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Abstract

The genetics underlying the evolution of novel morphological structures is a
fascinating topic that has attracted the attention of many evolutionary biologists.
Among the East African cichlid fauna, the haplochromines represent the most
species-rich group. One of their characteristics is the occurrence of egg-spots on the
anal fins of males, which mimic real eggs and play a crucial role in the breeding cycle
of these maternal mouthbrooding fish. These yellow to orange egg-spots serve as
intra-specific sexual advertisement to attract females and to maximize breeding
success. They are a novel trait that emerged only once in the evolution of the
haplochromine lineage. The main goal of this doctoral thesis was to deepen our
understanding of the genetics and developmental basis of the emergence and
diversification of egg-spots, an evolutionary novelty in East African cichlid fishes.
Further understanding of the molecular basis novelty requires the identification of the
genes and mutations that underlie these major phenotypic changes. Here we report
the identification of two genes that are involved in the development of the egg-spot
trait — fhi2a and fhi2b — and one possible cis-regulatory mutation in fh/2b that might
have played a role in the emergence of the egg-spot trait. We further described many
more candidate genes via an RNAseq survey of Astatotilapia burtoni (haplochromine
species) egg-spot and anal fin transcriptome. We generated hypotheses about their
possible function using Gene Ontology definitions and inter-species gene expression,
establishing a database that will serve as an important resource and useful resource

for future research on the emergence and diversification the egg-spot trait.
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Introduction

How novel morphological structures evolve is one of the most fascinating
topics in evolutionary biology[1—3]. Some of the famous examples of novelty include
the emergence of flowers in angiosperms [4, 5], the evolution of insect wings [6, 7],
the presence of horns in beetles [8, 9], butterfly eyespots [10], the shells of turtles
[11], the vertebrate neural crest [12], and the evolution of eyes [13]. Novel traits are
fascinating by themselves because they are examples of the extremely diverse and
astonishing range of phenotypes that evolution is able to create. Furthermore, novel
traits represent discontinuities in the phenotypic range of traits and therefore attract
the attention of many biologists. How does a novel trait emerge? What are the
genetic and developmental mechanisms underlying the origin of novel traits?
Recently, these topics have become the focus of research in evolutionary biology. In
this thesis | set out to further understand the mechanisms underlying the emergence
of novel traits, focusing on the characteristic egg-spots that emerged in East African

cichlid fishes.

What is a morphological novelty?

What exactly is a “novel trait” is a matter of controversy and many definitions
have been proposed. Ernst Mayr [14] defined a novelty as “any newly acquired
structure or property that permits the performance of a new function, which in turn will
open a new adaptive zone”. This concept directly links novel traits to adaptation and,
also, to instances of adaptive radiation. There are some novelties, however, that are
not connected with radiations and unfairly fall out of the scope of novelty according to
this definition. Muller and Wagner defined novelty as “...a structure that is neither
homologous to any structure in the ancestral species or homonomous to any other
structure in the same organism” [15]. The authors try to set a homology threshold,
i.e. novelty would begin where homology would end. This is a very stringent definition
and the boundaries of homology are rather ill defined. In a recent essay, Pigliucci
suggested that “Evolutionary novelties are new traits or behaviours, or novel
combinations of previously existing traits or behaviors, arising during the evolution of
a lineage, and that perform a new function within the ecology of that lineage” [16].
This definition has the advantage of not implying any mechanism for the origin of
novelties (contrary to the homology definition) and not implying that the new function
is correlated with an adaptive radiation. How novelties emerge and what are the
developmental and genetic mechanisms that underlie its origins remain unknown. As

a consequence the mechanism of origin should not be used to define what is a novel



trait. The last definition of novelty has the problem of taking us back to the grey area
of quantitative and qualitative differences: How different does one trait have to be in
order to be considered novel? Clearly, the existing definitions of novelty cannot reach
an agreement and are still controversial. Importantly, there will only be a consensus
when we understand how novelties originate, and what the grey area between
variation of a pre-existing trait and novel trait is. Knowledge of how a trait comes into
existence and how it is maintained will greatly facilitate our understanding of what

evolutionary novelty is.

Mechanisms underlying novelty

The origin of a novel trait requires the emergence of a new developmental
module that will give this trait its unique identity. Recently it has been suggested that
this new developmental program might result from the recruitment of pre-existing
genetic networks, where “old” genes perform new “tricks” [17—19]. The origin and
development of horned beetles, for example, is connected with the recruitment of
limb patterning genes [20] and, similarly, limb development in vertebrates has been
connected to Hox gene co-option [21]. There is consensus that changes in gene
expression underlie the recruitment of these networks, but what causes the change is
still debated [22, 23]. Changes in gene expression can either result from changes in
the cis-regulatory region, or modifications in the protein sequence of transcription
factors [24, 25]. For example, it was shown that a novel wing colour pattern in
Drosophila guttifera involves the co-option of new expression sites of the Wingless
morphogen, and that this co-option is due to a cis-regulatory change [26]. On the
other hand there are cases where the difference in gene expression patterns that
contribute to the origin of novel traits relies on changes in the protein sequence of
transcription factors that will ultimately activate the expression of downstream
targets. For example, the emergence of pregnancy in placental mammals is thought
to have been accompanied by a change in the interaction dynamics between
Homeobox A11 (HoxA11) and Forkhead box O1A (Foxo7a), which play a major role
in regulating gene expression [27]. Both cis-regulation and protein evolution seem to
play a role in the emergence of novel traits, although which mechanism is the main
mode of change in gene expression (if there is one) is still unknown. The evolutionary
history of co-option of pre-existing genes and networks also raises some questions.
Is the gene network pre-wired before co-option or are its component genes co-opted
into this new developmental network one at a time [28]? Recent work done in
butterfly species reveals that this process is not so simple, suggesting that both

scenarios are possible and stressing the importance of broader phylogenetic studies



in order to understand the evolutionary history of gene and gene network recruitment
[29].

Co-option of pre-existing mechanisms seems to be the driving force in
morphological evolution. Recently, though, there has been accumulating evidence
that new lineage specific genes can play a role in the development of novel traits [30,
31]. For example, studies in Hydra (Hydra magnipapillata) showed that new lineage
specific genes played a role in the evolution of novel traits such as the cnidarian
nematocyte [32]. There are many more open questions than clear answers
concerning the emergence of novelty and the genetics of this process is largely
unknown. Clearly, more case studies are needed in order to understand how

novelties emerge and diversify.

Addressing the origin of novelty

Addressing the genetic basis of the origin of a novel trait is a difficult task.
Detecting genetic variation responsible for the phenotypic variation in novel trait is
feasible, but the genes that underlie the variation might not be the ones that were
responsible for the emergence of the novelty. The alternative is to take a comparative
approach and compare the development of the trait between lineages that possess
the novel trait with ancestral lineages that do not. The novel trait should represent the
biggest morphological change in the smallest timescale possible, so that the species
we are comparing should be as closely related as possible. By understanding the
development of the novel traits and its genetics, we might find the genes and
pathways underlying the trait and then be able to disentangle novelty-coincident and

novelty-causative changes through functional assays.

Egg-spots: a cichlid fish evolutionary novelty

Egg-spots are colorful circular markings on the anal fins of many hundreds of
cichlid fishes. They are a novel trait characteristic of the most species rich cichlid
lineage — the haplochromines, which are a major part of the East African cichlid
diversity (figure 1). East African cichlid fishes, including the hundreds of endemic
species found in lake Malawi and lake Victoria, are the result of the most spectacular
adaptive radiations known in vertebrates and provide an ideal system to study the
molecular basis of evolutionary novelties in the context of adaptation and explosive

speciation.
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Figure 1 — Representative phylogeny of East African Cichlids (modified from
[39]). Emergence of the egg-spots is coincident with the emergence and

radiation of the modern haplochromine clade and is signaled with an arrow.



They are the most species-rich vertebrate group (~2000 species) and, despite their
close relatedness, they show extreme phenotypic diversity [33—-37]. A representative
phylogeny of East African cichlids is depicted in figure 1. Haplochromines are the
most diverse and species-rich lineage of cichlids, harbouring approximately 1500
species. This group represents up to 80% of East African cichlid diversity and can
therefore be considered the most successful cichlid lineage [37—39]. Haplochromines
sometimes show extreme sexual dimorphism where males are large and extremely
colourful, with females being smaller and dull in coloration [40, 41]. Egg-spots are a
putative key innovation in the haplochromines and its evolutionary origin coincides
with the origin of the modern haplochromine lineage (figure 1). It has been suggested
that egg-spots have promoted the haplochromines’ astonishing diversification and
speciation [38, 42, 43].

Egg-spots morphology and function

Egg-spots are present on the anal fin of haplochromine males and consist of
a central circular area of xanthophores surrounded by an outer transparent ring. They
are highly variable in colour, number and arrangement, both within and between
species (figure 2). Egg-spots can be yellow, orange or red, and can vary in number
from one to dozens depending on the individual and species. They have been
suggested to mimic real eggs and hence are sometimes referred to as “egg-

dummies” [44].

Figure 2 - Anal fins from several
East African cichlids A) non-
haplochromine anal fins with no
egg-spots B) haplochromine anal
fins with egg-spots. (Pictures from
unknown source).




Haplochomine females are mouthbrooders,
meaning that the females brood and carry their young
in their buccal cavity. Egg-spots appear to play a role
in the courtship and spawning behaviour of these
this

behaviour, the male laterally displays his colourful

maternal mouthbrooding species. During
fins whilst the female approaches the male’s territory.
The female then lays a batch of eggs in the male’s
territory and, before fertilization takes place, picks
them up in her mouth. The female then interacts with
the egg-spots on the anal fin of the male in a
behaviour that seems like she is trying to bite them,
at this moment the male discharges his sperm and
fertilization takes place in the female’s mouth (figure
3) [40, 41]. The exact function of the egg-spot signal
across species seems to be as variable as their
morphology. In Astatotilapia elegans, egg-spots play
a role in female choice, where females prefer males
with more egg-spots [45]. A similar scenario was
observed in Pseudotropheus aurora, where females
spawned more frequently with males showing more
egg-spots, with the number of egg-spots correlating
with the number of clutches fertilized. Therefore,
males with more egg-spots had higher fithess [46].
These two studies led to the conclusion that egg-
spots serve as intra-specific sexual advertisement
and to maximize breeding success. In
Pseudotropheus lombardoi, egg-spots appear to play
a different role. The males of this species show only
one spot, and females prefer males with one spot
over males where another egg-spot had been
artificially added [47]. This indicates that in this
linked to species

species this trait might be

recognition. Recent studies in Astatotilapia burtoni

Approach and spawning

»&k L
Egg-uptake

Fertilization

Figure 3 — Courtship behaviour of

the haplochromine Astatotilapia
burtoni. The female approaches the
male territory where she will lay a
batch of eggs that she will pick up
in her mouth before total
fertilization takes place. The female
then interacts with the egg-spots in
the anal fin of the male and it is in
this moment that the sperm is
discharged. Fertilization  takes
place in the female’s mouth.

show that males with more egg-spots are the dominant males and that the egg-spots

serve as an important signal in intra-sexual male-male aggression and competition



for territories [48, 49]. All these studies demonstrate that egg-spots are a sexually
selected trait, either via female choice, or via male-male competition, and in addition

they might function as a signal for species recognition.

Developmental origin of egg-spots

Egg-spots are mainly made up of a central circular area of xanthophores
surrounded by an outer transparent ring [50]. Vertebrate pigment cells derive from a
migratory cell lineage - the neural crest [51, 52]. The neural crest is a pluripotent cell
line that delaminates from the embryonic neural tube and adjacent ectoderm. These
cells then migrate through different routes giving rise to different vertebrate traits,
including neuron cells, pigment cells, craniofacial bones, Schwann cells, and smooth
muscle cells [51]. In fish, the neural crest produces six different pigment cells —
melanophores (black or brown), xanthophores (yellow or red), erythrophores (red),
leucophores (white), cyanophores (blue) and iridophores (reflective/iridescent). Adult
pigmentation is a result of the differential migration, survival, proliferation, and
interaction of these pigment cells [53]. Egg-spots start to develop during the transition
between the juvenile and adult stage, together with other sexually dimorphic traits
[54]. Three main processes seem to be involved in the development of the egg-spots
and anal fin pigmentation: neural crest differentiation and migration, cell migration-
adhesion cues that will pattern the egg-spots in the anal fin, and finally pigment
production. The interaction and differences between these processes will result in the

astonishing diversity we see in the haplochromine egg-spots.

Genetic basis of egg-spots

The study of the genetics underlying the egg-spot phenotype is in its infancy.
So far only one paper has been published on the topic showing that the xanthophore
marker colony stimulating factor 1 receptor A (csfira) is involved in the formation of
egg-spots of several haplochromine species [50]. The authors analyzed the coding
region of this gene in several cichlid lineages and found that it underwent adaptive
sequence evolution in the direct ancestral lineage leading to the modern
haplochromines. This fact suggests that csffra might play an important role in the
evolution of egg-spots. This gene (csf1ra) is involved on the onset of xanthophore
pigment production and is therefore involved in one of the downstream processes of
egg-spot formation. In order to understand the origin and evolution of this novel

phenotype, we need to address more upstream genes.



Aim: Understanding the genetics of emergence and diversification of egg-
spots

Egg-spots are a haplochromine cichlid novel trait thought to have facilitated
the diversification of this lineage via speciation through sexual selection. It serves as
an ideal system to understand the genetics of the emergence and further
diversification of novel traits. The egg-spot represents a dramatic morphological
change in pigmentation and, since cichlid species are very closely related, egg-spots
provide the ideal phylogenetic framework for comparative studies that will help
understand the evolution of novel traits. The aim of this doctoral thesis is to generate

a better understanding of the genetics of egg-spot emergence and diversification.

Thesis outline

The main goal of my thesis was to find and characterize candidate genes for
egg-spot development in order to advance our knowledge on the genetic basis of this
novel trait. Egg-spots are not a well-established novelty model system, and so far
only one gene has shown to be correlated with its development. Therefore, as a first
step, | was heavily involved in a project to generate two transcriptome datasets, one
from a haplochomine species (Astatotilapia burtoni) and one from an ectodine
species (Ophtalmotilapia ventralis). Well-characterized transcriptomes are important
sequence resources that can greatly aid the identification of genes underlying
phenotypic variation by further transcriptomic experiments (eg. RNAseq). Chapter
two is the resulting paper from this work describing this process and the results of the
analysis of these two species’ transcriptomes.

In chapter three, | conducted an RNAseq experiment comparing female and
male fins in order to generate candidate genes involved in the egg-spot trait. |
followed up on the two most male biased expressed genes, fhl2a and fh/2b, and
confirmed that these are indeed involved in haplochromine egg-spot development. |
then found evidence that a cis-regulatory mutation upstream of fh/2b might have
contributed to the emergence of this trait.

In chapter four | further characterized the egg-spot transcriptome by
comparing fins within individuals, with the aim of finding groups of candidate genes. |
confirmed many of these genes as egg-spot genes and generated hypotheses about
their possible function using Gene Ontology [55] definitions and inter-species gene
expression comparisons. With these chapters | have established the egg-spot as
model trait for the study of novelties and generated many candidates that will be

useful for future studies.
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The last two chapters are tangents to the main study that | was involved in
during my time as a PhD student. Chapter five is a perspective on the cichlid model
system in light of the recent release of genome sequences for five species. Cichlids
are a very popular system in speciation and adaptive radiation research, although not
as popular in developmental biology. This perspective was written to demonstrate the
potential of the model as a whole and to elucidate the different areas of evolutionary
biology research that we can now tackle with cichlids. Chapter six is a published
paper, on which | am a co-author, investigating the genetics of convergent cichlid
thick-lip phenotypes. Finally, in chapter seven, | discuss the results obtained
throughout the doctoral work, along with brief suggestions for future directions of

study.
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Abstract

The hundreds of endemic species of cichlid fishes in the East African Great Lakes Tanganyika, Malawi, and Victoria are
a prime model system in evolutionary biology. With five genomes currently being sequenced, eastern African cichlids also
represent a forthcoming genomic model for evolutionary studies of genotype-to-phenotype processes in adaptive radiations.
Here we report the functional annotation and comparative analyses of transcriptome data sets for two eastern African cichlid
species, Astatotilapia burtoni and Ophthalmotilapia ventralis, representatives of the modern haplochromines and ectodines,
respectively. Nearly 647,000 expressed sequence tags were assembled in more than 46,000 contigs for each species using
the 454 sequencing technology, largely expanding the current sequence data set publicly available for these cichlids. Total
predicted coverage of their proteome diversity is approximately 50% for both species. Comparative qualitative and
quantitative analyses show very similar transcriptome data for the two species in terms of both functional annotation and
relative abundance of gene ontology terms expressed. Average genetic distance between species is 1.75% when all
transcript types are considered including nonannotated sequences, 1.33% for annotated sequences only including
untranslated regions, and decreases to nearly half, 0.95%, for coding sequences only, suggesting a large contribution of
noncoding regions to their genetic diversity. Comparative analyses across the two species, tilapia and the outgroup medaka
based on an overlapping data set of 1,216 genes (~526 kb) demonstrate cichlid-specific signature of disruptive selection and
provide a set of candidate genes that are putatively under positive selection. Overall, these data sets offer the genetic
platform for future comparative analyses in light of the upcoming genomes for this taxonomic group.

Key words: Astatotilapia burtoni, Ophthalmotilapia ventralis, positive selection, EST, 454 sequencing, UTR.

(Johnson et al. 1996). Still, it harbors an endemic flock of sev-
eralhundredspeciesthatarelikelytohave diversifiedinamax-
imum of about 100,000 years only (Verheyen et al. 2003).
Accordingly, preliminary molecular data from partial
genomes, nuclear and mitochondrial markers of East African
cichlids have inferred a highly similar genetic background
among species (Sturmbauer and Meyer 1993; Aparicio
etal.2002; Lohetal. 2008). Thisisin strong contrast with their

Introduction

Cichlid fishes from eastern African Great rift lakes and
surrounding rivers represent a major model for rapid specia-
tion in evolutionary biology (Kocher 2004; Seehausen 2006;
Salzburger 2009). More than 1,500 endemic species have
arisen in a few millions of years only, showing the most spec-
tacular adaptive radiations known in vertebrates (Seehausen
2006). Explosive radiationsin the cichlid species flocks of lakes

Victoria, Malawi, and Tanganyika are mostly documented by
paleo-geographical (i.e., the ages of the lakes) and molecular
data. Lake Victoria, for example, is only between 200,000
and 500,000 years old and fell dry about 15,000 years ago

tremendous diversity of morphotypes and ecological adapta-
tions (Salzburger 2009) suggesting that, in cichlids, rapid
phenotypic diversification is largely uncoupled from an equiv-
alent molecular diversity in coding regions. Hence, cichlids

© The Author(s) 2011. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/
2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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represent an ideal system to dissect the genetic bases of
several universal phenotypic traits (such as coloration, body
morphology, color vision, etc.) and—more generally
speaking—to explore the molecular evolutionary processes
underlying diversification and ecological speciation.

An increasing number of studies in animals points to the
diversity of transcriptomes and especially of the expression
profiles (thus including regulation of gene expression) as the
bridging link that translates highly similar genomes at pro-
tein-coding genes into the astonishing diversity of phe-
nomes (i.e., set of phenotypes) (see, e.g., Cooper et al.
2003; Wray et al. 2003; Shapiro et al. 2004). In particular,
regulatory changes involving a limited genetic diversity can
affect the expression of alternatively spliced isoforms and
may modulate timing, localization, and abundance of gene
expression. These processes can be adaptive and, therefore,
responsible for organismal diversification (reviewed by Fay
and Wittkopp 2008).

To date, comparative transcriptome analyses of African
cichlids have been limited in terms of species number
and number of expressed sequence tags (ESTs) analyzed
(Salzburger et al. 2008; Kobayashi et al. 2009; Lee et al.
2010). These studies, overall, revealed a high uniformity
of the protein-coding sequences among closely related,
yet phenotypically diverse species.

Here, we report more than a million new EST sequences,
perform transcriptome analyses, and investigate the overall
expression profiles of two African cichlid species, Astatoti-
lapia burtoni (AB) and Ophthalmotilapia ventralis (OV). AB
and OV are representatives of two main evolutionary cichlid
lineages (tribes) from East Africa, the modern haplochro-
mines and the more basal group of the ectodines, respec-
tively (see, e.g., Salzburger et al. 2002, 2005). The two
lineages are thought to have diverged several millions of
years ago (Salzburger et al. 2005; Koblmuller et al.
2008). So far, comparative genetic studies between these
two lineages were largely limited to a phylogenetic context
(see, e.g., Salzburger et al. 2002, 2005; but see Salzburger
et al. 2007), whereas genomic comparisons are lacking. The
two species differ in body morphology, ecology, and behav-
ior. AB is a mouth-brooding species found in rivers and
estuaries around Lake Tanganyika and is characterized by
the presence of “true” circular egg-spots on the anal fins
of males. OV is also a mouth-brooding species endemic
to lake Tanganyika but exhibits long ventral fins showing
egg-dummies in form of yellow vessels at their tips. Func-
tional egg-dummies are, hence, a feature that evolved sev-
eral times during cichlid evolution in East Africa (Salzburger
et al. 2007; Salzburger 2009).

For each of these two species, more than 647,000 ESTs
were generated through 454 sequencing (Roche) and as-
sembled in more than 46,000 contigs. These represent
the first 454 data sets and the largest collection of EST avail-
able to date for African cichlids. This study also provides the

first transcriptome data for a member of the ectodine line-
age (OV). Functional annotation and comparative analyses
were performed to explore major qualitative and quantita-
tive differences of the two transcriptomes. Furthermore,
comparative analyses were expanded to include additional
species via the identification of more than a 1,200 ortholo-
goues contigs across AB, OV, the Nile tilapia (Oreochromis
niloticus) and medaka (Oryzia latipes) as outgroup. This al-
lowed screening for differential substitution rates along lin-
eages and for individual genes. Overall, our study provides
an important molecular resource for comparative studies
within cichlids and among fishes in general and will facilitate
the assembling and annotation of the upcoming cichlid ge-
nomes (http://Awww.broadinstitute.org/models/tilapia).

Materials and Methods

Samples

Specimens from an inbreed laboratory strain of AB were kept
at the University of Basel (Switzerland) under standard labo-
ratory conditions. OV individuals were captured live in Mpu-
lungu (Zambia), shipped to Basel, and kept at the same
laboratory conditions for a week. For RNA isolation, individuals
were euthanized with MS 222 using approved procedures
(permit nr. 2317 issued by the cantonal veterinary office).

cDNA Library Construction and 454 Sequencing

From AB, we extracted total RNA from ten embryos, ten fish
larvae, two juveniles, and two adults (one male and one fe-
male). From OV, we used four adults (three males and one
female). For each species, specimens were pooled together,
roughly chopped, and incubated for 2 h in 8 ml of trizol (In-
vitrogen). Samples were then ground to complete homog-
enization using a mortar and a pestel. RNA extraction was
performed according to the manufacturer’s protocol. DNase
treatment was carried out with the DNA-free Kit (Applied
Biosystems). The quantity and quality of RNA were assessed
by spectrophotometry and gel electrophoresis. One micro-
gram of RNA of each sample was sent for commercial nor-
malized library construction by Vertis Biotechnology AG
(http://Awww.vertis
-biotech.com/). From total RNA, first strand cDNA was syn-
thetized using a reverse transcriptase, an N6 random primer
and a small aliquot of an oligo(dT)-primer for enrichment of
3’ ends. 454 adapters A and B were ligated to the 5’ and 3’
ends of the cDNA. cDNAs were then amplified by polymer-
ase chain reaction (PCR) (15 cycles) using a proofreading
enzyme. Libraries were normalized by hydroxyl-apatite chro-
matography, and the single-stranded ¢cDNA was amplified
by PCR (nine cycles). cDNA was then selected with gel frac-
tioning for fragments of sizes 500 to 700 bp.

Normalized c¢DNA libraries for the two species were
sequenced with a Roche Genome Sequencer FLX system
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(Roche 454) in one Titanium FLX run (two lanes, one for
each species) by Microsynth (http://Awvww.microsynth.ch).
Base calling was performed with Phred (Ewing et al.
1998). Reads were assembled with the GS De Novo Assem-
bler version 2.0.0.22 using the default settings, a minimum
overlap of 40 nucleotides and identity threshold of 90%.

ESTs Functional Annotation

Gene ontology (GO) annotation was conducted using
Blast2GO version 2.4.4 (Conesa et al. 2005). Briefly, BlastX
searches were performed against the nonredundant data-
base (nr) using the QBlast for multiple queries, setting the
e value to 1.0 x 107%, the high scoring segment (HSP)
length cut off greater than 33 and the number of hits to
5. GO annotation was done using the following settings:
a pre-E-value-Hit-Filter of 1.0 x 107%, a GO weight of 5,
and the annotation cut off of 55. Contigs with no significant
hits to the nr data set were BlastN searched against the nu-
cleotide database (nt) for possible identification, setting the
expected cut off value to 1.0 x 107>

Clustering of Orthologous Sequences

For the purpose of obtaining a data set suitable for compar-
ative analyses, we generated three data sets, which included
orthologous ESTs across AB and OV (data set #1), AB, OV, and
O. niloticus (hereafter referred to as tilapia) (data set #2), and
AB, OV, tilapia, and O. latipes (hereafter referred to as medaka)
(data set #3). Data set #3 represented a subset of data set #2.

For the data set #1, identification of orthologous ESTs be-
tween the two species was performed using a bidirectional
best hit (BBH) method (Overbeek et al. 1999). Reciprocal
batch BlastN searches were carried out setting the expected
value cut off to 1.0 x 10~°° to minimize significant matches
to paralogous sequences. Outputs were analyzed using in-
house R scripts. Hits with a bit score > 1,000 were retrieved
for further analyses. Pairwise assemblies were performed us-
ing CodonCode Aligner version 3.7.1 (Codon Code Corpo-
ration) and aligned with MAFFT version 6.821b (Katoh et al.
2002) using a local pairwise method based on the
Smith-Waterman algorithm.

For data set #2, a total of 117,222 tilapia ESTs were
downloaded from GenBank in September 2010 (Lee
etal. 2010). Among the total BBHs, we selected only anno-
tated BBHs that had a length overlap > 400 bp and a bit
score > 400. Contigs from both AB and OV belonging to
this subset were batch BlastN searched against the tilapia
data set, setting the expected value cut off value to 1.0
x 107°°. Corresponding best hits for the two species to
the tilapia data set that had a length overlap > 150 bp were
retrieved, assembled in CodonCode Aligner and aligned in
MAFFT. Alignments were trimmed for full-length overlap.

Finally, for data set #3, all contigs belonging to the data
set #2 (2,660) from AB were batch BlastX searched against
complete protein data sets from Danio rerio and medaka

(retrieved from the ENSEMBL database v59) using a cutoff
of 1.0 x 107°°. Significant hits with concordant frames be-
tween D. rerio and medaka were chosen, and the corre-
sponding cDNA sequences from medaka were retrieved
from ENSEMBL. Clusters of orthologues cDNA sequences
across medaka and the three cichlid species were generated
and aligned using MAFFT. Danio rerio sequences were not
included due to the high nucleotide divergence of this spe-
cies with respect to the other species (Steinke et al. 2006). To
obtain only open reading frames (ORFs), untranslated re-
gions (UTRs) were trimmed from the alignments according
to the corresponding medaka proteins. All frame-shifting in-
dels introduced in Medaka sequences during the aligning
process were trimmed to preserve medaka-reading frames.
Alignments below 150 bp in length were discarded. Finally,
all alignments were eye checked and refined manually.

The final data set #3 comprised 1,216 alignments of fully
overlapping sequences starting with the correct reading
frames. The pipeline was performed with in-house R and
perl scripts.

Phylogeny, Genetic Distances, and Rates of
Evolution

Maximum likelihood (ML) heuristic searches were per-
formed on the concatenated alignment of 1,216 four-spe-
cies clusters (526,113 bp) from data set #3 using RaxML
version 7.0.4 (Stamatakis et al. 2005). We performed a rapid
bootstrap analysis and search for the best ML tree employ-
ing the GTRGAMMA model. Indels were identified using the
program SeqgState (Muller 2005). All single and double in-
dels present in cichlid sequences in the final alignments
(36 and 5, respectively) were considered as sequencing
errors and replaced with Ns. Two deletions longer than
100 bp identified in OV were attributed to a putative exon
skipping (alternative spliced variants) and not to a genomic
deletion and also replaced with Ns. Indels were then coded
using the simple indel coding strategy (Simmons and
Ochoterena 2000), implemented in SeqState, and mapped
on the ML tree performing a maximum parsimony analysis in
PAUP* v. 4.0b10 (Swofford 2000).

Uncorrected distance matrices were estimated for individ-
ual alignments using PAUP*. Pairwise synonymous and non-
synonymous substitution rates per site (Ks and Ka, dS and dN)
were estimated under two methods; the Nei and Gojobori
method (Nei and Gojobori 1986) implemented in the DNAS-
tatistics package of Bioperl (http:/Awww.bioperl.org/wiki/
Main_Page) (Ks and Ka) and the Goldman and Yang method
(Goldman and Yang 1994) using the program Codeml imple-
mented in PAML version 4.4b (Yang 2007) (dS and dN).

