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Introduction

“If you want beauty and wildlife, you want a coral reef. Put on a
mask and stick your head under the water. The sight is mind-
blowing. And that, actually, is still a mystery: why are coral reefs
so beautiful and colourful? It is not immediately obvious, though
the wildlife is wonderful: shell-less molluscs, crustaceans and
shoals of fish that do not give a damn whether you are there or
not. Your first trip to a coral reef will be one of the most
transforming moments of your life."

Sir David Attenborough. 28th October 2012, The Guardian, UK

Discovering the processes that drive the emergence of new species and connecting it to
biodiversity in its past, present, and future form has been one of the central questions of natural
scientists for over a century [1-3]. Two ways in which we can start to unravel the mechanisms
that have created such diversity is to investigate: 1) the selective pressures that can initiate/drive
and 2) the molecular capacities allowing evolutionary changes to happen. Recently, advances in
the field of genetics and genomics have started to dramatically improve our knowledge on how
genetic diversity might promote speciation [4, 5]. Also, the growing field of ‘evo-devo’ is trying to
shed light on how development and plasticity contribute to diversification (e.g. [3, 6-8]). Yet,
despite these advances and with the exception of a few cases (e.g. [9-11]), we still have little
knowledge on how molecular changes, development and the environment interrelate to create

phenotypic variation, promote speciation and ultimately translate to organismal diversity.

Main Body of Work

One way to study how environmental cues and molecular processes are linked to appearance is
by investigating the emergence of similar phenotypes, whether they evolve in response to
likewise selective pressures and/or in response to molecular or developmental constraints [3].
Here, mimics because they imitate unrelated species (the model), are a classical example in
which to study phenotypic convergence (e.g. [12-14]).

Probably the most studied mimics are found in butterflies, in which ecological and
genetic approaches have been used to investigate the processes driving signal convergence
from geno- to phenotype (e.g. [15-18]). However, lately the field has started to expand and
researchers are now beginning to uncover how differences in gene regulatory and
developmental in addition to genetic and ecological variation, can lead to the evolution of
mimicry. As before, it seems that most studies are focusing on invertebrate species (e.g. [19-
22]), which raises the question on how environmental processes and molecular capacity

interrelate to the emergence of mimicry in vertebrate species.



Coral reef fish are an excellent group to study vertebrate mimicry; more than sixty
species of the most colourful and beautifully patterned reef fish are known to act as mimics [23].
Luckily, colouration is a favourable trait to study, as molecular modifications are easily traceable
in phenotype. Also, colourful signals have been mentioned as an example of a ‘magic trait’
evolving under both, natural and sexual selection [24]. Hence, differences in observer visual
systems (predators, competitors and potential mates) can drive the evolution of colourful signals
[25-27]. Furthermore, habitat characteristics such as the background against which the signal is
perceived, the prevalent light environment, as well as signalling behaviour can influence strength
and directionality of signal evolution [25-27].

In teleost fishes, colourful signals are created by up to six different chromatophore cells,
containing various types of pigmented molecules, located within the dermal layer of the skin [28].
Differences in interactions and position of these chromatophores are responsible for patterns
and overall colouration. In addition, some fish can rapidly change colour (milliseconds — hours)
via the aggregation or segregation of pigments inside chromatophores [29, 30]. Alternatively,
colour change can also occur over days, weeks, or even months by altering the density,
morphology and/or quality of different chromatophores [29, 31]. An example of the latter is found

in the dusky dottyback, Pseudochromis fuscus (herein dottyback).

The dusky dottyback as a model system for research on vertebrate mimicry species
Dottybacks are small (max. ~ 8cm total length), predatory fish with a wide distribution
throughout the Indo-Pacific [32]. At least five differently coloured morphs, showing little or no
other morphological variation, have been reported: brown, yellow, pink, grey, and orange [32].
Although there has been some effort to clarify the taxonomic status of these morphs, whether
they are part of one polymorphic species or of a species complex, is still unclear [33]. On the
Great Barrier Reef in Australia, only the yellow and brown colour morphs occur and colour
differences are found independent of sex, ontogeny or season [34, 35]. However, it has been
shown that yellow morphs can change to brown within two weeks [34]; whether colour change

is bidirectional is unclear.



Chapter 1
(Published in Current Biology, 2015)
Using a combination of A) Coral rubble habitat

behavioural, cell histological,

brown damselfish

neurophysiological and molecular
approaches, the first chapter of my
PhD thesis aimed to uncover the
triggers for colour change in

dottybacks. Yellow morphs are

mainly found on live coral in S
association with yellow damselfish Pseudochromis fuscus
species such as the ambon- B) Live coral habitat

(Pomacentrus amboinensis) and
the lemon dameselfish (P.
moluccensis), while brown morphs
occur mainly on coral rubble in
association with brown
damselfishes such as the whitetail

damselfish (P. chrysurus) [35] (Fig.

1). yellow
Pseudochromis

Potential environmental

that d b iated with Figure 1. Morph specific habitat conditions. A) Brown dottyback
cues that cou € associated wi morphs associate with brown damselfish on coral rubble habitat; B)
yellow dottyback morphs associate with yellow damselfish on live

colour change therefore include: i) coral

aggressive  mimicry,  dottyback

morphs associate with similarly coloured damselfishes to increase foraging success by
preventing detection by juvenile fish prey [23, 35]; i) social mimicry, differently coloured morphs
hide among similarly coloured damselfish to reduce detection and predation risk from their own
predators (as per [36]); and iii) crypsis, different coloured morphs match the colour of their

background habitat to prevent detection from predators or potential prey ([35]; as per [37]) (Fig.
1).

Chapter 2

(Published in The Journal of Experimental Biology, 2016)

The second chapter aimed at investigating the triggers for ontogenetic colour changes and how
these interrelate to the development of the visual system in dottybacks. Although adult
dottybacks were found to be aggressive mimics that change colour to impersonate the
colouration of the prevalent damselfish community, little was known about the early life stages of

this fish. Using a developmental time series in combination with wild caught dottyback



specimens | show multiple colour changes during dottyback ontogeny and link them to crucial
life history transitions of dottybacks. Moreover, changes in the visual system were found to
precede OCC, and theoretical fish visual models were subsequently used to investigate the

potential benefits of this pattern.

Chapter 3

(Published in PNAS, 2015)

Work for chapter 3 was done in collaboration with Dr. Zuzana Musilova at the University of Basel
and was based on the discovery of multiple novel visual genes (opsins) in the dottyback (Chapter
2), which arose through gene duplications (for classical work on the evolutionary significance of
gene duplication see e.g. [38, 39]). One of these novel gene duplicates was found in the violet-
blue opsin sub-family (SWS2); however, initial reconstruction of the SWS2 phylogeny suggested
a much older, non- dottyback specific origin of the duplication event. Therefore, in chapter three
we performed a thorough investigation of SWS2 by exploring the evolutionary history of this
family in close to one 100 fish species representing most fish lineages across the modern fish

phylogeny [40, 41].

Research Background of the PhD Candidate

For more than six years now, my own research has evolved around the study of adaptation and
the evolution of colourful signals in aquatic environments. Initially, as an assistant in the
laboratory of Prof. Dr. Walter Salzburger, | helped to investigate the genetics underlying adaptive
radiations in marine ice fish [42]. | then transferred to the groups of Dr. Lexa Grutter, Dr. Karen
Cheney and Prof. Dr. Justin Marshall at the University of Queensland (UQ) in Australia, to
accomplish my honours research (equivalent to a Swiss Masters degree) on the evolution of
conspicuous signals and toxicity in marine opisthobranchs (sea slugs; see below).

My dissertation is based on the unique opportunity to combine these previous
experiences, and represents collaborative work between the University of Basel and UQ. The
ideas and design for the ‘Main Body of Work’ are my own and accordingly | raised most of the
funding for it. My dissertation was possible due to the support from various sources including;
start-up fellowships from the “Basler Foundation for Biological Research” and the “Janggen-
Pdhn Foundation”; in 2012 through an “Australian Endeavour Research Fellowship”; and in 2013
- 2014 through a Swiss National Science Foundation “Doc.Mobility Fellowship”. Furthermore, |
was awarded a “2013 Lizard Island Doctoral Fellowship” to specifically tackle some of the

behavioural work described in Chapters 1 & 2.
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Side Projects

Chapters 4 & 5

(Published in The Journal of Evolutionary Biology, 2010 & 2014)

Evolution of aposematism in marine opisthobranchs. In Australia, Dr. Cheney and collaborators
are investigating the origins and evolution of conspicuous coloration and how this relates to
levels of toxicity in marine opisthobranchs. These sea slugs have evolved an astonishing array of
colourful signals, which coupled with distasteful/toxic chemicals are thought to deter predators
from eating them (aposematism). However, some species within the group have chosen the
opposite strategy and have either remained or returned to a cryptic state. A novel approach is
currently used to study the evolution of conspicuous signals in opisthobranchs by combining
behavioural experimentation, fish visual models, image analyses software and phylogenetic
character state reconstructions. During the course of my PhD, | have been involved in two

papers that have arisen from this work [43, 44].

Chapter 6

(In review)

Facial stripes signal dominance in the cichlid fish Neolamprologus brichardi This work is an
expansion of Judith Bachman’s Master thesis at the University of Basel during which she
investigated the function of colour plasticity in the facial stripes of the cichlid fish,
Neolamprologus brichardi (The Princess of Burundi). | have contributed to her work by taking
spectral measurements of facial stripes and adjacent colours and combined them with
theoretical fish visual models to predict the functionality of the stripes when perceived by N.

brichardi. A manuscript describing this work is currently under review.
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Chapter 1

Phenotypic plasticity confers multiple fitness benefits to a
mimic

F. Cortesi, W. E. Feeney, M. C. O. Ferrari, P. A. Waldie,

G. A. C. Phillips, E. C. McClure, H. N. Skold,
W. Salzburger, J. Marshall, K. L. Cheney

Current Biology (2015)
1.1. Manuscript p. 19 - 25
1.2. Supporting Information p. 26 — 44
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Phenotypic Plasticity Confers Multiple Fitness
Benefits to a Mimic

Graphical Abstract Authors
Mimic COLOR CHANGE Fabio Cortesi, William E. Feeney, ...,
— N. Justin Marshall, Karen L. Cheney
Model Why?
M"L‘Lcry Correspondence
Habitat Coral rubble fabio.cortesi@uqconnect.edu.au

In Brief

Cortesi et al. show that a predatory fish
changes color to mimic various
surrounding fishes. This prevents
detection by prey, increasing predation
success, and reduces detection by larger
RS predators. Phenotypic plasticity is a novel
’Q@ - e strategy to maintain the effectiveness of
— deceptive signals.

2) FUNCTION

1¢t Agressive mimicry 2" Crypsis

<

“prey predator

~ 2x increased Cryptic on model
predation success associated habitat

Highlights
e Fish mimics can flexibly change color to imitate multiple
model species

e Flexible mimicry increases predation success by preventing
detection by prey

e Changing color also increases protection by deceiving larger
predatory fish

e Phenotypic plasticity thus enables the continuous use of
deceptive signals

Cortesi et al., 2015, Current Biology 25, 949-954
@c,gssMa,k March 30, 2015 ©2015 Elsevier Ltd All rights reserved ‘ :e“
http://dx.doi.org/10.1016/j.cub.2015.02.013
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SUMMARY

Animal communication is often deceptive; however,
such dishonesty can become ineffective if it is used
too often, is used out of context, or is too easy to
detect [1-3]. Mimicry is a common form of deception,
and most mimics gain the greatest fitness benefits
when they are rare compared to their models [3, 4]. If
mimics are encountered too frequently or if their
model is absent, avoidance learning of noxious
models is disrupted (Batesian mimicry [3]), or re-
ceivers become more vigilant and learn to avoid
perilous mimics (aggressive mimicry [4]). Mimics can
moderate this selective constraint by imperfectly
resembling multiple models [5], through polymor-
phisms [6], or by opportunistically deploying mimetic
signals [1, 7]. Here we uncover a novel mechanism
to escape the constraints of deceptive signaling:
phenotypic plasticity allows mimics to deceive targets
using multiple guises. Using a combination of behav-
ioral, cell histological, and molecular methods, we
show that a coral reef fish, the dusky dottyback (Pseu-
dochromis fuscus), flexibly adapts its body coloration
to mimic differently colored reef fishes and in doing so
gains multiple fitness benefits. We find that by match-
ing the color of other reef fish, dottybacks increase
their success of predation upon juvenile fish prey
and are therefore able to deceive their victims by
resembling multiple models. Furthermore, we demon-
strate that changing color also increases habitat-
associated crypsis that decreases the risk of being
detected by predators. Hence, when mimics and
models share common selective pressures, flexible
imitation of models mightinherently confer secondary
benefits to mimics. Our results show that phenotypic
plasticity can act as a mechanism to ease constraints
that are typically associated with deception.

P

@ CrossMark

RESULTS AND DISCUSSION

Animals commonly use deceptive signals to increase access
to food [1], reproductive opportunities [8], or protection from
predation [9]. These uses of deception, however, bear a com-
mon risk: if deceptive signals are used too frequently or out of
context, receivers can learn to recognize them and eventually
ignore or even punish the signaler [1-3, 10]. Animals are known
to “negotiate” such deceptive constraints with genetic adap-
tations (i.e., polymorphisms) [6] or by opportunistically switch-
ing between deceptive and nondeceptive signals [1, 7, 8].
Nonetheless, how obligate deceivers, such as many mimics,
limit the costs imposed by deceptive constraints remains
unclear.

In this context, we explored the function of color changes in
the dusky dottyback, Pseudochromis fuscus, a small predatory
fish (total length [TL] ~ 8 cm) common to Indo-Pacific coral
reefs [11]. Dottybacks vary in coloration, with brown, yellow,
pink, orange, and gray morphs being reported throughout their
range [11]. On the reefs surrounding Lizard Island, Great Barrier
Reef, Australia, two of these color morphs (yellow and brown)
co-occur, and while yellow morphs are mostly seen on live
coral together with similar-looking yellow damselfishes (Poma-
centrus spp., such as the Ambon damselfish, P. amboinensis,
and lemon damselfish, P. moluccensis) (Figure 1A), brown
morphs are mostly seen on coral rubble together with similar-
looking brown damselfishes (such as the whitetail damselfish,
P. chrysurus) [12] (Figure 1B). In general, dottybacks are solitary
and territorial, and although both yellow and brown damsel-
fishes, live coral, and coral rubble habitat can be found within
their territories [12], yellow morphs occupy significantly smaller
home ranges compared to brown morphs (home range size,
n = 10 morphs each, mean + SEM: yellow dottyback 5.5 +
1.6 m?, brown dottyback 11.2 + 1.7 m? independent t test,
tig = 2.86, p = 0.01). Color dimorphism is not sex linked [12],
though, and yellow and brown morphs are genetically indistin-
guishable using either mitochondrial [13] or microsatellite
markers (this study; n = 31 yellow/39 brown morphs, Fst = 0,
p = 0.68; Figure S1), precluding color assortative mating as a
driver for color dimorphism. Yellow dottybacks have previously

Current Biology 25, 949-954, March 30, 2015 ©2015 Elsevier Ltd All rights reserved 949
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(A and B) In the field, yellow dottybacks associate with yellow damselfish on live coral (A), and brown dottybacks associate with brown damselfish on coral rubble

B). (See Figure S1 for population genetic assessment.)

(
(C and D) Mean spectral reflectance measurements from yellow dottybacks (C) and brown dottybacks (D) that changed color during the translocation experiment.
(

See Figure S3 for histological assessments of color change.)

(E and F) Color distances (AS, mean + SEM) between body coloration before release and after recapture for yellow dottybacks (E) and brown dottybacks (F) as
perceived by the potentially tetrachromatic visual systems of a dottyback predator, the coral trout (hatched bars), and a dottyback prey, the juvenile Ambon
damselfish (plain bars). (See Figure S2 for AS of potentially trichromatic visual systems.) Numbers in parentheses denote sample size.

Images by K.L.C. and F.C.

been shown to change their body coloration to brown within
two weeks when translocated to artificial patch reefs com-
prising primarily dark coral rubble [13], indicating that coloration
is a plastic trait. Furthermore, it has been suggested that dotty-
backs aggressively mimic similarly colored adult damselfishes
to gain increased access to juvenile damselfishes, upon which

they prey [12]. However, the cues that drive color change and
the associated fitness benefits remain unclear.

In this study, we first conducted a translocation experiment
to investigate whether habitat composition or, alternatively, the
color of resident adult damselfish would induce color change
in dottybacks. To this end, we built experimental patch reefs
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(A) Mean spectral reflectance measurements used to assess the conspicuousness of dottybacks (yellow and brown) when perceived on model-associated
habitat types (live coral and coral rubble) by the predatory coral trout. Numbers in parentheses denote sample size. Images by F.C.

(B and C) Color distance (B) (AS, mean + SEM), and luminance contrast (C) (AL, mean + SEM) between dottyback morphs and different habitat types.

(D) Probability estimates (mean + SEM) of coral trout striking at yellow and brown dottyback morphs when placed against different habitat backgrounds (see also
Movie S1). Yellow dottyback on live coral was used as the baseline treatment against which the other treatments were compared. The 0.5 line indicates equal
choice between treatments and the baseline (significant difference from baseline, *z < —2.51 or > 2.35, p < 0.05; **z > 2.43, p < 0.01).

comprising primarily live coral (60%-70% cover, light green to
yellow background coloration; Figure 2A) or coral rubble (80%-—
90% cover, darker brown background coloration; Figure 2A)
and stocked them with yellow (Ambon and lemon) or brown
(whitetail) adult damselfish (n = 15 per patch reef). We then
added a single yellow or brown dottyback (individually marked
with elastomer tags) and assessed whether they changed color
after two weeks. Our setup was equivalentto a2 x 2 x 2 exper-
imental design (dottyback color x damselfish color x habitat
type, each with two levels: yellow/brown dottyback, yellow/
brown damselfish, live coral/coral rubble) (Table 1). To quantify
color change, we measured the spectral reflectance of each dot-
tyback in the laboratory prior to their release and again after re-
capture (n = 36; Figures 1C and 1D; Table 1). Yellow dottyback
morphs were defined as those that exhibited spectral reflec-
tance curves with a cut-on step around 500 nm, reaching a
plateau around 625 nm, whereas brown dottyback morphs
were defined as those that showed a low overall reflectance
with a gradual rise after 500 nm (for a framework of color catego-
rizations, see [14]) (Figures 1C, 1D, and 2A). Next, we used the
Vorobyev-Osorio theoretical vision model [15, 16] to quantify

changes in body coloration using color distance (AS). AS was
modeled using visual templates of a common predator of dotty-
backs and damselfishes, the coral trout, Plectropomus leopar-
dus [17], and a prey item of dottybacks, juvenile Ambon damsel-
fish [18]. Theoretical fish visual models were used to assure that
color change was assessed from the point of view of the relevant
signal receivers and independently of human perception.
Because it is currently unknown whether these fishes use three
or four distinct visual receptors to perceive color, we modeled
color change from the perspective of both potentially trichro-
matic and tetrachromatic visual systems. We found using both
models (Figures 1E, 1F, and S2) that independent of habitat
type (all interactions involving habitat as a factor were nonsignif-
icant; Table S1), dottyback morphs changed color (from yellow
to brown and vice versa) in treatments where dottybacks were
released onto patch reefs with damselfishes of a coloration mis-
matched to their own (potentially tetrachromatic visual system,
coral trout: linear model [LM], dottyback color x damselfish co-
lor: Fq 31 = 34.59, p < 0.001; Ambon damselfish: LM, dottyback
color x damselfish color: F4 3¢ = 60.39, p < 0.001; Figures 1E
and 1F; for potentially trichromatic visual systems, see Figure S2
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Table 1. Variables Used to Examine the Cues for Color Change in Dottybacks

Dottyback

Damselfish Color

Dottyback n = Release, Dottyback Color

Treatment Color at Release Habitat (Model) n = 15/Reef Recapture at Recapture
1 yellow live coral brown 6,5 brown*

2 yellow live coral yellow 12,4 yellow

3 yellow coral rubble brown 7,6 brown*

4 yellow coral rubble yellow 9,4 yellow

5 brown live coral brown 8,3 brown

6 brown live coral yellow 9,6 yellow*

7 brown coral rubble brown 5,4 brown

8 brown coral rubble yellow 11,4 yellow*

A2 x 2 x 2 translocation experiment (dottyback color x damselfish color x habitat type, each with two levels: yellow/brown dottyback, yellow/brown
damselfish, live coral/coral rubble) was used to examine whether habitat or mimicry would induce color change in dottybacks. Note that dottybacks
changed color only when mismatched to the color of the damselfish, independent of habitat type (indicated by asterisk). Therefore, dottybacks change
color to mimic the local damselfish community. (See also Figures 1 and S2.)

and Table 1). This demonstrates that dottybacks can change
their body coloration to match the color of the resident damsel-
fish community.

Subsequent histological examination of skin sections from yel-
low and brown dottybacks (n = 8 each) revealed that, although
morphs did not change the overall number of chromatophores
within their skin (number of chromatophores per 0.1 mm?: yellow
dottyback 73.4 + 4.1, brown dottyback 83.9 + 4.0; independent t
test, t1, = 1.83, p = 0.09), color change was achieved by an alter-
ation in the relative proportion of xanthophores (yellow pigment
cells) compared to melanophores (black pigment cells) (percent-
age of xanthophores: yellow dottyback 71.6% + 0.7%, brown
dottyback 52.1% =+ 1.4%; independent t test, t14, = —11.09, p <
0.001; Figure S3). This change in the relative proportion of chro-
matophore types appears to be different from other reported
cases of color change in fishes, which usually occur as a result
of changes in the number of a single chromatophore type (mostly
melanophores; “slow” morphological changes) [19] or disper-
sion and aggregation of pigments inside chromatophores
(“fast” physiological changes) [20].

As a second step, we investigated whether dottybacks gain a
fitness benefit in terms of increased capture success of juvenile
damselfish prey when matching the color of adult damselfish. To
examine this, we conducted laboratory predation experiments,
in which dottybacks (n = 10 of each color morph per treatment)
were placed in a tank with five adult damselfish (TL 45-57 mm,
either color matched or mismatched) and ten juvenile brown
damselfish (TL < 14.5 mm) for 24 hr. We found that dottybacks
were significantly more successful at capturing juvenile dam-
selfish when their color matched that of adult damselfish
(generalized linear mixed model [GLMM; binomial], color of
dottyback x color of damselfish: %2, = 57.92, p < 0.001; Figure 3),
suggesting that by flexibly matching the coloration of adult dam-
selfishes, dottybacks facilitate predation by increased deception
of juvenile damselfish prey. This is probably due to the prey ex-
hibiting reduced anti-predator vigilance when unable to detect
differences between harmless models (adult damselfishes) and
predatory mimics (dottybacks).

In the field, dottyback predation rates are very high (up to ~30
prey fish per day [21]), forcing juvenile fish to learn quickly about

the risk that dottybacks impose (either through direct experience
or socially) in order to survive [22]. Therefore, similar to the ben-
efits gained from polymorphic adaptations [6] or the deployment
of facultative mimetic signals [1, 7], the flexible imitation of mul-
tiple models might enable dottybacks to continuously dupe
signal receivers by limiting learning in juvenile fish prey. Alterna-
tively, phenotypic plasticity may also enable dottybacks to
expand their niche by moving to novel locations devoid of expe-
rienced receivers, which may occur both within home ranges
and by relocating across reef habitats.

Interestingly, although there was no difference in predatory
success when dottyback morphs were matching the color of
adult damselfish (prey survival, matched colors: yellow dotty-
back 5.0 + 0.7, brown dottyback 3.4 + 0.9; pairwise post hoc
Tukey contrast, p > 0.05), brown dottybacks were significantly
more successful at capturing prey compared to yellow dotty-
backs when mismatched in color to the damselfish (prey sur-
vival, mismatched colors: yellow dottyback 9.2 + 0.3, brown dot-
tyback 6.2 + 1.1; pairwise post hoc Tukey contrast, p < 0.05;
Figure 3). However, we found no difference in the number of
strikes against prey between yellow or brown dottybacks (num-
ber of strikes within the first 60 min: yellow dottyback 9.2 + 3.3,
brown dottyback 8.9 + 3.0; W = 178, p = 0.56). Hence, when mis-
matched to the color of the adult damselfish, the probability of
capturing a prey item per strike was lower in yellow dottybacks,
which may be due to an innate higher level of vigilance in juvenile
fish prey toward dottybacks of a different color to their own (and
the use of only juvenile brown prey during our experiment).

To investigate this, we conducted an additional experiment
without adult damselfish, and we found that when given the
choice between a juvenile brown or yellow prey, dottybacks
more frequently directed their first strike at prey fish that
matched their own body coloration (GLMM; binomial: %2, =
17.97, p < 0.001). Dottybacks could exhibit a preference for
prey that match their own coloration, but in this scenario, we
would expect that yellow dottybacks would strike less frequently
at brown prey, which was not observed in the experiment above.
Instead, our results suggest that predator avoidance behavior in
juvenile prey fish is enhanced when dottybacks are of a different
coloration from their own and that, by changing color to imitate
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Juvenile damselfish prey survival (mean + SEM, out of 10) after 24 hr when
exposed to dottybacks that were matched or mismatched in color to adult
damselfish coloration (n = 10 per treatment). Letters above bars denote
significant differences between treatments (pairwise post hoc Tukey contrast,
p < 0.05).

the local damselfish community, dottybacks are able to over-
come this innate vigilance. This is comparable to a “wolf in a
sheep’s clothing” scenario where distinguishing the predator
from harmless heterospecifics becomes increasingly difficult
when the predator and the heterospecific look alike, regardless
of whether or not the model species matches the appearance
of the prey.

Finally, although changes in dottyback coloration were not
driven by habitat variables (see the translocation experiment in
Figures 1E and 1F), damselfish models match the color of the
different habitat types they are naturally found upon (i.e., yellow
damselfish on live coral; brown damselfish on coral rubble [23]),
which is likely to reduce predation pressure due to cryptic ben-
efits [23]. To investigate whether dottybacks experience similar
benefits when matching the color of their habitat, we used the
coral trout theoretical vision model to assess dottyback conspic-
uousness against the different habitat types (Figure 2A). We
found that, similar to the damselfish they imitate, dottyback
morphs also match the habitat they are commonly found upon,
in terms of both color distance (AS, linear mixed model [LMM],
dottyback color x habitat type: 2, = 171,41, p < 0.001; Fig-
ure 2B) and luminance contrast (AL, LMM, dottyback color x
habitat type: %2, = 90.05, p < 0.001; Figure 2C). Next, to test
the predictions of the visual model, we conducted a predator
choice experiment in the laboratory. Coral trout (n = 5) were
trained to strike at laminated images of yellow or brown dotty-
backs placed against an image of live coral or coral rubble back-
ground to receive a food reward. Images were adjusted in Adobe
Photoshop CS4 v11.0.2 to ensure that their spectral reflectance
matched the predicted coral trout visual receptor response (in
AS and AL) from the visual model. In each trial, coral trout
were given the choice between two randomly allocated back-
grounds with either a yellow or brown dottyback image placed

in front of them. A third background without a dottyback image
in front of it was used as a distractor to ensure that trout would
not strike haphazardly at backgrounds to elicit the food reward
(Movie S1). Coral trout struck significantly more often at dotty-
backs that were color mismatched with the background (110 tri-
als; 22 + 4.1 trials per trout; Bradley-Terry model for paired
choices, GLMM, yellow dottyback on coral rubble: z = 2.35,
p < 0.05; brown dottyback on live coral: z = 2.43, p < 0.01)
compared to dottybacks that were color matched with the back-
ground (Figure 2D). Therefore, while dottybacks change color to
aggressively mimic damselfish models, they may also gain a
secondary benefit of reduced predation risk when matching
the color of model-associated habitat types. Moreover, although
not specifically tested in our study, predation risk to dottybacks
may be further reduced through dilution when they are associ-
ated with a school of similarly colored damselfish models (social
mimicry [24]).

Our findings demonstrate that phenotypic plasticity facilitates
aggressive mimicry of multiple models in our study system. Dot-
tybacks can change their body coloration depending on the
availability of suitable models to gain fitness benefits in terms
of increasing access to food. Furthermore, our results highlight
that phenotypic plasticity may inherently confer secondary ben-
efits to mimics when mimics and models share ecological pres-
sures: dottybacks benefit from reduced predation risk when
living on model-associated habitat. Therefore, phenotypic plas-
ticity may offer a solution to reduce the constraints of deceptive
signaling, and dottybacks provide a good example of this adap-
tive ingenuity.

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures, one table, Supplemental
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Supplemental Figures and Tables:

Lizard Island (14°40’S, 145°27'E)
Great Barrier Reef
Australia

BROWN K=4 YELLOW

Figure S1. Population Genetic Analysis

(A) Collection sites for dottyback individuals: main sampling site (MSS; 62
individuals), additional sampling sites (ASS; 8 individuals). (B) Structure plot for K =
4, brown (n = 39) and yellow (n = 31) dottyback morphs genotyped at eight
microsatellite loci. Between color morphs pairwise Fsr= 0, P = 0.7. Refer to Figure

1A, B for field photographs of dottyback morphs.
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Figure S2. Dottyback Color Change

Color distances (AS, mean = SEM) between body coloration before release and after
recapture for: (A) yellow dottybacks, and (B) brown dottybacks as perceived by the

potentially trichromatic visual systems of a dottyback predator, the coral trout
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(patterned bars), and a dottyback prey, the juvenile ambon damselfish (clear bars).

Numbers in parentheses denote sample size. Note that, independent of the habitat type

dottybacks were released onto (all interactions comprising habitat as a factor were

non-significant; Table S1), dottybacks changed color when released onto patch reefs

with damselfishes of a mismatched coloration to their own [coral trout: linear model
(LM), dottyback color X damselfish color: F;3 = 36.75, P < 0.001; ambon
damselfish: LM, dottyback color X damselfish color: F;3; = 49.19, P < 0.001; Table

1]. AS of potentially tetrachromatic visual systems are shown in Figure 1E, F.
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Figure S3. Histological Assessment of Color Change
The mean (= SEM) proportion of xanthophores (yellow pigment cells) found in the
skin of yellow and brown dottyback morphs (*** indicates P < 0.001). Numbers in

parentheses denote sample size. Refer to Figure 1E,D and Figure S2 for visual

assessments of color change.
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Table S1. Analyses of color change from the translocation experiment, showing
interactions comprising habitat type as a factor (all non significant). The setup was
equivalent to a 2 x 2 x 2 experimental design (dottyback color x damselfish color x
habitat type, each with 2 levels: yellow/brown dottyback, yellow/brown damselfish,
live coral/coral rubble). All analyses were conducted using linear models (LM’s).

Also see Figure 1, Figure S2, and Table 1.

Interaction Visual Visual F P
system receiver
dottyback color X damselfish color | Tetra CT Fi25=1.00 | 0.33
X habitat type AD Fi125=0.00 | 0.95
Tri CT Fl’zg =1.64 0.21
AD F] 28 — 052 0.48
dottyback color X habitat type Tetra CT Fi120=0.03 | 0.86
AD F] 29 = 183 0.19
Tri CT F] 29 = 0.39 0.54
AD F1’29 =397 0.06
damselfish color X habitat type Tetra CT Fi20=0.80 | 0.38
AD F1’29 = 044 0.51
Tri CT F] 29 = 1.02 0.32
AD F1’29 =0.36 0.56

Tetra Tetrachromatic (four distinct visual receptors)
Tri  Trichromatic (three distinct visual receptors)
CT  Coral trout

AD  Ambon damselfish
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Supplemental Experimental Procedures

Study Site and Species

The study was conducted at Lizard Island (14°40'S, 145°27'E), Great Barrier Reef,
Australia, between December 2009 and November 2013. Dottybacks and adult
damselfishes were collected on snorkel from shallow reefs (depth 2 — 5 m)
surrounding the island using an anesthetic clove oil solution (10% clove oil; 40%
ethanol; 50% seawater), hand nets and small barrier nets. All dottybacks used in the
study were adults, ranging in size from 35 — 86 mm (total length, TL: mean + SEM =
68.05 £0.78 mm).

Statistical analyses were conducted in R v.3.0.2 [S1] using the package Ime4
v.1.1-7 [S2]. Assumptions of normality and homogeneity of variance were graphically
assessed using histograms, residuals plots and quantile-quantile plots. For linear
mixed-effect models (LMM’s) and generalized linear mixed-effect models (GLMM’s)
we compared the adequacy of models with random intercepts-only to models with
random slopes and intercepts using likelihood ratio tests (LRT), and the final models
were fit by maximum likelihood (using a Laplace approximation for GLMM’s).
However, we found no significant difference between approaches and all random

effect models were consequently fit with random intercepts-only.

Assessment of Home Range Size

To assess differences between the home ranges of yellow and brown dottyback
morphs, we haphazardly located twenty dottyback individuals (10 yellow and 10
brown) on SCUBA and observed them for approximately 60 min (mean + SEM =
61.65 £ 1.06 min, total 1233 min) between 0800-1700 in December 2009, from a
minimum distance of 2 metres. Dottybacks have previously been found to show no
diurnal patterns in activity [S3] and this observational time period has been shown to
be adequate for dottybacks to patrol the full extent of their home ranges (W.E.
Feeney, unpublished data). To assess the home range of each individual, a single
observer took notes of visual references of the extents of the used habitat by each fish.
Following the observation a transect tape was used to measure the boundaries of the
habitat range of each individual, and each habitat range was sub-sectioned for
calculation of the area use (home range) of each individual (similar to [S4]). For
statistical analysis, we transformed home range size to the natural logarithm to

conform to normality.
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Population Genetic Assessment using Microsatellites

A total of 70 (31 yellow and 39 brown) dottybacks were collected in April and May
2011 from three locations in the lagoon (Figure S1). A piece of muscle tissue from
behind the pectoral fin and a fin clip from each individual were preserved in 95%
ethanol until total DNA was extracted using a standard salt precipitation protocol
[S5]. In a previous study, genetic differentiation between morphs (9 yellow and 9
brown) was absent when using mtDNA as a marker [S6]; therefore, to investigate
color differences in this study, we used microsatellite markers that allow for a finer-
scale approach.

Initially, we tested 56 microsatellite markers, which were previously isolated
and characterized from various cichlid species, whereby eight could successfully be
amplified using multiplex PCRs: HchiST06, HchiST38, HchiST46, HchiST6S,
HchiST94 [S7], Pzeb3 [S8], Abur 45 [S9] and UMEO003 [S10]. Amplification was
performed using Qiagen-Multiplex PCR kit and thermal cycler profiles for
microsatellites as recommended by the manufacturer (Qiagen Inc., Valencia, CA).
Samples were successfully amplified at all loci for 52 individuals, at seven out of
eight loci for 16 individuals, and at six loci for the remaining two individuals. The
average missing data over all loci was 3.6%.

Genotyping was performed on an AB3130xl sequencer and microsatellites
were scored using GENEMAPPER v.4.0 (ABI) and edited by eye. TANDEM v.1.09
[S11] was used to automatically bin allele sizes. We then used STRUCTURE v.2.3.4
[S12] to assess population structuring between yellow and brown morphs. In
STRUCTURE, individuals are not a priori assigned to a population but instead the
program infers the number of clusters based on an ad hoc approximation of unknown
performance [S12]. An admixture model with correlated gene allele frequencies [S13]
was chosen with each run producing 5 * 10° burn in steps followed by 10° MCMC
steps. The number of presumed clusters (K) was set to be 1 — 10 with 10 independent
runs for each value of K. Estimates of the posterior probability of the data Pr(XIK)
[S12] was analyzed using STRUCTURE-HARVESTER v.0.6.93 [S15] and estimated
AK [S15] was used as criteria to infer the number of genetic clusters present in the
data set.

Pairwise Fst was used to quantify the genetic differentiation between: 1) all
yellow and brown morphs, and 2) yellow and brown morphs within clusters, as

identified with STRUCTURE analysis. Fst was calculated using ARLEQUIN v.3.11
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[S16] with 1000 permutations and 5% missing data. Bonferroni corrections [S17]
were used to adjust P-values in all tests.

Using clustering analysis and pairwise Fsr as a measurement of population
differentiation, we could not separate between yellow and brown morphs based on
microsatellite data (main text, Figure S1). However, STRUCTURE estimated the
most probable number of clusters in the data set to be K = 4 (AK = 20.5, all other
AK’s between 0.04 — 9.2), with a mixture of brown and yellow fish present in each of
these four clusters (individuals/cluster, n = 15 — 21). When comparing between color
morphs within clusters we did not find any evidence for color specific population

differentiation (Fsp between - 0.018 — 0.045, P =0.75 — 0.06).

Translocation Experiment
Patch reefs were initially created in April — May 2011 (n = 30) by SCUBA divers on
sandy flats in the lagoon of Lizard Island (2 — 5 m depth). A subset of reefs were then
re-built in January — February 2012 (n = 15), June — July 2013 (n = 15) and October —
November 2013 (n = 7) to ensure enough replicates for each treatment were obtained.
Reefs were constructed using loose live coral or coral rubble from nearby natural
continuous reefs, and were built approximately 1 m in diameter and 50 cm in height.
Once a site for a new patch reef was located, it was pseudo-randomly constructed of
either a high percentage of live coral (60 — 70%; n = 35) or a high percentage of coral
rubble (80 — 90%; n = 32). Reefs were located at a minimum distance of 20 m from
the continuous reef and at least 15 m apart to reduce the movement of fishes between
patches (similar to [S6]). Fishes present on the patch reefs prior to the experiment
were carefully removed using hand nets and an anesthetic clove oil solution. Fifteen
yellow damselfish (ambon damselfish, Pomacentrus amboinensis and yellow
damselfish, P. moluccensis) and 15 brown damselfish (whitetail damselfish, P.
chrysurus) of all size classes were then placed on patch reefs according to treatment,
and their numbers were re-adjusted after 24 hours if there had been any movement
between patches. Damselfish were left on the reefs for two days before one dottyback
morph was added. This experimental setup was equivalent to a 2 x 2 x 2 design
(dottyback color x damselfish color x habitat type, each with 2 levels: yellow/brown
dottyback, yellow/brown damselfish, live coral/coral rubble) (Table 1).

