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Abstract: New data on the fatty acid compositions of the muscle tissues of the two most widespread
families of the mesopelagic zone—the Myctophidae (Notoscopelus kroyeri and Symbolophorus veranyi)
and Stomiidae (Chauliodus sloani, Stomias boa, Borostomias antarcticus, and Malacosteus niger) families—
were obtained from the Irminger Sea (North East Atlantic). The fatty acids (FAs) in the total lipids
(TLs), phospholipids (PLs), triacylglycerols (TAGs), and cholesterol esters and waxes were analyzed
using gas–liquid chromatography with a mass-selective detector and flame-ionized detector (GC-MS
and GC-FID, respectively). Species-specific differences in the FA/alcohol profiles of the studied
fishes were revealed. A directed deep-vise trend in the changes in the content and performance of
certain FAs for the studied species was found. Along with this, a general character of dominance for
monounsaturated fatty acids (MUFAs), which were discussed as food tracers, was revealed. MUFAs
in the muscle tissues included dietary markers of zooplankton (copepods)—20:1(n-9) and 22:1(n-11),
the content of which varied in association with the species—such that the biomarker Calanus glacialis
predominated in muscles of B. antarcticus and C. hyperboreus prevailed in other studied species.
Different strategies of compensatory adaptation to depth gradient in lipid metabolism among the
studied species were discussed.

Keywords: lipids; fatty acids; mesopelagic fish; Stomiidae; Myctophidae; mesopelagic zone; North
Atlantic

1. Introduction

Mesopelagic fishes, which inhabit a depth range of two hundred–one thousand meters,
are quite small in size but constitute one of the most widespread and abundant groups
of marine organisms. Their biomass is estimated at 2-19.5 Gt worldwide [1,2]. The key
ecological role of these organisms is to relocate organic matter from the highly produc-
tive epipelagic zone to deeper water layers (the bathy- and abyssopelagic) (the so-called
“carbon cycle”) [3]. A majority of mesopelagic species are known to perform extensive
vertical diurnal migrations to the epipelagic zone during the night and hundreds of meters
downward during the daytime [4,5]. Such migrations cause the organisms to experience
heavy pressure and temperature stresses, but deep-pelagic organisms have become well
adapted to such circumstances, in particular, through a wide spectrum of compensatory
biochemical mechanisms in which fatty acids (FAs) play a special role [6–8].

Fatty acids (FAs) are among the most labile and “sensitive” lipidic components, ac-
tively participating in the development of compensatory reactions in organisms living
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in different environments [9,10]. Differences in the habitats, life cycles, development fea-
tures, intraspecies structure, and dietary specializations of mesopelagic fishes can influence
their FA qualitative and quantitative compositions and, hence, the organisms’ adaptive
responses [11,12]. We know, e.g., that a major share of FAs in fish are long-chain mono-
and polyunsaturated acids (MUFAs and PUFAs, respectively) [13–15]. Physiologically
significant PUFAs, such as eicosapentaenoic (20:5(n-3)), docosahexaenoic (22:6(n-3)), and
arachidonic (20:4(n-6)) acids, are important components of phospholipids (PLs) in cell mem-
branes, but their quantities in an organism are limited by food supply via the trophic chain
and depend on the enzymatic activity in the processes of the synthesis and elongation of
these FAs [14,16–23]. Certain FA molecules are involved in the rearrangement of the liquid
crystal state of membranes under changing external conditions (such as hydrostatic pres-
sure, temperature, salinity, etc.), act as sources of bioactive substances of the prostaglandin,
leukotriene, and thromboxane classes, perform the energy reserve function, etc. [24–27].

Being one of the most diverse and abundant groups of marine organisms, mesopelagic
fishes are not only valuable objects for the study of the fundamental aspects of the mecha-
nisms of adaptation to extreme living conditions but can also serve as potential sources of
biologically active substances (mainly due to their complex array of MUFAs and PUFAs)
and feeds of special value for human health and industry (e.g., aquaculture or biotech-
nology) [1,5,28–30]. We have previously investigated the lipid and fatty acid profiles
(lipidomes) of five members of the families most widespread in the North East Atlantic
(Irminger Sea), which are different in their life cycles, trophic relationships, habitat depths,
and presence (or absence) of circadian migrations [31–33]. In the study reported here,
we focused on members of the two most widespread families of the mesopelagic zone:
Myctophidae and Stomiidae. According to the literature, fishes of the Myctophidae family
numerically constitute at least 20% of the oceanic fauna, and members of the Stomiidae
family are among the main predators in the mesopelagic zone of the World Ocean [30,34].

Thus, the aim was to qualitatively and quantitatively study the fatty acid profiles
(the FAs in total lipids and their individual fractions, i.e., phospholipids, triacylglycerols,
and cholesterol esters and waxes) of the muscle tissues of members of the Myctophidae
(Notoscopelus kroyeri and Symbolophorus veranyi) and Stomiidae (Chauliodus sloani, Stomias
boa, Malacosteus niger, and Borostomias antarcticus) families captured in the Irminger Sea
(North East Atlantic) at depths ranging within 250–700 m.

