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Introduction

Abstract

The brain is a plastic organ, and so intraspecific studies that compare results
obtained from wild individuals with those from common-garden experiments are
crucial for studies aiming to understand brain evolution. We compared volumes of
brain regions between reproductively isolated populations of a neotropical fish,
Poecilia mexicana, that has locally adapted to perpetual darkness (Cueva Luna
Azufre), toxic hydrogen sulphide in a surface stream (El Azufre) or a combination
of both stressors (Cueva del Azufre). Wild fish showed habitat-dependent differ-
ences: enlarged telencephalic lobes and reduced optic tecta were found in fish
living in darkness and sulphidic waters, in darkness without hydrogen sulphide or
exposed to light and sulphide; fish from the sulphidic cave additionally showed
enlarged cerebella. Comparison with common-garden reared fish detected a
general decrease in brain size throughout populations in the lab, and little of the
brain size divergence between lab-reared ecotypes that was seen in wild-caught
fish. The pronounced differences in brain region volumes between ecotypes in the
wild might be interpreted within the framework of mosaic evolution; however, the
outcomes of common-garden experiments indicate a high amount of phenotypic
plasticity. Our study thus highlights the importance of combining the investigation
of brain size in wild populations with common-garden experiments for answering
questions of brain evolution.

et al., 2012). Because brain tissue is metabolically costly
(Isler & van Schaik, 2006), selection under this scenario

The brain is the most important organ of perception
(Jacyna, 2009) but also an energetically costly tissue (e.g.
Isler & van Schaik, 2006). According to the ‘expensive tissue
hypothesis’, the benefits of increased brain size must there-
fore outweigh the associated costs (e.g. Aiello & Wheele,
1995; Atwell & Laughlin, 2001; Kotrschal et al., 2013). Two
hypotheses exist that try to explain the wide range of differ-
ences in brain size observed between vertebrate species. (1)
The mosaic evolution hypothesis assumes trait modularity,
so that parts of a functional system can change indepen-
dently, allowing for rapid adaptive trait divergence (Liem,
1978; Hulsey, Garcia de Leon & Rodiles-Hernandez, 2006).
Accordingly, natural selection can influence one brain area
independently from other areas leading to mosaic evolution
(Barton & Harvey, 2000; de Winter & Oxnard, 2001; Hager
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could specifically target particular brain regions instead
of affecting the size of the whole brain, thus keeping
surplus energy expenses at a minimum (Striedter, 2005;
Gonzalez-Voyer, Winberg & Kolm, 2009). (2) The concerted
evolution hypothesis assumes constraints to brain region
evolution because of developmental interdependencies
(Finlay & Darlington, 1995; Finlay, Darlington & Nicastro,
2001; Yopak etal., 2010). Hence, proportions of brain
regions would remain unchanged, while total brain size is
scaled up or down in response to specific selection on certain
areas.

In contrast to amniotes (especially mammals), fishes show
considerable neurogenesis during adulthood, that is, lifelong
growth of the brain (Zupanc, 2001; Charvet, Striedter &
Finlay, 2011). Moreover, the brain is known to be a highly
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Figure 1 (a) Location of the study area near Tapijulapa, in Tabasco,
Mexico. (b) The studied sites Arroyo Bonita (AB, non-sulphidic surface
habitat), El Azufre (EA, sulphidic surface habitat), Cueva del Azufre (CA,
sulphidic cave) and Cueva Luna Azufre (LA, non-sulphidic cave) are in
close spatial proximity to each other. (c) Map of the Cueva del Azufre
illustrating the different cave chambers Il, V and X (CA-Il, -V, -X).

