, and there were no noticeable
differences between dishes in the results of counting the total cell number by the mean values from selected
viewing fields.

The 5ᵗʰ day. Considering that the distribution of cell number in samples in many sectors differs
from the normal one (Kolmogorov – Smirnov test: 0.125–0.210) and has significantly different variances,
the testing of significance of possible differences between dish sectors was carried out using rank criteria
(Kruskal – Wallis test).

Ardissonea crystallinа. The results of 66 pairwise rank comparisons of the mean cell number values
in each sector of Petri dish bottom showed the absence of statistically significant differences (Pexp = 0.067)
both between sectors of the bottom of one dish and between dishes (replicates).
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Thallassiosira excentrica. The results of 66 pairwise rank comparisons of the mean cell number values
in each sector indicate the absence of statistically significant differences (Pexp = 0.071) both between sectors
of the bottom of one dish and between dishes.

Pleurosigma aestuarii. In all 66 pairwise rank comparisons of 12 sectors from three replicates, only
in pairs of sectors where the data from 1D sector were considered (1D vs 2A; 1D vs 2B; 1D vs 3B),
the differences in the mean cell number values were significant (Pexp was of 0.001, 0.003, and 0.008,
respectively). For the other pairwise rank comparisons of the mean values, performed by the Dunn’s
test, differences between sectors were not significant (Pexp > 0.05). In case of exclusion of sector 1D
(the only one with abnormally high cell number in the viewing fields) from the analysis, no statistically
significant differences were identified both between sectors of the bottom of one dish and between dishes
(Pexp = 0.272).

The data obtained confirm statistical uniformity of cell distribution pattern of benthic diatoms through
bottom of experimental vessels even in case when not more than 5 % of dish bottom area is considered
by direct visual counting. The results remain valid regardless of microalgae species used, their morphological
structure, and life history, as well as differences in the values of their absolute number in dishes at different
stages of experiment.

Conclusion. The results of statistical comparison of degree of variation in cell number in experimental
dishes of three marine benthic diatom species belonging to three different classes of Bacillariophyta (Tha-
lassiosira excentrica,Ardissonea crystallina, andPleurosigma aestuarii) confirmed that overwhelmingly there
were no statistically significant differences between the mean values of the studied parameter at standard
significance level (0.05). It was shown that despite species-specific differences in cell number growth rate
during the experiment, the variability of parameter varied irregularly. After a 5-day exposure, the high-
est variability coefficient in cell number in viewing fields (Cv = 42…55 %) was observed for the bento-
planktonic small-sized species T. excentrica, mainly soaring in water mass, and the lowest (Cv = 27…31 %)
was noted for large-cell species A. crystallina, that attaches to dish bottom.

It was found that the counted mean diatom cell number did not differ significantly between three repli-
cates both on the 1ˢᵗ day, after the initial placing of inoculum into the dishes, and at the final stage of experi-
ment. The conclusion is valid for all studied diatom species used as test objects, and this allows us to consider
all replicates as subsamples of one sample and to average the results obtained on them at different stages
of toxicological experiments.

Cell distribution uniformity within experimental dishes bottom was statistically proven (even when
counting not more than 5 % of bottom area). The uniformity of distribution pattern is not species-specific
and does not depend on the absolute number of diatom cells in the dishes. The results obtained make it pos-
sible to statistically reliably assess the changes in cell number of studied species at different stages of tox-
icological experiment according to replicate samples, obtained on the base of cell counting in a limited
number of viewing fields.

This work was carried out within the framework of government research assignment of IBSS “Patterns of formation
and anthropogenic transformation of biodiversity and biological resources of the Sea of Azov – the Black Sea basin
and other parts of the World Ocean” (No. АААА-А18-118020890074-2).
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ОЦЕНКА НЕОДНОРОДНОСТИ РАСПРЕДЕЛЕНИЯ КЛЕТОК
ПРИ ТОКСИКОЛОГИЧЕСКИХ ЭКСПЕРИМЕНТАХ

С КЛОНОВЫМИ КУЛЬТУРАМИ БЕНТОСНЫХ ДИАТОМОВЫХ ВОДОРОСЛЕЙ

А. Н. Петров, Е. Л. Неврова

Федеральный исследовательский центр «Институт биологии южных морей имени А. О. Ковалевского РАН»,
Севастополь, Российская Федерация

E-mail: alexpet-14@mail.ru

Увеличение антропогенной нагрузки на прибрежные акватории требует постоянного отслежива-
ния состояния их экосистем. Удобными биоиндикаторами для опосредованной оценки качества
морской среды служат донные диатомовые водоросли, являющиеся ключевым звеном морских
прибрежных сообществ и обладающие высокой чувствительностью к влиянию экологических фак-
торов. Изменение показателей развития микроводорослей под воздействием различных токси-
кантов может быть подходящим инструментом при мониторинге качества морской среды, одна-
ко научно-методические подходы использования бентосных диатомовых как тест-объектов оста-
ются недостаточно разработанными. Одной из важных проблем является оценка достоверно-
сти выборок при подсчёте обилия клеток в сосудах на разных этапах токсикологического экс-
перимента. Цель работы — провести статистическую оценку достоверности равенства среднего
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исходного числа клеток инокулята клоновой культуры, вносимого в каждую из повторностей, а так-
же достоверности равномерного распределения клеток по всей площади дна чашек Петри. Ис-
пользованы клоновые культуры трёх видов бентосных диатомовых водорослей — Thalassiosira
excentrica Cleve, 1903 (Coscinodiscophycea), Ardissonea crystallina (C. Agardh) Grunow, 1880
(Fragilariophyceae) и Pleurosigma aestuarii (Bréb. in Kütz.) W. Smith, 1853 (Bacillariophyceae). Эти ви-
ды относятся к разным классам Bacillariophyta и значительно различаются по морфологии панциря
и образу жизни (парящие в водной массе, прикреплённые, подвижные). Статистическое сравнение
вариативности числа клеток в эксперименте подтвердило отсутствие достоверных различий между
средними значениями исследуемого параметра у всех видов при стандартном уровне значимости
(0,05). Показано, что, несмотря на видоспецифические отличия в темпе приращения числа клеток,
вариативность числа клеток в полях зрения микроскопа в ходе эксперимента меняется незаконо-
мерно. Наибольшая вариативность отмечена на 5-е сутки у мелкоразмерного вида T. excentrica
(Cv = 42…55 %), а наименьшая — у крупноклеточного вида A. crystallina (Cv = 27…31 %). Уста-
новлено отсутствие достоверных различий в численности клеток между тремя повторностями
(для каждого из видов) как при исходном внесении инокулята в чашки, так и в последующие дни
опыта. Вывод справедлив для каждого из изученных видов диатомовых, что позволяет рассмат-
ривать все повторности как выборки одной совокупности и осреднять результаты, полученные
на разных стадиях токсикологического эксперимента. Статистически доказана равномерность рас-
пределения клеток по дну экспериментальных чашек, которая не зависит от видовой принадлеж-
ности клеток и их абсолютной численности. Результаты позволяют надёжно оценивать изменения
численности клеток тестируемых видов диатомовых водорослей на разных этапах эксперимента
по выборкам, полученным на основе подсчёта клеток в ограниченном числе полей зрения.
Ключевые слова: токсикологический эксперимент, методика, статистическая оценка,
Bacillariophyta, Thalassiosira excentrica, Ardissonea crystallina, Pleurosigma aestuarii, Чёрное море
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The topic of interactions between plastic and natural communities is now more relevant than ever before.
Gradual accumulation of artificial polymer products and their fragments in the natural environment has
reached a level at which it is already impossible to ignore the affect of these materials on living organisms.
First and foremost, microorganism colonies inhabiting different biotopes, both aquatic and terrestrial,
have been affected. These species are at the front-end of interaction with plastic, including those present
in marine ecosystems. Nevertheless, in order to understand these processes, it is necessary to take into ac-
count several aspects of such interactions: the impact of different types of plastic on microbial community
through the release of their decomposed products into the environment, the forms of plastic usage by mi-
croorganisms themselves, including mechanisms for surface colonization, as well as possible biodegrada-
tion processes of polymers due to the actions of microorganisms. At the same time, types of plastic may dif-
fer not only in mechanical strength, but also in their resistance to biodegradation caused by microorganisms.
Experiments with surface colonization of types of plastic, which are different in composition and mechan-
ical strength, provide a wide range of results that are not just relevant for understanding modern natural
processes involving plastic: these results are also important for application in certain areas of technology
development (for example, when creating composite materials). In particular, researches into the forms
and mechanisms of sustainable colonization of particularly strong polymers by diatoms from natural com-
munities are of great interest. Due to the fouling of surface of particularly strong synthetic polymers by di-
atoms, it is possible to form a single diatom-polymeric composite with general properties being already
substantially different from those of the polymer itself. For example, when a polymer is fouled with di-
atoms that are firmly held on its surface due to physiological mechanisms that ensure their reliable fixation,
total surface area of the composite increases by 2–3 orders of magnitude compared with this of bare poly-
mer. Such composites and their properties are formed due to mechanisms of substrate colonization used
by diatoms from natural marine cenoses – during the transfer of these mechanisms to a new material
being prospective for diatom settlement. The practical applications of these composites lie in the sphere
of heat and sound insulation, as well as in the field of creating prosthetic tissues for bone operations.
In our experiments, we tracked the sequence of development of a stable composite when diatoms colo-
nized the surface of samples of a particularly strong synthetic polymer being resistant to corrosion. In this
case, the sample population process took place on the basis of colonies formed in accumulative cultures
from the natural marine environment. Samples of ultra-high molecular weight polyethylene (UHMWPE)
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with a smooth and porous surface structure (with an open cell, bulk porosity up to 80 %) were colonized
by diatoms Karayevia amoena (Hust.) Bukht., 2006, Halamphora coffeaeformis (C. Agardh) Levkov,
2009, andHalamphora cymbifera (W. Greg.) Levkov, 2009. These laboratory experiments lasted for three
weeks. Accumulative microphyte cultures, on the basis of which the experiments were conducted, were
obtained from the Baltic Sea (Baltiysk area, Russia) and the Arabian Sea (Mumbai area, India). The types
and stages of development of colonial settlements on various elements of the frontal surface microrelief
and in the underlying caverns were studied using a scanning electron microscope on samples subjected
to stepwise thermal drying. Individual cells of K. amoena, H. coffeaeformis, and H. cymbifera, their chain-
like aggregates, and outstretched colonial settlements occupied varying in degree non-homogeneous mi-
crorelief surface elements, forming structures with a thickness of 1–2 layers with an average settlement
height of 1–1.3 single specimen height. K. amoena cells were tightly fixed to the polymer substrate using
the pore apparatus of the flap of the frustule. Observations using scanning electron microscope revealed
shell imprints on the substrate, which were signs of a polymer substrate introduction into hypotheca are-
oles. The spread mechanisms of diatoms of three mentioned species on various elements of UHMWPE
surface were explored, as well as the formation of the characteristic elements of colonial settlements, in-
cluding for K. amoena – consecutively in the form of “pots” and spheres, by means of interaction with
polymer surface and its extension with the increase in the number of tightly attached cells in the colonial
settlement.
Keywords: diatoms, diatom algae, Bacillariophyta, plastic colonization, UHMWPE, sustainable materials,
plastic in the marine environment, aquaculture

