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MORPHOMETRIC VARIABILITY IN THE ROUND GOBY
NEOGOBIUS MELANOSTOMUS (PALLAS, 1814) (ACTINOPTERYGII, GOBIIDAE)
OF THE SEA OF AZOV-BLACK SEA BASIN

©2024 R.Belogurova'?

'A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russian Federation
Research Center for Freshwater and Brackish Water Hydrobiology, Kherson, Russian Federation
E-mail: prishchepa.raisa@yandex.ru

Received by the Editor 12.04.2021;  after reviewing 08.06.2022;
accepted for publication 09.10.2023;  published online 22.03.2024.

The variability of external morphological characters (36 morphometric and 6 meristic ones)
of the round goby Neogobius melanostomus (Pallas, 1814) from seven regions of the Sea of Azov—Black
Sea Basin is considered: the northwestern and southwestern Black Sea coast of the Crimean Penin-
sula (the Karkinitsky Bay, Donuzlav Liman, and Streletskaya Bay of Sevastopol), the Kazantip Bay
of the Sea of Azov, and the Salgir River in the central Crimean Peninsula. As established, the round
goby from different catch regions at the age of 2+...3 has different body sizes: the maximum in indi-
viduals from the Streletskaya Bay, SL,, (136.2 + 1.97) mm; the minimum in individuals from the Salgir
River, SL,, (66.8 £ 2.28) mm. With the Mann—Whitney test, statistically significant differences were
found between the samples for most morphometric characters. In terms of meristic characters, there
were no differences. The greatest contributors to the discrimination of N. melanostomus samples were
morphometric characters related to the location of fins. According to the results of cluster analysis,
based on the totality of all the studied characters of the round goby of the Sea of Azov—Black Sea
Basin, the samples from the Karkinitsky Bay (Samarchik Bay and Yarylgachskaya Bay, D = 28.6)
and from the Bakalskaya Spit water area had the highest similarity. At the level of divergence D =47.3,
groups of the round goby from the Streletskaya Bay and Kazantip Bay were united; then, a sample
from the Donuzlav Liman adjoined them at the level D = 215. The sample from the Salgir River had
the most isolated position: the level of divergence was about 475. As found according to the discrim-
inant analysis, the round goby from the Sea of Azov-Black Sea Basin was differentiated into at least
three spatial groups: the first one, from the western coast of the Crimean Peninsula (the Karkinitsky Bay
and Donuzlav Liman) and the Sevastopol area (the Streletskaya Bay); the second one, from the Kazan-
tip Bay (the Sea of Azov); and the third one, from the Salgir River. The following characters made
the greatest contribution to the discrimination of spatial groupings (with the correlation coefficient
between characters and coordinate values along the second canonical axis being higher than 0.75):
maximum body depth, caudal peduncle depth and width, predorsal and prepelvic distances, and width
of pectoral and pelvic fin base. The revealed heterogeneity shows a high paratypical variability of mor-
phometric characters; under different environmental conditions, individuals of the same species form
a specific phenotype.

Keywords: round goby, Sea of Azov-Black Sea Basin, morphometric and meristic characters,
variability, population
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4 R. Belogurova

The round goby Neogobius melanostomus (Pallas, 1814) is a Ponto-Caspian endemic species with
a natural range that includes water areas of the Black, Marmara, and Caspian seas and the Sea
of Azov [Boltachev, Karpova, 2017; Manilo, 2014; Pinchuk, Miller, 2003; Smirnov, 1986; Svetovi-
dov, 1964; Vasileva, 2007]. In almost its entire natural range, the round goby is one of the important
commercial fish species [Boltachev, Karpova, 2017].

N. melanostomus is a bottom-dwelling fish preferring brackish-water coastal areas of seas and river
mouths and one of the widespread goby species off the coast of the Crimean Peninsula [Boltachev, Kar-
pova, 2017; Manilo, 2014]. According to numerous literature data, this species is characterized by high
ecological plasticity and invasive potential; it actively spreads in new habitats outside the Ponto-Caspian
Basin. Specifically, the round goby penetrated upstream of large European rivers and formed stable fresh-
water populations in new areas; moreover, the fish was transported with ballast waters into the Baltic Sea
Basin and the Great Lakes of North America [Bufic et al., 2015; Crossman et al., 1992; Nyeste et al.,
2017; Piria et al., 2011; Roche et al., 2015; Simonovi¢ et al., 2001; Skéra, Rzeznik, 2001; Smirnov,
2001; Stranai, Andreji, 2004; van Beek, 2006; Verreycken et al., 2011; Coli¢ et al., 2018].

Gobies are known as low-migratory fish, capable of forming local groups differing morpho-
logically [Manilo, 2014]. Certain publications are focused on the study of intraspecific variability
of N. melanostomus both in its natural range and under new conditions [Demchenko, Tkachenko, 2017;
Diripasko, Zabroda, 2017; Kodukhova et al., 2017; Smirnov, 1986, 2001; Tkachenko, 2012]. However,
the morphological structure of the round goby in the coastal area of the Crimea has been poorly studied,
while in its inland water bodies, it has generally not been investigated.

The ecological conditions of water bodies and water areas off the Crimean Peninsula are very diverse.
On average, the salinity of the Black Sea is 17—-18%o, and that of the Sea of Azov is 10—-11%o.. Anthro-
pogenic load on some areas of the Sea of Azov—Black Sea Basin over the past half century caused
changes in both hydrochemical characteristics and composition of the fish fauna. The ichthyofauna
of the Karkinitsky Bay and inland water bodies of the Crimea has long been affected by the North
Crimean Canal; accordingly, in these areas, representatives of the Dnieper ichthyofauna were
recorded [Belogurova et al., 2020; Karpova, 2016; Karpova, Boltachev, 2012]. In the Donuzlav Liman,
the modern ichthyofauna has been formed over the past 35 years: since a canal was dug on the Belyaus
Spit that separates one of the saltiest Crimean lakes from the Black Sea [Zuev, Boltachev, 1999].

Under different environmental conditions, for example, hydrochemical regime or current speed,
in fish of the same species, variations in morphological characters are developed. Studying their
variability, one can assess the scale of adaptation of the species to the environmental conditions.

Considering that the round goby actively spreads in new water bodies and is capable of forming
local groups which differ morphologically within the area depending on the environmental conditions,
the aim of the work was to assess the variability of external morphological characters of Neogobius
melanostomus from various water areas of the Sea of Azov-Black Sea Basin based on morphometric
and meristic characters.

MATERIAL AND METHODS

The material was fish samples fixed with a 4% formaldehyde solution which were obtained
during expeditions of IBSS plankton department in 2009-2020. The study sites were several wa-
ter areas of the Black Sea off the northwestern and southwestern coast of the Crimean Peninsula
(the Karkinitsky Bay, 3 samples; the Donuzlav Liman, 1 sample; and the Streletskaya Bay of Sevastopol,

Mopckoit 6ronorndeckuii xxypaan Marine Biological Journal 2024 vol. 9 no. 1
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1 sample), the Salgir River (inland water body of the Crimean Peninsula, 1 sample), and the Kazantip
Bay (the Sea of Azov, 1 sample) (Fig. 1). Ichthyological material in the Donuzlav Liman and Karkinitsky
Bay was sampled with shrimp hoop nets with a mesh size of 6.5-7.5 mm. In the Salgir River (Novogri-
gorievka village area) and in the Kazantip Bay (the Sea of Azov), sampling was carried out with gill
nets with a mesh size of 10-30 mm. In the Streletskaya Bay, a bottom trap was used with a 12-mm
mesh. For morphometric analysis, 167 ind. of sexually mature male round goby aged 2+...3 were se-
lected from seven samples. Age was determined analyzing otoliths: those were viewed under a binocular
microscope at magnification 20x [Pravdin, 1966].
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Fig. 1. Schematic map of the round goby Neogobius melanostomus sampling sites in the Sea of Azov—Black
Sea Basin. Sam, Samarchik Bay; Aur, Bakalskaya Spit (Aurora village area); Yarlg, Yarylgachskaya
Bay; Dnz, Donuzlav Liman; Str, Streletskaya Bay; Slg, Salgir River (Novogrigorievka village area);
Kaz, Kazantip Bay

In total, 36 morphometric and 6 meristic characters were studied. The measurements were made us-
ing a caliper with an accuracy of 0.1 mm according to a standard scheme with additions (Fig. 2) [Pravdin,
1966; Zabroda, Diripasko, 2009]. For further processing, measurements on the body and head
of the round goby were converted into character indices expressed as % of the standard length (SL)
and head length (HL).

In different samples, fish length varied significantly. Therefore, to level out the factor of size variability
in the absolute values of measurements, those were transformed by the Reist formula:

lg X, =1glgX, — b(lgSL; —1g SL),

where 1gX; is the transformed value of character X in the i-th individual;

X, 1s the initial value of the character in the i-th individual;

SL, is the standard length of the i-th individual;

SL is the mean length in the sample;

b is the allometric coeflicient defined as the tangent of the slope of the regression line for loga-
rithmic measurement values on logarithmic body length values [Reist, 1985, 1986; Thorpe, 1975].

Mopckoii 6uosorrueckuii xypHain Marine Biological Journal 2024 vol. 9 no. 1



6 R. Belogurova

To process the data, we used generally accepted statistical indicators calculated in MS Office Ex-
cel. To analyze differences between samples with a small number of specimens, the nonparametric
Mann—Whitney test was applied at a significance level of p < 0.05. The variability of characters in each
sample was assessed using the coefficient of variation (var) — a standard deviation expressed as a percent-
age of the arithmetic mean. It was considered that indices varied weakly with var < 10% and moderately
with var of 11-25% [Lakin, 1990]. To determine the divergence in the complexes of the studied charac-
ters between fish from different regions, the Kullback—Leibler divergence index (D) was used [Andreev,
Reshetnikov, 1977]. Methods of univariate and multivariate statistics (discriminant and cluster analysis)
were applied, with calculations performed in STATISTICA 10.0 software package [Khalafyan, 2007].

Fig. 2. Scheme of morphometric measurements of the round goby Neogobius melanostomus. TL, total
length; SL, standard length. Morphometric characters as % of SL: H, maximum body depth; h, minimum
body depth (caudal peduncle depth); iH, maximum body width; ih, minimum body width (caudal peduncle
width); aD, predorsal distance; pD, postdorsal distance; aP, prepectoral distance; aV, prepelvic distance;
aA, preanal distance; V-A, pelvic-anal distance; pl, caudal peduncle length; ID1, length of the first dorsal
fin base; hD1, first dorsal fin depth; 1D2, length of the second dorsal fin base; hD2, the second dorsal fin
depth; 1A, length of anal fin base; hA, anal fin depth; 1P, pectoral fin length; iP, width of pectoral fin base;
IV, pelvic fin length; iV, width of pelvic fin base; 1C, caudal fin length; HL, head length. Morphometric
characters as % of HL: ic, head width; ao, preorbital distance; o, horizontal eye diameter; op, postorbital
distance; io, interorbital distance; Im, upper jaw length; Imd, lower jaw length; or, distance between eye
and corner of mouth; hop, cheek depth; ir, mouth width; hco, head depth through middle of eye. Meristic
characters: D1, the first dorsal fin spines number; Dr2, the second dorsal fin rays number; Ar, anal fin rays
number; P, pectoral fin rays number; V, pelvic fin rays number; C, caudal fin rays number

Mopckoii 6uonorndeckuii xxypHain Marine Biological Journal 2024 vol. 9 no. 1
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RESULTS

The results of the morphometric analysis of the round goby from seven study regions of the Sea
of Azov-Black Sea basin are given in Table 1.

N. melanostomus from the Streletskaya Bay turned out to be larger on average than specimens
from other water areas, SL,, was (136.2 £ 1.97) mm. This is likely to result from selectivity of the fish-
ing gear used there. However, the round goby individuals can be large in the bays of Sevastopol because

of their low density in the coastal area, and, consequently, better conditions for growth and feeding.

Table 1. Morphometric characters of the male round goby Neogobius melanostomus from seven regions
of the Sea of Azov-Black Sea Basin, mm (the names of the study regions correspond to those in Fig. 1)

Character | Sam,n=21 | Aur,n=32 | Yarlg,n=23 | Dnz,n=22 Slg, n=19 Kaz, n =23 Str,n=27
SL 99.0-129.5 | 100.7-123.1 | 91.9-124.1 80.5-107.2 55.5-90.8 81.0-136.9 | 108.7-153.4
111.0£1.87 | 109.2£090 | 105.0+1.42 | 87.6+1.27 | 66.8+2.28 | 96.6+3.37 | 136.2 +1.97
Morphometric characters as % of SL
H 20.5-24.9 20.8-26.5 19.2-25.1 18.0-22.6 19.3-24.8 18.4-23.4 18.8-24.0
222+025 | 23.6+024 | 222+£0.25 | 199+£0.28 | 21.9+£036 | 203+0.27 | 21.2+£0.29
h 10.3-12.4 10.4-13.4 10.7-12.5 9.8-11.5 9.4-12.1 8.8-11.4 9.3-11.6
11.1+£0.14 | 11.7+0.11 | 11.5+0.11 10.5%0.11 10.6 +0.17 | 10.5+£2.28 | 10.5%0.11
H 16.2-20.2 18.7-22.0 16.7-20.3 14.4-19.5 17.7-24.4 13.5-17.8 16.8-21.6
18.0+0.25 | 202+0.14 | 184+£0.22 | 164£0.32 | 203045 | 16.1+£027 | 18.3+£0.24
h 5.0-8.0 7.0-9.3 6.4-10.3 6.4-8.2 4.0-5.8 4.2-6.1 4.5-6.1
6.2+0.19 8.3 £0.09 79%0.18 7.2%0.10 4.8+0.28 52%0.10 5.3+0.09
D 33.7-38.7 34.7-38.7 26.5-39.2 32.6-38.1 34.0-37.5 32.6-38.3 31.4-36.9
358+£029 | 36.2+0.16 | 354055 | 35.6%+0.30 | 359+0.30 | 35.0+£0.36 | 345+0.27
pD 12.2-16.9 12.1-18.5 12.8-16.8 14.5-18.8 13.3-18.4 14.6-19.0 13.7-17.0
147+£025 | 155+024 | 1512024 | 164+0.18 | 154+033 | 16.6 £0.25 | 15.7+0.19
AP 27.8-33.5 29.4-32.9 30.2-32.9 26.8-30.8 30.9-34.9 29.2-33.3 29.3-34.8
31.6£0.28 | 31.1+0.12 | 31.3+£0.15 | 28.7+0.22 | 32.8+0.23 | 31.5+0.18 | 32.0+0.26
aVv 31.0-35.9 31.3-34.9 30.0-35.3 27.8-32.4 26.5-32.6 29.6-34.7 29.1-34.8
329+0.25 | 328+0.15 | 32.7+£0.25 | 30.5+£0.27 | 30.0+0.37 | 32.2+0.26 | 32.1+0.27
AA 56.1-63.8 31.5-62.6 55.0-64.0 52.1-61.0 54.7-62.2 54.1-63.1 54.1-64.6
60.9+£0.39 | 587096 | 59.6+0.46 | 56.6+041 | 57.0+£0.51 | 58.1£0.53 | 59.1+£0.52
V-A 22.6-32.5 25.3-32.9 26.0-33.4 22.0-31.9 23.5-30.4 24.2-30.9 24.7-35.9
295+049 | 29.6+£0.32 | 29.0+045 | 274+055 | 27.1+£044 | 26.8+0.39 | 28.8+£0.54
ol 13.6-17.6 12.1-24.4 14.2-18.1 15.5-24.1 13.2-20.1 14.8-25.0 14.7-19.6
16.1+024 | 16.7+£040 | 16.0£0.22 | 183+0.35 | 175041 | 183+£0.55 | 16.9+0.26
D1 15.4-20.4 15.1-21.3 16.2-19.5 15.3-19.9 15.5-20.9 14.5-21.4 15.6-20.9
179+031 | 185+0.24 | 18.1+£0.18 | 18.1£0.28 | 184+0.29 | 17.6+0.36 | 18.3+£0.36
hD1 12.9-17.1 13.7-17.0 13.2-18.2 14.2-18.2 15.0-21.2 12.1-18.3 14.0-19.4
153+0.26 | 158+£0.12 | 155+£0.26 | 16.3+0.25 | 17.9+0.45 | 15.0+0.31 16.1 £0.25
D2 30.2-35.8 18.8-35.1 28.9-36.6 28.9-36.5 30.6-35.3 31.1-36.2 26.3-38.1
323+£032 | 322+049 | 3231036 | 3231046 | 329+0.34 | 33.7+£0.29 | 334+042

Continue on the next page...
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Character | Sam, n =21 Aur,n=32 | Yarlg,n=23 | Dnz,n=22 Slg, n=19 Kaz, n =23 Str,n =27
hD2 13.5-18.6 14.0-18.1 13.2-17.3 13.4-18.7 14.9-23.2 14.5-18.3 12.2-17.3
15.7+033 | 16.0+£0.17 | 1572022 | 162+031 | 183+0.52 | 159+0.21 14.7+£0.25

1A 20.7-27.1 20.2-28.7 23.5-29.1 21.1-28.8 21.6-28.7 22.3-28.6 20.8-29.6
2451037 | 253+025 | 26.8+0.27 | 256+0.34 | 25.8+045 | 26.0+0.37 | 259+0.38

hA 11.7-16.1 11.1-16.2 12.9-17.1 12.1-15.4 13.2-21.9 12.6-18.8 11.1-15.5
13.5+025 | 142+£020 | 144+£0.25 | 142+£0.16 | 16.1£0.56 | 1471034 | 12.9+0.20

P 21.9-28.5 24.0-30.0 22.4-29.1 23.5-30.3 20.2-26.9 27.8-33.0 22.4-30.2
2541033 | 27.1+£023 | 258+£0.34 | 27.5+036 | 244+031 | 30.2+0.30 | 26.2+0.32

P 12.5-18.4 12.4-14.3 13.0-154 11.0-13.2 9.0-12.1 11.7-15.2 11.8-14.3
13.6+0.27 | 13.2+0.08 | 13.8+0.12 | 12.1+0.14 | 10.7£0.18 | 13.0+£0.15 | 12.9+0.11

v 17.0-20.8 19.0-22.0 18.1-21.8 18.7-23.0 20.7-24.2 19.2-24.0 15.5-20.5
19.0+0.23 | 199+0.13 | 1952022 | 204+0.25 | 224+0.23 | 21.3+0.26 | 18.5+0.24

v 7.1-8.9 7.2-8.7 7.3-9.2 6.6-8.0 6.1-8.0 6.6-8.9 6.6-8.9

8.0£0.09 7.9 +£0.07 8.2 £0.08 7.3+0.09 72+0.13 7.6 £0.09 7.6%0.10

IC 19.8-24.6 19.0-25.0 20.2-26.7 21.6-25.5 21.7-27.0 23.0-27.8 19.1-25.4
22.7+032 | 22.7+022 | 223+£0.29 | 235+0.22 | 242+033 | 254 +£0.27 | 22.8+0.30

HL 27.9-31.5 28.0-30.4 28.9-31.3 26.7-29.0 27.6-33.7 27.0-31.0 27.8-31.8
29.7+021 | 292+£0.10 | 30.0+0.15 | 27.8+0.15 | 30.6+0.35 | 28.8+0.20 | 29.3+0.19

Morphometric characters as % of HL

hez 71.6-82.8 72.9-88.4 69.6-87.3 64.6-84.6 65.2-79.1 64.2-79.9 67.4-82.6
7731073 | 81.7+0.65 | 788+091 | 762+1.19 | 72.1+£0.84 | 73.2+0.81 | 74.8+0.76

o 52.2-61.3 51.4-61.0 49.4-59.6 50.2-57.8 69.8-81.2 49.8-60.2 50.8-60.3
5631054 | 56.2+043 | 557+£0.57 | 539+0.51 | 76.1+£0.75 | 545+0.56 | 55.0+0.48

2 34.2-39.1 34.1-40.3 32.4-40.1 34.2-39.6 28.1-39.6 31.1-38.5 32.2-39.8
366 £0.29 | 382+0.24 | 364+041 | 36.1+£0.27 | 340£054 | 349+039 | 36.3+0.33

o 17.8-22.3 18.4-22.6 18.7-23.7 19.2-24.0 20.8-30.6 16.9-25.9 14.6-21.8
20.2+0.25 | 203+0.22 | 21.3+£0.30 | 21.6£031 | 249+0.64 | 224+0.53 | 18.6+0.32

op 52.7-58.5 54.6-60.7 53.9-59.0 52.8-60.4 50.5-62.1 52.4-579 53.2-59.3
5531037 | 57.5+£0.26 | 56.4+£0.33 | 56.5+0.36 | 56.3+0.76 | 55.3+0.34 | 55.5+0.31

o 12.7-16.7 11.1-18.1 8.7-15.8 9.6-15.4 10.7-20.3 12.2-18.8 12.8-19.0
145+£0.23 | 15.2+0.31 13.5+0.34 | 1252034 | 149£0.53 | 153+0.37 | 16.0 £ 0.30

Im 30.3-36.2 25.8-32.5 25.3-34.9 24.4-31.3 22.3-30.4 28.5-39.7 30.4-36.9
325+0.37 | 29.8+0.30 | 30.8+0.50 | 27.8+£0.38 | 26.6+0.47 | 32.7+0.58 | 33.1+0.30

Imd 38.6-48.6 35.7-454 36.9-48.5 37.3-44.1 30.1-36.7 40.4-54.8 37.7-47.5
4391050 | 42.1+£046 | 41.7£0.60 | 4051036 | 33.5+042 | 45.7+£0.65 | 4331048

or 23.8-33.6 23.8-30.6 22.5-32.4 21.3-29.3 16.7-23.9 23.5-33.7 26.6-35.8
2741056 | 27.3+0.31 | 26.8+0.46 | 247+043 | 27.5+053 | 27.5+£0.53 | 31.0 £0.38

hop 40.4-47.4 40.7-47.4 40.6-48.7 40.6-45.8 31.9-46.4 34.8-50.5 37.4-45.2
43.1+042 | 43.6+£030 | 441 +£043 | 43.3+£0.29 | 399+0.72 | 42.1+£0.73 | 423+£0.32

. 39.1-49.0 34.6-46.2 35.6-51.9 31.8-42.5 31.4-45.8 38.3-55.3 38.7-52.1
43.8+0.57 | 4192043 | 419%£0.81 | 36.7+£0.59 | 39.2+0.86 | 443+090 | 44.4 £0.65

Continue on the next page...
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Character | Sam, n =21 Aur,n=32 | Yarlg,n=23 | Dnz,n=22 Slg, n=19 Kaz, n =23 Str,n =27
heo 58.0-69.0 54.5-64.2 51.4-61.2 51.3-59.0 47.7-58.8 54.7-69.8 57.5-68.8
61.2+£0.60 | 60.1£0.41 56.5+£0.50 | 546+£035 | 52.1£0.77 | 58.5£0.81 | 61.9 £0.55
Meristic characters
DI 5.0-7.0 6.0 6.0-7.0 6.0 6.0 5.0-6.0 6.0
6.1 £0.08 6.1 £ 0.07 6.0 £0.04
D2 14.0-15.0 14.0-15.0 14.0-16.0 13.0-16.0 15.0-16.0 14.0-16.0 15.0-16.0
14.5+0.11 14.8 £ 0.08 14.9 £0.09 15.1£0.13 15.8 £ 0.09 149+£0.14 | 155+0.10
Ar 11.0-12.0 11.0-13.0 12.0-13.0 11.0-13.0 11.0-13.0 11.0-13.0 11.0-13.0
11.6 £ 0.11 11.8 £0.10 12.6 £ 0.09 122+ 0.11 12.0 £ 0.09 120+ 0.13 | 12.5+0.12
p 18.0-20.0 17.0-20.0 18.0-20.0 17.0-20.0 17.0-18.0 17.0-19.0 18.0-20.0
19.1 £0.14 | 18.6+0.16 18.6£0.15 18.6£0.14 17.7+£0.11 17.9 £0.10 18.8 £0.13
\Y% 12.0 12.0 12.0 12.0 12.0 12.0 12.0
C 23.0-25.0 23.0-26.0 23.0-26.0 23.0-25.0 22.0-24.0 24.0-27.0 25.0-28.0
23.7+£0.16 | 242+£0.15 | 24.6£020 | 24.1£0.14 | 23.2£0.20 | 255%£0.19 | 26.2 = 0.16

Note: the numerator denotes the limiting values of the characters; the denominator, the mean * standard error
of the mean. Characters for which the value of the coefficient of variation var > 10% is recorded are highlighted
in color. Indicators with mean values being the highest in samples from seven regions are highlighted in bold.

In catches from the Streletskaya Bay of Sevastopol, the round goby, unlike other fish species, is rare,
while in the Karkinitsky Bay and Donuzlav Liman, the population density of all gobies is quite high.
For example, in 2017, in Samarchik Bay, the abundance of N. melanostomus in catches amounted to 42%
of the total abundance of gobies [Prishchepa et al., 2018].

In general, characters in the round goby samples varied slightly. The highest variability (var > 10%)
was recorded in the caudal peduncle width in fish from Samarchik Bay and Yarylgachskaya Bay
and the caudal peduncle length in individuals from the Bakalskaya Spit water area, the Salgir River,
and the Kazantip Bay. The anal fin depth was the most variable in fish from the Salgir River and Kazan-
tip Bay. Also, in the round goby from the Salgir River, the first dorsal fin depth and second dorsal fin depth
were the most variable characters. Out of head measurements, the most variable in the samples from six
regions (except for Samarchik Bay) was the interorbital distance; for N. melanostomus from the Salgir
River and Kazantip Bay, the most variable characters were the eye diameter and distance between eye
and corner of mouth. The Streletskaya Bay was the region for which var > 10% were recorded only
for the first dorsal fin depth.

The meristic characters of the round goby in the studied samples turned out to be the least variable
of all the analyzed characters.

According to the results of comparison with the nonparametric Mann—Whitney test, the indices
of morphometric characters of N. melanostomus from seven regions of the Sea of Azov—Black Sea Basin
significantly differed from each other. Table 2 provides the number of characters studied in the round
goby for which noticeable differences were revealed. In meristic characters, there were no significant
differences.

In all morphometric characters (24 on the body and 12 on the head), differences were observed
between the fish from the Streletskaya Bay and other six regions. Apparently, this is due to the larger
size of the round goby from the bay. Differences in the smallest number of characters were recorded
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between N. melanostomus from three areas of the Karkinitsky Bay, probably due to the significant sim-
ilarity of conditions because of the geographical proximity of these water areas. Differences were also
noted in most of the studied characters between the round goby from three areas of the Karkinitsky Bay
and other regions.

Table 2. Results of assessing differences between samples of the round goby Neogobius melanostomus
from seven regions of the Black Sea by morphometric characters (the names of the study regions correspond
to those in Fig. 1)

Region Sam Aur Yarlg Dnz Slg Kaz Str
Sam 3 6 12 12 12 12
Aur 3 4 12 12 12 12

Yarlg 9 17 12 12 10 12
Dnz 23 24 24 9 8 12
Slg 24 24 24 24 11 12
Kaz 19 21 19 14 24 12
Str 24 24 24 24 24 24

Note: differences are observed at a significance level of p < 0.05. Below the diagonal, the number of significantly
different measurements on the body of the round goby is indicated; above the diagonal, on its head.

The degree of similarity of N. melanostomus from seven regions of the Sea of Azov—Black Sea Basin
for all analyzed characters is shown in the dendrogram (Fig. 3). It is built using cluster analysis according
to Kullback—Leibler divergence index (D) in different patterns of combining characters.
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450
400

Fig. 3. Similarity dendrogram of all stud- 0

ied characters of samples of the round 300
goby Neogobius melanostomus from seven re-

gions of the Sea of Azov-Black Sea Basin D 20
(the names of the study regions correspond 200

to those in Fig. 1)

150

100

50

Slg Dnz Str Kaz Sam Yarlg Aur

Similarity of the round goby samples from Samarchik Bay and Yarylgachskaya Bay is observed
at the lowest level of divergence (D = 28.6). These samples are adjoined by a group from the Bakalskaya
Spit water area. At the level of divergence D = 47.3, groups of the fish from the Streletskaya Bay
and Kazantip Bay are united. These groups form a cluster with a group of N. melanostomus from three
areas of the Karkinitsky Bay, and a sample from the Donuzlav Liman adjoins them. The sample
from the Salgir River adjoins these groups at the highest level of divergence, about 475. It can be tenta-
tively concluded that such differences are related to the hydrochemical parameters of the studied water
bodies. Specifically, fish from marine water areas (bays and bights of the Black Sea and Sea of Azov)
form a separate group adjoined by a group of fish from the Donuzlav Liman with a higher salinity;
the last in the dendrogram is a group of the round goby from a freshwater basin (the Salgir River).
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The divergence of N. melanostomus samples from seven regions of the Sea of Azov-Black Sea
Basin according to a complex of morphometric characters was obtained by the results of discrimi-
nant analysis. Thus, there were 99% of correct classifications of individuals according to catch areas.
The studied characters in the samples form clouds of points in the space of two roots of the discriminant
functions (Fig. 4A, B).

Root 2 vs. Root 3
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Fig. 4. Scattering diagram of canonical estimates of the indices of morphometric characters of the round
goby Neogobius melanostomus from seven regions of the Sea of Azov-Black Sea Basin (A) and the values
of characters transformed by the Reist formula (B) (results of discriminant analysis) (the names of the study
regions correspond to those in Fig. 1)

According to the discriminant analysis, the round goby in the Sea of Azov-Black Sea Basin
is differentiated into at least three spatial groupings. The first one is formed by fish from the west-
ern coast of the Crimean Peninsula (the Karkinitsky Bay and Donuzlav Liman) and the Sevastopol
area (the Streletskaya Bay); the second one is formed by N. melanostomus from the Salgir River;
and the third one is formed by the round goby from the Kazantip Bay (the Sea of Azov). Analysis us-
ing measurement values transformed by the Reist formula showed a clearer isolation of the samples.
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Specifically, fish from geographically close areas of the Karkinitsky Bay form a separate group
in the space of the roots of discriminant functions, while N. melanostomus from water areas differing
in the environmental conditions [from a freshwater basin (the Salgir River) and the Streletskaya Bay]
are isolated from the rest in terms of both canonical variables (Fig. 4B).

Analysis of the correlations of the studied characters of the round goby with the values of canonical
variables revealed as follows: the divergence of samples along two axes is ensured by almost all indices
of fish body measurements (Table 3) when the correlation coefficient between the characters and coor-
dinate values along the second canonical axis exceeds 0.50. The greatest contributors to discrimination
along the first canonical axis (root 2) with correlation coefficients exceeding 0.75 are the characters
H, h, ih, aD, aV, iP, and iV.

Thus, the identified differences between the round goby individuals from the studied water areas
are determined by the local environmental conditions of fish habitats.

Table 3. Correlations between the characters and coordinate values of two canonical variables
for the round goby Neogobius melanostomus from seven regions of the Sea of Azov—Black Sea Basin

Character Root 2 Root 3 Character Root 2 Root 3
SL 0.56 0.20 1D2 0.66 0.31
H 0.75 0.04 hD2 0.61 0.14
h 0.78 0.10 1A 0.60 0.24
iH 0.68 -0.12 hA 0.51 0.19
ih 0.88 -0.19 P 0.68 0.46
aD 0.77 0.21 iP 0.77 0.29
pD 0.70 0.35 v 0.64 0.31
aP 0.67 0.26 iv 0.75 0.22
aV 0.76 0.27 IC 0.63 0.45
aA 0.72 0.25 HL 0.70 0.20
V-A 0.74 0.13 hcz 0.17 0.02
pl 0.54 0.35 ic 0.05 —-0.01
ID1 0.70 0.16 ao 0.15 0.03
hD1 0,62 0,07

Note: significant correlation coefficients are highlighted in bold.

DISCUSSION

Differences in the morphology of populations of invasive species may reflect the processes of adap-
tive phenotypic change and a unique history of a population [Langerhans, DeWitt, 2004]. At the same
time, such differences occur within the native range of the species as well. According to [Smirnov,
1986], in the “Sea of Azov” population of the round goby, compared to the “Black Sea” one, the pec-
toral and pelvic fin length and the anal fin depth are higher, while the body width and length are lower;
this can result from feeding and movement patterns. The round goby from the Dnieper River pos-
sesses rheophilic characters: the caudal section of the body is elongated, and the interorbital distance
is increased [Smirnov, 1986]. In the Kakhovka Reservoir, N. melanostomus has an increased dorsal
fin length compared to fish inhabiting bays of the Sea of Azov, while pelvic fin length and width,
as well as pectoral, anal, and caudal fin length, are lower, which is related to inhabiting stagnant
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water [Demchenko, Tkachenko, 2017; Tkachenko, 2012]. The round goby from the Southeastern Baltic
population is characterized by a reduced number of fin rays and number of vertebrae, compared to fish
from the native range [Kodukhova et al., 2017]. In N. melanostomus from the Great Lakes of North
America (an invasive population), a decrease in meristic characters was also revealed: these individuals
have reduced number of rays in the second dorsal and caudal fins [Smirnov, 2001].

According to the discriminant analysis, the greatest contribution to the discrimination of the round
goby samples from seven areas of the Sea of Azov—Black Sea Basin is made by the maximum body depth,
caudal peduncle depth and width, predorsal and prepelvic distance, and width of pectoral and pelvic fin
base (the correlation coefficient between these characters and coordinate values along the second canon-
ical axis exceeds 0.75). In fish from the Bakalskaya Spit area, the anterior part of the body and caudal fin
length and width are increased. N. melanostomus inhabiting areas exposed to strong surf is likely to have
a more massive anterior part of the body. The round goby from the Salgir River has higher values of fin
depth (the first and second dorsal fins and the anal one) and pelvic fin length, compared to fish from other
areas; it is an adaptation for inhabiting spots with constant current.

The indices of head characters turned out to be higher in fish from the Bakalskaya Spit area
and Streletskaya Bay. In the first region, compared to other ones, the round goby had a longer preor-
bital and postorbital distance; in the second, the upper jaw and head were more massive (the interor-
bital distance, upper jaw length, distance between eye and corner of mouth, mouth width, and head
width through middle of eye were the highest). Apparently, the food spectrum of N. melanostomus
from the Streletskaya Bay includes larger food objects than that of fish from other regions. As shown
in [Bogachik, 1967], the structure of the jaw apparatus in the round goby depends on the nature of its
feeding. Its food mostly consists of molluscs of the genera Myfilus Linnaeus, 1758, Mytilaster Mon-
terosato, 1884, Balanus Costa, 1778, and Dreissena Van Beneden, 1835. N. melanostomus has developed
specific muscles on the upper jaw allowing it to consume attached forms of molluscs, which are rarely
consumed by other fish species.

Conclusion. A significant morphological heterogeneity of Neogobius melanostomus groups from dif -
ferent water areas of the Sea of Azov-Black Sea Basin is revealed. The results of the discriminant
analysis showed that the spatial groupings of the round goby are combined into at least three groups.
The first one is formed by fish from the western coast of the Crimean Peninsula (the Karkinitsky Bay
and Donuzlav Liman) and the Sevastopol area (the Streletskaya Bay); the second one, by N. melanos-
tomus from the Salgir River; and the third one, by the round goby from the Kazantip Bay (the Sea
of Azov). According to the obtained data and analysis of literature, the differences between local groups
based on external morphology may be due to various reasons: hydrological, hydrochemical, and en-
vironmental, including trophic conditions in certain water areas of the Sea of Azov-Black Sea Basin.
Moreover, such differences may be related to the history of formation of the fish population in the stud-
ied water areas. In the inland water bodies of the Crimean Peninsula (in particular, the Salgir River),
N. melanostomus was formed from the ichthyofauna of the Dnieper River Basin, distributing during
the period of the North Crimean Canal operation. It is likely to determine the morphological isolation
of this local group.

