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Long-chain polyunsaturated fatty acids are biologically important lipids that are unevenly
distributed between and throughout environments. This heterogeneity can affect the
evolution of metabolic processes, as populations adapt to the resource landscape that
they encounter. Here, we compare fatty acid phenotypes of stickleback over two time
scales of evolutionary divergence: between two lineages with different metabolic capaci-
ties for fatty acid synthesis (i.e. different copy number of the fatty acid desaturase gene;
FADS2) that independently colonized European freshwaters during the Pleistocene
and Holocene; and between two ecotypes within each lineage that have diverged more
recently (~150 years) in different habitats (i.e. lake and stream). We measured fatty acid
profiles of wild-caught and lab-reared fish for each lineage and ecotype combination after
rearing lab fish on a diet deficient in omega-3 long-chain polyunsaturated fatty acids.
Since these lineages hybridize in nature, we also measured profiles of lab-reared hybrids
and backerosses raised on the same deficient diet. Wild fish showed strong compositional
differences in fatty acids between habitats, lineages and sexes. Common garden fish had
generally lower polyunsaturated fatty acid levels than wild fish, and females had lower
omega-6:omega-3 than males. Fish from the lineage with fewer FADS2 copies also had
lower levels of docosahexaenoic acid. Overall, we document divergence in fatty acid phe-
notypes between stickleback lineages with different histories of freshwater colonization,
and between ecotypes in the early stages of adaptive population divergence.

Keywords: adaptation, colonization, FADS2, long-chain polyunsaturated fatty acids,
metabolism

Introduction

The essential compounds required for consumer growth and survival are heteroge-
neously distributed in nature, leading to potential mismatches between dietary
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supply and demand. Long-chain polyunsaturated fatty acids
(LC-PUFAs; carbon chain > 20) are biologically important
lipids that vary in their distribution and abundance among
ecosystems, between habitats and among prey (Hixson et al.
2015). LC-PUFAs include both omega-6 (n-6) and omega-3
(n-3) fatty acids, such as arachidonic acid (ARA; C20:4n-6),
eicosapentaenoic acid (EPA; C20:5n-3), docosapentaenoic
acid (DPA; C22:5n-6) and docosahexaenoic acid (DHA;
C22:6n-3). These compounds play critical roles in endocrine
regulation, cognition, immune function and reproductive
output (Das 2006, Bell and Tocher 2009), but the optimal
n-6:n-3 likely varies among species (Sargent et al. 1995).
Imbalanced diets rich in n-6 fatty acids are linked to multiple
disease pathologies that can be reduced through increased
dietary intake of n-3 LC-PUFAs (Simopoulos 2006). Thus,
vertebrates can gain fitness benefits by balancing their con-
sumption and synthesis of PUFAs to achieve lower ratios
n-6:n-3 in general (Simopoulos 2002, 2006, Glencross
2009), and by accumulating higher levels of n-3 fatty acids
for reproduction in particular (Twining et al. 2018).

Consumers vary widely in their ability to acquire
LC-PUFAs from dietary sources, and in their metabolic capac-
ity for synthesis, specifically how they desaturate and elongate
fatty acids (Parrish 2009). However, we know little about how
LC-PUFA heterogeneity in nature can affect the evolution
of consumer acquisition and metabolism. Many marine fish
and terrestrial carnivores, for example, have lost the capacity
to synthesize LC-PUFAs, likely because they can meet their
nutritional requirements directly from dietary sources (Tocher
2010). In contrast, detritivores that feed on low-PUFA diets
rely entirely on their internal metabolism to synthesize
LC-PUFAs from shorter chain precursors (SC; carbon chain
< 18) (Malcicka et al. 2018). Most consumers have an inter-
mediate metabolic capacity. Vertebrates, for example, lack the
required enzymes to produce linolenic acid (LIN; C18:2n-6)
and o-linolenic acid (ALA; C18:3n-3), but can synthesize
LC-PUFAs to varying degrees when these SC-PUFAs are
available (Supporting information) (Tinoco 1982).

The diversity of metabolism among species, popula-
tions and individuals likely reflects tradeoffs associated with
acquiring and synthesizing LC-PUFAs to meet nutritional
demands. There is increasing evidence that strong nutritional
contrasts lead to the evolution of both consumer metabolism
and resource acquisition traits. For example, greater produc-
tion of n-3 LC-PUFAs in marine compared to freshwater
primary producers (Arts et al. 2009) can generate positive
selection in freshwater consumers for increased metabolic
capacity (@stbye et al. 2018). Fish species that have suc-
cessfully colonized freshwater environments show substan-
tial variation in their capacity to both acquire DHA-rich
prey items (Schmid et al. 2019) and to synthesize DHA
(Ishikawa et al. 2019). As another example, the limited pro-
duction of EPA by terrestrial compared to aquatic primary
producers (Twining et al. 2016) can impose contrasting
selection pressures on consumers with differential access to
aquatic prey. For instance, tree swallows nesting close to water
can increase the growth rate of their young by provisioning

them with high-quality prey of aquatic origin (Twining et al.
2018), but those that nest further away likely face stronger
tradeofls between resource quality and accessibility.
Ray-finned fishes are useful for studying the evolution of
consumer metabolism because they have repeatedly colonized
freshwater from marine habitats and have evolved to deal
with low LC-PUFA availability of their prey (Arts et al. 2009,
Hixson etal. 2015). In vertebrates, LC-PUFA synthesis occurs
through desaturation and elongation of precursor fatty acids
by enzymes produced by the fatty acid desaturase (FADS)
and fatty acid elongase (ELOVL) gene families (Blahovd et al.
2020) (Supporting information). Most freshwater fish only
have the FADS2 desaturase (Castro et al. 2012, Bldhov4 et al.
2020), a rate-limiting enzyme in LC-PUFA biosynthesis. The
FADS2 gene has been independently duplicated across mul-
tiple freshwater fish species, allowing them to increase FADS2
expression and hence, their capacity to synthesize LC-PUFAs.
In the Pacific marine lineage of threespine stickleback there
was an ancient copy-and-paste transposition of FADS2 from
the X-chromosome to chromosome 12, followed by further
duplications in the oldest freshwater populations; some now
possess up to eight copies, compared to marine populations
with only one or two copies (Ishikawa et al. 2019). In general,
this metabolic adaptation has allowed freshwater fish to both
persist and diversify in comparatively nutrient-poor habitats.
Threespine stickleback provide a practical model to study
nutritional adaptation because freshwater populations vary
widely in their 1) timing of colonization (Fang et al. 2020),
2) FADS2 copy number (Ishikawa et al. 2019), 3) adapta-
tions to different resource environments (McGee et al. 2013,
Schmid et al. 2019) and 4) foraging performance (Svanbick
and Bolnick 2007, Best et al. 2017). Continental Europe
has multiple evolutionarily distinct lineages (Hewitt 2000,
Meikinen and Merild 2008, DeFaveri et al. 2012, Sanz et al.
2015, Fang et al. 2020), that differ substantially in the tim-
ing of freshwater colonization (i.e. pre- and post-glacially)
(Fang et al. 2020). Given the northeasterly retreat of glaciers,
southern and western freshwater stickleback populations
are much older than those in the northeast. For example,
marine populations were able to colonize southern Europe
from the Mediterranean Sea while northeastern Europe was
either under ice, or distant from marine populations. Here,
we focused on two lineages: one that colonized before the
last ice age, represented by fish from Lake Geneva, and one
that colonized after the last ice age, represented by fish from
Lake Constance. Consistent with differences in the timing
of freshwater colonization, stickleback from Lake Geneva
have more FADS2 copies than those from Lake Constance
(Ishikawa et al. 2019) (Fig. 1). Furthermore, because both
populations were recently introduced to Switzerland in
the past ~150 years where they colonized distinct habitats
(Lucek et al. 2010, Hudson et al. 2021a), they are also use-
ful for investigating the early stages of adaptive divergence
(Marques et al. 2016). This allows us to quantify differentia-
tion in fatty-acid phenotypes over two distinct evolutionary
time scales. Overall, our study builds upon the recent dis-
covery of metabolic adaptations of freshwater stickleback
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Figure 1. Left panel — relative proportion of n-3 PUFAs collected from the literature (Supporting information) of invertebrate prey, grouped
by habitat, with a simplified DHA synthesis pathway above (see the Supporting information for complete pathway). Right panel, top — rela-
tive FADS2 copy number of freshwater female stickleback populations using data from Ishikawa et al. (2019) (Supporting information).
Right panel, bottom — two evolutionary strategies for obtaining DHA. Coloured squares represent relative contributions of each PUFA to
total muscular concentration in the fish, arrows depict metabolic FADS2 activity. In the forager strategy, fish metabolism does not evolve
and populations adapt to a pelagic diet that is predominantly DHA rich plankton. 2) In the synthesizer strategy, FADS2 gene duplications
allow the fish to convert a greater proportion of dietary precursors into DHA metabolically. Both strategies enable stickleback populations
to persist in freshwater habitats, but may have fitness consequences depending on prey availability.