To recognize individual dottybacks upon recapture, individuals were uniquely

marked on their caudal peduncle using an injection of fluorescent elastomer (green,
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orange and/or pink; Northwest Marine Technology, Inc., Shaw Island, USA). This
marking procedure has been shown not to impact the behavior of coral reef fishes
[S18]. After tagging, dottybacks were kept in holding tanks overnight before they
were released onto experimental patch reefs, after which they were located and
observed every other day. Additional fishes (dottybacks and any other fish species)
that appeared on the patch reefs during the experiment were removed. New fish
settlement occurred infrequently (1 — 3 fish per week) and was made up of mostly
small recruiting individuals, which appeared more often through the summer months
(October — February) during larval recruitment pulses. Dottybacks were left on the
experimental patch reefs for two weeks before being recaptured and color change was
assessed (see below). In total, we successfully recaptured and identified 36 dottybacks
(initially yellow, n = 19; initially brown = 17) out of the 67 dottybacks that were
released. The remaining individuals were presumably lost through relocation to other

reefs or due to predation.

Measurement of Body Coloration and Habitat Reflectance

Spectral reflectance measurements of dottybacks (yellow, n = 38; brown, n = 41) and
of an additional eight yellow colored damselfish (five ambon damselfish, three lemon
damselfish) and eight brown colored damselfish (whitetail damselfish) were obtained
using an Ocean Optics (Dunedin, FL, USA) USB2000 spectrophotometer connected
to a laptop computer running Ocean Optics OOIBASE32 software (Figure 1C, D and
Figure 2A). Fishes were measured in the laboratory by removing them from the water
and placing them on a wet towel to facilitate handling. Spectral reflectance curves
measured in this way do not significantly differ from those measured in water [S19].
Colors were measured with a 200um bifurcated optic UV/Avisible fiber connected to a
PX-2 pulse xenon light source (Ocean Optics). The bare end of the fiber was held at a
45° angle to prevent specular reflectance. A Spectralon 99% white reflectance
standard was used to calibrate the percentage of light reflected at each wavelength
from 400 — 750 nm (dottybacks did not reflect any light below 400 nm). The spectral
reflectance of dottybacks from the translocation experiment (yellow, n = 19; brown, n
= 17) was measured twice, once before releasing them onto the experimental patch

reefs and then again when recaptured two weeks later.
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Overall body coloration of fishes was quantified by taking measurements from
different locations on the body (behind pectoral fin, ventral, center of the body,
towards caudal peduncle, and dorsal). At least ten measurements per individual were
taken from each location. Because no substantial difference in the shape of spectral
curves was found between different areas of the body, measurements were
subsequently averaged.

We also measured the spectral reflectance of the different habitats each color
morph was found upon. To do so, pieces of different coral morphotypes and of coral
rubble collected from the experimental patch reefs were measured in the laboratory.
Coral morphotypes (n = 19) and coral rubble pieces (n = 5) were measured inside a
shallow tray containing enough water to cover pieces completely and measurements
were taken as previously described. Because rubble and some coral species were
heterogeneously colored, color reflectance of each distinct color patch > 4 mm” was

measured and an average of the color reflectance curves was used (Figure 2A).

Visual Modeling of Color Change

To quantify color changes that occurred in dottybacks during the translocation
experiment, we used a theoretical fish vision model [S20, 21] that calculates color
distance (AS) within the visual ‘space’ of the fish, where AS = 1 is an approximate
threshold of discrimination, AS < 1 indicates colors are chromatically
indistinguishable, and AS > 1 indicates colors are discriminable from one another.
Signal luminosity is disregarded, while color differences are calculated as chromatic
distances encoded by an opponency mechanism based on the spectral sensitivities of
the receiver (see e.g. [S22, 23]).

We used the visual sensitivities from a predator of dottybacks and damselfish:
the coral trout Plectropomus leopardus [S24], which has peak spectral sensitivities
(Amax) for single cones at 455 nm and 507 nm, and for twin cones (paired cones with a
similar morphology) at 507 nm and 531 nm (N.J. Marshall, unpublished data). We
also modeled the color changes from the perspective of a dottyback prey species: the
juvenile ambon damselfish [S25], with Ayax for single cones at 370 nm and 501 nm,
and for double cones (paired cones with a different morphology) at 480 nm and 523
nm [S26]. To generate visual templates of these fish, we furthermore incorporated the
50% light transmission cut-off from their whole eyes: coral trout, Tso = 414 nm [S27]

and juvenile ambon damselfish, Tso = 327 nm [S28]. Cone receptor ratios were based

35



on previously conducted morphological assessments of retinas and set to be 1:1:2:2
for coral trout (N.J. Marshall, unpublished data), and 1:2:4:4 for ambon damselfish
[S26]. In accordance with previous studies [S22, 23], and in the absence of any
behavioral data, we set the Weber’s fraction (®) for the LWS noise threshold to be at
0.05; a conservative estimate at approximately half the sensitivity of the human LWS
cone [S29]. A measurement of illumination taken at the experimental site at 5 m depth
was used [S23], which represents the maximum depth of patch reefs during the
translocation experiment. Color change in dottybacks was then calculated as the
difference (AS) between the dottyback body coloration at the beginning of the
experiment and after being recaptured two weeks later (Figure 1E, F and Figure S2).

Although members of twin/double cones have previously been shown to
contribute individually to color vision in some coral reef fishes [S30], whether this is
also the case for either the coral trout or the ambon damselfish is currently unknown.
Therefore, to assess color change in dottybacks we modeled two scenarios for each
visual receiver; one in which twin/double cones would work independently from one
another, resulting in four distinct cone receptors (tetrachromacy), and one in which
they would be optically coupled by combining the output of the twin/double cones,
resulting in three distinct cone receptors (trichromacy). However, we found no
difference in our conclusion when modeling either scenario (Figure 1 E, F and Figure
S2).

To examine whether damselfish coloration or background habitat triggered
color change in dottybacks, we used linear models (LM’s) with AS transformed to the
natural logarithm for the coral trout, and AS square root transformed for the ambon
damselfish as the response variable. Dottyback morph (yellow, brown), damselfish
coloration (yellow, brown), and habitat type (live coral, coral rubble) were set as fixed
factors. To determine the best model in all analyses, we compared the full model with
models in which one of the explanatory terms was dropped using the “drop1” function
[S31]. If the analysis of variance found that a dropped term had no significant effect
on the model then the term was permanently dropped (based on AIC value

comparisons).
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Histological Assessment of Color Change

To investigate the cellular mechanisms underlying color change, we took skin
biopsies (approximately 1 cm?) from a random set of adult dottybacks located and
caught between February — May 2012 and October — November 2013. Morphs were
classified according to the shape of their spectral reflectance curve as brown or yellow
(see main text). Biopsies were taken from behind the pectoral fin of yellow and brown
morphs (n = 8 per morph) and kept in a phosphate buffered saline (PBS) solution
(Astral Scientific, Gymea NWS, Australia) for no more than 10 min. All scales were
carefully removed and ten randomly chosen micrographs were taken per biopsy by
using a SPOT digital camera (DIAGNOSTIC Instruments, Inc., Sterling Heights,
Michigan, USA) connected to a Zeiss Axioskop microscope and a bench top
computer running SPOT v.3.0.5 software. Micrographs were recorded at 40x/0.9
(0.145 mm*/micrograph) and the number of melanophores (black pigment cells) and
xanthophores (yellow pigment cells) were counted in ImageJ v.1.36r (National
Institute of Health, USA). The counts of cells in 5 — 10 micrographs per individual

were subsequently averaged and standardized to 0.1 mm® (main text, Figure S3).

Assessment of Aggressive Mimicry Benefits
Brown juvenile damselfish (whitetail damselfish) were caught overnight using light
traps at Lizard Island during the recruitment pulses in October and November 2013.
After capture, juvenile fish were kept in holding tanks (22 L) for 3 — 4 days and fed
ad libitum with freshly hatched Artemia nauplii, before being used in experiments.
Adult damselfish (n = 5 per treatment, either yellow ambon damselfish or brown
whitetail damselfish) were left to acclimatize in experimental tanks (reef mesocosms)
for 24 hours while being fed fish-flakes ad [libitum before experiments started.
Dottybacks were caught approximately 48 hours before experimental trials began,
kept in separate holding tanks and fed one small piece of prawn (approx. 0.5 cm?) 24
hours prior to the experiment. All holding and experimental tanks were flow-through
and continuously supplied with fresh seawater pumped directly from the ocean.
Aquarium tanks (80 cm x 37 cm x 35 cm; n = 5) were used for trials, and to
make each tank into a reef mesocosm we added: 2 cm of sand substrate on the bottom
of each tank, a live coral colony (cauliflower coral, Pocillopora damicornis, c. 90 cm
in circumference and c. 20 cm in height) in the middle of the tank, and pieces of coral

rubble (c. 30 cm in circumference and c. 10 cm in height) were placed in each corner.
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Ten juvenile damselfish were added and left to acclimatize for 60 min before a
dottyback morph was introduced. Fishes were left to acclimatize for 30 min before
strike rates of dottybacks directed at juvenile damselfish were recorded over a 60 min
period. Dottybacks of the same color were size matched between treatments (mean +
SEM: yellow dottyback/yellow damselfish = 69.1 + 1.7 mm, yellow dottyback/brown
damselfish = 69.3 + 2.2 mm, ;5= 0.07, P = 0.94; brown dottyback/yellow damselfish
= 74.0 £ 2.2 mm, brown dottyback/brown damselfish = 75.2 + 1.8 mm, ;3= 0.42, P =
0.68). Additional control trials were conducted with adult and juvenile damselfish
only to ensure that the survival of juvenile fish was dependent on the presence of
dottybacks alone (yellow or brown adult damselfish, n = 10 trials each). After 24
hours, all fish were removed from the mesocosm and the number of surviving juvenile
damselfish was recorded (n = 10 trials per treatment, Figure 3). Live coral colonies
and coral rubble were removed and mesocosms were drained and flushed before being
reset for subsequent trials. Each day we conducted between 2 — 4 trials and the
treatments were switched randomly between tanks. Adult damselfish were replaced
every 3 — 4 trials.

In control treatments, the majority of juveniles survived the 24-hour trial
period (mean + SEM: yellow damselfish = 9.7 + 0.3, brown damselfish = 9.5 + 0.4: W
= 55, P = 0.58). We used a GLMM with logit-link function and a binomial
distribution to analyze differences in juvenile survival between treatments: dottyback
color (yellow/brown) and adult damselfish color (yellow/brown) were fixed factors,
and dottyback size was included as a random effect. Pairwise post-hoc Tukey contrast
tests were conducted using the function glht implemented in the package multcomp

v.1.3-7 [S32].

Prey Color Choice Experiment

To examine whether dottybacks had a preference for a particular colored prey fish,
additional similarly sized dottyback morphs (9 yellow, 7 brown, size mean + SE = 75
+ 1.8 mm: #;5=0.93, P = 0.37) were placed in a tank with one juvenile yellow ambon
damselfish and one brown whitetail damselfish (3 — 4 days old). Juvenile fish were
size matched to the nearest mm (~ 14.5 mm TL) and released into an experimental
tank (15 L), which had 1 cm of sand on the bottom and a standard, white plastic coral
object (c. 30 cm in circumference and c. 10 cm in height) in the middle for shelter.

Fish were left to acclimatize for 30 min before a dottyback of a random color was

38



added to the tank. We recorded which prey color the dottyback first struck at and
consumed.

The same dottyback individuals were tested twice to assure repeatability of
results. We used a GLMM with logit-link function and a binomial distribution to
analyze differences in prey color preferences: dottyback color (yellow/brown) was
used as fixed factor, and dottyback identity was included as a random effect.

We found that dottyback color morphs directed their first strike at (main text),
and first captured (GLMM (binomial): x*; = 16.50, P < 0.001), prey fish that matched

their own body coloration.

Assessment of the Cryptic Benefits of Color Change
We used the coral trout theoretical vision model (see above, visual modeling of color
change) to investigate whether dottybacks also benefit from matching the color of the
habitat when associating with the damselfish they mimic (Figure 2A). A measurement
of illumination taken from the coral trout experimental arena (see below) at 0.5 m
depth was used. Conspicuousness of dottybacks was then calculated as the color
distance (AS) between dottybacks (yellow, n = 31; brown, n = 32) and the average
color of the habitat (live coral or coral rubble) they are seen against, using the coral
trout tetrachromatic visual system (Figure 2B). In addition to AS, coral trout may also
use differences in luminance contrast (AL) to distinguish dottybacks from their habitat
background. Long wavelength sensitive receptors (LWS) are thought to be
responsible to perceive luminance contrast [S22, 33] and we therefore, used the
differences in the natural logarithm quantum catch (Q) of the coral trout LWS
receptor (Amax = 532 nm) to calculate luminance differences between dottybacks and
habitat types (Figure 2C):
AL = In(Qrwsdottyback) — In(OLwshabitat)

To assess whether dottybacks would be more cryptic against the habitat they are
usually found upon we used LMM’s with AS or AL square root transformed as the
response variable. Dottyback morph (yellow, brown) and habitat type (live coral,
coral rubble) were set as fixed factors, and dottyback identity was included as a
random effect.

To test the predictions of the visual model, we caught coral trout (n = 5) off
Lizard Island using de-barbed hooks and line in June and September 2013. Fish were

placed in individual oval tanks (220 cm x 120 cm x 50 cm) and left to acclimatize for
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2 — 3 days before training commenced. Coral trout were trained twice a day (c. 9:00
and 16:00) and initially learned to feed on a piece of prawn (c. 1.5 cm’) attached to a
transparent monofilament line (c. 50 cm) held randomly against either of the far-end
walls of the oval. A black divider was introduced in the middle of the tank, and the
fish were then trained to enter through a door in the divider and feed on a piece of
prawn attached to a laminated A4 black or white background. Next, they were trained
to approach and attack a laminated image of a neutral grey dottyback to receive a food
reward given from above. The training was considered successful after each fish
would swim through the black divider and pick at the grey dottyback replica for two
days in a row.

Following training, coral trout were given the choice between two randomly
chosen laminated live coral or coral rubble backgrounds with either a yellow or brown
dottyback image on them (the dottyback location on the background was randomized
between trials). Additionally, each trial also contained a background without
dottyback on it, which was used as a distractor to assure the coral trout would search
for and strike at dottyback images, rather than strike haphazardly at backgrounds to
elicit a food reward (Movie S1). In total there were four dottyback/background
combinations (2 x 2 design; dottyback color x habitat type, each with 2 levels:
yellow/brown and live coral/coral rubble; Figure 2D). The experimental backgrounds
were based on a picture of a Pocillopora damicornis coral colony, a common habitat
for dottybacks and damselfishes. The same picture was used for both backgrounds to
ensure that variables other than color and luminance e.g. branch length, branch angle,
and degree of branching were kept constant. Similarly, dottyback images were based
on laminated photographs of fish from the field. The color and luminance of the
background and the dottyback images was adjusted in Adobe Photoshop CS4 v.11.0.2
to ensure their spectral reflectance matched the predicted coral trout visual receptor
response (in AS and AL) from the visual model (see above).

To assess whether coral trout would differ in their choice, we conducted a
GLMM with a binomial distribution (logit-link), based on a Bradley-Terry model
approach for paired choices [S34, 35]. The yellow dottyback on live coral treatment
was use as the baseline against which the other treatments were compared, and
dottyback identity was included as a random effect (Figure 2D). To account for the
relatively small sample size, we calculated the P-values for the likelihood of being

chosen using a permutation test approach [S36]. In detail, the permutation test was
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used to compare the distribution of the actual model to the distribution of a simulated
null model with equal probabilities of choice for all treatments compared to the
baseline (based on 5000 permutations and a 0.5 probability of choice for each

treatment).
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From crypsis to mimicry: changes in colour and the configuration
of the visual system during ontogenetic habitat transitions in a

coral reef fish

Fabio Cortesi'23*, Zuzana Musilova®#4, Sara M. Stieb?, Nathan S. Hart®, Ulrike E. Siebeck®, Karen L. Cheney?,

Walter Salzburger®7? and N. Justin Marshall’

ABSTRACT

Animals often change their habitat throughout ontogeny; yet, the
triggers for habitat transitons and how these correlate with
developmental changes — e.g. physiological, morphological and
behavioural — remain largely unknown. Here, we investigated how
ontogenetic changes in body coloration and of the visual system
relate to habitat transitions in a coral reef fish. Adult dusky dottybacks,
Pseudochromis fuscus, are aggressive mimics that change colour to
imitate various fishes in their surroundings; however, little is known
about the early life stages of this fish. Using a developmental time
series in combination with the examination of wild-caught specimens,
we revealed that dottybacks change colour twice during
development: (i) nearly translucent cryptic pelagic larvae change to
a grey camouflage coloration when settling on coral reefs; and (ii)
juveniles change to mimic yellow- or brown-coloured fishes when
reaching a size capable of consuming juvenile fish prey. Moreover,
microspectrophotometric (MSP) and quantitative real-time PCR
(QRT-PCR) experiments show developmental changes of the
dottyback visual system, including the use of a novel adult-specific
visual gene (RH2 opsin). This gene is likely to be co-expressed with
other visual pigments to form broad spectral sensitivities that cover
the medium-wavelength part of the visible spectrum. Surprisingly, the
visual modifications precede changes in habitat and colour, possibly
because dottybacks need to first acquire the appropriate visual
performance before transitioning into novel life stages.

KEY WORDS: Vision, Development, Gene duplication, Opsin, Colour
change, Co-expression

INTRODUCTION

Throughout different life stages, animals may change their
morphology, physiology and behaviour. Such ontogenetic
variability often correlates with changes in diet, predation
pressure or social status, which in turn are often associated with
major habitat transitions (e.g. Booth, 1990; Childress and
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Herrnkind, 2001; Dahlgren and Eggleston, 2000; Evans and
Fernald, 1990; Grant, 2007). However, despite a large body of
literature on ontogenetic variability, studies looking at the
development of multiple traits within individuals and how they
relate to habitat transitions remain scarce. For example, it is well
established that many animals alter some aspects of their visual
system when shifting to novel habitats during ontogeny (Hunt et al.,
2014), but how these changes interrelate with developmental
changes in other traits such as body coloration remains poorly
understood.

The complex and varied life histories of coral reef fishes make
them particularly well suited for studies of the causes and
consequences of ontogenetic habitat transitions. Most coral reef
fishes experience a change in environment when moving from a
pelagic larval phase in the open ocean to reef-associated juvenile
and adult phases. In association with these migrations, the visual
system as well as the pigmentation of the skin may be modified
(Collin and Marshall, 2003; Evans and Browman, 2004; Evans and
Fernald, 1990; Youson, 1988). Ontogenetic changes to the visual
system are generally extensive and involve multiple morphological
and/or physiological adaptations that cause a shift in peak spectral
sensitivity (Amax), Which is used to adapt vision to varying light
conditions or to solve novel visual tasks (Collin and Marshall, 2003;
Evans and Browman, 2004; Evans and Fernald, 1990). This can be
achieved through a gain or loss of different photoreceptor types in
the retina (rod cells used for scotopic vision and/or various cone cell
types used for photopic vision), qualitative and/or quantitative
changes in the expression of visual pigments (opsins) within the
photoreceptors themselves, or the use of different light-absorbing
chromophores that bind to the opsin pigment: shorter wavelength
sensitive vitamin A;-based (retinal) or longer wavelength sensitive

vitamin ~ A,-based  (3,4-didehydroretinal)  chromophores,
respectively (Collin and Marshall, 2003).
Ontogenetic colour changes, in contrast, are less well

documented in coral reef fishes, but generally include a change
from transparent or silvery larval stages in the open ocean to often
differently coloured juvenile and adult stages on the reef (Booth,
1990; Youson, 1988). While a transparent/silvery appearance may
be used to camouflage fish larvae in open water light environments
(McFall-Ngai, 1990), juvenile fish use their coloration for a number
of strategies that facilitate access to food and reduce predation risks,
including: aggressive mimicry, protective mimicry and several
mechanisms of crypsis (Booth, 1990; Moland et al., 2005). When
morphing into adults, however, many coral reef fishes become large
enough or acquire appropriate defensive strategies to avoid
predation. Coloration may from this point on also be used for
sexual displays or during territorial behaviour (e.g. Booth, 1990;
Kodric-Brown, 1998; Sale, 1993).
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List of abbreviations
dps

JND

LWS

LWS

RH2Aa, RH2AB, RH2B
SL

days post-settlement
just noticeable difference
long-wavelength sensitive

long-wavelength sensitive opsin gene

microspectrophotometry
mid-wavelength sensitive
quantitative real-time PCR
rhodopsin 1 opsin gene

rhodopsin like 2 opsin genes

standard length

Sws short-wavelength sensitive

SWS1 short-wavelength sensitive 1 opsin gene

SWS2Aa, SWS2Ap, short-wavelength sensitive 2 opsin genes
SWS2B

AL luminance contrast

AS chromatic colour contrast

B peak spectral sensitivity

The dusky dottyback, Pseudochromis fuscus Miiller and Troschel
1849, is a small (maximum standard length ~7 cm) predatory reef
fish common to reefs throughout the Indo-Pacific ocean, including at
our study site at Lizard Island, Australia, where both yellow and
brown colour morphs can be found in sympatry (Munday et al.,
2003). It has recently been shown that adult dottybacks flexibly
adapt their colour from yellow to brown and vice versa to mimic the
coloration of damselfishes (Pomacentrus spp.) in their surroundings
(Cortesi et al., 2015a). By doing so, dottybacks gain multiple fitness
benefits including an increase in predatory success on juvenile fish
prey (aggressive mimicry) and habitat-associated crypsis (yellow
morphs on live coral, brown morphs on coral rubble) that decreases
predation risk (Cortesi et al., 2015a). It has also been shown that
dottybacks, amongst other fish species, possess an additional gene
that is part of a triplet of opsins responsible for visual discrimination
in the short-wavelength ‘violet — blue’ region of the visible spectrum
(SWS2B, SWS2Aa and SWS2Af; Cortesi et al., 2015b). Interestingly,
in dottybacks, these opsins are spectrally distinct from one another
and are differentially expressed between ontogenetic stages: larval
dottybacks express SWS24B (Ama=457 nm), whereas adult
dottybacks express SWS24a (=448 nm) and SWS2Ap (Cortesi
et al., 2015b). Finally, dottybacks are demersal spawners that guard
their eggs until they hatch, after which larvae undergo a pelagic
phase before returning to settle on coral reefs (Michael, 2004; Kuiter,
2004). Taken together, a pelagic larval phase, ontogenetic
modifications of the visual system, adult-specific feeding and
habitat associations provide a rich substrate for the study of multi-
trait ontogeny and its relationship to habitat transitions.

In this context, we explored the relationship between habitat
transitions and ontogeny in dottybacks using histological,
neurophysiological and molecular approaches. We conducted a
developmental time series in the laboratory and explored wild-
caught dottyback specimens to examine when, and under
what conditions, ontogenetic colour changes would take place.
We then assessed how these changes related to modifications of
the dottyback visual system by using a combination of
microspectrophotometry (MSP) and quantitative real-time PCR
(qRT-PCR) approaches. Finally, we used theoretical fish visual
models from the perspectives of the dottyback and of a dottyback
predator, the coral trout, Plectropomus leopardus (St John, 1999),
to assess whether changes of the visual system and skin colour
would benefit the various life history strategies dottybacks adopt
throughout ontogeny.

2546

MATERIALS AND METHODS

Study site and species

The field part of the study was conducted at Lizard Island (14°40’S,
145°27'E) and Heron Island (23°44’S, 151°91'E), Great Barrier
Reef, Australia, between March 2007 and November 2013. Adult
and juvenile dottybacks were collected on snorkel from shallow
reefs (depth 2—5 m; yellow morphs from live coral, brown morphs
from coral rubble, juveniles independent of habitat type)
surrounding Lizard Island using an anaesthetic clove oil solution
(10% clove oil, 40% ethanol, 50% seawater) and hand nets. Larval
dottybacks and damselfishes (Pomacentrus spp.) were caught
overnight at Lizard Island using light traps during the summer
recruitment pulses in November 2007 and October-November
2013. Adult coral trout (N=1 Heron Island, no morphometrics; N=2
Lizard Island, total length 35.5 and 46 cm) were caught using de-
barbed hooks and line in March 2007 (Heron Island) and November
2007 (Lizard Island). After capture, fish were placed in sealed bags
of seawater, or in large plastic containers, and taken back to the
laboratory for further examination. Coral trout and adult and larval
dottybacks were used immediately for MSP, or eyes (adult and
juvenile dottybacks) and in some cases the whole body (larval
dottybacks) were stored on RNAlater (Life Technologies) for
subsequent gene expression analysis. The skin of juvenile
dottybacks was also used for cell histological assessments.
Additional larval dottybacks and damselfishes were used for a
developmental time series (see below). Fish sizes are reported in
standard length (SL) throughout the study.

For the purpose of this study, we define larval dottybacks as those
that are translucent (settlement stage larvae; 11-13 mm SL). After
settlement has taken place (2-3 days), fish start to develop skin
pigments and turn grey to light brown and are henceforth described
as juveniles (SL<48 mm). Adult stages are reached as soon as fishes
adopt a mimic colour (either yellow or dark brown; SL>43 mm;
Figs 1 and 2). Juvenile and adult morphs were initially differentiated
by eye based on their coloration, and the categorization was later
reviewed based on the shape of their spectral reflectance curves
(according to Marshall, 2000). Although our classification might
not conform entirely to the traditional way ontogenetic stages in
fishes are allocated (Balon, 1975), i.e. adult dottybacks in our study
might not all have started to produce gametes, this classification
coincides with two major life history transitions of dottybacks (also
see Results and Discussion below).

Statistical analyses were conducted in R v.3.3.0 (R Core Team,
2013) using the package lme4 v.1.1-12 (Bates et al., 2015).
Assumptions of normality and homogeneity of variance were
assessed using histograms, residual plots and quantile—quantile
plots.

Developmental time series
To investigate the course of ontogenetic colour change in
dottybacks and eventual changes of the visual system associated
with it, we placed single larval dottybacks (N=8) in holding tanks
(40 cm*30 cmx25 cm) together with either yellow (Pomacentrus
amboinensis) or brown juvenile damselfish (Pomacentrus
chrysurus; four replicates per colour with five individuals each).
Adult dottybacks are known to change their body coloration to
imitate yellow and brown damselfishes (Cortesi et al., 2015a);
therefore, we investigated whether juvenile dottybacks would adopt
their mimic coloration immediately post-settlement.

Larval holding tanks (40 cm»30 cmx25 cm) were placed in
daylight under shade cloth at the Lizard Island Research Station,
with a constant supply of fresh seawater sourced directly from the
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A Ecology (life style):
Pelagic * On coral reef * On coral reef — territorial

! [

Settlement stage Minimal size feeding on fish prey = 44 mm*

B coloration:

Transparent Mimic

Smallest adult coloration observed = 43 mm
Biggest cryptic coloration observed = 48 mm

C Vvisual system:
RTrichromaticjuvenile visual system *

Trichromatic late
Early larval visual system unknown

Tetrachromatic adult visual system

visual system (settlement stage)

. Single cones Twin cones
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Fig. 1. Integrative approach to study multi-trait developmental adaptations during ontogenetic habitat shifts in the dusky dottyback, Pseudochromis
fuscus. Developmental adaptations are marked with a star. (A) Dottybacks experience two major ontogenetic habitat transitions: settlement on coral reefs
when returning from the pelagic environment as larvae, and reaching a size that enables them to feed on juvenile fish prey when turning into mimics as adults.
(B) When returning to the reef, larval dottybacks are almost translucent (~13 mm in standard length, SL), after which they quickly become pigmented and cryptic
against their habitat background, before changing to their mimic colorations when turning into adults (~43 mm). (C) Changes of the dottyback visual system
precede ontogenetic colour change, probably because dottybacks need to alter their visual system to complete complex visual tasks before ontogenetic colour
change can occur (see Discussion). The graph at the bottom shows the relative single (SWS1 and SWS2s) and twin (RH2s and LWS) cone opsin gene expression
measured by quantitative real-time PCR (qRT-PCR) for larval expression profiles (N=18), juvenile expression profiles (N=17) and adult expression profiles
(N=18). The smallest dottyback to express an adult profile was 26 mm. Note that larvae/juveniles mainly express three cone opsin genes within their retina, while
adults mostly express five (also see Fig. S2). Crosses indicate no expression of SWS1 and RH2B genes. The box indicates Q2 and Q3, with the line indicating the

median. The whiskers indicate Q1 and Q4 of the data, with dots marking outliers. *Holmes and McCormick, 2010.

ocean in front of the station. To make each tank into a reef
mesocosm, we added 1 cm of sand substrate to the bottom of each
tank, a live coral colony (cauliflower coral, Pocillopora damicornis,
~30 cm in circumference and ~10 cm in height) in the middle of the
tank, and pieces of coral rubble (~20 cm in circumference and
~10 cm in height), placed in each corner. All larval fish were fed
ad libitum with freshly hatched Artemia nauplii, twice daily.

To measure their size and take photographs of individual fish,
dottybacks were temporarily removed from their tanks at different
time points. Measurements were taken to the closest millimetre and
photographs of various body parts were taken under a Zeiss
Discovery v8 Stereoscope with an integrated AxioCam Erc5s
microscope camera attached to a standard desktop computer
running Zen2011 software (www.zeiss.com; Fig. 2). On day 34
post-settlement (dps), individuals from the developmental time
series started to overlap in length (18-24 mm, meants.e.m.
SL=22.34+0.8 mm) with the juveniles caught from the reef (N=16,

19-48 mm, 35.4+1.9 mm), and fish were then killed using an
overdose of clove oil (40 mg 171). Sections of their skin were taken
for histological assessments and the eyes were transferred to
RNAlater for subsequent gene expression analysis. As a control,
additional larval dottybacks were kept in four separate holding tanks
without damselfishes. Control fish were killed with an overdose of
clove oil (40 mg 17") either 1 dps (N=8) or 7-9 dps (N=8), before
their bodies were transferred to RNAlater for subsequent gene
expression analysis (see below).

Skin histological t

To assess the type of chromatophores (skin pigment cells) that
were present at different ontogenetic time points, we took skin
biopsies (0.5-1 cm?) from fish at the end of the developmental
time series (34 dps, N=8; see above) and of larger juveniles
(N=3, 38.0+2.3 mm) located and caught from the reef in
January—February 2012. Biopsies were taken from behind the
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Mimic - brown Mimic - yellow

Fig. 2. Developmental time series tracing ontogenetic colour change in dottybacks. (A) When returning from the pelagic environment, larval

dottybacks are almost translucent, showing only a little pigmentation on their cranial plate (B), and along the dorsal axis (C). (D—F) Within the first 2-3 days post-
settlement (dps), black pigment rapidly starts to form inside melanophores and disperses over the whole body. (G—I) At 7-9 dps, dottybacks attain an overall grey to
light-brown coloration, which is maintained (J,K,M,P) until juvenile dottybacks change into their mimic colorations as adults (Q,R). Note, yellow- and red-pigmented
cells (xanthophores and erythrophores) first accumulate along the dorsal axis (C,F), spreading to the dorsal, caudal and anal fin (,J,L,N,O), before migrating
across the lateral axis to spread to the entire body (K,M,P). Red arrows point to developing xanthophores, blue arrows point to developing melanophores.

pectoral fin and were treated following the methods of Cortesi from adult dottyback morphs (data taken from Cortesi et al.,
et al. (2015a). Results from juvenile fish were subsequently 2015a; N=8 morphs each, yellow 55.4+3.1 mm, brown 61.6+
compared with skin histological assessments previously attained 2.8 mm; Fig. 3).
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Fig. 3. Skin micrographs of dottybacks across ontogeny. (A) Typical skin biopsies of juvenile dottybacks at the end of the developmental time series (~24 mm
SL). Arrows depict red-pigmented cells (presumable erythrophores), yellow-pigmented cells (presumable xanthophores) and black-pigmented cells

(melanophores). The red cells are absent in the skin (B,C) and scales (D) of larger juvenile dottybacks (~38 mm) and adult dottybacks (yellow and brown morphs,
~58 mm). Instead, larger dottybacks show low numbers (<1%) of ‘hybrid’ cells containing yellow and black pigment within their scales (E) and skin (F) (sensu

Bagnara and Hadley, 1973). Scale bars: 100 um.

MSP

We used MSP to measure the spectral absorbance of different
photoreceptor types in the retina of larval (N=1) and adult
dottybacks (N=3), and of adult coral trout (N=3). MSP and raw
absorbance spectra were analysed following the methods of Hart
et al. (2011) and fitted with visual pigment absorbance spectrum
templates of Stavenga et al. (1993) to be used for subsequent fish
visual models (see below; Table 1, Fig. 4; Table S1, Fig. S1).
Both the dottyback and coral trout contained single as well as twin
cones within their retina. The individual members of the twin
cones had a very similar overall morphology; however, one
member generally contained a shorter shifted mid-wavelength
sensitive visual pigment (MWS), while the other member
contained a longer shifted long-wavelength sensitive visual
pigment (LWS) (this was not always the case for the coral trout
twin cones; see Results). Single cones contained a short-
wavelength sensitive pigment (SWS).

Opsin genes, synteny and their phylogeny

Dottyback opsin genes were searched for in the genomic raw
reads of the specimen that was sequenced as part of the whole-
genome sequencing project at the Centre for Ecological and
Evolutionary Synthesis (CEES) in Oslo, and the opsin gene
sequences of the Nile tilapia, Oreochromis niloticus (Spady et al.,
2006), were used as a reference against which to map the
reads. Mapping and extraction of dottyback opsins followed the
methods described in Cortesi et al. (2015b). Opsin sequences
from 16 species were subsequently combined with the dottyback
sequences to generate a dataset for the phylogenetic reconstruction
of genes (Fig. 5). Genomes from three species were accessed from
the Assembly or the SRA databases in GenBank (http:/www.
ncbi.nlm.nih.gov/genbank) and opsin genes were extracted
following the methods of Cortesi et al. (2015b). Additional
single gene coding sequences from 14 species were directly
accessed from GenBank.

Table 1. Spectral characteristics of visual pigment found in the scotopic rod and the photopic single and twin cone photoreceptors of the dusky

dottyback, Pseudochromis fuscus

Twin cones
Single cones Broad spectra
SWS MWS member LWS member MWS LWs Rod
SWS2Aa  SWS2AB RH2AB RH2Aa LWS RH2Aa & RH2AB LWS & RH2AB RH1
max Adult Adult & larval Adult Adult & larval Adult & larval Adult Adult Adult & larval
Pre-bleach absorbance spectra (nm) 447.5+0.9 456.8+1.5 512.5+0.7 524.1+0.7 560.6+1.7 522.8 551.8+2.1 497.8+0.5
Difference spectra (nm) 446.7+1.0 456.1+1.4 513.440.1 524.3+1.0 561.5+1.8 524.2+0.9 554.3+2.2 502.4+0.5
No. cells pre-bleach/difference spectra 11/16 4/5 2/2 19/19 9/9 112 12/12 24/28

The pigment spectral range and corresponding opsin gene are given below the morphological distinction. i, data meansts.e.m. were obtained from adults/
larvae as shown.

Note that most twin cones contained a mid-wavelength sensitive (MWS) and a long-wavelength sensitive (LWS) member with absorbance spectra that fitted an A;
visual template (Stavenga et al., 1993). However, some twin cone members showed unusually broad absorbance spectra that are likely to be caused by pigment
co-expression within outer segments (see Discussion).
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Fig. 4. Normalized pre-bleach absorbance spectra of the dottyback visual pig t: ed with microspectroph y (MSP). (A) The visual
pigment found in the rod photoreceptor used for scotopic vision (N=24). (B,C) The ‘violet-blue’ short-wavelength sensitive (SWS) single cones (B, short SWS,
N=11; C, long SWS, N=4). (D) The ‘short-green’ mid-wavelength sensitive (MWS) member of the twin cones (N=2). (E) The ‘long-green’ MWS member of the twin
cones (N=19). (F) The ‘red’ LWS member of the twin cones (N=9). (G) The mean of the broad absorbance spectra found mostly in the LWS member of twin
cones and thought to be the result of co-expression of RH2AB and LWS visual pigments (N=13). The corresponding opsin genes are shown in the top right of each
panel. Spectra were fitted with vitamin A;-based rhodopsin templates of the appropriate ., calculated using the equations of Stavenga et al. (1993). Note that in
G, no visual template was fitted, but instead the visual templates for the short MWS-twin and LWS-twin are shown.

The combined opsin dataset was aligned using the l-ins-i information criterion (AIC) for model selection. A Bayesian
algorithm in MAFFT 6.8 (Katoh and Toh, 2008) and the most inference phylogenetic hypothesis was calculated on the CIPRES
appropriate model of sequence evolution was estimated in platform (Miller et al., 2010), using the GTR+I+I" model and an
jModeltest v.2 (Darriba et al, 2012), using the Akaike MCMC search with two independent runs and four chains each in
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Pseudochromis fuscus RH2B
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Stegastes gascoynei RH2A -IQ2
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ne synteny of dottyback opsins. The dottyback genome contains nine visual opsin genes (eight cone

genes used for photopic vision and one rhodopsin gene used for scotopic vision) and the pineal gland exo-rhodopsin. Note that in addition to having three SWS2
genes (Cortesi et al., 2015b), dottybacks possess an additional RH2A gene, which is similar in synteny to the RH2A duplicates in the Nile tilapia, Oreochromis

niloticus (O’Quin et al., 2011).
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MrBayes v.3.2.1 (Ronquist et al., 2012). Each run was set to 10
million generations, with trees sampled every 1000 generations (i.e.
10,000 trees/run) and a burn-in of 25%. Vertebrate-ancestral opsin
gene sequences (VA-opsins) from four fish species were used as
outgroups to reconstruct the phylogenetic relationship between
opsins. The Dottyback genome data have been submitted to
GenBank; other accession numbers are depicted after the species
names in Fig. 5.

Opsin gene expression

To investigate whether the expression of cone opsins changed
throughout ontogeny, we extracted RNA from the whole head of
larvae prior to settlement (N=10, 11-13 mm, 12.24+0.4 mm) and at
1 dps (N=8, 12-13 mm, 12.840.3 mm), and small juveniles from
the developmental time series 7-9 dps (N=8, 13—-15 mm, 13.9+
03mm) and 34dps (N=8, 18-24mm, 22.3+0.8 mm).
Additionally, RNA was extracted from retina tissue of larger
juveniles (N=7, 19-41 mm, 31.8+3.1 mm) and adult morphs (N=6
each; yellow, 51-68 mm, 57.5+3.1 mm; brown, 49-65 mm, 58.5+
2.7 mm) located and caught from the reef between April 2011 and
February 2012. Importantly, juveniles from the reef overlapped in
size with individuals from the developmental time series and
reached all the way to the adult size class.

