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1. Introduction

Mussels are used as sentinel organisms in monitoring 
studies of aquatic ecosystems, as well as in ecological and 

on the health of organisms (Perceval et al., 2002; Wadige 

of organisms exists for both marine and freshwater mussels 
(Geret et al., 2002; Perceval et al., 2002; Wadige et al., 2014). 
A wide range of the mussels responses to cadmium has been 
shown: enzyme inhibition and injury to cell membranes 
(Chelomin et al., 1998), apoptosis induction (Xia et al., 
2016), and neurotoxicity (Méndez-Armenta and Ríos, 2007). 
Metals with variable oxidation states may disrupt biological 
membrane composition, initiating lipid peroxidation (LPO) 
by Fenton reactions (Valko et al., 2005; Oxidative stress..., 
2011). Cadmium ions and their chelate complexes cannot 
take part in the formation of reactive oxygen species through 
such redox processes but suppress the activity of antioxidant 
enzymes, provoking the unregulated formation of reactive 
oxygen species and eventually inducing peroxidation of 
polyunsaturated fatty acids in membrane phospholipids 
(Viarengo et al., 1990; Regoli et al., 1998; Geret et al., 2002; 
Valko et al., 2005; Oxidative stress..., 2011; Repetto et al., 
2012). In ecological and toxicological studies, to assess the 

intensity of LPO, the concentration of malondialdehyde 
(MDA) is used as a marker of oxidative stress (e.g., Oxidative 
stress..., 2011). LPO is accompanied by the formation of 
a wide range of intermediate products possessing toxic 

of lipoproteins, proteins and nucleic acids (Waller and 
Recknagel, 1977). The composition of the intermediate LPO 
products is determined by the membrane lipid composition 
exposed to oxidative stress ( Sevanian and Hochstein, 1985; 

(CoD) are the primary LPO products of polyunsaturated fatty 
acids (PUFA) and contain 3 or more double bonds (termed 
highly unsaturated fatty acids, HUFA). MDA is a common 
product of the lipid hydroperoxide decomposition of HUFA. 
Conjugated trienes (CoT) are formed from CoD and possess 

et al., 2001). The product of the interaction of MDA and 

bases (SchB). SchB constitutes molecular crosslinks with 
membrane components (mainly proteins) disrupting in cell 
membranes (Traverso et al., 2004). 

Changes in lipid composition of mussels have been 

Merad et al., 2017). Along with LPO products, lipid and fatty 
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al., 2012; Fokina et al., 2013; Perrat et al., 2013; Merad et 
al., 2017). For example, the accumulation of neutral lipids, 
including triacylglycerols, in the digestive glands of mussels 
is a biomarker for environmental contamination, and it 
indicates the activation of autophagy processes (Moore et al., 
2007). However, the regulation of lipid composition seems 
to be a compensatory mechanism to prevent non-selective 

oxidative stress (Gladyshev et al., 2012; Fokina et al., 
2013). In particular, increases in cholesterol and oleic acid 
contents, which probably contribute to the stabilization 

the impact of copper, were shown in the marine mussels, 
Mytilus edulis L. (Fokina et al., 2013). In the studies of the 

it is recommended to evaluate not only changes in LPO 
products but also changes in its substrates, i.e., in lipid and 
fatty acid composition. Thus, the study of the lipid and fatty 
acid composition (triacylglycerols, sterols and phospholipid 
fractions) and LPO products (conjugated dienes and trienes, 

glands of freshwater mussels, Anodonta cygnea (Linnaeus, 

2. Materials and methods
2.1. Experiment design

Adult freshwater mussels, Anodonta cygnea (Linnaeus, 
1758), were collected from the Suna River (Republic of 
Karelia, Russia). The mussel samples were taken from a 
riverbed historically isolated from sources of industrial 
pollution. Our results of the whole body mussel tissues 
analysis by inductively coupled plasma mass spectrometry 

Waltham, 
MA, USA) showed that cadmium content in the mussels 
was 0.9 mg/kg. In particular, it was shown that mussels from 
urban localities contain 3.9 to 4.6 mg/kg cadmium compared 
to mussels from rural areas, which contain 0.4-3.2 mg/kg 
of cadmium (Manly and George, 1977). Shell length was 
71.7 ± 3.8 mm. Total weight of mussels (soft tissues+mantle 

at the Aquarium Complex of the Institute. The mussels 
were acclimated to laboratory conditions for seven days in 
5 L Plexiglas® aquariums containing dechlorinated water, 
with a 12/12 photoperiod and constant aeration (4 mussels 
per aquarium). The physical and chemical parameters of 
the aquarium water were monitored. The temperature was 
22 ± 1.0 °C, pH = 7.4 ± 0.03, dissolved oxygen (DO) 8.3 ± 
0.5 mg/L, total mineralisation 11.8 ± 1.6 mg/L, total water 
hardness 0.5 - 0.85 mmol/L, NH4

+ 1.5 ± 0.5 mg/L, NO2
- 0.0 

mg/L, NO3
- 1.2 ± 1.2 mg/L, SO4

2- 14.2 ± 0.3 mg/L, and Cl- 3.2 
± 0.9 mg/L. The water was replaced twice a day. 

After acclimation, the mussels were divided into 
eight groups of 4 mussels each: the control was exposed to 
dechlorinated water (two aquariums), and three experimental 

(two aquariums for each experimental group). A stock 
solution of cadmium was prepared by dissolving cadmium 
(II) chloride in distilled water to a Cd2+ concentration of 20 
mg/L. The aquarium water was renewed twice a day and 

further the calculated amount of cadmium stock solution 
was added in aquarium water after each water change. 
During the experiment, the water temperature, pH, DO, total 
mineralisation, total water hardness and anion content were 
monitored and kept stable (means ± SD): 21 ± 1.0 °C, 7.0 
± 0.1, 7.8 ± 0.5 mg/L, 11.8 ± 1.4 mg/L, 0.5 - 0.85 mmol/L, 
NH4

+ 1.7 ± 0.4 mg/L, NO2
- 0.09 ± 0.03 mg/L, NO3

- 2.5 ± 0.0 
mg/L, SO4

2- 14.2 ± 0.5 mg/L, and Cl- 4.2 ± 0.4 mg/L. After 
every 24-hour experimental exposure of mussels, aquarium 
water was taken to analyze its cation composition (Fig. 1) 
by inductively coupled plasma mass spectrometry (XSeries-2 

(Slukovskii et al., 2017). 
At the end of the experiment (one and three days), the 

soft tissues of A. cygnea (gills and digestive glands, n=4, from 

biochemical analysis. Until the lipid analysis, the tissues were 
stored in 96 % ethanol at 4 °C. Tissues for lipid peroxidation 
products and cation composition measurements were stored 

freeze dried for 24 hours (FreeZone, Labconco, Kansas City, 
MO, USA) and analyzed by ICP-MS. 

2.2. Biochemical analysis

Biochemical analyses of the lipid peroxidation 

of the freshwater mussels, A. cygnea, were conducted in the 
Equipment Sharing Centre of the Karelian Research Centre 
of the Russian Academy of Sciences (Petrozavodsk, Russia).