Different rates of d\/dS for branches in the phylogenetic
tree were investigated using the branch models from
Codeml. dN/dS values were averaged across sites
(NSsites = 0). Three models of molecular evolution were
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compared: 1) the one-ratio model (model = 0), allowing the
same dN/dS value for all branches; 2) the two-ratio model,
constraining the branches within the cichlid clade to one d\/
dS ratio that was different from all the others (model = 2);
and 3) the free-ratio model (model = 1), allowing one dN/dS
ratio per each branch. Sites with ambiguous data were re-
moved (cleandata = 1). The three models were compared (0
vs. 2 and 2 vs. 1) using a likelihood ratio test (LRT) with two
and four degrees of freedom, respectively.

Positive selection acting on genes that showed average
Ka/Ks values higher than one between species was further
tested by estimating dN\/dS for branches in individual gene
phylogeny under the free-ratio model in Codeml.

Results

ESTs Sequence Annotation and Comparative
Transcriptomics of AB and OV

The two EST libraries constructed for AB and OV yielded an
equal number of reads (~647,000), which were assembled
in a similar number of contigs (>46,000, see table 1). The
mean contig size was 585 bp for AB and 566 bp for OV, with
39% of the contigs having at least 500 bp.

Based on BlastX searches against the nr database, 19,121
AB (38.8% of the total) and 16,585 OV (35.8 %) contigs had
a significant hit above the cut off e value of 107 (table 2).
These contigs corresponded to a total of 12,491 distinct
accession numbers (AccNos) for AB and 11,269 AccNos for
QV. Because the contigs are usually much shorter than the cor-
responding cDNA sequences, it is common that several contigs
matched to the same gene, in spite of lacking adequate overlap
to be assembled. For both species, the top-hit species for ortho-
logue match was Tetraodon nigroviridis (approximately 35%
of the contigs), followed by D. rerio (approximately 25%).

Of the contigs with significant BlastX hits, a total of 11,956
for AB and 10,250 for OV were annotated in 4,852 GO terms
(24% of the total contigs) and 5,152 GO terms (22%), re-
spectively. The GO terms were assigned to three biological
categories that were equally represented in the two species
(table 2). Relative and absolute abundance of the most rep-
resented GO terms per biological category were also compa-
rable between AB and QV (fig. 1). The two species shared
nine of ten terms in all three categories. The most represented
terms for the molecular function category were associated to
protein and nucleotide binding and transcription factor activ-
ity, whereas the predominant terms for the biological process
category were involved in common enzymatic processes such
as “auxin biosynthetic process,” “oxidation reduction,” and
“signal transduction”. Finally, overrepresented GO terms
for the cellular component category were mainly localized
in the nucleus and membrane.

A large part of the contigs had no significant hit to the nr
data set (above 60% for both species). These contigs were
BlastN searched against the nt database for further

Table 1
Summary of the ESTs Generated by 454 Sequencing in This Study
AB ov
Summary run
Total number of 647,219 647,816
reads
Average read 349.27 344.36
length
Total number 226,048,424 223,072,738
of bases
Summary assembly
Total number 49,311 46,298
of contigs
Total number of large 19,408 17,207
contigs (>500 bases)
Average contig size 585.84 566.33
N50 contig size® 1,016 1,003
Largest contig size 8,335 7,430

@ Half of all bases reside in contigs of this size or longer.

identification. Only 9% of these contigs for both species
(2,863 and 2,620 contigs for AB and OV, respectively) re-
turned a significant hit to the nt database (1 x 10~'°), with
609 unique AccNos shared between the two species (see
supplementary table S1, Supplementary Material online).
Of these AccNos, several (up to 100) mapped to noncoding
regions, such as microsatellite sequences, pseudogenes, and
transposons. We also retrieved genes predicted to play an
important role in cichlid evolution, such as Bmp4, c-ski,
pax genes, prolactin, Sox transcription factors, the vitelloge-
nin receptor, among others. In terms of frequency of contigs
per single hit, half of the total number of contigs mapped to
the same two classes of genes in both species and with sim-
ilar relative proportions (table 3): immune genes (MHC class,
KLR, natural killer-like receptors), and patterning genes (Hox
and ParaHox genes). This suggests that both a relatively high
expression of these genes in the two species, as well as poor
amino acid conservation outside the cichlid lineage that
could explain why these contigs did not return any BlastX
hit against the nr database. To some extent, this outcome
might also be biased by the overrepresentation of these loci
in GenBank.

Comparative Transcriptomics within Cichlids

Using the BBH method, we identified 20,828 contigs that
had best reciprocal hits between AB and OV. Of these, a total
of 4,516 contigs that had a BlastN score bit > 1,000 were
selected to explore sequence diversity between the species
(data set #1). These clusters of putatively orthologous se-
quences comprised a representation of all transcript types,
such as annotated and nonannotated sequences, as well as
coding and noncoding regions (including UTRs). The aver-
age alignment length was 1,463 bp with a mean pairwise
nucleotide distance, excluding indels, of 0.0175 + 0.0101,
and a median of 0.0158 (table 4).
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Table 2
Summary of the ESTs Annotation Using Blast2GO
AB ov
Number of ESTs returning BlastX hits 19,121 (12,491 AccNos) 16,582 (11,269 AccNos)
Number of ESTs with GO annotation 11,956 (5,152 terms) 10,250 (4,852 terms)
Biological process 8,438 (2,974 terms) 7,293 (2,732 terms)
Cellular component 7,330 (616 terms) 6,307 (623 terms)
Molecular function 10,110 (1,562 terms) 8,683 (1,497 terms)
Annotated protein-coding genes 8,684 7,671

Considering only annotated sequences, we generated
2,660 clusters of orthologous contigs among AB, OV and
tilapia (data set #2) that could reliably be aligned. Average
pairwise genetic distance was virtually the same between

A. burtoni O. ventralis

Molecular Function

Cellular Component

181 175
249

1030

Biological Process

682

385 359

tilapia and both AB and OV (~0.030) and more than twice
as large as between OV and AB (0.0138) (table 4). Genetic
distance between AB and OV was higher than the one cal-
culated in the previous data set, likely because this second

G0:0005515 protein binding
G0:0005524 ATP binding
G0:0008270 zinc ion binding
G0:0005488 binding
G0:0046872 metal ion binding
G0:0003677 DNA binding
G0:0000166 nucleotide binding
G0:0005509 calcium ion binding
G0:0003700 transcription factor activity
G0:0003676 nucleic acid binding
G0:0005525 GTP binding

G0:0005634 nucleus

G0:0016021 integral to membrane
GO0:0005737 cytoplasm
G0:0016020 membrane
G0:0005622 intracellular
G0:0005829 cytosol

G0:0005739 mitochondrion
G0:0005886 plasma membrane
G0:0005783 endoplasmic reticulum

GO0:0005576 extracellular region
G0:0005840 ribosome

G0:0009851 auxin biosynthetic process
G0:0055114 oxidation reduction

G0:0007165 signal transduction

G0:0006468 protein amino acid phosphorylation
G0:0006355 regulation of transcription, DNA-dependent
G0:0006508 proteolysis

G0:0055085 transmembrane transport
G0:0045449 regulation of transcription
G0:0008152 metabolic process

G0:0006810 transport

G0:0006412 translation

Fic. 1.—Ten most represented GO terms per biological category and absolute number of ESTs assigned to each term. Overall representation of GO

terms is nearly equal between AB and OV.
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Table 3

Most Common Hits in the nt Database (cut off e value 1 x 10~"°) for Contigs That Had No Hits in the nr Database

Number of Contigs

Hit Description Species AccNo AB ov
MHC class IA antigen UBAT, UBA2, UAAT genes, Oreochromis niloticus AB270897.1 260 226
UAA3 and UAA2 pseudogenes, UAA4, UAAS,
and UAA6 pseudogene fragments
Platelet-derived growth factor receptor beta b Astatotilapia burtoni DQ386647.1 181 153
(pdgfrbb) and colony-stimulating factor 1 receptor b (csf1rb) genes
Hoxba gene cluster A. burtoni EF594310.1 149 136
KLR1 gene; KLR2 pseudogene, KLR3 and KLR4 genes; O. niloticus AY495714.1 115 115
KLR5 gene, KLR6 and KLR7 pseudogenes
Hoxdb gene cluster A. burtoni EF594316.1 84 59
Platelet-derived growth factor receptor beta a (pdgfrba) A. burtoni DQ386648.1 60 43
and colony-stimulating factor 1 receptor a (csf1ra) genes
Gsh2 (gsh2), Pdgfra (pdgfra), and Kita (kita) genesKdrb (kdrb) A. burtoni EF526075.2 57 64
gene; and Clock (clock) gene
Hoxbb gene cluster A. burtoni EF594314.1 56 74
Hoxab gene cluster, complete sequence A. burtoni EF594311.1 55 52
KLR8 pseudogene; KLR9 gene, C-type lectin (CLECT2)-like protein O. niloticus AY495715.1 45 47
pseudogene, and C-type lectin (CLECT2)-like protein gene;
KLR10 pseudogene; C-type lectin natural killer cell
receptor-like protein gene; and transposon TX1-like ORF2 pseudogene
Hoxda gene cluster A. burtoni EF594315.1 31 32
Hoxca gene cluster A. burtoni EF594312.1 22 30
Hoxaa gene cluster A. burtoni EF594313.1 20 13
Total number of contigs 1,135 1,044

data set only included annotated sequences, thus excluding
all novel, less conserved, and untranslated mRNA sequences
(but yet including UTR regions).

We finally generated a third data set (#3) including or-
thologous sequences across the three cichlid species and
the outgroup medaka. UTRs were trimmed using medaka
proteins as reference. We obtained 1,409 clusters of fully
overlapping orthologous sequences across AB, OV, tilapia,
and medaka that included only ORFs. Inspection of the
alignments revealed 191 clusters in which premature stop
codons were present in one or more cichlid species but
not in medaka. These stop codons could represent sequenc-
ing errors or real substitutions resulting in pseudogenization

Table 4

Average Pairwise Genetic Distance (Pi, Uncorrected) with Standard
Deviation and Median Values Estimated from 4,516 BBHs between AB
and OV (Data set #1) and from 2,660 Three-Species Alignments (AB,
QV, and Tilapia; Data set #2)

Pi Median Mean Length (Range), bp
Data set #1°
AB OV 0.0175 £ 0.0101 0.0158 1,463 (516-6,837)
Data set #2
AB OV 0.0138 £ 0.0096 0.0117 541 (150-2,588)
Tilapia AB 0.0302 = 0.0203 0.0261

Tilapia OV 0.0314 + 0.0212 0.0268

9 Data set #1 includes both annotated and nonannotated ESTs, whereas data set
#2 includes only annotated ESTs with UTRs.

or truncation of proteins (with potential novel functions). At
this stage, we could not tease apart the three scenarios and
we therefore decided to exclude these clusters from the data
set. The final data set #3 comprised 1,216 four-species align-
ments of ORFs, with a total length of 526,113 bp. Average
length for individual alignments was 433 bp, varying be-
tween 153 and 741 bp. We used this data set for phyloge-
netic reconstructions and to investigate genetic diversity and
levels of selection for each species pairwise comparison and
along phylogenetic lineages.

The ML phylogeny based on the concatenated data set is
shown in figure 2. The tree is in accordance with previously
reported phylogenetic relationships among the four species
(Salzburger et al. 2005; Steinke et al. 2006): AB and OV
grouped together and formed a well-supported monophy-
letic group with tilapia (bootstrap values = 100 for both no-
des). The three cichlids showed similar genetic distance from
the outgroup medaka.

In accordance with the phylogenetic reconstruction, the
shortest absolute genetic distance was found between AB
and OV (0.0095), followed by tilapia versus these two spe-
cies (0.0222 and 0.0230), with the longest distance occur-
ring between medaka and the remaining three species
(0.1605 and 0.1609) (table 5). Within cichlids, contribution
of indels to the genetic diversity was low, with a total of 268
indel sites detected out of 524,047 nucleotides. These cor-
responded to a total of 38 distinct indel events equally
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0.1269
(0.0132-0.0017) A. burtoni (AB)
11i

0.1253
(0.0230-0.0029)

0.0687
(0.7883-0.0541)

7i

2% 0. ventralis (OV)
0.1607
(0.0146-0.0023)

o 189i

0.1384
(0.0000-0.0000)

12 0. niloticus (tilapia)
0.1586

(0.0301-0.0048)

0. latipes (medaka)

0.02

Fic. 2.—ML phylogeny based on four-species concatenated alignment of 1,216 genes (526,113 bp). The tree is rooted using medaka as outgroup.
All nodes had a 100 bootstrap value support. For each branch, individual dN and dS values (in brackets, respectively) and the corresponding d\/dS ratios
(in red) were calculated under the free-ratio model (codeml). Indel events per branch (specified by number followed by “i”) were mapped by maximum

parsimony.

distributed along the three cichlid lineages (AB, OV, and ti-
lapia) (mapped in fig. 2). Six deletion events (3- to 6-bp de-
letions) were specific of the AB/OV clade and occurred in the
following genes: the “low choriolytic enzyme precursor,” in-
volved in the breakdown of the egg envelope, the “src ki-
nase-associated phosphoprotein 2,” involved in the src
signaling pathway, the “deoxyribonuclease tatdn3,” the “v-
type atpase b subunit,” the “dna topoisomerase 2-beta,”
and the “probable rna-binding protein eif1ad.” Further inves-
tigations are needed to clarify whether these amino acid de-
letions confer important biological changes to these proteins
and are therefore involved in some cichlid-specific traits.

UTRs Contribution to Cichlid Genetic Divergence

To check for the specific contribution of UTRs to the genetic
diversity between cichlid species, pairwise genetic distances

Table 5

were calculated on the same gene data set as data set #3
(thus excluding nonannotated sequences) before and after
trimming for fully coding sequences (table 6). The average
length of the 1,216 alignments among the three cichlid spe-
cies including partial or full UTRs was 536 bp, ranging be-
tween 156 and 1,746 bp, for a total of 652,849 bp.
Inclusion of UTRs was responsible for a total increase of ap-
proximately 0.002 of the genetic divergence compared with
the data set including ORFs only (table 6). This corresponds
to arelative increase of about 17%, 12.6%, and 8.7 % in the
genetic divergence between AB and OV and tilapia versus
AB and QV, respectively. For the same gene data set, we also
retrieved full-length contigs from AB and OV in order to ex-
tend our analysis of UTRs to longer sequences (thus exclud-
ing tilapia which reduced the length overlap across AB and
OV in the previous data set). Average length of the 1,216
AB-OV pairwise alignments was 925 bp, nearly double

Average Pairwise Genetic Distances (Pi, Uncorrected), Rates of Synonymous and Nonsynonymous Substitutions Per Site and Relative Ratio Estimated
for Both Individual and Concatenated 1,216 Four-Species Alignments (526,113 bp, Data set #3)

Individual Alignments

Concatenated Alignments

Nei and Gojobori Goldman and Yang

Nei and Gojobori (1986) (1986) (1994)
Pi Ks Ka Ka/Ks Ks Ka Ka/Ks  dS dN dN/dS
AB oV 0.0095 + 0.0072 0.0289 + 0.0001 0.0048 + 4.7 x 10°% 0.1856 + 0.2688 0.0288 0.0057 0.1979 0.0288 0.0039 0.1358
Tilapia ~ AB 0.0222 + 0.0207 0.0732 + 0.0006 0.0096 + 1 x 107%° 0.1753 £ 0.2124 0.0685 0.0103 0.1504 0.0686 0.0091 0.1323
Tilapia oV 0.0230 £ 0.0210 0.0746 + 0.0005 0.0102 £ 0.0000 0.1827 £ 0.2349 0.0699 0.0117 0.1674 0.0700 0.0097 0.1387

Medaka Tilapia 0.1609 + 0.0496 0.8657 + 0.0197  0.065 + 0.0002
Medaka AB 0.1605 £ 0.0497 0.8695 + 0.0125 0.0644 + 0.0002
Meakda OV 0.1605 + 0.0497 0.8681 + 0.016  0.0647 + 0.0002

0.0810 £ 0.0977 0.8128 0.0672 0.0827 0.8160 0.0607 0.0744
0.0806 £ 0.1171 0.8167 0.0665 0.0814 0.8201 0.06 0.0731
0.0810 £ 0.1062 0.8143 0.0676 0.0830 0.8182 0.0603 0.0737
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Table 6

Average Pairwise Genetic Distances (Pi, Uncorrected) Estimated for
1,216 Individual Four-Species Alignments (Gene Data set #3) before
and after Trimming UTRs

Pi
ORFs only ORFs + UTRs® ORFs + UTRsP

AB OV 0.0095 £ 0.0072 0.0112 £ 0.0077 0.0133 = 0.0080
Tilapia AB  0.0222 + 0.0207 0.0250 £ 0.0171 na
Tilapia OV 0.0230 £ 0.0210 0.0250 + 0.0171 na

2 Total length: 652,849 bp.
® Total length: 1,122,962 bp.

the length for the two species considering ORFs only, and
ranged between 402 and 3,669 bp, for a total of
1,122,962 bp. Average pairwise divergence between the
two species was 0.0133, corresponding to an increase of
40% of their genetic divergence with respect to alignments
including ORFs only (table 6). This last value is likely an un-
derestimate of UTR contribution to the genetic divergence
between AB and OV, indeed, in some cases, these longer
alignments also include additional coding regions that were
trimmed in data set#3 because they did not fully overlap
with tilapia sequences (which are, on average, shorter than
our AB and OV contigs).

Rates of Evolution and Signature of Disruptive
Selection in the Cichlid Lineage

We used ORFs from data set#3 to estimate rates of evolution
within cichlids (table 5). Based on the mean pairwise estimates
on single alignments, the smallest average Ks value was found
for the AB/OV comparison (0.0289), followed by similarly low
values between tilapia and both OV and AB (0.0732 and
0.0746) and between medaka and all other species compar-
isons (0.8657-0.8695). The average Ks values calculated from
the concatenated alignment were comparable (table 5).
Within cichlids, the average pairwise Ka/Ks ratios across
the three species were also similar (0.175-0.186) but at least
two times higher than for all pairwise comparisons between
medaka and the three cichlids (0.081) (Whitney—Mann test,
P < 0.001), suggesting disruptive selection in the cichlid lin-
eage. Estimates of Ka/Ks based on average individual and
concatenated alignments using the Nei and Gojobori method
were similar and comparable to the estimates obtained using
the more sophisticated model of substitutions from Goldman
and Yang (1994) implemented in Codeml (Yang 2007).
We further tested the hypothesis for differential selective
forces among lineages by comparing several branch models
implemented in Codeml (PAML). Among the models tested,
the free-ratio model, allowing one dN/dS for each branch,
was significantly better than both the one-ratio model,
which assigned the same dN/dS value to all branches,
and the two-ratio model, which assigned to the medaka
lineage a dN/dS value that differed from all other branches
(LRT, P < 0.001 in both comparisons). According to the

free-ratio model, the branches within the cichlid clade
evolved with at least as twice as large d\/dS (0.1269-
0.1607) compared with the branch at the base of the clade
(0.0687) (fig. 2). The branch leading to medaka also showed
a dN/dS value similar to that of cichlids; however, individual
values of dN and dS were extremely low (<1 0™, impeding
a reliable estimate of the ratio.

Positively Selected Genes

We screened all individual 1,216 alignments for pairwise Ka/
Ks values higher than one and obtained a set of 33 genes
that are putatively under positive selection in at least one
pairwise comparison (table 7). Individual inspection of these
gene alignments ruled out possible misalignments or chime-
ric structures. All 33 genes showed Ka/Ks > 1 exclusively
within cichlids comparisons: 14 genes between AB and
QV, 13 between tilapia and either AB or OV, five in two
pairwises and one gene for all three-cichlids pairwise com-
parisons. No genes showed values of Ka/Ks > 1 between
medaka and any of the three cichlid species. This is compat-
ible with the lower dN/dS value assigned to the branch lead-
ing to the cichlid clade (reported above).

To further confirm these findings, all 33 individual genes
were tested for positive selection in the framework of a phy-
logeny using the branch free-ratio model in Codeml. d\/dS
was larger than one in one or more lineages in all the 33
genes, supporting the above results.

Discussion

Coverage and Functional Annotation of the Two
Transcriptomes

Our transcriptome-wide study provides the first high-
throughput 454 sequencing data available for eastern African
cichlids and the largest current EST data set for cichlids. With
nearly 647,000 reads assembled in more than 46,000 con-
tigs, this data set offers the very first extensive genetic
resource for a member of the Ectodini tribe, O. ventralis
(OV), for which current molecular data were limited to
few mitochondrial and nuclear genes only (see, e.g., Clabaut
et al. 2005; Salzburger et al. 2007; Koblmuller et al. 2008).
It also largely integrates current EST data available for A. bur-
toni (AB) (Salzburger et al. 2008). Comparative analysis of the
new EST data set generated for this species (49,311 contigs)
with the one already available in GenBank (10,312 contigs)
via BlastN searches (1 x 10~°°) indicates an overlap of 6,935
contigs between data sets. More than 70% of the hits
showed a sequence identity between 98% and 100%, con-
firming the quality of our EST sequences and providing a fur-
ther coverage for a subset of them. Overall, combining the
two data sets, the ESTs generated in this study contributed
to more than 70% of unique new sequences, greatly enlarg-
ing the current coverage of the transcriptome for AB.
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Table 7
Genes Under Putative Positive Selection Based on Pairwise Ka/Ks Values > 1
Pairwise Gene Length, bp Pi Ks Ka Ka/Ks
Single
AB versus OV Aquaporin fa-chip 396 0.0202 0.0103 0.0273 2.650
Succinate dehydrogenase 450 0.0178 0.0085 0.0214 2.518
20-beta-hydroxysteroid dehydrogenase 501 0.0140 0.0084 0.0159 1.893
26s proteasome nonatpase regulatory subunit 9 636 0.0173 0.0140 0.0227 1.621
Muscle-type creatine kinase ckm1 438 0.0092 0.0098 0.0151 1.541
Darmin protein 363 0.0083 0.0061 0.0090 1.475
Serine hydrolase-like protein 489 0.0226 0.0180 0.0247 1.372
Tetratricopeptide repeat protein 35 600 0.0034 0.0078 0.0107 1.372
Transmembrane protein 16f 357 0.0114 0.0120 0.0148 1.233
Dead (asp-glu-ala-asp) box polypeptide 56 537 0.0075 0.0080 0.0098 1.225
Novel protein (zgc:100919) 384 0.0131 0.0116 0.0139 1.198
loc733309 protein 363 0.0138 0.0128 0.0142 1.109
Alpha-sialyltransferase st3gal v 345 0.0116 0.0111 0.0119 1.072
Trypsinogen 2 540 0.0315 0.0311 0.0325 1.045
Tilapia versus OV Beta-galactoside-binding lectin 378 0.0212 0.0119 0.0243 2.042
Decaprenyl-diphosphate synthase subunit 2 348 0.0201 0.0120 0.0231 1.925
Elastase 2-like protein 540 0.0225 0.0152 0.0253 1.664
cdc42-interacting protein 4 homolog 306 0.0132 0.0157 0.0167 1.064
Cytochrome c oxidase subunit 4 516 0.0177 0.0178 0.0182 1.022
isoform mitochondrial precursor
Regulator of g-protein signaling 18 417 0.0240 0.0218 0.0283 1.298
Serum paraoxonase arylesterase 2 435 0.0300 0.0305 0.0336 1.102
hbaa_serqu ame: full = hemoglobin 426 0.0423 0.0403 0.0445 1.104
subunit alpha-a ame: full = hemoglobin
alpha-a chain ame: full = alpha-a-globin
Suppression of tumorigenicity 14 (colon epithin) 477 0.0359 0.0266 0.0400 1.504
Tilapia versus AB Signal sequence alpha 528 0.0076 0.0078 0.0126 1.615
Nadh dehydrogenase 1 alpha 330 0.0182 0.0135 0.0199 1.474
subcomplex subunit mitochondrial precursor
mgc85594 protein 402 0.0150 0.0123 0.0159 1.293
ca++ cardiac fast twitch 1 like 447 0.0201 0.0180 0.0212 1.178
Two
Tilapia versus OV Annexin a4 534 0.0356 0.0361 0.0366 1.014
Tilapia versus AB 0.0300 0.0279 0.0314 1.125
Tilapia versus OV Lipid phosphate phosphohydrolase 2 258 0.0233 0.0149 0.0268 1.799
Tilapia versus AB 0.0233 0.0149 0.0268 1.799
AB versus OV 39s ribosomal protein mitochondrial precursor 318 0.0126 0.0138 0.0165 1.196
Tilapia versus AB 0.0189 0.0138 0.0207 1.500
AB versus OV Ubiquinol-cytochrome c rieske iron-sulfur polypeptide 1 441 0.0136 0.0096 0.0150 1.563
Tilapia versus OV 0.0159 0.0096 0.0181 1.885
AB versus OV Epithelial cadherin precursor 651 0.0691 0.0671 0.0742 1.106
Tilapia versus OV 0.0799 0.0807 0.0857 1.062
Three
AB versus OV Cell cycle control protein 50a 372 0.0162 0.0109 0.0218 2.000
Tilapia versus OV 0.0431 0.0218 0.0558 2.560
Tilapia versus AB 0.0457 0.0439 0.0483 1.100

Note—Of the 33 genes, 27 were found with Ka/Ks > 1 only in single cichlid pairwises, five in two pairwises, and one in all three pairwise comparisons.

Based on comparison of the number of proteins pre-
dicted for closely related fishes with those identified in
our two EST libraries, the transcriptomes generated for
both AB and OV cover at least half of their total proteomes.
Specifically, the number of protein-coding genes ranges
from a minimum of 18,523 in the highly compact genome
of Takifugu (Aparicio et al. 2002) to up to 24,147 in D. rerio

(http://www.sanger.ac.uk/Projects/D_rerio/). Taking these
two values as a reference range for the expected number
of protein-coding genes, ESTs from AB cover between
52% and 67% of the total protein-coding genes diversity
(with 8,684 predicted proteins, see table 2), whereas ESTs
from OV cover between 47% and 61% (7,671 proteins).
It is, however, important to consider that ESTs represent, in
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most cases, partial transcripts, with a typical 3’-UTR bias in-
troduced during the sequencing process, and thus, the actual
coverage obtained for a full proteome (total length of the
c¢DNA sequences transcribed) of both species is likely lower.

Comparative Transcriptomics between AB and OV

Comparative analyses of the functional annotation of more
than 10,000 EST contigs for both AB and OV showed highly
similar transcriptomes between the two species, in terms of
both types and relative frequencies of GO categories ex-
pressed. The ten most represented GO terms per category
were typically the same for both species, with very similar
relative and absolute frequencies (fig. 1). An analogous
comparative transcriptome analysis was recently performed
for two closely related Central America cichlids (Elmer et al.
2010) and also showed a comparable functional annotation
of their transcriptomes, with similar coverage of expressed
GO categories (both as types and frequencies) between spe-
cies. These categories are however differently represented
compared with our data set, suggesting quite divergent
transcriptome features between Central American and east-
ern African cichlids, although further analyses are needed to
explore these differences.

A large portion of the transcriptomes of AB and OV
(64 and 75% of the contigs, respectively) could not be an-
notated or had no BlastX matches to the protein nr data-
base, suggesting that these sequences might represent
novel proteins, unigue to cichlids, fast evolving genes or
UTRs. Recent studies in humans indicate that large parts
of transcriptomes are indeed noncoding, although this re-
mains unclear in fishes (Cheng et al. 2005). Further identi-
fication of these contigs via BlastN searches in the nt
database provided a significant match only for 9% of these
contigs in both species, suggesting that the large majority of
these sequences (either translated or untranslated) might in-
deed be cichlid-specific, as result, for instance, of acceler-
ated sequence evolution. Among those contigs that
returned a significant match in the nt database, roughly half
of them matched to 13 unique hits (i.e., AccNos), repre-
sented solely by two gene categories, immune and pattern-
ing genes, both in AB and OV. The two species also paired in
terms of relative frequencies of these most represented con-
tigs, indicating similar high expression levels of these tran-
scripts in AB and OV. Among other hits that were less
represented in terms of number of contig per hit, several
matched to genes that are known to play a crucial role in
rapid species evolution, such as bmP4, pax6, and color
genes. Overall, this suggests that genes implied in key fea-
tures of (cichlid) species, such as body morphology, colora-
tion, development, and immunity represent a variable
portion of the cichlid transcriptome (i.e., genes under accel-
erated evolution) with respect to other species, as predicted
based on their function in processes typically under strong

natural selection. Nevertheless, these findings should be
taken with caution as we cannot exclude a bias in the type
of sequences available in the nt database for closely related
species to AB and OV, which would also bias the results of
the BlastN searches.

Genetic Diversity between AB and OV

The two new transcriptomes presented here show up to
0.0175 uncorrected genetic divergence based on >4,000
pairwise alignments of putatively orthologues ESTs identi-
fied through a best reciprocal hit approach. It should be
noted that all the alignments included both annotated
and nonannotated sequences. When only annotated se-
quences are considered (using data set #2), the genetic di-
versity drops to 0.0138 between OV and AB. Furthermore,
when only ORFs are considered (data set #3), the genetic
diversity drops to nearly half (0.0095), suggesting that non-
coding regions and nonannotated coding genes, such as pu-
tative novel or fast evolving genes, contributed to at least
half of the total transcriptome divergence. In particular,
UTR regions appear to carry a great proportion of variable
sites between the two species. Comparative analysis of the
same gene data set before and after trimming UTRs indi-
cates a 40% increase of genetic divergence between AB
and OV when UTRs are included. Similarly, an increase in
genetic divergence, although smaller (likely due to shorter
sequences), is seen when UTRs are included in pariwise com-
parisons between tilapia and both AB and OV.