For many decades, diatoms attract the attention of a wide range of scientists because of their role
in the ecology of the biosphere as a whole: as producers of about ¼ of terrestrial organic matter and al-
most ⅓ of all oxygen generated on the planet. More recently, in the field of materials science, the study
of a hierarchical multilevel organization observed in diatom shells structure and, as a consequence, of their
biomechanical characteristics has begun. Many issues of cell interaction with various substrates have been
studied in detail [6 ; 7 ; 14 ; 15 ; 16 ; 17 ; 24], but a number of questions still have no adequate response.
A deeper understanding of these aspects is expected to be obtained using modern FIB-SEM methods (fo-
cused ion beam scanning electron microscopy) [6 ; 20 ; 25]. The use of aquaculture technologies can expand
the use of diatoms as a sustainable resource for biofuels, biomineralization, and material production. The po-
tential biodegradation of hydrosphere-contaminating polymers by fouling with diatoms is also considered
as an important environmental problem [2 ; 6 ; 22 ; 23 ; 26].

Ultra-high molecular weight polyethylene (hereinafter UHMWPE) commercialized by Celanese [9]
is a polymer with high mechanical properties that has been used in marine practice for the manufacture
of ropes and sails since the 1990s. Due to bioinertness, as well as acceptable mechanical properties and wear
resistance, the field of UHMWPE application in surgery is growing: when creating implants for bones
and joints and, more recently, in reconstruction processes at the cellular level, as scaffolds for tissue en-
gineering [13]. Being colonized by mesenchymal stromal cells, UHMWPE scaffolds with open porosity
demonstrate a high ability to osseointegration and vascularization [21].

The main idea of this study is as follows: if certain diatom species from natural marine communi-
ties are able to colonize the surface of various types of plastic [4 ; 5 ; 6], including UHMWPE, in some
cases this process can be classified as a way to create a new class of biocorrosion- and strain-resistant ma-
terials – diatom-polymer hybrids. Theoretically, a number of processes accompanying synthetic polymer
colonization can be considered:
A. “Surface single-layer colonization” will take place without significant proliferation of diatoms

in the depth of the substrate due to the lack of porosity. If the colonized surface is destroyed as a result
of biodegradation, over time this process will end with disintegration of polymer products into frag-
ments of various size, and it can be used as a technology for combating environmental pollution with
macroscopic plastic.
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B. In contrast to “surface single-layer colonization”, formation of a sufficiently thick, dense, and me-
chanically strong multilayer coating with barrier or other properties, valuable for practical application,
is possible on the surface of biostable polymers.

C. “Colonization of volume” due to intensive proliferation in depth of the porous (cellular) polymer is ex-
pected to create a stable bulk diatom-polymer composite with a wide range of technical characteristics,
that are important for solving structural, tribological, filtration, and thermal problems, as well as for use
in the field of vibration- and sound insulation. The expansion of the spectrum of possible applications
is due to a significant increase of the total surface of the composite – by 2–3 orders of magnitude
compared with the non-colonized surface of the polymer.
Since UHMWPE has significant chemical and biological stability, it is an important candidate material

for studying the process of colonization of its surface and volume. In this article, we discuss the first results
on the structural aspects of the interaction of marine diatoms from natural microphytobenthos communities
with porous UHMWPE surface.

MATERIAL AND METHODS
UHMWPE samples of two types were used to study the surface colonization process: smooth and porous

ones. Samples of both types were exposed in the accumulative cultures of diatoms isolated from the sandy
littoral: I – in Mumbai area (the Arabian Sea); II – in Baltiysk area (the Kaliningrad Bay, the Baltic Sea).
In both accumulative cultures, diatoms grew under natural diffused light, in the conditions of alternating
day and night (on the windowsill in the laboratory of P. P. Shirshov Institute of Oceanology), in the tem-
perature range of +5 to +30 °C (from the coldest winter months to the warmest summer ones), cover-
ing the walls of 1-L laboratory vessels of polyethylene terephthalate (hereinafter PET) and high density
polyethylene (hereinafter HDPE). Culture growth occurred without additional aeration, in the same vol-
ume of water into which they were transferred from natural biotopes. The salinity of seawater in the first
vessel was of 30 ‰, in the second – of 5 ‰. The age of culture I at the time colonization experiments
began was of 21 months, of culture II – of 20 months. In culture I, representatives of the genus Ha-
lamphora (Cleve) Levkov dominated: Halamphora coffeaeformis (C. Agardh) Levkov, 2009 (Fig. 1c–e)
and Halamphora cymbifera (W. Greg.) Levkov, 2009 (Fig. 1f); in culture II – Karayevia amoena (Hust.)
Bukht., 2006 (Fig. 1a, b).

The choice of cultivation conditions – sufficiently rigid for marine benthic diatoms taken from the nat-
ural environment – was dictated by the need to obtain mixed accumulative cultures from several species,
maximally adapted for joint development over a long period of time with no additional aeration and no
feeding with biogenes from the outside, as well as with significant changes of lighting conditions and ambi-
ent temperature. The act of colonization of vessel walls surface by different diatom species deserved special
attention and became the basis for experiments with UHMWPE colonization.

Samples of smooth UHMWPE were obtained by thermal cutting of a dense (non-porous) cylinder
with a diameter of 26 mm into 2–3-mm high “tablets” with surfaces smoothed due to reflow.

