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The ultrastructure of the main sections of the mesonephros nephron in Black Sea teleost fish is stud-
ied. The species investigated are as follows: pelagic Trachurus mediterraneus (Steindachner, 1868)
and Chelon auratus (Risso, 1810); epibenthic Diplodus annularis (Linnaeus, 1758) and Spicara flexu-
osa Rafinesque, 1810; and demersal Scorpaena porcus Linnaeus, 1758, Gobius niger Linnaeus, 1758,
and Mullus barbatus ponticus Essipov, 1927. It is shown that in Black Sea fish, which inhabit different
depths and are under different conditions of environmental osmotic pressure, nephrons at the tissue
level of organization have a single structure and form glomerular kidneys. Fish adaptability to the habi-
tat at certain depths is primarily manifested in an increase in the number and size of mitochondria
of all types of nephron epithelial cells. A decrease in the renal corpuscles area, the length of podocytes,
and height of tubular epithelial cells, as well as the brush border length of type I proximal tubules is also
recorded. Nephron cytological peculiarities of pelagic, epibenthic, and demersal fish characterize a high
adaptive capacity of the mesonephros cellular structures.

Keywords: teleost fish, pelagic fish, epibenthic fish, demersal fish, kidney, nephron, ultrastructure,
Black Sea

Determining the mechanisms of fish adaptation to diverse biotic and abiotic factors does not seem
possible without a comprehensive study of the structure of various organs, tissues, and especially cells.
Fish kidneys serve as a leading effector component of the physiological system of water-salt metabolism,
due to which fish have acquired a certain habitat independence and inhabited both seawater and fresh-
water (Natochin, 1976, 2002 ; Wood et al., 2020). As known, the structure and function of the kid-
neys of freshwater and marine fish are determined by the peculiarities of their phylogenetic develop-
ment and ecology. Freshwater teleost fish have a well-developed glomerular kidney, that excretes ex-
cess water and reabsorbs filtered ions. On the contrary, marine teleost fish have to save water and ex-
crete excess salts; therefore, glomeruli are reduced in the kidneys of several species, up to their com-
plete disappearance (Natochin, 1976, 2002 ; Erisson & Olsen, 1968 ; Ericsson & Olsen, 1970 ;
Marshall, 1930).
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Currently, special attention is given to the study of fish adaptations to a complex of environmen-
tal factors at the cellular level, since fish evolution is closely related to a high degree of specialization
and adaptive plasticity of this level of organization of living matter. To develop a general pattern of kid-
neys functioning of teleost fish inhabiting water of various salinity, information is required on peculiari-
ties of fine structures forming the nephron. Unfortunately, works focused on the study of ultrastructure
of marine fish kidneys are still fragmentary. There is no data on the correlation between the nephron fine
structure and the lifestyle of marine fish inhabiting different depths within the same water area charac-
terized by different hydrochemical indicators, inter alia salinity (Kuftarkova et al., 2008). The present
work is aimed at revealing common and specific features of the submicroscopic structure of the nephron
in pelagic, epibenthic, and demersal teleost fish of the Black Sea.

MATERIAL AND METHODS

The ultrastructure of the mesonephros nephrons was studied in 7 species of Black Sea teleost
fish. Pelagic species investigated are Mediterranean horse mackerel Trachurus mediterraneus (Stein-
dachner, 1868) (7 ind., (10.1 = 0.20) cm, (1.6 = 0.80) g) and golden grey mullet Chelon auratus
(Risso, 1810) (5 ind., (15.4 £7.7) cm, (49.0 £ 7.26) g). Epibenthic species are annular sea bream Diplo-
dus annularis (Linnaeus, 1758) (10 ind., (5.60 £ 0.20) cm, (5.90 £ 0.50) g) and picarel Spicara flexuosa
Rafinesque, 1810 (17 ind., (9.95 £ 0.19) cm, (18.3 £ 1.17) g). Demersal species are black scorpionfish
Scorpaena porcus Linnaeus, 1758 (10 ind., (11.9 £ 0.46) cm, (67.4 + 7.56) g), black goby Gobius niger
Linnaeus, 1758 (3 ind., (8.70 = 0.31) cm, (18.2 £ 0.92) g), and red mullet Mullus barbatus ponticus
Essipov, 1927 (12 ind., (12.2 £ 0.44) cm, (62.6 = 7.17) g).

Samples were taken in the summer-autumn period in the Karantinnaya Bay (the Black Sea, Sevasto-
pol), which is characterized by the difference in temperature and salinity between surface and bottom.
The temperature difference reaches 13.39 °C in summer. During this period, an inflow to the bottom
layer of cooled and more saline (18.24 %o) deep water with a reduced dissolved oxygen content (89 %)
and pH value of 8.15 is clearly observed, while in the surface layer, salinity value averages 17.12 %o,
dissolved oxygen content — 96 %, and pH value — 8.24 (Kuftarkova et al., 2008).

