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■ Abstract Boasting nearly 30,000 species, teleosts account for half of all living vertebrates and approximately 98% 

of all ray-finned fish species (Actinopterygii). Teleosts are also the largest and most diverse group of vertebrates, 

exhibiting an astonishing level of morphological, physiological, and behavioral diversity. Previous studies had 

indicated that the teleost lineage has experienced an additional whole-genome duplication event. Recent comparative 

genomic analyses of teleosts and other bony vertebrates using spotted gar (a nonteleost ray-finned fish) and elephant 

shark (a cartilaginous fish) as outgroups have revealed several divergent features of teleost genomes. These include 

an accelerated evolutionary rate of protein-coding and nucleotide sequences, a higher rate of intron turnover, and loss 

of many potential cis-regulatory elements and shorter conserved syntenic blocks. A combination of these divergent 

genomic features might have contributed to the evolution of the amazing phenotypic diversity and morphological 

innovations of teleosts. 

Keywords whole-genome duplication, evolutionary rate, intron turnover, conserved noncoding elements, conserved 

syntenic blocks, phenotypic diversity 

INTRODUCTION 

With over 68,000 known species (IUCN 2017; http://www.iucnredlist.org), vertebrates are 

the most dominant and successful group of animals on earth, inhabiting both terrestrial and 

aquatic habitats. Vertebrates are divided into two broad groups: the jawless vertebrates 
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(Agnatha) and jawed vertebrates (Gnathostomes), with the former group represented by 

only two extant lineages---lampreys and hagfishes (together known as cyclostomes). 

Gnathostomes, conversely, comprise the vast majority, accounting for roughly 99% of all 

vertebrates. There are two main groups within Gnathostomes: cartilaginous fishes 

(Chondrichthyes), which include sharks, rays, skates, and chimaeras, and bony vertebrates 

(Osteichthyes), which include ray-finned fishes, lobe-finned fishes, and tetrapods (land 

animals). Ray-finned fishes (Actinopterygii) are the most dominant group within the 

vertebrates, and with approximately 30,500 species, they comprise roughly half of all living 

vertebrates. Two major groups can be recognized in ray-finned fishes: teleosts and basal, 

nonteleost ray-finned fishes, which comprise four orders--- Polypteriformes (e.g., bichir), 

Acipenseriformes (e.g., sturgeon and paddlefish), Lepisosteiformes (e.g., spotted gar), and 

Amiiformes (e.g., bowfin). 

 

Teleosts are a monophyletic group comprising ~70 orders and approximately 500 families 

(Figure 1) whose phylogenetic relationships are not yet fully resolved (1). At least 27 distinct 

morphological synapomorphies support the monophyly of teleosts (2). These include a diural 

caudal skeleton, presence of uroneurals, unpaired basibranchial toothplates, mobile premaxilla, 

and lower jaws without coronoid and supraangular bones (2, 3). Teleost monophyly is also 

supported by molecular evidence (1, 4). With nearly 30,000 species, teleosts account for 

approximately 98% of all ray-finned fishes (5) and nearly half of all extant vertebrates. Teleosts 

exhibit an astonishing level of diversity in terms of their morphology, habitat, physiology, and 

behavior. Additionally, they are well known for the phenomenon of adaptive radiation, whereby 

a single lineage can differentiate into several diverse species over a short evolutionary time span. 

The African cichlids are a classical example of this phenomenon (6, 7). In three East African 

lakes (Victoria, Malawi, and Tanganyika), adaptive radiation has generated 250--500 species of 

cichlids per lake over evolutionary time periods ranging from 15,000 to 12 million years, thus 

displaying the highest speciation rates among vertebrates (6, 7). The wealth of information in 

terms of phenotypic diversity in extant as well as fossil taxa and the adaptive radiation make 

teleosts fascinating subjects that offer unique opportunities to understand the genetic basis of 

adaptation, speciation, and morphological and physiological diversity. 
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Figure 1 Phylogenetic relationships of ray-finned fishes. Names of orders, subgroups, and 

their phylogenetic relationships are mainly based on the study by Betancur et al. 2013 (1) 

(DeepFin.org classification v.3: https://sites.google.com/site/guilleorti/home/classification). 

The sister group relation between Osteoglossomorpha and Elopomorpha is based on Bian et 

al. 2016 (104). Relationships within Eupercaria, Ovalentariae, and Carangimorphariae shown 

in the figure are poorly supported. Common name(s) of a representative fish is shown within 

brackets. Silhouettes of some representative teleosts are shown on the right of the tree. 

The basic body plan and developmental programs of teleosts are similar to those of 

mammals. In addition, teleosts and mammals also possess a similar gene repertoire. Teleosts are 

therefore well suited for comparative studies of human and have emerged as excellent genetic 

models for understanding the molecular mechanisms underlying human development and 

diseases (8, 9). Small-sized teleosts like zebrafish and medaka have become genetic models of 

choice because of their small size, external development, transparent embryos, ease of breeding 

and maintenance under laboratory conditions, low maintenance cost, high fecundity, short 

generation times, and established laboratory procedures for fish manipulation (8, 9). 