Analysis of total lipid composition
Lipids were extracted with chloroform/methanol (2:1, 

v/v) according to Folch et al. (1957). The extracted lipids were 
spotted onto silica gel thin-layer chromatography plates (TLC 
Silica gel 60 F254 plates, “Merck”, Germany) and separated 

diethyl ether/acetic acid (90:10:1, v/v) as the mobile phase. The 

phospholipid mixture (P3817 “Supelco”, USA), cholesterol 
(C8667 “Sigma”, USA), glyceryl trioleate (92860 “Sigma”, 
USA) and cholesteryl palmitate (C78607 “Aldrich”, USA). 
The quantitative composition of the fractions was measured 
at 540 nm wavelength for phospholipids, triacylglycerols 
and sterol esters and 550 nm wavelength for the sterol 
fraction using an SF-2000 UV/Vis spectrophotometer (Saint-
Petersburg, Russia) (Sidorov et al., 1972; Engelbrecht et al., 
1974).

Fig. 1. Cadmium concentration (log10-transformed) in 
aquarium water (μg/L) and mussel tissues (μg/g dry weight).
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Phospholipid fractions determination
The composition of phospholipid fractions 

(phosphatidylinositol (PI), phosphatidylserine (PS), 
phosphatidylethanolamine (PE), phosphatidylcholine (PC), 
lysophosphatidylcholine (LPC) and sphingomyelin (SM)) 
was determined by high-performance liquid chromatography 
using the method of Arduini et al. (1996) on a Nucleosil 100-7 
column (“Elsiko”, Russia) with the liquid phase acetonitrile/
hexane/methanol/phosphorus acid (918:30:30:17.5, v/v) and 
UV-spectrophotometer at a 206 nm wavelength using liquid 
chromatography from “Aquilon. Stayer” (Moscow, Russia). 

of the authentic standards: phospholipid mixture (P3817 
“Supelco”, USA), phosphatidylserine (P7769, “Sigma”, 
USA) and sphingomyelin (S7004, “Sigma”, USA). 

Analysis of fatty acid composition in phospholipids 
and triacylglycerols

The total phospholipids and triacylglycerols fractions 
were separated from the total lipids using thin-layer 
chromatography on TLC Silica gel 60 F254 plates (“Merck”, 
Germany). Fatty acid methyl esters (FAME) from the fractions 
were prepared using methanol and acetyl chloride. The 
separation of FAME was in an “Agilent 7890A” gas-liquid 

ionization detector using “DB-23” columns (60 m – 0.25 mm) 
(“Agilent Technologies”, USA) and nitrogen as the mobile 

mixes (“Supelco”, USA). The degree of unsaturation of 
the phospholipids and triacylglycerols was estimated using 
an unsaturation index (UI), which was calculated as UI 
= (%monoenoic FA + 2•%dienoic FA + 3•%trienoicFA + 
4•%tetraenoicFA + 5•%pentaenoicFA + 6•%hexaenoicFA)/ 

Analysis of lipid peroxidation products
Conjugated dienes (CoD) were analysed in lipid extract 

prepared by Folch et al. (1957) method. An aliquot of the 
lipid extract was redissolved in a methanol/pentane mixture 

4 M-1 cm-1). 
CoD level was expressed in nmol/g of wet tissue (Gavrilov 
et al., 1987). Malondialdehyde (MDA) was measured by the 
thiobarbituric acid reactive species method (Ohkawa et al., 
1979; Bird and Draper, 1984) by adding of 0.2 mL of tissue 
homogenate to 1.5 mL of 20 % orthophosphoric acid (pH 
3.5) and 1.5 mL of 0.8 % thiobarbituric acid. Then, samples 
were heated in a 95 °C water bath for 1 h. After cooling, 
1.0 mL chilled water and 5.0 mL butanol-pyridine mixture 
(15:1, v/v) were added. Samples were vortexed for 15 s. The 

g for 10 min. Homogenate absorbance was measured at 532 
nm using 1,1,3,3-tetra-ethoxy-propane as a reference. The 

bases (SchB) and conjugated trienes (CoT) were extracted by 
mixture heptanes/isopropanol (3:7, v/v). The heptane layer 
was measured at 220 nm (isolated double bonds), 278 nm 
(CoT) and 400 nm (SchB). The concentrations of CoT and 
SchB were evaluated by the 278/220 and 400/220 ratios and 
expressed as relative units (Hyshiktuyev et al., 1996).

Statistical analysis
Statistical analyses were performed with StatSoft 

Statistica v 7.0. Kolmogorov-Smirnov and Lilliefors tests 
were used to examine the normality of the distribution 
of the investigated parameters. Homogeneity of variance 

was assessed using Levene’s test. As the distribution of all 

Mann–Whitney U and Kruskal-Wallis tests were performed 

correlation of the changes in the biochemical parameters and 

of the lipid peroxidation products are presented in the form 
of the mean values ± the standard deviation. The results of 
the lipid composition are presented as the mean values ± the 
standard error. 

3. Results
3.1. Lipid composition

Gills

A. 
cygnea (Fig. 2, Fig. 3). Further exposure (3 days) of the 

the content of the total phospholipids and their fractions 
(phosphatidylinositol, phosphatidylserine, sphingomyelin, 
phosphatidylethanolamine, phosphatidylcholine and its 

in the LPC content on the third day of the experiment. In 
addition, on the third experimental day under all studied 
cadmium doses, there was a decrease in TAG content in the 
gills (Fig. 2). 

experiment under all studied cadmium doses, the saturated 
fatty acid content (mainly palmitic acid, 16:0) increased, and 
the content of monounsaturated fatty acids (primarily 20:1 
acids) and n-6 PUFAs (linoleic 18:2n-6 and arachidonic 
20:4n-6 acids) decreased in the gill phospholipids. At the 
same time, there was a decrease in the unsaturation index 
of the phospholipid fatty acid composition (Fig. 7). On the 

(20:0 and 22:0), as well as a decreased arachidonic 20:4n-6 
acid content, were observed in the gill triacylglycerols (Fig. 

third day, the saturated fatty acid content in gill phospholipids 
and triacylglycerols decreased, while the content of PUFAs, 

increase in the unsaturation index of the phospholipids and 
triacylglycerol fatty acids (Fig. 4-Fig. 7). 

Digestive glands
In the digestive glands of A. cygnea, an increase in 

the phospholipid proportion, mainly the dominant membrane 
phospholipid - phosphatidylcholine (PC), was detected on 

There was an increase in the content of sterols (10 and 100 

decrease in the phosphatidylserine (PS) content was observed 

increased under all studied cadmium doses (10, 50 and 100 

digestive glands was also noted on the third experimental 
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Fig. 3. Phospholipid classes content (% dry weight) in gills (A, C and E) and digestive glands (B, D and F) of freshwater 
mussels A. cygnea 

P<0.05).

Fig. 2. Lipid classes content (% dry weight) in gills (A and C) and digestive glands (B and D) of freshwater mussels A. cygnea 
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Fig. 5. Triacylglycerols fatty acid composition (% sum fatty acids) of gills (A and C) and digestive glands (B and D) in 
freshwater mussels A. cygnea

Wallis test, P<0.05). 