2. Materials and Methods
2.1. Sampling

The sampling of muscle tissues from mesopelagic fishes (Notoscopelus kroyeri (n = 17),
Symbolophorus veranyi (n = 10), Chauliodus sloani (n = 16), Stomias boa (n = 13), Malacosteus
niger (n = 14), and Borostomias antarcticus (n = 17)) was carried out during the surveys in
the Irminger Sea survey (59◦60′−64◦60′ N, 26◦20′−41◦50′ W) in summer (June–July 2018)
onboard an R/V «Atlantida» (AtlantNIRO, Kaliningrad, Russia). Biological material was
sampled by trawling at 250, 325, 375, 400, 650, and 700 m depths in 3 areas: the North
East Atlantic Fisheries Commission (NEAFC) regulatory area, the Greenland fishing zone,
and the Icelandic exclusive economic zone (Figure 1). A 78.7/416 mid-water trawl (project
2492−02) was used, with the rope and net parts made of modern lightweight materials
and mesh sizes of 68 mm in the wings and 16 mm in the cod end. Sampling methods
were carried out according to the Manual for the International Deep Pelagic Ecosystem
Survey [35]. The captured fish were identified to species level using the recommended
guides on board and then (at the laboratory) using photo and video materials [36–39].
For the biochemical analysis, muscle tissues were taken from one-size adult individuals.
Samples were taken individually from each of the captured specimens.
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Figure 1. Schematic map of the collection sites of the mesopelagic fishes (Notoscopelus kroyeri, Symbol-
ophorus veranyi, Chauliodus sloani, Stomias boa, Malacosteus niger, and Borostomias antarcticus) in the
Irminger Sea (North Atlantic).

Hydrophysical observations (water temperature, salinity, and hydrostatic pressure)
were performed at the material collection sites using the Sea-Bird Electronics oceanographic
complex, including the SBE-19plus V2 SEACATplus PROFILER SN 6376 CTD profiler with
the SBE-33 control terminal. The average values of temperature and salinity for the study
area were 4.67 ◦C and 34.92‰ and the variations were 3.64—6.64 ◦C and 34.87–35.01‰,
respectively.

Sampling in the Irminger Sea was performed under the Agreement on Cooperation
between the Federal Fisheries Agency of the Russian Federation and the Russian Academy
of Sciences.

The tissue samples were stored at−20 ◦C until arriving at the laboratory. In the labora-
tory, the samples were homogenized with the addition of a mixture of chloroform/methanol
(2:1) in a ratio of 1 to 10 and stored at −4 ◦C until extraction (the analysis was conducted
quickly within 2–3 days). The extracted samples were dissolved in a mixture of chloro-
form/methanol (2:1) and stored at −20 ◦C.

2.2. Lipid Extraction

The total lipids (TLs) from muscle tissues were extracted using the Folch method with
a mixture of chloroform/methanol (2:1 v/v) [40]. The vacuum evaporation was performed
using a Hei-VAP Advantage ML/G3 rotary evaporator (Heidolph, Germany). The extracts
were dissolved with chloroform/methanol (2:1 v/v) so that the sample concentration was
2.4 mg/mL.
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2.3. Gas Chromatography
2.3.1. Fatty Acid Analysis of the Total Lipids

The qualitative and quantitative FA profiles of the TLs were analyzed using gas–liquid
chromatography (GC) with a mass-selective detector (MS) and flame-ionized detector (FID),
having previously subjected the TL mixtures to methylation [41]. To obtain the fatty acid
methyl esters (FAMEs) from the TLs, 0.2 mL of a solution of TLs, 0.1 mL of an internal
standard (behenic acid (22:0) (Sigma Aldrich, St. Louis, MO, USA) at a concentration
of 2 mg/mL), 2 mL of methanol, and 0.2 mL of chlorate acetyl (CH3COCl) as a catalyst
were added to a glass retort (Schott Duran, Mainz, Germany). The obtained solution was
heated for 90 min at a fixed temperature of 70–80 ◦C. After methylation (followed by
cooling), the hexane was poured in 5 mL for each sample. For phase separation, 2 mL of
deionized water was poured into each glass retort and transferred into the separatory glass
funnels for 15 min. FAMEs remain in the upper hexane layer while residue substances
are concentrated in the lower aqueous phase. The hexane layer was evaporated using a
rotary evaporator Hei-VAP Advantage HL/G3 (Heidolph, Schwabach, Germany) to collect
pure FAMEs. Then, 2 mL of hexane for GC (Sigma Aldrich, St. Louis, MO, USA) was
added to the collected FAMEs in glass retorts, and the gathered and final solutions were
accumulated in GC vials for the following GC analysis. FAMEs were separated using GC
with a mono-quadrupole mass-selective detector «α-Maestro» (Saitegra, Moscow, Russia)
for the identification of FA constituents. The separation of FAs was carried out in a gradient
thermal configuration (t◦start = 140 ◦C—hold 5 min; increase in t◦ from 140 ◦C to 240 ◦C
at a rate of 4 ◦C/min; and t◦final = 240 ◦C—hold 2 min) with an HP-88 (60 m × 0.25 mm
× 0.20 mkm) capillary column (Agilent Technologies, Santa Clara, USA) using helium as
a mobile phase. FAMEs were detected in the SIM/SCAN mode: the SIM mode was used
for searching for FAs according to the analytical standards with Supelco 37, Bacterial Acid
Methyl Ester (BAME) Mix, and PUFA No.1 Marine source (Sigma Aldrich, St. Louis, USA);
the SCAN mode was used for searching and identifying unique FAs with scan parameters
of 50 to 400 m/z. The data were analyzed using «Maestro Analytic v. 1.025» software
(Saitegra, Moscow, Russia) with the NIST library. An example of a chromatogram and
identified FAs in the muscle tissue of S. boa are given in the Supplementary Material. Next,
after the qualitative identification of FAs with GC-MS, the quantitative determination was
carried out using GC-FID «Chromatek-Crystall-5000.2» (Chromatek, Yoshak-Ola, Russia).
The separation of FAs was carried out for 32 min in a gradient thermal configuration
(t◦start = 140 ◦C—hold 5 min; increase in t◦ from 140 ◦C to 240 ◦C at a rate of 4 ◦C/min;
and t◦final = 240 ◦C—hold 2 min) with an HP-88 (60 m × 0.25 mm × 0.20 mkm) capillary
column (Agilent Technologies, USA) using nitrogen as a mobile phase. The procedure
for processing the results obtained with the software «Chromatek Analytic v. 3.0.298.1»
(Chromatek, Yoshak-Ola, Russia) was described in [42]. The quantitative calculation of FAs
was carried out by adding an internal standard to the samples (22:0). All GC parameters
were identical between the GC-MS and GC-FID except for the mobile phase (helium and
nitrogen, respectively).

