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roll the dice 

 

 

 

if you're going to try, go all the 

way. 

otherwise, don't even start. 

 

if you're going to try, go all the 

way. 

this could mean losing girlfriends, 

wives, relatives, jobs and 

maybe your mind. 

 

go all the way. 

it could mean not eating for 3 or 4 days. 

it could mean freezing on a 

park bench. 

it could mean jail, 

it could mean derision, 

mockery, 

isolation. 

isolation is the gift, 

all the others are a test of your 

endurance, of 

how much you really want to 

do it. 

 

 

 

 

 

 

 

 

 

and you'll do it 

despite rejection and the worst odds 

and it will be better than 

anything else 

you can imagine. 

 

if you're going to try, 

go all the way. 

there is no other feeling like 

that. 

you will be alone with the gods 

and the nights will flame with 

fire. 

 

do it, do it, do it. 

do it. 

 

all the way 

all the way. 

 

you will ride life straight to 

perfect laughter, its 

the only good fight 

there is. 

 

- Charles Bukowski 
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ABSTRACT 

 

Lipids are vital components of all living organisms, and together with proteins and 

carbohydrates constitute a major building block of life. Lipids are involved in numerous 

biological functions, contributing for organism homeostasis by supplying and storing 

energy. They also have a regulatory role serving as endogenous ligands or signaling 

molecules and play an important structural role being a considerable part of bio-

membranes. According to their chemical structure they can be grouped into several 

categories such as: fatty acids (FA), glycerolipids, glycerophospholipids, sphingolipids, 

prenol lipids, saccharolipids, and polyketides. Among those, FAs are particularly 

relevant since the majority of complex lipids are obtained from the elaboration of FA 

and therefore constitute a considerable portion of total lipid fraction. Although FA 

composition and metabolism is known to vary among vertebrate species, in many cases 

an integrated evolutionary view of the metabolic FA pathways and genetic repertoire is 

yet to be produced. In particular, the importance and potential impact of genomic 

processes such as: the 2 rounds of whole genome duplication (2R WGD) that occurred 

in the invertebrate/vertebrate transition, the teleost specific genome duplication (3R 

WGD), tandem gene duplications, gene loss and mutation, which have been largely 

overlooked. Thus, to clarify the underpinning of the observed distinct FA compositions 

and metabolic capacities in vertebrates it is necessary to investigate the genetic 

machinery involved in these metabolic pathways across several vertebrate lineages. 

Additionally, it is essential to link the evolutionary life trajectories in vertebrates such 

as: colonization of marine vs freshwater ecosystems, access to novel or alternative 

dietary sources or the colonization of terrestrial habitats, to the genetic repertoire and 

metabolic capability displayed by different species. 

 

In this context, three rate limiting FA metabolic pathways were investigated: FA 

activation; FA β-oxidation; and FA biosynthesis. In the FA activation pathway, the 

invertebrate/vertebrate transition entailed an expansion of the long chain acyl-

coenzyme A synthetase (ACSL) gene family coincident with the 2R WGD. Additionally, 

uncharacterized paralogues from the ACSL and short chain acyl-coenzyme A synthetase 

(ACSS) gene families were uncovered in the several vertebrate lineages, displaying a 

dynamic history of differential paralogue retention. Moreover, the teleost 3R WGD also 
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contributed for the expansion of the genetic machinery involved in FA activation 

revealing an elaboration of these pathways in the teleost lineage. 

 

On the other hand, FA biosynthesis, specifically the long chain polyunsaturated FA (LC-

PUFA) biosynthesis pathway, is known to be impaired in some teleost species. Here, I 

investigated the FA elongase and FA desaturase gene families (Elovl and Fads) to reveal 

that the 2R WGD significantly contributed for the functional elaboration of the Elovl 

gene family in vertebrates, while tandem gene duplication spawned Fads diversification 

in the vertebrate ancestor. The reexamination of these gene families revealed an 

unforeseen fads1 orthologue in Lepisosteus oculatus, Polypterus senegalus, Anguilla 

anguilla, indicating that the loss of fads1 occurred after the divergence of basal teleost 

lineages (holostei, polypteriformes, elopomorpha) and clarifying the evolutionary 

history of this gene family. Next, functional characterization of elovl the invertebrate 

amphioxus as well as, elovl and fads from agnathans, basal gnathostomes and teleosts 

suggests that the acquisition of the full LC-PUFA biosynthetic pathway took place in the 

ancestor of the gnathostomes, confirming that impairment in LC-PUFA biosynthesis 

observed in many teleost species is due to secondary gene loss.  

 

Concerning the β-Oxidation pathway the investigation of the Carnitine 

palmitoyltransferase 1 (CPT1) gene family revealed again an evolutionary history with 

differential paralogue retention in several lineages, and retention of 3R WGD duplicates 

in teleosts. Regarding the B12 binder gene family, reexamination of the evolutionary 

history revealed that the initial expansion of this gene family took place with the 2R 

WGD, which was followed by 2 events of gene loss, one in the ancestor of sarcopterygii 

and actinopterygii and the second in the teleost lineage. Additionally, gene expansion 

by tandem duplication is observed in basal tetrapods paralleling the transition to 

terrestrial habitats and access of novel dietary sources.  

 

Similarly, protein metabolism as well as digestive protein processes, have also been 

significantly impacted by gene/genome duplication and gene loss. The investigation of 

the pepsinogen C (PgC) gene family revealed a larger genetic repertoire than 

anticipated and that this expansion again was coincident with the colonization of 

terrestrial habitats and access to novel food sources. Interestingly, an alternative 
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evolutionary history is found for the neonatal protease chymosin (Cmy). Although, it 

was previously shown that Cmy is a pseudogene in humans, I described an 

unprecedented number of independent gene loss events in various mammalian 

lineages, suggesting a correlation to alternative immune transfer strategies in 

neonatals. 

 

The investigation of the evolutionary history of several gene families directly involved in 

lipid and protein metabolism revealed the impact of genomic processes such as 

duplication (2R WGD, 3R WGD), gene loss and mutation in the elaboration of several 

metabolic pathways in vertebrates, thus contributing towards vertebrate diversification. 

The findings reported here illustrate the power of comparative genomics in the Genome 

Era and provide important clues well beyond the field of evolutionary biology, with 

significant impacts in fields such as animal nutrition and aquaculture. 
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RESUMO 

 

Os lípidos são componentes vitais em todos os seres vivos. Em conjunto com as 

proteínas e os hidratos de carbono, integram as unidades fundamentais das quais 

todos os organismos são constituídos. Os lípidos executam várias funções biológicas; 

contribuem para a homeostase através da produção de energia ou armazenamento, 

podem ter funções de regulação sendo ligandos endógenos ou moléculas sinalizadoras 

e cumprem uma função estrutural, sendo o maior constituinte de biomembranas. De 

acordo com a sua estrutura química, os lípidos podem ser classificados em vários 

grupos: ácidos gordos (AG), glicerolípidos, glicerofosfolípidos, esfingolípidos, lípidos 

prenólicos, sacarolípidos e policetídeos. Dos quais os AG são de particular relevância, 

visto que são a unidade básica a partir do qual os lípidos mais complexos são 

elaborados, constituindo assim uma fracção considerável dos lípidos totais. Apesar de 

ser conhecido que a composição em AG e as vias metabólicas dos AG variam entre os 

vertebrados, é necessário elaborar uma perspectiva evolutiva sobre o reportório de 

genes envolvidos nestas vias metabólicas. Neste contexto, o impacto dos processos 

genómicos como as duas rondas de duplicação do genoma que ocorreram na transição 

invertebrados/vertebrados (2R WGD), a duplicação específica dos teleósteos (3R WGD), 

duplicações de genes em tandem, perda de genes e mutações tem sido largamente 

ignorados. Assim, para clarificar os processos subjacentes às diferenças observadas na 

composição em AG e respectivas vias metabólicas nos vertebrados é necessário 

catalogar a maquinaria genética interveniente nestas vias em várias linhagens de 

vertebrados. Por fim, é essencial integrar o reportório genético e aptidões metabólicas 

das várias linhagens de vertebrados aos correspondentes percursos evolutivos, tais 

como: colonização de ecossistemas marinhos ou de água doce, acesso a novos 

recursos alimentares, e colonização de ambientes terrestres.  

 

Neste contexto, foram seleccionadas para investigação 3 vias limitantes do 

metabolismo dos AG; ativação dos AG, biossíntese de AG e β-oxidação de AG, sendo 

investigada a história evolutiva de um conjunto de genes intervenientes nestas vias 

metabólicas. Na via de ativação dos AG verificou-se que a 2R WGD levou a uma 

expansão da família de genes acyl-coenzima A sintetase de cadeia longa (ACSL). Foram 

ainda encontrados novos membros ACSL e das acyl-coenzima A sintetase de cadeia 
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curta (ACSS) na linhagem dos teleósteos resultantes do 3R WGD. Revelou-se assim uma 

história dinâmica de retenção diferencial de genes parálogos e o contributo do 3R WGD 

para a expansão de genes das vias de activação de AG na linhagem dos teleósteos.  

 

Por outro lado, a via de biossíntese de AG polinsaturados de cadeia longa (LC-PUFAS) 

encontra-se interrompida na linhagem dos teleósteos. Aqui, a investigação dos genes 

que codificam as elongases de AG e as desaturases de AG (Elovl e Fads) revelou que o 

2R WGD contribuiu para a elaboração funcional das elovls, ao passo que a esta 

elaboração nas fads se deve uma duplicação em tandem na base dos vertebrados. A 

reanálise desta família de genes revela uma inesperada retenção de um ortólogo fads1 

em teleósteos (Anguilla anguilla, Lepisosteus oculatus, Polypterus senegalus) indicando 

que a sua perda ocorreu após a divergência destas linhagens e clarificando a história 

evolutiva destes genes. De seguida, a caracterização funcional das elovl no anfioxo e 

das elovl e fads nos ágnatos, gnatostomas basais e teleósteos revela que a aquisição da 

via completa de síntese de LC-PUFAs ocorreu nos gnatostomas basais, confirmado que 

as limitações desta via observadas em teleósteos se devem a perdas posteriores.  

 

Relativamente às famílias génicas envolvidas na β-oxidação, observa-se novamente a 

retenção diferencial de parálogos da carnitina palmitoiltransferase 1 (CPT1) em várias 

linhagens de vertebrados e com a retenção adicional de parálogos resultantes do 3R 

WGD nos teleósteos. A reavaliação da história evolutiva da família génica dos 

transportadores da B12 revela uma história alternativa onde a expansão inicial se deu 

com o 2R WGD seguindo-se dois eventos de perda, um no ancestral sarcopterígios e 

dos actinopterígios e o segundo na linhagem dos teleósteos. Também se observa uma 

expansão desta família na base dos tetrápodes, coincidente com a colonização de 

habitats terrestres e a acesso a novas fontes alimentares. 

