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Genomic Access to the Diversity of Fishes

Arne W. Nolte

Abstract

The number of fishes exceeds that of all other vertebrates both in terms of species numbers and in their
morphological and phylogenetic diversity. They are an ecologically and economically important group and
play an essential role as a resource for humans. This makes the genomic exploration of fishes an important
area of research, both from an applied and a basic research perspective. Fish genomes can vary greatly in
complexity, which is partially due to differences in size and content of repetitive DNA, a history of genome
duplication events and because fishes may be polyploid, all of which complicate the assembly and analysis of
genome sequences. However, the advent of modern sequencing techniques now facilitates access to
genomic data that permit genome-wide exploration of genetic information even for previously unexplored
species. The development of genomic resources for fishes is spearheaded by model organisms that have been
subject to genetic analysis and genome sequencing projects for a long time. These offer a great potential for
the exploration of new species through the transfer of genomic information in comparative analyses. A
growing number of genome sequencing projects and the increasing availability of tools to assemble and
access genomic information now move boundaries between model and nonmodel species and promises
progress in many interesting but unexplored species that remain to be studied.
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1 Diversity of Fishes

Fishes are the most diverse group of vertebrates on earth [1]. As of
2017, a total of 33,554 species of fishes have been described [2],
and many more remain to be discovered. They have colonized
marine and freshwater habitats alike and display tremendous anato-
mical and ecological diversity. The term fishes (Pisces) includes the
most basal jawless fishes (lampreys and hagfishes) that live as para-
sites or scavengers and the lobe-finned fishes (lungfish and coela-
canths) that gave rise to the tetrapods. The exclusion of the latter
renders fishes as a whole a paraphyletic group. The ray-finned fishes
comprise the basal bichirs (Polypteridae) and sturgeons (Ascipen-
deridae) as well as the holostei [Bowfins (Amiidae) and gars (Lepi-
sosteidae)]. The most speciose group by far is the Teleosts that have
undergone a spectacular diversification since the Cretaceous period
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[3]. They are prevalent in many aquatic ecosystems and are of
manifold importance to man. Fishes are found in the deepest
ocean trenches and up to 5200 m elevation in the Himalayas
[2]. They have colonized rivers, lakes, and oceans but also extreme
habitats like caves where they live in constant darkness, the Arctic,
or desert springs with high temperature and salt conditions. Some
killifishes even survive dry periods by laying drought-resistant eggs,
and these fishes are also among the most short-lived ones [4]. The
oldest fishes to date may be Greenland sharks that have been
estimated to be close to 400 years old [5]. The south-east Asian
Paedocypris with a standard length of 7.9 mm possibly represents
the world’s smallest vertebrate [6] while the largest nonmammalian
vertebrate is given by the whale shark that may reach a length of up
to 13 m. The diversity of reproductive modes in fishes includes egg
laying and oviposition or the birth of fully developed young. Egg
laying fishes have evolved numerous modes of brood care including
mouthbrooding, substrate brooding, nest building, pelvic fin
brooding, or ventral pouch brooding whereby the parental care
may be performed through the father, the mother or both parents.
Eggs of fishes may be released into the pelagial zone in mass
spawning events and left to themselves, deposited into caves, mus-
sels, gravel rudds or nests out of plant matter or air bubbles [7]. All
fishes have a direct development, but may go through extended and
distinct larval periods including the blind and worm-like ammo-
coetes larvae of lampreys or the marine leptocephalus larvae of eels
and tarpon as opposed to the fully developed offspring of fishes that
give birth. The feeding types of fishes are equally diverse. While
some feed on microscopic algae (Silver carp, Hypophthalmichthys
molitrix), scrape algae of surfaces (Nase, Chondrostoma nasus) or
feed on higher plants (grass carp, Ctenoparyngodon idella) the
majority of fishes feed on animals. Again, there is a range from
plankton feeders (herring, Clupea harengus), to piscivorous fishes
(pike, Esox lucius) and top predators like sharks that may prey upon
marine mammals. There a numerous highly specialized feeding
strategies in which fishes specialize on detritus, decaying wood,
snails, or mussels. They eat scales, skin, eyes or parasites of other
fishes or specialize on crabs, shrimp, insects, coral, fruit, sponges,
and many other food items that are taken on occasion. The exploi-
tation of these different food sources is typically facilitated by
evolutionary accommodation of the feeding apparatus, which con-
stitutes a key element that has determined the impressive adaptive
radiation of fishes. Another factor that has contributed to the
diversity of fishes is the many means by which they use their body
or fins to move. Fishes can swim, whereby different species use fins
very differently to propel themselves and for fine maneuvering.
Some are constant swimmers whereas others are sit-and-wait pre-
dators or almost sessile in very confined spaces where they tend to
camouflage. Some eel-shaped species, puffer fish or flatfishes are
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able to bury themselves into different substrates. Different fishes
can use their modified mouth or fins to cling to hard substrates,
enabling them to persist in strong currents or to climb steep water-
falls. Finally, mudskippers have even colonized the intertidal zone
above the water level where they can move rapidly using body
movements and modified fins. Fishes use the same senses to acquire
signals from their environment like humans, including vision with
highly developed eyes that enable them to see color, and sometimes
ultraviolet or polarized light. They can hear sounds with the help of
the Weberian apparatus and they have a sensory system equipped to
feel pain. The smell or taste of fishes is well developed within the
nose, but also through taste buds that are distributed across their
body. Beyond these, fishes can detect currents or waves underwater
through their lateral line and head canal system, and some are able
to detect electrical fields of prey items or the earth’s magnetic field
for orientation. Although fishes are mostly harmless to humans,
there are species that are highly toxic or venomous, and that are of
medical importance. Tissues of the Japanese pufferfish (Takifugu
sp.) contain tetrodotoxin that can kill humans if consumed and
tropical marine predators like moray eels or barracuda may accu-
mulate toxins that originate from dinoflagellate blooms. Finally,
there are also venomous species, such as the stonefish (Synanceia
verrucosa) or the related lionfish (Pterois volitans) that possess
venom and inflict painful and life-threatening injuries when
touched or unintentionally stepped on.