2.3.2. Fatty Acid Analysis of the Individual Lipid Classes—Phospholipids, Triacylglycerols,
and Cholesterol Esters and Waxes

The qualitative and quantitative fatty acid (FA) profiles of the lipid classes (phos-
pholipids (PL), triacylglycerols (TAG), cholesterol esters + waxes) were analyzed using
gas–liquid chromatography (GC or GLC, the applied abbreviation in this paper is GC) with
a mass-selective detector (MS) and flame-ionized detector (FID), having previously sub-
jected the TL mixtures to acid methylation [41]. The determination of certain lipid classes in
TLs was carried out using high-performance thin-layer chromatography (HPTLC). The frac-
tionation of total lipids was carried out on ultrapure glass-based plates (HPTLC Silicagel 60
F254 Premium Purity (Merck, Darmstadt, Germany)). The application of microvolumes of
the samples (3 repetitions of 5 µL) was performed using a semi-automatic Linomat 5 appli-
cator (CAMAG, Muttenz, Switzerland), and the separation of individual lipid classes was
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carried out using an ADC2 chromatographic chamber (CAMAG, Muttenz, Switzerland)
in the solvent system hexane-diethyl ether-acetic acid (32:8:0.8, v/v) with a supersaturated
zinc nitrate (ZnNO3 × 6H2O) solution for maintaining humidity (47–49% humidity) [43].
The qualitative identification of lipid classes was carried out according to the standards
of the respective studied components (Sigma-Aldrich, Burlington, MA, USA). The lipid
spots necessary for further analysis were scraped from the chromatographic plates into
flasks (technical repetitions were combined into one sample), followed by the methylation
procedure. The methylation procedure for individual lipid classes was identical to that of
the methylation procedure for TLs (described in Section 2.3.1), except for the absence of an
internal standard (behenic acid, 22:0) in the mixtures. The GC procedure was identical to
that for the FAs in the TL analysis and is described in detail in Section 2.3.1.

Quantitative individual FAs in the samples were detected using the calibration method,
wherein a Supelco 37 mixture (Sigma-Aldrich, St. Louis, MO, USA) with known concen-
trations was used as an external standard. The correction calibration factor (Ri) for the
quantitative calculation of FAs not included in the Supelco 37 mixture was calculated using
the formula [44]

Ri =
Mr(ni − 1)
Mi(nr − 1)

where Mr is the molar mass of the internal standard FA (16:0), g/mol; ni is the number of
carbon atoms in i FA; Mi is the molar mass of i FA, g/mol; and nr is the number of carbon
atoms in the internal standard FA (16:0).

2.4. Statistical Analysis

The results were statistically processed using the R programming language (v. 4.2.2)
in the «RStudio» integrated development environment with supplementary packages:
«readxl» (v. 1.4.1), «tidyverse» (v. 1.3.2), «vegan» (v. 2.6-4), «cowplot» (v. 1.1.1), «cheatmap»
(v. 1.0.12), «randomForest» (v. 4.7-1.1), and «statnet» (v. 2019.6). For each studied species,
descriptive statistics were calculated (mean and error of the arithmetic mean, m ± se).
Significant differences between groups were assessed using the nonparametric Wilcoxon–
Mann–Whitney rank sum test [45]. The between groups/within group value variation ratio
was estimated using the ANOSIM algorithm and the percentage similarity between groups
with a SIMPER analysis. Species ordination in multidimensional space was performed by
applying the non-metric multidimensional scaling (NMDS) algorithm to the investigated
parameters. A multidimensional analysis of fatty acid composition was applied only to
major physiologically valuable components contributing more than 1% to the total FA
content [11]. The best metric of distances in the multidimensional attribute space was
determined using Spearman’s coefficient of correlation between distance matrices. The
measure of divergence between original and modeled distance matrices was estimated
using the Stress index [46]. The impact of a complex of external abiotic environmental
factors (temperature, salinity, and depth) on the fatty acid profiles of the studied species
was assessed using a canonical correspondence analysis (CCA) [46]. The best metric of
distances was also carried out using the Spearman coefficient. Machine learning was carried
out using the Random Forest classification, and the mean decrease Gini coefficient was
used to determine the significant classifiers [47,48]. A cluster analysis of the mesopelagic
species based on the FA spectra was performed in Euclidian space [46].