Fish were caught with traps and transported to the laboratory to determine their size and weight char-
acteristics. Then, kidneys were removed, and kidney pieces were dissected with a scalpel from the mid-
dle area of the mesonephros for electron microscopy. Samples were fixed in 2.5 % glutaraldehyde
in 0.1 M phosphate buffer and treated by an electron microscopy standard technique (Timakova et al.,
2014). Ultrathin sections were prepared using a Leica EM UC7 microtome, contrasted with uranyl
acetate and lead citrate, and examined under a JEM-1011 electron microscope. Measurements were
carried out by digital photographs; data obtained were statistically processed using Microsoft Excel
and Statistica 10 software.

During statistical processing, mean values and their standard errors (M * m) were calculated.
The data analysis on outliers was performed prior to statistical analysis. Compliance with the normal dis-
tribution was assessed by the Shapiro — Wilk test (W). To determine the statistical significance of the dif-
ference in sample mean values, the Student’s z-test was used. To assess the difference in sample mean
values, multiple pairwise post hoc comparisons were performed, by the least significant difference test
(LSD-test). If the distribution deviated from the normal, the Kruskal — Wallis test was used. In this
case, the difference in sample mean values was assessed by multiple pairwise post hoc comparisons
by the Dunnett’s test. As a critical significance level, p < 0.05 was taken.
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RESULTS

The renal corpuscle is the beginning of the nephron in all the species studied and is built according
to a single principle. The wall of the renal corpuscle consists of two layers, parietal and visceral, very
tightly contiguous to each other. Between the layers, there is a cavity, 2.03-2.45 um thick (Fig. la,
Table 1). The outer layer of the capsule is formed by a single-layer squamous epithelium located
on the 0.66—0.77-um thick basement membrane (Table 1). The inner layer of the capsule is formed
by podocytes very tightly contiguous to each other (Fig. 1a). The podocyte body is oval; it is elongated
along the nuclear membrane (Fig. 1b). The largest cells were identified on sections of renal corpuscles
in pelagic species, T. mediterraneus and Ch. auratus. The length of T. mediterraneus podocytes signifi-
cantly exceeds this indicator in epibenthic and demersal fish, while the length of Ch. auratus podocytes
significantly exceeds this indicator in epibenthic D. annularis. The podocyte nucleus is rounded and oc-
cupies most of the cells; the length of the nuclei varies 2.82 to 4.34 um, and the width varies 1.41
to 2.15 um (Table 1). Heterochromatin is clumpy; it is concentrated mainly on the nucleus periphery.
Dense cytoplasm of most cells contains two large mitochondria (Fig. 1b). On sections of renal corpuscles,
a small number of capillary loops is observed (Fig. 1a).

Fig. 1. Ultrastructure of the nephron: a — renal corpuscle in Scorpaena porcus; b — podocyte of the renal
corpuscle in Spicara flexuosa. Bm — basement membrane of the parietal layer; hch — heterochromatin;
¢ — capillary; m — mitochondrion; pf — podocyte feet; crc — cavity of renal corpuscle; eu — euchromatin;
n — nucleus

The proximal tubule epithelial cells are built according to the plan typical for the cells of this
nephron area (Figs 2a, 3a). They differ from the distal tubule cells by the presence of a brush bor-
der, which is the tallest in the initial area and gradually decreases as approaching the distal tubule
epithelial cells.

Analysis of the ultrastructure of the cells lining this area of the tubule showed as follows: epithelial
cells can be divided into 2 types (Figs 2a, 3a).
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Table 1. Morphometric indicators of the renal corpuscle structures, um

Renal corpuscle | Renal corpuscle Basement
. . . Podocyte
Species diameter, cavity, membrane
n=10 n=10 thickness, n = 20 Cell, n=10 Nucleus, n =20
Trachurus 5.09 £0.241234 x 4.34+0.32 x
mediterraneus 492 £3.60 2.08£0.10 0.77£0.05 2.97 £ 0.40 2.15 £0.30
476 +0.34° x 3.60 £0.16 x
12345
Chelon auratus 49.0+0.41 2.16 £0.07 0.73 £0.07 286+ 0.19 207 +0.21
Diplodus ] 4.65 +0.09° x 2.77£0.26 x
annularis 47.4+£0.48 2.03 £ 0.09 0.71 £0.05 234 +0.27 141 +0.21
3.59+0.14' x 2.82+0.33 x
: 2
Spicara flexuosa 47.1 £0.66 2.08+0.11 0.66 £ 0.06 279 +0.25 1.92+0.12
4.19 +0.34% x 3.11 £0.44 x
. . 3
Gobius niger 47.0x0.35 2.45+0.22 0.67 £0.02 249 + 0.29 1.56 + 0.24
Mullus barbatus 4.42 +0.37° x 3.30£041 x
+ 4 + +
ponticus 463£0.17 2:42£0.16 0.69£0.01 2404025 157 £0.20
412 +0.42% x 3.11 £0.36 x
5
Scorpaena porcus 46.9 £0.82 2.33+£0.23 0.66 £ 0.03 258 4037 1.81 028

Note: hereinafter in the tables, the same numerical indices in different columns denote statistically significant
differences between indicators, p < 0.05.