 

À semelhança do metabolismo dos AGs, o metabolismo proteico, nomeadamente da 

família de genes das protéases gástricas, também foi afetado por eventos de 

duplicação de genoma e/ou de genes, perda de genes e mutação. A análise da família 

de genes do pepsinogénio C (PgC) revela que esta família retém um reportório génico 

maior do que o antecipado. Curiosamente, também esta expansão coincide com a 

transição dos vertebrados para habitats terrestres com o acesso a novas fontes 
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dietéticas. Comparativamente, a protéase neonatal quimosina (Cmy) revela uma história 

evolutiva alternativa, apesar de a Cmy ser um conhecido pseudogene em humanos. Na 

análise desta família encontrou-se um número inédito de eventos independentes de 

pseudogenização em várias linhagens de mamíferos, sugerindo uma correlação com 

mecanismos alternativos de transferência de imunidade em neonatais. 

 

A investigação de várias famílias génicas envolvidas no metabolismo dos lípidos e das 

proteínas revela o impacto dos processos genómicos tais como 2R WGD e 3R WGD, 

duplicação génica, perda génica e mutação na elaboração das vias metabólicas em 

vertebrados contribuindo para a sua diversidade. Os resultados reportados aqui 

ilustram o poder da genética comparativa na presente Era genómica e providenciam 

indicações importantes com impacto em áreas além da biologia evolutiva, tais como a 

nutrição animal e aquacultura.  
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CHAPTER I – INTRODUCTION 

I.1 HISTORICAL PERSPECTIVE ON EVOLUTION AND GENETICS 

 

Evolution has been a fascinating subject for many years with the first proto-

evolutionary ideas appearing as early as 550 BC by the Greek philosopher Anaximander 

of Miletus (Kocandrle et al., 2013; Trevisanato, 2016). The most striking ideas 

postulated by Anaximander were that the first biological systems, or beings, emerged 

in an aquatic environment that he referred as “from the moist”, and that humans 

developed from an animal that resembled a fish (Kocandrle et al., 2013; Trevisanato, 

2016). Nevertheless, in the 24 centuries that separate Anaximander of Miletus from 

Darwin several other significant contributions were made in the evolutionary biology 

field. 

 

In 1735, Carl Linnaeus publishes the Systema Naturae, organizing species according to 

complexity and naming each species with a binomial nomenclature, which is still used 

today (Linnaeus, 1735). This was followed by the publication of the “Essay on the 

principle of populations” in 1798 by Thomas Robert Malthus. This essay inspired both 

Darwin and Alfred Wallace in the development of the theory of natural selection, based 

on the model presented by Malthus that continued population growth would outgrow 

resources (Richards, 2009; Ruse, 2009). The publication of the gradualism theory by 

James Hutton in 1795 introduced the notion of geologic time which was followed by 

the publication of the principal of uniformitarianism in 1830 by Charles Lyell, which 

postulated that geological process operating at the beginning of time are the same as 

those observed today (Darwin, 1887). The ideas postulated by James Hutton and 

Charles Lyell are latter reflected in evolutionary theory presented by Darwin. Yet, 

meanwhile, the first evolutionary theory appears in 1809, published by a French 

naturalist Jean Baptiste Lamarck, who advocated that when the environment changes 

animals would also change to better adapt; these alterations occurred through the use 

or disuse of certain characteristics/features and that the acquired characteristics could 

be transmitted to the offspring (Richards, 2009).  

Finally, in 1858, twenty-two years after completing his voyage on the HMS Beagle, 

Darwin is spurred to complete his essay on evolution, after receiving a letter from 

Alfred Wallace, as he later acknowledged in his autobiographic letters: 
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“…But my plans were overthrown, for early in the summer of 1858 Mr. Wallace, who 

was then in Malay archipelago, sent me an essay On the Tendency of Varieties to 

depart indefinitely from the original type; and his essay contained exactly the same 

theory as mine” (Darwin, 1887). 

 

Both ideas were simultaneously presented, in 1858, in the Journal of the Proceeding of 

the Linnaean Society (Darwin, 1887), impelling Darwin to finish and publish in 1859 

The Origin of Species by the means of natural selection or the preservation of the 

favored races in the struggle for life, a work that lay down the foundations of modern 

evolutionary biology (Darwin, 1859). 

 

Six years after in 1865, Gregor Mendel’s findings from his work with the pea plants 

would provide the foundations for the emergence of Genetics, introducing the 

principals of heredity which were read in the meeting of the Natural Science Society in 

Brno (Cox, 1999). Later, in 1892, August Weismann demonstrated that inheritance only 

takes place through gametes, putting an end to Lamarck’s theory of inheritance of 

acquired characteristics (Weismann, 1893) and in 1903 Walter Sutton finds that 

chromosomes are the basis for the Mendelian inheritance (Sutton, 1902; Sutton, 1903). 

Yet, only in 1944 when Oswald Avery and colleagues continued the research initiated 

by Frederick Griffith (Griffith, 1928) was the deoxyribonucleic acid (DNA) discovered 

(Avery et al., 1944). Now the main focus had shifted to the understanding of this 

enigmatic molecule. In 1953 Watson, Crick and Rosalin Franklin discovered the 

structure of DNA revealing that it meets the unique requirements for a substance that 

encodes genetic information (Crick, 1970). Later, in 1961, the code of life is cracked 

(genetic code) by Marshall W. Nirenberg and collaborators (Nirenberg et al., 1961; 

Roberts, 1962). Together these discoveries lead to the publication of the central dogma 

of molecular biology. In 1970, for the first time, the principle of transfer of genetic 

information is established (Crick, 1970). In this same year Susumu Ohno publishes his 

book “Evolution by gene duplication” (Ohno, 2013) that would significantly impact how 

future peers would approach research in evolution. 
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I.2 EVOLUTION BY GENE DUPLICATION  

 

Gene duplication has long been recognized as an important mechanism in evolution. 

One of the first observations of the phenotypical outcome from duplication took place 

in 1936, when Bridges perceived that the duplication of a chromosomal segment in 

Drosophila melanogaster lead to the “Bar-eye” reduction (Bridges, 1936). Nevertheless 

it was Ohno’s observations on duplication in 1970 and the proposal of the of whole 

genome duplications that constituted a turning point in evolutionary thinking (Ohno et 

al., 1968; Ohno, 1970). In his book “Evolution by gene duplication”, he states that 

natural selection is a very conservative force and that duplication creates the 

opportunity for a gene or its duplicate to escape from this force, accumulate mutations 

which may possibly lead to the acquisition of novel functions (Ohno, 2013). 

Additionally, based on his observations regarding genome sizes in several species he 

postulated that the observed differences may be due to duplication, and proposed that 

a tetraploidization event took place with the emergence of the first vertebrate 

approximately 500 MYA (Ohno et al., 1968; Ohno, 2013). This hypothesis is known 

today as the 2R hypothesis. 

 

The term “2R hypothesis” for the description of two rounds of whole genome 

duplication (2R WGD) was only coined years later appearing in several research articles 

with the most probable first referral dating to 1996 (Sidow, 1996; Hokamp et al., 

2003). Initially, the 2R hypothesis was not readily accepted, instead it was challenged 

and generated a fair amount of controversy in the late 1990s and early 2000s 

(Skrabanek et al., 1998; Hughes, 1999; Martin, 2001; Hughes et al., 2003). Yet, with 

the increasing release of genomic data from numerous species (Fig. 1), several key 

studies were published (Panopoulou et al., 2003; Dehal et al., 2005; Nakatani et al., 

2007; Putnam et al., 2008) supporting the 2R hypothesis, that is today largely 

accepted. 

 

Briefly, the 2R hypothesis suggests that the vertebrate ancestor underwent two 

separate rounds of whole genome duplication, 2R WGD, approximately 500 MYA 

(Putnam et al., 2008). Supporting studies show that gene families in vertebrates are 

generally constituted by multiple members (up to four) that are paralogous originating 
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from duplication, while the corresponding gene (orthologous) family in invertebrates 

normally presents one member (4:1 ratio), additionally in several cases this observation 

can be extended to entire genomic segments related by duplication (Paralogons) 

(Holland et al., 1994; Meyer et al., 1999; Lundin et al., 2003; Panopoulou et al., 2003; 

Dehal et al., 2005; Putnam et al., 2008). One of the most noticeable examples of the 

4:1 ratio is the Hox gene family. This family is organized into tight gene clusters 

encoding DNA-binding proteins, that regulate the segmental structures in embryonic 

development in bilaterians (Holland, 1992; Amores et al., 1998; Hoegg et al., 2005; 

Holland, 2013). It was found that invertebrates present generally 1 Hox gene cluster 

while vertebrates species generally tend to present at least 4 Hox gene clusters, with 

the exception of some lineages that underwent additional lineage specific genome 

duplication (discussed below) (Holland, 1992; Hoegg et al., 2005; Putnam et al., 2008; 

Holland, 2013). 

 

 

 

Figure 1: A- Time scale of the number of nucleotide bases deposited in NCBI through direct submissions in 

GenBank and from Whole Genome Shotgun (WGS) sequencing. Arrows indicate approximate time of the 

first release of WGS for the indicated species. B- Distribution of the main metazoan groups with whole 

genome shotgun sequencing project available in NCBI (data retrieved from NCBI on January 2017). 

 

Despite the general acceptance that 2 rounds of whole genome duplication occurred in 

the vertebrate ancestor, the exact timing and extension of each round of duplication 

still remains a matter of debate (Kuraku et al., 2009; Smith et al., 2015) (Fig. 2). This 

dispute stemmed when several gene families from the vertebrate lineage agnatha were 

found not to comply with the typical 4:1 ratio (Kuraku et al., 2009). Although initial 
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analysis supported that both rounds of duplication occurred consecutively before the 

divergence of the agnatha lineage (Kuraku et al., 2009), the release of both sea lamprey 

(Smith et al., 2013) and Japanese lamprey (Mehta et al., 2013) genomes challenged this 

assumption.  

 

Still the majority of the evidence supports that the gnathostome lineage diverged after 

the 2R WGD. However, if both rounds of duplication occurred before the divergence of 

the agnathan lineage or alternatively if one round occurred before and the second after 

the divergence of agnathans still remains to be fully resolved (Fig. 2).  

 

Figure 2: A- Phylogenetic tree showing all major chordate lineages, with the approximate indication of 

timing of whole genome duplications events, 1R first round of whole genome duplication, 2R second round 

of whole genome duplication, 3R teleost specific genome duplication. Tree calculated at TimeTree public 

knowledge-base (Hedges et al., 2006; Hedges et al., 2015). 