This study was carried out at the Laboratory of Ecological Biochemistry and using the
equipment of the Core Facility of the Karelian Research Centre of the Russian Academy of
Sciences.
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3. Results

In this study, the dominant FA family in the muscle tissues of all the fish species
included in the study was MUFAs, accounting for 54.12% of total FAs in S. veranyi, 54.05%
of total FAs in Ch. sloani, 59.46% of total FAs in M. niger, 57.81% of total FAs in S. boa, 46.50%
of total FAs in B. antarcticus, and 42.94% of total FAs in N. kroyeri (Figure 2). The biggest
shares within this group belonged to oleic (cis18:1(n-9)) acid (20.99, 21.87, 19.50, 21.07,
17.72, and 12.99% of total FAs, respectively) and to copepod biomarker FAs cis20:1(n-9)
(8.19, 8.91, 10.47, 9.45, 9.08, and 8.32% of total FAs, respectively) and cis22:1(n-11) (11.46,
10.14, 13.33, 14.92, 9.01, and 11.04% of total FAs, respectively). In addition, the 22:1/20
index varied (1–1.40, 1.14, 1.27, 1.56, 0.99, and 1.33, respectively). Detritus biomarkers,
the cis16:1(n-7) and cis18:1(n-7) FAs, contributed more than 1% to total FAs in the muscle
tissues of all the fish species (5.73, 5.90, 6.68, 5.08, 3.53, and 2.36% of total FAs and 2.93, 2.53,
3.43, 2.57, 2.45, and 3.11% of total FAs, respectively). The content of cis22:1(n-9) in N. kroyeri,
M. niger, and B. antarcticus was 1.47, 1.15, and 1.21% of total FAs. N. kroyeri additionally
featured cis24:1(n-9), accounting for 1.49% of total FAs, whereas the contribution of this
index in the rest of the species did not exceed 1% of total FAs. The fishes also contained
minority MUFAs, with contributions in muscle tissues within 1% of total FAs (cis14:1(n-5),
cis16:1(n-5), cis16:1(n-9), cis17:1(n-7), cis18:1(n-12), cis18:1(n-5), cis19:1(n-9), cis20:1(n-11),
and cis20:1(n-7)) (Figure 3).
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Figure 2. Heat map of total fatty acid/alcohol content (% of total FAs) in muscle tissues of mesopelagic
fishes (Notoscopelus kroyeri, Symbolophorus veranyi, Chauliodus sloani, Stomias boa, Malacosteus niger, and
Borostomias antarcticus) inhabiting the 250–700-m depth gradient in the Irminger Sea (North Atlantic).
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Figure 3. Average levels of some fatty acids in muscle tissues of mesopelagic fishes (Notoscopelus kroy-
eri, Symbolophorus veranyi, Chauliodus sloani, Stomias boa, Malacosteus niger, and Borostomias antarcticus)
across the depth gradient in the Irminger Sea (North Atlantic).

Polyunsaturated and saturated FAs (PUFAs and SFAs, respectively) constituted the
second quantitatively biggest group in muscle tissues, with one or the other family pre-
vailing depending on the species (Figure 2). A dominance of SFAs was detected in S. boa
(25.33% of total FAs), M. niger (24.14% of total FAs), and S. veranyi (38.98% of total FAs),
with the main FA in this group being palmitic 16:0 FA (15.26, 14.33, and 25.92% of total
FAs). The species in which the PUFA family prevailed (Ch. sloani (24.27% of total FAs);
N. kroyeri (32.55% of total FAs); and B. antarcticus (24.57% of total FAs)) also exhibited a
dominance of 16:0 FAs among the SFAs, with contributions of 13.07, 14.66, and 10.57% of
total FAs, respectively. All the species also contained significant amounts of 14:0 (3.78, 5.23,
5.95 and 3.55, 2.26, and 2.53% of total FAs, respectively) and 18:0 FAs (3.15, 1.73, 4.37 and
2.33, 4.23, and 2.78% of total FAs, respectively). The quantities of the 20:0 FAs in 5 of the
studied species were 1.10 (in S. veranyi), 1.57 (in B. antarcticus), 1.47 (in N. kroyeri), 1.33 (in
S. boa), and 1.04% (in Ch. sloani) of total FAs, while in M. niger this acid contributed no more
than 1% of total FAs in muscle tissues. SFAs with contributions to total FAs not exceeding
1% were also identified: 12:0, 13:0, 15:0, 17:0, 19:0, 24:0, 3,7,11,15-tetramethyl 16:0, cy17:0,
iso15:0, iso16:0, and iso17:0 (Figure 3).
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The dominant PUFA family was n-3 PUFAs, but their quantities varied significantly
across the species, accounting for 5.52% of total FAs in S. veranyi, 16.64% of total FAs in
Ch. sloani, 14.78% of total FAs in M. niger, 15.19% of total FAs in S. boa, 18.16% of total
FAs in B. antarcticus, and 23.76% of total FAs in N. kroyeri. The main n-3 PUFAs in the
studied species were the physiologically significant eicosapentaenoic (cis20:5(n-3)) and
docosahexaenoic (cis22:6(n-3)) acids, their content in muscles being 3.76 and 7.89% of total
FAs in S. boa, 4.24 and 7.80% of total FAs in M. niger, 4.03 and 9.04% of total FAs in Ch. sloani,
3.51 and 11.22% of total FAs in B. antarcticus, 6.47 and 13.97% of total FAs in N. kroyeri, and
1.62 and 1.88% of total FAs in S. veranyi. A total of 3 of the species (S. boa, M. niger, and Ch.
sloani) contained significant amounts of the cis18:4(n-3) FA (1.09, 1.10, and 1.01% of total
FAs, respectively), and N. kroyeri contained cis20:4(n-3) and cis22:5(n-3) (1.03 and 1.24% of
total FAs, respectively) in muscle tissues, while the contents of these acids in the rest of the
species were minor (<1% of total FAs). Other fatty acids identified in the n-3 PUFA family
were cis18:2(n-3), cis18:3(n-3), cis20:3(n-3), and cis21:5(n-3), but their levels in muscles were
below 1% of total FAs (Figure 3).