Fig. 4. Phospholipid fatty acid composition (% sum fatty acids) of gills (A and C) and digestive glands (B and D) in freshwater 
mussels A. cygnea

P<0.05).
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Fig. 7.
(B and D) of freshwater mussels A. cygnea

Fig. 6. Content of linoleic acid and arachidonic acid (% sum fatty acids) in phospholipids (A and B) and triacylglycerols (C 
and D) of gill (A and C) and digestive glands (B and D) in freshwater mussels A. cygnea
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day, changes in the fatty acid composition of the digestive 
gland phospholipids were determined by the cadmium 

acid composition similar to those in the gills on the third day 

fatty acid content and increased unsaturation index). At the 

fatty acid content and a decrease in the index of unsaturation 

of phospholipids, they did not depend on the cadmium 

increase in the saturated fatty acid content (mainly palmitic 
acid 16:0) and a decrease in the unsaturated fatty acid content 
(such as MUFAs and linoleic acid). On the third experimental 
day, minor changes in the compositions of the digestive gland 
phospholipid fatty acid were noted, mainly in response to 

cadmium), the level of saturated fatty acids decreased, and 
the unsaturation index increased (Fig. 4-Fig. 7).

3.2. Lipid peroxidation products

The content of the LPO products increased in contrast 
with that of the control in both the gills and digestive glands 
of A. cygnea in all cadmium-treated groups of mussels 
throughout the exposure period (Table 1, Table 2). 

Gills

in the CoD content of the gills of the mussels from all 
experimental aquariums was observed (Table 1). Unlike that 
in the digestive glands, the MDA content in the gills was 
lower, and the CoT and SchB distributions were equal. On 
the third experimental day, the content of the LPO products 

in the gills decreased slightly, except for mussels under 100 

and SchB (Table 1).
Digestive glands

contents of CoD and MDA in the digestive glands was 

and MDA was noted. The content of CoT increased slightly 
in all experimental groups of mussels. The accumulation of 

the third experimental day, the distribution of CoD in the 
experimental groups of the mussels remained the same, 

contrast, the accumulation of the secondary LPO products 
(MDA and CoT) and SchB were more pronounced in the 

4. Discussion
4.1. Lipid peroxidation products changes under 

cadmium effect

The gills in bivalve mollusks are the primary organs 
exposed to environmental factors (Avery et al., 1998; 
Marigómez et al., 2002). They serve as the main site of metal 
accumulation in mussels, making gills more susceptible to 
the actions of toxicants (Chelomin et al., 1998; Marigómez 

metabolic parameters in the gills of marine and freshwater 
mussels indicate their primary reaction to environmental 

2014). Cadmium is a highly toxic trace metal that initiates 
the accumulation of LPO products (Viarengo et al., 1990; 
Valko et al., 2005). Some of the primary LPO products are 
conjugated dienes (CoD) (Sevanian and Hochstein, 1985; 
Gutteridge and Halliwell, 1990). In the present study, we 
found a higher CoD content in the gills of A. cygnea compared 

Table 1. A. cygnea.

Cadmium, 
μg/L

Conjugated dienes, 
nM/g tissue

Malondialdehyde, 
nM/g tissue

Conjugated 
trienes, RU RU

24 h

control a  a  a  a

10 a  a  b  b

50 a  ab  a a

100 a  b ab ab

72 h

control  a  a  a  a

10 a  a  b  b

50  b a  a

100 a  ab ab ab

a-ab-b
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to that in the digestive glands. In addition, an increased level 
of the primary LPO products was observed in the gills of 

the accumulation of cadmium in the gills, thereby inducing 
oxidative stress. The CoD accumulation rates in the gills 

on the third experimental day in comparison with the rates 
at the beginning of the experiment (r = -0.57 and r = -0.39, 
respectively). This indicates the progress of LPO processes 
and the prevalence of the propagation stage on the third day 
of the experimental cadmium treatment. At the same time, 
subsequent LPO products - malondialdehyde (MDA) and 
conjugated trienes (CoT) - accumulated in the gills (r = 0.32 

glands (r = 0.41). Moreover, the accumulation of MDA, CoD 
(only in the gills), CoT and one of the end LPO products 

digestive glands; an increase in these peroxidation products 

crucial for developing the oxidative stress and, consequently, 
accumulate LPO products in the gills and digestive glands of 
A. cygnea.

4.2. Lipid composition changes under cadmium 
effect 

composition of the A. cygnea gills, except for increased 

in the digestive glands of A. cygnea 

the dominant sterol is cholesterol, which is necessary for the 
regulation of membrane permeability. It is known that the 
consequence of LPO activation is a disruption of membrane 
phospholipids and enhanced non-selective permeability 
of membranes (Oxidative stress..., 2011). The presence of 

cholesterol in cell membranes changes their susceptibility 
to peroxidation processes, likely by both intercepting some 

membrane through interaction with phospholipid fatty acids 
(Repetto et al., 2012). In the gills, there was a decrease in 
the sterol ester content, which probably replenishes the 
cholesterol reserves under a prolonged (three-day) cadmium 

cholesterol and phosphatidylcholine content in the digestive 
glands of the marine mussels, Mytilus edulis

membranes (Fokina et al., 2013). Probably, in the freshwater 
mussels, A. cygnea, elevated cholesterol content maintains 

products (such as CoD, MDA, CoT, and SchB) in the gills 

as a reduction in phospholipid content (PC, PE and LPC as 
predominant fractions and PI, PS and SM as minor fractions), 
indicates destructive changes in gill membranes. Along with 
an increase in the sterol content in the digestive glands, there 

PS (on the third day). The increased content of the dominant 
membrane phospholipid – PC – in the digestive glands caused 

triacylglycerol (TAG) and phosphatidylserine (PS) content in 
the digestive glands of A. cygnea 

of pollutants on bivalves. It is known that the accumulation 
of neutral lipids (including TAG) in the digestive glands of 
mussels is caused by an increase in the number of lysosomes 
and/or autophagosomes that supply autophagy processes 
(Moore et al., 2007; Koukouzika and Dimitriadis, 2008). 
Similar stress-inducible changes in TAG content were 

Table 2. A. cygnea

Cadmium, 
μg/L

Conjugated dienes, 
nM/g tissue

Malondialdehyde, 
nM/g tissue

Conjugated 
trienes, RU RU

24 h

control  a  a  a  a

10 a  ab  b

50 a  a  a a

100  b  a ab

72 h

control  a  a  a  a

10 ab  a  a  b

50 b  b  b  a

100 a  ab ab ab

a-ab-b
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observed in marine mussels under the impacts of pollutants 
(Koukouzika and Dimitriadis, 2008; Fokina et al., 2013). 
Additionally, the accumulation of PS in response to the toxic 

mussels, Mytilus edulis (Fokina et al., 2013). Given the 
important role of PS in the activity regulation of membrane-
bound enzymes (especially Na+/K+-ATPase), as well as TAG 
serving as a source of metabolic energy, we may use TAG 

the toxic impact of pollutants for both marine and freshwater 
mollusks.