RNA extraction and qRT-PCR experiments were conducted
following the methods of Stieb et al. (2016). In brief, unique
primers were designed for each cone opsin gene, whereby either
the forward or the reverse primer spanned an exon—exon boundary
to warrant cDNA amplification (Table S2). Primer efficiency was
validated using a fivefold dilution series of an opsin pool with a
starting concentration of 0.1-0.5 nmol pl~!, making sure that the
critical threshold cycle (Ct) values of the dilution series
encompassed the Ct values of the samples (Table S2). The
opsin pool contained equal ratios of fragments of each opsin gene
that were amplified from ¢cDNA (measured on an Agilent 2100
BioAnalyzer, Agilent Technologies). Opsin expression was
calculated for short-wavelength sensitive genes (SWSI and
SWS2 expressed in single cones) and long-wavelength sensitive
genes (RH2 and LIS, expressed in twin cones) separately as the
fraction of total opsin gene expression within either single or twin
cones, using the opsin pool as a reference to normalize between
PCR plates. Individuals from different ontogenetic stages were
randomly assigned to each RT reaction plate, and experiments
were carried out with three technical replicates each (for further
details on the approach, refer to Carleton and Kocher, 2001 and
Stieb et al., 2016).

Expression data were transformed to the natural logarithm to
compare opsin gene expression between different ontogenetic
stages. Initially, a principal component analysis (PCA) followed
by MANOVA revealed three distinct groups among ontogenetic
stages: larvae prior to settlement and 1 dps (MANOVA, single
cones: Pillai; ;,=0.3, P=0.2; twin cones: Pillai; ;,=0.2, P=0.4),
small juveniles 7-9 and 34 dps (MANOVA, single cones:
Pillai; ;5=0.3, P=0.2; twin cones: Pillai;;5=0.3, P=0.1), and
larger juveniles and adult morphs (yellow and brown
dottybacks; MANOVA, single cones: Pillai,;5=0.5, P=0.2;
twin cones: Pillai, ;5=0.3, P=0.5). Importantly, PCA revealed
that one large juvenile from the reef at 19 mm overlapped in
expression with the small juvenile expression profile (Fig. S2A).
Ontogenetic stages were subsequently joined into three different
subgroups for expression analysis: larval expression (N=18),
juvenile expression (N=17) and adult expression (N=18; Fig. 1;
Fig. S2).
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t of body coloration and visual models of colour
discrimination

Spectral reflectance measurements of juvenile dottybacks (N=6,
38.0+3.2 mm) located and caught between April and May 2011
were obtained following the methods of Cortesi et al. (2015a).
Juvenile spectra were combined with measurements previously
attained from adult dottybacks (yellow, N=31; brown, N=32), and
from the yellow (Pomacentrus amboinensis and P. moluccensis)
and brown (P. chrysurus) damselfishes they imitate as adults (V=8
each; data taken from Cortesi et al., 2015a; Fig. 6A). These spectra
were then used in theoretical fish visual models (Vorobyev and
Osorio, 1998; Vorobyev et al., 2001) to determine: (i) whether an
adult expression profile would change the ability of dottybacks to
discriminate between damselfishes compared with a juvenile
expression profile (Fig. 6E), and (ii) how the predatory coral trout
may perceive juvenile and adult dottybacks against a coral rubble or
live coral background (Fig. 6F; for measurements of background
spectra, see Cortesi et al., 2015a; Fig. 6B).

The visual models calculate the chromatic distance between two
colours (AS) within the visual ‘space’ of the fish based on an
opponent mechanism, which is limited by the noise of the
different photoreceptors (Vorobyev and Osorio, 1998; Vorobyev
et al., 2001), whereby, AS=1 is an approximate threshold of
discrimination, AS<l indicates colours are chromatically
indistinguishable, and AS>1 indicates colours are discriminable
from one another (just noticeable difference, IND; e.g. Cheney
et al.,, 2014; Boileau et al., 2015). In addition, the coral trout
might also use differences in luminance contrast (AL) to detect
dottybacks against their habitat background. In general, coral reef
fishes are assumed to use the LWS receptor to perceive differences
in AL, with some direct evidence in damselfishes (Siebeck et al.,
2014). Hence, we used the differences in the natural logarithm
quantum catch (Q) of the coral trout LWS receptor (522 or
532 nm A,y see Results) to calculate AL between dottybacks and
habitat types:

(1)

Members of twin cones have previously been shown to
contribute individually to colour vision in some coral reef fishes
(Pignatelli et al., 2010). Consequently, dottybacks with juvenile
expression (SWS24B, RH2Aa, LWS) were modelled as
trichromatic and those with adult expression (SWS24a,
SWS2AB, RH2Aa, LWS or LWS/RH2AB; see Results) as
tetrachromatic using different visual sensitivities for the LWS
member of the adult twin cones: first, a vitamin A,-based visual
template (561 nm A.,c) and second, a broader absorbance
spectrum presumably derived from opsin co-expression (552 nm
Amax; Figs 4 and 6). Because broad absorbance spectra were also
found in the coral trout twin cones, we modelled its visual system
to be either trichromatic or dichromatic. These models were
computed using two A;-based templates for the MWS (507 nm
Amax) and LWS (532 nm A,,.x) members of the twin cones or
using a broad absorbance spectrum for both twin cone members
(522 nm Apax), respectively (Fig. 6, Fig. S1).

Spectral sensitivity curves were multiplied by the lens
transmission  cut-off (dottyback 750=435nm; coral trout
Ts0=411 nm; Siebeck and Marshall, 2001) to generate species-
specific visual templates (Fig. 6C,D). Cone receptor ratios were
based on previously conducted morphological assessments of coral
reef fish retinas (N.J.M., unpublished) and set to 1:4 (SWS:LWS)
for dichromatic, 1:2:2 for trichromatic (SWS:MWS:LWS) and

AL = In(Qrwsdottyback) — IN(OQLwshabitat) -
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Fig. 6. Theoretical fish vision dels used to i tigate the possible benefits of ontogenetic changes in dottybacks. (A,B) Mean spectral reflectance

measurements of juvenile (N=6) and adult (yellow, N=31; brown, N=32) dottybacks and (A) the damselfish they mimic as adults (yellow and brown, N=8 each) and
(B) the habitat types that dottybacks are found on [yellow morphs on live coral, brown morphs on coral rubble (Munday et al., 2003) and juveniles across habitat
types]. (C,D) Visual templates of juvenile and adult dottybacks (C) and the predatory coral trout, Plectropomus leopardus (D; see also Fig. 4, Fig. S2). In C, the
dashed spectral curves are adult specific while the continuous curves belong to both larval/juvenile and adult dottyback visual systems. The genes corresponding
to the visual pigments found in different photoreceptor types are shown (see also Fig. 4). These visual templates were used to calculate the chromatic (hue, AS)
and luminance contrast (AL) (Vorobyev and Osorio, 1998; Vorobyev et al., 2001) between yellow and brown damselfish models (Pomacentrus amboinensis and
P. moluccensis, yellow; P. chrysurus, brown) when perceived by different dottyback stages (P. fuscus; E), and between dottybacks and different habitat types
when perceived by the coral trout (P. leopardus; F). In E, juvenile dottybacks were modelled to have three spectral sensitivities (trichromacy), while adult
dottybacks were modelled to have four spectral sensitivities (tetrachromacy) using the long MWS (RH2Ae) and either an A;-based LWS (LWS) or a broad
absorbance spectra-based LWS (putative RH2AB and LWS co-expression) for the twin cone members. In F, the coral trout was modelled as a trichromat using
separate values for the MWS and LWS twin cone members, or as a dichromat using the broad absorbance spectra for both twin cone members. Details on
statistical values in F are provided in Table 2. Note that, independent of the visual receiver, AS was lower when visual models were computed using the broad
absorbance spectra. Coral trout image credit: G. A. C. Phillips.
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1:1:2:2 (SWS:SWS:MWS:LWS) for tetrachromatic visual systems.
To account for the light environment under which fish and the
background habitat are viewed, we modelled colour discrimination
using illumination measurements taken from their natural
environments at a water depth of 5 m (as per Cortesi et al., 2015a).

To examine whether dottybacks with a juvenile or an adult
expression would differ in their ability to discriminate between
damselfish colours (N=8 yellow, N=8 brown damselfishes; 64
pairwise comparisons), we used a linear mixed model (LMM) in
ImerTest v.2.0-11 (R package Ilme4) with AS square-root
transformed as the response variable. Signal receiver (juvenile,
adult, adult co-expression) was set as fixed factor, and damselfish
identities were set as random factors. We used likelihood ratio tests
to compare a model with random intercepts-only to a model with
random slopes and intercepts (models fitted by maximum
likelihood). However, we found no significant difference between
approaches and the final model was computed using random
intercepts-only. Linear models (LMs) were used to investigate
whether the coral trout would perceive juvenile and adult dottybacks
differently when seen against various habitat backgrounds
(trichromatic and dichromatic results were analysed separately).
The nature of significant differences was further examined using
Tukey—Kramer HSD means comparison tests.

RESULTS

Do dottybacks change colour during ontogenetic habitat
shifts?

When larval dottybacks settle onto reefs after their pelagic larval
stage, they are translucent and show only a few pigmented
chromatophore cells, mostly along the dorsal axis and on the
cranial plate (Fig. 2A—C). Within the first 2-3 dps, pigments rapidly
start to form and to disperse over the whole body (Fig. 2D-F). At
7-9 dps, fish attain an overall grey to light-brown coloration
(Fig. 2G-I). This coloration is maintained (Fig. 2K,M,P) until
juvenile dottybacks change to either dark brown or yellow colour
morphs as adults, when feeding and habitat specializations take
place (Figs 1 and 2Q,R).

While melanophores (black pigment cells) immediately spread
across the whole body, erythrophores and xanthophores (red and
yellow pigment cells) first accumulate along the dorsal axis
(Fig. 2C,F), spreading to the dorsal and caudal fin (Fig. 2LJ,L),
before migrating across the lateral and ventral axis to spread across
the entire body (Fig. 2K,M). At the end of the developmental time
series, at 34 dps, juvenile dottybacks possessed a mixture of
melanophores, erythrophores and xanthophores within their skin
(Fig. 3A). However, erythrophores were absent in the skin of larger
juvenile and adult dottybacks (Fig. 3B-D). Instead, in addition to
melanophores and xanthophores, we sporadically found ‘mosaic’
cells (sensu Bagnara and Hadley, 1973) within the skin of these
specimens (<1% of overall chromatophores), i.e. chromatophores
that contained black and yellow pigments and thus appeared to be at
a transitional stage between melanophores and xanthophores
(Fig. 3E,F).

‘When returning from the pelagic environment, larval dottybacks
measured 11-13 mm, after which fish continuously grew until
reaching 18-24 mm at the end of the developmental time series at
34 dps. Juvenile dottybacks caught from the reef (independent of
habitat type) ranged from 19 to 48 mm and did not differ in
coloration from dottybacks that were raised with either yellow or
brown damselfish in our developmental time series. The smallest
dottyback to adopt a mimic coloration was 43 mm for yellow
morphs and 44 mm for brown morphs.
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Does the dottyback visual
ontogenetic habitat shifts?
Using MSP, we found seven different types of visual pigments
within dottyback retinas, of which two were adult specific
(summarized in Table 1). Rods contained a MWS pigment with a
mean Apa at 498 nm (N=24 cells; Fig. 4A). There were two
spectrally distinct types of single cones containing SWS (‘blue’)
pigments: adult-specific cones containing a visual pigment with a
mean Ap,, at 448 nm (N=11 cells; Fig. 4B) and cones that occurred
throughout ontogeny with a visual pigment having a mean A, at
457 nm (N=4 cells; Fig. 4C; see also Cortesi et al., 2015b). Most
dottyback twin cones were made up of a member containing a MWS
(‘green’)-sensitive visual pigment with a mean A, at 524 nm (long
MWS, N=19 cells; Fig. 4E) and a second member containing a LWS
(‘red’) visual pigment with a mean A, at 561 nm (N=9 cells;
Fig. 4F). However, we also found one twin cone in adult dottybacks
that contained two shorter shifted MWS pigments with a mean Ayax
at 512 nm (short MWS, N=2 cells; Fig. 4D). In addition, the LWS
members of twin cones in adult fish were found to sporadically
depict unusually broad absorbance spectra (N=12 cells), with a
mean Ay, of 552 nm (Fig. 4G). Moreover, we also found one MWS
member with a broad absorbance spectrum at 523 nm A, (see
Discussion on the possible origin of these broad spectra; Fig. 4G,
Table 1).

Using whole-genome sequencing, we recovered 10 different
opsin genes from the dottyback genome, nine of which are
orthologous to visual opsin genes from other vertebrates and
similar in synteny to the visual opsin genes of the Nile tilapia
(O’Quin et al., 2011), and one of which is orthologous to exo-
rhodopsin, the opsin gene expressed in the pineal gland of fishes
(Mano et al., 1999; Fig. 5). Phylogenetic analyses revealed that
dottyback visual opsins belong to the known visual opsin gene
families in percomorph fishes (Rennison et al., 2012), including one
rod opsin gene used for scotopic vision (RHI) and six cone opsin
genes used for photopic vision: four ‘UV-blue’-sensitive genes
(SWS1, SWS2Aa, SWS2AB and SWS2B; see also Cortesi et al.,
2015b), one ‘blue—green’-sensitive gene (RH2B) and one ‘red’-
sensitive gene (LWS). In addition, we discovered a novel, possibly
dottyback-specific duplication of the ‘green’-sensitive RH2A gene:
RH2Ao and RH2AB, which cluster together in the phylogeny
(Fig. 5).

Independent of ontogeny, dottybacks did not express the UV-
sensitive SWSI or the green-sensitive RH2B genes (Fig. 1C;
Fig. S2). Larval dottybacks were found to express three single
(SWS2) and two twin cone (RH2 and LWS) opsins within their retina
(percentage of overall single or twin cone opsin expression):
SWS2B, 4.2+0.5%; SWS2Aa, 1.6+1.4%; SWS2A4B, 94.1£1.4%;
RH2Aa, 74.9+2.5%; and LWS, 23.942.5%. However, both SWS2B
and SWS2A0 were expressed at very low levels and are therefore
unlikely to be used for vision. Juvenile dottybacks, in contrast, were
found to express one single and two twin cone opsins: SWS2A48,
99.4+0.1%; RH2Ac, 50.2+4.7%; and LWS, 49.6+4.7%. Finally,
dottybacks with an adult expression profile were found to express
two single and three twin cone opsins: SWS24a, 71.71+2.5%;
SWS2Ap, 28.23+2.5%; RH2Aa, 20.5+3.0%; RH2Ap, 45.8+2.7%;
and LIS, 33.2+2.0% (Fig. 1C; Fig. S2).

The largest juveniles with juvenile expression profiles were found
to be between 19 mm (wild caught) and 24 mm (developmental
time series), and the smallest juvenile with an adult expression
profile was found to be 26 mm (wild caught). Hence, the transition
between the juvenile and the adult expression profile occurs when
dottybacks reach ~25 mm, well before the juvenile to adult colour
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change and habitat specialization take place. Moreover, these data
together with the MSP measurements enabled us to assign
visual pigments (and sensitivities) to opsin genes: SWS24a at
448 nm A,y (adult specific), SWS2AB at 457 nm Ayax, RH2Aa
at 524 nm Ayax, RH2AB at 512 nm Ay, (adult specific) and LIS at
561 nm A,y (Table 1 and Fig. 4).

Coral trout visual system

The coral trout rod cells contained a MWS pigment with a mean
Amax at 497 nm (N=22 cells; Fig. S1A), while single cones
contained a SWS pigment with a mean A, at 455 nm (N=10
cells; Fig. S1B). Similar to the dottybacks, the coral trout twin cone
members were found to have absorbance spectra that were broader
than would be expected based on the presence of only a single
pigment binding either an A; or an A, chromophore. However, in
this case, broad absorbance spectra were found for almost every cell
and often both twin cone members had a similar spectral absorbance
ranging from 507 to 532 nm A,y (mean A, =522 nm, N=48 cells;
Fig. S1C).

Colour discrimination by juvenile and adult dottybacks and
by the predatory coral trout
Using theoretical vision models, we found that the chromatic
contrast (AS) between differently coloured damselfish models
increased for adult dottybacks compared with juvenile dottybacks
(AS brown versus yellow damselfish: adult dottybacks with A;-
based LWS=5.540.5; adult dottybacks with broad LWS
spectrum=>5.0+0.4; juvenile dottybacks=4.3+0.3; LMM: %3=16.9,
P<0.001). However, while adult dottybacks with an A;-fitted LWS
had a significantly higher AS compared with juvenile dottybacks
(pairwise post hoc Tukey contrast: z=—4.2, P<0.001), this
difference was not apparent when using the broad LWS spectrum
(pairwise post hoc Tukey contrast: z=—0.1, P=0.1; Fig. 6E).

From the perspective of the predatory coral trout, we found that
when perceived against different habitat backgrounds, there was a

significant difference between juvenile and adult dottybacks for
colour (AS: LM, dottyback colourxhabitat type, trichromat:
F>134=134.9, P<0.001; dichromat: F,;3,=124.2, P<0.001) and
luminance contrast (AL: LM, dottyback colourxhabitat type,
trichromat:  F 134=55.0, P<0.001; dichromat: F,3,=48.4,
P<0.001; Fig. 6F). While adult yellow and brown morphs have
previously been shown to match their habitat (yellow on live coral
and brown on coral rubble; Cortesi et al., 2015a), we found no
difference in colour and luminance contrast for juveniles against
either habitat type (AS and AL values as well as pairwise post hoc
Tukey contrast tests are summarized in Table 2; Fig. 6F). However,
although using different chromaticity models did not change our
conclusions and AL remained similar between models, AS was
consistently lower for the dichromatic models than for the
trichromatic models (Table 2, Fig. 6F).

DISCUSSION

Using a multidisciplinary approach, we show that dottybacks
experience two major ontogenetic habitat shifts, which are
associated with multi-trait developmental modifications. Starting
their life as translucent larvae, dottybacks are likely to be well
camouflaged within the open water of the pelagic environment.
Upon returning to the reef to settle, larvae quickly become
pigmented and adopt a coloration that, independent of the habitat
background, appears cryptic from the perspective of their
predators. The smallest adult dottybacks from our study were
~43 mm, which coincides with the predicted minimum size at
which dottybacks are capable of feeding on juvenile fish prey
(Holmes and McCormick, 2010; Fig. 1A). Hence, adopting their
characteristic mimic coloration at this ontogenetic stage is likely to
deliver substantial fitness benefits in terms of deceiving and
capturing prey, and — at the same time — maintaining cryptic
benefits due to model-associated habitat specialization (see also
Cortesi et al., 2015a, for further details on multiple fitness benefits
of this mimicry system).

Table 2. Summary of the chromatic and luminance (achromatic) contrast between dottyback ontogenetic stages when perceived against different

habitat backgrounds by the coral trout, Plectropomus leopardus

Background Visual system Developmental stage AS t P AL t P
Live coral Trichromatic Adult (yellow) 0.6+0.1 -13.1 <0.001 0.3+£0.04 -8.9 <0.001
Adult (brown) 2.5+0.1 1.0+0.1
Dichromatic Adult (yellow) 0.4+0.1 -12.6 <0.001 0.3+0.04 -8.2 <0.001
Adult (brown) 1.640.1 1.0£0.1
Coral rubble Trichromatic Adult (yellow) 2.140.1 10.0 <0.001 0.8+0.1 5.9 <0.001
Adult (brown) 0.7£0.1 0.4+0.05
Dichromatic Adult (yellow) 1.320.1 9.7 <0.001 0.8£0.1 54 <0.001
Adult (brown) 0.4+0.04 0.4+0.05
Live coral Trichromatic Adult (yellow) 0.6+0.1 —-4.1 0.001 0.3+0.04 -0.8 1.0
Juvenile (grey) 1.6+0.4 0.3+0.1
Dichromatic Adult (yellow) 0.4+0.1 -4.0 0.001 0.3£0.04 -0.7 1.0
Juvenile (grey) 1.0+0.2 0.3+0.1
Coral rubble Trichromatic Adult (brown) 0.740.1 1.6 0.6 0.4£0.05 0.7 1.0
Juvenile (grey) 1.1£0.3 0.4+0.1
Dichromatic Adult (brown) 0.4+0.04 1.4 0.7 0.4+0.05 0.5 1.0
Juvenile (grey) 0.610.2 0.4+0.1
Live coral Trichromatic Juvenile (grey) 1.6+0.4 -16 0.6 0.3£0.1 0.6 1.0
Coral rubble 1.1£0.3 0.4+0.1
Live coral Dichromatic 1.0+0.2 -1.8 0.5 0.3£0.1 0.5 1.0
Coral rubble 0.6+0.2 0.4£0.1

Plectropomus leopardus visual system was modelled as trichromatic or dichromatic.
Note that modelling the coral trout as either a dichromat or a trichromat did not change the overall results. However, while luminance contrast values
(AL, meansts.e.m.) stayed consistent, chromatic contrast values (AS, meansts.e.m.) were always lower for the dichromatic compared with the trichromatic

models. Tukey post hoc tests.
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Interestingly, we found that the type of chromatophore within
the skin of dottybacks changes throughout ontogeny. Smaller
juveniles have a combination of erythrophores, xanthophores and
melanophores, while larger juveniles and adults lose erythrophores,
and instead possess low numbers of mosaic cells containing both
yellow and black pigments. Note, however, that the occurrence of
adult orange dottyback morphs in Papua New Guinea indicates that,
in some populations, erythrophores may be maintained throughout
ontogeny (Messmer et al., 2005). Furthermore, as erythrophores and
xanthophores are characterized by their carotenoid (red/orange)-
and/or pteridine (yellow)-derived coloration (Fujii, 1993; Skold
et al, 2016), dottybacks may only possess one ‘red—yellow’
chromatophore type. Changes in hue of this chromatophore could
then be achieved by varying the amount and/or type of pigment
within the cell. Such trans-differentiation of chromatophore cells is a
rarely described phenomenon in fish (Leclercq et al., 2009), but
could also explain the mosaic cells we found in larger dottybacks.
If cells were able to change their pigment content, then the non-
developmental colour changes in adult mimics (Cortesi et al.,
2015a) could occur without having to invest in the production of
novel cellular structures. However, chromatographic approaches are
needed to unambiguously distinguish between chromatophore types
and pigment contents thereof in dottybacks.

The visual systems of coral reef fish larvae often undergo major
morphological changes when the fish return to the reef and
metamorphose into their juvenile phenotypes (Evans and Browman,
2004; Evans and Fernald, 1990). Generally, early-stage larvae
possess a pure cone retina and are sensitive to shorter wavelengths
of light, which is ideal for a life in a well-lit epipelagic environment
(Britt et al., 2001; Evans and Browman, 2004; Evans and Fernald,
1990; Hunt et al., 2014). Our study did not include larval dottybacks
from their early planktonic stages, which could explain why we only
found very low levels or no expression of the shorter SWS (SWS/
‘UV’ and SWS2B ‘violet’) and MWS (RH2B ‘blue—green’)
pigments. What we found instead is that at the time when
dottyback larvae return from the pelagic environment, they
possess a fully developed retina containing all photoreceptor
types (single cones, twin cones and rods) that are also present in
adults. These photoreceptors mainly express three longer-
wavelength shifted cone opsins (SWS248, RH2Aa, LWS),
theoretically providing settlement-stage fish with the ability to see
colours likely to be necessary for survival on the reef (Evans and
Fernald, 1990).

Using qRT-PCR, we showed that juvenile dottybacks change to
an adult visual system when reaching ~25 mm, thereby predating
the ontogenetic colour change and juvenile to adult habitat
transition, which only occurs when dottybacks are substantially
larger (~43 mm). While it has previously been shown that
dottybacks express an additional blue opsin gene as adults
(SWS2Aa; Cortesi et al., 2015b), we found that, just like in
cichlids (Spady et al., 2006) and black bream, Acanthopagrus
butcheri (Shand et al., 2008), larger dottybacks in addition start to
express a second green opsin within their retina (RH2AS; Fig. 1;
Fig. S2). Strikingly, the synteny of green genes, while unknown for
black bream, is alike in dottybacks and cichlids, with the RH2Aa
gene occurring in a prominent reversed orientation between the
upstream RH2B and the downstream RH2Af genes (O’Quin et al.,
2011; Fig. 5). However, it remains to be investigated whether these
findings are instances of convergence or whether it is a more
commonly occurring pattern in fishes that possess multiple RH2A
genes, such as the Japanese rice fish, Oryzias latipes (Matsumoto
et al., 2006), or the tiger rockfish, Sebastes nigrocinctus (Fig. 5).
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Interestingly, in adult dottybacks, RH2Af was found to be the
highest expressed twin cone gene, but pure RH2AB pigment was
only found in two out of 43 cells. This suggests that the large
absorbance spectra in the adult LWS twin cones may derive from the
co-expression of RH2AS with LWS (RH2Af with RH2 Ao in the case
of the MWS twin cone). The proposed dottyback scenario of co-
expression involving two orthologous green genes (RH2A) with a
difference in A,y 0f ~10 nm and a longer shifted red gene (LWS),
has recently been reported for the freshwater cichlid Metriaclima
zebra (Dalton et al., 2014). In M. zebra, co-expressing multiple
visual pigments within a single photoreceptor significantly
enhances luminance discrimination, but the drawback seems to be
a decrease in chromatic colour discrimination (Dalton et al., 2014).
In support of these findings, we found a very similar pattern when
modelling dottyback and coral trout visual tasks using the broad
absorbance spectra instead of A;-based visual templates. This
suggests that pigment co-expression may serve a common function
even across very distantly related species, which raises the question
whether opsin co-expression has a long-lasting evolutionary history
in fishes?

An alternative to opsin co-expression would be that both the
dottyback and coral trout twin cone outer segments contained a
mixture of A; and A, chromophores, something that has previously
been found to cause broad absorbance spectra in frogs (Reuter et al.,
1971). However, so far there are very few (if any) coral reef fishes
that have been reported to contain A, chromophores within their
photoreceptors (e.g. Toyama et al., 2008). Moreover, given that for
both species the rod and SWS cones and in the dottyback also the
‘normal” MWS and LWS cones are fitted by A, templates, it is
unlikely that the broad spectra are due to chromophore mixtures.
Nevertheless, methods such as in situ hybridization, gene knock-out
approaches or chromophore extractions are necessary to
unambiguously assess whether the broad spectra are caused by
pigment co-expression or by chromophore mixtures.

Finally, the visual models showed that adult dottybacks might
have an increased ability to distinguish between the colorations of
the damselfishes they mimic compared with juvenile dottybacks, at
least when relying on pure A;-based LWS photoreceptors. Having
excellent colour discrimination could be essential for dottybacks to
determine the differences between the fishes they are going to
mimic, which might partly explain why juvenile dottybacks switch
their visual system well before ontogenetic colour changes take
place. Interestingly, it has recently been observed that opsins are
also expressed in a variety of non-eye tissues of fishes including the
skin, where they are thought to mediate colour change via
chromatophore light sensing (e.g. Chen et al., 2013; Davies et al.,
2015). Whether the dottybacks also express opsins in their skin and
how light sensing may contribute to colour change in this species
warrants further investigation.

Using theoretical visual models as well as modelling only a few
visual tasks, however, has its limitations. The assumption that
juvenile dottybacks are trichromatic while adults are tetrachromatic,
or, for that matter, that the coral trout is either dichromatic or
trichromatic, needs to be verified by behavioural experimentation.
Moreover, the models show that both juvenile and adult dottybacks
should have colour vision and behavioural experiments are therefore
needed to establish the significance (if any) of the changes in colour
discrimination between different developmental stages. This is
important because it is currently not understood what a change in
JND beyond the discrimination threshold of 1 signifies for the
animal, and whether the discrimination threshold varies depending
on direction and position in colour space. Finally, behavioural
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experiments are also needed to test the role putative opsin co-
expression may play for vision in these species.

In conclusion, despite the evolutionary importance of
ontogenetic habitat shifts, detailed studies investigating the
triggers for the transitions and how these interrelate with multi-
trait developmental adaptations remain scarce. Here, we examined
ontogenetic habitat transitions in the dusky dottyback, an enigmatic
mimic with the ability to imitate differently coloured model species
in its surroundings. We show that dottybacks start their lives well
camouflaged within their respective habitats and while their visual
systems quickly adapt to a lifestyle on coral reefs, changes to their
mimic adult coloration and associated habitat specialization only
occur once dottybacks are big enough to feed on juvenile fish prey.
Therefore, our study highlights the importance of comparative
approaches to understand how species adapt and evolve to an ever-
changing environment.
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Fig. S1. Normalized pre-bleach absorbance spectra of the coral trout visual pigments
(measured with MSP). (A) The visual pigment found in the rod photoreceptor used for
scotopic vision (n = 22), (B) the ‘blue” SWS single cone (n = 10), (C) the mean of the broad
absorbance spectra found in the twin cones (MWS and LWS) and thought to be the result of a
coexpression of two visual pigments with a range of 507 — 532 nm Apax (n = 48). Spectra are
fitted with Vitamin A1 rhodopsin templates of the appropriate Amay calculated using the
equations of Stavenga et al., 1993. Note that in (C) no visual templates were fitted, instead

the A1 based visual templates for 507 nm and 532 nm Amax are shown in grey.
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Fig. S2. Difference in opsin gene expression throughout dottyback ontogeny.

(A) A principle component analysis (PCA) shows dottyback cone opsin expression of larvae

prior to settlement and one day post settlement (dps) in yellow ( n = 18), small juveniles (7 —

9 dps and 34 dps) in dark green (n = 16), large juveniles in bright green (n = 7), and adults in

violet (n = 12). The lines indicate differences in gene expression between individuals,

separating ontogenetic stages into three distinct expression profiles: (B) larval-expression (n

= 18), (C) juvenile-expression (n = 17), and (D) adult expression (n = 18). Note that the

smallest of the large juveniles at 19 mm standard length (SL) clusters together with

individuals of the juvenile-expression profile, while the remaining large juveniles (> 26 mm

SL) already show an adult-expression profile. Gene expression was calculated for single and

twin cone genes separately.
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Table S1. Spectral characteristics of visual pigment found in the scotopic rod, and the

photopic single cone and twin cone photoreceptors of the coral trout, Plectropomus

leopardus. Both twin cone members showed broad absorbance spectra that are likely to be

caused by pigment coexpression within outer segments with a range of 507 — 532 nm Amax

(also see discussion in the main article; Fig. S1).

single cone twin cone rod
Morphological distinction SWS broad spectra
(coexpression?)
MWS & LWS
Amax Mean £ s.e.
pre-bleach absorbance spectra (nm) 455.4 522.1 496.5
+0.7 +0.9 +0.6
difference spectra (nm) 4573 522.8 501.9
+1.6 +1.1 +1.2
no. cells pre-bleach/difference spectra 10/11 48/39 22/23

Table S2. qRT-PCR and pool primers used in this study

method gene (efficiency) | primer name orientat | primer sequence
ion
qRT_PCR SWSI (90%) Pfus SWS1_2F forward | TTTTGGAGCCTTCAAGTTCACCAG
qPCR primers Pfus SWSI_23R reverse GATGTACCTGCTCCAGCCAAAG
qRT_PCR SWS2B (94%) Pfus SWS2B_IFI forward | CCGTGGGCTCCTTCACCTG
qPCR primers Pfus SWS2B_12R1 reverse GGCTCACCATGCCTCCAATC
qRT_PCR SWS24a (96%) | Pfus SWS2Aalfa_I2F1 forward | CATGGCAACACTCGGGGGTATG
qPCR primers Pfus SWS2Aalfa 2R1 reverse CGCAAACACCCAGGTGAACC
qRT_PCR SWS2A4p (96%) Pfus SWS2Abeta_1F2 forward | GGTGAACTTGGCTGCCGCG
qPCR primers Pfus SWS2A4beta_12R1 reverse CCATACCTCCAAGTGTTGCTAC
qRT_PCR RH2B (91%) Pfus RH2B_23R_new forward | TGTACCTCGACCAGCCCACC
qPCR primers Pfus RH2B 2F _new reverse TGTGGTCTGTAAACCTATGGGC
qRT_PCR RH2Aa (tba) gPCR_RH2Aa_ex4_F1 forward | GCTGCCTTCACCGCCCTC
qPCR primers qPCR_RH2Aa_ex45_RI reverse GTCAGCATGCAGTTACGGAAC
qRT_PCR RH2Ap (tba) gRH2Abeta_ex2 FI forward | GGAGCTTCAAGTTCGGTGGAT
qPCR primers gRH2Abeta_ex23 RI1 reverse ATGTACCTGGACCAGCCAGC
qRT_PCR LWS (91%) PFus LWS 34 F1 forward | TGTCTCAACCTGTGGTATTACTGC
qPCR pool PFus LWS 4_RI reverse GGATCCCACCTGTGGCCCAT
Sanger SWS1 POOL_Pfus SWSI_F forward | CTGTGTGCCATGGAGTCTGCC
sequencing qPCR pool SWSI1_R2d_dam reverse TCGTTGTGGGTGTACCAGTC
Sanger SWS2B POOL_Pfus SWS2B_F forward | GTGACTGGTACTGCCATCAATATC
sequencing qPCR pool POOL_Pfus SWS2B_R reverse AACGATGGTGAAGAAGGGGATGGAA
Sanger SWS24a POOL_Pfus_SWS2Aalfa F forward | CTCACTATTGCATGCACCGCC
sequencing qPCR pool POOL_Pfus_SWS2Aalfa_R reverse GCCCATGCCCAGCATCGCT
Sanger SWS24p POOL_Pfus SWS2Abeta_F forward | CTTACCGTTGCATGCACCGTG
sequencing qPCR pool POOL_Pfus SWS2Abeta R reverse TCCACTCATCCCCAGCATCTTC
Sanger RH2B RH2B_F2 Fuscus forward | TTA TCCTGGTTAACTTGGC
sequencing qPCR pool Rh2B_R2c_dam reverse ATCACATAGGATTCGTTGTTG
Sanger RH2A4a poolRH2Aalpha_ex] F1 forward | TCCAACAGGACTGGGATAAC
sequencing qPCR pool poolRH2Aalpha_ex5 R1 reverse CCATCCCAATAGTCGTCAG
Sanger RH2A4p poolRH2Abeta_ex1 F1 forward | CCAACAGGACGGGGATTGT
sequencing qPCR pool poolRH2Abeta_ex5 _RI1 reverse GCCACCCATTCCAATAGTG
Sanger LWS LWS_R4dFin_dam forward | CCCAAAACGAAGAACATGGA
sequencing qPCR pool LWS Féd_dam reverse AAGTTCAAGAAACTCCGTCA

c
o
)

©

£
=
‘2
=

P

9

©
+—

=

Q

£
K]

Q

Q

=}
(%]

.

>

(o2
o
2
[22]
©
+

=

Q
£

fe

Q

Q

X
Ll
Y

[e]
©

f=

b

>

o
=

63



64



Chapter 3
Ancestral duplications and highly dynamic opsin gene

evolution in percomorph fishes

F. Cortesi', Z. Musilova', S. M. Stieb, N. S. Hart, U.E. Siebeck,
M. Malmstrom, O. K. Terresen, S. Jentoft, K. L. Cheney,
N. J. Marshall, K. L. Carleton, W. Salzburger

Proceedings of the National Academy of Sciences of the
United States of America (2015)

3.1. Manuscript p. 67 - 72

3.2. Supporting Information & commentary p. 73 - 88
3.3. Commentary by Harris R.M. & Hofmann H.A p. 89 - 90

65



66



BEEERRNAS - PN AS  PNAS

CrossMark
& click for updates

Ancestral duplications and highly dynamic opsin gene
evolution in percomorph fishes

Fabio Cortesi*®<'2, Zuzana Musilova®'2, Sara M. Stieb®<, Nathan S. Hart®, Ulrike E. Siebeckf, Martin Malmstrom?,
Ole K. Torresen?, Sissel Jentoft9, Karen L. Cheney®, N. Justin Marshall, Karen L. Carleton", and Walter Salzburger™?

Zoological Institute, University of Basel, Basel 4051, Switzerland; Schools of "Biological Sciences and ‘Biomedical Sciences and “Queensland Brain Institute,
The University of Queensland, Brisbane 4072, Australia; 9School of Animal Biology and °The Oceans Institute, The University of Western Australia, Crawley
6009, Australia; 9Centre for Ecological and Evolutionary Synthesis, Department of Biosciences, University of Oslo, Oslo 0316, Norway; and hDepar‘tment of

Biology, University of Maryland, College Park, MD 20742

Edited by Trudy F. C. Mackay, North Carolina State University, Raleigh, NC, and approved November 20, 2014 (received for review September 15, 2014)

Single-gene and whole-genome duplications are important evolu-
tionary mechanisms that contribute to biological diversification by
launching new genetic raw material. For example, the evolution of
animal vision is tightly linked to the expansion of the opsin gene
family encoding light-absorbing visual pigments. In teleost fishes,
the most species-rich vertebrate group, opsins are particularly
diverse and key to the successful colonization of habitats ranging
from the bioluminescence-biased but basically dark deep sea to
clear mountain streams. In this study, we report a previously
unnoticed duplication of the violet-blue short wavelength-sensitive
2 (SWS2) opsin, which coincides with the radiation of highly
diverse percomorph fishes, permitting us to reinterpret the
evolution of this gene family. The inspection of close to 100 fish
genomes revealed that, triggered by frequent gene conversion
between duplicates, the evolutionary history of SWS2 is rather
complex and difficult to predict. Coincidentally, we also report
potential cases of gene resurrection in vertebrate opsins, whereby
pseudogenized genes were found to convert with their functional
paralogs. We then identify multiple novel amino acid substitutions
that are likely to have contributed to the adaptive differentiation
between SWS2 copies. Finally, using the dusky dottyback Pseudo-
chromis fuscus, we show that the newly discovered SWS2A dupli-
cates can contribute to visual adaptation in two ways: by gaining
sensitivities to different wavelengths of light and by being differ-
entially expressed between ontogenetic stages. Thus, our study
highlights the importance of comparative approaches in gaining
a comprehensive view of the dynamics underlying gene family
evolution and ultimately, animal diversification.

gene duplication | gene conversion | gene resurrection | Percomorpha |
SWS2

Gene and whole-genome duplications facilitate the acquisi-
tion of novel biological functions (1, 2) and are, hence,
considered important forces to achieve major evolutionary tran-
sitions (3). For example, whole-genome duplications in the re-
spective ancestors of yeast (4), vertebrates (5), and teleost fishes
(6) are thought to have laid the genomic foundation for many key
characteristics crucial to the evolutionary success of these lineages.
More common, however, are single-gene duplications, which often
act as a springboard for adaptive diversification of entire gene
families as exemplified by the immune-regulatory MHC genes in
hominids (7), hemoglobins in tetrapods (8) and bony fishes (9), or
opsins in mantis shrimps (10), fishes (11), and primates (12).
Opsins are at the core of animal vision, an important sensory
system involved in, for example, food gathering, communication,
predator avoidance, mate selection, and navigation. In vertebrates,
opsins are expressed primarily in ciliary photoreceptor cells
(c-opsins) and encode for G protein-coupled receptors that bind
to a light-absorbing, vitamin A-derived nonprotein retinal chro-
mophore (13). The evolution of opsin genes is a prime textbook
example of how changes at a molecular level—in the form of
duplications (11, 12), mutations (14), and changes in gene

www.pnas.org/cgi/doi/10.1073/pnas. 1417803112

expression (11)—drive adaptation to divergent photic environ-
ments (15), which may ultimately lead to speciation (16). In
addition, because of the possibility to directly link opsin geno-
types to functional visual phenotypes (i.e., spectral sensitivities),
opsins are among the best studied and functionally best char-
acterized gene families in vertebrates (15, 17).