Type I epithelial cells form the beginning of the proximal tubule. These are elongated, pyramidal
cells tightly contiguous to each other (Fig. 2a). The tallest epithelial cells were identified in pelagic
species (Ch. auratus), and the shortest ones were recorded in demersal species (S. porcus). As revealed,
the cells in T. mediterraneus and Ch. auratus are significantly longer than cells in other species stud-
ied (Table 2). The nuclei of epithelial cells are rounded; nuclei sizes differ insignificantly between
the species (Table 2). The nuclei are located in the basal part of cells; there is little heterochromatin,
and it is located mainly along the nuclear membrane, between nuclear pores (Fig. 1a). The cytoplasm
contains a large number of large mitochondria located along the longitudinal axis of the cells (Fig. 2b).
As established, the number and size of mitochondria on sections of epithelial cells increase in the se-
ries pelagic — epibenthic — demersal fish. Differences in the number and size of mitochondria between
pelagic and demersal fish are significant (Table 2). Mitochondria in D. annularis, having an epibenthic
lifestyle, are statistically significantly larger than those in demersal species, G. niger and M. barbatus
ponticus (Table 2). Forming complex weaves, numerous folds of the smooth endoplasmic reticulum
stretch from the basal part along the cells (Fig. 2b). In the basal part of cells, electron-transparent
vesicles were revealed (Fig. 2b). In the apical part of cells, large electron-dense secretory granules
were found, typical for this nephron area (Fig. 2a). The number of secretory granules varied insignif-
icantly (Table 2). No correlation was revealed between the size of secretory granules and the lifestyle
of the species studied. The largest granules were found on cell sections of G. niger, while the smallest se-
cretory granules were recorded on cell sections of M. barbatus ponticus (Table 2). A well-developed
endocytosis zone is located in the apical part of cells, at the edge of the brush border; it reaches
the greatest length in S. flexuosa, while the lowest one — in M. barbatus ponticus (Table 2). This zone
is characterized by the presence of a well-developed tubulovesicular system, which is formed by a large
number of vesicles and single segments of tubular reticulum localized along the longitudinal axis
of the cell (Fig. 2¢).
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Table 2. Morphometric indicators of type I epithelial cells of the proximal tubule, pm

Trach Diplod Mullus barbatu
Indicator rachurus Chelon auratus progus Spicara flexuosa Gobius niger uitus DAroatis Scorpaena porcus
mediterraneus annularis ponticus
Cell 1= 10 13.4+0.5112345 x [ 13.840.62673910 « | 12540380 x | 12.0+£0.20>7 x | 11.7+£0.29%8 x | 11.3+0.18*° x | 11.0 £ 0.39%10 x
el n= 10.5 +0.70 9.15 + 0.44 9.57 +0.42 9.57 +0.30 9.32+0.28 8.40 +0.88 9.04 + 0.62
Nucl 0 5.92 +0.38 x 4.27+0.20 x 5.71+0.12 x 478 +0.42 x 5.45+0.22 x 4.13+0.11 x 4.99 +0.30 x
ucleus, n = 4.40 +0.39 3.86 £ 0.24 4.02 +0.26 3.45+0.31 4.80 +0.28 3.74+0.18 3.53+0.41
Mitochondri _ 0 1.15+0.16 x 1.02 +0.08 x 136 +0.15 x 1.82 +0.62 x 2.00+0.18 x 2.10+0.21 x 1.93 +0.23 x
itochondrion, n = 0.59 + 0.041:234 0.65 + 0.06%678 0.79+£0.05%10 | 1.12+£0.19%5 | 126+0.112%° | 1.26+0.143710 | 1.49 +0.14*8
Number of mitochondri
o 487472812 45.3 %348 57.5+3.19 52.0 + 8.04 6374483 | T46+2.66'F | 732375
Secretory granule, 1.58 £0.13 x 0.68 + 0.06 x 1.17 £ 0.07 x 1.08 £0.20 x 1.65 +0.07 x 0.63 +0.03 x 1.04 +0.05 x
n =120 1.35+0.13 0.59 +0.10 0.93 +0.06 0.99+0.18 1.47+0.13 0.52 +0.05 0.95 +0.05
Number of secretory
granules on cell section, 4.00 +0.45 4.00 £ 0.50 525+ 1.31 529 +1.31 4.00 +0.49 3.20+0.20 3.75+0.68
n=20
Endocytosi
ni ggy OSIS zone, 3.81+0.79 3.41+0.21 3.25 + 0.40 507+0.25 4.65 +0.34 2.84+0.32 4.64 031
Brush length
Brush border length, 2.87 +0.3112343 2.69+0.12 23540141 | 199£0212 | 210£0.18 | 195+0.16° | 214%0.12°
Cilia, n = 20 0.23 +0.00 0.24 %+ 0.00 0.22 +0.00 0.24 + 0.00 0.23 +0.00 0.24 + 0.00 0.24 +0.01
Microvilli, 7 = 20 0.32 + 0.04 0.26 +0.01 0.40 + 0.01 0.23 +0.03 0.31+0.03 0.24 +0.02 0.23+0.01
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Fig. 2. Ultrastructure of type I proximal tubule epithelial cells: a — fragment of the proximal tubule with
type I epithelial cells in Chelon auratus; b — basal part of type I epithelial cell in Gobius niger; c — endo-
cytosis zone of Mullus barbatus ponticus; d — apical part of ciliated epithelial cell in Diplodus annularis;
e — cross section of the cilium in Diplodus annularis. Bm — basement membrane; bb — basal body; v —
vesicle; hch — heterochromatin; ser — smooth endoplasmic reticulum; d — desmosome; ez — endocytosis
zone; m — mitochondrion; mv — microvilli; ¢ — cilia; cec — ciliated epithelial cell; sg — secretory granules;
bbr — brush border; tr — tubular reticulum; e — type I epithelial cell; ech — euchromatin; n — nucleus