(Ishikawa et al. 2019) by comparing the fatty acid profiles
of two divergent lineages (as well as their hybrids and back-
crosses), and by quantifying recent divergence associated with
lake—stream ecotype formation.

Methods

Experimental system

We focus on two divergent lineages that recently invaded
Switzerland, and are widespread in lakes and streams
(Hudson et al. 2021a). One lineage originating from the
Baltic drainage (nominal species Guasterosteus aculeatus)
colonized Lake Constance, and the other lineage originat-
ing from the upper Rhoéne (nominal species Guasterosteus
gymnurus) colonized Lake Geneva (Lucek et al. 2010,
Marques et al. 2016, 2019). We hereafter refer them by
their respective drainage. Importantly, these lineages differ
in FADS2 copy number, with the Geneva populations exhib-
iting higher relative copy numbers compared to Constance
populations (Ishikawa et al. 2019). The lineages also differ
in defensive traits, with Constance fish being fully plated

and Geneva being low-plated, and foraging traits, with
Constance fish having a more pelagic phenotype and a
greater feeding efficiency on zooplankton (Lucek et al. 2013,
Best et al. 2017). Both drainages also possess lake and stream
adapted ecotypes that have evolved rapidly since their intro-
duction (Lucek et al. 2014b, Marques et al. 2016). These
ecotypes exhibit diet differentiation, with lake fish consum-
ing more plankton, and stream fish consuming more ben-
thic or terrestrial invertebrates (Gross and Anderson 1984,
Lucek et al. 2012, 2013, Moser et al. 2012). In this study
we collected wild individuals from lake and stream sites
from both drainage, and conducted two independent com-
mon garden rearing experiments using a high n-6:n-3 diet
(i.e. a low quality food). In the first experiment, we com-
pared LC-PUFA profiles of stickleback from both lineages
and ecotypes, grown in the lab and captured from the field.
In the second experiment, we reared lake populations from
Constance and Geneva, their hybrids, and backerosses in the
lab. We did this because hybridization between these two
lineages is prevalent across Switzerland (Lucek et al. 2010,
Roy et al. 2015), and introgression (Marques et al. 2019)
might affect LC-PUFA metabolism. We also examined sex-
based differences, because the ancestral position of FADS?2 is



on the X-chromosome, and thus female stickleback have at
least one additional copy than males (Ishikawa et al. 2019).
Overall, our four population contrasts allow us to compare
the LC-PUFA metabolism of two divergent stickleback
lineages, with known differences in FADS2 copy number
variation, as well as the capacity of different ecotypes to accu-
mulate and synthesize LC-PUFAs in two environments with
contrasting resource distributions.

Wild-caught fish

In May 2019 we sampled one lake and one stream population
from each drainage using minnow traps. The Geneva sites, Le
Grand Canal (Lake; 46°23°48.372"N,06°53°14.2224"E) and
Grand Fossé (Stream; 46°20'52.1052"N, 06°54'37.6416"E)
were ~6 km apart, while the Lake Constance sites, Jigershaus
Marina (Lake; 47°29'24.9504”"N, 09°32'52.5156"E) and
Aubach (Stream; 47°19'21"N, 09°33'20.4948"E) were ~30
km apart. Following capture, we euthanized fish with 1 g 1™
ethyl 3-aminobenzoate methanesulfonate and dissected fil-
lets from 15 adult individuals per site, determining sex dut-
ing dissection and from external characteristics (i.e. nuptial
colouration in males, gravidness in females). All individuals
were sexually mature, and between 30 and 70 mm in stan-
dard length. Prior to fatty acid profiling, we freeze-dried these
tissues, and stored them at —80°C.

Lab-reared fish

Fish breeding and husbandry

Adult fish were captured from the wild using steel minnow
traps and dip nets, transported by car to our lab in drums with
portable aerator pumps, and euthanized on the same day of
capture with 1 g 7! ethyl 3-aminobenzoate methanesulfonate
(MS-222) prior to artificial spawning. To produce clutches in
the lab, mature eggs were stripped from female stickleback into
petri dishes containing water, and mixed with milt from mac-
erated testes dissected out of the body cavities of males. Eggs
were then reared in flow-through incubators until hatching,
when juveniles were transferred to aquaria. Stickleback popula-
tions were housed in flow-through aquaria (50 1) at densities of
2040 fish per tank with filtered lake water from Lake Lucerne.
Oxygen concentrations are typically maintained at > 8 mg 1™},
and the temperature follows the natural seasonal variation in
the lake (5-20°C). All juvenile fish were reared on a diet of live
artemia nauplii until they were large enough to consume finely
chopped frozen chironomid larvae (typically 46 weeks post-
hatching). Some of the individuals produced are used directly
in experiments, while others are maintained as stock popula-
tions for future breeding (Supporting information).

Common garden experiment one

To explore differences in LC-PUFA metabolism between
stickleback lineages, and whether they differ between pop-
ulations inhabiting the two freshwater habitats that they
occupy in nature (lake—stream contrast), we compared fatty
acid profiles of lab-reared populations that were fed the

same low n-3 PUFA diet (Supporting information). The fish
used in the first common garden experiment were reared
from individuals collected from each field site (described
in section b) in early April, and bred as described above
between 2013 and 2015. Prior to fatty acid profiling, fish
(105 individuals total; 28 Geneva lake, 19 Geneva stream,
28 Constance lake, 30 Constance stream) were euthanized
and dissected, though they were not sexed in the first com-
mon garden experiment.