plastic organ that can adapt rapidly to its environment
(Nottebohm, 1981; Hofmann 2003; Gonda, Herczeg &
Merila, 2009h, 2011; Kotrschal et al., 2012b). In consequence,
the question arises of whether the observed differences in
brain size between species or populations are mainly pheno-
typically plastic or genetically fixed. A number of studies on
brain size divergence in fishes were conducted only on wild
specimens (e.g. Kotrschal, van Staaden & Huber, 1998; Pollen
et al., 2007; Gonzalez-Voyer, Kolm & Iwaniuk, 2010) and
seem to provide good evidence for the mosaic evolution
hypothesis. Studies on sticklebacks and guppies, however,
indicated a high degree of phenotypic plasticity in brain size
(Gonda et al., 2011, 2012; see also references cited in Burns &
Rodd, 2008; Burns, Saravanan & Rodd, 2009; Gonda,
Herczeg & Merild, 2013). A recent key paper on brain evolu-
tion (Gonda et al., 2013), therefore, emphasizes that before
testing any evolutionary questions regarding brain size and
architecture, more intraspecific studies are needed that
combine investigations of wild-caught fish with common-
garden experiments in order to estimate the amount of geneti-
cally based differences. The few intraspecific studies focusing
on this issue (Gonda, Herczeg & Merild, 2009a; Crispo &
Chapman, 2010; Gonda et al., 2011) demonstrated the need
for such study designs as they found brain size variation
among wild populations to be highly phenotypically plastic.
Populations of the Atlantic molly (Poecilia mexicana)
inhabiting surface and cave habitats in south-eastern Mexico
(Cueva del Azufre system, Tabasco; Fig. la and b) provide
an ideal model system to disentangle the underlying mecha-
nism for brain size divergence (i.e. heritability vs. phenotypic
plasticity). Several populations in this system show strong
patterns of local adaptation (Plath et al., 2007; Tobler et al.,
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2008a; Riesch, Plath & Schlupp, 2010) and emergence of
reproductive isolation (Tobler et al., 2009; Plath et al., 2010,
2013). They have adapted to two co-occurring sources of
selection: the presence or absence of light between surface
and cave habitats and presence or absence of toxic hydrogen
sulphide (H,S) between habitats with different water sources
(Tobler et al., 2008a,b). The two factors occur in all combi-
nations, so besides regular surface streams inhabited by
ancestral P. mexicana, the same species inhabits a sulphidic
surface creek (El Azufre, hereafter EA), a non-sulphidic cave
(Cueva Luna Azufre, hereafter LA), and different chambers
of a sulphidic cave (Cueva del Azufre, hereafter CA;
Fig. 1c).

Our study system is particularly well suited for testing
whether intraspecific brain size divergence is a result of local
adaptation driven by natural selection or whether brain vari-
ation is due to adaptive phenotypic plasticity enabling fish to
cope with certain (extreme) environmental conditions in their
habitats. While many studies necessarily rely on comparisons
among distantly related taxa with vastly different evolution-
ary histories, our system is evolutionarily young, with specia-
tion in its incipient stages (Tobler & Plath, 2011). This allows
the investigation of brain evolution among populations of the
same species within a restricted geographic area, effectively
minimizing variability of brain morphology as a result of dif-
ferent phylogenetic backgrounds. Previous studies in this
system have demonstrated that divergent natural selection
because of permanent darkness and toxic H,S are the key
drivers of evolutionary diversification in a number of traits
(e.g. Tobler et al., 2008a, 2011; Riesch et al., 2010; Riesch,
Plath & Schlupp, 2011; Tobler & Plath, 2011), and there are
clear a priori predictions for adaptive brain differentiation in
response to these two natural stressors.

CA fish were shown to have elaborated non-visual sensory
systems, including a higher number of taste buds and an
elaborated mechanosensory lateral line system (Parzefall,
1970, 2001), as well as the ability to perform female mate
choice in darkness (Tobler, Schlupp & Plath, 2008¢). CA fish
further exhibit a morphocline in various morphological and
sensory features (Plath ez al., 2007; Fontanier & Tobler, 2009);
for example, eyes decrease gradually in size from front cave
chambers that receive some light to the permanently dark
inner chambers (Plath ef al., 2007). Accordingly, the optic
tectum — being primarily responsible for the processing of
visual input while also receiving multisensory input (Butler &
Hodos, 2005) — should be reduced in cave populations (LA
and CA) and could display the same cline-like reduction
pattern in CA fish as reported for eye size and opsin gene
expression (Tobler et al., 2010). The cave environment should
further promote changes in brain size because of the increas-
ing importance of non-visual (chemical and mechano-sensory)
senses (e.g. Trajano, 1994).

