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Abstract
Long-chain polyunsaturated fatty acids (PUFA) are critical for reproduction and thermal adaptation. Year-round variability 
in the expression of fads2 (fatty acid desaturase 2) in the liver of European perch (Perca fluviatilis) in a boreal lake was 
tested in relation to individual variation in size, sex, and maturity, together with stable isotopes values as well as fatty acids 
(FA) content in different tissues and prey items. ARA and DHA primary production was restricted to the summer months, 
however, perch required larger amounts of these PUFA during winter, as their ARA and DHA muscle content was higher 
compared to summer. The expression of fads2 in perch liver increased during winter and was higher in mature females. 
Mature females stored DHA in their gonads already in late summer and autumn, long before the upcoming spring spawning 
period in May. Lower δ13CDHA values in the gonads in September suggest that these females actively synthesized DHA as 
part of this reproductive investment. Lower δ13CARA  values in the liver of all individuals during winter suggest that perch 
were synthesizing essential FA to help cope with over-wintering conditions. Perch seem able to modulate its biosynthesis 
of physiologically required PUFA in situations of stress (fasting or cold temperatures) or in situations of high energetic 
demand (gonadal development). Biosynthesis of physiologically required PUFA may be an important part of survival and 
reproduction in aquatic food webs with long cold periods.

Keywords DHA · ARA  · fads2 · Perch · PUFA

Introduction

At high latitudes, the winter lasts longer than the growing 
season and has a disproportionally large impact on organ-
isms’ growth, reproduction, survival, and fitness (Studd et al. 
2021; Sutton et al. 2021). Winter is a brutal annual selection 

that filters out genotypes and phenotypes unable to cope 
with its challenges (Studd et al. 2021). Consequently, winter 
has shaped survival strategies of many species, which in 
response developed various behavioral and/or physiologi-
cal adaptations: migration (winter avoidance), hibernation, 
denning, communal housing, growth of a winter pelage, 
pre-winter fattening (i.e., hyperphagia), as well as mecha-
nisms of energy savings such as protein sparing, among oth-
ers (Hissa et al. 1998; Mustonen and Nieminen 2018; Pond 
et al. 1994; Shimozuru et al. 2016; Thouzeau et al. 1997). 
However, despite putting exceptional constraints on wild 
organisms, winter remains less studied than other seasons 
(Studd et al. 2021).

Many aquatic and terrestrial animals store lipids well 
ahead of winter to cover over-wintering and reproduction 
costs (Fernandes and McMeans 2019; Hissa et al. 1998; 
Mustonen and Nieminen 2018; Shimozuru et al. 2016; Thie-
mann et al. 2006). In fish, gonadal development comes at 
very high energetic costs and likely requires a high-quality 
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diet (Jobling et al. 1998). Long-chain polyunsaturated fatty 
acids (LC-PUFA) such as arachidonic acid (ARA, 20:4ω6), 
eicosapentaenoic acid (EPA, 20:5ω3), or docosahexaenoic 
acid (DHA, 22:6ω3) are required for reproduction (e.g., 
for eggs and subsequent embryo development), neuronal 
development and membrane fluidity (thermal adaptation), 
among other processes (Pilecky et al. 2021; Taipale et al. 
2018; Tocher 2003; Xu et al. 2022). Consequently, these 
LC-PUFA are critical for freshwater fish during over-winter-
ing and reproduction. Because of the need to provide these 
physiologically required PUFA in adequate quantities to the 
embryos before they start feeding themselves, the combina-
tion of spawning and overwintering in freshwater fish likely 
imposes a greater energetic load on females than on males 
(Jobling et al. 1998).

Aquatic ecosystems occupy a unique position on earth 
as the main dietary source of n-3 LC-PUFA for all animals, 
including consumers of terrestrial ecosystems (Gladyshev 
et al. 2009). Herbivorous terrestrial vertebrates lack dietary 
LC-PUFA, but have easy access to their essential precursors 
(linoleic acid, LA, 18:2ω6, and alpha-linoleic acid, ALA, 
18:3ω3) via terrestrial plants, and are able to convert them 
to LC-PUFA (Geiser et al. 2007; Kouba and Mourot 2011; 
Wood et al. 2008). However, most of these studies are lim-
ited to lab-raised, domesticated, or hatchery-reared animals 
(Twining et al. 2016). In aquatic ecosystems, only a few 
taxa of phytoplankton (e.g., cryptophytes, chrysophytes, 
diatoms, and dinoflagellates) are responsible for most of the 
EPA/DHA synthetized globally (Taipale et al. 2016). The 
occurrence of these algal groups in freshwater lakes is influ-
enced by multiple physico-chemical parameters (Reynolds 
1992). From a seasonal perspective, the open water season 
is a fast-growing period for juvenile fish, but also the best 
period to store lipids and other nutrients for most aquatic 
consumers. Current ongoing global environmental change 
may reduce the LC-PUFA content in the seston of lakes 
and thus their transfer to the pelagic food web (Kesti et al. 
2022; Taipale et al. 2019). This may have deleterious con-
sequences on growth, survival and reproduction of aquatic 
consumers (Taipale et al. 2022). The consumers usually need 
to receive LC-PUFA directly from their diet (e.g., typically 
from aquatic sources) or alternatively have the ability of 
bioconversion from precursors.

Even though fish usually live in PUFA-rich environments, 
they may need to biosynthesize physiologically required 
PUFA, such as ARA, EPA, and DHA. This synthesis from 
the essential C18 precursors (LA and ALA) involves a series 
of desaturation and elongation reactions catalyzed by fatty 
acid desaturase (Fads) and elongation of very long-chain 
fatty acid (Elovl) enzymes (reviewed in Xie et al. 2021), 
respectively. The fads2 gene, encoding for the fatty acid 
desaturase responsible for some of the desaturation steps 
mentioned above, is widely present in teleost fish. Both 

fads1 and fads2 are present in mammals, reptiles and birds, 
and show a lineage-specific expansion of the fads1 gene in 
the latter two groups (Castro et al. 2012). Because of its 
key rate-limiting role in the biosynthesis of physiologically 
required PUFA in fish (Bláhová et al. 2020), research regard-
ing fads2 in teleost has gained traction over the last decade, 
partly motivated by the goal of increasing the nutritional 
value of farmed fish for human consumption (Monroig et al. 
2013; Xie et al. 2022). However, few studies focused on 
ecological endpoints. While some authors have explored 
the variability of the enzymatic activity of Fads2 between 
species with different foraging and ecological traits (Xie 
et al. 2020), there is, to our knowledge, no study regarding 
its seasonal variability. Gaining knowledge on the subject 
would help understand if and how freshwater fish species 
and other animals are able to modulate their endogenous 
ARA, EPA, or DHA production based on physiological 
needs (e.g., investment in reproduction) or to help survive 
in situations of deprivation of these molecules (e.g., during 
over-wintering).

The European perch (Perca fluviatilis) is a cool water 
species with an optimal temperature of 23 °C (Fiogbé and 
Kestemont 2003) and one of the most common fish species 
in Europe, thriving in lakes, ponds, and rivers. Its growing 
season varies based on latitude, but in boreal regions it is 
limited to the summer months (June to August). Perch can 
tolerate a large variety of environmental conditions, has an 
effective reproduction, and thus can reach high population 
densities in optimal conditions. Perch may grow up to 60 cm 
in length and typically shows ontogenetic diet shifts, first 
from zooplankton to benthic macroinvertebrates and later 
to feeding on fish, including commonly cannibalism (e.g., 
Svanbäck et al. 2015). However, individual and population 
level variation in perch diet is wide (Sánchez-Hernández 
et al. 2021). The reproductive investment in gonads is signif-
icantly higher in females compared to males, which suggests 
potential differences in fatty acid content, as well as require-
ments to biosynthesize physiologically required fatty acids 
to some extent. The fads2 gene was recently cloned and 
partially characterized in P. fluviatilis, where it displayed a 
functional ∆6 desaturation activity towards C18 precursors, 
as well as high expression in the liver, brain, and intestine 
compared to other tissues (Geay et al. 2016). While Geay 
et al. (2016) were not able to test or demonstrate ∆5 and 
∆4 desaturation activities towards C20 and C22 precursors 
(respectively), they described two alternative splicing tran-
scripts of fads2 that were also highly expressed in the liver 
and brain of perch. These authors hypothesized that these 
alternative transcripts may be responsible for the ∆5 and ∆4 
desaturation steps mentioned above. Alternative fads2 splic-
ing transcripts are common in fish (González-Rovira et al. 
2009; Matsushita et al. 2023; Santigosa et al. 2011), likely 
to compensate for the loss of the fads1 gene. Moreover, 
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additional experimental evidence in perch fed either low or 
high LC-PUFA diets strongly suggest its ability to biosyn-
thesize DHA (Geay et al. 2015). Yet, it is unknown if fads2 
expression in the perch varies seasonally and/or depending 
on sex and maturity.