4.3. Fatty acid composition of freshwater 
mussels

The fatty acid composition of the gills and digestive 
glands of A. cygnea 
(Napolitano, 1999; Kelly and Scheibling, 2012), which 
contains freshwater organic matter derived from various 
autochthonous and allochthonous sources, including algae, 
vascular plants, and decaying plant and animal materials. The 
lipids of these organic materials contain long-chain saturated 
fatty acids and monounsaturated fatty acids (Napolitano, 
1999). The predominant fatty acids of the phospholipids and 
triacylglycerols in the gills and digestive glands of A. cygnea 
were saturated fatty acids (33 – 41 % of the sum of fatty 
acids), especially palmitic 16:0 acid, stearic 18:0 acid and 
lignoceric 24:0 acid. Unsaturated fatty acids were dominated 
by monounsaturated fatty acids (27 – 32 % of sum of fatty 
acids), mainly 20:1 isomers representing 11-19 % of sum of 
fatty acids, as well as n-6 polyunsaturated fatty acids (18-21 
% of sum of fatty acids), primarily due to linoleic 18:2n-6 
and arachidonic 20:4n-6 acids (3.1-5.0 and 10-14 % sum 
of fatty acids, respectively). The content of n-3 PUFAs was 

– 15 % of the sum of fatty acids. Eicosapentaenoic 20:5n-3 and 
docosahexaenoic 22:6n-3 acids were 1.6 - 4.5 and 0.9 - 2.4 % 
of the sum of fatty acids, respectively. The enlarged content of 
18:2n-6 and 20:4n-6 acids in the lipids of freshwater animals 
is described in detail in comparative studies of marine and 
freshwater organism fatty acid compositions (Napolitano, 
1999). Changes in the fatty acid composition of A. cygnea 

the fatty acid composition in freshwater mussels. It is known 
that the predominant polyunsaturated fatty acids in the lipids 
of marine mussels (including Mytilus edulis) are n-3 PUFAs 
(mainly eicosapentaenoic 20:5n-3 and docosahexaenoic 
22:6n-3 acids) (Fokina et al., 2013; Fokina et al., 2018). 
The fatty acid composition of A. cygnea was characterized 
by the dominance of n-6 PUFAs and monounsaturated 20:1 
fatty acids. Therefore, the main target for cadmium-induced 
oxidation processes was polyunsaturated fatty acids with 3 
or more double bonds, especially arachidonic 20:4n-6 acid 
(unlike 20:5n-3 and 22:6n-3 in marine mussels as it was 
described in Fokina et al. (2013) and Merad et al. (2017).

4.4. Fatty acid composition changes under 
cadmium effect

phospholipids and triacylglycerol unsaturated fatty acids 

(mostly linoleic 18:2n-6 and arachidonic 20:4n-6 acids), 
as well as monounsaturated 20:1 acids, was noted in the 
gills of A. cygnea (Fig. 4-Fig. 7). At the same time, there 
was an increase in the proportion of saturated fatty acids 
and a decrease in the unsaturation index. Simultaneously, 
the increases in the contents of CoD, MDA and CoT are 
oxidation products of polyunsaturated fatty acids that contain 
3 or more double bounds and indicate the activation of the 
oxidative and destructive processes in the gill membranes. 
It should be noted that on the third experimental day, the 
proportions of the unsaturated fatty acids, mainly n-6 PUFA, 
were restored both in the phospholipids and triacylglycerols. 
Probably, in the gills (organ of primary accumulation of 
metals) on the third experimental day, compensatory changes 
in the composition of the phospholipids and triacylglycerol 
unsaturated fatty acids through additional PUFA synthesis 
provide the restoration of unsaturation level of lipids under 
cadmium-induced oxidative stress. 

In the composition of the digestive gland phospholipid 

A. cygnea gills on the third day of cadmium exposure (decrease 
in the proportions of saturated fatty acids and increase in 
unsaturation index) were observed. Most likely, there is a 
compensation of cadmium-induced oxidative stress through 
an increase in unsaturation of the lipids. At the same time, 

acids increased, and the unsaturation index decreased (these 
A. cygnea 

day). It likely indicates the destructive oxidative processes 
in the digestive gland membranes caused by cadmium. 
Unlike phospholipid fatty acid composition, changes in the 
composition of triacylglycerol fatty acids were independent 

there was an increase in the proportions of saturated fatty 
acids and a decrease in the 20:1 monounsaturated fatty acid 
content. On the third experimental day, there was an increase 

 
5. Conclusions

Thus, the study of the lipid peroxidation products 
revealed the activation of cadmium-induced oxidative 
processes in the gills and digestive glands of A. cygnea 

of LPO product accumulation in the organs of the mussels 

were also determined by the concentration and duration of 

the A. cygnea gills and digestive glands were determined 
by the target organ, concentration and duration of cadmium 
exposure. In the fatty acid composition of the membrane 

of the cadmium treatment. Together with a high level of LPO 
products, it indicated the activation of oxidative processes. 
In addition, the increased cholesterol content in the gills 
and digestive glands of A. cygnea 
day apparently decreased the non-selective ion permeability 
of the membranes. There was a restoration in the level of 
unsaturation of the fatty acids both in the phospholipids and 



Fokina N.N. et al./ Limnology and Freshwater Biology 2019 (5): 286-296

295

triacylglycerols in the gills of A. cygnea after prolonged 
cadmium exposure on the third day. Some lipid indices (in 
particular, phosphatidylserine and triacylglycerol content) 

of cadmium were revealed. The increased content of these 
lipids in the organs of the mussels (mainly in digestive glands) 

freshwater mussels was observed. However, the changes in 

of cadmium were determined by the features in the fatty acid 

has been shown that arachidonic 20:4n-6 acid serves as the 
main target for cadmium-induced oxidative processes in 
freshwater mussels (unlike EPA and DHA in marine ones). 
Thus, assessment of oxidative stress biomarkers (LPO 
products) and the main targets for oxidative processes (lipid 
and their fatty acid composition) allows the evaluation of the 
consequences of cadmium-induced oxidative stress on the 
membrane and storage lipids of mussels. Moreover, it makes 
it possible to identify protective biochemical mechanisms 
(including lipid composition) that provide the high resistance 
of mussels to environmental pollution.
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1. Introduction

Diatom algae are unicellular autotrophic 

structures at micro- and nanoscale. Mechanisms that 
regulate a process of silicon absorption from the 
environment and its transport to the silica deposition 
vesicle are related to the subsequent valve formation 
processes, but currently they are poorly understood. 
Diatom cell wall consists of two structures called valves, 
each connected to a system of ring-shaped girdle bands. 
All cell wall components synthesized sequentially 
inside the cell in a specialized organelle called silica 

Pankratz, 1964). Silicon is mostly available to diatoms 
as undissociated silicic acid (Martin-Jézéquel et al., 
2000) which is imported to the cell by a SIT protein 

acid is abundant in the environment, diatom cells use it 
to build valves and girdle bands immediately after it is 
imported. Under the culturing conditions, though, the 
medium contains a limited amount of silicic acid. When 
cells are starved for silicon, they start “preparing” for 
a potential future silicon addition, and a small amount 
of currently available silicon forms an intracellular 
pool, which is probably stored in silica-containing 
inclusions (Grachev et al., 2017). After silicon is added 
to the environment, the cells respond by impulsively 
consuming silicic acid and immediately spending it on 
cell wall formation (Thamatrakoln and Hildebrand, 
2008).