Other than rhodopsin (RH1), the rod-based visual pigment of-
ten used for scotopic vision, vertebrates possess four basic types of
cone opsin genes, which mediate color vision: two short wavelength
(UV-blue)-sensitive (SWS) genes (SWS1 and SWS2), a mid-
wavelength (green)-sensitive gene (RH2), and a long wavelength
(yellow-red)-sensitive gene (LWS) (17). Unlike in tetrapods,
where this basic opsin setup remained relatively constant, teleost
opsins have duplicated extensively, leading to an astonishing
richness of opsin genes (18). Opsins are particularly diverse in
spiny-rayed fishes [Acanthomorpha (18)]—with >18,000 species,
it is the most species-rich taxon of vertebrates that also includes
the highly diverse percomorphs (19).

Significance

Gene and whole-genome duplications are important evolutionary
forces promoting organismal diversification. Teleost fishes, for
example, possess many gene duplicates responsible for photore-
ception (opsins), which emerged through gene duplication and
allow fishes to adapt to the various light conditions of the aquatic
environment. Here, we reevaluate the evolutionary history of the
violet-blue-sensitive opsins [short wavelength-sensitive 2 (SWS2)]
in modern teleosts using next generation genome sequencing.
We uncover a gene duplication event specific to the most diverse
lineage of vertebrates (the percomorphs) and show that SWS2
evolution was highly dynamic and involved gene loss, pseudo-
genization, and gene conversion. We, thus, clarify previous dis-
crepancies regarding opsin annotations. Our study highlights the
importance of integrative approaches to help us understand how
species adapt and diversify.
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Opsin duplications in teleosts occur at all taxonomic levels
(18), affecting the visual systems of entire families (20), genera
(21), or individual species (22). In addition, opsin diversity in-
creases because of differences in the evolutionary fate of dupli-
cates (18). In many fishes, novel opsins become pseudogenes
(i.e., still detectable functionally disrupted genes) or are lost shortly
after emerging through duplication (ie., nonfunctionalization).
However, novel opsins can persist if they acquire new functions
(i.e., neofunctionalization). Neofunctionalization is primarily
achieved through changes in amino acids at key tuning sites (typi-
cally of the retinal binding pocket), leading to shifts in the peak
absorbance (Amax) Of opsin proteins and consequently, sensitiv-
ities to different wavelengths of light (17, 18). However, neo-
functionalization can also include differential expression of genes
throughout ontogeny (20). Finally, opsin duplicates might be
subject to gene conversion (18, 21), a common form of reticulate
evolution that serves as an important homogenizing force or a re-
pair mechanism between paralogous genes (23). Gene conversion
typically occurs between functional paralogs, but it may also in-
volve pseudogenized genes, thus leading to their resurrection (24).

The majority of known opsin gene duplications affecting
a large number of fish species involve the midwavelength and
long wavelength-sensitive genes (RH1, RH2, and LWS), whereas
only one major duplication event of an SWS gene, that of the
blue opsin SWS2 (SWS2A and SWS2B) at the base of the spiny-
rayed fishes, has been described (18). However, phylogenetic and
functional comparisons between different opsin gene families
suggest that the evolutionary history of SWS2 might be more
complex than previously thought. To begin with, based on a
predicted duplication rate of approximately one duplication
event every 100 My (25) and the estimated age of the clade
[teleosts started to diversify in the Carboniferous to Permian
330-260 Mya (26, 27)], a larger number of SWS2 duplicates is to
be expected. Furthermore, teleost SWS2 genes show surprisingly
high rates of amino acid substitutions (28) but comparatively low
rates of diversification postduplication (18), indicating major
discrepancies in current SWS2 gene annotations.

Against this background, we reevaluate the evolutionary his-
tory of SWS2 in teleosts using next generation sequencing and
open access data mining. We explored transcriptomic and ge-
nomic information on SWS2 from a phylogenetically represen-
tative set of close to 100 fish species and examined in detail the
different evolutionary scenarios (gene duplication, loss, and
conversion) that have shaped the SWS2 diversity in teleosts, with
a particular focus on acanthomorphs. In doing so, we uncover
a major SWS2A duplication, which coincides with the radiation
of percomorph fishes. Using a combination of microspectro-
photometric (MSP) and quantitative real-time RT-PCR (qRT-
PCR) experiments in a species that retained both paralogs, the
dusky dottyback Pseudochromis fuscus, we provide evidence for
neofunctionalization in SWS2A. We finally show that the SWS2A
duplication was followed by a complex pattern of gene loss and gene
conversion in the different lineages of this highly diverse group of
fish, offering an explanation for why this duplication event remained
undetected so far.

Results and Discussion

SWS2 Duplication, Gene Sy y, and Phylog ic Reconstruction.
Using a phylogenetic representative sample of 97 fish species
(Table S1) covering most of the currently recognized neoteleost
lineages [Neoteleostei (19)], we first show that a duplication of
SWS2 into SWS2A and SWS2B occurred around the appearance
of the first neoteleosts 190-170 Mya (26, 27), thereby shifting the
previously described acanthomorph-specific origin of this dupli-
cation deeper into the teleost phylogeny (18, 21) (Fig. 1). A
closer inspection of the genomic region (~30 kb) between the
highly conserved HCFC1 gene upstream and LWS or GNL3L
downstream of SWS2 revealed two additional duplication events

1494 | www.pnas.org/cgi/doi/10.1073/pnas.1417803112

and the retention of up to three SWS2 genes in some fish line-
ages (Fig. 1).

More ancestral fish only possess one SWS2 gene [Anguilli-
formes, Ostariophysi, and Salmoniformes (18)], whereas most of
the basal neoteleosts have lost SWS2 entirely (Osmeriformes,
Stomiiformes, Ateleopodiformes, and Myctophiformes) (Fig. 1).
However, we discovered two SWS2 genes in lizardfishes (Aulo-
piformes), which cluster together with SWS2B from more de-
rived taxa and therefore, mark the earliest appearance of SWS2B
in the phylogeny (Fig. S1). Because the two SWS2B paralogs
were only recovered in lizardfish and not in other neoteleosts,
this duplication is likely lineage-specific (Fig. 2 and Fig. S1).
Most interestingly, we discovered a duplication of SWS2A that is
associated with the emergence of the first percomorph fishes
110-130 Mya (19, 27), the most species-rich clade of teleosts
(Figs. 1 and 2 and Fig. S1). Several percomorph groups, including
jacks (Carangiformes), dottybacks (Pseudochromidae), rockfishes
(Sebastidae), and seabreams (Sparidae), retained three complete
copies of SWS2 (SWS2Aa, SWS2AB, and SWS2B), whereas others,
including tunas (Scombriformes; SWS2Aa and SWS2B), pufferfishes
(Tetradodontiformes; SWS2B), stickleback (Gasterosteiformes;
SWS2Ap and SWS2B pseudogene), and cichlids (Cichlidae;
SWS2Aa, SWS2B, and SWS2A pseudogene), have secondarily
lost one or two SWS2 copies and/or feature pseudogenized SWS2
paralogs (Figs. 1 and 2). The earliest indication for an SWS2A-
specific duplication was found in toadfishes (Batrachoidiformes),
which have a complete SWS2Aa copy and an SWS2AB pseudo-
gene (Fig. 1).

Evolutionary History of SWS2. In general, teleosts vary substantially
in the retention of SWS2 opsins between but also within lineages
(e.g., Beryciformes, Gobiomorpharia, and Pleuronectiformes)
(Figs. 1 and 2). Furthermore, high rates of gene conversion seem
to promote the evolutionary dynamics in this gene family (Fig. 1).
Using single-exon phylogenies (Fig. 34 and Fig. S2) and a sliding
window analysis to measure the neutral divergence along SWS2
[rate of synonymous substitutions per synonymous sites (dS)] (Fig.
3B and Fig. S3), we found that gene conversion affects SWS2
copies in almost all fish lineages. However, the extent of gene
conversion differed between SWS2 paralogs. When two SWS2A
paralogs were involved, conversion affected larger sections of genes
(mostly of exons 2 and 3) compared with SWS2B (mostly of exon
4) (Fig. 1 and Figs. S2 and S3). These differences could be ex-
plained by a higher similarity of SWS2A copies because of the
additional duplication event in percomorphs, which is likely to in-
crease the chances and extent of gene conversion (23).
Surprisingly, in the common mora (Mora mora) and the
roughhead grenadier (Macrourus berglax; both Gadiformes),
SWS2A is pseudogenized, but some exons do not contain stop
codons or frame shifts; compared with the functional SWS2B,
these parts produce highly congruent nucleotide alignments
(>90% identical in both cases). A similar pattern was found
for the SWS2A pseudogene in the opah (Lampris guttatus;
Lampriformes; 86% identical to SWS2B) and the SWS2AB
pseudogene in the Asian swamp eel (Monopterus albus; Syn-
branchiformes), and the shortspine African angler (Lophius
vaillanti; Lophiiformes; >94% identical to SWS2A« in both
cases). Sliding window analyses revealed that, in these species,
gene conversion occurred between pseudogenized and complete
paralogs (Fig. S3). Moreover, using phylogenetic approaches, we
could show that, at least for the grenadier and the swamp eel, the
conversion occurred in the direction from the pseudogene to the
potentially functional gene, providing what may be the first evi-
dence, to our knowledge, for gene resurrection in vertebrate
opsins (Fig. S4). However, a broader taxonomic sampling and
functional approaches using expression analyses are needed to
fully sustain our findings. Notably, in beryciforms, the dS values
between SWS2A and SWS2B are very low, indicating that an almost
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Fig. 1. Evolutionary history of SWS2 in teleost fishes. A first ancestral duplication of SWS2 into SWS2A and SWS2B happened at the base of the Neoteleostei
(orange), which was followed by a second percomorph-specific duplication of SWS2A into SWS2Ax and SWS2AB (yellow). A lineage-specific SWS2B dupli-
cation was further discerned in lizardfishes (Aulopiformes). SWS2 gene synteny is schematically shown by blue polygons pointing out the direction of
transcription, and the highly conserved HCFC1 upstream and LWS or GNL3L (in case of LWS loss) downstream genes are shown in gray; missing polygons equal
gene loss. A dotted line with a question mark indicates a lineage for which genomic data of the target region could not be obtained. Gene conversion is
depicted on an exon by exon basis in orange. Phylogenetic reconstruction, including age estimation, is based on the consensus of the most recent global fish
phylogenies (19, 27). Fig. S1 shows the SWS2 gene phylogeny.
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complete conversion between those genes has recently occurred
(Fig. S3). This observation is supported by the SWS2 phylogeny,
where the beryciform SWS2A clusters close to the SWS2B clade
and outside of the remaining SWS2As, thus suggesting that, in
this case, a conversion occurred from SWS2B to SWS2A (Fig. S1).

Overall, the postduplication dynamics of SWS2 do not follow
a phylogenetic pattern (Fig. 1) and are much more complex than
previously reported for other opsin genes in fishes (18). The high
rates of gene conversion were unexpected, because gene conver-
sion usually affects larger gene families [more than five members
(23)]. Our findings have strong implications for the interpretation
of SWS2 gene evolution. Initially, we reconstructed gene phylog-
enies based on full coding regions; however, the SWS2Aa« clade in
particular was poorly resolved, showing low or a lack of support
for many of the nodes (Fig. S5). In contrast, when the converted
regions were removed (based on the sliding window analysis) (Fig.
S3), clades became well-resolved and supported (Fig. S1). Most
importantly, high and variable rates of conversion even within
lineages (e.g., Anabantiformes) (Fig. S3) constantly homogenize
gene copies, making it impossible to reconstruct their evolution-
ary history on the basis of traditional phylogenetic methods.

If high rates of gene conversion are, in fact, a much more
common phenomenon affecting not only opsin evolution but the
evolution of many other gene families alike, then our results
could have even farther reaching implications in that previous
analyses based on common methods of gene evolution should
potentially be reassessed.

Neofunctionalization of SWS2 Genes. The ancestral SWS2 was
predicted to have had a Ap,x between 400 and 440 nm (17).
However, SWS2As and SWS2B diversified and became maxi-
mally sensitive within the blue light (440-480 nm) and the violet
light (400-440 nm) spectra, respectively (11). Comparing known
(17) and potential key tuning sites (i.e., retinal binding pocket
sites) between SWS2 copies (Fig. 3C and Fig. S6) combined with
ancestral state reconstruction, we identified 11 amino acid sites
with clade specificity (Fig. S1). Five of these sites also differed in
physical properties between one another, making them prime
candidates for sites under adaptive divergence by spectral tuning
(29) (Fig. S1). In agreement with the older age of the initial
neoteleost-specific SWS2 duplication, we found that most of
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these amino acid substitutions occurred between SWS2B and
both SWS2A paralogs (n = 9 of 11 sites) (Fig. S1). The remaining
two substitutions were found to be SWS2Ap-specific, whereas no
SWS2Aa-specific amino acid could be identified, thus suggesting
that functional divergence between SWS2A paralogs occurred
through a shift in spectral sensitivity in SWS2Ap (Fig. S1).
Interestingly, only three of the newly identified sites coincide with
the eleven previously known key tuning sites of SWS2 (17): 94, 109,
and 116 (amino acid positions standardized to bovine rhodopsin).
Therefore, our approach highlights the importance of comparative
approaches across a large number of species to identify amino acid
substitutions that might have a more general impact on opsins.

Neofunctionalization in the Percomorph-Specific SWS2A Duplicates.
MSP measurements of the dusky dottyback retina (P. fuscus;
Pseudochromidae) revealed that dottybacks possess single cone
cells with two distinct visual sensitivities, which fall within the
expected range of SWS2A. Although both adult and larval dotty-
backs were found to have single cone cells sensitive to 457 nm
Amax (prebleach Ap, mean + SE: 456.78 + 1.53 nm; n = 4 cells),
adult dottybacks were additionally found to have single cone
cells sensitive to 448 nm Apyax (447.51 + 0.91 nm; n = 11 cells)
(Fig. 3D). Therefore, SWS2A paralogs may be differentially
expressed between ontogenetic stages in dottybacks, a pattern
that has previously been described from the cichlid-specific green
opsin duplicates (RH2A«a and RH2Ap), which feature a similar
difference in Amax (~11 nm) to the one found here (20).

To elaborate on the possibility of ontogenetic neofunctionalization
in dottybacks and because single cones mostly express SWS1
and SWS2 (30), we compared the relative levels of gene ex-
pression across all SWS genes between adult and larval dotty-
backs. We found that the UV-sensitive SWS1 gene was not
expressed (Fig. 3E), which is supported with transmission mea-
surements that show UV-impermeable lenses in adult dottyback
eyes (31). Likewise, although SWS2B expression was found to dif-
fer between ontogenetic stages (percentage of total SWS expres-
sion mean + SE: adults, 0.04% + 0.01%; larvae, 4.45% + 0.73%;
two-tailed ¢ test, tg = —9.43, P < 0.001), it is probably not relevant
for dottyback vision, because it is expressed in very low levels
overall (Fig. 3E). Consequently, dottyback single cones mostly
express SWS2As. Importantly, the SWS2A paralogs differed
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substantially in their relative levels of gene expression between
ontogenetic stages: adults primarily expressed SWS2Aa (adults,
7591% + 2.96%; larvae, 2.66% + 2.46%; Wilcox test, Z =
—2.803, P = 0.005), whereas larvaec mostly expressed SWS2AB
(adults, 24.05% =+ 2.95%; larvae, 92.87% =+ 2.53%; Z = —2.803,
P = 0.005) (Fig. 3E). These results together with the MSP
measurements (see above) suggest that SWS2Ap is the longer
wavelength-tuned paralog, which is consistent with the occur-
rence of an amino acid substitution at site A269T that is known
to induce a positive shift in spectral sensitivity of 6 nm (17).
Coincidentally, A269T is the only amino acid substitution within
our dataset for which the resulting shift in spectral sensitivity has
been experimentally confirmed by in vitro mutagenesis (17).
Moreover, the A269T amino acid substitution was never found in
the putatively more conserved SWS2Aa copy, but it arose multiple
times independently in other SWS2 copies of fishes, including in
SWS2Ap of jacks and seabreams (two other families that retained

Cortesi et al.

a full set of SWS2 copies) and one of the SWS2B duplicates of
lizardfishes (Fig. S1).

Although at this point, we can only speculate about the bi-
ological significance of the ~10-nm shift in spectral sensitivity
between the dottyback SWS2A copies, small spectral shifts in
sensitivity of other opsin genes in fishes (4-15 nm) have previously
been implicated to drive ecological adaptations to various light
environments (32) or in some cases, even lead to speciation (16,
33). Similarly, the biological significance of the ontogenetic neo-
functionalization of SWS2A copies remains to be investigated but
could be tied to major life history changes when larval dottybacks
transition in light environment and/or food source from a pelagic
life in the open water to a benthic adult life on shallow coral reefs.

Summary and Significance of Findings. Despite the importance of
opsin genes as key components of the animal visual system, little
is known about the evolutionary history of this gene family within
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a larger phylogenetic context. Here, we examine the molecular
evolution of SWS2 opsins across teleost fishes. We report mul-
tiple gene duplication events in SWS2, including a newly dis-
covered duplication of SWS2A that is specific to the most
species-rich lineage of vertebrates (percomorph fish), and pro-
vide a novel classification of teleost SWS2 genes, calling for the
reinterpretation of previous results. Furthermore, we uncover
a complex pattern of gene loss, pseudogenization, and gene
conversion (in some cases, possibly leading to the resurrection of
pseudogenized gene copies) after SWS2 duplications in fishes.
Finally, we provide evidence for functional (adaptive) divergence
through neofunctionalization between the percomorph-specific
SWS2A paralogs. Our study highlights, once more, the impor-
tance of comparative approaches in gaining a comprehensive
understanding of the dynamics underlying gene family evolution
and ultimately, speciation.

Materials and Methods

Detailed methods are described in S/ Materials and Methods.
Data Collection, Gene Sy y, and Phyl Our analyses fo-
cused on the genomic region containing SWS2 genes between the upstream
HCFC1 and downstream LWS or GNL3L genes (~30 kbp) in 97 fish species.
Genomes, transcriptomes, or single SWS2 genes of 44 species were accessed
from public databases at GenBank (www.ncbi.nlm.nih.gov/genbank/) and
Ensembl (www.ensembl.org/index.html) (Table S1); the sequences for 53
taxa are new to this study. Raw reads of 38 teleost genomes were used to
BLAST search and assemble the target genomic region; for nine species, we
sequenced the region using PGM lonTorrent (www.lifetechnologies.com)
(Table S2). PGM lonTorrent was also used to generate a reference tran-
scriptome for the dusky dottyback, and an Illumina HiSeq 2000 DNA se-
quencer (www.illumina.com) was used to generate retina-specific tran-
scriptomes for five additional species (Table S1). Coding regions of the SWS2
genes were individually retrieved from the genomic region containing
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SWS2. To test for gene conversion, we used single-exon gene phylogenies
and combined them with a sliding window approach on one member of
each fish family to compare the dS ratio of gene copies (Figs. S2 and S3).
Bayesian phylogenetic analyses were performed on coding regions of SWS2
genes (exons one to five; excluding converted parts) (Fig. S1). Results from
synteny, gene phylogeny, and conversion approaches were subsequently
mapped onto a consensus of the latest fish phylogenies (19, 27) (Fig. 1).

Functional Analysis. Potentially functional amino acid substitutions were
searched for by comparing known key tuning (17) and retinal binding pocket
sites of genes from one fish species per family (based on alignments in ref. 34)
and extracting those sites that differed in the clade consensus (applying a ma-
jority rule consensus after removal of the converted parts) between paralogs
(Fig. S6). Mesquite v.3.0 (35) was used to reconstruct the ancestral state of 15
identified sites, which confirmed that 11 of them were clade-specific. Key amino
acids were then mapped onto the SWS2 gene phylogeny (standardized to
bovine rhodopsin) (Fig. S1). Additionally, we also marked those species with
a substitution of A269T, which is known to cause a positive shift in visual sen-
sitivity of 6 nm (17) (Fig. S1). A functional analysis of the percomorph-specific
SWS2A duplicates was conducted in the dusky dottyback using a combination
of MSP (36) and qRT-PCR approaches (29) (Fig. 3 D and E and Table S2).
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SI Materials and Methods

Study Species. This study included 97 fish species, of which mo-
lecular data for 44 species were available from public databases
(Table S1), and 53 species were sequenced specifically for this
study; 38 species were part of the teleost/Acanthomorpha whole-
genome sequencing project at the Centre for Ecological and
Evolutionary Synthesis, and 12 samples were obtained from the
aquarium trade to be newly sequenced. Fin clips of seven species
from the aquarium trade were preserved in 95% ethanol (95:5,
ethanol:ddH,O) until total DNA was extracted using a QiaGen
DNeasy Tissue commercial kit (www.qiagen.com), and of the
remaining five species, retinas were preserved in RNAlater
(www.lifetechnologies.com) for subsequent transcriptome se-
quencing (Table S1). Three dottyback species (Pseudochro-
midae) were caught at Lizard Island (14°40" S, 145°27" E),
Great Barrier Reef, Australia between 2007 and 2013 (Table
S1). Dottybacks were collected on snorkel from shallow reefs
(depth of 2-5 m) surrounding the island using an anesthetic
clove oil solution (10% clove oil, 40% ethanol, and 50% sea-
water) and hand nets. A fin clip was preserved in 95% ethanol
(95:5, ethanol:ddH,O) until total DNA was extracted using a
standard salt precipitation protocol (1). In addition, several
dusky dottyback (Pseudochromis fuscus) tissues were preserved
on RNAlater for subsequent transcriptome sequencing and gene
expression analysis. Larval dusky dottybacks were caught over-
night using light traps during the summer recruitment pulses in
November of 2007 and October and November of 2013 and ei-
ther directly used for MSP measurements or kept on RNAlater
for subsequent gene expression analysis.

SWS2 Gene Synteny.

Transcriptome sequencing and SWS2 reference mapping. Total RNA
from various dusky dottyback tissues was extracted using a Qia-
Gen RNeasy Plus Universal Kit (QiaGen): skin, liver, eyes, and
gonads from a brown male individual [total length (TL) =
69 mm)]; skin, brain, anal fin, caudal fin, and gonads from a yel-
low female individual (TL = 71 mm); and one entire small im-
mature individual (TL = 22 mm). BioAnalyzer (www.genomics.
agilent.com) was used to measure the initial concentration of
the different extracts, after which they were diluted to the same
concentration and pooled. The pool was then used to prepare a
library for high-throughput sequencing using the Dynabeads
mRNA Purification Kit (LifeTechnologies) for mRNA selec-
tion and the Ion Total RNA-Seq Kit (LifeTechnologies) for
standard steps, such as RNA-to-cDNA transcription and size
selection. Transcriptome sequencing was performed on an Ion-
Torrent PGM platform (LifeTechnologies) using a 316 chip,
standard run conditions, and a 120-bp length restriction. The run
produced >3.4 million unique reads (70% efficiency) with
a mean length of 113 bp, equaling a total number of 389.06 Mbp,
of which 330.67 Mbp had a Phred quality score of Q20 or higher
(i.e., >99% base call accuracy). Subsequent quality filtering of
reads was performed on the Galaxy online web server (usegalaxy.
org). Data were initially trimmed using a sliding window ap-
proach with a window size of 20 and step size of 1, and reads
were trimmed from both sides until reaching a base pair with
a score of >Q20. Reads with a read length of zero were dis-
carded, and the trimmed reads were filtered for quality so that
95% of a single read had an overall score of Q20 or higher (Q20/
95). After quality filtering and removal of sequencing artifacts,
the library contained >2.5 million reads with a mean length
of 80 bp. Filtered reads were mapped against publicly avail-
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able SWS2A and SWS2B coding sequences of the Nile
tilapia (Oreochromis niloticus; Cichlidae) in Geneious v.6.0.2
(www.geneious.com) using customized sensitivity settings (index
word length = 11; maximal gap size = 2,000 bp). Assembled reads
with an average depth of 16x per gene were manually assigned to
the different copies before generating their consensus. The resulting
sequences were scored for similarity to publicly available genes
using BLASTN (www.ncbi.nlm.nih.gov/BLAST). This approach
produced three distinct gene products, which were thereafter used
as references for mapping of orthologous genes (see below). To
verify the synteny of the dusky dottyback SWS2 copies, we fur-
thermore sequenced the genomic region containing the three
genes using a combination of long-amplicon sequencing on Ion-
Torrent and Sanger sequencing (see below). The dusky dottyback
transcriptome is made available on the short-read archive data-
base in GenBank (www.ncbi.nlm.nih.gov/genbank) (Table S1).
Additionally, we used a HiSeq 2000 DNA sequencer from Illu-
mina (www.illumina.com) to generate retina-specific transcriptomes
for five species of labrids (Labridae) and cardinalfishes (Apogoni-
dae) (Table S1). Raw reads from these approaches were then
mapped against the dusky dottyback SWS2 genes in Geneious
v.6.0.2 (average depth of 250-2,500x per SWS2 gene),
and genes were extracted as previously described for the dusky
dottyback.
Public data mining. Whole-genome sequences of 24 species and the
transcriptome sequences of 1 species (Tripterygion delaisi; average
depth of 360-620x per SWS2 gene) were accessed from the
Ensembl Genome browser (www.ensembl.org) or the Assembly
(assembled contigs or scaffolds) and the short-read archive da-
tabases in GenBank (Table S1). Initially, the raw reads from
unassembled datasets were mapped against SWS2 exons from
the three dusky dottyback SWS2 genes in Geneious v.6.0.2 using
medium-sensitivity settings (70% identity threshold for mapping)
to efficiently recover all SWS2 copies. Matching reads were then
manually split by copies (if more than one gene copy was present
in the species) and de novo assembled, and their consensus was
used as a species-specific reference for subsequent low-sensitivity
mapping (only reads over 90% sequence identity map) in
Geneious v.6.0.2. During this cyclic mapping, unassembled reads
were mapped repeatedly against the prolonging reference
(originally single exons) until the mapped regions would overlap
and could be connected into an entire gene. The cyclic mapping
continued the same way until the genes could not be prolonged
anymore or could be connected into a genomic region (~30 kbp)
that contained the highly conserved up- and downstream
neighboring genes HCFC1 and LWS or GNL3L (in case of LWS
loss), respectively. Alignments were continuously inspected vi-
sually to exclude ambiguous mapping of genes. In species that
retained all three SWS2 paralogs, genes were interspaced by
around 1,500 bp with an upstream SWS2Ap, middle SWS2Aa,
and downstream SWS2B copy (Fig. 1).
Sequencing of the SWS2 target region. The synteny of SWS2 genes in
nine species was investigated by sequencing the SWS2 target
region between HCFC1 and LWS. The region was initially sep-
arated into three overlapping stretches, and universal primers
were designed to amplify each stretch separately (Table S2). Long
PCR was used to amplify the 5- to 13-kbp-long products using the
TaKaRa LA polymerase (TaKaRa Bio Inc.; program: 35x 98 °C
for 10 s, 60-68 °C for 1 min, and 68 °C for 20 min), and the
QIAquick PCR Purification Kit (QiaGen) was used to purify the
products cut from the electrophoresis gel. After purified, prod-
ucts were used to prepare a long-amplicon library following the
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genomic DNA library preparation protocol (Ion Xpress Plus
gDNA and Amplicon Library Preparation; LifeTechnologies)
and sequenced on IonTorrent PGM using a 316 v2 ChIP com-
bined with the Ion PGM Sequencing 400 Kit (LifeTechnologies).
Reads were quality filtered (same as for the dusky dottyback
transcriptome; see above) and de novo assembled in Geneious
v.6.0.2. In several species, the consensus sequences would not cover
the entire genomic region, and we, therefore, designed specific
primers to sequence the missing parts by Sanger on an Applied
Biosystems 3130x/ Genetic Analyzer (www.appliedbiosystems.com)
(Table S2). Additionally, the genomic raw reads and scaffolds of
38 species that were part of the whole-genome sequencing
project at the Centre for Ecological and Evolutionary Synthesis
were used to BLAST search and assemble the target SWS2 ge-
nomic region (HCFC1 upstream and LWS or GNL3L down-
stream) (Table S1).

SWS2 presence and synteny were assessed by mapping single

exons from the dusky dottyback against the target region in
Geneious v.6.0.2 using high-sensitivity settings (see above).
Coding regions of SWS2 copies were subsequently extracted
from the region and used for phylogenetic analyses.
Phylogenetic analyses. SWS2 coding sequences from 67 species were
cut from genomic regions and combined with the transcriptome
sequences from 7 species and publicly available single-gene
coding sequences of 23 species (Table S1). Sequences were
aligned using MAFFT v.6.8 (2), and the most appropriate model
of sequence evolution was estimated in jModeltest v.2 (3) using
the Akaike information criterion as the criterion for model se-
lection. Subsequent Bayesian inference was conducted on the
CIPRES platform (4) using the GTR+I+I" model in MrBayes
v.3.2.1 (5) and a Markov chain Monte Carlo search with two
independent runs and four chains each. Each run was set to 10
million generations, with trees sampled every 1,000 generations
(i.e., 10,000 trees per run) with 25% of burn in after the sam-
pling. SWS2 sequences from eel (Anguilla anguilla), zebrafish
(Danio rerio), carp (Cyprinus carpio), and salmons (Salmo salar
and Oncorhcynchus keta) were used as outgroups to reconstruct
phylogenetic relationships between SWS2 copies. This approach
produced a partly unresolved gene tree with low phylogenetic
support for SWS2Aa genes in particular (Fig. S5). Consequently,
to increase the phylogenetic signal, we repeated the analysis after
removing the genetic regions that were affected by gene con-
version (see below for gene conversion approaches) (Fig. S1).

Gene Conversion.

Single-exon phylogenies. To investigate which SWS2 copies and
what genetic regions would be affected by gene conversion, we
ran additional MrBayes analyses under the same conditions as
mentioned above but for each exon separately (five in total)
(Fig. S2).

Sliding window analysis of gene conversion. To measure the di-
vergence between SWS2 genes, we calculated the dS (neutral
process) along the coding sequences of gene copies using a sliding
window strategy with a step size of 1 and a window of 30 in DNAsp
v.5.10.1 (6). To avoid a bias toward clades with more repre-
sentatives, we calculated the rates for one fish species per family
that possesses more than one SWS2 copy. Converted regions were
identified based on a sharp drop in dS between genes, which is
equivalent to high sequence similarities (Fig. S3). These regions
were subsequently removed from the coding sequence alignment
to generate the final SWS2 gene tree (see above) (Fig. S1).

Gene resurrection: gene conversion from pseudogenes. Pseudogenes
with the potential to be resurrected by converting with functional
paralogs were identified in five species/lineages (Fig. 1 and Fig.
S3). To test for potential gene resurrection, we ran phylogenetic
analyses with the aforementioned dataset (i.e., genes without
converted regions) and additionally included the converted re-
gion of the pseudogene and its functional paralog of the species

Cortesi et al. www.pnas.org/cgi/content/short/1417803112

of interest (Fig. S4). Analyses were run for each species separately
(i.e., a total of five analyses) in MrBayes under the same con-
ditions as described above. Two out of five analyses were found to
support the proposed gene resurrection scenario (Fig. S4).

Functional Analysis.

Neofunctionalization of SWS2 genes. Putative amino acid sub-
stitutions of importance for spectral tuning were searched for by
comparing amino acid alignments of known (7) and potential key
tuning sites (i.e., retinal binding pocket sites) of SWS2 genes
from one fish species per family (based on alignments in ref. 8).
Initially, sites were extracted based on differences in clade con-
sensus (majority rule applied after removal of converted regions
of sequences) between paralogs (Fig. S5). To identify those
sites with clade specificity, we reconstructed their ancestral
state (under maximal parsimony) in Mesquite v.3.0 (9). Addi-
tionally, all species were screened for the specific substitution of
A269T, which is known to cause a positive shift in spectral
sensitivity of 6 nm (7).

Function of the percomorph-specific SWS2A paralogs. A functional
analysis of the percomorph-specific SWS2A duplication was con-
ducted in the dusky dottyback using a combination of MSP and
quantitative real-time RT-PCR (qRT-PCR) approaches.

For MSP, adult (n = 3) and larval (n = 1) dusky dottybacks
were dark-adapted overnight and euthanized with an overdose
of MS222 (1:2,000). Eyes were removed and dissected under
IR illumination with the aid of an IR-sensitive image con-
verter. Small pieces (~1-3 mm?) of retinal tissue were mounted
on a no. 1 glass coverslip in a drop of PBS (410 mOsm kg',
pH 7.2) containing 4% dextran (molecular weight of 282,000;
D-7265; Sigma). This preparation was covered with a smaller no.
0 coverslip, and the edges of the top coverslip were sealed with
nail varnish to prevent dehydration. Absorbance spectra of in-
dividual photoreceptor outer segments were measured using
a single-beam wavelength-scanning microspectrophotometer and
analyzed as described in detail elsewhere (10, 11).

For qRT-PCR, RNA was extracted from retina tissues (adults)
or the whole head (larvae) using TriZol following the protocol of
the manufacturer (LifeTechnologies). To remove possible ge-
nomic contamination, we treated the RNA extract with DNase
according to the DNA Free protocol from the manufacturer
(LifeTechnologies). RNA was subsequently reverse-transcribed
to cDNA using the High-Capacity RNA-to-cDNA Kit (Applied
Biosystems), and the resulting concentration was measured on
a NanoDrop1000 Spectrophotometer (ThermoScientific).

The relative expression of the SWS opsin genes (SWS1 and
SWS2s) was quantified by qRT-PCR on a StepOnePlus Real-Time
PCR System (LifeTechnologies). A 20-mL reaction volume was
prepared using SYBR Green Master (Rox) dye (www.lifescience.
roche.com) with a final cDNA concentration of 10 ng/uL and
a final primer concentration of 200 nM. The qRT-PCR was then
performed under the following cycling conditions: 95 °C for
10 min, 40 cycles at 95 °C for 15 s, and 61 °C for 60 s. All qRT-PCR
amplifications included a melt curve step after cycling. Unique
primers for each opsin gene were designed with a primer specificity
of >90% and either the forward or the reverse primer spanning
an exon—exon boundary to ensure cDNA-specific amplification of
the product (60-100 bp) (Table S2). Products were furthermore
sequenced by Sanger to assure accuracy of the reaction.

All primers were initially validated on a dilution series of factor
5 of a species-specific pool containing equal ratios of fragments
(molarity measured on BioAnalyzer) of each of the gene copies
with a starting concentration of 0.1-0.5 nM/pL. qRT-PCR effi-
ciencies (Es) were calculated for each reaction from the slope
of the standard curve using the equation E = 10C"4°P%) a5 im-
plemented in the StepOnePlus software (LifeTechnologies), with
an efficiency of 2 being equal to 100% (E% = [10C519P9) _ 1] —
100) and an indicator of a robust assay. All experiments were
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carried out with three technical replicates, and the opsin pool
was added to each plate as an internal reference. The relative
expression of each gene was then calculated as described in
detail elsewhere (12).

We used ¢ and Wilcoxon rank sum tests to examine whether the
expression of SWS2 genes between larval and adult fish differed
(SWS1 was found not to be expressed). Expression data were ini-

. Miller SA, Dykes DD, Polesky HF (1988) A simple salting out procedure for extracting
DNA from human nucleated cells. Nucleic Acids Res 16(3):1215.

. Katoh K, Toh H (2008) Recent developments in the MAFFT multiple sequence align-
ment program. Brief Bioinform 9(4):286-298.

. Darriba D, Taboada GL, Doallo R, Posada D (2012) jModelTest 2: More models, new

heuristics and parallel computing. Nat Methods 9(8):772-772.
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inference of large phylogenetic trees. Proceedings of the Gateway Computing Envi-

ronments Workshop (GCE) (IEEE, New Orleans), pp 1-8.

. Ronquist F, et al. (2012) MrBayes 3.2: Efficient Bayesian phylogenetic inference and

model choice across a large model space. Syst Biol 61(3):539-542.
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polymorphism data. Bioinformatics 25(11):1451-1452.
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tially In-transformed and assessed for normality and homogeneity
of variance using histograms, residuals plots, and quantile—quantile
plots. Because SWS2A copies did not conform to normality, we
used Wilcoxon tests to compare their expression between larval
and adult dottybacks. To account for multiple comparisons of tests,
we used Bonferroni corrections (13) to adjust P values. All statis-
tical analyses were performed in SPSS v.15.0 (SPSS).

8. Carleton KL, Spady TC, Cote RH (2005) Rod and cone opsin families differ in spectral
tuning domains but not signal transducing domains as judged by saturated evolu-
tionary trace analysis. J Mol Evol 61(1):75-89.

9. ddison WP, ddison DR (2014) A Modular System for Evolutionary
Analysis, Version 3.0. Available at mesquiteproject.org. Accessed September 7, 2014.

10. Hart NS, Theiss SM, Harahush BK, Collin SP (2011) Microspectrophotometric evidence
for cone monochromacy in sharks. Naturwissenschaften 98(3):193-201.

. Hart NS, Coimbra JP, Collin SP, Westhoff G (2012) Photoreceptor types, visual
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which is likely to cause a positive shift in spectral sensitivity of 6 nm, are indicated with red arrows (1). Lower Left shows a schematic drawing of the bovine
rhodopsin (based on ref. 2), with potentially important amino acid substitutions marked accordingly.