In the present study, we investigated the year-round vari-
ability in the expression of fads2 (measured via quantitative 
real-time PCR) in the liver of the European perch in a boreal 
lake in relation to individual variation in size, sex, and matu-
rity. Our objectives were to assess; (i) seasonal changes in 
the expression of fads2 in the liver of P. fluviatilis, and; (ii) 
how such changes were related to environmental (seasonality 
in temperature, light, oxygen) or biological variation (body 
size, sex, maturity, diet). Together with fads2 activity we 
report values of carbon stable isotopes as well as the con-
tent of fatty acids (FA) in perch tissues (liver, muscle and 
gonad) and potential perch prey items that were sampled 
simultaneously.

Materials and methods

Sampling site and samples collection

The study site, Lake Pääjärvi, is a humic and mesotrophic 
boreal lake located in southern Finland (61°04ʹ N, 25°08° 
E) (Supplementary Table S1). It has a surface area of 13.5 
 km2, an average depth of 14.4 m (maximum depth of 85 m), 
and a shoreline length of 33 km (Piro et al. 2023; Ruuhi-
järvi 1974). Water physical and chemical parameters in Lake 
Pääjärvi during the sampling period are presented in the 
Supplementary Materials (Supplementary Table S1). While 
some parameters such as oxygen saturation, nutrients, or 
total carbon levels were quite stable all year round, other 
parameters such as temperature or chlorophyll-a concentra-
tion (depth 0–2 m) showed pronounced seasonal variation, 
peaking in summer and reaching minimum during mid-win-
ter, as expected in a system such as a boreal lake. February 
was the coldest month included in our sampling and was 
characterized by the presence of a thick ice cover (Supple-
mentary Table S1).

Seston was collected from October 2020 to December 
2021 for FA analyses from the deepest part of lake at the 
surface (0–1 m depth) by sieving 2 L of water through 50 µm 
mesh size and then filtering it through GF/C filter paper. Fil-
ter papers were immediately stored at − 80 °C. Zooplankton 
samples were taken from the same location from August 
2020 to September 2021 using vertical tows of 0–80 m with 
1 m diameter and 3 m long plankton net with a mesh size of 
500 µm. Animals were sorted in the laboratory to Calanoida 
and Mysis relicta, those were separately stored in 2 mL plas-
tic vials and frozen at − 80 °C.

Perch were captured every two to three months from 
September 2020 to August 2021 in the littoral habitat, 
using a gillnet series of 1.8 m high × 30 m long with mesh 
sizes ranging from 5 to 60 mm. Lake was ice-covered from 
the beginning of January to the beginning of April 2021. 
The total length (accuracy 1 mm) and mass (accuracy 
0.1 g) of each perch were measured. Fish were selected 
to cover different size categories and both sexes, except in 
February 2021 when total sampling was limited. Length 
categories were split into small perch (< 12 cm), medium 
perch (12–20 cm), and large perch (> 20 cm). Fulton’s 
condition factor was calculated for each perch: CF = (M/
TL3) × 100, where M is the fish mass in grams, and TL is 
the total fish length in cm. For the perch captured between 
September 2020 and April 2021, a piece of fresh liver tis-
sue of each fish was collected and immediately homoge-
nized in 750 μL of DNA/RNA Shield using a TerraLyzer™ 
Cell Disruptor and BashingBead™ (2.0 mm) lysis tubes 
(Zymo Research, Irvine, CA, USA), for later gene expres-
sion analyses. A second piece of liver tissue was sam-
pled and kept separately for FA analyses. White dorsal 
muscle tissue was sampled for the same purpose, next to 
the anterior dorsal fin and above the lateral line of each 
fish. Samples were stored at − 80 °C, while the remaining 
carcasses of each fish were stored at − 20 °C. Later, fish 
were thawed, and stomach content was analyzed using the 
points method (Hynes 1950), where stomach fullness was 
scored from 0 (empty) to 10 (full), and the volumetrical 
proportion of each prey category was visually determined. 
Sex and sexual maturity were assessed visually from 
gonads, and gonadosomatic index (GSI) was calculated 
as GSI = GM/SM × 100, where GM is the gonad mass, 
and SM is the somatic mass. Finally, gonad tissue was also 
sampled for FA analyses.

fads2 gene expression in the liver

Detailed methods are available in the supplementary 
materials. Briefly, RNA was extracted from liver sam-
ples using a Chemagic™ 360 and the Chemagic™ Viral 
DNA/RNA 300 Kit. The RNA was treated with DNAse 
and reverse transcribed to cDNA. cDNA samples were 
stored at − 20 °C. The primer sequences for fads2, ef1-α, 
and β-actin were obtained from the literature (Geay et al. 
2016). All amplification reactions were done in a volume 
of 25 μL and run on a CFX96 Real-Time PCR cycler. A 
single melting temperature peak was observed in the dis-
sociation curves for each pair of primers and no ampli-
fication was observed in the negative controls. For each 
sample, the fads2 gene expression (efficiency corrected) 
was calculated using the CFX Maestro™ software.
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Fatty acids content and stable isotopes analysis

Detailed methods are available in the supplementary mate-
rials. Total lipids were extracted from seston, zooplankton, 
and fish tissues using the protocol described by Folch et al. 
(1957). Analyses were performed using a gas chromatograph 
(Shimadzu) equipped with a mass detector (GC–MS) and 
using helium as a carrier gas and an Agilent DB-23 column. 
The identification and quantification followed a previously 
published method (Taipale et al. 2016). The fatty acid FAME 
(Larodan AB) was used as the internal standard for the cor-
rection of sample FA concentrations.

The δ13C values of FAs were determined using a GC-
MSD (Agilent 7890B GC, Agilent 5977B MSD) connected 
to an Isotope Ratio Mass Spectrometer (Isoprime precisION, 
Elementar) via combustion interface. Fatty acids were sepa-
rated using a 30 m ZB-23 column (Phenomenex). The sam-
ples were run against an internal standard, FAME. The δ13C 
values of FAME were run with EA-SIRMS system (Thermo 
Fisher Scientific), and were used to calculate the δ13C value 
of individual FA.

Data and statistical analyses

The normal distribution of the datasets was tested with the 
Shapiro–Wilk test. As most datasets were not normally dis-
tributed, differences among the groups of individuals or time 
points were investigated using non-parametric Kruskal–Wal-
lis tests (KW). When significant differences were found, it 
was followed by a Dunn's post hoc test. For most compari-
sons, individuals were grouped by sampling months, sex and 
maturity stages (mature females, immature females, mature 
males, immature males, and juveniles). Correlations between 
the fads2 gene expression in the perch liver and the FA con-
tent (ARA or DHA) in the perch tissues were assessed using 
the Pearson’s correlation coefficient (r) test.

Enzymatic processes usually use 12C faster than 13C 
(Twining et al. 2020). Isotopically lower δ13C values can 
be expected when a molecule is synthesized from a pre-
cursor rather than taken directly from the diet or mobilized 
from other tissues. For the comparison of the δ13C values 
of the FA in the perch tissues versus the prey items, indi-
viduals were separated by size: small (< 12 cm), medium 
(12–20 cm), and large (> 20 cm). Due to strong female-
biased sexual dimorphism in perch (Estlander et al. 2017), 
only a few large males were collected, thus the latter cat-
egory (> 20 cm) was restricted to large, mature females. 
Large perch are known to exhibit cannibalism by preying 
on younger, smaller perch, as observed frequently in our 
study lake (Laiho 2022). As no other fish species were sam-
pled in the present study, the δ13C values of the FA in the 
muscle tissue of small perch (< 12 cm) were used as a proxy 
of potential fish prey items for the larger individuals. The 

δ13C values obtained from the seston and pooled zooplank-
ton samples (Calanoida and Mysis relicta) were grouped and 
plotted by season (summer and winter) since, for several 
sampling months, only one sample was collected. Summer 
included months from May to September and winter from 
October to April. To be coherent for all prey items, the δ13C 
values in the muscle tissue of small perch were grouped the 
same way when used as a proxy of fish prey for large perch.

All statistical analyses were done using R 4.2.0 (The R 
Foundation for Statistical Computing) with the significant 
level set at α = 0.05.

Results

Perch life history parameters and diet

Mature females were the largest individuals captured all year 
long (Supplementary Table S2). The gonadosomatic index 
(GSI) of mature females increased gradually between Sep-
tember and its peak in April (before spawning in May), then 
decreasing to the lowest level in the summer months (June 
and August) (Supplementary Table S2). Mature males, on 
the other hand, had their highest GSI in September (higher 
compared to April, June, and August 2021; KW, p ≤ 0.05). 
It then declined slightly during the winter months while 
remaining relatively stable until the spawning period, before 
being at its lowest during summer, as observed with mature 
females (Supplementary Table S2). Juveniles were only 
available in February (N = 2) and were the smallest indi-
viduals captured.