The brush border is the tallest in the proximal tubules in pelagic fish: its length in 7. mediterra-
neus is significantly larger than in epibenthic and demersal fish (Table 2). The brush border consists
of a large number of cilia and microvilli facing the tubule lumen (Fig. 2d). As shown, the microvilli thick-
ness differs in the species studied; thus, the indicator in 7. mediterraneus significantly differs from that
in D. annularis, S. flexuosa, and S. porcus. No correlation was revealed between the microvilli thickness
and the lifestyle of the species (Table 2). Cilia are outgrowths of ciliated epithelial cells, which form
the proximal tubule (Fig. 2d). The structure of ciliated epithelial cells is somewhat different from that
of epithelial cells carrying microvilli on apical surface. The cytoplasm of ciliated cells is lighter, and there
is no endocytosis zone; in the apical part of cells, large mitochondria are found located above cilia basal
bodies (Fig. 2d). The structure of cilia is typical for these organelles, and they are formed by an axoneme;
at the base of the cilium, there is a basal body (Fig. 2e).

Type I epithelial cells are structurally similar to type I cells, but are shorter (Fig. 3a, Table 3).

The shortest epithelial cells were recorded in the nephrons in Ch. auratus, and the tallest —
in the nephrons in S. porcus (Table 3). Epithelial cells in 7. mediterraneus were found to be significantly
taller than those in G. niger, M. barbatus ponticus, and S. porcus. Epithelial cells in Ch. auratus were signif-
icantly taller than those in 7. mediterraneus and in all epibenthic and demersal species studied (Table 3).
The nuclei of epithelial cells are rounded, and they are located in the central area of the cells; nuclei
sizes differ insignificantly between the species studied (Table 3, Fig. 3a). There is little heterochromatin,
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Fig. 3. Ultrastructure of type II proximal tubule epithelial cells: a — fragment of the proximal tubule with
type II epithelial cells in Mullus barbatus ponticus; b — basal part of type Il epithelial cell in Gobius niger; c —
endocytosis zone of Trachurus mediterraneus; d — apical part of ciliated epithelial cell in Trachurus mediter-
raneus. Bm — basement membrane; bb — basal body; v — vesicle; hch — heterochromatin; ser — smooth endo-
plasmic reticulum; ez — endocytosis zone; m — mitochondrion; mv — microvilli; ¢ — cilia; cec — ciliated ep-
ithelial cell; bbr — brush border; e — epithelial cell of the intermediate tubule; ch — euchromatin; n — nucleus

and it is located mainly along the nuclear membrane, between nuclear pores. The cytoplasm contains
a large number of mitochondria; their mean number in type II epithelial cells exceeds that in type I cells.
As revealed, the number of mitochondria on sections of epithelial cells in epibenthic and demersal fish
significantly exceeds that on sections of epithelial cells in 7. mediterraneus and Ch. auratus (Table 3).
For type II epithelial cells, no pattern of changes in the size of mitochondria depending on lifestyle
of the species studied was established. The largest mitochondria were registered on sections of M. barba-
tus ponticus, while the smallest ones — on sections of 7. mediterraneus. The sizes of S. flexuosa and M. bar-
batus ponticus mitochondria were shown to significantly exceed those for 7. mediterraneus. The sizes
of D. annularis mitochondria significantly exceeded those for S. flexuosa and M. barbatus ponticus (Ta-
ble 3). The folds of the smooth endoplasmic reticulum in the basal part of type II epithelial cells occupy
a larger area compared to those of type I epithelial cells (Fig. 3b). A characteristic feature of type II ep-
ithelial cells is the absence of secretory granules in the cytoplasm (Fig. 3a). The endocytosis zone is less
developed than in type I cells (Table 3), although a large number of vesicles are clearly visible (Fig. 3c).
The endocytosis zone reaches the highest length values in S. flexuosa, and the lowest — in 7. mediterra-
neus (Table 3). The brush border is shorter compared to that of type I cells (Table 3); it includes both
cilia, which are the formation of ciliated epithelial cells, and microvilli (Fig. 3d). Microvilli of type II
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cells are wider compared to microvilli of type I cells (Table 3). No correlation was found be-
tween the endocytosis zone length, brush border length, and microcilia thickness and the lifestyle
of the species studied.