The diversity of fishes has permitted them to exploit niches in
aquatic ecosystems in many specialized ways and to become domi-
nant components in food webs. Fishes represent top predators that
convert energy from lower trophic levels to biomass that is har-
vested by humans and other top predators. For this reason, fishes
have been naturalized across the globe in hope to create prolific
food resources for human consumption, including the release of
carp, trout, salmon, Tilapia, Nile perch, eel, catfish, and many
other species outside their native range. However, it is now clear
that considerable detrimental side effects on local ecosystems are
common whenever such introductions were successful. Humans
also employ fishes in attempts to manipulate ecosystems as
biological control agents, for example, the silver carp (Hypophthal-
michthys) or grass carp (Ctenopharyngodon) to control algae, or
aquatic weeds or mosquito fish (Gambusia) to control malaria
vectors, again often accompanied by undesirable side effects.

Humans have long kept fishes as ornamental pets, and the
history of domestication and aquaculture dates back a long time.
Goldfish were already bred in China in 1000 AD [8]. Nowadays,
they often are the first pets that children are acquainted with, and
seed a positive image fishes have for humans. Additional species
such as Koi Carp (Cyprinus carpio), Siamese fighting fish (Betta
splendens), platyfish (Xiphophorus maculatus), zebrafish (Danio
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rerio), flowerhorn chichlids (Amphilophus hybrids), and many wild
ornamental species are kept as pets. Other marine and freshwater
including tuna, flatfishes, sea bass, seabream or freshwater fishes like
trout, salmon, carp, Tilapia, catfishes, and sturgeon are targets of
intensive aquaculture to meet the growing demands for food.
Likewise, wild populations of fishes are managed and exploited as
the most important food resource from aquatic environments.
Together, aquaculture and fisheries provide food, income, and
livelihoods of hundreds of millions of people and the world per
capita fish supply reached a record high of 20 kg in 2014 [9]. Given
the growing world population and the limited availability of space
for agriculture, fish will play a central role in providing future
generations with adequate nutrition. They not only play a direct
role but are used to produce fish oil as a food complement, fish meal
as food for other livestock and manure to fertilize fields. Accord-
ingly, whole industries are built around fisheries, fish farming, and
fish products. Fishes play an important socioeconomic role in rec-
reational angling, and some can serve as flagship species to trans-
port conservation issues into a broader public.