Thus, the round goby within the Sea of Azov-Black Sea Basin has formed morphologically differ-
ent spatial groupings corresponding to the environmental conditions in this area. The revealed hetero-
geneity shows high paratypical variability of morphometric characters and the fact that under different
environmental conditions, individuals of the same species develop a specific phenotype.
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This work was carried out within the framework of IBSS state research assignment “Biodiversity as the ba-
sis for the sustainable functioning of marine ecosystems, criteria and scientific principles for its conserva-
tion” (No. 124022400148-4) and partly within the framework of RCFBW state research assignment “Study-
ing the features of the structure and dynamics of freshwater ecosystems of the Northern Black Sea Re-
gion” (No. 123101900019-5) and “Assessment and development of the fishery potential of promising areas
of the Northern Black Sea Region” (No. 124030100137-6).
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MOP®OJIOI'MIYECKAA NBMEHYNBOCTD BbIYKA-KPYIUVIAKA
NEOGOBIUS MELANOSTOMUS (PALLAS, 1814) (ACTINOPTERYGII, GOBIIDAE)
A30BO-YEPHOMOPCKOI'O BACCEMHA

P. E. Beaoryposa'?

'®I'BYH PUII «HCTUTYT GHOJIOrMH I0KHBIX Mopeii umenn A. O. Kopaneckoro PAH»,
Cesacromnosb, Poccuiickas Penepanys
2OI'BHY «Hay4Ho-Hccie[oBaTe bCKMiA LIEHTP TIPECHOBOIHOM 1 COJIOHOBATOBOHOM IHIPOOHONOTHN»,
XepcoH, Poccuiickas depeparys
E-mail: prishchepa.raisa@yandex.ru

PaccmoTpeHa W3MEHUMBOCTh NMPU3HAKOB BHelIHEHd Mopdosoruu (36 miacthyeckux u 6 mepu-
CTUYECKHX) OblUKa-Kpyriska Neogobius melanostomus (Pallas, 1814) u3 cemu pafloHOB A30BO-
YepHOMOpPCKOro GacceiiHa: ceBepo-3aMaHOIO U I0ro-3arajHoro YepHOMOPCKOro nodepexbs Kpbeim-
ckoro nosryocrpoBa (Kapkunutckuii 3anuB, muman Jonysnas, Ctpenenikas 6yxta CeBacronons), Ka-
3aHTUIICKOIO 3aJMBa A30BCKOTO Mopsi, a Takxe peku Caiarup B LeHTpajibHOI yacti Kpsivckoro mno-
JyOCTPOBa. YCTAaHOBJIEHO, YTO OBIYOK-KPYIJISIK U3 Pa3HBIX PallOHOB BHUIOBA B BO3pacTe 2+...3 umeer
pasHble pasMepsl Tesa: Hauboubime y ocodeit n3 Crpesneukoit 6yxtel, SL, (136,2 + 1,97) mm; Hau-
MeHbLme y ocodeit u3 peku Canrup, SL, (66,8 +2,28) mm. C nomowipio kpurepust ManHa — YuTHu
MEK1y BBIOOpKaMU yCTAHOBJIEHBI CTATUCTUYECKH IOCTOBEPHBIE pa3inyms 0 OOJBIIMHCTBY IJIaCTHYE-
CKHX TpU3HAKOB. [10 MepHCTHYECKMM MPU3HAKAM OHHM OTCYTCTBYIOT. HanOombImii BKJIa B AUCKPH-
MMHAIMIO BLIOOPOK N. melanostomus BHOCST IIACTUYECKUE TIPU3HAKHY, CBSI3aHHBIE C PACIIOJIOKEHUEM
11aBHUKOB. COITIaCHO pe3yJsIbTaTaM KJIACTEPHOIO aHa/lIn3a, 10 COBOKYITHOCTH BCEX M3YUEHHBIX IPU-
3HAKOB y OBbIUKa-KpYIJIsika A30BO-YepHOMOPCKOro GacceiiHa HanOOIBIIIMM CXOACTBOM 00JIaJal0T BbI-
6opku 3 KapkuHutckoro 3anusa (3anmuB Camapuvik u dpburauckas 0yxra, D = 28,6) v u3 akBaTOpUn
Bakanbckoii kockl. Ha ypoBne auBeprenumu D = 47,3 00beIUHSIOTCS TPYIIIbI ObIYKOB U3 CTpenenkoit
OyxThl 1 KazaHTurckoro 3anuBa, a 3aTeM K HUM Ha ypoBHe D = 215 nprumbIkaeT BHIOOpKA U3 IMMaHa
Hony3znaB. Beibopka Obruka u3 peku Canrvp 3aHumaeT Hanbosee 000COOJIEHHOE MONIOKEHHUE: ypo-
BEHb JMBEPreHIMU cocTaBiisgeT okoJo 475. I1o JaHHBIM JTUCKPUMHHAHTHOTO aHAJIM3a YCTAHOBJIEHO,
YTO OBIYOK-KPYIIIAK U3 A30BO-YUepHOMOpckoro GacceiiHa audepeHIMpoBaH Kak MUHUMYM Ha TPH
IIPOCTPaHCTBEHHBIE IPYIIIMPOBKU: IEPBasi — U3 paiioHa 3anagHoro nodepexbs KpbMckoro mnosyocrt-
poBa (Kapkunurckuii 3ai1uB 1 iuMan [Jony3nas) u parioHa Cepacromnons (0yxta Crpenenkas); BTO-
past — u3 Kazanturnckoro 3anuBa (A30Bckoe Mope); TpeTbst — u3 pekut Canrup. Hanbonbimii Bkiaz
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B IMCK PUMHUHALIMIO [TPOCTPAHCTBEHHBIX TPYNIUPOBOK (MU KO3 pUIMEHTe KOPPEIIAII MKy TpH-
3HaKaMH ¥ 3HAYEHUSIMHA KOOPAMHAT 110 BTOPOW KaHOHMYECKO# ocH Gosbie 0,75) BHECN clieyionye
MPU3HAKK: BBICOTA TeJIa, BHICOTA M TOJIIIMHA XBOCTOBOTO CTE0IsI, aHTEI0PCAJIbHOE M aHTEBEHTPaIbHOE
PACCTOSIHUS Y IIMPHUHA IPYAHBIX U OPIOIIHBIX [UIABHUKOB. BhIsIBJIeHHAsI HEOAHOPOIHOCTD TIOKA3bIBACT
BBICOKYIO MAPATUITUYECKYI0O UBMEHUYMBOCTD IJIACTUYCCKUX MPU3HAKOB; B PA3JIMYHBIX 9KOJOTUYECKHUX
YCIIOBUSIX Y ocobeii oHoro BUa (popmupyertcs crenuduieckuil (peHOTHI.

KitoueBbie cioBa: ObIUOK-KPYIIISIK, A30BO-UepHOMOpCKUI OacceiiH, MIaCTUYECKUE U MEPUCTH-
YecKUe NMPU3HAKYU, U3MEHUYNBOCTbD, MOMYJIALMA
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Nonylphenol (NP) is a ubiquitous environmental pollutant of major concern due to its toxicity to hydro-
bionts, animals, and humans. Moreover, NP is known as an endocrine disruptor. The aim of this study
is to isolate from bottom sediments sampled in the southern Gulf of Finland (the Baltic Sea) and identify
a highly-efficient NP-degrading bacterial strain and to analyze its NP-degrading capacity at different
levels of temperature, initial pH, dissolved oxygen concentrations, and initial NP content. The iso-
lated strain F8 was identified by phenotypic traits using standard methods and by Sanger sequencing
of a fragment of the 16S rRNA gene sequence (rrs). NP content was determined by high-performance
liquid chromatography. The novel NP-degrading bacterium Raoultella planticola F§ was isolated from
the bottom sediments sampled in the Gulf of Finland. R. planticola F8 isolate was deposited in the Rus-
sian Collection of Agricultural Microorganisms (RCAM), All-Russia Research Institute for Agricul-
tural Microbiology, as the strain RCAM 05450. The rrs sequence of the F8 isolate was deposited
in the GenBank database (No. OL831016). This strain is highly efficient for NP degradation in aerobic
conditions at different NP concentrations (up to 900 mg-L™"), in the temperature range of +5...435 °C,
the initial pH range of 5-9, and the dissolved oxygen concentration range of 0.8-2.46 mg-L™!. This
is the first study to demonstrate the ability of R. planticola to degrade NP. Results of this investigation
provide useful information for R. planticola F8 application in bioremediation processes.

Keywords: Raoultella planticola F8, sediments, identification, nonylphenol, biodegradation

Nonylphenol (hereinafter NP), an endocrine disrupting xenobiotic of anthropogenic origin,
is a widespread environmental pollutant worldwide. NP is actively used in manufacture of modified
phenolic and epoxy resins and non-ionic surfactants, more specifically NP ethoxylates [Bhandari et al.,
2021]. NP pollution in aquatic and terrestrial ecosystems occurs mainly due to a massive discharge into
the environment of domestic and industrial wastewater, insufficiently treated at wastewater treatment
plants [Barber et al., 2015].

NP pollution in the environment is of great concern due to its toxicity to hydrobionts, animals,
and humans. Besides, NP is known as an endocrine disruptor [Bhandari et al., 2021; Khalid, Abdol-
lahi, 2021; Uguz et al., 2009]. For these reasons, NP is referred to in the list of priority hazardous sub-
stances under the Environmental Quality Standards Directive 2013/39/EU and in the list of hazardous
substances in the Baltic Sea.
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Because of its widespread use, NP is frequently detected in all natural environments, inter alia rivers,
lakes, coastal waters, and bottom sediments. NP concentration in water can reach hundreds of micro-
grams per L [Bhandari et al., 2021; Sol€ et al., 2000]. Due to its high hydrophobic nature and low solu-
bility in water, NP can be adsorbed on sediment particles, and this leads to its accumulation in bottom
sediments of freshwater and marine ecosystems [Soares et al., 2008]. NP concentration in sediments
is several orders of magnitude higher than in water, up to several thousand milligrams per kg. Con-
sidering NP persistence, its half-life in bottom sediments may exceed 60 years [Bhandari et al., 2021;
Soares et al., 2008]. Sediments can serve as a secondary NP contamination source for aquatic ecosys-
tems due to the desorption of part of sediment-bound NP fraction followed by its dissolution in the water
phase [De Weert et al., 2008].

In the natural environment (soil, water, and bottom sediments), NP may be transformed into less
toxic compounds due to abiotic (like hydrolysis and photolysis) and biological processes [Bhandari
et al., 2021]. As known, microbial degradation is one of the main strategies to reduce NP pollution
in the environment. The rate and extent of the degradation of pollutants, including NP, are largely deter-
mined by the physiological activity of microorganisms and conditions of their incubation (temperature,
pH, pollutant content, efc.) [Abatenh et al., 2017; Khan et al., 2009; Xie et al., 2015]. It is also known
that microbial degradation of NP can occur under both aerobic and anaerobic conditions: methanogenic
and nitrate- and sulfate-reducing [Mao et al., 2012; Soares et al., 2008; Wang et al., 2015a].

Various microorganisms of different taxonomic groups, such as bacteria [Corvini et al., 2006;
Ma et al., 2018; Reddy et al., 2017], blue-green algae [Baptista et al., 2009; Zaytseva, Medvedeva,
2019], microalgae [Feng et al., 2022], yeast [Rajendran et al., 2017; Vallini et al., 2001], and filamen-
tous fungi [Kuzikova et al., 2020; Yang et al., 2018], were reported to be able to degrade alkylphenols,
inter alia NP.

This finding prompted the search for more bacterial species that may serve as efficient NP
biodegraders in bioremediation processes.

The aim of this study is to isolate from the bottom sediments sampled in the southern Gulf
of Finland (the Baltic Sea) and identify the highly-efficient nonylphenol-degrading bacterial strain
and to analyze its NP-degrading capacity at different levels of temperature, initial pH, dissolved oxygen
concentration, and initial NP content.

MATERIAL AND METHODS

The sediments used in this research were sampled in the southern Gulf of Finland, the Baltic
Sea (N59.99007°, E28.96475°) in June 2018. The sample (0—10-cm depth) was taken with a Box Corer,
placed into a glass jar, and stored at +4 °C.

Technical NP (CAS 84852-15-3) was purchased from Sigma-Aldrich (the USA). Since NP has low
solubility in water and mineral salt medium, NP stock solutions in ethanol were used in the tests.

The sediment sample was contaminated with NP (300 mg-kg™!) and incubated in the dark at +25 °C
for 240 days.

The sediment sample (5 g, wet weight) was added to 50 mL of minimal mineral medium (here-
inafter MMM) containing: (NHy),SO4, 4.0 g-L'l; KH,PO,, 1.5 g-L_l; KoHPO,, 1.5 g-L'l;
and MgS0,-7H,0, 0.2 g-L™! supplemented with NP (50 mg-L™") as a selective agent, pH (7.2 + 0.2).
The mixture was incubated on a rotary shaker Certomat BS-1 (230 rpm) at +28 °C in the dark for 7 days
and then transferred to a fresh medium with NP and incubated under the same conditions. After that,
the cultures were transferred regularly, every 3—4 days.
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After 3 times of repeated subculturing, 0.1 mL of culture broth was pipetted and spread
on solid MMM containing glucose (5.0 gL7!), yeast extract (2.0 gL™), agar (20 gL™,
and NP (50 mgL™"). Single colonies were selected and streaked on nutrient agar supplemented
with NP (50 mg-L™"). The cultures were incubated at +28 °C for 3 days. Morphologically different
colonies of bacteria were selected for further study of their NP degrading ability.

Selected bacterial isolates were incubated on MMM supplemented with NP (100 mg-L™") on a ro-
tary shaker at 230 rpm, at +28 °C, in the dark for 7 days. After that, samples were taken to measure
NP concentrations.

Phenotypic traits of the strain F8 were determined using standard methods and culture media [Krige,
Padgtt, 2011].

The isolated strain F8 was identified according to the Bergey’s Manual [1994] and the Sanger
sequencing method for a 1450-bp fragment of the 16S rRNA gene (rrs) using primers D1 (§-
AGAGTTTGATCCTGGCTCAG-3’) and rD1 (5-CTTAAGGAGGTGATCCAGCC-3’) [Weisburg
et al., 1991]. Direct sequencing of PCR products was conducted on an ABI PRISM 3500xI genetic
analyzer (Applied Biosystems, the USA).

The NCBI GenBank database (https://www.ncbi.nlm.nih.gov) and the BLAST pro-
gram (https://blast.ncbi.nlm.nih.gov/Blast.cgi) were used to search for homologous sequences.
To construct a phylogenetic tree, we applied the MEGA software v. 6 and used the neighbor
joining method [Tamura et al., 2011]. Evolutionary distances were calculated by the Maximum
Composite Likelihood method. The statistical reliability of the clusters was assessed with bootstrap
analysis (1,000 replicas).

The inoculum was obtained by harvesting the strain F8 grown on solid MMM containing glu-
cose (5.0 gL ™Y, yeast extract (2.0 g¢-L™1), agar (20.0 g-L™!), and NP (50 mg-L™") for 3 days. Cells were
washed three times in 20 mM phosphate buffered saline (pH 7.0) and inoculated into 50 mL of MMM
supplemented with NP. The initial cell density was (3 1) x 108 cells-mL™!. The strain F8 was cultivated
on MMM with NP in the dark for 7 days. NP was added to the medium in the form of ethanol solutions.
Equal amounts of ethanol were added to abiotic controls.

The following cultivation conditions were manipulated in order to investigate their effects
on NP biodegradation: temperature (+5, +10, +16, +22, 428, and +35 °C), initial pH (5.0, 6.0, 7.0,
8.0, and 9.0), dissolved oxygen (hereinafter DO) concentration (0.8, 1.08, 1.31, 1.53, and 2.46 mg-L_l),
and initial NP content (100, 300, 500, 700, and 900 mg-L_l).

The effects of initial pH, DO concentration, and temperature on NP biodegradation were estimated
at 100 mg-L™" of NP in MMM.

To study the effects of NP content, initial pH, and DO concentration on the biodegradation capac-
ity of the strain F8, cells were cultivated on NP-containing MMM on a rotary shaker Certomat BS-1
in the dark at +28 °C.

Various levels of DO concentration were created during the strain F8 cultivation in the Erlenmeyer
flasks with different volumes of MMM (25, 50, 75, 100, and 125 mL). Winkler iodometric method
was used to measure DO amount in the medium [Water Quality, 1983].

The effect of temperature on NP biodegradation rate was estimated during the bacteria cultivation
under static conditions in the dark.

Non-inoculated variants were kept as blank controls to determine the abiotic loss of NP and in-
cubated throughout the cultivation period. Each treatment in different tests was replicated three times
for accuracy.
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NP concentrations in the entire content of bacterial culture (cells with medium) and in abiotic controls
were measured by high-performance liquid chromatography on an HP1090 chromatograph (Hewlett-
Packard, the USA), according to the technique presented earlier [Kuzikova et al., 2020].

The kinetics of NP degradation during its fast phase under different bacterial cultivation conditions
was analysed in accordance with the first-order model described by the following equation:

1n<0t/00) - _k Xt,

where Cj is initial NP concentration (mg-L™);
C, is NP concentration at the time t (mg-L™!);
k is the degradation rate constant, days™' [Baptista et al., 2009].

All statistical analysis was carried out applying PAST 4.0 software. Statistical significance was de-
termined using one-way ANOVA and Tukey’s post-hoc test for normally distributed data; differences
were considered significant at p < 0.05. Shapiro—Wilk and Levene’s tests were performed to assess data
normality and variance equality. The obtained data are given in tables and graphs as mean values with
a standard deviation (M £ SD) of three independent replicates (n = 3). Spearman’s correlation coeffi-
cients (r,) were used to identify relationships between NP degradation parameters and NP cultivation
variables; p < 0.05 was considered statistically significant.

RESULTS

Ten bacterial strains isolated from the sample of NP-contaminated bottom sediments had the ca-
pacity to degrade NP. Extent of NP (100 mg-L™!) degradation after 7 days of cultivation was found
to be between 43.1 and 91.5% depending on a bacterial strain (no data provided).

The highest biodegradation capacity (91.5%) was recorded for the strain F8. It should be pointed out
that in the abiotic controls (without bacterial cells), NP degradation did not occur in the medium.

Cells of the strain F8 are gram-negative, non-spore-forming, and non-motile rods with capsules.
The strain F8 forms circular beige colonies on nutrient agar, with a diameter of 2—-3 mm, a smooth
edge, smooth and shiny surface, fine-grained structure, and liquid consistency. The strain F8 is catalase-
positive and oxidase-negative. It is a facultative anaerobic bacterium. Voges—Proskauer reactions and acid
formation are positive; indole is not formed. This strain is capable of using urea, assimilating nitrogen
from the atmosphere, performing denitrification, consuming nitrogen from mineral salts, and catabolizing
lactose, sucrose, rhamnose, fructose, galactose, mannose, xylose, mannitol, sorbitol, glucose, arabinose,
and starch with acid and gas formation; it does not use inositol. The strain shows amylolytic and lipolytic
activity. Its cells are capable of growing in a wide range of temperature (+5...+36 °C) and pH (5-10,
but not at pH of 3).

Phenotypically, the isolate F8 is close to the genus Klebsiella (Enterobacteriaceae family) [Bergey’s
Manual of Determinative Bacteriology, 1994].

As revealed by sequencing, the rrs gene fragment of the isolate F8 has the highest similar-
ity (99.72%) with a similar fragment of the type strain Raoultella planticola NBRC 14939, belonging
to Enterobacteriaceae family (Table 1).

Raoultella genus was separated from the closely related Klebsiella genus on the basis of the rrs
and rpof3 gene sequences analysis, DNA-DNA hybridization, and biochemical studies [Drancourt
et al., 2001]. Initially, in addition to R. planticola, this genus included two species: R. ornithi-
nolytica and R. terrigena [Drancourt et al., 2001]. Later, the species R. electrica was described
as well [Kimura, 2014].
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Table 1. Similarity between the isolate F8 and the closest type strains belonging to Enterobacteriaceae
family based on the 16S rRNA gene sequencing

Type strain NCBI accession number Similarity with the isolate F8 (%)
Raoultella planticola NBRC 14939 NR113701 99.72
Raoultella ornithinolytica JICM 6096 NR114736 99.45
Klebsiella aerogenes KCTC 2190 NR102493 99.24
Raoultella electrica 1GB AB762091 99.16
Raoultella terrigena NBRC 14941 AB680714 98.69
Klebsiella grimontii SB73 NR159317 98.54
Klebsiella oxytoca ATCC 13182 NRO041749 98.01
Klebsiella pneumoniae DSM 30104 NR036794 97.80
Enterobacter asburiae IM-458 NR145647 96.46
Erwinia amylovora DSM 30165 NR041970 95.73

A phylogenetic tree based on the rrs gene sequences, representing the taxonomic status of the iso-
late F8 within Enterobacteriaceae family, is shown in Fig. 1. As can be seen, the studied isolate
formed a single cluster with the type strain R. planticola NBRC 14939T at a high level of statistical
support (91%).

91|strain F8
Sﬂr{ Raoultella planticola NBRC 14939T (NR113701)
o Raoultella ornithinolytica JCM6096T (NR114736)
Raoultella electrica 1GBT (AB762091)
Klebsiella aerogenes KCTC 2190T (NR102493)
Raoultella terrigena NBRC 14941T (AB680714)
Klebsiella oxytoca ATCC 13182T (NR041749)
Klebsiella spallanzanii SPARK775C1T (MN091365)
a5 Klebsiella grimontii SB73T (NR159317)
o Klebsiella michiganensis W14T (NR118335)
Klebsiella pasteurii SPARK836C1T (MN091366)
r Klebsiella pneumoniae DSM 30104T (NR 036794)
59 Enterobacter soli LF7T (GU814270)
Enterobacter cancerogenus LMG 2693T (NR 044977)
58 Enterobacter ludwigii EN-119T (NR 042349)
64 4{ Enterobacter asburiae IM-458T (NR145647)
83" Enterobacter sichuanensis WCHECL1597T (MG832788)
T Kluyvera ascorbata ATCC 33433T (NR028677)
95 Kluyvera intermedia NBRC 102594T (AB681871)
{ Pantoea agglomerans DSM 3493T (NR041978)
93 Erwinia amylovora DSM 30165T (NR041970)

92

33

0.005

Fig. 1. Phylogenetic tree generated by the neighbor joining method using partial 16S rRNA gene sequences
reflecting the taxonomic position of the strain F8 isolate within Enterobacteriaceae family. The isolated
strain is highlighted in bold. Type strains are indicated by the letter T. Bootstrap values of more than 30%
are given

Summing all the phenotypic traits with the reported sequence of the 16S rRNA gene fragment,
the strain F8 was identified as R. planticola F8. The isolate R. planticola F8 was deposited in the Russian
Collection of Agricultural Microorganisms (RCAM) as the strain RCAM 05450 and stored at —80 °C

in the automated Tube Store (Liconic Instruments, Liechtenstein). The rrs sequence of the isolate F8
was deposited in the GenBank database (No. OL831016).
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The results of studying the effect of temperature on NP degradation revealed the capacity of R. plan-
ticola F8 to degrade NP in a wide range, +5...4+35 °C (Fig. 2). A high level of correlation was found
between temperature and NP biodegradation rate constant k (r, = 0.818; p = 0.0038).

Fig. 2. Dependence of nonylphenol content in the culture
liquid of the bacterium Raoultella planticola F8 on temper-
ature: 1, abiotic control; 2, +5 °C; 3, +10 °C; 4, +16 °C;
5,422 °C; 6, +28 °C; 7, +35 °C

20 -

Time, days

At +5 °C, the degradation rate constant k during the fast phase was 0.111 days™, while half-life ts
was 6.2 days. NP degradation by the isolated strain was accelerated with a rise in the incubation temper-
ature up to +28 °C, which resulted in a statistically significant (p < 0.5) increase in k and decrease in NP
half-life by 2.7 times, as well as in an increase in NP degradation degree from 51 to 71.5%. A further
rise in temperature, up to +35 °C, led to a decrease in k and increase in t5) by 1.2 times (Table 2).

Table 2. Effect of cultivation conditions on destruction of nonylphenol (100 mg-L™") by Raoultella
planticola F8

. Nonylphenol
. Dissolved .. .
Cultivation o Initial _1 2 degradation
.. T, °C oxygen, k, days R tso, days
condition -1 pH degree after
mg: 7 days, %
+5 0.8 7 0.111 £0.004 0.95 6.2+0.2 512
+10 0.8 7 0.161 £ 0.005 0.991 43+03 58.5+£1.9
+16 0.8 7 0.212 £0.011 0.992 33+£0.1 65+3
Temperature
+22 0.8 7 0.251 £ 0.004 0.979 2.8+0.1 67.5+1.2
+28 0.8 7 0.307 £ 0.005 0.99 23+£0.2 71.5+£1.8
+35 0.8 7 0.26 £0.01 0.995 27+£0.2 702
+28 0.8 7 0.307 £ 0.006 0.99 2.26 £0.01 71.5+£1.2
Dissolved +28 1.08 7 0.525 £0.005 0.999 1.32 £0.04 81£2
oxygen +28 1.31 7 0.66 £0.01 0.998 1.05+£0.03 85+£2
concentration +28 1.53 7 1.15+0.11 0.986 0.6x0.1 91.5+£1.9
+28 2.46 7 0.916 £ 0.005 0.944 0.76 £0.03 892
+28 1.53 5 0.569 £ 0.003 0.985 1.22 £0.14 802
+28 1.53 6 0.655+£0.011 0.999 1.06 £ 0.09 8212
Initial pH +28 1.53 7 1.15+£0.11 0.986 0.6%0.1 91519
+28 1.53 8 0.886 + 0.009 0.997 0.78 £0.04 88+ 1
+28 1.53 9 0.458 £ 0.006 0.998 1.51 £0.08 762
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Taking all data into account, it can be concluded that the maximum biodegradation rate was observed
at +28 °C.
As shown, NP degradation by the bacterium R. planticola depends on DO concentration (Fig. 3).

120

100 :
80
- Fig. 3. Dependence of nonylphenol content in the cul-
% ture liquid of the bacterium Raoultella planticola F8
5 60 on dissolved oxygen concentration: 1, abiotic con-
~ trol; 2, 0.8 mg-L‘l; 3, 1.08 mg-L‘l; 4, 1.31 mg~L‘1;
0 2 5,1.53 mgL7!;6,2.46 mgL™!
3
20 4
6 .‘.‘——E»——_.
i 15 T
0
o 1 2 3 4 5 6 7
Time, days

A rise in DO concentration from 0.8 to 1.53 mg-L™ led to a statistically significant increase in k
and decrease in tsp by 3.8 times. The degree of NP degradation after 7 days of cultivation dropped
by 1.3 times (Table 2). A further rise in DO concentration, up to 2.46 mg-L_l, resulted in a decrease
in NP biodegradation rate constant and an increase in half-life by 1.3 times.

Based on the results, DO concentration for effective NP degradation by R. planticola should be within
1.53-2.46 mg-L™".

The results of studying the effect of initial pH on NP degradation by R. planticola revealed that
the highest NP degradation degree, 88-91.5%, was reached after 7 days of cultivation in the pH range
of 7.0 to 8.0 (Fig. 4, Table 2).

120
100 X

80

Fig. 4. Dependence of nonylphenol content in the cul-
ture liquid of the bacterium Raoultella planticola F8 on ini-
tial pH: 1, abiotic control; 2, pH 5; 3, pH 6; 4, pH 7; 5, pH §;
6,pH9

60

NP, mg L!

40

20

0 1 2 3 4 5 6 7
Time, days
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The highest degradation rate constant k (1.15 days'l) and the lowest half-life tsy (0.6 days) were
revealed at pH of 7.0. A decrease in pH from 7.0 to 5.0 and an increase to 9.0 resulted in a statistically
significant (p < 0.5) drop in k and a rise in half-life t5y by 2 and 2.5 times, respectively.

Finally, optimal initial pH value for NP biodegradation by R. planticola was determined as 7.0-8.0.

As found, the bacterium R. planticola F8 degrades NP in a wide range of NP concentrations,
from 100 to 900 mg-L™! (Table 3).

Table 3. Effect of initial nonylphenol concentration on its destruction by Raoultella planticola F8

Nonylphenol
Nonylph_elnol, k, days™! R? tso, days degrada};ign degree
mgL after 7 days, %

100 1.15+£0.11 0.986 0.6+0.1 915+£1.9
300 0.866 = 0.005 0914 0.8%0.1 84.8+0.6
500 0.292 + 0.002 0.976 2.4+0.1 84+2

700 0.22 £0.01 0.88 32104 786x14
900 0.12£0.01 0.986 5.8+0.5 55.6+1.3

A high level of correlation (p < 0.001) was registered between NP biodegradation rate constant
and initial NP content (r, = —0.983) and between tsy and initial NP concentration (r; = 0.999). A rise
in NP content in the medium from 100 to 900 mg-L™" led to a statistically significant (p < 0.05) de-
crease in the degradation rate constant k and an increase in half-life tsy by 9.6 times. The degree of NP
degradation dropped by 1.6 times (Table 3).

DISCUSSION

Recently, one of the main ecological problems was environmental contamination by endocrine
disrupting chemicals, in particular NP which affects the endocrine system of living organisms.

NP degradation in natural environments is caused by its abiotic destruction and biodegradation.
A wide range of bacteria belonging to different genera are known to have NP-degrading capacity:
Acinetobacter, Achromobacter, Alcaligenes, Arthrobacter, Bacillus, Burkholderia, Citrobacter, Corynebac-
terium, Desulfobacterium, Klebsiella, Pseudomonas, Serratia, Sphingomonas, etc. [Corvini et al., 2006;
Gabriel et al., 2005; Ma et al., 2018; Reddy et al., 2017; Xie et al., 2015].

The pathways of NP biodegradation by bacteria are widely presented in scientific literature. Pre-
viously, it was revealed that aerobic NP degradation by bacteria can be initiated either by oxidative
cleavage of the alkyl chain or by oxidative action on an aromatic ring. A putative mechanism for degra-
dation of the alkyl chain includes hydroxylation at the terminal carbon atom (as the first step), oxidation
of the resulting alcohol into the corresponding carboxylic acid, and further degradation via $-oxida-
tion. NP degradation via oxidation of the alkyl chain is characteristic of NP isomers, in which the side
chain is linear or at least not highly branched. NP isomers with highly branched side chains can ini-
tially be destroyed by hydroxylation phenolic ring. Type II ipso-substitution mechanism (hydroxylation
at the carbon atom-4) was described as the first step of degradation pathway, which occurs by oxidation
and replacement of aromatic carbon atom of NP by an alkyl side chain [Bhandari et al., 2021].

As mentioned earlier, the bacterium R. planticola F8, an active NP biodestructor, was isolated from
bottom sediments sampled in the southern Gulf of Finland. This strain belongs to Proteobacteria phy-
lum, Gammaproteobacteria class. Gammaproteobacteria, along with Alphaproteobacteria, are known
as the most abundant bacterial groups in the microbiome of NP-contaminated bottom sediments [Wang
et al., 2015b].
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Raoultella representatives have been associated with degradation of various organic contaminants,
such as drugs [Palyzova et al., 2019], pesticides [Bhatt et al., 2019], polycyclic aromatic hydro-
carbons [Ping et al., 2017], and so on. The ability of R. planticola to degrade NP was revealed
for the first time.

Two phases of NP biodegradation by R. planticola were identified analyzing the degradation curves
under test conditions: the fast and the slow one. It should be noted that a similar two-phase nature of a de-
crease in alkylphenols content was previously found during their destruction by cyanobacteria [Baptista
et al., 2009; Zaytseva, Medvedeva, 2019] and micromycetes [Kuzikova et al., 2020]. The limitation
of NP degradation process at the end of the fast phase can be caused by a decline in the medium quality
which results from formation of metabolites toxic to bacteria [Bai et al., 2017].

Due to their metabolism and capacity to adapt to adverse environmental conditions, microor-
ganisms can degrade a wide range of organic pollutants, including alkylphenols. However, their effi-
ciency depends on many factors, inter alia pollutant concentration and physicochemical characteristics
of the environment, such as temperature, pH, DO concentration, efc. [Abatenh et al., 2017; Watanabe
etal., 2012].

This study allowed revealing that the rate of NP degradation by R. planticola F8 depends on temper-
ature, initial pH, DO concentration, and initial NP content to a large extent. It is well known that temper-
ature is one of the most relevant abiotic factors affecting the degradation of xenobiotics. Temperature
variations can accelerate or decelerate biodegradation by affecting the physiological properties of mi-
crobial degraders, in particular via direct effect on the biological enzymes involved in the degradation
pathway [Abatenh et al., 2017; Khan et al., 2009].

The temperature dependence of NP biodegradation, as well as the optimum temperature (+30 °C),
were revealed earlier during NP degradation by bacterial strains Pseudomonas sp., Acidovorax sp.,
Pseudomonas putida, Citrobacter freundii, and complex microorganisms ZJF composed by three strains
combined: Serratia sp., Klebsiella sp., and Ps. putida [Ma et al., 2018; Watanabe et al., 2012; Xie et al.,
2015].

It is worth noting that previous studies were focused on the ability of bacteria to degrade NP at tem-
peratures above +14 °C [Ma et al., 2018; Watanabe et al., 2012; Xie et al., 2015]. To date, information
on NP degradation at lower temperatures is still lacking.

As shown in our tests, NP destruction by R. planticola F8 also significantly depends on tempera-
ture. This bacterium was found to be highly efficient for NP degradation in a wide temperature range,
+5...435 °C. The fact that R. planticola F8 is capable of degrading NP even at such a low temperature,
as +5 °C, is of certain interest. Biodegradation rate increases as temperature rises from +5 to +28 °C,
reaching its maximum at +28 °C. A rise in temperature from +28 to +35 °C led to a drop in biodegra-
dation rate. It is assumed that contaminant biodegradation is slowed down at relatively high and low
temperatures due to a decrease in the activity of bacterial and extracellular enzymes [Xie et al., 2015].

Aeration and pH levels significantly affect the biodegradation of organic pollutants.

Oxygen is the most common electron acceptor in the bacterial respiration. During aerobic biodegra-
dation of aromatic compounds, oxygen acts as an electron acceptor for aromatic pollutants, besides
participating in substrate activation via oxygenation reactions [Cao et al., 2009]. As known, in aerobic
conditions, the bacterial biodegradation of alkylphenols, inter alia NP, involves mono- and dioxidases
and multicomponent phenol hydroxylases. These enzymes catalyze chemical reactions cleaving chem-
ical bonds and assisting the transfer of electrons from reduced organic substrate (donor) to another
chemical compound (acceptor). Oxidases play a key role in metabolism of organic compounds,
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increasing their reactivity or water solubility or causing the aromatic ring cleavage. Generally, intro-
duction of O, atoms into the organic molecule by oxygenase results in the aromatic ring cleavage [Cao
et al., 2009; Karigar, Rao, 2011; Tuan et al., 2011].

We established that R. planticola F8 is capable of degrading NP in a wide range of DO concentrations
in the medium (0.8-2.46 mg-L™!). The rate of NP degradation by this bacterium was minimal at the low-
est DO content used in the tests, 0.8 mg-L™'. An increase in DO concentration up to 1.53 mg-L™! resulted
in arise in degradation rate. Optimal DO content for NP degradation by R. planticola F8 was determined
as 1.53-2.46 mg-L™".

The level of pH is known to affect the physiological properties of microorganisms, thus playing a no-
ticeable role in biodegradation of organic pollutants. Like other proteins, microbial enzymes, inter alia
those catalysing biodegradation processes, are extremely sensitive to a medium pH. The changes in pH
level cause alterations in the electric charge of various chemical groups which are present in enzyme
molecules. An imbalance in electrical charges in very acidic and alkaline pH ranges leads to de-
struction of chemical bonds that support the structure of the enzyme, decrease in enzymatic activ-
ity, and denaturation of the enzyme. Consequently, there is a significant deterioration in pollutant
biodegradation [Alneyadi et al., 2017].

As previously reported, pH level affects the bacterial degradation of various organic pollutants:
polyaromatic hydrocarbons, phenol and its derivatives, antibiotics, efc. [Ibrahim et al., 2018; Khan
et al.,, 2009; Lakshmi, Sridevi, 2009; Liu et al., 2017]. As shown earlier, pH value significantly
affects NP degradation by the bacteria Ps. putida and C. freundii with optimal pH levels of 5-7
and 6-7, respectively, and by complex microorganisms ZJF with optimal pH of 6.0 [Ma et al., 2018;
Xie et al., 2015].

This work investigated effects of initial pH in the range of 5.0-9.0 on NP degradation by the bac-
terium R. planticola F8, and optimal pH level for NP biodegradation was revealed, 7.0-8.0.
Both increasing pH to 9.0 and decreasing it to 5.0 decelerate pollutant biodegradation.

Initial NP concentrations affect the bacterial degradation as well. Earlier studies showed the effect
of initial NP content on efficiency of NP removal by different bacrteria: Acidovorax sp., C. freundii, Ser-
ratia sp., Klebsiella sp., and Ps. putida [Ma et al., 2018; Xie et al., 2015]. For example, an increase in effi-
ciency of NP degradation by Ps. putida and C. freundii was recorded when initial pollutant concentration
was raised from 1 to 5 ug-L™'. However, a further rise in NP content, up to 9 pug-L™", caused no statisti-
cally significant changes in extent of degradation [Xie et al., 2015]. A rise in initial NP concentration
from 5 to 10-15 mg-L ™! also resulted in an increase in efficiency of pollutant degradation by the bacte-
ria Serratia sp., Klebsiella sp., and Ps. putida up to 60%. But a further rise in initial NP concentration,
up to 100 mg-L™!, led to a drop in degradation efficiency to 30% [Ma et al., 2018].

Our data show as follows: an increase in NP concentration from 100 to 900 mg-L ™" led to a suppres-
sion of degradation efficiency by R. planticola F8, a decrease in degradation rate, and an increase in NP
half-life. The slowdown in biodegradation of pollutants at high concentrations is explained by their toxic
effect on pollutant-degrading microorganisms [Abatenh et al., 2017]. However, it should be noted that
the isolated strain R. planticola F8, despite a statistically significant drop in the degradation rate con-
stant k, a rise in half-life tsy by 9.6 times, and a decrease in the degree of NP degradation by 1.6 times,
was capable of degrading NP at such a high content, as 900 mg-L™'. The same degradative activity at such
a high toxicant concentration was previously registered only in the microbial consortium NP-M2 iso-
lated from bottom sediments, mainly consisting of bacteria of the genera Sphingomonas, Pseudomonas,
Alicycliphilus, and Acidovorax [Bai et al., 2017].
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Conclusion. We isolated the bacterial strain F8 from the nonylphenol-contaminated bottom sedi-
ments sampled in the southern Gulf of Finland (the Baltic Sea). Raoultella planticola F8 is capable of de-
grading nonylphenol in aerobic conditions at its different concentrations (up to 900 mg-L™") and in a wide
range of temperature, initial pH, and dissolved oxygen content.