The intermediate tubule epithelial cells were found in the nephron in Ch. auratus and S. porcus
(Fig. 4a, Table 4). The structure of these epithelial cells is the most different from the structure of the cell
types considered above. These are the lowest cells, with nuclei in the central part. The epithelial cells
of the nephron in Ch. auratus are significantly taller than those of the nephron in S. porcus. The nuclei
structure of these epithelial cells is similar to that of types I and II cells (Fig. 4a).

On cell sections, a less developed, than in type I and II epithelial cells, system of tubules of the smooth
endoplasmic reticulum was registered, which surrounds electron-dense mitochondria (Fig. 3b). S. porcus
mitochondria are larger than those in Ch. auratus. The number of mitochondria on cell sections of S. por-
cus 1s more than 1.5 times higher than that on cell sections of Ch. auratus; the differences are signifi-
cant. There is no formed endocytosis zone. Single microvilli are located on cell apical surface (Fig. 4a).
The microvilli length of the intermediate tubule cells is 2 times less than that of the microvilli of types
I and II epithelial cells. Ch. auratus microvilli are significantly taller than those of S. porcus (Table 4).
In the intermediate tubule structure, there are no ciliated epithelial cells.

Fig. 4. Ultrastructure of the intermediate tubule epithelial cells: a — fragment of the intermediate tubule
in Chelon auratus; b — basal part of the intermediate tubule epithelial cell in Chelon auratus. Bm —
basement membrane; hch — heterochromatin; ser — smooth endoplasmic reticulum; m — mitochondrion;
mv — microvilli; ech — euchromatin; n — nucleus

The distal tubule is formed by cells, that are tall and very wide at the base (Fig. Sa, Table 5).

The tallest epithelial cells of this part of the tubule were found in the nephron in D. annularis,
and the shortest ones — in the nephron in M. barbatus ponticus. It was shown as follows: the height of ep-
ithelial cells decreases in the series pelagic — epibenthic — demersal fish. When comparing the sizes
of epithelial cells in pelagic and demersal fish, it was revealed that the epithelial cells in 7. mediterra-
neus were significantly taller than those in G. niger and M. barbatus ponticus. Epithelial cells in D. an-
nularis were significantly taller than those in G. niger, M. barbatus ponticus, and S. porcus. Comparing
the sizes of epithelial cells in epibenthic and demersal fish, it was recorded as follows: Ch. auratus cells
were statistically significantly taller than those of demersal fish, and S. flexuosa epithelial cells were
significantly taller than those of M. barbatus ponticus (Table 5).

Mopckoii 6uonornyeckuit xkypHain Marine Biological Journal 2021 vol. 6 no. 2
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Table 3. Morphometric indicators of type II epithelial cells of the proximal tubule, um

Indicator Trqchums Chelon auratus Dip lodu's Spicara flexuosa Gobius niger Mullus bfzrbatus Scorpaena porcus
mediterraneus annulans pontlcus

Cell. n = 10 11240241234 % [ 12.84£0.37156789 % | 1124078 x | 102+1.10°x | 9.76£0.56>7 x | 9.55+0.1438 x | 9.16 £ 0.18* x

e n= 9.74 + 1.50 9.74+0.19 7.55+0.61 7.85 % 0.60 8.38 +0.75 8.46 + 0.22 7.32+0.42
Nucl _ 0 4.54+0.24 x 4.43 £0.05 x 3.33+0.12 x 4.98 +0.43 x 470 £0.16 x 4.52+0.13 x 544 £0.21 x

ucieus, n= 3.29+0.12 3704 0.16 3.01 £ 0.02 3.94 +0.34 3.56 + 0.31 3.4540.19 4.99 +0.04
Mitochondsion. 1 = 20 1.19+0.21 x 1.39+0.10 x 1.26+0.21 x 1.57 £ 0.07 x 1.61 £0.13 x 1.72+0.21 x 274 +0.74 x

tochiondrion, n= 0.73+0.10'2 1.19+0.11 0.83 + 0.0934 1.17 £0.05'3 0.80 + 0.03 1.23 +0.19%4 0.89 +0.05
Number of mitochondria 50.0 £3.5502345 | 4804424678910 | 750437716 | 723+076%7 | 787+3.54% | 762+229% | 76.6+ 1.60%°
on cell section, n =20
Endocytosis zone, n = 20 1.24 +0.31'2 2.01+0.23 1.83+0.18 4.19+0.30! 1.41 +0.20 2.01+0.15 2.64 +0.12>
Sr_“szlz)border length, 1.58 £0.19 1.81 £0.27 1.45 £0.15 1.96 £ 0.40 1.58 £0.22 139 £ 0.03 1.57 £0.11
Cilia, n = 20 0.23 + 0.00 0.24 +0.00 0.22 +0.00 0.24 +0.00 0.23 + 0.00 0.24 +0.01 0.24 +0.00
Microvilli, n = 20 0.330.02 0.27 +0.02 0.45 + 0.04 0.26 + 0.03 0.37 +0.03 0.27 +0.02 0.48 +0.02

