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Abstract

:

Habitation conditions significantly affect the physiological and biochemical state of aquatic organisms, including the balance of lipids that performs important functions in cellular metabolism. The lipid and fatty acid profiles of White Sea herring in Dvina, Kandalaksha, and Onega bays, and in the waters of Tersky Shore (the mouth of the Varzuga River) in autumn (after the fattening period) were studied. Different methods—thin-layer, high-performance liquid and gas chromatography—were used for this purpose. Determined heterogeneity on studied parameters of lipid metabolism of fish from different habitats is associated with differences in trophic and hydrological conditions in these bays. Variations of lipid compositions of herring groups can be a reflection of qualitative and quantitative strategies of biochemical adaptations, aimed at compensating the lipid metabolism of fish under different trophic–ecological conditions of habitation in the White Sea.
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1. Introduction


The White Sea herring population, Clupea pallasi marisalbi Berg (Clupeiformes, Clupeidae), is one of the most similar forms to the Pacific herring, Clupea pallasi, and it is one of the most important commercial fish of the White Sea. Local herring herds are confined to certain hydrological conditions in different bays of the sea [1]. Previously, it was thought that White Sea herring from different bays of the White Sea belonged to a single population, a “single biological entity” [2,3]. However, there are other points of view, proponents of which consider that the forms of White Sea herring from different habitats in the sea have different origins [4,5,6]. It is also supposed that herring are a complex of genetically-isolated forms, related by origin [7]. In recent years, the growth of herring stock has been caused by gradual recovery of White Sea eelgrass, the decline of which happened in 1960 [8,9]. Habitation conditions significantly affect the physiological and biochemical states of aquatic organisms, including the balance of lipids that perform important functions in cellular metabolism. It is known that lipid parameters characterize—to a high degree of accuracy—the functional state of individual species and fish populations as a whole [10,11,12]. Changing of lipid composition is a part of adaptive reactions that provide the possibility of survival under different combinations of ecological factors (within the limits of optimal oscillations) [10,13].



The main aim of the present research was to determinate the lipid and fatty acid profiles of the White Sea herring in Dvina, Kandalaksha, and Onega bays, and in the waters of Tersky Shore (the mouth of the Varzuga River) in autumn (after the fattening period).




2. Results


To study the combined effects of two factors—“fish length” (AB, cm) and “habitat” in the White Sea (complex of ecological environmental factors) on lipid indexes—total lipids, phospholipid, triacylglycerol, cholesterol ester and cholesterol (% of dry weight)—multifactor analysis of variance was applied. It was shown there was no effect of “fish length” factors on lipid indexes, despite the differences (p ≤ 0.05) in size of herring from different capture locations in the White Sea (Table 1). The influence of the “habitat” factor (p ≤ 0.05) was mainly determined for all lipid indexes (except for PL). The most notable influence of habitat factor was defined in terms of CHOL—30.1% (p = 0.0000), TL—19.5% (p = 0.0001), and TAG—12.6% (p = 0.0076) (Table 1).



Biochemical analysis revealed that herring caught in the Kandalaksha Bay differed from those of the Dvina and Onega bays and the water area of the Tersky shore by having a higher level of total lipids (41.7%; 34.5%; 34.5%; 31.8% and 34.7% of dry weight, respectively) (Table 1).



Among the fish of the Kandalaksha and Onega bays, TAG dominated in the composition of TL (19.4% and 15.5% of dry weight, respectively), while, among the herring from Dvina Bay and the Tersky shore, structural PL dominated (19.1% and 17.2%, respectively). Among the herring from all the areas of the White Sea, the composition of total PL–PC was the largest in terms of quantity (within 10.1%–16.1% of dry weight). It was higher among the fish of Dvina Bay (p ≤ 0.05), and it was lower in herring from Onega Bay (Table 2). The content of other individual PL: PI, PS, PEA, LysoPC and SFM, in herring from different habitats, was minor (from 0.15% to 0.95% of dry weight); although, in some cases, it was statistically significant (p ≤ 0.05). Thus, the herring from the water area of the Tersky Shore, in comparison with other groups, differed by a reduced portion of LysoPC, and, from Dvina Bay, SFM (Table 2).



The content of other structural lipids—CHOL, and its reserve form EsCHOL—among the fish from Kandalaksha Bay and the water area of the Tersky shore—was higher (p ≤ 0.05) than among fish from Dvina and Onega bays. At the same time, one of the key indexes of biomembrane microviscosity—CHOL/PL—was significantly higher (0.29) due to CHOL in the groups of herring from the water area of the Tersky shore than among the fish from other bays (0.05–0.19) (Table 1).



Thus, the group of herring from Kandalaksha Bay, which had the highest level of TL (due to reserve TAG), stands out among all the studied groups of White Sea herring, where habit is different in terms of trophoecological conditions. At the same time, in herring from Onega Bay, a reduced level of TL was shown; and among the fish of Dvina Bay, the portion of SFM decreased and the portion of PC increased. The highest index of CHOL/PL was revealed among herring from the water area of the Tersky shore; while in herring from Dvina bay, it was lowest.