Due to their economic value and because of the essential role
fishes play in ecosystems, they are subject to management, conser-
vation efforts, and scientific studies. Fishes are targets of applied
research that aims at improving harvests, but also out of broader
interest in fish biology or because fishes can serve as model verte-
brates in studies that aim at obtaining results of direct relevance to
humans in fundamental medical research or ecotoxicology. Fishes
are prime models in evolutionary studies. It is this prevalence of
fishes and the diverse ways in which they are exploited by humans
that makes them targets for genomic exploration.

2 The Genomic Makeup of Fishes

Compared to other vertebrates, fishes seem to have more plastic
and variable genomes, which is associated with the fact that they
display frequent polyploidization, have high speciation rates and
carry a diversity of repetitive genetic elements [10, 11]. The major-
ity of fishes that are intensively studied have relatively compact
genomes, but fish genomes may vary in size between 0.35 and
133 Gb [12]. Among these, the teleosts have the most compact
genomes ranging from 0.35 to 10 Gb, followed by Chondrichthyes
(1.5–17.5 Gb) and finally the lobiform Dipnoi (80–132 Gb)
[13]. The Japanese pufferfish Takifugu rubripes was targeted in
one of the first fish genome sequencing projects because of its
compact genome size of 0.39 Gb, which still marks the lower end
of the spectrum of vertebrate genome sizes. The three-spined
stickleback (Gasterosteus aculeatus) genome has a size of 0.46 Gb,
the one of the Zebrafish Danio rerio has 1.67 Gb and the Japanese

400 Arne W. Nolte



Medaka 0.70 Gb. The genome of a basal “fishes” such as the sea
lamprey Petromyzon marinus has a size of 0.65 Gb and the sarcop-
terygian Latimeria chalumnae has a genome size of 2.86 Gb that is
only a little bit smaller than our own. The largest fish genome can
be found in the marbled lungfish Protopterus aethiopicus (133 Gb),
which represents the largest genome known from any metazoan.
Fish genome size and diversity are affected by their variable content
of repetitive DNA elements [14] that make a more important
relative contribution in fish genomes than in mammals [12, 15,
16]. Besides affecting genome size and structure, repetitive genetic
elements have been found to be involved in functional genetic
divergence among fishes, such as the rapid evolution of new
sex-determining loci or the emergence of barriers to reproduction
that reduce the viability of hybrid offspring [11, 17, 18]. The
diversity of repetitive genetic elements in fishes exceeds that in
higher vertebrates and the relative contribution of repetitive
genetic elements may vary from 6% in Tetraodon to 55% in Danio.
The distribution of TE families across the phylogeny demonstrates
that their presence and abundance may be highly lineage-specific,
and that periods of TE diversification occur independently among
different lineages of fishes. The Sarcopterygii have lost TE diversity,
a trend that manifested even more in the notable reduction of TE
diversity in birds and mammals [15]. While the diversity of TEs in
fish genomes represents an important component of their between
and within lineage genomic diversity, repetitive elements pose chal-
lenges for the assembly and thus the analysis of their genomes [19].

Genome duplication events have been postulated to represent
major evolutionary events that have facilitated the extraordinary
diversification of fishes [20]. There is evidence that rounds of
genome duplications have occurred in the stem lineage of the
vertebrates, and that an additional round of tetraploidization fol-
lowed by rediploidization has occurred early in the evolution of the
ray-finned fishes (Actinopterygii). This process has generated
redundant gene copies that may have vanished but also taken up
new functions [11, 21, 22]. The evolution of multigene families
such as the Hox cluster has been explained through ancient gene
duplications and adds another level of complexity to the genetic
makeup of fishes [23]. Species of fishes that deviate notably toward
larger genome sizes include a range of species that have undergone
lineage-specific and more recent genome duplications. Examples
include the ancient tetraploid Salmonidae (trout, salmon, white-
fishes), but also taxa like the sturgeons (Acipenseridae) where
ploidy ranges from diploid to octaploids and that may carry several
hundred chromosomes [24]. Although the genome size increases,
it is common that redundant gene copies are lost in a process of
rediploidization that occurs even after multiple rounds of polyploi-
dization [25, 26]. However, it is also possible that copies of
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duplicated genes diverge after polyploidization to acquire new
functions. Paralogy relationships within genomes can still be
tracked as genomes rediploidize, as in the Atlantic salmon
genome [27].