Table 4. Morphometric indicators of the intermediate tubule epithelial cells, um
Indicator Chelon auratus Scorpaena porcus

Cell, n=10

11.8+£0.26 x 9.32£0.22

9.07 £0.22* x 7.50 £ 0.23

Nucleus, n =20

4.97+0.30%x4.61+£0.16

4.96 £0.61 x 4.60 £ 0.33

Mitochondrion, n = 20

1.20+£0.10 x 1.03 £ 0.05

1.54+£0.09 x 1.24 £ 0.08*

Number of mitochondria on cell section, n = 20 36.6 £ 3.65 63.4+2.77*
Microvilli length, n = 20 0.85+0.17 0.50 £ 0.07*
Microvilli, n = 20 0.33 £0.04 0.29 £0.01

Note: * — the differences between the indicators for Chelon auratus and Scorpaena porcus are statistically significant, p < 0.05.
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Fig. 5. Ultrastructure of the distal tubule epithelial cells: a — basal part of the distal tubule epithelial cells
in Mullus barbatus ponticus; b — cytoplasm of the distal tubule epithelial cells in Mullus barbatus ponticus;
¢ — lobe-like outgrowths of the distal tubule epithelial cells in Mullus barbatus ponticus. V — vesicles; hch —
heterochromatin; ser — smooth endoplasmic reticulum; d — desmosome; m — mitochondrion; mv — microvilli;
ech — euchromatin; n — nucleus

Table 5. Morphometric indicators of the distal tubule epithelial cells, um

. Cell, Nucleus, Mitochondrion, . Numbe'r
Indicator of mitochondria on cell
n=10 n=20 n=20 .
section, n = 20
14.9 £0.19'2 x 6.33£0.22 x 1.48 £0.16 x
. + 1,2,34,5,6
Trachurus mediterraneus 980+ 0.94 490 +0.16 062 +0 1212 49.6 + 4.59
15.3 £ 0.64345 x 6.16 £ 0.35 x 1.49 +0.21 x L8
Chelon auratus 152+ 1.63 4.92 +0.66 0.74 %005 47.2£5.20
. . 14.5 +0.76578 x 5.38+0.18 x 1.83 £ 0.07 x 2701011
Diplodus annularis 12.8+ 138 4.88+0.24 0.92 + 0.0734 71.2£4.07
13.4+0.71° x 5.34 4 0.49 x 1.55+0.16 x
. + 3.8
Spicara flexuosa 11.0+1.71 4934057 0.81 % 0,165 63.6£2.28
13.2 4 0.15"36 x 5.82 +0.33 x 2.14+0.10 x
Lo + 4.9
Gobius niger 9.63 + 0.34 457 +0.26 1.28 % 0.06 844133
, 12.5 + 0.062479 x 5.47 +0.93 x 1.99 +0.12 x 10
Mullus barbatus ponticus 911 +0.87 350 +0.18 122 4 0.11135 77.3£2.98>
13.1+£0.27°8 x 4.54+0.35 x 2.01+0.18 x 611
Scorpaena porcus 9.50+0.19 3.60 +0.21 122 +0.11246 842+ 1.34

The nuclei of most cells occupy a central position; sometimes, they are displaced towards the basal
part. There is little heterochromatin, and it is concentrated mainly on the nucleus periphery, between
nuclear pores. In cytoplasm, large electron-dense mitochondria were found, which were less ordered
than mitochondria of type I and II epithelial cells. Mitochondria are surrounded by a tubular system
of the smooth endoplasmic reticulum, which is developed similarly to the system of type I proximal
tubule epithelial cells (Fig. 5a, b). The number and size of mitochondria increase in the series pelagic —
epibenthic — demersal fish. As revealed, the number of mitochondria on cell sections of 7. mediter-
raneus was statistically significantly smaller than in other species studied. The number of mitochon-
dria on cell sections of D. annularis was statistically significantly smaller than that of Ch. auratus
and S. flexuosa. The number of mitochondria on cell sections of Ch. auratus was significantly smaller
than in the epibenthic species (Table 5). It was revealed that mitochondria on cell sections of M. bar-
batus ponticus and S. porcus were statistically significantly larger compared to those in 7. mediterraneus
and epibenthic fish (Table 5). There is no endocytosis zone. A characteristic feature of this type of cells
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is a large number of vesicles localized in the apical part of cells, which, in turn, forms lobe-like cytoplas-
mic outgrowths facing the tubule lumen. The largest number of vesicles, that fill the entire cytoplasm
of lobe-like outgrowths, was recorded in demersal fish (Fig. 5c).

DISCUSSION

Cytological analysis of the mesonephros of pelagic, epibenthic, and demersal fish of the Black Sea,
with the mean salinity of surface layers of 17.58-18.09 %o and of deeper layers of 22.33 %o (Ivanov
& Belokopytov, 2011), has shown as follows: the nephrons of the trunk kidney of the species studied
have a single structure. At the same time, the analysis of the results obtained unambiguously indicates
several peculiarities of the nephron cell ultrastructure in the species, which depend on the confinement
to a certain depth and salinity.