Genomes of more than 60 teleosts (Table 1) have been sequenced to date and have been used 

for genetic and evolutionary studies via comparative analysis with human and other vertebrate 

genomes. One of the striking features of the teleost genomes that was revealed by comparison of 

gene families and whole teleost genomes is that the teleost lineage has experienced an additional 

whole-genome duplication (WGD), known as teleost-specific genome duplication (TGD) (10--

13) on top of the two rounds of WGD events that occurred during the evolution of early 

vertebrates. The genome of the Japanese pufferfish (Takifugu rubripes) was the first teleost 

genome and the second vertebrate genome sequenced soon after the completion of the human 

genome (14). Pufferfish was selected as a model vertebrate genome because of its compact 

genome, which is only one-eighth the size of the human genome. Comparison of the human and 

pufferfish genomes confirmed the earlier prediction (15) that they share a similar repertoire of 

genes. Subsequently, the genomes of genetic models such as medaka, stickleback, and zebrafish 

were sequenced (16--18). Initially, most of the comparative genomic analyses were carried out 

between teleost and human genomes without an outgroup vertebrate genome as a reference. Such 

comparative studies were effective in identifying genetic features conserved between teleosts and 

human but were unable to infer with confidence whether the unique features observed in one 

lineage were the result of gain in that lineage or loss in the other. More recently, the genome of a 
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cartilaginous fish, the elephant shark (Callorhinchus milii), was generated (19). Cartilaginous 

fishes are the sister group of bony vertebrates (Figure 2) and thus serve as a valuable outgroup 

for reconstructing the ancestral jawed vertebrate genome, as well as for inferring the shared and 

derived features of bony vertebrate lineages, such as human and teleosts. In addition, the genome 

of a basal nonteleost ray-finned fish, the spotted gar (20), has been sequenced. The spotted gar 

lineage diverged from the teleost lineage prior to TGD (Figure 2) and thus possesses a typical 

diploid vertebrate genome similar to the human genome. Comparative analyses have shown that 

the gar genome is organized more like chicken and human genomes than like those of teleosts 

(20, 21). This makes the spotted gar a useful ray-finned fish outgroup to the teleosts, much closer 

than the elephant shark. Comparisons of human (and other tetrapods) and teleost genomes 

together with elephant shark and/or spotted gar genomes have been much more informative in 

identifying features conserved in human and teleost genomes and features that evolved in the 

common ancestor of bony vertebrates, and in providing new insights into the genome of the 

common ancestor of jawed vertebrates. These comparative studies have also been able to 

highlight several unique features of teleost genomes and indicate that they are highly divergent 

as compared with genomes of other jawed vertebrates. In this review, we discuss certain distinct 

features of teleost genomes and examine whether these features have contributed to the 

phenotypic diversity of teleosts. These distinct features of teleost genomes underscore the need 

to be cautious when using teleosts as genome or genetic models for comparative studies of 

human and other vertebrates. 

Figure 2 Cartilaginous fishes as an outgroup to bony vertebrates and spotted gar as an 

outgroup ray-finned fish to teleosts. A simple schematic tree showing the relative 

phylogenetic positions of teleosts, spotted gar, tetrapods (represented by human), and 

elephant shark (representing cartilaginous fishes). Elephant shark serves as a valuable 

reference (outgroup) for evolutionary studies of bony vertebrates, whereas spotted gar is a 

ray-finned fish outgroup to teleosts. Abbreviations: TGD, teleost-specific whole-genome 

duplication event; Mya, million years ago; Cre, Cretaceous; Jur, Jurassic; Tri, Triassic; Per, 

Permian; Carb, Carboniferous; Dev, Devonian; Sil, Silurian; Ord, Ordovician. 

WHOLE-GENOME DUPLICATIONS 

The early evolution of vertebrates was accompanied by two rounds of WGD. These ancient 

WGDs may have spurred the evolution of complex vertebrates from relatively less complex 
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invertebrates. Thereafter WGD is known only in ray-finned fish and amphibian lineages. 

Ray-finned fishes in particular seem to be more prone to WGD, as tetraploidization has 

occurred in several lineages of ray-finned fishes. There is now extensive evidence 

supporting the occurrence of TGD in the common ancestor of teleosts approximately 320 

Mya (10--13). In addition to the TGD at the base of the teleosts, there have been recent 

genome duplication events within some teleost lineages. One of the affected lineages is the 

salmonids (family Salmonidae), including salmons, trouts, chars, graylings, and whitefishes, 

which experienced a WGD event, also known as the salmonid-specific genome duplication, 

approximately 80 Mya (22, 23). Another affected lineage is that of Cypriniformes, in which 

several fishes, such as the common carp (Cyprinus carpio) and goldfish (Carassius auratus) 

(family Cyprinidae), loaches (Cobitidae), and suckers (Catostomidae), have experienced 

recent tetraploidization events. In the common carp lineage, several lines of evidence, 

including cytogenetic analysis and whole-genome sequencing, have confirmed a 

tetraploidization event approximately 8 Mya (24, 25). Besides teleosts, some basal ray-

finned fish lineages have also undergone WGD independently. For example, sturgeons and 

paddlefish (Acipenseriformes) experienced tetraploidization events independently after their 

common ancestors diverged approximately 184 Mya (26). 

 

The presence of WGD events at the base of several radiations, such as vertebrates, teleosts, 

and flowering plants, has led to the notion that WGD is causally related to morphological 

diversity and evolutionary success. Likewise, the TGD is believed to be responsible for the rapid 

speciation and adaptive radiation of teleosts. It is proposed that genome duplication events 

provide additional genetic raw material on which selection can act and give rise to novel 

phenotypes. Following genome duplication, there are three common fates for the duplicated 

genes. The most likely fate is the loss of one of the duplicate loci through accumulation of 

deleterious mutations, resulting in nonfunctionalization (27). This loss of duplicated gene loci 

can potentially play a role in speciation via the phenomenon of divergent resolution (i.e., 

differential gene loss) (28, 29). Divergent resolution (or reciprocal gene loss) can occur when 

two isolated populations each lose different copies from a duplicated gene set. This process can 

potentially lead to reproductive isolation of the two populations and thereby result in speciation. 