H>S and the correlated hypoxia seem to lead to reduced
brain size (Chapman & Hulen, 2001; Crispo & Chapman,
2010), which is in accordance with the idea that metabolic
maintenance costs and high oxygen consumption of brain
tissue drive brain size evolution (Isler & van Schaik, 2000).
Swamp-dwelling forms of two mormyrid species
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Table 1 Overview of the studied sites, abbreviations, sample sizes (n),
habitat types and presence or absence of the toxicant hydrogen
sulphide (H,S)

Site Abbreviation n (lab) n (wild) Habitat H,S
Arroyo Bonita AB - 11/4 Surface  No
Rio Oxolotéan OoX 5 - Surface  No
El Azufre EA 4 13/4 Surface  Yes
Cueva del Azufre CA; chamber Il 3 11/7 Cave Yes

CA, chamberV 5 9/11 Cave Yes

CA, chamber X 3 11/8 Cave Yes
Cueva Luna Azufre LA 5 4/2 Cave No

Note that sample sizes of lab-reared fish refer to females only, whereas
sample sizes of wild animals include both sexes (females/males).

(Gnathonemus victoriae, Petrocephalus catostoma) that have to
cope with permanent hypoxia showed significantly smaller
brains that their counterparts thriving in well-oxygenated
habitats (Chapman & Hulen, 2001). Energy availability is
constrained because of foraging trade-offs — given that
poeciliids in sulphidic waters spend considerable time engaged
in aquatic surface respiration but must venture to the bottom
for feeding (Tobler et al., 2009a) — and the continuous detoxi-
fication of H,S (Bagarinao, 1992). Thus, we predicted reduced
overall brain size in P. mexicana from sulphidic habitats (EA
and CA).

In our present study, we compared dimensions (volume
estimates) of five brain areas (olfactory bulbs, telencephalic
lobes, optic tectum, corpus cerebelli, hereafter called cerebel-
lum and hypothalamus), the size of the whole brain, olfactory
nerve and eye size of P. mexicana from regular surface habi-
tats and from sulphidic and/or subterranean habitats includ-
ing a comparison of fish from different CA cave chambers. In
line with the starkly opposing environmental conditions out-
lined above, we asked the following questions: (1) do ecotypes
show variation in total brain size and/or brain regions?; (2) if
intraspecific differences occur, is this variation caused by local
adaptation or phenotypic plasticity? Our study is the first to
test heritability vs. plasticity of brain variation in a system
with incipient ecological speciation. Therefore, divergent
ecotypes of P. mexicana are an excellent model to provide
further insights into the proximate and ultimate causes for
brain size divergence in fishes.

Materials and methods

Study system and sample origin

Poecilia mexicana were collected from six sites in July 2013
(Fig. 1; for sample sizes and further details, see Table 1),
namely the Arroyo Bonita (surface, non-sulphidic; AB), the El
Azufre (surface, sulphidic; EA), chambers II, V and X of the
Cueva del Azufre (cave, sulphidic; CA-II, CA-V and CA-X)
and the Cueva Luna Azufre (cave, non-sulphidic; LA).

We included fish from a population level common-garden
rearing experiment. Laboratory stocks of fish were available
from all relevant populations; the stock for AB, however, was
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a mixed population consisting of fish originating from several
non-sulphidic surface habitats of the Rio Oxolotan (OX)
system, including AB. All stocks were founded by dozens of
individuals each in January 2006 and maintained as randomly
outbred populations in 1000-L flow-through tanks in a
temperature-controlled greenhouse at the Aquatic Research
Facility of the University of Oklahoma (one tank per popula-
tion). All stocks were exposed to identical environmental con-
ditions, that is, ambient light conditions and no H.S or
predators. Algae, detritus and invertebrates were present in
the stock tanks, and the diet was supplemented with commer-
cial flake food twice a week. Random samples of females from
these stocks were collected in June 2009 (Table 1). At this
point, the stocks were established in the laboratory for multi-
ple (=4th) generations. As stocks were of limited size, we used
only female laboratory animals.

Brain preparation and measurements of
brain and eye size

Fish were anesthetized and euthanized with an overdose of
tricaine methanesulfonate (MS-222, Sandoz, Rotkreuz, Swit-
zerland) and fixed in 5% phosphate buffered glutaraldehyde.
Standard length and eye size (maximum diameter) were meas-
ured for each individual with a sliding calliper to the nearest
0.05 mm. Heads were detached from the body and soaked in
deionized water for one hour; brains were then dissected and
stored in 5% phosphate buffered glutaraldehyde until per-
forming measurements.