For all individuals, the percentage of recorded empty 
stomachs was at its highest in September, February and 
April and close to 0% for the other sampling months 
(December, June, and August). Accordingly, the average 
stomach fullness index score was higher in December, June, 
and August compared to September, February, and April 
(KW, p ≤ 0.05) (Supplementary Table S2). Analysis of stom-
ach content revealed that Mysis relicta was an important 
part of the diet for both small (< 12 cm) and medium-sized 
(12–20 cm) perch during the winter months (December, 
February, and partially in April) (Supplementary Table S3). 
During spring and summer, small perch preyed mostly on 
small zooplankton (Copepods from the order Cyclopoida 
and Calanoida). The summer diet of medium-sized perch 
was more diverse and included small zooplankton, insects, 
as well as other fish (Supplementary Table S3). Large indi-
viduals were almost exclusively piscivorous all year long, 
especially large females. Smaller perch were an important 
diet item for larger piscivorous perch, representing up to 
60–70% of the observed diet in February and August, for 
example (Supplementary Table S3).
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Polyunsaturated fatty acids content in the food 
chain

PUFA content was measured in the seston and in some prey 
items of perch in Lake Pääjärvi, Mysis relicta, and Cala-
noida, as well as smaller perch which are being predated by 
larger ones (Fig. 1). Seston ARA and DHA content showed 
large seasonal variations, with 24- and 29-fold differences 
between the lowest values in February and the peak dur-
ing spring/summer, respectively. The DHA content in ses-
ton was quite low from October to April, then peaked in 
May–June and decreased slightly in the following months 
until reaching low values again in autumn. ARA exhibited a 
similar trend with low values in autumn and winter, however, 
its peak occurred later (July), and the increase was more 
gradual in spring compared to DHA. Calanoida had slightly 
higher DHA content in December, while a large peak was 
observed for ARA during the summer of 2021 following a 
seston ARA peak (Fig. 1). The ARA and DHA content of 
Mysis relicta appeared relatively stable all year round, except 
for ARA peaking in late summer 2021, as observed with 
Calanoida (Fig. 1).

The ARA and DHA content in perch muscle followed 
similar trends between small-medium invertivorous perch 
and larger piscivorous perch (Fig. 1). The ARA content was 
significantly (KW, p ≤ 0.05) lower during the summer (June 
and August) compared to the rest of the year, with maximum 
values ranging between 2 and 3 μg per mg. Similarly, the 
DHA content in perch muscle was lowest in August and 
September, but peaked during winter: it was higher in Feb-
ruary compared to any other month (KW, p ≤ 0.05). Inter-
estingly, juveniles that were sampled in February (N = 2) 
had the highest DHA content (~ 14 μg per mg) compared to 
larger individuals.

Tissue‑specific PUFA patterns in perch

All individuals taken together, the content of ARA and DHA 
in perch liver followed a similar trend: it was higher in Sep-
tember and gradually decreased until August of the follow-
ing year when it was the lowest (Fig. 2). In the gonadal tis-
sue, the DHA content in mature females was high compared 
to other individuals, reaching ~ 40 μg per mg in September 
and remaining high until the spawning period, after which 
it dropped and stayed low in June and August (~ 10 μg per 
mg, Fig. 2). Mature males tended to accumulate DHA in 
their gonads, however, DHA increased gradually from Sep-
tember reaching lower contents (~ 25 μg per mg in February 
and April) before the spawning period compared to mature 
females (Fig. 2).

The DHA content in the gonad for mature females was 
positively correlated (p ≤ 0.05, r = 0.66) with their fasd2 
expression in the liver. The DHA content of muscles 

correlated positively with the liver fads2 expression for 
mature males and immature females (p ≤ 0.05, r = 0.45 and 
0.56, respectively), but not for immature males and mature 
females. Finally, the liver ARA content was negatively cor-
related (p ≤ 0.05, r = -0.50) with fads2 expression for mature 
males but not for females or immature males.

Polyunsaturated fatty acids stable isotope values 
and fads2 gene expression

The δ13C values of DHA (δ13CDHA) in the muscle were simi-
lar all year long and followed those of the prey items, except 
for September 2020, when values were higher (Fig. 3). The 
δ13CARA values in the perch muscle fluctuated more com-
pared to those of DHA but overall remained within the 
maximum and minimum values measured in the prey items 
(Fig. 3).

Two clear trends were observed regarding the fads2 gene 
expression in the liver. First, a seasonal trend: all individuals 
together, the expression of fads2 was higher (KW, p ≤ 0.05) 
during the winter months (December and February) com-
pared to September and April (Fig. 4). Second, when com-
paring individuals based on their sex and maturity stages 
on a monthly basis, it appeared that mature females had a 
higher fads2 expression than any other individuals, except 
for December (Fig. 4). This was statistically significant in 
September and April (KW, p ≤ 0.05), but not in February.

The δ13CDHA values were lower in the gonads of the large 
mature females in September compared to other tissues or 
their prey of choice, small perch (KW, p ≤ 0.05, Fig. 5). 
The δ13CARA  values in the liver of all individuals tended 
to decline during the cold months (February and April) 
compared to other tissues or prey items (Fig. 5). This was 
particularly noticeable in the large mature females, but also 
significant in other fish size categories.

Discussion

Mature female perch in the boreal Lake Pääjärvi seem to 
take advantage of the short but productive summer window 
to prepare for the next spring reproduction already during 
late summer, and early autumn. This behavior is commonly 
observed in terrestrial animals that reproduce during winter 
(e.g., bears), and often characterized by hyperphagia (pre-
winter fattening), but also by physiological mechanisms 
favorizing lipid storage before winter, and lipid rather than 
protein depletion during hibernation (Hissa et al. 1998; 
Mustonen and Nieminen 2018; Shimozuru et  al. 2016; 
Thiemann et al. 2006). Perch had a noticeably higher GSI 
already in September compared to August, although they 
were not consecutive months in our sampling. Moreover, 
the DHA content measured in their gonads was already at 
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its maximum (~ 40 μg per mg) in September and remained 
steady until spawning. The onset of gonadal development 
likely occurred after the summer period, between August 
and September, when the water temperature dropped, and 
was characterized by the early accumulation of yolk vesi-
cles, as reported previously for perch (Kirczuk et al. 2015; 
Sulistyo et al. 1998). Although not measured for the present 
study, the water temperature dropped noticeably (from 20.5 
to 13.6 °C) between August and September 2020 in Lake 
Pääjärvi (Laiho 2022).

While the fads2 gene in the perch has not been fully 
functionally characterized yet (i.e., only for ∆6 desatura-
tion activity towards C18 precursors), there is experimental 
evidence suggesting possible endogenous DHA biosynthesis 
by perch (Geay et al. 2015). Two alternative perch fads2 
splicing transcripts have yet to be functionally characterized 
and, as observed in other fish species, they may be involved 
in the other desaturation steps needed for the biosynthesis 
of ARA, EPA and/or DHA (Geay et al. 2016; Matsushita 
et al. 2023). To our knowledge, the present study is the 
first to explore the seasonal variability in the expression of 
fads2 in wild fish. Individual differences were character-
ized by the large mature females having generally higher 
fads2 expression compared to males or immature females. 
The increase in GSI and the accumulation of DHA into the 
gonads coupled with the high fads2 expression in the liver 
of mature females in September suggest that at least some 
of this DHA might be actively synthesized as part of the 
reproductive investment, as already mentioned before in 
the literature (Rudchenko and Yablokov 2018), assuming 
that perch fads2 is able to perform the required desatura-
tion steps. This is supported by the lower δ13CDHA values of 
the gonads in September compared to other tissues or prey: 
because enzymatic processes usually use 12C faster than 13C 
(Twining et al. 2020), lower δ13C values can be expected 
when a molecule is synthesized rather than taken from the 
diet or mobilized from other tissues. This could be a mecha-
nism for the perch to secure some spawning resources even 
in the case of a very harsh winter. In fish, an appropriate 
supply of DHA to the developing embryos is primordial, 
as maternal deficiency has been shown to negatively and 
irreversibly affect larval fitness (e.g., reduced antipredator 
escape behavior) (Fuiman and Ojanguren 2011).