Samples of porous UHMWPE were prepared in accordance with the method presented in [12].
UHMWPE powder (4120 GUR Ticona®) was mixed with edible rock salt (NaCl) with a particle size
of 80–700 μm. The dry mixture with a weight ratio of 1 : 9 was carefully mixed using planetary ball mill
Fritsch Pulverisette 5 (Fritsch GmbH, Germany) in 500-ml agate centrifuge filled with corundum balls
with diameter of 8 mm. Thermal pressing was carried out under a load of 70 MPa at +180 °C. Salt removal
was then carried out using distilled water at +60 °C, using an ultrasonic cleaner. This process resulted
in the formation of porous structures with open pores, with a bulk porosity of about 80 %.
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Fig. 1. The most common diatom species that formed fouling on the surface of porous UHMWPE samples:
a, b – Karayevia amoena (in storage culture II); c–e – Halamphora coiffeaeformis; f – Halamphora cymbifera
(in storage culture I)

To obtain experimental fouling of smooth and porous UHMWPE surface (with different surface mi-
croreliefs), various samples of this material – three replicates for each sample – were exposed in accumu-
lative cultures over a period of 21 days under constant diffused light with LED1106 G2 2.3 W, 18 mA,
35 lm/W. The dimensions of rectangular samples of porous UHMWPE were of 40×19×3 mm, and the diam-
eter of smooth samples was of 25 mm. Laboratory vessels made of colorless PET and HDPE with a capacity
of 1 L (2 pieces each) with accumulative cultures were located at a distance of 45 cm from the light source.
Light intensity was of 135 lx.

Three-week duration of the experiment is explained by the fact that by the end of this period, extensive
placers of brown fouling spots had formed on the surface of porous UHMWPE samples, which were clearly
visible to the naked eye. This allowed us to proceed to the stage of material microscopy.

Colonial settlements of diatoms from accumulative culture II grew on the walls of vessels 1 and 2 (PET);
on the walls of vessels 3 and 4 (HDPE) – colonial settlements of diatoms from accumulative culture I.
In vessel 1, samples of porous UHMWPE No. 8 and 9 were exposed in three replicates, in two rows, three
in a row. In vessel 2, sample of porous UHMWPE No. 10 were exposed in three replicates, the upper
row, and “tablets” of smooth UHMWPE – three replicates, the lower row. In vessel 3, samples of porous
UHMWPE No. 1 and 2 were exposed, by analogy with vessel 1. In vessel 4, a sample of porous UHMWPE
No. 3, in three replicates, and three “tablets” of smooth UHMWPE, by analogy with vessel 2, were exposed.
General scheme of the experiment is shown in Fig. 2.

During the experiment, UHMWPE samples were suspended in water column, on threaded loops made
of copper wire (Glorex, 20 m × 0.4 mm, with anti-corrosion coating) at a distance of 5–10 mm from aquar-
ium walls covered with diatom fouling, at an angle of 30–40° to light source. Fouling ofHalamphora species
was obtained on samples No. 1, 2, and 3 (three replicates for each), and of Karayevia amoena – on samples
No. 8, 9, and 10 (also in triplicate). During the experiments, control extracts of samples were not performed
in 21 days of exposure; therefore, it is not possible to determine time and place of appearance of the first
diatom cells on specific samples.
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Fig. 2. General scheme of the experiment with colonization of the surface of porous and smooth UHMWPE
samples by marine diatoms from various storage polycultures. 1a – scheme of the experiment, top view: A –
PET-mini-aquariums (1-L bottles); B – HDPE-mini-aquariums (1-L bottles); C – samples located at an angle
to light source; D – layer of diatom colonial settlements on the bottle wall; E – vector of the direction of the light
flux from the source. 1b – layout of samples in bottles No. 1 and 3: F – porous UHMWPE samples; H – sea
soil; J – copper wire fixing UHMWPE sample in water, near the bottle wall; K – sea water level. 1c – layout
of samples in bottles No. 2 and 4: G – smooth UHMWPE samples

When preparing samples for microphotography using a scanning electron microscope, we used
a new author’s method of three-stage drying: exposure in a drying cabinet at +50 °C for 8 hours,
at +80 °C – for 3 hours, and at +100 °C – for 1 hour. The methodology proposed, never published before,
was based:

1) on the results of Ph. V. Sapozhnikov for drying diatom periphyton on filamentous algae in a dry-
ing cabinet, obtained in 1996 at Belomorsky Biological Station of Moscow State University, whose goal
was to create permanent preparations from dried diatom shells on filamentous algae surface without loss
of periphyton spatial organization;

2) on the data on changes in UHMWPE properties upon heating, which made it possible to estimate
the degree of density of shell association with sample surface.

The temperature of +80 °C is the limit, beyond which UHMWPE begins to soften, acquiring the prop-
erties of thick resin. However, small diatoms, such as K. amoena (up to 15 μm long), cannot immerse into
the thickness of this polymer due to their own weight, since their mass is too small, the specific surface
area of wide ovaloids of revolution, which geometrically are their frustules, is quite large, and the soft-
ness of the substrate itself is insufficient for this. This is also evidenced by the fact that larger cell diatom
species used in the experiments (Halamphora coffeaeformis and H. cymbifera having length of less than
30 and 50 μm, respectively, and the geometric shape of a wide ovaloid of revolution) did not immerse
in the polymer thickness when heated above +80 °C. Moreover, at +90 °C UHMWPE samples begin to be
affected by the shape memory effect (common materials science designation of this process is “cylinder
narrows and extends”), due to which small objects, immersed in it under their own weight, are pushed out.
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Thus, after the final stage of drying for one hour at +100 °C, one should not expect the effect of sponta-
neous fusion of diatom shells into the surface of this polymer. Rather, if loosely associated with the polymer,
they would separate from the surface due to buoyancy shape memory effect.

After primary drying, the samples exhibited in accumulative culture I were heavily coated with salt;
therefore, they were additionally washed by two-day exposure in the distillate, and then dried again
for 4 hours at +60 °C. Microphotography of diatom fouling was carried out at a magnification
×500 to ×700 using three different scanning electron microscopes: Hitachi TM 1000, Tescan LYRA,
and Tescan MAIA3.

Counting of the shells on the surface of UHMWPE samples was carried out manually using micropho-
tographs, marking the specimens counted as a part of both chains and “cloak-like” settlements. When isolat-
ing discrete spots, markers of different colors were used. The number of intervals when separating the size
classes of spots was approximately calculated using the formula:

ℎ = 2(𝐼𝑄)𝑛−1/3 ,

where h is the length of the interval;
(IQ) is the difference between the upper and lower quartiles (according to Freedman – Diaconis

formula [8]).

RESULTS AND DISCUSSION
Surface colonization of smooth UHMWPE samples did not occur in any of diatom accumulative cul-

tures. The result obtained is important because of its potential application in the design of marine antifouling
underwater structures of UHMWPE with a smooth surface.

Experiments with surface colonization of porous UHMWPE samples showed a number of important
features of this process, including common ones, for various diatom species. So, in accumulative cultures,
where many diatom species developed on a sandy substrate, and only a few species settled on the walls of ex-
perimental vessels (with the predominance of mentioned above), only certain taxa transferred to UHMWPE
samples.

In particular, accumulative culture II consisted of 10 species of benthic diatoms. Of them,
Karayevia amoena formed numerous and dense colonial settlements on the walls of PET vessels and sparse
settlements – on grains of sand at the bottom of the vessel; Melosira nummuloides C. Agardh formed
few short chains; other species from the genera Amphora Ehr. ex Kütz., Diploneis (Ehr.) Cleve, Nitzschia
Hassall, and Fallacia Stickle et D. G. Mann were often found in the sand and occasionally – on the walls
of the vessel. Only the first two species mentioned – K. amoena and M. nummuloides – have moved
on to living on a new substrate (porous polyethylene).

Scanning electron microscope studies did not reveal the development of bacterial colonies
on UHMWPE samples. In turn, K. amoena formed different types of colonial settlements on the surface
of various UHMWPE samples.

In accumulative culture I, three species from the genus Halamphora were noted, two – from Karayevia
Round et Bukhtiyarova ex Round, two – from Nitzschia, and one – from Navicula Bory. All benthic di-
atoms lived not only in sand at the bottom of the vessel, but also on the walls, forming on them dense spots
of colonial settlements with a predominance of H. coffeaeformis. Only H. cymbifera, H. coffeaeformis,
and K. amoena settled on porous UHMWPE samples. The third species in culture I had morphological dif-
ferences from that in culture II; it was seen rarely and by separate cells, while the first two species formed
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colonial settlements of various types. The dominant species forming the most extensive colonial settle-
ments on the porous UHMWPE was H. coffeaeformis. No bacterial colonies were observed on the surface
of UHMWPE samples in this experiment either, but individual cells of rod-shaped bacteria were found.