It has been proposed that large part of the phenotypic
variation found among closely related species is associated
to changes at the regulatory regions affecting the expression
profiles (e.g., cis-regulatory elements; Fay and Wittkopp
2008). In cichlids, this scenario is mainly supported by the
indirect finding of very limited or no genetic diversity at
the protein-coding regions among phenotypically diverse
species (see Kobayashi et al. [2009] for lake Victoria species
and Elmer et al. [2010] for Central American cichlids). Direct
evidence of adaptive variation at noncoding regions comes
from recent data showing that cichlid 3'-UTRs contain tar-
get sites for fast evolving microRNA. These sites present el-
evated SNP densities in response to the rapid diversification
of these miRNA, clearly pointing to a prominent role of UTRs
in cichlid evolution (Loh et al. 2011).

In our data set, part of the observed UTR diversity might
simply result from weaker functional constraints and therefore
be nonadaptive. Future investigations targeting, for example,
the functional role of divergent UTRs found in association with
highly conserved protein-coding sequences will shed light on
the contribution of UTRs in cichlids evolution.

Evolutionary Divergence and Mutational Rates
among Cichlids

In order to address more specific questions on genetic diver-
sity, substitution rates and selection within the cichlid clade,
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we expanded our comparative transcriptome analyses to in-
clude EST data publicly available for another cichlid, tilapia
(Lee et al. 2010), which is a representative of a distinct and
more ancestral cichlid lineage, as well as ¢cDNA from
medaka, which is presently the closest fully sequenced out-
group to cichlids (Steinke et al. 2006).

We were able to generate a total of 1,216 clusters of
aligned sequences (up to 526 Kb) containing exclusively
ORFs that fully overlapped across the four species (data
set #3). The stringent criteria used for clustering, including
cut off e values for Blast searches set to 1.0 x 107°°, best
reciprocal Blast hits and removal of sequence clusters with
stop codons in cichlids (putatively pseudogenes or novel
truncated genes) likely prevented inclusion of paralogous
sequences, providing a reliable data set for molecular evo-
lution analyses. Nevertheless, inference of orthology should
be taken with caution as transcriptomes are partial and
might not represent all sequences belonging to a gene fam-
ily, causing reciprocal best BlastN hits between paralogous
sequences. Although we can largely exclude clustering of
cichlid paralogous sequences that are members of old gene
families (formed before the cichlid radiation), we cannot rule
out clustering of sequences derived from more recent line-
age-specific duplications for which only one copy was pres-
ent in individual species data sets.

Within cichlids, the nucleotide diversity Pi, Ka, and Ks be-
tween tilapia and both OV and AB was approximately the
same but more than 2-fold higher than between OV and
AB (table 5). This is also confirmed by the ML phylogeny re-
constructed based on the concatenated data set, which
shows equal branch length between tilapia and both AB
and OV. Nucleotide diversity estimates based on nuclear
data are available for other cichlids, too, albeit based on
much smaller samples of orthologous genes. Specifically, ge-
netic distances are reported for three members of the Lake
Victoria region superflock, which range between 0.00339
and 0.00346 based on 68 genes (Kobayashi et al. 2009).
An average genetic distance of 0.0026 was detected among
five Malawi species, based on partial genomic data with low
coverage (Loh et al. 2008).

Assuming a divergence time between tilapia and the re-
maining cichlids of 10.51 to 29.43 Ma (average of 19.44
Ma; Matschiner et al. 2011) and using the neutral Ks diver-
gence estimated on the concatenated alignment by Codeml
(accounting for transition/transversion rates and base-fre-
guency dependency), we calculated a mutation rate ranging
from 1.2 t0 3.3 x 107 substitutions per silent site per year
(average of 1.8 x 1077 substitutions per silent site per year)
for both comparisons of tilapia to OV and AB. This muta-
tional rate is in accordance to the average mammalian ge-
nome mutation rate of 2.2 x 1077 per base pair per year
(Kumar and Subramanian 2002), but it could represent
an underestimate because we did not correct for multiple
hits. Using the linear equations of time versus Ks given by

tilapia comparisons to AB and OV and considering a Ks value
between AB and OV of 0.0288 (table 5), we estimated a di-
vergence time for the AB-OV split of between 4.4 and 12 Ma
(average of 8 Ma). This dating roughly coincides with the
onset of truly lacustrine conditions in Lake Tanganyika
(ca. 6 Ma), which is when the primary lacustrine radiation
of cichlids is thought to have started and the main cichlid
lineages, including the haplochromines and ectodines,
emerged (see, e.g., Salzburger et al. 2002; Koblmuller
et al. 2008).

Signature of Positive Selection in the Cichlid
Lineage

Ka/Ks values estimated for all cichlid pairwise comparisons
were at least two times greater (0.175-0.186) than those
calculated between medaka and the three cichlids, which
were nearly the same (0.081). This argues for homogeneous
substitution rates within cichlids, independent of genetic
divergence.

Looking at substitution rates in the framework of a phy-
logeny, dN/dS values per branch estimated under the best
branch model (i.e., free-ratio model) confirmed a higher
dN/dS for branches within the cichlid clade with respect
to the outgroup medaka. This is largely concordant with pre-
vious findings for closely related Malawi cichlids, where
cichlids showed a much higher Ka/Ks (up to five times) than
the one estimated between more distant outgroups (such as
between Fugu and Tetraodon or among Danio strains) (Loh
et al. 2008). Taken as a whole, these studies provide good
evidence for a relatively higher rate of fixation of nonsynon-
ymous substitutions in cichlids, likely driven by disruptive se-
lection. Alternatively, such elevated Ka/Ks might result, in
part, from a relaxed purifying selection, due for instance
to smaller effective population size of the cichlid ancestor.

Within our data set, we also specifically identified a set of
33 genes putatively under positive selection that represent
potential candidates for a more thoroughly experimental
and computational investigation. We note that the data
set used for our estimates derived from randomly pooled
ESTs that contained an ORF and showed a good level of
amino acid conservation to return a significant BlastX hits
to the medaka proteome, thus we do not expect any par-
ticular bias in the gene pooling. Nevertheless, these esti-
mates should be taken with caution, as other types of
biases should be considered. First, this data set comprises
relatively short alignments of partial ORFs (mean was 433
bp), mostly due to a 3’-UTR bias introduced during the
EST sequencing process. This decreases the power for
testing positive selection in individual genes. Moreover,
the cichlid radiation occurred in a very short evolutionary
time frame and deleterious nonsynonymous mutations
might not yet have been removed, which could affect
proper estimates of Ka/Ks (Rocha et al. 2006; Wolf et al.
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2009). Finally, 454 sequencing is known to have a high sin-
gle read accuracy of > 99.5%, whereas the consensus read
accuracy within an assembly with a coverage >20x is
>99.99%. Nonetheless, even considering slightly higher er-
ror rates, we do not expect any systematic bias in the sub-
stitutions pattern that could have specifically affected the
nonsynonymous rates.

Conclusions

Using the new 454 pyro-sequencing technology, we have
provided the so far largest collection of new ESTs for cichlid
species. Our functional annotation and expanded compara-
tive transcriptome analysis, including a third cichlid lineage
(tilapia) and the outgroup medaka, have shown a signature
of disruptive selection in the cichlid lineage and pointed to
a prominent contribution of UTRs in cichlid genetic diversity,
potentially involved in regulatory changes of the expression
profiles underlying their large phenotypic diversity. The
new transcriptomes provide an important reference to
now target more specific transcriptome-to-phenome com-
parative analyses aimed to investigate, for instance, the mo-
lecular bases of single and multiple traits diversity in more
closely related species or shared traits among more distantly
related species. Genome sequencing projects are currently
ongoing for tilapia and four other cichlid species, including
AB, Metraclinia (Maylandia) zebra, Pundamilia nyererei,
and  Neolamprologus brichardi  (http://cichlid.umd.edu/
CGCindex.html). Together with these, the partial genomic
data and the EST resource already existing for cichlids and
close outgroups, the transcriptome data sets reported here
will provide the scientific community with a valuable resource
for comparative analyses of both genetic and expression pro-
files within cichlids and among closely related species that will
address crucial questions on the molecular bases of adaptive
radiation and explosive speciation.

Supplementary Material

Supplementary table S1 is available at Genome Biology and
Evolution online (http://www.gbe.oxfordjournals.org/).
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Abstract

The origin of novel phenotypic characters is a key component in organismal
diversification; yet, the mechanisms underlying the emergence of such evolutionary
novelties are largely unknown. Here, we examine the origin of egg-spots, an
evolutionary innovation of the most species-rich group of cichlids, the
haplochromines, where these conspicuous male fin color markings are involved in
mating. Applying a combination of RNAseq, comparative genomics and functional
experiments, we identify two novel pigmentation genes, fh/2a and fhi2b, and show
that especially the more rapidly evolving b-paralog is associated with egg-spot
formation. We further find that egg-spot bearing haplochromines, but not other
cichlids, feature a transposable element in the cis-regulatory region of fh/2b. Using
transgenic zebrafish we finally demonstrate that this region shows specific enhancer
activities in iridophores, a type of pigment cells found in egg-spots, suggesting that a
cis-regulatory change is causally linked to the gain of expression in egg-spot bearing
haplochromines.

[150 words]
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The de novo evolution of complex phenotypic traits poses a challenge to evolutionary
biology' . While selection explains adaptation and speciation in an adequate
manner®, it is more difficult to conceive how selection would trigger the origin of
evolutionary novelties such as insect wings, feathers, the tetrapod limb, flowers, the
mammalian placenta, beetle horns, or butterfly eye-spots'*>”*. The emergence of
evolutionary innovations, i.e., lineage restricted traits linked to qualitatively new
functions, involves the origin of new developmental modules that are responsible for
the identity of these novel characters™’. Most of the available evidence suggests that
new developmental programs emerge largely through co-option of pre-existing
regulatory gene networks via changes in their regulation and deployment (“old genes
playing new tricks”). Uncovering the mechanisms of how these developmental
modules are co-opted or newly evolved is one of the primary goals of evo-devo
research®>"%,

Anal fin egg-spots are an evolutionary innovation in the so-called ‘haplochromines’’
(Fig. 1a; Supplementary Fig. 1), the most species-rich group of cichlid fishes best
known for their spectacular adaptive radiations in the East African lakes Victoria and
Malawi'®"!. Adult males of approximately 1,500 cichlid species feature this
pigmentation trait in the form of conspicuously colored circular markings”™'"'.
Haplochromine egg-spots vary substantially in color, shape, number and arrangement
between species (Fig. 1b), and even within species a certain degree of variation is
observed. In some species, also females show egg-spots, which are then much less
pronounced and colorful. The function of egg-spots has been implicated with the
mating behavior of the female-mouthbrooding haplochromines'>"’: Immediately upon
spawning, a haplochromine female gathers up her eggs into the mouth; the male then
presents its egg-spots to which the female responds by snatching, bringing her mouth
close to the male’s genital opening; upon discharging sperm, the eggs become
fertilized inside the female’s mouth (Fig. 1¢). The mother subsequently broods and
carries her progeny in the oral cavities for several weeks after fertilization.

Here, we are interested in the molecular basis of the anal fin egg-spots of
haplochromine cichlids. The main advantages of the cichlid egg-spot system are that
(7) the evolutionary innovation of interest emerged just a few million years ago and
hence is recent compared to most other evolutionary novelties studied so far”'*'*; (if)
the phylogenetic context in which the novel trait evolved is known and living sister
clades to the lineage featuring the novelty still exist”'>'®; and (iii) the genomes of two
outgroup species lacking the trait and of three derived species featuring the trait are
available. This allows us to study early events involved in the origin of an
evolutionary innovation in an assemblage of phenotypically diverse, yet closely
related and genetically similar species'*. Using RNAseq, we identify two novel
candidate pigmentation genes, the a- and b-paralogs of the four and a half LIM
domain protein 2 (fh/2), and show that both genes, but especially the more rapidly
evolving b-copy, are associated with the formation of egg-spots. We then find that
egg-spot bearing haplochromines — but not an egg-spot-less ancestral haplochromine
and not the representatives from more basal cichlid lineages — exhibit a transposable
element insertion in close proximity to the transcription initiation site of fhl2h. A
functional assay with transgenic zebrafish reveals that only a haplochromine-derived
genetic construct featuring the SINE insertion drove expression in a special type of
pigment cells, iridophores. Together, our data suggest that a cis-regulatory change
(probably in the form of a SINE insertion) is responsible for the gain of expression of
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fhi2b in iridophores, contributing to the evolution of egg-spots in haplochromine
cichlids.

Results

fhi2a and fhi2b as novel candidates for egg-spot morphogenesis. As a first step,
we performed an Illumina-based comparative transcriptomic experiment (RNAseq)
between male (with egg-spots) and female (without egg-spots) anal fins in the
haplochromine cichlid Astatotilapia burtoni. Two of the most differentially expressed
genes according to RNAseq were the a- and b-paralogs of fh/2 (~4 log,-fold and ~5
log,-fold differences, respectively; see Supplementary Table 2). These paralogs result
from the teleost genome duplication'’ (Supplementary Fig. 2). The four and a half
LIM domain protein 2 (Fhl2) is known as a transcriptional co-activator of the
androgen receptor and the Wnt-signaling pathway'®'”; Fhl2 plays a role in cell-fate
determination and pattern formation; in the organization of the cytoskeleton, in cell
adhesion, cell motility and signal transduction; furthermore, it regulates the
development of heart, bone and musculature in vertebrates®?',

Expression of fhi2a and fhi2b is egg-spot specific and independent of patterning
effects. To confirm the results obtained by RNAseq we performed quantitative real-
time PCR experiments (Fig. 2a), this time also comparing egg-spot versus non-egg-
spot tissue within male anal fins. In addition, we tested another haplochromine
species with a different egg-spot arrangement to exclude positional effects of gene
expression on the anal fin. In both species the two duplicates of f7/2 were
overexpressed in egg-spots (4. burtoni: fhi2a: ts=10.77, p=0.0001; fhi2b: t;=4.362,
p=0.0073; Cynotilapia pulpican: fhi2a: t,=5.031, p=0.0073; fhi2b: t,=9.154,
p=0.0008). We then tested the expression of both f4/2 paralogs in the four main
developmental stages of egg-spot formation in A. burtoni*> and compared it to other
candidate pigmentation genes (including the previously identified xanthophore
marker csf1ra, the melanophore marker mitfa, and the iridophore marker pnp4a). We
found that the expression of both f//2 paralogs increases substantially throughout anal
fin and egg-spot development, and both genes show higher expression levels
compared to the other pigmentation genes (Fig. 2b); fh/2b shows the highest increase
in expression exactly when egg-spots begin to form. Furthermore, we corroborate that
the expression domain of both f1/2a and fhl2b matches the conspicuously colored
inner circle of egg-spots with RNA in situ hybridization (see Fig. 2¢ for results on

fhi2b),

fhi2a and fhi2b evolved under purifying selection and show little polymorphism.
In general, phenotypic differences can arise via mutations affecting the function of
proteins or via changes in gene regulation’. Therefore, we examined coding sequence
evolution in the two fhl2 paralogs to test for positive selection and potential change of
function in a phylogenetically representative set of 26 East African cichlids. We
found that the two fh/2 genes are highly conserved in cichlids, with few amino acid
differences between species and an average genetic divergence (0.4% in fh/2a and
0.7% in fhi2b) that lies below the transcriptome-wide average of 0.95%>. None of the
observed amino acid changes was correlated with the egg-spot phenotype
(Supplementary Table 7).
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fhiI2b shows greater functional specialization in haplochromines. Usually, after a
gene duplication event, the duplicates go through a period of relaxed selection, during
which one of the two copies can diversify and acquire new functions**. We found that
the b-copy of fh/2 shows an elevated rate of molecular evolution compared to its
paralog (fh/2a), which more closely resembles the ancestral sequence (Fig. 3a). An
additional series of quantitative real-time PCR experiments in twelve tissues revealed
that, in cichlids, fh/2a is primarily expressed in heart, bony structures and muscles,
whereas fh/2b is highly expressed in the eye, and further in skin and the egg-spots of
haplochromines (Fig. 3b and Fig. 3c). This is different to the gene expression profiles
in medaka, where both duplicates are highly expressed in heart, skin and eye tissues;
and in zebrafish, where the two paralogs are primarily expressed in heart, eye and
(pharyngeal) jaw tissues, with fh/2a showing rather low levels of gene expression
(Supplementary Figs. 3,4). When compared to the other teleost fishes examined here,
our results suggest that the haplochromine fh/2a retained most of the previously
described functions, whereas the more rapidly evolving fh/2b obtained new
expression patterns. Together, the gene expression profile and the pattern of sequence
evolution make this gene a prime candidate gene for the morphogenesis of
haplochromine egg-spots.

fhi2b shows an AFC-SINE insertion only present in species with egg-spot. Since
there were no changes in the coding regions of fh/2a and fhi2b that are specific to the
egg-spot-bearing haplochromines, we shifted our focus towards the analysis of
putative regulatory elements, exploring the recently available genomes of five East
African cichlids (including the egg-spot bearing haplochromines A. burtoni,
Pundamilia nyererei, Metriaclima zebra and the egg-spot-less non-haplochromines
Neolamprologus brichardi and Oreochromis niloticus). The non-coding region of
fhi2a shows homology with other teleosts (Oryzias latipes, Takifugu rubripes,
Tetraodon nigroviridis and Gasterosteus aculeatus) and we identified four conserved
non-coding elements (CNEs) in all species examined (Supplementary Fig. 5a). These
CNEs might thus represent conserved regulatory regions responsible for ancestral
conserved functions of fh/2a in teleosts. We might be missing cichlid specific
regulatory regions in important upstream regions though, as our capacity to detect
lineage specific enhancers is limited due to the small sample size for each lineage and
the high background conservation level present in cichlids.

Concerning fh/2b we did not find any CNE that is shared by cichlids and other
teleosts (Supplementary Fig. 5b). Strikingly, however, we found a major difference
that is shared by the three egg-spot bearing haplochromines: the presence of a
transposable element upstream of fh/2b. Specifically, we identified a Short
Interspersed Repetitive Element (SINE) belonging to the cichlid-specific AFC-SINEs
(African cichlid family of SINEs™), which inserted ~800bp upstream of the
transcriptional start site of fh/2b (Supplementary Fig. 6). To confirm that this insertion
is associated with the egg-spot phenotype, we sequenced the upstream region of fh/2b
in 19 cichlid species. The insertion was indeed present in nine additional, egg-spot
bearing haplochromine species, yet absent in all ten non-haplochromines examined
(Supplementary Table 8). Importantly, we found that one haplochromine species
lacks the AFC-SINE element, namely Pseudocrenilabrus philander. This species
belongs to one of the basal lineage of haplochromines (Fig. 1a) that is characterized
by the absence of egg-spots (Fig. 1b). This suggests that the AFC-SINE upstream of
fhi2b is not characteristic to the entire haplochromine clade, but to those that feature
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egg-spots, thus linking the SINE insertion to the origin of this evolutionary
innovation.

The regulatory region of fhl2b from egg-spot-bearing haplochromines drives
expression in iridophores in transgenic zebrafish. A long-standing hypothesis
proposes that ubiquitous genomic repeat elements are potential regulators of
transcription and could thereby generate evolutionary variations and novelties
SINESs are known for their capability of ‘transcriptional rewiring’, i.e. to change the
expression patterns of genes by bringing along new regulatory sequences, when
inserted in close proximity to a gene’s transcriptional initiation site”*. In order to test
whether the insertion of an AFC-SINE close to fh/2b functions as an enhancer of gene
expression, we aimed for a functional experiment. We were particularly interested to
find out whether there were changes in enhancer activity between AFC-SINE positive
haplochromines and other cichlids lacking both the insertion and the egg-spot
phenotype. To this end, we designed reporter constructs containing the upstream
region of fh/2b (~2 kb upstream to intron 1) of three cichlid species linked to the
coding region of Green Fluorescent Protein (GFP), and injected these constructs into
zebrafish (Danio rerio) embryos to generate transgenic lines. We switched to the
zebrafish system here, as no functioning transgenesis was available for haplochromine
cichlids at the time the study was performed (due to the small number of eggs per
clutch associated with the characteristic female mouthbrooding behavior). The three
constructs were derived from A. burtoni (haplochromine with egg-spots, AFC-
SINE"), P. philander (haplochromine without egg-spots, AFC-SINE’) and
Neolamprologus sexfasciatus (lamprologine, AFC-SINE"), respectively (Fig. 4a).

26,27

We were able to produce stable transgenic zebrafish lines for each of the three
constructs to examine the expression of GFP. Importantly, we found striking
differences in expression between the A. burtoni construct and the two constructs
lacking the AFC-SINE. Of the three reporter lines only the AFC-SINE " showed GFP
expression in iridophores, a silvery-reflective type of pigment cells (Fig. 4b,c and
Supplementary Fig. 7). This experiment demonstrates the presence of novel enhancer
activities in the regulatory region of f4/2b in derived haplochromines and strongly
suggests that these came along with the SINE insertion.

Iridophores and egg-spot development. The egg-spot phenotype has previously
been associated with pigment cells containing pteridines (xanthophores)'®*?, whereas
our new results indicate an auxiliary role of iridophores in egg-spot formation. We
thus re-evaluated the adult egg-spot phenotype by removing the pteridine pigments of
the xanthophores (Fig. 4¢). We indeed found that 4. burtoni egg-spots show a high
density of iridophores, which is further corroborated by the increase in gene
expression of the iridophore marker pnp4a during egg-spot formation (Fig. 2b). With
the exception of the proximal region of the anal fin, the number of iridophores is
greatly reduced in the fin tissue surrounding egg-spots (Supplementary Fig. 8a).
Interestingly, this proximal region is the only area of the anal fin besides the egg-spots
where we observed fh/2 expression with RNA in situ hybridization (see Fig. 2c for
fhi2b), once more linking fhl2 expression with iridophores (and less so with
xanthophores, which are very rare in this region). In the non-haplochromine N.
crassus, which features a yellow anal fin pattern containing xanthophores, we did not
find iridophores in the xanthophore-rich region (Supplementary Fig. 9), suggesting
that the xantophore/iridophore pattern is unique to haplochromine egg-spots.
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Importantly, we also observed that iridophores appear early in the newly forming egg-
spot of haplochromines, i.e. before the first xanthophores start to aggregate
(Supplementary Fig. 8b).

In zebrafish, stripe development is initiated by iridophores, which serve as
morphological landmarks for stripe orientation in that they attract further pigment
cells such as xanthophores by expressing the csfI ligand gene®~°. Interestingly, it has
previously been shown that a gene encoding a Csf1 receptor known for its role in
xanthophore development in zebrafish, csf7ra, is expressed in haplochromine egg-
spots'®. We thus examined the expression of the ligand csf1b and show that its relative
level of gene expression doubles during egg-spot development, and that this increase
coincides with the emergence of the phenotype (Supplementary Fig. 10). This leads
us to suggest that a similar pigment cell type interaction mechanism might be
involved in egg-spot patterning as the one described for zebrafish®’. The specific
mode of action of fin patterning in haplochromine cichlids, and how Fhi2b interacts
with the Csf1/Csflr system, remains to be studied in the future.

Contribution of fh/2a in egg-spot formation. The role of the more conserved and
functionally constrained a-paralog of fh/2 in egg-spot development cannot be
dismissed, though. Its temporally shifted increase in gene expression compared to
fhi2b (Fig. 2b) suggests that fh/2a most likely acts as a more downstream factor
involved in pigment pattern formation. We were nevertheless interested in uncovering
the regulatory region responsive for this expression pattern. The first intron of fhl2a
shows two conserved non-coding elements (CNEs) that are common across
percomorph fish (Supplementary Fig. 5). Using the same strategy as described above
we generated a transgenic zebrafish line containing exon 1 and intron 1 of A. burtoni
linked to GFP. This construct drove expression in heart in zebrafish embryos, which
is consistent with the reported function of fh/2a in tetrapods™, whereas there was no
indication of a pigment cell related function for this reporter construct
(Supplementary Fig. 7e). An alignment between the genomic regions of the two fh/2
paralogs shows that there were no CNEs in common and generally very little
homology between them, suggesting that the regulation of the expression of fhl2a in
egg-spots might proceed in a different way (Supplementary Fig. 11).

Discussion

In this study, we were interested in the genetic and developmental basis of egg-spots,
an evolutionary innovation of the most species-rich group of cichlids, the
haplochromines, where these conspicuous color markings on the anal fins of males
play an important role in mating' ' (Fig. 1).

We first performed a comparative RNAseq experiment, which led to the identification
of two novel candidate pigmentation genes, the a- and b-paralogs of the four and a
half LIM domain protein 2 (f4/2). We then confirmed, with qPCR and RNA in situ
hybridization, that the expression domain of both gene copies indeed matches the
conspicuously colored inner circle of egg-spots (Fig. 2). Especially the more rapidly
evolving b-copy of fh/2 emerged as strong candidate gene for egg-spot development,
as its expression profile mimics the formation of egg-spots (Figs. 2b, 3). Interestingly,
we found that the egg-spot bearing haplochromines, but not other cichlids, feature a
transposable element in the cis-regulatory region of f1/2b. Finally, we could show,
making use of transgenic zebrafish, that a cis-regulatory change in f7/2b in the
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ancestor of the egg-spot bearing haplochromine cichlids (most likely in the form of
the AFC-SINE insertion) resulted in a gain of expression in iridophores, a special type
of pigment cells found in egg-spots (Fig. 4). This in turn might have led to changes in
iridophore cell behavior and to novel interactions with pigmentation genes (csf7b,
csflra, pnp4a), thereby contributing to the formation of egg-spots on male anal fins.
The specific mode of action of the SINE insertion, and how the fh/2b locus interacts
with these other pigmentation genes remains elusive at present. Addressing these
questions would require functional studies in haplochromines, which are, however,
hampered by the specific mechanisms involved in the trait complex of interest
(mouthbrooding makes it notoriously difficult to obtain enough eggs — in a controlled
manner — to make such experiments feasible).

Our results are also suggestive of an important role of the a-copy of f7/2 in cichlid
evolution. With our qPCR experiments, we provide strong evidence that fh/2a is
involved in jaw tissue in zebrafish (Supplementary Fig. 3) and, importantly, in the
pharyngeal jaw apparatus of cichlids (Fig. 3b,c), another putative evolutionary
innovation of this group. The pharyngeal jaw apparatus is a second set of jaws in the
pharynx of cichlids that is functionally decoupled from the oral jaws and primarily
used to process food'"'*"°. Interestingly, fh/2a has previously been implicated in the
evolution of fleshy-lips in cichlids®', which is yet another ecologically relevant trait.
From a developmental perspective, the main tissues underlying these traits — the
cranio-facial cartilage (the jaw apparatus) and pigment cells (egg- spots) — have the
same origin, the neural crest, which itself is considered an evolutionary key
innovation of vertebrates®*. It thus seems that the function of fh/2 in cichlids may have
been split into (i) an ecologically important, i.e. naturally selected, scope of duties and
(if) a role in coloration and pigmentation more likely to be targeted by sexual
selection.

Taken together, our study permits us to propose the following hypothesis for the
origin of cichlid egg-spots: In one of the early, already female-mouthbrooding,
haplochromines the insertion of a transposable element of the AFC-SINE family in
the cis-regulatory region of fhl2b, and its associated recruitment to the iridophore
pigment cell pathway, mediated the evolution of egg-spots on the anal fins — possibly
from the so-called perfleckmuster common to many cichlids'®. The conspicuous anal
fin spots were fancied by haplochromine females, which — just like many other
cichlids and also the ancestral and egg-spot less haplochromine genus
Pseudocrenilabrus —have an innate bias for yellow/orange/red spots that resemble
carotenoid-rich prey items’’, leading to the fixation of the novel trait. In today’s
haplochromines, egg-spots seem to have a much broader range of functions related to
sexual selection™.

Most of the currently studied evolutionary innovations comprise relatively ancient
traits (e.g., flowers, feathers, tetrapod limb, insect wings and mammalian placenta)
making it difficult to scrutinize their genetic and developmental basis. Here, we
explored a recently evolved novelty, the anal fin egg-spots of male haplochromine
cichlids. We uncovered a regulatory change in close proximity to the transcriptional
start site of a novel iridophore gene that likely contributes to the molecular basis of
the origin of egg-spots in the most rapidly diversifying clade of vertebrates. This,
once more, illustrates the importance of changes in cis-regulatory regions in
morphological evolution®,
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Figure 1 | The egg-spots of haplochromine cichlids. (a) Phylogeny of the East
African cichlid fishes based on a new multi-marker dataset. The haplochromines are
the most species-rich and derived group of cichlids in East Africa. One of the
common features of haplochromines is the presence of egg-spots on the anal fin of
males. Note that one of the ancestral lineages, Pseudocrenilabrus philander, does not

show this characteristic trait’>.