Strong female-biased sexual dimorphism occurs in perch 
populations (Estlander et al. 2017), where mature females 
grow up to larger sizes than mature males and develop much 

larger gonads, as observed in the present study. A higher 
fads2 expression in the tissues of female fish compared to 
males has already been reported before for some species. 
For example, higher fads2 copy numbers in females com-
pared to males were reported in stickleback (Gasterosteus 
sp.) populations and explained by the linkage of fads2 to the 
X chromosome (Ishikawa et al. 2019). Female sea bream 
(Sparus aurata) individuals were shown to have a higher 
fads2 gene expression in blood cells compared to males (Fer-
osekhan et al. 2020; Turkmen et al. 2019). This observation 
is not specific to fish, as similar findings were reported in 
female humans and rats (Burdge et al. 2017; Kitson et al. 
2012). In fish, these authors suggested that higher DHA 
requirements for females, and more specifically for later 
embryogenesis, was one possible explanation for this dif-
ference with males. Our observations for the mature female 
perch of Lake Pääjärvi fit that narrative quite well, as their 
DHA content in the gonad (but not in other tissues) was 
significantly and positively correlated with fads2 expression 
in the liver. On the other hand, mature males had their high-
est GSI in September, in accordance with previous findings 
(Sulistyo et al. 2000). However, this was not associated with 
higher DHA content in their gonads until later during the 
reproduction cycle (February). This contrasts with the early 
DHA accumulation observed in the mature female. Mature 
males showed similar fads2 liver expression levels com-
pared to immature males, suggesting that mature males do 
not actively accumulate synthesized DHA into their gonads 
as much as females and thus likely use their biosynthesis 
capabilities differently.

After a large initial DHA investment in the gonad dur-
ing late summer, mature females still need to incorporate 
DHA in their gonads during the following months, as the 
gonad size keeps increasing while its DHA content remains 
constant (~ 40 μg per mg) until spawning. However, even 
though fads2 expression in the liver of mature females 
appeared to remain higher than for other individuals dur-
ing the months following September (except in December), 
there was no isotopic evidence that synthesized DHA was 
further incorporated into the gonads, as no significant differ-
ences in δ13CDHA values were observed between gonads and 
other tissues or prey items. With decreasing temperatures 
and light conditions, foraging activity decreased from Sep-
tember onwards, as illustrated by the overall lower stomach 
fullness index between September and April compared to 
June and August. During the summer period, when primary 
production is high and when food is more easily available, 
perch need to recover from the demanding spawning period 
first. It is then possible that the dietary DHA alone is not 
enough to cover the cost of the high gonadal DHA require-
ments of mature females and/or that the dietary DHA is (at 
least partly) stored elsewhere for other purposes (such as 
lipids reserves), forcing mature females to synthesize a large 

Fig. 1  Average concentrations of ARA (left plots) and DHA (right 
plots) in the seston (N = 2, ng per L of lake water), in the perch prey 
items Calanoida and Mysis relicta (N = 1–2, μg per mg of tissue, dry 
weight, pooled individuals) and in the perch muscle (N = 14–20, μg 
per mg of tissue, dry weight) sampled in Lake Pääjärvi between 2020 
and 2021
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part of the DHA destined to the gonad, when possible (i.e., 
when DHA precursors are abundant in the diet). Indeed, 
perch store most of their dietary fat in their perivisceral fat, 
including DHA, rather than in their muscle tissue (Blanchard 
et al. 2005; Xu et al. 2001). It is plausible that some of these 
stored DHA reserves are later incorporated into the gonads, 
during the winter period (Murray et al. 2015). Unfortunately, 
this cannot be confirmed here as the perivisceral fat was not 
sampled or monitored in the present study.

We also observed seasonal differences in the liver expres-
sion of fads2 in the perch. The overall expression of fads2 
(all individuals taken together) was higher during the winter 
months: this was especially noticeable in February, which 
was the coldest sampling month. The fact that the expression 
of fads2 increases during the winter months even for the 
immature individuals strongly implies that fads2 has impor-
tant physiological implications other than reproduction for 
the perch of Lake Pääjärvi, such as over-wintering. In winter, 
light conditions are poor due to the shorter days but also due 
to the ice and snow cover, decreasing the visual light pen-
etration to at least half (Piro et al. 2023), making it difficult 
for perch to see and capture prey (Bergman 1988). Primary 
production is also much decreased compared to summer, 
which limits LC-PUFA supply for consumers. Consequently, 

the cold winter months are characterized by low activity, 
lowered prey capture ability, and thus starvation for perch 
(Laiho 2022). Nonetheless, having proper DHA supply or 
reserves is even more important during that period, as DHA 
is key to the maintenance of cell membrane fluidity in cold 
conditions (Arts and Kohler 2009), but also to processes 
such as visual acuity (Pilecky et al. 2021), which is critical 
when the ice and snow cover reduces light penetration in 
the lake. Accordingly, in our dataset, the DHA content in 
the muscle was at its highest in February. The increased 
fads2 expression in the liver during the cold months, and 
especially its peak in February when the temperature was at 
its lowest in our sampling, suggests that the perch may not 
be able to get all the required DHA from its diet or reserves 
during that period, but may be able to compensate for it by 
synthesizing some to provide for its needs. However, this 
assumption cannot be verified here as diet consumption was 
low at that time and perivisceral fat tissues were not sam-
pled. Future studies may target DHA requirements of other 
vital organs, such as brain or eyes, as the brain of perch was 
the second most important tissue in terms of fads2 expres-
sion (Geay et al. 2016).

In addition to DHA, ARA is also a product of fads2; 
however, its role in fish physiology has been rather poorly 

Fig. 2  Boxplots representing the concentrations (μg per mg of tissue, 
dry weight) of ARA (left plots) and DHA (right plots) in the liver 
(top) and gonad (bottom) of perch sampled in Lake Pääjärvi between 

September 2020 and August 2021 (N = 2–8). Juvenile individuals 
were only collected in February 2021, and their gonad tissue was not 
sampled
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investigated in contrast with EPA and DHA (Xu et al. 2022). 
Perch displayed a clear contrast regarding their ARA content 
in the muscle, with values being higher during the colder 
months compared to summer. The δ13CARA  values of the 
liver were noticeably lower, suggesting bioconversion, than 
in other tissues in February and April. This trend was par-
ticularly noticeable in the large mature females and may 
suggest that some of this ARA was actively synthesized by 
fads2 during the winter months, assuming that perch fads2 
is capable of desaturation activity towards C20 precursors. 
However, it must be noted that the δ13CLA values were also 
lower in the muscle of all individuals compared to other 
tissues or prey items, making the interpretation of the data 
for LA and ARA complicated. Retro-conversion of DPA 
(22:5ω6, docosapentaenoic acid) into ARA has been shown 
as an important alternative synthesis pathway for ARA in the 
Crustacea Daphnia magna (Strandberg et al. 2014). Simi-
larly, retro-conversion of n-6 C20-PUFA to LA has been 
shown to occur in mammals (Lin and Salem 2005). While 
we could not find evidence of such processes in fish in the 
literature, their existence cannot be excluded. Although 
most enzymes involved in the biosynthesis of PUFA have a 
greater affinity for n-3 PUFA (Bell and Tocher 2009), there 
is a constant competition between n-3 and n-6 PUFA for 
these enzymes (Ahlgren et al. 2009), possibly suggesting 
ARA being synthesized as a by-product alongside DHA.

Fig. 3  Temporal trends of the 
δ13C values of ARA (top) and 
DHA (bottom) in the seston, 
in the main zooplankton prey 
items of the perch (Calanoida 
and Mysis relicta) and in the 
perch muscle tissue. Perch 
were separated by size class 
in the case of small (< 12 cm) 
and medium (12–20 cm) sized 
individuals, but for the large 
individual (> 20 cm) the empha-
sis was put on mature females, 
excluding large males (see main 
text for explanations). N = 2–10

Fig. 4  Boxplots representing the relative expression of fads2 in the 
liver of perch sampled in Lake Pääjärvi between September 2020 
and April 2021 (N = 2–8). Juvenile individuals were only collected 
in February 2021. Red asterisk indicates values that are significantly 
different from all other groups (except between mature females and 
males for September, p = 0.06), for a given month (KW, p ≤ 0.05)
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The C20-PUFA ARA and EPA are the precursors of 
eicosanoids. ARA-derived eicosanoids promote inflamma-
tion, while those from EPA have been described as anti-
inflammatory (Arts and Kohler 2009). ARA-derived eicosa-
noids have also been shown as important regarding stress 
resistance (Xu et al. 2022). A recent study conducted with 
striped bass (Morone saxatilis) suggested that ARA might 
be important in stress conditions involving sub-optimal tem-
peratures, as the pro-inflammatory eicosanoids derived from 
ARA are crucial when fish are exposed to low temperature 
for a long period (Araújo et al. 2021). This could potentially 
explain why our perch appeared to increase its ARA content 
in the muscle as early as September (marked by a tempera-
ture drop after the summer) and then maintained it at these 
levels during the winter. In terrestrial systems, mosses (Bry-
ophyta) are known to be rich in LC-PUFA, especially ARA, 
compared to other plants (Beike et al. 2014). While they 
aren’t generally grazed by vertebrates, mosses are actively 
consumed by some species in cold environments (Soininen 
et al. 2017), which suggests that ARA is also important for 
cold resistance in terrestrial animals (Prins 1982).