All three species that showed active growth on porous UHMWPE (K. amoena, H. coffeaeformis,
and H. cymbifera) are benthic ones and lead an attached lifestyle in nature, colonizing various substrates
(surface of mineral grains of sand and plant debris, chitinous shells of dead invertebrates). Moreover, ac-
cording to shell macro- and micromorphology, ability to move actively, and way of fixing on the substrate,
representatives of the genus Karayevia differ significantly from those of Halamphora [3 ; 10 ; 11 ; 19].
Extremely inactive K. amoena attaches very tightly to substrate surface, and all movements of its cells
are reduced to upper daughter cell crawling away from the lower one after division over a distance not ex-
ceeding, as a rule, its length. To date, no independent movement of K. amoena over distances significantly
exceeding its shell length has been reported. The transfer of cells of this species to new habitats, signifi-
cantly remote from the previous ones, occurs solely due to action of external factors during water movement
or during the movement of substrate particles already populated by them. In particular, we assume the possi-
bility of transferring cells to UHMWPE surface (from the composition of colonial settlements on the walls
of the vessels and from the surface of sandy soil) using bubbles of oxygen released by microphytes, because
the walls of these bubbles, being separated from the fouling, often had a brownish color. On the contrary,
H. coffeaeformis and H. cymbifera cells, although they lead an attached lifestyle and are inactive, are still
able to transfer over distances many times larger than the length of their shell, which can affect the nature
of the settlements formed by them [18].

Fig. 3. Primary colonization chains of porous
UHMWPE by Karayevia amoena cells.
In the foreground, the chains pass along
the crests of substrate folds (crsf)

We observed three main types of colonial settle-
ments with transitional forms between them. This sug-
gests that the process of populating porous UHMWPE
with K. amoena occurs in three successive stages. First,
the cells of this diatom propagate along the substrate,
forming primary colonization chains (Fig. 3). To do this,
they use the tops (ridges) or the edge areas of folds
and surface flocculent fragments. Chains of this type
are characterized by terminal (apical) growth; they
are formed as a result of cell division and the subsequent
movement of each upper daughter cell from the lower
one over a small distance along the surface of the high-
est protruding microrelief elements of the sample. In-
tercalar doubling of cells in such a chain occurs locally,
and only in places of microrelief “branching”: lateral
processes are added to the main growth direction, also elongating terminally. It can be assumed that the for-
mation of these chains is not only the primary surface colonization, but also the process of searching
for areas, where the formation of more compact colonial settlements is possible.

When such chains reach relief areas characterized by either a high density of folds (especially on hill-
shaped elevations), or, conversely, by the relative surface smoothness (including the bottom of small gaps),
the formation of secondary colonization chains begins. These structures are formed due to the doubling
of not only the terminal cell in the chain, but also of all its other cells that have reached such an area.
As a result, oblong sinuous or branching structures are formed from cells arranged in two rows according
to the “herringbone principle” (parquet “herringbone”) (Fig. 4). If primary colonization chain has significant
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Fig. 4. Secondary colonization chains (ch2)
of porous UHMWPE by diatom K. amoena:
cell structures arranged in two rows according
to “herringbone principle” (“herringbone” par-
quet). The substrate is represented by small floc-
culent fragments (flfr) of a relatively flat surface

Fig. 5. View of “cloak-like” areas of K. amoena
settlements on the surface of porous UHMWPE
(at different magnification)

intervals (gaps) (at least of 1–1.5 cells long) then sev-
eral secondary colonization chains can form from it.
Given the quasihomogeneous nature of the microre-
lief, primary and then secondary colonization chains
are able to cover substrate surface with a rather dense
net (Fig. 4).

Secondary colonization chains give rise to “nuclei”,
or to the most dense, initial groups of cells, during
the growth of colonial settlements. Continuing to double
frequently in secondary colonization chains, K. amoena
cells efficiently spread over an area with a high density
of folds (often along a “hill”) or over a limited area
on a relatively flat surface, filling its entire available area.
This forms the third stage of colonization, or “cloak-
like” settlement (Fig. 5).

The area covered by such a settlement depends
on the space scale of the elements of microrelief, that en-
sures its development. Such vast settlements, often
formed from hundreds and thousands of cells, consist
of smaller fragments of mosaics, or “spots” of a sim-
ilar configuration [1]. “Spots” can be clearly distin-
guished by narrow winding gaps between them, as well
as by the direction of the axes of the cells of which
they consist. As a rule, these “spots” look like tuber-
cles in the composition of the settlement, are located
at different angles in relation to each other, and corre-
spond to centers of intense cell division. With the de-
velopment of a particularly dense “cloak-like” settle-
ment, they reflect the features of microrelief surface
on which they are formed. On UHMWPE samples
of different porosity, such “spots” differ in the abun-
dance of cells. When the maximum packing density
is reached and the cells of the settlement already cover
the substrate in 1–1.3 dense layers and begin to rise
above it in the form of a knoll, they cease to massively
divide, as noted in the composition of extensive open
“cloak-like” settlements. It was also registered that peri-
odically, in conditions of a small area of accessible rela-
tively flat surface, the cells continue doubling and begin
to actively transform the substrate, as it will be described
below.

On the surface areas of sample No. 8, repre-
sented mainly by relatively smooth 20(30)–80 μm wide
flakes being torn along the edges, the size of primary
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colonization chains ranged from 2 to 12 cells (3 on average), with a predominance of chains of 3–4 cells.
The size of secondary colonization chains at the stage of the abundant formation of “herringbones”
and the coating of the substrate with a dense net varied from 3 to 23 cells (9.94 on average), with a predom-
inance of chains of 6–11 cells (they accounted for a total of 48.75 % ) (Fig. 6). In turn, the size of “spots”
ranged from 9 to 73 cells (31.01 on average), and the largest of them had branched outlines.

Fig. 6. Frequency distribution of size classes of “spots” in “cloak-like” colonial settlements on the surface
of sample No. 8

However, in the structure of “cloak-like” settlements, “spots” with a size of 19–35 cells prevailed (65 %
in total) (Fig. 6). Totally, location of 12,404 shells in 400 “spots” was taken into account.

On the surface of sample No. 10, the folding was significantly higher: the microrelief was sinuous
and finely folded; it consisted of three-dimensionally branching structures covered with a mosaic of small
flat sections (of 40–60 μm along the largest axis), located in different planes and separated by thin low
folds-barriers. Primary colonization chains were 2–8 cells long (3–4 cells on average); secondary coloniza-
tion chains consisted of 3–15 cells (5–8 cells on average; chains of this size accounted for 60 %) (Fig. 7).
“Spots” consisted of 5–26 cells (17 on average), but structures of two types prevailed among them: formed
of 14–16 and 19–21 cells, depending on characteristics of the surface microrelief (Fig. 7). In this sample,
9520 shells in 560 “spots” were taken into account.
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Fig. 7. Frequency distribution of size classes of “spots” in “cloak-like” colonial settlements on the surface
of sample No. 10

It is important to note the ability of K. amoena, which we established, to modify UHMWPE microrelief:
on the one hand, due to a very tight attachment of cells to sample surface, and on the other, due to their
synchronous division in rows. When examing fragments of the developed fouling at a magnification ×3000,
the following types of deformation of polyethylene surface by diatom cells were noted.

The first type consisted of ridges with a length of 20–30 μm, squeezed out by diatom shells due to foul-
ing compaction on both fold sides. Successive doubling of cell rows tightly attached to the substrate, on both
sides of a low but wide fold, with the integration of newly formed rows between them, led to stretch-
ing of the substrate itself: the fold was stretched into a narrow ridge. On such ridges, several cells grew,
which were in the substrate in the wells depicting the outlines of the shell (Fig. 8). The wells could be formed
due to the compression of these cells, which continue to hold tightly in place, while raising the edges
of the crest apex due to its extension in height, accompanied by squeezing the edge into the fold.

The second type was formed by squeezed and thinned edges of flat surface areas, along the edges
of which there were diatoms in the wells in the shape of a shell (Fig. 8).
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Fig. 8. UHMWPE surface deformations by
K. amoena cells during the formation of a “cloak-
like” settlement. Cells on the edge of the crest
(crec), squeezed from a wide fold of the substrate
in dense cell rows (cr), sit in the wells formed by
extruding the brow in the form of a fold. The cell
in the well (cw) is visible on the left in the wrung-
out part of the marginal area (the squeezed fold
frames the cell on the left)

Both types of elements of large (in relation
to the shells) deformation were formed due to the growth
of cell chains in width (doubling), and due to the fact
that the shells were tightly attached to the sur-
face, and the newly formed cell rows were embed-
ded between already attached rows, thus stretching
the substrate.

Absolutely special secondary structures formed
by K. amoena from UHMWPE were noted on the sur-
face of sample No. 8 (Fig. 9). Upon reaching the maxi-
mum population density of an even and relatively small
area, the cells began to transform its surface using
tight attachment to the substrate, as well as increas-
ing of the number of adjacent rows, thereby stretching
the polymer substrate.

