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Abstract We studied phenotypic and genetic adap-
tation of the visual system of three-spined stick-
lebacks, Gasterosteus aculeatus, from North Uist,
Scotland. We quantified differences in opsin gene
expression of the four cone opsin genes among wild-
caught fish from three lakes with clear and from three
with tea-stained water and their offspring that were
raised in clear water. In addition, visual sensitivity
of wild-caught fish was modelled from opsin expres-
sion levels. Wild-caught fish from tea-stained waters
had a lower SWS1 proportional expression than fish
from clear waters, a difference that tended to be main-
tained in lab-bred fish. Compared to lab-bred fish,
wild-caught fish had a higher SWS1 but lower SWS2
proportional expression independent of water clarity.
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For RH2 and LWS there were significant interactions
between generation and water clarity. Reproductively
mature fish had a higher LWS but lower proportional
expression of RH2 than non-reproductive fish. Sex
did not have a significant effect on expression. There
was a significant positive association and, depending
on chromophore ratio, a distinct match between the
centre wavelengths, used as a proxy for spectral dis-
tribution, of ambient habitat light and spectral sensi-
tivity indicating that the visual system of sticklebacks
is tuned to their local light environment, suggesting
adaptation.

Keywords Gasterosteus aculeatus - F1 generation -
Sex - Water clarity - Phenotypic plasticity - Genetic
variation

D.J. Rennison

Ecology, Behavior and Evolution Section, Division
of Biological Sciences, University of California San
Diego, 9500 Gillman Drive, La Jolla, CA, USA

I. P. Rick

Bonn Institute for Organismic Biology (BIOB), Section
III: Evolutionary Biology and Ecology, University

of Bonn, Poppelsdorfer Schloss, Meckenheimer Allee 169,
53115 Bonn, Germany

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10750-024-05728-7&domain=pdf
http://orcid.org/0000-0002-2797-2681
http://orcid.org/0000-0001-6233-5410
http://orcid.org/0000-0003-3171-4420
http://orcid.org/0000-0002-5944-0743
http://orcid.org/0000-0001-8072-6933
https://doi.org/10.1007/s10750-024-05728-7
https://doi.org/10.1007/s10750-024-05728-7

838

Hydrobiologia (2025) 852:837-851

Introduction

The aquatic habitat is a variable and dynamic photic
environment in which spectral composition and light
intensity are influenced by factors like water depth,
suspended sediment and dissolved organic matter
(Lythgoe, 1979). Many fishes rely on vision, next
to other sensory modalities, for foraging, predator
avoidance and reproduction. Vision is thus a trait
closely connected to fitness in many fishes and thus
predicted to be subject to natural and sexual selec-
tion (e.g. Horth, 2007; Sabbah et al., 2010; Davies
et al., 2012). In vertebrates, cone and rod cells medi-
ate vision, cones under bright light and rods under
low light conditions. Visual sensitivity is determined
by visual photopigments in the retinal photorecep-
tors. Visual pigments are composed of opsin proteins
that are bound to a chromophore. Vertebrates have
one rod opsin and four classes of cone opsins (for
a detailed description of vertebrate vision, see, for
example, Davies et al., 2012). Differences in opsin
gene expression are assumed to reveal differences in
colour vision, as opsin expression profiles are good
proxies for cone cell abundance (Fuller et al., 2005;
Carleton et al., 2008; Shand et al., 2008).

One expects that spectral sensitivities will be
adapted to the photic environment. In the present
study on three-spined sticklebacks, Gasterosteus
aculeatus Linnaeus, 1758, we made a comparison of
the relative contribution of genetic vs plastic effects
during adaptation to divergent spectral conditions to
study the nature of adaptation. In fishes, there exist
numerous examples of adaptation. Well-known are
ontogenetic shifts in opsin gene expression (e.g.
Cortesi et al., 2016; Tettamanti et al., 2019), which
often coincide with shifts in habitat and diet (Shand,
1993, 1997; Allison et al., 2006; Hoke et al., 2006).
Nile tilapia, Oreochromis niloticus (Linnaeus, 1758),
reared in captivity under constant light condition
underwent the same ontogenetic shift in opsin gene
expression as in nature (Spady et al., 2006; Carleton
et al., 2008), thereby stressing the genetic basis of the
ontogenetic shift.

There are numerous correlational studies in
fishes in which natural variation in photic environ-
ment relates to variation in opsin expression (for
reviews, see Schweikert et al.,, 2019; Musilova
et al., 2021). Some of the population differences in
opsin gene expression were based on phenotypic
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plasticity of the visual system as raising fish dur-
ing various periods of time under different lighting
conditions induced changes in opsin expression.
For example, raising bluefin killifish, Lucania goo-
dei Jordan, 1880, under clear-water or tea-stained
water conditions caused different opsin expressions
(Fuller et al., 2005, 2010). Similar results have been
obtained in various other fish species (Shand et al.,
2008; Hofmann et al., 2009, 2010; Smith et al.,
2012; Dalton et al., 2015; Ehlman et al., 2015;
Sakai et al., 2016; Hirer et al., 2017, 2019; Kranz
et al.,, 2018; Schweikert & Grace, 2018; Wright
et al., 2020).