are performed on marine diatom species. Two most 
Thalassiosira pseudonana 

(Thamatrakoln et al., 2012) and Phaeodactylum 
tricornutum (Armbrust et al., 2004), a centric and a 
pennate diatoms, both marine. Large-scale studies of 
a freshwater diatom frustule morphogenesis are being 
performed on the pennate species Fragilaria radians 

Diatoms are quiet diverse group of unicellular 
eukaryotes. Despite their common ability to synthesize 

water environment the phylogenetic diversities 

unknown participants of valve morphogenesis it is 

Fragilaria radians and Ulnaria danica
& Bukhtiyarova are two closely related species. After 
a recent revision of genus Synedra, its species were 

S. acus subsp. radians 
is considered synonymous to Fragillaria radians
D.M. Williams & Round (Williams and Round, 1987), 
and S. ulna subsp. danica is synonymous to Ulnaria 
danica

of valve morphogenesis and silicon uptake of such 
morphologically similar species has not been carried 
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of silicon from the environment. In the current work we have studied the valve morphogenesis of a 
freshwater pennate diatom Ulnaria danica in a laboratory culture synchronized by silica starvation 

synchronized culture. During the formation of main valve elements, intracellular silicon pool is lower 
than it is after the end of synchronization, returning to the original level only 90 minutes after the 
addition of silica and beginning of the morphogenesis.

Keywords: diatoms, synchronized culture, morphogenesis, Ulnaria danica

Bedoshvili Ye.D., Volokitina N.A., Marchenkov A.M.*
Limnological Institute, Siberian Branch of the Russian Academy of Sciences, Ulan-Batorskaya Str., 3, Irkutsk, 664033, Russia

Valve morphogenesis and silicon 
dynamics in the synchronized culture of 
Ulnaria danica

297



Bedoshvili Ye.D. et al./ Limnology and Freshwater Biology 2019 (5): 297-301

298

out previously. 
The aim of this work was to establish the 

connection between cell wall morphogenesis and 
silicon dynamics (inside and outside the cell) 
in Ulnaria danica, as well as compare its valve 
morphogenesis stages to those of Fragilaria radians.

2. Materials and methods

The Ulnaria danica culture was grown in glass 
bottles with volume at 15 L during 16 days in DM 
medium for freshwater diatoms (Thompson et al., 
1988) under natural illumination. Then cells were 
synchronized according to the protocol published 

biomass was concentrated on the polycarbonate 

and passed to DM medium without silicon. The cells 

16 °  in polycarbonate bottle with volume 16 L 
and then concentrated again. The part of these cells 

silicon concentration determination. The main part 
of cell biomass were passed into the DM medium 
with silicon in the form of sodium metasilicate 
(Na2SiO *9H2

cells for determination of intracellular silicon pool 
were frozen with liquid nitrogen and then stored 
at -20 °C. 

For further electron microscopy, the cell 
culture was concentrated by sequential centrifuging, 

distilled water, placed in concentrated 68.4% nitric 
acid and incubated for 1 hour in a water bath (95 
°C). After an hour, nitric acid was removed, and 
cells were washed thrice with ethanol, treated for 

valves were placed on SEM stubs, gold-coated in 

on the Quanta 200 FEI Company (USA) scanning 
electron microscope. Valves were counted among 
200 randomly encountered.

Silicon concentration in the medium and 
inside the cell was measured according to the 

Hervé et al., 2012). For determination intracellular 
silicon pool the frozen cells were resuspended in 
1 ml of distilled water, incubated at 95 °C for 10 
min, cooled and concentrated by centrifugation 
(1450 g) with centrifuge Allegra X-12R, Beckman 
Coulter (USA). The intracellular silicon in samples 
of supernatant as well as samples of the medium 
DM was measured using the silicomolybdate assay 

of 0 to 12 mg/L. All measurements were taken in 
triplicate.

Fig. 1. The sequence of morphogenesis stages in U. danica 
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3. Results

Valves of a synchronized culture taken during 
120 minutes after silicon addition were studied with 

by markers described for a related species F. radians 

al., 2015). The earliest stage that we have managed to 
register (stage I

that later merge and form mature virgae. At this stage 
the position of future rimoportula is yet unmarked (Fig. 

when valve can even bend in half, sternum always 
appeared straight.

stage II 
(Fig. 1b, Fig. 2b) when virgae have already formed and 
are growing (stage III

stage IV
by this time, valve mantle has started forming (Fig. 1d, 
Fig. 2c). Creation of second-order branchings (viminae) 

stage V (Fig. 1e,  
Fig. 2d). Growth of velums on areolae apparently 

appear to be fully formed (Fig. 1f, Fig. 2e).

SEM preparations. However, in the sample taken 
120 minutes after silica addition, all valves were on 
morphogenesis stages IV-V. The presence of the valves 

Measurements of silicon concentration in the 
medium have shown that it drops to less than half of 

three days of synchronization and introducing silicon to 

or not decreasing at all. Silicon concentration in the 
intracellular silicon pool of synchronized culture (Fig. 

returning to the original level after 90 minutes. The 
measured silicon concentration in the medium was 

We suspect that this is caused by the DM preparation 
protocol, which involves using sodium metasilicate to 
reach the required pH.

4. Discussion

The stages of U. danica morphogenesis are similar 
to those in a previously described related species F. 
radians
stages of valve forms happen quicker for U. danica than 
for F. radians, despite its larger size. Most of the primary 

order in which various morphological structures have 

Fig. 2. U. danica
e — mature valve. White arrows point to rimoportula, short ones point to apical pore area. The scale is 1 μm.
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Fig. 4. The dynamics of silicon concentration in the cells.Fig. 3. The dynamics of silicon concentration in the 
medium.

appeared is the same as in F. radians

It is interesting that forming sternum seems 

stages of development. This fact can demonstrate the 
variance in the state of silicic acid or general chemical 
composition of SDV contents between earlier and 
later morphogenesis stages. It is visible that at earlier 

likely to merge at later stages similarly to F. radians 

electron microscopy cannot visualize this process in 
U. danica. Our data also show that even if rimoportula 
does indeed start forming at the earliest morphogenesis 
stages, it is not detectable at the sternum stage. The 

Likhoshway, 2007, Fig. 26) doesn’t appear until at 
least Stage II, during virga formation. Thus, the details 

information about valve morphogenesis in pennate 

It is known that assimilation of silicon by diatoms 

that silicon-starved cultures tend to quickly consume 
silicon from the environment when it becomes available 
(Conway and Harrison, 1977). The chemical analysis 

of silicon concentration has shown that it is consumed 

the valve is built) its concentration inside the cell does 
not increase. T. pseudonana
of silicon use under similar conditions (Thamatrakoln 
and Hildebrand, 2008). Unlike U. danica, T. pseudonana 

starvation, but does increase the intracellular silicon 
concentration after the cells are placed into a silicon-
rich medium. The species we have studied, on the 
other hand, can accumulate silicon during starvation or 

morphogenesis does not start, because otherwise the 

which would probably be lethal. The intracellular 
silicon levels drop at the earlier stages of morphogenesis, 
when silica is actively deposited to the forming valve. 
Later, though, silica deposition speed decreases and 
intracellular silicon pool replenishes (this happens 
90 minutes after providing silicon to synchronized 
cultures), because at later stages silica deposits slower 
and therefore is not consumed as quickly. That is why 

T. pseudonana and U. danica can be caused by the scale 
valve morphogenesis, since valve thickness and division 
time is several times higher in the latter. T. pseudonana, 

Table. 1.