ARA is also important in fish reproduction. For perch, 
an in vitro study showed that ARA (but not the omega-3 
EPA or DHA) was able to induce the production of 
17,20β-dihydroxy-4-pregnen-3-one (DHP), the hormone 
produced by vitellogenic follicles undergoing final mei-
otic maturation (Henrotte et al. 2011). Similar importance 

of ARA in regulating reproduction has been described for 
mammals as well (Zhang et al. 2019). In the brown bear 
(Ursus arctos), where cubs are born during the winter, the 
proportion of DHA and ARA in the plasma of adults is at its 
maximum in winter (Hissa et al. 1998). Migration to warmer 
waters, which are rich in n-6 LC-PUFA, has been hypoth-
esized as key to the acquisition of ARA for reproduction in 
a marine mammal that evolved from a terrestrial mammal, 
the grey whale (Eschrichtius robustus) (Caraveo-Patiño et al. 
2009).

In conclusion, the present study suggests that perch can 
modulate its biosynthesis of physiologically required PUFA 
during starvation or at cold temperatures, typical of over-win-
tering conditions, or during high energetic demands (gonadal 
development). As observed with other species, mature female 
perch appeared to have a higher capability for the synthesis of 
these physiologically required PUFA compared to other indi-
viduals. This is likely explained by their high requirement of 
DHA storage in the gonads for later successful embryogen-
esis. However, more research is needed to fully functionally 
characterize perch fads2 (more precisely its alternative splic-
ing transcripts) and confirm these findings. The long winter 
season in boreal lakes is characterized by low temperatures, 
low light conditions, reduced foraging activity, and thus long 
fasting periods for perch. Nonetheless, the fads2 expression 
was at its highest in winter, including both sex and all size 
categories, suggesting that the biosynthesis of physiologically 

Fig. 5  Temporal trends of the δ13C values of ARA (top) and DHA 
(bottom) in the perch tissues (liver, muscle and gonad) and the main 
potential perch prey items (Calanoida, Mysis relicta and small perch 
muscle). Perch were separated by size class in the case of small 
(< 12 cm) and medium (12–20 cm) sized individuals, but for the large 

individual (> 20 cm) the focus was put on mature females, excluding 
large males (see main text for explanations). Red asterisk indicates 
values for perch tissues that are significantly different from other tis-
sues and/or from potential preys (KW, p ≤ 0.05). N = 2–10
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required PUFA, such as DHA or ARA, might be needed to 
cope with these environmental and physiological stressful 
conditions. The inclusion of other tissues (perivisceral fat, 
skeleton, brain, and eye) in future studies could help better 
understand the seasonal dynamics of PUFA in perch or other 
fish capable of synthesizing these LC-PUFA. Studying fads2 
in fish inhabiting different lake ecosystems would increase 
our understanding how other fish intrinsically respond to the 
paucity of dietary PUFA to optimize their fitness. Terrestrial 
animals also do possess the desaturase genomic architecture 
required to convert LA and ALA to LC-PUFA, however, the 
related literature is largely biased towards laboratory-raised, 
domesticated or hatchery-reared species (Castro et al. 2012; 
Twining et al. 2016). Like for fish, there is little to no infor-
mation regarding the role or dynamics of desaturase genes in 
these processes for wild animals in terrestrial ecosystems, thus 
more research is needed.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00442- 023- 05480-0.

Acknowledgements The authors thank the technical staff of the Uni-
versity of Jyväskylä, as well as the students, trainees and personnel of 
the Lammi Biological Research Station, for their precious technical 
assistance.

Author contribution statement SJT, KKK and MT conceived and 
designed the experiments. CR, SJT, KKK, MLC, MP and MJK 
acquired the data. CR analyzed the data and wrote the original draft, 
all other authors contributed to writing the manuscript. SJT acquired 
the funding and administrated the project.

Funding Open Access funding provided by University of Jyväskylä 
(JYU). The present study was funded by the Academy of Finland (pro-
ject 333564 granted to Sami J. Taipale). Kimmo K. Kahilainen thanks 
Hämeenlinna City, Häme Council and Vanajavesikeskus for funding.

Availability of data and material All data collected and used during 
the present study are publicly available at https:// doi. org/ 10. 17011/ 
jyx/ datas et/ 83987.

Code availability Not applicable.

Declarations 

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Ethical approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 

included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahlgren G, Vrede T, Goedkoop W (2009) Fatty acid ratios in freshwa-
ter fish, zooplankton and zoobenthos: are there specific optima? 
Lipids in aquatic ecosystems. Springer, New York, pp 147–178. 
https:// doi. org/ 10. 1007/ 978-0- 387- 89366-2_ 7/ COVER

Araújo BC, Rodriguez M, Honji RM, Rombenso AN, del Rio-Zaragoza 
OB, Cano A, Tinajero A, Mata-Sotres JA, Viana MT (2021) Ara-
chidonic acid modulated lipid metabolism and improved produc-
tive performance of striped bass (Morone saxatilis) juvenile under 
sub- to optimal temperatures. Aquaculture 530:735939. https:// 
doi. org/ 10. 1016/J. AQUAC ULTURE. 2020. 735939

Arts MT, Kohler CC (2009) Health and condition in fish: The influence 
of lipids on membrane competency and immune response. Lipids 
in aquatic ecosystems. Springer, New York, pp 237–256. https:// 
doi. org/ 10. 1007/ 978-0- 387- 89366-2_ 10/ COVER

Beike AK, Jaeger C, Zink F, Decker EL, Reski R (2014) High con-
tents of very long-chain polyunsaturated fatty acids in different 
moss species. Plant Cell Rep 33(2):245. https:// doi. org/ 10. 1007/ 
S00299- 013- 1525-Z

Bell MV, Tocher DR (2009) Biosynthesis of polyunsaturated fatty 
acids in aquatic ecosystems: general pathways and new directions. 
Lipids in aquatic ecosystems. Springer, New York, pp 211–236. 
https:// doi. org/ 10. 1007/ 978-0- 387- 89366-2_ 9/ COVER

Bergman E (1988) Foraging abilities and niche breadths of two perc-
ids, Perca fluviatilis and Gymnocephalus cernua, under different 
environmental conditions. J Anim Ecol 57(2):443. https:// doi. org/ 
10. 2307/ 4916

Bláhová Z, Harvey TN, Pšenička M, Mráz J (2020) Assessment of 
fatty acid desaturase (fads2) structure-function properties in fish 
in the context of environmental adaptations and as a target for 
genetic engineering. Biomolecules 10(2):206. https:// doi. org/ 10. 
3390/ biom1 00202 06

Blanchard G, Druart X, Kestemont P (2005) Lipid content and fatty 
acid composition of target tissues in wild Perca fluviatilis females 
in relation to hepatic status and gonad maturation. J Fish Biol 
66(1):73–85. https:// doi. org/ 10. 1111/J. 0022- 1112. 2005. 00578.X

Burdge GC, Tan S-Y, Henry CJ (2017) Long-chain n-3 PUFA in veg-
etarian women: a metabolic perspective. J Nutr Sci 6:1–8. https:// 
doi. org/ 10. 1017/ JNS. 2017. 62

Caraveo-Patiño J, Wang Y, Soto LA, Ghebremeskel K, Lehane C, 
Crawford MA (2009) Eco-physiological repercussions of dietary 
arachidonic acid in cell membranes of active tissues of the Gray 
whale. Mar Ecol 30(4):437–447. https:// doi. org/ 10. 1111/J. 1439- 
0485. 2009. 00289.X

Castro LFC, Monroig Ó, Leaver MJ, Wilson J, Cunha I, Tocher DR 
(2012) Functional desaturase Fads1 (Δ5) and Fads2 (Δ6) ortho-
logues evolved before the origin of jawed vertebrates. PLoS ONE 
7(2):e31950. https:// doi. org/ 10. 1371/ JOURN AL. PONE. 00319 50

Estlander S, Kahilainen KK, Horppila J, Olin M, Rask M, Kubečka J, 
Peterka J, Říha M, Huuskonen H, Nurminen L (2017) Latitudinal 
variation in sexual dimorphism in life-history traits of a freshwater 
fish. Ecol Evol 7(2):665–673. https:// doi. org/ 10. 1002/ ECE3. 2658

