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Abstract 

 

 

 

The Corydoradinae catfish are a diverse sub-family of neo-tropical catfishes (order 

Siluriformes) with more than 170 species described to date. One of the most compelling 

features of this sub-family is the enormous amount of variation in genome size. With species 

containing between 0.5 pg and 4.8pg of DNA, variation is comparable to that found across 

the Teleostei as a whole. Previous phylogenetic analysis identified nine distinct lineages 

within the Corydoradinae, with more basal lineages possessing smaller genomes and with 

largest genome sizes found in the most derived lineages. To date, nothing is known about the 

mechanism that drove this genome expansion in the Corydoradinae, though Whole Genome 

Duplication (WGD) events have been suggested. Here, the incidence of WGD events has 

been investigated using a Hox gene and a restriction site associated DNA (RAD) sequencing 

data set. Both data sets identified a major duplication event at the base of the group, with 

additional duplication events occurring across the family. These duplication events were 

shown to have led to relaxed purifying selection and increased functional divergence of 

HoxA13a copies in the Corydoradinae compared with teleosts that have not undergone 

additional rounds of WGD. The RAD data set confirmed significant genome-wide shifts in 

duplicate, multi-haplotype regions across the Corydoradinae, and indicates that several 

species from lineages 6-9 are functionally polyploid, whereas species that underwent earlier 

WGDs have largely diploidized and are likely paleopolyploids. An increase in paralogous 

genes was noted, with Gene Ontology suggesting that gene retention in the Corydoradinae 

mirrors previously described retention in Tetraodon following the fish-specific genome 

duplication in the Teleostei. Intriguingly, the RAD data also identified a significant expansion 

of Transposable Elements (TEs), driven by a DNA TE superfamily (Tc1-Mariner). This 

expansion significantly contributed to the genome size variation, though to a lesser degree 

than the WGD events identified within this thesis.  
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Chapter 1 -Mechanisms of Genome Expansion in 

Corydoradinae Catfish – An Introduction 

 

 

1.1 Mechanisms of Genome Size Variation 

 

Ever since the mid-20
th

 century when DNA (and not protein) was found to be the 

‘hereditary material’ of which genes are formed, scientists have been fascinated with 

enormous variation in DNA content across the tree of life (Gregory 2005a). Initially, it was 

assumed that organisms with more DNA must as a consequence also possess more genes, and 

that more complex species therefore contain more DNA. However, it became clear very 

quickly that there was no correlation between the amount of DNA (genome size) and 

organismal complexity. This became known as the C-value paradox (C-value being a measure 

of haploid DNA content) (e.g. Mirsky & Ris 1951; Thomas 1971, reviewed in Gregory 2005). 

Today we know that the majority of eukaryotic genomes consist of mostly non-coding DNA, 

which explains why the amount of DNA does not correspond to the number of genes. As 

such, the C-value paradox is solved, but is replaced with what Ryan Gregory coined the ‘C-

value enigma’, which highlights that while the C-value paradox itself may be answered, there 

is still plenty we do not understand about the mechanisms underpinning genome size variation 

and the subsequent phenotypic and evolutionary implications (Gregory 2001; Gregory 2005a; 

Gregory 2005b).  

Genome size varies 200,000 fold across eukaryotes, and we still do not fully 

understand the mechanisms underpinning this extreme variation (Gregory 2001). Mechanisms 

that can lead to increases in genome size include increases in the size of introns (intergenic 

regions), chromosome-level duplications, tandem duplications as well as Transposable 

Element expansions. Whole Genome Duplication (WGD) events, also known as 

polyploidization, can lead to an instantaneous increase in DNA content. This is technically 

speaking, however, not an increase in genome size per se, but rather an increase in the number 

of genomes present within an organism.   
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Outstanding questions include whether there are patterns in the variation of genome 

size across taxa? What are the contributions of different mechanisms to this variation within 

the genome and what are the functions or triggers? What impact do these mechanisms have on 

an organisms phenotype, morphology and adaptive evolution? This thesis will be focusing on 

two mechanisms of genome size variation, namely WGD and transposable elements. 

 

1.1.1 Polyploidy as an evolutionary mechanism 

 

 Modes of Whole Genome Duplication 

Polyploidization is a well-established phenomenon that can be both ancient, occurring 

early in the evolutionary history of lineages, as well as an on-going process (Otto and 

Whitton, 2000). Polyploidy can be split into two broad categories. Firstly, polyploidization 

can be the product of hybridization between two distinct species involving genome merger 

and genome doubling, which is termed allopolyploidy. In strict allopolyploids, chromosome 

sets of the parental species are usually sufficiently diverged for bivalent formation during 

meiosis. Secondly, polyploidy may occur through doubling of the genome of a single species 

through unreduced gametes during meiosis, or alternatively through somatic doubling. This is 

known as autopolyploidy. As the homeologs are highly similar, autopolyploids usually form 

multivalents during meiosis, often resulting in polysomic inheritance (Stebbins, 1971, Parisod 

et al. 2010, Ramsey & Schemske, 2002, Otto 2007). In the case of allopolyploidy, the parental 

progenitors of newly formed allopolyploids may not always have sufficiently diverged for 

complete bivalent formation, with some chromosome pairs forming bivalents (homologs), and 

some forming multivalent homeologs (i.e. paralogous chromosome pairs resulting from 

duplication). This is referred to as segmental allopolyploidy, and it is generally well accepted 

that there is a continuum from doubling of identical genomes (autopolyploidy) to the doubling 

of highly differentiated genomes (strict allopolyploidy) (e.g. Parisod et al. 2010, Otto 2007).  

Polyploidy is particularly common in plants. Estimates of the frequency differ among 

studies, but roughly 42% of ferns, 32% of monocots and 18% of dicots appear to have 

undergone a polyploidization event at some stage in their evolutionary history (Otto & 

Whitton 2000). In angiosperms, polyploidy appears to be a ubiquitous phenomenon and the 
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question is not if WGD events occurred, but how often (Soltis et al. 2009).  WGD events have 

also occurred in fungi (Dujon et al. 2004; Ma et al. 2009; Albertin & Marullo 2012), and are 

particularly well studied in yeast (Morel et al. 2015; Marcet-Houben & Gabaldón 2015). 

While traditionally viewed as rarer in animals, it is now accepted that multiple rounds of 

WGD occurred at the base of all vertebrates (Dehal & Boore 2005; Putnam et al. 2008; 

Cañestro & Albalat 2012), and that polyploidy is a common phenomenon in amphibian and 

fish lineages (Mable 2004; Mable et al. 2011). 

 

Consequences of Polyploidy 

Indeed, polyploidization may be one of the most dramatic mutations known to occur 

within eukaryotes and may lead to genome instability, large scale genomic rearrangements 

and deletions, changes in gene regulation and TE activation, particularly in allopolyploids 

(Otto, 2007).  

Though intuitively, polyploidization should be an evolutionary dead-end (e.g. 

inefficiency of selection when advantageous genes are masked by multiple copies, increased 

frequency of deleterious alleles, decreased fertility and survival through problems during 

meiosis) the prevalence of polyploid lineages and their evolutionary success suggests that 

polyploidy may have some advantages (Otto, 2007).  For a new polyploid species to become 

established, it first needs to persist long enough for selection to be able to act upon it. While 

deleterious allele frequency will increase/accumulate over the long term in polyploids, 

deleterious effects will initially be masked, conferring new polyploids with a potential 

advantage. Extensive genome restructuring as a result of genome duplication (in both allo- 

and autopolyploids) could lead to an increase in genetic variability, with additional 

(redundant) copies of genes potentially exempt from functional constraints and thus a free 

canvas for selection to act upon. If a polyploid lineage becomes established, its long term 

success is very much dependent on its ability to adapt. Here again increased genetic 

variability may be of an advantage (Otto, 2007). Furthermore, polyploid species are less prone 

to inbreeding than their diploid ancestors as they will produce fewer homozygous offspring 

(Ronfort, 1999). 

Allopolyploids have been considered more ‘successful’ polyploids as they may 

potentially benefit from ‘hybrid vigour’ (where hybrids have a higher fitness than either of 

their parental species) through increased genetic variability (Otto, 2007). Studies focusing on 
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flowering plants show that different modes polyploid origin can have a profound effect on 

gene expression: Allopolyploids often exhibit patterns of gene loss, modification of 

methylation patterns and nonreciprocal chromosomal exchange with effects being larger than 

with autopolyploids (Doyle et al., 2008). For instance, in a study that hybridized two species 

of Arabidopsis,  A. arenosa with A. thaliana, 94% of the genes of A. thaliana were up-

regulated, and the genes of A. arenosa correspondingly down-regulated in the hybrid (Wang 

et al., 2006). A similar study comparing two synthetic allopolyploids in cotton revealed 

significantly higher expression of the maternal phenotype of G. arboreum. Furthermore, a 

study on 1400 duplicated gene pairs in cotton revealed that these biased expression ratios 

arose immediately as a consequence of the genomic merger. These biases can also be 

observed in 1-2 million year old allopolyploid cotton, making them a remarkably stable 

evolutionary phenomenon (Doyle et al., 2008) In addition, dosage imbalance (uneven-

numbered ploidy level) seems to be a major factor leading to expression of novel phenotypes:  

E.g. in maize, triploid individuals showed  a radically different expression profile in 

comparison to diploids. As triploids usually appear to be a necessary bridge in the formation 

of allopolyploids, this may also play a part in the creation of novel phenotypes (Doyle et al., 

2008).  

Autopolyploids have been considered both less frequent and less successful than 

allopolyploids,  as multivalent formation during meiosis can be error prone, leading to 

chromosome dissegregation and thus reduced fertility (Stebbins 1971; Otto 2007; Parisod et 

al. 2010). However, autopolyploidy appears to be far more common and prevalent than 

initially thought, though it has received far less attention than allopolyploidy (Soltis & Soltis 

2000; Parisod et al. 2010). Autopolyploids are characterized by genomic redundancy and 

polysomic inheritance, which leads to an increase in their effective population size and 

counteracts inbreeding depression. Genomic changes after the initial WGD event are far less 

dramatic than in allopolyploids with only few changes in gene expression and genomic 

structure, indicating that the large genomic restructuring in allopolyploids is likely the result 

of hybridization, more than the result of the polyploidization (Parisod et al. 2009; Parisod et 

al. 2010).  Many autopolyploids may remain undetected, as most autopolyploids show very 

little phenotypic divergence from their diploid progenitors. While much work is needed to 

address the factors may lead to successful establishment of autopolyploid lineages, evidence 

is accumulating that autopolyploidy coincides with periods of environmental change and may 

thus serve as a quick means of increasing genetic variability and escaping narrow ecological 
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niches (Parisod et al., 2010). In line with these predictions, a recent study shows that 

autopolyploid Arabidopsis has a higher salt tolerance compared to diploids (Chao et al. 2013). 

Even though both auto- and allopolyploidy are a well-documented phenomenon across 

plant taxa, the evolutionary consequences of polyploidy for plant diversification are still hotly 

debated. For instance, it is unclear whether the frequency of polyploidy is the result of higher 

diversification rates of polyploid lineages, or whether it the result of frequent polyploidy 

formation (Mayrose et al. 2011). Polyploids appear more frequent in higher latitudes as well 

as in more temperate environments, which could either mean that polyploid lineages are more 

tolerant of stressful environments, or that these environments have led to a higher incidence of 

polyploidy, through unreduced gamete production for example (Moghe & Shiu 2014). 

Mayrose et al. (2011) compared diversification rates of polyploid angiosperms with their 

diploid congeners and found that polyploidy actually decreases diversification rates and 

maintains that polyploidy is in most cases likely to be an evolutionary dead-end. Their 

approach and conclusions, however, have been criticized as not statistically robust and for 

failing to include many prominent polyploid taxa (Soltis et al. 2014). Indeed, polyploidization 

may not necessarily increase diversification rates, but could lead to speciation directly through 

reproductive isolation from diploid parental clades (Vamosi & Dickinson 2006; Wood et al. 

2009). 

 

From Polyploid to Paleopolyploid – The process of diploidization 

Before the advent of genomics, it was not appreciated just how frequently ancient 

polyploidization events have occurred in plant and vertebrate lineages. Following 

polyploidization events, genomes typically undergo extensive ‘pruning’ and return to an 

almost diploid-like state, with only traces of the ancestral duplication event remaining in the 

genome. This process is called diploidization, and the exact molecular mechanisms 

underpinning these events remain poorly understood (Wolfe 2001; Le Comber et al. 2010). 

Organisms that have undergone a polyploidization event in their evolutionary history but have 

returned to a functionally diploid state are called paleopolyploids. While new sequencing 

technologies allow scientists to identify more and more paleopolyploids, the process of 

diploidization is by no means a recent discovery. Ohno (1970) described examples of 

diploidization in his famous work ‘Evolution by Gene Duplication’, focusing in particular on 

Salmonidae and their gradual return from autotetraploid to diploid: in many salmonid species, 
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some loci show a tetrasomic inheritance pattern, whereas most loci now follow a disomic 

pattern. The diploidization process in Salmonidae has been considered near-complete (Ohno 

et al. 1970; Allendorf et al. 2015).   

One of the key steps in diploidization is the return from multivalent formation to 

bivalent formation of chromosomes during meiosis, though the mechanisms by which this is 

achieved are poorly understood (Wolfe 2001). As previously mentioned, one of the biggest 

challenges facing newly formed polyploids is the problematic segregation of chromosomes 

during meiosis.  This frequently leads to unbalanced gametes/aneuploidy and thus severe 

reduction in fertility (Comai 2005; Otto 2007; Yant et al. 2013). A reduction in chiasmata 

appears to be one of the mechanisms that aids stabilization of meiosis (Le Comber et al. 

2010). Pairing of homologs during meiosis is under strict genetic control, and studies have 

demonstrated that adaptation to WGD and diploidization indeed involve selection on these 

genes (Cifuentes et al. 2010; Yant et al. 2013). 

Diploidization is accompanied by large scale chromosomal re-arrangements and 

deletions leading to drastic genome downsizing (Leitch & Bennett 2004), a process which is 

driven by intrachromosomal recombination (Garsmeur et al. 2014) and which likely 

contributes to the restoration of bivalent formation (Eilam et al. 2010). The loss of duplicate 

regions and genes does not appear to be random. After WGD events, dosage-sensitive genes 

for instance are preferentially retained, a phenomenon referred to as Gene Dosage Balance 

Hypothesis (GDBH) (Freeling 2009). Moreover, specific groups of genes are often 

preferentially retained in duplicate (e.g. genes involved in DNA metabolism, or transcription 

factors), though these groups do not appear to be retained universally but vary with higher 

taxonomic differentiation (Barker et al. 2008). In allopolyploids, deletion of genetic material 

is often highly biased towards one sub-genome (known as biased fractionation) (Garsmeur et 

al. 2014). This appears to be linked to transcriptional dominance, i.e. allopolyploid species 

such as maize and cotton often show preferential gene expression of one dominant subgenome 

over the other, potentially leading to preferential loss of the non-expressed copies in the other 

genome (Flagel & Wendel 2010; Woodhouse et al. 2010). Currently, it is not known what 

drives genome dominance, though it has been proposed that differences in gene expression 

between sub-genomes are in part driven by differences in methylation near promoter regions 

(Freeling et al. 2012). This could also explain why there does not appear to be any sub-

genome bias in strict autotetraploids, as sub-genomes are identical. Furthermore, random 

pairing of homeologs as opposed to preferential pairing may prevent the preferential deletion 
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of duplicate genes in a sub-genome, as random pairing could otherwise lead to individuals 

lacking an entire gene complement (Garsmeur et al. 2014). 

 

1.1.2 The role of Whole Genome in early vertebrate evolution 

 

It is widely accepted that two rounds of whole genome duplication (WGD) occurred 

during the early diversification of vertebrates (termed 1R and 2R duplications) (Ohno et al. 

1970; Furlong & Holland 2002; Braasch et al. 2009; Dehal & Boore 2005). There is also 

additional strong evidence for a third fish specific genome duplication (FSGD) in ray-finned 

fishes that occurred before the radiation of the teleosts with subsequent lineage specific 

WGDs also occurring in several teleost lineages (Amores et al. 1998; J S Taylor et al. 2001; 

Taylor et al. 2003; Meyer & Van de Peer 2005; Kasahara et al. 2007). Fish are the most 

species rich group of vertebrates with approximately ~32,000 described species and possibly 

~ 64,000 species in total (including undescribed species), they make up half of all vertebrate 

species (Nelson 1994; Glasauer & Neuhauss 2014; Froese & Pauly 2015). The impressive 

radiation of teleosts and the impressive diversity in regards to ecology, morphology, life 

history, behaviour and physiology has been associated with evolutionary implications of the 

FSGD (Comber and Smith, 2004; Santini et al., 2009). Polyploidy appears to be more 

common in more basal than more derived teleosts and despite its frequent occurrence and 

prevalence, its role in fish evolution is still poorly understood (Leggatt and Iwama, 2004). 

In vertebrates, Hox genes have long served as a model gene family for reconstructing 

the evolutionary history of lineages and were provided important evidence for the existence of 

early vertebrate WGD events (Amores, 1998; Chiu et al., 2002; Chiu et al., 2004; Crow et al., 

2006; Yuan et al., 2010). Hox genes are a well-studied family of transcription factors, which 

play a crucial role in the early development of the anterior-posterior axis of bilateral embryos 

(e.g. Keynes and Krumlauf, 1994). Hox genes are highly structured and form clusters: 

Mammals possess four Hox clusters named A, B, C and D (Garcia-Fernàndez and Holland, 

1994), while teleost fishes possess at least seven Hox clusters (Amores et al., 1998). 

Amphioxus, the closest relative of vertebrates, possesses only one Hox cluster which contains 

14 genes (although this may not be the ancestral condition) (Garcia-Fernàndez and Holland, 

1994). The duplication of Hox clusters in vertebrates and fish has been thought to be one of 

the major factors that lead to the increase in complexity and diversity after several rounds of 
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WGD in chordate evolution. Wagner and Lynch (2010) argue that Hox clusters in vertebrates 

are structurally much more constrained than invertebrate Hox clusters. This constraint may be 

relaxed directly after genome duplication, which would open a window of evolvability. 

However, there is no evidence for a direct correlation between Hox cluster duplication and 

evolution of complexity. For instance, invertebrates have only one Hox cluster while 

possessing by far largest variety of body plans. Both Sarcopterygians and cartilaginous fishes 

possess the same number of Hox clusters, yet, sarcopterygians are far more complex than 

cartilaginous fishes (Crow and Wagner, 2005). Donoghue and Purnell (2005) point out that 

only living taxa are considered in vertebrate evolution. When one however, also considered 

extinct taxa in the fossil record, the apparent causal relationship between genome duplication 

and evolution of complexity and diversity in vertebrates vanishes. Furthermore, a comparative 

study examining the diversity of ray-finned fishes in more detail found that the species 

richness of the teleosts is associated with two major groups, the Ostariophysi (ca 6508 

species) and the Perciformes (ca. 9 293 species), both of which appeared 150-250 MY after 

the estimated time of the FSGD (Santini et al., 2009).  

However, just because there is no evidence for a tight correlation between increased 

diversification rate and genome duplication does not mean the FSGD did not contribute to 

diversification in the long run;  genome duplication is an event while diversification is a long-

term process (Wagner and Lynch, 2010). Adaptation requires ecological necessity, that is, 

while genome duplication my contribute to opportunities for genome evolution, it does not 

initiate it (Crow and Wagner, 2005;  Van de Peer et al., 2009). Contributing factors could 

include divergent resolution and/or reduced extinction risk. Divergent resolution (the loss of 

different copies of a duplicated gene in allopatric populations) after genome duplication may 

lead to an increase in speciation through reproductive isolation (Taylor et al., 2001). It has 

also been suggested that WGD –rather than immediately causing diversification and evolution 

of complexity- can decrease extinction risk, contributing to evolutionary success of these 

lineages in the long run. For instance genome duplication in plants appears to be clustered in 

time and coincide with the cretaceous tertiary boundary. It is possible that polyploidization of 

plants has increased their adaptability, giving them an advantage in drastically changed 

environments and preventing them from becoming extinct (Fawcett et al., 2009). Recently, 

Zhan et al (2014) analysed diversification rates of polyploid vs diploid relatives in four fish 

groups, the Acipenseridae (sturgeons), the Botiidae (loaches), the Cyprininae and the 

Salmoniformes/Esociformes. While diversification rates generally appeared higher in 

polyploid species, this was only significant for the Cyprininae (Zhan et al. 2014), interestingly 
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the group containing potentially the largest number of known polyploids in fish 

(Tsigenopoulos et al. 2002; Gregory & Mable 2005). Zhan et al. (2014) highlight that their 

analysis may suffer from sparse taxonomic sampling as well as the fact that many polyploids 

may simply not yet have been identified, emphasizing the need for further study. 

Generally, one of the most obvious arguments as to how WGD or polyploidization 

could lead to diversification or adaptation in the long term is the increase in genetic material: 

gene and genome duplication provide more genetic material for evolution to act upon, for 

instance through mutation, drift and selection (Crow and Wagner, 2005). The most common 

fate of duplicated genes is mutational inactivation and loss (Lynch & Conery 2000). However, 

it appears that specific groups of genes in vertebrates are preferentially retained after having 

been duplicated (Doyle et al. 2008; Freeling 2009). Early genomic sequences of model fish 

species such as zebrafish (Danio rerio) and medaka (Oryzias latipes) indicated that gene 

families in fish contain more members than they do in mammals (Wittbrodt et al. 1998), 

speculated to be the result of an additional FSGD. We now know that roughly 20% of genes 

have been retained in duplicate (Braasch & Postlethwait 2012; Garcia de la Serrana et al. 

2014). One group of genes that appears enriched in teleost fishes as the result of the FSGD is 

the pigmentary system. Braasch et al. (2009) showed that teleosts have 30% more 

pigmentation genes than tetrapods as a result of the FSGD which could explain the particular 

phenotypic teleost colour pattern and pigmentation pattern diversity. 

 

1.1.3. How to identify Polyploids and Paleopolyploids 

 

Traditionally, polyploids have been identified by observing duplication of 

chromosomal complements in closely related populations or species. A recently suggested 

likelihood-modelling approach may aid robust identification of ploidy events if detailed 

chromosome information of closely related species is available (Mayrose et al. 2010). 

Another certain give away that a species is polyploid is the observation of multivalents during 

meiosis, or indirectly the observation of for instance tetrasomic inheritance patterns for 

particular genes. However, recent allopolyploids may display disomic inheritance (Ohno et al. 

1970; Stebbins 1971).  

Paleopolyploids by their very nature are much more difficult to identify, as they are 

functionally diploid. The increase in gene number for instance has initially been interpreted as 
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an indicator of an ancient WGD event in vertebrates and teleosts, though an increase in genes 

itself can also be achieved through individual tandem or chromosomal duplications and thus, 

the existence of WGD events in vertebrates and particularly in teleosts was hotly debated until 

recently. More convincing evidence for a WGD event as opposed to large scale gene 

duplications in teleosts stems from phylogenetic and comparative mapping approaches: 

duplicated genes appear to have originated at the same time, show conserved synteny (i..e. 

gene order) and co-exist in duplicated blocks on chromosomes (Taylor et al. 2001; 

Vandepoele et al. 2004; Taylor et al. 2003).  

A similar approach based on mapping and gene synteny led to the identification of 

ancient WGD events in Arabidopsis thaliana (Blanc et al. 2000; The Arabidopsis Genome 

Initiative 2000). In addition, age distributions of duplicate genes have been used extensively 

in the identification of paleopolyploids, that is, if a WGD event as opposed to individual gene 

duplication events occurred, all gene duplicates should roughly be of the same age. This 

technique has successfully been used to demonstrate paleopolyploidy for species such as 

soybean (Glycine max), rice (Oryza sativa) and maize (Zea mays) (Blanc & Wolfe 2004; 

Shoemaker et al. 2006).  

The availability of genome sequences and sequencing technology has clearly greatly aided the 

discovery of paleopolyploid events in many species, while it is very likely that many 

paleopolyploids have yet to be identified, particularly in animals.  