Also keeping adult fish for variable periods of time
(ranging from 3 days to 6 months) under changed
lighting conditions has been found to induce changes
in opsin expression. For example, keeping adult blue-
fin killifish from different photic habitats for 4 weeks
under clear-water or tea-stained water conditions had
differential effects on opsin gene expression (Fuller &
Claricoates, 2011). Comparable results were obtained
with sticklebacks when reproductive fish from differ-
ent depths were kept in field enclosures for 24 days
that were covered with filters mimicking light con-
ditions at different water depths (Veen et al., 2017);
however, in contrast, Novales Flamarique et al.
(2013) found limited plasticity based on cone distri-
bution and abundance in retinas of adult fish from
red-stained waters that were transferred to clear water
during 3 weeks—6 months. In several cichlid fishes
and in juvenile and adult convict surgeonfish Acan-
thurus triostegus (Linnaeus, 1758), there is evidence
for plasticity in cone opsin expression of adult fish
after experiencing changes in light conditions (Nan-
damuri et al.,, 2017; Harer et al., 2017, 2019, and
Fogg et al., 2023, respectively).

Examples of genetic differences of opsin expres-
sion profiles are studies on bluefin killifish (Fuller
et al., 2005, 2010), three-spined stickleback (Renni-
son et al., 2016), Atlantic molly, Poecilia mexicana
Steindachner, 1863 (Tobler et al., 2010) and several
cichlid species (Spady et al., 2006; Carleton et al.,
2008, 2010; Hoffmann et al., 2009, 2010). For exam-
ple, the differences in opsin gene expression profiles
between wild-caught fish from a lake and a marine
population of sticklebacks were largely maintained in
laboratory-reared fish in clear water suggesting a sub-
stantial genetic component for the differences (Ren-
nison et al., 2016). Novales Flamarique et al. (2013)
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also found limited plasticity of stickleback colour
vision based on retinal cone composition, abundance
and distribution. This was evident in wild-caught fish
transferred to clear water in the lab but also of fish
introduced into a clear-water pond from a red-stained
lake 15-20 years ago (Novales Flamarique et al.,
2013).

To investigate the relative contribution of genetic
vs plastic effects during adaptation to divergent
spectral conditions, we used three-spined stickle-
backs from the island of North Uist, Outer Hebrides,
Scotland. Lakes in the western part of the island are
machair, alkaline, clear-water lakes, while those in
the central and eastern part of North Uist are peat-
bog, acidic, tea-stained lakes (Giles, 1983). The spec-
tral transmission of water of the lakes differs consid-
erably, especially in the short (UV, blue) wavelength
range (Hiermes et al., 2015). Non-reproductive fish
from tea-stained water have a higher UV chroma
(intensity) than those from clear waters and the photic
habitat of origin influences UV-based shoaling deci-
sions (Hiermes et al., 2015). In female mate-choice
experiments using wild-caught, reproductive fish
from both photic habitats, females from both tea-
stained waters and clear waters preferred males seen
under UV-present conditions, which was most pro-
nounced under clear-water test conditions (Hiermes
et al., 2021a). Males from clear-water lakes had more
intense, and red-shifted, breeding coloration than
males from tea-stained lakes (Hiermes et al., 2021a).
There thus exist adaptations with respect to behav-
iour and coloration to the photic habitat. The pre-
sent study aimed at investigating whether this is also
the case with respect to opsin expression and visual
sensitivity.

Three-spined sticklebacks possess one rod opsin
gene (A, range: 507-531 nm) and four cone opsin
genes: short-wavelength-sensitive 1 (SWS1, UV:
Amax =365-382 nm); short-wavelength-sensitive 2
(SWS2, blue: A,,,=434-441 nm); middle-wave-
length-sensitive (RH2, green: A, =514-546 nm);
and long-wavelength-sensitive (LWS, red:
Amax =566-638 nm) (e.g. Rowe et al., 2004; Ren-
nison et al., 2012, 2016; Novales Flamarique et al.,
2013). Microspectrophotometry revealed one class of
rod receptor and four classes of cone photoreceptors:
UV single cones, blue single cones, green/red double
cones and red/red double cones (Novales Flamarique
et al., 2013).

In sticklebacks, opsin expression patterns are
thought to be adaptive, but it is unclear to what extent
they are genetically based and phenotypically plas-
tic (Novales Flamarique et al., 2013; Rennison et al.,
2016; Veen et al., 2017). The first aim of our study
was to assess whether the visual system of wild-
caught sticklebacks differs with regard to the photic
habitat they inhabit (clear water, tea-stained water) by
measuring opsin expression levels in the retina. We
predict a difference between habitats based on the
frequent association between ambient light and opsin
expression found in sticklebacks and other fishes (dis-
cussed above). We further estimated spectral sensitiv-
ity of wild-caught fish by integrating opsin expression
data into a visual modelling approach, to determine
the degree of matching between the spectral distribu-
tion of sensitivity and ambient light conditions. Next,
we aimed at assessing the adaptive nature of differ-
ences in the visual system by repeating the opsin
analysis with fish from the same populations that had
been bred in the lab under clear-water conditions.