1. Yokoyama S (2008) Evolution of dim-light and color vision pigments. Annu Rev Genomics Hum Genet 9:259-282.
2. Palczewski K, et al. (2000) Crystal structure of rhodopsin: A G protein-coupled receptor. Science 289(5480):739-745.
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verted regions (all species) (similar to Fig. S1) and the converted region of the pseudogene and the target paralog (of a tested species) identified potential gene
resurrection in two cases. (A) Asian swamp eel (Monopterus albus; Synbranchiformes). Red shows the converted regions of SWS2Aa and the SWS2Ap pseu-
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origin of the converted region in the SWS2Ap pseudogene. (B) Roughhead grenadier (Macrourus berglax; Gadiformes). Red shows the converted regions of
SWS2B and the SWSA pseudogene; green shows SWS2B without the converted region. Shaded in gray is the position of other cod species (Gadiformes).
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Fig. S5. Consensus phylogeny based on the full coding region of SWS2 genes (i.e., including converted regions). Only Bayesian support values >0.5 are shown.
Note that, indicative of conversion, SWS2Aa genes especially do not resolve properly.
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N AS - PNAS  DNAS

Exon
Bovine]
Lineage Family Species  Gene
Basal
Anguiliiormes  Anguilidae A anguila SWS2
Gypriniformes  Gyprinidae Drero SWS2
Salmoniformes  Salmonidae S salar  SWS2,
Acanthomorpha Consensus
Gadiormes  Gadidae G. morhua
Gadiormes  Loidae Lot
Gadiormes  Merluciidae M. meruccius A
Berycilormes  Monocentridae M. japonica A
Beryclormes  Holocentiidae M. jacobus
Beryclormes  Bericidae 8. splendens A
Percomorpha Consensus
Bavacheidiormes Batrachvoididae  C. mefanurus Ao
Scombriformes  Scombridae Tatacares  Ad)
Gobiomorpharia  Apagoridae 0. angustatus Aa|
Synbranchiormes Synbranchidae  M.albus A
Ansbantformes  Anabantidae A testudineus Aol
Anabantformes  Helostomatidae  H. temminickii Aa|
Pleuronectiommes Cynoglossidae  C. semilaevis Aa)
Carangilormes  Carangidae G gnobilis  Aal .
Atherinomarpha  Funduiucidae L goodei  Aa| .
Atherinomorpha  Poecil X macuiatus A
Atherinomorpha  Adrianichinyidae O, latipes Ao .
Ovalentaria  Cichiidae O.nifoticus A .
Ovalentaria  Pseudochromidae . fuscus  Aa| .
Blennicidei Triplerygidae  T.delaisi  Aal.
Blennioidei idae 7 panvicomis Aa| .
Notothenioidel  Eleginopsidae £, maclovinus Aa)
Notothenioidei  Ghannichthyidae ~G. aceratus  Aa)
Sebasidae i
Lophiformes  Lophidae Lvailani Al
Acanthurcidel  Acanthuridae A triostegus Ao
Percomorpharia  Sparidae S cantharus Ao 5
Acanthomorpha Consensus  [u a ¥ u
ia Ahyacichthydae  A.aspo Al
Gobiomorpharia  Gobidae S biocelatus AP
Gobiomorpharia  Apagonidae 0. angustatus AB|
Pleuronectformes Paralichihydae 7 olivaceus  Ag|
Garangiformes  Carangidae. G ignobils AP
Ovalentaria  Pseudochromidae P fusous AR
Blennicidei Triplerygidae  T.delaisi  AB)
Blennicidei Blennidae P panvicomis AB|
Notothenioidel  Eleginopsidae £, maclovinus AB|
Notothenioidsi  Channichthyidae ~ C. aceratus  AB|
Sebastidae i
Scorpaeniformes  Cottidae M. scorpius Al
Scorpaeniformes 8. nikclskii AP
Gasterosteiformes Gastorosteidae G, aculeatus A
Percomorpharia  Moronidae O.labrax AB)
Percomorpharia  Sparidae 5. caniharus AP
Neoteleostel Gonsensus
Aulopolormes  Synodonidae S synodus B
Acanthomorpha
Gadilormes ~ Gadidae G.motua B
Gadformes  Lotidae Llota B
Gadformes  Merluciidae M. meruecivs B
Gadformes  Macouidae M. berglax B
Gadiormes  Moridae Mmoo B
Zeiformes 2Zeidae Ziaver B
Zeitormes. Parazenidse  Crosea B
Lampriformes  Lampridae Lgutas B
Berycformes  Monocentidae M. japonica B
Beryclormes  Holocentidae M jacobus B
Beryclormes  Bericidae 8. splendens B
Berycfornes  Cetomimidae  C.3p. B
Beryciormes  Rondeletidae A loricata B
Percomorpha
Ophidiformes ~ Ophididae &.baata B |.
Ophidiformes  Carapidae Coacus B,
Scombiiformes  Scombridae Tawacares B | .
Gobiomorpharia  Rhyacichihydae  R.aspo B |.
Anabantformes  Anabantidae A festudines B
Anabaniformes  Helostomtidae  H. temminickii B | .
Anabantiformes  Osphronemidae . richopterus B | .
Carangiformes ~ Carangidae C. ignobils B |.
Atherinomorpha  Funduludidae L goodei B
Atherinomorpha  Poecilidae X macuiatus B | .
Atherinomorpha  Adrianichihyidee O, latices B | .
Ovalentaria  Cichlidae O.nitoticus B | .
Ovalentaria  Pomacentidas . gascoynei B
Ovalentaria  Pseudochromidae P fuscus B .
Percomorpharia ~ Labridae S.melops B |.
Sebastidae
Seorpaeniformes Cottidae M. scopius B
Percomarpharia ~ Moronidae D jabrax B
Lophiiformes  Lophiidae Lvaitani B
TetradodontiormesTetraodontidae T rubriges B
Acanthuroidei  Acanthuridae A friostegus B
Percomorpharia  Sparidae S cantnarus B

Fig. $6. SWS2 amino acid alignments (standardized to bovine rhodopsin) of known key tuning (yellow) (1) and retinal binging pocket sites. Pictured is one
representative fish species per family. Highlighted in gray or marked by a red sphere are potentially functional amino acid substitutions that were identified based
on clade consensus (after removing amino acids affected by conversion; orange). The red asterisk marks site 269, at which a substitution of A269T is known to cause
a positive shift of 6 nm. Red triangles mark sites that did not confer to clade specificity based on an ancestral state reconstruction (after maximum parsimony).

LvvesacsrAacH

vvescrcrocta

v

orerenransrn

Prlrucuraa

NisEcLocsce R Y VI T E R PLlPLE MY AALAS

Arrows indicate those potential key substitutions that also vary in physical properties between SWS2 genes. Additional information is in Fig. S1.

1. Yokoyama S (2008) Evolution of dim-light and color vision pigments. Annu Rev Genomics Hum Genet 9:259-282.
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Table S2. Primer list for this study
Method and targeted region:

gene/exon or intron Primer name Orientation Primer sequence Species
Long PCR
HCFC1/ex1 D1_DUP_HCFC1_F1 Forward CTCCTTTATAGCCACAGCTCTGTGTCC P. fuscus
SWS2Ap/intron1 D10_fus_SWS2Abet_exintr1_R1 Reverse GTACCAAACTCATCTTACCTCCAAGTGTTG
Long PCR
SWS2B/ex4 D6_DUP_SWS2Abet_F1 Forward GAGCGGGAGGTGACCAGGATGGTGG P. fuscus,
T. trichopterus
LWS/ex2 D9_DUP_LWS_ex2_R2 Reverse CCAGTTTAGAGGRTGACGGAGTTTCTTG C. strigosus
Long PCR
SWS2Ap/ex3 ENDF1 Forward CCTATGTGATRTTTCTCTTCTGCTTCTGCTTCG  P. fuscus, P. sankeyi,
P. marshallensis
SWS2B/ex3 BEGR1 Reverse GCAGTGCTCCTGTGGACCAGACTGGTACACCAC  Cypho purpurescens
Long PCR
HCFC1/ex1 D1_DUP_HCFC1_F1 Forward Sequence above A. triostegus
SWS2B/ex3 D16_DUP_SWS2B_ex3_R1 Reverse GTTTCATTGTTAAACTTGTTGCCTGTTG
Long PCR
HCFC1/ex1 D1_DUP_HCFC1_F1 Forward Sequence above C. strigosus
SWS2B/ex3 D18_DUP_SWS2B_ex1_R3 Reverse TGTATCTGAAGGCAAAGCAGTAGAAGCAG
Long PCR
SWS2Aa/ex2 D6_DUP_SWS2Abet_F1 Forward Sequence above S. biocellatus
SWS2B/ex5 D5_DUP_SWS2B_R2 Reverse GCAAGATTGAAGGATTTACAGCAAC
Long PCR
SWS2Aw/ex3 ENDF1 Forward Sequence above T. trichopterus
SWS2B/ex3 BEGR1 Reverse Sequence above
Long PCR
SWS2B/ex4 D6_DUP_SWS2Abet_F1 Forward Sequence above S. biocellatus,
P. platessa
LWS/ex2 D8 DUP_LWS_ex2_R1 Reverse CTGGTTGCAYACACTGATGGTGCTGGC A. triostegus
Long PCR
SWS2Ap/ex2 D6_DUP_SWS2Abet_F1 Forward Sequence above S. fasciatus
SWS2Aw/ex5 D5_DUP_SWS2B_R2 Reverse Sequence above
Long PCR
SWS2AB/SWS2Aw/ex1 D22 _DUP_beta_ex1_F1 Forward ATGAAGCACGGCCGTGTCACRGAGC S. fasciatus
LWS/ex2 D8 DUP_LWS_ex2_R1 Reverse Sequence above
Long PCR
SWS2Aa/ex3 D17_DUP_SWS2A_ex3_F1 Forward GACTGGTACACCACARACAACAAATAC S. fasciatus
LWS/ex2 D9_DUP_LWS_ex2_R2 Reverse Sequence above
Sanger sequencing
SWS2Ap/ex1 SWS2A_betf6 Forward CATCAATGCGCTTACCG P. fuscus
SWS2Ap/ex4 SWS2A_betR1 Reverse GAAGGAGGTGTAGGGGG
Sanger sequencing
SWS2B/intron3 BF5_intron34 Forward CACATCTAAACTTCACCAGG P. fuscus
SWS2B/ex5 ABbetR6 Reverse CCCACTTTGGAGACTTC
Sanger sequencing
SWS2B/ex1 D27_Ctenoch_SWS2ex1_F Forward GCGCTCTTTTATTCAATGTCAGC A. triostegus
SWS2B/ex4 D26_Acanth_ex4_R2 Reverse GTAGATAACAGGGTTGTAGAC
Sanger sequencing
SWS2B/ex1 D27_Ctenoch_SWS2ex1_F Forward Sequence above C. strigosus
SWS2B/ex4 D28_Ctenoch_SWS2ex4_R Reverse GATAACAGGGTTATAGACGGTG
Sanger sequencing
SWS2B/ex2 D29_Tricho_ex2_F Forward TACAGCGTAATCATCGTCAGTC T. trichopterus
SWS2B/ex4 D30_Tricho_ex4_R Reverse CCACCTGTTTATTGAGGAGTATG
Sanger sequencing
SWS1 POOL_Pfus_SWS1_F Forward CTGTGTGCCATGGAGTCTGCC P. fuscus
Pool for quantitative SWS1_R2d_dam Reverse TCGTTGTGGGTGTACCAGTC
PCR reference
Sanger sequencing
SWS2B POOL_Pfus_SWS2B_F Forward GTGACTGGTACTGCCATCAATATC P. fuscus
Pool for quantitative POOL_Pfus_SWS2B_R Reverse AACGATGGTGAAGAAGGGGATGGAA
PCR reference
Sanger sequencing
SWS2Ax POOL_Pfus_SWS2Aalfa_F Forward CTCACTATTGCATGCACCGCC P. fuscus
Pool for quantitative POOL_Pfus_SWS2Aalfa_R Reverse GCCCATGCCCAGCATCGCT
PCR reference
Cortesi et al. www.pnas.org/cgi/content/short/1417803112 15 of 16
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Table S2. Cont.

Method and targeted region:
gene/exon or intron Primer name Orientation Primer sequence Species

Sanger sequencing

BEPAS S

SWS2AB POOL_Pfus_SWS2Abeta_F Forward CTTACCGTTGCATGCACCGTG P. fuscus
Pool for quantitative POOL_Pfus_SWS2Abeta_R Reverse TCCACTCATCCCCAGCATCTTC
PCR reference

qRT-PCR
SWS1 (efficiency: 90%) Pfus_SWS1_2F Forward TTTTGGAGCCTTCAAGTTCACCAG P. fuscus
SWS1 (efficiency: 90%) Pfus_SWS1_23R Reverse GATGTACCTGCTCCAGCCAAAG

qRT-PCR
SWS2B (efficiency: 94%) Pfus_SWS2B_1F1 Forward CCGTGGGCTCCTTCACCTG P. fuscus
SWS2B (efficiency: 94%) Pfus_SWS2B_12R1 Reverse GGCTCACCATGCCTCCAATC

qRT-PCR
SWS2A« (efficiency: 96%) Pfus_SWS2Aalfa_12F1 Forward CATGGCAACACTCGGGGGTATG P. fuscus
SWS2A« (efficiency: 96%) Pfus_SWS2Aalfa_2R1 Reverse CGCAAACACCCAGGTGAACC

qRT-PCR
SWS2Ap (efficiency: 96%) Pfus_SWS2Abeta_1F2 Forward GGTGAACTTGGCTGCCGCG P. fuscus
SWS2Ap (efficiency: 96%) Pfus_SWS2Abeta_12R1 Reverse CCATACCTCCAAGTGTTGCTAC

Cortesi et al. www.pnas.org/cgi/content/short/1417803112 16 of 16
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Seeing is believing: Dynamic evolution of

gene families

Rayna M. Harris and Hans A. Hofmann'
Department of Integrative Biology, Center for Computational Biology, Institute for Cellular
and Molecular Biology, The University of Texas at Austin, Austin, TX 78712

Educated by his deep appreciation of nature,
Darwin observed that “from so simple a be-
ginning endless forms most beautiful” have
arisen throughout the evolutionary history of
life on earth (1). The spectacular diversity of
orchids (2) and beetles (3) has long fascinated
naturalists and casual observers alike. More
recently, the adaptive radiations of Hawaiian
drosophilids (4), Caribbean Anolis lizards (5),
and African cichlid fishes (6) have become
prime examples for understanding the mech-
anisms that enable diversification. Gene
duplication and deletion are generally
considered important evolutionary mech-
anisms that give rise to phenotypic diver-
sity (7). Following gene duplication and
loss, adaptation and speciation appear to
proceed through a combination of both
structural and cis-regulatory changes in
one or more paralogous genes (8). Recent
advances in sequencing technology have en-
abled researchers to make significant progress
in understanding the molecular evolution that
has facilitated diversification. In PNAS, Cor-
tesi et al. (9) examine the evolution of verte-
brate opsin genes as a spectacular example of
how gene duplication and deletion events
that affect spectral sensitivity have driven ad-
aptation to diverse light environments and
visual displays.

Gene families comprise several to many
genes of similar nucleotide or amino acid
sequences; they share similar cellular func-
tions and commonly arise as a result of
gene or genome duplication events. The
expansion or contraction of gene families
over evolutionary time in different line-
ages can be random or the result of natural
selection, although demonstrating the
latter can be difficult (10). Several mecha-
nisms, such as tandem duplications, seg-
mental duplications, or even whole-genome
duplications can lead to the expansion of
gene families. Importantly, during the evolu-
tion of chordates, the ancestral deutero-
stome genome (likely in a cephalochordate
ancestor) experienced two rounds of whole-
genome duplication followed by a genome

duplication in actinopterygian (ray-finned)
fishes, but not in the sarcopterygian (lobe-
finned) fishes, the lineage that includes
land vertebrates (11). Even though most
duplicated genes were secondarily lost,
many evolved new functions, in support
of the notion that gene and genome dupli-
cations might provide a major mecha-
nism for generating phenotypic diversity
in evolution (7).

Opsin Gene Family Expansion and Light
Sensitivity

Opsin genes expressed in photoreceptor cells
are fundamental to animal vision and are
a major force underlying the evolutionary
adaptation to variable photic environments
(12). The diversity of these genes is achieved
by gene duplication followed by changes in
amino acid sequence at key tuning sites.
Opsins have been crucial to the successful
colonization of diverse habitats, especially in
teleost fishes, the most species-rich lineage
of vertebrates. In a tour de force comparative
genomics analysis, Cortesi et al. (9) describe
a newly discovered violet/blue short wave-
length-sensitive 2 (SWS2) opsin, which arose
alongside the radiation of the highly diverse
percomorph fishes (which include cichlid
fishes, wrasses, and other diverse and colorful
families). Specifically, the authors compared
almost 100 fish genomes to examine the
complex evolutionary history of SWS2, in-
cluding numerous duplication, deletion, and
pseudogenization events, and possibly even
the “resurrection” of functional genes from
pseudogenes (Fig. 1). Several amino acid
substitutions are described that likely facili-
tated the adaptive differentiation between
SWS2 gene copies, probably by conferring
sensitivities to different wavelengths of light
or by being differentially expressed as organ-
isms move through their ontogenetic and life
history stages. The study by Cortesi et al. (9)
illustrates the complexity that results from
gene duplication and loss, and which in turn
enables the evolution of animal diversity.
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Fig. 1. Abbreviated history of violet-blue-sensitive (SWS2)
genes in teleost fishes. The SWS2 gene was present in
a single copy before the neo-teleostei gene duplication,
which gave rise to SWS2A (light blue) and SWS2B paralogs
(dark blue). In the percomorpha lineage, a subsequent
duplication event gave rise to SWS2Aa and SWS2p paral-
ogs. Although these three paralogs have been retained
in many species, one or more paralogs have been lost in
percomorph fishes. The syntenic relationship is shown to
illustrate that these were tandem duplications occurring on
the same chromosome, with example species listed below
in parentheses. Modified from ref. 9.

(zebrafish, salmon)

Gene Family Evolution and Phenotypic
Diversification

The evolution of opsin genes has received
ample scrutiny, yet several other gene fami-
lies deserve mention because of their likely
role in phenotypic diversification. One of
the most spectacular examples comprises the
large and diverse family of olfactory receptor

Author contributions: R.M.H. and H.A.H. wrote the paper.
The authors declare no conflict of interest.
See companion article on page 1493.
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genes, which vary widely in number across
vertebrate genomes (13). For example, al-
though rodents have approximately 1,000
olfactory receptor genes, humans have only
around 400 (a reduction likely caused by
massive loss and pseudogenization of olfac-
tory receptor genes in the human lineage).
Compared with mammals, the olfactory re-
ceptor gene family is considerably more di-
verse in fishes (eight subfamilies are present),
yet the total number of olfactory receptor
genes is much smaller, suggesting that the
mammalian olfactory receptor gene family
is much less complex compared with that in
the ancestor of vertebrates. Even though it
is often assumed that gene families evolve
adaptively, signatures of selection are often
difficult to demonstrate. In this regard ol-
factory receptor genes also serve as a warning
against adaptive scenarios because the num-
ber and types of olfactory receptor genes
apparently have evolved only in part in re-
sponse to environmental needs (13).

Voltage-gated sodium channels provide
another compelling example, as they form
the basis for electrical excitability in animals
(14). These sodium channels evolved from
calcium channels and were present in the last
common ancestor of choanoflagellates and
metazoa (animals), thus they already existed
when neurons first evolved. A motif that
evolved early in chordate evolution allows
voltage-gated sodium channels to cluster
where action potentials are generated to
greatly enhance conduction velocity. After
the late Devonian extinction, when teleosts
and tetrapods each diversified in their re-
spective habitats and the complexity of
their brains increased concomitantly, the
voltage-gated sodium channel gene family
expanded in parallel in tetrapods and
teleosts, possibly allowing more complex
neural computations along with energy
savings. In addition, these channels have
been selected to encode diverse communi-
cation signals in weakly electric fish (15)
and to protect against lethal sodium chan-
nel toxins (e.g., in snakes, newts, pufferfish,
insects), providing unprecedented oppor-
tunities for drug design and therapeutic
applications (16).

Gene families involved in cell-to-cell sig-
naling appear to expand less in the course of
evolution, possibly because the genes that
encode the receptors and ligands need to
evolve in a coordinated manner. Examples
include steroid hormones, which classically

Harris and Hofmann

bind to receptors that belong to the nuclear
receptor family of transcription factors. These
genes have coevolved with those that encode
the enzymes that synthesize steroids at key
transitions in the evolution of vertebrates
and during gene family expansion (17), likely
contributing to the diversification of verte-
brates through their fundamental roles in
reproduction, development, homeostasis, and
stress response.

Integration of Functional and
Evolutionary Genomics

The study by Cortesi et al. (9) does not de-
scribe any analyses of regulatory sequence
evolution, nor do the authors investigate
tissue- or temporally specific gene-expression
patterns that may have arisen following reg-
ulatory changes. Coyne and Hoekstra (8)
argue that adaptation and speciation proceed
through a combination of both structural
and cis-regulatory changes in one or more
paralogous genes. Regrettably, much of our
knowledge regarding the influence of struc-
tural and regulatory contribution to pheno-
typic diversity comes from studies examining
these two mechanisms in isolation rather
than through concurrent examination in the
same system. However, a recent study by
Harris et al. (18) combined structural, func-
tional, and regulatory analyses to examine the
evolution of the pro-opiomelanocortin gene
family. By integrating temporal and spatial
expression measurements with sequence var-
iation and regulatory interactions, these au-
thors were able to shed new light on the
mechanisms of phenotypic diversification.

It would be interesting to see future studies
on the opsin gene family that incorporate
both an analysis of gene expression across
time or cell type with a bioinformatic anal-
ysis of regulatory sequence evolution.

The Power of the Comparative
Approach

All these studies underscore the power of the
comparative approach for understanding
gene family evolution and, ultimately, the
origins of animal diversity. Aristotle (in his
book Peri Zoon Morion) already championed
the promise of comparing different species
for achieving a deep understanding about
nature. If conducted within a phylogenetic
framework, comparative analyses can provide
inference similar to that obtainable with ex-
perimental approaches (19). Furthermore,
a deeper understanding of the detailed re-
lationship between orthologous and paralo-
gous genes is crucial if we want to fully
capitalize on the wealth of data generated
with comparative omics approaches. In an era
where biologists use fewer and fewer model
systems, to the detriment of the entire bio-
medical research enterprise (20), the Cortesi
et al. (9) paper provides a timely reminder for
this notion, as it convincingly demonstrates
a likely role for opsin gene evolution in the
ability of animals to conquer new niches and
acquire new modes of communication.
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4.1. Manuscript p. 95 - 104
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Conspicuousness is correlated with toxicity in marine
opisthobranchs

F. CORTESI & K. L. CHENEY
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Abstract

Aposematism is defined as the use of conspicuous colouration to warn
predators that an individual is chemically or otherwise defended. Mechanisms
that drive the evolution of aposematism are complex. Theoretical and
empirical studies show that conspicuousness can be either positively or
negatively correlated with toxicity as once aposematism is established, species
can allocate resources into becoming more conspicuous and/or increase
secondary defences. Here, we investigated the evolution of conspicuousness
and toxicity in marine opisthobranchs. Conspicuousness of colour signals was
assessed using spectral reflectance measurements and theoretical vision
models from the perspective of two reef fish signal receivers. The relative
toxicity of chemicals extracted from each opisthobranch species was then
determined using toxicity assays. Using a phylogenetic comparative analysis,
we found a significant correlation between conspicuousness and toxicity,
indicating that conspicuousness acts as an honest signal when signifying level

Keywords:

aposematic colouration;
marine invertebrates;
nudibranchs;
secondary defences;
visual signalling.

of defence and provides evidence for aposematism in opisthobranchs.

Introduction

Aposematism is defined as the use of conspicuous
colouration to warn predators that a species is chemically
or otherwise defended (Poulton, 1890; Cott, 1940). The
mechanisms that drive the evolution of aposematic
signals are complex and have received much attention
in recent literature (Speed & Ruxton, 2005a, 2007; Darst
et al., 2006; Blount et al., 2009). Aposematic species are
thought to initially evolve from defended, inconspicuous
(cryptic) species (e.g. Sillén-Tullberg & Bryant, 1983;
Guilford, 1988). Once aposematism is established,
resource allocation by a species becomes an important
evolutionary factor: should a species invest in becoming
more conspicuous, more defended or both? A positive
correlation between signal strength and level of toxicity
has been shown in the conspicuous and highly toxic
Dendrobatid frog family and in the Asian lady bird beetle
Harmonia axyridis (Summers & Clough, 2001; Bezzerides
et al., 2007). However, theory also predicts that highly
defended prey should evolve less conspicuous colour-

Correspondence: Karen L. Cheney, School of Biological Sciences,
The University of Queensland, St Lucia, QLD 4072, Australia.
Tel.:+61 7 3365 2855;fax:+61 7 3365 1655; e-mail:k.cheney@uq.edu.au
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ation because their chances of surviving attacks are
enhanced, and therefore, costs involved with conspicu-
ous signalling can be reduced (Leimar et al., 1986; Speed,
2001; Speed & Ruxton, 2005b). Support for this contra-
dictory theory has been shown in three closely related
Dendrobatid frog species: Epipedobates parvulus, E. bilin-
guis and E. hahneli. The most toxic species was only
moderately conspicuous (E. parvulus), and the most
conspicuous species was only moderately toxic (E. bilin-
guis) (Darst et al., 2006).

Empirical evidence to corroborate these two hypoth-
eses is limited, and studies have generally failed to
consider the phylogenetic relatedness between large
numbers of species (Darst et al., 2006) or conspicuous-
ness from a signal receiver’s perspective (e.g. Summers &
Clough, 2001; Bezzerides et al., 2007; but see Darst et al.,
2006). Indeed, when investigating the function or evo-
lution of coloured signals, it is important to consider the
spectral sensitivity and visual abilities of the signal
receiver, the light environment and the background
against which the signal is viewed (Endler, 1990).

On coral reefs, marine opisthobranchs (which include
Nudibranchia) provide an ideal model system to inves-
tigate the co-evolution of conspicuousness and toxicity.
They display some of the most diverse and spectacular
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colours and patterns found in nature, which function as
advertisement signals (aposematism and deimatism) and
provide concealment (crypsis) to protect themselves from
predation (Edmunds, 1987). Indeed, Gosliner & Behrens,
(1990) estimated that 50% of opisthobranch species are
aposematic. As a secondary defence, opisthobranchs
contain chemicals that are produced de novo or deposited
as secondary metabolites from their diet (Cimino &
Ghiselin, 1998, 1999; Cimino et al., 1999; Marin et al.,
1999). Defensive chemicals found within opisthobranchs
are mainly alkaloids, many of which are terpenes and
their derivates, and are typically stored in the outer body
parts of the opisthobranch, either in the epidermal layer
or in mantle glands (Carte & Faulkner, 1983; Cimino
et al., 1999; Fontana et al., 1999, 2000; Ungur et al.,
1999).

To examine whether a positive correlation between
conspicuousness and toxicity exists in marine opistho-
branchs, we first measured the spectral reflectance of
opisthobranch colour signals and their background hab-
itat. Second, a colour opponent discrimination theoret-
ical vision model was used (Vorobyev & Osorio, 1998) to
quantify the conspicuousness of opisthobranch colour
patches in terms of spectral contrast, both against their
background and between colours within an opistho-
branch pattern. This was carried out from the perspective
of two distinct reef fish visual systems, with and without
ultraviolet (UV) sensitivity. Third, toxicity assays were
conducted on extracted opisthobranch chemicals using a
brine shrimp assay following the protocol of Meyer et al.
(1982). Finally, a phylogenetic comparative analysis was
used to test for a correlation between conspicuousness
and toxicity.

Materials and methods

Study site and species

Twenty opisthobranch species (7 = 3-10 per species),
comprising of members from the suborders Nudibranchia
(n = 14 species), Cephalaspidea (7 = 3) and Sacoglossa
(n = 3), were located using SCUBA on coral reefs around
Lizard Island (14°40’S; 145°28’E), Great Barrier Reef,
Australia; North Stradbroke Island (27°35’S; 153°27’E),
and Mooloolaba (26°40’S; 153°07’E), Southeast Queens-
land, Australia, at depths between 3 and 7 m. Opistho-
branchs were placed in plastic vials, transported back to
shore and then held in tanks with running sea water or
air pumps for no longer than 48 h until their spectral
reflectance could be measured. After measurements were
taken, opisthobranchs were frozen and stored at —18 °C.

Spectral reflectance measurements of
opisthobranchs and background habitat

Spectral reflectance measurements of opisthobranch
colours were obtained using an Ocean Optics (Dunedin,

FL, USA) USB2000 spectrometer and a laptop computer
running Ocean Optics OOIBASE32 software. Opistho-
branchs were measured in the laboratory in a tray
containing enough sea water to cover each individual
completely. The spectral reflectance of each distinct
colour patch >4 mm? (7 = 1-6 depending on species)
was measured through a 200-um bifurcated optic
UV/visible fibre connected to a PX-2 pulse xenon light
(Ocean Optics). A Spectralon 99% white reflectance
standard (LabSphere, NH, USA) was used to calibrate the
percentage of light reflected at each wavelength from
300-800 nm. The bare end of the fibre was held at a 45°
angle to prevent specular reflectance. At least ten
measurements per colour patch were taken and then
averaged. Colour measurements were taken from at least
three individuals per species, with the exception of
Chelidonura inornata and Chelidonura varians, of which we
only acquired two individuals. Spectra were categorized
by the wavelength at which light was reflected and the
shape of reflectance curves, as per a previous categori-
zation of reef fish colours (Marshall, 2000).

We also measured the spectral reflectance of back-
ground habitats that each individual was found upon
using an underwater spectrometer. At the location where
each opisthobranch was collected, measurements of the
respective background habitat within a 5 cm radius of
the opisthobranch were taken using the USB2000 spec-
trometer enclosed in an underwater housing (Wills
Camera Housings, Vic., Australia). Data were stored
using a Palm-Spec computer running Parm-Spec soft-
ware (Ocean Optics). Measurements were taken with a
modified (shortened, 60 cm) 1000-um UV/visible fibre
using underwater video lights (Sunray 200; Light and
Motion, USA) that emit light in the 350-800 nm range.
At least ten measurements were taken of the substrate
and then averaged. A Spectralon 99% white reflectance
standard was again used to calibrate the percentage of
light reflected. For heterogeneous backgrounds, equally
coloured areas were judged by eye, and then each
substrate type was measured.

Visual modelling of colour signals

We used the Vorobyev—Osorio colour opponent discrim-
ination model (Vorobyev & Osorio, 1998; Vorobyev et al.,
2001) to assess the conspicuousness of different opistho-
branch species in terms of spectral contrast from the
perspective of two potential trichromatic fish species: the
UV-sensitive damselfish, Stegastes fasciolatus —(Jmax =
363 nm, 470 and 528 nm) (Losey et al., 2003), and the
blue/green—sensitive triggerfish, Rhinecanthus aculeatus
(Amax = 420, 480 and 530 nm) (NJ Marshall, unpublished
data). These fish were chosen because they have markedly
different visual sensitivities, and both fish are likely to
encounter opisthobranchs. Although they themselves
may not be potential predators of opisthobranchs, they
are used in this study to represent the visual systems of a
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range of reef fish species (Losey et al, 2003). Many
opisthobranch species reflect colours in the ultraviolet
(UV, <400 nm) (Fig. 1, unpublished data); therefore,
sensitivity in the UV may affect the way in which
opisthobranch colours are perceived. These species will
subsequently be referred to by their genus name only.

The model calculates the ‘distance’ (AS) between the
colours in a dichromatic, trichromatic or tetrachromatic
visual space, depending on the number of receptor types
of the signal receiver. Colours that appear similar within
each visual system result in low AS values, whereas those
that are chromatically contrasting are high in value. This
model assumes that the luminosity signal is disregarded,
that colours are encoded by an opponent mechanism
judged using the known cone sensitivity of the signal
receiver and that colour discrimination in the perceptual
space is limited by noise originating in the receptors and
determined by the relative proportion of each photore-
ceptor (Vorobyev & Osorio, 1998; Vorobyev ef al., 2001).
The receptor quantum catch, g;, in photoreceptor of type
i (i.e. cone cell) is calculated as (modified from eqn 1 of
Vorobyev & Osorio, 1998):

gi = / R(2)S()I(2)d

2

(1)

where / denotes wavelength, R; (1) denotes the spectral
sensitivity of a receptor 7, S(1) is the reflectance spectrum

(a) Roboastra gracilis

Aposematic signals in opisthobranchs 1511

of the colour patch, I(1) is the irradiance spectrum
entering the eye and integration is over the range 300-
700 nm. Colour distances were calculated with an
illumination measured at 5 m depth.

Colour distances were calculated between each opis-
thobranch colour patch and the corresponding back-
ground habitat (colour/background) for each individual
and then averaged for each species. Colour distances
were also calculated between each adjacent colour patch
on the opisthobranch (colour/colour). The maximum
colour distance (AS) for each species was used as our
measure of conspicuousness and varied considerably
between opisthobranch species for both signal receivers
(Table S1).

The Weber fraction (w) was based on the relative
proportion of receptor types, and here, we assumed a
1:2:2 ratio [short-wavelength-sensitive (SWS) cones
to medium-wavelength-sensitive cones (MWS) to long-
wavelength-sensitive cones (LWS); S: M : L] for our
signal receivers, which was set according to morpholog-
ical studies of fish retina (NJ Marshall, unpublished
data). Because of the lack of behavioural data, the LWS
noise threshold was set at 0.05, which represents a
conservative visual performance, being half the sensitiv-
ity of the human LWS system (Wyszecki & Styles, 1982).

To compare the spectral contrast of colours while
considering a coral reef environment, colour distances
were calculated using illumination measurements at a

(b) Thuridilla carlsoni
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water depth of 5 m. Ilumination measurements were
taken using the underwater spectrometer on reefs at each
study site with a cosine corrector providing an 180°
hemisphere. We measured both down-welling light (by
holding the fibre 1 m away from the reef and pointing
upwards) and side-welling light (holding the fibre at a
distance of 1-2 m from and pointing horizontally at the
reef); however, we found no significant differences in
our overall conclusions, regardless of which measure we
used.

Toxicity bioassay

We tested the relative toxic properties of extracted
chemicals from each species of opisthobranch with a
brine shrimp lethality assay, which is considered a useful
tool for preliminary assessment of toxicity in marine
organisms (Carballo ef al, 2002), and has been used
previously when assessing opisthobranch toxicity
(Gunthorpe & Cameron, 1987). Chemical extractions
were conducted as per a previous study investigating the
toxicity of opisthobranchs (Gunthorpe & Cameron,
1987). Briefly, frozen opisthobranchs were thawed at
room temperature and homogenized using a mortar and
pestle. The resulting mass was soaked for 72 h in 200 mL
methanol at 4 °C. The methanol was decanted and
evaporated using a rotary evaporator under reduced
pressure in a water bath at 40 °C. The resulting aqueous—
organic solution was then partitioned in a separating
funnel in a 1 : 1 dichloromethane : distilled water mix-
ture. The dichloromethane was evaporated using a rotary
evaporator under reduced pressure in a water bath at
35 °C, and crude chemicals were transferred into 10-ml
glass vials. Remaining chemical extracts that could not be
transferred easily were diluted in 100% ethanol, trans-
ferred into 10-ml glass vials and left under a fume hood
to ensure ethanol evaporation. All chemicals were then
frozen at —4 °C until further use.

Brine shrimp bioassays were then conducted as per
Meyer et al., 1982. Frozen chemicals were thawed, and
the weight of the compound was recorded. A solution of
10 mg compound per mL methanol was prepared. We
then transferred 5, 50 and 500 uL of the solution to
1.5-cm discs of filter paper. The discs were placed in 5-mL
plastic vials and left to dry for 24 h. Final concentrations
of 10, 100 and 1000 ug mL™' were obtained by adding
5 mL seawater to each vial during the process (see
below). Control discs were prepared using methanol
alone. Three replicates per dose level and control, per
species of opisthobranch were prepared. Brine shrimp
eggs (San Francisco Bay Brand, NY, USA) were hatched
in a 1-litre glass bottle filled with double-distilled water.
The hatch mix was suspended in the water and kept
under aeration for 48 h, before the phototropic nauplii
could be collected by pipette. Ten of the nauplii were
counted against a lighted background and transferred
into the test vials, which were then filled with artificial

sea water to make 5 mL. A drop of dry yeast suspension
was added for food supply. The vials were kept under
constant illumination over a 24-h time period before
survivors from each dose and control were counted out
under a 4.5x dissecting microscope. The percentage of
death per treatment was calculated as: % deaths = (1 —
test population after treatment/control population after
treatment) * 100 (Abbott, 1987) (Table 1; Fig. 3).

Phylogenetic comparative analysis

Sequence acquisition and alignment

Partial 16S rDNA gene sequences of fourteen species
were taken directly from GenBank (http://www.
ncbi.nlm.nih.gov/). However, sequence data were not
available for six species. In these cases, we used species
from the same genus: Phyllidia elegans for Phyllidia picta,
Glossodoris pallida for Glossodoris atromarginata, Flabellina
verrucosa tor Flabellina rubrolineata, Hypselodoris bennetti
for Hypselodoris whitei, Aegires punctilucens for Notodoris
citrina and Notodoris gardineri (also known as Aegires
citrina and Aegires gardineri; Fahey & Gosliner, 2004) to
generate branch structure, and then species used in this
study were added as polytomies. Onchidella floridana
(Pulmonata) was included as an out-group species for
rooting (Vonnemann et al.,, 2005). Sequences were ini-
tially aligned using CLustaLW (Thompson et al., 1994) in
BioEdit (Hall, 1999), and manual adjustments were made
afterwards by eye. Alignment gaps, representing putative
insertion—deletion (indel) sites, were coded as character

Table 1 Mortality (%) of brine shrimp (n = 30) after 24 h of
exposure to opisthobranch chemical extracts.

Lethality (%)
Opisthobranch species 10 gg mL™" 100 ug mL™" 1000 pg mL™"
Chelidonura inornata 25 100 100
Roboastra gracilis 0 45 100
Sagaminopteron ornatum 50 89 100
Phyllidiella pustulosa 0 10 97
Phyllidia varicosa 0 17 67
Phyllidia picta 0 0 60
Glossodoris atromarginata 3 12 47
Ceratosoma trilobatum 0 14 35
Chromodoris splendida 0 21 32
Flabellina rubrolineata 0 11 30
Elysia ornata 0 0 27
Chelidonura varians 0 0 24
Phyllidia ocellata 3 11 24
Notodoris gardineri 0 0 17
Thuridilla gracilis 0 0 1
Hypselodoris whitei 0 10 10
Notodoris citrina 0 0 10
Risbecia tryoni 0 0 8
Hypselodoris obscura 0 0 7
Thuridilla carlsoni 0 0 0
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states (1 = character present, 0 = character absent). The
total analysed alignment length of 16S comprised 463
base pairs. The alignment and resulting trees are depos-
ited in TREEBASE (http://www.treebase.org).