Thus, lineages that have experienced genome duplication events, such as teleosts, could diversify 
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via divergent resolution.  The other two fates of duplicated genes are subfunctionalization (both 

copies retained because of partitioning of ancestral gene functions between the duplicates) and 

neofunctionalization (whereby one of the copies acquires a novel function) (30). The retained 

duplicate pairs often show a difference in overall expression patterns and expression levels (31). 

In rainbow trout (Oncorhynchus mykiss), following the salmonid-specific genome duplication 

event ~80 Mya, approximately half of the ancestral genes (48%) have been retained in duplicates 

(31), and a substantial proportion of them have divergent expression profiles and/or levels. This 

suggests that these duplicates have been retained owing to sub- or neofunctionalization. 

Interestingly, recent studies suggest that there is little or no correlation between TGD and 

teleost diversity. By quantifying the rates of phenotypic evolution and innovation capacity in 

terms of size and shape of neopterygian fishes (teleosts plus their immediate ray-finned sister 

group, Holostei), a recent study showed that teleosts specifically do not show enhanced 

phenotypic evolution in comparison to holosteans (which include the spotted gar and bowfin) 

(32). Firstly, the authors noted that in contrast to the extant holosteans, the extinct Mesozoic 

holosteans showed comparable or even higher rates of size change to the teleosts. In addition, the 

diversity seen within the teleosts was not spread out uniformly and was in fact due to 

contributions from a few nested teleost subclades, like percomorphs and otophysans, which 

comprise more than 80% of the extant teleosts (33). The origin of these teleost subclades 

(percomorphs ~120 Mya and otophysans ~175 Mya) dates much later than the TGD event and 

the origin of the teleosts (4). Thus, according to this study, there does not seem to be any 

correlation between the TGD event and the diversification of teleosts (32). However, Robertson 

et al. (34) recently proposed that there could be a time lag between WGD events and subsequent 

evolutionary diversification. Their model, known as lineage-specific ohnologue resolution, 

predicts that the functional consequence of WGD may not appear explosively but can arise 

gradually over longer evolutionary periods that may be tens of millions of years after the initial 

duplication event. Thus, the evolutionary consequence of WGD is much more complex than 

previously thought and seems to affect lineages differently. Interestingly, lineages like cichlids, 

which display the highest speciation rates among vertebrates, did not experience a cichlid-

specific WGD event (6, 35). In the case of cichlids, an array of genetic and environmental factors 

has been attributed to their adaptive radiation. In addition, analysis of genomes of five African 

cichlids revealed that their rapid evolutionary diversification could be due to accumulation of 
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genetic variation within the population as a result of multiple mechanisms, such as accelerated 

evolution of coding and regulatory sequence, increased frequency of gene duplication, 

transposable element (TE) insertions near 5′ and 3′ untranslated regions, origin of novel 

microRNAs, and retention of ancient polymorphisms (35). These changes possibly enabled the 

cichlids to adapt and diversify in the newly available diverse ecological niches of East African 

lakes (35). Meier et al. (36) recently showed that hybridization between two divergent ancestral 

lineages of cichlids provided genetic variation that subsequently recombined and resulted in 

several cichlid species by exploiting new ecological niches of the East African lakes. In gadiform 

fishes (order Gadiformes), yet another mechanism has been attributed for the elevated speciation 

rate (37). All members of this order lack major histocompatibility complex (MHC) II, which is 

involved in presenting exogenous antigens originating extracellularly, such as from bacteria. 

This is apparently compensated by an expansion of the MHC I genes, resulting in a high number 

of MHC I genes, with several species possessing ~100 copies. Likewise, species within 

Percomorphaceae also possess a higher number of MHC I genes, with some species having up to 

80 copies. Interestingly, diversification rate analyses identified major shifts in the number of 

species per family in these two groups, thus establishing a positive association between the MHC 

I gene copy number and the speciation rate (37). Thus, the increase in MHC I diversity could 

have facilitated rapid speciation of teleosts by enabling them to colonize new environments. 

Nevertheless, WGD events do correlate with elevated diversification rates, as seen in 

vertebrates (>60,000 species); teleosts (~30,000 species); and several other species, such as 

flowering plants (>350,000 species) (38). WGD events like the TGD likely contribute in some 

way to their evolutionary success, for example, by helping in overcoming environmental changes 

and escaping extinction. This is evident when we compare the species diversity between the 

extant teleosts and the nonteleost ray-finned fishes. Polyploids seem to be at an advantage when 

it comes to adapting to rapidly changing environments and major ecological upheavals compared 

with their diploid relatives (39). There may be a reduced risk of extinction for polyploids because 

of several factors, including functional redundancy, mutational robustness, and increased rates of 

evolution and adaptation (40). In fact, during vertebrate evolutionary history, genome duplication 

events have been preceded by multiple extinct lineages, which have resulted in gaps in the 

phylogeny of extant taxa prior to the duplication event (41). Therefore, WGDs seem to provide a 

competitive edge over their diploid progenitors and are especially advantageous when there are 
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newly available niches. However, the direct involvement of WGD in morphological diversity of 

teleosts remains unclear. 