Material and methods
Wild-caught generation

In April 2010, three-spined sticklebacks, G. aculea-
tus, were caught using minnow traps from six lakes
on the island of North Uist, Scotland (57° 35" N, 7°
18" W). The populations are genetically distinct and
geographically separated (Rahn et al., 2016b). Three
populations lived in clear-water lakes (Grogary, Eub-
hal, Sandary), the other three in tea-stained lakes (a
Bharpa, Scadavay, Tormasad). The spectral distribu-
tion of the water from the lakes differed, especially in
the UV spectral range between 300 and 400 nm (see
Hiermes et al., 2021a, b). Clear-water lakes had an
alkaline pH, while that of tea-stained lakes was acidic
(e.g. Rahn et al., 2016a, b). Sampling more than one
lake of each photic habitat strongly reduces the prob-
ability that the effects of photic habitat on the visual
system will be due to population characteristics other
than the photic environment.

Per lake 6 adult non-reproductive and 4-6 repro-
ductive fish were quickly euthanized by decapita-
tion followed by a cut through the brain, their eyes
dissected and each put into 400 ul RNAlater (RNA
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Stabilization Reagent, Qiagen) and after return to the
Institute in Bonn stored at—20 °C until RNA extrac-
tions were performed. All animals were sacrificed
between 9 and 12 h am. Before euthanasia, fish stand-
ard body length and body mass were measured. Post
euthanasia, the sex of all fishes was determined by
inspection of the gonads.

F, generation

In April 2010 and April 2011, samples of live fish
from each population were transported to the Bonn
Institute for Organismic Biology (BIOB), Section
II: Animal Biodiversity, University of Bonn, Ger-
many and successfully bred through random mating
within each population. Males and females were used
once to avoid pseudoreplication. The F,; generation
of the six populations (three from the clear-water
lakes Grogary, Eubhal, Sandary, three from the tea-
stained lakes a Bharpa, Scadavay, Tormasad) were
raised under standardized, clear-water conditions in
the lab. Tanks were illuminated by fluorescent full-
spectrum tubes (Truelight T8/36W), which provided
light similar to natural skylight (for irradiance spec-
trum see Hiermes et al., 2021a). After shoal-choice
and mate-choice experiments at an age of 9-11 and
11-13 months, respectively (Hiermes et al., 2021b),
some non-reproductive and reproductive fish (5-7
individuals for each reproductive stage per popula-
tion, 13 for fish from Tormasad; 1-2 fish per family
from each population, between 1 and 4 fish per fam-
ily from Scadavay and Tormasad) were sacrificed and
both eyes stored in each 400 ul RNAlater at—20 °C
until RNA extractions were performed. Before eutha-
nasia, fish standard body length and body mass were
determined. After euthanasia, the sex of all fishes was
determined by inspection of the gonads (and for the
non-reproductive fish confirmed by molecular sex-
ing using dorsal spines (for details, see Bakker et al.,
2017)). All animals were sacrificed between 9 and
12 h am.

Opsin expression
The expression of each of the four unique cone opsin

genes (SWS1 (UV), SWS2 (blue), RH2 (green) and
LWS (red)) was measured by quantifying opsin
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transcripts from whole retinas using real-time PCR
with primers from Rennison et al. (2016) (details in
the Supplementary Information 1). All gPCR runs
were done in duplicate and averages used in the cal-
culations. PCR efficiencies (E) for each of the primer
pairs was calculated using Eq. 1:

E = e—slope -1 (1)

where the slope is determined from a linear least
squares regression fit to mean (of two qPCR reac-
tions) critical threshold (C,) data from a cDNA dilu-
tion series (1:1, 1:10, 1:100, 1:1000). The slopes were
calculated for three fish separately and then averaged
to obtain E (see Supplementary Information 3). The
estimates of the initial amount of gene transcript (7;)
were calculated for each individual (i) using Eq. 2:

T,=1/(1 + % )

where E is the PCR efficiency for a given gene and
C, is the critical threshold for fluorescence. For each
individual, the proportional opsin expression was cal-
culated by dividing the absolute number of transcripts
for each gene by the sum of the expression of all four
cone opsins. This is a useful measure when one is
interested in colour vision capacity instead of cal-
culating opsin expression relative to that of a house-
keeping gene (Fuller & Claricoates, 2011).

Some studies apply another way to normalize
opsin expression, that is, normalization within single
and double cones (e.g. Carleton et al., 2010; Hofmann
et al., 2010). For comparison with the most used
method, proportional opsin expression was also cal-
culated for the single cones as SWS1/(SWS1+SWS2)
and SWS2/(SWS1+SWS2) and for the double cones
as LWS/(RH2 + LWS) and RH2/(RH2 + LWS). How-
ever, given that individual spectral sensitivity was
modelled across cone types (see below) data obtained
from the latter normalization approach were not con-
sidered for subsequent analyses on spectral matching.