First, an annular row located along the area edge
was formed (Fig. 9a), and its doubling began on both
sides with a gradual extrusion of the substrate surface
into a low annulated fold. Then, separating more and more new rows in both directions – in and out of the an-
nular row – the diatoms squeezed the fold already into the annular wall (Fig. 9b). Rows inside such a “well”
under construction received obviously less light and biogens than rows outside, because a semi-enclosed
space was formed. As a result, the number of rows outside grew faster, including due to their intercalary dou-
bling up and down along the entire height of the “well”. Because of this, the walls of the “well” bent outward,
forming a “pot” (Fig. 9c).

Fig. 9. Deep deformation of the surface of porous UHMWPE by the growing K. amoena colonial settlement:
a – formation of an annular fold; b – stage of fold extrusion in the annular wall; c – stage of the “pot”; d –
formation of a fragment of a “cloak-like” settlement in the form of a sphere, inside the fouling there is a frag-
ment of UHMWPE surface extruded by dense cell rows in the form of a “pot”; e – location of the protruding
fragments of the “cloak-like” settlement in the form of “pots” and balls on frontal surface of porous UHMWPE
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In the late stages of the formation of such a structure, light and biogens almost ceased to enter its internal
space through a narrow gap. During this period, the increase in the number of cells continued only outside,
and the diatoms in the rows already formed short sequences of 3–4 cells, forming “end-specks” of the mem-
brane. Such “end-specks” were located at different angles to each other. In the final stage, a similarity
of a sphere was formed (Fig. 9d): the terminal hole of the bloated “pot” covered the “spot” of the di-
atoms of the outer membrane. The diameter of these extruded structures was of ≈ 60 μm at the stage
of fold and of ≈ 80 μm at the stage of “pot”; the volume formed was of ≈ 270–290 μm³. The distance be-
tween the “pots” on the front surface of the sample reached 300(400)–600(700) μm with their rare location
and 10(40)–700 μm – with frequent location, including doubles (Fig. 9e).

The surface of porous UHMWPE in sample thickness was colonized up to a depth
of 150–200 μm – both in the form of primary colonization chains along the bottom of the caverns
and due to the wide “cloak-like” settlements in the areas of deep folding of the front surface.

The successive formation of the same three stages of the colonization of porous UHMWPE was noted
for H. coffeaeformis, but with its own characteristics. Firstly, primary colonization chains of this species
were significantly sparser (due to the movement of daughter cells over longer distances after division). Sec-
ondly, intercalular cell division was more often observed in their composition, and this was not always
accompanied by the growth of lateral “branches” along suitable microrelief areas. Thirdly, primary colo-
nization occurred not only in the protruding, multi-folded areas (on samples No. 1 and 2), but also in con-
cave relief elements – as on the surface of sample No. 3 (Fig. 10). Here, wide, being devoid of additional
folding, and smoothly curving “blades” (with the width of 200–400 μm) often interspersed with wide cav-
erns (of 200–700 μm along the largest axis), the depth of which reached 200–500 μm. In turn, the blades
themselves, due to their bends, could reach a height of 300–700 μm. Nevertheless, the formation of sec-
ondary colonization chains occurred along “ridges” and edges of caverns in the front UHMWPE surface
according to the same principle of parquet row doubling as for K. amoena, or by an increase in the num-
ber of cells in the chain in the form of bundles. Fourthly, the development of particularly large “cloak-
like” H. coffeaeformis settlements was most often observed along the edges of large caverns (Fig. 11),
and of smaller ones – along the upper edges of the “blades” (on sample No. 3) or along the “hills” (on sam-
ples No. 1 and 2) (Fig. 12). Due to the sparseness of the chains of primary and secondary coloniza-
tion, as well as the net nature of “spots”, it is not possible to reliably distinguish their characteristic sizes
for H. coffeaeformis.

Fig. 10. Primary (ch1) and secondary (ch2) colonization chains of surface of porous UHMWPE
by Halamphora coffeaeformis cells
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Fig. 11. Large “cloak-like” settlement of Halamphora coffeaeformis along the edge of a large cavern
on the frontal surface of porous UHMWPE. In the center of the image there is a separate large cell
of H. coffeaeformis (H.c.)

Fig. 12. Small “cloak-like”Halamphora coffeaeformis settlements along the tops of hill-shaped uplifts (hshu)
of the densely folded surface of porous UHMWPE

Finally, H. cymbifera did not form primary colonization chains at all to search for topologically suitable
surface areas. Large cells of this species either settled on shaded microrelief areas and gave rise there to very
dense, compact colonial settlements (on sample No. 3) (Fig. 13), or settled alone along the edges of caverns,
among dense H. coffeaeformis settlements (on samples No. 1 and 2) (Fig. 11).

The size of compact H. cymbifera populations varied from 6 to 32 cells (17.08 on average). Groups
of 14–18 cells prevailed (a total of 32 %).

Fig. 13. Dense and compactHalamphora cymbifera colonial settlement in the shaded (“cavernous”) area (sha)
of porous UHMWPE microrelief
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Conclusion. The results of the experiments on the study of diatom fouling of UHMWPE samples
with different surface microrelief structures revealed a number of general characteristics of the process.
Surface fouling of smooth UHMWPE did not occur. Samples of porous UHMWPE were colonized
by cells with different morphologies: achnantoids (Karayevia amoena) and amphoraids (Halamphora spp.),
which have different mechanisms of adhesion to the substrate surface, but have shown common strate-
gies for accustoming samples differing in microrelief. For species of similar sizes (K. amoena and H. cof-
feaeformis, size class of ≈ 10–18 μm), three common successive stages of colonial settlements formation
were revealed: 1) primary colonization chains, with the help of which the cells settled on the substrate;
2) secondary, or planar, colonization chains; 3) open, or “cloak-like”, settlements formed from “spots”.

The first and second stages of colonization spread mainly along the protruding elements of the microre-
lief, and the third stage – in relatively flat areas or areas speckled with tiny, densely arranged folds, where
each cell was attached immediately to two or three folds. In the areas with the densest folding or with
a relatively smooth surface, both species formed extensive “cloak-like” settlements, being the most abun-
dant on the “hills” and “lobes” rising above the general level of the frontal surface. In all samples, where
the minimum repeating area of the folded surface was comparable with the size of the cells [from ≈ 10 : 1
to ≈ (50…100) : 1], the formation of “spots” from a more or less certain number of cells was noted, with their
location repeating microrelief features and forming “cloak-like” settlements.

For K. amoena, the ability to modify UHMWPE surface was noted for the first time – due to extremely
tight attachment of cells to the substrate and, as a result, due to stretching of this surface with an increase
in the number of cell rows. In some cases, the modification was expressed in point stretching of marginal
zones of the smallest flat areas suitable for the growth of open settlements. In other cases, the transformation
consisted of squeezing of area surface in the form of a ring and of further formation of a “pot” with convex
walls. On the surface of the sample with minimal folding, H. coffeaeformis (size class of ≈ 10–18 μm) used
shaded areas for large compact settlements – along cavern edges, in dents along the bends of the “blades”,
and on narrow isthmuses between the caverns. In this case, minimum relatively homogeneous area signif-
icantly exceeded the area of the cells of this size class, and they preferred the areas protected from water
movement and direct lighting. Larger H. cymbifera cells (size class of ≈ 30–35 μm) with minimal folding
also went into “shadow”, but used more comparable areas at the bottom of shallow caverns.