Common garden experiment two

To investigate the effects of sex and lineage on LC-PUFA
phenotype, we conducted a second common garden experi-
ment comparing lake populations representing the two focal
lineages. We reared fish from Lake Geneva (Le Grand Canal;
46°23°48.372"N, 06°53°14.2224"E) and Lake Constance
(Marina Rheinhof; 47°29'51.5148"N, 09°33'33.2064"E) to
produce the fish used in the second common garden experi-
ment from stock populations maintained in husbandry that
originate from the same 2013 and 2015 field seasons. The par-
ents of fish from the second experiment were bred in 2017, and
individuals in this common garden were two years old when
used for fatty acid profiling. There were five treatments based
on parental identity: Geneva X Geneva, Geneva X F; Hybrid
backcross, Geneva X Constance, Constance X F, Hybrid back-
cross and Constance X Constance. All fish were fed the same
low n-3 PUFA diet, and muscle tissues were sampled from 13
to 15 individuals per treatment (Supporting information).

Fatty acid profiling, FAMES

We extracted fatty acids in 2:1 dichloromethane/methanol
(4X) with the addition of #-C19:0 fatty acid as a recovery
standard. Resulting extracts were methylated with 1 ml of
14% BF, in methanol (two h at 100°C) and quantified by
gas chromatography — flame ionization detection (GC-FID).
Compounds were identified based on retention times rela-
tive to a laboratory standard (Supelco FAME mix C4-C24
18919-1AMP; batch # LC02357). We calculated the con-
centration of each compound in micrograms per gram (ug
g™!) of tissue by dividing peak areas by recovery standard peak
area, multiplying this by the total mass of 7-C19:0 in pg for
each sample, and dividing this by the mass of dried tissue.

Statistical analyses

To explore the influence of lineage, sex and habitat we per-
formed type III ANOVAs in R ver. 3.6.1. (<www.r-project.
org>), on mean concentration of each PUFA of interest for
each population, and on the n-6:n-3 of the same PUFAs (n-6:
LIN +ARA +DPA)/(n-3: ALA+EPA+DHA). When one or
more of the compounds was undetected, we excluded this indi-
vidual from the n-6:n-3 analysis. In the second experiment,
we tested for differences between crosses and sexes rather than
including lineage in the model, as the populations included
F, hybrid and F, backcross individuals. We did not determine
the sex of individuals in our first common garden experiment.



Results

Wild populations

We found that ALA, LIN, EPA, ARA, DHA and DPA
concentrations differed significantly between wild fish cap-
tured from lake and stream habitacs (Table 1, Fig. 2), and
that LIN concentrations were lower in Geneva lake fish than
stream fish. Stream populations had higher ARA than lake
populations irrespective of lineage. In Constance, lake fish
had higher concentrations of EPA than stream fish, and
both ecotypes from Geneva (Supporting information). In
stream populations, male fish exhibited higher DHA con-
centrations than females. We also found that females only
had higher EPA than males in lake fish from Constance,
but not in the other contrasts (Fig. 2). Finally, we found a
significant interaction between lineage, habitat and sex for
DPA, where Geneva males had higher concentrations than
females, Constance females had higher concentrations than
males, and stream fish had higher concentrations than lake

fish (Fig. 2).

Common garden 1. Comparison of LC-PUFA
production between ecotype and lineage

Rearing individuals in a common garden on a low n-3 diet
(Table 2, Fig. 3) caused stark differences in the fatty acid
profiles between lineages. In the n-3 metabolic pathway,
Geneva fish had substantially more DHA and less ALA and
EPA (Fig. 3), than Constance fish. In the n-6 metabolic
pathway, Geneva fish also had lower concentrations of the
shorter chain fatty acids LIN and ARA than Constance
fish (Fig. 3). Except for DHA, which was best explained
by lineage, all PUFA concentrations depended on a com-
bination of lineage and ecotype (Table 2). For example,
Constance stream fish had the highest EPA concentra-
tion, while Geneva stream fish had the lowest (Supporting
information).

We found widespread PUFA differences between wild-
caught and lab-reared fish (Table 3). Most PUFAs depended
strongly on a combination of lineage, ecotype and rear-
ing environment. Interestingly, DHA concentrations were
higher in all wild-caught populations (with the exception of
Constance stream females) compared to lab-reared fish (Table
3), confirming that our common diet was low in LC-PUFAs.
Lab-reared populations also exhibited an abundance of
shorter-chain C18 fatty acids compared to wild populations
(Supporting information).

Common garden 2. Heritable differences in
LC-PUFA production between lineage and sex

We found that female fish consistently had higher ALA
concentrations than males (Fig. 4). For LIN and EPA, fish
from the Geneva lineage, Geneva backrosses and F, hybrids
had lower concentrations compared to Constance fish and

Table 1. Statistical tests of PUFA variation in wild-caught fish popu-
lations — note ALA not detected in all fish. The table shows sums of
squares (Sum Sq), degrees of freedom (df), F-values and p-values
(bold=p < 0.05) from type Il ANOVAs of the six PUFAs of interest
with lineage, habitat and sex as factors.

Sum Sq df  F-value p-value
ALA (C18:3n-3)
Lineage 0.00E+00 1,29 0.00 0.956
Habitat 1.35E+00 1,29 27.62 < 0.001
Sex 4.80E-02 1,29 0.99 0.329
Lineage x Habitat 1.33E-01 1,29 2.71 0.110
Lineage x Sex 5.50E-02 1,29 1.12 0.298
Habitat x Sex 2.90E-02 1,29 0.60 0.446
Lineage x Habitat x Sex 5.30E-02 1,29 1.08 0.307
LIN (C18:2n-6)
Lineage 8.00E-02 1,49 1.18 0.284
Habitat 1.91E+00 1,49 28.32 < 0.001
Sex 0.00E+00 1,49 0.07 0.794
Lineage x Habitat 4.10E-01 1,49 6.09 0.017
Lineage x Sex 6.00E-02 1,49 0.87 0.357
Habitat x Sex 5.00E-02 1,49 0.81 0.373
Lineage x Habitat x Sex 5.00E-02 1,49 0.70 0.407
EPA (C20:5n-3)
Lineage 3.00E-02 1,49 1.27 0.265
Habitat 4.50E-01 1,49 18.51 < 0.001
Sex 5.00E-02 1,49 2.02 0.162
Lineage x Habitat 7.20E-01 1,49 29.53 < 0.001
Lineage x Sex 2.00E-02 1,49 0.94 0.338
Habitat x Sex 4.00E-02 1,49 1.59 0.213
Lineage x Habitat x Sex 5.00E-02 1,49 2.19 0.145
ARA (C20:4n-6)
Lineage 1.00E-02 1,49 0.37 0.548
Habitat 8.20E-01 1,49 25.14 < 0.001
Sex 2.00E-02 1,49 0.58 0.449
Lineage x Habitat 5.00E-02 1,49 1.51 0.226
Lineage x Sex 2.00E-02 1,49 0.75 0.392
Habitat x Sex 4.00E-02 1,49 1.23 0.272
Lineage x Habitat x Sex 8.00E-02 1,49 2.36 0.131
DHA (C22:6n-3)
Lineage 4.00E-02 1,49 0.92 0.343
Habitat 8.30E-01 1,49 20.14 < 0.001
Sex 4.70E-01 1,49 11.43 0.001
Lineage x Habitat 1.30E-01 1,49 3.04 0.087
Lineage x Sex 0.00E+00 1,49 0.06 0.813
Habitat x Sex 2.10E-01 1,49 4.98 0.030
Lineage x Habitat x Sex 1.60E-01 1,49 3.80 0.057
DPA (C22:5n-6)
Lineage 0.00E+00 1,49 0.06 0.808
Habitat 6.10E-01 1,49 1831 < 0.001
Sex 0.00E+00 1,49 0.01 0.921
Lineage x Habitat 0.00E+00 1,49 0.00 0.999
Lineage X Sex 9.00E-02 1,49 2.58 0.115
Habitat x Sex 0.00E+00 1,49 0.07 0.793
Lineage x Habitat x Sex 1.60E-01 1,49 4.86 0.032
n-6:n-3 PUFAs
Lineage 0.00E+00 1,49 0.01 0.908
Habitat 7.10E-02 1,49 128.02 < 0.001
Sex 7.00E-03 1,49 13.46 0.001
Lineage x Habitat 2.20E-02 1,49 4051 < 0.001
Lineage X Sex 1.00E-03 1,49 1.34 0.257
Habitat x Sex 7.00E-03 1,49 12.66 0.001
Lineage x Habitat x Sex 2.00E-03 1,49 3.86 0.059
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Figure 2. Fatty acid concentrations of n-3 (left panels) and n-6 PUFAs (right panels) for wild caught stickleback populations; males= tri-