Dissected brains were placed on a 0.1% agarose gel and
photographed through a stereo-microscope using a Nikon
DS-Fil camera in lateral, ventral and dorsal projections.
Length, width and height of the total brain, telencephalic
lobes, optic tectum, cerebellum, hypothalamus, olfactory bulb
and diameter of the olfactory nerve were measured using the
software NIS-Elements BR 3.2 (Nikon Corp. Tokyo, Japan;
Fig. 2). Brain measurements followed the protocol of Pollen
et al. (2007), with the exception of total brain length, which
was measured from the telencephalic lobes to the cerebellum
excluding the medulla oblongata as it was cut imprecisely.
Regarding the width of the olfactory bulbs, telencephalic
lobes, optic tectum and hypothalamus, both hemispheres were
measured and mean values calculated for further statistical
analyses. At the end of all linear measurements, brains were
weighed to the closest 0.01 g.

Statistical analyses

Brain volumes

To obtain estimates of the overall size of the total brain and
each brain region (olfactory bulbs, telencephalic lobes, optic
tectum, cerebellum, hypothalamus), we calculated the
volumes according to the ellipsoid volume formula (e.g. Pollen
et al., 2007) using length, width and height measurements of
the brain or the respective brain region:

Volume = (length x width x height) x 7/6.
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Figure 2 (a—f) Representative brains of fish from a surface habitat
(Arroyo Bonita, AB, SL = 35 mm) and (g and h) from the sulphidic cave
(Cueva del Azufre, CA-X, SL = 38.4 mm). Linear measurements of brain
structures are shown in dorsal (a and g), ventral (b and f) and lateral
(c—e, h) views. (e and f) represent enlargements of (b—d) illustrating the
olfactory bulb measurements. Note the reduced size of the optic
tectum, the enlarged cerebellum and telencephalic lobes in the cave
fish compared with the respective brain regions of the surface fish.
Rostral is to the left. All structures are shown to the same scale except
(e and f) L, length; W, width; H, height; NO, olfactory nerve; TB, total
brain; T, telencephalic lobe; TO, optic tectum; C, cerebellum; H, hypo-
thalamus; Hy, hypophysis.

Estimated volumes were corrected for overall size differ-
ences with fish standard length and brain mass. First, a size/
mass-related variable was derived from a correlation matrix-
based principal component analysis on the variables ‘standard
length’ and ‘brain mass’. Volumes of different brain regions
were then size corrected by a multivariate analysis of covari-
ance (MANCOVA) using the size/mass-related variable as
covariate. Likewise, total brain volume and olfactory bulb
volume were size corrected by similar ANCOVAs. From the
MANCOVA or ANCOVAs, we extracted unstandardized
residuals, which were then used as input variables for further
analyses.

Total brain and olfactory bulb size were excluded from
further multivariate analyses as total brain volume is
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intercorrelated with volumes of brain regions and as data for
olfactory bulbs were not available for all individuals.

We additionally analysed the size of two sensory structures
that were assumed to correlate with cave life, that is, the
diameter of the olfactory nerve and the eyes. Each of the two
variables was size corrected by an ANCOVA using the size/
mass-related variable as covariate. Unstandardized residuals
from these ANCOVAs were then used as input variables for
further analyses.

We tested for differences between sites and sexes for each
trait separately. ‘Site’ and ‘sex’ were used as fixed factors
including the respective interaction term, while size-corrected
volumes of the total brain or brain regions, olfactory nerve or
eye diameters served as dependent variables. ‘Sex’ was
included because of the well-known sexual dimorphism of the
teleost brain (e.g. Bass & Grober, 2001; Kotrschal etz al.,
2012a,b). To illustrate trait differences among sites and
between sexes, estimated marginal means (EMMs) were cal-
culated from the respective analytical models (ANOVAs).

In order to compare the six sites (AB, EA, CA-II, CA-V,
CA-X, LA) regarding potential effects of light or darkness and
presence or absence of H,S on the size of the respective brain
regions, we subjected size-corrected volumes of telencephalic
lobes, optic tectum, hypothalamus and cerebellum to an ana-
lytical multivariate analysis of variance (MANOVA). Our
model included the factors ‘light’ (present/absent), ‘toxicity’
(present/absent), ‘sex” and all interaction terms.