Environmental light conditions

Measurements of downwelling irradiance in the six
different lakes were taken from a previous study (see
Hiermes et al., 2021a for methodological details and
irradiance spectra). As a quantitative measure to clas-
sify the spectral distribution found in each lake, we
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calculated the spectral index APy,-irrad, which describes
the centre wavelength at which the total number of
photons between 300 and 700 nm is halved (McFar-
land & Munz, 1975). A higher APsy-irrad is associated
with a light spectrum shifted towards longer wave-
lengths. The tea-stained lakes in our study (a Bharpa:
MPsg-irrad=570 nm, Scadavay: APsy-irrad=576 nm,
Tormasad: APsy-irrad=568 nm) had a higher APy;-
irrad compared to the clear-water lakes (Eubhal: APs,-
irrad=557 nm, Grogary: APs,-irrad =546 nm, Sandary:
APs-irrad =540 nm).

Spectral sensitivity modelling

In addition to the comparison of opsin expression levels
between wild-caught individuals from clear-water and
tea-stained habitats, we estimated spectral sensitivity
based on proportional opsin expression, which is based
on the simplified assumption that opsins contribute
additively to spectral sensitivity (see Rennison et al.,
2016). Specifically, spectral sensitivity curves between
300 and 700 nm were computed for each individual
based by combining estimates of the proportional
expression of the four opsin genes with the relative
cone absorbance maxima provided by Novales Flama-
rique et al. (2013) and visual pigment templates from
Govardovskii et al. (2000). Given that information on
chromophore ratios for fish from our study populations
was not available, modelling was based on the assump-
tion that clear-water fish had either pure Al or A2 reti-
nas (100% A1l or 100% A2) or equal chromophore pro-
portions (50% Al, 50% A2) whereas individuals from
tea-stained habitats had either pure A2 or Al retinas
(100% A2 or 100% A1) or equal chromophore propor-
tions (see Novales Flamarique et al., 2013). As we were
primarily interested in differences in sensitivity between
light habitats, and due to the lack of detailed data on
reproductive-state dependent chromophore shifts in
three-spined sticklebacks, we used the same chromo-
phore ratios for reproductive and non-reproductive fish
in our modelling approach. Data on ocular media trans-
mission are also lacking for the surveyed populations.
However, lens transmission of individuals from another
stickleback population (IPR unpublished data) suggests
that it is unlikely to have a relevant effect. Retina sensi-
tivity curves for each fish were computed for the corre-
sponding chromophore ratios by summing up the inte-
grals of the four cone absorbance curves (see Rennison
et al., 2016 for full details).

Matching between spectral sensitivity and
environmental light

For a direct comparison between spectral sensitivity
and environmental light conditions, we determined
the centre wavelength (APsy-sens) of the retina sen-
sitivity curves for the respective chromophore ratios
from each individual, as done for the ambient irradi-
ance spectra (APs,-irrad) for each lake (see McFar-
land & Munz, 1975; Schneider et al., 2020) and tested
for an association between the two spectral indices.

Statistical analyses

Data on proportional opsin expression were exam-
ined for outliers defined as exceeding 1.5Xxthe
interquartile range (IQR) (e.g. Wright et al., 2019,
2020). In total, 9 outliers (4 from the SWS1, 3 from
the RH2 and 2 from the LWS opsin) were identi-
fied and 7 individuals had to be removed from the
data resulting in a final sample size of 87 individu-
als (Eubhal (clear): Nyiiq caught= 2> Niab-brea = 8; Grog-
ary (clear):  Nyigcaught=2> Miabbrea =05  Sandary
(clear): Nyigcaught =8> Niabbrea=7; @ Bharpa (tea-
stained): Nyiigcaught =7+ Niap-brea=7; Scadavay (tea-
stained): Ny caught =05 Niab-brea=4: Tormasad (tea-
Stained): Nwild—caughl = 6’ Nlab-bred =2 1)

All statistical analyses were conducted in R v.
4.0.3 (R Core Team, 2020) and all reported P val-
ues are two-tailed. We used linear mixed effect mod-
els (LME, Imer function in the Ime4 package: Bates
et al., 2015) to study how the fixed effects of water
clarity (tea-stained, clear), generation (wild-caught,
lab-bred) and the interaction between both, as well as
reproductive state (reproductive, non-reproductive)
and sex influenced proportional opsin expression.
Study population was included as random effect in all
models. We used the backward elimination procedure
implemented in the “step” function in the lmerTest
package (Kuznetsova et al., 2017) to perform a step-
wise model reduction where nonsignificant variables
are removed in the order of their statistical relevance.
Significance values for the fixed effects were calcu-
lated using F-tests based on Satterthwaite estimates
of degrees of freedom. Opsin expression levels were
compared between water clarity conditions within
wild-caught and lab-bred fish, and between wild-
caught and lab-bred individuals within water clarity
conditions, by calculating contrasts from post-hoc
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tests with Tukey adjustment for multiple compari-
sons using the R package “emmeans” based on com-
parisons between estimated marginal means (EMMs)
(Lenth, 2018). For the SWS2, RH2 and LWS opsin,
the residuals of the best explaining models did not
significantly differ from a normal distribution, con-
firmed by Shapiro—-Wilk tests. Data on the SWSI1
opsin had to be Box-Cox transformed to meet the
assumption of normality of the residuals of the best
explaining model.