Substr-br: Substrate brooders; Mouthbr: Mouthbrooders; spp: species (b) Examples of
male anal fin patterns in East African cichlids. Haplochromine egg-spots (upper
panel) vary in size, shape, number and coloration (upper panel). Non-haplochromines
and basal haplochromine P. philander (lower panel) do not show this trait (¢) A
typical mating cycle of haplochromine cichlids.
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Figure 2 | The role of fhi2a and fhi2b in egg-spot formation. (a) Quantitative real-
time PCR experiments reveal that both genes are overexpressed in egg-spot compared
to adjacent anal fin tissue in the haplochromine cichlids 4statotilapia burtoni and
Cynotilapia pulpican (* p<0.05; **p<0.01;*** p<0.001; RQ = relative quantity).
Images of males of the two species, their anal fins, and a scheme showing the
distribution of egg-spots is provided. (b) Expression profiles of fhl2a and fhi2b during
the ontogenetic development of egg-spots in 4. burtoni (note that egg-spots are absent
in juveniles and only form when males become sexually mature; see ref. 22 for further
details). The values on the x-axis represent fish standard length in millimeters (three
replicates per developmental stage were used). The error bars represent the standard
error of the mean (SEM). fh/2b shows the largest increase in expression overall and its
expression profile mimics the formation of egg-spots. Three other pigmentation genes
(pnp4a, csflra and mitfa) were included for comparative reasons. csf1ra and mitfa
show a much smaller increase in gene expression during egg-spot development than
fhi2a and especially fhl2b, whilst pnp4a shows a constant increase in gene expression
throughout the development of egg-spots. (¢) RNA in situ hybridization experiments
revealed that both fh/2 paralogs (results only shown for fh/2b) are primarily expressed
in the colorful inner circle of haplochromine egg-spots (defined by the solid line) and
not in the transparent outer ring (defined by the dashed line). Expression was also
observed in the proximal fin region, which also contains pigment cells. Panel 2 is a
close up from the region defined by the square in panel 1.
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Figure 3 | Gene tree of the two fh/2 paralogs and expression profiling in East
African cichlid fishes. (a) Bayesian inference phylogeny of the orthology and
paralogy relationships between cichlids, other teleosts (Oryzias latipes, Danio rerio,
Takifugu rubripes and Gasterosteus aculeatus) and tetrapods (4Anolis carolinensis and
Mus musculus) fhi2 sequences. This gene tree is important for generating functional
hypotheses about both duplicates, and to infer the ancestral state of the fh/2 gene
before duplication. Our phylogeny indicates that fi/2a is more similar to the ancestral
state, while fh/2b is apparently evolving faster in teleosts. Values at the tree nodes
represent posterior probabilities. In Supplementary Fig. 2 we present a synteny
analysis supporting the origin of teleost f#/2 duplicates in the teleost genome
duplication. (b) Relative quantification (RQ) of fh/2a and fhl2b gene expression in
twelve tissues (three replicates per tissue) in C. pulpican, an egg-spot bearing
haplochromine from Lake Malawi. The error bars represent the standard error of the
mean (SEM). (¢) RQ of fhl2a and fhi2b gene expression in twelve tissues in
Neolamprologus crassus, a substrate spawning lamprologine that has no egg-spots. In
both species, gill tissue was used as reference; in N. crassus, “egg-spots” corresponds
to the fin region where haplochromines would show the egg-spot trait. In C. pulpican
(b), fhi2a is highly expressed in heart, in pigmented tissues (eye, skin and egg-spot)
and in craniofacial traits (oral jaw and lower pharyngeal jaw); f7/2b is mainly
expressed in the pigmented tissues. N. crassus (¢) shows a similar expression patterns
for fhl2a and fhi2b, with the difference that fh/2a does not show high expression
levels in jaw tissues and fh/2b was not highly expressed in skin and fin tissue. These
results suggest that f2/2b shows a higher functional specialization and that it might be
involved in the morphogenesis of sexually dimorphic traits such as pigmented traits
including egg-spots.
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Figure 4 | The molecular basis of egg-spot formation. (a) The egg-spot bearing
haplochromines feature an AFC-SINE insertion in close proximity to the
transcriptional start site of fh/2b, which is absent in the ancestral and egg-spot-less
genus Pseudocrenilabrus and in all non-haplochromines. The sequences from the
three species shown here were the ones used to engineer the reporter constructs,
where the fh/2b coding sequence was substituted by GFP. (b) In transgenic zebrafish
only the AFC-SINE" construct showed GFP expression in the iridophores, a type of
pigment cell (one of them is indicated by a yellow arrow). The upper panel depicts
bright field images of 3 day-old zebrafish embryo trunks; the lower panel shows the
respective embryos under UV light. The green signal in the AFC-SINE negative N.
sexfasciatus line (marked with an asterisk) is auto-fluorescence from the yolk
extension. (¢) Higher magnification image from 4. burtoni AFC-SINE" reporter
construct driving GFP expression in the iridophores. Orientation in (b) and (¢):
bottom: anterior, top: posterior. (d) Top-down view of a trunk of a 3 day-old AFC-
SINE positive zebrafish embryo. The left panel depicts a bright field image where the
iridophores of the dorsal stripe are illuminated by the incident light (yellow arrows).
The right panel depicts GFP expression of the same embryo. The GFP signal co-
localizes with iridophores. (e) Cellular basis of egg-spots: This series of images shows
that egg-spots are made up of xanthophores, iridophores, and scattered melanophores.
Image 1 shows an A. burtoni fin with two egg-spots. Image 2 shows the same fin
without pteridine pigments (xanthophores are not visible anymore). Image 3 and 4 are
higher magnification images of the egg-spots without pteridine under slightly
different light conditions confirming that egg-spots have a high density of iridophores
(examples of this cell type are highlighted with arrows).
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Methods

Samples

Laboratory strains of Astatotilapia burtoni, Cynotilapia pulpican, Astatoreochromis
alluaudi, Pundamilia nyererei, Labidochromis caeruleus, Pseudotropheus elegans
and Neolamprologus crassus were kept at the University of Basel (Switzerland) under
standard conditions (12h light/12h dark; 26 °C, pH 7). Before dissection, all
specimens were euthanized with MS 222 (Sigma-Aldrich, USA) following an
approved procedure (permit nr. 2317 issued by the cantonal veterinary office Basel).
Individuals of all other specimens were collected in the southern region of Lake
Tanganyika (Zambia) under the permission of the Lake Tanganyika Unit, Department
of Fisheries, Republic of Zambia, and processed in the field following our standard
operating procedure'’. Tissues for RNA extraction were stored in RNAlater (Ambion,
USA), tissues for genomic DNA extraction were stored in ethanol and shipped to the
University of Basel.

RNA and DNA Extractions

Isolation of RNA was performed according to the TRIzol® protocol (Invitrogen,
USA) after incubating the dissected tissues in 750ul of TRIzol at 4 °C overnight or,
alternatively, for 8-16 hours (in order to increase the RNA yield after long term
storage). The tissues were then homogenized with a BeadBeater (FastPrep-24; MP,
Biomedicals, France). Subsequent DNase treatment was performed with DNA-Free™
kit (Ambion, USA). RNA quantity and quality was determined with a NanoDrop
1000 spectrophotometer (Thermo Scientific, USA). cDNA was produced using the
High Capacity RNA-to-cDNA kit (Applied Biosystems, USA). Genomic DNA was
extracted using a high salt extraction method (modified from ref. 35).

Phylogenetic Analyses

DNA extraction of 18 specimens of East African cichlid fishes was conducted as
described above. For the amplification of nine nuclear markers (rag, gapdhs, s7,
bmp4, ednrbl, mitfa, tyr, hag and csfrl) we used the primer sets published in ref. 36.
The sequences of Metriaclima zebra, Oreochromis niloticus and Neolamprologus
brichardi were extracted from the respective genome assemblies

(http://www .broadinstitute.org/models/tilapia). The data for Astatoreochromis
alluaudi, Thoracochromis brauschi and Serranochromis macrocephalus were
collected with Sanger sequencing following the method described in ref. 36, all other
data were generated by amplicon sequencing with 454 GS FLX system at Microsynth,
Switzerland, following the manufacturers protocols’’®. Sequences were quality
filtered using PRINSEQ (length: 150bp minimum; low quality: mean > 15; read
duplicates)’” and assembled with BWA-SW followed by visual inspection and
consensus sequence generation in Geneious® 6.1.6". As a tenth marker, we included
mitochondrial NADH Dehydrogenase Subunit 2 (ND2) sequences available on
GenBank (see Supplementary Table 1 for accession numbers). Since the ednrbl gene
sequence is not available in the N. brichardi genome assembly, we used the gene
sequence from its sister species, N. pulcher, instead.

Sequences were aligned with MAFFT*' and the most appropriate substitution model
of molecular evolution for each marker was determined with IMODELTEST v2.1.3%
and BIC*®. The partitioned dataset (5051bp) was then subjected to phylogenetic
analyses in MRBAYES v3.2.1** and GARLI v2.0*. MRBAYES was run for 10,000,000
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generations with 2 runs and 4 chains in parallel and a burn-in of 25%, GARLI was
running 50 times followed by a bootstrap analysis with 500 replicates. SUMTREES
v3.3.1 of the DENDROPY package v3.12.0*° was used to summarize over the
replicates.

Differential Gene Expression Analysis Using RNAseq

We used a transcriptomic approach (RNAseq) to identify genes differentially
expressed between male and female anal fins of Astatotilapia burtoni. Library
construction and sequencing of RNA extracted from three male and three female anal
fins (at the developmental stage of 30 mm, see Fig. 2) was performed at the
Department of Biosystems Science and Engineering (D-BSSE), University of Basel
and ETH Zurich. The samples were sequenced on an [llumina Genome Analyzer IIx.
Each sample was sequenced in one lane and with a read length of 76bp.

The reads were then aligned to an embryonic A. burtoni reference transcriptome
assembled by Broad Institute (http://www.broadinstitute.org/models/tilapia). This
transcriptome is not annotated and each transcript has a nomenclature where the first
term codes for the parent contig and the third term codes for alternatively spliced
transcripts (CompX cX seqX). The reference transcriptome was indexed using
NOVOINDEX (www.novocraft.com) with default parameters. Using NOVOALIGN
(www.novocraft.com), the RNAseq reads were mapped against the reference
transcriptome with a maximum alignment (t) score of 30, a minimum of good quality
base pair per read (1) of 25 and a successive trimming factor (s) of 5. Reads that did
not match these criteria were discarded. Since the reference transcriptome has
multiple transcripts/isoforms belonging to the same gene, all read alignment locations
were reported (rALL). The mapping results were reported (o) in SAM format. The
output SAM file was then transformed into BAM format, sorted, indexed and
converted to count files (number of reads per transcript) using SAMTOOLS version
0.1.18"". The count files were subsequently concatenated into a single dataset - count
table - and analyzed with the R package EDGER*® in order to test for significant
differences in gene expression between male and female anal fins. The ten most
differentially expressed transcripts were identified by BLASTx* against GenBank’s
non-redundant database (see Supplementary Table 2).

We selected two genes out of this list for in-depth analyses — fh/2a and fhi2b — for
three reasons: (i) fhl2b was the gene showing the highest difference in expression
between male and female anal fins; (i7) The difference in gene expression in its
paralog, fh/2a, was also significantly high; and (iii) the functional repertoire of the
FHL2 protein family indicates that these might be strong candidates for the
morphogenesis of a secondary male color trait.

Differential Gene Expression Analysis Using qPCR

The expression patterns of fhl2a and fhi2b were further characterized by means of
quantitative real time PCR (qPCR) in three species, A. burtoni, C. pulpican and N.
crassus. The comparative CT (cycle threshold) method™ was used to calculate
differences in expression between the different samples using the ribosomal protein
L7 (rpl7) and the ribosomal protein SA3 (rpsa3) as endogenous controls. All
reactions had a final cDNA concentration of Ing/ul and a primer concentration of 200
mM. The reactions were run on a StepOnePlusTM Real-Time PCR system (Applied
Biosystems, USA) using the SYBR Green master mix (Roche, Switzerland) with an
annealing temperature of 58°C and following the manufacturers protocols. Primers
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were designed with the software GENSCRIPT REAL-TIME PCR (TAQMAN)
PRIMER DESIGN available at https://www.genscript.com/ssl-bin/app/primer. All
primers were designed to span over exons to avoid gDNA contamination (see
Supplementary Table 3 for details). Primer efficiencies of the experimental primers
(fhi2a and fhi2b) were comparable to the efficiency of the endogenous controls rpl7
and rpsa3.

We conducted the following experiments: qPCR Experiment 1: Egg-spots were
separated from the anal fin tissue in six male 4. burtoni and five male C. pulpican.
RQ (relative quantities) values were calculated for each sample and the differential
expression between anal fin (reference) and egg-spot tissue was analyzed with a
paired t-test using GRAPHPAD Prism version 5.0a for Mac OS X
(www.graphpad.com). qPCR Experiment 2: fhi2a, fhi2b, csfira, mitfa, pnp4a and
csf1b expression was measured in RNA extracted from 4. burtoni fins at four
different developmental stages®. Here, csfIra was included as xanthophore marker'®,
mitfa and pnp4a as melanophore and iridophore markers®', respectively, and csf1b
because of its role in pigment pattern organization in zebrafish*>’. We used three
biological replicates for each developmental stage and each replicate consisted of a
sample pool of three fins, except for the youngest stage at 15mm, where we pooled
five fins. The first developmental stage was used as reference tissue. gPCR
Experiment 3: fhl2a and fhi2b expression was measured in RNA extracted from
different tissues from three males from C. pulpican and N. crassus (gills, liver, testis,
brain, heart, eye, skin, muscle, oral jaw, pharyngeal jaw and egg-spot). Although N.
crassus does not have egg-spots, we separated its anal fin into an area corresponding
to egg-spots in haplochromines and a section corresponding to anal fin tissue (the
‘egg-spot’ region was defined according to the egg-spot positioning in A. burtoni).
Expression was compared among tissues for each species using gills as reference
tissue. The same experiment was performed for D. rerio and O. latipes (two teleost
outgroups), using efla and rpll3a’* as well as rpl7 and 18sRNA™ as endogenous
controls, respectively.

Cloning of fhi2a and fhl2b and RNA in situ Hybridization Experiments

Astatotilapia burtoni fhi2a and fhi2b coding fragments were amplified by PCR (for
primer information see Supplementary Table 3) using Phusion® Master Mix with HF
Buffer (New England BioLabs, USA) following the manufacturer’s guidelines. These
fragments were cloned into pCR4-TOPO TA vector using the TOPO® TA cloning kit
(Invitrogen, USA). Plasmid extractions were done with GenElute™ Plasmid Miniprep
Kit (Sigma-Aldrich, USA). RNA probes were synthetized with the DIG RNA labeling
kit (SP6/T7) (Roche, Switzerland). The insertion and direction of the fragments was
confirmed by Sanger sequencing using M 13 primers (available with the cloning kit)
and BigDye® terminator reaction chemistry (Applied Biosystems, USA) on an
AB3130x/ genetic analyzer (Applied Biosystems, USA). In situ hybridization was
performed in 12 fins from A4. burtoni males, six for fh/2a and six for fh/2b. The
protocol was executed as described in ref. 16, except for an intermediate proteinase K
treatment (20 minutes at a final concentration of 15 pg/ml) and for the hybridization
temperature (65°C).

Synteny Analysis of Teleost fh/2 Paralogs

The Synteny Database (http://syntenydb.uoregon.edu’*) was used to generate dotplots
of the human FHL2 gene (ENSG00000115641) region on chromosome Hsa2 and the
genomes of medaka (Supplementary Fig. 2a) and zebrafish (Supplementary Fig. 2b).
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Double conserved synteny between the human FHL?2 gene and the fh/2a and fhi2b
paralogons in teleost genomes provide evidence that the teleost f/2 paralogs were
generated during the teleost genome duplication.

Sequencing of fhi2a/fhi2b Coding Region and Sequence Analysis

We then used cDNA pools extracted from anal fin tissue to amplify and sequence the
coding region of fh/2a and fhi2b in a phylogenetically representative set of 26 cichlid
species (21 Tanganyikan species, three species from Lake Malawi, and two species
from the Lake Victoria basin). This taxon sampling included 14 species belonging to
the haplochromines and 12 species belonging to other East African cichlid tribes not
featuring the egg-spot trait (see Supplementary Table 4). fhl2a and fhi2b coding
regions were fully sequenced (from start to stop codon) in five individuals per species
in order to evaluate the rate of molecular evolution among cichlids. For PCR
amplification, we used Phusion® Master Mix and cichlid specific primers (for primer
information see Supplementary Table 3) designed with Primer3>. PCR products were
visualized with electrophoresis in a 1.5% agarose gel using GelRed (Biotium, USA).
In cases where multiple bands were present, we purified the correct size fragment
from the gel using the GenElute™ Gel Extraction Kit (Sigma-Aldrich, USA). PCR
products were enzymatically cleaned with ExoSAP-IT® (Affymetrix, USA) and
sequenced with BigDye™ 3.1 Ready reaction mix (Applied Biosystems, USA) — after
BigDye™ XTerminator purificaton (Applied Biosystems, USA) — on an AbI3130x/
Genetic Analyzer. Sequences were corrected, trimmed and aligned manually in
CODONCODE® ALIGNER (CodonCode Corporation).

Jfhi12 Phylogenetic Analysis

fhil2a and fhi2b sequences from non-cichlid teleosts and fh/2 sequences from tetrapods
were retrieved from ENSEMBL (species names, gene names and accession numbers
are available in Supplementary Table 5). We then constructed gene trees based on
these sequences and on a subset of the cichlid sequences obtained in the previous step
(information available in Supplementary Table 4) in order to confirm the orthologous
and paralogous relationships of both duplicates. Sequences were aligned with
CLUSTALW2’ using default parameters. The most appropriate model of sequence
evolution was determined with IMODELTEST as described above. Phylogenetic
analyses were performed with MRBAYES (1 million generations; 25% burnin).

Tests for Positive Selection in fh/2a and fhi2b

Using PAUP* 4.0b10°® we first compiled a maximum likelihood tree based on the
mitochondrial ND2 gene, including all species used for the positive selection analyses
(see Supplementary Table 6 for species and GenBank accession numbers). We used
the GTR + I' model with base frequencies and substitution rate matrix estimated
from the data (as suggested by IMODELTEST*?). We then ran CODEML implemented in
PAML version 4.4b to test for branch-specific adaptive evolution in fi/2a and fhi2b
applying the branch-site model (free-ratios model with  allowed to vary)’”*’. The
branch comparisons and results are shown in Supplementary Table 7.

Identification of Conserved Non-Coding Elements

We then made use of the five available cichlid genomes®' to identify conserved non-
coding regions (CNEs) that could explain the difference in expression of fh/2a and
fhi2b between haplochromines and non-haplochromines (note that there are three
haplochromine genomes available: A. burtoni, Pundamilia nyererei, Metriaclima
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zebra; and two genomes belonging to more ancestral cichlid lineages:
Neolamprologus brichardi and Oreochromis niloticus). For this analysis, we also
included the respective genomic regions of four other teleost species (Oryzias latipes,
Takifugu rubripes, Tetraodon nigroviridis and Gasterosteus aculeatus). More
specifically, we extracted the genomic scaffolds containing fh/2a and fh/2b from the
available cichlid genomes using BLAST v. 2.2.25 and the BIOCONDUCTOR R
package BIOSTRINGS® to extract 5-6 kb of sequence containing fh/2a and fhi2b
from these scaffolds.

Comparative analyses of the fh/2a and fh/2b genomic regions were done with
MVISTA (genome.lbl.gov/vista)* using the LAGAN alignment tool®*; 4. burtoni was
used as a reference for the alignment. We applied the repeat masking option with
Takifugu rubripes (Fugu) as reference. Conserved non-coding regions (CNEs) were
defined as any non-coding section longer than 100bp that showed at least 70%
sequence identity with 4. burtoni.

Sequencing of the Upstream Region of fhl2b

In order to confirm if the AFC-SINE insertion was specific to egg-spot bearing
haplochromines, we amplified the genomic region upstream of the f2/2b open reading
frame in 19 additional cichlid species (10 haplochromines and 9 non-
haplochromines). PCR amplification was performed as described above. For
sequencing, we used four different primers, the two used in the amplification reaction
and two internal primers, one haplochromine specific and another non-haplochromine

specific. For detailed information about species and primers see Supplementary Table
8.

Alignment of AFC-SINES from the 4. burtoni Genome

SINE elements were identified using the SINE insertion sequence 5' of the fh/2b gene
of A. burtoni as query in a local BLASTn search® with default settings against the A.
burtoni reference genome. Blast hits were retrieved using custom scripts and extended
to a region of 200bp upstream and downstream of the identified sequence. Sequences
were aligned using MAFFT v. 6*' with default settings and allowing for adjustment of
sequence direction according to the reference sequence. The alignment was loaded
into CODONCODE® ALIGNER for manual correction and end trimming. Sequences
shorter than 50bp were excluded from the alignment. The final alignment contained
407 sequences that were used to build the 4. burtoni SINE consensus sequence using
the consensus method implemented in CODONCODE® ALIGNER with a
percentage-based consensus and a cut-off of 25%. The AFC-SINE element in the
fhi2b promoter region was compared to the consensus sequence and available full-
length AFC-SINE elements of cichlids in order to determine whether it was an
insertion or deletion in haplochromines (Supplementary Table 8).

Detailed Characterization of fh/2b Upstream Genomic Region in Cichlids

The fhi2b genomic regions of the five cichlid genomes (4. burtoni, M. zebra, P.
nyererei, N. brichardi, and O. niloticus) were loaded into CODONCODE ALIGNER
and assembled (large gap alignments settings, identity cut off 70%). Assemblies were
manually corrected. Transposable element sequences were identified using the Repeat
Masking function of REPBASE UNIT (http://www.girinst.org/censor/index.php)
against all sequence sources and the bl2seq function of BLASTn®. Supplementary
Fig. 6 shows a scheme of the transposable element composition of this genomic
region in several cichlid species.
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CNEs Construct Cloning and Injection in Zebrafish

We designed three genetic constructs containing the AFC-SINE and intron 1 of fhl2b
of three cichlid species (4. burtoni, P. philander and Neolamprologus sexfasciatus)
(Fig. 4) and one containing the 5’UTR, exon 1 and intron 1 of A. burtoni fhi2a. The
three fragments were amplified with polymerase chain reaction as described above
(see Supplementary Table 3 for primer information). All fragments were cloned into a
pCR8/GW/TOPO vector (Invitrogen, USA) following the manufacturers
specifications. Sequence identity and direction of fragment insertion were confirmed
via Sanger sequencing (as described above) using M13 primers. All plasmid
extractions were performed with GenEluteTM Plasmid Miniprep Kit (Sigma-Aldrich,
USA). We then recombined these fragments into the Zebrafish Enhancer Detection
ZED vector” following the protocol specified in®. Recombination into the ZED
plasmid was performed taking into consideration the original orientation of the fh/2b
genomic region. The resulting ZED plasmids were then purified with the DNA clean
and concentrator -5 Kit (Zymo Research, USA). Injections were performed with 1 nl
into one/two cell stage zebrafish (Danio rerio) embryos (A. burtoni construct was
injected in wild-type strains AB and ABXEK, P. philander and N. sexfasciatus
constructs were injected in wild-type strain ABXEK) with 25 ng/ul plasmid and 35
ng/pl Tol2 transposase mRNA. By outcrossing to wildtype zebrafish, we created five
F2 stable transgenic lines for the A. burtoni construct, two F1 stable transgenic lines
for the P. philander construct, and finally one F1 stable transgenic line for the N.
sexfasciatus construct. Fish were raised and kept according to standard procedures®’.
Zebrafish were imaged using a Leica point scanning confocal microscope SP5-11-
matrix and Zeiss LSMS5 Pascal confocal microscope.

Fixation and Dehydration of Cichlid Fins

In order to determine the pigment cell composition of egg-spots (and especially if
they contain iridophores in addition to xanthophores) we dissected 4. burtoni anal
fins. To better understand the morphological differences between non-haplochromine
and haplochromine fins we further dissected three N. crassus anal fins. To visualize
iridophores we removed the pteridine pigments of the overlying xanthophores by
fixating the fin in 4%PFA-PBS for one hour at room temperature and washing it in a
series of methanol:PBS dilutions (25%, 50%, 75%, 100%). Pictures were taken after
six days in 100% methanol at -20 °C.
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4.1 — Abstract

Background: Understanding the genetic basis of novel traits is a hot topic in
evolutionary biology. Egg-spots are circular pigmentation markings on the anal fins of
haplochromine cichlid fishes. They are a novel and variable trait and play an
important role in the breeding behavior of this group of fishes. Our knowledge about
the underlying genetics of this trait is sparse. With next-generation sequencing it is
now possible to access transcriptomes and gene expression at unprecedented levels
in order to generate candidate genes. Here we present an RNAseq survey of
Astatotilapia burtoni egg-spot and anal fin transcriptome.

Results: We present a differential gene expression analysis between adult
egg-spot and anal fins transcriptomes. We generated candidate genes and identified
them using BLAST and characterized their functions using a Gene Ontology
database. We further confirmed some of these candidates as egg-spot genes via
inter-species gene expression comparisons using qPCR. Among these egg-spot
genes are previously known patterning genes, such as hoxC712a and bmp3, and
pigmentation related genes, eg. asip1. Surprisingly, we detected many (~30%) egg-
spot contigs that we were unable to identify via similarity searches suggesting that
these are linage (cichlid) specific genes.

Conclusions: We provide evidence that both co-option of pre-existing genes
and lineage specific genes might be involved in the formation of the egg-spot
phenotype and suggesting that both mechanisms play a role in the evolution of novel
traits. Finally, we have identified a set of candidate genes that will serve as an
important and useful resource for future research on the emergence and

diversification the egg-spot trait.
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4.2 - Background

How novel traits, i.e. lineage-specific traits that perform new functions,
emerge and are modified is one of the many unresolved problems in evolutionary
biology [1-3]. The bulk of evidence so far suggests that morphological novelties
emerge largely through co-option of pre-existing regulatory networks via changes in
gene cis-regulation (“old genes play new tricks”)[4, 5]. However, recent work
suggests that structural mutations, gene duplication and lineage specific genes might
also play a role [6—9]. The genetics underlying phenotypic innovation and variation is
stil an open question and intensely debated [10-14]. The main problem with
addressing this question, or discern between the alternative hypotheses, is that most
research has been done with single gene case studies, comparing species that are
too far apart phylogenetically, or that are in lineages that do not show much diversity
in the trait in question. By comparing the gene expression behaviour of several genes
in different species with different versions of the same phenotype, one might be able
to address such types of questions.

Animal colour patterns are a highly intra- and inter-specific variable
phenotype, making pigmentation a suitable trait to study the genetics of
morphological diversification. Furthermore, it is easy to assess colour patterns
functionality because these traits evolve as an adaptation to the surrounding
environment via natural selection (inter- and intra-specific communication,
camouflage and mimicry), or co-vary with female choice via sexual selection [15].
The outcome of these two types of selection is often very different, with the first one
generating cryptic phenotypes, where colouration mimics the environment, and the
second case generating conspicuous phenotypes (badge of status), where generally
males show off beautiful colours in order to be chosen by females. The study of
pigment patterns has already demonstrated its power and potential contributions to
the understanding of the genetics of the emergence of novel traits, diversification and
adaptation (reviewed in [16—18]).

East African cichlid fishes are the most species rich extant vertebrate family
and represent a major model for diversification and speciation [19-21]. Together
Lake Tanganyika, Lake Malawi and Lake Victoria contain the largest set of cichlid
species (~2000 species), which are thought to have evolved in the last few million to
thousands of years only, i.e. in a very short period of time. These hundreds of
species are thriving with different arrays of colour and pigment patterns. The three
lakes represent different stages of species divergence and phenotypic differentiation,

thus providing an ideal set up to study pigment pattern diversification and adaptation
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in an extremely large number of species and in three replicate divergence timescales
[19-21].

The haplochromines represent the most species-rich group of cichlids (~1500
species). What distinguishes this lineage from other, less taxonomically diverse,
cichlid lineages is maternal mouthbrooding, together with the conspicuous male
pigment patterns, including anal fin egg-spots [22]. Egg-spots are circular markings in
the anal fins of the haplochromine males, consisting of a central circular area of
xanthophore surrounded by an outer transparent ring. They play a key role in the
territorial and breeding behaviour of this group of maternal mouthbrooding fishes.
Their function is variable, being sexually selected via female choice in some species
[23, 24] and via male-male competition in others [25, 26]. This trait is also an
important component of the courtship behaviour, as described in Salzburger et al.
2007 [27]. In some species, females also show egg-spots but they are usually less
conspicuous than in males. Egg-spots emerged only once along with the origin of
haplochromines and are thought to have influenced the evolutionary success of this
cichlid lineage. Egg-spots show an extreme inter- and intra-specific variability in
different numbers, colours and positions on the fin, and are therefore an ideal case
study to address origin, diversification and ongoing adaptation of novel traits [28].