Comparison of wild-caught and common-garden
reared fish

We tested for heritable versus plastic differences in total brain
size and size of brain regions between wild-caught and
laboratory-reared females from all populations, and thus, cal-
culated an analytical MANOVA (size-corrected brain regions:
telencephalic lobes, optic tectum, hypothalamus, cerebellum)
or analytical ANOVAs (olfactory nerve, eyes), while ‘site’ [OX
(=AB), EA, CA-II, CA-V, CA-X and LA] and ‘rearing condi-
tion” (wild-caught vs. lab-reared) were treated as fixed factors
including the interaction ‘site X rearing condition’.

To obtain a more direct measure of repeatability, that is,
broad sense heritability, we conducted intraclass correlation
coefficient (ICC) analyses for each dependent variable (size-
corrected volumes, olfactory nerve diameter, eye diameter)
using the n =26 wild-caught and n =26 lab-reared females
(e.g. Bartko, 1966; Riesch et al., 2013).

We additionally tested for broad sense heritability within
each site and rearing condition by conducting a discriminant
function analysis (DFA). The DFA model was built on the
data (size-corrected volumes of brain regions) from wild-
caught fish (training dataset; n=9 to 13 females per site,
except LA with n = 4). We then applied the discriminant func-
tions to the data from the common-garden reared fish (test
dataset; n =3 to 5 females per site) and tested for success of
correct classification (Hair e al., 1995; Riesch et al., 2011).

All statistical analyses were performed with SPSS 12.0
(SPSS Inc., Chicago, IL, USA).
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Table 2 ANOVA results displaying differences between the sites (AB, EA, CA-ll, CA-V, CA-X and LA) and/or sex dimorphism of wild-caught fishes

Brain region Factor df. Mean square F P Partial n?
Olfactory bulbs Site 5 0.009 2.77 0.023 0.13
Sex 1 0.003 0.91 0.34 0.01
Site x sex 5 0.003 0.85 0.52 0.04
Error 89 0.003 - - -
Telencephalic lobes Site 5 1.351 5.42 <0.001 0.21
Sex 1 0.326 1.31 0.25 0.01
Site x sex 5 0.114 0.46 0.80 0.02
Error 98 0.249 - - -
Optic tectum Site 5 3.667 5.64 <0.001 0.22
Sex 1 11.174 17.19 <0.001 0.14
Site x sex 5 2.403 3.70 0.004 0.15
Error 98 0.650 - - -
Hypothalamus Site 5 0.304 0.80 0.55 0.04
Sex 1 0.280 0.74 0.39 0.00
Site x sex 5 0.105 0.28 0.92 0.01
Error 97 0.380 - - -
Cerebellum Site 5 15.189 10.97 <0.001 0.35
Sex 1 9.772 7.06 0.009 0.06
Site x sex 5 0.637 0.46 0.80 0.02
Error 98 1.384 - - -
Total brain Site 5 177.141 3.14 0.011 0.13
Sex 1 725.767 12.87 0.001 0.1
Site x sex 5 112.958 2.00 0.08 0.09
Error 97 56.395 - - -

Dependent variables were size-corrected volumes of olfactory bulbs, telencephalic lobes, optic tectum, hypothalamus, cerebellum and total brain,
fixed factors ‘site’ and ‘sex’. F-ratios were approximated using Wilks’ lambda values. Significant P-values are bold.

Results

Brain size variation in wild-caught fish

The volumes of the olfactory bulbs, telencephalic lobes, optic
tectum, cerebellum, as well as the total brain differed signifi-
cantly across sites (Table 2, Supporting Information Table S1).
Only presence of light had a significant effect on brain region
sizes of the different populations (Table 3A). Size of the optic
tectum (Fig. 3b) and the total brain (Fig. 3f) decreased from
surface-dwelling populations (AB, EA) to those inhabiting
either of the two caves (except CA-V, CA-X). An increase of
brain region volumes from surface fish towards cave fish was
observed for the olfactory bulbs (Fig. 3e), telencephalic lobes
(Fig. 3a) and cerebellum (Fig. 3c; except in fish from LA).

Significant sexual dimorphism was detected for two brain
regions and total brain size (Table 2, Fig. 3b, ¢ and f), and
males had enlarged optic tecta (especially in CA-V and CA-X;
Fig. 3b) and cerebella (Fig. 3c) and larger total brain volumes
(Fig. 3f).