angles, females = circles.

Constance backrosses (Supporting information). There were
no significant differences among populations or between sexes
for ARA or DPA concentrations. Overall mean DHA concen-
trations varied from 539 pg g™' (Constance males) to 1403
pg g~ (Geneva backcross females), and we found a significant
effect of both sex and cross on DHA concentrations (Table 4,

Fig. 4). Given that the ancestral copy of FADS2 is on the X
chromosome, we expected that females would have higher
DHA concentrations than males, however this was only the
case for fish from Constance (post hoc test using Holm cor-
rection p=0.0044; Fig. 4). In addition, we expected fish with
greater genetic contributions from the Geneva lineage (i.e.



pure Geneva lineage and Geneva backeross individuals) to
have higher DHA concentrations when reared in captivity,
however this was only evident in males, where the DHA con-
centrations of Geneva males (p=0.0197) and Geneva back-
crosses (p=0.0129) were higher than for Constance lake fish
(Fig. 4).

Ratio of n-6:n-3 PUFAs

Our comparison of wild populations revealed the influence
of ecotype on n-6:n-3, and the interactions between lin-
eage, habitat and sex highlight possible ecological differences
between populations (Table 1, Fig. 5). Constance lake fish
had the lowest n-6:n-3 overall (i.e. most favorable), Constance
stream fish had the highest (i.e. least favorable). Both stream
populations had higher n-6:n-3 than lake populations, and
stream males had lower n-6:n-3 than stream females in both
lineages. In both experiments, Geneva fish had a significantly
lower n-6:n-3 than Constance fish, irrespective of ecotype
(Table 2, 4, Fig. 5). In the second experiment, we addition-
ally found that females from all contrasts had a significantly
lower n-6:n-3 than males (Table 4, Fig. 5), consistent with the
higher DHA ratios of females to males (Fig. 4).

Discussion

Overall, our results emphasize the potential fitness relevance
of mismatches between the supply of, and demand for,
LC-PUFAs in natural populations (Fig. 1). Specifically, we
found that the fatty acid composition of wild stickleback is
ecotype dependent, and that for n-3 LC-PUFAs such EPA
and DHA, there are lineage and sex specific differences in
muscular fatty acid concentrations (Fig. 2). When reared on
a common diet in the lab, the lineage effects become more
obvious, especially with respect to these LC-PUFAs. Such
lineage-specific differences provide evidence for divergent
evolution in metabolism over a timescale of thousands of
generations, likely culminating in differential capacity to
synthesize LC-PUFAs (Fig. 3). Within each lineage, we also
find that ecologically and genetically differentiated lake and
stream populations have contrasting PUFA distributions
when raised in a common garden, suggesting much more
recent divergence in the expression of fatty acid phenotypes
(i.e. over tens to perhaps a hundred generations, and with
gene flow). Our study is the first to document divergence
in PUFA phenotypes not only between anciently divergent
lineages, but also between recently diverged lake—stream eco-
types in one of our lineages (Constance). Furthermore, our
hybrid crosses highlight important sex-specific differences in
PUFA composition (Fig. 4, 5), and provide additional insight
into how introgression between divergent lineages with dif-
ferent colonization histories may influence the capacity for
DHA synthesis.

Differences in LC-PUFA production can partly explain
the observed differences among lineages, ecotypes and sexes
of stickleback reared on a low-quality resource. Fish from

Table 2. Statistical tests of PUFA variation for the first common gar-
den exploring the lineage by habitat contrast. The table shows sums
of squares (Sum Sq), degrees of freedom (df), F-values and p-values
(bold=p < 0.05) from type Il ANOVAs of the six PUFAs of interest
with lineage and habitat as factors.

Sum Sq df F-value p-value

ALA (C18:3n-3)

Lineage 2.14E+00 1,100 54.17 < 0.001

Habitat 1.10E-01 1,100 2.87 0.094

Lineage x Habitat 4.30E-01 1,100 10.79 0.001
LIN (C18:2n-6)

Lineage 2.57E+00 1,95 156.10 < 0.001

Habitat 3.00E-02 1,95 2.08 0.153

Lineage x Habitat 2.00E-01 1,95 12.28 0.001
EPA (C20:5n-3)

Lineage 7.00E-02 1,101 10.18 0.002

Habitat 0.00E+00 1,101 0.35 0.553

Lineage x Habitat 5.00E-02 1,101 7.38 0.008
ARA (C20:4n-6)

Lineage 7.70E-01 1,101 125.65 < 0.001

Habitat 0.00E+00 1,101 0.65 0.423

Lineage x Habitat 5.00E-02 1,101 7.33 0.008
DHA (C22:6n-3)

Lineage 1.89E+00 1,97 73.88 < 0.001

Habitat 0.00E+00 , 0.11 0.747

Lineage x Habitat 4.00E-02 1,97 1.53 0.219
DPA (C22:5n-6)

Lineage 1.00E-02 1,101 1.48 0.227

Habitat 0.00E+00 1,101 0.12 0.730

Lineage x Habitat 6.00E-02 1,101 6.84 0.010
n-6:n-3 PUFAs

Lineage 5.60E-02 1,91 111.57 < 0.001

Habitat 0.00E+00 1,91 0.46 0.497

Lineage x Habitat 1.00E-03 1,91 2.07 0.153

the Geneva lineage, which possess more copies of FADS2,
had higher DHA concentrations in the laboratory compared
to fish from the Constance lineage (Fig. 3, 4), and this was
independent of their habitat of origin. This is consistent with
previous work suggesting that the Geneva lineage has had a
longer evolutionary history in freshwater, and are consider-
ably more benthic in their habitat use, foraging mode and
morphology (Berner et al. 2010, Lucek et al. 2013, 2014a,
Best et al. 2017). The Constance lineage, by comparison,
has a much more recent post-glacial colonization history and
fewer copies of FADS2 (Fig. 1). Furthermore, unlike in Lake
Geneva, fish in Lake Constance feed predominantly on zoo-
plankton in the pelagic zone of the lake (Lucek et al. 2012,
Moser et al. 2012, Alexander et al. 2016), and have high for-
aging efficiency (Best et al. 2017, Schmid et al. 2019). Such
lineage-specific contrasts in foraging habitat use, plankton
feeding efficiency, and FADS2 copy number suggest alterna-
tive strategies of meeting LC-PUFA needs. Specifically, we
suspect that fish in Lake Geneva are acquiring more of their
PUFA from endogenous production, whereas fish in Lake
Constance are more likely acquiring PUFA from diet rich in
pelagic copepods (Fig. 1).