ACCELERATED MOLECULAR EVOLUTIONARY RATE 

Previous comparative analysis of a limited set of protein-coding genes from teleosts and 

mammals had shown that teleost genes are evolving faster than their mammalian 

counterparts. For example, in a study comparing 19 genes from teleosts and mammals, a 

majority of the genes (16 out of 19) had higher evolutionary rates in teleosts than in 

mammals (42). A similar picture emerged subsequently when genome-wide protein 

sequences were compared between two pufferfishes (fugu and Tetraodon) and two 

mammals (human and mouse) (12). Analysis of fourfold degenerate (4D) sites, which is a 

proxy for neutral mutation rate, from a genome-wide set of 5,802 orthologous proteins from 

fugu, Tetraodon, human, and mouse showed that the nucleotide divergence rate between 

fugu and Tetraodon was twice as fast as that between human and mouse (12). Pairwise 

comparisons of the 5,802 orthologous protein sequences showed that the higher nucleotide 

divergence in the two pufferfish was true for protein sequences as well. Using Ciona (a 

urochordate) as an outgroup, the authors also noted a higher frequency of nonsynonymous 

substitutions between Ciona and Tetraodon as compared with Ciona and human. Finally, 

the ratio of nonsynonymous to synonymous changes was found to be much higher between 

the two pufferfishes as compared with the mammals (12). Thus, these studies based on a 

few species suggested that the overall molecular evolutionary rate in teleosts is higher than 

in mammals. 

 

A much clearer picture was obtained when evolutionary rates were compared between 

genome-wide data sets of multiple teleosts and nonteleost vertebrates using vertebrate outgroups 

such as the elephant shark and the spotted gar. Phylogenomic analysis using a genome-scale data 

set of ~700 one-to-one orthologous protein sequences from elephant shark, two teleosts 

(zebrafish and stickleback), a lobe-finned fish (coelacanth), and seven tetrapods (human, mouse, 

cow, opossum, chicken, green anole lizard, and western clawed frog) revealed that these single-

copy genes were evolving faster in the two teleosts than in most other bony-vertebrate species 
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(19). Likewise, the neutral nucleotide mutation rate, as estimated by analyzing the 4D sites of 

~700 one-to-one orthologs, was found to be the highest for the teleosts (19). A similar analysis 

based on 243 one-to-one orthologous proteins from 25 jawed vertebrates, including the spotted 

gar, also showed a distinctly higher evolutionary rate for the teleosts as compared with mammals 

and other bony vertebrates (20). These analyses have clearly shown that a higher protein and 

nucleotide evolutionary rate distinguishes teleosts from other jawed vertebrates. 

Various physiological and environmental factors have been proposed to explain the variation 

in molecular evolutionary rates between different groups of organisms. These include body size, 

weight-specific metabolic rate, generation time, and DNA repair efficiency (43--45). Previous 

studies have shown an inverse relationship between body size and substitution rate (44). 

However, body size in teleosts is highly variable and can range from approximately one 

centimeter (as in Paedocypris sp.) to a few meters (as in the ocean sunfish) (46, 47). Although 

some teleost fishes used for molecular evolutionary analysis, such as zebrafish, medaka, and 

Tetraodon, possess a relatively small body size, their molecular evolutionary rate is comparable 

to that of even the largest bony fish, the ocean sunfish, which can reach a maximum length of 2.7 

m and weigh 2.3 tonnes. Phylogenomic analysis using a set of 1,690 one-to-one orthologs from 

ocean sunfish and teleosts such as fugu, Tetraodon, stickleback, medaka, tilapia, and zebrafish 

with spotted gar as an outgroup revealed that the enormous ocean sunfish is evolving at a rate 

similar to those of smaller teleosts like zebrafish and tilapia (48; V. Ravi & B. Venkatesh, 

unpublished data). Thus, body size does not seem to explain the variation in the molecular 

evolutionary rate between teleosts and other jawed vertebrates. 

Metabolic rate may have a direct relation to evolutionary rate. A higher metabolic rate is 

hypothesized to result in an increased mutation rate via mechanisms such as an increase in DNA 

damage by mutagenic by-products of oxidative respiration and an increase in rates of DNA 

synthesis and nucleotide replacement (44, 49, 50). However, there exists a vast difference in the 

metabolic rate of teleosts, particularly those inhabiting marine habitats (51), and as such it is 

unclear whether the higher molecular evolutionary rate of teleosts is related to a higher metabolic 

rate. Likewise, there are no data to link the higher nucleotide substitution rate of teleosts and 

DNA repair fidelity. 

Generation time, or age at sexual maturity, is another factor that may explain the 

evolutionary rate variation seen in various organisms. In general, species with a shorter 
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generation time have faster molecular evolutionary rates owing to the higher replication 

frequency of their germline DNA, thereby increasing the chances of incorporating incorrect 

bases. Teleosts such as zebrafish, medaka, and Tetraodon have short generation times of 2 to 4 

months (52), comparable to that of rodents, whereas teleosts such as fugu and ocean sunfish 

possess longer generation times of 3 to 4 years. Nevertheless, all these teleost genomes are 

evolving faster than genomes of other bony vertebrates. Conversely, the spotted gar, whose 

generation time is approximately 1 to 2 years (21), and the elephant shark, with a generation time 

of 3 to 4 years (53), are evolving markedly slower than the teleosts. Thus, the influence of 

physiological and environmental factors on the molecular evolutionary rate seems to be a highly 

complex one, and further work is required to clarify the roles of each of these factors. Note that 

population-genetic factors, such as the effective population size and the number of gametes 

produced, also affect the molecular evolutionary rates (54). One feature that distinguishes 

teleosts from most other jawed vertebrates is the TGD event. However, no study directly links 

WGD with an accelerated neutral nucleotide substitution rate. Thus, the factor(s) that have 

contributed to the accelerated neutral nucleotide substitution rate of teleosts remain unclear. 