Phylogenetic reconstruction

We assessed the phylogenetic relationship using Maxi-
mum likelihood (ML) and Bayesian inference appro-
aches. RAXML version 7.0.4 (Stamatakis ef al., 2005) was
used for ML reconstruction with default settings
(GTRGAMMA model) on the web-interface (http://
www.phylo.org/) using rapid bootstrap analysis (1000
replicates) and the search option for best scoring ML tree
(Stamatakis et al, 2008). Bayesian inference was
conducted using MRBAYES v3.1.2 (Huelsenbeck &
Ronquist, 2001), using a Metropolis Chain Monte Carlo
search. Each set produced five million generations by
sampling every 1000 generations. The first 1000 trees
(=1 000 000 generations) were removed as burn-in.
Only clades with significant support values (> 70%
bootstrap; > 0.80 posterior probabilities) were used for
subsequent analysis; others were collapsed and treated as
polytomies for the comparative analysis (Fig. 2).

Statistical analysis

Colour distances (AS) were first log-transformed to meet
the assumptions of parametric testing. To assess whether
colour distances were significantly different between
signal receivers, we used a General Linear Mixed Model
(GLMM) with log colour distance as the response
variable, signal receiver and colour category as fixed
factors and opisthobranch species as a random factor.
Highly nonsignificant interactions (P > 0.25) were omit-
ted from the model. There was a significant difference in
colour distances between signal receivers for opistho-
branch colours against their background (F; ;9.5 = 125.3,
P < 0.001) and between colours within an opisthobranch
pattern (F; ;;s = 14.3, P = 0.001); therefore, analyses for
each signal receiver were conducted separately.

A linear regression model was first used to test for a
relationship between conspicuousness and toxicity with-
out considering the relatedness of species. Relative
toxicity was defined as the percentage of dead brine
shrimps at a concentration of 1000 pug/mL. To consider
whether a correlation existed between conspicuousness
and toxicity while considering phylogenetic relatedness
between species, we used a Generalized Least Squares
(GLS) regression model. To select the most parsimonious
model, we ran the analysis using the Grafen (1989),
Martins & Hansen (1997), Brownian (Felsenstein, 1985)
models using corGrafen, corMartins, corBrownian pack-
ages in the ape package (http://ape.mpl.ird.fr) and
selected the model with the lowest AIC value (corGrafen).
To resolve polytomies, we used the multi2di function in
the ape package for R and introduced zero-length branch
lengths for the branch within the polytomy. We adjusted
the degrees of freedom to account for soft polytomies in

© 2010 THE AUTHORS. J. EVOL. BIOL. 23 (2010) 1509-1518

Aposematic signals in opisthobranchs 1513

our phylogenetic tree (Garland & Diaz-Uriarte, 1999). All
phylogenetic regression analysis was conducted in R v.
2.4.1. (http://www.r-project.org/).

Results

Conspicuousness of opisthobranchs

The most common colour categories found on opistho-
branch molluscs were white (7 =9 species), black
(n=28), brown (n=38) and purple (n =8). Opistho-
branchs were found on turf algae, sand, live coral,
sponge and tunicates (Fig. 1, Table S1). Overall, colour
distances were significantly higher for the UV-sensitive
fish Stegastes compared to Rhinecanthus (mean = SE:
colour/background  Rhinecanthus 8.8 + 7.4,  Stegastes
20.7 £ 1.6, paired t-test ts5s = 9.6, P < 0.001; colour/col-
our: Rhinecanthus 13.5 + 1.8, Stegastes 20.1 + 2.3, paired
t-test ts; = 4.80, P < 0.001). The highest colour distances
were found on Roboastra gracilis between colour (orange)
and background and between colours within the pattern
(black and orange) (Fig. 1; Table S1). The lowest colour
distances were found on Thuridilla carlsoni between
colours and background (Rhinecanthus: green/far-red;
Stegastes: pink) and between colours within the pattern
(green/far-red and pink, for both signal receivers) (Fig. 1;
Table S1).

Toxicity of opisthobranchs

Toxic extractions from each opisthobranch species
showed partial or total lethality to brine shrimps at a
concentration of 1000 ug/mL, with the exception of
Thuridilla carlsoni. Roboastra gracilis, Chelidonura inornata
and Sagaminopteron ornatum were found to cause 100%
lethality at this concentration (Table 1).

Phylogenetic analysis

The results of the phylogenetic analysis were in general
agreement with previously published trees on opistho-
branch phylogenies (Wollscheid-Lengeling et al.,, 2001;
Vonnemann et al., 2005) (Fig. 2). There was a significant
association between conspicuousness and toxicity from
the perspective of both signal receivers for colour/back-
ground measurements (Rhinecanthus: r* = 0.27, n = 20,
P = 0.02; Stegastes; * =0.35,1n =20, P = 0.01; Fig. 3) and
for colour/colour measurements (Rhinecanthus: r* = 0.25,
n=19, P=0.03; Stegastes: r* =027, n=19, P=0.03;
Fig. 3).

Using the phylogenetic generalized least squares (GLS)
regression model, there was also a significant association
between conspicuousness and toxicity for colour/back-

ground  measurements  (Rhinecanthus: — t17; = 2.62,
P =0.019; Stegastes: t;7 =3.11, P=0.007) and col-
our/colour measurements (Rhinecanthus: t,; = 2.37,

P = 0.03; Stegastes: t,; = 2.40, P = 0.03). However, we
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found little phylogenetic signal in our data (Grafen’s
rho < 0.26), and there was little difference between the
GLS regression model and ordinary linear model for each Our study reveals that the conspicuousness of marine
signal receiver (anova, d.f. =3, P> 0.93). opisthobranchs, measured in terms of maximum spectral

Discussion
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contrast of an opisthobranch colour patch against its
background, and between two colours within a pattern,
was correlated with toxicity. This was found to be the
case when we considered colour signals from the
perspective of two reef fish visual systems, with and
without UV sensitivity. Therefore, conspicuousness
appears to be an honest signal of the strength of
secondary defences within opisthobranchs and provides
evidence that aposematism has evolved as a defensive
strategy in this family (Yachi & Higashi, 1998; Servedio,
2000; Summers & Clough, 2001).

Contrasting theories predict that conspicuousness
should either evolve with increased toxicity (Summers &
Clough, 2001) or the evolution of aposematic displays
favours conspicuousness or toxicity, but not both (Darst
et al., 2006). Speed & Ruxton (2007) developed an
optimization model to account for differences between
these two scenarios. The model predicts that when the
costs (in terms of fecundity) involved in producing a
warning display vary, but the costs of producing secondary
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defences are fixed, then a negative correlation will exist
between conspicuousness and toxicity. In this scenario,
prey species benefit from diminishing resource allocation
into a warning display and increasing investment into
secondary defences. However, if the costs of producing a
warning display and secondary defence increase in rela-
tion to each other, then a positive correlation between
warning display and toxicity can exist. In support of this, it
has been suggested that antioxidant molecules may be
used for both pigmentation and protection against accu-
mulated toxins; therefore, their presence may explain a
positive correlation between conspicuousness and toxicity
(Blount et al., 2009).

Other factors may also influence the coevolution of
conspicuousness and toxicity within a species (Guilford,
1988). Sexual selection may favour brightly coloured
males or females (Andersson & Iwasa, 1996), which may
increase detection rates by predators and thus increase
rates of mortality. An increase in secondary defence
mechanisms may then evolve in response to this.
However, opisthobranchs have very primitive eyes;
therefore, colouration is very unlikely to be used in
intraspecific communication (Edmunds, 1987).

We found little phylogenetic signal in our data, indicat-
ing that the correlation between conspicuousness and
toxicity was independent of the relationship between
organisms. If colour signals of a particular species are a
function of diet and chemicals sequestered, then an
apparent multiple evolution of conspicuousness may be
caused by the diet specialization of individual species
independent of their phylogenetic relationship. For exam-
ple, Phyllidia ocellata, which was found to be mildly toxic
and relatively inconspicuous, is known to sequester the
toxins 10a-Isocyano-4-amorphene and Cavernothiocya-
nate from the sponge Acanthella cf. Cavernosa. Phyllidia
varicosa on the other hand, a sister species of P. ocellata
(Fig. 2), sequesters 2-Isocyanopupukeanane and 9-Isoc-
yanopupukeanane from the sponge Hymeniacidon sp. and
was found to be more toxic and more conspicuous than
P. ocellata (Garson & Simpson, 2004). The ancestral
Sacoglossans appeared more cryptic than the more
recently derived Nudibranchia; therefore, conspicuous-
ness may have evolved from cryptic ancestral states.
However, this needs to be investigated further using more
comprehensive analyses. Colour variation may also exist
within an opisthobranch species. Juveniles are sometimes
more lightly pigmented than adults, and pigments from
food are often used to create colouration; therefore,
individuals within the same species can differ in colour
depending on the availability of particular foods (e.g.
Pteraeolidia ianthina). However, for this study, we used
species that showed little intraspecific variability in colour
patterns.

Phylogenetic signals may also be clouded by the
accuracy of trait data. We measured the maximum
spectral contrast between two colours as our measure
of conspicuousness. However, aposematic signals are
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generally multimodal (Ruxton et al.,, 2004); therefore,
other visual components of colour patterns may be
important in effective signalling to predators, such as
luminance contrast and spatial distribution of colours
within a pattern. For example, Phyllidia ocellata appeared
to be relatively inconspicuousness in our measure of
spectral contrast, but its distinct bold patterning (Fig. 2)
suggests that luminance contrast may be important in
interspecific signalling. However, colour contrast is con-
sidered more critical to the effectiveness of aposematic
signalling than luminance contrast when predators have
colour vision (Osorio efal., 1999; Gamberale-Stille &
Guilford, 2003). We also only investigated how potential
reef fish predators with trichromatic visual systems
viewed opisthobranch colour signals. Unfortunately,
little is known about the identity of opisthobranch
predators, so this was our best estimate of the selective
pressures that could drive the evolution of colour signals
in marine opisthobranchs derived from predation
attempts observed in the field. However, other predators
may include dichromatic reef fish, sea spiders and crabs,
whose visual systems may also influence the evolution of
warning signals in opisthobranchs.

Our measures of toxicity were somewhat crude;
however, brine shrimp assays have been shown to
provide a suitable initial screening for marine natural
chemicals (Carballo et al., 2002) and gave us a suitable
relative measure of toxicity between species. Further-
more, brine shrimp assays have shown similar results to
ichthyologic assays on Cyprinodon variegates when assay-
ing toxins from a marine dinoflagellate (Moeller et al.,
2001). When consumed, terpenes and their derivatives
affect the central nervous system; therefore, terpenes
would likely affect vertebrates in a similar manner to
invertebrates. Defensive chemicals may also be nontoxic
but unpalatable, and responses may vary between taxa.
Although many opisthobranchs contain chemicals that
are unpalatable to a variety of species (e.g. Long & Hay,
2006), the link between toxicity and unpalatability has
yet to be determined.

Why the appearance of prey varies from the highly
cryptic to the very bright and conspicuous remains an
intriguing phenomenon. Conspicuousness is costly in
terms of attracting the attention of predators, and only
well-protected species can generally afford this type of
advertisement (Speed, 2000). Indeed, our results suggest
that the most conspicuous marine opisthobranchs are the
most toxic. However, further information is needed on
the costs involved in producing warning displays and
storing defence chemicals to fully understand the evolu-
tion of such signals.
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4.2. Supporting Information

Table S1 Maximum colour distance (AS) found between any colour patch on a species and its background (colour/background) and
between adjacent colour patches within species (colour/colour) for: a) Rhinecanthus aculeatus and b) Stegastes fasciolatus (1 = turf
algae; 2 = sand; 3 = coral; 4 = sponge; 5 = tunicates. na = only one colour category is found on this species).

a) Rhinecanthus aculeatus

Against background colour measurements Within opisthobranch colour measurements
(colour/background) (colour/colour)
Opisthobranch species Colour Background  Colour distance (AS) Colour 1 Colour 2 Colour distance (AS
Ceratosoma trilobatum purple 1,2 13.59 purple brown 23.07
Chelidonura inornata UV/orange 1,3 14.41 white UV/orange 17.28
Chelidonura varians UV/blue 2 18.95 black UV/blue 17.59
Chromodoris splendida UV/yellow 1 9.14 UV/yellow UV/red 17.87
Elysia ornata orange 1 9.46 green/far red orange 4.04
Flabellina rubrolineata purple 1 8.68 pink purple 7.08
Glossodoris atromarginata white 1,5 10.55 brown white 5.21
Hypselodoris obscura UV/blue 1,5 12.58 UV/yellow black 11.12
Hypselodoris whitei purple 1,2 9.21 purple white 8.78
Notodoris citrina yellow 1,4 17.88 n/a n/a n/a
Notodoris gardineri yellow 1,4 17.9 yellow brown 21.36
Phyllidia ocellata UV/yellow 1 9.11 UV/yellow white 15.26
Phyllidia picta yellow 1 22.78 yellow black 29.78
Phyllidia varicosa UV/blue 1,2 8.35 UV/yellow black 18.42
Phyllidiella pustulosa black 1 10.9 pink black 9.07
Risbecia tryoni purple 1 6.78 white purple 6.88
Roboastra gracilis orange 1 50.68 black orange 61.12
Sagaminopteron ornatum purple 1 19 UV/orange purple 15.87
e . green/far X
Thuridilla carlsoni red 1,2 2.43 green/far red pink 2.2
Thuridilla gracilis brown 1,2 4.42 brown white 6.36
b) Stegastes fasciolatus
Against background colour measurements Within opisthobranch colour measurements
(colour/background) (colour/colour)
Opisthobranch species Colour Background  Colour distance (AS) Colour 1 Colour 2 Colour distance (AS
Ceratosoma trilobatum purple 1,2 28.78 purple brown 21.26
Chelidonura inornata black 1,3 16.75 black UV/orange 32.61
Chelidonura varians UV/blue 2 15.57 black UV/blue 18.2
Chromodoris splendida UV/yellow 1 18.38 white UV/red 25.56
Elysia ornata brown 1 31.24 green/far red brown 10.69
Flabellina rubrolineata purple 1 29.1 white magenta 6.53
Glossodoris atromarginata white 1,5 30.16 white orange 16.75
Hypselodoris obscura UV/blue 1,5 40.03 UV/blue black 22.7
Hypselodoris whitei purple 1,2 12.28 purple white 9.08
Notodoris citrina yellow 1,4 12.35 n/a n/a n/a
Notodoris gardineri yellow 1,4 20.89 yellow brown 20.39
Phyllidia ocellata white 1 22.86 UV/yellow white 13.87
Phyllidia picta black 1 38.69 yellow black 52.85
Phyllidia varicosa black 1,2 21.56 UV/yellow black 16.3
Phyllidiella pustulosa black 1 36.39 pink black 18.12
Risbecia tryoni white 1 8.26 white brown 12.64
Roboastra gracilis orange 1 60.86 black orange 78.20
Sagaminopteron ornatum purple 1 42.09 UV/orange purple 17.12
Thuridilla carlsoni pink 1,2 7.89 pink green/far red 3.39
Thuridilla gracilis brown 1,2 26.75 brown white 32.53
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Chapter 5
Conspicuous visual signals do not coevolve with

increased body size in marine sea slugs
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| contributed to this work by reconstructing phylogenies, taking spectral measurements of sea
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Many taxa use conspicuous colouration to attract mates, signal chemical
defences (aposematism) or for thermoregulation. Conspicuousness is a key
feature of aposematic signals, and experimental evidence suggests that pre-
dators avoid conspicuous prey more readily when they exhibit larger body
size and/or pattern elements. Aposematic prey species may therefore evolve
a larger body size due to predatory selection pressures, or alternatively,
larger prey species may be more likely to evolve aposematic colouration.
Therefore, a positive correlation between conspicuousness and body size
should exist. Here, we investigated whether there was a phylogenetic
correlation between the conspicuousness of animal patterns and body size
using an intriguing, understudied model system to examine questions on
the evolution of animal signals, namely nudibranchs (opisthobranch mol-
luscs). We also used new ways to compare animal patterns quantitatively
with their background habitat in terms of intensity variance and spatial
frequency power spectra. In studies of aposematism, conspicuousness is
usually quantified using the spectral contrast of animal colour patches
against its background; however, other components of visual signals, such
as pattern, luminance and spectral sensitivities of potential observers, are
largely ignored. Contrary to our prediction, we found that the conspicuous-
ness of body patterns in over 70 nudibranch species decreased as body size
increased, indicating that crypsis was not limited to a smaller body size.
Therefore, alternative selective pressures on body size and development
of colour patterns, other than those inflicted by visual hunting predators,
may act more strongly on the evolution of aposematism in nudibranch
molluscs.

animal patterns;
aposematism;
image statistics;
nudibranchs;
spectral contrast;
visual signalling.

aposematism, is found in a wide range of organisms

Introduction including insects, snakes, molluscs, fish and amphibians

Animals that contain toxic or unpalatable chemicals
often use conspicuous colouration and distinct body
patterning to communicate unprofitability to visual
hunting predators. Such warning colouration, or
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(Poulton, 1890; Cott, 1940; Ruxton et al., 2004). How
such warning or aposematic colouration evolves has
puzzled scientists for decades and has been limited by a
lack of comparative studies investigating real prey
species. Conspicuousness is a key feature of warning sig-
nals, as conspicuous signals are more likely to be detected
and learned by predators, and memorized for longer
(Rothschild, 1984; Roper, 1994; Lindstrom et al.,, 2001;
Aronsson & Gamberale-Stille, 2008). A conspicuous
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signal must differ from its background in colour,
pattern and/or luminance from the perspective of the
intended receiver (Endler, 1978, 1991). High contrast
against the background increases signal efficiency and
initial wariness by predators (Roper & Cook, 1989;
Lindstrom et al, 2001; Ruxton et al, 2004), and the
speed and strength of avoidance learning (Gittleman &
Harvey, 1980). However, no simple method exists for
quantifying the conspicuousness of an object against
its background (but see Endler, 2012). Furthermore,
the relative importance of each component and how
they interact is often unclear (but see Osorio et al.,
1999; Aronsson & Gamberale-Stille, 2008).

Experimental evidence suggests that an increase in
body size and/or in pattern element size within the
visual display strengthens the avoidance response of
warning colouration by predators (Gamberale & Tull-
berg, 1996b, 1998; Lindstrom et al, 1999; Nilsson &
Forsman, 2003). Domestic chicks have been shown to
have an unlearned aversion to larger-sized insect prey
(Gamberale & Tullberg, 1996a, 1998), and larger pat-
tern elements in artificial prey caused blue tits to learn
signals more rapidly and provided enhanced avoidance
of unpalatable prey (Lindstrom et al., 1999). Predator
selective pressures may therefore cause species that
have acquired aposematic colouration to increase over-
all body size and/or increase body pattern elements rel-
ative to body size (e.g. widening of stripes or size of
dots). Alternatively, species with larger body size may
be more likely to evolve conspicuous colouration. If
predator selective pressures influence the evolution of
aposematic displays, we would expect to find an evolu-
tionary correlation between conspicuousness and body
size of aposematic species. Indeed, a comparative analy-
sis of poison frogs (Dendrobatidae) (Hagman & Fors-
man, 2003) indicated that body size was correlated
with an increase in conspicuous colouration, in terms
of brightness quantified by human assessment and
computer analysis of digital colour photographs.
However, Nilsson & Forsman (2003) failed to find such
a correlation in moths, but lifestyle was thought to
confound the results as a shift from lone behaviour to
gregariousness was also partnered with a decrease in
body size.

In this study, we examined this hypothesis using an
intriguing, understudied model system, namely nudi-
branchs (opisthobranch molluscs, commonly known as
sea slugs). To do this, we quantified the conspicuous-
ness of animal body colouration using new ways of
quantifying the spatial frequency of body patterns
(intensity variance and power spectrum analysis) and
compared this to spectral contrast measurements, which
is frequently the sole measure of conspicuousness in
studies of animal colour patterns. We then used
Bayesian phylogenetic regression analysis to assess how
these measures of conspicuousness related to animal
body size.

Materials and methods

Study species

Nudibranchs exhibit tremendous species-level diversity
with over 3000 species worldwide. Our sampling cov-
ered representative species from infraorder Doridacea
(families: Aegiridae, Chromodoridae, Dendrodorididae,
Discodoridae, Dorididae, Phyllidiidae and Polyceridae)
and infraorder Acolidida (families: Glaucidae, Facelini-
dae and Flabellinidae) (Table S1). Most nudibranchs
contain secondary metabolites, including isocyanides,
diterpenes and sesquiterpenes (Faulkner & Ghiselin,
1983; Cimino et al., 1985; Avila, 1995), which protect
the animals from predatory attacks (Avila, 1995; Mollo
et al., 2005). These chemicals are often localized in
selected parts of the body (Avila & Paul, 1997; Somerville
et al., 2006; Wagele et al., 2006) and can be diet-derived
or produced de novo (Cimino et al, 1983; Cimino &
Sodano, 1993; Fontana et al., 1994). Nudibranchs also
range in their visual displays and include those that are
highly cryptic against their background habitat to those
that exhibit bold and distinct body colouration, which
are used as aposematic signals. Although information
on the identity of potential nudibranch predators is lim-
ited, predators are thought to include fish (e.g. puffer-
fish, triggerfish and wrasse) and other invertebrates such
as crabs, sea spiders and other opisthobranchs. How-
ever, fish predators are considered to be the main selec-
tive pressure that drives the evolution of conspicuous
colours and patterns due to their ability to detect colour
(Siebeck et al., 2008) and their di- or trichromatic visual
system (Marshall et al, 2006). We measured nudi-
branch body lengths from live individuals that were
collected for spectral reflectance measurements and
used nudibranch identification books with detailed
body length information (Cobb & Willian, 2006; Debe-
lius & Kuiter, 2007, Coleman, 2008). We used mean
body length from a minimum of eight individual mea-
surements for each species; measurements for juveniles
were omitted. In this study, average body size ranged
from 1.0 to 10.0 cm (Table S1).

Phylogenetic reconstruction

We used a Bayesian inference approach to estimate the
phylogenetic relationships between 76 nudibranch spe-
cies for which we were able to collect pattern and/or col-
our data. Phylogenetic relationships were reconstructed
using published COI and 16S gene sequences from Gen-
Bank (http://www.ncbi.nlm.nih.gov/genbank/) for 49
species. We also sequenced both genes for an additional
16 species, COI for an additional eight species and 16S
for an additional three species (Accession Numbers
listed in Table S1). Three pleurobranch species: Pleuro-
branchea meckeli, Bathyberthella antarctica and Thompsonia
antarctica were used as outgroups to root the trees.

© 2014 THE AUTHORS. J. EVOL. BIOL. doi: 10.1111/jeb.12348
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DNA was extracted using a Qiagen DNAeasy blood
and tissue kit, and sequences were amplified using
primers and protocols as in Wilson et al., (2009). PCRs
were carried out using illustra PuRe taq Ready-to-go
beads (GE Healthcare, Piscataway, NJ, USA), and ampli-
cons were directly purified using ExoSAP-IT (USB,
Cleveland, OH, USA) prior to sequencing. Sequences
were edited and reconciled in Sequencher (Genecodes,
Ann Arbor, MI, USA). Sequences were aligned using
the Q-INS-i strategy in Multiple Alignment using Fast
Fourier Transform (MAFFT) (Katoh & Toh, 2008),
which takes into account secondary structure. The
resulting alignment length of COI data comprised
658 bp and 16S data comprised 527 bp. We then used
Gblock (Castresana, 2000) for the 16S alignment, imple-
menting the least stringent options to remove areas of
ambiguous alignment in an explicit, repeatable manner.
This resulted in a 391 bp alignment, comprising 74% of
the original 527 positions. Geneious v6.0.5 (Cimino &
Sodano, 1993) was used to concatenate COI and 16S
alignments, which resulted in a final dataset of 1049 bp.

We used PartitionFinder v1.1.0 (Lanfear et al., 2012)
to search for the best partitioning scheme and model of
sequence evolution for our dataset. Evolutionary mod-
els were chosen from the ones available in MrBayes,
with linked branch lengths, a search for all possible
schemes, and the Bayesian information criterion (BIC)
as criterion for model selection. The resulting partition-
ing scheme comprised four subsets: 16S, first, second
and third COI codon positions. GTR + G was chosen to
be the best model of evolution for the second codon
position of COI, and GTR + G + I was chosen to be the
best model for 168, the first and third codon position of
COI. Subsequent Bayesian inference was conducted
using MrBayes, v.3.2.1 (Ronquist ef al., 2012), using a
MCMC search with two independent runs and four
chains each. All partitions were set to be variable, and
parameters (shape, pinvar, statefreq and revmat) were
unlinked to allow each partition to evolve indepen-
dently. Each run produced ten million generations,
with trees sampled every 1000 generations (10 000
trees per run). A majority-rule consensus tree (Fig. 1)
was constructed to illustrate the phylogenetic relation-
ship between nudibranch species. We also show density
plots of 1000 trees created in DensiTree v2.0.1
(Bouckaert, 2010) (Fig. S2).

Quantification of conspicuousness

We focused on quantifying two main aspects of con-
spicuousness: (i) analysis of first- and second-order
image statistics to determine the brightness contrast
and spatial frequency of the nudibranchs’ pattern and
how closely the pattern matches the background (as
per Zylinski ef al., 2011); and (ii) spectral contrast both
within the nudibranch body pattern and against back-
ground (as per Dalton et al.,, 2010; Wang, 2011).
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(i) First- and second-order image statistics

We obtained digital images of nudibranch species taken
in the Indo-Pacific region by ourselves, a variety of
other scientific researchers and recreational divers. Any
photographs that were under or over exposed (i.e. con-
taining large areas of white or black), or not focused,
were excluded and only photographs that had >85%
background habitat in the images were included. We
ensured that we had a minimum of eight independent
(e.g. different individuals and locations) images for each
species (range 8-48 per species; Table S1). For this
analysis, we had a total of 61 species.

The average length of each nudibranch species was
used to calibrate image scale relative to known average
body lengths (Table S1). Each photograph was scaled to
approximate a scene viewed by a fish observer with an
optical resolution of 10 cycles per degree (Collin &
Pettigrew, 1989) and a viewing distance of 10 cm. This
scaling method provided an estimate of the visual infor-
mation available to a hypothetical fish predator, which
is the most relevant perspective for an analysis of nudi-
branch conspicuousness.

The position of each nudibranch was manually iden-
tified by tracing the animal’s outline with a computer
mouse. Six background samples were then identified by
shifting the nudibranch outline to random positions
within the background area of the image. Each of these
seven image samples (one nudibranch and six back-
ground samples) was split into its three RGB colour
channels. Fish are thought to use their double cones
for luminance vision (Kelber ef al., 2003), which gener-
ally lie in the green part of the visual spectrum at
around 500 nm (Lythgoe, 1979; Marshall ef al., 2006);
therefore, we used only the green channel for our
analysis to approximate likely photon catch and there-
fore intensity viewed by such fish predators (for full
discussion of this see Vorobyev et al, 2001; Stevens
et al., 2007).

First- and second-order image statistics were then
calculated for each nudibranch and background sample.
The first-order statistic used was intensity variance, a
measure of the distribution of brightness contrast
within the sample. This was calculated as the standard
deviation of pixel intensity values. Samples containing
a range of intensity values, for example a pattern with
mixture of light and dark patches, generate a high
intensity variance value, whereas plain patterns pro-
duce a low value. The second-order statistic used was
the two-dimensional power spectrum, an estimate of
the spatial frequency of patterns within the sample
area. This is calculated in a similar way to one-dimen-
sional frequency analysis, in which a sequence of val-
ues (e.g. a line of pixel values extracted from an image
transect; Fig. 2a,b) is converted into a measure of its
frequency components using a Fourier transform
(Fig. 2¢; Fig. S1 for more examples). Each image
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sample was extracted from the image and padded with
black pixels to make a rectangular shape. A two-dimen-
sional discrete Fourier transform (Matlab function ffi2)
was performed on the sample (Fig. 2d), and the result-
ing amplitudes were rotationally averaged to produce a
log-scaled power spectrum curve (Fig. 2e; see Field,
1987 for details). These image statistics were then used
to quantify the conspicuousness of each nudibranch
against their background by calculating the difference
in area beneath power spectrum curves (nudibranch —
background curve) and absolute difference between
power spectrum curves. Both of these measurements
gave similar results, so we present the former. This
method could not be used to compare patterns between
images (within pattern analysis) due to edge effects
from the border between the sample and the padded
area. Image intensity variance and power spectrum are
potentially vulnerable to changes in camera exposure
settings; however, performing within-image compari-
sons of sample and background measures largely con-
trols for such effects.

(ii) Spectral contrast
To assess conspicuousness in terms of spectral contrast,
spectral reflectance measurements were collected for 61
nudibranch species (n = 1-6 individuals per species).
Nudibranchs were located using SCUBA on coral reefs
at depths from 1 to 15 m in Australia: Lizard Island
(14°40'S; 145°28'E) and Heron Island (23°29'S;
151°11'E), Great Barrier Reef; North Stradbroke Island
(27°35’S; 153°27'E), Mooloolaba (26°40'S; 153°07'E)
and Gold Coast (27°25'S; 153°25'E), Southeast Queens-
land; and in Indonesia: Palau Hoga, (05°28'S;
123°45'E). Nudibranchs were placed in plastic vials or
bags and held in containers with air pumps for no
longer than 48 h. Spectral reflectance measurements of
nudibranch colours were measured using an Ocean
Optics (Dunedin, FL, USA) USB2000 spectrometer and
a laptop computer running Ocean Optics OOIBASE32
software. Nudibranchs were placed in a tray containing
enough seawater to cover each individual completely,
and the spectral reflectance of each distinct colour
patch >4 mm? was measured through a 200-um
bifurcated optic UV/visible fibre connected to a PX-2
pulse xenon light (Ocean Optics). A Spectralon 99%
white reflectance standard (LabSphere, North Sutton,
NH, USA) was used to calibrate the percentage of light
reflected at each wavelength from 300 to 800 nm. The
bare end of the fibre was held at a 45° angle to prevent
specular reflectance. At least ten measurements per col-
our patch per individual were taken and then averaged.
To estimate the conspicuousness of nudibranch
colour pattern based on spectral contrast from the
perspective of a potential trichromatic reef fish preda-
tor, we used the Vorobyev-Osorio theoretical vision
model (Vorobyev & Osorio, 1998). As per previous
studies (Cheney & Marshall, 2009; Cortesi & Cheney,
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2010), we assumed a 1 : 2 : 2 ratio for the weber frac-
tion (w), LWS noise threshold was set at 0.05. To
account for the light environment in which the colours
would be viewed, colours were modelled using illumi-
nation measurements at a water depth of 5 m (as per
Cheney & Marshall, 2009). We considered the effects of
signal transmission through water to be negligible, as
most coral reef fish would view nudibranchs from a rel-
atively close distance (approximately 1-2 m).

The model calculates the ‘colour distance’ (AS)
between colours in a trichromatic visual space. Colours
that appear similar within each visual system result in
low AS values, whereas those that are chromatically
contrasting are high in value. We modelled colours
from the perspective of a trichromatic, benthic feeding
fish species: the Picasso triggerfish, Rhinecanthus aculea-
tus (Amax = 413, 480, 530 nm; Cheney ef al., 2013). This
fish was chosen because they are likely to encounter
nudibranchs and are representative of a common visual
system found in a range of reef fish species (Losey
et al., 2003; Marshall ef al., 2006). We also show results
from a potential dichromatic fish predator in the sup-
plementary information (Fig. S4).

To measure against background spectral contrast,
we measured the spectral reflectance of coral reef back-
ground habitats (coral, turf algae, sponge, sand and spe-
cific habitats such as xeniid soft corals, which are used
by the cryptic nudibranch Phyllodesmium lizardensis)
using an underwater spectrophotometer (as per Cortesi
& Cheney, 2010). Colour distances were calculated
between each nudibranch colour patch and the back-
ground habitat on which it was found most frequently.
To estimate within pattern spectral contrast, colour
distances were calculated between each nudibranch col-
our patch with a diameter (circular) or width (stripe)
> 3 mm for each individual and then averaged for each
species. Species that only had one colour patch (7 = 4)
were removed from this analysis (7 = 59 species).

Comparative analysis of traits

We used a Bayesian approach, employing the methods
outlined in de Villemereuil ef al. (2012). We took the
first 10 000 trees (with branch lengths) from the output
of two MrBayes chains. We discarded the first 2500 of
each as burn-in, and combined the two resulting sets of
trees (15 000 trees). Species that did not have trait data
(pattern data or spectral contrast) for a particular
analysis were pruned from trees. The trees were then
converted to correlation matrices using the function
vev.phylo in package ape version 3.0-8 for R version
3.0.1 (Paradis ef al., 2004; R Core Team, 2013). The trait
data and the correlation matrices were used as input to
a Markov Chain Monte Carlo analysis using program
JAGS (Plummer, 2012). We ran three separate chains
for each analysis, with different starting values. We fit-
ted simple linear regression models, regressing each col-
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distributions (d) which is then rotationally averaged into a one-dimensional power spectrum (e). (II) Distance in visual space between
different nudibranch colours: blue [b], black [k], white [w] and yellow [y] patches on a nudibranch (f). First the reflectance spectral
frequency is measured for each colour (g). This is then modelled from the perspective of the colour vision system of a potential

fish predator (e.g. R. aculeatus, this study) (h) and colour distances between spectra calculated using the Vorobyev-Osorio model (Vorobyev
& Osorio, 1998).

our or pattern variable on body size (cm), accounting which is a measure of phylogenetic signal in the data
for phylogenetic uncertainty by randomly sampling and flexibly accommodates some branch-length uncer-
from the set of phylogenetic correlation matrices. In tainty (Pagel, 1999). We computed the posterior distri-
addition, we estimated Pagel’s 4 for each regression, butions (conditional on the observed data) for the slope

© 2014 THE AUTHORS. J. EVOL. B/OL. doi: 10.1111/jeb.12348
JOURNAL OF EVOLUTIONARY BIOLOGY ©® 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

115



and intercept of the regression, the residual standard
deviation (¢), and 4. We used Normal priors for the
intercept and slope, both with zero mean and precision
107°. For ¢, we used a Uniform prior on [0, 100] (Gel-
man, 2006). For 4, we used a Uniform prior on [0, 1].
Post-processing and convergence diagnostics were per-
formed in R using the coda package (Plummer et al.,
2006). In addition, we performed checks of the models
by comparing the discrepancy (we used square-root
mean squared error) for the real data and simulated
data from the models, and calculated posterior predic-
tive P-values (Gelman ef al., 2004).

Results

Bayesian searches produced a tree similar to recently
published work on nudibranchs (Johnson & Gosliner,
2012), with high support for many nodes (Fig. 1).

For all of our measures of conspicuousness, values
close to 0 represent nudibranchs that closely match
their substrate [e.g. Phyllodesimum lizardensis: inten-
sity variance (against background) = 1.61; power
spectra = 0.01;  spectral contrast (against back-
ground) = 0.26; Fig. 3], whereas values further away
from O indicate an increase in conspicuousness (e.g.
Chromodoris magnifica: intensity variance (against back-
ground) = 28.7; power spectra = 0.07; spectral contrast
(against background) = 31.2; Fig. 3).

There was a significant positive relationship between
first-order (intensity variance against background) and
second-order  (power  spectra) image  statistics
(?so = 0.06, P =0.04). However, we did not find a
significant relationship between intensity variance
(against background) or power spectra and spectral
contrast (against background) (intensity variance:
7245 = —0.015, P=0.57; power spectra: 7245 = —-0.02,
P =0.93). There was also no relationship between
intensity variance (within pattern) and spectral contrast
(within pattern) (%45 = 0.003, P = 0.30).

Using phylogenetic regression models, there was a
negative relationship between intensity variance
(against background) and power spectra against body
size, with the highest-density predicted interval (HDPI)
not exceeding 0 for both variables (intensity variance:
HDPI —2.72 to —0.18; power spectra: HDPI —0.007 to
—0.003; Fig. 3i, ii). However, there was no relationship
between intensity variance (within pattern) and body
size (HDPI —1.78 to 1.10; Fig. 3iv).

There was also no relationship between spectral con-
trast (against background) and body size (HDPI —0.57
to 1.18; Fig. 3iii), or spectral contrast (within pattern)
and body size (HDPI —0.07 to 2.30; Fig. 3v).

Discussion

Here, we have used an understudied model system to
investigate the hypothesis that the conspicuousness of
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aposematic signals coevolves with an increase in body
size, using a new way of assessing the conspicuousness
of animal signals by considering both pattern analysis
and spectral contrast measurements. We did not find
any evidence to support this hypothesis in our subsam-
ple of nudibranch species, on the contrary, we found
that as body size increased, patterns in nudibranchs
became less conspicuous, indicating that relatively large
nudibranchs are capable of being cryptic. We found no
relationship between spectral contrast and body size;
nudibranchs that displayed the highest spectral contrast
against the background habitat were only moderately
sized, such as Chromodoris elisabethina (average 41 mm)
and Chromodoris magnifica (45 mm).

Animals with large body size are predicted to evolve
conspicuous colouration as cryptic colouration is often
difficult to achieve in larger individuals (Cott, 1940).
Indeed, cryptic colouration functions to decrease prey
detection risk but may be costly in heterogeneous habi-
tats, as it is difficult to match more than one visual back-
ground (Merilaita ef al., 2001). Many cryptic nudibranch
species are indeed reliant on one habitat type, such as in
this study, Phyllodesmium lizardensis, which closely resem-
bles the xeniid soft corals it is found upon. This highly
cryptic but moderately sized species (average 36 mm) is
able to remain stationary as they house zooxanthellae in
their digestive gland branches enabling individuals to
meet their energy requirements through photosynthesis
(Burghardt et al., 2008). However, other large nonphoto-
synthetic cryptic nudibranchs including Dendrodoris kru-
sensternii and D. tuberculosa were also located and
included in our study. These species have an outer sur-
face covered in tubercules, which helps skin texture to
match their habitat. Other species such as octopi com-
monly use changes in skin texture to camouflage them-
selves against their background (Hanlon ef al., 2011).
Conspicuous species should be easier to detect on coral
reefs; therefore, our sampling may have been biased
towards species with highly contrasting patterns. How-
ever, we also specifically targeted cryptic species using
knowledge of their ecology to locate individuals.

Our prediction that an increase in body size and/or
in pattern element size within the visual display
strengthens the avoidance response of warning
colouration by predators was based on behaviour
responses of avian predators, but to our knowledge, this
prediction has not been explicitly tested in fish. The
light environment of marine habitats and differences in
the visual systems of fish (Marshall ef al., 2006) may
impact the way in which fish predators respond to
visual stimuli and may explain why we did not find
any evidence to support our prediction. Marine fish
have been shown to avoid unpalatable prey based on
visual cues (colour and pattern) alone (Miller & Pawlik,
2013), and fish exhibit response bias towards particular
colours (Cheney et al., 2013); however, more behavio-
ural experiments are needed with marine predators.