In wild-caught fish, we observed that ALA and ARA
concentrations were higher in stream fish, while EPA and
DHA concentrations were higher in lake fish (Fig. 2). These
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differences are likely explained by variation in diet and PUFA
availability between habitats, rather than metabolic processes.
The high ALA and ARA concentrations of stream fish could
reflect a diet dominated by benthic invertebrates and terres-
trial insects (Ahlgren et al. 2009), while the high EPA and
DHA concentrations observed in lake stickleback, likely result

from a diet of n-3 PUFA rich zooplankton (Lucek et al. 2012,
Moser et al. 2012, Hudson et al. 2021a) (Fig. 1). Wild stream
populations displayed higher n-6:n-3 (Fig. 5) compared to
lake populations as well, suggesting that stream diets are
lower n-3 PUFAs, and thus these fish may experience stron-
ger selection for enhanced metabolism. DHA concentrations



did not differ between ecotypes in either lineage in common
garden, but EPA concentrations were significantly different
between ecotypes in the Constance lineage (Fig. 3).

We observed sex differences in PUFA composition in
both lab-raised and wild-caught fish, and stark sex differ-
ences in DHA levels for lab-reared fish (Fig. 2, 4). Threespine
stickleback have a XX female/XY male sex determination
system that lacks a mechanism for global dosage compen-
sation (Leder et al. 2010). This means that X-linked traits
will exhibit female-biased expression, as genes on the
X-chromosomes are simultaneously expressed. This is the case
for FADS2, which is ancestrally located on the stickleback
X-chromosome (Ishikawa et al. 2019). In the Constance lake
population, DHA concentrations of lab raised females were
roughly twice that of males (Supporting information), but
this sex difference was lower in all other populations contrasts
in which the Geneva lineage made a genetic contribution.
While increased DHA synthesis is likely advantageous for all
freshwater fish, it may be particularly beneficial to females,
as eggs and developing embryos have high DHA require-
ments (Tocher 2010). In contrast to the Constance lineage,
fish from the Geneva lineage have additional FADS2 copies
on the X-chromosome (Ishikawa et al. 2019). While these
additional copies do increase DHA concentrations, synthesis
does not appear to increase linearly with FADS2 copy num-
ber (i.e. Geneva males and females did not significantly differ
in DHA, despite females having more copies), and may indi-
cate differences in expression or post-transcriptional regula-
tion between autosomal and X-linked regions of the genome
where FADS?2 is located.

Sex differences in wild-caught populations may also indi-
cate ecological differences that result from FADS2 copy
number variation. When we compare DHA concentrations
between wild-caught Constance stream fish, males have more
than twice that of females so it may be that males compen-
sate for their low biosynthetic ability by targeting different
prey (Fig. 1), or that some form of niche partitioning exists
in streams. An additional possibility is that hybridization
between the multiple lineages that have been introduced
to the Constance drainage (Marques et al. 2019) has led to
introgression of autosomal FADS?2 copies in stream popula-
tions that are differentially expressed between the sexes. As we
did not measure relative copy number, we cannot be certain
of this, but it is a subject for continued research. Alternatively,
since wild females were caught during the breeding season, it
is also possible that they exhibited reduced muscular PUFA
concentrations because of prior investment into eggs. Lab
populations, however, were non-reproductive during this
study. In addition, experiments establishing the links between
foraging ability, sex, lineage and PUFA composition could
help us explain these patterns further.

Freshwater habitats have lower LC-PUFA availability
compared to marine habitats, but are these resources actu-
ally limiting for stickleback? Fatty acids are typically syn-
thesized de novo by primary producers, and generally
accumulate up the food chain culminating in fatty acid dis-
tributions that vary within and among freshwater habitats
(Miiller-Navarra et al. 2004), as well as among prey species

Table 3. Statistical tests for a comparison between PUFA content of
wild-caught fish to those from the first common garden. The table
shows sums of squares (Sum Sq), degrees of freedom (df), F-values
and p-values (bold=p < 0.05) from type 1l ANOVAs of the six
PUFAs of interest with lineage and habitat as factors.

Sum Sq df F-value  p-value
ALA (C18:3n-3)
Lineage 4.90E-01 1,133 11.61 0.001
Habitat 7.70E-01 1,133 18.28 < 0.001
Captivity 1.22E+01 1,133 290.20 < 0.001
Lineage x Habitat 0.00E+00 1,133 0.01 0.917
Lineage x Captivity 5.70E-01 1,133 13.60 < 0.001
Habitat x Captivity 1.46E+00 1,133 34.91 < 0.001
Lineage x Habitat x 3.90E-01 1,133 9.38 0.003
Captivity
LIN (C18:2n-6)
Lineage 1.45E+00 1,148 42.58 < 0.001
Habitat 9.80E-01 1,148 28.86 < 0.001
Captivity 1.11E+01 1,148 325.04 < 0.001
Lineage x Habitat 5.00E-02 1,148 1.47 0.227
Lineage x Captivity 5.60E-01 1,148 16.37 < 0.001
Habitat x Captivity 1.48E+00 1,148 43.45 < 0.001
Lineage x Habitat x 5.90E-01 1,148 17.47 < 0.001
Captivity
EPA (C20:5n-3)
Lineage 8.00E-02 1,154 6.07 0.015
Habitat 2.60E-01 1,154 18.79 < 0.001
Captivity 4.10E-01 1,154 29.71 < 0.001
Lineage x Habitat 3.00E-01 1,154 22.21 < 0.001
Lineage x Captivity 0.00E+00 1,154 0.11 0.745
Habitat x Captivity 3.20E-01 1,154 23.58 < 0.001
Lineage x Habitat x 6.90E-01 1,154 50.25 < 0.001
Captivity
ARA (C20:4n-6)
Lineage 3.80E-01 1,154 24.75 < 0.001
Habitat 4.80E-01 1,154 30.86 < 0.001
Captivity 1.20E-01 1,154 7.57 0.007
Lineage x Habitat 1.00E-01 1,154 6.63 0.011
Lineage x Captivity 1.90E-01 1,154 12.11 0.001
Habitat x Captivity 5.90E-01 1,154 37.97 < 0.001
Lineage x Habitat x 0.00E+00 1,154 0.28 0.596
Captivity
DHA (C22:6n-3)
Lineage 5.10E-01 1,150 14.12 < 0.001
Habitat 5.00E-01 1,150 13.88 < 0.001
Captivity 6.33E+00 1,150 176.70 < 0.001
Lineage x Habitat 4.00E-02 1,150 1.04 0.309
Lineage x Captivity 9.10E-01 1,150 25.46 < 0.001
Habitat x Captivity 5.90E-01 1,150 16.47 < 0.001
Lineage x Habitat x 1.90E-01 1,150 5.24 0.023
Captivity
DPA (C22:5n-6)
Lineage 0.00E+00 1,154 0.04 0.839
Habitat 3.70E-01 1,154 20.48 < 0.001
Captivity 2.30E-01 1,154 12.40 0.001
Lineage x Habitat 3.00E-02 1,154 1.43 0.234
Lineage x Captivity 1.00E-02 1,154 0.69 0.407
Habitat x Captivity 4.20E-01 1,154 23.23 < 0.001
Lineage x Habitat x 2.00E-02 1,154 1.06 0.305
Captivity
n-6:n-3 PUFAs
Lineage 1.70E-02 1,124 25.75 < 0.001
Habitat 5.80E-02 1,124 87.32 < 0.001
Captivity 4.00E-03 1,124 6.74 0.011
Lineage x Habitat 1.40E-02 1,124 21.66 < 0.001
Lineage x Captivity 1.20E-02 1,124 18.63 < 0.001
Habitat x Captivity 6.60E-02 1,124 99.01 < 0.001
Lineage x Habitat x 2.30E-02 1,124 35.22 < 0.001