 

1.1.4 Transposable Elements  

 

Transposable Elements (TEs) are loosely defined as elements that can be re-inserted 

into different regions within a genome. They were first described in maize (Z. mays) by 

Barbara McClintock, who discovered that the change between a stable and unstable recessive 

allele controlling kernel pigmentation was caused by the insertion of a TE-element 

(McClintock 1951). TE classification is mainly based on transposition mode. Class I 

elements, also known as retrotransposons, transpose via a RNA intermediate using a ‘copy-

and-paste’ mechanism, whereas Class II elements, or DNA transposons, use a DNA 

intermediate (or in some cases no intermediate) via a ‘cut-and-paste’ mechanism (Finnegan 

1989; Wicker et al. 2007). Class I elements are transcribed into RNA, which is then reverse 

transcribed into DNA prior to being re-integrated to a new location within the genome; the 



29 
 

original copy remains intact. Class II elements encode a transposase enzyme that excises the 

TE-element, which is then re-inserted into a target site. If this process occurs in a newly 

replicated DNA-strand and the new insertion site has not yet been replicated, the DNA copy 

will effectively contain both the original and the re-inserted TE-element (Kidwell 2005). 

While transposition processes and preferential insertion sites are not yet well understood for 

many species and TE-families, a general pattern is emerging. One type preferentially inserts 

distantly from genes, in AT rich regions with minimal recombination activity, potentially thus 

aiding escape from inactivation. Other TE-families insert within introns or near genes which 

tend to be GC rich (Kidwell & Lisch 1997; Kidwell 2005). 

  

TE-elements can lead to increases in genome size 

TEs are a powerful contributor to genome size and genome evolution in eukaryotes 

(Kidwell & Lisch 2000; Kidwell 2002; Kazazian 2004). In plants, TEs make up between 3% 

and 85% of genome size, with this variation mainly driven by LTR (Long Terminal Repeat) 

retrotransposons (Lee & Kim 2014). The overall abundance of transposable elements is less 

well documented outside of the plant kingdom, though TEs are known to make up a 

significant proportion of the genome in salamanders (Sun et al. 2012), humans (Consortium 

2001) and mice (Biémont & Vieira 2006). Examples of almost all TE families have been 

identified in fish, making fish genomes more diverse in terms of TEs than mammals even 

though TEs appear far less abundant (Aparicio et al. 2002; Volff 2005).  

 

Consequences of TE-transposition within the genome 

TE activity can have tremendous impacts on genome function, and have mainly been 

considered highly deleterious due to their ability to insert and interrupt gene activity or  gene 

regulation (e.g. see Kidwell & Lisch 2000; Nekrutenko & Li 2001; Kidwell 2005). Early work 

has largely focused on their deleterious ability, and referred to TEs as “purely selfish” or 

“junk”, spreading through the genome like a “cancer” (Orgel & Crick 1980; Doolittle & 

Sapienza 1980). Indeed, the debate on TE spread and function within genomes is still 

contested: the initial spread of TE elements within an organism may be underlying selfish 

selection, though their spread and presence within an organisms means TEs will be affected 

by selection at the organismal and species level (Brunet & Doolittle 2015).  



30 
 

 In addition to interruption of gene function, a continuous increase in genome size can 

also be maladaptive. Increased genome size can for instance lead to increased cell sizes, 

changes in metabolism, and increased developmental time spans (Gregory 2005a). It is thus 

not surprising that TE activity is tightly controlled within the host-genome. Many TEs are 

suppressed through cytosine methylation, which prevents transcription. In addition, already 

silenced TEs are transcribed and broken into small interfering RNA (siRNA), which then act 

as a homology sensor for similar, potentially active TEs, and mark these for silencing 

(Dernburg & Karpen 2002; Aravin et al. 2007; Kim & Zilberman 2014; Kidwell 2005). It is 

not yet understood how similar TEs have to be in order to be successfully targeted by siRNA 

mechanisms. It is clear that the molecular pathways responsible for silencing new TEs within 

the genome differ to those from pathways that maintain silencing mechanisms. While several 

models have been proposed and described, further research is needed to test how these 

pathways work together (Fultz et al. 2015) . 

Despite potential deleterious consequences and tight regulation through the host 

genome, TEs are not exclusively maladaptive. Kidwell and Lisch (2000) argue that there is a 

continuum from a parasitic to mutualistic relationship between TEs and the host genome. 

While TEs may be highly selfish when first invading and proliferating within a genome, TEs 

can be domesticated in the course of perhaps only a few million years (Nekrutenko & Li 

2001; Kidwell & Lisch 2000; Volff 2006; Kidwell 2005). A study focusing on protein-coding 

genes in humans revealed that roughly 4% of genes contain domesticated TEs; out of these 

almost 90% likely first inserted into introns and were later recruited as new exons. This may 

be facilitated through splice sites contained within TEs, thus aiding recruitment into exonic 

regions (Nekrutenko & Li 2001). Particularly well known examples of domestication of TEs 

include genes involved in vertebrate immunity (Zhou et al. 2004; Chénais et al. 2012) and 

telomere and telomerase related functions in Drosophila melanogaster (Pardue & DeBaryshe 

2011) and many more subject to discovery (Volff 2006). In addition to functional 

domestication in the long term, TEs are a remarkable source of genetic variability within the 

genome and can cause chromosomal rearrangements, alterations in gene expression as well as 

leading to exon shuffling (Kidwell & Lisch 2000; Feschotte & Pritham 2007; Fontdevila 

2011; Kidwell 2005; Kidwell & Lisch 1997; Chénais et al. 2012). This potential of TEs to 

create genetic variation almost instantly has been implicated in many cases of adaptive 

evolution, such as adaptation to novel environments, stressors or environmental changes 

(Fontdevila 2011; Kidwell 2005; Chénais et al. 2012). 
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Genome Shock and the Re-activation of Transposable Elements 

McClintock originally proposed that TE activity could be a response to stressors or 

what she referred to as ‘genomic shocks’ such as virus infections, hybridization or poison 

(McClintock 1984; Fontdevila 2011). Many recent studies demonstrate that indeed TEs can be 

re-activated and escape genome suppression pathways under certain conditions. Generally, 

two mechanisms of TE response have been described, one leading to the direct activation of a 

suppressed element, and the other indirectly leading to the activation through genome wide 

changes in methylation and RNAi-pathways (Fontdevila 2011). Direct activation of TEs in 

response to both biotic and abiotic stressors was found in cases where TE-promoter regions 

appear highly similar to genes implicated in the stress response. It is not clear whether genes 

involved in stress response have acquired their similarity through domestication of ancient 

TEs, or whether TEs have acquired these from the host genome (Fontdevila 2011). Examples 

include activation of Tnt retroelements in tobacco in response to acid treatment/wounding or 

fungal/viral/bacterial attack (Grandbastien 1998; Grandbastien et al. 2005), as well as for 

retroelements in Drosophila in response to heat and UV stressors (McDonald et al. 1997; 

Jardim et al. 2015) . Hybridization, and in particular hybridization in conjunction with 

polyploidy (i.e. allopolyploidy) are a well-documented cause of TE-activation, with examples 

of TE-proliferation in tobacco, wheat and rye (Fontdevila 2011). 
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1.2 Corydoradinae as a study system 

 

The catfish order Siluriformes is an incredibly diverse order that is representative of 

the largest fraction of neo-tropical freshwater fish (Albert et al. 2011). At present, ca 3,600 

species of catfish have been described (Froese & Pauly 2015), and it is estimated that an 

additional 35% still await discovery (Ota et al. 2015). The Callichthyidae (also known as 

armoured catfish) are the third largest family of catfish and the largest family of neotropical 

catfish (Ferraris 2007). One of the main characteristics of this family are the two large lateral 

bony plates that cover the entire body. The family is further subdivided into two subfamilies, 

namely the Corydoradinae (which contain 90% of species) and the Callichthyinae. The 

Corydoradinae are an extremely diverse group, with currently more than 170 species 

described and likely more awaiting discovery (Eschmeyer 2013). The subfamily contains four 

separate genera, namely Corydoras, Aspidoras, Scleromystax and Brochis. The genus 

Corydoras is by far the largest genus and by itself probably contains roughly 150 species 

(Eschmeyer 2013). 

Corydoradinae are distributed throughout South America (with the exception of Chile) 

from the Chubut basin in Argentina in the south up until Trinidad in the north. Up until 

recently, the taxonomy of the Corydoradinae has been based almost entirely on colour 

patterns and morphology, with little genetic information (Alexandrou & Taylor 2011). Recent 

molecular analysis of 425 taxa using mitochondrial and nuclear markers established a 

comprehensive molecular phylogeny with strong support for nine distinct lineages 

(Alexandrou et al., 2011). 

In addition to bony plates that cover their bodies, this extremely diverse group is well 

protected through sharp lockable spines and toxins secreted by axillary glands located 

underneath these. Many Corydoradinae co-occur in sympatry and share identical colour 

patterns, and thus have been identified as Müllerian mimics. 92% of described mimicry rings 

consist of distantly related species that do not compete for resources, thus indicating that 

Müllerian Mimicry is not powerful enough to overcome competition (Alexandrou et al. 2011). 

An example of mimicry rings as well as their phylogenetic composition is displayed in figure 

1. 
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Figure 1. Example of two Müllerian Mimicry rings of Corydoradinae catfish. Mimicry rings usually consist of 

two to three distantly related species belonging to distinct lineages. a) From left to right: Corydoras 

araguaiaensis,  Corydoras maculifer and Corydoras C- sp. b) From left to right: Corydoras imitator and 

Corydoras C-121. Images by Martin Taylor, reproduced with permission.  

 

 

Karyotype and Genome Size Variation within the Corydoradinae 

One of the most intriguing features of the Corydoradinae is their extreme variability in 

genome size. Early studies on karyotypes of Corydoradinae catfish hinted at extreme 

variability, identifying chromosome counts between 44 and 134 (Scheel et al. 1972). Further 

studies sampled additional species, with karyotype data now available for roughly thirty 

Corydoradinae. In these studies, it became apparent that chromosome numbers can differ 

sharply between populations thought to belong to the same species (Oliveira et al. 1992; 

Oliveira et al. 1993). 

More recently, genome size (as haploid C-values) was measured for 206 species across 

the subfamily using Feulgen Image Densitometry (FID) by Alexandrou (2011) for 

a 

b 
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representatives of all 9 lineages. Obtained genome sizes ranged from 0.51 pg in lineage 1 to 

4.8 pg in lineage 9.  Lineages 1 to 3 do not appear to differ greatly in genome size, with a 

doubling in genome size apparent between lineages 4 to 8. The largest genome sizes are found 

in lineage 9. This apparent stepwise increase in genome-size is displayed in figure 2. To date, 

the exact mechanisms behind this enormous variation in genome size are not known, though it 

has been speculated that whole genome duplication events could have played a role in this 

subfamily (Turner et al. 1992; Oliveira et al. 1992; Oliveira et al. 1993; Gregory & Mable 

2005). Corydoras metae, a lineage 9 species, has previously been named as having the largest 

teleost genome size so far recorded with 4.4pg, and the genome size of C. semiaquilus is with 

0.51 pg only marginally bigger than that of the smallest recorded teleost genome of the 

pufferfishes with roughly 0.4pg of DNA (Gregory 2005a).Thus, the genome size variation 

within the subfamily Corydoradinae is near equal to the variation found across the teleosts in 

general. 
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Figure 2. Phylogeny of Corydoradinae catfish (species names not shown) displaying mean C-values 

for each species. Modified from Alexandrou (2011). Permission to use granted by authors Markos 

Alexandrou and Martin Taylor. 
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1.3 Aims of this Thesis 
 

The focus of this thesis is genome size expansion in the Corydoradinae catfish. Specifically, 

we aim to identify the underlying mechanism of the stepwise increase in DNA content across 

lineages. The more derived lineages in the Corydoradinae contain a higher diversity of colour 

patterns, more species, as well as more mimics (Alexandrou 2011). Early studies (unpublished 

data) also indicated that more derived lineages may potentially be more resistant to parasites. 

It is not clear to what extent more DNA could contribute to Corydoradinae evolution, nor 

what genomic consequences and re-arrangements this expansion may have caused. To fully 

understand whether and how the incredible genome size variation in the Corydoradinae 

affected their adaptive evolution, it is crucial to first identify the underlying mechanisms that 

drove this change. 

Specifically, our objectives were to identify whether WGD events have occurred within the 

lineage, and if so, whether any extant species should be considered functionally polyploid. 

Furthermore, we wanted to quantify whether other factors could have resulted in an increase 

in genome size, with a particular focus on the role of TEs. 

 

Aims of individual Chapters:   

 In Chapter 1, the aim was to provide a general overview of the main mechanisms of 

genome size variation studied in this thesis and furthermore to discuss evolutionary 

consequences of these mechanisms. This chapter also introduced the model system 

and highlights the unanswered questions this thesis is aiming to address. 

 In Chapter 2, the aim was to identify potential WGD events using Hox genes as a 

marker, as was done for teleost species in previous studies. The objectives were to 

identify the copy number of the HoxA13a gene (with the expectation that species with 

a higher genome size contain more alleles for this gene if WGD events have occurred), 

and to identify whether duplication by means of WGD events could have altered 

selection pressure and lead to divergent and functional evolution.   

 In Chapter 3, the aim was to identify WGD across the phylogeny using a Next 

Generation Sequencing approach. In contrast to Chapter 2, this allowed us to identify 

genome wide patterns, in addition to identifying ploidy levels. By using a reduced 

representation approach, our objectives were to quantify haplotype number for 
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assembled contigs from across the genome, and to use bi-allelic SNP read ratios to 

identify ploidy levels. 

 Chapter 4 aimed to identify genes and paralogs across the Corydoradinae using our 

reduced sequencing RAD data set. The objectives were to identify an increase in gene 

or paralog number that would be consistent with WGD events, as well as to identify 

differences in Gene Ontology between species, which could provide information on 

potential preferential gene retention. 

 The aim of Chapter 5 was to identify Transposable Elements in the RAD-data set. 

Specifically, the objectives of this chapter were to measure the relative contribution of 

TEs to genome size variation in Corydoradinae in relation to WGD events identified in 

previous data chapters. 

 Chapter 6 aims to combine and discuss findings for all data chapters, and to provide a 

broader context of the overall contribution and future possibilities of this research.
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Chapter 2 - HoxA13a duplications in the Corydoradinae – 

evidence for multiple rounds of Whole Genome 

Duplication 

 

 

2.1 Introduction 

 

Originally thought of only minor importance, Ohno (1970) first postulated that Whole 

Genome Duplication (WGD) may have played a major role in early vertebrate evolution.  

While perceived as controversial at first, largely due to a lack of sufficient sequence data and 

rigorous methodology (e.g. Hughes et al. 2001; Martin 2001, Durand, 2003),  it is now well 

accepted that two rounds of genome duplication (termed 1R and 2R) preceded the radiation of 

vertebrates between 500-800 mya (Putnam et al. 2008; Cañestro & Albalat 2012; Dehal & 

Boore 2005) . A further fish-specific WGD event, known as 3R, Fish-Specific Genome 

Duplication (FSGD) or Teleost-Specific (TS-WGD), occurred within ray-finned fishes 

(Actinopterygii) prior to the radiation of the teleosts, some 320-350 million years ago 

(Amores et al. 1998; Christoffels et al. 2004; Postlethwait et al. 2004; Hoegg et al. 2004; 

Vandepoele et al. 2004; Meyer & Van de Peer 2005; Crow et al. 2006). Further lineage-

specific duplications in the Teleostei have been recorded for instance in the Salmonidae as 

well as in the Cyprinidae (Gregory & Mable 2005).  

Prior to availability of genomic data, early evidence for ancient duplications was 

obtained from Hox genes, and these have since been used as a marker for whole genome 

duplications in vertebrates (Crow et al. 2009; Crow et al. 2012; Glasauer & Neuhauss 2014). 

Hox genes (or homeobox genes) are a set of highly conserved transcription factors that play a 

fundamental role in early body plan development along the anterior-posterior axis. They are 

linearly expressed and organized within a cluster. To our knowledge, no tandem duplications 

of Hox genes have been observed in vertebrates. Invertebrates possess only one Hox cluster, 

whereas lobe-finned fishes, amphibians, reptiles and mammals (Sarcopterygii) appear to 

contain four clusters termed A, B, C and D. Such events are proposed to be the product of two 

rounds of ancient whole genome duplications. In teleosts, seven or eight clusters are present, 

which are termed Aa, Ab, Ba, Bb and so forth (Amores et al. 1998; J S Taylor et al. 2001; 

Volff 2005; Guo et al. 2010; Henkel et al. 2012).  
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Ohno (1970) speculated that gene and genome duplications provide the raw material 

for natural selection, and saw it as a creative force of evolution that could accelerate 

diversification and the development of new character traits. Specifically, he proposed that 

after a duplication event, the duplicate gene copy would be freed from selection pressures and 

could potentially evolve new functions. Many workers have since speculated that the 

morphological diversification in vertebrates could have been facilitated by the 1R and 2R 

WGD events (e.g. Durand 2003; Cañestro & Albalat 2012). Similarly, the TS-WGD event has 

also been linked to the impressive radiation of the Teleostei (Van de Peer et al. 2009; 

Glasauer & Neuhauss 2014). Support comes from studies that indeed place the timing of the 

TS-WGD prior to the radiation of teleosts (Christoffels et al. 2004; Vandepoele et al. 2004). 

Teleosts are the most diverse group of vertebrates, with currently ~32,000 species described, 

and estimates of total species ranging up to 64,000 (Glasauer & Neuhauss 2014). However, 

the duplication/divergence hypothesis has been criticized, largely because of the significant 

time delay between the TS-WGD event and the teleost diversification (Santini et al. 2009). 

Other lineages that have undergone a WGD event, such as the Salmonidae, have not 

undergone subsequent radiation and with 228 species are a comparatively small family 

(Froese & Pauly 2015). It should be noted, however,  that a recent study identified an 

increased speciation rate and morphological diversification in the Salmonidae compared to 

other groups (Rabosky et al. 2013). The TS-WGD most likely provided the genomic diversity 

that drove the complexity and diversification of the Teleostei, even though it may not have 

been its direct driver (Glasauer & Neuhauss 2014). 

The Corydoradinae are the most diverse family of catfishes (Order: Siluriformes), with 

more than 170 species described to date, a minimum of 150 within the genus Corydoras 

(Eschmeyer 2013). This extremely diverse group is native to neotropical America and well 

protected through sharp, lockable spines and toxins secreted by axillary glands. In addition to 

their phenotypic diversity, Corydoradinae also exhibit marked variation in genome size, with 

C-values ranging from 0.51pg to 4.8pg of DNA (Alexandrou 2011). More derived species 

generally have higher genome sizes, with the smallest genomes occurring in the oldest 

lineages. It is not known what drove the genome size expansion within this family, though 

several rounds of WGD could explain the difference in genome size in different lineages of 

the family.  Thus, the Corydoradinae potentially provide an excellent group to study the 

effects of WGD events on the evolution and diversification of vertebrates.  
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The aim here was to investigate whether an increase in genome size in the 

Corydoradinae may derive from one or several rounds of Whole Genome Duplication events, 

using Hox gene copy-number as a marker for duplication events. Primers for HoxA13a in the 

Corydoradinae were developed, and used as a marker to investigate WGD, as in Zebrafish 

(Danio rerio) (Crow et al. 2009) and American Paddlefish (Crow et al. 2012). The objectives 

were   

1) to identify copy number of the HoxA13a gene in Corydoradinae species 

2)  to test whether duplication events could have led to changes in selection pressure 

on HoxA13a copies, which could have led to functional divergence. 
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2.2 Methods 

 

Taxon Sampling and DNA extraction 

Samples were wild caught between 2005 and 2013 across South America by Martin 

Taylor and Claudio Oliveira and were stored in absolute Ethanol. DNA was extracted from fin 

tissue using a salt extraction protocol after Sunnucks & Hales (1996) and Aljanabi & 

Martinez (1997). Problematic samples that failed to amplify were re-extracted using the 

Qiagen Blood and Tissue kit.  

In order to detect potential WGD events across the phylogeny, species representative 

of all lineages of the Corydoradinae were sampled (lineages are displayed in figure 2, chapter 

1). For each lineage, several species were tested and the samples that amplified most reliably 

were selected (with a minimum of one species per lineage). Particular emphasis was placed 

lineage 9, which contains the species with the largest genome sizes.  

PCR Amplification and Cloning 

The HoxA13a was initially characterised in the Corydoradinae using a degenerate 

primer set developed by Yuan et al. (2010) (table 1), with an expected insert size of 

approximately 1,198bp based on blunt snout bream (Megalobrama amblycephala). A single 

species was amplified from mtDNA lineage 1 (C. semiaquilus) and lineage 9 (C. metae). For 

PCR amplification, we added 0.2mM forward and reverse primers, 1.25μg/μl of bovine serum 

albumin (BSA, Biolabs),  0.25mM per dNTP, 1.5mM MgCl2 (Promega)  1 unit of GoTaq 

Flexi DNA Polymerase (Promega) to 4µl 5x Buffer (Promega) and adjusted  the final volume 

to 20µl using H2O. PCR conditions were as follows: Initial denaturation of 5min at 95°C, 35 

cycles of 30 second denaturation at 95°C, 45 seconds annealing at 53°C, 2 min extension at 

72°C followed by a final extension of 2 min at 72°C. PCR products were visualized in a 1 % 

agarose gel. As the degenerate primers created multiple bands, the largest band nearest to the 

expected insert size (approximately 1000bp) was excised and purified using the Qiagen Gel 

Extraction Kit. These were then cloned using the TOPO TA Cloning Kit (Invitrogen). Fifty 

colonies for each species were picked and lysed in 50 μl of H2O (5 minutes at 95°C). Lysed 

colonies were then PCR amplified using in 1.1 x Reddymix PCR Master Mix (1.5 mM, 

Thermo Scientific) and 0.2mM of each M13 primer in a final volume of 15 μl. PCR products 

were purified for Sanger sequencing using Exonuclease I (Exo, Biolabs) and Thermosensitive 

Alkaline Phosphatase (TSAP, Promega).  
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Forward and reverse sequences for each clone were assembled into a single contig and 

subsequently cleaned using the chromaseq package in Mesquite (Maddison & Maddison 

2014) prior to performing a blast search (Madden 2003) against the NCBI nucleotide and 

protein databases to confirm the identity of the amplified fragment.  

Alignments were created using Muscle (Edgar 2004), and Corydoradinae specific 

primers (SH1/SH2) were designed using primer 3 (http://primer3.sourceforge.net/) (see table 

1). These were then optimized using a gradient PCR and subsequently used for further PCR 

and TOPO TA cloning runs. In total, PCR products for eighteen species across the 

Corydoradinae phylogeny were amplified and cloned. Per species, between ten and thirty 

clones were randomly selected for Sanger sequencing with both forward and reverse primers. 

Amplification for these primers was as outlined above. 

 

Table 1. Primers used to amplify HoxA13a. H15/16 is a degenerate primer pair after Yuan et al. (2010). SH1/2 

were designed specifically for the Corydoradinae as part of this study. 

 

Data Analysis 

Sequence Analysis 

Forward and reverse sequences for each clone were assembled into a single contig and 

subsequently cleaned using the Chromaseq package in Mesquite (Maddison & Maddison 

2014) and then aligned using Muscle as above. The Chromaseq package uses Phred (version 

0.020425) and Phrap (version 0.990622) (Ewing et al. 1998; Ewing & Green 1998) which 

gives error probabilities for base calling. All indicated regions of uncertainty (below a quality 

score of 20) were checked visually. If areas of uncertainty stretched multiple bases at the front 

or the end of the read, they were trimmed. Reads with poor quality across the entire read were 

removed and excluded from further analysis. Sequences were dereplicated using Usearch 

(Edgar 2010) with the ‘derep_fulllength’ and were checked for the presence of chimeras using 

Primer Forward Reverse 

H15/16 

(HoxA13b) 

CTGGATTGACCCGGTSATGTT TGRAACCAGATDGTSACYTGTCG 

SH1/2 GATTGACCCGGTSATGTTC CTGCGCTTGTCCTTGGTAAT 

http://primer3.sourceforge.net/
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UCHIME in the self-detection mode (Edgar et al. 2011). In order to distinguish between 

genuine alleles and sequencing errors, we calculated the probability of a given number of 

SNPs in an amplicon using a cumulative binomial distribution in Excel (Cummings et al. 

2010) and used a Bonferroni corrected p-value cut-off to determine alleles. We retained 

sequences that were below the critical p-value if the sequence occurred more than 5 times or 

proportionally constituted more than 40% of sequences within the species block. As only one 

individual per species was cloned and sequenced, putative number of alleles was taken as a 

proxy for the minimum copy number within a species. 

 

Phylogenetic Analysis 

All identified allele-candidates were analysed in jModeltest version 2.1 (Darriba et al. 

2012) to determine appropriate nucleotide substitution models. MrBayes version 3.2.2 

(Ronquist et al. 2012) was run for 1,000,000 generations using the identified model (K86+G) 

and a sample frequency of 500. The equivalent model GTR-GAMMA in RAxML version 

8.1.16 (Stamatakis 2014) was executed for 100000 rapid bootstrap inferences followed by a 

thorough ML search. Resulting trees were visualized in FigTree version 1.4.2 (Rambaut 

2015).  