 



INTRODUCTION I 
 

 7 

 

Aside from the whole genome duplications in the vertebrate ancestor, public access to 

novel genome data increased the identification of additional episodes of genome 

duplication in vertebrate lineages and species, for example: the teleost specific genome 

duplication (3R WGD) that occurred approximately 450 MYA (Fig. 2) (Jaillon et al., 

2004). This genome duplication took place in the actinopterygii lineage after the 

divergence of the holostei lineage (Amores et al., 2011) followed by an additional 

duplication documented in the salmonid lineages (4R WGD) occurring approximately 88 

MYA (Moghadam et al., 2011; Macqueen et al., 2014). Additional independent specific 

duplications were also documented in the ray-finned paddle fish (Crow et al., 2012), in 

the amphibian Xenopus laevis (African clawed frog) (Session et al., 2016) and in 

Tympanoctomys barrerae (red viscacha rat) (Gallardo et al., 1999) the only mammal so 

far recognized to have undergone a genome duplication event. 
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I.3 CONSEQUENCES OF DUPLICATION  

 

Duplication has long been referred as one of the chief driving forces of phenotypic 

innovation, playing a crucial role in generating variability among species and in 

evolutionary adaptation (Ohno, 1970; Shimeld et al., 2000; Cañestro, 2012; Chen et al., 

2013). In light of Ohno´s view, gene duplication generates a redundant gene that is 

relieved from selective constraint, allowing it to accumulate mutations without 

impairing fitness (Ohno, 1970). However, several studies have demonstrated that 

duplicated genes are not completely freed from selective constraint after duplication; 

instead duplicate genes may be subjected to alternative selective regimes. For example, 

it was shown that 17 duplicate genes in Xenopus laevis were subjected to purifying 

selection (Hughes et al., 1993), while other studies have shown that positive Darwinian 

selection may act after duplication promoting residue variability (Zhang et al., 1998; 

Lynch et al., 2000; Kondrashov et al., 2002). 

 

Nevertheless, for a duplicate gene to be retained, this gene has to persist in the 

genome until fixed in the population, resisting loss by mutational inactivation (Innan et 

al., 2010). In this sense, several evolutionary outcomes have been documented for 

duplicates genes (Fig. 3) (Force et al., 1999; Lynch et al., 2000; Zhang, 2003; Louis, 

2007). After duplication, one duplicate may accumulate several mutations that lead to 

erosion and ultimately loss – non-functionalization (Fig. 3B) or; one gene copy 

maintains the ancestral function while the second copy functionally diverges acquiring 

a novel function – neo-functionalization (Fig. 3C). Alternatively both gene copies may 

functionally diverge presenting functions that can overlap or complement the ancestral 

function – sub-functionalization (Fig. 3D); or even, both gene copies maintain the 

ancestral function but are differentially regulated being expressed in alterative tissues 

or developmental stages – differential regulation also known as, sub-functionalization 

through cis elements (Fig. 3E) (Lynch et al., 2000; Louis, 2007; MacCarthy et al., 2007). 

Finally, the preservation of both gene copies expressed simultaneously in the same 

tissues without functional divergence has also been documented in cases where the 

gene product is generally in high demand (Fig. 3F). Examples of the later includes 

ribossomal RNA and histone genes (Zhang, 2003; Scienski et al., 2015). It was 

proposed that downregulation of the transcription levels of both genes played an 

important role in the preservation of both redundant copies, assuming that the deletion 
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of either duplicate gene would be disadvantageous, given that only one copy cannot 

fulfill the required expression level, thus creating a selective pressure for the 

preservation of both copies (Qian et al., 2010). 

 

  

Figure 3: Illustration of the several possible outcomes after gene duplication A- Schematic representation of an ancestral 

vertebrate gene containing two active sites α and β and regulated upstream by two cis elements Δ and ○ that undergoes 

duplication. B- non-functionalization one duplicate accumulates deleterious mutations that leads to pseudogenization; 

C- neo-functionalization, one copy acquires a novel function and active site γ, D- sub-functionalization both copies are 

maintained by partitioning the ancestral function; E- Differential regulation, both copies maintain ancestral function 

however are expressed in different circumstances and F both copies are maintained as well as the ancestral function 

however, gene expression is downregulated ↓ (adapted from Lynch et al., 2000, Louis, 2007). 

  

Generally, the most frequent outcome for a duplicate gene is degeneration followed by 

loss due to the accumulation of deleterious mutations in one copy, while the other 

maintains the original function (Lynch et al., 2000; Kondrashov et al., 2002; Zhang, 

2003; Huang et al., 2010). In fact, massive gene loss has been observed occurring 

shortly after the 2R WGD and teleost specific 3R WGD (Cliften et al., 2006; Huang et al., 

2010; Inoue et al., 2015).  
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I.4 EVOLUTION BY GENE LOSS 

 

Although gene duplication has been viewed as the major source of evolutionary 

innovation, recent studies have highlighted the crucial role played by gene loss in 

evolution (Olson, 1999; Albalat et al., 2016). Currently, there are two main evolutionary 

models for gene loss. The first model proposed by Olson et al. - “Less is more” -  

considers gene loss to be an adaptive trait (Olson, 1999). In this sense, the loss of a 

certain gene or gene family should be advantageous within a particular environmental 

setting. This type of adaptive evolution can be found in human evolution. The MYH16 

gene suggested to be involved in the head anatomy, is highly expressed in cheek 

muscles of primates possibly to accommodate a tougher chewing diet (Stedman et al., 

2004). Nevertheless it was found to be lost by frameshift mutation in the human 

lineage, thus removing the anatomical constraints in the head and allowing the 

development of the modern human brain (Stedman et al., 2004). Advantageous gene 

loss can also be found in immune response for example: the polymorphic deletion of 

32 nucleotides inactivates human CCR5; this gene acts as a receptor for HIV, with 

homozygous individuals for the deletion being protected against infection by HIV (Dean 

et al., 1996). The increasing release of genomic data has also allowed the identification 

of adaptive gene loss in other species. For example, in cetaceans the adaptation to the 

aquatic environment was followed by the loss of genes involved in hair growth and 

remodeling of the skin, improving hydrodynamics and reducing drag (Nery et al., 2014; 

Oh et al., 2015). 

 

The second evolutionary model considers that gene loss events bring no effect to the 

species involved; here characteristics that have been rendered useless overtime are lost 

with neutral effects. This model is also known as regressive evolution (Jeffery, 2009; 

Albalat et al., 2016). A well-known example of regressive evolution derived from 

environmental conditions can be found in the Astyanax mexicanus (cave fish) 

population. This population is divided into two groups, cave dwelling tetra and surface 

tetra. Interestingly, it was found that the cave dwelling tetra are blind and display no 

pigmentation due to the loss of genes related to eye development and pigmentation, 

unnecessary for life in the darkness (Jeffery, 2009; Albalat et al., 2016). Although this 

loss is initially viewed as neutral, it can be argued that this loss comes with an 

energetic benefit to species in a cave ecosystem, where the absence of producers limit 
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nutrient availability, thus rerouting the energy previously allocated for eye development 

to support growth and other vital functions (Moran et al., 2015). This phenomena has 

also been observed in other species that colonize dark environments such as naked 

mole rats (Kim et al., 2011; Emerling et al., 2014) and bats (Zhao et al., 2009). 
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I.5 GENOME DUPLICATIONS, IMPACT ON PHYLOGENETIC AND SYNTENY ANALYSIS 

  

2R and 3R whole genome duplications were followed by extensive chromosome 

rearrangement, chromosome fission, chromosome fusion and gene loss (Nakatani et 

al., 2007; Putnam et al., 2008). These events constitute hurdles to be overcome in 

reconstructing the evolution of a gene family. The typical approach to determine the 

evolutionary relationships between a set of genes is to perform a phylogeny calculation 

and analysis of the resulting tree topology. Currently, there is a vast number of 

different methods available, to determine phylogenetic relationships between 

sequences (Higgs et al., 2004; Yang et al., 2012).  Generally, all phylogenetic methods 

are based on the same evolutionary notion: that all organisms at one point in time 

derived from one common ancestor and therefore share similar genes (homologous), 

the timing of the divergence is largely reflected in the degree of homology erosion 

observed between sequences (Lemey, 2009).  

 

Typically, the positioning and grouping of sequences from several species in a gene 

tree reflects the evolutionary history of the corresponding gene. As mentioned above, 

genome duplications like 2R and 3R were followed by genomic rearrangement. 

(Nakatani et al., 2007; Putnam et al., 2008) (Fig. 4A). This resulted in the distinct 

genetic repertoire observed in vertebrate lineages due to differential paralogue 

retention and lineage specific duplications (Fig. 4B), that together with accelerated 

sequence divergence may distort the phylogenetic tree topology obscuring the true 

evolutionary history. The typical topology expected in a phylogenetic tree when all four 

paralogous that derived from 2R WGD are maintained is observed in the case of the 

green genes in Fig. 4C. In the case of the dark blue genes, mammals and birds retained 

paralogue D while teleost retained paralogue C. If no other information is available the 

inferred phylogenetic tree indicates that one paralogue either C or D was lost in all 

lineages (Fig. 4D). These uncertainties can be resolved by examining the corresponding 

gene loci and neighboring genes when available (synteny analysis) (Fig. 4B). 
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Figure 4: Illustration of the phylogenetic and synteny analysis of several genes contained in one ancestral chromosome 

that underwent 2R WGD A- Schematic representation of an ancestral chromosome undergoing 2R WGD, each color bar 

represents a distinct gene family. B – Hypothetical karyotype of 3 animals after 2R WGD. C – Phylogenetic analysis of 

green gene. D- Phylogenetic analysis of the dark blue gene family, illustration of differential paralogue retention tree 

outcomes. E – Phylogenetic analysis of the red gene family, illustration of tree outcomes when analyzing divergent 

sequences with and without outgroup.  Adapted from (Kuraku, 2013). 
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Also, accelerated sequence divergence often camouflages the evolutionary history of a 

gene, for example the teleost red gene (Fig. 4E). To help clarify these uncertainties and 

to support phylogenetic analysis a set of sequences from homologous gene family (e.g. 

yellow genes) should be used as outgroup in the phylogenetic analysis (Fig. 4E). 

 

Additionally, phylogenetic trees are often supported by synteny analysis. Genes related 

by duplication (paralogous) are placed in genomic loci that are also duplicated and in 

this sense neighboring genes of the target gene are expected to present paralogs in 

the same genomic loci as the target gene. Synteny analysis also indicates if duplicate 

genes are a result of independent tandem gene duplications and help identify cryptic 

paralogues or orthologues genes that are poorly placed in the phylogenetic tree due to 

accelerated sequence divergence or differential paralogue retention. 
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I.6 SELECTING RELEVANT SPECIES TO INTERPRET CONTRIBUTIONS OF 2R AND 3R WGD 

 

The selection of species for a project highly depends on the final objective of the study. 

Studying the impact of genome dynamics on the metabolic pathways in chordates 

requires a selection of a wide variety of species in order to include all major genomic 

events and lineages. Besides sampling of all major vertebrate lineages, the work in this 

thesis has focused on a set of selected species placed in key phylogenetic positions to 

understand the impact of 2R and 3R WGD.  