The contributions of another major PUFA family—n-6 PUFAs—were 1.39% of total FAs
in S. veranyi, 7.63% of total FAs in Ch. sloani, 1.63% of total FAs in M. niger, 1.67% of total FAs
in S. boa, 6.41% of total FAs in B. antarticus, and 8.63% of total FAs in N. kroyeri. Dominance
among n-6 PUFAs belonged to linoleic (cis18:2(n-6)) FA (1.01, 1.80, 1.27, 1.31, 1.40, and
1.11% of total FAs, respectively). However, it is worth noting a significant prevalence of
arachidonic (cis20:4(n-6)) acid in Ch. sloani (5.25% of total FAs), B. antarcticus (4.42% of total
FAs), and N. kroyeri (7.08% of total FAs), as opposed to its meager amounts in the other
3 species (<<1% of total FAs). In addition, minor concentrations of the cis20:2(n-6) and
cis22:5(n-6) FAs were detected (Figure 3). The ratio of n-3 PUFAs to n-6 PUFAs (n-3/n-6
index = 3.97 (S. veranyi), 2.18 (Ch. sloani), 9.07 (M. niger), 9.10 (S. boa), 2.83 (B. antarcticus),
and 2.75 (N. kroyeri)) proved to generate species groups identical to the results of clustering
for all totaled FA families (Figure 2, left).

Substantial accumulation of long-chain alcohols (10.27% of total FAs) was detected
in the muscle tissues of B. antarcticus, while the rest of the species did not contain these
compounds. In turn, N. kroyeri uniquely featured the cis18:2(n-5) FA (0.16% of total FAs).

The statistical analysis of similarities (ANOSIM) in the quantities of individual FA
components in muscle tissues revealed reliable differences between the species (R = 0.6061;
p-value = 0.001). The application of the multidimensional statistical analysis (non-metric
multidimensional scaling, NMDS) revealed the specific patterns of FA accumulation in each
species (Figure 4). Thus, S. veranyi, M. niger, S. boa, and Ch. sloani tended to accumulate more
MUFAs in muscle tissues, in particular, cis16:1(n-7), cis18:1(n-9), cis18:1(n-7), cis20:1(n-9),
and cis22:1(n-11), whereas N. kroyeri and B. antarcticus were more predisposed to accumulate
the structural cis20:5(n-3), cis22:6(n-3), and cis20:4(n-6), as well as long-chain alcohols (in
B. antarcticus). The application of the similarity percentage analysis (SIMPER) confirmed
that cis22:6(n-3) contributed the most (74.31%) to the average intergroup similarity between
N. kroyeri and B. antarcticus, whereas the most characteristic features of the overlaps of Ch.
sloani, S. boa, and M. niger in the multidimensional space were cis22:1(n-11) (68.28–83.74%
similarity), cis18:1(n-9) (54.94–70.50% similarity), and cis20:1(n-9) (31.56–52.57% similarity).
The greatest contributions to average intergroup percentage similarities between S. veranyi
and the rest of the species were made by 16:0 (62.78–76.55% similarity) and cis22:6(n-
3) (55.07–81.91% similarity). It is worth noting that a major contribution to intergroup
similarities between members of the family Myctophidae (N. kroyeri and S. veranyi) was
made by cis18:1(n-9) (53.10% similarity).
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Figure 4. NMDS ordination of some fatty acids in muscle tissues of mesopelagic fishes (Notoscopelus
kroyeri, Symbolophorus veranyi, Chauliodus sloani, Stomias boa, Malacosteus niger, and Borostomias antarcti-
cus) across the depth gradient in the Irminger Sea (North Atlantic).

To determine the changes in the qualitative and quantitative FA compositions of cell
membranes across the depth gradient and to assess the effects of abiotic environmental
impacts (temperature, salinity, and hydrostatic pressure), the FA profiles of the structural
PL fractions were investigated. Having applied the parameter of variable importance
for classification with the Random Forest machine learning algorithm, it was found that
in all the studied species (excluding S. veranyi, which was captured only at a 375 m
depth) an increase in depth caused a significant change in the quantities of cis18:1(n-9)
(3.26–6.15 µg/mL in S. boa, 1.30–1.64 µg/mL in N. kroyeri, 4.49–0.29 µg/mL in M. niger,
0.49–0.41 µg/mL in Ch. sloani, and 0.32–0.11 µg/mL in B. antarcticus), cis22:6(n-3) (0.38–0.70,
1.14–1.46, 1.00–0.24, 0.26–0.22, and 0.28–0.10 µg/mL, respectively), cis20:3(n-6) (0.53–0.81,
0.36–0.07, 0.69–0.04, 0.07–0.04, and 0.09–0.00 µg/mL, respectively), 16:0 (3.76–6.17, 2.93–2.98,
4.53–0.74, 1.26–1.35, and 1.12–0.96 µg/mL, respectively), and 18:0 FAs (0.72–1.21, 0.79–0.74,
0.76–0.08, 0.04–0.14, and 0.11–0.07 µg/mL, respectively) (Figure 5). A significant change
with depth in N. kroyeri and S. boa was observed for cis20:5(n-3) (with variation ranges
of 0.32–0.39 and 0.12–0.32 µg/mL, respectively) and cis24:1(n-9) (with variation ranges
of 0.02–0.34 and 0.12–0.30 µg/mL, respectively), while Ch. sloani, M. niger, N. kroyeri,
and S. boa exhibited variations in cis20:4(n-6) in muscle tissues across the depth gradient
(0.00–0.09, 2.97–0.14, 0.37–0.17, and 3.95–6.39 µg/mL, respectively). In S. boa, substantial
depth-related concentration variations were detected for cis16:1(n-7) (0.83–1.32 µg/mL),
cis18:1(n-7) (0.50–0.87 µg/mL), and cis20:1(n-9) (1.43–3.01 µg/mL); the latter FA also varied
in M. niger (2.16–0.00 µg/mL).
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Figure 5. Gini coefficient values obtained using a machine learning (RandomForest) algorithm for
individual fatty acids in the fraction of structural phospholipids in muscle tissues of mesopelagic
fishes (Notoscopelus kroyeri, Symbolophorus veranyi, Chauliodus sloani, Stomias boa, Malacosteus niger, and
Borostomias antarcticus) across the depth gradient in the Irminger Sea (North Atlantic).