The olfactory nerve diameter was similar in all populations
(Fss4=0.64, P=0.67; Fig. 4a). In contrast, eye size differed
significantly across sites (Fsg; = 3.03, P = 0.014) and exhibited
the predicted morphocline with a gradual size decrease from
surface habitats to the caves. Specifically, eye size was virtually
unchanged in CA-II compared with surface fish from EA, and
was then gradually reduced from CA-II towards CA-X
(Table S1; Fig. 4b).
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Table 3 MANOVA results of size-corrected (residuals) brain region
volumes (telencephalic lobes, optic tectum, cerebellum, hypothalamus)
used as dependent variables

Factor d.f. F P Partial n?
A Light 4 18.81 <0.001 0.44
Toxicity 4 1.95 0.10 0.07
Sex 4 0.95 0.43 0.03
Light x toxicity 4 2.19 0.07 0.08
Light x sex 4 1.33 0.26 0.05
Toxicity x sex 4 2.28 0.06 0.08
Light x toxicity x sex 4 1.07 0.37 0.04
B Site 20 5.59 <0.001 0.25
Rearing condition 4 25.37 <0.001 0.56
Site x rearing condition 20 1.89 0.013 0.10

A included wild samples (AB, EA, CA-ll, CA-V, CA-X and LA) with ‘light’,
‘toxicity’ and ‘sex’ as fixed factors. B tested lab-reared and wild females
with ‘site” and ‘rearing condition” as fixed factors. F-ratios were approxi-
mated using Wilks" lambda values. Significant P-values are bold.

Heritability versus phenotypic plasticity

Brain region volumes of common-garden reared and wild-
caught females showed significant differences depending on
‘site’ and ‘rearing condition’ (Table 3B). In contrast to fish
from natural populations, lab-reared females displayed
similar sizes of both individual brain regions and total brain
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regardless of their origin, and sizes were generally smaller than
those observed in wild-caught specimens (see interaction effect
of ‘site x rearing condition’ in Table 3B; Fig. 3). Accordingly,
ICC analyses revealed that most of the variance was a plastic
response to the rearing environment with all ICC
values £0.042 (P >0.38 in all cases). The DFA supported
these findings as only 19.2% of the lab-reared individuals (test
dataset) were correctly assigned to the respective population
of origin as quantified by the wild-caught specimens (training
dataset).

Eye size differed significantly across sites (Fss = 2.40,
P =0.044) independent of rearing conditions (Fis =2.27,
P =0.14). In contrast to phenotypic plasticity of brain regions,
the high ICC (ICC = 0.83, P = 0.017) suggests trait heritability
(Fig. 4b).

Discussion

Heritability versus phenotypic plasticity

We investigated patterns of brain region size variation in a
live-bearing fish thriving in habitats with starkly different

corner of each graph.

abiotic conditions to test whether any divergence found in
wild fish is mainly caused by evolutionary diversification (i.e.
local adaptation) or a result of environmentally induced phe-
notypic plasticity. Based on previous studies on P. mexicana
ecotypes, we predicted the strong selective pressures caused by
toxic H,S in EA and CA, food limitation in LA, and darkness
in CA and LA, to result in smaller brains. Moreover, the
improvement of non-visual senses could be tied to an increase
of the respective computational brain regions. Our data from
wild-caught fish support both predictions and seemingly
provide support for the mosaic evolution hypothesis.
However, the results of our common-garden experiment indi-
cate — in accordance with former studies on other fish species
(e.g. Kotrschal et al, 1998, 2012a,b; Pollen et al., 2007;
Gonzalez-Voyer et al., 2009; Gonzalez-Voyer et al., 2010) —
that variation in brain region volumes of P. mexicana brains is
due to phenotypic plasticity and that the above-mentioned
ecological factors may thus mainly act on brain (region) devel-
opment during ontogeny.