Fernandes T, McMeans BC (2019) Coping with the cold: energy stor-
age strategies for surviving winter in freshwater fish. Ecography 
42(12):2037–2052. https:// doi. org/ 10. 1111/ ECOG. 04386

https://doi.org/10.1007/s00442-023-05480-0
https://doi.org/10.17011/jyx/dataset/83987
https://doi.org/10.17011/jyx/dataset/83987
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/978-0-387-89366-2_7/COVER
https://doi.org/10.1016/J.AQUACULTURE.2020.735939
https://doi.org/10.1016/J.AQUACULTURE.2020.735939
https://doi.org/10.1007/978-0-387-89366-2_10/COVER
https://doi.org/10.1007/978-0-387-89366-2_10/COVER
https://doi.org/10.1007/S00299-013-1525-Z
https://doi.org/10.1007/S00299-013-1525-Z
https://doi.org/10.1007/978-0-387-89366-2_9/COVER
https://doi.org/10.2307/4916
https://doi.org/10.2307/4916
https://doi.org/10.3390/biom10020206
https://doi.org/10.3390/biom10020206
https://doi.org/10.1111/J.0022-1112.2005.00578.X
https://doi.org/10.1017/JNS.2017.62
https://doi.org/10.1017/JNS.2017.62
https://doi.org/10.1111/J.1439-0485.2009.00289.X
https://doi.org/10.1111/J.1439-0485.2009.00289.X
https://doi.org/10.1371/JOURNAL.PONE.0031950
https://doi.org/10.1002/ECE3.2658
https://doi.org/10.1111/ECOG.04386


 Oecologia

1 3

Ferosekhan S, Xu H, Turkmen S, Gómez A, Afonso JM, Fontanillas 
R, Rosenlund G, Kaushik S, Izquierdo M (2020) Reproductive 
performance of gilthead seabream (Sparus aurata) broodstock 
showing different expression of fatty acyl desaturase 2 and fed two 
dietary fatty acid profiles. Sci Rep 10(1):1–14. https:// doi. org/ 10. 
1038/ s41598- 020- 72166-5

Fiogbé ED, Kestemont P (2003) Optimum daily ration for Eurasian 
perch Perca fluviatilis L. reared at its optimum growing tempera-
ture. Aquaculture 216(1–4):243–252. https:// doi. org/ 10. 1016/ 
S0044- 8486(02) 00409-X

Folch J, Lees M, Sloane Stanley GH (1957) A simple method for the 
isolation and purification of total lipides from animal tissues. 
J Biol Chem 226(1):497–509. https:// doi. org/ 10. 1016/ S0021- 
9258(18) 64849-5

Fuiman LA, Ojanguren AF (2011) Fatty acid content of eggs deter-
mines antipredator performance of fish larvae. J Exp Mar Biol 
Ecol 407(2):155–165. https:// doi. org/ 10. 1016/J. JEMBE. 2011. 
06. 004

Geay F, Wenon D, Mellery J, Tinti E, Mandiki SNM, Tocher DR, 
Debier C, Larondelle Y, Kestemont P (2015) Dietary linseed oil 
reduces growth while differentially impacting LC-PUFA synthesis 
and accretion into tissues in Eurasian perch (Perca fluviatilis). 
Lipids 50(12):1219–1232. https:// doi. org/ 10. 1007/ S11745- 015- 
4079-8/ FIGUR ES/2

Geay F, Tinti E, Mellery J, Michaux C, Larondelle Y, Perpète E, Kes-
temont P (2016) Cloning and functional characterization of Δ6 
fatty acid desaturase (FADS2) in Eurasian perch (Perca fluvia-
tilis). Comp Biochem Physiol B 192:112–125. https:// doi. org/ 10. 
1016/j. cbpb. 2015. 10. 004

Geiser F, McAllan BM, Kenagy GJ, Hiebert SM (2007) Photoperiod 
affects daily torpor and tissue fatty acid composition in deer mice. 
Naturwissenschaften 94(4):319–325. https:// doi. org/ 10. 1007/ 
S00114- 006- 0193-Z/ FIGUR ES/2

Gladyshev MI, Arts MT, Sushchik NN (2009) Preliminary estimates of 
the export of omega-3 highly unsaturated fatty acids (EPA+DHA) 
from aquatic to terrestrial ecosystems. Lipids in aquatic ecosys-
tems. Springer, New York, pp 179–210. https:// doi. org/ 10. 1007/ 
978-0- 387- 89366-2_ 8/ COVER

González-Rovira A, Mourente G, Zheng X, Tocher DR, Pendón C 
(2009) Molecular and functional characterization and expression 
analysis of a Δ6 fatty acyl desaturase cDNA of European sea bass 
(Dicentrarchus labrax L.). Aquaculture 298(1–2):90–100. https:// 
doi. org/ 10. 1016/J. AQUAC ULTURE. 2009. 10. 012

Henrotte E, Milla S, Mandiki SNM, Kestemont P (2011) Arachidonic 
acid induces production of 17,20β-dihydroxy-4-pregnen-3-one 
(DHP) via a putative PGE2 receptor in fish follicles from the 
Eurasian perch. Lipids 46(2):179–187. https:// doi. org/ 10. 1007/ 
S11745- 010- 3512-2

Hissa R, Hohtola E, Tuomala-Saramäki T, Laine T, Kallio H (1998) 
Seasonal changes in fatty acids and leptin contents in the plasma 
of the European brown bear (Ursus arctos arctos). Ann Zool Fen-
nici 35(4):215–224

Hynes HBN (1950) The food of fresh-water sticklebacks (Gasterosteus 
aculeatus and Pygosteus pungitius), with a review of methods 
used in studies of the food of fishes. J Anim Ecol 19(1):36. https:// 
doi. org/ 10. 2307/ 1570

Ishikawa A, Kabeya N, Ikeya K, Kakioka R, Cech JN, Osada N, Leal 
MC, Inoue J, Kume M, Toyoda A (2019) A key metabolic gene 
for recurrent freshwater colonization and radiation in fishes. Sci-
ence 364(6443):886–889. https:// doi. org/ 10. 1126/ scien ce. aau56 56

Jobling M, Johansen SJS, Foshaug H, Burkow IC, Jørgensen EH (1998) 
Lipid dynamics in anadromous Arctic charr, Salvelinus alpinus 
(L.): seasonal variations in lipid storage depots and lipid class 
composition. Fish Physiol Biochem 18(3):225–240. https:// doi. 
org/ 10. 1023/A: 10077 47201 521

Kesti P, Hiltunen M, Strandberg U, Vesterinen J, Taipale S, Kankaala P 
(2022) Lake browning impacts community structure and essential 
fatty acid content of littoral invertebrates in boreal lakes. Hydro-
biologia 849(4):967–984. https:// doi. org/ 10. 1007/ S10750- 021- 
04760-1/ TABLES/4

Kirczuk L, Domagala J, Pilecka-Rapacz M (2015) Annual developmen-
tal cycle of gonads of European perch females (Perca fluviatilis 
L.) from natural sites and a canal carrying post-cooling water from 
the Dolna Odra power plant (NW Poland). Folia Biol (poland) 
63(2):85–93. https:// doi. org/ 10. 3409/ FB63_2. 85

Kitson AP, Smith TL, Marks KA, Stark KD (2012) Tissue-specific sex 
differences in docosahexaenoic acid and Δ6-desaturase in rats fed 
a standard chow diet. Appl Physiol Nutr Metab 37(6):1200–1211. 
https:// doi. org/ 10. 1139/ H2012- 103/ ASSET/ IMAGES/ H2012- 
103TA B3. GIF

Kouba M, Mourot J (2011) A review of nutritional effects on fat com-
position of animal products with special emphasis on n-3 polyun-
saturated fatty acids. Biochimie 93(1):13–17. https:// doi. org/ 10. 
1016/J. BIOCHI. 2010. 02. 027

Laiho H (2022) The annual variation of mercury content and bioac-
cumulation in perch (Perca fluviatilis) and roach (Rutilus rutilus) 
[Master’s Thesis]. University of Helsinki.

Lin YH, Salem N (2005) In vivo conversion of 18- and 20-C essential 
fatty acids in rats using the multiple simultaneous stable isotope 
method. J Lipid Res 46(9):1962–1973. https:// doi. org/ 10. 1194/ 
JLR. M5001 27- JLR200

Matsushita Y, Kabeya N, Kawamura W, Haga Y, Satoh S, Yoshizaki G 
(2023) Capability of DHA biosynthesis in a marine teleost, Pacific 
saury Cololabis saira: functional characterization of two paralo-
gous Fads2 desaturases and Elovl5 elongase. Fish Sci 1:1–12. 
https:// doi. org/ 10. 1007/ S12562- 023- 01710-9/ FIGUR ES/7

Monroig Ó, Tocher DR, Hontoria F, Navarro JC (2013) Functional 
characterisation of a Fads2 fatty acyl desaturase with Δ6/Δ8 activ-
ity and an Elovl5 with C16, C18 and C20 elongase activity in the 
anadromous teleost meagre (Argyrosomus regius). Aquaculture 
412:14–22. https:// doi. org/ 10. 1016/j. aquac ulture. 2013. 06. 032

Murray DS, Hager H, Tocher DR, Kainz MJ (2015) Docosahexaenoic 
acid in Arctic charr (Salvelinus alpinus): the importance of die-
tary supply and physiological response during the entire growth 
period. Comp Biochem Physiol B 181(1):7–14. https:// doi. org/ 10. 
1016/J. CBPB. 2014. 11. 003