Having applied the canonical correspondence analysis (CCA), it was found that a rise
in temperature and salinity entailed a reduction in the concentrations of FA components
in muscle tissues, excluding the rise in the concentration of the 18:0 FA in Ch. sloani and
B. antarcticus (from 0.04 to 0.14 and from 0.07 to 0.11 µg/mL, respectively) (Figure 6).
A noteworthy distinctive feature of these 2 fish species was a rise in the content of the
cis20:1(n-9) FA (from 0.00 to 0.02 µg/mL) in Ch. sloani and an increase in the concentration
of the cis20:2(n-6) FA (from 0.00 to 0.01 µg/mL) in B. antarcticus in PL molecules under
a comparatively higher temperature and salinity. The concentrations of individual FAs
proved to increase depth-wise in all the studied fish species.

To comparatively evaluate the trophic relationships of the studied fish species, the
FA profiles of the storage TAG fractions were analyzed. The statistical analysis of simi-
larities, ANOSIM, revealed differences between species with some overlaps (R = 0.2829;
p-value = 0.001). Pairwise comparisons using this method identified individual varia-
tions in between-species similarities (Figure 7). Similar (R < 0.01) species regarding the
quantitative ratios of individual FAs in the storage TAG fractions were Ch. sloani vs S.
boa (R = −0.0343), Ch. sloani vs M. niger (R = 0.0163), S. boa vs M. niger (R = 0.0942),
and S. boa vs N. kroyeri (R = 0.0914), whereas R values for the rest of the pairwise com-
parisons ranged within 0.1514—0.7683 (from “similar with some differences (high over-
lap)” to “highly different”). The cluster analysis confirmed the differentiation of species
into two groups: group 1 including N. kroyeri, Ch. sloani, M. niger, and S. boa; group
2 including B. antarcticus and S. veranyi (Figure 8). In all the species, the main FAs
within TAGs were 16:0 (4.74–8.96 µg/mL), cis16:1(n-7) (0.94–2.52 µg/mL), cis18:1(n-9)
(3.89–8.62 µg/mL), cis18:1(n-7) (0.49–1.93 µg/mL), cis20:1(n-9) (1.58–5.20 µg/mL), and
cis22:1(n-11) (1.73–10.20 µg/mL). At the same time, the concentrations of these FAs in
muscle tissues were higher in the species of group 1 on average compared with those
of group 2. Prevalence of the 14:0, 15:0, 17:0, 20:0, cis18:2(n-6), cis20:1(n-11), cis20:1(n-7),
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cis20:4(n-3), cis20:5(n-3), cis22:5(n-3), cis22:6(n-3), and cis24:1(n-9) FAs were also found in
group 1 versus group 2.
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Figure 6. Canonical correspondence analysis (CCA) ordination of the effects of abiotic environmental
impacts (temperature and salinity) on individual fatty acids in phospholipids in muscle tissues
of mesopelagic fishes (Notoscopelus kroyeri, Symbolophorus veranyi, Chauliodus sloani, Stomias boa,
Malacosteus niger, and Borostomias antarcticus) across the depth gradient in the Irminger Sea (North
Atlantic).
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Figure 7. Network graphs based on pairwise comparisons (ANOSIM) between mesopelagic fishes
(Stomias boa, Malacosteus niger, Chauliodus sloani, Borostomias antarcticus, and Notoscopelus kroyeri) across
the depth gradient in the Irminger Sea (North Atlantic). Note: the “thicker” the line is connecting two
species, the “stronger” the relationship is (lower R in pairwise ANOSIM comparisons between species).
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Figure 8. Heat map with species clustered by the quantitative contents (µg/mL) of individual fatty
acids in storage triacylglycerols in mesopelagic fishes (Stomias boa, Malacosteus niger, Chauliodus sloani,
Borostomias antarcticus, and Notoscopelus kroyeri) across the depth gradient in the Irminger Sea (North
Atlantic).
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Having analyzed the FA profiles of the combined cholesterol esters and waxes fractions,
it was found that the muscle tissues of B. antarcticus and S. boa accumulated comparatively
high amounts of cis18:1(n-9) (3.45 and 3.27 µg/mL, respectively), cis20:1(n-9) (2.17 and
1.55 µg/mL, respectively), and cis22:1(n-11) (2.35 and 2.82 µg/mL, respectively), whereas
the concentrations of these acids in the rest of the species did not exceed 1 µg/mL (except for
cis18:1(n-9) in M. niger, which had a concentration of 1.11 µg/mL) (Figure 9). The distinction
between S. boa and B. antarcticus was the presence of cis17:1(n-7) in the cholesterol esters
and waxes fraction in the muscle tissues of the latter (1.21 µg/mL).
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Figure 9. Heat map with species clustered by the quantitative contents (µg/mL) of individual fatty
acids in the combined cholesterol esters and waxes fractions in mesopelagic fishes (Stomias boa,
Malacosteus niger, Chauliodus sloani, Borostomias antarcticus, and Notoscopelus kroyeri) across the depth
gradient in the Irminger Sea (North Atlantic).
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4. Discussion