A higher evolutionary rate of protein and nucleotide sequences can potentially contribute to 

the phenotypic diversity of teleosts. The fast-evolving protein sequences have a higher 

probability of acquiring beneficial residues, which could result in proteins with more efficient or 

new functions. For example, genes associated with the lateral line system in teleosts were found 

to be evolving faster than their counterparts in tetrapods and exhibit positive selection (55). 

Likewise, higher nucleotide evolutionary rate can lead to a higher turnover of cis-regulatory 

elements, resulting in gain of novel regulatory elements or modification/loss of existing 

regulatory elements. Indeed, evolutionarily conserved noncoding elements (CNEs), a class of 

cis-regulatory elements, have been evolving faster in teleosts compared with other jawed 

vertebrates (56) (see the section titled Loss of Conserved Noncoding Elements below). Both gain 

and loss of cis-regulatory elements such as transcriptional enhancers have been shown to 

contribute to phenotypic innovation and diversity of animals (57--60). Thus, the accelerated 

molecular evolutionary rate in teleosts might have contributed to their phenotypic diversity. 

HIGHER RATE OF INTRON TURNOVER 
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Intron turnover, or loss and gain of introns, is a relatively rare event in vertebrates. Previous 

studies comparing gain and loss of introns since the divergence of two mammalian lineages 

(human and mouse) or two teleost lineages (fugu and Tetraodon) have indicated a very low 

level of intron turnover in these lineages with virtually no gain of introns (61--63). These 

comparisons were, however, limited to a few vertebrate lineages and did not reflect the 

changes that occurred after the divergence of various vertebrate lineages from a common 

ancestor. Such a comparison became possible when the whole-genome sequence of the 

elephant shark, a cartilaginous fish and an outgroup to the bony vertebrates, became 

available. Genome-wide comparison of ~40,000 orthologous intron positions in elephant 

shark and several bony vertebrates (human, mouse, cow, opossum, chicken, anole lizard, 

Xenopus tropicalis, stickleback, and zebrafish) revealed a higher level of intron turnover in 

teleosts compared with the lobe-finned fish lineage (Sarcopterygii, which includes lobe-

finned fishes and tetrapods) (Figure 3) (19). In the latter group, after an initial gain of 13 

introns and loss of 10 introns prior to the diversification of various tetrapods, the intron 

turnover rate reduced substantially in various tetrapod lineages, with the highest turnover 

being 11 gains and 13 losses in the anole lizard lineage after it diverged from the common 

ancestor of tetrapods approximately 330 Mya (Figure 3). In contrast, after a gain of 37 

introns and a loss of 54 introns in the common ancestor of teleosts, the zebrafish lineage 

experienced 49 gains and 53 losses, whereas the stickleback lineage experienced 603 gains 

and 126 losses after the two lineages split approximately 160 Mya (Figure 3) (19). These 

comparisons clearly show that intron turnover is not uncommon in vertebrates and that the 

teleost lineages in particular have experienced a substantially higher rate of intron gain and 

loss as compared with other jawed vertebrate lineages. 

Figure 3 Intron turnover in jawed vertebrates. Phylogenetic tree of representative jawed 

vertebrates showing the number of introns gained (+) or lost (-) at ancestral nodes as well as 

terminal branches of the tree [data from Venkatesh et al. (19)]. Sarcopterygii, lobe-finned 

fishes + tetrapods; Actinopterygii, ray-finned fishes including teleosts. 

Several mechanisms/models have been proposed to explain the loss and gain of introns. The 

main models proposed include the reverse transcription (RT) model, the genomic DNA deletion 

model, and the nonhomologous end joining (NHEJ) of double-stranded breaks (DSBs) model. 

The RT model (recombination of partial or full-length reverse transcribed cDNA product with 
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genomic DNA) generally results in a biased loss of 3′-introns with a tendency to lose adjacent 

introns (61, 64, 65). Unlike the RT model, in the genomic DNA deletion model, there is loss of 

individual introns, and this loss is usually imprecise as a result of unequal exchange of alleles 

(62, 66).The NHEJ repair of DSBs model has also been proposed as a mechanism for intron loss 

(67). This mechanism of intron loss was suggested in Arabidopsis based on microsimilarity at 

the splice sites of lost introns (68). 

At least six mechanisms have been proposed to explain the gain of introns. These include 

intron transposition, transposon insertion, tandem genomic duplication, NHEJ-mediated intron 

gain, group II intron insertion, and intron transfer (69). According to the intron transposition 

model, an intron can be reverse-spliced into the same mRNA at a different position or into 

another mRNA. Subsequently, RT of this mRNA and recombination of the resultant cDNA 

molecule with genomic DNA can create a new intron (70--72). TEs that contain cryptic splice 

sites may get inserted in the genome, thus creating novel introns (66, 68). A recent study 

revealed large-scale gain of introns in two distantly related algal species via short DNA 

transposons known as introner elements, each of which possess a splice site toward one end (73). 