All kidneys are glomerular; the nephron includes both proximal and distal tubules. For all the species,
a similar change in the length of epithelial cells, endocytosis zone, brush border, and microvilli diam-
eter from proximal to distal nephron section is shown. Kidneys of marine teleost fish are known to be
of two types, glomerular and aglomerular. Aglomerular kidneys were described for demersal ambush
predators, angler Lophius piscatorius and oyster toadfish Opsanus tau, which inhabit ocean waters, with
the mean annual salinity of about 35 %o at depth reaching 200 m, as well as for Nerophis ophidian
inhabiting the Atlantic Ocean, depth of down to 30 m (Erisson & Olsen, 1968 ; Ericsson & Olsen,
1970 ; Marshall, 1930). Well-developed renal corpuscles were described for many species of freshwater
and anadromous fish, as well as euryhaline species Sparus auratus, Trachurus mediterraneus, and Diplo-
dus annularis, with a range mainly confined to the Black Sea (Flerova, 2012 ; Flerova et al., 2020 ;
Zuasti & Agulleiro, 1983). Based on literature data and on our results, we can assume that renal corpus-
cles are characteristic of the nephrons in all teleost fish, inhabiting seawater with salinity up to 22 %o,
regardless of their lifestyle. Previously, a correlation between the salinity of the habitat and the level
of glomeruli development was shown (Lozovik, 1963 ; Oguz, 2015). Moreover, it was established that
the diameter of the renal corpuscles and the body size of podocytes (the cells involved in the formation
of the filtration barrier of the kidney) are larger in freshwater fish than in marine fish. This is primarily
due to the fact that the kidneys of freshwater teleost fish filter larger volumes of fluid than the kid-
neys of marine fish (Flerova, 2012). Differences in the diameter of the renal corpuscle and the length
of podocytes for pelagic, epibenthic, and demersal fish are likely to be related to the regulation of water-
salt metabolism, when inhabiting various depths, with different salinity and water column pressure.

The proximal tubule turned out to be the most differentiated; it is formed by two types of epithelial
cells, differing in their morphology. Such a structural organization of the proximal tubule is conservative
for teleost fish. Thus, two types of epithelial cells were previously described for species of the orders
Salmoniformes, Cypriniformes, and Perciformes inhabiting freshwater and seawater and performing
anadromous migrations (Flerova, 2012 ; Flerova et al., 2020 ; Anderson & Loewen, 1975 ; Maksimovich
et al., 2000 ; Ojeda et al., 2006). It is known that the brush border of the proximal tubules regulates
the rate of active fluid transport (Natochin, 1976). In the proximal tubule, ciliated cells of all studied
types were found, due to which both epithelial cells bearing microvilli on the apical surface and a brush
border are formed; this demonstrates the similarity of its ultrastructure with the ultrastructure of fresh-
water fish (Flerova, 2012). No correlation was revealed between the frequency of occurrence of ciliated
cells in the proximal tubules in the species studied and their lifestyle. Nevertheless, a shorter brush border
of type I proximal tubules of the nephron in 7. mediterraneus and Ch. auratus was recorded compared
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to brush borders in other species studied; both this fact and a lower height of epithelial cells indicate a de-
crease in the volume of the glomerular filtrate coming from renal corpuscles of epibenthic and demersal
fish compared to the volume of the glomerular filtrate of pelagic fish.

As known, the degree of development of a smooth endoplasmic reticulum and of associated mi-
tochondria number directly depends on the intensity of the mechanisms of reabsorption and secretion
of the proximal tubule epithelial cell ions (Natochin, 1976). For all the species studied, the higher degree
of development of a smooth endoplasmic reticulum is revealed compared to similar organoid in Salmoni-
formes, Cypriniformes, and Perciformes freshwater fish, as well as Salmonidae smolts performing
anadromous migrations (Flerova, 2012 ; Flerova et al., 2020, 2019). No correlation was found between
the development of a smooth endoplasmic reticulum and the lifestyle. Pattern of an increase in the num-
ber and size of mitochondria with an increase in the depth and salinity of the habitat was noted. These
structural changes indicate intensification of the work of pumps, which provide active transport of ions,
under increased osmotic load; these pumps are located mainly in the basal part of cells (Natochin, 1976).

The next section of the tubule, which was found in Ch. auratus and S. porcus only, is formed by ep-
ithelial cells that have similar structure with the intermediate tubule epithelial cells in Salmoniformes,
Cypriniformes, and Perciformes freshwater fish (Vinnichenko, 1980 ; Maksimovich et al., 2000). It can
be assumed that the intermediate tubule is present in all the species studied, but since the epithelial cells
of this section form a small segment of the nephron, it is extremely difficult to identify and describe
them. Both the proximal tubule cells and intermediate tubule epithelial cells in S. porcus are character-
ized by lower height and shorter microvilli length, as well as by a significantly larger number of larger
mitochondria compared to those in Ch. auratus. Previously, it was shown that the structure of epithelial
cells indicates their similarity with the thin segment cells of the loop of Henle of nephrons in warm-
blooded animals, with the main function being to transport water (Vinnichenko, 1980). The specializa-
tion of these cells in Ch. auratus and S. porcus allows suggesting that demersal fish, as compared to pelagic
ones, have a more perfect system of anti-gradient processes, which, along with a larger flattening of cells,
makes it possible to shorten the water path (Erisson & Olsen, 1968 ; Ojeda et al., 2006).