The discriminant analysis of White Sea herring, inhabiting different areas of the White Sea, where the main classes of lipids—PL, TAG, EsCHOL and CHOL—were selected as variables, allowed to divide the studied groups of herring in accordance with three discriminant functions. The first function determined 63% of variability of the studied objects (Wilks’ lambda λ = 0.27, p = 0.0000), the second function determined 29% (λ = 0.58, p = 0.0000), and the third determined 8% (λ = 0.88, p = 0.0071). When location of the research objects was in the space of the first and second discriminant functions (Figure 1), two groups—the herring of the Kandalaksha Bay and the Tersky shore—which slightly transgress with each other, clearly stood out.



The groups of herring from the Onega and Dvina bays showed a strong joint transgression. The first function was formed by CHOL (load: 0.85), PL (load: 0.79), TAG (load: 0.59), and EsCHOL (load: 0.46), which demonstrated and determined the direction of fish variability in terms of the qualitative and quantitative content of lipid classes—primarily structural. The second function was characterized by a significant contribution of TAG (factor load: 0.94) and PL (load: 0.62), which were opposed by ESCHOL (load: 0.10) and CHOL (load: 0.44). This result confirmed the conclusions of the biochemical analysis regarding different quantitative compositions of energetic and structural lipids in the groups of herring from different habitats of the sea. The third dispersion function indicated the direction and speed of energetic and structural metabolism, which was evidenced by the factor load of TAG (0.38), and made the greatest contribution to the formation of this axis, and opposed the factor load of PL (−0.71).



In the fatty acid profile of TL of White Sea herring in the fish groups from all studied areas, MUFA (monounsaturated) dominated (from 38.8% to 42.1% of total FA) in fish studied collected from all sites, among which 18:1(n-9) and 16:1(n-7) FA (within the limits of 18.9%–20.1% and 7.73%–11.5% of total FA, respectively) prevailed (Table 3). The fish from Kandalaksha Bay had increased (p ≤ 0.05) content of 18:1(n-9) FA in relation to those of the Tersky shore and Onega Bay. At the same time, the herring from Onega Bay differed by a low (p ≤ 0.05) level of 16:1(n-7) FA. It was determined that the amount of other MUFA—18:1(n-7), 20:1(n-9), 22:1(n-11), 22:1(n-7), 24:1(n-9)—did not exceed 5.0% of total FA, but it significantly (p ≤ 0.05) differed in groups from different habitats. In the herring groups of the compared habitats, variations with minor specific FA, 20:1(n-9) and 22:1(n-11), 22:1(n-7), and 24:1(n-9), require additional studies (Table 3).



It was noted that, in the composition of TL of White Sea herring of all groups, the proportion of SFA was high (35.2%–37.3% of total FA), mainly due to 16:0 and 14:0 FA—the levels of which were in the range of 20.4%–22.3% and 8.8%–12.4% of total FA, respectively. Low content of 18:0 FA (1.66%–3.21% of total FA) was noted in fish from all water areas (Table 3).



In White Sea herring, the content of total PUFA (polyunsaturated fatty acids) was in the range of 20.7%–23.9% of total FA, mainly due to FA of the (n-3) family (15.1%–19.2% of total FA) with a dominance of FAs 20:5(n-3) and 22:6(n-3). The herring from Onega Bay differed slightly, but significantly (p ≤ 0.05), by a high level of these acids, and indexes of (n-3)/(n-6) PUFA, 18:3(n-3)/18:2(n-6), and 16:0/18:1(n-9) (Table 3).



Discriminant analysis of White Sea herring, inhabiting different places of the White Sea, was carried out in terms of the content of 11 fatty acids of total lipids—14:0, 16:0, 18:0, 16:1(n-7), 18:1(n-9), 18:1(n-7), 20:1(n-9), 18:2(n-6), 20:4(n-6), 18:3(n-3), and 22:6(n-3). It was defined that these fatty acids allowed determining a 95% accuracy, which, of the studied groups, this research object belongs to. The first discriminant function (73% of total variability, λ = 0.02, p = 0.0000) enables to select a group of herring from Onega Bay, which was characterized by maximal (for 18:0 and 22:6(n-3) FA) and minimal (for 16:1(n-7) FA) values (Figure 2, Table 3).