 

Cephalochordates (e.g. amphioxus) and tunicates (e.g. sea squirt) diverged from the 

vertebrate lineage prior to the 2R WGD. In addition, the amphioxus genome presents a 

considerable amount of synteny conservation when compared to vertebrate genomes 

consequently, it has been used as a cornerstone in reconstructing the ancestral 

vertebrate genome (Nakatani et al., 2007; Putnam et al., 2008). Besides the key 

phylogenetic placing, the amphioxus retains several chordate features such as dorsal 

nerve cord, notochord, gill slits, segmented muscles, post-anal tail and has been 

suggested as a model organism for developmental biology (Holland et al., 2004; 

Holland et al., 2008).  

 

Like the amphioxus, lampreys are also positioned in a key phylogenetic point at the 

base of vertebrate phylogeny, and have long been viewed as “living fossils” due to 

conserved morphology observed between living lampreys and fossils found with 

approximately 360 MYA (Gess et al., 2006; McCauley et al., 2015). Additionally, lipid 

metabolism in lampreys has been a point of interest in several studies. These studies 

have focused on lipid accumulation as a decisive factor for the initiation of 

metamorphosis in juveniles (Lowe et al., 1973; Kao et al., 1997a; Kao et al., 1997b). 

Together, the extensive knowledge on lamprey biology, life cycle and the availability of 

whole genome sequencing data from two different species (Mehta et al., 2013; Smith et 

al., 2013) make the lamprey an attractive model organism to address many aspects of 

vertebrate evolution (Docker. et al., 2015).  

 

After the divergence of cyclostomes the first gnathostome lineage to diverge was the 

chondrichthyes, being the first lineage in the vertebrate phylogeny to have fully 

undergone the 2R WGD. Currently, there are several chondrichthyes genomes available: 
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Leucoraja erinacea (little skate) (Wang et al., 2012), Callorhinchus milii (elephant shark) 

(Venkatesh et al., 2007), Rhincodon typus (whale shark) (Read et al., 2015). 

Chondrichthyes have been used as model organisms to study embryonic development 

(Cole et al., 2007) and to investigate the evolution of paired appendages in vertebrates 

(Freitas et al., 2006). Additionally, it was found that chondrichthyes lipid metabolism 

presented some peculiarities. For example, chondrichthyes present an the low or 

absent β-oxidation in cardiac and skeletal muscle (Speers-Roesch et al., 2010) and, 

contrary to mammals that store energy in the adipose tissue, sharks store lipids for 

energy in the liver (Pethybridge et al., 2014).  

 

Regarding the teleost specific 3R WGD, relevant species to be considered here are those 

belonging to lineages that diverged before the 3R duplication namely: holostei, 

polypteriformes, acipenseriformes and lineages that diverged shortly after 3R WGD, the 

elopomorpha and osteoglossomorpha. Full genome data is available for the holostei 

Lepisosteus oculatus (spotted gar) (Braasch et al., 2016), the elopomorpha Anguilla 

anguilla (European eel) (Henkel et al., 2012b) and for the osteoglossomorpha Pantodon 

buchholzi (African butterfly fish) (Martin et al., 2014). The key phylogenetic placing of 

spotted gar prior to the 3R teleost genome duplication allowed the identification of 

many tetrapod orthologous genes that were not found in the zebrafish genome due the 

extensive rearrangements (Amores et al., 2011; Braasch et al., 2016). Thus, spotted gar 

genome may be used as a guide to identify genes that were lost after 3R WGD (Amores 

et al., 2011). Regarding the post 3R WGD species it has been proposed that the 

elopomorha lineage retained many of the 3R duplicate genes (Henkel et al., 2012a; 

Henkel et al., 2012b; Chen et al., 2015) contrary to the observed in the recently 

sequenced osteoglossomorpha African butterfly fish (Martin et al., 2014); thus the 

analysis of these lineages allows a glimpse into the impact of the 3R WGD untouched 

by the extensive post duplication rearrangements and gene loss observed in 

clupeomorpha species. 
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CHAPTER II – LIPIDS AND FATTY ACID METABOLISM 

II.1 LIPIDS AND FATTY ACID METABOLISM 

 

Lipids constitute a diverse group of biomolecules found in all living organisms, which 

together with proteins and carbohydrates constitute the three major building blocks of 

life. Their transversal involvement in numerous biological processes makes their study 

a fundamental task in the comprehension of biological diversity. Lipids play a 

significant structural role in biological membranes, inflammatory response, 

reproduction, sourcing and storing energy and in homoeostasis functioning as signal 

molecules, cofactors, or endogenous ligands for the nuclear receptor peroxisome 

proliferator-activated receptor (PPAR) also known as, the master regulator of lipid 

metabolism (Robinson et al., 2013; Grygiel-Górniak, 2014; Wall et al., 2014).  

 

A distinctive feature of lipids is their insolubility in water. When challenged with a polar 

environment such as water, lipids will cluster up and expose their polar groups to the 

environment, shielding the nonpolar carbon-hydrogen chain (Lehninger et al., 2008). 

This spontaneous assembly of lipids into clusters also known as micelles, constitute 

the fundamental underpinning for the structure of cellular membranes (Lehninger et 

al., 2008). Lipids are primarily constituted by fatty acids (FA); these essentially consist 

of an aliphatic chain ranging from 4 to 36 carbons with a methyl group (Tocher et al., 

2015). Fatty acids may be grouped according to the length of the carbon-hydrogen 

chain into short (C
2-

C
4

), medium (C
6

-C
12

), long (C
14

-C
18

) and very long (C
20 

or more) and by 

the presence (unsaturated) or absence (saturated) of double bonds in the hydrocarbon 

chain (Tocher et al., 2015). A small group of lipids do not contain FA. These are 

essentially cholesterol and other sterols (Lehninger et al., 2008).  Aside sterol lipids a 

great variety of complex molecules are obtained from the elaboration of FA, and these 

can be grouped into the following major categories: glycerolipids, 

glycerophospholipids, sphingolipids, prenol lipids, saccharolipids and polyketides 

(Lehninger et al., 2008).  

 

Fatty acid metabolism encloses several metabolic pathways such as hydrolysis; 

activation; β-oxidation; biosynthesis; esterification; phospholipid hydrolysis; 

triglycerides hydrolysis; cholesterol ester synthesis and cholesterol esters degradation.  
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Generally, research on FA and lipid metabolism has focused in two main fields, human 

health and aquaculture. A considerable amount of the research in human health is 

related to obesity, cancer, diabetes and metabolic disorders (Morino et al., 2006; Fucho 

et al., 2016; Röhrig et al., 2016). Regarding lipid metabolism research in aquaculture, 

the focus here is shifted to characterizing lipid content, nutritional requirements and 

metabolism in several cultured species (Tocher, 2010; Tocher et al., 2015). This 

characterization is of crucial importance given that the aquaculture industry is currently 

being compelled into more sustainable practices, replacing marine fish meal and oils 

with plant derived products (Tocher, 2010). Additionally, fish is one of the main dietary 

sources of highly unsaturated FA omega-3 (ω-3) and omega-6 FA (ω-6) in the human 

diet, therefore a clear understanding of cultured fish lipid metabolism and 

requirements is necessary to develop sustainable and cost effective aquaculture 

(Tocher, 2010; Tocher et al., 2015). Here the integration of omics approaches to 

address nutritional and aquaculture practices has been consistently growing (Castro et 

al., 2016). For example, comparative genomics is a powerful tool for the identification 

of genes involved in lipid metabolic pathways, and for the detection of unique genetic 

repertoires behind alternative metabolic networks observed within the different 

vertebrate lineages (Zhang et al., 2013; Jiang et al., 2014). Fatty acid metabolism and 

composition varies among chordates, this variation likely results from the interaction of 

several factors such as dietary preferences, trophic level, environmental settings and 

distinct metabolic capabilities (Tocher, 2010; Castro et al., 2016). The ability to 

endogenously process and elaborate FA is tightly linked with the genetic repertoire of 

genes involved in FA metabolism, and it has been documented that distinct vertebrate 

lineages present distinct genetic repertoires (Castro et al., 2012c; Castro et al., 2016). 

Thus, understanding the evolutionary history of gene families involved in FA 

metabolism is crucial, as is the link between genetic repertoires and life history 

trajectories, colonization of new habitats and/or access to new food sources.  

 

Vertebrate evolution is punctuated by events of genome duplication and gene loss 

(Holland et al., 1994; Nakatani et al., 2007; Holland et al., 2008). Several examples 

where genome dynamics (e.g. duplication, loss and mutation), environmental factors 

and diet have modulated lipid metabolism can be found in vertebrates. For example, 

cats have a limited capacity of endogenously synthesizing arachidonic acid (ARA) due 
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to a limited Δ6 desaturase capacity, a potential consequence of their carnivorous diet 

that allowed attaining this long chain polyunsaturated fatty acids (LC-PUFA) in sufficient 

quantities (Rivers et al., 1975; Hassam et al., 1977; Tocher, 2003; Trevizan et al., 

2012). Another example of lipid metabolism modulation by dietary preferences can 

also be found in the human populations. Nordic Inuit populations depend on an 

extreme diet deprived of fruits, vegetables and grains, and highly rich in ω-3 PUFAS 

from fatty meat and fish (Fumagalli et al., 2015). It was proposed that this dietary habit 

resulted in a fixation of specific alleles in the FA desaturases, affecting the LC-PUFA 

biosynthesis pathway in the this population (Fumagalli et al., 2015). On the other hand, 

the fixation of a distinct allele also known as the “vegetarian allele” in the desaturase 

gene cluster, was observed in African and Asian populations and it was proposed that 

this allele enabled these populations to efficiently convert FAs from plants, medium 

chain polyunsaturated fatty acids (MC-PUFAS) into LC-PUFAS (Mathias et al., 2012; 

Kothapalli et al., 2016). Additionally, Inuit populations also present a carnitine 

palmitoyltransferase 1A gene (CPT1A) variant that allows for increased FA oxidation 

(Collins et al., 2010). This is particularly important given that the Inuit diet is rich in fat 

content obtained from large artic animals and low in glucose. Therefore, this sequence 

variant favors energy production via dietary FA oxidation (Wang et al., 2014).  

  

The LC-PUFA biosynthesis pathway has also been modulated in teleost fish by episodes 

of gene loss. Here, the lack of Δ5 desaturase activity is due to the loss of fads1, 

nevertheless this loss apparently has no significant consequence in marine species 

given that these species easily obtain LC-PUFA docosahexaenoic acid (DHA) through 

diet in a DHA rich marine ecosystem (Li et al., 2010b; Tocher, 2010). Alternatively, the 

loss of fads1 has been shown to be bypassed in some freshwater or herbivores teleost 

species who display fads2 desaturases with alternative subtract preferences, and 

capable of Δ5 desaturations (Hastings et al., 2001; Zheng et al., 2004; Castro et al., 

2016).  