Captivity
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common garden; males = triangles, females = circles.

(Hixson et al. 2015). Freshwater copepods, for example, are
omnivorous zooplankton with a marine ancestry that prefer-
entially accumulate DHA (Strandberg et al. 2015). In com-
parison to other stickleback prey however, copepods are small

and highly evasive, thus selection on fish foraging efficiency
could drive the evolution of fish morphology and behaviours
(Schmid et al. 2019). When we compare fatty acid profiles
between wild-caught and lab-reared stickleback, there is a
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stark difference in their LC-PUFA concentrations, especially
for EPA and DHA (Supporting information). Although
Constance lake males have a mean concentration of only 538
pg g~ of DHA in the lab, wild-caught males had a mean con-
centration of 6502 pg g~'. Presumably, this order of magni-
tude difference is the product of dietary differences between
wild and lab-reared fish. This seems to indicate that despite
having fewer copies of FADS2 than the Geneva lineage,
Constance lake fish are successful at obtaining LC-PUFAs in
the wild by foraging on zooplankton. Comparisons between
wild-caught populations further illustrate this point, in that
fish from the Constance lineage have a lower n-6:n-3 ratio
than fish from the Geneva lineage even though Geneva fish
have greater biosynthetic capabilities (Fig. 5). How then, are
wild Constance lake fish achieving such high n-3 concentra-
tions? We propose that the expansion into the pelagic zone
of the lake (Alexander et al. 2016), morphological adapta-
tions for planktivory (Berner et al. 2010, Lucek et al. 2013,
2014c, Best et al. 2017), and rapid divergence between lake
and stream populations in planktonic foraging efficiency
(Schmid et al. 2019) can explain this pattern. By exhibiting
a limnetic life history strategy, and a more pelagic pheno-
type (Lucek et al. 2014c, Best et al. 2017) Lake Constance
stickleback are capable of obtaining high concentrations of
fatty acids, despite lower metabolic capabilities. To explore
this finding further, and understand the fitness consequences
of foraging differences between the lineages, future studies
of foraging performance and competition experiments under
variable environmental contexts could be fruitful.

Swiss stickleback populations provide a powerful oppor-
tunity to study evolutionary responses to LC-PUFA limita-
tion during freshwater colonization over two different time
scales. 'The lineage contrast allows us to compare traits that
have evolved since colonization of freshwater (i.e. increased
FADS2 copy number), to those that have been retained from
ancestral marine populations (i.e. efficient plankton foraging
seen in Constance lake fish), that help stickleback address the
problem of acquiring LC-PUFAs in freshwater. Likewise, as
both lineages were introduced within the past ~150 years, we
can explore how these evolutionary solutions to LC-PUFA
limitation apply across different freshwater habitats (i.c. lakes
and streams) with different prey availabilities by comparing
fatty acid composition and metabolism between recently
diverged lake—stream ecotypes and hybrids between lineages.
Specifically, older freshwater lineages (e.g. Geneva) might
facilitate adaptation to streams in younger freshwater lin-
eages (i.e. Constance) by contributing genes that are adap-
tive for LC-PUFA metabolism in freshwater (i.e. additional
FADS2 copies) as introgression between these lineages will
increase the standing genetic variation available for selec-
tion to act upon. The results of our second common garden
experiment show that hybridization and backcrossing pro-
duces offspring that have higher DHA concentrations rela-
tive to Lake Constance males, which have low FADS2 copy
number (Ishikawa et al. 2019). In stream habitats where
PUFA-rich plankton are less abundant (Walks and Cyr 2004,
Torres-Ruiz et al. 2007) this could be particularly beneficial.
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Table 4. Statistical tests of PUFA variation for the second common
garden exploring the lineage by sex contrast. The table shows sums
of squares (Sum Sq), degrees of freedom (df), F-values and p-values
(bold=p < 0.05) from type Il ANOVAs of the six PUFAs of interest
with population (i.e. parental lineages, F, hybrid and backcrosses)
and sex as factors.

Sum Sq df F-value p-value
ALA (C18:3n-3)
Population 1.20E-01 4,61 1.60 0.186
Sex 8.60E-01 1,61 44,24 < 0.001
Sex x Population  8.00E-02 4,61 0.97 0.429
LIN (C18:2n-6)
Population 3.90E-01 4,61 4.74 0.002
Sex 5.00E-02 1,61 2.64 0.109
Sex x Population  7.00E-02 4,61 0.81 0.523
EPA (C20:5n-3)
Population 1.60E-01 4,61 2.75 0.036
Sex 1.00E-02 1,61 0.64 0.425
Sex x Population  4.00E-02 4,61 0.63 0.642
ARA (C20:4n-6)
Population 1.00E-01 4,61 2.34 0.065
Sex 0.00E+00 1,61 0.01 0.923
Sex x Population  3.00E-02 4,61 0.62 0.653
DHA (C22:6n-3)
Population 4.30E-01 4,61 4.22 0.004
Sex 1.80E-01 1,61 7.02 0.010
Sex x Population  1.30E-01 4,61 1.28 0.289
DPA (C22:5n-6)
Population 6.00E-02 4,60 1.22 0.314
Sex 0.00E+00 1,60 0.01 0.921
Sex x Population  9.00E-02 4,60 1.94 0.115
n-6:n-3 PUFAs
Population 1.10E-02 4,60 6.14 < 0.001
Sex 3.50E-02 1,60 80.15 < 0.001
Sex x Population  1.00E-03 4,60 0.30 0.874

In this study we did not measure FADS2 gene expression
however, so it could also be valuable to do so. Similar pat-
terns of introgression have been observed between the intro-
duced Constance lineage, and native Swiss populations as the
highly plated Eda allele has been spreading into historically
low plated populations (Lucek 2016, Hudson et al. 2021a).
As hybridization continues, it will be prudent to monitor the
evolutionary history, abundance, habitat use and phenotype
of stickleback populations in other Swiss lakes.