Mesopelagic fishes, one of the most abundant and widespread groups of organisms
in the “twilight zone” of the World Ocean, make up approximately 20 Gt of the total
biomass according to different estimates, which is roughly equivalent to a 100-fold total
annual global catch [2,49]. Species inhabiting the 200–1000-m depth range and occupying
different positions in the trophic web play an important role in the processes of matter
transformation and transfer between layers of the ocean [50–54]. The most common and
significant members of the mesopelagic fish fauna are the Myctophidae and Stomiidae
families, in which most species perform diurnal vertical migrations [30,55,56]. Being
the most labile and “sensitive” lipidic components, fatty acids are the organisms’ main
structural and energetic molecules, directly involved in the development of compensatory
responses to external impacts (temperature, salinity, hydrostatic pressure, etc.) and in
carbon cycling between water layers [10,12]. The species-specificity of the qualitative and
quantitative characteristics of the FA profiles (including their minority components) of the
muscle tissues in the studied mesopelagic fishes indicate differentiations between taxa in
dietary specializations, life cycles, vertical migration abilities, as well as the mechanisms
and strategies of biochemical adaptation to extreme environments, but at the same time, the
species share certain characteristics [11,12,14,57,58]. Thus, a known feature of fishes of the
Myctophidae family is high MUFA content in muscle tissues, which is mainly associated
with their diet [59,60]. In our study, however, MUFAs dominated in all six species, especially
in two species of the Stomiidae family (M. niger and S. boa). The greatest share among all
the MUFAs identified belonged to oleic, cis18:1(n-9), acid, which acts as the main source
of energy in the fish organism. However, the accumulation of this acid together with
cis18:1(n-7) may point to the carnivory behaviors of the species [61,62]. This supposition
is in agreement with the comparatively high content of FA biomarkers of copepods of
the genus Calanus (cis20:1(n-9) and cis22:1(n-11) FAs) in muscle tissues of all the species,
corroborating the previously published results regarding the food items consumed by these
species detected via studying stomach content [30,63–67]. Noteworthy are the differences
in the 22:1/20:1 index, around which two groups of species are formed, B. antarcticus on the
one hand and M. niger, S. veranyi, Ch. sloani, S. boa, and N. kroyeri on the other. According
to some studies [68,69], the 22:1 to 20:1 FA ratio values corresponding to >1, <1, or =1
point to one of the three common species of copepods living in northern latitudes: Calanus
hyperboreus, C. glacialis, or C. finmarchicus, respectively. Our results suggest that the diet of
B. antarcticus is dominated by C. glacialis, whereas the main copepod in the diet of the rest
of the five species is C. hyperboreus. At the same time, a significant content of long-chain
alcohols in B. antarcticus was detected, which are most probably passed up the trophic web
from copepods rich in waxes and fatty alcohols [68,70,71]. Further indirect evidence of the
carnivory behaviors of the species is the trace amounts of the 3,7,11,15-tetramethyl 16:0 FA
(phytanic acid) detected in their muscle tissues (excluding S. veranyi), which suggests
that the position of the species in the trophic web is not lower than level II consumers,
since phytanic acid is formed from phytol (a constituent of chlorophyll) and stored within
lipids [72]. It is known that some copepod species feed on phytoplankton [73].

A detailed analysis of FAs in the storage TAG fractions and the statistical analysis
showed that some of the species (Ch. sloani, S. boa, M. niger, and N. kroyeri) have common
dietary features, whereas the remaining two species—B. antarcticus and S. veranyi—differ
reliably, in particular, regarding the concentrations of individual FAs within TAGs. The
most probable explanation is the foraging intensity and abundance of food resources in the
areas inhabited by these species [69]. The high 16:0 FA content in TAGs may be evidence
of a trophic connection to euphausiids [67,74,75]. The significant content of cis16:1(n-7)
and cis18:1(n-7) (above 1 µg/mL in the TAG fraction or above 1% of total FAs in TLs)
in the samples may also point to the consumption of small amounts of hyperiids of the
genera Themisto and Parathemisto, which feed on mesozooplankton, as well as on detritus,
as confirmed by the finding of biomarker FAs of bacterial origin (iso15:0, iso16:0, iso17:0,
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and cy17:0) in muscle tissues [65,76]. The content of cis18:4(n-3) in S. boa, M. niger, and Ch.
sloani muscle tissues may indicate the consumption of dinoflagellates [77].

A special highlight is the differences detected in the accumulation of FAs in muscle
tissues of the studied mesopelagic fishes. Most animals are known to obtain essential
unsaturated FAs only from the food they consume since they lack the necessary desaturases
and have limited levels of long-chain FA (with 20 and more carbon atoms) synthesis through
elongation [14,16]. Thus, the accumulation of cis20:5(n-3), cis22:6(n-3), and cis20:4(n-6) in
N. kroyeri and B. antarcticus in our samples may point to a higher trophic level, as well as to
more active feeding as compared with the rest of the species [78].