Pigmentation diversity in fish is determined by the arrangement, position,
density, and specification of different pigment cell types [29]. These characteristics, in
turn, depend on other factors such as neural crest cell migration, specification,
proliferation, and survival. Work in other fish model systems has shed some light in
the genes involved in these processes [30]. Several studies have addressed
pigmentation diversity in East African cichlids but little is known about the
developmental pathways underlying colouration and pigmentation patterning. So far,
only a few genes have been studied. One of these genes is hagoromo, which shows
a greater diversity of alternatively spliced variants and accelerated protein evolution
in the haplochromines [31, 32], and the paired box 7 which are linked to a
haplochromine female biased pigmentation phenotype [33]. When considering the
egg-spot phenotype itself, litle advance has been made. The xanthophore marker
colony stimulating factor 1 receptor A (csffra) underwent adaptive sequence
evolution in the ancestral lineage of the haplochromines coinciding with the
emergence of egg-dummies and has shown to be involved in the formation of the
egg-spots [27]. However, csfira is rather downstream in the morphogenesis of egg-
spots and many more upstream genes would need to be studied to understand the
evolution and developmental basis of egg-spots in cichlids. Recently, we showed that

the two four and a half lim domain 2 proteins (fh/2a and fhl2b) are also involved in
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egg-spot development and that an alteration in the cis-regulatory region of fhi2b
could potentially have contributed to the emergence of this trait in haplochromines
(chapter 3). This is exciting progress but genes do not act alone; they interact with
other genes and with the environment in order to build a phenotype. If we want to
understand how traits emerge and diversify we have to understand not only one gene
and its phenotypic effect, but also the pathway where it is integrated and its
developmental role. Unfortunately, our knowledge on the genes that might underlie
this phenotype is limited.

With the development of next generation sequencing techniques it is now
possible to study genomes, transcriptomes and gene expression at unprecedented
levels [34, 35]. With the aim of elucidating the mechanisms of origin and
diversification of the egg-spot trait, we took a transcriptomic approach to generate
candidate genes involved in the formation of the trait. We measured gene expression
level in the egg-spot from the haplochromine Astatotilapia burtoni, using the non-
pigmented region of the anal fin as a reference (figure 1A). We then characterized
this transcriptome both quantitatively and qualitatively, generating functional relevant
groups and a database of potential egg-spot candidate genes. We further examined
the expression of the 24 most overexpressed and the 24 most underexpressed
genes in another haplochromine species, Pseudothropheus pulpican, using qPCR. P.
pulpican has egg-spots in a different position on the anal fin, and therefore this assay
was used to confirm the involvement of these genes in the egg-spot, rather than
involved in fin patterning. We repeated the same assay in Callochromis macrops, a
species belonging to another lineage — the ectodines. This species has no egg-spots
in its anal fin, instead possesses a “blotch” of pigmentation with non-discrete/ill-
definied boundaries. Even though ectodine blotch and haplochromine egg-spot are
not homologous, studying gene expression in both traits can help to shed light in
what are the egg-spot specific genes and how similar the genetic basis of both traits
is. With this strategy we describe a novel set of potential egg-spot gene candidates.
The genes identified here will be studied further and hopefully will help shed light on
the emergence and evolution of the haplochromine egg-spot, as well as novel traits

in general.
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4.3 - Results

Transcript profile in anal fin and egg-spot tissue

In order to identify genes involved in egg-spot morphogenesis we conducted
an RNAseq experiment, which involved quantifying differences in gene expression
between egg-spots and the rest of the non-pigmented anal fin of Astatotilapia burtoni
(figure 1A). Anal fin tissue was used as a reference so we could measure both egg-
spot transcript over-expression and under-expression in relation to anal fin. In total
193,054,988 high quality reads were obtained from egg-spot samples and
194,099,061 from anal fin samples from six individuals.

We mapped the reads from each tissue to a reference A. burtoni embryonic
transcriptome that contains 171,136 reference transcripts. We chose this reference
because it is a collection from several different embryonic and larval developmental
stages, and therefore probably the most comprehensive available representation of
the entire gene set from A. burtoni. This trancriptome was sequenced and provided
by Broad Institute (Massachusetts, USA), and is part of the cichlid genome project
(http://www.broadinstitute.org/models/tilapia). The reference transcriptome is a
redundant database, meaning that it includes splice-variants and allelic variants for
each gene. These transcripts are annotated and can be traced back to a common
unique contig (see methods).

We compared the expression between the two tissues — egg-spot and non-
pigmented anal fin — in six replicates. In total we found that 7428 transcripts were
differentially expressed (figure 1B). The differentially expressed transcripts, together
with the respective expression values, can be found in supplementary file 1. When
we concatenate this dataset to its parent contigs (instead of transcripts) there is
differential expression of 4259 contigs — 1139 overexpressed in the egg-spot and

3120 underexpressed (figure 1B).

Functional annotation

We annotated the 7428 differentially expressed transcripts using blast2GO
[36]. First, we performed a BLASTx search against NCBI's non-redundant database
for each differentially expressed sequence, then we reduced and concatenated the
transcript dataset annotations to the parent contig (both annotated datasets can be
found in supplementary file 2). From the 4259 differential expressed contigs, 3270
had positive BLAST hits against the database. From these 3270 contigs we could
functionally annotate 2673 (with blast2GO and interproscan; figure 1B). The 989
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contigs without positive BLAST hits could represent non-coding RNAs, lineage
specific genes (new or fast evolving genes), or partial sequences of known genes
that could not be identified. Surprisingly, around 30% (378/1139) of the egg-spot
overexpressed contigs were non-identified.

In figure 2 we describe the Gene Ontology (GO) term composition for two
datasets: egg-spot overexpression (dataset A) and egg-spot underexpression
(dataset B). Overall, the GO level 2 term representation was significantly different
between the two datasets (figure 2), showing that there are functionally very different
(Biological process: x?=179.3324715, df = 13, p < 0.0001; Molecular process:
x°=68.45, df = 9, p < 0.0001; Cellular process: ¥*=68.66, df = 4, p < 0.0001).

With the aim to further functionally describe our two datasets, and to generate
potential candidate genes of interest, we tested for differential enrichment of all the

GO level terms represented in dataset A relative to dataset B (supplementary file 3).

Figure 1— A) Schematic representation of the RNAseq experimental design. Egg-spots were
separated from the rest of the anal fin. The transcriptomes from both tissues were then
sequenced with the remaining anal fin being used as reference. B) Differential gene
expression statistics. Number of genes overexpressed and underexpressed in the egg-spot

are shown.

~N

Overexpression 2481 1139 378 761 639

Underexpression 4947 3120 611 2509 2034

Total differential expression 7428 4259 989 3270 2673

Astatotilapia burtoni

A

0000 0000
N

Yy,

Depending on the developmental or physiological perspective one wants to study,

one can choose a differentially represented term (whether enriched or
underrepresented) and characterize the genes belonging to this functional category
(GO term). In table 1 we show four of 205 functional categories that were enriched in
the egg-spot overexpressed dataset (dataset A). The GO category ‘pigmentation’
(G0:0043473) was chosen for obvious reasons, ‘neural crest cell differentiation’
(G0:0014033) and ‘cell motility’ (GO:0048870) were chosen because neural crest

cells are precursors of pigment cells [37, 38].
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Figure 2— Gene ontology (GO) ID representations for both our datasets. Egg-spot

overexpression is depicted in green and underexpression is depicted in red. A) Biological
process ontology B) Molecular function ontology C) Cellular component ontology. Asterik
marks denotes significant difference in proportion of genes between the two datasets as

shown by chi-squared test (corrected for multiple tests).
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Table 1 — Egg-spot enriched GO terms and potential candidate genes to be further

studied

GO term  Description Egg-spot candidate genes

G0:0043473 Pigmentation mitfa microphthalmia-associated transcription factor a
ednrbl endothelin receptor bl
pax7 paired box 7
alk alk tyrosine kinase receptor
dock7 dedicator of cytokinesis 7
sox10 sex determining region Y box 10
myo5a myosin 5a
csflra colony stimulating factor 1 receptor a
pmela silva
alk alk tyrosine kinase receptor

G0:0014033 Neural crest cell differentiation irx1 iroquois homeobox 1
ednrbl endothelin receptor bl
pax7 paired box 7
tnc tenascin ¢
hand2 heart and neural crest derivatives-expressed 2
noe2 noelin 2
sema3fa semaphorin 3 fa
rdh10 retinol dehydrogenase 10
sox10 sex determining region Y box 10

G0:0007169 Transmembrane receptor protein msp hepatocyte growth factor-like

tyrosine kinase signalling pathway ddr2 discoidin domain-containing receptor 2

pkca protein kinase c alpha
pik3rl phosphatidylinositol 3-kinase regulatory subunit alpha
pax7 paired box 7
alk alk tyrosine kinase receptor
sorbs novel protein vertebrate sorbin and sh3 domain containing family
hel replicase/helicase/endonuclease
alk alk tyrosine kinase receptor
spry2 sprouty 2
nrcam neuronal cell adhesion molecule
csflr macrophage colony-stimulating factor receptor
enppl ectonucleotide pyrophosphatase phosphodiesterase family member 1
1gSF10 immunoglobulin superfamily member 10
csflra macrophage colony-stimulating factor receptor 1a
vgefr2b kinase insert domain receptor b
flt4 fms-like tyrosine kinase 4

G0:0016477 Cell migration tbr2 eomesodermin
limx1b lim homeobox transcription factor beta 1
plxna2 plexin a2
pkca protein kinase c alpha
muc2 mucin-2
sdfl stromal cell-derived factor 1
ednrbl endothelin receptor bl
vangl2 vang-like protein 2
lamad laminin subunit alpha 4
itgal integrin alpha 1
dab1l disabled homolog 1
pik3rl phosphatidylinositol 3-kinase regulatory subunit alpha
tnc tenascin ¢
myh nonmuscle myosin heavy chain
tgfbr3 transforming growth factor beta receptor 3
ncam neuronal cell adhesion molecule
nlrp12 Irr and pyd domains-containing protein 12
chrd chordin
nrl nuclear receptor subfamily group member 1
csflr macrophage colony-stimulating factor receptor
prkgl cgmp-dependent protein kinase 1-like
sema3fa semaphorin 3 fa
ntnl netrinl
plxna2 plexin a2
astnl astrotactin 1
cooll rho guanine nucleotide exchange factor 7
gpc3 glypican 3
nr2f2 coup transcription factor 2
sox10 sex determining region Y box 10
cxcr7 c-x-c chemokine receptor 7

itgal

integrin alpha




Neural crest cells have to migrate from their original location to the anal fin where
they will form the egg-spots [39]. Egg-spots will only be formed though if there is
pigment production, which in turn is often activated via tyrosine kinases [40—42].
Therefore, we also selected ‘transmembrane receptor protein tyrosine kinase
signaling pathway’ (GO:0007169) as an informative functional categories to extract
candidate genes. One gene that was highlighted using this method, csffra, was
shown previously to be involved in egg-spot development [27]. This result
demonstrates that our strategy is a good approach to generate candidate genes. This
is a supervised search however, and will have biases, because one chooses a
candidate for what is already known. There are many other non-described genes, or
known genes with incomplete GO term annotations that could play a role in egg-spot
morphogenesis. Therefore, we characterized the expression of some of the most

differentially expressed genes further by means of qPCR.

Egg-spot associated transcripts and candidate genes

We further examined the 24 most differentially expressed genes from both the
egg-spot overexpressed (dataset A) and underexpressed lists (dataset B) by means
of qPCR (see table 2 and table 3 for a list of genes overexpressed and
underexpressed genes respectively). Among them there are five overexpressed
contigs and two underexpressed contigs that remained unidentified after BLASTx
and BLASTn searches against a non-redundant NCBI database. Overall, there was
no obvious trend in the functional categories associated with these top differentially
expressed genes, ranging from signaling, structural proteins, to transcription factors
(data not shown, available in supplementary table 2). These genes are differentially
expressed between the egg-spot tissue and non-pigmented anal fin tissue from
Astatotilapia burtoni. This expression may be egg-spot correlated, but can as well be

correlated just with the distal region of the fin.

Gene expression in Pseudotropheus pulpican

Egg-spots of A. burtoni are located in the proximal region of the fin (figure
3A). Therefore, expression in this region can be related with the proximal region of
the anal fin and not with egg-spots. To further validate these genes as participating in
the egg-spot morphogenesis, we studied their expression in another species
Pseudotropheus pulpican (figure 3A). The haplochromine P. pulpican has its egg-
spots in a different position in the anal fin, and therefore we can control for fin

patterning gene expression.
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If an overexpressed gene in A. burtoni is related to fin patterning only, then this same
gene should be underexpressed in the egg-spot of P.pulpicans and vice versa. We
decided to further study egg-spot underexpression, and not just overexpression,
because there could be an egg-spot inhibitor that does not allow the development of
pigmentation in other regions of the anal fin. The expression of the unidentified
contigs was also examined in order to dissect their function. Egg-spots in A. burtoni
and P. pulpican can be considered homologous as the trait evolved once in this
lineage [22]. The fact that they are homologous does not necessarily mean that the
trait shares exactly the same genetic basis in each species, and there will be lineage
specific egg-spot genes that will be missed with this strategy.

Figure 3B (left panel) demonstrates the results for egg-spot overexpression
dataset. For this dataset 14 out of 24 genes showed overexpression in the egg-spots
of P. pulpican. Interestingly, the non-identified contigs were also overexpressed in
the egg-spots suggesting that they are functionally relevant and probably play a role
in the morphogenesis of egg-spot. Among the genes that are overexpressed in both
types of egg-spots, there are two well known transcription factors known to be
involved in patterning and cell fate specification (hoxC12a, hand?2 respectively), and
a well known growth morphogen (bmp3b) [43—45]. Another interesting candidate is
asip1, which in mammals is connected with the development of lighter skin coats
[46]. Eight out of the 24 genes are underexpressed, or show no difference in
expression in the egg-spots of P. pulpican, suggesting that these genes are not
involved in egg-spot morphogenesis but are involved in fin patterning. We do not rule
out that these genes might also be responsible for interspecific differences of the
egg-spot phenotype, acting in a lineage specific manner.

In figure 3B (right panel) are the results of the expression study for the
underexpressed data set in A. burtoni. The rationale behind the experiment was the
same. If the underexpression of a gene is correlated with the presence of the egg-
spots than it should be underexpressed in the egg-spots of P. pulpican, even though
they are in a different position in the fin. For this dataset 16 out of 24 genes showed
underexpression in egg-spots of P. pulpican, including the non-identified contigs,
meaning that underexpression is egg-spot related. In both qPCR datasets (A and B)
there were genes for which we did not have enough statistical power (or an obvious
trend in expression) to decide whether they would be over- or underexpressed, this is
an ongoing project and five more individual replicates will be tested for this

experiment.
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Gene expression in Callochromis macrops

We measured gene expression of all these genes in another species —
Callochromis macrops. This species is a member of the ectodine lineage and
therefore does not have egg-spots in its anal fin, showing a blotch instead (figure
3A). With this experiment we can test if the same genes that correlate with egg-spot
formation are also correlated with blotch morphogenesis.

The gene expression in C. macrops was very different from both A. burtoni
and P. pulpican (figure 3B). For dataset A, five genes were also overexpressed in the
blotch of C. macrops, for dataset B four genes were also underexpressed in the
blotch of C. macrops. We could not test the expression of five of the genes (for both
datasets) because the primers would not amplify at a required efficiency. The
ectodine C.macrops does not have a genome or transcriptome available and
therefore the primers were designed using the haplochromine sequences as a
template. Our next step will be to design primers for these genes using the ectodine
Ophthalmotilapia ventralis transcriptome as a reference (chapter 2). Overall, the
results indicate that the two phenotypes might have different genetic basis with some
genes in common. These results have to be interpreted with caution due to the lack
of statistical power for some of our C. macrops gene expression assays. These
samples are from wild individuals and not laboratory bred, and therefore they show a
higher variation in gene expression measures. As stated above these are ongoing

experiments, and we will also add more five individual replicates.

Gene expression of A. burtoni, P. pulpican and C. macrops — Integrative
perspective

We clustered the genes according to their expression behaviour in the three
species (figure 3B). This grouping can help to address what possible roles these
genes play. The groups were specified according to expression patterns in the three
species and may represent functionally linked clusters. For the dataset A we defined
five groups (1-5) and for the dataset B we defined three (6-8).

Cluster one contains genes that are overexpressed in haplochromines egg-
spots and underexpressed in the ectodine blotch. These genes are probably involved
in patterning both egg-spot and proximal fin region, since they are more expressed
on the anal fin region than on the pigmented region in C. macrops. Our hypothesis is
that these are part of the egg-spot patterning genes and were co-opted from a fin-
patterning pathway. Most of these genes are well-known transcription factors and
morphogens (bmp3b, hoxC12a, hand2) with patterning/growth functions, or signaling

proteins that inhibit the production of certain pigments (asip7). Cluster two is a single
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gene cluster that is overexpressed in the haplochromine egg-spots but does not
show a difference in expression between anal fin and blotch of C. macrops. This
gene is not connected with blotch phenotype or with fin patterning, being most
probably only involved in egg-spot morphogenesis. Interestingly, this gene could not
be identified and could be a cichlid specific novel, or rapidly evolving, gene. Cluster
three are genes that are overexpressed in the egg-spots and blotch of the three
species, therefore we think that these genes are related to the production of
pigmentation, or they might be patterning the deposition of pigment in all three
species. The genes belonging to this cluster are transcription factors (cecr5), co-
factors (fhi2a) [47], cytoskeleton components and kinases (akap2). Cluster four is a
gene that is overexpressed in A. burtoni egg-spots and C. macrops blotch, but not on
the egg-spots of P. pulpican. These two species have in common the fact that the
pigments of both blotch and egg-spot are orange, compared to the yellow pigments
of P. pulpican. This gene (vitronectin [48]) might then be correlated patterning or
production of orange pigment, but no role for pigmentation was found in the literature
search. Finally, cluster five is composed of genes that are only overexpressed in the
egg-spots of A. burtoni. These might be fin patterning genes or can even be lineage
specific egg-spot genes, participating only on the development and physiology of the
trait in this species. This cluster is composed of genes known to participate in fin
development (e.g. rbp7, rbp4, igf1) [49-51].

We classified dataset B into three clusters (6-8, figure 3B, right panel). Cluster
six consisted of genes that were under-expressed in haplochromine egg-spots but
showed no difference in expression between tissues in C. macrops. These genes
seem to correlate only with egg-spot and not with orange pigmentation. Cluster
seven genes are underexpressed in all pigmented regions of the fin, either
haplochromine egg-spots or ectodini blotch. Finally, cluster eight is composed of
genes that are only underexpressed in A. burtoni egg-spots. Whilst it is easy to
correlate high gene expression with a phenotype, it is tricky to correlate
underexpression with the egg-spot phenotype. The most probable explanation is that
these genes do not play a role on the morphogenesis of the egg-spot phenotype,
participating mainly on the development of the fin and its physiology. There are some
interesting patterns though, especially if we consider the function of certain genes.
AxI3 is part of the homeobox gene family, these genes are known for their patterning
effects [52]. In this case ax/3 is down-regulated in all three pigmentation phenotypes,
meaning that it is overexpressed in the anal fin. AxI3 is actually the gene that shows
the highest difference in expression. This gene could be a potential pigmentation

inhibitor and therefore should be studied further. Gene clustering according to gene

71



expression is not proof of function, but certainly helps as a hypotheses generator in

order to prioritize which genes should be studied first.
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4.4 - Discussion

Understanding the genetic and molecular basis of both evolutionary
innovation and phenotypic variation is a major challenge in evolutionary biology. A
major difficulty has been identifying what is the molecular and developmental basis
underlying the novel phenotypes. Using next generation sequencing we present a
transcriptional survey of egg-spot tissue in the haplochromine, Astatotilapia burtoni.
This collection of differentially expressed transcripts represents the biggest dataset
for egg-spot candidate genes available and will greatly contribute to the
understanding of novel trait emergence, and to the genetic and molecular bases of
innovation and variation in the most species rich group of vertebrates — the
haplochromine cichlid fishes.

We functionally annotated these datasets and identified enriched functional
classes that could generate candidate genes involved in egg-spots. Notably, Csffra
emerged as a candidate, confirming previous work that showed this gene to be
involved in the egg-spot development. This shows that our approach is a good
candidate gene generator. As we mentioned before, this strategy represents a
supervised search for candidates, meaning that we might bias our search our
findings towards what is already known and therefore we will find that all the genes
involved in the trait are co-opted.

We further studied the expression of 48 genes (dataset A and dataset B) in
the egg-spot and blotch other two species — Pseudotropheus pulpican
(haplochromine) and Callochromis macrops (ectodine). Comparing the expression
pattern in these three species we defined clusters of genes that could be linked
functionally and defined what their potential functions could be. One caveat of our
approach is that we can only identify genes that are common to both haplochromine
egg-spots. Lineage specific egg-spot genes, which either act in A. burtoni egg-spots
or in P. pulpican, cannot be directly detected with this approach. Cluster five genes
could be A. burtoni specific egg-spot genes but to confirm if they play a role in the
egg-spots we will have to carry out in situ hybridization and determine if the gene is
expressed in the egg-spots or only on the proximal region of the fin. Nevertheless our
clustering approach revealed itself successful. Within each cluster there are some
very interesting candidates that should be explored further e.g. hoxC12a and asip1,
but also non-identified genes. It seems that both co-option of known genes and
lineage specific genes with new functions are involved in generating diversity. It has
been advocated that new traits emerge by the co-option of known conserved

regulators [53], but it may well be that these lineage specific genes play a role in trait
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emergence and diversification, as suggested in [54, 55]. Whether the difference
between egg-spot and non-egg-spot lineages resides in coding or regulatory
changes, is another topic that should be, and will be, addressed in the near future.

With the gene clustering we cannot prove what the real functions of these
genes are, or their exact contribution to phenotypic diversity. What we want to point
out is that this type of approach is a very strong and useful hypothesis generator that
can help us to choose and characterize genes along with their interaction with
phenotypes further. Genes identified through this type of technique can then be
tested for signatures of selection in the different cichlid lineages. We can, for
example, test if the genes expressed in the egg-spots have a higher dn/ds signature
then genes overexpressed in the non-pigmented region of the anal fin. We can test if
the different functional categories underwent different selective regimes and try to
correlate it with the possible impact of this category on the emergence and
diversification of this trait. With the availability of five cichlid genomes and
transcriptomes we have the tools for a finer trait mapping. We can perform
association mapping, focusing on these genomic regions and correlate it with inter-
specific pattern of absence-presence of egg-spots in case we want to address the
novelty question, or with the intra-specific variable egg-spot phenotype if we want to
address what are the genes that underlie the egg-spot diversity. This task would give
us an insight into how pigmentation and patterning pathways behave in an inter- and
intra-specific manner. With the availability of the genomes it is also easier to access
non-coding sequence surrounding candidate genes, in order to describe possible
conserved non-coding elements that might be controlling their expression. Finally, we
should study the expression dynamics of these genes whilst the egg-spot is
developing, in order to correlate these genes, not only with the adult phenotype, but
also with the developmental origin of the trait.

In order to discover how a novelty comes about we need to understand its
developmental context, and to address this we need to use comparative methods.
Differences in the development of a trait between different species will shed light on
the possible function of the underlying genes. Thus, it would be of great interest to
broaden the number of species studied representing a range of egg-spot
phenotypes. As an example we could test the same types of egg-spot phenotype in
different species, including outgroup species that do not show pigmentation in the fin.
These experiments could disentangle between lineage specific differences and
conserved egg-spot pathways.

As mentioned in the introduction, haplochromine egg-spots are not

homologous to C. macrops blotch. As expected the gene network underlying the
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phenotype is different. There is at least one haplochromine species that shows a
blotch instead of egg-spots. We do not know if these two traits are homologous (with
the blotch representing an intermediate state), or if they have independent origins.
This observation has two consequences; first, we can test what makes a blotch and
what makes an egg-spot whilst controlling for phylogenetic effect; second we can test
for parallel evolution at the genetic level between the two blotch types -
haplochromine blotch and ectodine blotch.

As stated above the genetic basis of trait emergence and diversification is still
a mystery and much still needs to be done, by establishing a new easily manipulated
trait and by generating candidate genes we are moving towards it. Here, we
addressed the underlying egg-spot genetics with a transcriptomic approach and
defined several solid candidate genes. Studying these genes throughout egg-spot
development and in a broader phylogenetic context (~1500 species) will definitely
give us some insight into the origin and diversification of this novel trait in the most

species rich vertebrate lineage.

4.5 - Conclusions

Using next generation sequencing we described the adult transcriptome of
haplochromine egg-spots. This is the first study of its kind demonstrating the power
of next generation sequencing to generate candidate genes, especially for traits
where little is known about the underlying genetics. We further tested and verified the
expression of a sub-set of these genes in another haplochromine species, identifying
a set of egg-spot genes that will serve as useful resource for future research on the
genetics and evolution of this trait. Finally, we provide evidence that both co-option of
old genes and lineage specific genes are involved in the formation of the egg-spot
phenotype, and that therefore suggest both mechanisms play a role in the evolution
of novel traits. Combining the study of these genes in egg-spot development with
comparisons across the diverse range of naturally occurring haplochromine cichlid
species will definitely lead to major advances in the field of emergence and

diversification of novel traits.
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4.6 - Methods

Samples

Astatotilapia burtoni and Pseudotropheus pulpican bred laboratory strains are
kept at the University of Basel (Switzerland) under standard conditions (12h light/12h
dark; 26°C, pH7). Callochromis macrops individuals were captured in lake
Tanganyika, Mpulungu (Zambia). Dissections were carried out in situ, the tissues
were stored in RNAlater (Ambion, USA) and shipped to the University of Basel.
Before dissection all individual euthanized with MS222 (Sigma-Aldrich, USA) before
dissection following approved procedures (permit nr. 2317 issued by the cantonal

veterinary office).

RNA extractions
All RNA extractions and cDNA production were performed as described in

chapter three.

Differential gene expression analysis using RNAseq — lllumina

The anal fins from six Astatotilapia burtoni male juveniles were dissected and
RNA was extracted from egg-spot tissue and anal fin tissue for each individual (figure
1A). One microgram of RNA per sample was sent for library construction and lllumina
sequencing at the Department of Biosystems Science and Engineering (D-BSSE),
University of Basel and ETH Zurich. Samples were run in two lanes of an Illumina
Genome Analyzer lIx (maximum read length was 50 bp). Individuals one to three
were sequenced in one lane, and the other three individuals in a second lane. Anal
fin samples and egg-spot samples were tagged in order to differentiate between
them.

The reads were mapped against a reference transcriptome, which consisted
of a pool of A. burtoni embryo transcripts sequenced at The Broad Institute
(Massachusetts, USA) (http://www.broadinstitute.org/models/tilapia). This
transcriptome reference was indexed with NOVOINDEX (www.novocraft.com) using
default parameters. Using NOVOALIGN (www.novocraft.com), we mapped the reads
from each library against the reference transcriptome using default parameter except
for the following: a) maximum alignment score (t) of 30; b) a minimum of good quality
base pairs per read () of 25; c¢) a successive trimming factor (s) of five. Reads that
did not match these criteria were discarded. The reference transcriptome is a
redundant database, containing several isoforms of the same gene. For this reason

all read alignment locations were reported in SAM output format (rALL, 0SAM). The
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SAM file was then transformed into a count file (number of reads per transcript) using
SAMTOOLS version 0.1.18 [56]. The countfiles from each sample was then
concatenated into one single dataset and analyzed with the Bioconductor R package
EdgeR [57]. We tested for differential expression between egg-spot and anal fin
samples, using anal fin as reference. Since the samples were paired we included the
individual information in the statistical model. We used a negative binomial GLM
based on common dispersion using the individual as the blocking factor, i.e. we
tested for differences in expression between egg-spot and anal fin within individuals.
Transcripts were considered as differentially expressed if, after the correction for

multiple testing, the false discovery rate (FDR) was lower than 0.01 [58].

Annotation

Gene ontology (GO) [59] annotation of the differential expressed transcripts
was conducted with Blast2GO version 2.5.0 [36]. BLASTx searches were done
against the non-redundant database (nr) using the QBLAST for multiple queries,
setting the e-value to 1.0 x 10, the high scoring segment length cut off greater than
33, and the number of hits to 10. InterproScan annotation was also retrieved and
combined with the blast2GO annotation [60]. We also assigned to each transcript an
enzyme commission (EC) number and metabolic pathways using Kyoto encyclopedia
of genes and genomes (KEGG) database [61]. These GO terms were used to
estimate transcript function. The table with the list of the differential expressed
transcripts their respective values of expression and the GO terms are provided as
supplementary material (supplementary file 1). Overall differences in level two GO
term distributions between the two datasets were tested used chi-squared tests.
Differences, between the datasets, in proportion of genes for individual level two GO
terms were tested using chi-squared tests with p-values adjusted for multiple tests

using Bonferroni corrections [62].

Differential GO term representation

We tested for differential GO composition between overexpressed and
underexpressed egg-spot transcripts. For this analysis we merged the isoforms to
their common gene, because the number of isofoms would influence the
quantification of specific GO terms. Each transcript has a code where the first term
codes for the parent contig and the third term codes for the alternatively spliced
transcripts, with each code separated by an underscore (CompX_cX_segX). Using
in-house Python scripts we merged the GO terms from all the transcripts GO terms to

their parent gene (supplementary file 2). We then converted the file into an
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annotation file readable by blast2GO. From then on the analysis was done using only
the gene information. We tested for differential GO term representation between the
two datasets with a Fisher's exact test. A GO term was considered differentially
represented if FDR < 0.05. The list of differentially represented terms is provided as

supplementary material (supplementary file 3).