Linear mixed effect models (LME) and a step-
wise model reduction procedure based on the “step”
function were also used for studying the associa-
tion between spectral sensitivity (for the respective
chromophore ratios) and habitat light conditions. In
all models, AP5,-sens was used as dependent variable,
MPs-irrad as fixed effect and study population as ran-
dom effect. Significance values for the fixed effect
were calculated using F-tests based on Satterthwaite
estimates of degrees of freedom. The residuals of the
best explaining models were normally distributed
according to Shapiro—Wilk tests.

Table 1 Results of the stepwise model selection performed
for the effects of water clarity (clear, tea-stained), generation
(wild-caught, lab-bred) and the interaction between both, as
well as reproductive state (reproductive, non-reproductive)

Results

The expression profile of the SWS1 opsin was influ-
enced by water clarity (Table 1, Supplementary
Information 2 Table S1), with wild-caught stickle-
backs from clear (UV-blue shifted) habitats showing
a significantly higher expression and lab-raised fish
tending to have a higher expression than individuals
from tea-stained (orange-red shifted) habitats (Fig. 1
and Table 2). Water clarity had no significant effect
on the expression profiles of SWS2, RH2 and LWS
(Tables 1, 2, S1). In addition, independent of water
clarity, generation had a significant effect on the
expression of SWS1 and also SWS2 (Tables 1, S1);
wild-caught fish had a higher SWS1 expression com-
pared to lab-bred fish, whereas the opposite result was
found for the SWS2 opsin (Table 1 and Fig. 1). No
significant effect of generation on the expression of
RH2 and LWS was found (Tables 1, 2, S1). While the
interaction effect between water clarity and genera-
tion on opsin expression was not significant for SWS1
and SWS2 (Tables 1, S1), there was, in contrast, a sig-
nificant interaction term for the RH2 and LWS genes

and sex (male, female) on the proportional expression of the
SWS1, SWS2, RH2 and LWS opsin genes. See text for detailed
description of variables

Dependent variable Explanatory variables F denDF P Random factor
SWS1 Water clarity 27.805 87.000 <0.001 Population
Generation 5.699 87.000 0.019
Water clarity X generation 1.831 87.000 0.179
Reproductive state 0.015 87.000 0.902
Sex 0.703 87.000 0.404
SWS2 Water clarity 0.404 5.059 0.553 Population
Generation 18.560 86.281 <0.001
Water clarity X generation 1.295 86.931 0.258
Reproductive state 2.270 86.566 0.136
Sex 0.356 81.859 0.553
RH2 Water clarity X generation 4.287 87.000 0.041 Population
Reproductive state 6.834 87.000 0.011
Sex 0.380 87.000 0.539
LWS Water clarity X generation 5.570 87.000 0.021 Population
Reproductive state 7418 87.000 <0.01
Sex 0.072 87.000 0.789

Study population was included as random effect in all models and never removed from the models. Explanatory variables were
removed in order of significance. Degrees of freedom always differed by one during model reduction. Significant results are high-
lighted in bold (P <0.05). Numerator degrees of freedom were always 1. Denominator degrees of freedom are given as denDF
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Fig. 1 Proportional opsin 1 -
expression of the four opsin ns
genes SWS1, SWS2, RH2 ns
and LWS in wild-caught N *
(left half) and lab-bred & 09 | The- -ns-
F1 (right half) fish from 3
clear-water (white bars) and o Wild-caught Lab-bred
tea-stained lakes (grey bars) %
on North Uist. Indicated @ 538 |
are mean values +SD. (*) % |
0.05<P<0.1,* P<0.05, Q -
ns P>0.05 S 02
X < O
c
Re]
-g -Nns- —nS—
Q
2 0.1 -ns-
o -ns-
0 === CED o
N
\QSI} -&g’b \"Jq§ -@Q’b \‘?’q} ~\<@b \"’{Z§ -Q@b 0'{’\\. &b\ 0’?.&& oqp. QQ’& q;é\ .g\q’b
FFISEF TS SISy
/ o o Y § § § §
& & & & '\éo \@,,, @rzy Lg?
SWS1 SWS2 RH2 LWS SWS1 SWS2 RH2 LWS
Opsin
Table 2 Results of ppst- Dependent  Pairs t df p
hoc pairwise comparisons variable
of the proportional
g’isfsezssllgﬁgf thde fvv\ysl , SWSI Wild-caught—clear Wild-caught—turbid ~ 3.765 47.9 <0.01
) N2 aNa LW Opsii Lab-bred—clear Lab-bred—turbid 2.498 28.9 0.081
genes shown in wild-caught
and lab-bred fish from the Wild-caught—clear Lab-bred—clear 2.530 90.7 0.062
two water clarity conditions Wild-caught—turbid Lab-bred—turbid 0.827 97.0 0.841
(clear, tea-stained) SWS2 Wild-caught—clear Wild-caught—turbid 1.093 40.5 0.696
Lab-bred—clear Lab-bred—turbid —0.084 23.8 1.000
Wild-caught—clear Lab-bred—clear —-1.924 90.3 0.225
Wild-caught—turbid Lab-bred—turbid —3.656 95.7 <0.01
RH2 Wild-caught—clear Wild-caught—turbid 1.840 20.92 0.284
Lab-bred—clear Lab-bred—turbid -0.819 8.69 0.844
Wild-caught—clear Lab-bred—clear 2.298 93.29 0.106
Wild-caught—turbid Lab-bred—turbid -0.370 77.28 0.983
Significant p-values LWS Wild-caught—clear Wild-caught—turbid —2.260 37.1 0.126
are highlighted in bold Lab-bred—clear Lab-bred—turbid 0.444 20.7 0.970
(P<0.05) and trends Wild-caught—clear Lab-bred—clear -1.310 912 0.559
indicated in italics Wild-caught—turbid  Lab-bred—turbid 1.849 943 0.257