The detected dominance of essential “omega-3” PUFAs (especially cis20:5(n-3) and
cis22:6(n-3)) over “omega-6” PUFAs under extremely high hydrostatic pressures and low
temperatures indicates one of the mechanisms for controlling cell membrane rigidity in the
organisms’ compensatory response designed to generate optimal conditions for the func-
tioning of membrane-bound enzyme systems [24,26,27]. It is known that n-3 and n-6 PUFAs
shape the inner structure of biomembranes and that regulation of their physicochemical
state directly depends on the n-3/n-6 PUFA ratio [79]. Such regulation in mesopelagic
organisms living in northern latitudes is mainly affected by n-3 PUFA adjustments [31,32].
In this study, however, Ch. sloani, B. antarcticus, and N. kroyeri exhibited a comparatively
low content of n-6 PUFAs in muscle tissues, which significantly influenced the n-3/n-6
PUFA ratio, and it can be concluded that these species have used other compensatory
mechanisms to regulate membrane fluidity, in particular, accumulation of arachidonic acid,
cis20:4(n-6).

Alterations in cis20:5(n-3) and cis22:6(n-3) contents in cell membranes are known to
target the rearrangement of their physicochemical states and to be directly related to an or-
ganism’s locomotor activity, especially in vertically migrating species [11,31,42,80–82]. The
concentrations of FAs (especially unsaturated FAs) in the fishes in our study increased under
lower temperatures and salinity at greater depths. This finding is corroborated by studies
on the molecular adaptations of organisms exposed to extreme abiotic impacts [24,27]. Fur-
thermore, a rise was observed in the concentration of the 18:0 FA accompanying increases
in temperature and salinity at lower depths in Ch. sloani and B. antarcticus, suggesting they
may use a compensatory mechanism of elevating the saturation degree of membrane PLs at
relatively small depths. On the other hand, there were some differences between Ch. sloani
and B. antarcicus, such that upon reaching higher water layers, Ch. sloani accumulated more
MUFAs in membrane PLs (cis20:1(n-9)), whereas additional membrane rearrangement
in B. antartcicus was provided by n-6 PUFAs (cis20:2(n-6)). This fact corroborates and
expands the conclusion drawn from data on the n-3/n-6 PUFA ratio that these species have
a compensatory response other than the mechanism of adjusting n-3 PUFA content in cell
membranes employed by aquatic organisms in northern latitudes.

The application of a machine learning algorithm revealed a significant (although
oppositely directed) depth-related change in the content of cis18:1(n-9) within membrane
PLs in all the species. This acid is not only a source of energy in the fish organism but is
also involved in the adaptive response to temperature and pressure changes through modi-
fication of its content in the PL fraction [83–85]. The amount of cis18:1(n-9) in membrane
PLs increased with depth in S. boa and N. kroyeri and declined in the rest of the species.
Variations in the 18:1 FA are a known mechanism of adaption to living at great depths [86].
The significant changes detected in all the species in SFA (16:0 and 18:0) content in mem-
brane PLs are a consequence of the involvement of these molecules in the lipid bilayer of
cell membranes under the impact of lower hydrostatic pressure at smaller depths [27,87].

A characteristic feature of mesopelagic organisms is the ability to perform circadian
vertical migrations [4,5,58]. Such vertical migrants are characterized by an accumulation
of waxes and cholesterol esters in muscle tissues [88,89]. According to the literature, N.
kroyeri and S. veranyi are vertical migrants, while Ch. sloani, S. boa, and B. antarcticus have
been reported to have ontogenetic spatial variation in vertical distribution (vertical semi-
migrants) [30,65–67,90,91]. In our study, FA build-up in the combined cholesterol esters
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and waxes fraction was detected in the vertical migrants B. antarcticus and S. boa, but there
was no significant accumulation in the rest of the species. In all likelihood, Ch. sloani, N.
kroyeri, and S. veranyi use other mechanisms for maintaining adequate buoyancy in the
water column. Another fact to be noted is the build-up of cis18:1(n-9) in the vertically
non-migratory M. niger, which is most likely associated with energy-related processes in
the organism, such as the accumulation of FAs in the form of cholesterol esters.

5. Conclusions

In this study, the FA profiles of members of the two most widespread fish families in
the mesopelagic zone of the Irminger Sea (Stomiidae and Myctophidae) revealed species-
specific qualitative and quantitative differences in the accumulation of individual FAs
and long-chain alcohols and in the patterns of these changes across the depth gradient
associated with the use of different mechanisms of compensatory adaptations to the ex-
treme environment (high hydrostatic pressure, low temperatures, specific photoperiod,
etc.). Differences were detected in the mechanisms of membrane physicochemical state
adjustment between Ch. sloani, B. antarcticus, and N. kroyeri versus S. boa, S. veranyi, and M.
niger, involving elevations of n-6 and n-3 PUFAs in cell membrane PLs, respectively. At
relatively small depths, on the other hand, all the species maintained optimal membrane
fluidity by accumulating SFAs in the PL fraction. Putative differences were revealed in the
mechanisms of maintaining adequate buoyancy in vertically migrating species, including
the accumulation of FAs in cholesterol ester and wax molecules in B. antarcticus and S.
boa and their absence in Ch. sloani, S. veranyi, and N. kroyeri. Similarities and differences
were noted in the diets of the studied fish species. The main food item for all species was
crustaceans of the genus Calanus, but the compositions of the species consumed varied; C.
glacialis predominated in B. antarcticus and C. hyperboreus prevailed in others. N. kroyeri and
B. antarcticus proved to occupy a higher trophic level than other species. Nonetheless, all
the species were shown to be at least level II consumers.
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