The results of this study provide useful information for the potential application of the bacterium
R. planticola F8 in bioremediation processes.

This work was supported by the state assignment of the Ministry of Science and Higher Education of the Russian
Federation (No. 122041100086-5). Strain identification was supported by the Russian Science Foundation (grant
No. 21-16-00084).
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BUOJETPAIAIIMSI HOHU®EHOJIA
BAKTEPUEN RAOULTELLA PLANTICOLA FS8,
BBIJIEJIEHHOI 13 JOHHBIX OCA/IKOB
®UHCKOTO 3AJINBA BAJITHIICKOTO MOPSI
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Honungenon (HP) — kceHOOMOTHK aHTPONIOT€HHOTO IMTPOUCXOKAEHUS — SIBJISIETCS ITUPOKO PACIIpO-
CTpaHEHHBIM BO BCEM MUpE 3arpsisHUTENIEM OKpykamomei cpensl. [lomaganne H® B 06beKTH OKpY-
JKaloIIel Cpe/ibl BRI3BIBAET CEPbE3HYI0 03a00UEHHOCTh BCJIECTBIE €r0 TOKCUYHOCTH ISl BOAHBIX Op-
raHW3MOB, KUBOTHBIX U YesioBeka. Kpome toro, H® m3BecteH kak 3HAOKpUHHBIN AecTpykTop. Llems
JAHHOM CTaThil — BbIAEIEHUE U3 JOHHBIX OTJIOKEHWH, OTOOPaHHBIX B I0KHOM YacTu PHHCKOro 3a-
nvBa (Bantuiickoe Mope), ¥ uaeHTU(UKALKA BBICOKOI((EKTUBHOIO IiITaMMa OaKTepHid, CIOCOOHOTO
nectpykrupoBath HO®, a Takxke uzydeHue ero ciocoOHocTd K aerpaganuu H® npu pa3inuHbix ypoB-
HAX Temriepatypsl, pH, KOHIIEHTpanuii pacTBOPEHHOTO KHUCIOPOAa ¥ UCXOAHBIX KOHIeHTpanui HO.
Wnentudukanuio BeieieHHOro mramma F8 mpoBoaniy mo (peHOTUNMYEeCcKrM MPU3HAKaM C HCTIOJb-
30BaHKMEM CTaHAAPTHBIX METOIOB, a TAKXkKe METO/IOM CeKBeHUpoBaHus 1o CaHrepy ¢parmMeHTa mnocJie-
nosatenpHocTy TeHa 16S pPHK (rrs). Cogepixanue H® onpenensnu MeTogoM BeICOKOI((PEKTUBHON
*)uakoctHou xpomarorpacduu. HoBass HO-nectpykrupymoruas 6akrepust Raoultella planticola F8 Brize-
JIeHa U3 JIOHHBIX OTJIOKEHUH, 0TOOpaHHbIX B PuHCKOM 3anuBe. U3onar R. planticola F8 nenonupopan
B BemoMcTBEHHOM KOJUTEKIIMY MUK POOPTaHU3MOB CeTbCKOX03siicTBeHHOro HazHadennss BHUMCXM
nof, peructpauroHHbiM HomepoM RCAM 05450. [TocnenoBarenbHOCTb TeHa rrs u3oJsta R. planticola
F8 nenonuposana B 6aze aanaeix GenBank nmog Homepom OL831016. StoT mtamm BelcOk0IDEKTH-
BeH [U1s Aerpaganii HO B a3poGHBIX yCIOBHAX NPH pasInyHbIX KoHneHTpanuax HP (10 900 mr-n!),
B JMamnas3oHe TemrepaTyp oT +5 1o +35 °C, HavaynbHbIX 3HayeHuil pH ot 5 1o 9 u xoHueHTpamit
pacTBOpéHHOrO KKcaoposa ot 0,8 1o 2,46 mr-n~!. JlaHHOe McclenoBaHMe — MepBoe, JeMOHCTPUPY-
1oiee cnocodbHocTh R. planticola Tpandopmupoats H®. PesynbraThl 3TON padOThl MPEIOCTABISAIOT
10Jie3Hy10 nH(popMaruio 11 npumenenus R. planticola F8 B niporieccax Guopemeuariiu.

KumioueBnie caoBa: Raoultella planticola F8, nonnble ocanku, uaeHTU(UKALMS, HOHWI(PEHOI,
Ouozerpaaanus
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The work is devoted to problems of mutual adaptation of two invasive commercial crab species, the red
king crab Paralithodes camtschaticus and the snow crab Chionoecetes opilio, and the recipient ecosys-
tem of the Barents Sea. Data on the distribution of megabenthic communities obtained for 2006-2020
are provided. The dynamics of invasive crab populations is analyzed, and related changes that oc-
curred in the Barents Sea bottom communities during this period are studied. Mechanisms of the im-
pact of crab species on bottom communities and prospects for their colonization of the Barents Sea
are discussed. The research is based on the results of quantitative and taxonomic analysis of bycatch
in 6,010 bycatches with a Campelen 1800 trawl performed in the Barents Sea in 20062020 during
the joint Russian—Norwegian ecosystem survey on RV of the Polar branch of VNIRO and the Institute
of Marine Research. The expansion of the range and increase in abundance of the red king crab since
the early 1990s led to its colonization of the vast area of the southern Barents Sea. In 2006-2010,
this species dominated in megabenthic communities around the Murmansk Rise and Kaninskaya Bank.
In 2016-2020, the red king crab spread north and east — up to the Kolguev Island and the southern slope
of the Goose Bank. An increase in abundance of the snow crab resulted in its colonization of a huge
area in the Barents Sea: from the Pechora Sea to the Franz Josef Land archipelago and from the Novaya
Zemlya archipelago to the Spitsbergen archipelago. In 2006-2010, the snow crab abundance started
to increase in the Novaya Zemlya archipelago area; there, it was a subdominant species in communi-
ties of soft sediments of the Goose Bank. In 2011-2015, the snow crab began to dominate in com-
munities of the Goose and Novaya Zemlya banks and the northern Central Bank. At the same time,
it continued to increase its role as a subdominant species in almost all megabenthic communities near
the Novaya Zemlya archipelago. Later, in 2016-2020, this species dominated in benthic communi-
ties on the boundary with the Kara Sea between the Novaya Zemlya and Franz Josef Land archipela-
gos, on the slopes of the Novaya Zemlya Bank, near the Central Bank, and in the Southern Novaya
Zemlya Trench. Its range increased and covered the area from the Franz Josef Land and Novaya Zemlya
archipelagos to the Perseus Bank in the west and to the Pechora Sea in the south. As shown, under cur-
rent climatic conditions, the red king crab will remain part of megabenthic communities in the south-
eastern Barents Sea. The snow crab will continue to migrate from the east to the western Barents
Sea, up to the Spitsbergen archipelago, where similar benthic communities exist; in case of colder
conditions, its migration will occur faster. A scenario is possible in which shallow waters of the Spits-
bergen archipelago will be a new reproductive center of the snow crab population in the Barents Sea,
along with the current center near the Novaya Zemlya archipelago.

Keywords: Barents Sea, megabenthos, bottom communities, red king crab, Paralithodes camtschaticus,
snow crab, Chionoecetes opilio
Most benthic communities of large marine ecosystems, such as the Barents Sea, are subject to spatial
and temporal transformation. Some of the key factors affecting their restructuring are climate fluctuations,
interspecific competition, and anthropogenic load.
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In the Barents Sea, such changes are studied for quite a long time and identified on the example
of macrozoobenthos against the impact of climate and bottom trawling [Denisenko, 2003, 2007, 2013;
Manushin, 2021a, b] and pressure from introduced species [Manushin et al., 2021; Strelkova et al., 2021;
Zakharov et al., 2021b, 2022b]. Long-term data on bycatch of bottom invertebrates during ichthyologi-
cal trawling are available, and differences are revealed between this part of the community and macro-
zoobenthos investigated using bottom grabs and dredges [Zakharov et al., 2021a]. So, the question arises
on its response to external effects. In literature, benthos caught in ichthyological trawls is predominantly
called megabenthos [Atlas of the Megabenthic Organisms, 2018; Gutt, Starmans, 1998; Jgrgensen et al.,
2022; Rybakova et al., 2019; Zakharov et al., 2020]; less commonly, it is called trawl macrobenthos [Kol-
pakov et al., 2018; Shuntov, Volvenko, 2015].

Recently, the emergence of new species on the Barents Sea shelf has become fairly common [Za-
kharov, Jgrgensen, 2017]. As a rule, these are single findings, and the impact of such invaders on native
communities is mostly local and limited. The exceptions are the red king crab Paralithodes camtschati-
cus (Tilesius, 1815) and the snow crab Chionoecetes opilio (Fabricius, 1788). Due to their size, these
species can be classified as megabenthos; so, the investigation of their bycatch in trawl benthos is of cer-
tain interest when studying both their acclimatization and associated dynamics of benthic communities
in the Barents Sea.

The introduction of the red king crab into the Barents Sea occurred more than 60 years ago [The Red
King Crab, 2021]; the introduction of the snow crab, more than 25 years ago [Kuzmin et al., 1998; Snow
Crab Chionoecetes opilio, 2016]. The expansion of the range and increase in the abundance of the red
king crab since the early 1990s resulted in the fact that this species colonized a vast site of the southern
Barents Sea. The range of the snow crab rose from the Goose Bank (one finding in 1996) to a broad area
in the Barents and Kara seas and adjacent waters.

The nutrition of the red king crab and snow crab was properly analyzed, and this allowed both
to describe their food spectrum in the Barents Sea and identify the most intensively consumed groups
of animals [Manushin, 2021b; Snow Crab Chionoecetes opilio, 2016; Zakharov et al., 2021b, efc.]. With
bycatch data from ichthyological trawls, one can assess the distribution of invasive crabs, their biomass
in new areas, and possible effect on other megabenthic species. In this regard, the aim of this study is to re-
veal changes in the structure of megabenthic communities that have occurred over the past 15 years under
the impact of the red king crab and the snow crab.

MATERIAL AND METHODS

Material for this work was sampled during annual Russian—Norwegian ecosystem survey in Au-
gust—November 2006-2020 (Fig. 1A). The research covered the entire Barents Sea, the northwestern
Kara Sea, the eastern sites of the Norwegian and Greenland seas, and adjacent areas of the Arctic Ocean.
Trawls were mainly carried out within nodes of the standard grid of stations, with a distance between
stations of about 40 nautical miles (Fig. 1B).

The material was sampled with a Campelen 1800 trawl [Atlas of the Megabenthic Organisms,
2018]. Within 2006-2020, 6,010 stations were performed. The material was processed onboard the RV
by a unified technique [Zakharov et al., 2020, 2022a]. In total, 1,182 taxa were identified; out of them,
747 taxa were identified down to the species level. Animals were taxonomically identified to the lowest
level possible. Material on the snow crab and red king crab was sampled since 2004. Data on nutrition
of crabs were taken from previously published works [Manushin, 2021a; Zakharov et al., 2021b].
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Fig. 1. Position of bottom trawls in 2006-2020 (A) and the standard grid of stations (B) in the joint
Russian—Norwegian ecosystem survey

For comparative analysis, biomass values provided in this paper were calculated for a standard trawl-
ing distance of 1 nautical mile. Pelagic and benthopelagic species, e. g., the northern shrimp Pandalus
borealis Krgyer, 1838, were excluded from the dataset.

To estimate the changes in megabenthic communities over 15 years, this period was divided into
three ones: 2006-2010, 2011-2015, and 2016-2020. Stations performed during each period and lo-
cated at a distance of < 35 nautical miles from nodes of the standard grid (Fig. 1B) were combined
for subsequent analysis. Stations situated at longer distances and not covered by the standard grid
were excluded from the dataset. Each trawl point matched only one node of the standard grid of sta-
tions. The variation in depths between stations at nodes of the standard grid for each period averaged
about 5 m.

The material obtained in different years during cruises of several RV and processed by researchers
of various qualifications differed in the detail of taxonomic processing. Accordingly, to standard-
ize the initial data and analyze it properly, part of the material was not used or was taxonomi-
cally grouped. Species and taxa recorded only once during the entire study period were excluded
from the dataset. Supraspecific identification of widespread and easily identifiable species was ruled out
as well [e. g., Hyas sp. against the backdrop of occurrence of two well-recognized species, Hyas ara-
neus (Linnaeus, 1758) and Hyas coarctatus Leach, 1815]. Animals identified down to the phylum, class,
and order levels were excluded from the analysis due to their low abundance or negligible contribu-
tion to total biomass. Species with low biomass (bryozoans, hydroids, and amphipods) and difficult
to taxonomically identify (sponges and polychaetes) were grouped within family rank.

For each group of stations united within nodes of the standard grid of trawling, a total list of taxa
was made, and their ratios in the total biomass were determined. The obtained data were processed
by k-means clustering using the Bray—Curtis dissimilarity as a station-by-station similarity measure.
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The number of clusters was determined for each period based on testing their optimal number by various
statistical techniques: elbow method, gap statistic, silhouette method, and clustree.

The data were statistically processed in R applying the following libraries: geosphere, tidyr, tidyverse,
ggplot2, clustree, vegan, factoextra, and cluster. Also, MS Office Excel was used. Maps were constructed
in Golden Software MapViewer 8.

The names of the morphostructures of the Barents Sea are taken from the publication
of A. Zinchenko [2001].

RESULTS

Monitoring which we have begun in 2004-2005 showed that the snow crab and the red king crab were
recorded in the survey area at 1% of stations. Then, their occurrence changed. For the snow crab, it in-
creased sharply and rose almost by 30 times by 2020. For the red king crab, it remained almost at the same
level of 2% until 2013, started to increase in 2014, and finally reached the value of 4-5% (Fig. 2). This
reflects different stages of acclimatization for crab populations during the study period. Specifically,
the red king crab was at the last stages of naturalization, while the snow crab was actively exploring
the recipient ecosystem expanding its range and increasing the abundance.

In 2004, the distribution area of the snow crab was 20 thousand km?; that of the red king crab
was 28 thousand km?. By 2020, the range of the snow crab increased by more than 40 times and reached
the value of 831 thousand km?, while that of the red king crab rose only by 6 times, up to 176 thou-
sand km?. The rates of increase in both the frequency of occurrence and range for the snow crab were
significantly higher than those for the red king crab (Fig. 2).
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Fig. 2. Frequency of occurrence (%) (A) and range area (km?) (B) of the snow crab and the red king crab
in 20042020

To analyze the fluctuations in the composition of megabenthos over 15 years, we selected nodes
of the standard grid of stations (Fig. 1B) where the snow crab and the red king crab were encoun-
tered during the entire study period. The proportion of the snow crab in the total biomass of bycatch
in its habitat gradually increased from 0.2% in 2006 to 2% in 2011. In 2012, it rose to 5%; by 2013,
the value increased sharply to 15%. In subsequent years, the relative biomass stabilized, varied slightly
at one level, and reached 20.6% by 2020. In 2008-2013, the relative biomass of the red king crab
in the survey area varied at the level of 1-2%; since 2014, it increased sharply; and by 2020, it amounted
to 28.9% (Fig. 3).
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In general, in the distribution area of considered invaders, the proportion of almost all megabenthic
groups decreased since 2006: ascidians, from 5 to 0.1% in 2020; cnidarians (mainly, sea anemones),
from 7 to 1%; crustaceans (excluding introduced species), from 6 to 3%; and molluscs, from 5.2
to 1.3%. The proportion of echinoderms dropped significantly: from 62% in 2006 to 36% in 2020.
No changes were recorded in the relative biomass of polychaetes (Annelida in Fig. 3), nemerteans, pri-
apulids, efc. (Varia in Fig. 3). At the same time, an increase in the proportion of sponges was noted
in bycatches: from 5 to 10% (Fig. 3).
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® Arthropoda
® Echinodermata

20%

Fig. 3. Dynamics of the ratio of biomass of the main megabenthic groups and two invasive species in their
range in the Barents Sea (three-year moving averages)

The dynamics of the relative biomass of the snow crab showed a statistically significant positive
trend (R = 0.69; p = 0.0015) (Fig. 4). When ruling out the data for 2018 and 2019, when the snow
crab aggregations were under-surveyed [ICES Working Group, 2020], the coefficient of determination
increased to 0.79.

40

30
y=1,4533x-1,0948
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Fig. 4. Dynamics of the snow crab relative biomass in its range. The solid line represents three-year moving
averages; the dotted line, linear trend
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The moving average of the dynamics of the relative biomass for the snow crab within its distribution
area is characterized by a rise, with a slight decrease in recent years (Fig. 4). However, this trend is not
typical for all sites of the range. Thus, in the Goose Bank, the linear trend in the dynamics of the relative
biomass for the snow crab in 2006-2020 is negative (Fig. 5A); in the Central Bank area and Novaya
Zemlya shallows, it is positive (Fig. 5B-D).
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Fig. 5. Dynamics of the snow crab relative biomass in the Goose Bank (A), Central Bank (B), southern
Novaya Zemlya Bank (C), and northern Novaya Zemlya Bank (D). The solid line represents three-year
moving averages; the dotted line, linear trend (data from all catches in the area are used)

Until 2015, the proportion of the red king crab in the total biomass of megabenthos within its range
rapidly increased; then, it stabilized at a fairly high level, with a slight downward trend (Fig. 6). For the red
king crab, the trend of the dynamics of the relative biomass was statistically significant (R? = 0.81;
p=0.0012).
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Fig. 6. Dynamics of the red king crab relative biomass in its range
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According to the results of k-means clustering, 11 clusters were identified in the first analyzed period;
11 clusters were revealed in the second one; and 12 were defined in the third one (Fig. 7, Table 1).
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Fig. 7. Megabenthic communities in the Barents Sea and adjacent waters based on the surveys
of 2006-2010, 2011-2015, and 2016-2020. Designations of the communities are given in Table 1

In 2006-2010, the biomass of the snow crab rapidly increased in the southeastern Barents Sea. This
species became a subdominant one [against the backdrop of the prevalence of the starfish Ctenodiscus
crispatus (Bruzelius, 1805)] in soft-soil communities in the Goose Bank area [community No. 6 in Fig. 7
and Table 1]. By 2010, the snow crab already locally dominated in the biomass of megabenthic catches
in this site [Lyubin et al., 2010a].
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Table 1. Megabenthic communities in the Barents Sea based on the surveys of 2006-2010, 2011-2015,
and 2016-2020. Designations of the communities are the same as in Fig. 7. Dominant and subdominant
species are given with relative biomass indicated (%)

i

Geodiidae (1.9)
Hippasteria phrygiana (1.7)

i

camtschaticus (41.7)
Suberitidae (1.8)

=

2006-2010 2011-2015 2016-2020
Com- | Dominant and subdominant | Com- | Dominant and subdominant | Com- | Dominant and subdominant
munity species munity species munity species
Paralithodes
Paralithod
camtschaticus (55.0) aratithodes Paralithodes

camtschaticus (61.2)

@

Gorgonocephalus (14.8)
Ophiopleura borealis (9.7)
Umbellula encrinus (7.6)
Heliometra glacialis (7.3)
Ophiacantha bidentata (5.8)

@

Ophiopleura borealis (21.0)
Gorgonocephalus (12.9)
Molpadia (6.6)
Ophiacantha bidentata (5.6)
Ophioscolex glacialis (4.5)

@

Ophiopleura borealis (24.3)
Chionoecetes opilio (4.9)
Molpadia (4.0)
Gorgonocephalus (3.7)

®-

Geodiidae (75.4)

Parastichopus tremulus (1.4)

®-

Geodiidae (67.2)
Ancorinidae (4.9)

@®-

Geodiidae (70.2)
Ancorinidae (4.9)

@-

Actiniaria (57.4)
Alcyonacea (7.0)
Hormathiidae (5.1)
Hippasteria phrygiana (3.5)

@®-

Hormathiidae (8.7)
Actiniaria (6.5)

Urasterias lincki (6.2)
Ctenodiscus crispatus (5.0)

®-

Bolocera tuediae (10.1)
Hippasteria phrygiana (10.1)
Parastichopus tremulus (8.2)
Hormathiidae (5.0)
Molpadia (4.5)

O -

Gorgonocephalus (48.8)
Actiniaria (2.9)
Heliometra glacialis (2.8)
Ctenodiscus crispatus (2.5)

O -

Gorgonocephalus (45.9)
Ctenodiscus crispatus (4.2)
Sabinea septemcarinata (3.1)
Chionoecetes opilio (2.1)

O

Gorgonocephalus (37.6)

Chionoecetes opilio (13.0)
Ophiopleura borealis (4.2)
Ophioscolex glacialis (4.1)

Or

Ctenodiscus crispatus (23.7)
Chionoecetes opilio (7.7)
Urasterias lincki (7.0)
Icasterias panopla (6.7)

Oe

Ctenodiscus crispatus (39.6)
Icasterias panopla (18.6)
Urasterias lincki (10.0)
Sabinea septemcarinata (8.7)
Hormathiidae (5.8)

O

Ctenodiscus crispatus (23.1)
Urasterias lincki (9.6)
Icasterias panopla (6.9)
Polymastiidae (5.0)
Chionoecetes opilio (4.4)

@®-

Sabinea septemcarinata (5.7)
Gorgonocephalus (5.5)
Ctenodiscus crispatus (3.6)

Ctenodiscus crispatus (9.2)
Urasterias lincki (4.6)
Gorgonocephalus (3.6)

Polymastiidae (10.6)
7 Actiniaria (8.3)

Q Molpadia (7.5) Molpadia (24.8) Molpadia (22.9)
Ctenodiscus crispatus (6.2) 7 ) N 7 ) -
Theneidae (4.1) Ctenodlsc.b.ts crispatus (11.2) Ctenodiscus crtfpa.tus (12.3)
Ciona intestinalis (13.7) Polym.astndae 3.6) Q Bathyarc? glacialis (7.6)

8 Molpadia (11.5) Theneidae (3.6) Polymastiidae (7.1)

Q Ctenodiscus crispatus (4.3)

Strongylocentrotus (4.3)
Strongylocentrotus (34.4)
Strongylocenirotus (35.1) 9 Chionoecetes opilio (18.0) 9 Strongylocentrotus (37.9)

Chionoecetes opilio (9.9)
Gorgonocephalus (1.7)

Continue on the next page...
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2006-2010 2011-2015 2016-2020
Com- | Dominant and subdominant | Com- | Dominant and subdominant | Com- | Dominant and subdominant
munity species munity species munity species
Gorgonocephalus (7.9) Heliometra glacialis (7.6)
10 Hell.'or'ne.lr a glacialis (27.6) 10 Sabinea septemcarinata (6.4) 10 Sabinea septemcarinata (6.0)
Actiniaria (6.0) Heliometra glacialis (6.1) Ctenodiscus crispatus (5.6)
Q Sabinea Q Ophiacantha bidentata (5.0) O Chlamys islandica (5.0)
septemcarinata (3.7) Strongylocentrotus (4.4) Ophiacantha bidentata (4.7)
Ctenodiscus crispatus (4.1) Gorgonocephalus (4.5)
Cucumaria frondosa (21.2)
11 Cucumaria frondosa (32.0) 11 Paralithodes
Sabinea septemcarinata . Microcosmus glacialis (4.7) . camtschaticus (13.8)
(15.4) Balanus (1.9) Suberitidae (7.0)
11 | Cucumaria frondosa (12.7) Hormathiidae (2.3)
. Sclerocrangon boreas (7.0) Strongylocentrotus (13.8)
gfzgnzageg 64) b f;f,ﬁam a 104; o 12 | Strongylocentrotus (16.2)
Sromertoontronts (54) O “ amys islandica (6.9) O Balanus (9.1)
’ cyonidium Chlamys islandica (6.9)
gelatinosum (5.6)
Hyas araneus (4.7)
13 Chionoecetes opilio (35.3)
+ Ctenodiscus crispatus (4.1)
Gorgonocephalus (3.3)

In 2011-2015, the snow crab became a subdominant species in the Novaya Zemlya shallows (commu-
nity No. 9 in Fig. 7 and Table 1) and the northern Central Bank (No. 5). During this period, it was a sub-
dominant species in almost all communities of the Novaya Zemlya archipelago. The area of several com-
munities shifted. Specifically, for sea urchins, the area decreased (No. 9), and for the mud star C. crispa-
tus (No. 6), it increased. The snow crab populations were unstable (see Fig. 5). Thus, the dense aggre-
gation in the Goose Bank dropped greatly, and this is associated with the redistribution of aggregations
in general. The snow crab aggregations that moved to the areas of the Central Bank and the southern No-
vaya Zemlya Bank were increasing their proportions in communities since 2006, and in the northern
Novaya Zemlya shallows, since 2009.

In 2016-2020, the snow crab prevailed in communities (No. 13 in Fig. 7 and Table 1) between
the Novaya Zemlya and Franz Josef Land archipelagos on the border with the Kara Sea, on the slopes
of the Novaya Zemlya shallows and in the Central Bank, and in the Southern Novaya Zemlya Trench.
The area of communities with the subdominance of this hydrobiont increased and covered the area
from the Franz Josef Land and Novaya Zemlya archipelagos to the Perseus Bank, as well as the north-
ern Pechora Sea (No. 2, 5, and 9). To the south of the Franz Josef Land archipelago, the snow crab
was a subdominant species in the community of the brittle star Ophiopleura borealis Danielssen & Ko-
ren, 1877 (No. 2). In the Novaya Zemlya Bank, in the community dominated by sea urchins of the genus
Strongylocentrotus Brandt, 1835 (No. 9), mainly Strongylocentrotus pallidus (G. O. Sars, 1871),
the snow crab was the second most dominant species. In the eastern sea, in the community of brittle
stars of the genus Gorgonocephalus Leach, 1815 (No. 5) and O. borealis (No. 2), the snow crab
was on the second position.
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In 2006-2010, the red king crab prevailed among megabenthic organisms in coastal waters
of the Kola Peninsula, in the Murman Rise, and in waters off the Kanin Peninsula (community No. 1
in Fig. 7 and Table 1). In the community of sponges (No. 3) in the Eastern Murman and warm-water
species (No. 4) in the Western Murman, it was a subdominant species.

In 2011-20135, it still dominated in the North Cape area and Eastern Murman waters, but became
less common in bycatches in the coastal Western Murman and Murmansk Rise. Dense aggregations
of the red king crab on the southern slope of the Kaninskaya Bank expanded eastward, to the Kanin
Peninsula.

In 2016-2020, the area of the red king crab dominance expanded noticeably to the northeast: this
species prevailed in communities around the entire Kanin Peninsula, north and west of Kolguev Is-
land, off the Kaninskaya Bank, and in the Goose Bank. In the community of the orange-footed sea
cucumber Cucumaria frondosa (Gunnerus, 1767) (No. 11 in Fig. 7 and Table 1), the red king crab
was the first subdominant in the areas of the southern Murmansk Rise, on the slopes of the Kanin-
skaya Bank, and in the southern Goose Bank. To a limited extent, it was also found in communities
of sponges of the genus Geodia Lamarck, 1815 (No. 3), warm-water species (No. 4), and shallow-
water species (No. 12) in the Pechora Sea. Moreover, it was recorded in the community of the snow
crab (No. 13) at the southern tip of the Novaya Zemlya (see Fig. 1 and Table 1).

DISCUSSION

Studies of the dynamics of macrozoobenthic communities in the Barents Sea showed that their alter-
ations under the impact of climatic factors and bottom trawling are registered with a delay of approxi-
mately four years [Denisenko, 2013; Lyubina et al., 2012, 2016]. In the case of larger and longer-lived
megabenthic organisms, the delay in the recorded response to stress or shifts in environmental conditions
should be longer. For these reasons, to analyze changes in the structure of the megabenthic component
of benthic communities, we considered not annual data, but data over five-year periods.

In different areas of the Barents Sea, communities are undergoing transformations according
to various scenarios (depending on the strength of the effect of prevailing factors).

In the southern Barents Sea, the key factors affecting benthic communities are as follows: the influx
of warm Atlantic waters [Denisenko, 2003, 2007, 2013; Zakharov et al., 2022b], active bottom trawl-
ing [Lyubin et al., 2010b], predation by the red king crab [Manushin, 2021a, b], and predation by dem-
ersal fish (mostly haddock and flounder) [Eriksen et al., 2020]. Importantly, over the past few decades,
none of the listed factors has prevented the active acclimatization of the red king crab in the southern
Barents Sea, increase in its abundance, and expansion of its range.

The long period of positive temperature anomalies observed in the sea since the late XX cen-
tury [Boitsov et al., 2012; Trofimov et al., 2018] contributed to the distribution of the crab not only
westward, along the coast of Norway, but also eastward, along the Kola Peninsula coast up to the White
Sea Gorlo Strait and the Murmansk and Northern Kanin Rise [The Red King Crab, 2021].

Active bottom fishing in the southern Barents Sea has an extremely negative impact on megaben-
thos [Lyubin et al., 2010b, 2011; Lgkkeborg, Fossa, 2011; Zakharov, Luybin, 2012], but affects the red
king crab to a lesser extent. Current fishing regulations in the Russian Federation are aimed at maximum
protection of this species — a valuable commercial resource. Bycatch of more than 10 crabs per 1 ton
of catch is prohibited. If this level of bycatch is exceeded, the vessel must change its position by 5 nau-
tical miles. All caught crabs, regardless of number, sex, and size, must be immediately returned to their
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habitat; this is strictly controlled by regulatory agencies. Poaching is localized mostly in coastal waters
and has minimal impact on dense commercial aggregations in the open sea. Moreover, bottom trawling
provides additional food for crabs (waste from onboard fish processing and discards of substandard parts
of the catch) [Manushin, 2021a]. Also, animals injured by trawls become attractive and easy prey [Kedra
etal., 2017].

Out of the above-listed factors, the only negative one can be competition with bottom fish. However,
commercial fishing actively reduces its pressure on bottom communities, and fish consumption of adult
crabs is extremely insignificant [Dolgov, Benzik, 2021]. So, in recent years, in the open, southern Barents
Sea, very favorable conditions have developed for the red king crab distribution.

A weakly expressed increase in the frequency of occurrence (see Fig. 2) and distribution area
of the red king crab during the study period, compared to indicators of the snow crab, is due to the smaller
range area and the fact that a noticeable part of its population is concentrated off the coast. Moreover,
trawl catches of the red king crab in open waters (with a rather sparse grid of ecosystem survey sta-
tions) are mostly random because of the high mobility of aggregations of large sexually mature males:
those perform long and extensive migrations both to find food and reach breeding sites [Berenboim,
2003]. A significant proportion of the red king crab in the total biomass of megabenthos is also ex-
plained by the fact as follows: in the southern Barents Sea, the trawl bycatch of megabenthos is quite
low, and one of its possible reasons seems to be the long-term negative impact of active trawling [Lyubin
etal., 2010b]. Thus, even one commercial male weighing several kilograms caught by trawling can cause
the total biomass of megabenthos in the bycatch to be exceeded.

The main groups of macrozoobenthos most actively consumed by the red king crab are echinoderms
and molluscs [Strelkova et al., 2021]. Within the distribution area of this species, out of megabenthic or-
ganisms, the relative biomass of sea anemones, crustaceans, and ascidians also decreased during the study
period. At the same time, an increase in the relative biomass of sponges was noted, the biomass of which
negatively correlates with the distribution density of the red king crab. Specifically, in the Western Mur-
man waters (part of the coast west of the Kola Bay), after a drop in the distribution density of the red
king crab, a rise in the relative biomass of sponges was recorded — up to formation of local communities
with their dominance.

A change in the structure of the benthic population, with the replacement of part of the benthic
community by sponges, was previously recorded in the Svyatonos settlement of the Icelandic scal-
lop Chlamys islandica (O. F. Miiller, 1776), in the area of mass development of the seston-feeding
fauna [Nosova et al., 2018; Zolotarev, 2016]. The factor mostly affecting the change in the compo-
sition of the community in this area was the long-term fishery of the Icelandic scallop. As a result
of overfishing and consequent epizootic, the dominant species, i. e., the Icelandic scallop, was replaced
by other seston-feeders, mainly sponges. Unlike more highly organized animals, those are weakly sus-
ceptible to pressure from predators, infectious diseases, and damage by commercial dredges. Impor-
tantly, after mechanical disruption of the integrity of the sponge body, new individuals can be formed
from the body fragments. Under artificial conditions, a fragment of the sponge Geodia barretti Bower-
bank, 1858 (a species widespread in the Barents Sea) completely regenerated the structure of its
body within a year and increased its mass by 40% [Hoffmann et al., 2003]. To date, the proba-
bility of a reverse process — a competitive replacement of sponges by scallops when their fishing
ceases — is not clear. Apparently, degradation of the scallop population under the impact of fish-
ing is irreversible; therefore, restoration of the stock of this valuable species to its previous level
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is impossible. However, for other hydrobionts, this factor can be a positive one: by forming dense set-
tlements, sponges ensure a favorable habitat for many animal species [Kedra et al., 2017; Khalaman,
Komendantov, 2011].

A similar picture was noted in areas with mass settlements of the orange-footed sea cucumber
in shallow waters of the northwestern and southeastern Barents Sea (the Spitsbergen, Goose, and North
Kaninskaya banks and Moller Plateau). In 2006-2010, its community was not isolated during clustering,
but was combined with a community characteristic of shallow waters of the southeastern sea and part
of the Spitsbergen Bank. In 2011-2015, the relative biomass of C. frondosa in the southern sea in-
creased (see Table 1) which may be due to a gradual consumption of certain benthic groups by the red
king crab and a restructuring of the community. Previously, similar structural changes — a decrease
in the number of main components (taxa) of the red king crab food spectrum and an increase in the abun-
dance of their trophic competitors not consumed by this crab — were recorded in the macrobenthic com-
munities of Motovsky Bay [Strelkova et al., 2021]. A similar picture was registered in several other water
basins with the appearance of invaders [Alimov et al., 2000].

The ethological aspects of the biology of the red king crab and snow crab differ significantly. The first
species, whose breeding and feeding areas are spatially separated, performs long and extensive migra-
tions. As already mentioned, this mainly concerns sexually mature males of commercial size. Females
and juveniles are more sedentary and stick to a narrow coast almost all year round [The Red King
Crab, 2021]. So, in the open, southern Barents Sea, the bycatch is dominated by large male red king
crabs — grazing predators. In contrast, the snow crab has noticeably less pronounced migratory ac-
tivity. Throughout its range, catches include individuals of both sexes and all age groups with slight
differentiation by depth [Zakharov et al., 2021b].

The growth of the snow crab population has led to its colonization of a huge area in the eastern
and northern Barents Sea: from the Pechora Sea to the Franz Josef Land archipelago and from the No-
vaya Zemlya archipelago to Spitsbergen. In general, its distribution largely copies the distribution
within the Barents Sea of Pacific-origin species, e. g., whelks [Zakharov, 2013]. To date, Pacific
species are recorded throughout the Barents Sea, but they form a stable faunal complex in the Novaya
Zemlya, Kanin—Pechora, and Medvezhin—Nadezhdin shallows only. The faunal similarity of the benthic
population indicates the similarity of living conditions in these remote areas.

The habitat of the snow crab continues to expand westward, to the Spitsbergen archipelago. There,
the benthos is similar in terms of species composition and quantitative characteristics to communities
widespread in the area of the densest concentrations of the snow crab.

However, modern data indicate that the expansion of its range westward is much slower than east-
ward, into adjacent areas of the Kara Sea [Zalota et al., 2018, 2019, 2020; Zimina, 2014]. Apparently,
the main factor inhibiting its westward distribution is now the warming of the Barents Sea waters ob-
served in the last few decades [ICES Working Group, 2022]. Obviously, in case of a cold snap, coloniza-
tion of the snow crab in the western sea may accelerate [ Bakanev, 2017], and a new center of its reproduc-
tion may be formed in the Spitsbergen archipelago area — in addition to the existing one off the Novaya
Zemlya archipelago.

In some years within 2006-2010, in the Goose Bank, the bycatch of the snow crab reached 30—-40%
of the catch mass. In subsequent years, there were a decrease in its abundance in this site and forma-
tion of new dense settlements much further north, in the area of the Novaya Zemlya Bank and eastern
slopes of the Central and Perseus banks. A drop in the abundance of the snow crab and its importance
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in the megabenthic part of the benthic community in the Goose Bank area may be associated both with
the impact of warm waters of one of the North Cape Current branches and with a decrease in the food
supply after the explosive growth in the abundance of the invader.

Interestingly, in 2006—2010, in the Central Basin area, there was a community dominated by the as-
cidian Ciona intestinalis (Linnaeus, 1767) (No. 8 in Fig. 7 and Table 1). During next two periods, it was
no longer distinguished: it was absorbed by a community dominated by holothurians of the genus Molpa-
dia Cuvier, 1817. This may be partly due to the fact that the growing population of the snow crab feeds
on ascidians. Their large size, soft cylindrical body with no protective shell, and attached lifestyle — ap-
parently, all these characteristics made ascidians vulnerable to the invasive predator occurring in mass,
in contrast to Molpadia representatives burrowing into the ground.