 

Testing for signs of selection and functional divergence 

In the absence of HoxA13a mRNA sequences from the Corydoradinae, we used the 

mRNA alignment from Ictalurus punctatus channel catfish to identify coding sequences in 

our alignment, indicating that the first ~600 bases of the alignment are coding. The coding 

region identified stretches beyond the Ictalurus alignment. Additionally, the NCBI ORF 

Frame finder (Tatusov & Tatusov 2015) was used to identify further potential coding regions 

by identifying potential start and stop codons within the sequence. Such application indicated 

that there is potentially another small coding region starting at ~800 bases until the end of the 

sequence.  

We used Selecton (Stern et al. 2007) to calculate ratios of synonymous (dS) and non-

synonymous (dN) substitutions across our coding regions. The analysis was conducted using 

both the first exon identified through the mRNA alignment as well as the second exon 

suggested by the ORF frame reader using the default M8 model (which allows for positive 
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selection) described in Yang et al. (2000). Selecton uses a Maximum Likelihood Approach to 

calculate codon specific dN/dS ratios (ω) and uses a Bayesian approach to calculate posterior 

probabilities.  

We also downloaded HoxA13a orthologs for 18 different teleost species from 

Genbank (see table 2), carefully selecting only diploid fish species. We repeated the Selecton 

analysis for this data set in order to be able to compare selective pressures with pressures 

acting on the orthologous gene in species that have not undergone duplication. We aligned all 

other selected teleost species against the Ictalurus punctatus HoxA13a copy and trimmed 

sequences accordingly. A Kruskal-Wallis test was conducted to identify significant 

differences in ω ratios between the Corydoradinae and the outgroup-teleost species. 

We used DIVERGE3.0 (Gu & Vander Velden 2002; Gu et al. 2013) to test for 

functional divergence between paralogous groups. DIVERGE is a phylogeny based software 

that can distinguishes between two types of functional divergence: Type I divergence is 

indicative of different evolutionary rates at sites of two duplicated genes. Type II divergence 

identified fixed changes in codon state, i.e. changes that lead to changes in its charge or lead 

to changes from hydrophobic to hydrophilic. 
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Table 2. Teleost species used in the Selecton analysis. Accession Codes from the NCBI and Ensemble databases.  

Species name Common Name Superorder Order  Accession Code 

Ictalurus punctatus Channel Catfish Ostariophysi Siluriformes gi|222708662 

Haplochromis burtoni  -  Acanthopterygii Perciformes gi|545786629 

Oryzias latipes Japanese Rice Fish Acanthopterygii Beloniformes gi|429900369 

Danio rerio Zebrafish Ostariophysi Cypriniformes gi|685508223 

Astyanax mexicanus Mexican Tetra/Blind Cave Fish Ostariophysi Characiformes gi|597755542| 

Apteronotus leptorhynchus Brown Ghost KnifeFish Ostariophysi Gymnorynchiformes gi|222708660 

Cyprinus carpio Common Carp Ostariophysi Cypriniformes gi|685042158 

Esox lucius Northern Pike Protacanthopterygii Esociformes gi|742193615 

Poecilia reticulata Guppy/Millionfish/Rainbowfish Acanthopterygii Cyprinodontiformes gi|658873801 

Megalobrama amblycephala Wuchang Bream Ostariophysi Cypriniformes gi|123204431 

Chanos chanos Milkfish Ostariophysi Gonorynchiformes gi|222708658 

Gasterosteus aculeatus Three-spined stickleback Acanthopterygii Gasterosteiformes ENSGACT00000009477 

Gadus morhua Atlantic Cod Paracanthopterygii Gadiformes ENSGMOT00000015205 

Tetradon nigroviridis Green Spotted Pufferfish Acanthopterygii Tetraodontiformes ENSTNIT00000012258  

Xiphophorus maculatus Southern Platyfish/Moonfish Acanthopterygii Cyprinodontiformes ENSXMAT00000001052  

Poecilia formosa Amazon Molly Acanthopterygii Cyprinodontiformes ENSPFOT00000002357  

Takifugu rubripes Japanese Puffer/Tiger puffer Acanthopterygii Tetraodontiformes ENSTRUT00000041073 

Oreochromis niloticus Nile Tilapia Acanthopterygii Perciformes ENSONIT00000005797  
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2.3 Results 
 

Forward and reverse sequencing of 402 products for 18 different species resulted in 55 

consensus sequences/potential alleles after dereplication and cleaning (table 3).  

Sequence Identification, Diversity and Putative Alleles 

All sequences were identified as HoxA13a using the online NCBI discontinuous 

nucleotide megablast program (Madden 2003) with the top hits including Ictalurus punctatus 

(the channel catfish¸ and Danio rerio (Zebrafish). Both I. punctatus HoxA13a and HoxA13b 

sequences were downloaded from the NCBI database and used as outgroup sequences for 

phylogenetic analysis. 

 

 

 

Lineage Species  Sequences Potential Alleles C-value 

1 C. semiaquilus 14 2 0.51 

2 Aspidoras C110 23 1 0.76 

3 S. kronei 9 5 0.8 

3 S. macropterus 22 4 0.82 

4 C. hastatus 24 5 2.2 

5 C. nijsseni 21 1 2.02 

6 C. paleatus 18 5 1.62 

6 C. tukano 23 1 2.48 

7 C. aeneus (Green Laser) 24 1 1.84 

7 C. rabauti 22 2 2.05 

8 C. imitator 24 2 2.3 

8 C. leopardus 22 2 1.96 

9 C. adolfoi 30 5 3.77 

9 C. armatus 30 6 4.3 

9 C. metae 27 3 4.15 

9 C. araguaiaensis 21 5 4.36 

9 C. arcuatus 22 2 2.28 

9 C. axelrodi 26 3 3.2 

 
Total 402 55 

 

Table 3. Species, the number of sequences obtained that passed quality filters as well as the putative alleles 

identified. C-values are also listed for all species. 
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The number of potential alleles identified ranges from only 1 allele in A. C110, C. 

tukano and C. aeneus to a maximum of 6 alleles (found in C. armatus). In total, nine samples 

belonging to 9 species contain more than two alleles. Surprisingly, both lineage 3 species S. 

kronei and S. macropterus contained 5/4 alleles; more alleles than we initially expected as 

genome size is only marginally larger than that of C. semiaquilus. C. hastatus with a genome 

size almost three times the size of that of the Scleromystax species also has 5 alleles, as does 

C. paleatus with a genome size of 1.62. All other individuals containing multiple alleles 

belong to most derived lineage 9. Despite large genome sizes, only 1 allele was found for C. 

aeneus (Green Laser) and all remaining individuals. We cannot exclude the possibility of 

failure of amplification of further copies, which could lead to the underestimation of sequence 

diversity. However, we can use individuals in which we found more than 2 alleles to infer 

duplication events across the phylogeny, based on the assumption that Hox genes do not 

undergo tandem duplications. 

 

Phylogenetic Analysis and Identification of Paralog Genes or Paralogous Groups 

Both MrBayes and RAxML recovered the same topology for the allele tree and 

exhibiting nine supported monophyletic clades shown in Figure 3. Six out of these clades 

contain alleles belonging to a mixture of different species belonging to different lineages (see 

table 4). We consider these clades distinct paralogs, due to their high degree of divergence 

and as we would expect sequences to cluster by gene copy rather than by species. 

Alternatively, the similarity could also be explained by very recent hybridization events 

among species, but no hybrids have been reported within the Corydoradinae. In view of the 

age of different lineages, as well as the number of species involved and their different 

karyotypes, we consider this less likely. Thus we have identified six different potential 

HoxA13a paralogs, containing between two and six different species belonging to two to five 

different lineages. The three remaining clades belong to the same species or in case of clade 8 

to the same lineage. Furthermore, we have divided these clades into four groups according to 

the last common node they share, which should represent a duplication event (Figure 3). For 

instance, clades 7, 8 and 9 share one node and form group 4 (table 4).
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Figure 3. Topology recovered from the phylogenetic analysis. Values near nodes represent the Bootstrap support in RAxML and the posterior probabilities in MrBayes 

(Bootstrap / Posterior Probability). Clades/putative paralogs that contain a mixture of different species from different lineages are displayed in colour.  Paralogs are grouped 

according to their potential point of origin (marked with a star).
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Note that we grouped clades 1 and 2 together, even though they do not strictly share a node. 

However, we consider clades 3 and 4 clearly distinct, and containing only two sequences we 

did not think it appropriate for clade 2 to be a distinct group. We therefore added it to the 

most closely related clade 1. Group 2 is unique in that it contains species from lineage 4 and 5 

that do not cluster with any other species. The position of group 2 is also the least well 

supported in both the RAxML and MrBayes analysis. All other groups represent a mix of 

different species and lineages. Species from lineages 3, 6 and 9 are found in all three groups, 

whereas species from lineages 1, 2, 7 and 8 are only found in one group overall. Group 1 

contains the largest number of species and lineages and is also the most basal group, 

resembling the orthologous HoxA13a in Ictalurus punctatus the most. Group 2 exclusively 

contains the lineage 7 and 8 species, whereas group 3 is heavily dominated by lineage 9 

species.  

The fact that not all paralogous clades or even groups contain a member species of each 

lineage could be the result of a failure of amplification (null alleles) or potentially the loss of 

certain clusters in certain lineages or species. The basal lineage 1 species C. semiaquilus 

possesses two alleles, both of which are found in the basal clade 1. A. C119 (lineage 2) 

appears in the separate Clade2, but in no other groups. Both Scleromystax sp. (lineage 3) are 

present in all clades and groups with the exception of the lineage 4/5 group. Clade 1 and 2 

appear quite diverged, which could indicate that a duplication event preceded the split. 

Particularly as we would expect S. kronei and S. macropterus to cluster within the same group 

otherwise. As A. C119 is not found in any more derived clades, it is a possibility that there 

have been one or several additional duplications after the lineage 2-lineage3 split. 

While we cannot exclude null alleles or lineage specific cluster loss, duplications must have 

occurred prior to the lineage 3-lineage 4 split, as lineage 3 is indeed represented in all major 

clusters. All C. hastatus alleles cluster together and not with any other species, which could 

indicate a lineage or species-specific duplication event. As a lineage 4 species, it should share 

the above-mentioned duplications but either lost evidence of these paralogs or these failed to 

amplify. Lineage 9 specific duplications also appear evident in group 4, with C. axelrodi, C. 

adolfoi and C. armatus all possessing multiple alleles clustering together within this group. C. 

paleatus (lineage 6) shows a similar signature with 5 alleles in group 4.   
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Selection Analysis and Functional Divergence 

The Selecton analysis did not detect any signs of positive selection within any of the 

coding regions, but shows that a large number of amino acids appear under heavy purifying 

selection (figure 4a). We compared this to HoxA13a orthologs in other teleosts that have not 

undergone additional rounds of WGD (figure 4b). We tested for differences in the selection 

strength between the two groups by comparing the obtained Ka/Ks ratios of the 

Corydoradinae duplicated copies with those in other teleost species. We detected a significant 

difference that indicates a significant shift (Kruskal-Wallis, chi-squared =77.3662, df=1, p-

value < 2.2e-16) in the selection strength as displayed in figure 5. Thus, while the 

Corydoradinae copies are not subject to positive selection, they are under significantly less 

strong purifying selection than their non-duplicated counterparts, and thus possibly evolving 

more quickly than the non-duplicated orthologous sequences in other teleosts. 

We used DIVERGE to test whether the relaxed selection could have resulted in 

functional differences by comparing the four groups previously described (table 5). After 

Bonferroni correction, there were no significant changes in the Type II analysis. However, 

group 2 (containing lineages 4 and 5) appears to be significantly different from all other 

groups in the Type I analysis, indicating a significant shift in amino acid changes in this 

group. While there certainly also appears to be a strong signal of Type I divergence between 

all other groups, the significance does not hold after Bonferroni correction. 
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Table 4. All clades determined in the phylogenetic analysis, as well as their Hox groups, species composition and the mtDNA lineages they belong to. 

Paralog 

Clades 
Group Sequences Species 

Lineages 

Present 

Number of 

Lineages 

Clade 1 1 
Corydoras metae 1, Corydoras araguaiaensis 4, Corydoras araguaiaensis 5, Scleromystax macropterus 1, Corydoras tukano 1, Corydoras 

semiaquilus 1, Corydoras semiaquilus 2 
5 1, 3, 6, 9 4 

Clade 2 1 Aspidoras C119, Scleromystax kronei 2 2 2, 3 2 

Clade 3 2 Corydoras hastatus-1, Corydoras hastatus-2, Corydoras hastatus-3, Corydoras hastatus-4,Corydoras hastatus-5 1 4 1 

Clade 4 2 Corydoras nijsseni 1 5 1 

Clade 5 3 
Scleromystax macropterus 2, Scleromystax macropterus 3, Corydoras imitator 1,Corydoras imitator 2, Corydoras araguaiaensis 3, Corydoras 

leopardus 1, Corydoras leopardus 2 
4 3, 8, 9 3 

Clade 6 3 Corydoras aeneus 1, Corydoras rabauti 1, Corydoras rabauti 2, Scleromystax macropterus 4 3 3, 7 2 

Clade 7 4 
Corydoras armatus 5, Corydoras armatus 6, Scleromystax kronei 4,Scerlomystax kronei 5, Corydoras paleatus 4, Corydoras paleatus 1, 

Corydoras paleatus 2, Corydoras paleatus 3, Corydoras paleatus 5 
3 3, 6, 9 3 

Clade 8 4 Corydoras metae 4, Corydoras metae 3, Corydoras metae 2, Corydoras axelrodi 1, Corydoras axelrodi 2, Corydoras axelrodi 3 2 9 1 

Clade 9 4 

Corydoras araguaiaensis 1, Corydoras araguaiaensis2, Corydoras armatus 2, Corydoras armatus 3, Corydoras armatus 4, Corydoras arcuatus 1, 

Corydoras arcuatus 2, Corydoras armatus 1, Scleromystax kronei 1, Scleromystax kronei 3, Corydoras adolfoi 1, Corydoras adolfoi 2, Corydoras 
adolfoi 3, Corydoras adolfoi 5, Corydoras adolfoi 4 

5 3, 9 2 
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Figure 4. Selecton analysis with each amino acid position being colour coded according to the calculated 

selection strength based on ω (dN/dS ratio). a) Amino acid alignments resulting from the Corydoradinae based on 

56 sequences containing all identified coding regions. b) Amino acid alignment based on 18 teleost species with 

an alignment trimmed based on Ictalurus punctatus. 

 

 

.  

Figure 5. dN/dS ratios calculated for all sequences of both the Corydoradinae and the Teleostei.  

a 

b 



   

 
 

5
4

 

 

 

 

Type I Functional Divergence Analysis 

 
Group 1/Group 2 Group 1/Group 3 Group 1/Group 4 Group 2/Group 3 Group 2/Group 4 Group 3/Group 4 

MFE Theta 0.500811 1.210499 0.622422 1.268689 0.946565 1.203017 

MFE se 0.189664 0.602535 0.26614 0.424035 0.18933 0.582384 

MFE r X 0.179235 -0.024566 0.098846 -0.044495 0.01985 -0.024512 

MFE r max 0.359053 0.116702 0.261789 0.165601 0.371478 0.120741 

MFE z score -2.765873 -2.015461 -2.399927 -3.008318 -5.262727 -2.07292 

P-value 0.005692 0.043905 0.0164 0.002627 < 0.00001 0.037182 

Type II Functional Divergence Analysis 

 
Group 1/Group 2 Group 1/Group 3 Group 1/Group 4 Group 2/Group 3 Group 2/Group 4 Group 3/Group 4 

N 188 193 193 193 195 201 

C 9 4 6 8 8 2 

R 8 8 6 4 2 2 

Alpha ML 0.133903 0.653439 0.345533 0.138032 0.09553 0.719395 

Theta-II 0.013897 -0.004912 0.000592 0.066713 0.041352 0.018609 

Theta SE 0.031787 0.04039 0.034901 0.032592 0.028261 0.034793 

P-value 0.662039 0.903691 0.986516 0.040668 0.143413 0.592788 

Table 5. Functional divergence analysis conducted in DIVERGE. P-values that are significant after Bonferroni correction are highlighted in bold. MFE Theta =Estimate of θI 

by the model-free method. MFE SE = Standard error of the θI estimated by the MFE. MFE r_X = Observed coefficient of correlation between two gene clusters. MFE z-score 

= z-score for model-free estimate of the after Fisher’s transformation. P-value = calculated using the z-score in a two-tailed z-score test. N= Number of sites with no change 

between two clusters. C = Number of sites with conserved change between two clusters. R =Number of sites with radical change between two clusters. Alpha ML = Maximum 

likelihood estimate of α. Theta = Estimate of θII by simplified maximum-likelihood method. Theta SE = Standard error of θII. Descriptions of parameters were taken from the 

Manual (Gu 2013). 
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2.4 Discussion  
 

Here, we identify several putative paralogs of HoxA13a paralogs, indicating that 

several rounds of WGD events took place in the Corydoradinae. Despite having undergone 

several rounds of duplication, we do not find any evidence for positive selection and instead 

find that all paralogs remain under strong purifying selection. However, when compared to 

other teleosts who have not undergone recent additional rounds of WGD, the purifying 

selection is significantly less strong, and our data indicates some degree of functional 

divergence not found in previous studies. 

Ohno (1970) himself noted the fourfold increase and the variability in genome size in 

Corydoradinae catfish in comparison with the Channel Catfish Ictalurus punctatus in his 

famous book Evolution by Gene Duplication and speculated that -due to the similarity in 

karyotype- the genome size expansions must be the result of tandem gene duplications, as 

opposed to WGD events. However, recent phylogenetic work by Alexandrou et al. (2011) 

indicates stepwise shifts in genome size between lineages which could also be explained by 

WGD events, if followed by subsequent chromosomal rearrangements and rediploidization.  

Hox genes are very strictly conserved in their order within clusters, a property that has 

been used to infer WGD events in vertebrates (reviewed in Glasauer & Neuhauss 2014). 

More recently Crow et al.( 2012)  used Hox genes to demonstrate that the American 

Paddlefish had undergone an additional round of WGD. To our knowledge, no tandem 

duplications of Hox genes have ever been reported within vertebrates, and the possibility of 

tandem duplications in the previously analysed and closely related zebrafish (Danio rerio) 

Hox clusters has been excluded (Amores et al. 1998). Garcia-Fernàndez & Holland (1994) 

suggested that the strict conservation of gene order is likely related to precise spatio-temporal 

expression during embryonic body development.  Tandem duplication within a cluster would 

thus potentially disrupt or significantly alter the function of the cluster in early embryonic 

development. Thus, we believe Hox genes could also serve as a reliable indicator of WGD 

events within the Corydoradinae. 

Alternatively, the Corydoradinae could serve as the first example of tandem 

duplications of Hox genes within vertebrates, or indeed multiple independent hybridization 

events between highly divergent species with different genome sizes and karyotypes. For 

hybridisation to explain our data, at least 11 out of 18 species would have had to be involved 
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in a recent hybridization event. In the context of previous work on teleosts and considering 

the divergence between Corydoradinae species, we believe that the occurrence of multiple 

WGD events is the most parsimonious explanation for our data.  

Up to three WGD events or perhaps several triploidy events are likely somewhere 

between the split of lineages 1-3. We believe it is most likely to have occurred after splitting 

from lineage 1, though we cannot entirely exclude the possibility that C. semiaquilus has not 

simply lost all other paralog-copies. In fact, either a failure to amplify all paralog copies for 

all species (plausible as we only used one set of primers), or a large amount of species or 

lineage specific gene loss is apparent in our data. Multiple allele copies of C. paleatus, C. 

adolfoi, C. hastatus and C. metae are all present within the same clade or group, indicating 

that these species have undergone an additional lineage specific duplication and these multi-

copy alleles have yet to diverge into distinct paralogs or be lost. However, we would expect 

to see these multi-copy alleles in all groups in which species are present, which we do not. 

Furthermore, lineage 7 and 8 species appear to only be present in group 2.  Lineage or species 

specific gene loss would not be surprising, as a large scale loss of Hox genes has also 

occurred shortly after the FSGD event and may still be an ongoing process (Duboule 2007; 

Prohaska & Stadler 2004; Kuraku & Meyer 2009). While teleosts certainly contain more Hox 

clusters than other vertebrates, Duboule (2007) pointed out that the gene number they contain 

is fairly comparable: For instance, teleosts possess roughly 48 genes in 13 clusters and mice 

possess 38 genes in 4 clusters. The Hox gene content has been shown to vary considerably 

between different teleost species (Kuraku & Meyer 2009).  

The most likely fate of duplicated genes is subsequent loss (Lynch & Conery 2000) 

and only a very small proportion of genes are expected to be retained. If they are retained, 

they could be subject to sub-functionalization (i.e. both copies take over part of the ancestral 

gene’s function) or neo-functionalization (acquiring a new function after being freed from 

purifying selection pressure).  Since Ohno (1970) first postulated his hypothesis, it has been a 

common notion that gen(om)e duplication is a major mechanism creating novel gene 

functions. However, initial genome and taxon- wide scans show that most gene duplicates 

remain under purifying selection, though this selection pressure is generally weaker than in 

non-duplicated orthologs (Lynch & Conery 2000; Kondrashov et al. 2002; Prohaska & 

Stadler 2004). Even after multiple duplications of the HoxA13a gene, the paralogs still appear 

to be under purifying selection, with no evidence of positive selection being found in any of 

our data. Similarly to results reported in literature (Prohaska & Stadler 2004; Kondrashov et 
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al. 2002), we find that purifying selection pressure is indeed significantly weaker than in its 

non-duplicated teleost counterparts.  

Positive selection was not detected in either HoxA13a in zebrafish, or in any Hox 

clusters in Atlantic salmon (Salmo trutta) (Crow et al. 2009; Mungpakdee et al. 2008). 

HoxA13a appears to be evolving much faster than its paralog HoxA13b (Crow et al. 2009), 

and several studies have demonstrated that HoxAa clusters appear to show significantly 

higher KS values when compared to other clusters (Wagner et al. 2005; Mungpakdee et al. 

2008). Thus, we cannot exclude the possibility that positive selection may merely be masked 

by a high synonymous substitution rates. However, even in the absence of positive selection, 

functional divergence can occur. Such diversity could arise either through neutral processes, 

or because relaxed purifying selection may lead to a latent build-up of substitutions 

eventually creating novel functions.  

When looking for signs of functional divergence, we did not find any significant Type 

II changes, i.e. site-specific shifts in amino acid properties. Instead, we find highly significant 

Type I functional divergence between group 2 (C. hastatus and C. nijsseni) and all other 

groups. It is interesting that group 2 has diverged significantly from all other lineages, and is 

perhaps related to an additional round of WGD in this group. While lineage 9 also appears to 

have undergone an additional WGD event, the duplication in lineage 5 is much older (based 

on the age of the lineage), and would have thus had more time to diverge. However, such an 

assertion is only speculative, and warrants further investigation in future studies. While not 

significant after the Bonferroni correction, there is still a considerable signal of Type I 

functional divergence between the three remaining groups, indicating that HoxA13a paralogs 

in the Corydoradinae are functionally diverged, or in the process of becoming so. Crow et al. 

(2009) did not detect any Type I divergence in the HoxA13a Ostariophysian clade (which 

included the Channel Catfish). Potentially, therefore, the additional rounds of WGD have 

allowed for functional divergence within the Corydoradinae. 

 

Conclusions  

Next Generation Sequencing (NGS) technologies are revolutionizing the fields of 

molecular ecology and evolution (Mardis 2008; Stapley et al. 2010; Mardis 2011; Ekblom & 

Galindo 2011; van Dijk et al. 2014), and open the door to study polyploid or paleopolyploid 
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organisms in unprecedented depth. However, in order to utilize such technology efficiently, it 

is essential to be aware of genome sizes and ideally genome copies, to design experiments 

and scale sequencing efforts appropriately. Particularly for species with a polyploid history, 

sufficient sequence coverage becomes crucial in order to distinguish between paralogous 

copies (e.g. Hohenlohe et al. 2012).  Prior to the availability of genome data and NGS 

technology, Hox genes served as a powerful initial evidence for WGD events in vertebrate 

evolution. Now that their status as a marker for WGD is generally accepted (Crow et al. 

2012; Glasauer & Neuhauss 2014), they serve as an insightful marker to detect WGD events 

and help design further research questions in species that lack prior genomic information.  

 

In summary, we show that  

1) HoxA13a serves as an informative marker for detecting WGD events in the 

Corydoradinae. 