These FAs made the most significant contributions to the formation of the first discriminant function. The second discriminant function (19% of total variability, λ = 0.19, p = 0.0000) allows to select herring from Kandalaksha and Dvina bays and the Tersky shore. The herring from Dvina Bay showed uniform dissemination in a wide range, and mixing with herring from the Tersky Shore of the White Sea (Figure 2). The second discriminant axis is formed mainly by 18:2(n-6) and 18:3(n-3) FA, which have opposite factor loads: −1.15 and 1.75, respectively—the opposite correlation. Only 9% (λ = 0.54, p = 0.0000) refer to the third discriminant function. It was formed by the following FA: 18:1(n-9), 20:1(n-9), 20:4(n-6), and 22:6(n-3), which were opposed by 16:1(n-7), 18:1(n-7), 18:2(n-6), and 18:3(n-3). This was reasonably explained by the heterogeneity of ecological, particularly trophic, conditions in different habitats of the White Sea.



Thus, White Sea herring, from all the studied catch locations in the White Sea, were characterized by high levels of total MUFA (p ≥ 0.05). The fish from Onega Bay were distinguished from the others in terms of variations of individual FA: With high contents of 17:0, 18:0, 17:1(n-7), 22:1(n-7), 24:1(n-9), 18:2(n-7), 22:6(n-3), and reduced contents of 14:0, 16:1(n-7), 18:1(n-5), 16:3(n-6), and 18:2(n-6). In addition to this, this group was characterized by high ratios of (n-3)/(n-6) PUFA, 18:3(n-3)/18: 3(n-6), and 16:0/18:1(n-9).




3. Discussion


The results of multifactor analyses of variance show that, as a factor in these conditions, “fish length” has no significant effect on the lipid spectrum of White Sea herring. It is the “habitat”, and more exactly, a complex of abiotic and biotic factors that have direct and indirect effects on the formation of differences in terms of lipid status groups inhabiting various places of the White Sea.



3.1. Total Lipids and Their Classes


A complex of factors, among which ecological factors—temperature regime and food base—play a leading role, influences the processes of accumulation and consumption of lipids, mainly TAG (storage lipids) in fish [13,14,15]. The high content of TAG in the herring (especially from Kandalaksha Bay) during feeding season (autumn) indicates that food-supply accumulation of energy reserves [13] is especially important for their overwintering. It is known that the hydrological conditions of Kandalaksha Bay contribute to intensive development of plankton. The biomass produced by planktonic bacteria in July–September is characterized by a maximal value [16]. Therefore, this bay is defined by considerable diversity and high levels of productivity of bacteria and phytoplankton, which are valuable food objects for herring and provides high levels of storage lipids.



Specific hydrological conditions connected with the income of large amounts of fresh water from rivers, the presence of strong reversing tidal currents, and significant fluctuations of temperature, salinity, transparency and water color—especially in a warm-up period, develop in different parts of the relatively shallow-waters of Onega Bay [17,18,19]. As a result, different conditions can form for all organisms in the areas that are close to the bay.



The content of TAG and PL was lower among the fish of Onega Bay than among the herring from Kandalaksha Bay. The TAG/PL ratio was the same. According to Reference [20], absolute and relative contents are less important than the ratio of individual lipid classes. It may be considered that, in case of different levels of structural and storage lipids in fish in Kandalaksha and Onega bays, comparatively favorable conditions form for groups of herring during the feeding period.




3.2. Membrane Lipids


Among the herring from all of the studied water areas of the White Sea, the dominance of PC was determined. Among the lipids, this PL was the most significant in terms of quantity among different species of fish [21,22]. The greatest variations of concentration are found in relation to PC and minor PL (LysoPC, SFM), depending on herring habitat. These membrane PLs perform specific regulatory functions that depend on their concentration, and have a modulating effect on the activity of membrane-bound enzymes, in accordance with the living conditions of organisms [23,24]. Changing of the level of minor LysoPC and SFM cell membranes takes place under the influence of external signals (for example, fluctuation of temperature, salinity, and other stressful effects of the environment) [23,25].



According to the data of the discriminant analysis, the main factor load relates to CHOL. Using biochemical and discriminant methods, it was determined that CHOL levels in the herring from Kandalaksha Bay and the water area of the Tersksy Shore were maximal, while among the herring from the Dvina and Onega bays, it was minor. The revealed quantitative differences of CHOL and CHOL/PL ratio in the groups of herring from different habitats of the White Sea can be associated with different functional activities of the membrane lipids of fish, which are subject to a number of processes: Their intake of food; enhanced synthesis in the liver; modification of biomembranes of cells; and increasing or reducing of physiological functions (motion activity at different rates of flow, turbulence degree, pressure, environmental temperature, etc.). Variations in relation to CHOL and CHOL/PL ratios among the herring groups are one of the ways of regulating the state (fluidity) of cellular membranes in the process of the adaptation of organisms to changing environmental conditions. It is known that enhancement of cholesterol biosynthesis in the liver, as well as in the case of intake in food, is accompanied by acceleration of its esterification [26], which was shown in our research of the herring from Kandalaksha Bay and the water area of the Tersksy Shore, and may reflect an adaptive response to excessive intake of CHOL.