Undoubtedly, as mentioned above, against the backdrop of a cold snap, the frequency of occur-
rence and range of the snow crab will increase [Bakanev, 2017]. However, a rise in the abundance
of the invader in already explored areas is unlikely, since the main limiting factor in this case is not
the ambient temperature, but the food supply. Apparently, after the colonization of certain areas, there
will be a redistribution of aggregations into adjacent communities suitable for the species and a reduc-
tion in the abundance of the invader down to an optimal level. To date, a similar picture is observed
in the Goose Bank and partly in the southern Novaya Zemlya Bank, where the growth in the abundance
of the invasive species is slowing down or has already stopped. Most likely, new productive genera-
tions will arise locally in areas that are being explored by the invader for the first time, for example,
off the Spitsbergen and Franz Josef Land archipelagos and in elevations of the northern and central
Barents Sea.

Like the red king crab, the snow crab displaces or replaces native species by consuming them or com-
peting for food. However, due to its smaller size, the snow crab seems to be unable to eat larger indi-
viduals of megabenthos; so, this species affects via eating their juveniles. The pressure from the invader
on megabenthos may be partially reduced by the consumption of macrozoobenthos by the crab.

In recent years, the proportion of the snow crab in catches within the area it has explored long ago
remains at a level of about %5 of the total biomass of trawl megabenthos. It can be assumed as follows:
under conditions of the Barents Sea, this proportion is optimal, and in the future, it will be maintained
within the entire area inhabited by this species.

Obviously, the occurrence of the snow crab and red king crab in the Barents Sea ecosystem does not
lead to an increase in the total bioproductivity of the water basin, since the latter is completely determined
by the level of food resources available to bottom population [Zenkevich, 1970], i. e., primary produc-
tion. In case of the invaders considered, we are talking only about the redistribution of energy flows
and an increase in their biomass due to native species. Being exclusively carnivores, these two species
do not introduce new or uninvolved sources of nutrients into the food pyramid (for example, unclaimed
detritus or plankton); those just exploit and transform existing benthic communities [Biological Inva-
sions, 2004; Shadrin, Anufriieva, 2019].

Under current conditions, both crab species will definitely continue to expand their ranges against
the backdrop of comfortable conditions and availability of sufficient food supply. The red king crab
will continue to integrate into the communities of the Pechora Sea and adjacent waters. However, its
distribution northward will most likely be limited to the Goose Bank and Moller Plateau, and eastward,
to shallow waters subject to winter cooling. The range of the snow crab will cover the entire northern
and eastern sea, with the exception of areas under the impact of warm Atlantic waters. Its distribution
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will not be uniform, but the area of megabenthic communities with its dominance will increase. Appar-
ently, competition between invaders will be minimal; it will be observed only at the junction of habitats.
With climate fluctuations, the ranges of crabs will change in antiphase: with warming, the range of the red
king crab will expand, and the range of the snow crab will decrease, and vice versa.

Thus, the benthic communities of the Barents Sea are currently in a state of transformation caused
by a long period of warming and emergence of new invasive species. The presented results suggest
as follows: while the red king crab and the snow crab explore accessible waters, the bottom population
of the Barents Sea will undergo significant structural changes within the entire distribution area.

The material for this work was sampled within the framework of the state research assignments of the Po-
lar branch of VNIRO (Murmansk) and Institute of Marine Research (Bergen). The paper was prepared within
the framework of the state research assignment of the Zoological Institute of the Russian Academy of Sciences
No. 122031100275-4.
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BJIMAHUE KAMYATCKOI'O KPABA I KPABA-CTPUI'YHA OIINJINO
HA COOBHIECTBA METABEHTOCA BAPEHIIEBA MOPA

1. B. 3axapos!, H. E. Manymmn?, JI. JI. Woprencen®, H. A. Ctpesikoa®

1300moruueckuii uacTuTyT Poccuiickoit akanemun Hayk, Cankt-Tletep6ypr, Poccuiickas deaeparys
Tonspuwii puman ®PTBHY «BHUPO» («I[TMHPO» uvenn H. M. Kuunosuya),
Mypwmanck, Poccuiickast ®enepanus
SUHCcTHTYT MOpCKUX MccnenoBanmii, Bepren, Hopeerus
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Pabota nocesiena mpo6iemMam B3aMMHOH aJanTalyy ABYX YYKEPOAHBIX BUJOB IMPOMBICTIOBBIX Kpa-
00B — Kkamyarckoro kpaba Paralithodes camtschaticus n kpaba-crpuryna onwimo Chionoecetes
opilio — W penynueHTHON dKocucTeMbl bapennieBa Mopst. [IpencraBiens! JaHHBIE O pacrpee/ieHuN
coodIecTB MerabeHToca, norydeHHsle 3a neprog ¢ 2006 o 2020 r. [IpoaHamm3upoBaHbl TTHAMHKA
YHCJIEHHOCTH KPaOOB M CBSI3aHHbIE C HEN MI3MEHEHU S, IPOM3OLLIE/IIINE B IOHHBIX coodecTBax bapen-
LieBa MOps1 3a yKa3aHHble Tofbl. IIpoBesieHo 00Cysk/ieHne MEXaHU3MOB BO3/IEHCTBUSI KpaOOB Ha JIOH-
Hble COOOLIECTBA U IEPCTIEKTUB OCBOEHUsI UMM akBaTopun bapeHuieBa mopsi. MccnenoBanue 0CHOBaHO
Ha pe3yJibTaTax KOJINYECTBEHHO-TAKCOHOMUYECKOTO aHAIN3a MpUioBa Oecrno3BoHOuHbIX B 6010 Tpa-
JIEHUSIX CTaHIapTHBHIM y4E€THBIM Tpasiom Campelen 1800, BhIOMHEHHBIX B akBaTopru bapeHiieBa Mo-
ps B 20062020 rr. B X07€ IPOBEICHN COBMECTHON POCCHICKO-HOPBEKCKON SKOCHCTEMHOM ChEMKH
Ha cynax [onsproro ¢ummana PI'BHY «BHUPO» n UHcTuTyTa Mopckux uccnenobanmii (Institute
of Marine Research, Bergen, Trgmso). Pacipenue apeaina u yBeamyeHHe YMCAEHHOCTH KAMYATCKOTO
Kpaba c Hayana 1990-X IT. IpUBeENH K ero paccejeHuio B OOIIMPHON aKBaTOPHHU 10:KHOM yacTi bapen-
nesa Mopsi. B 2006-2010 rr. kam4aTcKuil Kpab JOMUHUPOBAJ B coodlecTBax Merabentoca Mypmas-
ckomi 1 Kanunckoii 6anok. K 2016-2020 rr. o6JiacTh ero JOMUHUPOBAHKS paCIIMPHIIACh HA CEBEP U BO-
cTok — 110 octpoBa Kosryes u 10:HOro ckyioHa I'ycuHol 6anku. PocT yncieHHoCcTH Kpaba-cTpuryHa
OIIJIMO TMPHBEI K 3aCEIEHMI0 UM OIPOMHOM akBaTopuy B BapenneBom mope — ot Ileyopckoro mo-
ps go apxunenara 3emis ®panua-Hocuda u ot apxunenara Hosass 3emus no apxunenara Hlnun-
6epred. B 2006-2010 rr. unciaeHHOCTh Kpada-CTpUTyHa ONMJIMO Havyajla pacTu y apxunesara Hosas
3emus1, i OH BHICTYIIAJ B KAUeCTBE CYOJJOMUHAHTA B COOOIIECTBAX MATKUX IPyHTOB I 'yCHHOI OaHKH.
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B 2011-2015 rr. KpaO-CTpUryH ONKMIKO CTall AOMUHUPOBATh B coodiiecTBax ['ycuHon Oanku, Hoeo-
3eMeJIbCKOW OaHKH, ceBepHOI vacTu LleHTpabHON BO3BBINIEHHOCTH. B TO ke BpeMs OH MpoioiKal
YBEJIMUYMBATH CBOIO POJIb KaK BUJI-CYOJOMUHAHT IPAKTHUECKH BO BCeX coo0IecTBax y apxurnenara Ho-
Bas 3emus. [lozguee, B 20162020 rr., KpaO-CTPUTYH OIMIIMO JOMUHHPOBAI B OEHTOCHBIX COOOIIIe-
cTBax Ha rpanutie ¢ Kapckum mopem mesxny apxunenaramu Hosas 3emus u 3emisa @panna-Hocuda,
Ha ckioHax HoBoszemenbckoit Oanku, y LientpanbHoit 6anku u B OxHO-HoBO3eMenbckoM kénode.
Ero apean yBesiuusicst U B UTOre OXBaTHJI akBaTOpuIo OT apxumnesnaroB 3emist @paunna-Uocuda u Ho-
Bast 3emutst 1o Bo3BhiieHHOCTH [lepcest Ha 3amaze u 1o [ledopckoro Mopst Ha tore. [TokazaHo, 4TO KaMm-
yaTcKuil Kpad OyeT U Taiblile BXOAUTh B COCTaB COOOINECTB I0ro-BOCTOUHOMW YacTu bapeniieBa Mopsi.
Kpab-cTpuryH onmuimo mpojo/KUT MUTPALIMIO ¢ BOCTOKA B 3alajIHYI0 YacTh MOPS BIUIOTH JI0 apXu-
nenara [nunGepreH, e CylmecTBYIOT CXOIHbIe cOooOIecTBa OEHTOCA; B CIydae MOXOJIOaHUs MU-
rpaips NouaeT 6osee OBICTPHIME TeMIaMu. Bo3MOeH ClieHapuil, Py KOTOPOM MEJKOBOJIbE apXH-
nienara [nunbepren craHeT HOBBIM LIEHTPOM BOCITPOU3BOJICTBA TIOMYJISAIMN Kpada-CTPUTyHa ONIIHO
B BapeHIrieBoM Mope BMecTe ¢ HBIHEIITHAM IIEHTPOM y apxurenara Hoas 3emits.

KaroueBbie ciaoBa: DapeHieBo Mope, MeraOGeHTOC, AOHHbIE COOOIIECTBA, KaM4YaTCKUi Kpad,
Paralithodes camtschaticus, xpad-ctpuryH onuino, Chionoecetes opilio
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Atlantification of the Barents Sea leads to a decrease in the area of ice cover and an increase in the ice-
free period. This process affects the entire pelagic ecosystem of the Barents Sea, where the main
part of the annual primary production of phytoplankton is formed during the spring bloom. Chloro-
phyll a concentration reflects changes in phytoplankton biomass and can serve as an indicator of its
production characteristics. In the spring of 2021, hydrological characteristics of water masses, as well
as the distribution of concentrations of chlorophyll a and nutrients, were studied in the ice-free water
area of the Barents Sea. The year of 2021 was characterized by negative ice cover anomalies. The lo-
cation and length of the areas of increased (or decreased) chlorophyll a concentrations were consistent
with the alternation of water masses. Separate spots of early spring bloom were identified — in coastal
waters in the southeastern and southwestern Barents Sea. In late March and early April 2021, maxi-
mum chlorophyll a concentrations in coastal waters reached values of about 1 mg-m™. At the same
time, in the Barents Sea and Arctic waters, the maximum content did not exceed 0.20 mg-m™.
The distribution of nutrients corresponded to that for the winter period when the vertical gradients
of these parameters were not formed yet. The values of water saturation with oxygen exceeding
100% (to varying degrees throughout the studied area) characterized the activation of the photosyn-
thesis process in the phytoplankton community. Analysis of long-term data showed that the subse-
quent active spring phytoplankton bloom in years with negative ice cover anomalies occurred already
in the second or third decade of April in the Barents Sea water masses of various types — in Arctic,
Atlantic, and coastal waters (maximum chlorophyll a concentration reached the value of 5.69 mg-m™
in Arctic waters). In May, this process covered various types of water masses throughout the Barents
Sea (maximum chlorophyll a content was of 5.08-5.77 mg-m™). In abnormally cold years, the low
position of the ice edge in March—April limited the possible area of phytoplankton development,
and the active phase of its bloom (according to satellite data) occurred much later, in May. Atlantifi-
cation of the Barents Sea contributes to the formation of several bloom spots and the distribution
of spring bloom over a larger area, which might affect the annual production indicators of the entire
pelagic zone.

Keywords: chlorophyll a, spring bloom, water masses, Atlantification, Barents Sea
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Climate change affects and is expected to significantly affect Arctic marine ecosystems with conse-
quences at different levels: pelagic, benthic, and sympagic. The observed sharp warming in the Arctic
Basin that began in the 1980s under the effect of global climate anomalies [Barber et al., 2008; Comiso,
Hall, 2014] resulted in alterations in climatic and hydrological parameters of the Barents Sea. Recently,
there has been a rise in volume and temperature of Atlantic waters entering the Barents Sea, as well
as associated unprecedented reduction in sea ice and an increase in the ice-free period [Alekseev, 2015;
Boitsov et al., 2012; Zhichkin, 2015].

The term “Atlantification” was first used to characterize the periodic change in the vertical struc-
ture of waters in the central Barents Sea [Reigstad et al., 2002]. Further, this concept was expanded
to the entire Barents Sea, and the term was defined as an increase in the influx of Atlantic waters
leading to reduction in sea ice in the sea. To date, this term is applied to the entire Nansen Basin.
Intensification of Atlantification in the Arctic Ocean consists of expanding the zone of effect of At-
lantic waters on its hydrological and ice regime [Aksenov, Ivanov, 2018]. The Barents Sea, being
a sort of heat exchanger for the Arctic Ocean, releases most of ocean heat entering from the North
Atlantic. The resulting heat exchange between air and sea is critical both for regulating climate and de-
termining deep circulation in the Arctic Ocean and beyond. According to climate model projec-
tions, in a warming climate, the cooling role of the Barents Sea is likely to expand to the Kara Sea
and then to the Arctic Basin. Accordingly, Arctic Atlantification will intensify and shift poleward
in future [Shu et al., 2021].

There is still limited knowledge about climate effect on timing of the spring phytoplankton bloom
onset, its duration, and levels of quantitative development of primary producers in Arctic waters. Reduc-
tion of the area of the Arctic Ocean ice is expected to result in increased primary phytoplankton produc-
tion [Kahru et al., 2011; Wassmann, 2011]. It will be facilitated by a rise in ice-free water area, a longer
vegetation period, and additional carbon export to the pelagic zone from the atmosphere [Lewis et al.,
2020]. All these factors can affect phenology of phytoplankton blooms in the Barents Sea [Dong et al.,
2020; Oziel et al., 2017]. Seasonal variations of sea ice boundaries related to a decrease in the ice cover
have already led to a shift in spring and summer phytoplankton blooms in the Barents Sea in northern
and eastern directions [Oziel et al., 2017].

In the Arctic and subarctic zones of the World Ocean, most of the annual primary production
is formed during spring phytoplankton blooms; all further development of the ecosystem of Arctic seas
during the year is determined by the level of the spring bloom. A bloom of phytoplankton is understood
as an annually recurring increase in its total biomass. In the northern Barents Sea, the onset of this pro-
cess 1s traditionally related to the ice edge zone, and in the southeastern Barents Sea, to shallow areas
and streams of the main Atlantic currents [Biological Atlas, 2022; Kuznetsov, Shoshina, 2003; Plankton
morei Zapadnoi Arktiki, 1997]. The bloom onset is determined by the coincidence of several physical
factors: ice melting, amount of incoming light, stratification of the water column, wind mixing, nutrient
supply, etc. [Fujiwara et al., 2014; Park et al., 2015; Wang et al., 2018]. According to different authors,
the bloom begins in March-April [Biological Atlas, 2022; Qu et al., 2006] or April-May [Kuznetsov,
Shoshina, 2003; Plankton morei Zapadnoi Arktiki, 1997]. The main, prevailing species are represen-
tatives of Arctic diatoms of neritic origin [Makarevich et al., 2012]. The Barents Sea spring phyto-
plankton bloom reaches its maximum values in May throughout the entire ice-free water area, including
the area of drifting ice, and subsides in summer. Summer phytoplankton outbreaks recorded in some
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cases in the ice edge zone are of a secondary, facultative nature [Biological Atlas, 2022; Kuznetsov,
Shoshina, 2003; Wassmann et al., 2006]. As a rule, in situ studies cover only small areas of the sea (merid-
ional or latitudinal transects), and this does not allow to conclude on the rest of the water area. A more
complete picture is provided in works based on satellite observations. However, for high latitudes, ob-
taining satellite data is difficult due to high cloudiness and is associated with data distortion resulting
from averaging.

In March—April 2021, expeditionary research was carried out in the Barents Sea ice-free water area.
The aim of the work was to identify spots of early spring phytoplankton blooms. To do this, we de-
termined chlorophyll a concentration: in general, its variability can reflect variability of phytoplankton
biomass and serve as an indicator of total abundance and productivity of the phytoplankton community.

MATERIAL AND METHODS

The work was carried out during the cruise of the RV “Dalnie Zelentsy” from 10 March
to 12 April, 2021, and covered a vast ice-free water area of the Barents Sea. In total, 9 transects
were performed in the latitudinal and meridional directions, which included 52 hydrological stations
and 34 complex stations (Fig. 1). The stations and transects were numbered in accordance with

the RV records.
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Fig. 1. Location of stations and ice conditions, the Barents Sea, March—April 2021. The ice edge location
according to [EOSDIS Worldview, 2022; Johannessen et al., 2007]
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To describe the hydrological structure of water masses in the studied area, material from the RV
report was used [Reisovyi otchet, 2021]. At 52 stations, complex hydrological works were car-
ried out. Water temperature and salinity were determined using SBE 19plus V2 SeaCAT Pro-
filer (Sea-Bird Scientific, the USA). Based on the data obtained, temperature and salinity isolines
along the transects were built. To isolate water masses, TS analysis was carried out [Mamaev,
1987].

For further determination of chlorophyll a (hereinafter Chl-a) concentrations (mg-m_3), seawater
was sampled at horizons of 0, 25, and 50 m. Niskin bottles of 5 and 10 L were used (Hydro-Bios, Ger-
many). A total of 114 samples were taken and processed. We followed the guideline [Aminot, Ray,
2000] based on the classic UNESCO technique for determining Chl-a content [Determination of Pho-
tosynthetic Pigments, 1966]. Deviations from the guideline were not allowed. Water samples of 5 L
for each horizon were filtered immediately in a vacuum unit in a laboratory onboard the RV. “Vladipor”
membrane filters with a diameter of 47 mm and a pore size of 0.6 um were used. After filtration, the fil-
ters, folded in half with the sediment inward, were stored in the freezer in a desiccator with silica gel
at a temperature of —20 °C. Further processing of the samples was carried out in a stationary hydrochemi-
cal laboratory. The precipitate was extracted with 90% acetone. After homogenization, the samples were
centrifuged at 8,000 rpm. Chl-a concentration in the extract was determined on a Nicolet Evolution 500
spectrophotometer (Spectronic Unicam, the UK).

To analyze the spatial distribution of Chl-a concentrations for the entire sea area, satellite remote
sensing data and decrypted NASA images [Ocean Color NASA, 2022] were used. Daily and aver-
aged (monthly) data were investigated. Level-3 CHL from SeaWiFS satellites (material for 1998)
and MODIS-Aqua (material for 2021) were used. Data from the NASA website were imported into
the ArcMAP GIS application, and raster images of Chl-a spatial distribution for a certain period
were formed.

For hydrochemical studies, seawater was sampled at horizons of 0, 10, 25, 50, and 100 m
and in the bottom layer. Dissolved oxygen (O,) concentrations (mg-L™') were determined using
a MARK-303 portable oxygen meter (VZOR, Russia). The acid-base balance (pH) was measured
in unfiltered water samples with an I-500 ionometer (Akvilon, Russia) and adjusted to in situ
value. Inorganic dissolved phosphorus (P-PO,4) was determined by the Murphy—Riley method; dis-
solved silicon (Si-Si03), by the Korolev method; and nitrites (N-NO,) and nitrate nitrogen (N-NO3),
by the Bendschneider—Robinson method [Chemical Methods, 1983; Methods of Seawater Analysis,
1999; Rukovodstvo po khimicheskomy analizu, 2003]. The parameters were measured on a PE-5300VI
spectrophotometer (Ecroskhim, Russia).

When analyzing the data, we used the values of content of Atlantic waters (fa, %), river waters (fr, %),
and waters transformed due to ice formation/melting (fi, %). These values were obtained by calculation
applying the dependencies given in the work of A. Namyatov [2021a].

The dependencies were obtained by analyzing 2,200 results of parallel determinations of salin-
ity and the isotopic parameter 8'80 in 1978-2014 in the Barents Sea by various authors, at dif-
ferent seasons of the year, and at different horizons. The justification for the possibility of us-
ing these dependencies beyond the existing series of observations of salinity —8'%0 was considered
by A. Namyatov [2021b].
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RESULTS

Water masses on the performed transects. The Barents Sea water mass. Transects I and 11
were performed on 21-26 March in the Central Basin area of the Barents Sea. There, the water
surface does not cool as much in winter as in the southeastern sea due to the effect of warm At-
lantic currents. At the stations of transect I, the water column was well mixed from the surface
to the bottom and occupied by the Barents Sea water, with the temperature of 0...—0.5 °C and salinity
of 34.72-34.83 PSU (Fig. 2).
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Fig. 2. Temperature (T, °C) and salinity (S, PSU) at the transects: a, transect I; b, transect I1

In the deepest area of the transect (sta. 28—-30) at depths of more than 150 m, there was a slight
increase in temperature (up to +0.5 °C) and salinity (up to 34.91 PSU) caused by the effect of Atlantic
currents. At sta. 33-35 of transect II, the mixed water layer extended to a depth of 100-150 m. Its tem-
perature and salinity characteristics corresponded to those of the Barents Sea water. Under the mixed
layer, the temperature decreased slightly, and the salinity increased. At sta. 36 at a depth of about 100 m,
a warm (+2.2 °C) stream of transformed Atlantic waters of the Novaya Zemlya Current was recorded;
those retained their identity only in the temperature field (not in the salinity field).

At sta. 32 of transect I, closest to the ice edge, the maximum value of dissolved oxygen saturation
in water was registered, 102%. In the more western area of the transect, the value did not exceed 100%.

The Kolguyev water mass. The survey with high spatial resolution (distance between stations was 5
to 10 nautical miles) was carried out near the ice edge in the northern and southeastern Barents Sea.
Transects III, IV, and V were located in the southeastern sea. The White Sea Current supplies this area
with the White Sea waters, with a salinity of about 33 PSU. The highest salinity in this area is noted
in November—February. A decrease in salinity related to the influx of desalinated water from the White
Sea begins already in March and affects not only the surface layer, but also the intermediate and even
bottom ones [Ozhigin et al., 2016]. In winter months, the Barents Sea ice-free water area is inten-
sively cooled. Under the effect of convective and wind mixing in this period, a 100-150-m thick layer
is formed, relatively uniform in terms of temperature and salinity. In shallow areas of the sea, mixing can
reach the bottom. The structure of the water column becomes more complex in spring since ice begins
to melt. The work was carried out there on 27-29 March, when the spring ice melting had not yet begun.
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At transects III and IV, temperature and salinity rose monotonically with depth. Water surface tempera-
ture was of —1.8...—1 °C; at the bottom, temperature was close to 0 °C; and at some stations, it reached
above-zero values (Fig. 3).
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Fig. 3. Temperature (T, °C) and salinity (S, PSU) at the transects: a, transect III; b, transect IV; ¢, transect V

The minimum salinity value at the surface was 33.9 PSU. The maximum value at the bottom
was 34.6 PSU. At transect V (sta. 49 and 50) at a depth of 100 m, a stream of warm water (+1.4 °C)
with a salinity of 34.7 PSU was recorded. These stations are confined to the North Novaya Zemlya
Trench, which is one of the routes for distribution of transformed Atlantic waters of the Novaya
Zemlya Current. In general, the stations of transects III, IV, and V can be attributed to the Kolguyev
structure of water masses. In the area of these transects, the characteristics and structure of the water
column are determined primarily by the influx of desalinated waters from the White Sea, a large volume
of river influx into the southeastern Barents Sea, and an intensive water mixing down to the bottom
in autumn and winter.

The eastern stations of these transects were carried out in close proximity to the ice edge. At these
stations, the dissolved oxygen saturation in water was lower than 100%. However, when moving away
from the edge to the northwest, an excess of the threshold value of 100% was recorded, and this indicates
the location of the first spring spots of the photosynthesis activation. At more southern transect III, this
area is confined to the surface layer of sta. 42 (101%). At more northern transects IV and V, the area with
the highest values was located in the 40-60-m layer. The maximums were 101 and 104%, respectively.
The distribution of other nutrients across the transects was patchy.

The Arctic water mass. Transects VI, VII, and VIII were performed on 31 March — 3 April
in the northern Barents Sea near the ice edge. In the study period, there was no layer of melted wa-
ter. At transects VI and VII, the entire water column consisted of waters of Arctic origin. Temperature
and salinity increased with depth, reaching —0.8 °C and 34.82 PSU at the bottom, respectively (Fig. 4).
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At transect VIII, Arctic waters also prevailed, but at sta. 61 and 64, the effect of Atlantic waters was regis-
tered near the bottom. The temperature reached above-zero values (+0.5 °C). In this area, there is a com-
plex system of currents capable of bringing both Atlantic waters from the western border of the Barents
Sea and highly transformed Atlantic waters that have passed through the Arctic Basin.
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Fig. 4. Temperature (T, °C) and salinity (S, PSU) at the transects: a, transect VI; b, transect VII;
¢, transect VIII

Excessive oxygen saturation in water was observed in the surface layer almost throughout the entire
transect VIII, which is the westernmost in this group of transects. In the surface layer of its southern
area, the oxygen saturation value reached 105% (sta. 64), and an excess of the threshold value of 100%
in the surface layer was observed almost throughout the entire transect. In the surface layer of other,
more eastern transects in this water mass, oxygen saturation was less than 100%: the values accounted
for 98-99%.

Atlantic and coastal water masses. The work at the standard oceanographic transect “Kola Merid-
1an” was carried out on 8—12 April. The transect was located on the route of distribution of warm waters
of the North Cape Current and desalinated waters of the Murmansk Coastal Current. In the southern area
of the transect (sta. 74-76), there was a decrease in salinity (down to 34.44-34.65 PSU) which resulted
from the freshwater runoff of the rivers of Northern Norway and the Kola Peninsula, carried by the Nor-
wegian and Murmansk currents (Fig. 5). The distribution boundary of desalinated coastal waters was
determined on the sea surface between sta. 74 and 73. In the central area of the transect (sta. 67-73),
Atlantic waters of high salinity (34.95 PSU) were recorded. At sta. 66, the main water column was oc-
cupied by Arctic waters, with sub-zero temperature (—1.2 °C) and low salinity (34.44 PSU). At the bot-
tom at sta. 66, a layer of warmer (+0.8 °C) and more saline (34.84 PSU) transformed Atlantic water
was registered.
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Fig. 5. Temperature (T, °C) and salinity (S, PSU) at transect “Kola Meridian”

At this transect, unlike the other ones, in the surface layer from the southern stations to northern ones,
the dissolved oxygen saturation in water exceeded 100%. In the surface layer of Atlantic waters, it varied
from 100 to 102%; in cold Arctic waters in the northern area of the transect, the value sharply increased
to 108%.

Hydrochemical parameters of water masses. All water masses of the Barents Sea are formed
by three basic waters — Atlantic ones, river ones, and waters transformed due to ice forma-
tion/melting [Namyatov, 2021a]. An alteration in the ratio of these waters throughout the year because
of their advection from other water areas and vertical mixing can significantly affect the nature of the an-
nual cycle of variability for the nutrients studied. Table 1 provides the mean values and standard devia-
tions of concentrations of considered nutrients, temperature and salinity values, and the values of the con-
tent of Atlantic waters (fa, %), river waters (fr, %), and meltwater (fi, %) in the water masses described
by us in March—April 2021.
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Table 1. Mean values and standard deviations of temperature (T, °C) and salinity (S, PSU), con-
centrations of nutrients, and the values of the content of Atlantic waters (fa, %), river waters (fr, %),
and meltwater (fi, %) in the 0—10-m layer, March—April 2021

) The The
Water The Kolguyev The Barents Sea The Arctic Atlantic coastal
mass water mass water mass water mass water mass | water mass
a b a b a b b b
4042, s sy 52-54,
Sta. no. 39, 43, 47 44, 46, 32 26, 29, 31 . 1’ p 6’ 58-60, 67-73 74-76
48-50 , 62-64
S -1.82+ ~1.40 + 0.19 -0.07 + -1.64 + -1.82+ 2.16 + 3.54 +
’ 0.02 0.46 - 0.42 0.31 0.06 1.30 0.05
34.00 + 34.18 + 348+ 34.67 + 34.65 + 3491 + 34.49 +
S.PSU 0.18 0.14 34.72 0.01 0.09 0.08 0.04 0.05
fa, % 97.0 97.5 99.1 99.2 98.9 98.8 99.6 98.4
 fa 96.4-97.5 | 97.0-97.9 99.2-99.3 | 98.6-99.4 | 98.4-99.5 | 99.3-99.7 | 98.2-98.6
min—-max, %
fr, % 2.55 2.09 0.69 0.53 0.84 0.90 0.24 1.29
. 2.04-3.09 | 1.71-2.54 0.51-0.58 | 0.41-1.10 | 0.31-1.67 | 0.34-3.89 | 1.13-1.40
min—-max, %
fi, % 0.49 0.43 0.23 0.21 0.26 0.29 0.16 0.33
i 0.43-0.55 | 0.39-0.49 0.21-0.22 | 0.19-0.30 | 0.17-0.31 | 0.14-0.21 | 0.30-0.34
min-max, %
832+ 8.42 + 8.02 + 8.48 + 8.40 + 7.84 + 742 +
-1
0,, mL-L 0.12 0.09 8.16 0.08 0.32 0.19 0.42 0.04
O 97.7-100.6 | 98.3-107.5| 99.3-101.9| 100.4 | 97.3-108.1| 105.1 98.2-108.9| 99.7-101.5
min—-max, %
0.36 + 0.35+ 0.50 + 0.53 + 0.47 + 0.50 + 0.44 +
P-PO,, uM 0.11 0.09 0.59 0.10 0.08 0.12 0.10 0.10
461+ 533+ 8.57 + 7.18 + 7.14 + 10.7 + 7.19 +
N-NOz, uM 1 5 0.87 7.53 0.33 1.58 0.67 0.74 0.61
e 267+ 1.93 + 1.88 + 1.95+ 1.55+ 3.16 £ 2,14+
Si-5i0;, UM 0.52 0.75 240 0.41 0.31 0.54 0.87 0.33

Note: a, stations closest to the ice edge; b, stations located in open water.

A common feature of distribution of nutrients (P-POy4, N-NOs, and Si-SiO3) at all the performed
transects was their correspondence to the winter type, when vertical gradients of these parameters
were not formed yet. The bottom layers were characterized by the lowest values of dissolved oxygen
saturation in water (up to 94%) and increased concentrations of mineral forms of phosphorus, nitrogen,
and silicon.

Chlorophyll a concentrations at the performed transects. At transects I and II (the Barents Sea
waters), Chl-a content in the surface layer was (0.11 = 0.05) and (0.13 % 0.02) mg-m’3, respectively;
at a depth of 25 m, (0.15 +0.04) and (0.16 = 0.01) mg-m™>, respectively; and at a depth of 50 m, the ab-
solute values were comparable to those for the surface layer (Fig. 6a, b). The only station of transect II
located in Atlantic waters (sta. 36), did not differ in terms of Chl-a concentration from other stations

carried out in the Barents Sea waters.
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Fig. 6. Chlorophyll a concentrations (mg-m™) at the transects: a, transect I; b, transect IT; ¢, transect “Kola
Meridian”; d, transect III; e, transect IV; f, transect V; g, transect VI; h, transect VII; i, transect VIII

Transects III, IV, and V (Fig. 6d, e, f) performed in the southeastern Barents Sea were af-
fected by the Kolguyev water mass. At the stations of transect III close to the ice edge (sta. 39
and 40), Chl-a concentrations averaged (0.23 + 0.04) mg-m™ (0 m), (0.18 * 0.09) mg-m™ (25 m),
and (0.22 % 0.03) mg-m™ (50 m) (Fig. 6d). At sta. 41 and 42, Chl-a content rose significantly,
up to 1.14 mg-m™ (0 m). There, the mean values were the highest for the entire Kolguyev water mass:
(0.96 + 0.28) mg-m™ (0 m), (0.87 + 0.27) mg-m™ (25 m), and (0.60 + 0.40) mg-m™> (50 m) (Fig. 6d).
Sta. 41 and 42 were characterized by a slight increase in surface water temperature compared to that
at sta. 39 and 40. Apparently, sta. 41 and 42 were affected by the Kola Peninsula coastal waters
carried by the Murmansk Current (see Fig. 1). Thus, there might be an advection of phytoplankton
from the Kola Peninsula coastal waters to the area of sta. 41 and 42. This could contribute to an ear-
lier onset of the spring phytoplankton bloom there than at other stations in the southeastern Bar-
ents Sea. At transect IV (Fig. 6e), a decrease in Chl-a concentrations was recorded, while content
in the 0-50-m layer varied accounting for (0.36 + 0.13) mg'm'3 (0 m), (0.32 £ 0.10) mg-m’3 (25 m),
and (0.26 £ 0.11) mg-m_3 (50 m). At transect V (Fig. 6f), higher Chl-a concentrations were observed
in the surface layer, (0.52 £ 0.05) mg-m’3, and at 25-m depth, (0.54 £ 0.10) mg-m_3, while at a depth
of 50 m, the value decreased to (0.19 = 0.03) mg-m’3.

Edge transects VI, VII, and VIII were performed in the northern water area, in Arctic waters.
Low Chl-a concentrations, not exceeding (0.13 £ 0.02) mg-m_3, were distributed relatively evenly both
in the water column and between stations of all three transects (Fig. 6g, h, 1).
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Stations of the longest transect, “Kola Meridian” (Fig. 6¢), were carried out in various water
masses. Specifically, sta. 74—76 were located in coastal waters. The mean Chl-a concentrations were
quite high throughout the 0-50-m layer: (0.65 = 0.04) mg-m’3 (0 m), (0.86 = 0.28) mg-m_?’ (25 m),
and (0.57 £ 0.08) mg-m_?’ (50 m). The maximum Chl-a content was recorded at a horizon of 25 m
for sta. 74 and 75: the values were of 0.91 and 1.11 mg-m’3, respectively. Sta. 67, 72, and 73 were car-
ried out in Atlantic waters. Interestingly, at sta. 73, Chl-a concentrations were high, with a maximum
of 1.39 mg-m™ (50 m). The proximity of this station to the area of coastal waters is noteworthy. There,
the thermohaline characteristics of the water column were more consistent with those for Atlantic wa-
ters than with coastal ones. However, the salinity front on the sea surface passed between sta. 74 and 73,
and the temperature front, between sta. 73 and 72. Thus, sta. 73 turned out to be located in the area of in-
tense interaction between two types of water masses. High Chl-a content was not recorded in Atlantic
waters. This suggests that its higher concentrations at sta. 73 result from the development of phytoplank-
ton from coastal waters. At sta. 67 and 72, which were located in Atlantic waters beyond the frontal zone,
the mean Chl-a content was low, no more than (0.34 + 0.23) mg-m_3 (25 m).

According to our study results, in late March and early April 2021, the spatial distribution of Chl-a
concentrations, as well as their absolute and mean values, differed significantly in the Barents Sea waters
of various origin (Fig. 7). Like in previous studies [Makarevich et al., 2021, 2022], there was no linear
relationship between variations in Chl-a content and temperature or salinity characteristics of water. Ap-
parently, the dynamics of Chl-a concentration is related not to the thermohaline characteristics of water
masses, but to their origin and migration routes. Chl-a content averaged for the 0-50-m layer was dis-
tributed fairly evenly within each of the identified water masses, with the exception of those at sta. 41,
42, and 73 (Fig. 7). Sta. 41 and 42 (Kolguyev waters) and sta. 73 (Atlantic waters) are most likely to have
been affected by Murmansk coastal waters.
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DISCUSSION

Spring phytoplankton vegetation in non-freezing areas of the Barents Sea begins in late March
and early April and is primarily confined to shallow water areas of the southeastern sea and waters near
the ice edge [Biological Atlas, 2022]. The spring maximum of phytoplankton development is formed
mainly due to early spring arctic-boreal neritic diatoms [Makarevich et al., 2012].