Tandem genomic repeats possessing cryptic splice sites can also result in new introns (74, 75). 

Genes with highly similar regions, such as in paralogs, may lead to transfer of introns between 

the two via gene conversion (71, 76). NHEJ-mediated DSB repair has been implicated in the 

gain of many introns in Aspergillus and Daphnia (76, 77). 

The reasons behind the higher intron turnover rate in teleosts are not known. Because teleosts 

have experienced a higher rate of intron gain as well as intron loss, a mechanism(s) that can 

explain both of the processes seems to be mediating the higher turnover of introns in teleosts. 

One such mechanism depends on the high level of TE activity in the genome. It is interesting that 

teleost genomes possess the highest diversity of TEs within the vertebrates (78). In contrast, 

lobe-finned fishes and tetrapods (sarcopterygians) have lost several TE superfamilies. Unlike in 

most other vertebrate lineages, including the basal ray-finned fish, the spotted gar, DNA 

transposons seem to be the predominant form of TE within most teleost genomes (78). In 

addition, teleost genomes seem to possess more of the recent TEs and less of the ancient TEs, 

indicating that the TEs have been active in the recent past in teleost genomes (78). Because TEs 

such as DNA transposons are known to be an important source of novel introns, this might be 

one of the factors contributing to the higher intron gain in teleost genomes. TEs can also serve as 
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substrates for homologous recombination, resulting in DNA rearrangements such as deletions, 

duplications, inversions, and translocations (79, 80). This in turn can result in intron loss. 

Another mechanism that can lead to gain or loss of introns is the NHEJ-mediated DSB repair. 

However, there is no evidence to suggest that fish genomes experience a higher level of DSB 

than other vertebrates. Interestingly, a dramatic acceleration in the intron turnover rate of 

duplicated genes compared with orthologous genes has been shown in two species of malaria 

parasite (Plasmodium falciparum and Plasmodium yoelli yoelii) (81). Teleost genomes are 

known to have retained approximately 20% of duplicate genes post-TGD. These duplicate genes 

might have contributed to the higher rate of intron turnover. Thus, several factors are likely to 

have resulted in the higher intron turnover in teleosts. 

It is not clear whether a higher turnover of introns can contribute to phenotypic diversity of 

teleosts. Here we have taken liberty to speculate on some possible mechanisms. Gain of introns 

creates additional genomic templates where new cis-regulatory elements can evolve and alter or 

modulate the expression pattern of associated genes. Similarly, loss of introns can result in the 

deletion of regulatory elements, which can also lead to an altered expression pattern of their 

target genes. Moreover, intron turnover has been shown to affect the level of gene expression. 

Intron-bearing genes generally exhibit higher expression levels as compared with intronless 

genes in yeast as well as in mammals (82, 83). Thus, intron turnover not only can lead to altered 

expression patterns but also can potentially lead to an increase or decrease of gene expression 

levels. Alternative splicing is a major mechanism that can generate novel proteins by generating 

multiple isoforms of proteins that can exhibit differential expression. Gain of introns can 

facilitate generation of new alternative transcripts and thereby create novel protein isoforms. The 

altered expression patterns of genes as well as generation of novel protein isoforms have the 

potential to give rise to phenotypic differences between species. Thus, the higher turnover of 

introns in teleosts might have played a role in the phenotypic diversity of teleosts. 

LOSS OF CONSERVED NONCODING ELEMENTS 

Comparative analyses of vertebrate genomes have indicated that a higher proportion of 

conserved sequences are located in the noncoding portions of the genome rather than the 

protein-coding regions (84, 85). Vertebrate genomes contain thousands of noncoding 
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elements that are under evolutionary constraint (84). Several studies have shown that these 

sequences, known as CNEs, are frequently found near genes involved in the regulation of 

development and transcription (86--88). Functional assays have revealed that a substantial 

proportion of CNEs function as cis-regulatory elements, such as enhancers which drive 

tissue-specific expression of the associated gene during early stages of development (86, 87, 

89, 90). 

Because human and teleost lineages diverged approximately 400 Mya, it was hypothesized 

that noncoding sequences conserved between them are likely to be functional elements that are 

under selective constraint, and human-teleost comparison was proposed as an effective strategy 

for identifying cis-regulatory elements in the human genome (91). Indeed, a CNE identified 

between human, mouse, and fugu was shown to function as a transcriptional enhancer 

recapitulating the expression pattern of its neighboring gene (91). Subsequent whole-genome 

comparison of human with fugu and zebrafish genomes identified several hundred CNEs, and 

functional assay of a subset of them revealed that many CNEs show enhancer activity in one or 

more tissues (86, 87, 92). Thus, the teleost genome was considered an ideal model for genome-

wide identification of evolutionarily conserved functional noncoding elements in the human 

genome. However, with the availability of sequences from outgroups like the elephant shark, it 

was soon realized that teleost genomes were in fact missing a large fraction of CNEs that were 

present in the common ancestor of jawed vertebrates but still retained in elephant shark and 

human. Survey sequencing of the elephant shark genome and comparison of its sequences to 

human, fugu, and zebrafish indicated that elephant shark and human shared almost twice the 

number of CNEs (4,782) compared with fugu-human (2,107) and zebrafish-human (2,838) 

comparisons (93). In a more detailed comparative analysis of elephant shark sequences with 

whole genomes of four tetrapods (human, dog, chicken, and Xenopus) and four teleosts 