Thus, it was revealed that during the colonization of various samples of porous UHMWPE, diatoms
form stable settlements, tightly associated with the surface, the morphology of which is closely related
to the features of surface microrelief. With appropriate processing of composites obtained, which allows
us to get rid of the organic content of diatom cells and to clean their shells, it becomes possible to ob-
tain UHMWPE samples with a stably biomineralized surface, the total area of which is several orders
of magnitude larger than that of the original surface.
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НА ПОВЕРХНОСТИ СИНТЕТИЧЕСКОГО ПОЛИМЕРА
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Тема взаимодействий пластика и природных сообществ к настоящему времени актуальна как ни-
когда прежде. Постепенное накопление изделий из искусственных полимеров и их фрагментов
в природной среде достигло того уровня, при котором уже невозможно не считаться с влияни-
ем этих материалов на живые организмы. В первую очередь воздействию подвергаются сообще-
ства микроорганизмов, населяющих разные биотопы (как водные, так и наземные). Эти существа
находятся на переднем крае взаимодействия с пластиком, в том числе в морских экосистемах.
Тем не менее для понимания данных процессов необходимо принимать во внимание несколько
аспектов таких взаимодействий: влияние разных видов пластика на сообщества микроорганиз-
мов через выделение в среду продуктов их разложения, формы использования пластика сами-
ми микроорганизмами, в том числе механизмы колонизации его поверхности, а также возмож-
ные процессы биодеструкции полимеров за счёт деятельности микроорганизмов. При этом раз-
ные виды пластика могут отличаться не только механической прочностью, но и устойчивостью
к биодеструкции, вызываемой микроорганизмами. Эксперименты с колонизацией поверхности ви-
дов пластика, разных по составу и механической прочности, позволяют получить широкий спектр
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результатов, актуальных не только для понимания современных природных процессов с участи-
ем пластика: эти результаты важны и для применения в некоторых областях развития технологий
(например, при создании композитных материалов). В частности, представляют большой интерес
исследования форм и механизмов устойчивой колонизации особо прочных полимеров видами
диатомовых водорослей из состава природных сообществ. За счёт обрастания поверхности осо-
бо прочных синтетических полимеров диатомеями возможно формирование единого диатомово-
полимерного композита, общие свойства которого уже существенно отличаются от свойств поли-
мера как такового. Например, при обрастании полимера диатомеями, плотно удерживающимися
на его поверхности за счёт физиологических механизмов, обеспечивающих им надёжную фикса-
цию, суммарная площадь поверхности композита возрастает на 2–3 порядка по сравнению с тако-
вой голого полимера. Такие композиты и их свойства формируются за счёт механизмов колони-
зации субстратов, используемых диатомеями из естественных морских ценозов, — при перенесе-
нии этих механизмов на новый, перспективный для заселения диатомеями материал. Возможно-
сти практического применения этих композитов лежат в сфере тепло- и звукоизоляции, а также
в области создания протезирующей ткани при операциях на костях. В наших экспериментах от-
слежены последовательности развития устойчивого композита при колонизации диатомеями по-
верхности образцов особо прочного синтетического полимера, стойкого к коррозии. Процесс за-
селения образцов происходил на базе сообществ, сформированных в накопительных культурах
из природной морской среды. Образцы сверхвысокомолекулярного полиэтилена низкого давле-
ния (СВМПЭ) с гладкой и пористой структурой поверхности (с открытой ячейкой, до 80 объём-
ных % пористости) были подвергнуты колонизации диатомовыми водорослями Karayevia amoena
(Hust.) Bukht., 2006, Halamphora coffeaeformis (C. Agardh) Levkov, 2009 и Halamphora cymbifera
(W. Greg.) Levkov, 2009. Лабораторные эксперименты продолжались три недели. Накопительные
культуры микрофитов, на базе которых проводили эксперименты, были получены из Балтийского
моря (район г. Балтийска, Россия) и Аравийского моря (район г. Мумбаи, Индия). Типы и ста-
дии развития колониальных поселений на различных элементах микрорельефа фронтальной по-
верхности и в подлежащих полостях изучали с помощью сканирующего электронного микроско-
па на образцах, подвергнутых постадийной термической сушке. Отдельные клетки K. amoena,
H. coffeaeformis и H. cymbifera, их цепочковидные агрегаты и распростёртые колониальные по-
селения занимают различные по степени неоднородности элементы поверхности микрорельефа,
образуя структуры мощностью в 1–2 слоя со средней высотой поселения 1–1,3 высоты единичной
особи. Клетки K. amoena плотно фиксируются на полимерном субстрате, используя поровый ап-
парат нижней створки панциря. При этом наблюдения с помощью сканирующего электронного
микроскопа выявили отпечатки панцирей на субстрате, являющиеся признаками внедрения по-
лимерной подложки в ареолы гипотеки. Рассмотрены механизмы распространения диатомей трёх
указанных видов по различным элементам поверхности СВМПЭ, а также формирования характер-
ных элементов колониальных поселений, в том числе для K. amoena — последовательно в форме
«горшков» и сфер, посредством взаимодействия с поверхностью полимера и её растяжения по мере
нарастания количества плотно прикреплённых клеток в колониальном поселении.
Ключевые слова: диатомеи, диатомовые водоросли, Bacillariophyta, колонизация пластика,
СВМПЭ, устойчивые материалы, пластик в морской среде, аквакультура
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A possible response to light of larvae of Black Sea ctenophore Mnemiopsis leidyi of two age groups (first
to fourth day and one-two weeks after hatching) was experimentally studied. The larvae were placed
in a Petri dish with seawater, in which two areas (light and dark) were created using a light source
and a black opaque background. The number of larvae in each area was recorded for an hour after the start
of the experiment. It was found that on average 77 % of the early stage larvae (first to fourth day) migrated
to the dark area after an hour. We hypothesized that Mnemiopsis leidyi early stage larvae have negative
phototaxis. Similar response of the older larvae (one-two weeks) was not recorded.
Keywords: Mnemiopsis leidyi, ctenophore, larvae, phototaxis, migration

Ctenophores are planktonic predatory gelatinous marine animals. The speciesMnemiopsis leidyi belongs
to the order Lobata. The animals of this order move using ctenes of cilia, which create water current. Syn-
chronous movement of the cilia is coordinated by the nervous system [6]. The complex of the aboral organ
is the main sensory structure of the animal; it controls movement and, possibly, is a light sensor.

Tentacle

Cilia

Mouth

Stomach

0.5 cm

Apical
organ

Fig. 1. Mnemiopsis leidyi larvae on the first day
after hatching

The development of Mnemiopsis leidyi is direct.
However, after hatching, the larva passes the cydippid
planktonic stage (body length 0.3 cm (when hatching)
to 3 cm); the larva has a pair of long branching tenta-
cles and actively moves in a water column (Fig. 1). Dur-
ing development of Mnemiopsis larva, its body structure
becomes similar to an adult sexually mature individual
(3 to 15 cm): tentacles are reduced, and typical long
lobes appear [4].

Modern taxonomists consider that Ctenophora
are a “sister taxon” in relation to all other Metazoa;
the development of their nervous and muscular systems
is unique [3]. Identification of the presence of behav-
ioral reactions to light intensity changes of ctenophore
larvae is important for understanding the operation
of these systems.
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Previously, Schnitzler et al. [5] performed a comprehensive analysis of the genes involved in the pro-
duction and absorption of light in Mnemiopsis leidyi larvae; it was shown that the expression of opsin
genes, which are involved in light perception, occurs in the apical sensory organ, namely, in nerve cil-
iary cells. A joint localization of the expression of photoprotein genes and two opsin genes in devel-
oping Mnemiopsis leidyi photocytes was also revealed. The authors suggested that there is a connec-
tion between bioluminescence and phototaxis in ctenophores, and photocytes probably not only emit,
but also perceive light [5].

According to the results of the study [1], it was suggested that one of the factors stimulating Mne-
miopsis leidyi to perform vertical migrations is the avoidance of bright light (over 10 μE·m⁻²·sec⁻¹). It was
found that only small animals (up to 22 mm) perform migrations. The authors consider the animals
swim to the upper layers following food objects only in the night, while in the daytime they swim down
avoiding sunlight.

Information on laboratory experiments aimed at studying the response of ctenophores to the light
has not been found in the literature.

The aim of this work is to study the effect of light intensity changes on the behavior of ctenophore
larvae.

MATERIAL AND METHODS
Adult Mnemiopsis leidyi individuals were collected from the sea from IBSS mooring (Karantinnaya

Bay, Sevastopol) in September 2019. The animals were brought to the laboratory, placed in 5-L containers
with seawater (5–7 animals per container) and left overnight in a darkened room. In the morning, the ap-
pearance of eggs and larvae was observed. On the first day after hatching, the larvae were moved with
a pipette into separate 0.5-L glass beakers. The experiments were carried out on larvae in the early stages
of development (first to fourth day). They were kept in room temperature seawater (+22 °C); food ob-
jects were not introduced. For each subsequent experiment, we selected larvae, which were not involved
in previous ones.

A small Petri dish (10 cm in diameter, 1 cm high) filled with filtered seawater was placed on the frosted
glass above a light source – a LED element installed at a distance, at which the water in the dish
did not heat up. A black opaque background was placed under the dish, so that one its half was dark-
ened, and the other one remained completely illuminated (Fig. 2). An impenetrable plastic partition was
installed at the light – dark border. Totally, 20 Mnemiopsis larvae were placed on the side of the illuminated
area, and then the partition was removed. We observed larvae behavior for an hour after the start of the ex-
periment and counted larvae number in dark and illuminated dish areas. The experiments were carried out
within four days after larvae hatching, 5 replicates per day; in total, 20 experiments.

During the 110ᵗʰ cruise of RV “Professor Vodyanitsky” (4–20 October, 2019), in the Sea of Azov 1-cm
to 2-cm larvae were sampled (the estimated larvae age is one to two weeks). The reactions to light were
studied under the same experimental conditions in the laboratory of biodiversity and functional genomics
of the World Ocean (hereinafter BiFGWO) onboard the vessel. Totally, 10 experiments were conducted.