Gene expression analysis using qPCR

The expression of 48 genes (24 most overexpressed genes in the egg-spot
region and 24 most underexpressed genes in the egg-spot) was further studied in
two other species - Pseudotropheus pulpican and Callochromis macrops. For one
gene in the overexpressed dataset, there was no reference genome sequence
available, and this was omitted to avoid working with assembly errors. The 25th most
differentially expressed gene was used instead. Primers were tested in both species
and in cases where the primers pair did not work for both species we designed new
primers for C.macrops. Primer design was performed using the GenScript Real-time
PCR (TagMan) Primer Design software available at www.genscript.com/ssl-
bin/app/primer. When possible primers were designed in exon spanning regions to
avoid gDNA contamination. Genes studied and primer sequences are available in
supplementary material (supplementary file 4). For each species five individuals were
used. qPCR experiment 1: Gene expression was compared between the non-egg-
spot anal fin tissue and the egg-spot tissue of P.pulpican. This species has its egg-
spot in a different position in the fin compared to A.burtoni (figure 3A). qPCR
experiment 2: Gene expression was compared between the non-blotch anal fin
tissue and blotch tissue of C.macrops (figure 3A).

The reactions were run using the StepOnePlus™ Real-Time PCR system
(Applied Biosystems, USA) using SYBR Green master mix (Roche, Switzerland)
following the manufacturer's protocols. All reactions were performed with an
annealing temperature of 58°C using a final concentration of cDNA of 1ng/ul and a
final primer concentration of 200ng/ul. The comparative threshold cycle (CT) method
[63] was used to calculate the relative concentrations between tissues, where anal fin
was used as the reference tissue and Ribosomal protein L7 (rpl/7) and the Ribosomal
protein SA3 (rpsa3) genes as endogenous controls. Primer efficiencies were
calculated using standard curves. Efficiency values of test primers are comparable
to the efficiency of endogenous control primers (rpl7, rspa3) and are available in

supplementary file 4.

78



Significant differential gene expression between egg-spot/blotch and anal fin
was tested with a paired t-test, or a Mann-Whitney non-parametric test if data did not
conform to the assumptions of a t-test. Statistics were carried out using GRAPHPAD
Prism version 5.0a for Mac OS X (www.graphpad.com). The details of the statistical
results are given in supplementary table 1 (P. pulpican) and supplementary table 2
(C. macrops). The differences in expression were categorized and plotted in figure 3.
Due to our small sample size some of the results were not significant, in this cases
we categorized the data according to tendencies, if four out of five individuals
showed difference in expression we would categorize them accordingly to over- or
underexpression tendency. Individual graphs for each gene studied are available in

supplementary file 5 (P. pulpican) and supplementary file 6 (C. macrops).
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4.7 - Supplementary Information

Supplementary Table 1 Test statistics for gPCR analysis of P. pulpicans genes in

egg-spots
tT(ej?thSrtetl_tti:;itcso:r Nos of pairs f_or t-test
Gene Name Cluster Test used S,um of ranks,for or Mann Whitney U p-value
MW Stat
akap2 3 Mann-Whitney 10,35 0 0.0159
and1 7 Paired t-test t=2.462 df=4 5 0.0696
and4 no cluster Mann-Whitney 28,17 2 0.0635
asip1 1 Paired t-test t=2.045 df=4 5 0.1104
axlI3 7 Mann-Whitney 30,15 0 0.0159
bmp3b 1 Paired t-test t=4.538 df=4 5 0.0105
carp 8 Mann-Whitney 23,32 8 0.4206
caytaxin no cluster Mann-Whitney 28,27 12 1
cd81 6 Mann-Whitney 30,15 0 0.0159
cecr5 3 Mann-Whitney 15,40 0 0.0079
col9a1 6 Mann-Whitney 37,18 3 0.0556
comp116662_c0 6 Mann-Whitney 40,15 0 0.0079
comp17910_c0 3 Mann-Whitney 15,40 0 0.0079
comp23328_c0 2 Mann-Whitney 15,40 0.0079
comp23699 c0 no cluster NA NA NA NA
comp24816_c0 1 Mann-Whitney 15,40 0 0.0079
comp29158_c0 6 Mann-Whitney 30,15 0 0.0159
comp4443_c1 no cluster Mann-Whitney 21,34 6 0.2222
cytl1 1 Paired t-test t=3.548 df=4 5 0.0238
fhi2a 3 Paired t-test t=5.031 df=4 5 0.0073
fmdo 5 Mann-Whitney 39,16 1 0.0159
hand2 1 Paired t-test t=6.043 df=4 5 0.0038
hbaa 6 Mann-Whitney 28,17 2 0.0635
hbba 6 Mann-Whitney 40,15 0 0.0079
hdd11 8 Paired t-test t=1.454 df=3 4 0.242
HoxC12a 1 Paired t-test t=4.720 df=3 4 0.018
hyal4 no cluster Mann-Whitney 25,30 10 0.6905
ifON3 5 Mann-Whitney 22,33 7 0.3095
igf1 5 Paired t-test t=2.387 df=4 5 0.0754
IgSF10 5 Paired t-test t=9.751 df=3 4 0.0023
iunh 8 Mann-Whitney 21,34 6 0.2222
LOC100695447 6 Paired t-test t=2.869 df=3 4 0.0641
LOC100708826 1 Mann-Whitney 15,40 0 0.0079
loxl4 7 Mann-Whitney 29,16 1 0.0317
Itl no cluster Paired t-test t=2.698 df=4 5 0.0542
matn4 6 Mann-Whitney 30,15 0 0.0159
mmp13 6 Mann-Whitney 30,15 0 0.0159
mucin2 no cluster NA NA NA NA
oc 7 Mann-Whitney 30,15 0 0.0159
pail 8 Mann-Whitney 24,21 6 0.4127
phospho1 6 Mann-Whitney 30,15 0 0.0159
rbp4a 5 Paired t-test t=1.269 df=4 5 0.2732
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rbp7
sfr5
slc13m5
tsp4
vin

zygin1

5
5
6
8
4

no cluster

Supplementary table 1 continued

Mann-Whitney
Paired t-test
Mann-Whitney
Mann-Whitney
Mann-Whitney
Mann-Whitney

81

40,15
t=6.755 df=4
30,15
18,27
39,16
10,35

o =~ 0 O U o

0.0079
0.0025
0.0159
0.7302
0.0159
0.0159



Supplementary Table 2 Test statistics for gPCR analysis of C.macrops genes in

blotches
Test Statistics: Nos of pairs for t-test
Gene Name Cluster Test used t, df for t-test, or or Mann Whitney U p-value
Sum of ranks for MW Stat
akap2 3 paired t-tested t=4.058 df=4 5 0.0154
and1 7 paired t-tested t=2.507 df=4 5 0.0663
and4 no cluster NA NA NA NA
asip1 1 paired t-tested t=1.259 df=4 5 0.2765
axl|3 7 Mann-Whitney 35,20 5 0.1508
bmp3b 1 Mann-Whitney 32,23 8 0.4206
carp 8 paired t-tested t=2.733 df=3 4 0.0718
caytaxin no cluster paired t-tested NA NA NA
cd81 6 Mann-Whitney 32,23 8 0.4206
cecr5 3 Mann-Whitney 15, 40 0 0.0079
col9a1 6 Mann-Whitney 29,26 11 0.8413
comp116662_c0 6 Mann-Whitney 19, 36 4 0.0952
comp17910_c0 3 Mann-Whitney 26,29 11 0.8413
comp23328_c0 2 paired t-tested t=0.7693 df=4 5 0.4846
comp23699 _c0 no cluster Mann-Whitney 23,22 8 0.7302
comp24816_c0 1 paired t-tested t=1.533 df=4 5 0.2
comp29158_c0 6 Mann-Whitney 25,30 10 0.6905
comp4443_c1 no cluster paired t-tested NA NA NA
cytl1 1 paired t-tested t=3.355 df=4 5 0.0284
fhi2a 3 Mann-Whitney 16, 39 1 0.0159
fmdo 5 Mann-Whitney 29,26 11 0.8413
hand2 1 Mann-Whitney 35,20 5 0.1508
hbaa 6 Mann-Whitney 26,29 11 0.8413
hbba 6 Mann-Whitney 29,26 11 0.8413
hdd11 8 Mann-Whitney 18, 37 3 0.0556
HoxC12a 1 Mann-Whitney 33,22 7 0.3095
hyal4 no cluster Mann-Whitney 32,23 8 0.4206
ifON3 5 paired t-tested t=3.278 df=4 5 0.0306
igf1 5 Mann-Whitney 36, 19 4 0.0952
IgSF10 5 Mann-Whitney 35,20 5 0.1508
iunh 8 paired t-tested t=2.805 df=4 5 0.0486
LOC100695447 6 Mann-Whitney 31,14 4 0.1905
LOC100708826 1 paired t-tested t=1.759 df=4 5 0.1534
loxl4 7 paired t-tested t=2.949 df=4 5 0.042
Itl no cluster paired t-tested NA NA NA
matn4 6 Mann-Whitney 30,25 10 0.6905
mmp13 6 Mann-Whitney 29,26 11 0.8413
mucin2 no cluster Mann-Whitney 25,30 10 0.6905
oc 7 Mann-Whitney 38,17 2 0.0317
pail 8 paired t-tested t=2.039 df=4 5 0.1111
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Supplementary table 2 continued

phospho1 6 Mann-Whitney 30,25 10 0.6905
rbpda 5 Mann-Whitney 40,15 0 0.0079
rbp7 5 Mann-Whitney 40,15 0 0.0079
sfr5 5 Mann-Whitney 31,24 9 0.5476

slc13m5 6 Mann-Whitney 31,14 4 0.1905
tsp4 8 paired t-tested t=2.825 df=4 5 0.0476

vtn 4 Mann-Whitney 15,40 0 0.0079
zygin1 no cluster paired t-tested NA NA NA
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Supplementary material provided in digital format

Supplementary file 1 Differentially expressed transcripts with respective expression

values and GO annotation

Supplementary file 2 Differentially expressed contigs with respective GO annotation

Supplementary file 3 List of differentially represented GO terms between

overexpressed and underexpressed datasets

Supplementary file 4 List of primers used in this study (includes sequence and PCR

efficiency values for each

Supplementary file 5 P. pulpican graphs for gPCR experiments for individual genes

gene

Supplementary file 6 C. macrops graphs for gPCR experiments for individual genes

gene
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How cichlids diversify

M. Emilia Santos, Walter Salzburger
Perspective published in Science

The diverse assemblages of cichlid fishes in East Africa are the ideal model

system for an integrative survey of how and why organisms diversify
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at older ages can be accounted for by appro-
priate allocation models (/0). In such models,
the force of selection declines with age, but
though important, this decline is not decisive
in molding fertility and mortality patterns.

What is decisive is the “option set” of a
species, which can be summarized by the fea-
sible combinations of survival and reproduc-
tion at all ages over the life span. Option sets
differ widely: For some species, extra invest-
ment in repair and maintenance substantially
reduces fertility; for other species there is
little impact; for yet other species enhanced
repair and maintenance decrease current but
increase future fecundity. The details of such
option sets shape age patterns of growth, fer-
tility, and mortality (8, 11).

Little is known about what types of con-
straints favor a pattern of aging with increas-
ing mortality and decreasing fertility (senes-
cent) versus alternative patterns with con-
stant or declining mortality and constant or
increasing fertility (nonsenescent). Life-his-
tory models suggest that the marginal costs
and benefits of energy allocation play a cen-
tral role (8, 11). To test this and to explore
other hypotheses, it would be informative to
compare plants, for which growth and repro-
duction flexibly adapt to environmental con-
ditions (/2), to animals, for which growth
and reproduction are more rigid and distinct
(8). In contrast to vertebrates, plants capable

of vegetative reproduction can create off-
spring by splitting off body parts. Thereby an
investment in growth effectively becomes an
investment in reproduction. Species that are
small but long-lived (such as hydra in the lab-
oratory), that can reproduce either sexually
or asexually (such as daphnia), or that face
highly uncertain environments [such as des-
ert plants (/2)] may also be good candidates
for studies of how allocation options shape
patterns of aging.

Research on the evolution of aging should
focus on unraveling those differences in spe-
cies’ option sets that lead to senescent versus
nonsenescent aging patterns. A major bar-
rier in accomplishing this has been the lack
of laboratory, zoo, and field evidence about
age patterns of growth, maintenance, fertil-
ity, and mortality for species across the tree
of life. New statistical methods and soft-
ware now permit the extraction of mortal-
ity patterns from field data that are sporadic
or are missing observations (/3). Further
development of life-history models hinges
on more extensive and reliable data as well
as on experiments to reveal how much allo-
cation of additional resources to, say, faster
growth or a more effective immune system
affects lifetime fertility and survival. Funda-
mental understanding of why humans dete-
riorate so sharply (/4) compared with other
species, why human mortality has fallen so

PERSPECTIVES

dramatically (/5), and whether aging can be
further delayed or even slowed (/6) depends
on knowledge of why some species senesce
and others do not.
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How Cichlids Diversify

M. Emilia Santos and Walter Salzburger

ow is genetic variation connected
Hto morphological evolution? How

did Earth’s spectacular organismal
diversity evolve and how is it maintained?
To answer these fundamental questions, sci-
entists must understand how organisms func-
tion and diversify and how they interact with
other organisms and the environment. Recent
studies of cichlids, including (/-7), are
beginning to provide insights into the basis
of diversification in this exceptionally diverse
fish family.

Many widely used biological model sys-
tems only provide limited insights into organ-
ismal diversification. Traditional laboratory-
based model organisms tell us little about how
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organisms survive, adapt, behave, and repro-
duce in the wild. Model organisms used in
evolutionary and ecological research, on the
other hand, are often difficult to breed, their
genomes are poorly characterized, and few
genetic and developmental tools are available
to study them. Furthermore, most established
model systems are not very diverse taxonom-
ically and phenotypically. Notable exceptions
are instances of adaptive radiation, that is, the
rapid origination of a multitude of phenotypi-
cally diverse species from a common ances-
tor through adaptation to distinct ecological
niches (8, 9). Famous examples of adaptive
radiations include Darwin’s finches on the
Galapagos archipelago, silversword plants on
Hawaii, anole lizards on islands of the Carib-
bean, and cichlid fishes in East Africa.

In the case of cichlids, hundreds of
endemic species evolved independently in

Published by AAAS

The extreme diversity of cichlid fishes
in East Africa helps to elucidate how
and why organisms diversify.

each of the three East African Great Lakes:
Victoria, Malawi, and Tanganyika. Cichlids
thus form by far the most species-rich extant
adaptive radiations. They split up into distinct
species in such little time that their DNA is
still almost identical, a situation comparable
to an experimental mutagenesis screen, yet in
a natural environment (/0).

Analyses of draft genome and tran-
scriptome sequences have demonstrated
the potential provided by such data (7, 2, 5,
7, 11). Loh et al. (1), for example, investi-
gated microRNA genes, which are important
agents for the regulation of gene expression,
and detected signatures of divergent natural
selection in microRNA target sites among
Lake Malawi cichlids. A comparative tran-
scriptome analysis revealed little divergence
at protein-coding sequences but high diver-
sity in untranslated regions that are impor-
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tant for gene regulation (2). These studies
suggest that regulatory evolution plays a key
role in cichlid diversification.

Draft genome sequences have also facili-
tated developmental studies and the quest for
genes underlying adaptive morphological
traits (/7). Because of their close relatedness
and amenability to aquarium life, it is possi-
ble to cross cichlid species with distinct phe-
notypes in the laboratory to then genetically
map key evolutionary traits (12, 13). It has
now become possible to directly and causally
link molecules to phenotypes through pheno-
typic engineering. Fujimura and Kocher (/4)
created transgenic tilapia that express green
fluorescent protein under the control

Lake Victoria

Lake Tanganyika

Lake Malawi

of a Xenopus promoter. This method
allows the function of genes in cich- |
lids to be studied directly. i

A wealth of information, span-
ning decades of research (15, 16),
is available on the evolution, ecol-
ogy, morphology, and behavior for
many cichlid species and communi-

4
f
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‘ " ¥
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ties. These diverse data open up vari-
ous possibilities to examine the rela-
tive importance of natural and sexual selec-
tion, contingency, and determinism to cichlid
evolution and to observe the evolution of fit-
ness-relevant traits as well as their underlying
genes in action.

For example, Seehausen et al. (17) and
Miyagi et al. (3) have examined the role of
visual pigments in the recent divergence of
Lake Victoria cichlids. The heterogeneous
light conditions in this lake led to diversify-
ing selection on opsin genes as a function
of water depth. The divergence in opsins, in
turn, affects sexual selection, because differ-
ences in color perception influence the female
preference for male coloration (/7). Here, the
interplay between natural and sexual selec-
tion resulted in speciation in the absence of
geographic barriers through selection on a
sensory system (“sensory drive”).

In other cases, natural and sexual selec-
tion act in opposite directions. An orange-
blotch coloration is common among females
of Lake Malawi cichlids and provides cam-
ouflage over boulders. Blotched males, on
the other hand, seem to have a selective
disadvantage because they do not possess
the nuptial coloration that attracts females.
Roberts et al. have recently shown (/2) how
this conflict between natural selection (the
orange blotch pattern provides camouflage)
and sexual selection (orange blotch males
are less likely to reproduce) is resolved.
A new female sex-determining gene has
evolved in linkage with the pax7 gene that
makes the orange blotch coloration. This

linkage leads to low recombination; there-
fore, mostly females have this coloration.

Perhaps the most important feature of
cichlid adaptive radiations, at least in the
context of speciation, is that they come in
replicates, because lakes Malawi, Victoria,
and Tanganyika each have their own cichlid
assemblage (see the figure). “Nature’s grand
experiment in evolution” (/6) therefore pro-
vides an opportunity for comparing patterns
and processes of diversification—especially
because both very species-rich (radiating)
and species-poor (nonradiating) groups of
cichlids exist.

In arecent analysis focusing on 46 African
lakes (4), Wagner et al. concluded that cich-
lids are more prone to radiate if they are sex-
ually dichromatic (with males and females
showing different pigmentation patterns),
live in deeper and older lakes, and occupy
regions with more solar energy input. The
combination of environmental conditions
and sexual dichromatism does not explain all
cichlid radiations; for example, there are no
differences in coloration between males and
females in the ~100 species of lamprologines
in Lake Tanganyika. Nevertheless, Wagner et
al. demonstrate that patterns of diversifica-
tion can at least partially be predicted.

The main outcome of “evolution in rep-
licates” is a high abundance of convergent
phenotypes, which are perfectly suited to
elucidate the molecular mechanisms and/
or developmental constraints involved in
parallel evolution. Colombo et al. (5), for

Hap[oéhro?nis chilotes
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CichlidX. Adaptive radiations of cichlid fishes in East African lakes Tanganyika, Malawi,
and Victoria have produced independent sets of hundreds of endemic species. This
diversity opens up a wealth of possibilities to examine interactions at all levels of bio-
logical organization, from genotype to phenotype to environment.
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example, identified striking similarities in
the genetics underlying the thick-lipped
phenotype found in East African and Cen-
tral American cichlid radiations, which are
separated by almost 100 million years of
independent evolution. That phenotypic par-
allelism is not restricted to morphology in
cichlids is, for example, highlighted by the
repeated transition of parental care strate-
gies in the Ectodini, a group of mouthbrood-
ing cichlids from Lake Tanganyika (6), illus-
trating once more the broad scope of traits
and topics that can be tackled with the cich-
lid model system.

The release of five cichlid genomes pro-
vides further opportunity for the molecular
characterization of diversification. The five
sequenced species encompass the phyloge-
netic and geographic diversity of East Afri-
can cichlids (/8). These genomes will serve
as important resources, anchoring points, and
templates for comparative genomic studies.

Sequencing of many more genomes,
from many more species, will help to deter-
mine the contribution of mutation, selection,
drift, and migration to diversification. This
endeavor would also allow the detection of
regulatory and coding polymorphisms that
segregate in natural populations, which in
turn would facilitate the linking of geno-
types to phenotypes. East African cichlid
fishes thus offer the possibility to dissect the
interplay of thousands of genes from many
genomes, found in many cells, forming tis-
sues in many individuals, in many popula-
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tions, encompassing hundreds of species that
occupy various ecological niches across rep-
licate adaptive radiations.

To keep up with these advances on the
molecular and genomic aspects of cichlid
diversification, it will be important to increase
the efforts at the organismal and life-history
level by surveying ecology, morphology, and
behavior. This integration would make cich-
lids a role model not only for adaptive radia-
tion and explosive speciation but also for the
survey of interactions at all levels of biologi-
cal organization.

References

1. Y. H. Loh, S.V.Yi, ]. T. Streelman, Genome Biol. Evol. 3,
55 (2011).

2. L. Baldo, M. E. Santos, W. Salzburger, Genome Biol. Evol.
3,443 (2011).

3. R. Miyagi et al., Mol. Biol. Evol. 29, 3281 (2012).

4. C.E.Wagner, L. ]. Harmon, O. Seehausen, Nature 487,
366 (2012).

5. M. Colombo et al., Mol. Ecol. 10.1111/mec.12029 (2012).

6. M. R. Kidd, N. Duftner, S. Koblmiiller, C. Sturmbauer, H.
A. Hofmann, PLoS ONE 7, €31236 (2012).

7. T. Manousaki et al., Mol. Ecol. 10.1111/mec.12034
(2012).

8. D. Schluter, The Ecology of Adaptive Radiation (Oxford
Univ. Press, New York, 2000).

9. S. Gavrilets, ]. B. Losos, Science 323, 732 (2009).

10. T.D. Kocher, Nat. Rev. Genet. 5, 288 (2004).

PERSPECTIVES

11. G.].Fraser et al., PLoS Biol. 7, €31 (2009).

12. R. B. Roberts et al., Science 326, 998 (2009).

13. R. C.Albertson, ]. T. Streelman, T. D. Kocher, P. C. Yelick,
Proc. Natl. Acad. Sci. U.S.A. 102, 16287 (2005).

14. K. Fujimura, T. D. Kocher, Aquaculture 319, 342
(20112).

15. G. Fryer, T. D. lles, The Cichlid Fishes of the Great Lakes
of Africa: Their Biology and Evolution (Oliver & Boyd,
Edinburgh, 1972).

16. G.W. Barlow, The Cichlid Fishes. Nature’s Grand Experi-
ment in Evolution (Perseus, Cambridge, MA, 2000).

17. 0. Seehausen et al., Nature 455, 620 (2008).

18. Four members of radiating clades were sequenced, plus a
sister taxon, the Nile tilapia. See www.broadinstitute. org/
models/tilapia.

10.1126/science.1224818

PHYSICS

Quantum Procrastination

Seth Lloyd

o you have a decision you have to
Dmake but you just can’t bring your-
self to do it? As the irrevocable
moment approaches, you squirm more and
more, but something inside you says, “Not
now, not yet.” Then when it’s already almost
too late, in a burst of energy and shame, you
come through—or not. Afterward, you are
irrationally resentful, as if someone other
than yourself is responsible for disturbing
your peace of mind. You vow that the next
time a decision arises, you will make it expe-
ditiously. If you are a severe procrastinator
like me (at least when it came to starting
this article), have hope—quantum mechan-
ics is coming to your rescue. On pages 637
and 634 of this issue, experiments by Kai-
ser et al. (1) and Peruzzo et al. (2) show that
in the presence of quantum entanglement
(in which outcomes of measurements are
tied together), it is possible to hold off mak-
ing a decision, even if events seem to have
already made one. Quantum procrastination
(“proquastination”) allows you to put off for
tomorrow what you should have done today.
The experiments are based on Wheel-
er’s famous delayed-choice experiment (3).
Although photons are particles of light,
they also possess a wavelike nature and can
exhibit interference effects. Suppose that the
path lengths of a Mach-Zehnder interferom-
eter (4, 5) have been tuned to make the pho-
ton come out of one port of the final beam
splitter with probability 1 (see the figure).
After the photon has passed the first beam

Department of Mechanical Engineering, Massachusetts
Institute of Technology, Cambridge, MA 02139, USA.
E-mail: slloyd@mit.edu

splitter, so that it is fully inside the interfer-
ometer, and before it has reached the sec-
ond beam splitter, you decide to whisk away
that second beam splitter, preventing any
interference between the photon’s two paths
from taking place. Without interference, the
photon behaves like a particle and emerges
with equal probability out of either of the
two ports of the apparatus where the second
beam splitter used to be.

If instead you choose to leave the beam
splitter in, the wavelike nature of the photon
asserts itself to exhibit interference between

Entangling two photons allows the wave and
particle nature of light to be interchanged even
after the light has already been detected.

the two paths that the single particle takes
in quantum superposition, and the pho-
ton would emerge from only one port with
probability 1. That is, even though you have
delayed the choice of removing the beam
splitter until after the photon—if it really
were a classical particle—should be travel-
ing along one path or the other, by restor-
ing the beam splitter, you can reinstate the
photon’s wavelike nature and have it report
that it was traveling along both paths simul-

taneously.
Since Wheeler proposed his delayed-
choice gedanken experiment

TUESDAY WED

Photons Beam splitter

Y

Mirror
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Detector

in 1984, a horde of theories
and experiments exhibit-
ing weird quantum effects
has spread across the sci-
entific landscape, including
experimental demonstra-
tions of Wheeler’s proposal
(6). Quantum information
theory has supplied a general
language for discussing such

DAY

Welcomed delays. Two studies use quantum entanglement in delayed
choice experiments; the outcome for the first photon detected (whether
itis a particle or a wave or has intermediate character) is determined by
later measurements. Kaiser et al. entangle the first photon’s polariza-
tion with that of the second photon, so that its outcome depends on the
second photon’s polarization. Peruzzo et al. entangle the photon with
the presence or absence of a beam splitter in the setup and again delay
the outcome of the first photon's state. If the photon states could be
stored in quantum memories, it might be possible to delay the outcome
of the first photon detection (on a Tuesday) until the observer makes a

choice on Wednesday.

quantum weirdness, and
small but effective quantum
information processors have
provided the wherewithal to
demonstrate virtually any
effect of quantum superpo-
sition and entanglement on
a small number of quantum
bits (7). As effects such as
Wheeler’s delayed-choice
experiment and its relatives,
such as the quantum eraser
(8), have become common-
place, they have lost some of
their power to amaze.
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Abstract

The evolution of convergent phenotypes is one of the most interesting outcomes of
replicate adaptive radiations. Remarkable cases of convergence involve the thick-
lipped phenotype found across cichlid species flocks in the East African Great Lakes.
Unlike most other convergent forms in cichlids, which are restricted to East Africa, the
thick-lipped phenotype also occurs elsewhere, for example in the Central American
Midas Cichlid assemblage. Here, we use an ecological genomic approach to study the
function, the evolution and the genetic basis of this phenotype in two independent
cichlid adaptive radiations on two continents. We applied phylogenetic, demographic,
geometric morphometric and stomach content analyses to an African (Lobochilotes
labiatus) and a Central American (Amphilophus labiatus) thick-lipped species. We
found that similar morphological adaptations occur in both thick-lipped species and
that the ‘fleshy’ lips are associated with hard-shelled prey in the form of molluscs and
invertebrates. We then used comparative Illumina RNA sequencing of thick vs. normal
lip tissue in East African cichlids and identified a set of 141 candidate genes that
appear to be involved in the morphogenesis of this trait. A more detailed analysis of
six of these genes led to three strong candidates: Actb, Cldn7 and Copb. The function
of these genes can be linked to the loose connective tissue constituting the fleshy lips.
Similar trends in gene expression between African and Central American thick-lipped
species appear to indicate that an overlapping set of genes was independently
recruited to build this particular phenotype in both lineages.

Keywords: adaptive radiation, cichlid species flocks, convergent evolution, East Africa, ecologi-
cal genomics, RNAseq
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in form of underutilized resources—just as being pro-

Introduction

Adaptive radiation is the rapid evolution of an array of
species from a common ancestor as a consequence of
the emerging species’ adaptations to distinct ecological
niches (Simpson 1953; Schluter 2000; Gavrilets & Losos
2009). It is typically triggered by ecological opportunity
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vided after the colonization of a new habitat, the extinc-
tion of antagonists and/or the evolution of a novel trait,
which is then termed an evolutionary ‘key innovation’
(Gavrilets & Vose 2005; Gavrilets & Losos 2009; Losos
& Ricklefs 2009; Losos 2010; Yoder et al. 2010; Matschin-
er et al. 2011). Whatever the circumstances were that
initiated an adaptive radiation, there is always a strong
link between adaptively relevant traits and the habitat
and/or foraging niche (a ‘phenotype-environment
correlation’; Schluter 2000). In the most illustrative
examples of adaptive radiation, the Darwin’s finches on
the Galapagos archipelago, the Anolis lizards on the
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Caribbean islands and the cichlid fishes of the East
African Great Lakes, this correlation exists between
beak-shape and food source (finches), limb morphology
and twig diameter (anoles), and the architecture of the
mouth and jaw apparatus and foraging mode (cichlids)
(Schluter 2000; Butler et al. 2007; Grant & Grant 2008;
Losos 2009; Salzburger 2009).

An interesting aspect of many adaptive radiations is
the frequent occurrence of convergent (or parallel) evo-
lution (Schluter & Nagel 1995, Harmon ef al. 2005;
Arendt & Reznick 2008; Losos 2011; Wake et al. 2011).
For example, similar ecotype morphs of anoles lizards
have evolved independently on different Caribbean
islands (Losos et al. 1998; Harmon et al. 2005; Losos &
Ricklefs 2009), benthic-limnetic and lake-stream species
pairs of threespine sticklebacks emerged repeatedly in
and around postglacial lakes (Rundle et al. 2000; Berner
et al. 2010; Roesti et al. 2012), and a whole array of con-
vergent forms of cichlid fish emerged between the lakes
of East Africa (Kocher et al. 1993; Salzburger 2009). Such
instances of convergent evolution are generally inter-
preted as the result of the action of similar selection
regimes in isolated settings (Schluter & Nagel 1995;
Rundle et al. 2000; Nosil et al. 2002; Harmon et al. 2005;
Losos 2011). It has further been suggested that if radia-
tions are truly replicated (i.e. driven by adaptive pro-
cesses), convergence in morphology should tightly be
associated with convergence in ecology and behaviour
(Johnson et al. 2009).