The distal tubule epithelial cells of the species studied have a similar structure with the cells, that were
previously described for Salmoniformes, Cypriniformes, and Perciformes species of different ecological
groups (Flerova, 2012 ; Flerova et al., 2020 ; Anderson & Loewen, 1975 ; Flerova et al., 2019 ; Maksi-
movich et al., 2000 ; Ojeda et al., 2006). As shown earlier, a large number of vesicles distributed through-
out the cytoplasm of cells, a larger number of mitochondria on sections of the distal tubule epithelial cells
as compared to a number in proximal tubules, and a more developed system of membranes of the smooth
endoplasmic reticulum on sections of the distal tubule epithelial cells in marine fish compared to freshwa-
ter fish indicate the peculiarities of functioning of distal tubule related to the regulation of the excreted
urine volume (Natochin, 1976). For the species studied, a pattern of an increase in the number and size
of mitochondria and the number of vesicles with an increase in the depth and salinity of the habitat
was registered. These structural changes can be cytological markers of an increase in salinity and water
column pressure as well.

It should be noted as follows: the differences in the basement membrane thickness, width of the renal
corpuscle cavity, length of the endocytosis zone, size of the nuclei of all types of cells, number and size
of secretory granules in the cytoplasm of type I proximal tubules, and microvilli thickness were statisti-
cally insignificant and most likely related not to the systematic or ecological peculiarities of the species,
but to the functioning of structures at a certain point in time.
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Conclusion. Comparison of the ultrastructural peculiarities of the mesonephros in the Black Sea fish,
which inhabit different depths and are under different conditions of environmental osmotic pressure, al-
lows suggesting as follows: at the tissue level of organization, nephrons have a single structure and form
glomerular kidneys. The confinement to the habitat at certain depths is primarily manifested in an in-
crease in the number and size of mitochondria of all types of nephron epithelial cells. Smaller area of re-
nal corpuscles, length of the podocytes, and height of tubular epithelial cells, as well as length of the brush
border of type I proximal tubules are registered. Nephron cytological peculiarities of pelagic, epibenthic,
and demersal fish characterize a high adaptive capacity of the mesonephros cellular structures.
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M3ydeHa yapTpacTpyKTypa OCHOBHBIX OTIENIOB HedpoHa Me3oHedpoca KOCTUCTHIX pPeIO YEpHO-
ro mops (nenarudyeckux 7Trachurus mediterraneus (Steindachner, 1868) u Chelon auratus (Risso,
1810); npunonnsix Diplodus annularis (Linnaeus, 1758) u Spicara flexuosa Rafinesque, 1810; non-
HbIX Scorpaena porcus Linnaeus, 1758, Gobius niger Linnaeus, 1758 u Mullus barbatus ponticus
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Essipov, 1927). IToka3aHo, 4to y ppid YEpHOro Mopsi, OOMTAIOINUX HAa PAa3HBIX ITyOMHAX U HAXOAAIINX-
Cs1 B Pa3JINYHBIX YCIOBUSIX OCMOTHYECKOU HArpy3KH CPe/ibl, Ha TKAHEBOM YPOBHE OpraHu3aiiu Hedpo-
HBI IMEIOT eJIHBIN TUIaH CTPOEHUS U (POPMUPYIOT ITIoMepyJisipHble Mouku. [IpucrmocodieHHOCTh phid
K OOWTAHUIO Ha ONpE/CIEHHBIX ITyOWHAX B MEPBYI0 Oouepe/ib MPOSIBISETCS B YBEJIMUSHUM KOJIMYe-
CTBa U pa3MepOB MUTOXOHAPHUI BCEX THUIIOB SMUTENIUATLHBIX KJIeTOK HeppoHa. Kpome Toro, otmeue-
HO YMEHbIIIEHHE IIJIOMIA 1 TIOYESUHBIX TeJIell, JUTMHBI TOJOITUTOB 1 BHICOTHI SMUTETUOIIUTOB KAHAJIBIIEB,
a TakkKe JJTMHBI METOYHON KaéMKU MPOKCUMAaTbHBIX KaHablieB | Tuna. [uTonorndeckue ocoOeHHO-
cTU HeppoHa NeNIarmYeCcKrX, MPUIOHHBIX M JOHHBIX PHIO XapaKTepU3yOT BHICOKYIO adalTallHOHHYIO
CTMOCOOHOCTD KJIETOYHBIX CTPYKTYpP Me3oHedpoca.

KuroueBble c10Ba: KOCTUCTBIE PHIObI, TIeJIATUUECKHe PHIOBI, TPUIOHHBIC PHIObI, TOHHBIE PHIObI, IOYKA,
HedpoH, yIpTpacTpykTypa, Ye€pHoe Mope
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