Time, min

Stages of 
morphogenesis

0 60 90 120

I, Fig. 1a, Fig. 2a - + - - -

II, Fig. 1b, Fig. 2b - + + - -

III, Fig. 1c - + + + -

IV, Fig. 1d, Fig. 2c Sporadically Sporadically + + +

V, Fig. 1e,  Fig. 2d Sporadically Sporadically + + +
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to spend silicon on building valve and girdle bands 
as it is being absorbed from medium. The creation of 
intracellular silicon pool or maintenance of certain 
silicon level during its shortage in the environment 

Thus, in U. danica silicon accumulation is 
linked to the valve morphogenesis. This species can 
accumulate silicon inside the cell, although not during 

there is no active silica deposition, its intracellular level 
remains constant.
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1. Introduction

Sponges are the oldest invertebrates, and they 
play an important role in aquatic ecosystems. Sponge 
skeleton consists of composite needle-like spicules 
based on silica or calcium carbonate. Spicules are 
linked by organic material (Fig. 1), forming three-

numerous symbionts: zoochlorellas, bacteria, viruses, 

considered as prospective biogenic constructions for 
optic applications and a source of ideas of bioinspired 

amount of water through their bodies and are thus highly 

factors. A disease of Baikal sponges (Denikina et al., 

striking manifestation of crisis phenomena in the Baikal 
coastal zone.

al., 1998)) are important for environmental and 
biotechnological investigations. The proper formation 
of the sponge spicules is important evidence of the 
organism’s viability. Counting the new spicules during 

it is impossible to distinguish between old and new 
spicules. Another intriguing question in the sponge 
physiology is what the growth rate of the spicules is. 
The spicule growth continues for days, and there are 

no harmless methods for observing individual spicule. 

growing siliceous spicules (Annenkov et al., 2014). This 
dye is accumulated in bio-silica such as sponge spicules 
and frustules of diatom algae which are obtained from 
cultivation in the presence of the dye.

This work is aimed at the application of other vital 

Baikal endemic sponge Lubomirskia baicalensis (Pallas, 

in solution to cyan emission in siliceous materials. 

us to interchange dyes during sponge cultivation and 
estimate the growth rate of the spicules.

2. Materials and methods
2.1. Chemical reagents

Bottled Baikal water was used for primmorph 
cultivation. Fluorescent dyes NBD-N2 and Q-N2 were 

chromatography column packed with C18-reversed 
phase silica gel (H2O/CH
yield 18%). Other chemicals were purchased from 
Merck, Fisher or Acros Chemicals and used without 
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further treatment.
2.2. Sponge samples and cultivation of 

primmorphs

primmorphs were performed according to Annenkov et 

of L. baicalensis were collected near the village Bolshie 

10 m depth. Primmorphs were obtained similar to 

o

particles and water were transferred into 50 mL conical 

shaken for 15 min with a rotatory shaker. Then, the 

The cells obtained were harvested by sedimentation (1 
oC) and washed again with Baikal water. The cell 

suspension was placed into 400 ml plastic containers 
with 200 ml of Baikal water containing 0.002 % of 
ampicillin. The containers were kept in the same 
conditions as sponge samples under cultivation. Every 
day during two weeks, 75% of the water was replaced 
by fresh water containing the antibiotic. After two 
weeks, the primmorphs obtained (1 mm and more 

in diameter) were moved to the new containers with 
water and antibiotic and 75% change of the water 

dyes were added to the cultivation medium in 0.5 μM 

the dyes were performed with triple washing of the 
primmorphs with the culture medium.

2.3. Study of Rhod-N3 toxicity 

similar to (Annenkov et al., 2010). The synchronized 
culture of Ulnaria ferefusiformis
H.Lange-Bertalot, 2016) was diluted with DM medium 

of the suspension was added into every well of 96-well 

cultivation was performed at 18ºC. A luminescent lamp 

intensity at “daytime” was 16 μmoles/m-2·sec-1. The 
growth of the cells was observed during 7 days.

Fig. 1. Baikal sponge L. baicalensis

nm, and emission was observed above 515 nm. Scale bar represents 5 cm (A), 100 μm (B and C) and 200 μm (D).

Fig. 2.
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2.4. Instrumentation 

using a Perkin Elmer Lambda 950 spectrophotometer. 
Photoluminescence spectra were recorded at 25 °C 
using a Perkin-Elmer LS-55 instrument. For absorption 

quartz cuvette was 1 cm.
Fluorescent microscopy was performed using an 

and emission above 515 nm was observed. Confocal 
images were obtained using a Zeiss LSM710 microscope 

slit 409-491 and 519-620 nm, respectively. For double 
color QN2

3. Results and discussion

the growth of diatom algae in the 1 μm concentration 

slightly depresses the diatom culture (Fig. 6).
Primmorphs of the Baikal sponge Lubomirskia 

baicalensis were cultivated in the presence of 0.5 μM 

in silicifying sponge cells (sclerocytes) was observed 

in spicules after three days of cultivation, and a week 

550-650 nm stained layer.
Cultivation of the primmorphs with the addition 

of two dyes that were changed every week enabled 
to obtain layer-by-layer stained spicules which were 
studied with confocal microscopy. The parameters for 
confocal microscopy of the bicolored spicules were 

frustules stained with the corresponding dyes (Fig. 
9, Fig. 10). The confocal images were recorded using 

which corresponded to almost separate emission from 

Fig. 3.

Fig. 4.

was applied for emission spectra. 



Danilovtseva E.N. et al./ Limnology and Freshwater Biology 2019 (5): 302-307

Fig. 5. Emission spectra and quantum yields (Q, %, 

and 1 μM, 490, 411 and 565 nm, respectively.

Fig. 6. Growth curves of U. ferefusiformis in the presence 

the chart.

Fig. 7. L. baicalensis spicules 
obtained from primmorphs cultivated in the presence of Q-N2 

Fig. 9.

with Q-N2 and NBD-N2 dyes. U. ferefusiformis frustules stained 
by cultivation in the presence of these dyes were applied.

Fig. 8. Fluorescent images of cells in L. baicalensis 
primmorphs after one-day growth in the presence of 0.5 μM 
NBD-N2 (top) and spicules obtained on third (middle) and 
seventh (bottom) days after adding the dye to culture medium. 

515 nm. Scale bar corresponds to 10 μm.

Fig. 10.

U. ferefusiformis frustules stained 
by cultivation in the presence of these dyes were applied. 
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the dyes.