 

Besides diet and the genetic repertoire, environmental factors also play a relevant role 

in the modulation of lipid metabolism. For example, the adaptation to low 

temperatures has revealed a large number of LC-PUFAs in cell membranes in order to 

guaranty membrane fluidity (Finegold, 1986). Exposure to low temperatures in humans 
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has also been shown to increase the deposition of brown adipose tissue (Lee et al., 

2014).  

 

Therefore, understanding the interplay between genetic repertoire, diet and 

environment, as well as the reconstruction of the evolutionary history of several gene 

families involved in FA metabolism such as: FA activation, β-oxidation, FA biosynthesis 

(Table 1) was the starting point for the development this dissertation.  

 

Table 1: Main FA metabolic pathways observed in vertebrate species and corresponding genes involved in each pathway. 

Underlined gene symbols in the table correspond to gene families investigated during the elaboration of this thesis. 

Process Gene families 

FA activation Acsl,  Acss,  Acsbg 

FA biosynthesis Fasn, Acac, Elovl, Fads, Scd 

β-oxidation Cpt, Crat Acox, Abcd, Crot 

FA hydrolysis  Acot 

FA esterification to TG and PL  Dgat, Mogat, Gpam 

Phospholipid Hydrolysis Lipases, Pla1a 

Triglycerides Hydrolysis Lpl, Lipc, Lipg, Liph 

Cholesterol ester synthesis Soat, Lcat 

Cholesterol ester degradation LipA, LipE 
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II.2 FATTY ACID ACTIVATION 

 

Fatty acid activation is an essential step in FA metabolism precluding many other 

anabolic and catabolic processes. Generally, FAs are not biologically active and require 

activation by the fatty acyl-Coenzyme A (Acyl-CoA) before enrolling in processes, such 

as β-oxidation or esterification into complex lipids (Watkins, 1997). FA activation is 

catalyzed by acyl-CoA synthetase (ACS) and consists in a two-step thioesterification 

reaction resulting in a thioester with coenzyme A (CoA) (Watkins et al., 2007). Fatty 

acid activation was recognized for the first time in 1948 and was referred to as 

“sparking” or “priming” at the time. Although the molecular process behind was 

unknown, it was documented that fatty acids required to be “sparked” or activated 

before enrolling in β-oxidation (Fig. 5) (Grafflin et al., 1948; Knox et al., 1948).   

 

Twenty-six genes coding for ACS enzymes have been documented in the human 

genome (Watkins et al., 2007). These may be organized into six groups according to 

the degree of unsaturation and chain length of the FAs favored as substrate: the short-

chain ACS-Family (ACSS), medium-chain ACS-Family (ACSM), long-chain ACS-Family 

(ACSL), very long-chain ACS-Family (ACSVL),  Bubblegum ACS-Family (ACSBG) and ACS-

Family (ACSF) (Watkins et al., 2007; Soupene et al., 2008). Although some substrate 

preference overlap is observed, these enzymes differ in tissue distribution and 

subcellular location, an indication of their highly specific role in FA metabolism 

(Watkins, 1997). 

  

Short chain FAs play a relevant role in energy homeostasis, appetite regulation, weight, 

insulin sensing and are the principal fermentation product of non-digestible 

carbohydrates by the intestinal microbiota (Byrne et al., 2015; Canfora et al., 2015; 

Morrison et al., 2016). In humans short chain FAs have also been reported to modulate 

skeletal muscle, liver functions and adipose tissue, through lipolysis and adipogenesis 

(Canfora et al., 2015). In this sense the ACSS enzymes play a critical role by activating 

short FAs (Watkins, 1997). Similarly to the ACSS enzymes, ACSL enzymes also play a 

paramount role in FA metabolism, since FAs with 12 to 20 carbons (C
12

-C
20

) are highly 

prevalent in the diet and are preferentially converted to acyl-CoA by these enzymes 

(Watkins et al., 2007; Li et al., 2010a). 
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Figure5: Schematic representation of FA activation and translocation into the mitochondria for 

β-oxidation. CoA – Coenzyme A, ATP-Adenosine triphosphate, Pi- inorganic phosphate group. 

Illustration adapted from (Dunning et al., 2014) 

 

Previous studies identified 3 Acss genes Acss1, Acss2 and Acss3 and five distinct Acsl 

genes in mammals, which were further organized into two separate groups: (i) Acsl1, 

Acsl5 and Acsl6; (ii) Acsl3 and Acsl4 (Watkins et al., 2007; Soupene et al., 2008; Li et 

al., 2010a). Although previous studies have approached the phylogenetic organization 

and distribution of all ACS enzymes, an explanatory detailed evolutionary history was 

not provided (Watkins et al., 2007). In this sense, the distribution and evolutionary 

history of Acss1 and Acsl1, Acsl3, Acsl4, Acsl5, and Acsl6 was revisited and reanalyzed 

in Chapter III.  
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II.3 FATTY ACID BIOSYNTHESIS 

 

Long-chain (C ≥ 20) polyunsaturated fatty acids such as arachidonic acid (ARA, 20:4n-

6), eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) are 

critical molecules participating in numerous physiological processes such as energy 

storage, bio-membrane composition and signaling cascades (Tocher, 2003; Schmitz et 

al., 2008). In addition to the dietary input, LC-PUFAs are endogenously synthesized 

from essential dietary polyunsaturated FA (C
18 

PUFAS) precursors, including linoleic acid 

(LOA, 18:2n-6) and α-linolenic acid (ALA, 18:3n-3) (Guillou et al., 2010). This synthesis 

comprises a series consecutive desaturation and elongation reactions. Typically in 

mammals, the enzymatic cascade converting C
18

 PUFAs into bioactive LC-PUFAs such as 

DHA, requires the concerted action of fatty acyl desaturase (FADS) enzymes (FADS1 and 

FADS2), and the elongase enzymes, for the elongation of very long-chain fatty acids 

(ELOVL2 and ELOVL5) at specific steps in the pathway (Fig. 6) (Guillou et al., 2010). 

Therefore, LC-PUFA biosynthesis pathway constitutes an extraordinary example where 

two unrelated gene families Elovl and Fads have co-evolved, closely working together 

for the completion of the pathway. Nevertheless, as referred earlier, this pathway has 

also been sculpted, by environmental factors and diet, presenting distinct gene 

repertoires, in several vertebrate lineages (Tocher, 2003; Castro et al., 2016).  

 

The investigation of the LC-PUFA biosynthesis pathway in this thesis was performed in 

two stages; the first approach was the investigation of the distribution of the Elovl gene 

family in chordates and functional characterization of Elovl enzymes from species 

placed in key phylogenetic positions. The second approach consisted in a similar 

investigation of the Fads gene family.   

 

The Elovl2 and Elovl5 are fatty acid elongase enzymes found in several vertebrate 

species, which elongate polyunsaturated fatty acids (PUFAS) by the addition of 2 Carbon 

molecules at the carboxyl end (Leonard et al., 2004). In humans the Elovl5 presents a 

substrate preference for dietary fatty acids C
18

 to C
20

, while the Elovl2 presents a 

substrate preference for C
20

, C
22

 and C
24 

(Leonard et al., 2002; Leonard et al., 2004). 
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Figure 6: Schematic representation of the LC-PUFA biosynthesis pathway, elongation (Elovl), 

desaturation (Δ4, Δ5, Δ6, Δ8), β-Ox indicates β-oxidation pathway,  omega-6 (ω6) and omega-3 

(ω3) pathways are depicted in parallel and each fatty acid is represented by a composite 

number, for example 18:2 corresponds to linoleic acid and grey box indicates the Sprecher 

pathway (Sprecher, 2000). 

 

Functional overlap and sequence homology between Elovl2 and Elovl5 hint towards a 

common evolutionary origin. While the majority of vertebrate lineages present both 

elongase genes, the elovl2 seems to have been lost in the majority of marine and 

commercial teleost species, impairing the endogenous synthesis of DHA, via Spreecher 

pathway (Morais et al., 2009; Castro et al., 2016).  
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Given that the completion of the LC-PUFA biosynthesis pathway requires the action of 

both elongases and desaturases, the next step was to investigate the fads gene family.  

 

While Elovl enzymes introduce 2 carbon atoms, Fads enzymes remove hydrogens 

creating double bonds, were delta (Δ) indicates the position in which the double bond is 

created, for example Δ6 - 6
th

 position from the carboxyl group (Los et al., 1998). In the 

LC-PUFA biosynthesis, we find two key desaturase genes, Fads1 and Fads2. These 

genes are located in a gene cluster were it is also possible to identify an additional 

Fads3 gene with no known function reported yet (Marquardt et al., 2000; Blanchard et 

al., 2011). This disposition indicates that the Fads genes arose from independent 

tandem duplication events. However, the timing and distribution of Fads genes in 

vertebrates remains to be resolved. Initial investigations suggested that Fads 

diversification took place before the divergence of the mammalian lineage. However the 

identification of Fads1 and Fad2 orthologues in chondrichthyes indicated an older 

origin of the desaturase genes, revealing an alternative evolutionary history with the 

loss of Fads1 in the teleost lineage (Castro et al., 2012c). Similarly to the loss of Elovl2, 

the loss of Fads1 in teleosts also impairs the LC-PUFA biosynthesis. However, in some 

species such as Danio rerio, Fads2 presents alternative activities such as Δ5/Δ6/Δ8 

compensating the loss of Fads 1 (Hastings et al., 2001; Monroig et al., 2011a). Yet, the 

exact timing of Fads1 loss in the teleost lineage remains unclear, as does the 

desaturase gene complement in the basal vertebrate lineage, the cyclostomes. The 

evolutionary history, distribution of both elongases and desaturases involved LC-PUFA 

biosynthesis is examined in Chapter IV. 
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II.4 β-OXIDATION  

 

After FA activation and/or FA biosynthesis, FAs may undergo catabolism through the β-

oxidation pathway in the mitochondria, thus playing a significant role in energy 

homeostasis. Each cycle of β-oxidation shortens the FA by 2 carbons, producing acetyl–

CoA, which is the primary substrate used in the Krebs cycle for energy production 

(Lehninger et al., 2008). The import of long chain FA into the mitochondria is 

mandatory for β-oxidation. This process is mediated by the carnitine acyltransferase 

(CPT) system composed of CPT1 and CPT2 (McGarry et al., 1997), that catalyze the 

reversible exchange in FA of Coenzyme-A (CoA) and carnitine. This is a two-step 

process. Carnitine is bound to FA by the action of CPT1 with the release of CoA. Then 

the FA bound to carnitine transverses to the inner mitochondrial membrane. Next, 

CPT2 reverses this exchange by releasing the carnitine and reattaching a CoA group to 

the FA, which then may undergo to β-oxidation (Fig. 5). Since the inner membrane is 

only permeable if the FA is linked to carnitine, CPT1 assumes a central rate limiting role 

in this pathway (McGarry et al., 1997). In mammals, the Cpt1 gene family is encoded by 

three separate genes designated Cpt1a, Cpt1b and Cpt1c (Esser et al., 1996; Van der 

Leij et al., 2000; Bonnefont et al., 2004; Boukouvala et al., 2010). Importantly, the 

evolutionary history and distribution of the Cpt1 genes has posed complex questions. 