Several derived traits in P. mexicana from this system have
a heritable basis, including enlarged head size, altered body
shape and reduced eye size (Tobler et al., 2008a), as well as
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increased offspring size and the correlated reduced fecundity
(Riesch et al., 2009, 2010). So what are the reasons for brain
(region) size plasticity? Gonda et al. (2013) proposed that
brain plasticity itself might be a target of selection. While
marine populations of the nine-spined stickleback adapted to
high predation risk developed large olfactory bulbs regardless
of rearing conditions (no predation vs. predation regime),
pond populations showed pronounced phenotypic plasticity
by having distinctly larger olfactory bulbs only when experi-
mentally exposed to predation (Gonda et al., 2012). No such
habitat-dependent plasticity was found in P. mexicana, in
which brains and brain regions were similar-sized in all
common-garden reared fish. Theoretically, it would be advan-
tageous for P. mexicana to retain phenotypic plasticity of
brain size if fish still showed considerable migration rates
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between the different habitats, which would demand for the
ability to adjust brain (size) development according to the
presence or absence of the stressors darkness and toxic H»S.
Conversely, migration was shown to be very low between
habitats differing in presence of at least one abiotic stressor
(‘light’ or ‘H,S’; Plath et al., 2007).

Even though previous studies demonstrated a certain
amount of brain size plasticity, it was argued that brain size
should be mainly genetically determined because it is of
eminent functional importance and as it is an energetically
expensive tissue (Gonda efal, 2013). Locally adapted
P. mexicana in our study system undergo incipient speciation
and are in the early stage along the speciation continuum
between panmixis and complete reproductive isolation (e.g.
Plath er al., 2007, 2013; Tobler et al., 2008a, 2009«; Plath &
Tobler, 2010). Thus, while other traits are already genetically
fixed in P. mexicana, differences in brain size in wild popula-
tions might become genetically fixed only at a later (poten-
tially future) stage of the speciation process.

Overall reduced brain size of laboratory-reared fish was
also reported in previous studies on other fish species. First-
generation laboratory-reared  nine-spined  sticklebacks
(Pungitius pungitius), for example, have between 2% (optic
tectum) and 67% (cerebellum) smaller brain regions than wild-
caught fish (Gonda etal, 2011) and first-generation
laboratory-reared guppies (P. reticulata) show smaller
telencephala (19%) and optic tecta (17%; Burns et al., 2009).
The reasons for overall smaller brains in laboratory-reared
fish, as seen in P. mexicana, are still unclear. While several
authors argued that reduced brain size in laboratory-reared
fish might be due to lower structural complexity of the lab
environment compared with natural environments (e.g.
Kihslinger & Nevitt, 2006a for Oncorhynchus mykiss; Gonda
et al.,2011), studies testing this assumption did not find a tight
correlation between the complexity of the lab environment
and fish brain size (Kihslinger & Nevitt, 20066 for
O. tschawytscha; Burns et al., 2009 for P. reticulata).

Adaptive phenotypic plasticity

Because fish have lifelong growth, it is straightforward to
assume that growth of the eyes (i.e. the sensory part) and the
optic tectum (i.e. the computational part) should occur in a
concerted fashion to ensure proper sensory physiological
functions (Zupanc, 2001; Cerveny, Varga & Wilson, 2012).
Thus, our finding that eye size differences are heritable when
differences in optic tecta are not is puzzling. Studies on cave
and surface forms of Astyanax mexicanus (e.g. Soares et al.,
2004) or Medaka (Oryzias latipes) mutants (Ishikawa et al.,
1999, 2001) indicate that visual input, that is, the amount of
light, positively affects tectum growth and/or maintenance.
Although eye size is reduced in cave P. mexicana, their eyes
are still functional (Korner et al., 2006). It is thus tempting to
speculate that laboratory-reared P. mexicana developed
similar-sized optic tecta because of the presence of functional
eyes in surface and cave forms that detected the same amount
of visual input in the common-garden set-up. In turn, smaller
optic tecta in wild surface fish from sulphidic (murky) waters,
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and especially wild cave fish, may be a response to reduced
amounts of light or complete darkness. However, visual input
is only one factor potentially influencing the size of the optic
tectum as studies comparing different social environments
(isolated vs. group-reared sticklebacks) also found distinct
differences in optic tectum size (Gonda et al., 2009q).

Since the brain is a metabolically expensive organ (Isler &
van Schaik, 2006; Kotrschal et al., 2013), the reduction of the
optic tectum and total brain size in wild cavefish and fish from
sulphidic habitats might also be a plastic response to energy-
consuming detoxification of H»S (CA) and low-energy avail-
ability (LA; Tobler, 2008). In other words, smaller brains
could help reduce energy expenditure in energy-limited
sulphidic and cave habitats, where P. mexicana are known to
also exhibit low body condition (Tobler et al., 2006; Riesch
et al., 2010, 2011).