(zebrafish, stickleback, medaka, and fugu), elephant shark and tetrapods were found to possess 

roughly twice the number of CNEs (3,862--6,489 CNEs) compared with those found in elephant 

shark and teleosts (1,465--1,936 CNEs) (56). Thus, the teleosts have lost a substantial proportion 

of the ancestral jawed vertebrate CNEs that are still conserved in other jawed vertebrates. The 

nucleotide substitution rate of CNEs retained in teleosts showed that the teleost CNEs were 

evolving faster than their counterparts in tetrapods, suggesting that the rapid nucleotide 

substitution rate of teleosts is largely responsible for the missing (divergence beyond 
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recognition) CNEs in teleosts (56). The recent availability of a high-quality, whole-genome 

assembly of the elephant shark and in-depth comparative analysis with whole genomes of 11 

bony vertebrates (human, mouse, cow, opossum, chicken, lizard, X. tropicalis, fugu, stickleback, 

medaka, zebrafish) revealed that the teleosts have lost eight times more CNEs than the tetrapods 

(19), confirming previous findings. These whole-genome comparisons also showed that a vast 

majority of teleost CNEs (~90%) were lost despite their putative target genes still being present 

in the genomes, indicating that the loss of these CNEs was not due to loss of their target genes in 

teleosts. 

It is becoming increasingly recognized that regulatory evolution is a major factor driving 

morphological variations and phenotypic innovations in animals (60, 94, 95). In addition to gain 

of enhancers, loss of enhancers has also been shown to contribute to phenotypic differences 

between different populations of the same species or between closely related species (58, 60, 96, 

97). For instance, deletion of a hindlimb enhancer of the Pitx1 gene has been implicated in the 

loss of pelvic spines in freshwater populations of the threespine stickleback (58). Similarly, loss 

of the sensory vibrissae and penile spine enhancer of the androgen receptor gene is associated 

with the absence of sensory vibrissae and penile spines in the human lineage (57). The above-

mentioned comparisons of teleost and other jawed vertebrate genomes have shown that teleosts 

have lost thousands of potential ancient cis-regulatory elements that are still conserved in other 

jawed vertebrates, like elephant shark and human. Furthermore, CNEs that are retained in 

teleosts have been evolving rapidly as compared with their homologs in other jawed vertebrates. 

Both loss and divergent sequences of regulatory elements have the potential to alter the 

expression patterns of their target genes and to lead to phenotypic differences between species. 

Given that thousands of potential cis-regulatory elements have been lost in teleosts and 

regulatory elements that are retained are accumulating substitutions at a higher rate, it is highly 

likely that these regulatory changes have played a major role in the phenotypic diversity of 

teleosts. This hypothesis needs to be verified by a systematic knockout of mouse enhancers that 

have been retained in other jawed vertebrates but lost in teleosts. Likewise, knockout of zebrafish 

enhancers that are lost in other teleosts should indicate whether the loss of these enhancers has 

contributed to phenotypic differences between teleosts. 

SHORTER CONSERVED SYNTENIC BLOCKS 
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Comparisons between the genomes of teleosts, the spotted gar (a nonteleost ray-finned fish), 

and the elephant shark (a cartilaginous fish), have shown that the teleost lineage has 

experienced a higher rate of interchromosomal rearrangements (19--21). Interestingly, these 

rearrangement events seem to have occurred in the common ancestor of teleosts before the 

TGD event (20). Nevertheless, the higher rearrangement rate in the teleost lineage has 

resulted in shorter conserved syntenic blocks in teleosts as compared with spotted gar and 

other jawed vertebrates. In addition to the pre-TGD chromosomal rearrangements, the TGD 

event has also contributed to the shorter syntenic blocks through differential gene 

retention/loss without any chromosomal rearrangements. Differential gene retention/loss is 

the process by which paralogous regions (paralogons) generated by WGD events each lose a 

different copy of the duplicated gene(s) (see Figure 4a for a simplified schematic). 

Assuming the pre-TGD genomic region contained three genes (genes 1--3), following the 

TGD event, two paralogous regions (a-copy and b-copy) containing duplicate copies of the 

three genes (1a and 1b, 2a and 2b, and 3a and 3b) are generated. Subsequently, gene 2a is 

lost from the a-copy, whereas genes 1b and 3b are lost from b-copy. Because of this 

differential gene loss between the paralogous regions, gene 2b (now a single-copy gene) is 

now located on a chromosome different from that of genes 1a and 3a (each one is now a 

single-copy gene). Differential loss of blocks of such duplicate genes can result in 

disruption of synteny, leading to shorter syntenic blocks between teleosts and nonteleost 

vertebrates. There are many such disrupted syntenic blocks in teleost genomes. For 

example, the syntenic block in the Pax6 locus contains Wt1, Rcn1, Pax6, Elp4, Immp1l, and 

Dnajc24 genes, and this block is totally conserved in elephant shark and tetrapods. 

However, in zebrafish, which contains duplicate Pax6 loci owing to the TGD, the pax6a 

locus has retained genes wt1, pax6a, and dnajc24, whereas the pax6b locus retains rcn1, 

pax6b, elp4, and immp1l (98) [see another example (Tmem138-Tmem216 locus) in Figure 

4b]. 