Phytoplankton blooms in the Barents Sea are very sensitive to seasonal and interannual changes
in sea ice area and to distribution of water masses and ocean fronts [Oziel et al., 2017]. The main envi-
ronmental factors affecting the Barents Sea spring phytoplankton bloom are the rapidly increasing daily
total irradiance, occurrence of maximum concentrations of nutrients in the pelagic zone, vertical mixing,
and position of the polar front and boundaries of the ice cover [Kogeler, Rey, 1999; Signorini, McClain,
2009]. Meltwater is an additional mechanism that triggers spring bloom in areas of melting sea ice along
the Barents Sea ice edge [Dong et al., 2020; Oziel et al., 2017]. In shallow areas of the sea, an important
regulating factor in the onset of the spring phytoplankton bloom is the removal of spores and phyto-
plankton cells from bottom sediments, while the processes of vertical mixing of the water column can
contribute to the microalgae bloom in the photic layer of the pelagic zone [Eilertsen et al., 1993]. Spring
bloom is an annually recurring short-term increase in phytoplankton biomass and abundance. In the open
area of the Barents Sea, one spring maximum of phytoplankton development is registered. At the onset
of the spring bloom, Chl-a concentrations in the Barents Sea first are characterized by values of about
0.5 mg-m™, and then those sharply increase. Its content can reach 6-14 mg-m™ [Makarevich et al.,
2022; Reigstad et al., 2002]. The maximum bloom does not last long; moreover, it is followed by a rapid
decline in productivity of pelagic microalgae communities. An abundant (rapid) microalgae bloom
leads to a rapid decrease in nutrient reserves in the upper layers of the pelagic zone, and the presence
of sharp stratification prevents the replenishment of this reserve from underlying layers [Kuznetsov,
Shoshina, 2003].

According to long-term observations, the month of the most extended ice cover for the Barents Sea
is March. Usually in March, the entire eastern sea is covered with ice. In the western sea, ice extends
south down to N75°. Until mid-April, the ice cover continues to increase; then, the ice edge gradually
shifts to the north and east. In May, the entire central Barents Sea is ice-free; in late June and early
July, the Pechora Sea and the coast of the Novaya Zemlya archipelago are ice-free [Johannessen et al.,
2007]. In different years, the seasonal position of the ice edge can differ significantly from the long-
term mean one. In abnormally cold years, the last of which was 1998, during the period of its maximum
development, ice covered a significantly larger area of the Barents Sea and stayed longer. In such years,
the southeastern sea was completely or partially covered with ice until mid-July. According to remote
satellite monitoring data, low Chl-a content in March—April of the abnormally cold year of 1998 ex-
cluded the spring bloom stage in the phytoplankton succession cycle. Only in May, maximum Chl-a
concentrations and active development of phytoplankton were recorded throughout the entire ice-free
water area of the Barents Sea (Fig. 8). In abnormally warm years, already in late May, the Novaya Zemlya
coast and the Pechora Sea can be completely ice-free. In both warm and cold years, the southwestern
Barents Sea is ice-free throughout the year. In 2021, negative ice cover anomalies in the sea were reg-
istered. In May 2021, the Pechora Sea began to become ice-free; by mid-May, the Novaya Zemlya
coastal waters were already completely ice-free. Data from remote satellite monitoring of Chl-a content
for 2021 indicate as follows: in contrast to the abnormally cold year, active development of phytoplankton
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was observed already in April in the southeastern Barents Sea and in certain areas of the rest of the water
area. In May, the process of phytoplankton development spread in the central and northern directions
and covered almost the entire sea area (Fig. 8).
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Fig. 8. Monthly averaged chlorophyll a concentrations (mg-m~) according to satellite data [Ocean Color
NASA, 2022]. The red line is the average position of the ice edge for the month according to [EOSDIS
Worldview, 2022; Johannessen et al., 2007]

Long-term in situ observations of the distribution of Chl-a concentrations in water masses of different
types in the Barents Sea allowed to systematize this material for warm years. Fig. 9 shows averaged data
on Chl-a content in various water masses (the 0-50-m layer) of the Barents Sea in spring: March 2021;
April 2016, 2018, 2019 [Makarevich et al., 2022], and 2021; May 2016 and 2018 [Makarevich et al.,
2021, 2022]; and July 2017 [Vodopianova et al., 2019]. The years of 2016, 2017, 2018, and 2019 were
characterized by negative ice cover anomalies, and these years are comparable to 2021.

According to our data, in years with negative ice cover anomalies, the onset of the spring phytoplank-
ton bloom can be observed already in the third decade of March and the first decade of April. The vast
ice-free water area contributes to the development of this process in several isolated areas — in the south-
western and southeastern sea. Spots of increased Chl-a concentrations were recorded in coastal, Atlantic,
and Kolguyev waters.
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Based on literature material, the Barents Sea coastal waters are characterized by occurrence of sev-
eral outbreaks of phytoplankton development (3 to 4) during the vegetation period; however, the mean
Chl-a content during the active development in the coastal area in the southwestern Barents Sea is low,
about 1 mg‘m_3 [Kuznetsov, Shoshina, 2003]. According to our data, in March, the mean Chl-a concen-
tration in Kolguyev waters which are coastal in origin was higher than in other water masses (the mean
of 0.44 mg-m™>). In April, Chl-a content in coastal waters in the southwestern area averaged 0.64 mg-m™;
in May, the value decreased to 0.43 mg-m™ (Fig. 9).

In Arctic and Barents Sea waters in March, Chl-a concentration was very low. In the Barents
Sea waters, the value averaged 0.13 mg-m™. Equally low Chl-a content in the Barents Sea waters
was recorded in April (the mean of 0.21 mg-m™); only in May, it reached significant values (the mean
of 1.32 mg-m™) (Fig. 9). In March, Arctic waters were also characterized by extremely low concentra-
tions (the mean of 0.11 mg-m™). Already in April, a sharp increase in content was observed (the mean
of 1.32 mg-m™); in May, Chl-a concentrations continued to rise there (the mean of 2.53 mg-m™).
The maximum values in Arctic waters in April and May were 5.69 and 5.77 mg-m™, respectively.
By July, we noted a decrease in content of this pigment in Arctic and Barents Sea waters, but the values
still remained significant, with mean of 0.70 mg-m~ (Arctic waters) and 1.18 mg-m™ (the Barents Sea
waters).

In April, in Atlantic waters, Chl-a content averaged 0.44 mgm~ (maximum of 1.39 mg-m™).
In May, in transformed Atlantic waters, the pigment concentration was already noticeably higher (maxi-
mum of 5 mg-m>). This month, a generally high background of content was established in water masses
of all types (Fig. 9).
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Our data show as follows: in March—April 2021, vertical gradients of changes in the mineral
forms of phosphorus, nitrogen, and silicon, characteristic of the period of active photosynthesis,
were not formed yet. Variations in nutrient content are not always directly related to changes in phyto-
plankton biomass or Chl-a concentrations. The specific nutrient content depends on the relationship
between basic waters, physical factors (seawater temperature and salinity), the position of the ice edge,
and the intensity of the occurring photosynthesis process (see Table 1). In the Arctic region, during
the warm season, values of dissolved oxygen saturation in water exceeding 100% are traditionally related
to phytoplankton development [Khimiya okeana, 1979]. The variability of this parameter in the studied
water area and the values above 100% of the level of dissolved oxygen saturation in water indicated
the activation of the photosynthesis process in the phytoplankton community.

Conclusion. The spatial heterogeneity of chlorophyll a distribution that we observed in the spring
of 2021 was due to the disunity of phytoplankton bloom spots in time and space. The location and ex-
tent of areas of increased (or decreased) chlorophyll a concentrations were consistent with the alter-
nation of water masses. Its local maximums were recorded in the coastal zone of central Murman
and in Kolguyev shallow waters. In the waters of the northern Barents Sea, adjacent to the ice edge,
chlorophyll a values were significantly lower than those for the southern sea. The waters of the central sea
were characterized by intermediate (average) chlorophyll a content.

The distribution of mineral forms of phosphorus, nitrogen, and silicon in various water masses
of the Barents Sea in March—April 2021 was more consistent with the winter type, when vertical gra-
dients of their changes were not formed yet. The values of dissolved oxygen saturation in water ex-
ceeding 100% were recorded in different sites of the water area and indirectly indicated the activation
of the photosynthesis process in the phytoplankton community.

There is a dependence of the localization of spots of early spring phytoplankton development
on the area of ice cover. In cold years (periods with positive ice cover anomalies), active spring phyto-
plankton bloom occurred late, in May. In years with negative ice cover anomalies, an outbreak of spring
bloom was registered in April-May in the Barents Sea coastal waters, but the onset of this process could
be observed already in the third decade of March. Against the backdrop of negative ice cover anomalies,
we identified several epicenters of the onset of spring development: in coastal waters along the Murmansk
coast; in the southeastern Barents Sea in Kolguyev waters, which are coastal in origin; and partly in At-
lantic waters — in the areas affected by the coastal water mass. At the same time, the total productivity
and absolute values of chlorophyll a concentrations in coastal waters were lower than during subsequent
outbreaks of phytoplankton development in waters of another origin.

Monitoring of spring levels of chlorophyll a content in the Barents Sea allows to reveal the effect of in-
creasing Atlantification of the sea on the spring successional cycle of phytoplankton. Precisely in spring,
most of the annual phytoplankton biomass is formed, and the vector of further development during
the year is determined. The increase in ice-free sea area observed since 1998 makes it possible to imple-
ment several scenarios for phytoplankton development in the Barents Sea and to cover most of the areas
favorable for formation of spots of early spring phytoplankton bloom. In turn, the level of phytoplankton
production established in spring can affect the productivity of all other links of the Barents Sea pelagic
ecosystem.
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«Arnantupukanys» bapeHuesa Mopsi IPUBOJUT K YMEHBUICHUIO IIJIOIAAM JIEASHOIO IOKPOBA U yBe-
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BO BpeMsl BeceHHero LBeTeHus. KoHueHTpanys xjaopodguiuia a oTpakaeT U3MeHeHus] OMoMacchl (u-
TOIUIAHKTOHA U MOXET CIIyKUTh MOKa3aTesieM ero MpOoAyKIMOHHBIX XapakTepucTuk. Becnoil 2021 r.
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Ha CBOOOJHOM OTO JIbJa akBaTopry BapeHiieBa Mopsi ObIIN MCCleJOBaHbI THIPOJIOTNUECKUE XapaKTe-
PUCTHKH BOAHBIX MAcC U OCOOEHHOCTH paclpe/eeHus] KOHLIEHTPALHMu XJI0poduiia a 1 OMOTeHHbIX
3JIEMEHTOB. DTOT r0J] XapaKTepU30BaAJICS OTPULIATEIbHBIMI aHOMAIMSIMHU JIEIOBUTOCTU. Pacronoxe-
HUE U NMPOTSKEHHOCTh 30H MOBBIIEHHBIX (WM MOHMKEHHBIX) KOHLIEHTpaluuil XJopoduslia a cora-
COBAINCH C YepeJJOBAHUEM BOJAHBIX Macc. BbUIM BBHISBIEHH Pa30OIIEHHbBIE LIEHTPbl PAHHEBECEHHETO
[BETCHUS] — B NPUOpPEKHBIX BOJAX Ha I0TO-BOCTOKE U Ioro-zamnaje bapeniieBa Mops. B koHne map-
Ta — HadvaJle anpeJsis MaKCUMaJlbHble KOHLEHTPalUK XJI0poula a B IPUOPERKHBIX BOJAX AOCTUTAIH
3HauYeHnit okono 1 Mr-M~—>. B 310 %e BpeMs B 6apeHIIEBOMOPCKIX U APKTUYECKHX BOJAX MAKCUMyM
KOHIeHTparuii He npesbiman 0,20 mMr-M~>. PacripesieieHne GHOTEHHBIX JIEMEHTOB COOTBETCTBOBAJIO
TaKOBOMY B 3UMHHI IIEPHOJ, KOTJa BEPTUKAJIbHbIEC TPAAUEHTbI ITHX MapaMeTpoB euié He chopMUpPO-
BaJIUCh. BeMuiiHbl HaChILIEHUs] BOA KUCIOpoaoM Bbiiie ypoBHs 100 % (B pa3HOM cTeneHu Ha Bcel
HCCNIEIOBAHHON aKBAaTOPHM) XapaKTepU30BaJIM aKTUBHU3ALMIO Npolecca (pOTOCHHTE3a B (PUTOILIAHK-
TOHHOM COOOIIeCTBE. AHAJIM3 MHOTOJIETHUX JaHHBIX CBUIETEJbCTBYET, YTO MOCJEAYyIOIIee aKTUBHOE
BECEHHee I[BETeHNe (PUTOIUIAHKTOHA B TOJbI C OTPUIIATENILHBIMU AaHOMAJIHSMU JIEJIOBUTOCTH HACTYyIa-
JIO YK€ BO BTOPOW-TPEThEW JIeKaje ampess B Pa3JNyHBIX TUIAX BOJHBIX Macc bapenneBa Mops —
B aPKTHUUYECKUX, ATVIAHTHYECKUX ¥ IPHOPEKHBIX BOAaX (MAaKCUMyM KOHIIEHTPAIUH XJI0podHiIa a 10-
crurai 5,69 Mr-M—> B apKTHYecKUX Bojiax). B Mae mpoliecc BeCEHHEro [BETeHUs OXBaThiBaJ yke BCIO
akBaTopuio bapeHiieBa MOpPsI 1 Bce THIIBI BOOHBIX Macc (MAaKCUMYM KOHLIEHTpaLuii Xjopoduwiia a —
5,08-5,77 MF-M_3). B aHoMasibHO X0JI0JHbIE TOJbl HU3KOE MOJIOKEHUE JIEAOBOW KPOMKU B MapTe —
arpeJie OrpaHUYMBAIIO BO3MOKHYIO 00/1acTh pa3BUTHs (PUTOIUIAHKTOHA, a aKTUBHAsA (pa3a ero 1pere-
HUS (COINIACHO CITyTHHUKOBBIM AaHHBIM) HACTYIaJla Topaslio Mo3ke, B Mae. «ATnantudukauus» ba-
peHIIeBa MOps CIOCOOCTBYET PACIPOCTPaHEHHMIO BECEHHErO 1BETEHUs (PUTOILIAHKTOHA Ha OOJIbIIIeiH
AKBaTOPHH, YTO MOKET BJIMATH Ha TOJIOBBIE MPOAYKIMIOHHBIE ITOKA3ATEIN BCEH MEaruaim.

KiroueBrle cioBa: xjopopuiul a, BECEHHEe I[BETEHHE, BOJHBIE MAacChl, «aTIAHTU(UKALMA»,
bapenneso mope
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EXPERIENCE OF GROWING THE MICROALGA
TISOCHRYSIS LUTEA (HAPTOPHYTA)
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FOR THE PRODUCTION OF CAROTENOIDS AND NEUTRAL LIPIDS
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The results of the experiment on the use of a Labfors 5 Lux LED flat panel bioreactor (In-
fors HT, Switzerland) for Tisochrysis lutea (Haptophyta) cultivation are presented. During the three-
week study, growth and size structure of the microalga population were assessed, and the con-
tent of chlorophyll a, carotenoids, and neutral lipids was estimated. The highest cell abundance,
5.3 x 10* cells-mL™", was recorded at the end of the experiment, on the 21° day. An increase in the pro-
portion of 4-6-um cells was registered on the 11" day. The maximum accumulation of carotenoids
occurred on the 18" day (3.3 mg-L™), and neutral lipids (Nile Red fluorescence was of 5.3 x 10),
on the 14215 day. As revealed, Labfors 5 Lux LED flat panel bioreactor can be successfully used
for cultivation of the microalga 7. lutea.

Keywords: Tisochrysis lutea, biotechnology, bioreactor, carotenoids, neutral lipids

For a long time, Tisochrysis lutea Bendif & Probert, 2013 (Haptophyta) is widely used in algal
biotechnology as a food item for larvae of invertebrates [Alkhamis, Qin, 2016; Aratjo et al., 2020]. This
species is the most promising producer of the prevailing carotenoid, fucoxanthin (up to 98% of the total
carotenoids content) [Mohamadnia et al., 2021]. Moreover, 7. lutea is an important producer of neu-
tral lipids. The development of conditions for cultivation in bioreactors is the basis for biotechnological
processes, and this is especially relevant for 7. lutea [Mohamadnia et al., 2021].

For biotechnology purposes, this species is cultivated in flasks [Mohamadnia et al., 2020], but more
often, 7. lutea is cultivated in bioreactors [Falinski et al., 2018; Gao et al., 2020; Ippoliti et al., 2016;
Leal et al., 2020].

To date, various modifications of bioreactors have been developed. Panel bioreactors are among
the most convenient models for microalgae cultivation. Their advantages, which together ensure intensive
growth of microalgae, are good mixing of an algal suspension, large area of illuminated surface, and low
accumulation of oxygen in the medium [Guedes, Malcata, 2011; Tan et al., 2020].

Not only fluorescent lamps, but also light-emitting diodes (LED) are used as a light source. The ben-
efits of LED are low energy consumption, very low heat generation during work, stable luminous flux,
long lifespan, and constant luminous flux parameters over time with regular on/off cycles [Posten, 2009].

70


https://marine-biology.ru/
http://wwwimb.dvo.ru/index.php/en
mailto:zhannav@mail.ru

Experience of growing the microalga Tisochrysis lutea (Haptophyta). .. 71

The aim of the work was to study the dynamics of population growth and the content of carotenoids
and neutral lipids in Tisochrysis lutea, strain MBRU_Tis0-08, in the flat panel bioreactor Labfors 5
Lux LED (Infors HT, Switzerland), which was used for microalgae cultivation for the first time.

The main indicators determined in the research were cell abundance and size structure of 7. lutea
population, as well as the content of carotenoids and neutral lipids in its biomass as substances of certain
interest for biotechnology. The values of optical density obtained by various methods served as additional
indicators proposed for rapid assessment of 7. lutea abundance. To better describe the physiological
processes of the microalga, chlorophyll a was analyzed as well.

MATERIAL AND METHODS

The object of the study was the culture of the unicellular alga 7. lutea (Haptophyta) — strain
MBRU_Tiso-08 from the Marine Biobank resource collection at A. V. Zhirmunsky National
Scientific Center of Marine Biology, Far Eastern Branch of the Russian Academy of Sci-
ences (http://marbank.dvo.ru/). The alga was cultivated in the medium f [Guillard, Ryther, 1962] pre-
pared on filtered and sterilized seawater with a salinity of 32%o in Labfors 5 running in fed-batch
mode. Seawater temperature was +20 °C. Light intensity was 50 umol-m™.s™! (a LED panel served
as a light source) within the range of photosynthetically active radiation. The light—dark period was
12h:12h (light : dark). Air supply was 0.2 L-min™'. The suspension layer in the panel was 45 mm thick.
The working flask of Labfors 5 has the volume of 1.8 L and is made of carbonate glass. Out of all mate-
rials for algae cultivation, this one has the highest light permeability (95%) and high chemical resistance.
It can be sterilized. Carbonate glass is inextensible, unlike polyethylene and polypropylene. It does not
transmit ultraviolet radiation, like polycarbonate glass [Guedes, Malcata, 2011].

As an inoculum, a culture at the exponential growth stage was used. The initial concentration
of the microalga cells in the experiment was 0.75 x 10° cells-mL"!. The experiment lasted for 21 days.

A CytoFLEX flow cytometer (Beckman Coulter, the USA) was used to determine the abundance
of cells and their diameter, as well as the content of neutral lipids. For analysis, 10,000 events (recorded
in the particle sample) were registered during each measurement. Algal cells were selected from the to-
tal number of events recorded by the flow cytometer in accordance with chlorophyll a fluores-
cence [Hyka et al., 2013] determined on PC 5.5 channel. Cell diameter was established using calibration
beads (Molecular Probes, the USA) based on direct light scattering.

Optical density (OD759) was determined on a Spark 10M multimode microplate reader (Tecan).

In the flask of Labfors 5, optical density was established using a Dencytee sensor (Hamilton).
It provides real-time measurements of the optical density of cell suspensions.

Chlorophyll a concentration and the total carotenoids content were determined by a standard tech-
nique of their extraction in acetone, followed by measurement of the optical density on a Spark 10M
multimode microplate reader. Pigment concentrations were calculated in accordance with standard
formulas [Jeffrey, Humphrey, 1975].

The content of neutral lipids was determined by the fluorescence of Nile Red fluorochrome (N3013-
100MG, Sigma-Aldrich) at a concentration of 1 pug-mL™!; staining was carried out for 15 min at room
temperature in the dark. The excitation wavelength was of 488 nm, and the emission wavelength
was of 580 nm. Determination of lipid content by flow cytometry is characterized by a high speed. More-
over, its data are consistent with data obtained applying other methods which was confirmed on various
microalgae [Aleman-Nava et al., 2016].
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RESULTS AND DISCUSSION

The abundance of T. lutea cells increased with rising exposure time until the end of the exper-
iment (Fig. 1). Cell abundance correlated with optical density data obtained by spectrophotometric
method (OD7s9) and by using a bioreactor sensor and analyzing changes in the turbidity of the cell
suspension (see Fig. 1). Cells of 4-6 um prevailed in the suspension, especially from the 11" day. This
fact must be taken into account when planning the diet for invertebrate larvae at different stages of their
development.

Number of cells x 10°in ml
LS ]
Optical density (OD)

0 4 7 11 14 18 21
Days

T 4-6mkm HEE2-4 mkm =i=—0D750 =% OD from the bioreactor

Fig. 1. Cell abundance (x 10° cells-mL") and optical density (um) of Tisochrysis lutea culture

Similar growth dynamics was described for 7. lutea CCAP 927/14: for this strain, an increase in cell
size was also recorded. The authors explain this fact by higher rates of cell division at the beginning
of the experiment [Costa et al., 2017]. In the work [Rasdi, Qin, 2015], it is noted that Tisochrysis cul-
ture (without specifying the strain) entered the stationary growth stage on the 6 day of cultivation.
T. lutea from the Roscoff Culture Collection (France) entered the stationary growth stage on the 7™ day
of the experiment; the alga entered the dying stage on the 21% day [Gnouma et al., 2017].

In a cylindrical reactor, the abundance of 7. lufea cells, against the backdrop of the initial concen-
tration of 0.4 x 10° cells-mL"!, accounted for only 0.45 x 10° cells-mL" after 14 days [Falinski et al.,
2018]. In a 500-L bioreactor, the abundance of cells reached its maximum, 6.92 x 10 cells-mL™, after
12 days of experiment, with the initial value of 0.2 x 10 cells-mL™" [Leal et al., 2020]. For T. lutea
cultivated in flasks, cell abundance was higher than that for the microalga in reactors and amounted
to 4.3 x 108 cells-mL™! after 4 days [Mohamadnia et al., 2020], against the backdrop of the initial con-
centration of 1.2 x 107 cells-mL"". In our experiment, cell abundance reached 1.1 x 10° cells-mL™" after
4 days, with the initial value of 0.75 x 10° cells-mL™'. However, bioreactors allow growing microalgae
on a larger scale, and this is an important advantage.

Over 14 days, the concentration of photosynthetic pigments in 7. lutea rose slightly (Fig. 2).
On the 18™ day, it sharply increased, and carotenoids content became higher than chlorophyll a
concentration.
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Fig. 2. Content of photosynthetic pigments and neutral lipids (Nile Red fluorescence) in Tisochrysis lutea

A decrease in chlorophyll a concentration is associated with a drop in nitrogen content during cul-
tivation which results in a decline in the abundance of enzymes required for chlorophyll synthesis in al-
gae cells [Costa et al., 2017]. By the 21 day, the content of pigments continued to increase but less
intensely. The content of photosynthetic pigments depends on conditions of the microalga cultivation
and characteristics of its physiology. Thus, in 7. lutea CCMP 1324 cultivated under the same conditions
as in this work, in a mixotrophic culture, 4,500 g of chlorophyll a was recorded per 1 L on the 16 day
of the experiment; in a heterotrophic culture, the value was 5,200 ug-L™' [Hu et al., 2018].

Until the 7% day, the content of neutral lipids increased slightly; from the 7% to 14" day, the value rose
significantly; and then, it remained at the same level (see Fig. 2). An increase in the content of neutral
lipids with the age of the culture is described in other works as well [Costa et al., 2017; Huang et al.,
2019]. Interestingly, in most algae, reserve neutral lipids are triacylglycerides, while in 7. lutea, along
with other representatives of the family Isochrysidaceae, those are alkenones [Costa et al., 2017].

The selection of research methods is the cornerstone of scientific work; its key criteria are accuracy
and ensuring the reliability of the results obtained. When assessing the state of a microalgal culture,
the speed of analysis is added to the listed criteria in routine biotechnological processes. Our data show
that optical density indicators can be used to analyze the dynamics of 7. lutea population growth. More-
over, it was revealed for Chlorella vulgaris Beijerinck, 1890 as follows: at the lag stage and exponential
growth stage, OD75, correlates with cell abundance established by flow cytometry and by direct counting
under a light microscope in a counting chamber; however, light microscopy is more accurate [Chioccioli
etal., 2014].

The data obtained showed that a Labfors 5 Lux LED flat panel bioreactor can be successfully used
for cultivation of the microalga Tisochrysis lutea.

The work was carried out within the framework of NSCMB FEB RAS state research assignment “Dy-
namics of marine ecosystems, adaptation of marine organisms and communities to changes in the envi-
ronment” (No. 121082600038-3) and with the financial support of the Russian Science Foundation grant
No. 21-74-30004.
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OIIbIT BBIPAIIIUBAHUA MUKPOBOJOPOC/IN
TISOCHRYSIS LUTEA (HAPTOPHYTA)
B YCJIOBUAX BUOPEAKTOPA LABFORS
JJIA IIPOAYIIMPOBAHUSA KAPOTUHOUIOB M HEVTPAJIBHBIX JIMITAJIOB

7K. B. Mapkuna, A. A. 3unos, T. I0. Opaosa

HanponanpHbIf Hay4HBIN LEHTP MOpCKo# ouosnoruu nmenu A. B. JKupmynckoro IBO PAH,

BrnaguBoctok, Poccuiickas ®eneparms

E-mail: zhannav@mail.ru

I[TpuBeneHsl pe3yabTaThl IKCIEPUMEHTA 10 UCTIONIb30BAHMIO OMOpeaKkTopa naHeapHoro tuna Labfors 5
Lux LED flat panel (Infors HT, lIIgeiitiapus) s KynabtuBupoBanus Tisochrysis lutea (Haptophyta).
B xoze TpéxHeaeIpHOrO UCC/IeNOBAHUS OLIEHUBAIM POCT M PA3MEPHYIO CTPYKTYPY HOMYJISALMU MHK-
POBOAOPOCIH, cofepkaHue XJopoduiuia d, KAPOTUHOMIOB U HEUTPaATIbHBIX JTUIMAOB. MaKkcuMabHast
YHCIIEHHOCTh KJIETOK, 5,3 X 10* kii.-Ma~!, 3adukcupoBaHa K KOHILy 9KCIIEpUMEHTa, Ha 21-e CyTKu.
VBenuueHue J0u KJIETOK pasMepoM 4—6 MKM perucTpupoBaii Ha 11-e cyTku onbita. Hanbosbiee
HAKOTLIEHNEe KaPOTHHOM/IOB TIPOUCXOMMIIO0 Ha 18- cyTku aKkcrepuMenTa (3,3 mr-1!), HeATpaabHbIX
o (payopecuenmus Nile Red cocrapnsna 5,3 x 10%) — na 14—21-e cyrku. BoisBieHo, 4T0 6110-
peaktop maHenpHOro tuma Labfors 5 mMoxkeT OBITH yCHEIIHO WMCNONB30BaH ISl KyJIbTUBHPOBAHUS

MuKposonopociu 7. lutea.

KuroueBbie caoBa: Tisochrysis lutea, GMOTEXHOJIOTUsI, OMOPEAKTOpP, KAPOTUHOMIbI, HEUTpaIIbHBIC

JIMITUIBI
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Stylotheristus paramutilus sp. nov. from bottom sediments sampled in shallow-water and deep-sea
habitats in the Black Sea is described and illustrated. The new species is characterized by well-
developed lip region; 12 setiform cephalic sensilla in female and 16 in male; cervical setae present;
spicules 0.6—0.9 anal body diameters long and expanded proximally; gubernaculum plate-like slightly
curved; conico-cylindrical tail of 4.5-5.8 anal body diameters (except for one male with it equal
to 12.9 anal body diameters); and 3 terminal setae. The present study provides the first Stylotheristus
species record in the Black Sea. S. paramutilus sp. nov. is characterized by a wide spatial and bathymet-
rical (2-250-m depths) distribution in the Crimea region and the Istanbul Strait’s (Bosphorus) outlet
area of the Black Sea. However, in future, molecular analysis is required to confirm the identity of these
specimens from different Black Sea habitats.

Keywords: Monhysterida, free-living marine nematodes, taxonomy, distribution, deep-sea,
shallow-water

Free-living nematodes are among the most numerous and widespread multicellular organisms
in the World Ocean. The study of meiobenthos in various areas of the Black Sea provided extensive data
on the taxonomic diversity of free-living nematodes. In total, the species richness of the nematode fauna
of the entire Black Sea is about 350 species and morphotypes identified only down to a genus or family
level. In the region of Turkey alone, the nematode fauna includes 255 species [personal communication
of PhD Derya Urkmez]; for the Crimea region, about 230 species of nematodes are known [Sergeeva,
2003; Revkova, unpublished data].

The family Xyalidae includes 50 genera [Nemys, 2023; Venekey et al., 2014]. Out of them, 7 gen-
era are registered in the Black Sea: Valvaelaimus Lorenzen, 1977, Theristus Bastian, 1865, Daptonema
Cobb, 1920, Steineria Micoletzky, 1922, Paramonohystera Steiner, 1916, Cobbia de Man, 1907, and Am-
phimonhystera Allgén, 1929 [Muresan, 2012, 2014; Revkova, 2015; Sergeeva, 2003; Sergeeva et al.,
2021; Shnyukov, Yanko-Hombach, 2020; Vorobyova, Kulakova, 2009; Yanko et al., 2017].

Representatives of the genus Stylotheristus (the family Xyalidae) are widely distributed in the World
Ocean: in the North and Mediterranean seas, in the Pacific, Atlantic, and Indian oceans [Nemys, 2023;
OBIS, 2023], and in the Sea of Japan [our unpublished data]. Most of them were identified only down
to a genus level. According to Nemys database [2023], two valid Stylotheristus species are known:
S. mutilus described from the depth of 27-28 m in the North Sea and S. multipapillatus described
from the depth of 5 m on the coast of Portugal.
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In the present study, we provide a taxonomic description, illustrations, and data on distribution
of a new Stylotheristus species for the Black Sea.

MATERIAL AND METHODS

The material was sampled in different years in the coastal and deep-sea areas of the Black Sea (Fig. 1,
Table 1).
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Fig. 1. The study areas where Stylotheristus paramutilus sp. nov. nematodes were found: 1, the Northwest-
ern Crimea, the Zernov’s Phyllophora Field (2010); 2, the Donuzlav Bay (2019); 3, the Kruglaya (Omega)
Bay (2010); 4, the Laspi Bay (2017); 5, the Southwestern Crimea (2010); 6, the Istanbul Strait’s (Bosphorus)
outlet area (the Black Sea) (2009 and 2010)

To study the meiobenthos, in the coastal areas of the Crimea, the Kruglaya (Omega), Donuzlav,
and Laspi bays, material was sampled at various depths using push cores (sample area of 18.1 cm?;
height of 5 cm) at each station by a scuba diver. In the Kruglaya Bay, material was sampled at 1 station
in different seasons in 2009-2010 [Zaika et al., 2011]; in the Donuzlav Bay, at 10 stations in its southern
area in 2019 [Revkov et al., 2021]; and in the Laspi Bay, at 19 benthic stations in 2017 [Sergeeva
et al., 2023]. To analyze meiofauna on the Zernov’s Phyllophora Field, 18 sediment cores were taken
by subcoring the sediment sampled with an Okean-25 bottom grab during the cruise No. 68 of the RV
“Professor Vodyanitsky” in 2010. A cylindrical corer with inner diameter of 4.8 cm was used [Sergeeva
et al., 2013].

In the deep-sea areas, material was sampled at the oxic/anoxic interface (82-363-m depth)
in the northern Black Sea off the Crimean Peninsula during the research cruise No. 15/1
of the RV “Maria S. Merian” (Germany) (April-May 2010). In the Istanbul Strait’s (Bosphorus) outlet
area of the Black Sea (93-300-m depth), sampling was carried out during two research cruises: the cruise
of the RV “Arar” of the Istanbul Technical University (November 2009) and the cruise No. 15/1
of the RV “Maria S. Merian” (April 2010). In the deep-sea areas, bottom sediments were sampled with
a multiple corer (diameter of 9.6 cm), push corer or geological corer (diameter of 7.3 cm), and devices
that provide obtaining virtually undisturbed samples. The sediment cores were sliced into 1-cm-thick
layers down to a depth of 5-10 cm in order to study the vertical distribution of the fauna [Sergeeva et al.,
2017, 2021].
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Table 1. Station coordinates and sampling depth and time (the Black Sea)

Station No. ‘ Latitude, N ‘ Longitude, E ‘ Depth, m Date
Zernov’s Phyllophora Field, the cruise No. 68 of the RV “Professor Vodyanitsky”
21 45°4524” 31°21°28” 41 13.11.2010
25 46°4'3” 31°35'5” 20 13.11.2010
The Donuzlav Bay
1 45°18'59” 33°1'11” 2 11.07.2019
3 45°19'13” 33°0'50” 2 11.07.2019
4 45°1927” 33°0’60” 2 11.07.2019
The Kruglaya (Omega) Bay
5 44°36’11.0” 33°26'34.3” ‘ 8.8 28.01.2010
The Laspi Bay
1 44°25'05” 33°41'43” 14.5 15.09.2017
15 44°25'10” 33°42'13” 9 16.09.2017
17 44°25°04” 33°42'22” 10 16.09.2017
18 44°25°04” 33°42/28” 9 16.09.2017
The Southwestern Crimea and the Bosphorus Strait outlet area, the cruise No. 15/1 of the RV “Maria S. Merian”
235 41°2937” 29°15'12” 159 15.04.2010
372 44°37'14” 32°5349” 163 25.04.2010
405 44°3721” 32°54'9” 155.5 28.04.2010
425 44°47°09” 31°58'05” 163.2 30.04.2010

The Bosphorus Strait outlet area, t

he cruise of the RV “Arar” (Istanbul Technical University)

3 41°24'01.2” 29°03’12.6” 82 12.11.2009
4 41°24°01.2” 29°03'12.6” 88 15.11.2009
5 41°23'17.4” 29°12°14.4” 103 15.11.2009
7 41°26'51.6” 29°12'57” 160 15.11.2009
9 41°28'59.4” 29°15°08.4”7 250 15.11.2009

All sediment sections were fixed with 75% alcohol to preserve morphological structures without
distortion. In a laboratory, all sampled sediments were washed through two staked sieves with mesh size
of 1 mm and 63 um in series and stained with rose bengal for at least 24 h.

The stained samples were placed in a Bogorov chamber; meiofaunal organisms were identified
to major taxa and counted out under a binocular microscope. Nematode specimens were transferred
to pure glycerin and mounted on wax—paraffin ring permanent slides [Ryss, 2002]. All measure-
ments, photographs, and drawings were taken under Carl Zeiss Axiostar Plus and Olympus BX53 light
microscopes. Holotype and paratypes were deposited in IBSS collection (Sevastopol).

Abbreviations are as follows: a, ratio of body length / maximum body diameter; b, ratio of body
length / pharynx length; c, ratio of body length / tail length; ¢’, ratio of tail length / anal body diameter;
cbd, corresponding body diameter; and abd, anal body diameter.

RESULTS

Taxonomy. Order Monhysterida Filipjev, 1929. Family Xyalidae Chitwood, 1951. Genus
Stylotheristus Lorenzen, 1977.

Diagnosis (emended from [Fonseca, Bezerra, 2014]). Cuticle transversely striated. Somatic se-
tae usually present. Anterior sensilla arranged in two crowns with the number of setae in the second
crown depending on the sex and life stage: (6 + 4) setae in juveniles; (6 + 4) or (6 + 6) in females;
and (6 + 10) in males. Amphidial fovea circular or oval. Buccal cavity conical. Pharyngeal muscles
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well-developed around the buccal cavity. Females with one outstretched ovary, located to the left side
of intestine. Males with single anterior outstretched testis to the right or left of intestine. Spermatheca
can be present. Spicules short (< 1 abd). Gubernaculum narrow, without apophysis. Precloacal supple-
ments present or absent. Three caudal glands opening through separate pores. Tail conico-cylindrical,
with three terminal setae.

Type species. Stylotheristus mutilus (Lorenzen, 1973) Lorenzen, 1977.
List of valid Stylotheristus species:

* Stylotheristus mutilus (Lorenzen, 1973) Lorenzen, 1977,
o Stylotheristus multipapillatus Pinto & Neres, 2020;
o Stylotheristus paramutilus sp. nov. (Figs 2, 3, 4, 5, Tables 2, 3).