The species flocks of cichlid fishes in the East African
Great Lakes Victoria, Malawi and Tanganyika represent
the most species-rich extant adaptive radiations in
vertebrates (Kocher 2004; Seehausen 2006; Salzburger
2009). Several hundreds of endemic cichlid species
have emerged in each lake within a period of several
millions of years (as is the case for Lake Tanganyika;
Salzburger et al. 2002; Genner etal. 2007) to
<150 000 years (as in Lake Victoria; Verheyen et al.
2003). The various endemic cichlid species differ
greatly in the morphology of the trophic apparatus
(mouth form and shape, jaw structure and dentition) as
well as in coloration and pigmentation, suggesting that
both natural and sexual selection are jointly responsible
for adaptive radiation and explosive speciation in cich-
lids (Salzburger 2009). Interestingly, convergent forms
that emerged in independent cichlid adaptive radia-
tions often show very similar coloration patterns in
addition to matching body shapes and mouth morpho-
logies (Kocher et al. 1993; Stiassny & Meyer 1999;
Salzburger 2009). This has led to speculations whether
selection alone is sufficient to explain convergence, or
whether genetic or developmental constraints have
contributed to the morphogenesis of these matching
phenotypes (Brakefield 2006).
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The present study focuses on the morphology, ecol-
ogy and the genetic basis of a peculiar mouth trait in
cichlid fishes, which has evolved multiple times: hyper-
trophied (‘fleshy’) lips (see Box 1 in Salzburger 2009).
The exact function of the thick lips in cichlids is
unknown, although this feature is generally implicated
in a specific foraging mode (Fryer 1959; Fryer & Iles
1972; Arnegard et al. 2001). Fleshy lips are often inter-
preted as an adaptation for feeding on invertebrates
and crustaceans hidden in crannies, with the lips being
used to seal cracks and grooves to facilitate the sucking
of prey (Barlow & Munsey 1976; Ribbink et al. 1983;
Seehausen 1996; Konings 1998). Alternatively, it has
been suggested that hypertrophied lips protect from
mechanical shocks (Greenwood 1974; Yamaoka 1997),
and that they function as taste receptors (Arnegard et al.
2001) or as mechanoreceptors (Fryer 1959; Fryer & Iles
1972). [Note, however, that there is no increase in
sensory cells in lip tissue (Greenwood 1974).]

It is remarkable that thick-lipped species appear to be
a common outcome of cichlid adaptive radiations. For
example, the large cichlid assemblages in East Africa all
contain at least one such taxon (Lake Victoria: Haplochr-
omis chilotes; Lake Malawi: Chilotilapia euchilus, Abact-
ochromis labrosus, Otopharynx pachycheilus, Placidochromis
milomo, Protomelas ornatus; Lake Tanganyika: Lobochilotes
labiatus). In addition, cichlids featuring hypertrophied
lips are known from, for example, the Midas Cichlid
(Amphilophus spp.) assemblage in the large lakes of
Nicaragua, where a thick-lipped species (A. labiatus) is
common in rocky habitats (Fig. 1). Occasionally, hyper-
trophied lips are also observed in other related cichlids
in Nicaragua, such as in the riverine species Tomacichla
tuba (Villa 1982) or in Astatheros rostratus (pers. obs.).
Additional riverine representatives with hypertrophied
lips are also found in South America (Crenicichla tendyb-
aguassu) and Western Africa (Thoracochromis albolabris).
Hypertrophied lips are not unique to cichlids, though.
For example, the adaptive radiation of the sailfin silver-
side fish (Telmatherinidae) in the Malili lakes of Sulaw-
esi (Herder ef al. 2006) and the barbs of Lake Tana in
Ethiopia (Sibbing et al. 1998; de Graaf et al. 2008) also
produced thick-lipped species.

Members of the family Cichlidae are distributed in
the Southern hemisphere, with a few ancestral lineages
in India, Sri Lanka and Madagascar and two exception-
ally species-rich clades, one in Central and South Amer-
ica and one in Africa (Salzburger & Meyer 2004). This
biogeographical pattern is consistent with a Gondwanan
origin of the Cichlidae, dating the split between Ameri-
can and African representatives to ~100 Ma (Salzburger
& Meyer 2004; Sereno et al. 2004; Genner et al. 2007).
This set-up opens the possibility to study the ecological
and genetic basis of a convergent trait across one of the
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Fig. 1 Map of the Southern hemisphere showing the two study systems, the Midas Cichlid (Amphilophus sp.) species complex in
Nicaragua, Central America, and the Tropheini in Lake Tanganyika, East Africa.

largest possible phylogenetic and geographical dis-
tances in cichlids and, hence, in the complete absence
of gene flow and outside the influence of ancestral poly-
morphism and/or standing genetic variation.

Here, we applied an integrative approach in two cich-
lid fish radiations, the one of the Tropheini in East Afri-
can Lake Tanganyika and the Midas Cichlid assemblage
in Nicaragua, to uncover the ecological and genetic
basis of the thick-lipped phenotype. More specifically,
we compared the two ‘labiatus’ species to one another
and to their sister species by means of geometric
morphometric and stomach content analyses; we placed
them in their respective radiations by phylogenetic and
demographic analyses; and we provide field observa-
tions on foraging strategies for one of them (L. labiatus).
To study the genetic basis of hypertrophied lips, we
first applied comparative transcriptome analyses (RNA-
seq) on the basis of [llumina next-generation sequencing
of juvenile and adult individuals of the African species
L. labiatus (in comparison with a closely related species
for which a genome sequence is available). In a second
step, we tested candidate genes identified by RNAseq
in representatives of both radiations in a quantitative
real-time PCR environment.

Materials and methods

Study species

This study focuses on two thick-lipped species, Lobochil-
otes labiatus from East African Lake Tanganyika and
Amphilophus labiatus from Nicaragua. Lobochilotes labiatus is

a member of the rock-dwelling Tanganyikan cichlid
tribe Tropheini and therefore part of the most species-
rich group of cichlids, the haplochromines, which
include the Tanganyikan Tropheini, many riverine spe-
cies and the species flocks of Lakes Victoria and Malawi
(Salzburger et al. 2002, 2005). The Tropheini themselves
underwent a subradiation within Lake Tanganyika (see
e.g. Sturmbauer et al. 2003). Amphilophus labiatus is part
of the Midas Cichlid assemblage in Nicaragua and
occurs in the large Central American lakes Managua
and Nicaragua, where it co-occurs with the most com-
mon species in the area, A. citrinellus (Barlow 1976; Bar-
luenga & Meyer 2010). For this study, we sampled a
total of 84 and 74 specimens of the Central American
species Amphilophus citrinellus and A. labiatus, respec-
tively, and 143 specimens of L. labiatus plus 14 addi-
tional Haplochromini/Tropheini specimens from Lake
Tanganyika. Exact sampling locations and dates for
specimens used for the genetic analysis and GenBank
accession numbers are provided in Appendix S1.

Sampling, DNA and RNA extraction

Sampling of L. labiatus and other Tropheini species was
performed between 2007 and 2011 in the Southern part of
Lake Tanganyika, East Africa; A. labiatus and its congen-
ers were collected in September 2009 in the two large Nic-
araguan lakes Managua and Nicaragua (see Appendix S1
for details). Fishes were processed in the field following
our standard operating procedure: fishes were individu-
ally labelled, measured (total and standard length) and
weighted and a photograph was taken from the left side
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of each specimen using a Nikon P5000 or a Nikon D5000
digital camera (fins were spread out using clips); then, a
piece of muscle tissue and a fin-clip were taken as DNA
sample and preserved in ethanol; fishes were then dis-
sected and RNA samples from lip and other tissues were
preserved in RNAlater (Ambion); the whole intestinal
tract was removed and stored in ethanol.

For DNA extraction, we either applied a high-salt
extraction method (Bruford et al. 1998) or used a Mag-
naPure extraction robot (Roche, Switzerland) following
the manufacturer’s protocol. RNA was extracted accord-
ing to the Trizol method with either Trizol (Invitrogen)
or TRI reagent (Sigma). Lip tissue was homogenized
with a PRO200 Homogenizer (PRO Scientific Inc.) or
with a BeadBeater (FastPrep-24; MP Biomedicals).
DNase treatment following the DNA Free protocol
(Ambion) was performed to remove any genomic DNA
from the samples. Subsequent reverse transcription was
achieved by using the High Capacity RNA-to-cDNA kit
(Applied Biosystems). For the A. burtoni samples, up to
two individuals (adults) or up to eight individuals
(juveniles) were used per sample, due to a diminutive
amount of lip tissue extracted from these fishes. All
other samples were taken from a single specimen.

Phylogenetic and demographic analyses

We first wanted to phylogenetically place the thick-
lipped species into the respective clade of East African
and Nicaraguan cichlids. We thus performed a phyloge-
netic analysis of the Tanganyikan cichlid tribe Tropheini
(see also Sturmbauer et al. 2003) and used haplotype
genealogies to reconstruct the evolutionary history in the
much younger Amphilophus species assemblage in Nica-
ragua, where phylogenetic analyses are not expedient
due to the lack of phylogenetic signal (see also Barluenga
et al. 2006; Barluenga & Meyer 2010). We also performed
mismatch analyses within A. citrinellus, A. labiatus and
L. labiatus to compare their demographic histories.

We amplified three gene segments for each of the
three focal species and additional Tropheini/Haplo-
chromini species: the first segment of the noncoding
mtDNA control region and two nuclear loci containing
coding and noncoding DNA (a segment each of the
endothelin receptor 1, ednrbl and the phosphatidin phospha-
tase 1, phptl). We used previously published primers
L-Pro-F (Meyer et al. 1994) and TDK-D (Lee et al. 1995)
for the control region and ednrblF and ednrblR (Lang
et al. 2006) for ednrbl, and so far unpublished primers
38a_F (5-AGC AGG GTT GAC CTT CTC AA-3') and
38a_R (5-TGG CTA AAA TCC CCG ATG TA-3) for
phptl. Polymerase chain reaction (PCR) amplification,
purification and cycle sequencing were performed as
described elsewhere (Diepeveen & Salzburger 2011); an
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ABI 3130x] capillary genetic analyzer (Applied Biosys-
tems) was used for DNA sequencing.

The resulting sequences were complemented with
already available sequences. In the case of the Trophe-
ini, we also included available sequences of the mito-
chondrial NADH dehydrogenase subunit 2 gene (ND2)
(see Appendix S1 for GenBank accession numbers).
Sequences were aligned with marrr (Katoh & Toh 2008)
resulting in a total length of 2345 bp for the Tropheini
(control region: 371 bp; ND2: 1047 bp; ednrbl: 538 bp;
phptl: 389 bp) and 1620 bp for Amphilophus (control
region: 371 bp; ednrbl: 743 bp; phptl: 469 bp). Maxi-
mum-likelihood and Bayesian inference phylogenetic
analyses of the Tropheini were performed for each gene
segment separately (not shown) and for a concatenated
alignment with Paur* (Swofford 2003) and MRBAYEs
(Ronquist & Huelsenbeck 2003), respectively. The
appropriate model of sequence evolution was detected
with JMopEeLTEST (Posada 2008) applying the Akaike
Information Criterion (AIC). A maximum-likelihood
bootstrap analysis with 100 pseudoreplicates was per-
formed in Paur*, and MR. BaYEs was run for eight mil-
lion generations with a sample frequency of 100 and a
burn-in of 10%. We then used MEesQuiTE (wWww.mes
quiteproject.org) to map feeding specializations on the
resulting maximum-likelihood topology and to recon-
struct ancestral character states with parsimony. Data
on feeding mode from the Haplochromini/Tropheini
species other than L. labiatus are based on Brichard
(1989), Nori (1997), Yamaoka (1997) and Konings (1998).

Haplotype genealogies for the Amphilophus data set
were constructed following the method described in the
study by Salzburger et al. (2011) on the basis of a maxi-
mum-likelihood tree and sequences of the mitochon-
drial control region and the nuclear ednrbl gene (phptl
was not used here due to the limited number of haplo-
types found). Mismatch analyses were performed on
the basis of mtDNA sequences with ARrLEQUIN 3.0
(Excoffier et al. 2005).

Geometric morphometric analyses

In order to test for similarities in overall body shape
between the thick-lipped forms from Central America
and East Africa, we performed geometric morphometric
analyses on the basis of digital images. Body shape was
quantified in a set of 58 A. citrinellus, 27 A. labiatus and 27
L. labiatus using 17 homologous landmarks (see Appen-
dix S2; note that lip shape was not assessed to prevent a
bias). Data acquisition was carried out using TrsDIG (Ro-
hlf 2006), and data were analysed with MorrrO]J (Klingen-
berg 2011). For all shape comparisons, we used the
residuals of a within-species regression of shape on cen-
troid size to reduce allometric effects within species, in
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order to retain shape differences between differently sized
species. For the same reason, we only included L. labiatus
individuals with a body size larger than 12 cm total
length. We then performed a discriminant function analy-
sis between all pairs of species and a principal component
analysis (PCA). To identify morphological changes associ-
ated with the enlarged lip phenotype, we compared
A. labiatus to its closest relative, A. citrinellus. In the case
of L. labiatus, we made use of our new phylogeny of the
Tropheini (Fig. 2a) and body shape data of L. labiatus and
its nine closest relatives [Petrochromis macrognathus,
P. polyodon, P. ephippium, Lobochilotes labiatus, Simochromis
diagramma, S. babaulti, Gnathochromis pfefferi, Pseudosim-
ochromis curvifrons, Limnotilapia dardenni and Ctenochromis
horei (M. Muschick, A. Indermaur & W. Salzburger,
unpublished data)] to reconstruct the landmark configu-
ration of the direct ancestor to L. labiatus. This was carried
out in MorrHO] using branch length-weighted squared-
change parsimony. The changes in landmark configura-
tions along a discriminant function (Nicaraguan species)
or along the shape-change vector from the estimated
ancestral shape to L. labiatus were increased threefold to
produce Fig. 3. The shape differences between species
shown in Fig. 3 accurately reflect the shape-change vec-
tors for landmark positions. Outlines were interpolated
and added to Fig. 3 to help the reader envision these
shape differences in the context of fish body shape.

Stomach and gut content analyses

To assess trophic specialization of the thick-lipped cich-
lid species, we performed comparative stomach and gut
content analyses. To this end, stomachs and guts were
opened step-by-step. First, the stomach was opened and
emptied under a binocular followed by the remaining
parts of the intestine. All items were grouped into
seven food categories: hard-shelled (crustaceans, snails,
mussels), small arthropods (insects and zooplankton),
fish scales, fish remains, plant seeds and plant material
other than seeds. For each specimen, the wet weight of
each food category was measured on a Kern ALS 120-4
scale (Kern, Germany) and was then used to calculate
Schoener’s index of proportional diet overlap (Schoener
1970). We analysed stomach and gut contents in a total
of 159 specimens: A. citrinellus (N = 58; of which 25 had
contents), A. labiatus (N =62; 34) and L. labiatus
(N =39; 29). We note that such an analysis has the
drawback that it only covers food uptake in the last few
hours or days before sampling.

Field observations in Lobochilotes labiatus

The feeding behaviour of L. labiatus was observed at our
field site near Mpulungu, Zambia, in concrete ponds

(1.5 x 1.5 x 1 m). The purpose of these observations
under semi-natural conditions and with wild specimens
was to document if and how the lips are used in process-
ing the main prey item identified in the stomach content
analyses. The ponds were equipped with stones of ~20—
30 cm diameters that covered the ground and formed
caves as they occur naturally in the habitat of L. labiatus.
Each pond was stocked with five to six freshly caught and
unharmed adult individuals of L. labiatus. After an accli-
matization period of at least 4 days, fish were offered
snails of different sizes and their feeding behaviour was
recorded with two underwater cameras (Canon Ixus 65
with WP-DC3 underwater case; Olympus p tough-6000)
for a period of 1 h each.

Comparative gene expression assays using RNAseq

For the identification of differentially expressed genes
in thick-lipped species, we performed RNA sequencing
(RNAseq) comparing lip tissue from a thick-lipped spe-
cies to lip tissue from a reference species. We decided
to perform these experiments in the African species
L. labiatus and to use the closely related species Astatoti-
lapia burtoni as reference taxon for several reasons such
as the availability of laboratory strains and of sufficient
RNA samples from adult and juvenile individuals. Most
importantly, we chose this set-up because of the avail-
ability of various genomic resources for A. burtoni, such
as a whole-genome sequence and a set of ~50 000 partly
annotated expressed sequence tags (ESTs) (Salzburger
et al. 2008; Baldo et al. 2011), which is crucial for the
analysis and interpretation for RNAseq data. Such
resources are currently not publicly available for
Amphilophus.

In a first step, RNA was extracted from adult and
juvenile individuals of L. labiatus and A. burtoni (see
above for the RNA extraction protocol). RNA quality
and quantity were determined on a NanoDrop 1000
spectrophotometer (Thermo Scientific) and by gel elec-
trophoresis. RNA samples were pooled to create four
samples subjected to RNA sequencing (RNAseq):
(@) A. burtoni adult (N = 3); (i) A. burtoni juvenile (N = 1);
(iii) L. labiatus adult (N = 2); and (iv) L. labiatus juvenile
(N = 3). Five micrograms of RNA per RNAseq sample
was sent for Illumina sequencing at the Department of
Biosystems Science and Engineering (D-BSSE), Univer-
sity of Basel and ETH Zurich. For library construction
and sequencing, standard protocols were applied. Poly-
A mRNA was selected using poly-T oligo-attached
magnetic beads. The recovered mRNA was fragmented
into smaller pieces using divalent cations under
increased temperature. ¢cDNA was produced using
reverse transcriptase and random primers, followed by
second-strand cDNA synthesis using DNA polymerase

© 2012 Blackwell Publishing Ltd



THE THICK-LIPPED PHENOTYPE IN CICHLIDS 675

@ Number of haplotypes

Maximum likelihood bootstrap values @ Amphilophus citrinellus
(a) 2 (b) Qoo

© Amphilophus labiatus

Bayesian posterior probabilitites

Petrachramis fasciolatys

Lobochilotes labiatus

anm
is ges®
oM o o)
.mooh( ? e
S\ 2 s
f S 6’“0
&‘6 2. 3
& Es
X 3
2 IS ]
Q <
$ 3
§ «
N
&
[
(c) Lobochilotes labiatus
0.4
—_ " N —_
* 03 P o 2
s 7 \ £
> \ )
2 02 2
] \ ]
g \ g
\
0.0 T T —— T

Feeding specialization:

— Algae, biocover

— Fish, invertebrates

— Invertebrates
Hard-shelled invertebrates
Generalist (rivers and lake)

Amphilophus citrinellus

0.0060

mtDNA control region

ednrb1

Amphilophus labiatus

o o

Frequency [in %]

o

0 1 2 3 4 5 6 7 8 9 To 1 2 3
Number of mutations

Number of mutations

— v T T
5 6 7 8 9 o 1 2 3 4 5 6 7 8 9
Number of mutations

Fig. 2 Evolutionary origin of the thick-lipped species in East African Lake Tanganyika and in the Great Lakes of Nicaragua. (a) Maxi-
mum-likelihood tree of the Tropheini from Lake Tanganyika based on two mitochondrial (control region and ND2) and two nuclear
(ednrbl and phptl) gene segments (2345 bp in total) and the GTR+G+I model of molecular evolution. Numbers above the branches
refer to maximum-likelihood bootstrap values, and numbers below are Bayesian posterior probabilities (note that support values are
only shown for branches with bootstrap values >60). Branches are colour-coded according to feeding specializations; the trait values
for internal branches have been reconstructed with MesQuite. (b) Haplotype genealogies of the two Amphilophus species based on the
mitochondrial control region and the nuclear endrbl gene. A large fraction of the haplotypes is shared between A. citrinellus and
A. labiatus. (c) Results from the mismatch analysis on the basis of the mitochondrial control region showing the inferred demographic
histories for L. labiatus, A. citrinellus and A. labiatus. Coloured lines represent the observed data, the black line indicates the best-fit
model, and the dashed lines in grey indicate the upper and lower boundaries from the simulations in ARLEQUIN.

I and RNaseH. ¢cDNA went through an end-repair
process, the addition of a single ‘A’ base and ligation of
the adapters. It was then purified and enriched with
PCR to create the final cDNA library. Each library was
sequenced in one lane on an Illumina Genome Analyzer
IIx (read length was 76 bp). Illumina reads are available
from the Sequence Read Archive (SRA) at NCBI under
the accession number SRA052992.

The Illumina reads were assembled into three different
data sets for further analyses: (i) a quality-filtered data set
(Data set 1), where the quality of the reads was assessed
with the FASTX toolkit tools implemented in GALaxy [ver-
sion September/October 2011; available at http://main.

© 2012 Blackwell Publishing Ltd

g2.bx.psu.edu/ (Giardine et al. 2005; Blankenberg et al.
2010; Goecks et al. 2010)]; low-quality reads were
discarded applying quality filter cut-off values of 22-33.
(i) a quality-filtered plus trimmed data set (Data set 2), in
which all the reads were trimmed to a length of 42 bp to
evaluate the effects of read length (iii) as a control for
the effect of trimming and filtering, a nonquality-filtered,
nontrimmed data set (Data set 3).

The reads of the three data sets were then aligned to
a reference cichlid assembly (Baldo ef al. 2011) with
NovoaLigN 2.07.06 (http://www.novocraft.com/) after
indexing the reference sequences with NoOVOINDEX
(http:/ /www.novocraft.com/) using default parame-
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Fig. 3 Ecomorphology of the thick-lipped cichlid species in Central America and in Lake Tanganyika. (a) Body shape of L. labiatus in
comparison with a reconstruction of the ancestor of L. labiatus and nine closely related Tropheini species. (b) Differences in body
shape between A. citrinellus and A. labiatus along a discriminate function. In both plots, changes in landmark positions were
increased threefold and interpolated outlines added for illustration purposes. Landmark locations are indicated in black on the recon-
structed outlines in plot (a). (c) Analysis of stomach and gut content in the focal species. The fraction of each food category is shown.

ters. The alignment was performed using default
settings with a maximum alignment score (t) of 180 and
a maximum number of alignments for a single read (e)
of 100; reads with multiple alignment locations were
discarded. Next SAMrooLs version 0.1.18 (Li et al. 2009)
was used to sort and index the files and to generate
count files, which were subsequently transformed into
count tables and analysed in the R package DESEQ ver-
sion 1.0.5 (Anders & Huber 2010). Differentially
expressed genes between the four experimental groups
were detected using a model based on a negative bino-
mial distribution implemented in DESEQ. Differentially
expressed genes with P-values (adjusted for multiple
testing) >0.05 and/or a quotient of variance >1.00 were
discarded to reduce the number of false positives. The
remaining differentially expressed genes of all pairwise
comparisons were tested for multiple hits. Next the hits
of the three data sets were compared with each other to
create a candidate gene list, consisting of genes that
were found in multiple analyses in all three data sets.
Lastly, these hits were compared to the annotated
A. burtoni ESTs of Baldo et al. (2011).

Comparative gene expression assays using quantitative
real-time PCR

Based on their function according to gene ontology
terms (GO terms; http://www.geneontology.org/) and
their putative involvement in lip formation and/or

hypertrophy in other organisms, six candidate genes
were selected out of the list of differentially expressed
genes for further characterization by means of quantita-
tive real-time PCR (qPCR). These candidate genes are
the Bcl2 adenovirus e1b 19-kda protein-interacting protein 3
(BNIP3), long-chain-fatty-acid(CoA)-ligase 4 (ACSL4),
histone 3.3 (His3), beta actin (Actb), coatomer subunit beta
(Copb) and claudin 7 (Cldn7; see Table 1 for primer
details). qPCR experiments were performed in total of
36 cichlid specimens: L. labiatus (six adults, six juve-
niles), A. burtoni (six adults, six juveniles), A. labiatus
(six adults) and A. citrinellus (six adults). By performing
two pairwise comparisons between a thick-lipped and a
normal-lipped species (a species pair each from Africa
and Nicaragua), we effectively control for species-
specific expression differences, as genes specific to thick-
lip tissue should be upregulated in both comparisons.
The experiments were conducted on a StepOnePlus
Real-Time PCR system (Applied Biosystems) as described
elsewhere (Diepeveen & Salzburger 2011) using the elon-
gation factor 1 (EF1) and the ribosomal protein SA3 (RpSA3)
as endogenous controls. Average relative quantifications
(RQ) were calculated for the six experimental groups and
subsequently analysed with a two-tailed unpaired t-test
using GRaPHPAD PrisM version 5.0a for Mac OS X (www.
graphpad.com). We compared the expression levels
between the two thick-lipped species and a closely related
normally lipped species (i.e. L. labiatus vs. A. burtoni and
A. labiatus vs. A. citrinellus). We also compared adults vs.
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Locus Forward (5'-3")

Reverse (5'-3")

Table 1 Primers used for the quantita-
tive real-time PCR experiments

Actb CAGGCATCAGGGTGTAATGGTT CAGGCATCAGGGTGTAATGGTT

Copb GAGGCTACCTTGGCTGTCAAAG GTGCTGGATGGTTTGAGGGTAA

His3 CATCTACTGGTGGAGTGAAGAAACC GGATCTCACGCAGAGCAACA

ACSL4 TGGTTCTGCACCGGAGATG TCTTGCGGTCAACAATTTGTAGA
BNIP3 AACAGTCCACCAAAGGAGTTCCT CCTGATGCTGAGAGAGGTTGTG

Cldn7 GACATCATCCGGGCCTTCT CACCGAACTCATACTTAGTGTTGACA
EF1 GCCCCTGCAGGACGTCTA CGGCCGACGGGTACAGT

RpSA3 AGACCAATGACCTGAAGGAAGTG TCTCGATGTCCTTGCCAACA

juveniles in the African species, as hypertrophy in lips is
much less pronounced at juvenile stages, so that this
experiment also captures ontogenetic changes in lip for-
mation. As primer efficiency was lower in the Nicaraguan
samples, no direct comparisons between African and
Nicaraguan tissues were possible.

Results

Phylogenetic and demographic analyses

Our phylogenetic analysis of members of the Tanganyi-
kan cichlid tribe Tropheini based on two mitochondrial
and two nuclear DNA gene segments reveals only lim-
ited phylogenetic resolution between the main lineages
of the tribe (Fig. 2a). This confirms an earlier analysis
based on mitochondrial DNA only, which attributed
the star-like phylogeny of the Tropheini to the rapidity
of lineage formation in the early stages of the adaptive
radiation of this clade (Sturmbauer et al. 2003). Just as
in the previous study, the thick-lipped species L. labiatus
represents a separate lineage (without a closely related
sister-taxon) that branches off relatively early in the
phylogeny, but shows affinities to the algae-eating
genera Petrochromis and Simochromis.

The haplotype genealogies of the Amphilophus sam-
ples based on the mitochondrial control region and the
nuclear ednrbl gene (Fig. 2b) revealed haplotype shar-
ing between A. citrinellus and A. labiatus (see also Barlu-
enga & Meyer 2010). While all Amphilophus sequences
were identical in phpt1, we detected three shared haplo-
types in ednrbl and 24 haplotypes in the mitochondrial
control region (two shared, ten unique to A. labiatus
and twelve unique to A. citrinellus).

The mismatch analyses based on the mitochondrial
control region sequences revealed unimodal distribu-
tions for the two sympatrically occurring Amphilophus
species and a bimodal distribution for L. labiatus
(Fig. 2¢). According to this analysis, the demographic
expansion of the two Amphilophus species happened at
similar times, with the one of A. citrinellus being slightly
older than that of A. labiatus (mean number of differ-
ences: 3.9 vs. 3.2; T: 39 vs. 3.5; see also Barluenga &
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Meyer 2010, who provide a relative time frame for the
evolution of the Midas Cichlid species complex); the
mean number of differences in L. labiatus was 6.4 (t: 6.5).

Geometric morphometric analyses

The PCA of overall body shape revealed substantial
overlap between the two Nicaraguan species A. citrinel-
Ius and A. labiatus (Appendix S3). The African thick-
lipped species L. labiatus is separated from these mainly
by principal component 1 (accounting for 20.2% of the
variance), whereas principal component 2 (covering
16.0% of the variance) did not discriminate much
between species. The discriminant function analysis, in
which we compared species in a pairwise manner,
revealed the main morphological differences between
species. Of the two Nicaraguan species, A. labiatus had
a more acute head, less deep body and a larger mouth
than A. citrinellus (Fig. 3) (see also Klingenberg et al.
2003). These characters were even more pronounced in
L. labiatus, when compared to either of the Amphilophus
species. However, the distance in morphospace between
the two species with fleshy lips was somewhat smaller
than between A. citrinellus and L. labiatus (procrustes
distance 0.08 and 0.1, respectively). We also estimated
the body shape of the ancestor of L. labiatus and the 9
most closely related Tropheini species. A comparison of
this reconstructed shape and the mean shape of our
L. labiatus samples highlighted similar morphological
differences as the comparison of the Nicaraguan species
(Fig. 3), especially in the mouth region.