RESULTS AND DISCUSSION
Observations of the behavior of early stage larvae within an hour after the start of the experiment showed

that within the first 30 minutes, the larvae migrate throughout the entire dish volume, and after 1 hour about
77 % move into the dark area, avoiding bright light (Table 1).
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Dark background Light area Dark background Light area

Petri dish
with sea water Larvae of Mnemiopsis

Partition

2   Exposure with light for 1 hour1  Start of experiment
Fig. 2. Scheme of the exper-
iment.
1 – start of the experiment:
the Petri dish with seawater
is placed above the light
source, a black opaque back-
ground is placed under one
half of the dish, a partition
is installed at the light – dark
border, Mnemiopsis larvae
are placed in the light area.
2 – exposure of larvae
in a dish without partition
for one hour after the start
of the experiment

Table 1. Percentage of larvae in the dark area of the Petri dish within one hour after the start
of the experiments

Age of larvae,
days n

Percentage of larvae
in the dark area, %

1 5 85
2 5 64
3 5 76
4 5 83

For all the time 20 77

The response of early stage larvae to light intensity change does not manifest itself immediately, but over
time. A rapid light intensity change triggers a cascade of internal processes of the animal, which takes
a certain time. It is known that phototaxis mechanism of all eukaryotes includes three main stages [2]:

1) light absorption and primary reactions in photoreceptors;
2) transformation of stimuli and transmission of signals to the motor apparatus;
3) change in movement.
Thus, it can be assumed that Mnemiopsis leidyi larvae in the early stages of development have negative

phototaxis.
For older larvae, it was not possible to reliably establish the presence of a response to light. In some

experiments, almost all the larvae migrated to the dark area of the dish within an hour; in others, they
occupied the entire dish volume and did not move even two hours after the start of the experiment.

Due to the fact that Mnemiopsis leidyi larvae perform vertical migrations in water column, the larger
larvae may not have enough water in the Petri dish to move freely. To identify their possible response to light
intensity changes, other experimental conditions are necessary.

This work was carried out within the framework of government research assignment of IBSS “Structural and func-
tional organization, productivity, and sustainability of marine pelagic ecosystems” (No. АААА-А18-118020790229-
7) and “Patterns of formation and anthropogenic transformation of biodiversity and biological resources of the Sea
of Azov – the Black Sea basin and other parts of the World Ocean” (No. АААА-А18-118020890074-2).
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РЕАКЦИЯ ЛИЧИНОКMNEMIOPSIS LEIDYI НА ИЗМЕНЕНИЕ ОСВЕЩЁННОСТИ

Ю. С. Баяндина

Федеральный исследовательский центр «Институт биологии южных морей имени А. О. Ковалевского РАН»,
Севастополь, Российская Федерация

E-mail: sepulturka@mail.ru

Экспериментально изучены возможные реакции на свет личинок черноморского гребневика
Mnemiopsis leidyi двух возрастных групп (первые-четвёртые сутки и одна-две недели после вылуп-
ления). Личинок помещали в ёмкость с морской водой, в которой с помощью источника света
и непрозрачного фона создавали две световые зоны (свет и тень); количество личинок регистри-
ровали в каждой зоне в течение часа после начала эксперимента. Показано, что в среднем 77 %
личинок, находящихся на ранних стадиях развития (первые-четвёртые сутки), через час мигри-
руют в тёмную область. Высказано предположение о наличии отрицательного фототаксиса у ран-
них личинок Mnemiopsis leidyi. Подобные реакции у более взрослых личинок (одна-две недели)
не обнаружены.
Ключевые слова: Mnemiopsis leidyi, гребневик, личинки, фототаксис, миграции
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In July 2019, three polychaetae specimens of the genus Ctenodrilus were found in oyster cages on silted
oyster shells. The cages from a mussel-and-oyster farm located at the outer roadstead of Sevastopol
Bay were suspended at a depth of 6–8 m. The bottom soil under the mussel-and-oyster farm is silted
sand, and the depth is of 16 m. During the sampling, water temperature was of +23 °C, and the salin-
ity was of 17.7 ‰. Thus, according to morphological characteristics, polychaetae we found should be
classified as Ctenodrilus serratus (Schmidt, 1857). Photographs of alive and fixed polychaetae, chaetae
patterns, and a schematic representation of their number by segments are presented. At the beginning
of the XX century, a single specimen of this species was found in the Black Sea.
Keywords: polychaetae, Ctenodrilus serratus (Schmidt, 1857), Black Sea

There is only one known representative of the subfamily Ctenodrilinae of the family Cirratulidae
in the Black Sea – Ctenodrilus serratus (Schmidt, 1857) [2 ; 3]. At the beginning of the XX century, a sin-
gle specimen of this species was found in Sevastopol Bay in the fouling of a pipe near the military hospital
at a depth of 1 m [1]. The respective specimen was probably lost. There were no further observations
of this species in the Black Sea. All references to its presence in Black Sea fauna [2 ; 3] have been based
on the first mention.

In July 2019, three specimens of polychaetae genus Ctenodrilus were found in oyster cages on silted
oyster shells. The cages from the mussel-and-oyster farm located at the outer roadstead of Sevastopol Bay
(44°37′13.3″N, 33°30′07.1″E) were suspended at a depth of 6–8 m. The substrate under the farm is silted
sand, and the depth is of 16 m. During the sampling, water temperature was of +23 °C, and the salinity
was of 17.7 ‰. Optical microscopes Mikmed-5, MBS-9, and Olympus CX-41 were used to identify these
specimens. The photographs were taken by cameras Canon Digital IXUS 90 IS and Sony Cyber-Shot 16.2.
Gathered material is lodged in IBSS RAS collection (IBSS-POL / Cirratulidae / No. 7).

The polychaetes have 11–12 segments; their body width is of 0.12–0.13 mm, and the length
is of 1.25–1.5 mm (Fig 1A, B). Alive specimens: translucent body with a greenish tint; black-purple dots
throughout the body; red intestines visible. Fixed specimens in 4 % formalin solution: light-green; with red
stomach.
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Fig. 1. Ctenodrilus serratus (IBSS-POL / Cirratulidae / No. 7): A – alive specimen;
B – formalin-fixed specimen

Prostomium round-conical. Eyes, head appendages, and gills absent. Prostomium and peristomium cili-
ated ventrally. Peristomium and last segment without chaetae. Parapodia not developed; chaetae in two bun-
dles come directly from body side. All chaetae simple, of the same shape – distally expanded. Expanded
part of hooks on one side has 5–6 large triangular teeth; all teeth of nearly the same size (Fig. 2A).
Variable number (1 to 4) of chaetae is in the noto- and neuropodial bundles in different chaetigers
(Fig. 2B). Intestine with an expansion from chaetiger 3 to the beginning of chaetiger 6. Pygidium rounded,
without cirri.

Fig. 2. A – chaetae of observed speciemen Ctenodrilus
serratus, scale bar 10 μm; B – schematic representation
of the number of chaetae in chaetigers of C. serratus
in notopodia (upper row) and neuropodia (lower row)

Morphological characteristics of the poly-
chaetes we have found fit the description
of Ctenodrilus serratus (Schmidt, 1857) [5].
The subfamily Ctenodrilinae includes two gen-
era – Aphropharynx Wilfert, 1974 and Ctenodrilus
Claparède, 1863. The main difference between
these genera is chaetal morphology. Aphropharynx
representatives have three types of simple chaetae:
trichoid, serrated with small teeth, and serrated
with large teeth, whereas Ctenodrilus representa-
tives have only one type of chaetae – hooks [7 ; 8].

The genus Ctenodrilus includes four species.
Validity of one of them (Ctenodrilus paucidentatus
Ben-Eliahu, 1976) is doubtful. Ctenodrilus parvu-
lus Scharff, 1887 is characterized by the presence

of only smooth chaetae without teeth [4]. Recently described species Ctenodrilus pacificus Magalhães, Wei-
dhase, Schulze & Bailey-Brock, 2016 from the Pacific Ocean (Hawaii) is morphologically quite similar
to C. serratus, and main differences between these species are found at the molecular level [4].

C. serratus is the most common species of the genus Ctenodrilus. According to numerous indications
of its presence in various water areas (Pacific, Atlantic oceans to Mediterranean Sea, English Channel,
and Helgoland), this species appears to be spread worldwide. Due to lack of molecular data in most re-
ports, it is not known whether this species is a cosmopolitan one or a complex of potentially cryptic
species. Representatives of the genus Ctenodrilus found in oyster cages of a farm in South Africa and iden-
tified as C. serratus according to molecular studies were identical to C. serratus from the North Sea [6].

Морской биологический журнал Marine Biological Journal 2020 vol. 5 no. 2



The finding of a rare in the Black Sea polychaete Ctenodrilus serratus (Schmidt, 1857)… 111

Taking into account that molecular studies of Black SeaCtenodrilus have not been carried out, the specimens
we found can be tentatively classified as C. serratus.