Table 2. Measurements of Stylotheristus paramutilus sp. nov. from different areas of the Black Sea.
All values are in wm unless otherwise stated, except for the ratios a, b, ¢, and c¢’. All curved structures
were measured along the arc

The Donuzlav Bay The Bosphorus Strait area Th%g;lspl
Character Male Female Male
Male paratype, paratype, paratype, Female Male
holotype n=5 n=4 n=2 paratype paratype
Body length 1,767 1,545-1,752 | 1,613-1,799 | 1,854-1,875 1,820 1,565
a 49.1 40.6-48.7 38.2-46.1 51.5-52.1 45.5 36.4
b 9.7 8.2-9.8 8.7-9.8 10.4-11.2 10.5 8.5
4.6-5.5
c 5.1 (12.9%) 4.8-5.7 4.5 4.5 5.8
, 12.2-13.3
c 12.6 (3.3%) 12.2-14.3 12.9 16.2 9
V (%) 51.9-56.6 49.1
Vulval body diameter 32-43 35
Maximum body 36 36-40 35-47 36 40 43
diameter
Pharynx length 181 165-188 172-196 165-180 173 184
Buccal cavity length 20 18-21 20-24 20-21 17 20
Buccal cavity diameter 15 15-20 12-14 17-20 12 19
?%“)lph‘d width /- cbd 32 29.6-36 31.1-333 | 33.3-34.8 38.1 267
Amphid from anterior 17 17-20 20-21 12-15 1 18
end
Nerve ring 86 81-98 81-105 82-95 - -
from anterior end
Nerve ring cbd 35 32-35 31-38 30-32 - -
Tail length 353 317-345 316-345 412 405 270
(120%)

abd 28 26-31 22-27 29-30 25 30
Spicule length 22 17-22 (27%) 22 21
Gubernaculum length 14 10-12 12 9

Note: * denotes a male (Meib.44. N.p.) with a very short tail; x denoted a male (Meib.43. N.p.) with longer spicules.
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The latter species was previously recorded in the Bosphorus Strait outlet area (the Black Sea)
as Daptonema sp. [Sergeeva et al., 2021].

Type material. Nine males and six females. Male holotype mounted on slide Meib.39. N.h. Male
paratypes mounted on slides: Meib.40. N.p. — Meib.45. N.p., Meib.50. N.p. Female paratypes in pure
glycerin: Meib.41. N.p., Meib.46. N.p. — Meib.49. N.p.

Type locality. The Black Sea, the Donuzlav Bay, 45°19"13”N, 33°0’50”E, sta. 3, silt with the smell
of hydrogen sulfide, sediment depth of 2 m.

Etymology. The species name means “close to mutilus,

Description. Male. Body cylindrical and gradually tapering towards posterior end. Cuticle striated.
Somatic setae scattered along the body, 4-11 um long. Cervical setae thin, 9-14 um long. Lips well
developed, high. Six short inner labial conical papillae (3 wm long) and a circle with 16 cephalic setae:
12 long setae (11-18 wm long) and 4 short setae (6—9 wm long). Stoma funnel-shaped. Cheilostoma with

b AN13

similar to mutilus.”

thin, smooth walls.

Pharyngostoma funnel, with weakly cuticularized walls. Pharynx muscular, almost cylindrical. Car-
dia 15-21 um long, surrounded by intestine. Amphids circular, 8-9 pum in diameter. Pharynx cylindri-
cal, about 8.9-12.2% of total body length. Nerve ring situated near middle of pharynx (45-52.8%).
Secretory-excretory pore not observed. Reproductive system monorchic. Testis outstretched, situated
to the right of intestine.

Spicules short (0.6-0.9 abd), slightly curved and expanded proximally. In proximally part of spicules,
visible ejacular canal. Gubernaculum plate-like, slightly curved, about 42.9-63.6% of spicule length.
Sperm cells globular, 11-15 um wide. Tail conico-cylindrical, with elongated filiform portion;
three terminal setae, 8—11 wm long, on the tail tip.

Fig. 2. Stylotheristus paramutilus sp. nov. Male holotype. A, general view; B, pharyngeal region;
C, tail region; D, head; E, spicule. Scale bar: A, 100 wm; B, C, 50 um; D, 20 um; E, 10 um
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Female. Similar to male in general morphology. Cephalic sensilla arranged in a circle with
12 cephalic setae (10-18 um long). Nerve ring at 50-57.4% of pharynx length from anterior. Reproduc-
tive system monodelphic. Ovary outstretched and on the left side of intestine. Vulva directed anteriorly,
situated slightly posterior to mid-body (861-1,015 um). Small copulatory plug visible to seal the vulva.
Vagina long, with muscular walls. Spermatheca absent. Mature egg (127 x 43 um) and spermatozoa
present in uterus. Caudal glands not visible. Tail long, with three terminal setae (89 um long).

Fig. 3. Stylotheristus paramutilus sp. nov. Female paratype. A, head; B, vulval region; C, general view.

Scale bar: A, 20 um; B, 50 um; C, 100 um

Fig. 4. Stylotheristus paramutilus sp. nov. A, male holotype, general view; B, female paratype, general
view; C, male holotype, spicule; D, male paratype, preanal somatic setae; E, female paratype, head; F, male
paratype, head; G, female paratype, buccal cavity. Scale bar: A, B, 200 um; C, 10 um; D-G, 20 um
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Diagnosis. S. paramutilus sp. nov. is characterized by body length of 1,545-1,875 um; 12 seti-
form cephalic sensilla in female; cervical setae present; spicules short and widening proximally; gu-
bernaculum plate-like slightly curved; and tail 270-412 pm long (expect for one male paratype,
120 wm long).

Differential diagnosis. S. paramutilus sp. nov. differs from all valid species (see Table 3) by num-
ber of cephalic setae in female (12 vs. 10); relatively shorter body in males (1,545-1,875 pum
vs. 1,830-2,330 um in S. mutilus and 1,968-2,052 um in S. multipapillatus) and in fe-
males (1,657-1,820 wm vs. 1,970 um in S. mutilus and 2,100-2,240 um in S. multipapillatus); struc-
ture of the spicular apparatus (expand proximally vs. thin all over in S. multipapillatus and S. mu-
tilus); and longer tail (c value of 4.5-5.8 [except for one male with 12.9] vs. 5.8-6.6 in S. mutilus
and 6.8-8.6 in S. multipapillatus). S. paramutilus sp. nov. is similar in the body structure to S. mutilus,
but differs from it by wider body in males (a value of 36.4-52.1 vs. 55-61). The new species differs
from S. multipapillatus by precloacal supplements (absent vs. present).

Variability of body size and copulatory organs. Specimens from different areas of the Black
Sea have significant variability in body and tail lengths; there are also slight differences in the shape
and length of spicules (see Fig. 5, Table 2). Specimens from the Bosphorus Strait area are much
longer and slightly slenderer than those from the Donuzlav and Laspi bays. One male (Meib.42. N.p.),
from the Bosphorus Strait area, has straight spicules, and another male (Meib.41. N.p.) has prox-
imally curved spicules (Fig. 5D, E). The third male paratype (Meib.43. N.p.), from the Donu-
zlav Bay, has longer spicules [27 um (0.9 abd) vs. 17-22 um (0.6-0.8 abd)] and ratio of spicule
length to gubernaculum length (2.25 vs. 1.6-1.9) compared to other specimens (Fig. 5B).
The fourth male paratype (Meib.44. N.p.), from the Donuzlav Bay, has shortened tail (3.3 abd
vs. 9-13.3 abd) (Fig. 5A).

Fig. 5. Stylotheristus paramutilus sp. nov. A, male paratype, tail (the Donuzlav Bay); B-E, variation of shape
of spicules in male paratypes: B, the Donuzlav Bay; C, the Laspi Bay; D-E, the Bosphorus Strait area.
Scale bar: A, 50 um; B-E, 10 um
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Table 3. Morphological characters of Stylotheristus species. All values are in um unless otherwise stated,
except for the ratios a, b, ¢, and ¢’

Character Slylotherlsspmilg 3ramunlus Stylotheristus mutilus Stylotheristus multipapillatus
males females males female males females

Body length 1,545-1,875 1,613-1,820 | 1,830-2,330 1,970 1,920-2,052 | 2,100-2,240
a 36.4-52.1 38.246.1 55-61 45 56.9-68.9 43.7-56.45
b 8.2-11.2 8.7-10.5 9.2-9.6 8.7 89 8.2-8.9
c 4.5-5.8 4.5-5.7 5.9-6.6 5.8 7.5-8.6 6.8-7.6
c 9-13.3 12.2-16.2 11.2 14.3 7.4-9.8 9.7-11
Number of cephalic setae 16 12 16 10 16 10
V (%) 49.1-56.6 55 57-63
Spicule length 17-22 18-20 15.5-25
Number of supplements absent absent 11-15

It can be assumed that such morphological variability is determined by the adaptation of the species
to different conditions of the waterbody. On the other hand, it is possible that in future, genetic meth-
ods applied to study individuals from various habitats will show the existence of different species
of Stylotheristus genus in the Black Sea.

This work was carried out within the framework of IBSS state research assignment “Biodiversity as the ba-

sis for the sustainable functioning of marine ecosystems, criteria and scientific principles for its conservation”
(No. 124022400148-4).
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STYLOTHERISTUS PARAMUTILUS SP. NOV. (NEMATODA: XYALIDAE),
HOBBIN BIJI HEMATO/ 3 YEPHOT'O MOPSI

T. H. PeBkoBa, H. I'. Cepreena

®I'BYH PULL «MucTuTyT GMosoruu 10xkHbX Mopeid umMenn A. O. Kosanesckoro PAH»,
Cesacromnosb, Poccuiickas ®enepanys
E-mail: alinka83 14@gmail.com

[puBeneHs! WILTIOCTpaK U onucanue Stylotheristus paramutilus sp. nov. u3 cOOpOB JIOHHBIX OCA/IKOB
MEJIKOBOAHBIX M TITyOOKOBOAHBIX 30H U€pHOro Mops. HoBwii BU XapaKTepu3yeTcsl XOpOIIO pa3BU-
TOHM TyOHOU 00sacThio, 12 METMHKOBUIHBIMY TOJIOBHBIMU CEHCHJIAMH y CAMKH U 16 y camiia; Ha-
JIMYUEM HIEHHBIX METHHOK; crukyaaMu (0,6—0,9 aHaibHOTO AMameTpa), paciIupsIOIUMHUACS MTPOKCH-
MaJIbHO; TUIACTUHYATHIM PYJIKOM, CJIerKa M30THYTHIM; KOHUKO-IIMJIMHAPHUECKUM XBOCTOM, PaBHBIM
4,5-5,8 aHanpHOrO JMaMeTpa (KpoMe OJHOTO camlia, 3HaYeHHe Y KOTOporo coctraBmwio 12,9 aHaib-
HOTO JMaMeTpa) M 3 IeTMHKaMM Ha KOHYMKe XBOCTa. B HacTosiiem ucclieJoBaHMM OMMCaHa Iep-
Bas Haxofka pona Stylotheristus B YépHoM Mope. S. paramutilus sp. nOvV. XapakTepu3yeTcs: IMUPOKIM
[IPOCTPAHCTBEHHBIM M OatumeTpuyeckuM (miyOrHbI oT 2 10 250 M) pacrpoctpaHeHueM B YépHOM
Mope — KakK B pa3iuuHbIX paiioHax KpbiMma, Tak M Ha Bbixope u3 nponmBa Bocgop. Crenano 3a-
KJIIOUEHHE O HEOOXOMMOCTH MTPOBEIeHUsI B Oy IyIlleM MOJIEKYJISIPHOTO aHaJIM3a JJIs1 TIOATBEePKICHUS
MIPUHAIC)KHOCTA YEPHOMOPCKUX MIPEICTABUTENEH U3 pPa3HbIX MECTOOOUTAHUI K OTHOMY BUIY.

KuroueBbie caoBa: Monhysterida, CcBOOOJHOXUBYIME MOPCKME HEMATOMBI, CHCTEMATHKA,
pacnpeieeHre, rTyOO0KOBOTHBINA, MEJTKOBOTHBIN
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OF ACROSIPHONIA ARCTA (DILLWYN) GAIN CELLS
AT THE EARLY STAGE OF STRESS REACTION FORMATION
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Features of stress reaction formation were studied in cells of the green alga Acrosiphonia arcta un-
der the effect of diesel fuel emulsion. Changes in indicators of oxidative stress (concentration of hy-
drogen peroxide and accumulation of products of lipid peroxidation) were analyzed; activity of anti-
oxidant enzymes, intensity of photosynthesis, and condition of cells were investigated. As shown, during
the first day of exposure to the toxicant, plasmolysis and disruption of the chloroplast structure occur
in cells. The stress reaction develops in stages. At the first stage, the amount of hydrogen peroxide
increases, the concentration of products of lipid peroxidation changes, and the activity of superoxide
dismutase rises. At the second stage, catalase activity increases. By the end of the first day of expo-
sure, against the backdrop of a drop in catalase activity, peroxidase activity rises (the third stage).
The intensity of photosynthesis decreases by the end of the experiment. As suggested, under the ef-
fect of diesel fuel emulsion, the daily dynamics of the biological cycles of a number of enzymes
may be disrupted.

Keywords: Acrosiphonia arcta, diesel fuel, catalase, superoxide dismutase, peroxidase, lipid
peroxidation, hydrogen peroxide, photosynthesis intensity

Acrosiphonia arcta (Dillwyn) Gain, 1912 is a species of green algae widespread in the littoral zone
of the Barents Sea [Malavenda, 2018], where it can form quite large thickets. It belongs to the first settlers
preparing the substrate for colonization by perennial species of algae, for example, Fucus representatives.
A. arcta has high adaptive capabilities: it can withstand a wide range of fluctuations in environmental
factors, such as temperature, light, efc. [Sussmann, Scrosati, 2011].

With intensive industrial development, the anthropogenic load inevitably increases which includes
the release of petroleum hydrocarbons into the environment [Patin, 2008]. In coastal cities, the most
vulnerable zone is the near-shore area affected from both land and sea. The flora of such coastal
sites is poor in terms of species composition; vegetation surviving here has mechanisms to neutral-
ize toxicants and/or adapt to their occurrence [Malavenda, 2018; Milchakova, Shakhmatova, 2007;
Shakhmatova, Milchakova, 2014]. Petroleum products slow down vegetation growth, as shown for As-
cophyllum nodosum and Laminaria digitata [Bokn, 1985], and disrupt zygote formation and fucoid de-
velopment [Thélin, 1981]. On the example of Fucus representatives, researchers also noted the lack
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of significant changes in the intensity of photosynthesis and concentration of pigments under expo-
sure to petroleum products, both long-term [Voskoboinikov et al., 2004] and short-term [Stepanyan,
2014]. However, the biochemical composition and activity of enzymes changed noticeably under their
effect [Shakhmatova, Ryzhik, 2020; Voskoboinikov et al., 2004]. At the same time, when green algae
are exposed to petroleum products, a decrease in photosynthesis intensity was recorded; also, significant
damage and alteration in the biochemical composition of cells were registered [El Maghraby, Hassan,
2021; Klindukh et al., 2021; Pilatti et al., 2016; Ryzhik, Makarov, 2019; Voskoboinikov et al., 2018].

When an organism encounters a toxicant, several defense systems are gradually activated [Apel,
Hirt, 2004; Kolupaev, 2007]. First of all, the formation of reactive oxygen species is intensified [Pokora,
Tukaj, 2010; Vega-Lopez et al., 2013] which activate the antioxidant defense system (catalase, super-
oxide dismutase, glutathione peroxidase, and so on) [Alscher et al., 2002]. Changes in superoxide dis-
mutase activity were revealed for Chlorella vulgaris [Calderon-Delgado et al., 2019], Phaeodactylum
tricornutum [Wang et al., 2008], and Ulvaria obscura [Salakhov et al., 2020]. Changes in catalase ac-
tivity were recorded for Palmaria palmata [Voskoboinikov et al., 2020] and Ulva algae [Pilatti et al.,
2016; Ryzhik, Makarov, 2019]. The nature of variations in activity of enzymes depends on the value
and duration of the stress factor effect. Chronic exposure triggers profound changes in cycles of synthe-
sis of proteins / amino acids, lipid metabolism (alterations in the composition of fatty acids and lipids),
etc. [Nechev et al., 2002; Ramadass et al., 2015].

Antioxidant enzymes which are biomarkers can be used to detect metabolic disorders caused by xeno-
biotics [Diaz-Bédez et al., 2004; Geret et al., 2003; Inupakutika et al., 2016; Mallick, 2004; Shakhmatova,
2004]. The speed of activation of defense systems is important for further adaptation of an organism
to a toxicant.

However, issues of the rate of the stress response formation and features of the involvement of var-
ious antioxidant system components in the cell protection from oxidative stress remain poorly studied,
especially for macrophytic algae inhabiting the Arctic zone. We assume as follows. Based on the in-
tensity of the response development and changes in enzyme activity, it will be possible to conclude
on the fate of vegetation: whether it will be able to adapt to effects of the toxicant or die. As noted earlier,
the fate of cells will depend on the changes occurring at the moment of contact with the toxicant [Shiu
et al., 2020]. Thus, analysis of the indicators of the antioxidant system and photosynthetic activity
on the first day of cell contact with petroleum products is significant for understanding the mechanisms
of adaptation formation.

The aim of this study is to determine the rate of activation of Acrosiphonia arcta antioxidant system
in response to the contact of this alga with a diesel fuel emulsion. The nature of the effect will be assessed
by markers of oxidative stress (concentrations of hydrogen peroxide and lipid peroxidation products)
and the state of enzymes of the antioxidant system (superoxide dismutase, catalase, and peroxidase).

MATERIAL AND METHODS

Experimental work was carried out in July 2020 at the seasonal biological station of the Murmansk
Marine Biological Institute (Dalnie Zelentsy village, the Barents Sea eastern coast). This area belongs
to ecologically clean spots of algae growth.

The alga thalli were sampled from the littoral zone of the Dalnezelenetskaya Bay and placed in labo-
ratory conditions: a thermostatically controlled room with irradiance of 150 W-m™ (24 h light : 0 h dark),
water temperature of +8...+10 °C, and constant aeration of vegetation in vessels. The mode of irradiance
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was chosen in accordance with features of the photoperiod (polar day) at the time of the experiment.
The alga was acclimated to laboratory conditions for three days. Then, one part of the alga was placed
in control vessels [pure seawater with salinity of 33%c], and another part was placed in experimental
vessels [seawater with salinity of 33%¢ with summer diesel fuel (state standard GOST 305-82) added
at a concentration of 43 mg-L™']. In each variant of the experiment, 8 alga thalli were used (with a to-
tal mass of < 50 g). The concentration of petroleum products corresponded to the maximum noted
for the Kola Bay coastal waters in 2014-2016.

The experiment lasted for one day. Indicators were measured during the day in 1, 3, 7, 10,
and 24 h, in triplicate. In total, 70 samples were processed. Physiological and biochemical indicators
were determined with a PE-5300VI spectrophotometer (Ecroskhim, Russia).

The content of hydrogen peroxide was established in accordance with a modified spectrophotometric
method [Bellincampi et al., 2000]. It is based on the oxidation of iron Fe?* with hydrogen peroxide

to Fe forming stained compounds with xylenol orange. Optical density was measured at a wavelength
of 560 nm.

The level of lipid peroxidation (hereinafter LPO) was assessed by the accumulation of active products
of thiobarbituric acid [Esterbauer, Cheeseman, 1990]. Measurements were carried out at 540 nm.

The supernatant for determining the activity of catalase and superoxide dismutase (hereinafter CAT
and SOD, respectively) was obtained in the following way. The alga with the weight of 150-200 mg
was ground on ice in a mortar, with 2,000 uLL of extraction buffer added (K/Na-phosphate buffer).
The homogenate was centrifuged for 5 min at 12,000 g; then, the supernatant was sampled.

CAT activity was measured by a modified spectrophotometric method [Korolyuk et al., 1988]: 2 mL.
of 0.03% hydrogen peroxide solution was added to 0.1 mL of the supernatant. To a blank sample, instead
of the supernatant, 0.1 mL of distilled water was added. The reaction was stopped after 10 min by adding
I mL of 4% ammonium molybdate. The intensity of the developing color was measured at a wavelength
of 410 nm against a control sample to which 2 mL of water was added instead of hydrogen peroxide.

SOD activity was determined according to [Giannopolitis, Ries, 1977]. Optical density of the con-
tent of vessels was assessed at 560 nm. Activity of enzymes (CAT and SOD) was calculated
on a dry weight basis.

Peroxidase activity was analyzed by the Boyarkin method [Metody, 1987]. It is based on determining
the rate of benzidine oxidation in the presence of hydrogen peroxide and peroxidase. Optical density
was measured at a wavelength of 590 nm every second for 120 s. The difference between initial and final
optical density was taken into account. Enzyme activity was calculated on a dry weight basis.

The rate of photosynthesis was measured by the Winkler titration. The change in oxygen content
in water during incubation of thalli was calculated (ug O, per 1 g of thallus wet weight per h). The alga
in vessels without petroleum products served as the control.

The content of dry matter was determined according to a generally accepted method [Metody,
1987]. The alga thalli, after removing droplet moisture from the surface with filter paper, were weighed
on a VLTE-310 scale (Gosmetr, Russia) (accuracy of 0.001 mg), dried in a desiccator for 24 h to a con-
stant weight at +105 °C and re-weighed. Dry matter content was assessed as the proportion of dry weight
to wet weight.

The state of the alga cells was analyzed by light microscopy under a Mikmed-6 microscope (LOMO,
Russia) at a magnification of x400.
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The significance of differences between options was calculated for initial data by the Student’s 7-test,
with a probability of 95% (p < 0.05). To assess the significance of the effect of the pollution factor,
the one-way analysis of variance (ANOVA) was applied. The data obtained were processed and analyzed
in MS Office Excel 2010 statistical package.

RESULTS AND DISCUSSION

State of the alga cells. Control samples remained intact until the end of the study (Fig. 1A). In exper-
imental samples, after 3 h of exposure, perforated chloroplast structures expanded. By the end of the first
day, the chloroplast decreased; in a number of cells, it acquired a granular structure. The development
of plasmolysis was noted (Fig. 1B, C).
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Fig. 1. Acrosiphonia arcta cells at the end of the experiment (24 h): A, the control; B, C, cells after exposure
to water containing diesel fuel

Markers of oxidative stress. Normally, in cells, hydrogen peroxide is constantly present (its level
ranges within 0.004—0.005 z™!' dry weight), as well as LPO products (their concentration ranges within
0.003-0.005 c. u.-g”! dry weight). Most likely, a decrease and increase in the content of these substances
in a cell are caused by the occurrence of daily rhythms of changes in the activity of physiological pro-
cesses (Fig. 2A, B).

Under the effect of diesel fuel, the concentration of hydrogen peroxide in experimental samples
increases by 1.5 times during the 1°' hour. This rise is followed by a gradual decrease (by 2 times).
The level of LPO in the experimental alga decreases during the 1 hour; by the 7" hour of exposure,
it rises almost 2 times; and by the 10™ hour of observation, it drops. By the end of the experiment,
LPO increases.

It is worth noting as follows: changes in the level of LPO in the control and experiment are
in antiphase. In 1 and 10 hours of the study, in the control, accumulation of LPO products was observed,
while in the experiment, their concentration decreased significantly (Fig. 2A, B).
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Activity of enzymes of the antioxidant system. In the control, SOD activity remained unchanged
from the 1% to 7" hour of the study, increased by 1.3 times by the 10™ hour, and did not change until
the end of the experiment. Under the effect of diesel fuel, SOD activity rose by 1.5 times in the 1* hour,
decreased by 2 times by the 7" hour, and became equal with the indicator in the control by the first
day (Fig. 2C).

CAT activity in the control did not change during the 1% hour. By the 3™ hour, a 3.6-fold rise in ac-
tivity was recorded; by the 7" hour, a 3-fold drop; and by the 10™ hour, a 1.5-fold increase. Until the end
of measurements, the values of CAT activity remained high. In experimental samples, there was a grad-
ual rise in CAT activity (by 3 times) from the 1°! to 7" hour. By the 10" hour, enzyme activity decreased
by 2.5 times; until the end of exposure, it did not change (Fig. 2D).
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Fig. 2. Changes in the main physiological and biochemical parameters of Acrosiphonia arcta during the ex-
periment: A, hydrogen peroxide concentration; B, the level of lipid peroxidation; C, superoxide dismu-
tase activity; D, catalase activity; E, peroxidase activity; F, rate of photosynthesis. Data in the graphs
are presented as arithmetic means; bars indicate standard deviation [* marks significant differences
with the control (p < 0.05)]
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During the experiment, peroxidase activity varied significantly in control samples and in those under
exposure.

In the control, there was a wave-like change in enzyme activity. During the 1% hour, a slight in-
crease in peroxidase activity was noted, and by the 3™ hour, there was a 6-fold drop. In the 3™
to 7™ hour, activity rose by 2 times. Then, it decreased by 2 times. By the end of the experi-
ment (the 24" hour), the value increased by 3 times compared to the previous values (Fig. 2E). In exper-
imental samples, there were also a rise in peroxidase activity by the 1% hour (by 1.3 times) and a drop
by the 3™ hour (by 7 times). At the same time, from the 7™ hour of exposure, there was an increase
in peroxidase activity. By the 10™ hour, it rose by 5 times, and by the 24™ hour, by 1.5 times compared
to the previous values; it was significantly higher than peroxidase activity in the control (Fig. 2E).

Rate of photosynthesis. During the experiment, the rate of photosynthesis was measured
as well (Fig. 2E). In the first hours, experimental samples were characterized by an increase
in the rate of photosynthesis compared to the control. The most significant differences were observed
by the 3™ hour of measurements: the values were 1.3 times higher than control ones. By the end
of exposure, the rate of photosynthesis of experimental samples became 1.3 times lower than that
of the control.

DISCUSSION

A change in the activity of antioxidant enzymes in response to stressors of various nature is a univer-
sal reaction of any organism [Milchakova, Shakhmatova, 2007; Regoli et al., 2002; Ryzhik et al., 2019;
Sardi et al., 2016; Shakhmatova, 2004; Zhang et al., 2004]. Literature sources mainly discuss long-term
effects of petroleum products and corresponding alterations in an organism. Specifically, on the ex-
ample of Hypnea musciformis, a complex pattern of changes in various biochemical parameters was
shown: a decrease in the content of chlorophyll a, a decline in the concentration of phenolic compounds,
and an increase in the content of carotenoids. A change in cell morphology was noted as well, in partic-
ular in the structure of a cell wall surface [Ramlov et al., 2014, 2019]. As established for the microalga
Pseudokirchneriella subcapitata, fresh and, to a greater extent, used motor oil caused a rise in the activity
of antioxidant enzymes (first, SOD activity increased; then, peroxidase and CAT activity rose); thus, ox-
idative damage to biomolecules decreased [Ramadass et al., 2015]. In cells of green algae, with prolonged
exposure to a toxicant, researchers recorded the development of plasmolysis, destruction of chloroplasts,
etc. [Salakhov et al., 2021; Voskoboinikov et al., 2018].

Long-term experiments often fail to identify the true response to exposure to a toxicant. Specifically,
studies on Fucus vesiculosus did not reveal a rise in CAT activity after prolonged (more than 10 days)
contact with diesel fuel [Ryzhik et al., 2019]. However, under natural conditions, CAT activity was
significantly higher in algae exposed to chronic pollution of a high level than in algae of ecologically
clean spots [Shakhmatova, Ryzhik, 2020].

The current study provides data on changes in the activity of antioxidant enzymes in A. arcta cells
in response to exposure to diesel fuel during the first day of the experiment. To date, it is established that
the intensification of formation of reactive oxygen species results in an increase in the activity of anti-
oxidant enzymes involved in the formation of long-term adaptations [Kolupaev, 2007; Kolupaev, Karpets,
2010; Migdal, Serres, 2011; Rogozhin, 2004].

According to the results of our study, stress reactions begin to form in the alga cells by the 1% hour
of exposure. In particular, plasmolysis develops, and the structure of chloroplasts is disrupted.
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During the first day, three blocks of rapid stress reactions can be distinguished; those are launched
in stages. One of the first, implemented immediately after the beginning of exposure, is the intensification
of LPO processes. Malondialdehyde and other LPO products are unique signals for enhancing the synthe-
sis of antioxidant enzymes. After the 1% hour of the experiment, a decrease in LPO level and an increase
in SOD activity were registered compared to the control. LPO processes develop at high speed; as shown
on the example of higher plants (wheat sprouts), a significant accumulation of LPO products can occur
already within the first 10—15 min of exposure [Rogozhin, 2004]. To neutralize them, the pool of SOD
is used which was in a cell before the onset of exposure. Moreover, de novo synthesis begins, since
SOD is an inducible enzyme. According to literature data, on the example of a study on ultraviolet ra-
diation effect on wheat sprouts, it was revealed as follows: at the initial stages of exposure, the available
supply of SOD is used to utilize reactive oxygen species; then, the synthesis of enzyme begins [Rogozhin,
2004]. In parallel, we can observe an increase in the concentration of hydrogen peroxide in Acrosiphonia
cells. Also, during this period, CAT synthesis is activated, and its maximum activity occurs at the 7" hour
of measurements (the second block of reactions).

Then, CAT concentration decreases in the studied alga, and the level of peroxidase in-
creases (the third stage). Identified features may be a consequence of inhibition of CAT activity by high
concentrations of hydrogen peroxide and/or products of the split of petroleum hydrocarbons, as well
as the possible transition of this enzyme to another form allowing to perform an oxygenase func-
tion [Kolupaev, Karpets, 2010; Kolupaev et al., 2011]. At the same time, a decrease in CAT ac-
tivity was accompanied by an increase in peroxidase activity. With the similarity of functions they
perform, it indicates the compensatory nature of the changes. The publications of a number of re-
searchers showed compensatory changes in some components of the antioxidant system under inhibition
of the activity / reducing the content of its other components [Apel, Hirt, 2004; Miroshnichenko, 1992].

The study also revealed an increase in the rate of photosynthesis in the experimental alga in the first
hours of measurements (the 1%, 3, 7" and 10™) and a decrease by the end of exposure.

A rise in the rate of photosynthesis we observed within the first hours of the experiment may
be due to features of the Winkler titration: to measure photosynthesis, plants are transferred to a medium
without a toxicant for 30-60 min. We assume that transferring plants to clean water for measurements
caused a temporary activation of photosynthesis, since toxic effect of diesel fuel was reduced. However,
when plants remain in the experiment for a longer period, this effect is not observed, because irreversible
changes are accumulated in cells. Apparently, a shift in prooxidant/antioxidant reactions towards LPO
processes in cells of the experimental alga after a day of exposure led to a change in the structure
of chloroplasts, plasmolysis, and, accordingly, a decrease in the rate of photosynthesis.

Changes in physiological parameters during the first hours of exposure to stressors were registered
for various groups of organisms, and those affected not only the state of the antioxidant system, but also
the protein-synthesizing and energy apparatus of a cell. For example, for microalgae and microorganisms,
significant changes were shown in ratios of protein/carbohydrate and cell growth rate / survival occurring
upon contact with dissolved diesel fuel during the first day of exposure [Shiu et al., 2020]. According
to the results of a research on the effect of petroleum product film, with a short-term exposure (one tidal
cycle), green algae experience cell plasmolysis, a decrease in the rate of photosynthesis, and an increase
in the intensity of respiration [Ryzhik, Makarov, 2019].

At the same time, we established a shift in the daily cycle of CAT and LPO level in experimental
samples compared to control ones. This may indicate a disruption in daily rhythms of CAT activity
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and LPO processes. A number of publications provided data on the existence of biological rhythms
in algae in production of antioxidants, and those are important for cell functioning [Carvalho et al.,
2004]. Studies on ultraviolet radiation effect on the state of the antioxidant complex in cereal plants
showed a similar result [Rogozhin, 2004]. Disruption of rhythms can negatively affect the resistance
of vegetation under changing environmental conditions, and this is confirmed by data of our research.

Thus, the results of the study allowed to establish as follows. An increase in the activity of antioxidant
enzymes in Acrosiphonia arcta cells exposed to diesel fuel occurs during the 1% hour of the experiment
and is an adaptive response of the alga to a rise in the concentration of hydrogen peroxide. During
exposure, different time maximums of the activity of SOD, CAT, and peroxidase were established. This
corresponds to modern ideas on the sequence of the antioxidant response: SOD — CAT/peroxidase.

Importantly, the negative effect of diesel fuel is not only due to disruption of physiological processes
in cells, but probably also due to biorhythms that allow organisms to adapt to periodically changing
factors.

This is especially true for littoral plants exposed to periodically changing environmental factors,
in particular the tidal cycle when disruption of synchronization can cause the death of algae.

The study was carried out within the framework of the Russian Science Foundation grant No. 22-17-00243
“Radiation oceanology and geoecology of the coastal shelf of the Barents and White seas. Bioinert interactions
in the system bottom sediments — water — macroalgae — microorganisms; their role in the remediation of the marine

coastal ecosystem during radiation and chemical pollution in the Arctic.”

REFERENCES

. Voskoboinikov G. M., Lopushanskaya E. M.,
Zhakovskaya Z. A., Metelkova L. O., Ma-
tishov G. G. Participation of the green algae
Ulvaria obscura in bioremediation of sea water
from oil products. Doklady Akademii nauk,
2018, vol. 481, no. 1, pp. 111-113. (in Russ.).
https://doi.org/10.31857/S086956520000064-3

. Kolupaev Yu. Ye. Reactive oxygen species
in plants at stressors action: Formation and possi-
ble functions. Visnyk Kharkivskoho natsionalnoho
universytetu imeni V. N. Karazina. Seriia ‘Biolo-
hiia”, 2007, iss. 3 (12), pp. 6-26. (in Russ.)

. Kolupaev Yu. Ye., Karpets Yu. V. Formirovanie
adaptivnykh reaktsii rastenii na deistvie abioti-
cheskikh stressorov. Kyiv : Osnova, 2010, 352 p.
(in Russ.)

. Kolupaev Yu. Ye., Karpets Yu. V., Obozniy O. L.
Plants antioxidative system: Participation in cell
signaling and adaptation to influence of stressors.
Visnyk Kharkivskoho natsionalnoho universytetu
imeni V. N. Karazina. Seriia ‘“Biolohiia”, 2011,
iss. 1 (22), pp. 6-34. (in Russ.)

. Korolyuk M. A., Ivanova L. I., Maiorova 1. G.,

Tokarev V. E. Metod opredeleniya aktivnosti kata-
lazy. Laboratornoe delo, 1988, no. 1, pp. 16-19.
(in Russ.)

. Metody biokhimicheskogo issledovaniya rastenii

/ A. 1. Ermakov (Ed.) ; 3" edition, revised & en-
larged. Leningrad : Agropromizdat, Leningrad-
skoe otdelenie, 1987, 429 p. (in Russ.)

. Milchakova N. A., Shakhmatova O. A.

Catalase activity of the widely-distributed
macroalgae of the Black Sea by gradi-
ent of the sewage pollution. Morskoj eko-
logicheskij zhurnal, 2007, vol. 6, no. 2,
pp. 44-57. (in Russ.). https://repository.marine-
research.ru/handle/299011/906

. Miroshnichenko O. S. Biogenesis, physiologi-

cal role, and properties of catalase. Biopolimery
i kletka, 1992, vol. 8, no. 6, pp. 3-25. (in Russ.).
https://doi.org/10.7124/bc.00033C

. Patin S. A. Oil Spills and Their Impact on the Ma-

rine Environment and Living Resources. Moscow :
VNIRO Publishing, 2008, 508 p. (in Russ.)

Mopckoii 6uosorrueckuii xypHain Marine Biological Journal 2024 vol. 9 no. 1


https://doi.org/10.31857/S086956520000064-3
https://repository.marine-research.ru/handle/299011/906
https://repository.marine-research.ru/handle/299011/906
https://doi.org/10.7124/bc.00033C

94

I. Ryzhik, D. Salakhov, M. Makarov, and M. Menshakova

10.

11.

12.

13.

14.

15.

16.

17.

18.

Rogozhin V. V. Peroksidaza kak komponent
antioksidantnoi sistemy zhivykh organizmov. Saint
Petersburg : GIORD, 2004, 240 p. (in Russ.)
Stepanyan O. V. The oil film influence on pho-
tosynthesis of brown algae in the Barents Sea.
Botanicheskii zhurnal, 2014, vol. 99, no. 10,
pp- 1095-1100. (in Russ.)

Shakhmatova O. A. Aktivnost’ antioksidantnoi
sistemy nekotorykh chernomorskikh gidrobiontov
v pribrezhnoi akvatorii Sevastopolya : avtoref.
dis. ... kand. biol. nauk : 03.00.17. Sevastopol,
2004, 21 p. (in Russ.). https://repository.marine-
research.ru/handle/299011/9708

Alscher R. G., Erturk N., Heath L. S. Role of su-
peroxide dismutases (SODs) in controlling ox-
idative stress in plants. Journal of Experimental
Botany, 2002, vol. 53, iss. 372, pp. 1331-1341.
https://doi.org/10.1093/jexbot/53.372.1331

Apel K., Hirt H. Reactive oxygen species:
Metabolism, oxidative stress, and signal trans-
duction. Annual Review of Plant Biology, 2004,
vol. 55, pp. 373-399. https://doi.org/10.1146/
annurev.arplant.55.031903.141701

Bellincampi D., Dipierro N., Salvi G., Cer-
vone F., De Lorenzo G. Extracellular H,O,
induced by oligogalacturonides is not involved
in the inhibition of the auxin-regulated rolB gene
expression in tobacco leaf explants. Plant Phys-
iology, 2000, vol. 122, iss. 4, pp. 1379-1386.
https://doi.org/10.1104/pp.122.4.1379

Bokn T. Effects of diesel oil on commer-
cial benthic algae in Norway. In: 7985 Oil
Spill Conference (Prevention, Behavior, Control,
Cleanup), 25-28 February, 1985, Los Angeles,
California. Washington DC : American Petroleum
Institute, 1985, pp. 491-496. (International Oil
Spill Conference (IOSC) proceedings ; vol. 1985,
iss. 1).