3.3. Fatty Acids


It is known that FA components of lipids are the most labile and are involved in the process of the development of adaptive responses [27,28,29]. One of the characteristics of FA composition of aquatic organisms of the northern latitudes is a high level of MUFA. In all of the groups of herring from the studied habitats of the White Sea, the prevalence of MUFA due to 18:1(n-9) and 16:1(n-7) was revealed. It is known that MUFA are food borne and they are biomarkers for specific groups of aquatic organisms: 18:1(n-9) FA—the main biomarker of dinophytes (Dinophyta division, Dinophyceae class) and bacterial plankton; and 16:1(n-7) FA—diatom (Ochrophyta division, Bacillariophyceae class) microalgae [30,31,32]. Dinophytes and diatom microalgae are major contributors to the White Sea phytoplankton biomass [16]. The levels of production of phytoplankton vary considerably in different habitats of the White Sea; they also change depending on seasons and years. According to the literature, in the Kandalaksha Bay, the biomass produced by planktonic bacteria is maximal in July–September. By the beginning of autumn (mid-August) in the White Sea, the complex of planktonic algae develops—where, at first, large dinophytes and then diatoms dominate. At the end of October (sampling time), the period of phytoplankton growth finishes and, in water, there are only large species of dinophytes and diatoms that completely disappear [33]. Apparently, this explains the low level of 16:1(n-7) FA among the herring in Onega Bay in comparison to the fish from other catch areas.



In the groups of herring from all the habitats of the sea, minor MUFA, individually, did not exceed 4.1% of total FA: 18:1(n-7) FA is synthesized (up to 53.6%) by green (Chlorophyta division, Chlorophyceae class) algae: 20:1(n-9) and 22:1(n-11) FA are synthesized de novo by only phytovorous species of Calanus ssp. [32,34]. In the formation of the zooplankton community, the Copepoda order plays a main role. Almost everywhere, they form the basis of biomass in the White Sea [35,36].



Relatively high content of SFA and 16:0 and 14:0 FA prevailing in fish is connected not only with synthesis de novo, but also with their accumulation due to consumption of phytoplankton and zooplankton, the presence and availability of which, in the food chains of the herring from various areas of the White Sea, differed. Low levels of 14:0 and 16:1(n-7) FA in the herring of Onega Bay, in comparison with those from other habitats, is possibly associated with the decrease of the productivity of diatoms in this period of biomarkers, of which they are. An index of 16:0/18:1(n-9) FA was higher among the herring of Onega Bay, which indicates a higher degree of intensity of lipid metabolism [37].



Low content of PUFA, especially 22:6(n-3) FA among White Sea herring, in comparison with other Arctic and sub-Arctic species of fish, indicates that these FA were not the factor in the functioning of biomembranes under these conditions. The ratio (n-3)/(n-6) PUFA plays a particular role due to competitive relations in the process of their metabolism [38]. In relation to the herring from Onega Bay, the ratio of (n-3)/(n-6) PUFA was higher than in the fish groups of other habitats. Changing of the degree of unsaturation of lipids is a common mechanism of regulation of activity of membrane enzymes under the conditions of fluctuation of environmental factors [29,39]. As a result of the application of discriminant analysis, it was shown that one of the directions of White Sea herring variability, and its division into groups, was formed by 18:2(n-6) and 18:3(n-3) FA (the second discriminant function).



In herring in various tropho-ecological conditions, high levels of particular FA varied within certain limits and depended mainly on the temperature and food regimes in this period of life. Determined fatty acid spectra of White Sea herring from different habitats of the White Sea indicate that the main source of food in the feeding period (October) was representative of diatoms and dinophytes, and the proportion of copepods was insignificant.





4. Materials and Methods


The White Sea herring adults (females) were collected in autumn in Dvina (64°57′, 38°23′), Kandalaksha (67°02′, 32°23′), and Onega bays (64°59′, 36°37′) and in waters of the Tersky Shore of the White Sea, at depths of 50, 25 and 38 meters, and at temperatures of 6.5, 2.9 and 6.7 °C, respectively, according to the method described in Reference [40]. In total, 66 individual specimens (n) were analyzed. Characteristics, specifics, and geographical coordinates of sampling areas are presented in Table 4.



The flesh of the fish was homogenized and fixed in a solvent system of chloroform:methanol (2:1, v/v). Samples were homogenated individually in glass vials and kept in a cold room at 4 °C. Total lipids (TL) were extracted by the method described in Reference [41]. The dry weights, recovered after the lipid extraction of the tissues, were dried over phosphoric anhydride until the samples reached a constant weight.



The lipid classes, such as PLs, TAGs, cholesterols (CHOL), wax esters and cholesterol esters (WE + CE), as one fraction, were analyzed using thin-layer chromatography. PLs, TAGs and WE + CE were quantified using spectophotometery [42], following the method of Sidorov [43], and CHOL by the method used in Reference [44]. In this research, we use a SF-2000 spectrophotometer (OKB Spectr, St. Petersburg, Russia) at a wave length of 540 and 50 nm, respectively. To identify the lipid classes on the plates, standards (Sigma Aldrich, St. Louis, MO, USA) for thin-layer chromatography were used.