If we consider the role of LC-PUFAs as essential nutrients,
differences in availability and abundance can create nutri-
tional constraints that slow the rate that species can colonize
new habitats, or act as a barrier and prevent establishment
altogether (Ishikawa et al. 2019). For example, organisms
that are unable to synthesize DHA from shorter chain n-3
fatty acids cannot subsist on a diet that contains ALA alone.
Similarly, prey species containing DHA could be abundant
within a habitat, but if predators are unable to effectively
capture them, then the resource is essentially absent. When
encountering physiological challenges and environmental
stressors such as these, over time organisms may evolve adap-
tations to counteract their negative effects, provided heritable
variation is available. Such heritable performance variation
in nutrient acquisition or metabolism can therefore shape
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evolutionary trajectories of consumer populations. There is
a growing body of evidence that LC-PUFA availability can
affect the fitness and health of consumers (Fritz et al. 2017,
Twining et al. 2018, Scharnweber and Girdmark 2020),
highlighting the role that nutritional mismatches play in
promoting adaptive divergence when environmental varia-
tion in nutrient availability interacts with heritable variation
in coping ability. To better understand how species adapt to
novel conditions, we need to further explore the factors that
limit their success (i.e. PUFA availability) and the role of key

metabolic adaprations that allow them to overcome such lim-
itations (i.e. FADS2 gene duplications).

Conclusion

During colonization, species may encounter novel selection
pressures, including selection via nutrient limitation. If they
can adapt to the novel conditions, such adaptations can acceler-
ate the colonization process further. As stickleback populations
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have colonized freshwater habitats and further diversified
within them, they have adapted to environments with limited
LC-PUFA availability through evolution of metabolism. Here
we show variation in fatty acid composition between different
populations of introduced freshwater stickleback, and demon-
strate that these differences can be partly explained by variation
in metabolic adaptations for LC-PUFA synthesis. Namely, lin-
eages that differ in FADS2 copy number have different capa-
bilities for LC-PUFA biosynthesis, given the same diet. We
also identify lineage and sex specific differences in fatty acid
composition, and show that hybridization between divergent
lineages could facilitate adaptation in LC-PUFA limited envi-
ronments through introgression of genetic variation from pop-
ulations with a longer evolutionary history in freshwater. Our
study highlights the role of nutrient limitation as a constraint
and selection force during colonization.

Acknowledgements—We thank Angelina Arquint, Dominique Stadler,
Jaime Anaya-Rojas, Moritz Liirig and Rebecca Best for collecting
samples, along with Sandra Schmid and Serge Robert for work in
the lab. We also thank Pascal Reichlin, Daniel Steiner and Andreas
Taverna for maintenance of captive stickleback populations. Thank
you to Parkjsun from the Noun Project for their mosquito image
used in Fig. 1. Special thanks to Kimberley Lemmen for help in R,
along with Lily Twinning, Maria Cuenca-Cambronero and Marvin
Moosmann for providing helpful comments and suggestions. Open
access funding provided by ETH-Bereich Forschungsanstalten.

Funding — This work was funded by the grant ‘SeeWandel: Life
in Lake Constance — the past, present and future’ within the
framework of the Interreg V programme ‘Alpenrhein-Bodensee-
Hochrhein (Germany/Austria/Switzerland/Liechtenstein)” which
funds are provided by the European Regional Development Fund
as well as the Swiss Confederation and cantons. Data collection was
partly funded by the Eawag Strategic Project AquaDiverse to OS
and Swiss National Science Foundation grant PDFMP3_134657
to OS and 31003A_175614 to BM. Work conducted by ML
was supported by funds from the Eawag directorate, and organic
chemistry work was funded by internal Eawag funds to CS. Open
access funding provided by ETH-Bereich Forschungsanstalten.

Author contributions

Cameron M. Hudson: Conceptualization (lead); Data cura-
tion (lead); Formal analysis (lead); Investigation (equal);
Methodology (equal); Validation (equal); Visualization
(equal); Writing — original draft (lead); Writing — review
and editing (equal). S. Nemiah Ladd: Conceptualization
(equal); Data curation (equal); Formal analysis (supporting);
Investigation (equal); Methodology (equal); Visualization
(equal); Writing — review and editing (equal). Miguel C.
Leal: Conceptualization (lead); Data curation (equal);
Formal analysis (equal); Investigation (equal); Methodology
(equal); Validation (equal); Visualization (supporting);
Writing — review and editing (equal). Carsten J. Schubert:
Data curation (equal); Funding acquisition (equal); Project
administration (equal); Resources (equal); Supervision
(equal); Writing — review and editing (equal). Ole Seehausen:
Funding acquisition (equal); Project administration (equal);

13

Supervision (equal); Writing — review and editing (equal).
Blake Matthews: Conceptualization (equal); Data cura-
tion (equal); Formal analysis (equal); Funding acquisition
(equal); Investigation (equal); Methodology (equal); Project
administration (lead); Resources (equal); Supervision (equal);
Validation (equal); Visualization (equal); Writing — review
and editing (equal).

Data availability statement

Data are available from the Dryad Digital Repository:
<htep://dx.doi.org/10.5061/dryad.s4mw6m969> (Hudson
et al. 2021b).

References

Ahlgren, G. et al. 2009. Fatty acid ratios in freshwater fish, zoo-
plankton and zoobenthos — are there specific optima? — In:
Kainz, M. et al. (eds), Lipids in aquatic ecosystems. Springer,
pp. 147-178.

Alexander, T. J. et al. 2016. Artenvielfalt und zusammensetzung der
fischpopulation im bodensee. — Projet Lac, Eawag.

Arts, M. T. et al. 2009. Lipids in aquatic ecosystems. — Springer
Science & Business Media.

Bell, M. V. and Tocher, D. R. 2009. Biosynthesis of polyunsatu-
rated fatty acids in aquatic ecosystems: general pathways and
new directions. — In: Kainz, M. et al. (eds), Lipids in aquatic
ecosystems. Springer, pp. 211-230.

Berner, D. etal. 2010. Constraints on speciation suggested by com-
paring lake—stream stickleback divergence across two conti-
nents. — Mol. Ecol. 19: 4963-4978.

Best, R. J. et al. 2017. Transgenerational selection driven by diver-
gent ecological impacts of hybridizing lineages. — Nat. Ecol.
Evol. 1: 1757-1765.

Bldhovd, Z. et al. 2020. Assessment of fatty acid desaturase (Fads2)
structure—function properties in fish in the context of environ-
mental adaptations and as a target for genetic engineering. —
Biomolecules 10: 206.

Castro, L. E C. et al. 2012. Functional desaturase Fadsl (A5) and
Fads2 (A6) orthologues evolved before the origin of jawed ver-
tebrates. — PLoS One 7: €31950.

Das, U. N. 2006. Essential fatty acids: biochemistry, physiology
and pathology. — Biotechnol. J. 1: 420-439.

DeFaveri, J. et al. 2012. Phylogeography of isolated freshwater
three-spined stickleback Gusterosteus aculeatus populations in
the Adriatic Sea basin. — J. Fish Biol. 80: 61-85.

Fang, B. et al. 2020. Estimating uncertainty in divergence times
among three-spined stickleback clades using the multispecies
coalescent. — Mol. Phylogenet. Evol. 142: 106646.