Calder6n-Delgado 1. C., Mora-Solarte D. A.,
Velasco-Santamaria Y. M. Physiological and en-
zymatic responses of Chlorella vulgaris exposed
to produced water and its potential for bio-
remediation. Environmental Monitoring and As-
sessment, 2019, vol. 191, iss. 6, art. no. 399 (13 p.).
https://doi.org/10.1007/s10661-019-7519-8
Carvalho A. M., Neto A. M. P, Tonon A. P.,

19.

20.

21.

22.

23.

24.

25.

26.

Pinto E., Cardozo K. H. M., Brigagio M. R. P. L.,
Barros M. P., Torres M. A., Magalhides P., Cam-
pos S. C. G., Guaratini T., Sigaud-Kutner T. C. S.,
Falcdo V. R., Colepicolo P. Circadian protection
against oxidative stress in marine algae. Hypnos,
2004, [vol.] 1 (suppl. 1), pp. 142-157.

Diaz-Béez M. C., Bustos Lopez M. C., Espinosa-
Ramirez A. J. Pruebas de toxicidad acudtica:
fundamentos y métodos. Bogotd, Colombia :
Universidad Nacional de Colombia, 2004,
118 p.

El Maghraby D., Hassan 1. Photosynthetic
and biochemical response of Ulva lactuca
to marine pollution by polyaromatic hydrocar-
bons (PAHs) collected from different regions
in Alexandria city, Egypt. Egyptian Journal
of Botany, 2021, vol. 61, no. 2, pp. 467-478.
http://dx.doi.org/10.21608/ejbo.2021.37571.1531
H.,
tion of aldehydic lipid peroxidation products:

Esterbauer Cheeseman K. Determina-
Malonaldehyde and 4-hydroxynonenal. Methods
in Enzymology, 1990, vol. 186, pp. 407-421.
https://doi.org/10.1016/0076-6879(90)86134-H
Geret F., Serafim A., Bebianno M. J. Antioxidant
enzyme activities, metallothioneins and lipid per-
oxidation as biomarkers in Ruditapes decussatus?
Ecotoxicology, 2003, vol. 12, iss. 5, pp. 417-426.
https://doi.org/10.1023/A:1026108306755
Giannopolitis C. N., Ries S. K. Superoxide dis-
mutases: I. Occurrence in higher plants. Plant
Physiology, 1977, vol. 59, iss. 2, pp. 309-314.
https://doi.org/10.1104/pp.59.2.309

Inupakutika M. A., Sengupta S., Devireddy A. R.,
Azad R. K., Mittler R. The evolution of reactive
oxygen species metabolism. Journal of Experimen-
tal Botany, 2016, vol. 67, iss. 21, pp. 5933-5943.
https://doi.org/10.1093/jxb/erw382

Klindukh M., Dobychina E., Makarov M., Ry-
zhik L. Influence of diesel fuel on the composition
and content of free amino acids in the green
alga Acrosiphonia arcta. IOP Conference Se-
ries: Earth and Environmental Science, 2021,
vol. 937, art. no. 022010 (5 p.). https://doi.org/
10.1088/1755-1315/937/2/022010

Malavenda S. V. Macroalgae’s flora of the Kola
Bay (the Barents Sea). Vesmik Murmanskogo

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2024 vol. 9 no. 1


https://repository.marine-research.ru/handle/299011/9708
https://repository.marine-research.ru/handle/299011/9708
https://doi.org/10.1093/jexbot/53.372.1331
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1104/pp.122.4.1379
https://doi.org/10.1007/s10661-019-7519-8
http://dx.doi.org/10.21608/ejbo.2021.37571.1531
https://doi.org/10.1016/0076-6879(90)86134-H
https://doi.org/10.1023/A:1026108306755
https://doi.org/10.1104/pp.59.2.309
https://doi.org/10.1093/jxb/erw382
https://doi.org/10.1088/1755-1315/937/2/022010
https://doi.org/10.1088/1755-1315/937/2/022010

Analysis of physiological and biochemical parameters of Acrosiphonia arcta (Dillwyn) Gain cells...

95

27.

28.

29.

30.

31.

32.

33.

gosudarstvennogo  tekhnicheskogo  universiteta,
2018, vol. 21, no. 2, pp. 245-252. https://doi.org/
10.21443/1560-9278-2018-21-2-245-252
Mallick N. Copper-induced oxidative stress
in the chlorophycean microalga Chlorella vul-
garis: Response of the antioxidant system.
Journal of Plant Physiology, 2004, vol. 161,
iss. 5, pp. 591-597. https://doi.org/10.1078/
0176-1617-01230

Migdal C., Serres M. Reactive oxygen species
and oxidative stress. Médecine/Sciences, 2011,
vol. 27, no. 4, pp. 405-412. https://doi.org/
10.1051/medsci/2011274017

Nechev J. T., Khotimchenko S. V., Ivanova A. P.,
Stefanov K. L., Dimitrova-Konaklieva S. D.,
Andreev S., Popov S. S. Effect of diesel

fuel pollution on the lipid composition
of some wide-spread Black Sea algae
and invertebrates. Zeitschrift  fiir = Natur-

forschung C, 2002, vol. 57, iss. 3—4, pp. 339-343.
https://doi.org/10.1515/znc-2002-3-401

Pilatti F. K., Ramlov F., Schmidt E. C,,
Kreusch M., Pereira D. T. Costa C.,
de Oliveira E. R., Bauer C. M., Rocha M.,
Bouzon Z. L., Maraschin M. In vitro ex-

posure of Ulva lactuca Linnaeus (Chloro-
phyta) to gasoline — biochemical and mor-
phological alterations. Chemosphere, 2016,

vol. 156, pp. 428-437. https://doi.org/10.1016/
j.chemosphere.2016.04.126

Pokora W., Tukaj Z. The combined -effect
of anthracene and cadmium on photosynthetic
activity of three Desmodesmus (Chlorophyta)
species.  Ecotoxicology —and  Environmental
Safety, 2010, vol. 73, iss. 6, pp. 1207-1213.
https://doi.org/10.1016/j.ecoenv.2010.06.013
Ramadass K., Megharaj M., Venkateswarlu K.,
Naidu R. Toxicity and oxidative stress induced
by used and unused motor oil on freshwater
microalga,  Pseudokirchneriella  subcapitata.
Environmental  Science and  Pollution  Re-
search, 2015, vol. 22, iss. 12, pp. 8890-8901.
https://doi.org/10.1007/s11356-014-3403-9
Ramlov F., Carvalho T. J. G., Costa G. B,
de Oliveira Rodrigues E. R., Bauer C. M.,

Schmidt E. C., Kreusch M. G., Moresco R.,

34.

35.

36.

37.

38.

Bachiega Navarro B., Cabral D. Q., Bouzon Z. L.,
Antunes Horta P., Maraschin M. Hypnea mus-
ciformis (Wulfen) J. V. Lamour. (Gigartinales,
Rhodophyta) responses to gasoline short-term
exposure: Biochemical and cellular alterations.
Acta Botanica Brasilica, 2019, vol. 33, iss. 1,
pp. 116-127.  https://doi.org/10.1590/0102-
33062018abb0379

Ramlov F., Carvalho T. J. G., Schmidt E. C., Mar-
tins C. D. L., Kreusch M. G., de Oliveira Ro-
drigues E. R., Bauer C. M., Bouzon Z. L., An-
tunes Horta P., Maraschin M. Metabolic and cel-
lular alterations induced by diesel oil in Hyp-
nea musciformis (Wulfen) J. V. Lamour. (Gi-
gartinales, Rhodophyta). Journal of Applied Phy-
cology, 2014, vol. 26, iss. 4, pp. 1879-1888.
https://doi.org/10.1007/s10811-013-0209-y
Regoli F., Gorbi S., Frenzilli G., Nigro M.,
Corsi 1., Focardi S., Winston G. W. Oxida-
tive stress in ecotoxicology: From the analy-
sis of individual antioxidants to a more in-
tegrated approach. Marine Environmental Re-
search, 2002, vol. 54, iss. 3-5, pp. 419-423.
https://doi.org/10.1016/S0141-1136(02)00146-0
Ryzhik 1., Pugovkin D., Makarov M.,
Roleda M. Y., Basova L., Voskoboynikov G.
Tolerance  of exposed
to diesel water-accommodated fraction (WAF)

Fucus  vesiculosus
and degradation of hydrocarbons by the as-
sociated bacteria.  Environmental  Pollution,
2019, vol. 254, pt B, art. no. 113072 (6 p.).
https://doi.org/10.1016/j.envpol.2019.113072
Ryzhik 1. V., Makarov M. V. Effect of diesel
fuel film on green algae Ulva lactuca L. and Ul-
varia obscura (Kiitzing) Gayral ex Bliding
of the IOP  Conference Se-
ries: Earth and Environmental Science, 2019,
vol. 302, art. no. 012029 (6 p.). https://doi.org/
10.1088/1755-1315/302/1/012029

Salakhov D., D., Ryzhik I,
Voskoboinikov G. The changes in the morpho-

Barents Sea.

Pugovkin

functional state of the green alga Ulva intestinalis L.
in the Barents Sea under the influence of diesel fuel.
IOP Conference Series: Earth and Environmental
Science, 2021, vol. 937, art. no. 022059 (8 p.).
https://doi.org/10.1088/1755-1315/937/2/022059

Mopckoii 6uosoruueckuii xypHain Marine Biological Journal 2024 vol. 9 no. 1


https://doi.org/10.21443/1560-9278-2018-21-2-245-252
https://doi.org/10.21443/1560-9278-2018-21-2-245-252
https://doi.org/10.1078/0176-1617-01230
https://doi.org/10.1078/0176-1617-01230
https://doi.org/10.1051/medsci/2011274017
https://doi.org/10.1051/medsci/2011274017
https://doi.org/10.1515/znc-2002-3-401
https://doi.org/10.1016/j.chemosphere.2016.04.126
https://doi.org/10.1016/j.chemosphere.2016.04.126
https://doi.org/10.1016/j.ecoenv.2010.06.013
https://doi.org/10.1007/s11356-014-3403-9
https://doi.org/10.1590/0102-33062018abb0379
https://doi.org/10.1590/0102-33062018abb0379
https://doi.org/10.1007/s10811-013-0209-y
https://doi.org/10.1016/S0141-1136(02)00146-0
https://doi.org/10.1016/j.envpol.2019.113072
https://doi.org/10.1088/1755-1315/302/1/012029
https://doi.org/10.1088/1755-1315/302/1/012029
https://doi.org/10.1088/1755-1315/937/2/022059

96

I. Ryzhik, D. Salakhov, M. Makarov, and M. Menshakova

39.

40.

41.

42.

43.

44.

45.

Salakhov D.,
Voskoboinikov

D., Ryzhik I,
influence of diesel

Pugovkin
G. The
fuel on morpho-functional state of Ulvaria
IOP  Conference Se-
ries: Earth and Environmental Science, 2020,
vol. 539, art. no. 012202 (7 p.). https://doi.org/
10.1088/1755-1315/539/1/012202
Sardi A. E., Sandrini-Neto L., da S. Pereira L.,
Silva de Assis H., Martins C. C., da Cunha
Lana P., Camus L. Oxidative stress in two tropical

obscura  (Chlorophyta).

species after exposure to diesel oil. Envi-
ronmental Science and Pollution Research,
2016, wvol. 23, iss. 20, pp. 20952-20962.

https://doi.org/10.1007/s11356-016-7280-2
Shakhmatova O., Ryzhik I. Seasonal dynamics
of catalase activity in Cystoseira crinita (Black
Sea) and Fucus vesiculosus (Barents Sea). Ecolog-
ical Chemistry and Engineering S, 2020, vol. 27,
iss. 4, pp. 643-650. http://dx.doi.org/10.2478/
eces-2020-0041

Shakhmatova O. A., Milchakova N. A. Ef-
on Black
activity.  Interna-
Journal on Algae, 2014, vol. 16,
iss. 4, pp. 377-391. http://doi.org/10.1615/
InterJAlgae.v16.i4.70

Shiu R.-F., Chiu M.-H., Vazquez C. L., Tsai Y.-Y.,
Le A. Kagiri A., Xu C., Kamalanathan M.,
Bacosa H. P., Doyle S. M., Sylvan J. B.,
Santschi P. H., Quigg A., Chin W.-C. Protein
to carbohydrate (P/C) ratio changes in micro-

fect of environmental conditions

Sea macroalgae catalase

tional

bial extracellular polymeric substances induced
by oil and Corexit. Marine Chemistry, 2020,
vol. 223, art. no. 103789 (8 p.). https://doi.org/
10.1016/j.marchem.2020.103789

Sussmann A. V., Scrosati R. A. Morpholog-
ical variation in Acrosiphonia arcta (Codi-
olales, Chlorophyta)
different habitats in Nova Scotia, Canada.
Rhodora, 2011, vol. 113, no. 953, pp. 87-105.
https://doi.org/10.3119/10-06.1

Thélin I. Effets, en culture, de deux pétroles

from environmentally

bruts et d’'un dispersant pétrolier sur les zy-

gotes et les plantules de Fucus serratus

46.

47.

48.

49.

50.

Effects
in culture of two crude oils and one oil dis-

Linnaeus (Fucales, Phaeophyceae) =
persant on zygotes and germlings of Fucus
serratus Linnaeus (Fucales, Phaeophyceae).
Botanica Marina, 1981, vol. 24, pp. 515-519.
https://doi.org/10.1515/botm.1981.24.10.515
Vega-Lépez A., Ayala-Lépez G., Posadas-
Espadas B. P., Olivares-Rubio H. F., Dzul-
Caamal R. Relations of oxidative stress in freshwa-
ter phytoplankton with heavy metals and polycyclic
aromatic hydrocarbons. Comparative Biochemistry
and Physiology Part A: Molecular & Integrative
Physiology, 2013, vol. 165, iss. 4, pp. 498-507.
https://doi.org/10.1016/j.cbpa.2013.01.026
Voskoboinikov G. M., Matishov G. G,
Bykov O. D., Maslova T. G., Sherstneva O. A.,
Usov A. I. Resistance of marine macrophytes
to oil pollution. Doklady Biological Sciences, 2004,
vol. 397, iss. 1-6, pp. 340-341. https://doi.org/
10.1023/B:DOBS.0000039711.48557.16
Voskoboinikov G. M., Ryzhik 1. V., Sala-
khov D. O., Metelkova L. O., Zhakovskaya Z. A.,
Lopushanskaya E. M. Absorption and conver-
sion of diesel fuel by the red alga Palmaria
palmata (Linnaeus) F. Weber et D. Mohr, 1805
(Rhodophyta):
in bioremediation of

The potential role of alga
sea water. Russian
Journal of Marine Biology, 2020, vol. 46,
iss. 2, pp. 113-118. https://doi.org/10.1134/
S1063074020020108

Wang L., Zheng B., Meng W. Photo-induced
toxicity of four polycyclic aromatic hydro-
carbons, singly and in combination, to the marine
diatom Phaeodactylum tricornutum. Ecotoxicol-
ogy and Environmental Safety, 2008, vol. 71,
iss. 2, pp. 465-472. https://doi.org/10.1016/
j-ecoenv.2007.12.019

Zhang J. F, Sun Y. Y., Shen H., Liu H,
Wang X. R.,, Wu J. C, Xue Y. Q. An-
tioxidant response of Daphnia magna ex-

posed to no. 20 diesel oil. Chemical Spe-

ciation & Bioavailability, 2004, vol. 16,
iss. 4, pp. 139-144. https://doi.org/10.3184/
095422904782775027

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2024 vol. 9 no. 1


https://doi.org/10.1088/1755-1315/539/1/012202
https://doi.org/10.1088/1755-1315/539/1/012202
https://doi.org/10.1007/s11356-016-7280-2
http://dx.doi.org/10.2478/eces-2020-0041
http://dx.doi.org/10.2478/eces-2020-0041
http://doi.org/10.1615/InterJAlgae.v16.i4.70
http://doi.org/10.1615/InterJAlgae.v16.i4.70
https://doi.org/10.1016/j.marchem.2020.103789
https://doi.org/10.1016/j.marchem.2020.103789
https://doi.org/10.3119/10-06.1
https://doi.org/10.1515/botm.1981.24.10.515
https://doi.org/10.1016/j.cbpa.2013.01.026
https://doi.org/10.1023/B:DOBS.0000039711.48557.16
https://doi.org/10.1023/B:DOBS.0000039711.48557.16
https://doi.org/10.1134/S1063074020020108
https://doi.org/10.1134/S1063074020020108
https://doi.org/10.1016/j.ecoenv.2007.12.019
https://doi.org/10.1016/j.ecoenv.2007.12.019
https://doi.org/10.3184/095422904782775027
https://doi.org/10.3184/095422904782775027

Analysis of physiological and biochemical parameters of Acrosiphonia arcta (Dillwyn) Gain cells...

97

AHAJIN3 ®U3NOJIOTO-BUOXUMUYECKHNX ITOKA3BATEJIEN KJIETOK
ACROSIPHONIA ARCTA (DILLWYN) GAIN
HA PAHHEN CTA/IUY ®OPMHPOBAHUS CTPECC-PEAKIIUA
O AEMCTBUEM 3MVYJIbCHHI JU3EJIbHOI'O TOIIJIMBA

H. B. Peikuk!, /1. O. Canxaxos', M. B. Makapos!, M. 0. MenbmakoBa?

' Mypmanckuii Mmopckoit 6uonoruueckuii uacturyT PAH, Mypmanck, Poccuiickas ®eneparus
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[IpoBeneHo uccnenoBanue 0coOeHHOCTEN (DOPMHUPOBAHUS CTPECCOBOM PEAKLMM B KJIETKaX 3€JIEHOM
BOJOpociu Acrosiphonia arcta Ha BO3IEHCTBUE IMYJIbCHU JU3€JIbHOTO TOIUMBa. [IpoaHann3npoBaHbl
W3MEHEHUs MoKa3aTesel OKUCIUTENBHOIO cTpecca (KOHIEHTpalys NepeKucy BOoAopoJa U HaKoILIe-
HHE TPOJYKTOB MEPEKUCHOTO OKUCJIEHHUs JIMIHIIOB), aKTUBHOCTh (DEPMEHTOB aHTHOKCH/IAHTHOMW CH-
CTEMBI, HTHTEHCHBHOCTh (DOTOCHMHTE3a U COCTOSIHUE KJIEeTOK. [loka3aHo, 4TO B TeUeHHE NEPBBIX CY-
TOK BO3ZIEHCTBUS TOKCHKAHTA B KJIETKAX ITPOMCXOAUT Pa3BUTHE IJIA3MOJIM3a U HapYIIEHUE CTPYKTY-
pbl xJoporutactoB. CtpeccoBast peakiusi (hopMUpYyeTCsl MOITAHO: HA TIEPBOM STaIle yBEJINUMBACT-
Cs1 KOJIMYECTBO NMEPEKUCH BOAOPOAA, M3MEHsIETCSl KOHLEHTpalusl NPOAYKTOB MEPEKUCHOTO OKHCIIe-
HUS JIMNUJIOB, TOBBIIAECTCS aKTUBHOCTh CYNEPOKCHAIMCMYTa3bl; HA BTOPOM 3Tare MPOUCXOOUT aK-
TUBM3alMs KaTanasbl; K KOHIY MEPBBIX CYTOK BO3JEHUCTBUSA Ha (pOHE CHMKEHHS aKTMBHOCTH KaTaja-
3bl YBEJIMUMBAETCS AKTUBHOCTh MEPOKCHIa3bl (TpeTHil star). IHTeHCHBHOCTD (POTOCHHTE3a CHUXKa-
eTcs K KOHILy SKCIIepUMEHTa. BBHIBMHYTO MpearnoyiokeHrne, YTo MO/ BO3JAEWCTBUEM IMYJIbCUH IU-
3€JIbHOTO TOIUIMBA MOXET IPOMCXOAUTh HAapyLIEHHE CYTOYHOW AMHAMHUKHN OMOJIOTMYECKHMX LIMKJIOB
psina pepMeHTOB.

KnioueBrbie caoBa: Acrosiphonia arcta, nu3enbHOE TOIUIMBO, KaTajasa, CYIMEPOKCHATUCMYTAa3a,
MIePOKCH/Ia3a, ePEKUCHOE OKUCIICHHUE JIUIUJIOB, IEPEKUCh BOJIOPO/IA, MHTEHCUBHOCTh (DOTOCHHTE32
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MORPHOMETRIC CHARACTERISTICS OF ERYTHROID ELEMENTS
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UNDER CONDITIONS OF HYDROGEN SULFIDE LOADING
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The effect of hydrogen sulfide loading on the morphometric characteristics of erythroid elements
of Anadara kagoshimensis (Tokunaga, 1906) hemolymph was studied experimentally. The work
was carried out on adult molluscs with a shell height of 26-38 mm. Molluscs of the control group
were kept in an aquarium with oxygen concentration of 7.0-7.1 mgO,L™ (normoxia). Molluscs
of the experimental group were exposed to hydrogen sulfide loading created by Na,S donor dissolv-
ing in water to a final concentration of 6 mgS?~-L™'. A day later, the oxygen level in water amounted
to 1.8 mgO,-L™}, and hydrogen sulfide was not detected. Some of molluscs were subjected to re-
peated hydrogen sulfide loading by Na,S adding up to a final concentration of 9 mg S*"L™!. By the end
of the second day, 1.9 mg S?>"-L ™" and 0.03 mg O,-L™! (trace oxygen concentration) were recorded in wa-
ter. Under conditions of short-term hydrogen sulfide loading (the first day), the population of A. kagoshi-
mensis erythroid elements became more heterogeneous. In the hemolymph, the content of micro-
and macrocytes increased; the number of cells with an altered shape and low content of granular in-
clusions in the cytoplasm rose. The number of free hematin granules in the hemolymph significantly
increased. The mean cell volume (V) rose by more than 20%. Exposure to increased concentration
of sulfides for two days led to a noticeable decrease in V., which is determined by a significant reduction
in the population of macrocytes in the hemolymph of molluscs.

Keywords: molluscs, Anadara kagoshimensis, hydrogen sulfide, hemolymph, erythroid elements

The occurrence of an extensive redox zone (a chemocline zone) in the Black Sea fundamentally
distinguishes this water area from other ones in the World Ocean. It is characterized by a combination
of conditions of acute hypoxia with hydrogen sulfide contamination [Podymov, 2005]. The chemocline
zone is usually located at depths of 100-150 m. A similar set of conditions can be formed in the shelf
zone [Zaika et al., 2011]. Most often, it is a consequence of the lack of end-to-end vertical convec-
tion and the formation of local areas of decay of dead organic matter [Orekhova, Konovalov, 2018].
Upwelling processes contributing to the accidental transport of hydrogen sulfide-contaminated deepwater
into the coastal zone should also be taken into account [Orekhova, Konovalov, 2018].

Of particular interest are organisms capable of living in conditions of hydrogen sulfide contamina-
tion and extremely low oxygen concentrations. In this regard, an invasive bivalve Anadara kagoshimen-
sis (Tokunaga, 1906) stands out. First found in the Black Sea in 1968 [Kiseleva, 1992], it has become
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one of the leading forms of benthos by now [Revkov, 2016]. Under experimental conditions, A. kagoshi-
mensis showed high resistance not only to acute forms of hypoxia [Cortesi et al., 1992; Isani et al.,
1989], but also to hydrogen sulfide loading [Miyamoto, Iwanaga, 2017; Nakano et al., 2017]. These
are supposed to be the reasons for its wide distribution in the problematic water areas of the Black Sea
and Sea of Azov [Revkov, 2016].

The tolerance of molluscs to acute forms of hypoxia and anoxia is well studied. It is shown to be
based on the ability of their body to couple the processes of protein and carbohydrate metabolism.
This is evidenced by an increase in NH4" production [Chew et al., 2005], a rise in the activity
of alanine and aspartate aminotransferase [Soldatov et al., 2009], a gain in processes of transamina-
tion of glutamate and alanine [Hochachka, Somero, 2002], and a formation of alanine and succinate
as end-products [Buck, 2000].

The ability of molluscs to compensate for the occurrence of hydrogen sulfide in water is not fully
investigated. As shown, their hemolymph contains a special protein and hemoglobins which are insen-
sitive to hydrogen sulfide [Arp, Childress, 1981, 1983]. Moreover, it was revealed that special gran-
ular inclusions of erythrocytes containing hematin are involved in neutralizing increased concentra-
tions of sulfides [Holden et al., 1994; Vismann, 1993]. We demonstrated the role of these inclusions
in H,S neutralization for A. kagoshimensis [Soldatov et al., 2018]. The present paper provides material
in the development of these patterns.

The aim of the work is to study the effect of increased concentrations of hydrogen sulfide on morpho-
logical and morphometric characteristics of erythroid elements of A. kagoshimensis hemolymph under
experimental conditions.

MATERIAL AND METHODS

The work was carried out on adult molluscs sampled in June 2021 in the Laspi Bay waters
(the Crimea). The shell height (from the hinge to the valve edge) ranged within 26-38 mm.

Experimental design. Molluscs of the control group were kept in an aquarium with oxygen concen-
tration of 7.0-7.1 mg O,-L™! (normoxia). A. kagoshimensis of the experimental group were exposed to hy-
drogen sulfide loading created by Na,S donor dissolving in water to a final concentration of 6 mg S?~-L™!.
The exposure lasted 24 h (the first day of the experiment). The presence of sulfide ion in water re-
sulted in its alkalization. This was compensated by adding 0.1 n HCI. The values of pH were maintained
at 8.20-8.27. Sulfide ion interacted with oxygen, and it was accompanied by a decrease in the con-
tent of both gases in the aquarium water over time. After 24 h, the oxygen level in water amounted
to 1.8 mg O,-L!, and hydrogen sulfide was not detected. From seven individuals, hemolymph was sam-
pled from the extrapallial space. The other seven individuals were subjected to repeated hydrogen sul-
fide loading. Na,S was added to the aquarium water to a final concentration of 9 mgS*-L™!. After
24 h (the second day of the experiment), trace oxygen concentration, 0.03 mg O,-L™!, was registered
in the aquarium water, and the level of hydrogen sulfide was of 1.9 mg S?-L™'. Hemolymph was sampled
from these molluscs as well.

The oxygen content in water was monitored using a dissolved oxygen meter ST300D (Ohaus,
the USA). The values of pH were measured on an InoLab pH 720 laboratory meter (Germany).
The amount of sulfide ion in water was determined potentiometrically using a sulfide-selective sensor
MSBS (the Netherlands).
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Morphometric characteristics of erythrocytes. Smears were stained according to Pappenheim
and analyzed under a light microscope Biomed PR2 LYuM equipped with a Levenhuk C NG Se-
ries camera. Cell diameter (C; and C;) and nucleus diameter (N; and N;) were measured from pho-
tographs in ImageJ 1.44p program (Fig. 1). On each smear, the indicated values were determined
for 100 cells. Based on the obtained values, we calculated the mean cell volume (V.) [Houchin et al.,
1958], nucleus volume (V,), cell thickness (h) [Chizhevsky, 1959], cell surface area (S.) [Houchin
et al., 1958], specific cell surface area (SS.), and nuclear-cytoplasmic ratio (NCR) applying
known algorithms:

CL+ Cy\>
1@:0.7012-(%) hV,,

7N, N2
V — 1 2’
" 6
h=1.8+0.0915- (C, —7.5),

2rabsin(hte)
S, = 2ma?b ,
c Ta 0 + -

where

VE-F 646

S v,
. a . b=067h, S5, 7 CR=¢

c

Simultaneously, the number of erythrocyte abnormalities was determined on hemolymph smears
per 1,000 cells.

Statistical comparisons were performed using the nonparametric Mann—Whitney U test. The results
are presented as (M £ m). The standard Grapher package (version 11) was applied.

RESULTS

Morphometric characteristics. Erythrocytes in A. kagoshimensis hemolymph are large rounded
cells (Fig. 1A). The longitudinal (C;) and transverse (C,) diameters have similar values: (18.86 £ 0.61)
and (16.13 + 0.52) um, respectively. The mean cell volume (V,) is (678.5 + 52.0) um?, and the cell
surface area (S.) is (1,037.5 + 78.4) um?. The nucleus is compact, with a high proportion of hetero-
chromatin which reflects the low functional activity of this structure. The shape is ellipsoidal
[N; of (5.46 £ 0.09) um; N; of (4.11 £ 0.10) um]. The nucleus is usually located in the cell center.
The volume (V,) is (50.1 * 3.1) um>. The nuclear-cytoplasmic ratio (NCR) is low, 0.08, which also
indicates suppressed function of the cell nucleus. The cytoplasm is acidophilic, with a high hemoglobin
content and a large number of small granular inclusions.

On the first day, hydrogen sulfide loading was accompanied by a significant increase in the volume
of the cell and its nucleus (Fig. 2). A rise amounted to 24.3 and 30.1%, respectively, and it was statistically
significant (p < 0.05). It is clearly visible that the growth was close. This was evidenced by the fact that
NCR values retained at the level of control ones. The cell surface area rose by almost 23% (p < 0.05)
and reached (1,275.5 £ 99.6) pmz. At the same time, the specific cell surface area (SS.) did not change
and averaged 1.53 um™'. The number of free hematin granules in the hemolymph increased.
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Fig. 1. Morphological types of cells in Anadara kagoshimensis hemolymph (A, normocytes; B, microcytes;
C, macrocytes; D, cells with an altered shape; E, cells with a low number of granular inclusions)

On the second day of the experiment, the situation was the opposite. The cell volume decreased
significantly (see Fig. 2): compared to control values, there was a drop by 36.4% (p < 0.05), and relative
to the first day, by 48.9% (p < 0.01). The nucleus volume and erythrocyte surface area changed similarly.
The changes were proportional which reflects the retention of NCR and SS, values.
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Fig. 2. Morphometric characteristics of erythroid elements of Anadara kagoshimensis hemolymph under
conditions of hydrogen sulfide loading (A, V; B, V; C,NCR; D, S_; E, SS; 1, the control group; 2, the first
day of the experiment; 3, the second day of the experiment)
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Morphological features. Analysis of the morphological features of erythroid cells showed a sig-
nificant increase in the number of microcytes in the mollusc hemolymph under conditions of hydrogen
sulfide loading (the first and second days of the experiment) (Fig. 1B, 3A). Those accounted for 6.6—-7.0%
of cells; it was almost three times higher than control values (p < 0.05). Microcytes were characterized
by lower values of the transverse cell diameter (less than 15 um). Interestingly, there was an increase
in the number of macrocytes in the mollusc hemolymph on the first day by 30-32% (p < 0.05) (Fig. 3B).
Their cell cross-section exceeded 22 um (Fig. 1B).

Under conditions of hydrogen sulfide loading (the first day of the experiment), the number of erythro-
cyte abnormalities in the mollusc hemolymph rose. Cells with an altered shape and extremely low content
of granular inclusions appeared (Fig. 1D, E). Their number increased by 30-50% relative to the control
level (Fig. 3C, D). However, due to much individual variability in the obtained values, the differences
were not statistically significant.
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Fig. 3. Content of cells of various morphological types in Anadara kagoshimensis hemolymph under con-
ditions of hydrogen sulfide loading (A, microcytes; B, macrocytes; C, cells with an altered shape; D, cells
with a small number of grains; 1, the control group; 2, the first day of the experiment; 3, the second day
of the experiment)

DISCUSSION

Double addition of Na,S to the aquarium water where the molluscs were kept led to the development
of an ambiguous situation:
» after the first day, moderate hypoxia occurred in water (1.8 mg O,-L™"), and hydrogen sulfide was not
detected, which seems to be the consequence of the interaction of the latter one with oxygen;
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 repeated addition of Na,S (the second day) resulted in the formation of anoxia with retention

of hydrogen sulfide contamination at the level of 1.9 mg S*"-L!,

The state of the erythroid population of the mollusc cells in each case had its own specifics.

The first day of the experiment. Compared to the control, the erythroid cell population became
more heterogeneous. This was evidenced by a significant increase in the content of macro- and micro-
cytes in the hemolymph, a rise in the number of cells with an altered shape, and a reduced number
of granular inclusions in the cytoplasm. The mean cell volume increased by more than 20%. A rise in V.
can be determined by several processes.

Considering that the bivalves were kept under conditions of moderate hypoxia, we can assume the de-
velopment of a swelling reaction in red blood cells, which is observed in many hydrobionts, including
molluscs [Holk, 1996; Jensen et al., 1998; Nikinmaa et al., 1987; Novitskaja, Soldatov, 2011]. This
reaction is believed to be aimed at correcting the intracellular pH value and determined by the work
of the Na*/H" antiporter [Tufts, 1992]. The swelling is controlled by catecholamines (adrenaline
and norepinephrine) and is implemented via cell $-adrenergic receptors and cAMP [Ferguson, Boutilier,
1988; Salama, Nikinmaa, 1990; Val et al., 1997]. In our case, an increase in the content of cate-
cholamines in the mollusc hemolymph can be expected, since the transition to conditions of mod-
erate hypoxia occurred in a relatively short period of time. However, this process can determine
a growth of cell volume by no more than 5-6% [Nikinmaa et al., 1987], and this is not entirely con-
sistent with the values of changes in V. provided in this work (> 20%). Even taking into account
the higher elasticity of cell membranes of molluscs, indirectly evidenced by a wider range of osmotic
resistance of their erythroid elements [Novitskaja, Soldatov, 2011], this increase can be considered
as excessive.

Interestingly, there was a rise in the number of macrocytes in A. kagoshimensis hemolymph with
the diameter exceeding 22 um. A gain in the level of these cellular forms may explain such an in-
crease in the mean cell volume (V.). Their occurrence in a mollusc hemolymph usually precedes
the apoptosis, when a cell disintegrates into separate fragments (apoptotic bodies) [Manskikh, 2007].
In the case of A. kagoshimensis, this reaction has the meaning of adaptation [Soldatov et al., 2018]:
when a cell is destroyed, hematin-containing granular inclusions are released in a significant amount
into the hemolymph [Holden et al., 1994; Vismann, 1993]. Hematins have a high oxidizing ability
and can interact with hydrogen sulfide [Vismann, 1993]. The most likely product of this interaction
is ferric sulfide:

2Fe3T + 352 — Fe,S; .

It is an unstable compound that, in the presence of oxygen, is oxidized to ferric oxide releasing atomic
sulfur:

2F€253 + 302 - F€203 + 650 .

As known, some species of marine invertebrates are capable of accumulating sulfur under conditions
of hydrogen sulfide contamination [Powell et al., 1980]. This allows us to assume the sequence of events
discussed above. A rise in the content of erythrocytes with a reduced number of granular inclusions
in A. kagoshimensis hemolymph under conditions of hydrogen sulfide loading also gives us the grounds
to make an assumption on the ability of these cells to remove hematin granules beyond their membranes
not violating their integrity.
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The second day of the experiment. Distinctive features of the population of erythroid elements
of A. kagoshimensis hemolymph on the second day were the high content of microcytes in it and a signif-
icant decrease in the mean cell volume (V). Apparently, the latter was determined by a drop in the num-
ber of macrocytes in the mollusc hemolymph, since the content of microcytes on the first and second
days of the experiment was close. An increase in the number of microcytes in the hemolymph may be
due to several processes.

The first process is fragmentation of the cytoplasm areas of red blood cells leading to the formation
of schistocytes. In this case, the cell size decreases (microcytes are formed). This phenomenon was noted
for organisms at various levels of organization, including humans [Bessman, 1988]. It is usually observed
during the development of anemia states. It was also shown for A. kagoshimensis under conditions of ex-
ternal anoxia [Soldatov et al., 2021]. Apparently, this is the main process that results in the formation
of a large number of microcytes in the mollusc hemolymph in a relatively short time.

The process close to fragmentation is direct division of highly specialized cells (amitosis), inter alia
erythrocytes. It involves a random distribution of nucleus material [Fuller, Shields, 1998]. A particular
manifestation of this process is the formation of anucleate cells and microcytes. It occurs if the nucleus,
prior to cytokinesis (formation of a constriction), moves towards one of the cell poles. This phenomenon
was described for A. kagoshimensis as well [Novitskaya, Soldatov, 2013]. It can also be observed in cells
with an altered shape in the present work (Fig. 1D).

The formation of microcytes is also possible during intensive hematopoiesis (erythropoiesis);
it is most often observed under conditions of oxygen deficiency similar to those for A. kagoshimen-
sis. However, data on this issue in relation to molluscs are extremely scarce [Furuta, Yamaguchi, 2001],
which does not allow us to accept this interpretation as a basis.

Conclusion. Under conditions of short-term hydrogen sulfide loading (the first day), the popula-
tion of Anadara kagoshimensis erythroid elements becomes more heterogeneous. In the hemolymph,
the content of micro- and macrocytes increases, and the number of cells with an altered shape and low
content of granular inclusions in the cytoplasm rises. The number of free hematin granules in the mollusc
hemolymph increases noticeably. The mean cell volume (V.) rises by more than 20%. Staying under
conditions of increased sulfide concentration within the second day results in a significant decrease
in V., which is determined by a notable reduction in the population of macrocytes in A. kagoshimensis
hemolymph.