High-performance liquid chromatography (HPLC, Stayer, AKVILON, Moscow, Russia) was used to identify six phospholipids: phosphatidylserine, phosphatidylethanolamine, phosphatidylinositol, phosphatidylcholine, lysophosphatidylcholine, and sphingomyelin following the method used in Reference [45]. Nucleosil 100–7 column with an acetonitrile:hexane:methanol:phosphorus acid (918:30:30:17.5 by volume) mobile phase was applied, and the detection was at a wave length of 206 nm (UV light). Phospholipid standards (Supelco-Analytical, Bellefonte, PA, USA) were used for the identification and quantification of the phospholipid compounds in the sample.



To analyze the fatty acid composition of the total lipid extracts, gas–liquid chromatography was used. Fatty acids were converted to fatty acid methyl esters (FAME) and were identified using a “Chromatec-Crystal-5000.1” (Yoshkar-Ola, Russia) gas chromatograph with a flame-ionization detector. A Zebron capillary gas chromatographic column (Phenomenex, Torrance, CA, USA) was installed into a chromatograph, and an isothermal column configuration was used (205 °C); the temperature of the detector and evaporator were 250 and 240 °C, respectively. The internal standard was 22:0 FA. Chromatec-Analytik-5000.1 software, version 2.6 (Yoshkar-Ola, Russia), was used for recording and interpreting the data. Standard mixtures of Supelco 37 FAME mix (Supelco-Analytical). We compared the equivalent the length of carbon chain and table constants, according to Jamieson [46].



The research was carried out using the equipment of the environmental biochemistry laboratory and the facilities of the Equipment Sharing Centre of the Institute of Biology, KarRC of RAS—“Multidisciplinary Basic and Applied Research on the Functioning of Living Systems in the North”.



The data were analyzed to determine whether they exhibited a normal distribution. The significance of data differences was assessed using one-way analysis of variance (ANOVA). Multifactor analysis of variance (MANOVA) was used to study the influence of two characteristics: “fish length” (AB, cm) and “habitat” (complex of ecological factors) on total lipids; and phospholipids, triacylglycerol, cholesterol, and cholesterol esters (% of dry weight). Differences were considered significant at p ≤ 0.05. In the study, StatGrafics 2.5 software, Excel, and Stadia statistical packages were used.



Differences in lipid and fatty acid content between the groups of White Sea herring, inhabiting different parts of the White Sea, were determined using the discriminant analysis, where four lipid parameters: Phospholipid, triacylglycerol, cholesterol ester and cholesterol (% of dry weight), and 11 indexes of fatty acids—14:0, 16:0, 18:0, 16:1(n-7), 18:1(n-9), 18:1(n-7), 20:1(n-9), 18:2(n-6), 20:4(n-6), 18:3(n-3), and 22:6(n-3) (% of total FA) were chosen as variables. As a method of multivariate statistics, the discriminant analysis allows to determine differences between groups of objects that differ in terms of a number of characteristics. It also makes it possible to define whether an object belongs to a particular group [47]. The analysis shows which variables make the most significant contribution to the separation of objects into groups, and how accurate the selected characteristics are for further analysis of such samples.




5. Conclusions


The evaluation of lipid and fatty acid status of White Sea herring, Clupea pallasi maris albi Berg (Clupeiformes, Clupeidae), from different bays of the White Sea (Dvina, Kandalaksha, and Onega), as well as the water area of the Tersksy Shore of the sea basin (the mouth of the Varzuga River) were carried out in autumn. The group of herring inhabiting Kandalaksha Bay, which had a high lipid status (due to content of storage TAG), stands out. In the herring from Onega Bay, a low level of total lipids, including PL, was defined. Discriminant analysis identified two subgroups of herring, in the Dvina and Onega bays, which differed in terms of level of total lipids and PLs from Kandalaksha Bay, in terms of total lipids, TAG, and CHOL. Previous studies have shown that polar lipids have strong anti-inflammatory properties [48]. Inflammation is a trigger phenomenon for a vast array of diseases, including Cardiovascular Diseases (CVDs), cancer, and stroke. Hence, food with high levels of polar lipids are regarded as beneficial against the onset of these diseases [49].