Images from the confocal microscopy (Fig. 11) 
allow estimating the thickness of the alternate silica 
layers that formed during one week in the presence of 
the corresponding dye. We conclude that inner weekly 

μm thickness of mature spicules (Veynberg, 2009), 

maturation of the L. baicalensis spicules. This is a very 
rough estimation for several reasons: the growth rate 

is possibly accumulated in the primmorph bodies and 
in sclerocytes, which lengthens the weekly interval of 

L. baicalensis 
are impossible due to poor viability of the sponges in 

such stages as a healthy sponge, an oppressed sponge 

estimates of the growth of the spicules in primmorphs 

dyes we observed only a few 8-10 μm stained spicules 
after four months of primmorph cultivation.

4. Conclusions

spicules in sponge primmorphs. Cultivation of the 
sponge in the presence of these dyes allows for the use 
of confocal microscopy to study the morphology of the 
spicules and, in the case of two-color staining, to draw 
some conclusions about the growth rate of the spicules.
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Introduction

represents a bulk of closely related species. This is 
very interesting due to the peculiarities of the Baikal 
ecosystem owing to its age and diversity of underwater 
landscapes. The cottoid group, whose representatives 
occupy at present practically all biotopes and trophic 
niches of the lake, has a special status amongst the Baikal 

Paracottus 
knerii, Leocottus kesslerii and Batrachocottus baicalensis 

, inhabit the littoral zone 

The study of dietary habits within this biotopical group 
revealed two main trends of trophic adaptation, allowing 

species formed its morphofunctional features in the 
structure of the anterior digestive system as a result 

the function and structure of the system is followed, 
above all, by certain changes in its separate parts, it is 
relevant to apply the detailed approach to study latent 
regularities of these structural transformations in the 

The present paper concerns a comparative 

bones and analysis of potential causes of their structural 

trophic groups.

Materials and research methods

zone, Paracottus knerii (Dyb., 1874), Leocottus kesslerii 
(Dyb., 1874) and Batrachocottus baicalensis, were used 
in this study. Thirty specimens of each species were 

The standard methods for osteological analysis 

(Standard methods…. 1976). The soft tissues were 

comparative analysis included 16 measurements (% of 
the bone length) of the anguloarticulare, dentale and 

networks similar to the approach used previously 

was performed via the Autocad 2010 software (http://
www.autodesk.ru) (Fig. 1).
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tissues were studied according to the standard methods 

eosin. The anatomical structure of each bone was 
presented as longitudinal and transverse sections. 
Morphometric analysis of the specimens was performed 
using a binocular light microscope (S. Zeiss) and 
ImageScope Color Image Analysis software (Moscow, 
2008). The following parameters were chosen for the 
analysis: bone area, cartilage and bone cavity (thousand 
μm2

μm2

Each specimen was analyzed in 10 areas of view.

Results and disscusion

Baikal and have a similar feeding behavior. The 

in the following direction: Paracottus knerii - Leocottus 
kesslerii - Batrachocottus baicalensis. This was due to the 

transition to ichthyophagy (Tolmacheva, 2010) (Fig. 
2).

Morphogeometrical parameters. The 
morphometric analysis together with a geometric 
approach made the set of linear measurements more 
illustrative and enabled to investigate the simple 
regularities that are not always apparent without 
visualization (Fig. 2):

(praemaxillare + maxillare).

reduction of its ascending process of praemaxillare. This 

height of the ascending process in the zoophage P. 
 and L. kesllerii was 81% and 70%, respectively, 

of the praemaxillare length, whereas it was 52% in the 
facultative ichthyophage B. baicalensis. 

 (dentale + anguloarticulare). The 

the reduction of the bone height. The relative height 

Fig. 1. The construction scheme of morphogeometric 

of measurements (in % of bone length) in morphgeometric 
design. Legend:  ascending process, 

den coronoid 

Articulare: 
process (CH

location of inferior notch). 

Fig. 2. 

trophic groups: a) Paracottus knerii; b)Leocottus kesslerii; c)
Batrachocottus baicalensis.

of the dentale in  and L. kesllerii was 41.6 and 
, B. baicalensis. It is 

noteworthy that the anterior process of anguloarticulare 
is consistently retracted (70%, 77% and 71% in P. 

, respectively) and 
dislocated in a more horizontal position (Fig. 2). The 
anterior process (70 - 71%) and the lower process 
(62%) remain in unaltered position.

The measurements show that the consistent 

protrusion in the studied species is followed by an 
appropriate change in mouth shape and the ratio of 

a transformation of the bone shape should primarily 

praemaxillare along the ethmoideum. The degree of the 
protrusion depends on two interdependent features: 
the length of the praemaxillare and the height of the 

Voskoboinikova, 1986). The ascending processes of 
praemaxillare
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anamniotes (Lebedkina, 1980). An elongation of the 
praemaxillare
the pressure on the ascending processes and, thus, leads 
to their gradual reduction. 

The lesser degree of protrusion requires more 

is carried out with the musculus adductor mandibulae 

attached to the internal side of the anguloarticulare 

The transformation of the anguloarticulare shape and 
the consistent dislocation of the anterior process in a 
horizontal plane is due to the increasing power stress 
from the muscles. In turn, the dislocation of the anterior 
process of anguloarticulare in a horizontal plane reduces 
the dentale that contacts with it in the region of the 
coronoid process.

Histostructure. The histological analysis shows 

represents 
studied species (Meunier and Desse, 1986). There are 
compacted portions of cartilaginoid tissue in the contact 
areas. The surface of each bone represents a compact 
structure above bone cavities that are connected by 

the cavities, there are fragments of osteoblasts that were 
destroyed during the preparation of the specimens.

vertical section of the bone, represent the network 
structure inside the bones. The internal structure of the 
processes (ascending process of praemaxillare, anterior 
process of anguloarticulare and coronoid process of 
dentale) represent a single large cavity (50-69% in area) 

tissue. 

formation of the bone tissue induces the heterogeneity 
of the network structure (the bone cavities become 

bone. In the study of the internal structure of the 

(Bogachik, 1999). We determined this regularity in the 

apparatus. 

Conclusion

Thus, changes in functional requirements in a 

from benthos feeding to ichthyophagy is a consistent 

protrusion followed by an appropriate change in the 
shape, size and internal structure of the main bone 
elements. The transformation of the bone shape and 

Fig. 3. Anguloarticulare histostructure of the bighead 
sculpin Batrachocottus baicalensis: a) transverse section 

 

stress that occurs during the functioning of the 

are directly connected to the muscular-ligamentous 

the peculiarities of the structural transformations of 

uneven power load that changes during adaptation of 
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1. Introduction

Water suspension is one of the most important 
optically active components of any natural or 
manmade water body. Along with yellow substance 
(YS), chlorophyll a and pure water, suspension 

Therefore, its optical characteristics dependent on 
particles’ size, quantity, material, shape and orientation 
require a thorough study. Water suspension is often 
understood as a set of large (with a diameter of 0.5 

(mineral) and biological (organic) fractions (Clavano 
et al., 2007). The relationship between suspended 
substance concentrations and spectral light attenuation 
directly depends on the composition and properties of 
suspension, namely, a size, a shape and a refractive 

features of the water body under study.
The aim of this work is to evaluate the water 

spectral contribution of main optically active water 
components of the Novosibirsk Reservoir waters in the 
summer of 2019.