Furthermore, both toxicity and food limitation probably
exert a substantial amount of stress on the fish inhabiting
CA, EA and LA, which may also affect brain development.
Congruently, it was shown that stress due to overcrowding
or hypoxia leads to decreased brain growth in
O. tshawytscha (Kihslinger & Nevitt, 2006b0), reduced
dendritic growth in the optic tectum in Hemichromis
bimaculatus (Burgess & Coss, 1981) or smaller brains in
mormyrids (Chapman & Hulen, 2001). In rats and song-
birds, food limitation during ontogenetic development
results in a reduction of neural growth and reduced size of
brain nuclei (Buchanan efal., 2004; Mirescu, Peters &
Gould, 2004). Altogether then, reduced optic tectum size and
total brain size in fish from EA, CA and LA may be
explained by a combination of less visual input influencing
tectum growth and/or maintenance, energetic constraints
through H,S detoxification, and increased stress in the form
of toxicity and food limitation.

Sex-specific differences

In our study, P. mexicana males exhibited larger optic tecta,
cerebella and total brains. Larger brains in males were also
shown for nine-spined sticklebacks (Kotrschal et al., 2012a)
and were explained by greater cognitive demands because of
mate attraction and male parental care. In P. mexicana,
neither males nor females exhibit post-parturiation parental
care, but other behavioural differences and different time allo-
cations between P. mexicana males and females, as identified
for mate acquisition, aggressiveness or foraging behaviour
(e.g. Parzefall, 2001; Plath & Tobler, 2010; Kohler et al., 2011;
Bierbach et al., 2012) may explain these sex-dependent differ-
ences in brain size.

Beside intrinsic sex differences, Kotrschal ez al. (2012b) also
demonstrated that brain size variation has a sex-specific
plastic component: guppies raised in same-sex groups pos-
sessed smaller brains in males and larger optic tecta in females
than the respective sex raised in mixed-sex groups. Future
studies on P. mexicana are warranted to investigate whether a
similar sex-specific plasticity of brain size can be identified in
the ecotypes of P. mexicana.

C. Eifert et al.

Conclusions and outlook

Pronounced differences in brain region volumes between
P. mexicana ecotypes in the wild seemed to fit within the
framework of mosaic evolution while our broad sense herit-
ability analysis identified a high amount of phenotypic plas-
ticity. Our study on different ecotypes of P. mexicana,
therefore, highlights the need for more intraspecific studies on
brain evolution investigating brain variation in wild-caught
fish and comparing results with those obtained from common-
garden reared individuals to provide heritability estimates for
any presumed evolutionary changes. Moreover, our results
are suggestive of the importance of the factor ‘light’ on brain
development and indicate that brain regions show different
(‘mosaic’-like) plastic responses, such as decreased optic
tectum size and a simultaneously increased cerebellum in CA
fish.

We are aware that our study design is only sensitive to
differences in outer brain morphology [similar to studies on
cichlids (Pollen etz al., 2007) and guppies (Kotrschal et al.,
2012a,b)], so that more fine-scale differences in brain archi-
tecture might have gone unnoticed. However, detailed histo-
logical studies on brain structure are currently ongoing and
will build on the results presented here. Further experimental
approaches like long-term translocation experiments — for
example, raising wild cave fish (CA or LA) in mesocosms in
surface habitats (EA or AB) and vice versa — may provide
additional insights into the effects of the factor ‘light’ and
other ecological factors on the ontogenetic development of
brain size and architecture in our study species. Finally,
future studies will also have to consider potential effects of
spatial constraints caused by the neurocranium, which was
shown to be another important factor acting upon brain size
divergence in fishes (Tsuboi, Gonzalez-Voyer & Kolm,
2014).
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Table S1. Descriptive statistics of raw measurements of eye
size, standard length, brain mass, olfactory nerve diameter,
olfactory bulb distances, brain area distances and not size-
corrected volumina of male and female Poecilia mexicana from
(A) surface and (B) cave habitats. N and SL for the determina-
tion of the mean values for the eye diameter are included. SL,
standard length; AB, Arroyo Bonita; EA, El Azufre I; CA-I1,
CA-V, CA-X, chambers of the Cueva del Azufre; LA, Cueva
Luna Azufre. Units of all diameter, length (L), width (W) and
height (H) measurements are in mm, those of brain mass in mg,
and those of all volume (V) measurements in mm?.
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