While many genome duplication events may be quite ancient
[24], there is a range of polyploid species of more recent origin.
The range of modes of reproduction of these fishes often leads to
patterns of inheritance that deviate from a classical Mendelian
pattern. While this comprises interesting phenomena in itself, it
poses challenges for the exploration of their genome content as a
single organism may contain more than two alleles of a given gene
and because divergence between gene copies will reach levels that
would otherwise be encountered in separated species. These issues
are typically not considered in default parameters of data analyses
tools, which can introduce massive bias in attempts to identify
orthologous and paralogous sequences and in all studies on genetic
variation. Examples include the Eurasian diploid–polyploid species
complexes of Cobitis loaches in which polyploid hybrids can carry
sets of chromosomes originating from parental species that do not
co-occur with the hybrid lineages any more [28, 29]. Comparable
examples belong to the cypriniform fishes such as the Iberian
cyprinid Squalius alburnoides or the North American Minnow
Phoxinus eos-neogaeus. All of these taxa of recent polyploidy origin
are allotetraploid, that is, they have arisen as hybrids between two
divergent lineages that can apparently only continue to exist when
species-specific sets of chromosomes are inherited as a whole. They
may use different reproductive modes to pass their genetic material
on to the offspring including normal meiosis, asexual reproduction
through gynogenesis, where male sperm initiates development but
genetic material is excluded, and hybridogenesis [30–33]. An
example from central America and the first vertebrate in which
unisexuality was discovered [34] includes the Amazon molly, a
species of hybrid origin, in which gynogenetic females mate with
males of another species to initiate development but exclude the
male genetic material from the developing zygote [35, 36]. Experi-
mental studies [37] suggest that fishes are flexible and actively
choose their mode of diploid – polyploid reproduction depending
on the genotype of the parents, which explains the diversity and
success of such lineages in nature. There is one species of fish, the
North- and Central-American mangrove killifish Kryptolebias mar-
moratus that exhibits true hermaphroditism and must have existed
as a self-fertilizing lineage for a long time [38, 39].

Although Teleostei are at the base of the evolution of the
vertebrates, the explosive diversification that has resulted in most
of today’s diversity of ray-finned fishes (Actinopterygii) has taken
place between the late Mesozoic and early Cenozoic [40]. Gene
sequences and the order of genes within the genome (synteny) have
been conserved. This now permits a transfer of positional genomic
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information between fully sequenced genomes of model organisms
and the wealth of emerging model systems [41, 42]. Conservation
of synteny can be visualized by means of oxford grids (Fig. 1) or
more elaborate circle graphs (see Fig. 2 in [27]) all of which illus-
trate which regions of the genome contain homologous sequences
that are arranged in the same order.

Such inference can infer homology among chromosomes,
chromosome fissions and fusion and remnants of duplicated chro-
mosomes. A related issue is that conserved synteny can support
inference about homology when gene annotations are transferred
between species. Finally, knowledge about syntenic relationships
between two genomes lets one predict which genetic elements can
be found near a given marker, even if that part of the genome of one
of the species is not fully sequenced or assembled. Together with
the rapidly growing number of fully sequences fish genomes that
sample the fish phylogeny more and more densely, these inferences
contribute greatly to the exploration of as yet unexplored species
[23]. Even when genomes are not fully sequenced, the conserva-
tion of synteny can be exploited to validate newly generated genetic
maps [43] or to explore the most likely gene content of QTL
regions that have not been fully sequenced in the target species
[42, 44]. The number of fully sequenced and annotated fish

Fig. 1 Oxford grids exploring synteny relationships between Cottus ssp. (European sculpin) linkage groups (x-
axis) and chromosomes of model organisms such as the Stickleback (Gasterosteus aculeatus) or the zebrafish
(Danio rerio) (y-axis). For this purpose, genomic fragments for which the position in Cottus was genetically
mapped were BLAST searched against fully sequenced genomes of the other species. Numbers in fat squares
indicate shared markers among known chromosomes and Cottus linkage groups. The synteny of Cottus and
the stickleback is well conserved while the zebrafish genome is more divergent both in terms of chromosome
organization and in the low number of markers that could be mapped overall (n given at bottom right of each
graph). This highlights the utility of the stickleback genome as a genomic reference for the exploration of
Cottus. (Modified from [42])
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genomes that are made available through databases such as
Ensembl [45] is currently rapidly growing due to the development
of sophisticated assembly strategies and the rise of long read
sequencing that spans genomic fragments that are difficult to
assemble.