JOURNAL OF EVOLUTIONARY BIOLOGY © 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

116



8 K.L.CHENEY ET AL.

Pattern analysis Spectral contrast
(@) Nudibranch against background
(i) (iii)
. HDPI (-0.18 to -2.72) ° HDPI (-0.57 to 1.18)

30
°
oo
30

°
o0 o oocom
°
25
1
o0
°

20
1
.
°o® o o

20
1
°

Intensity variance
(IV, nudibranch - background)
o0 o
L]

Colour distance against background
15
1
o0
L]
- e o
(1]
LN X J
o0

S . HDPI (-0.007 to -0.003)

Power spectrum difference
(PS, nudibranch - background)

(b) Within nudibranch pattern

(iv) (v)
HDPI (-1.78 to 1.10) . HDPI (-0.07 to 2.30)

o
R

60

°
®eo o o
30

1

.

50
1

20

Intensity variance
(IV, nudibranch)

40
1
L]
LN ]
Colour distance within pattern

1
pPe e oo
()

30

1

°

°

°
o000 o o
°

T T T T T
2 4 6 8 10 2 4 6 8 10

Body size (mm)

© 2014 THE AUTHORS. J. EVOL. BIOL. doi: 10.1111/jeb.12348
JOURNAL OF EVOLUTIONARY BIOLOGY ©® 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

117



Conspicuousness and body size in nudibranchs 9

Fig. 3 Scatterplot of image statistics (intensity variance, difference in power spectrum slope) and spectral contrast (colour distance) against
average body size of each nudibranch species, (a) against the background habitat and (b) within animal colour pattern. Highest-density
predicted interval (HDPI) and regression lines show results of phylogenetic regression analysis. Bold HDPI values indicate those that did not

exceed 0.

Factors other than an increase in body size and/or in
pattern element size within the visual display may
impact the avoidance response of warning colouration
by predators. Although most nudibranchs are thought to
contain some level of chemical defence, little is known
about the abundance, relative strength and chemical
profiles of these toxins and how they influence warning
signal form and function (but see Cortesi & Cheney,
2010). However, highly conspicuous nudibranchs, which
may have the strongest chemical defences (Cortesi &
Cheney, 2010), should maximize the deviation of their
visual signals from the natural spatial frequency of the
surrounding visual environment to elicit a strong avoid-
ance response by predators (Zylinski et al., 2011; Stevens
& Ruxton, 2012). Olfactory cues may also increase avoid-
ance response by predators (Ritson-Williams & Paul,
2007). This may be enhanced by the secretion of pun-
gent substances (Behrens, 2005; personal observations)
in some species, for example Phyllidiella pustulosa, that
may be detected before an attack.

The ability of nudibranchs to produce certain colours
and patterns may also be restricted by diet, habitat and
physiological mechanisms, as found in many colourful
animals (Fox & Vevers, 1960). However, the variety of
colours produced by the relatively closely related
bivalve marine molluscs, such as the giant clam family
(Tridacnidae), suggests that the palette available to this
phylum, using both pigmentary and structural mecha-
nisms, is large. Additional selective pressures that have
confounded results from terrestrial model systems (e.g.
insects, frogs) such as thermoregulation and intra-spe-
cific signalling (e.g. individual recognition and sexual
signalling) are not applicable to our system. Nudibranch
eyes are simple structures; their visual abilities are
limited and only used for simple behaviours such as
phototaxis (Barth, 1964).

As expected, both measures of pattern (intensity vari-
ance and spatial frequency power spectra) were highly
correlated; however, we found no relationship between
pattern statistics and spectral contrast, a measurement
that is frequently used in studies investigating the func-
tion and evolution of animal visual signals. Therefore,
nudibranchs that exhibited the most highly contrasting
patterns compared with their background, did not nec-
essarily exhibit the most contrasting colours. The rela-
tive importance of each signal component (e.g. colour,
pattern, luminance) and how they interact is often
unclear. In terrestrial systems, chicks appear to use
colours, rather than pattern, when learning and memo-
rizing a signal (Osorio et al., 1999; Aronsson & Gambe-
rale-Stille, 2008), indicating that specific colours may
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transmit information, but pattern may attract attention
to the signal and increase learning of a specific signal
(Osorio et al,, 1999). Pigeons appear to use only one
visual cue (shape or colour) when discriminating
between visual stimuli (Reynolds, 1961; Johnson
& Cumming, 1968). However, Spottiswoode & Stevens
(2010) found that host birds use both colour and pat-
tern to discriminate and reject parasitic eggs from nests.
Furthermore, honeybees use more than one cue when
processing information about signals (shape, colour and
scent), and are able to store information about each
one (Gould, 1984). To our knowledge, there has been
little work done on the importance of colour and pat-
tern in aquatic signalling systems.

Often studies use spectral contrast as a sole measure
of conspicuousness, which may be misleading as colour
distance may not be a linear measure of conspicuous-
ness: once colour distance goes beyond the threshold of
just noticeable differences, we do not know how spec-
tral information is processed. Also, two spectra that are
separated by equal distances in different directions in
the colour space may not be equally distinguishable.
Whether an increase in colour distance is directly
related to an increase in conspicuousness or detectabil-
ity of a colour signal should be tested empirically with
behavioural experiments. Measures of conspicuousness
are largely based on estimates of retinal input but do
not consider neural processing of visual information.
Until more is known on the relative roles and percep-
tion of visual cues component, multiple measures of
conspicuousness should be used when addressing the
function and evolution of visual signals.

In conclusion, we show that in nudibranch molluscs
crypsis is not limited to small individuals, and we high-
light the need to consider pattern in addition to spectral
contrast when investigating the function and evolution
of animal visual signals. We would also encourage
more studies into the relative importance of colour,
pattern and luminance in visual cues. We believe that
that nudibranchs will be a fruitful model system in
which to test a number of evolutionary hypotheses
regarding the evolution of visual signals, but further
information is needed on the relative strength of their
chemical defences.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Spatial frequency analysis of six simulated
and real example images.

Figure S2 Density plots of 1000 trees obtained from
MrBayes analysis to highlight phylogenetic uncertainty.
Figure S3 Relative measurements of traits plotted on
phylogenetic tree.

Figure S4 Scatterplot of spectral contrast (colour dis-
tance) as perceived by a dichromatic reef fish (Chaetodon
kleinii; A max = 496, 530) against average body size of
each nudibranch species, (a) against the background
habitat and (b) within animal colour pattern.

Table S1 Species and data used in each analysis and
GenBank Accession Numbers.

Received 25 September 2013; revised 13 January 2014; accepted 23
January 2014

© 2014 THE AUTHORS. J. EVOL. BIOL. doi: 10.1111/jeb.12348

JOURNAL OF EVOLUTIONARY BIOLOGY © 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

121



5.3. Supporting Information

Supplementary Table Sg1: Species and data used in each analysis, and Genbank accession numbers

. . | Meanbody | Spectral | Wumber of image
Family Species Name (as per WoRMS: www.marinespecies.org) Recent synonyms col 165 " (for pattern
size (cm) data analysis)
Aegiridae Aegires citrinus (Bergh, 1875) Notodoris citrina KJ001313 KJ018905 4 YES -
Aegiridae Aegires gardineri (Eliot, 1906) Notodoris gardineri DQ991934 DQ991934 6 YES 14
Aegiridae Aegires minor (Eliot, 1904) Notodoris minor KJ001314 KJ018906 6 YES -
Chromodorididae Ardeadoris cruenta (Rudman, 1986) Glossodoris cruenta KJ001298 KJ018907 4 YES -
Chromodorididae Ardeadoris egretta (Rudman, 1984) EU982713 EU982762 5 YES 14
Chromodorididae Ardeadoris rubroannulata (Rudman, 1986) Glossodoris rubroannulata 1Q727873 JQ727755 5 YES -
Chromodorididae Ceratosoma brevicaudatum (Abraham, 1876) EU512141 EU512052 9 - 11
Chromodorididae Ceratosoma tenue (Abraham, 1876) KJ001300 JQ727696 8 YES 9
Chromodorididae Ceratosoma trilobatum (Gray, 1827) EU982730 EU982784 9 YES 8
Chromodorididae Chromodoris annae (Bergh, 1877) JQa727829 JQ727704 5 YES 20
Chromodorididae Chromodoris striatella (Bergh, 1876) KJ001302 KJ018908 4 - 8
Chromodorididae Chromodoris dianae (Gosliner & Behrens, 1998) 1Q727836 JQ727712 3 YES 22
Chromodorididae Chromodoris elisabethina (Bergh, 1877) JQ727837 JQ727713 4.5 YES 27
Chromodorididae Chromodoris kuiteri (Rudman, 1982) AF249804 AF249240 6 YES 20
Chromodorididae Chromodoris lochi (Rudman, 1982) JQ727850 JQr27728 4 YES 32
Chromodorididae Chromodoris magnifica (Quoy & Gaimard, 1832) EU982736 EU982787 4 YES 24
Chromodorididae Chromodoris quadricolor (Ruppell & Leuckhart, 1828) AF249802 AF249241 4 - 25
Chromodorididae Chromodoris westraliensis (O'Donoghue, 1924) 1Q727860 JQ727742 35 - 10
Chromodorididae Diversidoris flava (Eliot, 1904) Noumea flava EU512164 JQ727805 1.5 YES 12
Chromodorididae Dorisprismatica atromarginata (Cuvier, 1804) Glossodoris atromarginata JQ727864 JQ727746 5 YES 51
Chromodorididae Dorisprismatica sedna (Marcus & Marcus, 1967) Glossodoris sedna JQ727878 JQ727760 3 - 16
Chromodorididae Felimida luteorosea (von Rapp, 1827) Chromodoris luteorosea AJ223259 AJ225183 2.5 - 11
Chromodorididae Felimida purpurea (Risso in Guérin, 1831) Chromodoris purpurea AJ223260 AJ225184 2 - 16
Chromodorididae Glossodoris cincta (Bergh, 1888) EU982740 EU982792 6 YES 8
Chromodorididae Glossodoris pallida (Ruppell & Leuckhart, 1828) EU982742 EU982794 2 YES 14
Chromodorididae Glossodoris vespa (Rudman, 1990) EU512160 EU925586 8 YES 9
Chromodorididae Goniobranchus albonares (Rudman, 1990) Chromodoris albonares KJ001299 KJ018909 2 YES 10
Number of image
Family Species Recent synonyms cor 165 vhefn :1‘)“”' Spectral | (for pattern
analysis)
Chromodorididae Goniobranchus coi (Risbec, 1956) Chromodoris coi EU982734 EU982785 4 YES 17
Chromodorididae Goniobranchus daphne (Angus, 1864) Chromodoris daphne KJ001297 KJ018921 2.5 YES 12
Chromodorididae Goniobranchus decorus (Pease, 1860) Chromodoris decora EU982735 EUS82786 15 YES 18
Chromodorididae Goniobranchus geometricus (Risbec, 1928) Chromodoris geometrica JQ727841 JQ727718 15 YES 20
Chromodorididae i hus hil is (Gosliner & Behrens, 1998) Cf is hir i JQ727845 JQ727721 2 YES 11
Chromodorididae Goniobranchus kuniei (Pruvot-Fol, 1930) Chromodoris kuniei EF535112 JQ727724 4.5 - 9
Chromodorididae Goniobranchus splendida (Angus, 1864) cl i EU982738 EU982789 | 4 YES 32
Chromodorididae i hu: iensis (Bergh, 1905) Cl EF535113 AY458817 3 - 14
Chromodorididae Goniobranchus tinctorius (Riippell & Leuckart, 1828) Chromodoris tinctoria KJ001315 KJ018910 3.5 - 15
Chromodorididae Goniobranchus verrieri (Crosse, 1875) Chromodoris verrieri 1Q727858 1Q727740 2 YES 13
Chromodorididae Hypselodoris bennetti (Angas, 1864) EF535131 EF534059 3 - 50
Chromodorididae Hypselodoris bullockii (Collingwood, 1881) 1Q727888 1Q727772 3.5 - 11
Chromodorididae Hypselodoris godeffroyana (Bergh, 1977) Risbecia godeffroyana EU512124 EU512097 | 4.5 YES 20
Chromodorididae is infucata (Rippell & Leuckhart, 1828) 1Q727891 1727776 3.5 - 12
Chromodorididae Hypselodoris jacksoni {Wilson & Willan, 2007) 1Q727892 1Q727778 4 YES 13
Chromodorididae Hypselodoris maritima (Baba, 1949) 1Q727897 1Q727788 2.5 YES -
Chromodorididae Hypselodoris obscura (Stimpson, 1855) EU982745 EU982797 3.5 YES 25
Chromodorididae Hypselodoris tryoni (Garrett, 1873) Risbecia tryoni EU982755 EU982808 4.5 YES 32
Chromodorididae Hypselodoris whitei (Adams & Reeve, 1850) 1Q727903 1Q727794 3.5 YES 11
Chromodorididae Hypselodoris zephyra Gosliner & Johnson, 1999 JQ727904 JQ727796 3 YES 14
Chromodorididae Mexichromis festiva (Angas, 1864) EF535124 EF534051 1.5 YES 14
Chromodorididae Mexichromis mariei (Crosse, 1872) EU982749 EU982801 15 YES 10
Chromodorididae Mexichromis trilineata (Adams & Reeve, 1850) Pectenodoris trilineata EU982753 EU982806 1 YES -
Chromodorididae Miamira sinuata (van Hasselt, 1824) Ceratosoma sinuata EU982733 EU982783 5 YES -
Chromodorididae Noumea laboutei (Rudman, 1986) KJ001301 KJ018911 15 YES -
Dendrodorididae Dendrodoris krusensternii (Gray, 1850) Dendrodoris denisoni GQ292047 AF430350 6 YES 10
Dendrodorididae Dendrodoris tuberculosa (Quoy & Gaimard, 1832) KJ001303 AF430352 10 YES 8
Discodorididae Halgerda aurantiomaculata (Allan, 1932) KJ001312 KJ018912 6 YES -
Discodorididae Halgerda willeyi (Eliot, 1904) AY128129.1 KJ018913 5 YES -
Dorididae Doris pecten (Collingwood 1881) Doriopsis pecten KJ001311 K1018914 15 YES 8
Facelinidae Phyllodesmium crypticum (Rudman, 1981) HQ010507 HQ010543 5 YES 8
Number of image
Family Species Recent synonyms col 165 :\;I;u{r;:z}:dy f’;;::tml (for pa_ttem
analysis)
Facelinidae izardensis (Burg ., Schrédl & Wégele, 2008) HQO10505 HQO10540 | 6 YES 8
Flabellinidae Flabellina exoptata (Gosliner & Willan, 1991) 1Q699572 1Q699485 2 YES 11
Flabellinidae e lina r li (0'D hue, 1929) KJ001316 KJ018915 2 YES -
Phyllidiidae Phyllidia picta (Pruvot-Fol, 1957) Fryeria picta KJ001304 1018916 4 YES R
Phyllidiidae Phyllidia coelestis (Bergh, 1905) 1001305 1018917 4 YES 18
Phyllidiidae Phyllidia elegans (Bergh, 1869) AJ223276 AJ225201 4 YES 22
Phyllidiidae Phyllidia ocellata (Cuvier, 1804) KJ001307 AF430363 4 YES 22
Phyllidiidae Phyllidia varicosa (Lamarck, 1801) KJ001306 AF430364 7.5 YES 26
Phyllidiidae lizae (Brunckhorst, 1993) KJ001309 KJ018918 2.5 - 9
Phyllidiidae Phyllidiella pustulosa (Cuvier, 1804) KJ001310 AF249232 4 YES 48
Phyllidiidae Phyllidiopsis cardinalis (Bergh, 1876) KJ001308 AF430367 4 YES -
Polyceridae Nembrotha cristata (Bergh, 1877) EF142893 EF142942 4.5 YES 17
Polyceridae Nembrotha kubaryana (Bergh, 1877) Nembrotha nigerrima DQ231007 KJ018919 5 YES 20
Polyceridae Nembrotha lineolata (Bergh, 1905) EF142885 EF142937 3 YES 8
Polyceridae Nembrotha milleri (Gosliner & Behrens, 1997) EF142896 KJ018920 6 YES -
Polyceridae Tambja morosa (Bergh, 1877) EF142867 EF142917 5 YES 8
Polyceridae Roboastra gracilis (Bergh, 1877) EF142863 EF142912 3 YES 14
Polyceridae Roboastra luteolineata (Baba, 1936) EF142861 EF142911 4 YES 8
Pleurobranchaeidae Pleurobranchaea meckeli (Blainville, 1825) F1917499 F1917439
Pleurobranchaeidae Bathyberthella antarctica (Willan & Bertsch, 1987) F1917487 F1917429
Pleurobr: ia antarctica (Thiele, 1912) DQ237992 EF489330
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Supplementary Figure S1: Spatial frequency analysis of 6 simulated and real example images. Each image (i) is
analyzed using a two-dimensional Fourier transform (i), which is then rotationally averaged to produce a one
dimensional power spectrum. The simulated images (a-d) contain strict periodic patterns, which produce clear
peaks and troughs in the frequency analysis. In contrast, more natural scenes (e-f) contain a wider distribution of
frequencies, and therefore exhibit smoother power spectrum relationships.
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Supplementary Figure S2: Density plots of 1000 trees obtained from MrBayes analysis to
highlight phylogenetic uncertainty. Densely coloured areas indicate areas where trees agree
on topology, where as lighter areas indicate uncertainty. Black lines indicate consensus tree.
Tree was created in DensiTree v 2.1.10 (available from
http://www.cs.auckland.ac.nz/~remco/DensiTree/)
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Supplementary Figure S3: Relative measurements of traits plotted on phylogenetic tree. As the diameter of circle increase, the
respective trait value increases (body size, pattern measurements, colour distance measurement). X indicates value not available for
the trait, white circles indicate a negative value (in the case of intensity variance, nudibranch has a solid coloration compared to their

background).
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Supplementary Figure S4: Scatterplot of spectral contrast (colour distance) as

perceived by a dichromatic

reef fish (Chaetodon kleinii; & max = 496, 530) against

average body size of each nudibranch species, a) against the background habitat and b)
within animal colour pattern. Highest-density predicted interval (HDPI) and regression

lines show results of phylogenetic regression analysis.
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Abstract

How reliable signals evolve is a question that has been hotly debated by theoreticians and for
which empirical evidence has been difficult to obtain. Due to strong conflicts of interest, theory
predicts that communication in territorial species should be under strong selection for clear,
reliable, signaling. On the other hand, context-dependent signaling increases cheating
opportunities, depending on how different receivers — mates, competitors or potential predators
— acquire and process information. Using signaling theory, visual models and behavioral
experimentation, we characterize reliability sources of the facial pattern as a visual signal in the
territorial cichlid Neolamprologus brichardi. This signal evolved constant conspicuous chromatic
properties for efficient detection in the aquatic medium, while allowing for context-dependent
achromatic plasticity to communicate aggressive intent during territorial bouts. Importantly, we
provide behavioral evidence that signal honesty is maintained by receiver retaliation costs,

keeping the chances for cheating at a low.

One Sentence Summary: Receiver retaliation maintains honesty of a plastic visual signal in

cichlid fish.
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Main Text

Animals use a variety of strategies to signal threat, attract mates and advertise territory
ownership (7, 2). However, because signaling systems are open to exploitation from individuals
who would rather provide unreliable information (i.e. cheaters), the interests of senders and
receivers rarely coincide (7, 2). Then what prevents animals from cheating and getting fitness
benefits at the expense of direct competitors? Due to advances in game-theoretical modeling
over the past three decades, costly signaling theory has emerged as the ultimate adaptive
explanation for the evolution of reliable communication and hinges on differential production
costs of signals (7-5). Yet identifying the proximate mechanisms that generate reliable signals in
the face of conflicts of interest has proven difficult, and empirical evidence for production costs
in support of theoretical models remains scarce and mixed. In fact, signals thought to be reliable
often have low production costs (6). Recognition that the potential costs of cheating, rather than
their realized costs, can maintain signal reliability (7-9), offers a solution to the issue of reliable
communication when strategic production costs are not evident (70). Here a third type of cost —
receiver retaliation — is context-dependent and entirely conditional on receiver responses to the
signal displayed by the sender. In this case, a signal needs only to incur efficacy production
costs to guarantee unambiguous communication while honesty is socially mediated.

The evolution of reliable signals further depends on the spatial and temporal features of
communication, yet this aspect is rarely considered. Dominant territorial males of sexually
dichromatic birds (77), lizards (72) and fish (13), for example, display vibrant costly colors and
contrasting color patches that are used in male-male competition and to attract choosy females
(Fig. 1A). Expression of these signals, however, needs to be status-dependent, such that non-
territorial individuals and territorial neighbors do not elicit unnecessary aggression from territory
owners. But how can year-round territorial species reliably signal ownership while dominant, and
not incur in physical injury while subordinate? These changes in conspicuousness require
specific behavioral or morphological adaptations, such that signals are conveniently hidden or
absent when not in use but still maximize signal reception when needed (74, 15). In the present
study we characterize a plastic visual signal that is used to communicate aggressive intent, and
identify mechanisms guaranteeing honest communication by simulating a cheater invasion (Fig.
1B). Moreover, we provide a general framework to characterize visual signals and offer empirical
evidence that selection for signal conspicuousness, rapid physiological color changes and
receiver retaliation costs can act as the proximate mechanisms that guarantee the efficacy and
reliability of such signals.

We chose to examine the design and conspicuousness of a facial coloration pattern in
the cichlid fish Neolamprologus brichardi, a lifelong territorial species that shows elaborate social
habits (Fig. 1A). Our model system is a sexually monochromatic substrate spawner of the
species-rich tribe Lamprologini (76) and has emerged as a model in cooperative breeding

studies (77). Like other members of this tribe, individuals of both sexes look alike and share
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similar tasks such as territory maintenance, defense and brood care. The reproductive couple
has the peculiarity of being aided by up to 25 helpers in these tasks, organized in a strict linear
hierarchy (78, 19). As a consequence of cooperative breeding and colony life, individuals
repeatedly and regularly interact (20), using visual signals to recognize mates, kin and neighbors
(21-23). Importantly, the rocky territories they inhabit are a valuable resource that provides
substrate for reproduction and shelter against predation (3-50 m depth; (24, 25). Against this
background, we characterized the conspicuousness of the N. brichardi facial pattern, the
information it transmits to conspecifics (territoriality), and determined whether and how honesty

of the signal is maintained.

Conspicuousness of the N. brichardi facial pattern (Fig. 2A, B). Selection for honest
communication favors signaling systems that maximize signal reception relative to environmental
noise and signal degradation. A visual signal in a particular light environment is most
conspicuous when adjacent color elements have greater contrasts than non-adjacent elements
(26-29). High conspicuousness is achieved by stimulation of adjacent photoreceptors in
opposite ways by complementary radiance spectra (30, 37). Design strategies for signal
conspicuousness and efficacy therefore include; () use of white or highly reflective colors
adjacent to dark patches; (i) use of patches that reflect high-intensity ambient wavelengths
adjacent to patches that reflect low-intensity wavelengths; (i) use of adjacent patches with
complementary colors; and, (iv) the latter being centered in the greatest light intensity of the
transmission medium (27).

Using spectral reflectance and theoretical fish visual models (/32, 33]; Fig. S1 - 4 and
Table S1 - 3) we show that the conspicuousness of the facial pattern is achieved by highly
contrasting adjacent colors, ensuring detection efficacy in the aquatic medium (linear mixed-
effects model (LMM): F,4 = 207.31, P < 0.001; Fig. 2C). In support of signal theory (27), we
show that conspicuousness is accomplished by the use of highly reflective elements, such as
structural blue coloration and white adjacent to dark elements, in particular both black horizontal
and vertical stripes composed of melanophores (black pigment cells). This combination is
exceptionally effective since white reflects everywhere in the available light spectrum and the
blue element reflects the high-intensity wavelengths of the aquatic medium, while the black
stripes absorb most incident light (Fig. S tba). Chromatic contrast is further achieved by use of
complementary colors, blue and yellow, centered in the highest light intensity of water
transmission (Fig. S tba). By contrast, the achromatic signals do not seem to contribute much to
conspicuousness, as brightness contrasts between adjacent and non-adjacent elements do not
significantly differ from one another (LMM: F, 4 = 4.61, P = 0.06; Fig. 2D).

Context-dependent use of facial color pattern. Highly contrasting facial patterns implicate
selection for the honest exchange of information. To test this, we investigated the function of the

facial pattern in a territorial context by staging combat situations (fight for a ‘flower pot’ territory)
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in laboratory aquaria between pairs of fish (n = 20 pairs, 20 females and males each; Fig. S5 and
Table S4). We found that irrespective of sex (outcome X females LMM: F, ;g = 0.44, P = 0.52;
outcome X males LMM: F, ;g = 0.58, P = 0.46), body size (LMM: F, ;3 = 8.02, P = 0.01) and
fighting ability (LMM: F, s = 67.31, P < 0.001) determined the outcome of staged dyadic
combats. Most importantly, we uncovered that losers of the combat rapidly paled their horizontal
facial stripe (generalized linear mixed-effects model (GLMM) with binomial error distribution: X?, =
14.97, P < 0.001; Figs. 2B, 3A) and that the initial brightness of the stripe does not influence
contest outcome (GLMM, binomial: X2, = 0.01, P = 0.93). Rapid physiological color changes are
response available to all lower vertebrates and many invertebrates, can occur as fast as in a few
seconds (34), and have previously been found to be used to alter signals during social
interactions in other cichlid species (35).

Next, we used the theoretical vision models (/32, 33]; see above) to test if the changes
in brightness of the horizontal facial stripe would also implicate an alteration in conspicuousness
of the facial pattern in general. We found that even after paling, chromatic contrasts of adjacent
colors stayed higher than that of non-adjacent colors and all pairwise comparisons remained
well above the threshold of one for just noticeable differences (JND) of the signal receiver [(28);
Fig. 2C]. Whereby, adjacency of the color elements accounted for 96.5% of the variance of
chromatic contrasts, while changes in the brightness of horizontal stripes explained less than 3%
(Table S tha). Therefore, conspicuousness of the facial pattern in terms of chromatic contrast
seems unaffected by the paling of the horizontal facial stripe. On the other hand, we observed a
significant decrease of brightness contrasts when comparing facial pattern elements to the pale
horizontal stripe, except for the contrast involving the vertical stripe, since the latter remains
black (Fig. 2D). Hence, changes in brightness of the horizontal stripe explain most of the
variance in achromatic contrasts (68.5%; Table S tha). From this it follows that information about
aggressiveness is solely encoded by changes in brightness of the horizontal facial stripe while
white, yellow and blue elements of the facial pattern act as amplifiers to enhance the chromatic
contrast of the signal.

Behavioral in combination with fish visual modeling results suggest that individuals use
the achromatic channel to communicate aggressive intent and territory ownership, while signal
conspicuousness is kept intact by use of the chromatic channel. Using this dual mechanism is
an elegant way to ensure that communication efficacy does not decrease due to context-
depending signaling. This always ‘on’ strategy to communicate territorial ownership and
aggressive intent is somewhat surprising as it is temporally opposite to common intraspecific
signaling systems used by e.g. anoles lizards or chameleons (72, 36, 37). Our findings could
possibly be explained by lifelong territoriality and different predation escape strategies. While
stenotopic cichlids rely on their rocky territories for shelter (and breeding) and conspicuously
signal their ownership at all times, chameleons and anoles lizards have to rely on immobility and

camouflage to escape avian predation and become only momentarily conspicuous while
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displaying to conspecifics (37). Instead, a continuously conspicuous signaling strategy is more
similar to that of aposematic species, which rely on high conspicuousness to signal their
distastefulness (38, 39).

Proximate mechanisms producing an evolutionary stable signaling strategy. Theoretically,
plastic changes in brightness of the horizontal facial stripe, because they are relatively cheap and
quick to achieve, would be a prime candidate for cheating behavior to evolve. However, no such
behavior was observed from the experiments above. Therefore, to test why plastic signals
remain honest in N. brichardi, we simulated a cheater invasion of the signaling system by
manipulating the brightness of the horizontal facial stripe (darkening or paling) and presenting
fish to their mirror images. Our setup was opposite to the commonly used approach of
displaying manipulated individuals to territory owners (2), but had the advantage of testing
behavior of non-territorials (i.e. the receivers of the mirror image), which are the ones most
interested in detecting unreliable signals if used by ‘fake’ territorial, dominant individuals.
Manipulation of the horizontal stripe had a significant effect on the number of aggressive bouts
received (LMM: F, 45 = 13.73, P < 0.001; Fig. 3B) irrespective of sex (LMM: F;,; = 0.04, P =
0.85). Individuals with darkened stripes received significantly more aggression compared to
individuals with paled stripes (TukeyHSD: z = -3.89, P < 0.001) and controls (TukeyHSD: z = -
6.59, P < 0.001). Importantly, individuals with paled stripes also received more aggression than
controls (TukeyHSD: z = -2.97, P = 0.008). Since aggressive intent is not a quality that can be
easily handicapped (2), receivers can assess the reliability of signals of aggressive intent with
relative ease (8) and impose social costs on cheaters.

Reliable communication is expected in aggressive contexts, such as territorial defense,
since fighting is costly to all individuals (7, 2, 4). As predicted by theoretical models (7-9), we
show that honest communication can be guaranteed by punishing cheaters. We thereby provide
some rare empirical evidence that, like in wasps (6, 40), fish are able to detect and punish
individuals who signal unreliably, be they cheaters signaling strength (bluffers) or modest liars
(Trojans) (41). Our study furthermore supports the theory that commitment to a resource can
generate broad conditions of reliability even if the resource is of high value (47). The territory is a
non-divisible resource, essential for survival and reproduction in N. brichardi, and losing it has
potential lifetime fitness consequences. Furthermore, the fact that these fish live in close
proximity to conspecifics creates conditions for repeated interactions among individuals, which
favors identification and punishment of cheaters. Here, we show that receiver retaliation is a
powerful mechanism maintaining the honesty and stability of visual signals in territorial cichlid
fishes. The physiological changes of the facial stripe rival the morphological and behavioral
strategies presented by other territorial species (74, 715) and allow fish to communicate their
intention to retreat from a combat to avoid escalation and associated costs which are typically

imposed on species that use more static visual signals.
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Figure 1. (A) Territorial species display a
variety of conspicuous visual signals to
communicate  aggressive intent. To
decrease predation pressure, during non-
breeding season and other non-aggressive
contexts several species use
morphological or behavioral adaptations to
conceal signals. We propose that rapid
physiological color change is the proximate
mechanism responsible for turning ‘off’ a
visual signal of aggressive intent in lifelong
territorial fish. Clockwise from top left:
facial color pattern in Princess of Burundi
cichlid (Neolamprologus brichard);
extended dewlap in trunk-ground Brown
Anole (Anolis sagrei); partially covered
epaulette in  Fan-tailed  Widowbird
(Euplectes  axillaris). (B) Flowchart to
illustrate the general approach proposed
for studying visual signals by determining
signal efficacy, function and proximate
reliability mechanisms.
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Figure 2. Color properties of facial elements in dominant and non-dominant Neolamprologus
brichardi. (A and B) Average spectral reflectance of facial color pattern elements. Horizontal
(green triangle) and vertical (black triangle) facial stripes have the same reflectance in
territorial fish (A). Losing a combat (and territory) significantly increases reflectance of
horizontal facial stripe in non-territorial fish, i.e. paling occurs (B). (C and D) Chromatic and
achromatic contrasts between pairs of adjacent and non-adjacent color elements as
perceived by N. brichardi, ordered from highest to lowest in territorial fish. High chromatic
contrast is achieved by color combinations involving blue and yellow (C), while high
brightness contrast is achieved by color combinations involving dark stripes (D). Stippled line
marks the 1 JND, threshold after which two patches are thought to be perceived as different
(28). Asterisks illustrate significant differences in contrast between territorial and non-
territorial fish (*** P < 0.001, ** P < 0.01, * P < 0.05).
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6.2. Supporting Information

Materials and Methods

Choice of species

The Princess of Burundi, Neolamprologus brichardi (Teleostei: Cichlidae), is a small (up to 8 cm
in standard length) fish native to Lake Tanganyika, eastern Africa. Together with N. pulcher, it
has emerged as a model system in studies on the evolution of cooperative breeding behavior (7).
Recently, substantial genomic and transcriptomic resources have become available for N.
brichardi (2). These resources make this species an excellent system for the study of speciation,
evolution of cooperative behavior and communication from a genetic perspective. Moreover, N.
brichardi performs the complete range of behaviors observed in the wild under laboratory
conditions, which also makes it an optimal species for behavioral studies (3). Phylogenetic
relationships have been recently studied (4), which led some authors to synonymize it with N.
pulcher. The two species differ in their facial pigmentation patterns, but are thought to behave
similarly. We adopt the pre-synonymy taxonomy because it highlights the differences in facial
pigmentation pattern, which are the focus of our study. This should not create taxonomic
confusion and favors the accumulation of clear information for each of the pigmentation
phenotypes. Like most other species of the tribe Lamprologini, N. brichardi is sexually
monochromatic, i.e. the color of fish does not differ between males and females. The facial
pigmentation of N. brichardi consists of two black stripes, arranged in a horizontal T-shape,
surrounded by structural blue coloration, yellow pigmentation elements and a white
branchiostegal membrane. Another less conspicuous stripe is present in the pre-orbital
(lachrymal) area. From a human perspective, the species has a beige body with fine orange
elements in the posterior half and white-fringed fins (see Fig. 1 in main text).

Substantial data on life history and behavioral traits have been documented for these
species. Social groups of N. brichardi can be found on coastal rocky substrates of Lake
Tanganyika between 3 — 50 m deep. The rocky substrate provides a territory with shelters and
breeding grounds where adhesive eggs are spawned. The breeding male is always the largest
individual of the group, usually followed by the breeding female and subordinate helpers (which
can number up to 25) are the smallest (7). Groups aggressively defend their territory and
dominant females and males behave similarly, and both show high testosterone levels and brain
arginine vasotocin expression [a neuropeptide involved in vertebrate territorial, reproductive and
social behaviors; (5)]. Group hierarchy is based on size, is relatively stable over time and,
subordinate fish either stay in their natal group or they disperse to a new group to queue and
breed (7). Territories are clustered into colonies, separated by a mean distance adjacent of 1.6
m (6). These life history and behavioral traits create conditions for repeated interactions among
individuals. Most of which involve submissive behaviors, followed by aggressive behaviors and

only then territory maintenance (such as digging) and broodcare (7).
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Husbandry of study animals

N. brichardi were raised and kept under controlled captive conditions at the Zoological Institute,
University of Basel, Switzerland. Tanks had a constant water temperature of 27 + 1 °C, a 12:12
h light:dark regime and contained ~ 1.5 cm of sand on the bottom, a foam filter, a heater and
terracotta flowerpots that are readily accepted as shelters. Fish were fed commercial flakes or
frozen cichlid food twice daily. All experiments were authorized by the Cantonal Veterinary Office,
Basel, Switzerland (permit numbers 2317 & 2356) and performed at the Zoological Institute,

University of Basel.

Color spectra and theoretical visual modeling experiment
Spectral reflectance measurements of N. brichardi facial patterns were taken using a USB4000
spectrophotometer (Ocean Optics Inc.) and DH-2000-DUV Mikropack deuterium-halogen light
source, connected to a laptop computer running Ocean Optics SpectraSuite software. Twenty
individuals were tranquilized using a solution of KOIMED Sleep (KOI&ZQBONSAI, 0.5% v/v 2-
Phenoxyethanol) before being transferred to a shallow tray filled with sufficient water to fully
cover the fish. Because tranquilizing the fish before measuring their spectral reflectance may
induce a short term darkening of their skin pigmentation we took care to measure reflectance
after original conditions were re-established (~15 seconds). Spectral reflectance of various facial
color patches (Fig. 2A-B in main text) was measured with a 200um bifurcated optic UVAisible
fiber. The bare end of the fiber was held at a 45° angle to prevent specular reflectance. A
Spectralon 99% white reflectance standard was used to calibrate the percentage of light
reflected at each wavelength from 350 — 750 nm. At least ten measurements per facial pattern
per individual were taken and subsequently averaged. Spectra were assessed based on the
wavelength at which light was reflected and the shape of the reflectance curves, and classified
into previously established categories of reef fish colors (8).

To characterize the visual system of N. brichardi, we used published quantitative opsin
data (2, 9) and amino acid sequences from eye RNAseq data (2) done on our stock of N.
brichardi, and collected new transmission measurements of the crystalline lens from wild
specimens. Laboratory reared N. brichardi expressed the UV-sensitive SWS1, and the two
green-sensitive RH2A and RH2B opsin genes, which is a common opsin expression palette in
cichlid species, including the ones from lake Malawi [(Figure S1; (70)]. On comparisons of amino
acid sequences of these three genes to the sequences of their lake Malawi relatives we found
that there are only minor differences between species (Tables S1 — S3). In particular, N. brichardi
and Metriaclima (Maylandia) zebra show amino acid similarity of 95.4% (+ 1.1%, s.e.) at SWSH1,
98% (= 0.7%, s.e.) at RH2Aa and 97.7% (+ 0.8%, s.e.) at RH2B [calculated in MEGAG; (717))].

Finally, we measured ocular media transmission of the whole eye, cornea, and the lens
from wild caught N. brichardi (Cape Kachese, Zambia; n = 3) to gain an understanding of the

physical light filtering properties of the eye. Briefly, we followed previously established protocols
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(10, 13) and measured transmission by cutting a window into the back of the respective ocular
media before mounting it above a pinhole. Light from a pulsed xenon light source (Jaz-PX,
Ocean Optics Inc.) was directed through the pinhole and the ocular media and collected by a
100 um optical fiber attached to a Jaz spectrometer (Ocean Optics Inc.). A Spectralon 99%
white standard was used as a reflection standard. At least three measurements per media were
taken and subsequently averaged. Spectra were thereafter normalized using their maximum
transmission and the wavelength at which 50% transmission (T50) was reached was determined
within the 300 — 750 nm interval (70, 73). We found the lens to be the limiting light transmission
media of the N. brichardi eye with a T50 cut-off value of 359 nm (Figure S2).