Fritz, K. A. et al. 2017. Subsidies of essential nutrients from aquatic
environments correlate with immune function in terrestrial
consumers. — Freshwater Sci. 36: 893-900.

Glencross, B. D. 2009. Exploring the nutritional demand for essen-
tial fatty acids by aquaculture species. — Rev. Aquacult. 1: 71-124.

Gross, H. P. and Anderson, J. M. 1984. Geographic variation in
the gillrakers and diet of european threespine sticklebacks, Gas-
terosteus aculeatus. — Copeia 1984: 87-97.

Hewitt, G. 2000. The genetic legacy of the Quaternary ice ages.
— Nature 405: 907-913.



Hixson, S. M. et al. 2015. Production, distribution and abundance
of long-chain omega-3 polyunsaturated fatty acids: a funda-
mental dichotomy between freshwater and terrestrial ecosys-
tems. — Environ. Rev. 23: 414-424.

Hudson, C. M. et al. 2021a. Threespine stickleback in lake con-
stance: the ecology and genomic substrate of a recent invasion.
— Front. Ecol. Evol. 8: 529.

Hudson, C. M. et al. 2021b. Data from: Fit and fatty freshwater
fish: contrasting polyunsaturated fatty acid phenotypes between
hybridizing stickleback lineages. — Dryad Digital Repository,
<http://dx.doi.org/10.5061/dryad.s4mw6m969>.

Ishikawa, A. et al. 2019. A key metabolic gene for recurrent freshwa-
ter colonization and radiation in fishes. — Science 364: 886-889.

Leder, E. H. et al. 2010. Female-biased expression on the X chro-
mosome as a key step in sex chromosome evolution in threes-
pine sticklebacks. — Mol. Biol. Evol. 27: 1495-1503.

Lucek, K. 2016. Cryptic invasion drives phenotypic changes in
central European threespine stickleback. — Conserv. Genet. 17:
993-999.

Lucek, K. et al. 2010. Hybridization between distant lineages
increases adaptive variation during a biological invasion: stick-
leback in Switzerland. — Mol. Ecol. 19: 3995-4011.

Lucek, K. et al. 2012. Evidence of adaptive evolutionary divergence
during biological invasion. — PLoS One 7: ¢49377.

Lucek, K. et al. 2013. Repeated and predictable patterns of ecotypic
differentiation during a biological invasion: lake—stream divergence
in parapatric Swiss stickleback. — J. Evol. Biol. 26: 2691-2709.

Lucek, K. et al. 2014a. Contemporary ecotypic divergence during
a recent range expansion was facilitated by adaptive introgres-
sion. — J. Evol. Biol. 27: 2233-2248.

Lucek, K. et al. 2014b. Quick divergence but slow convergence
during ecotype formation in lake and stream stickleback pairs
of variable age. — J. Evol. Biol. 27: 1878-1892.

Lucek, K. etal. 2014c. Disentangling the role of phenotypic plastic-
ity and genetic divergence in contemporary ecotype formation
during a biological invasion. — Evolution 68: 2619-2632.

Mikinen, H. S. and Meril4, J. 2008. Mitochondrial DNA phylo-
geography of the three-spined stickleback Gasterosteus aculeatus
in Europe — evidence for multiple glacial refugia. — Mol. Phy-
logenet. Evol. 46: 167-182.

Malcicka, M. et al. 2018. An evolutionary perspective on linoleic
acid synthesis in animals. — Evol. Biol. 45: 15-26.

Marques, D. A. et al. 2016. Genomics of rapid incipient speciation
in sympatric threespine stickleback. — PLoS Genet. 12: €1005887.

Marques, D. A. et al. 2019. Admixture between old lineages facil-
itated contemporary ecological speciation in Lake Constance
stickleback. — Nat. Commun. 10: 4240.

McGee, M. D. et al. 2013. Functional basis of ecological divergence
in sympatric stickleback. — BMC Evol. Biol. 13: 277.

Moser, D. et al. 2012. Repeated lake—stream divergence in stickle-
back life history within a central European lake basin. — PLoS
One 7: €50620.

Miiller-Navarra, D. C. et al. 2004. Unsaturated fatty acid content
in seston and tropho-dynamic coupling in lakes. — Nature 427:
69-72.

Dstbye, K. et al. 2018. Ongoing niche differentiation under high
gene flow in a polymorphic brackish water threespine stick-
leback Gasterosteus aculeatus population. — BMC Evol. Biol.
18: 14.

Parrish, C. C. 2009. Essential fatty acids in aquatic food webs. — In:
Kainz, M. et al. (eds), Lipids in aquatic ecosystems. Springer,
pp. 309-326.

Roy, D. et al. 2015. Hybrid ‘superswarm’ leads to rapid divergence
and establishment of populations during a biological invasion.
— Mol. Ecol. 24: 5394-5411.

Sanz, N. et al. 2015. Glacial refuges for three-spined stickleback in
the Iberian Peninsula: mitochondrial DNA phylogeography. —
Freshwater Biol. 60: 1794-1809.

Sargent, J. R. et al. 1995. Requirement criteria for essential fatty
acids. — J. Appl. Ichthyol. 11: 183-198.

Scharnweber, K. and Gardmark, A. 2020. Feeding specialists on
fatty acid-rich prey have higher gonad weights: pay-off in Baltic
perch? — Ecosphere 11: 161.

Schmid, D. W. et al. 2019. Rapid divergence of predator functional
traits affects prey composition in aquatic communities. — Am.
Nat. 193: 331-345.

Simopoulos, A. P. 2002. The importance of the ratio of omega-6/
omega-3 essential fatty acids. — Biomed. Pharmacother. 56:
365-379.

Simopoulos, A. P. 2006. Evolutionary aspects of diet, the
omega-6/omega-3 ratio and genetic variation: nutritional
implications for chronic diseases. — Biomed. Pharmacother.
60: 502-507.

Strandberg, U. et al. 2015. Selective transfer of polyunsaturated
fatty acids from phytoplankton to planktivorous fish in large
boreal lakes. — Sci. Total Environ. 536: 858-865.

Svanbick, R. and Bolnick, D. 1. 2007. Intraspecific competition
drives increased resource use diversity within a natural popula-
tion. — Proc. Biol. Sci. 274: 839-844.

Tinoco, J. 1982. Dietary requirements and functions of alpha-
linolenic acid in animals. — Prog. Lipid Res. 21: 1-45.

Tocher, D. R. 2010. Fatty acid requirements in ontogeny of marine
and freshwater fish. — Aquacult. Res. 41: 717-732.

Torres-Ruiz, M. et al. 2007. Trophic relations in a stream food web:
importance of fatty acids for macroinvertebrate consumers. — J.
N. Am. Benthol. Soc. 26: 509-522.

Twining, C. W. et al. 2016. Highly unsaturated fatty acids in
nature: what we know and what we need to learn. — Oikos 125:
749-760.

Twining, C. W. et al. 2018. Aquatic insects rich in omega-3 fatty
acids drive breeding success in a widespread bird. — Ecol. Lett.
21: 1812-1820.

Walks, D. J. and Cyr, H. 2004. Movement of plankton through
lake—stream systems. — Freshwater Biol. 49: 745-759.

14