Fig. 2 The exploration of fishes like alpine char (Salvelinus umbla, top) or
grayling (Thymallus thymallus, middle) is facilitated through advances in
genomics in the closely related Atlantic salmon (Salmo salar). The former can
be referred to as satellite species of the latter as a transfer of genomic
information is very promising. This in turn supports studies on their own
biology in manifold ways. Less well-known fishes like loaches (Cobitis spp.,
bottom) have been difficult to study because of their hybrid origin and polyploid
genomes. Long read sequencing and continuing development of approaches to
assemble genomes now enable better access to such fascinating systems in
fundamental research. (All pictures A. Hartl)
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3 Genomics in Studies on the Biology of Fishes

Fishes are studied genetically to infer basic biological and evolu-
tionary processes. The details of such studies have often relied on
population genetic approaches in which descriptors of population
structure were inferred. This included studies on the distribution of
lineages across their ranges [46] and the outcome of secondary
contact when such lineages hybridize [47]. Studies often aimed to
infer population structure from an evolutionary perspective [48]
but also with the goal to improve stock management [49]. While
such studies have been extremely successful in identifying units of
biodiversity and evolutionary patterns, they have often relied on
information from anonymous, neutrally evolving genetic markers
and they applied the neutral evolutionary theory. However, there is
a deep interest in identifying the loci that drive evolutionary pro-
cesses and that determine the phenotypic properties of organisms.
The latter aspects require that additional information be integrated
with population genetic patterns observed at a given marker. First,
anonymous markers need to be assigned to genome positions to
infer whether they are associated with genetic elements and their
functions. Moreover, a dense sampling of markers ordered along
the genome permits powerful statistical analyses as patterns of
individual markers can be combined in sliding window analyses
that test for shared signals. Such data is useful to detect genetic
signatures of selection that are expected when adaptive evolution-
ary change takes place. Moreover, genetic elements themselves have
to be cataloged and functionally studied to understand their molec-
ular functions and the higher-level phenotypes they affect. While
such analyses have been conducted in the field of developmental
biology and quantitative genetics the data that becomes available
now permits the inference of populations genetic differentiation in
conjunction with likely causative genetic variants in genome-wide
studies of the association of phenotypes with genetic variation. A
hallmark example in fishes is given by [50] who have studied
genome-wide genetic variation in sticklebacks to identify genetic
loci involved in the phenotypic and ecological diversity. Other
intensively studied groups of fishes have been subject to intense
genomic exploration as well as shedding light on study systems that
have intrigued biologists for a long time [51]. Population genetics
in fishes will doubtlessly move forward toward integrative analyses
[52] that rely heavily on the interpretation of evolutionary or
ecological patterns in nature in the light of detailed genomic and
functional genetic information.

Fish genomics is driven by the progress that has been made in
intensively studied species such as the zebrafish (Danio rerio) or
medaka (Oryzias latipes). These species have long been favorite
ornamental fishes and make excellent laboratory animals because
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of their short generation times and the ease of their care and
breeding. Fundamental biological processes were uncovered in
these fishes and could then be explored, generalized and extended
to other species. The transfer of knowledge from model organisms
has already decidedly influenced areas of applied research such as
medical studies, ecotoxicology, environmental sensing systems, and
sustainable aquaculture strategies [53]. The integration of knowl-
edge from model organisms with the so-called satellite species that
are related closely enough to facilitate the transfer of genomic
information paves the way to study ecologically relevant taxa, and
more broadly the evolution and diversity of all known fishes and
other species [54]. The applicability of this approach will tremen-
dously increase as the progress in next-generation sequencing fully
includes nonmodel organisms and more and more fish genomes
and biological knowledge about different species accumulates. The
wave of next-generation sequencing has turned fishes into a highly
informative group, a “new model army,” in which long-standing
questions on the evolution of their biodiversity can be addressed
[23] (Fig. 2).