This work was carried out within the framework of IBSS state research assignment “Functional, metabolic,
and molecular genetic mechanisms of marine organism adaptation to conditions of extreme ecotopes of the Black
Sea, the Sea of Azov, and other areas of the World Ocean” (No. 124030100137-6).
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MOPP®OMETPUYECKUE XAPAKTEPUCTUKU PUTPOUIHDBIX 9JIEMEHTOB
IF'EMOJIMM®bI ANADARA KAGOSHIMENSIS (TOKUNAGA, 1906)
B YCJIOBUAX CEPOBOJOPOJIHOTI'O 3APAZKEHUA

A. A. Coagaros!?, B. H. Puiukosa!, T. A. Kyxapesa!

'®I'BYH PUII «HCTUTYT GHOJIOrMH I0KHBIX Mopeii umenn A. O. Kopanepckoro PAH»,
Cesactononb, Poccuiickas ®enepanus
2CeBacTonosbCKmii rocyiapcTBeHH B yHuBepcuTeT, CeBacTomonb, Poccuiickas denepanms
E-mail: alekssoldatov@yandex.ru

B ycoBusIX sKCrIepuMeHTa UCCIIEA0BANN BIMSIHUE CEPOBOAOPOAHOMN HArPY3KH Ha MOP(OMETPUYECKHUE
XapaKTepUCTUKH IPUTPOUAHBIX JIEMEHTOB reMomuMsl Anadara kagoshimensis (Tokunaga, 1906).
Pabora BbINonHeHa Ha B3POCTIBIX 0COOSIX MOJUTIOCKA C BHICOTOH pakoBUHH 26—38 MM. KoHTposbHYI0
rpyIIy MOJLTIOCKOB COAEP:KaIM B aKBAPMyMe C KOHLeHTparueii kucnopoga 7,0-7,1 mr O,-n~! (Hop-
MOKCH#1). DKCIEPUMEHTATbHYIO IPYIITY MOABEPrayiv AEHCTBUIO CEPOBOOPOJHON Harpy3KH, CO3/1aBaB-
mieficsl IpY PacTBOPEHHH B Bojie JoHopa Na,S 10 (puHaisHOM KoHneHTpamyu 6 mr 821!, Crycrs
CYTKH YpOBeHb KMCIOoposia B Bojie coctasui 1,8 mr O,-1~!, a cepoBojiopon He Gbi 0GHapyskeH. YacTh
MOJUTIOCKOB ITOIBEPrajiv IOBTOPHON CEPOBOAOPOHOM Harpy3ke myTéM BHeceHus Na, S 1o ¢puHanpHoM
koHnenTparuu 9 mMr %~ K KoHITy BTOpHIX CyTOK B Bojie peructpupobamu 1,9 mr S2~-17! u cnemo-
BYIO KOHIIEHTpaiuio kKuciopoaa — 0,03 Mr O,-1~!. B yc/0BUSAX KPaTKOCPOUHO# cepOBOIOPOIHOI Ha-
TPY3KH (TIepBbIe CYTKH) MOMYJISIUS SPUTPOMIHBIX SJIEMEHTOB aHaAaphl CTAHOBUIJIACKH O0Jiee TeTeporeH-
HOH. B remosmme nmoBsImanock cogepkaHie MUKPO- ¥ MaKPOLIMTOB, YBEJIMUNBAJIOCH YHCIIO KJIETOK
C U3MEHEHHOU (hOPMOI M HU3KMM COZIEPXKAaHMEM 3ePHUCTHIX BKJIIOUEHUH B LUTOIUIa3zMe. Yucio cBo-
OOJHBIX I'paHyJI reMaTHa B reMoMde CyliecTBeHHO pociio. CpeHekeTounslil 00beM (V) yBenm-
yuBasicsi 6osee yeM Ha 20 %. [IpeOpiBaHUE B YCIOBHSX MOBBILIEHHOW KOHLIEHTPALUH CYJIb(HIOB B Te-
YyeHue JBYX CYTOK IIPUBOIMJIO K 3HAUMTEIbHOMY IOHIKEHHIO V, YTO OIpeJesseTcs CyIeCTBeHHbBIM
COKpaIlleHHEeM MOIYJIAIMY MaKPOLIUTOB B reMOJIMM(e MOJLTIOCKOB.

KuaroueBsble ciioBa: MOJUIIOCKH, Anadara kagoshimensis, cepoBOIOpOJ, reMouMpa, IpuTpouIHbIE
3JIEMEHTHI

Mopckoii 6uosorrueckuii xypHain Marine Biological Journal 2024 vol. 9 no. 1


http://ibss-ras.ru/
http://ibss-ras.ru/
https://www.sevsu.ru/
mailto:alekssoldatov@yandex.ru

8 71 Mopckoii GUOJIOrUYeCKUH KypHAI

Marine Biological Journal

OO )
’!ﬁﬁmﬂﬂﬂ!‘ 2024, vol. 9, no. 1, pp. 108-117
WEBIOM — IBSS https://marine-biology.ru

UDC 574.58(265.57)
MARINE ALGAL FLORA OF THE SOUTHERN ISLANDS OF JAPAN

©2024 E. Titlyanov!, T. Titlyanova!, O. Belous!, and M. Tokeshi?

'A. V. Zhirmunsky National Scientific Center of Marine Biology FEB RAS, Vladivostok, Russian Federation
2 Amakusa Marine Biological Laboratory, Kyushu University, Reihoku-Amakusa, Kumamoto, Japan
E-mail: ksu_bio@mail.ru

Received by the Editor 20.01.2023;  after reviewing 28.03.2023;
accepted for publication 09.10.2023;  published online 22.03.2024.

In 1995-2019, marine algae were sampled in the intertidal and upper subtidal zones of the Amakusa
Archipelago (Shimoshima islands) and the southern islands of the Ryukyu Archipelago (Okinawa,
Sesoko, leshima, Akajima, Miyako, Ishigaki, Iriomote, and Yonaguni). A total of 569 species and tax-
onomic forms of benthic macroalgae were identified. Out of them, 57% belonged to red algae; 15%,
to brown algae; and 28%, to green algae. On these islands, 153 taxa were found for the first time. During
the specified period, the benthic marine flora of individual islands was analyzed with varying degrees
of care. The most thoroughly studied island of the Amakusa group was Shimoshima (14 localities
during all seasons), and of the Ryukyu Archipelago, Sesoko (8 localities during all seasons). The com-
parison of taxonomic and biogeographic characteristics of marine floras of these two archipelagos — bio-
diversity of species and forms, taxonomic composition of algal communities, and potential capabilities
of geographic (latitudinal) distribution of taxa — give us the grounds to classify the Shimoshima Is-
land as a warm-temperate region of the Northern Hemisphere in East Asia, and the southern islands
of the Ryukyu Archipelago, as a tropical biogeographic region.

Keywords: macroalgae, Amakusa Archipelago, southern islands of the Ryukyu Archipelago,
comparison of the marine flora

The southern islands of Japan are situated in warm waters of two biogeographic regions of the North-
ern Hemisphere — Indo-West Pacific warm-temperate region and tropical region — in geographic
latitudes from 32°23'N to 24°03’N, according to the scheme of J. C. Briggs [1974] modified
by K. Liining [1990] (Fig. 1).

The benthic marine flora of the southern islands of Japan has been fairly well studied mainly
by Japanese algologists since 1897 [Okamura, 1897, 1930] and during the 1930s-2000s (see Sup-
plement 1: https://marine-biology.ru/mbj/article/view/422/655). Only one work was dedicated
to the benthic flora of Amakusa islands [Segawa, Yoshida, 1961].

The authors of the present article initiated the research on the benthic flora of the islands
of the Ryukyu Archipelago in 1995 within the framework of ecological studies of Sesoko Is-
land coral reef ecosystem (the west of Northern Okinawa) at the Tropical Biosphere Research
Center Sesoko Station of the University of the Ryukyus. In parallel to eco-physiological investi-
gations, the study of the benthic marine flora of the Amakusa Archipelago (Shimoshima islands)
and the Ryukyu Archipelago (Okinawa, Sesoko, Ieshima, Akajima, Miyako, Ishigaki, Iriomote,
and Yonaguni) was carried out (Fig. 1).
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Fig. 1. Sites of algal sampling (marked with red circles) on islands of the Amakusa and Ryukyu archipela-
gos. A, islands where algae were sampled. B, sampling sites in Okinawa Prefecture: Cape Hedo (site 1);
Ieshima Island (2); Sesoko Island (3); Oura Bay (4); Henoko point (5); Maeda coast (6); Arasaki Beach (7, 8);
Ohdo coast (9). C, sampling sites along Tomioka Peninsula, Shimoshima Island: Magarizaki coast (1, 2);
Akaiwa coast (3, 4); Shikizaki Bay (5); Shiraiwazaki Bay (6-8); Reihoku coast (9); Tomioka Har-
bor (10-13); Tsujishima Island (14, 15). D, sampling sites along Sesoko Island (1-8). E, sampling sites
along Iriomote Island: Hoshidate coast (1); Kanoka coast (2). F, sampling sites along Yonaguni Island:
Sonai locality (1-3); Higawa Bay (4); Tojima coast (5). G, sampling sites along Akajima Island, upper sub-
tidal of the western coast (1-3). H, sampling sites along Miyako Island: Karimata coast (1, 2); Cape Higashi
Hennasaki (3). I, sampling sites along Ishigaki Island: Shiraho coast (1); Kabira Bay (2). J, sampling sites
along Ieshima Island, southeastern coast (1, 2)

Material partially published earlier provided the dynamics of algal growth on damaged and dead
coral colonies in the sea and in aquariums of Sesoko Island [Titlyanov et al., 2008, 2010, 2018], decadal
changes in algal assemblages of Yonaguni Island [Titlyanov et al., 2016], and historical changes in the ma-
rine flora of Tomioka Peninsula, Shimoshima Island [Titlyanov et al., 2019a, b]. For other islands
we studied, the data are published for the first time.

The aim of this work was to present an annotated list of benthic algae in coral reef ecosystems
of the Ryukyus and ecosystem of hard substrata with coral settlements of Amakusa islands, using all
papers on the inventory of the benthic flora of the islands and our published and unpublished sampling
data of 1995-2019. Moreover, based on a comparison of taxonomic and biogeographic characteristics
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of recent benthic algal floras of the islands of these two archipelagos [diversity of species and forms,
taxonomic composition of algal communities, and potential opportunities for geographical (latitudinal)
distribution of taxa], we aimed at assigning them to specific biogeographic regions of the Northern
Hemisphere in East Asia.

MATERIAL AND METHODS

Sampling sites and time. The study of the marine flora along the coast of Okinawa Island was car-
ried out in November—December 2006 in the following localities: Cape Hedo, Oura Bay, Henoko point,
Maeda coast, and Ohdo coast; in March 2013 and February 2014, the investigation was carried out along
Arasaki Beach (Fig. 1B). In the west of Northern Okinawa, along the coast of Sesoko Island, algae were
collected in 1995 (May—October), 1997 (September—December), 1998 (January—April), 2002 (October—
December), 2003 (January—September), 2004 (July), 2005 (February—May), 2006 (November—
December), 2007 (January), 2014 (February), and 2019 (January—February) (Fig. 1D). In Decem-
ber 2006, marine algae were sampled along the southeastern coast of Ileshima Island (Fig. 1J).
In August 1995, algal sampling was carried out on a coral reef along the western coast
of Akajima Island (the group of Kerama islands) at three localities (Kubamanohama, Kushibaru,
and Hanase) (Fig. 1G), Kohama Island (the group of Yaeyama islands), and at two localities of Ishi-
gaki Island (Kabira Bay and Shiraho Reef) (Fig. 11). In March 2013, marine algae were sampled around
Yonaguni Island (Sonai, Higawa, and Tojima bays) (Fig. 1F) and along the coast of Miyako Island (Kari-
mata locality and Cape Higashi Hennasaki) (Fig. 1H). In February 2017, algal sampling was carried out
along the coast of Iriomote Island (Hoshidate and Tanaka bays) (Fig. 1E). On Shimoshima Island, marine
algae were sampled in November and December 2012, April and August 2013, January 2014, October
and November 2015, and November 2017 at seven localities of Tomioka Peninsula: Akaiwa, Magarizaki,
Shikizaki Bay, Shiraiwazaki Bay, Tomioka Harbor, Tsujishima Island, and Reihoku-cho (Fig. 1C).

Collection, conservation, and floristic analysis of samples. Macroalgae were sampled in the up-
per, middle, and lower intertidal and the upper subtidal (from 0.5-m to 4-m depth during low tide) zones
of Ryukyu islands by T. Titlyanova, E. Titlyanov, and O. Belous; on Amakusa islands, by T. Titlyanova,
E. Titlyanov, and M. Tokeshi. In the upper subtidal zone, marine plants were sampled via snorkel-
ing (by T. Titlyanova) and scuba diving (by E. Titlyanov and M. Tokeshi) during low and high tides.
Algae were collected from all types of substrata. The algal samples are deposited at the A. V. Zhir-
munsky National Scientific Center of Marine Biology, Far Eastern Branch of the Russian Academy
of Sciences (Vladivostok, Russian Federation).

Fresh and dried specimens were identified by T. Titlyanova, E. Titlyanov, and O. Belous using
the data of monographic publications, floristic studies, and systematic articles cited in previous pa-
pers [Titlyanov et al., 2011; Titlyanova et al., 2012]. The systematics and nomenclature follow Algae-
Base [2023]. Hierarchical classification of the phylum Rhodophyta is given according to [Saunders, Hom-
mersand, 2004; Schneider, Wynne, 2013; Wynne et al., 2014]. The classification system of the phyla
Chlorophyta and Ochrophyta is given in accordance with [Tsuda, 2003, 2006].

RESULTS

Species composition. The results of the present study are provided in Table (see Supplement 2:
https://marine-biology.ru/mbj/article/view/422/656). It documents 569 species and taxonomic forms
of benthic macroalgae sampled off the southern islands of Japan in 1995-2019; 153 species of marine
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algae were new records for the Amakusa and Ryukyu archipelagos (see [Titlyanov et al., 2016, 2019a, b]).
The phylum Rhodophyta (Rh in Fig. 2) was comprised of 4 classes, 17 orders, 47 families, 128 genera,
and 324 species (57% of all species). The phylum Ochrophyta (Oc) was comprised of 2 classes, 10 orders,
16 families, 43 genera, and 86 species (15% of all species) belonging to the class Phaeophyceae. The phy-
lum Chlorophyta (Ch) was comprised of 2 classes, 7 orders, 23 families, 49 genera, and 159 species (28%
of all species) (Suppl. 2, Fig. 2).

100-

1 B rRh
5% [ oc
Q -
Qé 60 [ ch Fig. 2. Proportion of species and their taxonomic
oo forms sampled along the islands of the Ryukyu
" and Amakusa archipelagos in 1995-2019. Ry, is-
-g 40 lands of the Ryukyu Archipelago; Ss, Sesoko Island;
<3 Sh, Shimoshima Island (the Amakusa Archipelago).
S 1 Rh, Rhodophyta; Oc, Ochrophyta; Ch, Chlorophyta
™ 204 34

T 19%]

0
Ss Sh

Out of red algae, the highest number of taxa belonged to four orders: Ceramiales (129),
Gigartinales (35), Corallinales (29), and Rhodymeniales (24). Brown algae were mostly represented
by Ectocarpales (26), Dictyotales (22), and Fucales (23). Out of green algae, Bryopsidales (67),
Cladophorales (47), and Ulvales (23) prevailed (Suppl. 2, Fig. 3A).

All species of our collection were found earlier by other authors in tropics and/or subtropics.
Out of them, 79% were recorded in tropics and/or subtropic alone; 13% were registered in tropics
and/or subtropics and in temperate latitudes as well; and 8% were noted in tropical and/or subtropical,
temperate latitudes, and Arctic and/or Antarctic.

More than a half (58%) of all species of our collection were found in the seas of Pacific, Indian,
and Atlantic oceans; 27% inhabited only the Indo-Pacific; and 15% inhabited only the seas of the Pacific
Ocean (Fig. 4A).

On all investigated islands of the Ryukyu Archipelago, 428 species of marine algae were docu-
mented. Out of them, 54% were red algae, 12% were brown, and 34% were green (Suppl. 2, Fig. 2).
Species of red algae belonged to 4 classes, 16 orders, 40 families, and 104 genera; species of brown algae,
to 2 classes, 7 orders, 10 families, and 28 genera; and species of green algae, to 2 classes, 7 orders, 22 fam-
ilies, and 46 genera. In terms of species number, the richest families and orders were the following ones:
out of red algae, Rhodomelaceae (50), Ceramiaceae (32), and families of Corallinales (23); out of brown
algae, Dictyotaceae (17), Sargassaceae (11), and Scytosiphonaceae (6); and out of green algae, Cauler-
paceae (23), Cladophoraceae (21), and Ulvaceae (13) (Suppl. 2, Fig. 3B). All species of our collection
were previously found by other authors in tropics and/or subtropics. Out of them, 84% were registered
only in tropical and/or subtropical latitudes; 8% were noted in temperate latitudes; and 8% were recorded
in Arctic and/or Antarctic. Also, 28% of marine algae belonged to the Indo-Pacific, and 8% inhabited
only the seas of the Pacific Ocean (Suppl. 2, Fig. 4B).
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Fig. 3. Number of marine algal species in the richest taxa: A, all investigated southern islands of Japan;
B, islands of the Ryukyu Archipelago; C, Sesoko Island; D, Shimoshima Island

Out of the islands of the Ryukyu Archipelago, the highest number of species (329) were sampled
along the coast of Sesoko Island (26°38’N, 127°51’E); out of them, 55% were red algae, 12% were
brown, and 33% were green (Suppl. 2, Fig. 2). Species of red algae were represented by 4 classes,
16 orders, 38 families, and 94 genera; brown algae, by 2 classes, 7 orders, 10 families, and 26 genera;
green algae, by 2 classes, 6 orders, 21 families, and 42 genera. The highest species richness was regis-
tered for the following orders and families. Out of red algae, Rhodomelaceae (32), Ceramiaceae (23),
and families of Corallinales (14) prevailed; out of brown algae, Dictyotaceae (12), Sargassaceae (9),
and Acinetosporaceae (5); and out of green algae, Cladophoraceae (14), Caulerpaceae (14), and Ul-
vaceae (11) (Suppl. 2, Fig. 3C). In the collection representing Sesoko Island, 83% of all species belonged
to tropics and/or subtropics alone; 8%, temperate latitudes; 9%, Arctic and/or Antarctic. Moreover, 28%
of algae represented only the Indo-Pacific, and 7%, the seas of the Pacific Ocean (Suppl. 2, Fig. 4C).

Off the most northern island of investigated ones, Shimoshima (the largest island of the Amakusa
Archipelago, 32°31’N, 130°02’E), located 6° north of Sesoko Island, we sampled 321 species and forms.
Out of them, 63% were red algae, 17% were brown, and 20% were green (Suppl. 2, Fig. 2). Species
of red algae represented 4 classes, 17 orders, 40 families, and 93 genera; species of brown algae,
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1 class, 8 orders, 13 families, and 28 genera; and species of green algae, 1 class, 5 orders, 20 fami-
lies, and 30 genera. The highest species richness was registered for the following families: out of red
algae, Rhodomelaceae (33), families of Corallinales (20), and Ceramiaceae (13); out of brown algae,
Sargassaceae (15), Dictyotaceae (14), and Scytosiphonaceae (8); out of green algae, Ulvaceae (12),
Cladophoraceae (10), and Codiaceae (7) (Suppl. 2, Fig. 3D). In the collection of algae sampled oft Shi-
moshima Island, 69% were tropical and/or subtropical species; 18% were species of temperate lati-
tudes; and 13% were species of Arctic and/or Antarctic. Moreover, 22% inhabited only the Indo-Pacific,
and 20% belonged to species inhabiting only the seas of the Pacific Ocean (Suppl. 2, Fig. 4D).
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Fig. 4. Geographic distribution of marine algae off the southern islands of Japan. A, all investigated
southern islands of Japan; B, islands of the Ryukyu Archipelago; C, Sesoko Island; D, Shimoshima Is-
land. T, S + S, previously found inhabiting only the tropics and/or subtropics; T, S, M + S, M, previously
found in tropical and/or subtropical and temperate latitudes; T, S, M, Ar / An, previously found in tropical
and/or subtropical, temperate latitudes, and Arctic and/or Antarctic; I-P, inhabiting only the Indo-Pacific;
P, found living only in the seas of the Pacific Ocean

DISCUSSION

The floristic diversity and composition of macrophytes from islands of the Ryukyu Archipelago
sampled by us in 1995-2019 were close to those for other islands in the Indo-Pacific, where coral reefs
are the main ecosystem, algal species richness is characterized by 400 taxa, and the floristic composition
is reported to be as follows: 50-60% of red algae, 20-35% of green algae, and 10-20% of brown
algae [Huisman, Borowitzka, 2003; Lewis, Norris, 1987; Silva, 1992; Silva et al., 1987, 1996; Tseng,
1983; Tsuda, 2003, 2006; Zhang, 1996].
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Taxonomic diversity, species richness of above-mentioned families, a group of species, or an indica-
tor species of coral ecosystems of the seas of Southeast Asia, and potential latitudinal distribution of ma-
rine algae of the Ryukyu Archipelago are close to those of other coral reefs studied by us in the South
China and East China seas lying in tropical and subtropical latitudes [Belous et al., 2021; Titlyanov et al.,
2011, 2014, 2015, 2016; Titlyanova et al., 2014].

Taxonomic characteristics of the benthic marine flora on Shimoshima Island of the Amakusa
Archipelago differed significantly from those for the southern islands of the Ryukyu Archipelago.
On the Amakusa Archipelago, the relative number of red algae was higher by 9%, and brown algae,
by 5%. At the same time, the relative number of green algae was lower by 14% than on Ryukyu islands.
Taxonomic diversity of green algae on Shimoshima Island was significantly lower than that for the south-
ern islands of the Ryukyu Archipelago: the values were lower by 1 class, 2 orders, 2 families, 16 gen-
era, and 82 species. Moreover, green algae of two archipelagos differed in composition of families
with the highest species richness. Specifically, on Ryukyu islands, those were Cladophoraceae, Cauler-
paceae, and Ulvaceae; on Amakusa islands, Ulvaceae, Cladophoraceae, and Codiaceae. Algal collections
from the archipelagos differed in relative number of species belonging to various geographical zones.
The collection from Shimoshima Island contains less species (by 14%) representing tropics and subtrop-
ics alone than the collection from Ryukyu islands, as well as relatively more species belonging to tem-
perate latitudes (by 11%) and Arctic and/or Antarctic (by 3%). Also, there are 13% more species which
inhabit only the seas of the Pacific Ocean.

According to the scheme of marine biogeographic regions provided by J. C. Briggs [1974] and modi-
fied by K. Liining [1990], Kyushu Island and the Amakusa Archipelago (southern islands of Japan) are lo-
cated on the border between the warm-temperate region and cold-temperate region, and the southern is-
lands of the Ryukyu Archipelago are situated on the border between the warm-temperate region and trop-
ical biogeographic region. Data presented by us on taxonomic diversity of marine algae on the Amakusa
and Ryukyu archipelagos give the grounds to suppose that the recent benthic flora of these archipelagos
belongs to two different biogeographic regions.

As known, the marine flora of biogeographic temperate regions in both hemispheres differs
in species diversity and the values of R/P index (number of Rhodophyta species divided by num-
ber of Phaeophyceae species) and C/P index (number of Chlorophyta species divided by number
of Phaeophyceae species) [Belous et al., 2013; Lewis, Norris, 1987; Nguyen et al., 2013; Perestenko,
1980, 1994; Pham, 1969; Santelices et al., 2009; Titlyanov et al., 2015; Titlyanova et al., 2014]. It can
be summarized that an average of about 200 species of benthic macroalgae were found in the cold-
temperate region, and more than 400 species were recorded in the tropical biogeographical region. Both
in the Northern and Southern hemispheres, the marine flora of cold waters is enriched with brown algae,
and the flora of warm waters is enriched with red and green algae. The indices R/P and C/P in a given
flora are very important characteristics of biogeographic regions. Their values for the marine flora of cold
waters are 1.0-2.0 and 0.3-0.8, respectively; for the marine flora of warm waters, 2.5-4.0 and 0.5-1.0,
respectively; and for the marine flora of tropical waters, 3.0-4.5 and 1.0-2.0, respectively [Santelices
et al., 2009].

One of key indicators of the benthic flora in the tropical biogeographic region is the richness of algal
species and forms in families of the order Ceramiales (Rhodophyta) and in Caulerpaceae, Boodleaceae,
and Valoniaceae (Chlorophyta) [Belous et al., 2021; Titlyanov et al., 2015]. Main identification char-
acteristic of the benthic flora of the warm-temperate region in the Northern Hemisphere in East Asia
1s the most actively settling representative of the warm-water genus Sargassum C. Agardh, 1820 [Belous
etal., 2013].
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Our sampling in 2012-2017 on Shimoshima Island [Titlyanov et al., 2019a] allowed documenting
more than 300 species of benthic macroalgae with a significant prevalence of red algae (63%) over
brown and green algae. R/P value for sampled algae was 3.6, and C/P value was 1.1. Those corre-
spond to the flora of warm-temperate regions and give us the grounds to classify Shimoshima Island
of the Amakusa Archipelago, with its benthic flora, as part of the warm-temperate region.

On Sesoko Island, 6° south of Shimoshima Island, in 1995-2019, we recorded more than
300 species and forms of marine algae, with red and green algae prevailing. R/P value of sampled algae
was 4.4, and C/P value was 2.6. All found species belonged to tropical latitudes; in these calcu-
lations, we also used material from our earlier works [Titlyanov et al., 2008, 2010, 2018, 2019b].
In the collection, species of red and green algae of tropic-specific families prevailed: Rhodomelaceae,
Ceramiaceae (Rhodophyta), and Caulerpaceae (Chlorophyta).

On Yonaguni Island (southwest of Okinawa islands, 8° south of Shimoshima Island), only at three
localities, we sampled about 200 species of marine algae; out of them, as well as on Sesoko Island,
red (59%) and green algae (31%) prevailed. R/P value was 6.1, and C/P value was 3.2 [Titlyanov
et al., 2016]. Thus, the main indicators of the taxonomic diversity of benthic floras for the most stud-
ied islands, Sesoko and Yonaguni, give us the grounds to assign the southern islands of the Ryukyu
Archipelago (from N26° and south), with their benthic flora, to the tropical biogeographic region.

Conclusion. A total of 569 species of marine benthic algae were found off the southern islands
of Japan; out of them, 153 species were registered for the first time. The comparison of taxonomic
and biogeographic characteristics of marine floras of the Amakusa and Ryukyu archipelagos — biodiver-
sity of species and forms, taxonomic composition of algal communities, and potential capabilities of geo-
graphic distribution of taxa — give us the grounds to classify Shimoshima Island as a warm-temperate
region of the Northern Hemisphere in East Asia, and the southern islands of the Ryukyu Archipelago,
as a tropical biogeographic region.
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'HanyonanbHbI# HayuHBIA TIEHTP MOpcKoii 6uonoruu umenn A. B. Kupmynckoro [JBO PAH,
BrnaguBoctok, Poccuiickas ®eneparys
2Mopckas 6uonoruyeckas nabopatopusi Amakchl, Yausepcurer Kiocio, Peiikoky-Amakca, Kymamoro, Snonus
E-mail: ksu_bio@mail.ru

C 1995 1o 2019 r. Ha MTOpaM U B BEpXHEH CyOaMTopany apxuiienara Amakca (ocrpoB Cumocuma)
U I0)KHBIX OcTpoBOB apxumneiara Pokio (Okunasa, Cecoko, Uan3uma, Akanzuma, Musiko, Mcuraku,
Hpuomote u MoHaryHu) 6111 COOPaHEl MOPCKHE BOAOPOCITH. Beero o6HapykeHo 569 BUIOB U TaKCO-
HOMMYECKMX (hopM OEHTOCHBIX MaKpOBOJOPOCIHEH, U3 HUX 57 % MpHUHAIJIeKAT K KPACHBIM BOAOPOC-
nsm, 15 % — x OypbiM, 28 % — k 3eneéHbiM. HOBBIMU /17151 3THX OCTPOBOB ObUIM 153 BUIa Boopocien.
B Teyenne ykazaHHOTO neproja OEHTOCHYI0 MOPCKYIO (bJIOpY OTHENbHBIX OCTPOBOB aHAJIM3HPOBAIIH
C pa3HOM CTeneHblo TiaTeabHocTH. Cpeld OCTPOBOB apxwuriesiara AMakca caMbiM M3YYeHHBIM ObLT
CumocuMa (ucciiefoBaHo 14 To4Yek BO BCE CE30HBI), a cpelu ocTpoBOB apxurenara Piokio — Ceco-
KO (8 Touek BO Bce ce30Hbl). CpaBHEHHE TAKCOHOMUYECKHUX U OMOreorpapuueckux XapakTepuCTHK
MOpPCKUX (JIOp 3THX OBYX apXMIlesaroB: OMopa3HooOpas3usl BUAOB U (OPM, TAKCOHOMUYECKOTO CO-
CTaBa BOAOPOCIIEBBIX COOOINECTB U MOTEHIMATIBHBIX BO3MOKHOCTEN reorpaduueckoro (IMpOTHOTO)
pacnpoCTpaHeHusI BUIOB — IAaET HaM OCHOBaHMS KJIAacCCU(UIMPOBaTh OcTpoB CMMOCHMa Kak Terl-
noymepeHHbI perroH CeBepHoro mnosymiapus B BoctouHol Aswu, a 10)KHBIE OCTpOBa apxuresara
PIoki0 — Kak Tpormieckuil OuoreorpadgpuuecKuii peruoH.

KuroueBbie cjoBa: MakpoBOJOPOCIH, apxuriesnar AMakca, I0)KHbIe OCTpoBa apxurenara Piokio,
CpaBHEHHE MOPCKOW (hIIOphI
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CHRONICLE AND INFORMATION

ON THE ANNIVERSARY OF ILKHAM KHAYAM OGLY ALEKPEROYV,
D. SC., PROFESSOR,
CORRESPONDING MEMBER OF THE AZERBAIJAN NAS

On 20 November, 2023, a famous protistologist Ilkham
Khayam ogly Alekperov, the head of the laboratory of proto- =
zoology at the Institute of Zoology of the Azerbaijan National "
Academy of Sciences, celebrated his 75t birthday.

Ilkham Khayam ogly Alekperov was born in Baku into
a family of biologists. His father, PhD Khayam Mukhtar ogly
Alekperov, was a famous mammalogist and author of many
scientific articles and monographs. He worked at the Institute
of Zoology of the Azerbaijan Academy of Sciences (here-
inafter AAS). His mother, PhD Khalida Huseyn qgizi Kulieva,
worked at the Institute of Botany of AAS for many
years. The specialty of Ilkham Alekperov’s parents deter-
mined his choice, and after graduating from high school,
he entered the biological faculty of the Azerbaijan State
University (graduated in 1971).

While still a student, I. Kh. Alekperov was very interested in the study of freshwater ciliates
and mastered modern cytological methods of silver impregnation of ciliate infraciliature and staining
of their nuclear apparatus and other cellular structures. Even then, Ilkham Khayam ogly Alekperov pub-
lished his first scientific articles and successfully made presentations at authoritative scientific meetings,

which was rare in those days.

Right after graduating from the university, he entered the PhD graduate school at the Institute
of Zoology of AAS. He was carrying out his PhD thesis in the laboratory of hydrobiology.

In 1977, 1. Kh. Alekperov successfully defended his PhD thesis “Planktonic ciliates of the Min-
gachevir, Varvara, and Jeyranbatan reservoirs.” In plankton of these three reservoirs, he found 120 ciliate
taxa, inter alia 1 new genus and 20 new species.

In 1975, Ilkham Khayam ogly Alekperov, along with several other junior researchers, was trans-
ferred by order of the Presidium of AAS to the laboratory of environmental physiology at the Institute
of Physiology of AAS. He worked there until 1986. All these years, along with studying the use of certain
ciliate species as test organisms and the development of methods for determining toxicity of heavy met-
als, oil products, insecticides, and other toxicants based on cellular physiological parameters (division
rate, as well as disturbances in phagocytosis and osmoregulation), I. Kh. Alekperov continued analyzing
species diversity and ecology of free-living ciliates in fresh waters of Azerbaijan.
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His publications of that period, especially those containing descriptions of numerous new ciliate
taxa, were actively cited by leading ciliatologists. Ilkham Khayam ogly Alekperov became a recognized
authority in his field.

In 1986, he was transferred to the Institute of Zoology of AAS, to the laboratory of protozoology,
as a senior researcher. In 1989, he headed this laboratory.
In 1987, I. Kh. Alekperov successfully defended

his D. Sc. dissertation “Freshwater ciliates of artifi- |8 o | A= <)
. / of - y
s Protistolc "E’ .

cial reservoirs in Azerbaijan” at the Leningrad State
University. This defense was a real event, especially
since the official opponents were recognized lead-
ers in Soviet and world protozoology: correspond-
ing member of the Academy of Sciences of the So-
viet Union, Professor Yu. I. Polyansky, Professor
L. N. Seravin, and Professor Ya. I. Starobogatov.

In addition to providing a detailed morpholog-
At the V European Congress of Protistology

ical description of 100 rare ciliate taxa, including (Saint Petersburg, 2007)

2 new genera and 40 new species, the dissertation was Professor Wilhelm Foissner (Salzburg, Austria)
is pictured in the center

the first to provide data on the microzonal distribu-
tion of ciliates, as well as their daily migrations both
in plankton and benthos. New patterns were estab-
lished for colonization of sterile substrates by ciliates,
sanitary characteristics were given for all the studied
reservoirs, and the sources of their pollution were in-
dicated. Moreover, an original method of obtaining
live ciliate food for feeding larvae of commercially
important fish was proposed, which was introduced
at fish hatcheries in the Leningrad region.

In the late 1990s, Ilkham Khayam ogly Alekperov
headed several biomonitoring projects aimed at as-

. o ; . Sampling on Lake Baikal (2007).
sessing the effect on biodiversity of geological ex- Professor Norbert Wilbert (University of Bonn)

ploration in offshore oil field areas. In 2001-2007, is pictured on the right
he was a representative of the Azerbaijan National Academy of Sciences in the scientific research
and biomonitoring group of British Petroleum Azerbaijan. In 20022010, I. Kh. Alekperov was a mem-
ber and then chairman of the expert council of the department of biology and agriculture of the Higher
Attestation Commission of Azerbaijan.

In 2007, he was elected a corresponding member of the Azerbaijan National Academy of Sciences.
In 2009, by decision of the Higher Attestation Commission of Azerbaijan, he was awarded the academic
rank of Professor. In 2009, Ilkham Khayam ogly Alekperov was appointed deputy director of the Insti-
tute of Zoology of the Azerbaijan National Academy of Sciences. He was elected director of this institute
in 2011 and headed it until 2016.

Ilkham Khayam ogly Alekperov is the author and co-author of 4 monographs and more than 190 sci-
entific articles. He developed several original methods for studying protozoans and biotesting tech-
niques for assessing oil pollution. He described 5 families, about 20 genera, and about 200 new species

Mopckoii 6uosnorrueckuii xypHai Marine Biological Journal 2024 vol. 9 no. 1



120 On the anniversary of Ilkham Khayam ogly Alekperov, D. Sc., Professor...

of ciliates and testate amoebae. Under his leadership, ten PhD theses and two D. Sc. dissertations were
prepared and successfully defended. He participated in several major international projects and in nu-
merous international scientific conferences. I. Kh. Alekperov serves on editorial boards of seven scien-
tific journals, with one of them being “Biodiversity and Sustainable Development” published by IBSS.
He is a reviewer for several top-rated international journals.

We congratulate dear Ilkham Khayam ogly Alekperov on his anniversary and wish him further
fruitful work and success!

L. Dovgal, N. Gavrilova, and A. Abibulaeva,
IBSS

K IOBJIEIO TOKTOPA BUOJIOTNTYECKUX HAYK, ITPOPECCOPA,
YJIEHA-KOPPECIHIOH/JIEHTA HAH A3EPBANIKAHA
NJIbXAMA XAVAM OIJIbI AJTEKIIEPOBA

20 Hos10pst 2023 1. cBOM 75-JICTHUI 0OMIEH OTMETHII U3BECTHBIH TPOTUCTOJIOT Mitbxam XaisiM OrJIbl
AnekniepoB — a. 0. H., TIpod., WieH-KoppecrnoHIeHT HarmonanbHON akageMun Hayk AsepOaiimxka-
Ha. U. X. Anexniepos, 3aBerytonuii laboparopuei poto3oosiornu MHcTuTyTa 30000rM HAH Aszep-
OailpkaHa, SIBISIETCS aBTOPOM U coaBTopoM 4 MoHorpadwmii u Gonee yem 190 HaydHBIX cTate,
a TaK’e YJIEHOM PeKOJIIErnil 7 Hay4yHbIX KypHAJIOB.
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