This work was carried out within the framework of government research assignments of IBSS “Investigation
of the mechanisms of controlling production processes in biotechnological complexes with the aim of developing
the scientific foundations for the production of biologically active substances and technical products of marine gen-
esis” (No. АААА-А18-118021350003-6) and “Patterns of formation and anthropogenic transformation of biodi-
versity and biological resources of the Sea of Azov – the Black Sea basin and other parts of the World Ocean”
(No. АААА-А18-118020890074-2).
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ОБНАРУЖЕНИЕ РЕДКОГО ДЛЯ ЧЁРНОГОМОРЯ ВИДА ПОЛИХЕТ
CTENODRILUS SERRATUS (SCHMIDT, 1857) (ANNELIDA, CIRRATULIDAE)

Е. В. Лисицкая, Н. А. Болтачева

Федеральный исследовательский центр «Институт биологии южных морей имени А. О. Ковалевского РАН»,
Севастополь, Российская Федерация

E-mail: e.lisitskaya@gmail.com

В июле 2019 г. в устричных садках на заиленных створках устриц обнаружены 3 экземпляра поли-
хет рода Ctenodrilus. Садки с мидийно-устричной фермы, расположенной на внешнем рейде бух-
ты Севастопольская, были подвешены на глубине 6–8 м. Грунт под фермой — заиленный песок,
глубина — 16 м. Температура воды во время отбора материала составляла +23 °C, солёность —
17,7 ‰. Найденные полихеты по морфологическим признакам отнесены к виду Ctenodrilus serratus
(Schmidt, 1857). Представлены фотографии живой и фиксированной полихеты, рисунки щетинок
и схема их количества по сегментам. Данный вид в Чёрном море был отмечен единственный раз
в начале XX века.
Ключевые слова: полихеты, Ctenodrilus serratus (Schmidt, 1857), Чёрное море
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CHRONICLE AND INFORMATION

TO THE ANNIVERSARY OF ACADEMICIAN OF THE RAS VIKTOR EGOROV

This year, Viktor Egorov, IBSS Supervisor, Academician of the Russian Academy of Sciences, D. Sc.,
Prof., Editor-in-Chief of “Marine Biological Journal”, celebrates the anniversary. He developed the theory
of mineral metabolism between marine organisms and the aquatic environment, discovered jet methane
gas emissions from the bottom of the Black Sea, and created the basics of the biophysical theory of the eco-
logical capacity of the marine environment in relation to pollutants. Viktor Egorov is the author of more
than 360 articles and 6 monographs.

Staff of IBSS radiation and chemical biology department
congratulates Viktor Egorov on his jubilee! We are
proud to work in a team with the author of scientific
discoveries and the outstanding scientist who has made
a significant theoretical and practical contribution
to the study of homeostasis of marine ecosystems.

At present, V. Egorov, D. Sc., Prof., Academician
of the Russian Academy of Sciences (since 2016)
and the National Academy of Sciences of Ukraine (since
2012), is the Supervisor of A. O. Kovalevsky Institute
of Biology of the Southern Seas of RAS.

From the age of 18, attention of Viktor Egorov, native
of Sevastopol, was riveted to the sea: at the beginning
while working on fishing vessels in the Caspian Sea,
then while modeling the dynamics of the movement
of atomic submarines in the Sevastopol Higher Naval

Engineering School, and since 1968 – in IBSS. Through competitive selection, V. Egorov first entered
functioning of marine ecosystems department headed by Corresponding Member of the Academy
of Sciences of the Ukrainian SSR Tamara Petipa, and later – radiation and chemical biology department
headed by Gennady Polikarpov.

Over the years of work, Viktor Egorov has been steadily growing professionally. In 1968–1970,
he was a senior engineer; then, until 1980, – a junior researcher. In 1975, he defended his candidate
dissertation brilliantly and became a PhD with a degree in geophysics (sea physics). Then, he worked
as a senior researcher; in 1983, he became the head of the laboratory of dynamic radiochemoecology.
In 1988, he defended his doctoral dissertation in radiobiology. In 1989–1993, he was IBSS deputy director.
At the same time (1991), he received a ship’s wheel (a symbol of the head of RCBD) from G. Polikarpov,
Academician of the National Academy of Sciences of Ukraine. Heading the department at the difficult
time (1990s), V. Egorov always made strategically correct decisions and overcame difficulties.
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Gennady Polikarpov passes the ship’s wheel (a symbol of the head of RCBD) to his student,
scientific follower, and successor Viktor Egorov

During those difficult years, he proved himself to be a talented organizer of international marine
research and the head of a creative scientific team. Thanks to him, 16 international grants were received
for studying the Black Sea, and expeditionary work, financed by the European Union, the International
Atomic Energy Agency, and intergovernmental funds, was realized. As a result of such cooperation,
the scientific using of RV “Professor Vodyanitsky” was provided, and up to 70 % of marine expeditionary
work of the NAS of Ukraine on the Black Sea was organized for the fulfilling in 1992–2005.

In the World Ocean science, Viktor Egorov has priority in several directions. These
are the development of the theory of mineral metabolism between marine organisms and the aquatic
environment, the management of research and the generalization of their results on the response
of the Black Sea to the Chernobyl disaster, the discovery of jet methane gas emissions from the bottom
of the Black Sea in the late 1980s, which caused a sensation in the scientific world and laid the foundation
for many years of research on this phenomenon. He created the basics of the biophysical theory
of the ecological capacity of the marine environment in relation to pollutants. The conditions of the stability
of the system of biotic self-purification of the photic layer of seawaters were studied using mathematical
models. It was shown that water anthropogenic pollution increase can lead to a change from the first
to zero order of the metabolic rate of pollutant exchange by marine organisms, as well as to saturation
of the sorbing surfaces of inert and bioinert substances. At the same time, the system of complex
biogeochemical self-purification of waters can lose stability, which results in an increase in the content
of pollutants in the aquatic environment up to levels leading to toxic effects on marine organisms.

The results of V. Egorov’s scientific research are recognized worldwide. He is the author of 365 articles
(more than 70 of them are published abroad) and 6 monographs highly valued and regularly cited
by colleagues. Under his supervision, the students defended seven PhD dissertations on biogeochemistry
of pollutants of different nature in marine ecosystems, as well as the methane problem. In the arsenal
of pedagogical influences of Viktor Egorov, a talented teacher and a delicate person, there are no methods
of coercion. He involves in work, sets a personal example, conveys not only his knowledge, but also his life
experience, skills and abilities, shows interest in the work of students on all the stages, and contributes
to their professional growth.
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V. Egorov is an unrivalled storyteller. His memories of sea expeditions always cause genuine interest
and amaze with lots of vivid details. He participated in 45 research cruises, of which he headed
22 (16 international). During scientific expeditions and business trips, he visited 53 countries of the world,
was in 24 seas of the Atlantic, Indian and Pacific oceans, and completed a circumnavigation.

Since his childhood, Viktor Egorov was fond of fishing, and years later he became the owner of a boat,
on which, for many years, together with colleagues from RCBD and other departments of IBSS, he took
samples of water, hydrobionts, and benthic sediments in Sevastopol coastal areas from Cape Lucullus
to Cape Fiolent. In one of “Antares” expeditions, jet methane gas emissions in Sevastopol coastal waters
were discovered by the hydroacoustic method.

“Antares” boat crew after an expedition to Sevastopol coastal waters. Left to right: V. Popovichev, S. Gulin,
N. Stokozov, “Antares” skipper V. Egorov, L. Malakhova, I. Moseychenko

We are pleased to have the opportunity to study Viktor Nikolaevich’s colossal capacity for work,
scientific intuition, and his brilliant human qualities – steadfast optimism and amazing sense of humor.
With all our hearts, we wish good health to the hero of the day and his loved people, prosperity, happiness,
new achievements in scientific work, and worthy students and followers!

Staff of IBSS radiation and chemical biology department

КЮБИЛЕЮ АКАДЕМИКА РАН ВИКТОРА НИКОЛАЕВИЧА ЕГОРОВА

В мае 2020 г. исполнилось 80 лет Виктору Николаевичу Егорову — и. о. научного руководителя
ФИЦ ИнБЮМ, академику Российской академии наук, доктору биологических наук, профессору,
главному редактору «Морского биологического журнала». В. Н. Егоров разработал теорию мине-
рального обмена между морскими организмами и водной средой, открыл струйные метановые газо-
выделения со дна Чёрного моря, создал основы биофизической теории экологической ёмкости мор-
ской среды в отношении загрязняющих веществ. Виктор Николаевич — автор более чем 360 статей
и 6 монографий.
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