Shown differences in lipid and fatty acid spectrums in the groups of herring from compared habitats of the White Sea can be explained by different trophic, mainly, ecological conditions in the studied cites. At the same time, the influence of genetic factors is not excluded. Defined lipid status is the most indicative criteria, reflecting the physiological state of individual specimens and groups as a whole. Variations of lipid composition in herring groups can be a reflection of qualitative and quantitative strategies of biochemical adaptations, which aim to compensate lipid metabolism of fish under the different tropho-ecological conditions of habitation in the White Sea.
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Figure 1. Discriminant analysis of the White Sea herring from different areas of the sea on contents of PLs (phospholipids), TAGs (triacylglycerols), EfCHOL (cholesterol esters), CHOL (cholesterol) in the cloud of two main discriminant functions. 1—herring from Dvina Bay, 2—herring from Kandalaksha Bay, 3—herring from Tersky Shore, 4—herring from Onega Bay. Ovals mean the density, location between two axes (strength of factor), and overlap of fish from different biotopes on studied lipid parameters. 






Figure 1. Discriminant analysis of the White Sea herring from different areas of the sea on contents of PLs (phospholipids), TAGs (triacylglycerols), EfCHOL (cholesterol esters), CHOL (cholesterol) in the cloud of two main discriminant functions. 1—herring from Dvina Bay, 2—herring from Kandalaksha Bay, 3—herring from Tersky Shore, 4—herring from Onega Bay. Ovals mean the density, location between two axes (strength of factor), and overlap of fish from different biotopes on studied lipid parameters.



[image: Fishes 01 00065 g001]







[image: Fishes 01 00065 g002 550] 





Figure 2. Discriminant analysis of White Sea herring from different areas of the sea, based on the contents of 11 fatty acids—14:0, 16:0, 18:0, 16:1(n-7), 18:1(n-9), 18:1(n-7), 20:1(n-9), 18:2(n-6), 20:4(n-6), 18:3(n-3), and 22:6(n-3), in the areas of the two main discriminant functions. 1—herring from Dvina Bay, 2—herring from Kandalaksha Bay, 3—herring from the Tersky Shore, 4—herring from Onega Bay. Ovals mean the density, location between two axes (strength of factor) and overlap of fishes from different biotopes on studied fatty acids. 
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Table 1. Total lipids and lipid classes (% dry weight) of the White Sea herring, Clupea pallasi marisalbi, collected from different bays of the White Sea.
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Sampling Place

	
Dvina Bay

	
Kandalaksha Bay

	
Tersky Shore

	
Onega Bay

	
MANOVA




	
Parameter

	






	
Number of fish

	
20

	
21

	
15

	
25

	
p

	
%

	
F




	
Fish length, cm

	
11.9 ± 0.17 2,3,4 (10.5–13.0)

	
12.4 ± 0.13 1,3,4 (11.0–13.5)

	
11.2 ± 0.22 1,2,4 (9.0–12.5)

	
9.98 ± 0.39 1,2,3 (8.0–15.0)




	
% dry weight

	




	
TL

	
34.5 ± 0.6 2,4

	
41.7 ± 1.4 1,3,4

	
34.7 ± 0.8 2,4

	
31.8 ± 0.8 1,2,3

	
0.7623

	
0.0001

	
12.1

	
19.5

	
0.75

	
8.50




	
PLs

	
19.1 ± 1.3 4

	
18.4 ± 1.0 4

	
17.2 ± 0.8 4

	
14.3 ± 0.7 1,2,3

	
0.5593

	
0.1608

	
21.4

	
5.9

	
0.93

	
1.78




	
TAGs

	
14.1 ± 1.2 2

	
19.4 ± 0.9 1,3,4

	
12.2 ± 1.0 2,4

	
15.5 ± 0.9 2,3

	
0.3771

	
0.0076

	
22.0

	
12.6

	
1.10

	
4.39




	
EfCHOLs

	
0.4 ± 0.1 2,3

	
0.7 ± 0.1 1

	
0.8 ± 0.1 1

	
0.5 ± 0.1

	
0.3845

	
0.0301

	
26.1

	
10.9

	
1.09

	
3.20




	
CHOL

	
0.9 ± 0.1 2,3,4

	
3.2 ± 0.3 1,3,4

	
4.5 ± 0.9 1,4

	
1.5 ± 0.1 1,2,3

	
0.9976

	
0.0000

	
6.3

	
30.1

	
0.31

	
10.57




	
CHOL/PLs

	
0.05 ± 0.01 2,3,4

	
0.19 ± 0.03 1,4

	
0.29 ± 0.08 1,4

	
0.11 ± 0.01 1,2,3

	
-

	
-

	
-

	
-

	
-

	
-








Data means mean ± standard deviation for length of fish—m ± m (min–max). 1 Indicates significant differences (p ≤ 0.05) in comparison to fish from Dvina Bay; 2 indicates significant differences (p ≤ 0.05) in comparison to fish from Kandalaksha Bay; 3 indicates significant differences (p ≤ 0.05) in comparison to fish from the Tersky Shore; and 4 indicates significant differences (p ≤ 0.05) in comparison to fish from Onega Bay. TL: total lipids; PL: phospholipids; TAG: triacylglycerols; EfCHOL: cholesterol esters.
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Table 2. Total phospholipids and individual phospholipids classes (% dry weight) of the White Sea herring Clupea pallasi marisalbi, collected from different bays of the White Sea.
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Sampling Place/Parameter