That is specially the case of Cpt1c, which has been considered a recent duplicate 

originated in the ancestor of mammals (Boukouvala et al., 2010; Lee et al., 2012). In 

Chapter V the evolutionary history of this gene family is analyzed. 

 

Saturated FA with an even number of carbons atoms are degraded via the β-oxidation 

pathway; however the completion of this pathway with unsaturated FA or/and FA with 

an odd number of carbons atoms requires additional steps (Lehninger et al., 2008). The 

oxidation of an FA containing an odd number of carbons atoms yields a propionyl-CoA 

and a acetyl-coA rather than two acetyl-CoA (Lehninger et al., 2008). In order to 

metabolize propionyl-CoA in the Krebs cycle for energy production, propionyl-CoA has 

to be converted into succinyl-coA. This molecular rearrangement is performed by 

methyl-malonyl-CoA mutase, which requires vitamin B12 as a coenzyme (Smith et al., 

1999). Vitamin B12 deficiency leads to the toxic accumulation of propionyl-coA, severe 

neurological dysfunction and anemia (Briani et al., 2013). Animals are unable to 
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endogenously synthesize B12 and therefore rely on dietary B12. However, the safe 

passage of B12 in the route from ingestion, to intestinal absorption and finally to the 

conversion of propionyl-CoA, depends on a complex relay of cobalamin binders 

(Fedosov et al., 2007; Greibe et al., 2012). In humans, three cobalamin binders 

encoded by 3 genes, Gif (gastric intrinsic factor), Tcn1 (haptocorrin), and Tcn2 

(transcobalamin), have been identified (Fedosov et al., 2007; Quadros, 2010). This 

diversity of binders assures that B12 is efficiently transported through several 

anatomical and physiological environments. The observed distribution of the cobalamin 

binder genes within vertebrates lead to the proposition that the diversification of 

cobalamin binders only occurred in the tetrapod lineage, given that teleost species 

presented one cobalamin binder resembling the human binders (Greibe et al., 2012). 

Further investigation of this gene family described in Chapter V revealed an alternative 

evolutionary history of this gene family. 
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II.5 GASTRIC PROTEASES AND PROTEIN DIGESTION  

 

Proteins are the most abundant biomolecule found in living organisms, occurring in all 

cells, participating in numerous functions and mediating countless biological 

processes. Proteins are involved in structural functions (e.g. keratins, muscle fibers), 

they also play a relevant role in immune response (e.g. antibodies), transport (e.g. 

hemoglobin), sensing (e.g. photoreceptor proteins), and in global metabolic roles with 

enzymes and hormones (Lehninger et al., 2008). 

 

Protein digestion constitutes yet another remarkable example of the interplay between 

gene repertoire, diet and metabolism. For example, the domestication of dogs entailed 

the reshaping of its digestive enzymes to efficiently digest starch. While wolves 

(exclusive carnivores) present two amylase genes, the domestic dog displays a 

considerably higher number of copies which varies from 4 to 30 genes (Axelsson et al., 

2013). Also, it has been proposed that the expansion of the amylase 1 gene (AMY1) in 

humans occurred in populations that present a high starch diet (Perry et al., 2007). 

Similarly, gastric enzymes such as Pepsinogen C (PgC), Pepsinogen B (PgB), Pepsinogen 

A (PgA), and Chymosin (Cmy) have also been shown to vary across vertebrate lineages. 

For instance, PgA presents linage specific duplication and loss within hominids 

(Ordoñez et al., 2008; Narita et al., 2010). It has also been demonstrated that the 

genetic repertoire of the gastric genes and proteolytic activity can be correlated with 

diet (Chan et al., 2004), and indicate the presence or absence of a stomach in 

gnathostomes (Castro et al., 2014). Rerouting of pepsinogens towards other functions 

has also been observed in the pufferfish, which does not have a stomach while 

retaining a pepsinogen expressed in the skin, suggesting that this enzyme in this 

species has acquired an alternative function to food digestion (Kurokawa et al., 2005). 

 

Within all gastric enzymes, we find that the pepsin gene family generally consists of 5 

members grouped according to sequence identity and substrate specificity: Cmy, PgA, 

PgB, PgC and Pepsinogen F (PgF), which are highly expressed in the gastric mucosa 

(Yakabe et al., 1991; Kageyama, 2002; Carginale et al., 2004; Wu et al., 2009). These 

proteases are secreted generally as inactivate zymogens that then undergo 

autocatalytic activation in the gastric tract (Richter et al., 1998). Although this gene 

family is widely disseminated, it is unevenly distributed within gnathostomes, 
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presenting cases of gene expansion (e.g. PgA in primates and lagomorpha), 

pseudogenization and loss (Kageyama, 2002; Castro et al., 2014). Independent events 

of gene expansion in specific vertebrate lineages have been suggested to allow the 

emergence of gastric proteases presenting different substrate specificities (Narita et al., 

2010). It was previously suggested that the different types of pepsinogens (PgA, PgF, 

PgC, PgB and Cmy) evolved from a common ancestor aspartic protease (Kageyama, 

2002). Additionally, PgC was also suggested to be a suitable molecular marker in 

vertebrate phylogeny given its single copy status in vertebrates (Kageyama, 2002). 

Nevertheless, the evolutionary history of pepsinogen family was not yet consolidated. 

In this thesis, the evolutionary history of two pepsin gene families PgC and Cmy was 

examined in Chapter VI. 
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OBJECTIVES 

 

Several studies have revealed the impact of gene/genome duplication, gene loss and 

mutation in numerous vertebrate gene families, enlightening the key role played by 

these processes in the evolution of vertebrate diversity, physiology and adaptation 

(Holland et al., 1994; Shimeld et al., 2000; Glasauer et al., 2014).  

 

The evolutionary history of gene families involved in FA metabolism and protein 

digestion in vertebrate species has been previously investigated, uncovering variable 

genetic repertoires, alternative metabolic capabilities and pathways, supporting the key 

role of 2R WGD, 3R WGD, gene duplication and loss in the sculpting of these metabolic 

pathways (Castro et al., 2012c; Castro et al., 2014; Castro et al., 2016). Nevertheless, 

many gene families involved in these pathways are yet to be thoroughly examined and 

a unifying cross species view of the impact of these genomic processes remains to be 

portrayed.   

 

Therefore, the global aim of this thesis is to contribute for the understanding of how 

these evolutionary processes have sculpted the elaboration and diversification, of FA 

metabolism and protein digestion in vertebrate history. Furthermore, this work aims to 

comprehend if and how distinct gene repertoires observed in vertebrates are linked to 

diverse FA profiles and FA physiological metabolizing capacities. Also, this thesis aims 

to incorporate the evolutionary histories of gene families, with information regarding 

vertebrate phenotypic diversification, adaptation to novel environmental settings and 

dietary habits in an effort to contextualize my findings. 

 

To this end, the main focus is to investigate what was the role played by duplication 

events such 2R (invertebrate/vertebrate transition) and 3R (pre-dating teleost radiation) 

in the elaboration of the following pathways: FA activation, FA biosynthesis, β-Oxidation 

and protein digestion, and to clarify the evolutionary history for each gene family 

studied in several vertebrate lineages. Here, taking advantage of the increasing 

genomic data accessible in public databases and, several key species available in 

CIIMAR, targeted gene families will be searched retrieved and identified. Next, 
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sequences sampled or isolated will be characterized to identify key features, used for 

phylogenetic calculation, and when possible functionally characterized.  

 

To achieve these main goals, a series of specific objectives was set: 

 

1- Identification and characterization of the genetic repertoire involved in short 

chain FA activation in vertebrates namely Acss1; 

2- Reexamination of the genetic repertoire involved in long chain FA activation in 

vertebrates, clarification of the genomic events supporting the grouping of ACSL 

enzymes into two distinct groups (i) Acsl1 Acsl5 Acsl6 and (ii) Acsl3 Acsl4; 

3- Analysis of the contribution of 2R WGD or/and 3R WGD for teleost specific FA 

activation enzymes; 

4- Analysis of the genetic repertoire of Elovl and Fads enzymes involved in LC-PUFA 

biosynthesis in vertebrates; 

5- Delineate the evolutionary time frame in which the complete LC-PUFA pathway 

emerged through the isolation and functional characterization of Elovl and Fads 

enzymes from various vertebrate species;   

6- Analysis of the impact of 2R WGD on the diversification of the genetic repertoire 

of CPT1 gene family in vertebrates;  

7- Reexamination of the evolutionary history of B12 binders in vertebrates;  

8- Investigation and characterization on the genetic processes involved in the 

expansion of the pepsinogen C gene family in vertebrates; 

9- Examination of the evolutionary history in mammals of neonatal protease 

Chymosin established pseudogene in human. 

 

 

 

 

 

 

 

 

 



 OBJECTIVES  

 

34  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 35 

 

CHAPTER III 

FATTY ACID ACTIVATION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

36  

 

CHAPTER III – FATTY ACID ACTIVATION 

 

 

III.1 A NOVEL ACETYL-COA SYNTHETASE SHORT-CHAIN SUBFAMILY MEMBER 1 (ACSS1) GENE 

INDICATES A DYNAMIC HISTORY OF PARALOGUE RETENTION AND LOSS IN VERTEBRATES 

 

L. FILIPE C. CASTRO*, MÓNICA LOPES-MARQUES*, JONATHAN M. WILSON, EDUARDO ROCHA,  

MARIA A. REIS-HENRIQUES, MIGUEL M. SANTOS, ISABEL CUNHA 

(* JOINT FIRST AUTHORS) 

 

 

GENE 

(doi:10.1016/j.gene.2012.01.013) 
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Supplementary Table 1 

 

Supplementary Figure 2 

 

Supplementary Fig. 2. Partial protein alignment of ACSS1 sequences. Arrows indicate diagnostic amino 

acids between 1A and 1B paralogues. Hsa—H. sapiens, Mmu—M. musculus, Gga—G. gallus, Aca—A. 

carolinensis, Xtr—X. tropicalis, Tni—T. nigroviridis, Tru—T. rubripe, Ola- O. Latipes,  Cmi- C. milii 
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1. INTRODUCTION 

 

Assessing the impact of genome/gene duplication and gene loss in shaping metabolic 

pathways is critical to understand how metabolic pathways are attuned in several 

species (Shimeld et al., 2000; Cañestro, 2012; Chen et al., 2013). Presently it is 

generally accepted that two rounds of whole genome duplication occurred in early 

vertebrate evolution approximately 500 MYA (Ohno; Putnam et al., 2008). Additional 

events of genome duplications have been also documented in the teleost ancestor (3R 

WGD) (Jaillon et al., 2004) as well as, lineage or species specific duplications in 

salmonids (Moghadam et al., 2011), ray-finned paddle fish (Crow et al., 2012), African 

clawed frog (Session et al., 2016), and the red viscacha rat (Gallardo et al., 1999; 

Gallardo et al., 2004). Studies focusing on key phylogenetic lineages within the 

chordates have revealed the impact of these events on the gain and/or loss of several 

developmental, morphological and physiological features (Braasch et al., 2014; Castro 

et al., 2014; Brunet et al., 2016; Monroig et al., 2016). 