The zebrafish and the medaka were the first fish model systems
that were intensively studied genetically and for which methods to
conduct mutagenesis screens were established [55, 56]. Studies on
these fishes were at the forefront of developmental biology, bio-
medical, and genomic studies. Moreover, they complemented each
other in that they differ notably in their phylogenetic position and
properties, which provided insights into the possibilities and power
of comparative analyses between these models [57]. Since then, a
large community of researchers has exploited the zebrafish system
to pioneer many fields of fish genetics. Sophisticated methods that
have been first developed in model systems [58] are now becoming
applicable in other species. The wealth of knowledge that is avail-
able for the zebrafish has been collected in the form of a dedicated
book [59] and is accessible online in the ZFIN database [60]. Like-
wise, there are comprehensive books [61, 62] and a website [63]
for the medaka. Beyond the fully sequenced and annotated gen-
omes, these resources (1) provide information on the laboratory
use (protocols) of zebrafish and medaka, (2) summarize informa-
tion on known mutants and transgenic strains as well as wild type
strains, (3) provide access to genetic, genomic and developmental
information, (4) aid in the transfer of information between species
and databases, and (5) facilitate the use of fishes as a model for
human focused medical research. Finally, they (6) serve as a general
platform for researchers, and a collection of husbandry and labora-
tory protocols are provided. Only a few other model organisms
parallel this rich set of genomic resources and genomic information
is increasingly added to and curated in public open access
databases [45].
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A growing number of additional fish genomes have been fully
sequenced and extend the genomic exploration of fishes. Each was
initially planned with a different biological emphasis and each has
distinct advantages related to the biology of the species or its use
from a human perspective. Disadvantages relative to zebrafish and
medaka vary and may be relatively longer generation times, more
demanding husbandry and difficulties in breeding them. Pufferfish
genomes such as the ones from Takifugu rubipes and Tetraodon
nigroviridis were initially targeted because of their compact
genome sizes [64, 65]. These studies revealed that Pufferfish,
nonetheless, carries a number of genes that is comparable to the
human genome and targeted a species that are of fundamental
biology questions and economic importance. Other species were
targeted with a more focused view on phenomena that are of
medical importance. The genome of the African Killifish Notho-
branchius furzeri was sequenced to gain access to a species that
served as a model to study senescence [66]. This species is
extremely short lived and can thus serve to genetically map traits
related to ageing in relatively short experimental timescales. A
species that has received interest from the field of developmental
biology is theMexican cave tetraAstyanax mexicanus [67] that lives
in subterranean caves and is distinguished from its surface dwelling
relatives by a number of reduced traits such as the loss of vision but
also by the gain of other sensory abilities. Its genome has enabled
mapping of the genetic basis of these traits and added great detail to
our understanding of the genetic changes that cause phenotypic
evolution. The platyfish (Xiphophorus maculatus) was sequenced as
a model to study the development of skin melanoma, and to study
the genetics of live-bearing and sex determination [68]. A growing
number of fishes is targeted for their economic importance and
with the goal to study genomic resources that may be relevant to
improve aquaculture. However, studies on Atlantic salmon [27],
turbot [69], the European sea bass [70], and tilapia [71] illustrate
that their genomes also gave rich insights into questions related to
environmental adaptation, development, and genome evolution.
Other fish species have been specifically targeted with the aim to
develop model systems to study evolutionary processes that have
given rise to the diversity of fishes. As a prime example, the stickle-
back has been dubbed a supermodel that is amenable for the full
integration of behavioral, developmental, ecological, and genetic
data [72]. Its genome has been sequenced and served in hallmark
studies in the field of ecological genomics that illustrated the power
of genomics to unravel evolutionary processes and to link genotype
with phenotype information [50, 73]. These studies, among many
others, have carried a species that has received long-standing inter-
est of researchers as a model in behavioral studies into the genomic
era. Likewise, cichlids have been favorite study systems to under-
stand the explosive diversification that must have occurred in the
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east African lakes of the rift valley where hundredth of species have
evolved within each of the separated lakes. These systems have
received interest to study the process of speciation, functional
morphology of the feeding apparatus, and color polymorphism
and its role in mate choice. Progress in these fields as well as in
aspects of the molecular evolution of this group of fishes has been
greatly facilitated by several cichlid genomes [51].

Clearly, the previous trend to sequence genomes only for par-
ticularly well-studied species for which a wealth of information is
available will not be the only path for future research. Numerous
genome sequencing projects that are not mentioned here and their
number is growing exponentially. The resulting sequences and the
tools to assemble and access the information make genome
sequencing project feasible for more and more species that are
interesting for a smaller community or single researchers. This
trend clearly moves boundaries between model species and non-
model species and promises progress in many exceptional species
that remain to be studied.
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