	
Dvina Bay

	
Kandalaksha Bay

	
Tersky Shore

	
Onega Bay




	
Number of Fish

	
20

	
21

	
15

	
25






	
PLs

	
19.1 ± 1.3 4

	
18.4 ± 1.0 4

	
17.2 ± 0.8 4

	
14.3 ± 0.7 1,2,3




	
PI

	
0.52 ± 0.08

	
0.68 ± 0.05 3,4

	
0.38 ± 0.04 2

	
0.43 ± 0.03 2




	
PS

	
0.80 ± 0.15

	
0.79 ± 0.10 4

	
0.64 ± 0.07

	
0.54 ± 0.04 2




	
PEA

	
0.59 ± 0.11

	
0.82 ± 0.07

	
0.85 ± 0.10

	
0.62 ± 0.12




	
PC

	
16.06 ± 1.07 2,3,4

	
13.39 ± 0.78 1,4

	
12.93 ± 0.84 1,4

	
10.11 ± 0.55 1,2,3




	
LysoPC

	
0.55 ± 0.12 2,3,4

	
1.44 ± 0.13 1,3

	
0.25 ± 0.02 1,2,4

	
1.28 ± 0.14 1,3




	
SFM

	
0.15 ± 0.05 2,3,4

	
0.54 ± 0.08 1,4

	
0.95 ± 0.23 1

	
0.95 ± 0.12 1,2




	
Unidentified

	
0.39 ± 0.10 3

	
0.75 ± 0.18 4

	
1.20 ± 0.25 1,4

	
0.41 ± 0.06 2,3








PLs: phospholipids; PI: phosphatidylinositol; PS: phosphatidylserine; PC: phosphatidylcholine; PEA: phosphatidylethanolamine; LysoPC: lysophosphatidylcholine; and SFM: sphingomyelin. 1 Indicates significant differences (p ≤ 0.05) in comparison to fish from Dvina Bay; 2 indicates significant differences (p ≤ 0.05) in comparison to fish from Kandalaksha Bay; 3 indicates significant differences (p ≤ 0.05) in comparison to fish from the Tersky Shore; and 4 indicates significant differences (p ≤ 0.05) in comparison to fish from Onega Bay.
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Table 3. Fatty acids profile (% sum of FAs) of the White Sea herring Clupea pallasi marisalbi collected from different bays of the White Sea.
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Fatty Acids/Sampling Place

	
Dvina Bay

	
Kandalaksha Bay

	
Tersky Shore

	
Onega Bay




	
Number of Fish

	
20

	
21

	
15

	
25






	
14:0

	
10.53 ± 0.35 2,4

	
12.40 ± 0.28 1,3,4

	
11.01 ± 0.20 2,4

	
8.80 ± 0.43 1,2,3




	
16:0

	
21.66 ± 0.47 3

	
21.40 ± 0.35 3

	
20.43 ± 0.23 1,2,4

	
22.26 ± 0.62 3




	
17:0

	
0.47 ± 0.06 3,4

	
0.37 ± 0.06 4

	
0.31 ± 0.01 1,4

	
0.90 ± 0.02 1,2,3




	
18:0

	
2.25 ± 0.06 2,4

	
1.66 ± 0.07 1,3,4

	
2.10 ± 0.01 2,4

	
3.21 ± 0.17 1,2,3




	
ƩSFA

	
37.12 ± 0.80

	
37.23 ± 0.66 3

	
35.23 ± 0.33 2

	
37.26 ± 0.81




	
16:1(n-9)

	
0.73 ± 0.06

	
0.40 ± 0.04 3,4

	
0.68 ± 0.02 2

	
0.74 ± 0.10 2




	
16:1(n-7)

	
11.31 ± 0.29 4

	
11.45 ± 0.22 4

	
11.11 ± 0.23 4

	
7.73 ± 0.24 1,2,3




	
17:1(n-7)

	
0.35 ± 0.04 4

	
0.34 ± 0.04 4

	
0.40 ± 0.03 4

	
0.59 ± 0.03 1,2,3




	
18:1(n-9)

	
19.80 ± 0.35

	
20.14 ± 0.33 3,4

	
18.86 ± 0.25 2

	
18.40 ± 0.73 2




	
18:1(n-7)

	
4.05 ± 0.28 2,4

	
3.19 ± 0.26 1

	
3.62 ± 0.06

	
3.39 ± 0.10 1




	
18:1(n-5)

	
0.82 ± 0.05 2,3,4

	
1.09 ± 0.05 1,4

	
1.07 ± 0.05 1,4

	
0.69 ± 0.03 1,2,3




	
20:1(n-11)

	
0.24 ± 0.05

	
0.17 ± 0.02

	
0.26 ± 0.06

	
0.58 ± 0.24




	
20:1(n-9)