0.05<P<0.1)

(Fig. 2a, b and Tables 1, S1). Furthermore, across all
treatment groups reproductive state had a significant
effect on the proportional expression of RH2 and
LWS, but not of SWS1 and SWS2 (Tables 1, S1), i.e.

reproductively active sticklebacks had a higher LWS
expression and a lower RH2 expression compared to
non-reproductive individuals (Fig. 3). Independent of
water clarity, generation and reproductive state, there
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\
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L

Wild-caught Lab-bred

Fig. 2 Visualization of the interaction between water clarity
(clear-water: white symbols, tea-stained water: grey symbols)
and generation (parental wild-caught and lab-bred F1 genera-
tion) on proportional opsin expression of A RH2 and B LWS.
Indicated are mean values +SD

were no significant differences between the sexes
with regard to proportional opsin expression for all
four opsin classes (Table 1, S1). The proportional
expression of the opsin genes was qualitatively simi-
lar among wild-caught fish from the three clear-water
and among those from the three tea-stained-water
populations (Supplementary Information 2 Fig. S1).

Analyses of proportional gene expression based
on within cone classes gave roughly the same results
as those based on total opsin expression, except for
SWS2. Here the opsin expression in wild-caught fish
from clear waters was significantly lower than that in
fish from tea-stained waters (Supplementary Informa-
tion 4).

The retina sensitivity of wild-caught fish was asso-
ciated with habitat light conditions found in the corre-
sponding lake of origin as revealed by a significantly
positive relationship between the spectral indices

@ Springer

APsy-irrad and APsy-sens (Table 3 and Fig. 4). While
this relationship was qualitatively similar for the dif-
ferent chromophore ratio combinations (Table 3 and
Fig. 4), it was weaker when similar retina chromo-
phore compositions (either 50:50 mix of Al and A2
or pure Al or pure A2) were modelled for fish from
both water clarity conditions (Table 3 and Fig. 4B, E,
F). Despite the strong positive relationship between
MPs(-irrad and APsy-sens there was a noticeable wave-
length difference between both indices when sepa-
rately considering the six different lakes at least for
five of the six hypothetical chromophore ratio com-
binations (Fig. 4A—C, E, F). In contrast, assuming a
pure Al chromophore for clear-water fish and a 50:50
mix of Al and A2 for fish from tea-stained habitats
resulted in a comparably strong match between centre
wavelengths APs-irrad and APsy-sens (Fig. 4D).

Discussion

Living in tea-stained waters instead of clear waters
had a clear effect on the expression of SWS1, but not
on the expression of the SWS2, RH2 and LWS genes
(Fig. 1). Fish in tea-stained waters were less sensitive
for UV, which coincides with a shift in breeding col-
oration to shorter wavelengths (Hiermes et al., 2021a)
and a greater UV intensity of non-reproductive fish
(Hiermes et al., 2015) from the same tea-stained
populations (cf Brock et al., 2018 for sticklebacks and

— %

0.9

-

0.2

e —

0.1 s
o Ii_l Ij
0 —— —EF—
RH2

SwWs1 sSws2

Relative opsin expression
\

Lws
Opsin

Fig. 3 Proportional opsin expression of the four opsin genes
SWS1, SWS2, RH2 and LWS in reproductively active (grey
bars) and reproductively inactive (white bars) fish (wild-
caught and F1 fish pooled). Indicated are mean values+ SD.
*P<0.05, ns P>0.05
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Table 3 Results of the stepwise model selection performed for

the effects of the spectral index of ambient light (APy,-irrad) in
the six different lakes of two habitats (clear, tea-stained) on the

spectral index of retina sensitivity (APs,-sens) of wild-caught
individuals for different hypothetical chromophore ratio com-
binations. See text for detailed description of variables