2) Multiple WGD events appear to have occurred within the family, some specific to 

certain lineages, and some shared between lineages. 

3) HoxA13a-paralogs are under significantly less strong purifying selection than their 

non-duplicated teleost orthologs. 

4) Relaxed purification appears to have led to Type I functional divergence between 

Corydoradinae paralogs, a pattern not seen in other teleost orthologs examined to 

date. 
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2.5 Supporting Information 
 

 

 

Figure 6. Topology afterRaxMLanalysis. Bootstrap values not shown for clarity. 
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Figure 7. Topology after MrBayes analysis. Node posterior probabilities are not shown for clarity. 
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Chapter 3 - Two rounds of whole Genome Duplication in 

the Corydoradinae Catfish detected using RAD 

Sequencing 

 

3.1 Introduction 
 

Whole Genome Duplication (WGD) or polyploidization is the addition of a complete 

set chromosomes following hybridization (allopolyploidy) or through doubling of the genome 

within a species (autopolyploidy). WGD is one of the most severe genetic mutations that can 

occur in an organism with potentially severe consequences such as genome instability, large 

scale genomic rearrangements and deletions, changes in gene regulation and TE activation 

(Otto 2007). While originally perceived as an evolutionary dead-end (Stebbins 1950; Stebbins 

1971),  it is now clear that ancient WGD events occurred in the ancestors of the majority of 

plants as well as all vertebrates (Otto & Whitton 2000; Mable 2003; Gregory & Mable 2005; 

Mable et al. 2011). Two rounds of WGD (often referred to as 1R and 2R) appear to have 

preceded the radiation of vertebrates (Ohno et al. 1970; Putnam et al. 2008; Furlong & 

Holland 2002), with a third WGD event (termed 3R, FSGD or TS-WGD) occurring at the 

base of the teleostei radiation (Amores et al. 1998; Meyer & Van de Peer 2005; Crow et al. 

2006; Kasahara et al. 2007; Glasauer & Neuhauss 2014). These ancient WGDs can be 

difficult to detect in the absence of full genome sequences, as polyploid species return to a 

functionally diploid state over time - a process known as re-diploidization (Wolfe 2001). In 

addition to well established ancient WGDs, many more recent events have been documented 

in extant plants, amphibians and fish species which are considered functionally polyploid 

(reviewed in Mable et al. 2011; Glasauer & Neuhauss 2014).  

Susumu Ohno (1970) was one of the first prominent advocators of the hypothesis that gene 

and genome duplications create novel material which could result in the development of new 

genes and adaptive traits. While some immediate genetic consequences of WGD events such 

as extensive genomic rearrangements, chromosome loss and changes in gene expression are 

becoming clearer (see Otto [2007] for a review), the long-term evolutionary consequences and 

impact of polyploidy on the diversification and the adaptive potential of a species remain a 

topic of much debate (Santini et al. 2009; Mayrose et al. 2011; Soltis et al. 2014; Zhan et al. 
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2014; Glasauer & Neuhauss 2014). While WGDs appear to be more frequent in the 

evolutionary history of both plants and vertebrates than previously accepted, time lags 

between such events and subsequent radiations cast doubt on the direct influence of WGDs as 

a driver of evolutionary novelty. Instead, it has been suggested that WGDs could provide the 

necessary genomic environment for later radiation and adaptive evolution to occur (Glasauer 

& Neuhauss 2014). To better understand the evolutionary consequences of WGDs, as well as 

the ability of genomes to return to a functionally diploid-like state, a system that comprises 

independent WGD events, or several lineages evolving after a common WGD event at 

evolutionary distinct times, could help elucidate different mechanisms governing the long 

term consequences of WGD in a statistically robust manner.  

 

Next Generation Sequencing (NGS) has provided evidence for the broader occurrence of 

WGD and polyploidy across eukaryotes, and enabled evolutionary biologists to study the 

retention of duplicate genes and genome dynamics in unprecedented detail (Blanc & Wolfe 

2004; Jaillon et al. 2004; Renny-Byfield & Wendel 2014; Soltis et al. 2009). Many techniques 

have been developed that allow for the utilization of genomic data even in the absence of 

reference genomes, enabling the in-depth study of non-model organisms (reviewed in Davey 

et al. 2011). One such technique is Restriction Site Associated DNA (RAD) Sequencing 

(Baird et al. 2008; Etter, Preston, et al. 2011; Etter, Bassham, et al. 2011). RAD was initially 

developed for SNP discovery and genotyping in non-model organisms, but has since been 

successfully applied to phylogenomics, phylogeography, genome scaffolding, population 

genetics and linkage mapping (Davey et al. 2011), detecting introgression between species 

(Eaton & Ree 2013) and the mapping and studying of evolutionary adaptive traits (Hohenlohe 

et al. 2010; Recknagel et al. 2013). 

 

One group frequently suggested as being polyploid based on chromosome counts and 

genome size variation are the Corydoradinae catfishes (Oliveira et al. 1992; Otto & Whitton 

2000; Mable et al. 2011).  The Corydoradinae catfish are the most diverse group of the order 

Siluriformes, with more than 170 described species (Eschmeyer 2013) and display large 

variation in genome size with C-values ranging from 0.5 to 4.8 pg of DNA (Alexandrou 

2011). Such observations have led to the hypothesis that several WGDs could have occurred 

within the Corydoradinae. Phylogenetic analysis places the Corydoradinae into 9 distinct 

mtDNA lineages, where higher C-values are found in the more derived and younger lineages 

(see figure 2, Chapter 1; Alexandrou 2011).  Identifying the number and timing of potential 
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WGDs in the evolutionary history of the Corydoradinae is an important step in understanding 

drivers of their diversification.  The aim was to use RAD sequencing to identify potential 

WGD events in the Corydoradinae subfamily, enabling inferences on evolutionary 

diversification in relation to genome size. Specifically, the objectives were  

1) to find evidence for WGD events across the genome (to complement the Hox gene-

based findings of chapter 2),  

2) to identify whether species that have undergone WGD events remain functionally 

polyploid, 

3) to create a phylogeny using the RAD data which could help identify potential 

hybridization events. 

 

 

3.2 Methods 
 

Ploidy-Analysis – Nomenclature and Rationale 

A common characteristic of polyploidy is the change from a disomic to a tetrasomic 

inheritance and segregation pattern, which results from homeologous chromosomes pairing at 

meiosis (Stebbins 1971). For instance in a recent tetraploid, a given locus may contain four 

segregating alleles. However, in an older polyploidy where homeologous pairs have diverged, 

or in an allopolyploid where chromosome sets from parental species are sufficiently diverged 

to begin with, preferential chromosome pairing of homologs occurs, leading to bivalent 

formation and disomic inheritance (Stebbins 1971). In this case, a given locus would behave 

like a diploid locus with two segregating alleles. It is furthermore possible for a mixture of 

both tetrasomic and disomic inheritance pattern to occur in the same organism, such as for 

instance in Atlantic salmon (Salmo salar) (Allendorf et al. 2015). 

In addition to duplication through WGD events, genomic regions and genes can be duplicated 

by other means such as for instance through tandem duplication events (Taylor & Raes 2005).  

Duplicated Regions or loci are referred to as paralogs. Duplicated regions through WGD 

events are referred to as ohnologs (named after Susumu Ohno to honour his work on WGD in 

vertebrates) (Wolfe 2000) and are as such a special type of paralogs. 
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Based on short read RAD data and in the absence of a reference or detailed ploidy 

information, it is not possible to distinguish between ohnologs and paralogs. Thus, any 

contigs with more than two haplotypes are referred to as potential paralogs. As an assembled 

contig may contain several distinct coding segments, or indeed be entirely non-coding, the 

term allele may be inappropriate and thus, consecutive stretches of DNA that are inherited 

together, are referred to as haplotypes in this chapter.  

 

Samples and DNA Extraction 

 To investigate whether 

WGDs have occurred in the Corydoradinae and if they have, how many, samples were chosen 

from across each of the nine previously identified mtDNA lineages (figure 2 in chapter 1; 

Alexandrou 2011).  These samples covered C-values ranging from 0.65 pg to 4.36 pg 

allowing species that range considerably in genome size to be investigated for signals of 

WGD. For lineages 1 to 8, one species per lineage was selected for RAD sequencing. For 

lineage 9, two species were selected with the highest genome sizes. Megalechis sp. was 

chosen as the outgroup and belongs to the same family (Callichthyidae) but not the same 

subfamily (Callichthyinae vs. Corydoradinae). For all species, two individuals were sampled 

and every individual sample was replicated once except for the outgroup Megalechis, where 

one replicated individual was used. Libraries were created in two library sets (set 1 & set 2), 

with 5 species and 6 species respectively (table 6). For RAD sequencing, it is crucial to use 

high quality DNA with a high molecular weight, to avoid problems with the restriction 

enzyme digestion and ensure the overall success of the protocol (Etter et al. 2011). Thus, 

several species for each lineage were tested and those with the best DNA quality were 

selected for this study. Unfortunately, this meant that the same species used in the previous 

chapter 2 for lineages 2, 4, 5 and 6 could not be used. 

Each individual sample in set 1 was uniquely barcoded using a 5bp or 7bp sequence as part 

of the P1 adapter. As library set 2 consisted of 24 samples, we uniquely matched P1 with a 

combination of two different P2 adapters. Samples were pooled by individual species during 

library preparation, allowing the adjustment of the pooling strategy of finished libraries to 

compensate for variation in genome size. 
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Samples were obtained from archived wild collections stored in 95% Ethanol made by 

Martin Taylor and Claudio Oliveira between 2005 and 2013, or in a few cases from wild-

caught aquarium trade sourced specimens. DNA was extracted using the Qiagen DNA Blood 

& Tissue Extraction Kit.  All samples were treated with RNase and were selected for high 

quality and high molecular weight using 2 % agarose gels.  

 

RAD Library Construction 

RAD libraries were prepared as described in Etter et al. (2011) with minor 

modifications: 600ng of DNA per sample were digested in separate reactions using 0.21μl 

SbfI restriction enzyme (NEB, 20 units/μl), 12 μl DNA, 5ul Buffer X 10, 14.79 μl H2O for 45 

minutes at 37°C. To each sample, a specific P1 –Adapter containing a unique barcode was 

then ligated (0.6μl NEB2 Buffer, 0.36μl 100mM rATP, 1.44 μl H2O, 1.5μl P1 Adaptor, 0.3μl 

2MU/ml T4Ligase). Each individual sample in library set 1 was uniquely barcoded using a 

5bp or 7bp sequence as part of the P1 adapter. As library set 2 consisted of 24 samples, we 

uniquely matched P1 with a combination of two different P2 adapters. Samples were 

incubated for 60 minutes at room temperature, followed by a 20 minute heat inactivation step 

at 65°C and then pooled by species. Samples were then sheared using a Covaris sonicator 

using the following settings: Duty cycle 10%; Intensity 5; Cycles/Burst 200; Mode: Freq 

sweeping; Duration 105 sec. A Qiagen Mini-elute Kit was used to concentrate samples into 

~30μl of Elution Buffer (EB), which were run out in a gel to perform a size selection step. 

DNA between 200-550 bases was isolated and extracted using the Qiagen Mini-elute Gel 

Extraction kit. The sheared ends of the DNA fragments were then repaired using the NEB 

Quick Blunting Kit (2.5μl Quick Blunting Buffer, 2.5 μl 1mM dNTP mix, 1μl Blunt Enzyme 

Mix; incubated at room temperature for 40 minutes). All samples were subsequently purified 

using the Qiaquick Mini-elute kit and eluted into 43μl of EB and 5 μl 10X NEB Buffer 2. In a 

45 minute incubation step at 37°C, dA overhangs were added to the DNA fragments (1μl 

10mM dATP, 3µl Klenow exo) to prepare samples for the P2 ligation. A subsequent Qiaquick 

cleanup was performed and samples were eluted into 45μL EB Buffer and 5μL 10X Buffer 2 

to which 1μL of 10μM P2-Adapter was added, as well as 0.5 μL 100mM rATP and 0.5μL 

concentrated T4 DNA Ligase. Reactions were incubated at room temperature for 45 minutes. 

An additional clean-up reaction was performed prior to high-fidelity PCR amplification 

optimization. Once test PCRs produced satisfactory bands, a final PCR step was performed 

(8.1μl H20, 2x Phusion High Fidelity Mastermix 12.5μl, 0.4μl Primers). For each pooled 
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species-library, 16 x 12.5μl amplifications were performed using the following settings: 98
o
C 

30s then 98/66/72
 o
C for 10s/30s/30s respectively for 14 cycles then 5 min at 72

 o
C. All PCRs 

for one library were combined and concentrated using the MiniElute PCR clean-up kit and 

another size selection step was performed using gel electrophoresis (300-600 bases). In the 

case of the RAD library set 2, a further gel extraction was necessary prior to PCR 

amplification due to a leftover adapter band at approximately 70 bps.  

 

Sequencing 

Each set of libraries was sequenced on one lane of the 150bp paired-end Illumina 

HiSeq2000 at The Genome Analysis Centre (TGAC), Norwich. In order to achieve even 

coverage for species of different genome sizes, species libraries were combined for 

sequencing in proportion to their C-values (table 6).  

 

Table 6. List of species in each sequencing run. Libraries for each species were combined at different ratios to 

compensate for differences in genome size. 

Sequencing Run Lineage Species C-value Sequencing Ratio 

1 Outgroup Megalechis sp. 1.58 1 

1 1 C. fowleri 0.65 1 

1 8 C. imitator 2.3 4 

1 9 C. metae 4.15 8 

1 9 C. araguaiaensis 4.36 8 

2 2 A. poecilius 0.76 1 

2 3 S. kronei 0.8 1 

2 4 C. pygmaeus 2.68 3 

2 5 C. elegans 2.24 3 

2 6 C. nattereri 1.79 2 

2 7 C. aeneus 1.84 2 
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Data Analysis 

Data Cleaning and De-multiplexing 

Raw sequences were cleaned using Trimmomatic (Bolger et al. 2014) with the 

following settings:  PALINODROME mode to detect and remove adapter contamination, 

SLIDINGWINDOW was set to 4 and trimmed the read if the quality dropped below a set 

threshold of Q20, LEADING removed bases at the front of the read below the set threshold of 

Q10. The quality threshold at the front of the read was set to a less stringent threshold because 

reads trimmed at the front can no longer be de-multiplexed based on the barcode (i.e. different 

barcoded individuals could no longer be distinguished) and thus would have to be discarded. 

Q10 has a probability of 1 error in 10 bases, which would translate into one error in the 

barcode. All barcodes differ by 2 nucleotides and thus a barcode containing one error can still 

be safely attributed to a specific sample. MINLENGTH was set to 36 bases as reads below 

this length would no longer be informative. 

Cleaned data were then imported into CLC Genomics workbench version 7.0 (CLC 

Inc., Aarhus, Denmark) and de-multiplexed by barcode. For library set 1, reads were de-

multiplexed using P1-indices only. P2 indices consisted of a mixture of two different adapters 

in roughly equal ratios and were trimmed off sequencing reads. For eight samples in set 2, the 

presence of both P1 and P2 indices was crucial to positively assign barcodes back to the 

sample. All ungrouped sequences (sequence pairs which could not be assigned back to 

samples based on P1 and P2 barcodes) were de-multiplexed again based on the P1 indices 

only for those 16 samples that had a unique P1 barcode. 

 

Velvet Assembly 

Popular pipelines such as Stacks (Catchen et al. 2011) or PyRAD (Eaton 2013) which are 

often used to assemble or cluster data are at present unsuitable to deal with samples that are 

polyploid. Thus, to prepare our data for downstream ploidy analysis, we decided to assemble 

our raw data outside of these pipelines. Paired-end reads were assembled separately for each 

species using Velvet version 1.2.10 (Zerbino & Birney 2008). The wrapper script 

Velvetoptimiser version 2.2.5 (Zerbino 2010; Gladman & Seeman 2012) was used to optimize 

the three parameters:  k (word length), expected coverage and coverage cutoff. The 

optimisation function used was the default N50. In cases where assembly was difficult, the 
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optimisation function was changed to number of contigs, optimizing for number of contigs 

instead of for length. 

Velvet uses coverage to distinguish unique regions of the genome from repetitive regions 

(Zerbino 2010; Zerbino & Birney 2008). Thus, high variance in coverage can cause errors in 

the assembly. Because RAD data coverage is expected to be highly non-uniform and k-mer 

coverage in Velvet was highly variable after first optimization attempts, we normalized the 

coverage across contigs using the digital normalization script bbNorm which is part of the 

bbMap package (http://sourceforge.net/projects/bbmap/).  

For each species, reads of all samples (including replicates) were combined for the 

assembly. As reverse reads vary more in coverage (due to the random shearing step) as well 

as to further facilitate the assembly of repetitive regions, reverse reads were assembled in a 

separate run using a longer kmer length.  These contigs were then passed back into the 

complete assembly as long reference reads. We used a smaller k for this step to aid connecting 

the forward and reverse reads. 

 

Mapping  

To estimate the quality of the assembly, raw reads for all species were mapped back to 

the contigs created by Velvet using the BWA-mem algorithm (Burrow-Wheeler-Alignment) 

(Li 2013). A contig was considered useable if both forward and reverse read of a read-pair 

map back to the same contig.  These ‘verified’ contigs were then used for further downstream 

analyses. The mean read depth was calculated using the GATK Depth of Coverage Tool 

(Mckenna et al. 2010).  

 

PyRAD Analysis  

As polyploidy can occur in connection with hybridization events (allopolyploidy), we 

constructed a phylogeny in order to detect potential conflicts within the RAD data set, as well 

as conflicts between a RAD based phylogeny and the mitochondrial based phylogeny from 

Alexandrou (2011). As the velvet assembly may be prone to assemble paralogs, we 

constructed a conservative data set using the pipeline PyRAD (Eaton 2013). PyRAD filters 

out potential paralogous sequences by identifying sequences with more than a set number of 

heterozygous sites (default of 5) and with a heterozygous site shared between a set number of 

samples (default of 3). PyRAD also discards clusters with more than 2 haplotypes in default 
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mode as it is designed for diploid organisms. We ran PyRAD in default mode, with data 

within species clustered at 90% similarity, and these were then clustered at 80% across 

species.  

Appropriate models of nucleotide substitution for the RAD data set were determined 

using jModeltest (Guindon & Gascuel 2003; Darriba et al. 2012).  Maximum likelihood and 

Bayesian phylogenetic analysis were conducted in MrBayes (Ronquist et al. 2012) and 

RAxML (Stamatakis 2014) using the concatenated PyRAD output using the nucleotide 

substitution model suggested by jModeltest. Two separate MCMC runs were conducted in 

MrBayes and run for 1,000,000 generations with random starting trees. We executed 1000 

Rapid Bootstrap searches in RAxML using the Rapid Bootstrapping Algorithm. 

To estimate changes in ploidy level within the Corydoradinae we used two different 

complementary methods: (i) haplotype frequencies in each contig and (ii) read count ratios for 

bi-allelic SNPs. 

 

Ploidy Analysis I – Haplotype Number per contig 

In this analysis, we quantified the number of different haplotypes for each contig. The 

filtered Bam files were run through Hapler which performs haplotype calling in low-diversity, 

low-coverage short-read sequence data (O’Neil & Emrich 2011; O’Neil & Emrich 2012).  In 

order to maximise coverage (which is crucial to identify haplotypes and distinguish them from 

sequencing errors), individual replicates were merged prior to the analysis.  As haplotype 

assembly can be complicated by reads mapping to consecutive stretches of DNA that do not 

fully overlap, the data were also filtered to include only haplotypes with a minimum of 20 

reads and exclude all alignments that stretch beyond 200 bases. Hapler can base haplotypes on 

SNPs called internally or using a provided SNP list. As the SNPs used for the Ratio-Analysis 

were filtered very conservatively, we utilized Hapler’s internal SNP-caller in the binomial 

mode. Hapler output was processed using custom scripts and MS Excel. Data were visually 

inspected using Tablet (Milne et al. 2013). Contigs were grouped according to haplotype 

number and frequencies were calculated. 

We used general linear models to identify significant changes in haplotype number 

frequencies across species. We first fitted a fully saturated model, and then removed 

haplotype category from a second updated model. A subsequent Analysis of Deviance was 
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conducted on both models, to detect significant effects of either species or haplotype category. 

All analyses were conducted in Rstudio (RStudio 2012). 

 

 

Ploidy Analysis II –SNP Frequency 

 

To estimate changes in ploidy level within the Corydoradinae, we calculated the read count 

ratios for bi-allelic SNPs as outlined in Yoshida et al. 2013. Briefly, this is based on the 

principle that, mean read ratios for each bi-allelic SNP are expected to be roughly ½ and ½ in 

a diploid.  In a triploid, read ratios would be expected to be 
1
/3 and 

2
/3 and in a tetraploid either 

¼ and ¾ or ½ and ½ respectively.   

Here, only putatively coding regions were used to avoid noise from multi-copy repetitive 

regions where SNP ratios are not predictable. Thus, Repeatmasker version 4.0 (Smit et al. 

n.d.) was used to mask assembled contigs for each species. Blastx (Camacho et al. 2009) was 

then used to identify potential coding regions.  Raw reads were mapped to these identified 

candidate-coding regions using BWA-mem with the same settings as outlined above. 

Freebayes was then used (Garrison & Marth 2012) to call polymorphisms with a minimum 

occurrence of ten reads. Reads from individual replicates are typically combined at this stage 

to increase coverage. Here however, Freebayes was run on each replicate individually to 

allow SNP verification. For each species, resulting datasets were further quality filtered to 

contain only bi-allelic SNPs, a maximum total depth of 300 and a minimum reference-allele 

count of 5 per individual replicate. SNPs shared between both replicates were considered real 

and read counts for the reference and alternate SNPs of both replicates were combined. 

Histograms of SNP read ratios (reference reads divided by total reads, and alternate reads 

divided by reference reads) for each individual were created using ggplot2 in R studio 

(Wickham 2009; RStudio 2012). 

We were unable to model expected frequencies for autopolyploid individuals due to 

inadequate model assumptions: our read-frequency data shows a clear peak around 0.5 for 

most species, indicating preferential pairing of chromosomes during meiosis. Modelling an 

autopolyploid according to coalescent theory however would require that homeologous 

chromosomes are completely exchangeable and that there is no preferential pairing  (Arnold 

et al. 2012; Arnold et al. 2015). Furthermore, it is also possible that these species are 

allopolyploid, or segmental polyploids, which would lead to a mixture of bivalent and 
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multivalent formation during meiosis and thus an unpredictable mixture of different ratios at 

different contigs. 

Instead, we compared frequencies of different species against each other to detect 

significant changes within the phylogeny. We explored these differences statistically by 

dividing the data into three bins (0.25, 0.5 and 0.75) and performed pairwise Chi-Square tests 

in R. P values were Bonferroni-corrected to account for multiple comparisons. 

 

3.3 Results 
 

Sequencing and Data Cleaning 

The first sequencing run yielded c. 104 million paired reads (GC content 47%). After 

quality filtering and trimming, 93.52% of the original sequences remained. The second 

sequencing run resulted in c. 117 million paired sequences (GC content 46%), but was of 

lower quality with only 81.99% of paired sequences surviving. The overall quality of 

sequencing run 2 was very high except for a dip in quality after 70 bases in the reverse reads. 

Cleaned and trimmed reads were de-multiplexed, with number of reads per barcode ranging 

from 1.4 million (A. poecilius1-Replicate1) to 20 million (C. metae2-Replicate1) as visualized 

in figures 8 and 9.   

 

Figure 8. The number of reads in millions obtained for each sample in sequencing run 1.   

Pooling Ratio: 

1: 1: 4: 8: 8 

 

 

 



 
 

72 
 

 

Figure 9. The number of reads in millions obtained for each sample in sequencing run 2.  

 

Velvet Assembly 

Results for the assembly are listed in table 7. The number of contigs assembled for 

each species ranged between 13166 (C. aeneus) and 58604 (C. imitator). The assembly 

yielded fewer contigs for species in the second sequencing run, due to shorter reverse reads. 

This is reflected in a lower N50 distribution (270-355) when compared to the first sequencing 

run (397-447).  The number of contigs assembled was also higher for species in sequencing 

run 1 (28k-58k in run 1 compared to 13k-32k in run 2). We only used contigs for downstream 

analyses if both forward and reverse reads of a read-pair map to the same contig. These are 

listed as verified contigs in table 7. 