Mustonen AM, Nieminen P (2018) A review of the physiology of a sur-
vival expert of big freeze, deep snow, and an empty stomach: the 
boreal raccoon dog (Nyctereutes procyonoides). J Comp Physiol 
[b] 188(1):15–25. https:// doi. org/ 10. 1007/ S00360- 017- 1114-5/ 
TABLES/2

Pilecky M, Závorka L, Arts MT, Kainz MJ (2021) Omega-3 PUFA 
profoundly affect neural, physiological, and behavioural compe-
tences: implications for systemic changes in trophic interactions. 
Biol Rev 96(5):2127–2145. https:// doi. org/ 10. 1111/ BRV. 12747

Piro AJ, Taipale SJ, Laiho HM, Eerola ES, Kahilainen KK (2023) 
Fish muscle mercury concentration and bioaccumulation fluctuate 
year-round: insights from cyprinid and percid fishes in a humic 
boreal lake. Environ Res 231:116187. https:// doi. org/ 10. 1016/J. 
ENVRES. 2023. 116187

Pond CM, Mattacks CA, Ramsay MA (1994) The anatomy and chemi-
cal composition of adipose tissue in wild wolverines (Gulo gulo) 
in northern Canada. J Zool 232(4):603–616. https:// doi. org/ 10. 
1111/J. 1469- 7998. 1994. TB046 16.X

Prins HHTh (1982) Why are mosses eaten in cold environments only? 
Oikos 38(3):374. https:// doi. org/ 10. 2307/ 35446 80

Reynolds CS (1992) Eutrophication and the management of planktonic 
algae: what Vollenweider couldn’t tell us. In: Sutcliffe DW, Gwyn-
fryn Jones J (eds) Freshwater biological association. Freshwater 
Biological Association

https://doi.org/10.1038/s41598-020-72166-5
https://doi.org/10.1038/s41598-020-72166-5
https://doi.org/10.1016/S0044-8486(02)00409-X
https://doi.org/10.1016/S0044-8486(02)00409-X
https://doi.org/10.1016/S0021-9258(18)64849-5
https://doi.org/10.1016/S0021-9258(18)64849-5
https://doi.org/10.1016/J.JEMBE.2011.06.004
https://doi.org/10.1016/J.JEMBE.2011.06.004
https://doi.org/10.1007/S11745-015-4079-8/FIGURES/2
https://doi.org/10.1007/S11745-015-4079-8/FIGURES/2
https://doi.org/10.1016/j.cbpb.2015.10.004
https://doi.org/10.1016/j.cbpb.2015.10.004
https://doi.org/10.1007/S00114-006-0193-Z/FIGURES/2
https://doi.org/10.1007/S00114-006-0193-Z/FIGURES/2
https://doi.org/10.1007/978-0-387-89366-2_8/COVER
https://doi.org/10.1007/978-0-387-89366-2_8/COVER
https://doi.org/10.1016/J.AQUACULTURE.2009.10.012
https://doi.org/10.1016/J.AQUACULTURE.2009.10.012
https://doi.org/10.1007/S11745-010-3512-2
https://doi.org/10.1007/S11745-010-3512-2
https://doi.org/10.2307/1570
https://doi.org/10.2307/1570
https://doi.org/10.1126/science.aau5656
https://doi.org/10.1023/A:1007747201521
https://doi.org/10.1023/A:1007747201521
https://doi.org/10.1007/S10750-021-04760-1/TABLES/4
https://doi.org/10.1007/S10750-021-04760-1/TABLES/4
https://doi.org/10.3409/FB63_2.85
https://doi.org/10.1139/H2012-103/ASSET/IMAGES/H2012-103TAB3.GIF
https://doi.org/10.1139/H2012-103/ASSET/IMAGES/H2012-103TAB3.GIF
https://doi.org/10.1016/J.BIOCHI.2010.02.027
https://doi.org/10.1016/J.BIOCHI.2010.02.027
https://doi.org/10.1194/JLR.M500127-JLR200
https://doi.org/10.1194/JLR.M500127-JLR200
https://doi.org/10.1007/S12562-023-01710-9/FIGURES/7
https://doi.org/10.1016/j.aquaculture.2013.06.032
https://doi.org/10.1016/J.CBPB.2014.11.003
https://doi.org/10.1016/J.CBPB.2014.11.003
https://doi.org/10.1007/S00360-017-1114-5/TABLES/2
https://doi.org/10.1007/S00360-017-1114-5/TABLES/2
https://doi.org/10.1111/BRV.12747
https://doi.org/10.1016/J.ENVRES.2023.116187
https://doi.org/10.1016/J.ENVRES.2023.116187
https://doi.org/10.1111/J.1469-7998.1994.TB04616.X
https://doi.org/10.1111/J.1469-7998.1994.TB04616.X
https://doi.org/10.2307/3544680


Oecologia 

1 3

Rudchenko AE, Yablokov NO (2018) Composition and content of fatty 
acids in the tissues of males and females of eurasian perch perca 
fluviatilis at the late stages of reproductive cycle. Contemp Probl 
Ecol 11(3):309–319. https:// doi. org/ 10. 1134/ S1995 42551 80301 01

Ruuhijärvi R (1974) A general description of the oligotrophic lake 
Pääjärvi, southern Finland, and the ecological studies on it. Ann 
Bot Fenn 11(2):95–104

Sánchez-Hernández J, Hayden B, Harrod C, Kahilainen KK (2021) 
Population niche breadth and individual trophic specialisation 
of fish along a climate-productivity gradient. Rev Fish Biol Fish 
31(4):1025–1043. https:// doi. org/ 10. 1007/ S11160- 021- 09687-3/ 
TABLES/3

Santigosa E, Geay F, Tonon T, Le Delliou H, Kuhl H, Reinhardt R, 
Corcos L, Cahu C, Zambonino-Infante JL, Mazurais D (2011) 
Cloning, tissue expression analysis, and functional characteriza-
tion of two Δ6-desaturase variants of sea bass (Dicentrarchus 
labrax L.). Marine Biotechnol 13(1):22–31. https:// doi. org/ 10. 
1007/ S10126- 010- 9264-4/ TABLES/2

Shimozuru M, Nagashima A, Tanaka J, Tsubota T (2016) Seasonal 
changes in the expression of energy metabolism-related genes in 
white adipose tissue and skeletal muscle in female Japanese black 
bears. Comp Biochem Physiol B 196–197:38–47. https:// doi. org/ 
10. 1016/J. CBPB. 2016. 02. 001

Soininen EM, Zinger L, Gielly L, Yoccoz NG, Henden JA, Ims RA 
(2017) Not only mosses: lemming winter diets as described by 
DNA metabarcoding. Polar Biol 40(10):2097–2103. https:// doi. 
org/ 10. 1007/ S00300- 017- 2114-3/ FIGUR ES/1

Strandberg U, Taipale SJ, Kainz MJ, Brett MT (2014) Retroconversion 
of docosapentaenoic acid (n-6): an alternative pathway for biosyn-
thesis of arachidonic acid in Daphnia magna. Lipids 49(6):591–
595. https:// doi. org/ 10. 1007/ S11745- 014- 3902-Y

Studd EK, Bates AE, Bramburger AJ, Fernandes T, Hayden B, Henry 
HAL, Humphries MM, Martin R, Mcmeans BC, Moise ERD, 
O’Sullivan AM, Sharma S, Sinclair BJ, Sutton AO, Templer PH, 
Cooke SJ (2021) Nine maxims for the ecology of cold-climate 
winters. Bioscience 71(8):820–830. https:// doi. org/ 10. 1093/ 
BIOSCI/ BIAB0 32

Sulistyo I, Rinchard J, Fontaine P, Gardeur JN, Capdeville B, Kes-
temont P (1998) Reproductive cycle and plasma levels of sex 
steroids in female Eurasian perch Perca fluviatilis. Aquat Living 
Resour 11(2):101–110. https:// doi. org/ 10. 1016/ S0990- 7440(98) 
80066-1

Sulistyo I, Fontaine P, Rinchard J, Gardeur JN, Migaud H, Capdeville 
B, Kestemont P (2000) Reproductive cycle and plasma levels of 
steroids in male Eurasian perch Perca fluviatilis. Aquat Living 
Resour 13(2):99–106. https:// doi. org/ 10. 1016/ S0990- 7440(00) 
00146-7

Sutton AO, Studd EK, Fernandes T, Bates AE, Bramburger AJ, Cooke 
SJ, Hayden B, Henry HAL, Humphries MM, Martin R, McMeans 
B, Moise E, O’Sullivan AM, Sharma S, Templer PH (2021) Fro-
zen out: unanswered questions about winter biology. Environ Rev 
29(4):431–442. https:// doi. org/ 10. 1139/ ER- 2020- 0127/ ASSET/ 
IMAGES/ LARGE/ ER- 2020- 0127F3. JPEG