 

The biosynthesis of Long-Chain Polyunsaturated Fatty Acids (LC-PUFAS) in vertebrates 

clearly exemplifies how gene repertoire and enzymatic capabilities significantly impact 

the extent to which each species can complete LC-PUFAS biosynthesis pathway 

(Carmona-Antonanzas et al., 2013; Castro et al., 2016; Monroig et al., 2016). LC-PUFAS 

such as arachidonic acid (ARA, 20:4n-6), eicosapentaenoic acid (EPA, 20:5n-3) and 

docosahexaenoic acid (DHA, 22:6n-3) are key biomolecules with significant roles in 

physiological processes such as reproduction (Robinson et al., 2013) inflammatory 

response (Wall et al., 2010) neural development (Perica et al., 2011) bio-membrane 

composition and energy storage (Tocher, 2003). In animals, LC-PUFAS are obtained 

through diet and/or may be endogenously synthesized from essential dietary fatty 

acids (EFA) such as linoleic and α-linoleic acid (LA-18:2n-6; ALA-18:3n-3). Biosynthesis 

of LC-PUFAS comprehends a series of consecutive reactions of elongation e 

desaturation backed by elongases (Elovl) and desaturases (Fads) enzymes (Tocher, 

2003; Monroig et al., 2011b). This metabolic pathway can be split in to two major 

steps: initial transformation of EFA with the conjoint action of both fads2 and elovl5 to 

obtain eicosatetraenoic acid or dihomo-gamma-linolenic acid (ETA- 20:4(n-3); DGLA-

20:4(n-6)); and further elongation and desaturation of these products promoted by 
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elovl2 and fads1 to obtain tetracosahexaenoic and tetracosapentaenoic acid ((24:6(n-3) 

(24:5n-6)) (Tocher, 2003; Schmitz et al., 2008; Monroig et al., 2011b). Consequently, a 

full set of elongase enzymes (Elovl2 and Elovl5) as well as, desaturase enzymes (Fads1 

and Fads2) are assumed crucial to complete this biosynthetic pathway.  

 

Although the diversification of Elovl2 and Elovl5 in vertebrates has been attributed to 

the 2R WGD (Monroig et al., 2016) the origin and distribution of Fads1 and Fads2 still 

remains to be fully clarified. The identification of Fads1 and Fads2 orthologues in the 

cartilaginous fish Scyliorhinus canicula provides a solid indication on the timing of the 

expansion of these genes in the pre-ganthostome ancestor (Castro et al., 2012); then 

followed by the loss of Fads1 in teleosts (Castro et al., 2012; Castro et al., 2016). 

Interestingly besides Fads1, Elovl2 has also been reported to be lost in many teleosts 

(Morais et al., 2009; Monroig et al., 2016), with the exception of Danio rerio (Monroig 

et al., 2009), Salmo salar (Morais et al., 2009), and Oncorhynchus mykiss (Gregory et 

al., 2014). Therefore, variable Elovl and Fads gene repertoires and substrates 

preferences can be found in several vertebrate lineages. For instance, humans present 

three Fads genes: Fads1, Fads2, and Fads3, organized in a gene cluster with the Fads3 

gene function so far to be clarified (Marquardt et al., 2000; Blanchard et al., 2011). 

While mammalian desaturase enzymes display essentially a single preferred 

desaturation activity where Fads1 is a Δ5 desaturase and Fads2 is a Δ6 desaturase with 

additional Δ4 activity in some mammals (Park et al., 2009a; Park et al., 2015); previous 

research has uncovered functional plasticity of fatty acid desaturases in teleost fish. 

Despite Fads2 being the unique orthologous desaturase found so far in teleostei fish, a 

wide spectrum of alternative substrate preferences has been found: mono-functional Δ6 

desaturase in Thunnus thynnus (Morais et al., 2011), Dicentrarchus labrax (González-

Rovira et al., 2009; Santigosa et al., 2011) and Lates calcarifer (Mohd-Yusof et al., 

2010); Δ5 desaturase in Salmo salar (Hastings et al., 2004); fads2 with dual 

desaturation activity: Δ4/Δ5 Chirostoma estor (Fonseca-Madrigal et al., 2014), Solea 

senegalensis (Morais et al., 2012), Channa striata (Kuah et al., 2015); Δ5/Δ6: 

Oreochromis niloticus (Tanomman et al., 2013); Δ6/Δ8: Nibea mitsukurii (Kabeya et al., 

2015), Argyrosomus regius (Monroig et al., 2013), O. mykiss (Seiliez et al., 2001; 

Zheng et al., 2004; Monroig et al., 2011a) Anguilla japonica (Wang et al., 2014); 

Δ4/Δ5: Channa striata (Kuah et al., 2015), Chirostoma estor (Fads2a) (Fonseca-
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Madrigal et al., 2014), Solea senegalensis (Morais et al., 2012), and lastly fads2 with 

triple desaturation capacity Δ5/Δ6/Δ8 found in D. rerio (Hastings et al., 2001; Monroig 

et al., 2011a) Siganus canaliculatus (Li et al., 2010; Monroig et al., 2011a) C. estor 

(Fads2b) (Fonseca-Madrigal et al., 2014); and Δ4/Δ5/Δ8 in S. canaliculatus (Fad2) (Li et 

al., 2010; Monroig et al., 2011a). Therefore, the sole presence or absence of a 

complete gene set of Fads is insufficient to infer to what degree a certain species can 

convert dietary EFA to LC-PUFA. 

 

To fully understand the impact of gene duplication and loss in the LC-PUFA 

biosynthesis we have isolated and functionally characterized Fads from species placed 

in key phylogenetic positions namely, the basal cyclostome Lethenteron japonicum 

(Japanese lamprey) that diverged from the from the gnathostome ancestor  

approximately at the time of the 2R WGD (Kuraku et al., 2009; Smith et al., 2015), and 

from four actinopterygii species, two that diverged before the teleost specific 3R WGD 

namely the polypteriforme Polypterus senegalus (bichir) and holostei Lepisosteus 

oculatus (spotted gar) (Amores et al., 2011), and two that diverged after the teleost 

specific 3RWGD the elopomorpha Anguilla japonica (Japanese ell) and the 

osteoglossomorpha Pantodon buchholzi (African butterfly fish) (Betancur-R. R et al., 

2013). 

 

2. MATERIALS AND METHODS 

2.1 SEQUENCE COLLECTION AND ASSEMBLY 

 

Fads amino acid sequences were recovered from the available databases Ensembl and 

GenBank. Scleropages formosus presented a 3´partial fads sequence XP_018598908.1, 

this sequence was completed by performing blastn searches in S. formosus 

transcriptome SRA reads (SRX1668426/27/28/29/30/31/32). Gnathonemus petersii 

and Osteoglossum bicirrhosum fads-like were assembled from genomic SRX2235995, 

SRX2235994 in Geneious V 7.1.9 using as reference the previously curated S. formosus 

fads. 

 

Regarding the Fads isolated in this work initial tblastn searches using as query S. 

canicula Fads1 (AEY94454.1) and Fads2 (AEY94455.1) were performed in the Japanese 
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lamprey genome project available at (http://jlampreygenome.imcb.a-star.edu.sg/) for L. 

japonicum; NCBI sequence read archives (SRX796491, SRX732875) for P. senegalus; 

(SRX666400) for P. buchholzi and the genomic assembly of A. japonica (KI1307852) 

also available at NCBI. The resulting hits were downloaded and assembled into 

predicted full ORFs (open reading frames) using as reference the corresponding bait 

sequences. In the case of L. oculatus Fads1 the available sequence (XM_015338726.1) 

represents a truncated isoform, we further searched L. oculatus SRA archives with the 

resulting hits retrieved and assembled to reveal a second non-truncated isoform of 

fads1. All final assembled/predicted fads sequences were further used as reference for 

primer design.  

 

2.2 PHYLOGENETIC ANALYSIS 

 

A total of 79 Fads amino acid were aligned with MAFFT v7.306 (Katoh et al., 2008) and 

the best alignment method was determined automatically resulting in L-INS-i method 

(Katoh et al., 2005). Columns containing 90% gaps were stripped from sequence 

alignment leaving a total of 452 sites for phylogenetic analysis. Sequence alignment 

was then submitted PhyML v3.0 server (Guindon et al., 2010) for maximum likelihood 

phylogenetic analysis. The evolutionary model was automatically selected by the smart 

model selection SMS resulting in LG+G+I, and branch support was calculated using 

Abayes (Anisimova et al., 2011). The resulting tree was visualized in Fig Tree V1.3.1 

available at http://tree.bio.ed.ac.uk/software/figtree/ and rooted with invertebrate 

desaturase-like sequences. 

 

2.3 FADS GENE ISOLATION AND CLONING INTO YEAST EXPRESSION VECTOR 

 

The total RNA was extracted from L. japonicum, P. senegalus, L. oculatus, using an 

Illustra RNAspin Mini RNA Isolation Kit (GE Healthcare, UK) and A. japonica using 

ISOGEN (NIPPON GENE CO., LTD., Tokyo, Japan) following the manufacturer’s 

recommendations. Extracted RNA was quantified and the integrity evaluated. 

Complementary DNA was then synthesized using the iScript cDNA Synthesis Kit (Bio-

Rad) for L. japonicum, P. senegalus, L. oculatus and for A. japonica Ready-To-Go You-

Prime First-Strand Beads (GE Healthcare Life Sciences, Chicago, IL, USA) according to 
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manufacturer’s guidelines. 3´RACE ready cDNA (Rapid Amplification of cDNA Ends) was 

prepared for L. oculatus. For Fads gene isolation and cloning into yeast expression 

vector gene specific primers containing the appropriate restriction sites were designed 

on the previously recovered or assembled sequences. Fads genes were then isolated in 

each specie using these primers and corresponding cDNA via polymerase chain 

reactions (PCR) (see Table 1 for primer details and PCR conditions). Resulting PCR 

products were analyzed by electrophoresis in 1% agarose gel the target PCR products 

were excised and purified. Each PCR product was digested with the corresponding 

restriction enzymes and ligated into the yeast expression vector pYES2 (Thermo Fisher 

Scientific, Waltham, MA, USA) using T4 DNA ligase (Promega). Finally, all pYES2 clones 

were confirmed by sequencing (GATC Biotech Constance, Germany).  