Differences between the sequencing runs can also be seen here (table 7). In general, 

the discrepancy between contigs assembled and contigs to which paired reads map was small, 

indicating that the velvet assembly worked well. However, for sequencing run 2, a much 

lower percentage of sequences mapped back in verified pairs, while percentage of single reads 

mapping back to the same contigs was comparable to sequencing run 1. This indicates that 

velvet failed to connect reverse and forward reads in many cases for sequencing run 2, again 

likely due to the shorter reverse reads. While the quality drop in the reverse reads of the 

second sequencing run resulted in a less successful assembly for the sequenced species 

Pooling Ratio: 

1: 1:3:3:2:2 
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(lineages 2 to 7),  analyses based on successfully assembled contigs (see haplotype analysis 

and SNP analysis) should otherwise not be affected. 

Table 7. Number of reads for all species and replicates, as well as basic statistics from the Velvet assembly. The 

number of verified contigs represents the number of contigs that were used for downstream analyses. 

Species Velvet-

Contigs 

N50 Mean 

Depth 

Remaining Contigs 

after Filter 

 C- value   

Megalechis sp. 37345 432 45.26 36426  1.58   

    

Corydoras fowleri 28047 414 40.39 26743  0.65   

    

    

    

Aspidoras poecilius 20081 299 97.675 18374  0.76   

    

    

    

Scleromystax kronei 24100 335 41.025 20866  0.8   

    

    

    

Corydoras pygmaeus 34490 355 116.18 30051  2.68   

    

    

    

Corydoras elegans 22238 290 49.63 18674  2.24   

    

    

    

Corydoras nattereri 13166 270 49.625 11972  1.79   

    

    

    

Corydoras aeneus 19375 292 55.875 17787  1.84   

    

    

    

Corydoras imitator 58604 447 54.825 49552  2.3   

    

    

    

Corydoras metae 44052 397 104.175 40763  4.15   

    

    

    

Corydoras 

araguaiaensis 

42224 403 145.865 40026  4.36   
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PyRAD Analysis 

PyRAD identified between ~33k contigs (C. fowleri 2) and ~90k contigs (C. 

araguaiaensis) across species with a minimum coverage of ten (table 8). Mean coverage 

varied between 32 in C. nattereri 1 and 176 in C. pygmaeus 1. PyRAD also filters out RAD-

tags that appear to be potential paralogs, based on estimated heterozygosity and error rates. In 

the outgroup and the basal lineage 1 C. fowleri samples (C-value = 0.65pg), roughly about 4% 

of RAD tags are discarded due to paralog-filters. The loss doubled from lineage 2 onwards 

and increased to 51% in the lineage 9 individual C. araguaiaensis 1 (C-value = 4.32pg).  

The consensus data set created across all species consisted of 3004 loci, with 1015 loci 

present in Megalechis sp. and all other species containing at least 1800 loci of the common 

data set. The phylogenetic analysis based on the concatenated dataset recovered only one 

topology both for the Bayesian as well as the Maximum likelihood analysis (see figure 10). 

As the PyRAD analysis was based on forward reads only, no difference between 

sequencing runs became apparent. 
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Table 8. Basic statistics from the PyRAD analysis for all species 

Lineage Sample 

 

C- value 

RAD-Sites after 

coverage filter 

Mean Coverage after 

filter 

RAD-Sites after paralog 

filter 

% 

filtered  

% 

Polymorphic 

0 Megalechis 1.58 37,628 64.67 36,256 3.65 0.16 

1 C. fowleri 2 0.65 32,765 45.63 31,436 4.06 0.13 

1 C. fowleri 1 33,040 48.34 31,515 4.62 0.19 

2 A. poecilius 1 0.76 35,930 74.03 32,576 9.33 0.28 

2 A. poecilius 2 42,925 113.79 39,046 9.04 0.28 

3 S. kronei 1 0.8 37,199 70.25 31,659 14.89 0.41 

3 S. kronei 2 36,767 65.81 33,512 8.85 0.35 

4 C. pygmaeus 1 2.68 60,292 176.06 54,816 9.08 0.29 

4 C. pygmaeus 2 55,802 154.91 51,930 6.94 0.30 

5 C. elegans 1 2.24 74,679 54.63 63,323 15.21 0.46 

5 C. elegans 2 77,720 56.73 66,300 14.69 0.47 

6 C. nattereri 1 1.79 66,457 32.20 54,451 18.07 0.48 

6 C. nattereri 2 69,654 35.92 56,735 18.55 0.49 

7 C. aeneus 1 1.84 48,019 57.48 39,584 17.57 0.38 

7 C. aeneus 2 50,877 59.42 43,037 15.41 0.35 

8 C. imitator 1 2.3 61,084 61.75 55,020 9.93 0.24 

8 C. imitator2 61,962 69.23 55,583 10.30 0.23 

9 C. metae 1 4.15 63,540 53.79 53,237 16.21 0.57 

9 C. metae 2 76,613 63.54 60,192 21.43 0.42 

9 C. araguaiaensis 1 4.36 87,170 60.24 42,170 51.62 0.55 

9 C. araguaiaensis 2 89,921 59.25 61,819 31.25 0.42 
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Figure 10. Topology recovered from Maximum Likelihood analysis using RAxML and Bayesian phylogenetic analysis using Mr bayes. Node values represent posterior 

probabilities/bootstrap support. 
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Ploidy-Analysis 1 – Number of Haplotypes per Contig 

In an ideal assembly, we would expect each contig to be representative of one 

homologous genomic location and thus possess a maximum of two haplotypes in a diploid. 

However, during the assembly of raw reads into contigs, assemblers often fail to distinguish 

between regions of high similarity (for instance recently duplicated regions), which may be 

mis-assembled into one contig. In a paleo- or neopolyploid, we would expect a higher 

frequency of these paralogous contigs, i.e. contigs that are representative of more than one 

homologous genomic region. Thus, the number of haplotypes mapping to each contig created 

in the Velvet assembly were quantified. With every additional WGD event that may have 

occurred, the number of highly similar, duplicated paralogous regions in the genome doubles. 

Depending on the age of the event and the degree of re-diploidization and divergence of 

duplicates, we would expect an increase of paralogous regions to manifest itself in a 

detectable increase in contigs with multiple haplotypes.  

The proportion of contigs with one haplotype, two haplotypes or multiple haplotypes 

is shown in figure 11. There are large differences in the number of haplotypes per contig 

across species. For Megalechis (outgroup) and C. fowleri (lineage 1) ~ 75-80% of contigs 

have only one haplotype, this drops sharply to ~45% from A. poecilius (lineage 2) to C. 

aeneus (lineage 7). Similarly, the number of contigs with two haplotypes doubles from ~ 16% 

in C. fowleri (lineage 1) to 31% in A. poecilius (lineage 2), with 3x the proportion of contigs 

with multiple haplotypes. C. imitator (lineage 8) has a higher proportion of contigs with one 

haplotype in comparison with lineages 2-7, although the number of multi-haplotype contigs 

remains roughly similar. Finally, C. metae and C. araguaiaensis (both lineage 9) have only 

~25% of contigs with a single haplotype and with the majority of contigs having two or 

multiple haplotypes. Such patterns indicate one or several WGD events following the splitting 

of lineages 1 and 2.  Remarkably, genome sizes of A. poecilius and S. kronei are highly 

similar to that of C. fowleri which had previously led to the assumption that WGD events 

would have occurred after the lineage 3-lineage 4 split. This could be due to a higher degree 

of re-diploidization in comparison with earlier lineages, or perhaps could be indicative of a 

hybridization/allopolyploidy event, as we may expect sufficient divergence in parental 

genomes to avoid misassembly.  

The Analysis of Deviance on the fully fitted and updated glm models on the haplotype 

count data supports a significant change (p<0.001) in the number of contigs belonging to 

different haplotype categories across species, with a significant interaction between haplotype 
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number and species. Thus, proportions vary significantly both with species as well as with 

haplotype category. 

 

 

 

 

Figure 11. Proportion of assembled contigs with one, two or multiple haplotypes for each species. Genome size 

for each species is shown in brackets (C-value). 
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Ploidy-Analysis 2 – SNP frequency histogram shape 

In SNP frequency analysis, both Megalechis (outgroup) and C. fowleri (lineage 1) 

display a clear peak around 0.5, i.e. the majority of bi-allelic SNPs have roughly an even read 

number as expected in a diploid species (figure 12). Species in lineages 2-8 all display a large 

peak at 0.5 with slight differences in shape that could reflect differences in paralog retention 

after genome duplication events. Most species also display slightly raised peaks at 0.25 and 

0.75 frequencies which could be a sequencing artefacts or alternatively reflect paralogs, which 

would be found even in a diploid genome. 

Differences between the shapes of the distributions in are not statistically different 

among lineages 1-3 and Megalechis (table 9), suggesting that all four species are functionally 

diploid. All samples representing lineages 4-8 differ significantly from all others, with the 

exception of C. aeneus (lineage 7) and C. nattereri (lineage 6).  

C. metae shows a markedly broader distribution, with increased 0.25 and 0.75 peaks 

that are only slightly shorter than the 0.5 peak. In C. araguaiaensis, the 0.25, 0.5 and 0.75 

peak are roughly equal and form a broad plateau. In a perfect tetraploid, SNPs should display 

either at a 0.5 read ratio or a 0.75/0.25 ratio. Thus, C. araguaiaensis and C. metae display 

SNP frequency distributions which are consistent with being functionally tetraploid. C. metae 

does not differ significantly from either C. aeneus or C. nattereri (after Bonferroni correction 

for multiple testing), with both of these species also showing raised 0.25 and 0.75 peaks and 

consistent with being tetraploids that are in the process of re-diploidizing. Similarly, the 

gradient in SNP read ratio distributions between lineages 1-8 could be a sign of different 

stages of re-diploidization after potential WGD events that are indicated in the haplotype 

analysis.  
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Figure 12.  Frequencies of bi-allelic SNP read ratios for all 21 samples. Genome size (C-value) displayed in 

brackets. 
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Table 9. P-values for all pairwise chi-square comparisons of 0.25, 0.5 and 0.75 SNP read ratio frequency bins. The * symbol indicates that significance does not hold after 

Bonferroni correction.  
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Megalechis            

C. fowleri 0.242           

A. poecilius 0.328 0.5395          

S. kronei 0.2504 0.4264 0.9742         

C. pygmaeus <0.001 <0.001 <0.001 <0.001        

C. elegans <0.001 <0.001 <0.001 <0.001 <0.001       

C. nattereri <0.001 <0.001 <0.001 <0.001 <0.001 <0.001      

C. aeneus <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.3755     

C. imitator <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001    

C. metae <0.001 <0.001 <0.001 <0.001 <0.001 0.001777* 0.01437* 0.1927 <0.001   

C. araguaiaensis <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
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3.4 Discussion 
 

In this study, we successfully identify significant shifts in multi-haplotype contigs as 

well as in bi-allelic SNP read ratios, which indicate that at least two major duplication events 

occurred in the Corydoradinae. Previous studies investigating genome size and chromosome 

number changes across the group suggest that lineages 1-3 are diploid, with genome size 

increasing from lineage 4-9. Here, we find that contrary to previous predictions based on 

genome size, a WGD event likely occurred prior to the split of lineages 2 and 3, and that a 

further WGD event occurred in lineage 9. We employed two different ways to quantify 

paralogs across species. First, we identified bi-allelic SNP read count ratios, a technique 

which has recently been used to determine ploidy levels in Yoshida et al.( 2013) and in 

Arnold et al. (2015).   Second, we present a novel approach for detecting potential WGD 

using a RAD data set by directly quantifying the number of haplotypes mapping to our 

assembled contigs.   

In addition to quantifying paralogs, we successfully resolved the phylogenetic 

relationships of the Corydoradinae using nuclear markers and thus demonstrate that RAD data 

can be used both to resolve phylogenies of highly diverged lineages as well as to make 

inferences about the evolutionary dynamics of genome evolution of non-model species.  

 

Evidence for WGD events across the Phylogeny 

One of the biggest challenges in working with polyploid species is the inevitable mis-

assembly of homeologous and repetitive parts of the genome into one paralogous sequence. 

While sequencing read lengths are steadily increasing, reads are still often too short to 

distinguish between homeologous/paralogous regions which leads to errors in assembly and 

makes accurate downstream genotyping difficult.  Paralogs in diploids are often removed 

during the analysis (Mastretta-Yanes et al. 2014; Hohenlohe et al. 2012), even though they 

can be highly informative both for population genomics as well as in an evolutionary context 

(Mastretta-Yanes et al. 2014). The assembly may be complicated further by the often varying 

degree of re-diploidization and divergence of paralogs after WGD events, leading to copy 

number variation for different parts of the genome (Wolfe 2001). In the present study, we 

quantified paralogs instead of attempting to resolve or remove them.  



 
 

83 
 

After our paired-read assembly, we expected a large number of assembled paralogous 

contigs with multiple haplotypes. With 75% and 80% of contigs in Megalechis and C. fowleri 

respectively only displaying one haplotype, it appears that velvet correctly assembled contigs 

for the majority of our relatively short RAD-data. In fact, determining the number of 

haplotypes per assembled scaffold/contig could serve as a useful quality control of assembled 

data in the absence of reference genomes or ploidy-information. Based on the haplotype 

analysis and the read count ratio SNP-analysis, C. fowleri and Megalechis appear functionally 

diploid: For the majority of contigs only one or two haplotypes per individual were identified, 

and the SNP read ratios show a clear peak around 0.5. This is also the case for A. poecilius 

and S. kronei. Surprisingly, there is a large shift in haplotype number proportions between C. 

fowleri and A. poecilius/S. kronei that indicate an ancient duplication event, despite the 

genome sizes of lineages 1-3 being nearly identical. Based on genome size data (Alexandrou 

2011), we assume that A. poecilius and S. kronei have re-diploidized but still retain an 

increased number of multi-copy regions. Initially, in a polyploidy event, similarity between 

duplicated regions is maintained through bivalent formation during meiosis, allowing for 

recombination between all copies. The key step in the re-diploidization of a polyploid 

individual is the return to bivalent formation of chromosomes during meiosis over time, with 

duplicated copies located on different chromosome pairs gaining in divergence (Wolfe 2001). 

If the majority of the genome has returned to a re-diploidized state and as such become a 

paleopolyploid, we would expect the majority of contigs to have one or two haplotypes and 

the majority of bi-allelic SNPs to occur at a 0.5 ratio. While the most prevalent fate of 

duplicated regions is subsequent loss, a significant number of duplicate genes appear to be 

retained in fish and plant paleopolyploids. There is no additional shift in haplotype numbers 

for species representative of lineages 4 to 7, though all appear significantly different to each 

other in terms of SNP read ratios and show an increase in genome size. These differences 

between species could represent different stages of re-diploidization. As RAD-Seq data has 

been shown to underestimate true haplotype diversity (Arnold et al. 2013), it is also plausible 

that we may not have enough data to pick up additional duplication events.  

The haplotype analysis as well as the SNP read count ratio analysis detected an 

observable shift between lineages 1 and 2-8 as well as in lineage 9. This shift is similarly 

apparent in the PyRAD data when comparing the amount of RAD-tags lost to paralogs and 

the number of polymorphisms identified. Species in lineage 2 and 3 thus likely represent 

paleopolyploids. With half of all SNPs occurring at a 0.25/ 0.75 ratio, it seems plausible that 

C. metae and C. araguaiaensis could be functionally tetraploid, i.e. observed ratios could be 



 
 

84 
 

explained by tetravalent formation and recombination during meiosis. The haplotype analysis 

for C. imitator shows that the majority of contigs contain only one or two haplotypes, an 

increase in comparison to lineages 2-7 and more comparable to lineage 1. This could be 

explained by a higher degree of re-diploidization. Alternatively, C. imitator could be a 

segmental polyploid or allopolyploid. Allopolyploids form as a result of the hybridization of 

different species, but with two more divergent genomes compared to an autopolyploid, 

resulting in chromosomes often forming bivalents and not multivalents. Depending on the 

degree of divergence of the parental species, there is a mixture of bivalent/multivalent 

formation of chromosomes. Lineages 4-7 likely represent different stages of re-diploidization 

and may have undergone additional WGD events for which our data was not powerful enough 

to detect them. C. aeneus and C. nattereri in particular appear similar to C. metae in the SNP 

read ratio analysis, though they fail to show a significant shift in terms of the haplotype 

analysis. 

Generally, our analyses emphasize the value of determining haplotype number per 

contig as we have done, as the bi-allelic SNP read count ratios did not pick up the clear shift 

between lineages 1-3, most likely due to re-diploidization.  

Due to sequence length limitations of the RAD-data, we cannot show that paralogs 

arose at the same time and are thus the result of WGD, as done elsewhere using synonymous 

substitution rates (Blanc & Wolfe 2004) . An alternative method would be a phylogenetic or 

topology based approach (Wolfe 2001; Jiao et al. 2011), though there is a very small overlap 

in orthologous gene families across species due to their high divergence. Thus, we cannot 

exclude the possibility that the increase in paralogs is the result of other duplication 

mechanisms, such tandem, segmental or chromosome duplications, which can be difficult to 

distinguish from Whole Genome Duplication events particularly when faced with old events 

and large scale re-arrangement, loss and mutation (Durand & Hoberman 2006) . However, the 

RAD data indicates that there is a 30% shift between lineages 1 and 2 in terms of haplotype 

proportions. Based on previous phylogenetic analysis, lineages 1 and 2 split at least 30 million 

years ago (Alexandrou 2011), and a 30% retention of duplicates would be in line with other 

paleopolyploid species (Blanc & Wolfe 2004; Ludwig et al. 2001) and presents the most 

parsimonious explanation.  

 

 



 
 

85 
 

Phylogenetic Analysis 

The comprehensive phylogenetic framework presented in Alexandrou et al. (2011) 

was based on mtDNA with a single nuclear gene included. In this study we used the RAD 

data to construct a nuclear phylogeny to identify whether there were significant differences in 

the order of lineages in the nuclear vs. mtDNA trees. As the haplotype data indicated that a 

large number of contigs appear to conform to diploid status, we ran our forward reads through 

the PyRAD-pipeline for phylogenetic purposes, as has been done previously for other 

polyploid species (Ogden et al. 2013).  

The phylogeny was concordant with the mtDNA tree with one exception. Corydoras 

nattereri (lineage 5) formed a monophyletic clade with the two lineage 9 species, C.  

araguaiaensis and C. metae). Based on the mitochondrial phylogeny, we would expect C. 

nattereri to be basal to C. aeneus and C. imitator (lineages 7 and 8). The reasons for this 

conflict could be error in the phylogenetic analysis as a result of insufficient resolution or 

information in the mitochondrial-based analysis, incomplete lineage sorting or introgression 

and hybridization events.  The SNP read ratio analysis revealed that C. nattereri could be a 

polyploid, which together with the mitochondrial conflict, could be suggestive of a 

hybridization event. This conflict between nuclear and mitochondrial phylogeny may only 

affect C. nattereri and not be representative of the entire lineage 6. More data for additional 

species would be necessary to identify the cause of the conflict. 

 

Conclusion 

It is clear that the evolutionary history of the Corydoradinae has been significantly 

influenced by large-scale duplication events. The increase in genome size across the 

Corydoradinae led to the hypothesis that WGDs could have occurred within this species-rich 

subfamily. While we believe that we have found conclusive evidence for several WGDs, these 

cannot explain the variation in genome size on their own. Further studies are needed to 

identify potential lineage-specific events as well as other mechanisms that have potentially 

driven genome size in the Corydoradinae. Such alternative mechanisms could include a 

Transposable Element expansion (see chapter 5), pseudogene and intron accumulation as well 

as chromosome-level events (Gregory 2005a). With several rounds of WGD shared by a large 

number of diverse species, the Corydoradinae also make an excellent model system to study 

the retention of gene duplicates and the mechanisms of re-diploidization in unprecedented 



 
 

86 
 

detail at different evolutionary timescales: The FSGD occurred ca 350 million years ago 

(Glasauer & Neuhauss 2014) and thus comparing gene retention in extant teleosts today only 

gives us a snapshot of the mechanisms impacting the genome after a WGD duplication event. 

The Corydoradinae provide a large species sample size and multiple WGDs at different time 

scales at different stages of re-diploidization. This makes the Corydoradinae a unique and 

exciting model system for studying the genome dynamics within vertebrates in general. 
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3.5 Supporting Information 
 

Table 10. RAD reads per sequenced sample and putative contigs assembled in Velvet. Sequence reads were then 

mapped back to putative contigs. Only those contigs with properly paired mapped reads were kept for 

downstream analyses. 

Lineage Species Species #Reads Putative Contigs  % Reads mapping back to own contigs 

     

Properly paired (total reads mapped) 

0 
Megalechis 

Mega1-R1 3354110 
37345 

84.95 (93.12) 

0 Mega1-R2 2996048 81.55 (89.88) 

1 

C. fowleri 

Fow1-R1 2360806 

28047 

69.88 (85.97) 

1 Fow1-R2 2691040 70.47 (85.72) 

1 Fow2-R1 2707300 70.26 (85.1) 

1 Fow2-R2 2536026 69.5 (84.89) 

2 

A. poecilius 

Apo1-R1 1381450 

20081 

67.54 (76.93) 

2 Apo1-R2 5239442 68.46 (78.13) 

2 Apo2-R1 5148758 68.22 (77.73) 

2 Apo2-R2 7245580 67.65 (77.32) 

3 

S. kronei 

Skro1-R1 2252998 

24100 

55.53 (75.48) 

3 Skro1-R2 4027790 57.56 (76.94) 

3 Skro2-R1 3061372 55.79 (74.92) 

3 Skro2-R2 3060050 58.03 (77.15) 

4 

C. pygmaeus 

Pyg1-R1 11511440 

34490 

64.19 (86.86) 

4 Pyg1-R2 11281860 64 (86.76) 

4 Pyg2-R1 12146160 61.16 (85.26) 

4 Pyg2-R2 11147618 60.57 (84.47) 

5 

C. elegans 

Eleg1-R1 8614162 

22238 

26.59(67.92) 

5 Eleg1-R2 6496120 25.48 (65.71) 

5 Eleg2-R1 8770490 27.18 ( 67.01) 

5 Eleg2-R2 5768858 28.54 (66.85) 

6 

C. nattereri 

Nat1-R1 3750502 

13166 

24.26(66.80) 

6 Nat1-R2 5374010 23.59 (66.65) 

6 Nat2-R1 6109870 23.62 (65.52) 

6 Nat2-R2 4566728 23.84 (66.44) 

7 

C. aeneus 

Aen1-R1 7987504 

19375 

29.98 (78.83) 

7 Aen1-R2 2845866 24.10 (77.77) 

7 Aen2-R1 5253556 28.83 (78.48) 

7 Aen2-R2 6622462 31.03 (78.12) 

8 

C. imitator 

Imi1-R1 7583986 

58604 

61.99 (95.19) 

8 Imi1-R2 8033302 62.52 (94.59) 

8 Imi2-R1 8718744 62.52 (94.78) 

8 Imi2-R2 9132258 61.61 (95.10) 

9 
C. metae 

Me1-R1 11187184 
44052 

45.72 (95.67) 

9 Me1-R2 13057302 45.25 (95.03) 
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9 Me2-R1 20102230 46.35 (94.64) 

9 Me2-R2 16330000 48.63 (94.65) 

9 

C. araguaiaensis 

Ara1-R1 15460804 

42224 

66.75 (93.25) 

9 Ara1-R2 13187802 66.10(92.73) 

9 Ara2-R1 13055310 65.86(93.54) 

9 Ara2-R2 15617158 66.68(92.92) 
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Chapter 4 - Paralog Retention following large scale 

duplication events in the Corydoradinae 

 

 

 

 

 

 

“Because of natural selection, organisms have been able to adapt to changing environments, and by 

adaptive radiation many new species were created from a common ancestral form. Yet, being an 

effective policeman, natural selection is extremely conservative by nature. Had evolution been entirely 

dependent upon natural selection, from a bacterium only numerous forms of bacteria would have 

emerged. The creation of metazoans, vertebrates and finally mammals from unicellular organisms 

would have been quite impossible with previously non-existent functions. Only the cistron which 

became redundant was able to escape from the relentless pressure of natural selection, and by 

escaping, it accumulated formerly forbidden mutations to emerge as a new gene locus.” 

Preface, Susumu Ohno, Evolution by Gene duplication, May 1970 
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4.1 Introduction 

 

The duplication of genes has long been suspected to play a fundamental role in the 

creation of novel genes and gene functions (Ohno et al. 1970; Kondrashov et al. 2002; Taylor 

& Raes 2004; Rensing et al. 2007).  A number of different mutative mechanisms can lead to 

the duplication of genes. These include tandem duplication events, the duplication of 

individual chromosomes (aneuploidy), Whole Genome Duplication (WGD) events, as well as 

duplicative transposition (the duplication and movement of genomic fragments through 

Transposable Elements) (Taylor & Raes 2005). Gene duplications are surprisingly common, 

occurring at rates comparable to those of nucleotide substitution (Lynch & Conery 2000;  

Lynch & Conery 2003). Despite this surprisingly high rate of gene duplication, most 

duplicated genes are lost from the genome within a few million years as a result of silencing 

and the accumulation of deleterious mutations. Genes that are retained may undergo sub-

functionalization (original function is divided between the duplicate copies) or neo-

functionalization (the acquisition of a new function) (Lynch & Conery 2000) or continue to be 

expressed in duplicate. 