In the absence of physiological measurements for N. brichardi and based on our
molecular assessment, we followed (74) and used opsin absorbance spectra [A,, = 368 nm for
short wavelength (SWS), A, = 488 nm for mid wavelength (MWS), A, = 533 nm for long
wavelength (LWS); (75, 16)] from Metriaclima (Maylandia) zebra, a rock-dwelling cichlid species
from lake Malawi, to reconstruct the visual sensitivities of N. brichardi (Figure S3A). We then
incorporated our lens transmission measurements to create a template of the visual system of N.
brichardi (Figure S3B), which was later on used to model how N. brichardi perceives color
differences between facial patterns of individuals with dark and pale horizontal stripes.

We took measurements of the natural ambient light under which the fish color patterns
have evolved. Measurements were taken at Isanga Bay, Zambia (Lake Tanganyika, Africa) in
September 2011 at depths of 3 m and 7 m (Figure S4). lllumination was measured using a
USB2000 spectrometer attached to a PALM-SPEC computer running native software (Ocean
Optics), enclosed in an underwater housing (Wills Camera Housings, Victoria, Australia). We
used a shortened (60cm) 1000 um UV/visible optical-fiber with a cosine corrector to provide an
180° hemisphere to measure both, down-welling (by pointing the fiber upwards) and side-welling
light (pointing the fiber horizontally into the middle or towards the shore of the lake). However,
there was no substantial difference in our overall conclusion when using either of the
measurements.

We used theoretical fish vision models (77, 18) to quantify the chromatic (hue) and
achromatic (luminance or brightness) color contrasts between the facial patterns of N. brichardi
with dark and pale horizontal stripes. The difference between adjacent and non-adjacent color
patches was calculated using the N. brichardi visual system and assuming ambient light
conditions as measured from their natural habitat (see above).

The chromatic model calculates the color distance (AS) within the visual ‘space’ of the
fish, where low values of AS denote similar colors and high values of AS indicate chromatically
different colors. When calculating chromatic distances between color patches luminosity is
disregarded within the model, the colors are assumed to be encoded by an opponency
mechanism based on the sensitivities of the fish visual system, and color discrimination is

thought to be limited by photoreceptor noise determined by the relative proportion of each
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photoreceptor type (717, 18). The receptor quantum catch (q) in the photoreceptor cell of type i is
calculated as:

q; = [ RiYSA)IA)dA
where A denotes the wavelength, Ri(A) the spectral sensitivity of the photoreceptor cell, S(A) the
spectral reflectance of the color patch, I(A) the illumination spectrum entering the eye and
integration is over the range of 350 — 750 nm [equation 1 of (77)]. llumination was set as
measured at a depth of 7 m and coming from above (no difference was found when using spot
tests and illumination at 3 m). In the absence of physiological data for our study species we
based the relative proportion of cone receptors on morphological studies from other cichlid
fishes (Marshall N.J. personal communication) to assume a ratio of 1:2:2 (SWS:MWS:LWS). The
weber fraction (w) was set to assume a 0.05 LWS noise threshold, which is a conservative
approach representing approximately half the sensitivity of the human LWS cone system (79).

In addition to the chromatic contrast we also calculated achromatic, brightness contrast
as a second property of the visual signal. Long wavelength receptors are thought to be
responsible when perceiving differences in brightness [for discussion see (20)] and we therefore,
used the differences in the natural logarithm quantum catch (Q) of the long wavelength receptor
(L) to calculate achromatic differences between color patches:

AL = IN(Qpaterd) = IN(Qupateny)

We predict that the more AS and AL increase above the threshold of 1 JND (just noticeable
difference) the more distinguishable colors become from one another, which might be especially
important for long-range signals where intervening water and particles start to blur colors (20).

To determine which color elements changed in achromatic or chromatic contrast
between territorial and non-territorial fish, pairwise Mann-Whitney U tests were calculated for
each comparison. False discovery rate (FDR) was applied to correct for multiple testing. To
detect overall differences between adjacent and non-adjacent color patches in achromatic and
chromatic contrasts in territorial and non-territorial fish, we ran linear mixed-effects models
(LMM) using the R package nime (27). As we measured several color patches per fish and then
used them in different comparisons, all adjacent and all non-adjacent color or brightness
contrasts were averaged per individual. ‘Individual’ was then used as random effect. Shapiro
tests confirmed normality of the residuals. As achromatic contrast deviated from normality, it
was square-root transformed. First, to test whether the facial color pattern is conspicuous to the
fish eye, we compared hue and achromatic contrasts between adjacent and non-adjacent color
patches of territorial fish (i.e. fish with dark horizontal stripes, which is the state in which the
phenotype is normally expressed). In a second step we further analyzed non-territorial fish (i.e.
fish with pale horizontal stripes) to investigate how changes in facial stripe intensity affected the
phenotype. We ran mixed models with ‘adjacency’, ‘stripe intensity’ and their interaction as fixed

effects and ‘individual’ as random effect.
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Resource contest experiment

A total of 40 N. brichardi (20 males and 20 females) originating from several stock tanks were
sexed (by examination of the genital papilla), measured (standard length (SL), taken as the
distance between the tip of the snout and the insertion of caudal fin rays) and weighed (body
mass (BM), taken after one day fasting). Female SL was 5.41 + 0.55 cm (mean + standard
deviation) and BM was 4.30 + 1.34 g. Male SL was 5.62 + 0.56 cm and BM 4.67 + 1.48 g. To
control for daily variation in behaviors, all territorial dyadic combats were conducted between
11AM and 1PM (22). Combats were performed in an aquarium (60 x 30 x 30 cm) divided at the
middle of the long side into two equal compartments by a removable opaque plastic barrier. The
conditions in both compartments were the same: each had a filter, a heater, ca. 2 cm of sand on
the bottom, and a quarter of a terracotta flowerpot (12 cm in diameter, 10 cm long) adjacent to
the barrier (Figure S5). Due to the social nature of these fish, small opposite-sexed conspecifics
(one per compartment) were introduced in transparent plastic bottles to encourage territory
establishment of the focal fish. Dyads of fish were matched by sex, SL (Wilcoxon signed-rank
test, 2V = 233, P = 0.27) and BM (V = 316, P = 0.21). Test fish were caught from their tanks of
origin and released into one of the two randomly chosen compartments to establish a territory
for three days. Fish were fed commercial flakes or frozen cichlid food twice a day and one hour
before starting the trial to control for effects of feeding regime (23). Following this acclimation
period the visual barrier was removed, thereby merging the territories of the two fish and the
flowerpot shelter into one. This procedure guaranteed that both fish had simultaneous
ownership over a territory and that they could not divide the resource after the barrier was
removed. Because N. brichardi is highly territorial (24, 25), fish started immediately to combat for
ownership of the shelter. To avoid disturbances from a possible human observer, the
interactions of the fish were videotaped with a Sony HDR XR 550VE camcorder. After each trial
ended, fish were moved to separate holding nets in their original tanks.

Intensity of the horizontal facial stripe (pale or dark) was recorded at the beginning and
end of experiments. Outcome and behaviors of the 20 min combats were recorded via video
analysis (see Table S2 for a detailed ethogram of the species). The winner was that fish from
which the loser fled three times without counterstrike or constantly held a submissive posture
(25, 26). Alternatively, a fish was declared winner if it owned the flowerpot at the end of the
combat (i.e. the most valuable resource of the territory). Behaviors of both fish were recorded
and separated into four different categories (Table S2). Diving observations into categories has
previously been used when studying Neolamprologus spp. behavior (24, 27, 28). A fighting
ability index for each fish was calculated by subtracting the total of submissive behaviors from
the sum of territorial, display and contact aggressive behaviors [a.k.a. dominance index (5)].

Factors determinant for the outcome of resource contests were identified with linear
mixed models with ‘body mass’ and ‘fighting ability’ (or dominance index, the difference

between aggressive and submissive behaviors) as response and ‘outcome’, ‘sex’ and their
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interaction as explanatory variables. We fit a generalized linear mixed model (GLMM) with
binomial error distribution, logit link function and ‘pair’ as random effect, to test whether
outcome is significantly associated to the intensity of the facial stripe at the beginning or at the

end of the contest. For this analysis we used the R package Ime4 (29).

Facial stripe manipulation and standard mirror image stimulation experiment

Standard mirror image stimulation (MIS) experiments were used to determine if N. brichardi are
able to recognize and punish unreliable signaling by measuring the response of each individual
to its image. MIS is a very powerful method as it provides instantaneous feedback without the
confounding factors that might result from using live fish as stimuli (30). Cichlids, including
Neolamprologus spp., are known to react aggressively towards their mirror images (3, 26, 317).
Additionally, N. pulcher has been found to show similar behaviors towards mirror images and
actual live conspecifics (Taborsky, unpublished).

The test setup consisted of an aquarium (40 x 25 x 25 cm) with a 2.84 mm-thick glass
mirror (25 x 25 cm) placed inside the tank, behind a terracotta flowerpot arch (10 cm in
diameter; 3 cm wide) on one of the sidewalls (Figure S6). Using a flowerpot arch instead of a
closed flowerpot guaranteed that the fish could see their reflection at all times including inside
the shelter, avoiding the generation of impossible reflection angles that could confuse the test
fish. At the beginning the arch and the mirror were hidden behind an opaque plastic barrier. After
removal of the opaque barrier, the mirror image usually reflects a conspecific territory owner to
the test fish (control fish). This setup further addresses the limitations faced when presenting
manipulated individuals to dominant, territorial individuals (32). In our setup, the focal fish act as
intruders and test the repellent effect of the manipulated signals in individuals of the same size
they perceive as territory owners.

A total of 49 N. brichardi (25 males and 24 females) originating from several stock tanks
were sexed, measured (SL), and weighed (BM) as in resource contest experiment (above).
Female SL was 5.90 + 0.74 cm (mean =+ standard deviation) and BM was 5.19 + 2.21 g. Male
SL was 5.92 + 0.84 cm and BM 5.20 + 2.62 g. Before fish were tested, they were separated
from their social group for two days and kept in a pre-test tank (40 x 25 x 25 cm), covered on all
four sides to minimize disturbance. This tank contained a flowerpot arch placed adjacent to one
wall so fish learned to use this as a shelter and territory instead of a closed flowerpot.

After two days, fish were gently netted out of the pre-test tank, partially anesthetized
with of KOI MED Sleep (KOI&BONSAI, 0.5% v/v 2-Phenoxyethanol) and the horizontal facial
stripe was randomly manipulated in one of three different ways:

1. Darkened facial stripe: The facial stripe was brushed with black waterproof eyeliner
(Collection 2000, USA). To control for the covering treatment (below), wound snow and wound

spray (KOl MED®) were applied on the head above the facial stripes.
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2. Paled facial stripe: To control for the darkening treatment, the facial stripe was first
painted with the black waterproof eyeliner (Collection 2000, USA) and then covered up with
Wound Snow and Wound Spray (KOI MED).

3. Control sham-manipulation: Same treatment as 2, applied on the head above the
facial stripe as in 1, so the facial stripe was left un-manipulated.

Spectral reflectance measurements show that treatments result in the desired effect of
darkening and paling, similar to non-manipulated horizontal stripes. A principal components
analysis of spectral reflectance data clearly groups black ‘eyeliner’ with dark melanistic stripes
and groups ‘Wound Snow’ with pale horizontal stripe, lachrymal stripe and head (Figure S7). A
cluster analysis conducted with R package mclust (33) was subsequently used to confirm our
visual assessments (Table S5).

After facial stripe manipulation, fish were released into the test tank compartment
without the flowerpot arch and mirror, and allowed to recover for 5 min from anesthesia and
treatment. To ease acclimation to new surroundings fish were fed a little amount of newly
hatched Artemia nauplii. After the recovery period, the opaque barrier was removed and the fish
could interact with its mirror image. To control for diurnal variation in behavior, all experiments
were conducted between 9 AM and 11:30 AM (22). To control for individual effects of
aggression (34), fish were tested twice with two different treatments. Order of treatment was
randomized. All aggressive (display and contact) and submissive behaviors (Table S4) towards
the mirror image were counted during a period of 2.5 min from a video recording (Sony
camcorder, see above), starting after the removal of the opaque barrier.

We fit a linear mixed model with ‘aggressive bouts’ as response and ‘treatment’, ‘sex’
and their interaction as explanatory variables. To normalize the residuals, ‘aggressive bouts’ was
square-root transformed. As fish were tested twice, ‘individual’ was added as a random effect.

TukeyHSD post-hoc analysis was performed to test for differences among treatment levels.

Results

Color spectra and theoretical visual modeling experiment

The paling of the horizontal facial stripe did not result in significant changes to the reflectance of
other facial color elements (see Fig. 2 in main text, Figures S7 and S8). These results support our
observations that aggressive behavior is signaled only by changes in brightness of the horizontal
facial stripe. The changes do not affect the chromatic difference between adjacent and non-
adjacent patterns but they do change achromatic contrasts (Figure S9). In particular, we found
that high chromatic contrast is achieved by adjacency of color patterns (LMM: F, ;3 = 208.21, P
< 0.001) and not by the brightness of the horizontal stripe (LMM: F, ;3 = 3.48, P = 0.08) or
interaction between the two fixed effects (LMM: F, 3 = 0.05, P = 0.82). The model explains
99.31% of the variance in chromacy, 96.5% of which comes from adjacency of the color

patterns, while changes in the brightness of the horizontal stripe explain the remaining ~ 3%. On
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the other hand, we found that achromatic contrasts are strongly influenced by changes in the
brightness of the horizontal stripe (LMM: F, ;3 = 9.11, P = 0.007). Consequently, the relationship
between adjacent and non-adjacent contrasts (LMM: F, 3 = 5.07, P = 0.037) as well as the
interaction between the two (LMM: F, 3 = 6.78, P = 0.018) becomes significant. This model
explains 95.9% of the achromatic contrast variance, 68.53% of which is explained by changes in
brightness of the horizontal stripe, 22.34% by signal design and the remainder 5.02% by their

interaction.

Resource contest experiment

N. brichardi is highly territorial and engaged immediately in ownership combat for the flower pot
shelter after the opaque divider was removed. Fish performed a variety of behaviors, showing
clear differences between winners and losers of the territorial bouts (Figure S10). The differences
between winners and losers can be best seen when analyzing fish in dyads. Previously we have
shown that combat winners display dark, conspicuous horizontal facial stripes, whereas losers
signal their inferior fighting ability by paling their stripe (Figs. 2 and 3 in the main text). Here we
show that winning is associated with higher fighting abilities, while the effect of body size for
contest outcome is less pronounced (Figure S11; see main text for statistics). Different amounts
of aggressive and submissive behaviors are performed by individuals of different rank and size

even in social groups with stable hierarchies (5).

Facial stripe manipulation and standard mirror image stimulation experiment

We tested for contest-dependent costs of signaling by simulating an invasion by cheaters. We
found that cheaters, falsely signaling strength (bluffers) or weakness (Trojans) incur an increased
cost relative to honest signalers (controls). This is an important aspect of signal reliability
because it is the marginal costs of cheating that should make signaling prohibitive for cheaters
(35). Physiological color changes have previously been implicated in signaling aggressive intent
in a number of taxa, in particular fish (36-39). Increased levels of aggression toward the signal
were reported in some of these studies, suggesting that reliability of these signals could also be
maintained by receiver retaliation costs. We show that individuals consistently direct more
aggression toward unreliable than reliable signalers, and more to bluffers than to Trojans (Figure
S12). Therefore, consistent with our dyadic combat results that showed stripe intensity at the
beginning of a combat does not determine outcome (GLMM with binomial error distribution: y? =
0.01, P = 0.93), brightness of the stripe alone does not have an effect if its not backed-up by the

appropriate postural and aggressive behaviors of individuals.
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Aggressive territorial display of N. brichardi and signal classification based on honesty

The complex facial color pattern of N. brichardi is an important component of its overall
aggressive behavior. The facial color pattern can be thought of as the fish’s equivalent of the
colorful masks used by human wrestlers in Mexican free wrestling, Lucha Libre. N. brichardi’s
mask is located prominently in the head region, where it can best be seen by an opponent
during agonistic interactions (Figure S10). We found that information about aggressiveness is
encoded by changes in brightness of the horizontal stripe, while the vertical stripe, white, yellow
and blue elements of the facial color pattern change little during aggressive displays (Fig. 3A,
Figure S8). Rather, these bright color elements act as amplifiers to enhance conspicuousness in
the aquatic ambient light in which the signal has evolved (Fig. 2, Figure S9). This guarantees
signal efficacy, but what guarantees signal honesty? Aggressive intention is not a quality that can
be easily handicapped, so quality handicaps do not likely serve as mechanisms guaranteeing
reliability of such signals about the sender (32). By contrast, receivers can directly assess
reliability of signals of aggressive intent with relative ease and in real time. Accordingly, we found
strong receiver retaliation costs associated with unreliable signaling (Fig. 3B), which indicates the
color pattern can be classified as a conflict conventional signal of fighting ability with socially
imposed costs.

This visual color signal is used in conjunction with non-contact aggressive behaviors,
such as puffed throat and aggressive posture, which are pre-injury inflicting behaviors. These are
likely perceived as intention movements, used as cues to enforce information content of the
signal and favor efficient communication. At the same time subordinate animals behave with
opposite, antithetical, signals such as submissive posture. These behavioral and postural
aggressive signals are likely to be reliable due to differential costs of production or bearing. In the
case of puffed throat, only fish in good condition can maintain the opercular display for longer
periods, making it a quality handicap signal with a cost directly associated to the key quality
feature. Such behavior interferes with respiration and restricts oxygen uptake by the gills, which
limits energy available to fight and cannot be faked. Reliability of the opercular display is likely
also maintained by other mechanisms. Similar to the lateral display with extended fins during
aggressive display, puffed throat is probably a body size indicator. Body size is important for
winning a contest (Figure S11). Extended fins and gill covers are apparent-size enhancing
structures that amplify signals encoding body size information, and convert body size cues into
physically constrained index signals. Both fins and gill covers have contrasting outlining
pigmentation, so that signals are easier to detect by receivers. Overall, data suggest that

aggressive territorial displays in cichlids are kept reliable by several mechanisms.
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Table S1. Alignment of short wavelength UV-sensitive opsin SWS1 [(modified after (12)].

SWs1
RH1 RHL
RH2 H B RH2
Sws2 HE SWs2
orLws or LWs
Key sites 2 3 sl [3]s Key sites
Maylandia zebra JF262085.1 SWS1 MGKHFHLYENISKISPFEGPQYYLAPVWAFYLQAAFMGFVEFAGTPLNFI VLVATMK|Y KK 67bovine RH#
Neolamprologus brichardi fR4 eye SWS1 comp221 c0_seql'5 MG K Y F HL YE NI SKI SPFEGPQYYLAPIVWVFYLQAAFMGFVFEFFAGAPLNFVVLLATMKIVKK 60 AA#
RHL | | RHL
RH2 [ | RH2
Sws2 | . | [ | | N | sws2
or LWS or LWS
Key sites B 2 |s 5 5|2 3 Key sites
Maylandia zebra JF262085.1 SWS1 LRVPLNFILVNISFSGFIFVTFESVS QVF MR|GYYFL[GHTLCALESAVGSVAGLVTAWS 127 bovine RH#
Neolamprologus brichardi fR4 eye SWS1 comp221_c0_seq1-5 L R V[P L NF | LV NI SFCGFI FVTFSVSQVFVSSMR[GYYFL|GHTLCALESAVGSVAGLVTAWS 120AA#
RH1 RHI
RH2 || RH2
sws2 sws2
orLWs | | [ | or LWSs
Key sites 2 2 2|2 Key sites
Maylandia zebra JF262085.1 SWS1 LAVLS FERYLVI|CKPFGAFKEF NHALAAVAFTWFMGI GCACPPF|FGWSRYI PEGLGCS C 187 bovine RH
Neolamprologus brichardi fR4 eye SWS1 comp221_c0_seql-s L AV L S F ERY LV I|CKPF GAF KF NHALAAVAFTWFMGVGCACPPFIFGWSRYI PEGLGCSC 180AA#
RHL || RHL
RH2 [ | RH2
SWs2 SWs2
orLws or LWs
Key sites 4 2 3 2 2 Key sites
Maylandia zebra JF262085.1 SWS1 GPDWYTHNEQYNTTSYTHFLMVTCEI [PLSII1FCYSQLLGALRAVAAQQAESAST[QKAE 247 bovine RH#
Neolamprologus brichardi fR4 eye SWS1 comp221_c0_seq1-5 G P D WY THNVE Y NTNSYTHFLMLTCFEI I PLTI I MFCYSQLLGALRAVAAQQAESAST[QKAE 240AAH
RHL | | RAL
RH2 RH2
SWs2 [ ] SWs2
or LWs or LWs
Key sites 2 2 2 2 3 Key sites
Maylandia zebra JF262085.1 SWS1 KEVSRMI | VMVGSFVTCYGPYALAALY FAY|[STDENKDY[RLVTIPAFFSKSACVYNPLI YV 307bovineRH#
Neolamprologus brichardi fR4 eye SWS1 comp221_c0_seq1-5 K E V. MI | VMVGSEVTCYGPYALAALYFAY|STDENKDY TIPAFFSKSACVYNPLI YV 300AA#
RH1 RHI
RH2 RH2
sws2 sws2
orLws orLws
Key sites Key sites
Maylandia zebra JF262085.1 SWS1 FMNKQFNGCI MEMVFGKTMDESSEVSTKTEVSTAS 346 bovine RH#
Neolamprologus brichardi fR4 eye SWS1 comp221_c0_seq15 F M|N K Q F NG C | MEMVF GKTMDESSEVSTKTEVSTAS 335 AAH
known tuning site, RH1 2 variable A properties in transmembrane region retinal binding pocket site in bovine rhodopsin
known tuning site, RH2 3 variable A properties in retinal binding pocket as defined by bovine RH
known tuning site, SWS2 4| variable AA properties in site known to tune some other opsin transmembrane region
known tuning site, LWS S| variable AA properties in site known to tune this opsin

known tuning site, SWS1
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Table S2. Alignment of mid wavelength green-sensitive opsin RH2B [modified after (12)].

RH28
RH1 RH1
RH2 H B RH2
sws2 | N | sws2

or LWS orLWs
Key sites Key sites
Maylandia zebra JF262089.1 RH28 MAWDGGLEPNGTEGKNFY!I PLNNKTGLVRSPFEYPQYYLADIPWFFRLLAFYI F 52 bovine RH#
Neolamprologus brichardi fR4 eye RH2B comp45_c0_seql MA WD G GL EP NGTEGKNFY I PLNNKTGLVRSPYEYPQYYLADPWFFRLLALYIF 60 AAH

RHL | | | | RHL
RH2 I | | RH2

sws2 H N sws2

or LWS or LWS
Key sites [ Key sites
Maylandia zebra JF262089.1 RH28 PINFLTLLVTAQNKKLRQP LNFI LVNLAVAGLI MVIFGFETVTIT FSCVN|GYFAL[GPLSEAI 112 bovine RH#
Neolamprologus brichardi fR4 eye RH2Bcomp45_c0_seql P | NF L TLLVTAQINKKLRQPLNFI LVNLAVAGLI MVI FGFSVTIFSCVNIGYFALIGPLSCAI 120 AA#
RH1 RH1

RH2 | | RH2
sws2 | N | sws2

orLws [ | or Lws
Key sites Key sites
Maylandia zebra JF262089.1 RH28 EGFMATI GG6QVSLWSLVVLAVERYI VVICKPMGSFKFTIATHAGVGCAFTWI MALACAAPPL| 172 bovine RH#
Neolamprologus brichardi fR4 eye RH28 compd5_c0_seql E G F MAT | 6 GQVS L WSLVVLAVERYVVV[CKPMGSFKFTATHAGVGCGFTWI MALACAAPRPRL| 180AA#

RHL || RAL

RH2 [ | RH2
sws2 Sws2

or LWS | | or LWS
Key sites Key sites
Maylandia zebra JF262089.1 RH28 FGWSRYI

PEGIQVSCGPDYYTLAPGYNINESYVI YMFTCHFCVPVFTIFFTYGN[LVFTVKA 232bovine RH#
Neolamprologus brichardi fR4 eye RH2B comp45_c0_seql F G WS R Y | PEGI QVSCGP DY YTLAPGYNINESYVI YMETCHECVPVFTIFFTYGN|LVFTVKA 240AA#

RH1 | | RHL

RH2 RH2
Sws2 sws2
orLWs or LWS
Key sites Key sites
Maylandia zebra JF262089.1 RH28 AASQQQDSAST[QKAEKEVTRMCI LMVFGFLLAWTPYASFAAWI FFINRGAAFTA[TAMAI PA 292 bovine RH#
Neolamprologus brichardi fR4 eye RH28 compd5_c0_seql A AS QQ QDS AST|QK AEKEVTRMCI LMVFGELLAWTPYASFAAWI FFINKGAAFTA[TAMAI PA 300AAH
RH1 RHL
RH2 RH2
sws2 Sws2
orLws orLws
Key sites Key sites
Maylandia zebra JF262089.1 RH28 FFSKSSALFNPI I YILMNKQFRNCMLSTVGMGGMVEDETSVSTSKTEVSSVS 344 bovine RH#
Neolamprologus brichardi fR4 eye RH2B comp45_c0_seql F F S KS S AL F NP VI YI L MNKQFRNCMLSTVGMGGMVEDETSVSTSKTEVSSVS 352 AA#
known tuning site, RH1 2] variable AA properties in transmembrane region retinal binding pocket site in bovine rhodopsin
known tuning site, RH2 3] variable AA properties in retinal binding pocket as defined by bovine RH
known tuning site, SWs2 4] variable AA properties i site known to tune some other opsin transmembrane region
known tuning site, LWS [ 5] variable AA properties in site known to tune this opsin

known tuning site, SWS1
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Table S3. Alignment of long wavelength green-sensitive opsin RH2A [modified after (12)].

RH2A

RH1 RH1

RH2 H H -

Sws2 | N | sws2
orLws orlws

Key sites Key sites

Maylandia zebra JF262089.1 RH2Aalpha MAWDGGIEPNGTEGKNFYIPMSNRTG\VRSPFEYTQVVMVD‘P\IVK\IlAFVMFFlICTGT 52 bovine RH#

Neolamprologus brichardi R eye RH2Aalpha comp39_c0segl MA WD G G| EP NGTEGKNF Y1 PMS NRTGI VRSPYEYNQYYMVDPI | YKVLAFYMFFLICTGT

RHL | | RHL

sws2 | | [ ] sws2
orLws orLws

Key sites Key sites

Maylandia zebra JF262089.1 RH2Aalpha PINGLTLFVTAQNKKLRQPCNY I CVNLAVAGL FGFETI TI TSALNIGYFI L[GPTFCATI 112 bovineRH#

Neolamprologus brichardi fR4 eye RH2Aalpha comp39 c0seql P | NGL T L FVTAQINKKLRQP L NY I LVNLAVAGL I FEGETI TITSALNIGYFI LIGPTFCAI

RH1 RH1

RH2 | | RH2

Sws2 | N | sws2
orLWs | | orLWS

Key sites Key sites

Maylandia zebra JF262089.1 RH2Aalpha EGFMATLGGEVALWS LVVLAVERYI VV[CKPMGSFKFS[GAHAGAGVFFTWVMAMARCAAP P L|172 bovine RH#

Neolamprologus brichardi fR4 eye RH2Aalpha comp39 c0seqt E G F MAT L GGE VAL WS L VVLAVERY I VV|CKPMGS FKFS|GAHAGAGVFFTWYVMAMACAAPPRL

RHL | | RHL

RH2 [ | RH2
Sws2 Sws2
orLws ] ortws
Key sites Key sites
Maylandia zebra JF262089.1 RH2Aalpha FGWSRYI PEGMQCSCGPDYYTLAPGFNINESYVIYMFVVHFFVPVFVIFFTYGS|LVMTVKA 232 bovine RH#
Neolamprologus brichardi fR4 eye RH2Aalpha comp39_cO_seql  F G WS R Y | P EGMQCS CGPDYYTLAPGFNINESYVI YMEI VHEFIPVFEVIFFTYGS[LVLTVKA
RH1 | | RH1
RH2 RH2
Sws2 sws2
orLws orLws
Key sites Key sites
Maylandia zebra JF262089.1 RH2Aalpha AAAQQQDSAST|IQKAEKEVTRMCVLMVMGFL FAGWI FMNKGASFTA|ILTAALPA 292 bovine RH#
Neolamprologus brichardi fR4 eye RH2Aalpha comp39_c0_seql A A A QQQDS AST[QKAEKEVTRMCVLMVLGEL FAGWI FMNKGASFTALTAALPA
RH1 RH1
RH2 RH2
Sws2 Sws2
orLws orLws
Key sites Key sites
Maylandia zebra JF262089.1 RH2Aalpha FFAKSSALYNPVIYVLMNKQFRNCMLSTI GMGGMVEDETSVSTSKTEVSSVS 344 bovine RH#
Neolamprologus brichardi fR4 eye RH2Aalpha comp39_c0_seq1 FFAKSSALYNPVIYVLMNKQFRNCMLTTI GMGGMVEDETSVSTSKTEVSSVS
known tuning site, RHL 2] variable AA properties in transmembrane region retinal binding pocket site in bovine rhodopsin
known tuning site, RH2 variable AA properties in retinal binding pocket as defined by bovine RH
known tuning site, SWS2 4]  variable AA properties in site known to tune some other opsin transmembrane region
known tuning site, LWS variable AA properties in site known to tune this opsin

known tuning site, SWS1
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Table S4. Ethogram of behavioral repertoire of N. brichardi [modified after (24, 28)]

Category Behavior Description
Contact Bite Focal fish bites another fish
aggression
Chase Focal fish follows another fish
Displace Focal fish swim towards another fish, forcing it to move
Mouth-lock*  Two fish lock jaws and push against each other
Ram Focal fish hits another fish with its head, but jaws remain
closed
Display Aggressive Focal fish lowers its head towards another fish and shows
aggression posture the side of its body with spread fins
Head shake Fish tosses its head from left to right
Puffed throat  Fish opens operculum and lower jaw cavity
Submission Bitten Focal fish gets bitten by another fish

Flee Focal fish swim away from another fish

Submissive The focal fish has a (nearly) vertical position, with the head

posture directing upwards

Submissive The fish is positioned with a submissive posture

display accompanied by a quivering caudal fin

Territoriality Body digging  Focal fish quivers its body on the substrate and moves

sand

Digging Focal fish takes sand in its mouth, sometimes swims to a
different area and spits it out

Lookout Focal fish observes another fish from its shelter

Hover Focal fish defends brood chamber, inhibit other fish from
entering

Cleaning Focal fish removes algae from shelter by nibbling on them

* both fish get the score

153



Table S5. Cluster analysis of principal components
of spectral data. Five clusters were identified.
‘Eyeliner’ clusters together with black stripes
(cluster 2), while ‘Wound Snow’ clusters with pale
horizontal stripe, lachrymal stripe and head (cluster
1). D: dark. P: pale.
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Figure S1. Relative opsin expression of N. brichardi determined by
RNAseq. Modified from (9).
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Figure S2. Normalized transmittance of N. brichardi crystalline
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Figure S8. Visual system of N. brichardi. (A) Normalized absorbance of SWS1, RH2B and RH2A. (B) Estimated visual
sensitivities incorporating crystalline filtering media.
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Figure S4. Light environment of N. brichardi habitat. (A) Normalized down-welling and (B) side-welling irradiance at two

depths. Increasing water depth reduces available longer light wavelengths.

Figure S5. Schematic representation of territory contest experimental setup. (A) Fish are visually separated and allowed to establish
their territory in the terracotta flowerpot for three days until divider is removed and territories/shelters were merged. (B) Individuals are

allowed to fight over the non-divisible territorial resource for 20 minutes.

Figure S6. Schematic representation of standard mirror image stimulation setup. (A) Fish with manipulated signals are introduced to a
bare side of the tank with no shelters. (B) After opaque divider is removed, individuals can see a shelter and a territorial fish next to it (i.e.

their mirror image) and are allowed to interact with it.
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Figure S7. Principal components analysis of spectral data. (A) PC1 and PC2 explain 96.5% of the variance (90.8% and 5.7%,
respectively) and clearly separates different colors. (B) Zoom in at the dark/black area of the plot shows that ‘Eyeliner’ is similar to dark
stripes, while ‘Wound Snow’ is similar to pale stripes and head.
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Chromatic contrast is achieved by adjacency of color elements and not influenced by brightness of horizontal stripe. (B)
Achromatic contrast is achieved by paling of the horizontal stripe and its differential influence on adjacent and non-adjacent
color elements.

Contact Display

aggression aggression Territoriality Submission
15 ® Winners
O Losers
® Both

Behaviors performed

: ?

(] 2 o ° . L °

0 o
T T

T
bite chase mouthlock

T T T T T T T
puffed lateral dig lookout flee bitten submissive
throat display posture

Figure S10. Behaviors performed by winners and losers during territory combat. Winners did most of the aggressive behaviors,
while losers did most of the submissive behaviors.
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for bluffers, followed by Trojans, and then controls (i.e. reliable signalers), which were the ones that received the lowest amount of
aggression.
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Discussion and Future Perspectives

Aquatic animals are among the most colourful and beautifully patterned organisms on the planet;
however, understanding the function and evolution of such coloured visual signals is unclear. My
dissertation has furthered our knowledge on the selective pressures shaping colourful signals in
aquatic media by providing a number of important insights into signal design and function in
mimic (Chapters 1 — 3), aposematic (Chapters 4 & 5), and territorial species (Chapter 6).

In Chapter 1, | report a novel way to mediate frequency-dependent constraints of
deceptive signals in animals. That is to say, mimics can avoid being found out by plastically
changing their phenotypes to impersonate various models and thus deceive perceivers with
multiple guises ([1]; Thesis Chapter 1). | then show that the function of colourful signals can
change with ontogeny, and that these changes may interrelate with other morphological and/or
physiological adaptations through development such as that of the visual system ([2]; Thesis
Chapter 2). Indeed, although animal colouration may also function for thermoregulation [3], when
used to transfer information, the evolution of animal signals will necessarily depend on the way
the intended receiver perceives them [4, 5]. Hence, an in-depth knowledge of the visual system
of potential receivers (mates, competitors or predators) is needed when studying the design and
evolution of visual signals [4, 6]. In Chapter 3, | report the findings from what is to date the most
thorough investigation of the evolutionary history of the SWS2 opsin gene family, responsible for
violet-blue vision in fishes ([7]; Thesis Chapter 3). Despite the fact that opsin genes are amongst
the best-studied and functionally best-characterised vertebrate gene families [8, 9], this study
shows that when explored over a broad phylogenetic framework, the evolutionary history of
opsins may be more complex than previously assumed, ultimately calling for a re-evaluation of
previous work ([7]; Thesis Chapter 3).

Although the importance of integrative approaches to study evolutionary questions is
consistently being emphasized, this has not truly been feasible until very recently, when
advances in sequencing, functional genetic essays and microscopy techniques have reached a
level where researchers could expand to non-model systems to study the processes that shape
organismal diversity from ecology to development to evolution (eco-evo-devo) in-situ. The
investigation of the dottyback mimicry system represents an attempt at this, and by combining
behavioural, molecular, histological, and neurophysiological approaches | was able to elucidate
the triggers for, and consequences of colour changes and polymorphism in this species.
However, old and new questions provide the substrate for future studies.

For example, the molecular base for colour changes and mimicry in dottybacks and for
that matter, vertebrates in general remains to be investigated. By generating a reference
transcriptome and sequencing of the dottyback genome, the foundations to study the molecular

characteristics of colourful traits and plastic changes thereof in the dottyback have been laid. In
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a further step, comparative transcriptomics throughout dottyback development (from larval to
yellow and brown stages as adults) should be used to generate a list of candidate genes for
colour change. Since colour changes in adult dottybacks occur as a relative change in the
proportion of chromatophore types within the skin of fish ([1]; Thesis Chapter 1), the molecular
bases for colour changes in this instance are likely to be of gene regulatory origin. Therefore,
transcriptomic approaches should be combined with quantitative genetic approaches to affirm
the appropriateness of candidate genes when being mapped to genomic regions of interest.
This could be done using different approaches. For example, advantage could be taken of an
orange dottyback morph that reportedly is restricted to Papua New Guinean populations [10].
First, the ecology of colour changes in orange morphs should be investigated ([1]; Thesis
Chapter 1). If it would turn out that they are unable to change colour, then genome wide
association mappings (see e.g. [11]) and the mapping of quantitative trait loci (QTL’s) from F2
crosses between yellow/brown and orange morphs in combination with genome wide single
nucleotide polymorphism (SNPs) screens (see e.g. [12]), could be used to narrow down the
genomic region of interest. Laboratory based trans-genesis essays and knock-in, knock-out
experiments could then serve to test the functionality of identified genes, promoters etc. [13].
Finally, the origin and novelty of a ‘colour change’ trait could be investigated by mapping the trait
onto a detailed phylogeny of the Pseudochromidae complex (~ 150 species in 24 genera;
http://fishbase.org). Similar approaches could also be used to investigate the molecular origin of
the ‘hybrid’ chromatophore cells in dottybacks (see [2]; Thesis Chapter 2), and functional
approaches especially, would be useful to test the significance of the newly described opsin
genes in fishes (see [2, 7]; Thesis Chapters 2 & 3).

Chapters four and five focus on the evolution of aposematic signals in nudibranchs.
Called the ‘butterflies’ of the ocean, nudibranchs have lost their protective shell and instead
evolved a variety of signalling strategies ranging from being almost indistinguishable from their
food source (crypsis) to being brightly coloured to advertise unpalatability (aposematism) and
avoid potential predators ([14, 15]; Thesis chapters 4 & 5). Nudibranchs are ideal to study the
evolution of colourful signals, because as a consequence of having bad eyesight, colourful
displays serve purely to communicate to visually hunting predators. During my dissertation | was
involved in a number of projects investigating the correlation between toxic properties and
conspicuous signals in this group. First results from the work show that in nudibranchs levels of
toxicity and conspicuousness co-evolve ([15]; Thesis Chapter 4), but that this co-evolution does
not correlate with the body size of animals ([14] Thesis Chapter 5). These two studies now serve
as a springboard to investigate further questions within the system as well as aposematic theory
in general. For example, it is still unclear how aposematic colours evolve in the first place: are
animals to begin with conspicuous and/or unpalatable or do these two traits (co-) evolve from an
initially cryptic undefended stage? Furthermore, nudibranchs show a tremendous variability in

colouration between, but also within species, which is ideal to test long-standing theories of
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signalling such as the assumption that signals need to be consistent in order to be learned by
receivers.

Finally, in Chapter 6, | report how plastic visual signals may be used by territorial species
to avoid costly combat situations, whereby receiver retaliation was found responsible to maintain
signal honesty of such cheap and easily to achieve modifications ([16]; Thesis Chapter 6). Future
work in this system should focus on closely related species to see if the mechanisms we

uncovered are generally applicable and if they are, if they share a common evolutionary origin.
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