Dependent variable  Explanatory variable ~ Chromophore ratio F R2 denDF P Random factor
Clear Tea-stained

AP50-sens AP50-irrad Al/A2 (50%) A2 25953 0.801 6.045 0.002 Population
A1/A2 (50%) Al/A2 (50%) 6.956 0.174 34.000 0.013 Population
Al A2 26.523  0.827 6.011 0.002 Population
Al Al/A2 (50%) 25.892 0.817 6.023  0.002 Population
Al Al 5.835 0.150 34.000 0.021 Population
A2 A2 8.254 0.200 34.000 0.007 Population

Study population was included as random effect in all models and never removed from the models. Degrees of freedom always
differed by one during model reduction. Significant results are highlighted in bold (P <0.05). Numerator degrees of freedom were

always 1. Denominator degrees of freedom are given as denDF

water depth and Owens et al., 2022 for P. mexicana in
sulphidic waters). Although opsin expression between
tea-stained and clear-water fish was only significantly
different for the SWS1 opsin (and SWS2 when using
another normalization procedure, see Supplementary
Information 4), there was an overall positive correla-
tion between the spectral distribution of ambient light
and of retina sensitivity revealing that visual sensitiv-
ity is, at least to a certain extent, spectrally tuned to
the prevailing light conditions (Fig. 4). As expected,
this association was more pronounced when the cho-
sen chromophore ratios were in line with the ones
previously described for dystrophic (A2-dominated)
and clear-water systems (A 1-dominated) (see Novales
Flamarique et al., 2013).

As the stickleback populations on North Uist are
largely genetically independent (e.g. Rahn et al.,
2016b), the consistent differences in proportional
opsin expression between wild-caught fish from
the three replicate clear-water lakes and fish from
the three replicate tea-stained lakes (Figs. 4, S1) is
another example of parallel evolution in sticklebacks.
This finding is in line with parallel evolution of the
visual system to environmental light in sticklebacks
(Rennison et al., 2016) and other fishes (e.g. Owens
et al., 2022; Ricci et al., 2023). Overall, these stick-
leback populations seem to have evolved in response
to natural and sexual selection to match environ-
mental light conditions. This adaptive shift appears
to be a result of a combination of changes in visual
signals and visual sensitivities, especially in the UV
wavelength range. UV in sticklebacks plays a role
in several contexts like shoaling (Modarressie et al.,

2006; Hiermes et al., 2015, 2021a, b), foraging (Rick
et al., 2012), male-male competition (Rick & Bak-
ker, 2008b) and mate choice (Boulcott et al., 2005;
Rick et al., 2006; Rick & Bakker, 2008a; Hiermes
et al., 2021a, b). In tea-stained waters, UV is attenu-
ated strongly and fish have reduced sensitivity in the
UV (this study). This interacts with changed colora-
tion in non-reproductive (Hiermes et al., 2015) and
reproductive fish (Hiermes et al., 2021a). Further
research will be needed to evaluate the net benefit of
UV vision under tea-stained compared to clear-water
conditions.

The adaptive character of vision under changed
environmental light agrees with findings in other
fishes both within and between species (reviewed
in Musilova et al., 2021), e.g. bluefin killifish from
clear springs and from tea-stained swamps showed
different opsin expression profiles (Fuller & Travis,
2004) or opsin expression changed in cave fish com-
pared to surface fish of related species (Tobler et al.,
2010; Meng et al., 2013). Comparable changes in
opsin expression with photic environment have been
found in various other fish species (Terai et al., 2006;
Hofmann et al., 2009; Smith et al., 2011; Stieb et al.,
2016; Harer et al., 2018; Owens et al., 2022; Ricci
et al., 2023). Three-spined stickleback, G. aculeatus,
from freshwater populations differed in opsin gene
expression from those from marine populations and
within freshwater populations benthic and limnetic
fish had different opsin expression (Rennison et al.,
2016). Opsin gene expression of G. aculeatus varied
also with water depth (Veen et al., 2017), and between
marine habitat and lakes with different photic habitats
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AP50-irrad (nm)

chromophore ratio combinations A clear—A1/A2 (50%),
tea-stained—A2, B clear—A1/A2 (50%), tea-stained—Al/
A2 (50%), C clear—Al, tea-stained—A2, D clear—Al, tea-
stained—A1/A2 (50%), E clear—Al, tea-stained—A1 and F
clear—A2, tea-stained—A2. Note that some data points are
overlapping
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in British Columbia ranging from clear waters to red-
stained waters (Novales Flamarique et al., 2013).