Figure 4 Differential gene loss in duplicate chromosomes of teleosts. (a) A simplified 

schematic showing an example of differential gene loss following the teleost-specific genome 

duplication (TGD) event. Boxes represent genes and crosses represent gene losses. (b) The 

TMEM138-TMEM216 locus from various vertebrates showing the linkage and orientation of 

the two genes as well as synteny of flanking genes [data from Lee et al. (102) and Venkatesh 

et al. (103)]. Note the presence of Tmem138 and Tmem216 on different chromosomes and 
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the complete disruption of syntenic blocks in zebrafish compared with elephant shark and 

tetrapods. In Xenopus, the genome assembly comprises scaffolds and hence it is not clear 

whether Tmem138 and Tmem216 are present on the same or different chromosomes. 

Syntenic genes are shaded, whereas nonsyntenic ones are left blank. Grey circles denote 

scaffold ends. 

The differential gene loss of duplicate genes in paralogous regions of teleost genomes has 

actually helped scientists in identifying genomic regulatory blocks (GRBs) and assigning target 

genes to cis-regulatory elements embedded within the GRBs in human and other vertebrate 

genomes. GRBs are chromosomal segments harboring cis-regulatory elements, their target 

genes, and some unrelated bystander genes (99). The bystander genes are not under the control 

of the regulatory elements driving the target genes and show unrelated expression patterns. 

Duplication of GRBs as in teleosts allows the unrelated bystander gene to be lost from one of the 

loci and thereby enables the identification of the retained target gene and assignment of the 

regulatory elements to that particular gene (99). This is unlike the case in single-copy GRBs, 

which are protected from chromosomal breakage. GRBs, in fact, form the basis for large-scale 

conserved synteny for many chromosomal regions by imposing long-range constraints on their 

integrity as well as structure, for instance, Hox gene clusters and the Irx loci (100, 101). 

The differential loss of duplicate genes from paralogous regions in teleosts has also posed 

problems in using teleosts for comparative genomic studies and especially for inferring the 

evolutionary history of human genes. For instance, in the human genome, two TMEM genes, 

TMEM138 and TMEM216, are closely linked. Mutations in either of them lead to phenotypically 

indistinguishable ciliopathy, also known as Joubert syndrome (102). In an elegant study, Lee et 

al. (102) showed that the two genes constituted a functional gene cluster and were tightly 

coexpressed through a shared regulatory element present in their intergenic region. These two 

genes are also closely linked in other mammals and the Anolis lizard. However, the two genes 

were found to be present on different scaffolds in the draft assembly of X. tropicalis and on two 

different chromosomes in zebrafish (Figure 4b) (102). Based on this observation, the authors 

concluded that the two TMEM genes were brought together into a functional unit at the 

amphibian-to-reptile evolutionary transition by a chromosomal rearrangement event (102). 

However, subsequent analysis of this locus in the elephant shark (103) showed that Tmem138 

and Tmem216 are closely linked in the elephant shark genome similar to in mammals and the 

Anole lizard, indicating that the linkage of the two genes is an ancestral feature and their 
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presence on two different chromosomes in zebrafish is a derived feature. Thus, Lee et al.’s 

inference based on comparison to zebrafish was incorrect. Analysis of additional teleost species 

showed that the two TMEM genes are present on different chromosomes in other teleosts 

(medaka, stickleback, fugu, and Tetraodon) as well (103). These comparisons show that the two 

TMEM genes were already linked in the ancestor of all jawed vertebrates, and following the 

TGD, duplicates of the two TMEM genes were differentially lost in the paralogous chromosomes 

in teleosts. This example highlights the need to exercise caution when using teleost genomes as a 

reference for comparative studies. Such comparisons should always include outgroups, such as a 

cartilaginous fish or a nonteleost ray-finned fish. 

SUMMARY 

Teleosts are the largest and most diverse group of vertebrates. Recent whole-genome 

comparisons of teleosts and other vertebrates using outgroups such as the elephant shark 

and spotted gar have shown that teleost genomes are evolving faster and have accumulated 

several changes that make them quite divergent as compared with the genomes of other 

jawed vertebrates. These changes include acceleration in the evolutionary rate of protein-

coding sequences and nucleotide sequences, high rate of intron gain and loss in protein-

coding genes, loss of thousands of potential cis-regulatory elements, and shorter syntenic 

blocks. Some of these changes likely have contributed to the phenotypic diversity of 

teleosts. For example, fast-evolving proteins could have led to the evolution of proteins with 

altered function or altogether novel functions. Likewise, the higher turnover of nucleotide 

sequences could have contributed to a higher turnover of cis-regulatory elements. It is now 

well recognized that regulatory changes are a major force driving evolution of phenotypic 

innovations and morphological changes between species. Analysis of CNEs, which are 

proxies for cis-regulatory elements, has provided strong evidence for loss (divergence 

beyond recognition) as well as divergence in the sequences of regulatory elements in 

teleosts. These changes have great potential for giving rise to phenotypic changes between 

different species of teleosts. This hypothesis can be verified by knocking out cis-regulatory 

elements or introducing mutations in cis-regulatory elements in mouse or teleost models 

using the CRISPR/Cas9 system. This gene-editing technology is extremely efficient, such 
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that the phenotype is obvious even in the F0 generation, and thus it can be used even in 

nonmodel organisms as long as they can be bred in captivity or mature eggs and sperm are 

available for fertilization. As such this offers a powerful strategy for understanding the 

genetic basis of phenotypic differences between closely related species of teleosts. 
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