	
1.46 ± 0.12 2,3

	
2.10 ± 0.21 1

	
2.50 ± 0.22 1

	
1.93 ± 0.56




	
22:1(n-9)

	
0.32 ± 0.02

	
0.32 ± 0.02

	
0.37 ± 0.02

	
0.79 ± 0.42




	
22:1(n-7)

	
0.23 ± 0.01 3,4

	
0.21 ± 0.01 4

	
0.20 ± 0.01 1,4

	
0.43 ± 0.03 1,2,3




	
24:1(n-9)

	
0.22 ± 0.08 4

	
0.27 ± 0.08 3,4

	
0.04 ± 0.00 2,4

	
1.18 ± 0.04 1,2,3




	
ƩMUFA

	
41.40 ± 0.75

	
42.06 ± 0.51

	
41.77 ± 0.49

	
38.81 ± 1.57




	
16:3(n-6)

	
0.35 ± 0.03 2,4

	
0.21 ± 0.03 1,3,4

	
0.37 ± 0.01 2,4

	
0.01 ± 0.00 1,2,3




	
18:2(n-6)

	
1.31 ± 0.05 3,4

	
1.21 ± 0.02 3,4

	
1.50 ± 0.06 1,2,4

	
1.06 ± 0.05 1,2,3




	
18:3(n-6)

	
0.15 ± 0.01 2,3

	
0.11 ± 0.01 1,3,4

	
0.09 ± 0.01 1,2,4

	
0.15 ± 0.01 2,3




	
20:4(n-6)

	
0.28 ± 0.02 3

	
0.30 ± 0.01 3

	
0.37 ± 0.01 1,2,4

	
0.29 ± 0.02 3




	
Ʃ(n-6) PUFA

	
3.52 ± 0.16 2,4

	
2.70 ± 0.07 1,3

	
3.50 ± 0.11 2,4

	
2.58 ± 0.09 1,3




	
18:3(n-3)

	
0.76 ± 0.06 2

	
0.92 ± 0.03 1,3

	
0.74 ± 0.03 2,4

	
0.93 ± 0.07 3




	
20:5(n-3)

	
6.51 ± 0.52

	
6.61 ± 0.31

	
6.78 ± 0.38

	
7.38 ± 0.47




	
22:6(n-3)

	
5.25 ± 0.45 3,4

	
5.11 ± 0.27 3,4

	
6.53 ± 0.18 1,2

	
7.01 ± 0.65 1,2




	
Ʃ(n-3) PUFA

	
15.12 ± 1.15 4

	
15.84 ± 0.68 4

	
17.06 ± 0.49

	
19.19 ± 1.35 1,2




	
ƩPUFA

	
21.48 ± 1.38

	
20.71 ± 0.74 3

	
23.0 ± 0.50 2

	
23.92 ± 1.48




	
(n-3)/(n-6)

	
4.29 ± 0.02 2,4

	
5.86 ± 0.01 1,3,4

	
4.87 ± 0.01 2,4

	
7.44 ± 0.01 1,2,3




	
18:3(n-3)/18:2(n-6)

	
0.58 ± 0.04 2,4

	
0.76 ± 0.02 1,3,4

	
0.50 ± 0.02 2,4

	
0.89 ± 0.05 1,2,3




	
16:0/18:1(n-9)

	
1.10 ± 0.31 4

	
1.07 ± 0.27 4

	
1.08 ± 0.32 4

	
1.24 ± 0.05 1,2,3








The amounts of 12:0, 15:0, 20:0, 24:0, 14:1(n-5), 16:1(n-5), 20:1(n-7), 22:1(n-11), 16:2(n-9), 18:2(n-9), 20:2(n-9), 22:2(n-9), 16:2(n-7), 16:2(n-6), 20:2(n-6), 18:4(n-3), and 20:4(n-3) FAs were minor and are not present in the table. 1 Indicates significant differences (p ≤ 0.05) in comparison to fish from Dvina Bay; 2 indicates significant differences (p ≤ 0.05) in comparison to fish from Kandalaksha Bay; 3 indicates significant differences (p ≤ 0.05) in comparison to fish from the Tersky Shore; and 4 indicates significant differences (p ≤ 0.05) in comparison to fish from Onega Bay.
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Table 4. Characteristics of sampling areas in the White Sea.
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Characteristic/Sampling

	
Dvina Bay

	
Kandalaksha Bay

	
Tarsky Shore

	
Onega Bay






	
Coordinates

	
64°57′

38°23′

	
67°02′

32°23′

	
66°10′

37°03′

	
64°59′

36°37′




	
Depth, m

	
50.0

	
25.0

	
38.0

	
38.0




	
Water temperature, °С

	
6.5

	
2.9

	
5.9

	
6.7




	
Salinity, ‰

	
26.5

	
27.1

	
27.0

	
26.4










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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