Svanbäck R, Quevedo M, Olsson J, Eklöv P (2015) Individuals in 
food webs: the relationships between trophic position, omnivory 
and among-individual diet variation. Oecologia 178(1):103–114. 
https:// doi. org/ 10. 1007/ S00442- 014- 3203-4/ FIGUR ES/5

Taipale SJ, Vuorio K, Strandberg U, Kahilainen KK, Järvinen M, Hil-
tunen M, Peltomaa E, Kankaala P (2016) Lake eutrophication 
and brownification downgrade availability and transfer of essen-
tial fatty acids for human consumption. Environ Int 96:156–166. 
https:// doi. org/ 10. 1016/J. ENVINT. 2016. 08. 018

Taipale SJ, Kahilainen KK, Holtgrieve GW, Peltomaa ET (2018) Simu-
lated eutrophication and browning alters zooplankton nutritional 

quality and determines juvenile fish growth and survival. Ecol 
Evol 8(5):2671–2687. https:// doi. org/ 10. 1002/ ECE3. 3832

Taipale SJ, Vuorio K, Aalto SL, Peltomaa E, Tiirola M (2019) 
Eutrophication reduces the nutritional value of phytoplankton in 
boreal lakes. Environ Res 179:108836. https:// doi. org/ 10. 1016/J. 
ENVRES. 2019. 108836

Taipale SJ, Pulkkinen K, Keva O, Kainz MJ, Nykänen H (2022) Low-
ered nutritional quality of prey decrease the growth and biomol-
ecule content of rainbow trout fry. Comp Biochem Physiol B 
262:110767. https:// doi. org/ 10. 1016/J. CBPB. 2022. 110767

Thiemann GW, Iverson SJ, Stirling I (2006) Seasonal, sexual and 
anatomical variability in the adipose tissue of polar bears (Ursus 
maritimus). J Zool 269(1):65–76. https:// doi. org/ 10. 1111/J. 1469- 
7998. 2006. 00084.X

Thouzeau C, Massemin S, Handrich Y (1997) Bone marrow fat mobili-
zation in relation to lipid and protein catabolism during prolonged 
fasting in barn owls. J Compar Physiol B 167(1):17–24. https:// 
doi. org/ 10. 1007/ S0036 00050 043

Tocher DR (2003) Metabolism and functions of lipids and fatty acids 
in teleost fish. Rev Fish Sci 11(2):107–184. https:// doi. org/ 10. 
1080/ 71361 0925

Turkmen S, Perera E, Zamorano MJ, Simó-Mirabet P, Xu H, Pérez-
Sánchez J, Izquierdo M (2019) Effects of dietary lipid composi-
tion and fatty acid desaturase 2 expression in broodstock gilthead 
sea bream on lipid metabolism-related genes and methylation of 
the fads2 gene promoter in their offspring. Int J Mol Sci. https:// 
doi. org/ 10. 3390/ IJMS2 02462 50

Twining CW, Brenna JT, Hairston NG, Flecker AS (2016) Highly 
unsaturated fatty acids in nature: what we know and what we 
need to learn. Oikos 125(6):749–760. https:// doi. org/ 10. 1111/ 
OIK. 02910

Twining CW, Taipale SJ, Ruess L, Bec A, Martin-Creuzburg D, Kainz 
MJ (2020) Stable isotopes of fatty acids: current and future per-
spectives for advancing trophic ecology. Philos Trans R Soc B 
375(1804):20190641

Wood JD, Enser M, Fisher AV, Nute GR, Sheard PR, Richardson RI, 
Hughes SI, Whittington FM (2008) Fat deposition, fatty acid 
composition and meat quality: a review. Meat Sci 78(4):343–358. 
https:// doi. org/ 10. 1016/J. MEATS CI. 2007. 07. 019

Xie D, Ye J, Lu M, Wang S, You C, Li Y (2020) Comparsion of activi-
ties of fatty acyl desaturases and elongases among six teleosts 
with different feeding and ecological habits. Front Mar Sci 7:117. 
https:// doi. org/ 10. 3389/ fmars. 2020. 00117

Xie D, Chen C, Dong Y, You C, Wang S, Monroig Ó, Tocher DR, 
Li Y (2021) Regulation of long-chain polyunsaturated fatty acid 
biosynthesis in teleost fish. Progr Lipid Res. https:// doi. org/ 10. 
1016/j. plipr es. 2021. 101095

Xie D, Guan J, Huang X, Xu C, Pan Q, Li Y (2022) Tilapia can be a 
beneficial n-3 LC-PUFA source due to its high biosynthetic capac-
ity in the liver and intestine. J Agric Food Chem. https:// doi. org/ 
10. 1021/ ACS. JAFC. 1C057 55

Xu XL, Fontaine P, Melard C, Kestemont P (2001) Effects of dietary fat 
levels on growth, feed efficiency and biochemical compositions of 
Eurasian perch Perca fluviatilis. Aquac Int 9(5):437–449. https:// 
doi. org/ 10. 1023/A: 10205 97415 669

Xu H, Meng X, Wei Y, Ma Q, Liang M, Turchini GM (2022) Arachi-
donic acid matters. Rev Aquac 14(4):1912–1944. https:// doi. org/ 
10. 1111/ RAQ. 12679

Zhang N, Wang L, Luo G, Tang X, Ma L, Zheng Y, Liu S, Price CA, 
Jiang Z (2019) Arachidonic acid regulation of intracellular signal-
ing pathways and target gene expression in bovine ovarian granu-
losa cells. Animals 9(6):374. https:// doi. org/ 10. 3390/ ANI90 60374

https://doi.org/10.1134/S1995425518030101
https://doi.org/10.1007/S11160-021-09687-3/TABLES/3
https://doi.org/10.1007/S11160-021-09687-3/TABLES/3
https://doi.org/10.1007/S10126-010-9264-4/TABLES/2
https://doi.org/10.1007/S10126-010-9264-4/TABLES/2
https://doi.org/10.1016/J.CBPB.2016.02.001
https://doi.org/10.1016/J.CBPB.2016.02.001
https://doi.org/10.1007/S00300-017-2114-3/FIGURES/1
https://doi.org/10.1007/S00300-017-2114-3/FIGURES/1
https://doi.org/10.1007/S11745-014-3902-Y
https://doi.org/10.1093/BIOSCI/BIAB032
https://doi.org/10.1093/BIOSCI/BIAB032
https://doi.org/10.1016/S0990-7440(98)80066-1
https://doi.org/10.1016/S0990-7440(98)80066-1
https://doi.org/10.1016/S0990-7440(00)00146-7
https://doi.org/10.1016/S0990-7440(00)00146-7
https://doi.org/10.1139/ER-2020-0127/ASSET/IMAGES/LARGE/ER-2020-0127F3.JPEG
https://doi.org/10.1139/ER-2020-0127/ASSET/IMAGES/LARGE/ER-2020-0127F3.JPEG
https://doi.org/10.1007/S00442-014-3203-4/FIGURES/5
https://doi.org/10.1016/J.ENVINT.2016.08.018
https://doi.org/10.1002/ECE3.3832
https://doi.org/10.1016/J.ENVRES.2019.108836
https://doi.org/10.1016/J.ENVRES.2019.108836
https://doi.org/10.1016/J.CBPB.2022.110767
https://doi.org/10.1111/J.1469-7998.2006.00084.X
https://doi.org/10.1111/J.1469-7998.2006.00084.X
https://doi.org/10.1007/S003600050043
https://doi.org/10.1007/S003600050043
https://doi.org/10.1080/713610925
https://doi.org/10.1080/713610925
https://doi.org/10.3390/IJMS20246250
https://doi.org/10.3390/IJMS20246250
https://doi.org/10.1111/OIK.02910
https://doi.org/10.1111/OIK.02910
https://doi.org/10.1016/J.MEATSCI.2007.07.019
https://doi.org/10.3389/fmars.2020.00117
https://doi.org/10.1016/j.plipres.2021.101095
https://doi.org/10.1016/j.plipres.2021.101095
https://doi.org/10.1021/ACS.JAFC.1C05755
https://doi.org/10.1021/ACS.JAFC.1C05755
https://doi.org/10.1023/A:1020597415669
https://doi.org/10.1023/A:1020597415669
https://doi.org/10.1111/RAQ.12679
https://doi.org/10.1111/RAQ.12679
https://doi.org/10.3390/ANI9060374

	Preparing for the future offspring: European perch (Perca fluviatilis) biosynthesis of physiologically required fatty acids for the gonads happens already in the autumn
	Abstract
	Introduction
	Materials and methods
	Sampling site and samples collection
	fads2 gene expression in the liver
	Fatty acids content and stable isotopes analysis
	Data and statistical analyses

	Results
	Perch life history parameters and diet
	Polyunsaturated fatty acids content in the food chain
	Tissue-specific PUFA patterns in perch
	Polyunsaturated fatty acids stable isotope values and fads2 gene expression

	Discussion
	Anchor 15
	Acknowledgements 
	References