 There is increasing evidence that the evolutionary fate of duplicate gene copies is non-

random and is heavily biased by gene function and duplication mode. Lynch and Conery 

(2000) noted that even though the overwhelming majority of duplicate genes should be lost 

relatively quickly, gene duplicates resulting from a WGD events (also termed ohnologs) have 

been retained in much larger numbers than expected. For instance, it is estimated that 

approximately 15% of gene duplicates have been retained in teleosts since the teleost specific 

duplication event (Braasch & Postlethwait 2012), and roughly 20% being retained in the two 

paleopolyploid yeast species Sacchromyces cerevisae and Sacchromyces castellii (Byrne & 

Wolfe 2007). Moreover, there appears to be a distinct difference in the type of genes that 

survive in duplicate after WGD events when compared with small-scale duplications or 

transposition events. This has been attributed in part to gene dosage balance: after a genome 

duplication event, genes that co-operate and are co-regulated are retained by purifying 

selection to maintain dosage balance (Freeling 2009; Conant et al. 2014; Gout & Lynch 

2015). Other genes appear to be “duplication resistant” across a diverse range of taxa and 

have quickly reverted back to single copy status after independent WGD events (Paterson et 

al. 2006). 
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While many models have been proposed to explain gene retention and subsequent 

evolution after duplication (reviewed in Innan & Kondrashov 2010; Conant et al. 2014) a 

common feature is a focus on the increased freedom of these duplicates to evolve under 

reduced purifying selection which in some cases may lead to adaptive evolution. Several 

studies have shown that paralogs in teleosts evolve more quickly than their single-copy 

orthologs in mammals (Wagner et al. 2005; Brunet et al. 2006; Crow et al. 2009). Gene 

duplicates in rodents appear to have accelerated positive selection in the first 12 million years, 

before duplicates return to rates similar to pre-duplication level (Pegueroles et al. 2013). 

Many important gene families such as Haemoglobin and Immunoglobin are the product of 

gene duplications (Taylor & Raes 2005) and some gene families such as the Hox (chapter 2) 

have played important roles in elucidating the role of ancient WGDs in the evolution of the 

vertebrates (Prohaska & Stadler 2004; Amores et al. 1998; Crow et al. 2006). 

While it has clearly been demonstrated that duplicated genes can have an evolutionary 

impact and lead to the creation of novel features, the link between WGD or polyploidization, 

the evolution of new traits and the diversification of species is less clear (Otto 2007). In part, 

this is due to a paucity of quantitative studies that directly compare closely related groups that 

have undergone the same WGD event. Two studies that have addressed such comparisons: 

Morel et al. ( 2015) demonstrated that the reciprocal loss of duplicate genes may be a 

powerful tool in facilitating adaptation and increasing biodiversity in yeast lineages, and the 

differential retention of duplicates in the superorders Ostariophysi and Acanthopterygii 

following the Fish-Specific Genome Duplication (FSGD) may contribute to different 

evolutionary trajectories (Garcia de la Serrana et al. 2014). While these examples provide a 

tantalising hint that WGD may be a powerful evolutionary force, more studies are required 

across a range of polyploid systems to elucidate the evolutionary impacts of WGD. 

Here, we used RAD data to investigate paralog retention and gene ontology 

differences in a family of neotropical catfish that have undergone at least two major large 

scale duplications (chapter 2 and chapter 3). The Callichthyidae are the biggest family in the 

order of the Siluriformes (Eschmeyer 2013) . The subfamily Corydoradinae is native to the 

neotropical Americas and consists of mostly herbivorous and insectivorous bottom-feeders. 

Previous work (see chapters 2 and 3) provided evidence for large-scale duplication events 

within the Corydoradinae catfish. Some species may have returned to a functionally diploid 

state, while mtDNA lineage 9 species appear to have undergone a more recent duplication 

event and show signs of functional polyploidy. Data indicate that the first major duplication 
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event occurred between lineages 1 and 2. As A. poecilius (lineage 2) has a similar genome 

size compared with C. fowleri (lineage 1) and SNP ploidy ratios indicate functional diploid 

for both species, it appears most likely that A. poecilius is a paleopolyploid. Potential 

additional duplication events may have occurred between lineages 3-8, though these are not 

detectable in our data sets.  

Particularly in older polyploids where bivalent formation has been restored, duplicated 

loci no longer co-segregate and may diverge as independent paralogs (Wolfe 2001). Here, we 

aim to identify whether tentative duplication events previously identified have led to 

differences in the genic makeup between lineages that could have impacted the subsequent 

evolution of the Corydoradinae. Specifically, we aim to use our RAD sequencing data set 

(described in detail in chapter 3) to address the following questions:  

1. Species that have undergone large scale duplication events in the past may possess 

more genes (through functional divergence of paralogs over time), i.e. should possess 

more assembled contigs that blast as protein-coding genes. 

2. Species that have undergone large-scale duplication events contain more paralogs, i.e. 

contain more contigs that are highly similar to one another as identified by Blastx. 

3. Certain gene ontology groups have been preferentially retained after duplication 

events, i.e. certain gene ontology groups are enriched in comparison with pre-

duplication species. 
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4.2 Methods 
 

Data 

RAD sequencing data were cleaned and de-multiplexed as described in chapter 3. 

Reads of individual samples were combined for each species and used to assemble the RAD 

data into contigs. In brief, we sequenced two sets of RAD libraries on Illumina HiSeq 2000, 

with each lineage of the Corydoradinae represented by at least one species with 2 individuals. 

Assemblies for all species were created using velvet and ‘velvetoptimiser’ (Gladman & 

Seeman 2012; Zerbino & Birney 2008) in two consecutive runs (as described in more detail in 

chapter 3). Coverage was normalized to assist assembly. In a first run, reverse reads were 

assembled individually to form stable contigs out of overlapping, sheared reads. In the second 

sequencing run, reverse read quality dropped below Q10 after 70 bases and these sequences 

were trimmed. This led to problems in the assembly, likely due to forward and reverse reads 

failing to overlap.  

Raw reads for each sample were then mapped back to the assembled contigs using 

BWA-mem (Li 2013), and filtered to include only those contigs to which both forward and 

reverse reads of a same pair mapped. Contigs to which a minimum of ten read pairs mapped 

were analysed using Blastx as part of the NCBI blast+ suite (Camacho et al. 2009) to identify 

gene candidates.  

Blastx Analysis and Paralog Identification 

Blastx hits were filtered using the following criteria: Minimum length of 200 (to avoid 

several partial matches within a contig), an e value of < 10
3 

(i.e. the chance of a false hit is 

smaller than 1 in 1000 for the given database) and a minimum of 30% similarity. For each 

species, filtered contigs were then blasted against themselves using Blastn in order to identify 

potentially paralogous sequences. Within species, Blastn hits also were filtered by length to 

avoid partial and false matches. Shorter reverse reads for samples of the second sequencing 

run produced significantly shorter reads (Analysis of Variance, F=39.55 P<0.001), which 

impaired the number of contigs assembled and may impair paralog-detection. 

Contigs with a Blastx-hit fulfilling the above criteria were considered putative genes. 

Putative genes that had blast hits (minimum length of 200 bases, eval <10
3
) to other putative 

genes in the same sample were considered putative paralogs.  
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Quantifying Haplotype Diversity of Blastx-Hits 

Paralog identification was based on the contigs assembled in Velvet. Due to the nature 

of our short reads, and evidence for large scale duplication events within the Corydoradinae, 

many contigs have been identified as paralogous in previous analyses (see chapter 3 for more 

detail). In brief, paired-reads are too short to distinguish between highly similar regions in the 

genome, so that many assembled contigs do not represent a single unique region in the 

genome but a mixture of highly similar multi-copy gene families as well as recently 

duplicated genes. Thus, in order to test whether paralog and gene numbers may be 

underestimated, in this analysis we quantified haplotype number only for contigs with a 

Blastx hit (putative genes). As haplotype quantification is complicated by reads mapping to 

consecutive stretches of DNA that do not fully overlap (and would thus be identified as 

distinct haplotypes), we do not have haplotype information for every identified Blastx hit. 

Where the information was available, we identified all Blastx hits that contained more than 3 

hits. 

 

Gene Ontology Analysis 

Blastx data for each sample was imported into Blast2GO (Conesa et al. 2005) for 

mapping and subsequent annotation using the default settings. To determine whether different 

species differ in their Gene Ontology (GO), we conducted two-tailed Enrichment 

Tests/Fisher’s exact test integrated in Blast2GO using the FDR (False Discovery Rate) 

correction factor and a p-value cutoff of 0.05. As we were interested in GO differences within 

the sub-family that could be related to WGD events or gene duplications, we compared all 

species against C. fowleri (lineage 1).  

As our Gene-data set is based on RAD data, our paralog and general annotation list is 

incomplete. The enrichment analysis as implemented in Blast2GO compares the proportion of 

sequences with the GO-term under consideration in the test sample against the proportion in 

the reference sample (Blüthgen et al. 2005).  

Differences in GO terms across species and different categories were made more 

comparable by summarizing different Gene Ontology IDs into GO-slim categories using the 

AgBase GoSlim Viewer and using the Generic GO-slim set (McCarthy et al. 2006). GoSlim 

sets are subsets of GO-categories across all three ontologies and are useful for summarizing 

data and are maintained as part of the Gene Ontology database (Harris et al. 2004). 
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4.3 Results 
 

Gene and Paralog Analysis 

Data indicate a clear difference in the number of putative genes (Blastx-hits) obtained 

between sequencing runs (table 11). For sequencing run 1, hits obtained vary from 5189 to 

7486 whereas for sequencing run 2, hits vary from 3286 to 3761. Putative paralogs range from 

25 to 169 in sequencing run 2, whereas for sequencing run 1 between 537 and 2009 putative 

paralogs were identified. As the Blastx analysis was based on the assembled contigs, we 

tested for differences between the sequencing runs more thoroughly to establish whether the 

difference is a sequencing artefact or reflects a biological difference. Sequencing run 2 

produced significantly fewer contigs than sequencing run 1(figure 12a) (Anova, F=20.01. 

df=1, p-value=0.00155). In addition, the number of contigs was significantly correlated not 

only with the number of Blastx-hits obtained (Pearson’s correlation, cor. coefficient=0.9422, 

df=9, p-value<0.001) but also with the number of paralogs (Pearson’s correlation, cor. 

coefficient=0.94437, df=9, p-value <0.001) (figures 12b and 12c). Thus, the drop in Blastx 

hits and the low number of paralogs appear to be the result of a quality drop in the second 

sequencing run.  

 

Table 11. Blastx hits as well as putative paralogs identified using Blastn.  

 

Lineage Species SeqRun 

C-

value 

Blastx-

Hits 

Putative  

Paralogs 

% Putative 

Paralogs  

1 C. fowleri 1 0.65 5231 537 10.27 

2 A. poecilius 2 0.76 3626 25 0.69 

3 S. kronei 2 0.8 3761 44 1.17 

4 C. pygmaeus 2 2.68 4636 169 3.65 

5 C. elegans 2 2.24 3286 77 2.34 

6 C. nattereri 2 1.79 2480 29 1.17 

7 C. aeneus 2 1.84 3491 55 1.58 

8 C. imitator 1 2.3 7486 2009 26.84 

9 C. metae 1 4.15 5189 1714 33.03 

9 C. araguaiaensis 1 4.36 5261 1541 29.29 
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Figure 13. Examination of the potential effect of 

sequencing run on number of contigs and Blastx-

hits recovered. a) Contig number retrieved for 

samples displayed by sequencing run. b) Paralogs 

identified against contigs assembled for each 

sample. c) Blastx-hits retrieved against contig 

number assembled for each sample. 

a 

b 

c 
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The data for sequencing run 1 allows a direct comparison of a diploid species (C. 

fowleri) and species from lineages 8 and 9 which have undergone WGDs. There is a marked 

increase in the percentage of paralogs across these lineages - from 10.27% in C. fowleri 

(lineage 1) to 26-33% for C. imitator, C. metae and C. araguaiaensis (lineages 8 and 9). C. 

metae and C. araguaiaensis (lineage 9) have roughly the same number of Blastx hits as C. 

fowleri (lineage 1), even though previous analysis indicates that lineage 9 has undergone at 

least two additional rounds of large scale duplications compared to C. fowleri. The largest 

number of putative genes is found in C. imitator (lineage 8), a species that did not appear 

polyploid in previous analyses.   

In order to test whether C. metae and C. araguaiaensis have a smaller number of 

putative genes because of the mis-assembly of multiple paralogous regions into single contigs, 

we identified the number of putative genes with multiple (more than 3) haplotypes where 

possible. As haplotype identification was impaired by partially overlapping reads, we 

restricted the haplotype analysis to shorter contigs. Table 12 outlines the percentage of Blastx 

hits for which we have haplotype information, as well as how many of these contain multiple 

haplotypes.  In C. fowleri, 5% of all examined Blastx-hits contain multiple haplotypes, 

whereas from lineage 2 this shifts to above 20%. Generally, in lineages 2 - 8, between 12 and 

25% of examined Blastx hits contain multiple haplotypes.  This variation could in part be the 

result of the variation in the number of Blastx hits with data available. A shift is observed in 

lineage 9 with ~40% in C. araguaiaensis and ~30% in C. metae containing multiple 

haplotypes. However, due to restrictions in the haplotype analysis described earlier, we have 

only haplotype information for roughly 25-38% of putative genes. Thus, the number of 

putative genes, particularly for lineage 9, is likely to underestimate the true gene number, with 

many recent duplicates as well as closely related gene families mis-assembled into one contig.  
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Table 12. Percentage of Blastx-hits for which haplotype information was available,  as well as the haplotype data for these.  

Only listed are the number of Blastx-hits with more than 3 haplotypes. 

Lineage Species Sample 

Percentage of Blastx-hits  

with haplotype information 

Blastx-hits  

with > 3 haplotypes 

Percentage of Blastx-hits with  

information with > 3 haplotypes 

1 C. fowleri Fow1 49.85 141 5.41 

1 C. fowleri Fow2 39.81 136 6.53 

2 A. poecilius Apo1 37.29 293 21.67 

2 A. poecilius Apo2 37.62 343 25.15 

3 S. kronei Skro1 40.20 243 16.07 

3 S. kronei Skro2 43.72 323 20.12 

4 C. pygmaeus Pyg1  24.14 235 21.00 

4 C. pygmaeus Pyg2 22.82 270 25.52 

5 C. elegans Eleg1 58.55 328 17.05 

5 C. elegans Eleg2 58.64 360 18.68 

6 C. nattereri Nat1 64.40 205 12.84 

6 C. nattereri Nat2 66.29 210 12.77 

7 C. aeneus Aen1 45.43 226 14.25 

7 C. aeneus Aen2 46.03 216 13.44 

8 C. imitator Imi1 42.41 352 11.09 

8 C. imitator Imi2 39.45 438 14.83 

9 C. metae Me1 24.61 553 43.30 

9 C. metae Me2 31.22 659 40.68 

9 C. araguaiaensis Ara1 36.11 603 31.74 

9 C. araguaiaensis Ara2 38.07 687 34.30 
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Gene Ontology Differences between Species 

All species differ significantly from C. fowleri in several GO categories. C. imitator 

(lineage 8) and C. metae (lineage 9) show the largest differences in Gene Ontology, with C. 

metae showing significant differences in more than 120 individual GO categories, in most of 

which it appears underrepresented (table 13 and supporting information). When summarizing 

the differences as Go-slim categories across the three major gene ontology categories 

(Cellular Components, Molecular Functions and Biological Processes), trends across species 

become more apparent (see table 14). As the GO-slim terms are representative of a subset of 

different unique GO categories, species may appear over-represented as well as under-

represented for the same GO-slim category. For Cellular Components, (particularly for the 

GO slim terms cellular_component, cell, and intracellular), several species from lineages 2, 8 

and 9 are underrepresented and only C. metae is overrepresented in comparison to C. fowleri 

in specific categories.  For molecular functions, this trend is the opposite, with GO-slim 

categories molecular_function and nucleotidyltransferase activity over-represented in several 

species, and other terms only underrepresented in C. metae. For biological processes, several 

species are overrepresented in DNA metabolic process, as well as biosynthetic process. 

Whereas a large number of species are overrepresented in the category biological process, 

some of these are also listed as underrepresented, again, due to differences in individual GO-

categories summarized in the GO-Slim categories.  

In summary, more species are under-represented for GO categories in Cellular Components, 

whereas more GO categories appear enriched in Molecular Function and Biological 

Processes. 
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Table 13. Blastx-hits, annotated genes as well as significant differences in GO-categories between all samples 

and C. fowleri. Differences are also listed as GO-Slim categories. 

 

Lineage Species Blastx-hits Annotated Genes 

GO  vs.    

C. fowleri  

GO-SLIM 

Differences 

1 C. fowleri 5231 3228 - - 

2 A. poecilius 3626 2032 9 6 

3 S. kronei 3761 2368 3 4 

4 C. pygmaeus 4636 2787 3 4 

5 C. elegans 3286 2014 5 6 

6 C. nattereri 2480 1613 4 5 

7 C. aeneus 3491 2194 3 4 

8 C. imitator 7486 3918 22 9 

9 C. metae 5189 2845 128 27 

9 C. araguaiaensis 5261 2905 9 7 
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Table 14. All Go-Slim categories and the species in which these are significantly over-represented or under-represented. As GO-Slim categories contain a subset of other GO 

categories, some species appear both over- and under-represented. 

Go-Slim ID Go-Slim Descriptions Over-represented in Under-represented in 

Cellular 

Components 

      

Slim id: 

GO:0005575 

cellular_component C. metae A. poecilius, C. imitator, C. 

araguaiaensis, C. metae 

Slim id: 

GO:0005622 

intracellular C. metae C. imitator, C. metae 

Slim id: 

GO:0005623 

Cell C. metae A. poecilius, C. imitator, C. 

araguaiaensis, C. metae 

Slim id: 

GO:0005737 

cytoplasm C. metae C. metae 

Slim id: 

GO:0005794 

Golgi apparatus  C. metae 

Slim id: 

GO:0005886 

plasma membrane  C. metae 

Slim id: 

GO:0043226 

organelle  C. metae 

Slim id: 

GO:0043234 

protein complex C. metae   

Molecular 

Functions 

      

Slim id: 

GO:0003674 

molecular_function A. poecilius, S. kronei, C. pygmaeus, C. elegans, C. nattereri, C. aeneus, C. 

imitator,C. araguaiaensis,C. metae 

C. metae 

Slim id: 

GO:0004871 

signal transducer activity C. metae   

Slim id: 

GO:0016301 

kinase activity  C. metae 

Slim id: 

GO:0016779 

Nucleotidyltransferase activity A. poecilius, C. elegans, C. araguaiaensis, C. metae   

Slim id: 

GO:0043167 

ion binding   C. metae 

Biological 

Processes 

   

Slim id: 

GO:0006259 

DNA metabolic process A. poecilius, S. kronei, C. pygmaeus, C. elegans, C. nattereri, C. aeneus, C. 

imitator,C. araguaiaensis, C. metae 

  

Slim id: cellular protein modification  C. metae 
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GO:0006464 process 

Slim id: 

GO:0006629 

lipid metabolic process  C. metae 

Slim id: 

GO:0006810 

transport  C. metae 

Slim id: 

GO:0007165 

signal transduction C. metae C. imitator, C. metae 

Slim id: 

GO:0008150 

biological_process A. poecilius, S. kronei, C. pygmaeus, C. elegans, C. nattereri, C. aeneus, C. 

imitator,C. araguaiaensis, C. metae 

A. poecilius, C. imitator, C. 

araguaiaensis, C. metae 

Slim id: 

GO:0009058 

biosynthetic process A. poecilius, C. elegans, C. nattereri, C. araguaiaensis, C. metae C. metae 

Slim id: 

GO:0009790 

embryo development  C. metae 

Slim id: 

GO:0030154 

cell differentiation  C. metae 

Slim id: 

GO:0032196 

transposition A. poecilius, S. kronei, C. pygmaeus, C. elegans, C. nattereri, C. aeneus, C. 

imitator,C. araguaiaensis, C. metae 

  

Slim id: 

GO:0034641 

cellular nitrogen compound 

metabolic process 

C. metae, C. imitator C. metae 

Slim id: 

GO:0040007 

Growth  C. metae 

Slim id: 

GO:0044281 

small molecule metabolic 

process 

 C. metae 

Slim id: 

GO:0048856 

anatomical structure 

development 

  C. metae 
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4.4 Discussion 
 

In this study, we show that species which have undergone large scale duplication 

events possess a higher percentage of multi-copy putative genes (based on Blastx-hits), as 

well as a higher percentage of putative paralogs. The Gene Ontology analysis revealed 

differences across species, with cellular components generally under-represented compared to 

C. fowleri and biological processes and molecular functions over-represented. Unfortunately, 

a quality drop in the reverse reads of the second sequencing run affected the assembly and 

resulted in significantly fewer contigs which impaired analyses in this chapter. Thus, the 

main focus of this discussion is on species from sequencing run 1, namely C. fowleri (lineage 

1), C. imitator (lineage 8), C. metae and C. araguaiaensis (lineage 9). 

Gene and Paralog Numbers 

Very early on it was realized that fish contain more genes than other vertebrates as a 

result of ancient WGD (Wittbrodt et al. 1998). Despite the loss of the majority of duplicate 

genes, the retention of Ohnologs (paralogs through WGD) appears to be a common feature 

across many taxa, and gene retention is strongly correlated with duplication mode (e.g. Hakes 

et al. 2007; Freeling 2009). Thus, if the large scale duplication events detected in chapter 3 

are the result of WGD events (as would be suggested by the Hox data set in chapter 2), we 

would expect a detectable increase in the number of genes as well as paralogs in a specific 

subset of categories.  

We identified a clear increase in paralogs, with lineages 8-9 displaying roughly 30% 

paralog- content compared to roughly 6% in lineage 1. In teleost fish studied to date,  

between 17-21% of paralogs from the ancient FSGD have been retained (Garcia de la Serrana 

et al. 2014), but as our analysis is based on a RAD data set and we do not have the full 

complement of genes, it is perhaps not surprising that we only identify 5% putative paralogs 

in the basal C. fowleri . Particularly for lineage 9, putative paralogs are likely highly 

underestimated due to the large number of multi-copy genes detected. Bearing this in mind, 

other model polyploid plant species such as maize (Zea mays), soybean (Glycine max) and 

wheat (Triticum aestivum) were estimated to contain between 32 and 37% of paralogs based 

on EST sequences (Blanc & Wolfe 2004). Both C. metae and C. araguaiaensis have similar 

paralog abundances to these known polyploids and are therefore consistent with being 

polyploids. 
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In terms of the number of putative genes identified, C. fowleri (lineage 1), C. metae 

and C. araguaiaensis (both lineage 9) contain roughly the same number of putative genes. 

Surprisingly, C. imitator (lineage 8) contained some two thousand more putative genes than 

the other species. Therefore, despite a large fraction of duplicated putative paralogs in C. 

araguaiaensis and C. metae, there appears to be no overall increase in putative gene number. 

As teleosts possess far more genes than tetrapods as the result of the FSGD (Wittbrodt et al. 

1998), with current estimates of retained copies averaging 15% (Braasch & Postlethwait 

2012), we would expect that several rounds of WGD in the Corydoradinae would also lead to 

an increase in putative gene numbers detected. When considering that a minimum of two 

large duplication events have occurred, C. araguaiaensis  and C. metae  have proportionally 

fewer putative genes than we would expect. This could be an artefact of the RAD data, with 

additional putative genes in lineage 9 remaining undetected. In addition, total gene numbers 

are underestimated, with the haplotype analysis indicating that roughly 30% of putative genes 

in lineage 9 represent multi-copy genes. Thus, the additional gene copies we would be 

expecting may be mis-assembled into one contig and thus present as multi-copy putative 

genes in this analysis.  

 Another plausible explanation is genome shrinkage or genome downsizing. Genome 

downsizing is well documented in plants and describes the phenomenon that in many 

polyploid organisms, the relative haploid genome size is smaller than would be expected 

(Leitch & Bennett 2004). It has been proposed that genome downsizing may facilitate 

restoring meiosis to its diploid behaviour and thus lead to cytological rediplodization and can 

result from unequal recombination, often induced by LTR elements (Eilam et al. 2010). 