2. Material and methods

 by the 
water area, it is the largest (regardless of the Irtysh) 
in the Ob River basin manmade reservoir constructed 
for the multipurpose use, i.e. water supply (mainly 

and recreation. The results of 10 processed and 
analyzed water samples taken by a bathometer from the 
surface water layer of Novosibirsk Reservoir became 
the basis for our study. For observations on August 20 

numbers, names and coordinates of sampling stations. 
Hydro-optical characteristics of water samples 

were measured in the laboratory using a single-beam 
spectrophotometer PE-5400UF operating in the mode of 
measuring spectral water transparency (transmittance) 
with further calculations of spectral light attenuation 

substance ys

membranes with a pore diameter of 0.22 μm. Overall, 
240 measurements of spectral water transparency were 
carried out. The  (at the natural logarithmic base) 
value was calculated according to the formula( ) = (1/ ) ln(1/ ( ))            (1)
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derived from the Booger’s law, where L is the 
cuvette length, ( ) = ( )/ ( ) 
(transmittance) in relative units, 0
intensity of transmitted and incident light, respectively, 

is induced by the spectrophotometer instrument error 
during transmittance measurement (
the measurement error of a cuvette length. In the 

L=50 

. 
The concentration of chlorophyll a in acetone 

standard spectrophotometric method according to the 
standard GOST 17.1.4.02-90. Relative transparency of 
Z was measured using a Secchi disk.

The relative spectral contribution of optically 
active components of water (suspension, yellow 
substance, chlorophyll and pure water) to ) was 

model of light attenuation (Akulova, 2015), which was 

( ) = ( ) + ( ) + ( ) + ( ) + ( )    (2)

where chl  and ys
by chlorophyll and yellow substance, respectively, 

mol s
spectral dispersion by suspension, pw
absorption by pure water. The calculated attenuation 
in the formula (1) does not contain the attenuation 

pw pw mol . In the 
formula (2), we summed up the values obtained 
from spectrophotometer measurements with pw

2014). 
Rate of chlorophyll absorption was calculated as 

follows:
 ( ) = . ( )  

Where Cchl is the concentration of chlorophyll , 
mg/m , sp.chl
m2

pw
we used the tabular data of Levin (2014), whereas for 

mol( )

attenuation is described via a three-parameter model. 
In contrast to the previous studies (where parameter 

s ys  is 
 and the 

sum of other parameters), we propose an alternative 
approach. Since the ys

s  

formula:
    ( ) = ( ) [ ( ) + ( ) + ( ) + ( )]          (4)

3. Results and discussion

Hydro-optical characteristics (spectral parameters 
of light attenuation  and light absorption by yellow 
substance ys as well as relative transparency Z in 

during the study period. The spectral light attenuation 

) varied 
 at the wavelength 

at at 

light absorption by chlorophyll fell on 

nm, which was taken into account under optical device 
development and used as a marker in hydro-optical 
studies.

Relative transparency Z measured using a Secchi 

Table 1. Sampling stations and their coordinates in the surface layer of Novosibirsk Reservoir (August 2019)

Sampling date Station number (name) Coordinates

20.08.2019

21.08.2019  a midpoint of the reservoir section)

21.08.2019 4.2 (Spirino, a midpoint of the reservoir section)

21.08.2019

21.08.2019

22.08.2019

22.08.2019

22.08.2019 8.2 (Berdsky gulf, Agroles, a midpoint of the reservoir section)

22.08.2019 9.2 (Berdsky gulf, Rechkunovka, a midpoint of the reservoir section)

22.08.2019 10.2 (head reach, near the HPP dam)
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The calculated concentrations of chlorophyll 
a in the surface layer of Novosibirsk Reservoir were 

, 
m . Based on the long-term data, spatial heterogeneity 
of the chlorophyll content was studied thoroughly in 
the Laboratory of Aquatic Ecology of IWEP SB RAS 

Table 2 presents the calculation results of the 
spectral contribution of the main optically active 
components of water (suspension, yellow substance, 
chlorophyll a, and pure water) to spectral light 

attenuation ) in various sampling stations of 
Novosibirsk Reservoir. Here, values  and ys  are 
given on the natural logarithmic base.

The result of calculations of relative spectral 
contribution of optically active water components to 
light attenuation  in the surface layer of Novosibirsk 
Reservoir in various sampling stations suggests that 
yellow substance and suspension have the greatest 

show that yellow substance provides the greatest 
contribution (67%) to light attenuation at 

Table 2. Spectral contribution of water components (%) to light attenuation in the surface layer of Novosibirsk Reservoir 

Wavelength 
of light , nm

Light absorption Light scattering
Light 

attenuation , m–1( )( ) ( )( )  
( )( ) ( ) + ( )( )  

station 1.2 ( a )

550
670

0.1
0.5
4.6

42.8 0.9
7.4

55.8
48.7

16.8
11.9
9.4

a )

550
670

0.1
0.5
5.0

9.4
1.0
7.8

40.2
56.2
47.7

10.4
8.6

station 4.2 ( a )

550
670

0.1
27.6
26.7

6.6
0.7
5.8

71.4
64.1

22.4
15.9
12.7

station 5.1 ( a )

550
670

0.1
0.5
4.6

58.1
44.7 0.5

16.0
11.4
9.4

 ( a )

550
670

0.1
0.4
4.1

4.7
0.5
4.0

56.7
66.1
60.2

17.9

10.4

 ( a )

550
670

0.1
0.5
4.8

41.2 2.9
0.4

55.8
60.9
55.2

18.2
11.5
8.9

 ( a )

550
670

0.1
0.6
6.7

58.7
51.2
49.2

4.0
0.5 47.7

40.2

12.6
8.2
6.5

station 8.2 ( a )

550
670

0.1
0.5
5.0 40.6

6.7
0.8 55.4

48.1

16.0
10.6
8.6

station 9.2 ( a )

550
670

0.1
0.5
5.5

60.6
51.4

4.9
0.6
5.1

47.5
45.1

16.5

7.9
station 10.2 ( a )

550
670

0.1
0.8
7.6

66.9
60.0
56.1

0.4
29.8 10.9

7.0
5.7
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nm in the upper reach, nearby the HPP dam (station 
10.2). At other sampling stations, the contribution 

relative contribution of YS ranges from 28% (station 

suspension contribution (over 60%) is observed at the 
station 4.2 (Spirino, a midpoint of the reservoir section) 
at 
nm. At 

0.1%) to light attenuation at 
However, it increases sharply (8%) at 
contribution of chlorophyll at 

at 

light scattering by pure water in the studied spectral 
range is responsible for a small contribution (0.1%).

Thus, suspension in waters of Novosibirsk 
Reservoir is the second most important optically active 

4. Conclusion

attenuation obtained during the implementation of a 

of Novosibirsk Reservoir in August 2019. Being one 
of the most optically active water components able to 

conditions), the suspension may serve as an important 
indicator of water quality. Therefore, further research 
is of particular importance.
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