Stomach and gut content analyses

The fractions of food categories in guts and stomachs
differed between A. citrinellus, A. labiatus and L. labiatus
(Fig. 3c). While the diet of A. citrinellus did not overlap
with that of A. labiatus (Schoener’s index: 0.58) or
L. labiatus (Schoener’s index: 0.38), we found significant
overlap between the two thick-lipped species A. labiatus
and L. labiatus (Schoener’s index: 0.71) (note that any
value >0.6 is considered ‘biologically significant’; see
Wallace 1981). The stomach and gut contents of both
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thick-lipped species consisted of a substantial fraction
of hard-shelled prey (Lobochilotes labiatus 96%, Amphilo-
phus labiatus 67.6%, Amphilophus citrinellus 35%).

Field observations in Lobochilotes labiatus

A careful inspection of the video material confirmed the
findings from the stomach and gut content analyses that
L. labiatus regularly feeds on snails (more than 90% of
the stomach and gut content of L. labiatus consisted of
snail shells). Small snails were engulfed using suction
feeding without the lips touching the prey item or the
surface (rocks) on which the items were placed. When
feeding on larger snails, however, L. labiatus exhibited a
different feeding strategy and snails were no longer
taken up using suction feeding. Instead, L. labiatus used
their lips to snatch the snails and they turned the snails
a few times before they either swallowed the snails or
spat them out (see Appendix 54).

Comparative gene expression assays using RNAseq

On average, ca. 42 million total reads were retrieved for
each of the four RNAseq samples (A. burtoni adult,
A. burtoni juvenile, L. labiatus adult and L. labiatus juve-
nile). Quality filtering and trimming reduced this num-
ber so that on average 21.9 (Data set 1), 24.6 (Data set 2)
and 23.5 (Data set 3) million reads were aligned to the
reference cichlid assembly. Five different pairwise com-
parisons were made to obtain genes that are differen-
tially expressed between thick lips and normal lips (see
Table 2 for the three comparisons with the highest
number of genes being different). The largest number
of differentially expressed genes between L. labiatus and
A. burtoni was detected in adult lip tissue, with the
majority of the genes being upregulated in L. labiatus.
The total number of differentially expressed genes ran-
ged from 9050 (Data set 3; three pairwise comparisons)
to 15230 (Data set 2; five pairwise comparisons). A sub-
stantial fraction of these differentially expressed genes
appeared in at least two comparisons in each data set
(Data set 1: 2085 [22.1% of all hits]; Data set 2: 8078
[53.0%]; Data set 3: 1693 [18.7%]). Of these ‘multiple

hits’, 1463 were detected in all three data sets and 560
of those could be unequivocally annotated.

A more stringent analysis, in which only loci that
appeared in at least three of five comparisons were
included, resulted in 231 differentially expressed genes.
A functional annotation of these 231 hits with Blast2GO
resulted in a total of 141 annotations (122 upregulated
and 19 downregulated in L. labiatus; see Appendix S3).
Based on their annotations, known functions and/or
exceptional fold change (>1000) between A. burtoni and
L. labiatus, thirteen genes were identified as good candi-
dates for being involved in the morphogenesis of fleshy
lips (Table 3).

Comparative gene expression assays using quantitative
real-time PCR

The results of the comparative gene expression assays
between the thick-lipped species and the normal-lipped
species are depicted in Fig. 4 and Appendix S5. Overall,
the qPCR experiments largely validate differential gene
expression in normal and hypertrophied lip tissue as indi-
cated by RNAseq. In the African species pair L. labiatus
and A. burtoni, which were the two species used for RNA-
seq, differences were highly significant in four of the six
genes tested: Actb (P = 0.0099), Cldn7 (P = 0.004), ACSL4
(P = 0.0005) and His3 (P = 0.0003). However, we would
like to point out one inconsistency between RNAseq and
qPCR. Actb was actually found to be downregulated in
hypertrophied lips by RNAseq, while it shows signifi-
cantly higher expression levels in lip tissue in the qPCR
experiments (Fig. 4).

The comparison between lip tissue in adult and juvenile
L. labiatus and A. burtoni further revealed a trend towards
higher expression in lip tissue of adult L. labiatus in Actb,
BNIP3, Cldn7 and Copb (Appendix S5), whereas, generally,
an opposite trend is observed in A. burtoni, although sta-
tistical support was only found in two cases [Cldn7
(P = 0.0063) and ACSL4 (P = 0.0328)]. This again suggests
that these genes are involved in the formation of fleshy
lips. In the Nicaraguan species pair, a similar trend was
observed as in the African species pair, with four of the
five genes tested appearing to be upregulated in lip tissue

Table 2 Pairwise comparisons of differ-
entially expressed genes and total number

of unique differentially expressed genes
in the three data sets compiled in this
study

Comparison Data set 1 Data set 2 Data set 3
ABvs. LL 7120 (4606; 2514) 7080 (4689; 2391) 7285 (4665; 2620)
AB vs. LLjuv 3611 (3395; 216) 13747 (10683; 3064) 2618 (2514; 104)
ABjuv vs. LLjuv 1116 (792; 324) 3971 (2710; 1261) 986 (687; 298)
Total 9407 15225 9050

AB, Astatotilapia burtoni; LL, Lobochilotes labiatus; juv, juvenile; numbers in brackets
denote the number of upregulated and downregulated genes in L. labiatus.

© 2012 Blackwell Publishing Ltd
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Table 3 Thirteen candidate loci for the genetic basis of lip
development in the East African cichlid Lobochilotes labiatus,
based on RNAseq and qPCR in comparison with Astatotilapia
burtoni, in combination with information on gene functions (in
alphabetical order)

Locus Abbreviation
ATPase mitochondrial precursor ATPmp
Bcl2 adenovirus e1b 19-kda BNIP3
protein-interacting protein 3
Beta actin Actb
Caspase-8 Casp8
Claudin 7 Cldn7
Coatomer subunit beta Copb
Grainyhead-like protein 1 homolog Grhll
Heat-shock 70-kda protein 12a-like Hspal2al
Histone 3.3 His3
Laminin subunit gamma-2 Lamc2
Long-chain-fatty-acid(CoA)-ligase 4 ACSL4
Sodium-dependent phosphate transporter 1 Slc17al
Transcription factor ap-2 gamma Tfap2

of A. labiatus as compared to A. citrinellus (Fig. 4, we
could not amplify BNIP3 here). We would like to note,
however, that qPCR efficiency was less good in the
Amphilophus samples, most likely because we used prim-
ers designed for the African species pair based on the
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available genomic resources, which also explains the
limited statistical support for these comparisons.
Interestingly, it seems that several loci (i.e. Actb, Cldn7,
Copb, His3) are upregulated in both thick-lipped species
when compared to their normally lipped relatives.

Discussion

The species flocks of cichlid fishes in the East African
Great Lakes Victoria, Malawi and Tanganyika, counting
hundreds of endemic species each, are prime examples
of adaptive radiation and explosive speciation (see e.g.
Kocher 2004; Seehausen 2006; Salzburger 2009). Interest-
ingly, the cichlid adaptive radiations in East Africa have
independently produced ecomorphs with highly similar
colour patterns and (mouth) morphologies (Kocher et al.
1993). Here, we explore the ecological and genetic basis
of one of the particular trophic structures of cichlids,
which has evolved convergently in various cichlid
assemblages: fleshy lips. Instead of focusing on species
with hypertrophied lips between the radiations in the
East African lakes, we compare the thick-lipped pheno-
type between a cichlid assemblage in East African (Lake
Tanganyika) and in Central American (the lake Nicara-
gua/Managua system), where thick-lipped species have
evolved in parallel (see Fig. 1).

Copb His3 BNIP3
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Fig. 4 Results from the comparative gene expression experiments via quantitative real-time PCR. The six genes tested in this experi-
ment were selected on the basis of comparative RNA sequencing. All genes tested show a higher expression level in lip tissue of the
Tanganyikan thick-lipped species L. labiatus as compared to A. burtoni (top panel; note that we used both juvenile and adult samples
in these analyses to increase statistical power). A similar trend was found when comparing the Nicaraguan thick-lipped species
A. labiatus to its sister species A. citrinellus (with the exception of ACSL4; lower panel). Note that BNIP3 could not amplified in the
Amphilophus species. Astatotilapia burtoni (AB); Lobochilotes labiatus (LL); Amphilophus citrinellus (AC); Amphilophus labiatus (AL);

*P < 0.05; ***P < 0.01.
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The evolution of hypertrophied lips in cichlid adaptive
radiations

Our phylogenetic and demographic analyses in the
Tanganyikan Tropheini and the Nicaragua Midas
Cichlid species complex reveal that the thick-lipped
species are nested within their respective clade. The
molecular phylogeny of 14 Tropheini species (Fig. 2a)
shows a footprint characteristic for adaptive radiations:
a ‘bottom heavy’ topology with only limited phyloge-
netic resolution at the deeper nodes due to rapid line-
age formation (Gavrilets & Vose 2005). Our new
analysis thus confirms previous results based on
mtDNA only (Sturmbauer et al. 2003) or a combination
of mtDNA and AFLPs (Koblmuller et al. 2010). In all
analyses thus far, the thick-lipped species L. labiatus
forms an independent evolutionary lineage that
branches off deep in the Tropheini. Its exact position
remains unclear, though. In the AFLP phylogeny of
Koblmuller et al. (2010), L. labiatus appears as sister
group to all Tropheini except for the genus Tropheus,
which is sister to all other representatives of that clade
(the topology has very little support, though). In our
new phylogeny and the previous mtDNA trees of Stur-
mbauer et al. (2003), L. labiatus shows affinities to
Simochromis and Petrochromis (with moderate support).
In all phylogenies, however, L. labiatus is nested within
a clade formed by various species that feed on algae
and biocover (see our character state reconstruction in
Fig. 2a).

In the Midas Cichlid species complex from Central
America, a phylogenetic approach is not applicable
with the available molecular markers. There is simply
too little genetic variation, even in the rapidly evolving
mitochondrial control region, as a consequence of the
young age of the assemblage (see Barluenga & Meyer
2004, 2010; Barluenga et al. 2006). The structures of our
haplotype genealogies, which now also include the
analysis of a nuclear gene (Fig. 2b), confirm this
scenario. In combination with the mismatch analyses
(Fig. 2¢), these data suggest that A. labiatus underwent
its main demographic expansion soon after the expan-
sion of the sympatric A. citrinellus populations (see
Barluenga & Meyer 2010 for a large-scale analysis of
the Midas Cichlid species complex).

In both species assemblages, the evolution of the
thick-lipped phenotype was associated with similar
modifications of overall body shape (Fig. 3a,b). Reduced
body depth, a more acute head shape and a larger
mouth, along with the prominently enlarged lips, can
be hypothesized to be adaptations to the species” micro-
habitat and trophic niche. If individuals search for food
in narrow rock crevices, these modifications appear
advantageous. Klingenberg ef al. (2003) already sug-

gested that the elongation of the head, as observed in
both ‘labiatus’ species, increases suction power. Other
morphological differences between the two thick-lipped
species, such as eye size or the length of anal fin inser-
tion, might be either due to adaptations to the specific
environments or due to phylogenetic effects. Inclusion
of other thick-lipped species in future studies focusing
on the ecology and morphological evolution of this trait
might answer this question.

The function of hypertrophied lips in cichlids

Hypertrophied lips in cichlids have been implicated in
several functions. For example, it has been suggested
that fleshy lips are used to seal cracks and grooves to
facilitate sucking of invertebrates (Barlow & Munsey
1976; Ribbink et al. 1983; Seehausen 1996; Konings
1998), that they act as bumpers to protect from mechan-
ical shock (Greenwood 1974; Yamaoka 1997) or that
they function as taste (Arnegard efal. 2001) or
mechanoreceptors (Fryer 1959; Fryer & Iles 1972). Previ-
ous food web analyses on L. labiatus identified this
species as mollusc eater (Nori 1997).

Our ecomorphological analysis of the thick-lipped
species L. labiatus from Lake Tanganyika and A. labiatus
from the large lakes in Nicaragua suggests that this
phenotype is indeed associated with feeding on hard-
shelled prey such as snails, mussels and crustaceans in
rocky habitats (Fig. 3c). We cannot, however, conclu-
sively answer the question whether the lips are used to
seal rock crevices or whether they serve as bumpers or
receptors. In the underwater observations at our field
site at Lake Tanganyika, small snails were usually
engulfed by L. labiatus via suction feeding, whereas lar-
ger snails were turned around several times before
being swallowed or spit out (see Appendix S4). This
would classify the lips as instrument to handle hard-
shelled invertebrate food (mostly molluscs). Note, how-
ever, that our observations were made in semi-natural
conditions only, in the form of concrete ponds equipped
with stones from the lake and filled with lake water.

Our experimental set-up could not address the possi-
bility that phenotypic plasticity plays a role in the for-
mation of fleshy lips, as has previously been shown in
certain foraging traits in cichlid fishes (oral jaws: Meyer
1987; pharyngeal jaws: e.g. Greenwood 1965; Huysse-
une 1995; Muschick et al. 2011). Interestingly, it has
been reported that thick-lipped cichlid species lose their
fleshy lips under unnatural conditions in captivity
(when fed with standard food; Barlow & Munsey 1976;
Barlow 1976; Loiselle 1998). So far, there is no evidence
for the opposite process, the plastic development of
fleshy lips due to environmental or feeding properties.
In the common garden experiment of Muschick et al.

© 2012 Blackwell Publishing Ltd
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(2011), one group of normally lipped A. citrinellus indi-
viduals was fed with whole snails over a period of sev-
eral months, and—although not formally assessed—no
increase in lip size was apparent (compared to the other
two treatment groups peeled snails and crushed snails).
Another study on a snail crusher (Huysseune 1995) did
not report such changes either, which seems to suggest
that phenotypic plasticity in the lips, if at all present, is
specific to thick-lipped species only. Future common
garden and feeding experiments should thus expand on
this question. Such experiments, combined with molec-
ular analyses, should focus on the plastic component of
this trait and its genomic basis.

Insights into the genetic basis of hypertrophied lips in
cichlids

Our comparative gene expression assays with RNA
sequencing between tissue from thick and normal lips
identified a set of 141 candidate genes that might be
responsible for the morphogenesis or the maintenance
of fleshy lips in (East African) cichlid fish (Appendix
S3). Six genes were tested further by means of quantita-
tive real-time PCR, and these experiments largely con-
firm the results obtained from RNAseq (Fig. 4). While
there is no obvious functional connection to fleshy lips
for three of these differentially expressed genes (ACSL4,
His3 and BNIP3), the observed upregulation of the
remaining three (Actb, Cldn7 and Copb) makes sense in
the light of the structure of hypertrophied lips. These
three genes (together with BNIP3) also show a higher
expression in lip tissue from adult vs. juvenile L. labiatus
(Appendix S5).

It has previously been shown that the ‘fleshy’ lips of
the Lake Malawi cichlid Otopharynx pachycheilus mainly
consist of loose connective tissue covered by dermis
and a layer of epithelial cells (Arnegard ef al. 2001).
Interestingly, the known functions of Actb, Cldn7 and
Copb can be directly implicated in cell and/or intercell
or membrane structure. The cytoplasmic Actb is found
in high abundance in nonmuscle cells, where it pro-
motes cell surface and cell thickness (Schevzov et al.
1992), which is also consistent with its upregulation in
the more massive adult compared to juvenile L. labiatus
lips (Appendix S5). The integral membrane protein
Cldn7 (among other claudin gene family members) con-
stitutes the backbone of tide junctions between epithe-
lial cells (Tsukita ef al. 2001). The coatomer coat
proteins (such as Copb) are involved in protein and
membrane trafficking via vesicle secreting between the
endoplasmic reticulum and the Golgi apparatus, plus
the intra-Golgi transport (Duden 2003). In addition, they
mediate lipid homoeostasis and lipid storage for energy
use and membrane assembly (Soni et al. 2009). Copb
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might thus be involved in cellular (membrane)
development but possibly also in the formation of fat
cells that compose adipose tissue, a specific subtype of
connective tissue. Clearly, much more work will be nec-
essary to unravel the development and genetic basis of
hypertrophied lips in cichlids, for which we herewith
established a valuable starting ground.

Our results, especially the comparison of gene
expression levels between the thick-lipped species in
East Africa and Central America (Fig. 4), allow us to
touch on ongoing discussions related to the genetic
basis of convergent morphologies (reviewed in Brake-
field 2006; Arendt & Reznick 2008; Elmer & Meyer
2011). Although our qPCR results in Midas Cichlid
(Amphilophus spp.) species must be taken with caution
(efficiency was lower as a consequence of using
molecular tools developed for the African species lead-
ing to a lack of statistical power), we find rather simi-
lar trends in gene expression. Our results seem to
indicate that a largely overlapping set of genes was
recruited to develop the hypertrophied lips in Nicara-
guan and African species, which are—according to
most authors—separated by ~ 100 million years of evo-
lution. This important question about the basis of con-
vergent phenotypes should be addressed in future
studies, and thick-lipped fish species, including those
outside the family Cichlidae, appear as an excellent
model system.

Conclusion

Our integrative evolutionary, ecological, morphological,
observational and genomic analysis of thick-lipped spe-
cies in East Africa and in Nicaragua reveals stunning
similarities between these convergent morphs. Both
thick-lipped species appear to have evolved early in the
respective clade, they seem to have adapted to the same
habitat (rocks) and food source (hard-shelled prey), and
their evolution was associated with comparable mor-
phological trajectories, especially in the mouth and head
region. Importantly, we also show that the expression
patterns of at least some genes are similar, too. We thus
provide valuable resource for future studies focusing
on the development of this trait and genetic basis of
convergence.
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Discussion and future perspectives

The main goal of this doctoral thesis was to broaden our understanding of the
genetics and developmental basis of the emergence and diversification of egg-spots, an
evolutionary novelty in East African cichlid fishes. This work has led to the discovery of
many genes that play a role in the adult egg-spot, and has given some important insights
into the genetics of emergence of this trait. Here, | review the main results and
conclusions of the experiments, and analyze their contribution to the topic of evolution of
new morphological traits.

With the development of next generation sequencing techniques, it is now
relatively easy to perform expression profiling in a specific tissue in order to identify
candidate genes. Chapter two describes a study in which we qualitatively described the
transcriptomes of two important species for our research. This analysis revealed that the
genetic distance between cichlids is fairly small (1.33%) and that there is a large
contribution of untranslated regions (0.38%) to the genetic diversity. We also developed
a database of genes that underwent Darwinian positive selection and that possibly
underlie some of the amazing adaptations seen in cichlid fishes. The availability of these
transcriptomes represents a major resource of molecular tools for studying genetics in
cichlids, and revealed itself immensely useful for this thesis.

Egg-spots are a novel sexually dimorphic trait present only in haplochromine
cichlid fishes [1]. One of the exciting results of chapter three is the involvement of a
duplicate pair or genes, fhi2a/fhi2b, in the development of the egg-spot, and the
correlation of a SINE insertion upstream of fh/i2b with the emergence of this trait.
Moreover, this SINE insertion, in conjunction with the first intron of fh/2b, has enhancer
properties and preliminary results suggest that this region might be a male biased
enhancer, driving expression in pigment cells and fin ray segments. In tetrapods, FHL2
is known to interact with the androgen receptor (AR) which is a major effector of
secondary sexual differentiation by activating or inhibiting gene expression [2][3]. The
interaction of androgen-receptor with tissue/cell specific transcription factors, or co-
factors (eg. fhi2), activates further downstream targets that will in turn activate the sexual
differentiation cascade in a tissue specific manner [4]. The change in the regulatory
region of fh/2b in the ancestor of the modern haplochromines might have recruited this
gene to both pigment cells and fin segments, where it activates further downstream
targets together with AR. Interestingly, several AR binding sites were found in the SINE

element insertion (data not shown). The observation that fh/2b upstream region
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(including the SINE element and intron 1) might be a male biased enhancer further
strengthens this hypothesis of AR and FHL2B interacting to form egg-spots. AR might
enhance fhi2b gene expression, which in turn acts together with AR to activate further
downstream targets that will contribute to the pigmentation and egg-spot development in
the fin. Clearly, these hypotheses have to be tested with functional assays, which
unfortunately are not easily available for cichlids. Other research groups have reported
progress on this topic [5], and we definitely must try and reproduce their transgenesis in
our laboratory species, A. burtoni, in order to determine the role of fhi2a and fhi2b.
Overall, our results suggest that egg-spot emergence involved co-option of a gene after
a gene duplication event. This gene encodes a transcriptional co-factor that possibly
affects downstream protein-protein interactions and therefore alters gene expression
programs. Together, our results suggest that gene duplication and regulatory changes,
that induce new downstream protein-protein interactions, play a role in the development
of the novel egg-spot trait.

Chapter four is a study that aimed to increase our knowledge of possible genes
underlying the egg-spot phenotype. To this end, we conducted a description of the egg-
spot transcriptome by comparing fins within individuals. Many of these genes were
confirmed as egg-spot genes and we generated hypotheses about their possible
function using inter-species gene expression comparisons. We found evidence for co-
option of patterning candidates (e.g. HoxC12a) that are correlated with the presence of
the egg-spot and we should further test the functionality of these genes. An interesting
outcome of this work was the realization that there are cichlid specific transcripts which
seem to be correlated with the presence of egg-spots. This suggests that not only co-
option of pre-existing genes/networks, but also that the recruitment of lineage specific
genes is involved in the emergence of novel traits. This result joins the accumulating
evidence that lineage specific genes are more important than once thought and that
more emphasis should be put on their study [6, 7]. With this chapter we were only able
to correlates egg-spot presence with gene expression. In the future we shall correlate
the expression of these candidate genes with the development of the egg-spot in
juvenile A.burtoni fish as well as extending our studies to other species. Multispecies
comparisons of gene expression through development will show how genes interact and
how their interactions shape the variability seen in this phenotype.

With chapters three and four | have established the egg-spot as a model trait for

the study of novelties and generated many candidates that will be useful for future
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studies. This thesis focused primarily on the genes underlying the trait, and not so much
in the precise developmental processes that are involved in its morphogenesis. The next
step is to describe in detail the morphogenesis of the egg-spot, including a full
characterization of the pigmentation cells involved, their migration movements and
interaction behaviours. We also need to understand if there is a landmark on the anal fin
where egg-spots first start to develop. Observations indicate that, in A. burtoni, the first
egg-spot always appears on the fifth fin ray but that the rest of the egg-spot pattern is
variable (personal observation). It is of extreme importance to follow up on this
observation and determine the dynamics of development and the dynamics of
concomitant gene expression. Only by comparing these dynamics we will be able to
determine the role that our candidate genes play on the morphogenesis of the trait.
Further comparison and integration of gene expression and developmental processes in
other species with different phenotypes will shed light on the evolution of the trait and
give us insight into how intra- and inter-variability is shaped.

Chapter five is a perspective on cichlids as a model system and stressed an
important point: integration of data is needed in order to fully understand the evolution of
traits. In order to understand novelty we need: 1) good phylogenetic framework where
we can map our traits and dissect its evolutionary history; 2) a good phenotypic and
developmental characterization of the trait; 3) closely related species where we can exert
the comparative method in order to understand how changes in genes parallel changes
in phenotypes and finally 4) we need to be able to experimentally test our findings with
gene functional assays. Concerning our egg-spot project we definitely need to improve
points 2 and 4. The advance in the cichlid model system was astonishing in the last four
years, especially considering genome and transgenesis availability, these advances will
allow cichlids and egg-spots to be established as one of the premier vertebrate models
to study the emergence of evolutionary novelties. In chapter six we studied parallel
evolution in thick-lipped cichlids, demonstrating the variety of questions that cichlids can
be used to address, especially considering the genetic resources now available.

This thesis has contributed substantially to the understanding of the egg-spots
emergence and diversification, and can be used as a basis for a range of exciting
studies into the origin and diversification of novel traits, as well as in cichlid
diversification in general. We have an extensive list of candidate genes and insights into
one of the possible mechanisms that contributed to its origin — re-deployment of a gene

via mobile element insertion in a cis- regulatory region.
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(Instituto Gulbenkian the Ciéncia)

Scientific training course attendance

2011: Workshop on Analysis of Differential Gene Expression, Swiss Institute of Bioinformatics, Lausanne,
Switzerland

2011: Workshop on Comparative Genomics, Ceski Krumlov, Czech Republic

2009: Evolutionary Biology in Guarda 2010 — Workshop from the University of Basel and ETH Zurich -
Guarda, Switzerland

2008: Real time PCR training — Course from Applied Biosystems — Advancing Quality Science, November,
Basel Switzerland.

2007: Molecular Evolution, Phylogenetics and Adaptation. Course from the Gulbenkian Training
Programme in Bioinformatics, Oeiras, Portugal.

2006: Evolution course integrated in the PhD Program of the Instituto Gulbenkian de Ciéncia, October,
Qeiras, Portugal.

2006: Genetics course integrated in the PhD Program of the Instituto Gulbenkian de Ciéncia, October,
Qeiras, Portugal.

2003: PADI Diving course — Open water diver, Funchal, Portugal.
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Presentations at scientific conferences

2014: Trancriptome profiling of a key morphological innovation: the propelling fan of the water walking bug
Rhagovelia obesa” Euro Evo Devo (EED) 2014, Vienna, Austria

2014: “Trancriptome profiling of a key morphological innovation: the propelling fan of the water walking bug
Rhagovelia obesa” Society for Molecular Biology and Evolution (SMBE) 2014, San Juan, Puerto Rico

2013: “The molecular basis of a novel pigment trait in cichlid fishes” 14th meeting of European Society for
Evolutionary Biology (ESEB), Lisbon, Portugal

2013: “The molecular basis of a novel pigment trait in cichlid fishes” Biology 13, University of Basel,
Switzerland

2012: “The genetic basis of an evolutionary novelty in cichlid fishes.” VIII Encontro Nacional de Biologia
Evolutiva (ENBE) 2012, Instituto Gulbenkian de Ciéncia, Oeiras, Portugal.

2012: “The genetic basis of an evolutionary novelty in cichlid fishes.” Cichlid Science 2012, University of
Leuven, Belgium.

2012: “Spot the difference! The genetic basis of an evolutionary novelty in cichlid fishes.” Society for
Molecular Biology and Evolution (SMBE) 2012, Dublin

2011: “Genetic basis of parallel evolution in egg-spots of cichlid fishes” 13th meeting of European Society
for Evolutionary Biology (ESEB), Tlbingen, Germany

2011: “Genetic basis of parallel evolution in egg-spots of cichlid fishes” 17th meeting of European Meeting
of PhD Students in Evolutionary Biology (EMPSEB) Seia, Portugal

2011: “Genetic basis of parallel evolution in egg-spots of cichlid fishes” Evolution 2011, Oklahoma, United
States of America

2010: “Genetic basis of parallel evolution in egg-spots of cichlid fishes.” 16th EMPSEB, Wierzba, Poland.

2010: “Genetic basis of a colour trait in cichlid fishes.” Cichlid Science 2010, University of Basel,
Switzerland.

Invited Research Seminars
2013: “The molecular basis of a novel pigment trait in cichlid fishes.” Research seminar, IGFL, France.

2010: “Alternative splicing and gene duplication in the evolution of the FoxP gene subfamily.” Research
seminar, University of Basel, Switzerland.

2010: “Genetic basis of a colour trait in cichlid fishes.” University of Sussex, United Kingdom.

Teaching experience

2009-2010: Organization of the interaction seminar for the Zoological Institute and Masters program at the
University of Basel.

2009: Teaching (tutoring) Introduction to biology (Fall course). Level: 1st year Bachelor, University of Basel.
Time: 16h

2009: Supervisor of scientific projects during a 1-month course focused on undergraduate research skills
(Spring course). Level: 3rd year Bachelor, University of Basel. Time: 60h.

Training and student supervision

2010-2011: Romina Celozzi “Genetic basis of egg-spot development in Ophthalmotilapia ventralis”, Walter
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Salzburger group, University of Basel, Switzerland.

2010-2011: Vasco Campos “The role of copy number variation (CNV) in Tanganyikan cichlids”, Walter
Salzburger group, University of Basel, Switzerland.

2008-2010: Corina Heule “Development and morphology of egg-spots in cichlid fishes” partial supervision,
Walter Salzburger group, University of Basel, Switzerland.

2008: Vincent Martin “The role of copy number variation (CNV) in Tanganyikan cichlids”, Walter Salzburger
group, University of Basel, Switzerland.

Awards
Prize for second best talk at Biology 13, Basel, Switzerland
Prize for third best talk at EMPSEB 17, Seia, Portugal

Society membership

European Society for the Evolutionary Biology; Society for the Study of Evolution; Portuguese Society for
Evolutionary Biology

Foreign Languages

Portuguese: Native speaker

English: Spoken: Very good; Reading: Very good; Written: Very good
French: Spoken: Good; Reading: Good; Written: Good

German: Spoken: Basics, Reading: Basics; Written; Basics

Miscellaneous

Volunteer at the Zoologic Garden of Lisbon between 2002 and 2004.
Volunteer at the Lisbon Oceanarium between 2003 and 2005.

Working for “Fun Science” (Children Science teaching) from 2004 to 20086.

Two seasons of field work with Tanganyikan cichlids in Mpulungu, Zambia (2010 and 2011).
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