Genome downsizing and reciprocal loss of gene duplicates may facilitate speciation and 

contribute to diversification rates. For instance reciprocal gene loss shortly after WGD events 

has been shown to be a major factor in the evolution and speciation of yeast (Scannell et al. 

2006; Scannell et al. 2007; Morel et al. 2015). Sémon & Wolfe (2007) estimated that 

thousands of genes underwent reciprocal gene loss when comparing the genomes of 

Tetraodon and Danio rerio and suggest that reciprocal gene loss could have also played a 

role in teleost diversification. 

We identified the largest number of putative genes in C. imitator (lineage 8). C. 

imitator also contains many fewer multi-copy putative genes when compared with lineage 9 

species, albeit the number of paralogs is very similar. The high gene and paralog number in 
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comparison with lineage 9 is peculiar, as lineage 9 has undergone an additional duplication 

event when compared to lineage 8. Such apparent disparity could reflect a lineage-specific 

difference in gene retention. Alternatively, the larger number of contigs identified as a gene 

alongside the lower number of multi-copy gene contigs may indicate that the overall 

divergence of paralogous genes in C. imitator is higher than in lineage 9, which could be 

indicative of an allopolyploidy event. 

When quantifying the number of haplotypes for putative genes (Blastx-hits) where 

available, the pattern is congruent with the analysis of all contigs in chapter 3: A marked shift 

in multi-copy Blastx-hits between lineage 1 and lineage 2 is detected, as well as in lineage 9. 

We were unable to reliably quantify selection type and strength of our paralogs and multi-

copy genes directly due to short reads and the partial hits of putative genes. However, 

inferences can be made based on their similarity. As explained in chapter 3, in a perfect 

assembly contigs should represent one chromosomal location with a maximum of 2 alleles in 

a heterozygous diploid. In C. metae roughly 40% of identified putative genes/Blastx-hits 

contain a minimum of 3 haplotypes, indicating that several genes belonging to different 

genomic locations have been mis-assembled into one contig because they were too similar for 

the assembler to be able to distinguish between them. This is based on very short reads of a 

given gene hit, but indicates that at least part of these genes retained high similarity, which in 

turn could indicate that a large proportion of these genes may remain under purifying 

selection. Alternatively, the high similarity could indicate a very recent duplication event, or 

that similarity across duplicates is maintained through the formation of multivalents at 

meiosis. Such assertions would be in line with the expectation that both C. metae and C. 

araguaiaensis are likely functional polyploids as discussed in chapter 3. 

 

Gene Ontology Differences 

It is now well documented that the mode of gene duplication affects gene retention 

(Freeling 2009; Wang et al. 2012). While the results for individual GO categories should be 

interpreted with caution, an overall trend is apparent: a reduction in the category ‘Cellular 

Components’, and an increase in the categories ‘Biological Processes’ and ‘Molecular 

Function’ in species compared to the basal diploid C. fowleri.  The trend is congruent with a 

study on Tetraodon (Brunet et al. 2006) which found a similar overall pattern after the FSGD 
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event. Despite the overall loss of data for sequencing run 2, species part of this sequencing 

run still display the same trend in GO retention or underrepresentation as samples from 

sequencing run 1. That this trend is apparent from lineage 2 onwards (e.g. A. poecilius) 

further supports the notion that the Corydoradinae underwent at least two rounds of Whole 

Genome Duplication with one occurring between lineage 1 and lineage 2. 

Curiously, the GO-Category ‘DNA Metabolism’ appears enriched in all species when 

compared to C. fowleri whereas this category has been reported to be underrepresented after 

WGD in Arabidopsis (Freeling 2009). Furthermore, our data shows an opposite pattern to 

that detected in Compositae plants where structural and cellular components were enriched 

and transcription factors, molecular functions and metabolic processes were underrepresented 

(Barker et al. 2008). However, as Barker et al. (2008) note, while similar retention often 

occurs within lineages, these patterns tend to differ between higher taxonomic groups. 

Similarly to the Corydoradinae, metabolic genes have been retained preferentially in the moss 

after a WGD event Physcomitrella patens (Rensing et al. 2007). 

 Corydoras metae shows a much higher number of differences in GO than any other 

species, with many of these differences contrasting with overall observed trends. For 

example, C. metae is under-represented in many Biological Processes or Molecular Functions 

even though it matches over-representation in categories such as ‘DNA Metabolism’ or 

‘transposition’, which are over-represented across species. These differences could in part be 

an artefact of the incomplete nature of the RAD-data, though it is curious that we see such a 

high degree of differentiation only in C. metae. In the absence of further chromosomal and 

genome data, we can only speculate on the cause. For instance, Warren et al ( 2014) were 

able to distinguish between WGD derived paralogs and tandem events based on whether 

paralogs were located on the same chromosome. This revealed that Atlantic salmon (Salmo 

salar) underwent increased local duplications after the salmon-specific WGD. There did not 

appear to be a difference in GO between paralogs created via WGD or tandem events. 

However, tandem duplications have been shown to have opposite retention patterns to WGD 

events in plants (Freeling 2009).  

Conclusion 

While there are limitations in inferring genic information and gene ontology from a 

RAD data, we nevertheless were able to identify overall trends in the Corydoradinae that 

appear similar to those identified in Tetraodon. We identified an increase in paralogs and 
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multi-copy genes in line with expectations for species that have undergone major duplication 

events. Thus, this analysis provides further evidence that the uncovered large scale 

duplication events were indeed polyploidization events. To address hypothesis 1, we could 

not find direct evidence for an increase in gene number after duplication events, though it is 

acknowledged that the quality of RAD data was not optimal. We were however able to show 

that in accordance with hypotheses 2 and 3, there is a detectable increase in paralogs after 

WGD events as well as a clear difference in Gene Ontology. 
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4.5 Supporting Information 

 

Table 15. List of Gene Ontology terms over-represented in Corydoradinae species compared with Corydoras fowleri. 

GO Term Description Over-represented in 

GO:0034061 DNA polymerase activity A. poecilius, C. araguaiaensis, C. aeneus , C. metae 

GO:0003964 RNA-directed DNA polymerase activity A. poecilius, C. elegans, C. araguaiaensis, C. aeneus , C. metae 

GO:0006278 RNA-dependent DNA replication A. poecilius, C. elegans, C. nattereri, C. araguaiaensis, C.  aeneus , C. metae 

GO:0006313 transposition, DNA-mediated 
A. poecilius, S. kronei, C. pygmaeus, C. elegans, C. nattereri, C. aeneus, C. imitator, C. 
araguaiaensis, C. aeneus, C. metae 

GO:0004803 transposase activity 
A. poecilius, S. kronei, C. pygmaeus, C. elegans, C. nattereri, C. aeneus, C. imitator, C. 
araguaiaensis, C. aeneus, C. metae 

GO:0032196 Transposition 
A. poecilius, S. kronei, C. pygmaeus, C. elegans. C. nattereri, C. aeneus, C. imitator, C. 
araguaiaensis, C. aeneus , C. metae 

GO:0090304 nucleic acid metabolic process C. imitator, C. metae 

GO:0006807 nitrogen compound metabolic process C. imitator, C. metae 

GO:0015074 DNA integration C. imitator, C. metae 

GO:0006259 DNA metabolic process C. imitator, C. metae 

GO:0006310 DNA recombination C. imitator, C. metae 

GO:0006139 
nucleobase-containing compound metabolic 
process C. metae 

GO:0034641 cellular nitrogen compound metabolic process C. metae 

GO:0006725 cellular aromatic compound metabolic process C. metae 

GO:0046483 heterocycle metabolic process C. metae 

GO:0070098 chemokine-mediated signalling pathway C. metae 

GO:1901360 organic cyclic compound metabolic process C. metae 

GO:0004950 chemokine receptor activity C. metae 

GO:0001637 
G-protein coupled chemo-attractant receptor 
activity C. metae 

GO:0003676 nucleic acid binding C. metae 

GO:0005960 glycine cleavage complex C. metae 
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Table 16. Gene Ontology terms under-represented in Corydoradinae species compared with Corydoras fowleri. 

GO Term Description Under-represented 

GO:0044699 single-organism process A. poecilius, C. imitator, C. araguaiaensis, C. aeneus , C. metae 

GO:0044464 cell part A. poecilius, C. imitator, C. araguaiaensis, C. aeneus , C. metae 

GO:0005623 Cell A. poecilius, C. imitator, C. araguaiaensis, C. aeneus, C. metae 

GO:0065007 biological regulation C. imitator, C. metae 

GO:0050794 regulation of cellular process C. imitator, C. metae 

GO:0050896 response to stimulus C. imitator, C. metae 

GO:0007154 cell communication C. imitator, C. metae 

GO:0051716 cellular response to stimulus C. imitator, C. metae 

GO:0050789 regulation of biological process C. imitator, C. metae 

GO:0023052 Signaling C. imitator, C. metae 

GO:0044700 single organism signaling C. imitator, C. metae 

GO:0007165 signal transduction C. imitator, C. metae 

GO:0005622 Intracellular C. imitator, C. metae 

GO:0016020 Membrane C. imitator, C. metae 

GO:0009653 anatomical structure morphogenesis C. metae 

GO:0048731 system development C. metae 

GO:0007399 nervous system development C. metae 

GO:0048513 organ development C. metae 

GO:0048856 anatomical structure development C. metae 

GO:0040008 regulation of growth C. metae 

GO:0040007 Growth C. metae 

GO:0044271 cellular nitrogen compound biosynthetic process C. metae 

GO:0034654 nucleobase-containing compound biosynthetic process C. metae 

GO:2001141 regulation of RNA biosynthetic process C. metae 

GO:0006355 regulation of transcription, DNA-dependent C. metae 

GO:0032774 RNA biosynthetic process C. metae 

GO:0006351 transcription, DNA-dependent C. metae 

GO:0051252 regulation of RNA metabolic process C. metae 

GO:0016070 RNA metabolic process C. metae 

GO:0019438 aromatic compound biosynthetic process C. metae 

GO:0018130 heterocycle biosynthetic process C. metae 

GO:1901362 organic cyclic compound biosynthetic process C. metae 

GO:0009889 regulation of biosynthetic process C. metae    
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GO:0031326 regulation of cellular biosynthetic process C. metae 

GO:2000112 regulation of cellular macromolecule biosynthetic process C. metae 

GO:0010556 regulation of macromolecule biosynthetic process C. metae 

GO:0008203 cholesterol metabolic process C. metae 

GO:0016125 sterol metabolic process C. metae 

GO:0006468 protein phosphorylation C. metae 

GO:0016043 cellular component organization C. metae 

GO:0071840 cellular component organization or biogenesis C. metae 

GO:0044267 cellular protein metabolic process C. metae 

GO:0010467 gene expression C. metae 

GO:0051179 localization C. metae 

GO:0043412 macromolecule modification C. metae 

GO:0007275 multicellular organismal development C. metae 

GO:0006793 phosphorus metabolic process C. metae 

GO:0016310 phosphorylation C. metae 

GO:0060255 regulation of macromolecule metabolic process C. metae 

GO:0044707 single-multicellular organism process C. metae 

GO:0044767 single-organism developmental process C. metae 

GO:0044765 single-organism transport C. metae 

GO:0032502 developmental process C. metae 

GO:0051234 establishment of localization C. metae 

GO:0032501 multicellular organismal process C. metae 

GO:0006796 phosphate-containing compound metabolic process C. metae 

GO:0019538 protein metabolic process C. metae 

GO:0036211 protein modification process C. metae 

GO:0065008 regulation of biological quality C. metae 

GO:0031323 regulation of cellular metabolic process C. metae 

GO:0010468 regulation of gene expression C. metae 

GO:0019222 regulation of metabolic process C. metae 

GO:0080090 regulation of primary metabolic process C. metae 

GO:0044763 single-organism cellular process C. metae 

GO:0006810 transport C. metae 

GO:0006464 cellular protein modification process C. metae 

GO:0005524 ATP binding C. metae 

GO:0035639 purine ribonucleoside triphosphate binding C. metae 

GO:0043168 anion binding C. metae 
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GO:0043167 ion binding C. metae 

GO:0004672 protein kinase activity C. metae 

GO:0004674 protein serine/threonine kinase activity C. metae 

GO:0016301 kinase activity C. metae 

GO:0030554 adenyl nucleotide binding C. metae 

GO:0032559 adenyl ribonucleotide binding C. metae 

GO:0097367 carbohydrate derivative binding C. metae 

GO:0001882 nucleoside binding C. metae 

GO:1901265 nucleoside phosphate binding C. metae 

GO:0000166 nucleotide binding C. metae 

GO:0016773 phosphotransferase activity, alcohol group as acceptor C. metae 

GO:0005515 protein binding C. metae 

GO:0001883 purine nucleoside binding C. metae 

GO:0017076 purine nucleotide binding C. metae 

GO:0032550 purine ribonucleoside binding C. metae 

GO:0032555 purine ribonucleotide binding C. metae 

GO:0032549 ribonucleoside binding C. metae 

GO:0032553 ribonucleotide binding C. metae 

GO:0036094 small molecule binding C. metae 

GO:0043231 intracellular membrane-bounded organelle C. metae 

GO:0043229 intracellular organelle C. metae 

GO:0043227 membrane-bounded organelle C. metae 

GO:0043226 organelle C. metae 

GO:0044459 plasma membrane part C. metae 

GO:0005886 plasma membrane C. metae 

GO:0005794 Golgi apparatus C. metae 

GO:0044444 cytoplasmic part C. metae 

GO:0005737 cytoplasm C. metae 

GO:0044424 intracellular part C. metae 

GO:0030424 axon C. metae 

GO:0071944 cell periphery C. metae 

GO:0044463 cell projection part C. metae 

GO:0016021 integral to membrane C. metae 

GO:0031224 intrinsic to membrane C. metae 

GO:0044425 membrane part C. metae 

GO:0030154 cell differentiation C. metae 
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GO:0009790 embryo development C. metae 

GO:0009888 tissue development C. metae 
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Chapter 5 - Transposable Elements Expansion and Whole 

Genome Duplication drive genome size variation in 

Corydoradinae catfish 
 

5.1 Introduction 
 

Transposable Elements (TEs) are repetitive DNA sequences that have the ability to 

move within a genome. There are two main classes of TEs that can be distinguished by their 

mode of transposition. Class I elements, also known as retrotransposons, transpose via a RNA 

intermediate using a ‘copy-and-paste’ mechanism. Class II elements, or DNA transposons, 

use a DNA intermediate (or in some cases no intermediate) via a ‘cut-and-paste’ mechanism 

(Finnegan 1989; Wicker et al. 2007). Transposable Elements were first discovered by Barbara 

McClintock who identified  a TE insertion in a mutant allele involved in kernel pigmentation 

patterns in maize (Zea mays) (McClintock 1951) . TEs are an almost universal presence in 

genomes and have been shown to be a significant force in genome size evolution in both 

animals and plants (e.g. Feschotte et al. 2002; Chénais et al. 2012; Lee & Kim 2014).  For 

example, 85% of the genome is composed of TEs in maize (Zea mays) (Schnable et al. 2009). 

Other examples where TE proliferation has led to an increase in genome size include the rice 

genus (Oryza sp.) (Zuccolo et al. 2007), cotton (Gossypium sp.) (Hawkins et al. 2006) and 

salamanders (Sun et al. 2012). In humans, TEs make up roughly 45% of the genome 

(International Human Genome Consortium 2001).  

TEs have often been considered as purely “selfish elements” due to their 

predominantly deleterious nature (Doolittle & Sapienza 1980; Orgel & Crick 1980). Among 

their effects, TE insertions can interrupt or alter host gene functions, and lead to 

recombination between non-homologous chromosomes causing large scale genomic 

rearrangements and deletions (Montgomery et al. 1991; Finnegan 1992; Mieczkowski et al. 

2006; Brawand et al. 2014; Lee 2015). To avoid such deleterious insertions, TE activity is 

usually tightly controlled via epigenetic silencing/methylation and specific RNAi-pathways in 

the host genome. Previously silenced TEs for instance, are transcribed and then broken into 

siRNAs (small interfering RNAs) which can act as a homology-based sensor, targeting similar 
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elements for methylation in the genome (e.g. Aravin et al. 2007; Kim & Zilberman 2014). It is 

not well understood how new TE-elements (entering the genome through horizontal transfer) 

become silenced, though several mechanisms have been proposed (reviewed in Fultz et al. 

2015). Furthermore, environmental stress, hybridization and particularly polyploidy have 

been shown to interrupt silencing mechanisms, leading to the re-activation and subsequent 

proliferation of TE elements (Capy et al. 2000; Oliver et al. 2013; Casacuberta & González 

2013; Fultz et al. 2015).  

The view that TEs have only deleterious effects is now changing with numerous 

examples of TEs impacting on host gene function and structure (e.g. Kidwell & Lisch 2000). 

Indeed, many TEs have been domesticated by the host genome and incorporated into protein-

coding genes (Volff 2006; Feschotte & Pritham 2007; Chénais et al. 2012). Moreover, TE 

activity may have evolutionary impacts and facilitate adaptation to environmental change. For 

example, a TE insertion appears to have led to resistance against insecticides such as DDT in 

Drosophila  (Chung et al. 2007). The capacity of TEs to create genetic variation through 

changes in gene expression, alternative splicing, exon shuffling or genomic rearrangements 

has also been proposed as a mechanism through which invasive species overcome a lack of 

genetic variation resulting from small founder populations (Schrader et al. 2014). 

Corydoradinae catfish are a highly speciose family of neo-tropical catfish that display 

enormous variation in genome size, with C-values ranging from 0.6 to 4.4 pg of DNA. In 

chapters 2 and 3, evidence was uncovered that suggests that the Corydoradinae have 

undergone several rounds of WGD in their evolutionary history, which could potentially 

explain the enormous variation in genome size. The aim of this study was to determine 

whether other factors have also contributed to variation in genome size, with a particular 

emphasis on TEs. Our objectives were  

1) to quantify the abundance of repetitive elements across species   

2) to quantify the relative importance of both WGD events and repetitive elements in 

the genome size expansion of the Corydoradinae.  
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5.2 Methods 
 

Data Acquisition 

In this chapter, we further analysed the raw RAD data from Chapter 3 with a particular 

focus on TE element abundance. To summarize, we sequenced two RAD library sets for ten 

species across the Corydoradinae as well as one outgroup on a HiSeq2000 Illumina Sequencer 

(250bp paired-end). Each mitochondrial lineage was represented by at least one species, with 

2 individual samples per species. As the analysis in this chapter was based on raw reads and 

not assembled contigs, the effect of the quality drop in the second sequencing run (described 

in chapter 3 and 4) should be minimal: while reverse reads of affected species may be shorter, 

this would not affect the comparison of overall percentage of bases identified as repetitive 

between runs.  

 

Identification of TE elements 

We identified and quantified repeats and TEs in the RAD data of each species using 

Repeatmasker using default settings and specifying “teleost species” as the target group (Smit 

et al. 2013-2015.). We used Repbase, a database for repetitive elements, as the reference 

database to search against (Jurka et al. 2005). In order to avoid potential PCR bias, we de-

replicated all raw reads using Usearch (Edgar 2010) with the ‘derep_fulllength’ option prior 

to the Repeatmasker Analysis.  

 

Repeat-Types and Comparative Mapping 

In addition to identifying the main super-families of Transposable Elements, we 

further analysed the Repeatmasker output using Excel and custom made scripts to identify 

copy numbers of Repeat-Classes and Repeat-Families. We compared these for 

presence/absence across lineages. We also used comparative mapping approaches to assess 

similarity of masked sequences across lineages. For this we used the unmasked C. fowleri 

(lineage 1) assembly as a baseline and mapped reads from all species back to this baseline 

using the mapping algorithm BWA-mem (Li 2013). We repeated this with the masked C. 
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fowleri assembly as a reference. This would allow us to assess similarity across species based 

on transposable element content. 

 

Drivers of Genome Size  

In order to determine the main drivers behind the genome size increase in the 

Corydoradinae, we aimed to quantify the relative importance of TEs versus the number of 

WGD events as a potential contributor to genome size. We thus combined evidence from 

chapters 2 and 3 and categorized species by the number of potential WGDs implicated in 

previous chapters (table 17). For lineages 2, 5 and 6, different species were investigated in 

chapters 2 and chapters 3 respectively with highly similar genome sizes. Note that strictly 

speaking, we did not find any evidence for an additional duplication event in either lineage 5 

or lineage 8, though as both lineage 4, 6 and 7 appear to have undergone an additional event 

and genome sizes are very similar, we assume the most parsimonious explanation is that 

lineage 5 and 8 share a second genome duplication event for the purposes of this analysis.   

An ANCOVA model was performed in R studio (RStudio 2012) with C-values (based on 

species from chapter 3) as the response, WGD events as a categorical variable and TE-

abundance (in percent) as a continuous variable. 

 

Table 17. A star indicates a shared WGD event implied by analyses in specified chapters. + denotes evidence for 

an additional event in this species/lineage. Results from both chapters were summarized as a factor in WGD 

events and used for downstream analysis. 

Lineage HOX RAD C- value  WGD Events 

0 
  

1.58pg Nill 

1 
  

0.51-0.65pg Nill 

2 * * 0.76pg One 

3 
  

0.8pg One 

4 + 
 

2.2-2.68pg Two 

5 
  

2.02-2.24pg (Two) 

6 + + 1.62-1.79pg Two 

7 
 

+ 1.84pg Two 

8 
  

1.96-2.3pg (Two) 

9 * * 3.2-4.36pg Three 
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5.3 Results 

 

Genome Size and Transposable Element Content 

The masked data revealed large differences in repetitive elements among species and 

lineages. Lineages with larger genome sizes have a higher abundance of repetitive elements 

(figure 14). There is a slight increase in TE abundance between lineages 1 and 3, with an 

abrupt increase in lineages 4-6 with more than 20% TE content. More than half the data in 

lineage 7 (C. aeneus) comprises repetitive elements - a five times increase when compared to 

lineage 1. There is a slight drop in TE abundance in lineage 8 (C. imitator), with the highest 

abundance of TE elements in any lineage found in lineage 9. 

 

 

Figure 14. Repeat content in percent identified by Repeatmasker displayed by lineage. The outgroup is 

represented by only one individual sample for Megalechis, there are thus no error bars for this individual. 
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Contributors of TE-Expansion 

The abundance of different Retroelements and DNA-Transposons identified by 

Repeatmasker in each of the species and individuals is detailed in table 18. Most TE families 

remain relatively stable across the samples investigated with the exception of DNA-

Transposons, specifically the superfamily TC1-IS630-Pogo (table 18).  The percentage 

variation in each across species is shown in figure 15. We further investigated copy number 

variation in the Repeat-Classes/Families belonging to the above listed superfamilies of 

Retroelements and DNA-Elements. The ten largest Repeat-Classes/Families identified are 

displayed in figure 16 with the dominant family being TcMar-TC1, belonging to TC1-IS630-

Pogo.  

 

Figure 15. Variation in abundance (percentage of bases) across species for the main TE-families identified. 
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Table 18. Mega-Basepairs (MBP) and % identified as one of the 5 major superfamilies of TEs for each species. 