Adaptation may not only occur at the opsin expres-
sion level (Musilova et al., 2021). For instance, males
from sympatric Pundamilia species pairs (Punda-
milia pundamilia Seehausen & Bouton 1998 or Pun-
damilia sp. “pundamilia-like” and Pundamilia nyer-
erei (Witte-Maas & Witte, 1985) or Pundamilia sp.
“nyererei-like’) that occur at different depths (shallow
and deeper, respectively) in Lake Victoria differ in
breeding coloration (blue and red, respectively). The
sister species differ in LWS and RH2A opsin expres-
sion; LWS expression was higher and RH2A expres-
sion lower in the red species but only in clear-water
habitats (Wright et al., 2019). However, at other more
turbid locations, the relationships may be reversed
(Wright et al., 2019, 2020). Interestingly, opsin
alleles and female mate preferences (Kanazawa et al.,
2020) and variation in opsin expression and female
mate preference (Wright et al., 2020) may be linked
and provide a plausible mechanism for the reported
genetic correlation between male red coloration and
female preference for and visual sensitivity to red in
sticklebacks (Bakker, 1993; Rick et al., 2011).

Only for SWS1 did we have indications for a
genetic influence on opsin proportional expression
as differences in SWS1 expression between fish from
clear-water and tea-stained lakes tended to be main-
tained in the F; generation (Fig. 1). For RH2 and
LWS there were significant interactions between gen-
eration and water clarity (Fig. 2). For SWS2 there was
no significant difference associated with water clar-
ity in both generations. Thus, phenotypic plasticity
seems to be the major cause for adaptation to different
photic habitats in the present study. These results con-
trast with those of Novales Flamarique et al. (2013),
who found genetic variation in opsin expression
between stickleback populations only in RH2 and
LWS. Rennison et al. (2016) found genetic effects for
the expression of SWS1 and RH2 in sticklebacks. So,
with respect to genetic influences on opsin expres-
sion in sticklebacks the evidence is mixed and may
be population specific. Further evidence for a mix of
plastic and genetic involvement in opsin expression
comes from studies on bluefin killifish (Fuller et al.,
2005, 2010), Atlantic molly (Tobler et al., 2010) and
several cichlid species (Spady et al., 2006; Carleton
et al., 2008, 2010; Hofmann et al., 2009, 2010).

SWS1 proportional expression was higher in wild-
caught fish than in lab-reared fish independent of
water clarity (Fig. 1). For SWS2 the reverse was true.
SWS1 opsin expression level was also reduced after
lab-rearing in sticklebacks (Rennison et al., 2016)
and cichlids (Hofmann et al., 2010). Rennison et al.
(2016) attributed this to a lack of UV wavelengths
during rearing, which cannot be the cause in our case,
as in the fish in our study were raised under fluores-
cent full-spectrum tubes. There may, however, be
a difference between the natural and artificial light
environments.

Reproductive state was found to have an effect on
LWS (higher in reproductive fish) and RH2 (lower
in reproductive fish) proportional expression but
not on that of SWS1 and SWS2 (Fig. 3). This find-
ing confirms that of a previous study in sticklebacks
(Shao et al., 2014), who found that when sticklebacks
become reproductively active, they became more sen-
sitive for long wavelengths as measured as propor-
tional LWS expression (Shao et al., 2014). This pat-
tern has also been shown using electroretinogram data
(Shao et al., 2014) and optomotor response (Cronly-
Dillon & Sharma, 1968; Boulcott & Braithwaite,
2007). Red coloration in males plays a crucial role in
female mate choice (e.g. Milinski & Bakker, 1990)
and male-male competition (e.g. Bakker & Seven-
ster, 1983). Through the process of sexual selection,
red coloration and female preference become geneti-
cally correlated (Bakker, 1993; Rick et al., 2011) and
this may be mediated by LWS gene expression (Brock
et al., 2018). Reproductive state also has an effect on
opsin expression in other fishes like the guppy Poe-
cilia reticulata Peters, 1859 (Laver & Taylor, 2011)
and the cichlid Astatotilapia burtoni (Giinther, 1894)
(Butler & Maruska, 2021).

Proportional opsin expression levels were similar
for all four opsin genes in both sexes, which agrees
with a previous study of Shao et al. (2014) in stick-
lebacks. Boulcott and Braithwaite (2007) also found
similar optomotor responses under red illumination
for both sexes of sticklebacks. However, sex-specific
effects in sticklebacks have been found for opto-
motor response when conducted using reproduc-
tive females (Cronly-Dillon & Sharma, 1968), and
for proportional SWS1 expression in reproductive
adults from one wild population (Veen et al., 2017).
Also, in some other fishes like P. reticulata (Laver
& Taylor, 2011; but see Sandkam et al., 2018),
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Melanochromis auratus (Boulenger, 1897) (Sabbah
et al., 2010), A. burtoni (Butler & Maruska, 2021)
and two Pundamilia chichlid species (Wright et al.,
2020), some opsins showed sex-specific changes
in expression levels with reproduction. However,
in a study using 10 African and Neotropical cich-
lids, Schneider et al. (2020) did not find sex-spe-
cific expression of opsins, neither did Sabbah et al.
(2010) in Protomelas taeniolatus (Trewavas, 1935).
So, evidence for the sex-specific expression of
opsins is rather mixed and seems to be highly vari-
able among populations and species.

In conclusion, we found adaptive variation in opsin
expression profiles associated with water clarity in
sticklebacks. Phenotypic plasticity seems to be the
major cause. Only in the case of SWS1, variation in
expression may be attributed to genetic effects.
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