    Retroelements DNA-Transposons   

Lineage Species SINEs LINEs LTR elements hobo-Activator 
TC1-IS630-

Pogo Total Masked 

    MBp % MBp % MBp % MBp % MBp % Mbp % 

0 Megalechis 1.53 1.81 13.69 1.62 0.29 0.35 0.22 0.26 17.49 20.68 25.28 42.07 

1 C. fowleri-1 2.45 0.91 87.80 3.26 4.80 1.78 0.54 0.20 1.66 0.62 28.32 10.50 

1 C. fowleri-2 2.66 0.94 89.94 3.19 4.54 1.61 0.58 0.21 2.49 0.88 29.61 10.49 

2 A. poecilius-1 0.50 1.43 5.13 1.45 0.44 1.24 0.08 0.22 1.23 3.49 4.11 11.66 

2 A. poecilius-2 0.79 1.28 8.52 1.37 0.70 1.13 0.14 0.22 2.01 3.23 6.81 10.96 

3 S. kronei-1 0.29 0.84 6.74 1.94 0.45 1.29 0.08 0.24 1.71 4.91 4.25 12.23 

3 S. kronei-2 0.34 0.92 7.04 1.92 0.51 1.38 0.11 0.29 1.81 4.94 4.72 12.90 

4 C. pygmaeus-1 1.48 2.03 29.39 4.04 1.89 2.59 0.34 0.47 4.03 5.53 13.37 18.36 

4 C. pygmaeus-2 3.57 4.15 34.22 3.98 4.73 5.50 0.48 0.55 5.26 6.12 22.34 25.98 

5 C. elegans-1 0.43 0.96 20.72 4.62 0.75 1.68 0.16 0.36 4.41 9.85 9.61 21.45 

5 C. elegans-2 0.43 0.96 19.87 4.42 0.76 1.70 0.16 0.36 4.01 8.92 9.08 20.23 

6 C. nattereri-1 0.28 0.80 7.75 2.25 1.94 5.62 0.53 1.54 2.36 6.83 7.02 20.34 

6 C. nattereri-2 0.37 0.92 9.53 2.38 2.15 5.37 0.55 1.37 2.70 6.72 8.23 20.52 

7 C. aeneus-1 0.31 0.42 5.18 0.70 0.92 1.26 0.28 0.38 35.46 48.20 38.77 52.69 

7 C. aeneus-2 0.37 0.47 5.67 0.73 1.10 1.41 0.46 0.59 35.13 45.05 39.21 50.28 

8 C. imitator-1 2.49 1.64 38.36 2.53 3.28 2.16 1.85 1.22 34.10 22.46 50.97 33.58 

8 C. imitator-2 3.58 2.04 44.80 2.55 4.63 2.64 2.16 1.23 37.65 21.45 59.44 33.86 

9 C. metae-1 2.05 0.39 36.98 0.70 14.41 2.72 3.37 1.91 371.70 70.22 396.18 74.85 

9 C. metae-2 3.08 0.47 61.55 0.94 22.46 3.42 11.47 1.75 395.55 60.27 440.11 67.06 

9 C. araguaiaensis-1 2.81 0.59 56.84 1.19 39.25 8.19 8.29 1.73 176.18 36.78 233.52 48.75 

9 C. araguaiaensis-2 2.64 0.56 55.37 1.17 38.95 8.26 10.29 2.18 166.20 35.22 224.88 47.66 
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Figure 16. Read Number of the ten most abundant TE-Families across species. All Families were identified in all 

21 Samples. 
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The comparative mapping approach (figure 17) revealed that the elements that have 

expanded in lineages 7-9 (C. aeneus, C. imitator, C. metae and C. araguaiaensis) are also 

present/ highly similar to those present in lineage 1. For example, roughly half of all C. metae 

sequence data map successfully to the unmasked C. fowleri assembly. This similarity entirely 

disappears after masking, indicating that the mapping success was driven by repetitive 

elements identified by Repeatmasker.   

A. poecilius (lineage 2) also displays a large discrepancy between masked and 

unmasked mapping similarity, with a large standard error for the unmasked data. This is likely 

the result of large variation in the number of sequencing reads for A. poecilius (see figure 9 in 

chapter 3). 

 

 

 

Figure 17. All species were mapped to contigs assembled for Corydoras fowleri. Percentage of reads that 

mapped successfully is displayed for all species for when contigs were masked or unmasked. 
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Whole Genome Duplication vs. Transposable Elements 

The boxplots (figure 18) display the variation in TE-content and C-values across 

groups that have undergone between zero and three WGD events (table 17). Both show a 

similar trend; species that have undergone additional WGD events appear to contain more 

TEs and also appear to have higher genome sizes. The variation in TEs appears to be far more 

variable after 2 or 3 WGD events (figure 18.a). In addition, genome size (measured as C-

values) and TE-abundance are significantly correlated as visualized in figure 19 (Pearson’s 

product-moment correlation, t=5.8726, df=19, p<0.001). 

 

Figure 18. Variation in TE content and genome size relative to the number of identified WGD events. a) 

Variation in % TE abundance is plotted against the number of WGD events. b) Genome Size (C-Value) is 

plotted against number of WGD events. 

a b 
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Figure 19. TE-abundance in percent is plotted against genome size. 

 

Ancova analysis 

The Ancova model was used to partition the relative importance of TE content and 

number of WGD events as drivers of genome size (table 19).  The model explained roughly 

96% of the variation in C-values with a p-value of <0.001. Both TE-abundance and WGD 

Events emerge as significant variables. WGD-2 and WGD-3 have t-values of 6.173 and 6.168 

respectively and appear to have the largest and most significant impact on genome size, 

whereas WGD-One is non-significant. The more recent a WGD event occurred, the more 

significant its impact on genome size was found to be. WGD- 2 and WGD-3 interact 

significantly with TE-abundance which indicates that these WGD events and the TE 

proliferation may be linked. 
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Table 19. Results obtained from the Ancova analysis listing details of the model. Note that the intercept in this 

case represents the first categorical variable WGD-Nill. 

Coefficients Estimate Std.Error t-value Pr(>|t|) 

 (Intercept) 0.1466 0.30988 0.473 0.6440 

 TE-Abundance (%) 0.04796 0.01609 2.982 0.0106 * 

WGD-One -0.19647 0.38011 -0.517 0.6139 

 WGD-Two 2.32561 0.37672 6.173 0.000305 *** 

WGD-Three 4.64931 0.75372 6.168 0.000139 *** 

WGD-One:TE 0.02166 0.01900 1.140 0.2747 

 WGD-Two:TE -0.05688 0.01956 -2.908 0.0122 * 

WGD-Three:TE -0.05961 0.01745 -3.416 0.0046 ** 

      Significance denoted as: * p<0.05; ** p<0.01; *** P<0.001  

 

 

      Residual standard error: 0.2547 on 13 degrees of freedom 

 Multiple R-squared:  0.973, Adjusted R-squared:  0.9584  

  F-statistic: 66.8 on 7 and 13 DF,  p-value: 3.542e-09 
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5.4 Discussion 

 

In this study, we quantified the repetitive element content across Corydoradinae 

lineages using a RAD data set and identified that TE proliferation was driven by one DNA-

Transposon family, namely Tc1-like elements. Subsequently, we used a modelling approach 

to identify the main drivers of genome expansion in the group. While the major driver of the 

genome size increase was the number of WGD events, TE proliferation was also a significant 

contributor.  

 

Polyploidy and TE proliferation 

Multiple WGD events and TE proliferation have led to a more than 6 fold increase in 

genome size in the Corydoradinae. The first WGD event detected between lineages 1 and 3 

has had no significant effect on genome size, though this is most likely due to extensive re-

diploidization as discussed in previous chapters.  Genome size increase from lineage 4 

onwards appears to be driven mainly by WGD events and TE elements. The overall effect of 

the TE abundance, however, is weaker than the effect of WGD events. However, the 

interaction between TE abundance and number of WGD events is also significant, with TE 

abundance increasing with every WGD event which suggests that TE proliferation occurred 

as a consequence of WGD events.  

Numerous examples exist where both WGD events and TE proliferation have 

contributed to genome size variation. Two prominent examples in the plant kingdom include 

rice (Oryza species) as well as maize (Zea mays) (Zuccolo et al. 2007; Schnable et al. 2009), 

and both WGD and TEs have been implicated in the evolution of the hugely diverse 

angiosperms (Oliver & Greene 2009). Due to their deleterious mutagenic potential, host 

genomes usually silence TEs epigenetically. However, polyploidy and hybridization may 

interrupt the suppression mechanisms employed by the host genome, allowing TEs to 

proliferate in the genome (Oliver & Greene 2009). Thus, the 2nd and 3rd WGD events in the 

Corydoradinae may have interrupted such control mechanisms and led to the increase of Tc1-

like DNA transposons. Furthermore, it has been suggested that WGDs may buffer some of the 

potentially deleterious consequences of TE insertion (Cañestro & Albalat 2012; Oliver et al. 

2013). In addition, an increased presence of TEs in a polyploid genome may aid the formation 

of bivalents through increased homolog divergence, leading to a more stable meiosis and 
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increased gamete fertility (Oliver & Greene 2009). However, in cotton as well as in wheat, the 

TE proliferation appears to be independent of the duplication or hybridization events, 

indicating that TE re-activation and proliferation is not always a consequence of WGD events 

(Charles et al. 2008; Hu et al. 2010).  We would need longer TE-sequences to identify the age 

of the TE proliferations in the Corydoradinae, which may yield additional insights into the 

cause. Another plausible mechanism that could have led to re-activation of TE-elements is 

environmental stress: TE mobilization has been demonstrated in response to for instance 

temperature changes, UV light stress, pathogens and infections (Chénais et al. 2012; Oliver et 

al. 2013; Casacuberta & González 2013). Such associations may be a response of the genome 

to these stressors through increased mutations and thus adaptive resources. Examples of 

adaptations through TE activity include the development of insecticide resistance in 

Drosophila melanogaster (Chung et al. 2007), gene expression in response to light signalling 

in Arabidopsis (Lin et al. 2007), adaptation to latitudes in soybean (Liu et al. 2008; Kanazawa 

et al. 2009), as well as adaptations in Drosophila in response to climate variation (González et 

al. 2010; Kim et al. 2014). 

 

Proliferation of Tc1-like elements 

The Tc1-superfamily belongs to the subclass of DNA transposons and is widespread 

across a wide range of organisms. Tc1-elements have been identified in fungi, plants, ciliates 

and animals, particularly fish and amphibians (Radice et al. 1994; Robertson 1995; Nandi et 

al. 2007; Pocwierz-Kotus et al. 2007). Tc1-elements are usually around 1.7kb long and 

contain a gene encoding for a transposase enzyme (that enables the movement of the element) 

flanked by inverted repeats (Radice et al. 1994; Robertson 1995).  Most copies present in 

teleosts and vertebrates in general contain frameshift mutations within their transposase genes 

rendering them inactive, though active Tc1 elements have been identified in the Japanese 

medaka (Kawakami et al. 2000; Nandi et al. 2007). There is also evidence for transcription of 

Tc1-like transposons in salmonids and catfish, though this may not mean that transposition 

events are occurring (Krasnov et al. 2005; Nandi et al. 2007). Initial analysis of the Channel 

Catfish genome (Ictalurus punctatus) showed that Tc1-elements are the most prominent and 

widespread TE-elements in this species, making up roughly 4-5% of the genome. Tc1-

elements also appear far more evenly spread across the genome, as opposed to other elements 

that were more clustered (Nandi et al. 2007; Jiang et al. 2011). Such trends could mean that 

our data set based on RAD-tags (which are spread across the genome) is biased towards 
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picking up Tc1-like elements, and may result in an underestimate of other TE-families that 

may be more clustered.  

Despite such ambiguity, it is clear that Tc1-elements have expanded in the 

Corydoradinae and successfully escaped suppression in the higher genome size lineages. As 

previously discussed, genomic shock through polyploidy or hybridization, or environmental 

stressors, can lead to the interruption of methylation and small RNA suppression machinery.  

The increase in Tc1-elements appears to occur in lineage 2, lineage 5, lineage 7 and lineage 9, 

the same points for which we found evidence for WGD events. Megalechis on the other hand 

also has a high Tc1-element content and does not appear to be polyploid nor paleopolyploid. 

Alternatively, new Tc1-elements (or elements sufficiently diverged from those already 

recognized by siRNAs in the genome) may enter the host genome through hybridization or 

through parasites and spread before the genome is able to control for their presence. Little is 

known to date about how similar a TE-element has to be to already suppressed elements for 

siRNA to successfully recognize it and activate methylation responses (Fultz et al. 2015). 

However, in our case, the elements that have expanded appear similar enough to those already 

present in C. fowleri for a mapping algorithm to recognize them. Without further data, it is 

thus not possible to identify the trigger for the expansion. 

 

Conclusion and Future Perspectives 

While genome size variation in the Corydoradinae appears largely driven by WGD 

events, an increase in TE abundance particularly from lineage 7 onwards has also had a 

significant effect. Such expansion is driven by Tc1-like elements, which also appear to have 

been incorporated in genes across the Corydoradinae and could be of adaptive value. More 

data are necessary to study the proliferation of TEs in more detail. It is unlikely that high 

quality whole genome sequences will become available soon, particularly for the 

paleopolyploid and polyploid species. More traditional methods like BAC cloning and PCR 

sequencing of complete elements or alternatively nanopore /Pacific Biosciences sequencing 

technologies (Metzker 2010; Schneider & Dekker 2012) across species could allow for the 

construction of phylogenies which could help to identify potential hybridization events.  
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5.5 Supporting Information 
 

 

Table 20. Outline of assembled contigs and their repetitive element content. Note that many TE-elements have 

been assembled into one contig, likely due to their high similarity, leading to a lower percentage of masked bases 

in comparison with the read data. A higher diversity in higher lineages indicates higher repetitive element 

diversity. 

 

Species Contigs Bases GC level Masked Bases % Masked Bases 

C. fowleri 26743 10877571 42.85 1288023 11.84 

A. poecilius 18374 5497558 43.06 475045 8.64 

S. kronei 20866 6921133 42.24 652134 9.42 

C. pygmaeus 30051 10506449 40.61 1487750 14.16 

C. elegans 18674 5486920 42.69 606783 11.06 

C. nattereri 11972 3245528 44.25 396128 12.21 

C. aeneus 17787 5125424 43.37 576735 11.25 

C. imitator 49552 21894466 40.94 3399133 15.53 

C. metae 40763 16433566 40.88 3127615 19.03 

C. araguaiaensis 40026 16326542 41.4 2816067 17.25 

 

 

 

 

Figure 20. Composition of Transposable Elements across species. 
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Chapter 6 - Discussion, Conclusion and Future 

Perspectives 

 

 

6.1 Overview of Results 
 

The aim of this thesis was to identify the underlying mechanism driving extensive 

genome size variation in the Corydoradinae catfish. We accomplished this using a Hox gene 

as a WGD marker as well by studying a RAD sequencing data set for representative species 

from across all of the mtDNA lineages. Together, these data provide compelling evidence for 

multiple rounds of Whole Genome Duplication (WGD), as well as for DNA-transposon 

expansion. Both the WGD events identified, as well as the Transposable Element (TE) 

content, significantly contribute to genome size in the Corydoradinae. 

The aim of chapter 2 was to use the HoxA13a gene as a marker for WGD events by 

quantifying copy number per species. In this chapter, phylogenetic analysis of HoxA13a 

sequences across species allowed us to identify likely points of WGD events, with one or 

likely several shared WGD events occurring between lineages 1 and 3, as well as independent 

duplication events in lineages 4, 6 and 9.  

Chapter 3 also aimed to identify WGD events as well as functional ploidy status 

across the Corydoradinae using a RAD sequencing data set. In this chapter, we assembled 

paired reads into contigs. Instead of attempting to remove paralogous regions, we quantified 

them by identifying the number of haplotypes at any given contig. This allowed us to detect 

significant shifts of multi-copy contigs in the Corydoradinae, confirming duplication events 

we previously identified in chapter 2. Excitingly, SNP read ratios also indicate that several 

species in lineage 9 and perhaps lineage 6-7 could be functionally polyploid. In addition, we 

found that a lineage 6 species (C. nattereri), appears more closely related to lineage 9 species 

on the basis of the RAD data. 

In chapter 4, protein-coding regions in the RAD-data set were identified, and 

potentially paralogous regions quantified. A significant increase in putative paralogs was 
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detected. Additionally, and despite working with an incomplete data set, Gene Ontology 

analysis showed similar enrichment patterns to those described previously after the fish 

specific whole genome duplication in teleosts. Thus, this chapter provides further evidence 

that WGD has played a major role in the Corydoradinae. 

Repetitive and Transposable Elements were quantified in chapter 5. A significant 

increase in Tc1-DNA Transposons was detected in lineage 7 and appears to have 

significantly contributed to genome size increase in this subfamily. Genome size variation 

can almost completely be explained by TE abundance when taken together with WGD events 

previously identified in chapter 2 and chapter 3. 

 

Table 21. Summary of results including WGD events (based on chapter 2 and chapter 3), ploidy status (chapter 

3) and % TE Content (chapter 5). 

 

Lineage WGD Events Polyploid? % TE Content  

0 Nill  25.08 

1 Nill  7.77 

2 One  8.02 

3 One  9.73 

4 Two  18.59 

5 Two?  17.51 

6 Two ? 17.73 

7 Two ? 50.37 

8 Two?  30.82 

9 Three ? 70.96 

9 Three ? 48.21 
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6.2. Discussion of Results 

 

Identification of WGD Events 

In summary, our analyses confirm that several rounds of WGD events have taken 

place in the evolutionary history of the Corydoradinae, some of which are shared and some of 

which appear lineage or species specific events. Surprisingly, we originally predicted several 

rounds of WGD to have occurred much deeper in the phylogeny, and assumed that lineages 1 

to 3 were entirely diploid. However, both the Hox data as well as the RAD analysis clearly 

show that a major WGD event occurred between lineages 1 and 2. As genome sizes are 

nearly identical between lineages 1 to 3, and SNP ratios (chapter 3) show very similar 

profiles to that of lineage 1, it appears that lineages 2 and 3 have re-diploidized. This is by no 

means a unique scenario. Arabidopsis thaliana was initially thought to be a diploid with a 

small genome size, but was found to be an ancient paleopolyploid when the genome was 

sequenced (The Arabidopsis Genome Initiative 2000). 

In the Hox data set, we considered clades formed of multiple species as an individual 

gene copy. Altogether, we have identified six of these paralogous copies, which all contain 

species representative of lineages 3 to 9, indicating up to three duplication events between 

lineages 1 and 3. A potential scenario is an initial duplication or hybridization event leading 

to triploidy, with two triploids forming a hexaploid species. This is purely speculative, though 

may explain why we see three diverged paralogous groups in the HoxA13a. 

The Hox data and the RAD data set complement each other well, and both show 

WGD events between lineages 1 and 2 and within lineage 9, as well as on a further event in 

lineage 6. Further support for WGD events comes from the Gene Ontology, which found 

patterns strikingly similar to those identified in teleosts after the FSGD (Brunet et al. 2006). 

However, some duplication events were only picked up in the Hox data set, whereas lineage 6 

and 7 duplications only became apparent in the SNP ratio analysis. These duplications may 

well be restricted to species analysed, with different representing lineage 6 in the Hox and 

RAD data sets, and warrant further lineage- wide investigations.  
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Ploidy level, ploidy mode and multivalent inheritance 

Due to extensive gene loss and genome wide deletions after WGD events (Wolfe 

2001), identifying WGD events by themselves does not provide information about the current 

ploidy level. However, the RAD data set allowed us to look at read count frequencies for bi-

allelic SNPs, which has been successfully used to identify functional polyploids in the potato 

blight causing pathogen Phytophthora infestans (Yoshida et al. 2013) and more recently in 

Arabidopsis arenosa (Arnold et al. 2015). 

This revealed that C. araguaiaensis and C. metae appear to be functionally polyploid, 

and potentially also C. aeneus and C. nattereri. These read frequencies are suggestive of 

multivalent formation or continuous recombination between homeologous chromosomes, one 

of the key diagnostics used to distinguish autopolyploids from allopolyploids (Parisod et al. 

2010). Allopolyploids are more likely to form strict bivalents during meiosis (and if thus 

differentiated also likely to be assembled into different contigs), leading to diploid-like 

inheritance patterns and thus diploid like ½ SNP read ratios. Particularly in recent polyploids, 

which lineage 9 individuals may well be, multivalent formation is often seen as evidence for 

autopolyploidy (Gregory & Mable 2005). However, it is widely appreciated that there is a 

continuum between the doubling of identical genomes to the doubling of highly differentiated 

genomes, which can present as a mixture of disomic and tetrasomic inheritance patterns, with 

some homeologous chromosomes forming multivalents, and others forming strict bivalents 

(Stebbins 1971; Otto 2007). Thus, the SNP read ratios are not strictly evidence for strict 

autopolyploid origins, though at the same time it appears unlikely that C. metae and C. 

araguaiaensis are allopolyploids with highly differentiated parental species.  

Despite our SNP read ratios indicating polyploidy, multivalent formation has not been 

reported in the Corydoradinae (personal communication Martin Taylor and Claudio Oliveira), 

which may seem counterintuitive. However, multivalent formation is not necessary to 

achieve the patterns of tetrasomic inheritance observed. For instance, in natural populations 

of the autotetraploid Arabidopsis arenosa, homeologs form bivalents, but randomly pair up 

and thus continue to display tetrasomic inheritance (Carvalho et al. 2010; Yant et al. 2013). 

This allows them to escape the deleterious effects of multivalent formation.  It is plausible 

that a similar mechanism exists in many other species, including the Corydoradinae. 
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6.3 Future Work 
 

This thesis has helped shed light on two mechanisms that contribute significantly to 

genome size variation within the diverse subfamily of the Corydoradinae. However, many 

questions remain to be answered. These initial findings may lay the foundation for future 

research, focusing not only on the genome evolution per se, but also on its phenotypic effects 

and the ecology of the Corydoradinae. 

 

Whole Genome Duplication and Ploidy levels 

Despite a clear signature of WGD events in the Corydoradinae, questions as to the 

exact ploidy status and origin remain. A reference genome would greatly aid further study of 

the Corydoradinae, and would enable comparative mapping approaches. In the absence of 

whole genome sequencing, a transcriptomic approach could perhaps also lead to greater 

insights into when these events have occurred, as well as how many and what kind of genes 

have been preferentially retained. 

In order to successfully distinguish between autopolyploids, allopolyploids and 

segmental allopolyploids (particularly in lineage 9), sequencing of more species could greatly 

aid identification of potential within-lineage hybridization events. Controlled multi-

generation inheritance studies for several markers, in conjunction with cytological mapping 

approaches, could also give further insights into the tetrasomic inheritance patterns 

discovered here. 

We also identified a clear conflict between the mitochondrial based phylogeny and 

our RAD data set, with C. nattereri (a lineage 6 species) appearing to be more closely related 

to lineage 9 than lineages 7 and 8. The question is whether this holds for all species of lineage 

6, which could indicate a hybridization event or allopolyploidy event leading to the formation 

of lineage 9 species, or whether this is an isolated species effect. 
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Transposable Elements 

The short RAD reads prevented us from a phylogenetic analysis of TEs identified in 

the Corydoradinae, which could aid the identification of potential hybridization events. Full-

length TE-sequences would also allow us to time these expansions more accurately, and to 

determine the age of individual elements and whether or not they remain active. TE activity 

can lead to chromosomal rearrangements, deletions and changes in epigenetics, thus 

potentially leading to reproductive isolation and increasing speciation rates (Hurst & Werren 

2001; Volff 2005; Oliver et al. 2013). Intriguingly, previous research shows a significant 

increase in net diversification rates for lineages 7-9 (Alexandrou 2011), which could 

potentially be linked to TE activity. It has been speculated that TEs could have played a role 

in fish speciation and diversification, though this has yet to be shown empirically (Volff 

2005) . 

 

Adaptive Evolution of the Corydoradinae- Immunity and Colour Pattern Evolution 

The Corydoradinae are also an ideal system to study the effect of WGD on immunity. 

Preliminary data on immunity indicated that species with a higher genome size may have a 

smaller number of parasites (unpublished). We now know that these communities consist of 

species of different ploidy level, or in the very least of species that have undergone a different 

number of independent WGD events. One of the potential advantages of polyploidy could be 

related to increased parasite resistance resulting from an increase in diversity of the major 

histocompatibility complex (MHC), a theory first suggested by Levin (1983)and more 

recently mathematically explored by Oswald and Nuismer (Oswald & Nuismer 2007). 

Oswald and Nuismer (2007) argue that initially, novel polyploid lineages are more resistant 

than their diploid progenitors, providing a plausible explanation for successful establishment 

of polyploid lineages. It would be extremely interesting to quantify differences in response to 

diseases and parasites, and whether there is a link between immunity and ploidy levels.   

Nothing is known about the genetic basis of colour pattern variation and mimicry in the 

Corydoradinae. Intriguingly, the largest number of species as well as the largest number of  

mimics are found in lineages 8 and 9, which leads to the question whether WGD may have 

facilitated the evolution of colour pattern convergence or enabled these species to “copy” 

colour patterns of other lineages. The FSGD event for instance has greatly diversified 
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pigmentation genes in the teleosts and has likely led to the stunning diversity of pigmentation 

patterns in fish, with 30% of pigmentation genes preferentially retained in duplicate (Braasch 

et al. 2009). 

In summary, the Corydoradinae make an ideal model system to study not only the 

complex genomic changes after WGD and polyploidy in vertebrates, but also offer 

opportunities to study the interactions between polyploidy and TE diversification, as well as 

the genomic basis of adaptive traits such as mimicry or an increase in immunity. Next 

generation sequencing technologies and ever decreasing costs will aid the investigation of 

this fascinating group of Corydoradinae catfish, a powerful system to study genomic and 

adaptive evolution. My hope is that this thesis has successfully built a foundation that allows 

testing of hypotheses in relation to adaptive evolution and genome evolution in the 

Corydoradinae.
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