 

Table 1. Primer sets, corresponding PCR conditions. Details regarding L. japonicum are still to be provided 

by co-author B. Venkatesh 

 

 

 

 

 

 

 

 

 PCR details  Primer sequence 
Initial 

denaturation 
Cycles Denaturation TM Extension 

Final 
extension 

Lethenteron 
japonicum 

- Fads1 
FW :CCCAAGCTTCACCATGGGACGCGGCGA 

- - - - - - 

RV: CCCTCTAGATCACTTGTGCAGGTAAGCGTC 

- Fads2 
FW: CCCAAGCTTACCATGGCTGGAACAGCATCG 

- - - - - - 

RV: CCCTCTAGATCACCGCTGGAGGTAGGCAT 

Polypterus 
senegalus 

Phusion Flash 
High-Fidelity 
PCR Master 

Mix 

Fads1 
FW: CCCGGTACCATGGAGGATGAAACAAAAGATAAAA 

98ºC /10s 45 98ºC /1s 61ºC/5s 72ºC/21s 72ºC/1min 

RV: CCCTCTAGATCACTTATGCAGGTAGGCGTC 

Fads2 
FW: CCCGGTACCCCTAAAATGGGGAAAGGTGG 

98ºC /10s 35 98ºC /1s 61ºC/5s 72ºC/21s 72ºC/1min 

RV: CCCTCTAGAGTTTCTCTCTTTCTTACTTGTTAAG 

Lepisosteus 
oculatus 

Phusion Flash 
High-Fidelity 
PCR Master 

Mix 

Fads1 
Long 

FW: CCCGGATCCAGGATGGGCGCAGGCGCAGA 
98ºC /10s 40 98ºC /1s 69ºc/5s 72ºC/20s 72ºC/1min 

RV: CCGTCTAGATCACCTGTGCAGGTAGGCATCAAGC 

Phusion Flash 
High-Fidelity 
PCR Master 

Mix+ 3%DMSO 

Fads2 
FW: CCCGGTACCACAATGGGTGGGGGGGGCCAGC 

98ºC /30s 40 98ºC /1s 68ºc/5s 
72ºC/20s 

 
72ºC/30s 

RV: CCCTCTAGACCTATTTGTGGAGGTAGGCATCCA 

Pantodon 
buchholzi 

Phusion Flash 
High-Fidelity 
PCR Master 

Mix 

Fads2a 
FW: CCCGGTACCATGGGAGGCGGTGGGCAGC 

98ºC /10s 35 98ºC /1s 65ºC/5s 
72ºC/20s 

 
72ºC/1min 

RV: CCCTCTAGATCACTTATGCAGGTAGGCATCCAG 

Fads2b 
FW: CCCGGATCCAATATGGGTGGTGGAGGACAGC 

98ºC /10s 35 98ºC /1s 65ºC/5s 
72ºC/20s 

 
72ºC/1min 

RV: CCCCTCGAGTTACTTGTGAAGGTACGCATCCAG 

Anguilla 
japonica 

Pfu DNA 
polymerase 

Fads1 
FW:CCCAAGCTTAACATGAGCGCAGCAGAGAAG 

95ºC/2min 35 95ºC /30s 60ºC/30s 
72ºC/3min 

 
72ºC/5min 

RV:CCGTCTAGATCATTTGTGCAAGTAAGCATCCATC 

Lepisosteus 
oculatus 

Phusion Flash 
High-Fidelity 
PCR Master 

Mix 
 

Elovl2 
FW : CCCGGATCCAATATGGACCAACTAGAGGCC 

98ºC /10s 35 98ºC /1s 61ºC/5s 
72ºC/14s 

 
72ºC/1min 

RV: CCCTCTAGA CTACTGGCTTTTCTTGGTTGA 

Elovl5 
FW: CCCGGATCCAAAATGGAGGCCATTAATCATG 

98ºC /10s 35 98ºC /1s 63ºC/5s 
72ºC/14s 

 
72ºC/1min 

RV: CCCTCTAGATCAATCCCCTCTGTGTTTTCT 
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2.4 YEAST EXPRESSION ASSAYS AND FATTY ACID ANALYSIS 

 

Transformation with pYes2 expression vector and culture of yeast Saccharomyces 

cerevisiae was carried out by the method described previously (Hastings et al., 2001; 

Lopes-Marques et al., 2017). The resulting transgenic yeast expressing each Fads 

genes were grown in the presence of PUFA including Δ6 (18:3n-3 and 18:2n-6), Δ8 

(20:2n-6 and 20:3n-3), Δ5 (20:4n-3; 20:3n-6), Δ4 (22:5n-3 and 22:4n-6) desaturase 

substrates. 

  

The final concentrations of PUFA substrate were 0.5 mM (C
18

), 0.75 mM (C
20

) and 1.0 

mM (C
22

). All FA substrates (98–99% pure) except for 18:4n-3 and 20:4n-3 were 

purchased from Nu-Chek Prep, Inc. (Elysian, MN, USA). 18:4n-3 and 20:4n-3 were 

obtained from Sigma-Aldrich (St Louis, MO, USA) and Cayman Chemical (Ann Arbor, MI, 

USA), respectively. After 48 h incubation at 30ºC with shaking, yeast cells were 

collected and fatty acid methyl esters (FAME) were prepared by the method described 

previously (Hastings et al., 2001). Subsequently, the FAME samples were quantified 

using Fisons GC-8160 gas chromatograph (Thermo Fisher Scientific) equipped with a 60 

m x 0.32 mm i.d. x 0.25 μm ZB-wax column (Phenomenex, Cheshire, UK) and flame 

ionisation detector. The obtained FAME peaks were identified by comparing the 

retention time of each with that of FAME standard. FA conversion efficiencies from 

exogenously added PUFA substrates were calculated by the proportion of substrate FA 

converted to a desaturated product as (product area/(product area + substrate area)) × 

100.  
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3 RESULTS 

3.1 PHYLOGENETIC ANALYSIS  

 

To determine the orthology of isolated fads-like sequences from the jawless vertebrate 

the Japanese lamprey and actinopterygii species a Bayesian phylogenetic analysis was 

conducted containing 79 sequences, of which several are well known and functionally 

characterized. The resulting phylogenetic tree presents two well supported 

monophyletic clades; the first holding all the Fads1 sequences and the second 

containing the Fads2 sequences, both clades are out-grouped by invertebrate Fads 

sequences (Fig. 1). Interestingly, we find that the Japanese lamprey, bichir, spotted gar 

and Japanese ell present sequences that strongly group within the Fads1 clade together 

with the tetrapod and chondrichthyes Fads1 sequences.  

 

When observing the Fads2 clade we find that Japanese lamprey Fads2-like is again basal 

to the Fads2 clade. Within the Fads2 clade we find all the actinopterygii Fads2 are 

placed together in a single clade contiguous to a sister clade containing the 

sarcopterigyii and chondrichthyes Fads2 sequences. Internal topology of the 

actinopterygii Fads2 clade reflects evolutionary history of ray-finned-fishes, were the 

lineages that diverged before the 3RWGD namely: polypteriformes (P. senegalus) and 

holostei (L. oculatus), are placed at the base of the clade, followed by post 3R WGD 

lineages elopomorpha (A. japonica) and the osteoglossomorpha (P. buchholzi, 

Arapaima gigas; S. formosus; Osteoglossum bicirrhosum, Gnathonemus petersii) and 

finally all the remaining teleostei. In osteoglossmorpha clade we observe all species 

present two fads2 sequences (with the exception of A. gigas) which are distributed 

equally among two well supported clades (0.9). The splitting of each species Fads2 

duplicates into two clades and branching is indicative that these sequences may 

correspond to retained 3RWGD paralogs (Fig. 1).  
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Figure1: Bayesian phylogenetic analysis of FADS1 and FADS2 amino acid sequences, values at nodes 

indicate posterior probabilities, * indicates FADS isolated and functionally analyzed in this work. Black 

arrow (3R WGD) approximately indicates the timing of the teleost duplication. Accession numberes are 

indicated. 
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3.2 SEQUENCE ANALYSIS  

 

All 9 fads-like sequences isolated from A. japonica, P. buchholzi, L. oculatus, P. 

senegalus, L. japonicum, were submitted to PFam to validate fads-like profile, revealing 

a fads1-like or fads-like2 like profile. Initial sequence analysis revealed that L. oculatus 

fads1 and fads2 gene annotations available at NCBI and Ensemble (fads1-

XM_015338726.1, ENSLOCG00000007048, fads2- ENSLOCG00000007031.1) 

correspond to poor gene predictions due to low genome coverage in the respective 

regions. In the case of fads1-like the predicted gene omitted the 5´region of exon 2 

and 3´region of the last exon, further analysis of genomic sequence in NCBI 

(NC_023205.1) revealed a premature stop codon in the 3´region of the last exon.  

Regarding the predicted L. oculatus fads2 this annotation was overall poor due to 

several assembly gaps. The isolated ORF L. oculatus fads1-like and fads2-like fully 

covered the poorly predicted regions. Furthermore, the fads1-like clone did not present 

the premature stop codon; additionally both clones were confirmed by L. oculatus 

transcriptomic SRA reads. The isolated fads-like sequences were further aligned with 

fully characterized fads sequences (Fig. 2).  

Sequence alignment revealed that all sequences presented the signature motifs 

characteristic of FADS, namely the heme binding motif (HPGG) and three histidine 

boxes HXXXH, HXXHH, and QXXHH, suggested to participate in Fe binding in the active 

site of the enzyme (Los et al., 1998; Pereira et al., 2003). In all isolated sequences, we 

find that the heme motif is as well as, all three histidine boxes are highly conserved. 

Next, we analyzed the amino acid residues proposed to be critical in switching from Δ6 

desaturase activity to Δ5 and vice versa (Watanabe et al., 2016). These residues were 

identified in rat desaturase by replacing Fads2 Δ6 desaturase residues in the following 

positions [SXNXXXXRX …SLX… WQX…V] (Ser209, Asn211, Arg216, Ser235, Leu236, 

Trp244, Gln245, and Val344 - coordinates of Human Fads2 NP_004256.1) with residues 

from Δ5 desaturase [PXSXXXXMX … M-X … VLX…P] obtaining Δ5 desaturation 

(Watanabe et al., 2016) (Fig. 2 blue boxes). In the sequence alignment, we observe that 

the subset of sequences from A. japonica, L. oculatus, P. senegalus and L. japonicum 

that returned a fads1-like profile from pFAM searches present the majority of the 

residues typical of Δ5 desaturation with two substitutions M>L and V>T corresponding 

to conservative replacements between residues with similar biochemical properties. 
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Interestingly, P. buchholzi Fads2-likeb (PBU) and Asian arowana Fads2 (AGI) present 

residues typical of Δ5 desaturation indicated by the black arrows.  Additionally, a 

second region also proposed to be involved in regioselectivity (Lim et al., 2014) (Fig. 2 

yellow box) revealed that all fads1-like sequences preserve a fully conserved signature  

- FQWI, while the fads2–like sequences showed to be more variable in this region 

presenting the following pattern FXXQ. 

 

Figure 2: Sequence alignment of FADS1 and FADS2 amino acid sequences. Orange boxes correspond to 

the conserved histidine boxes, yellow box indicates residues proposed to be involved in regioselectivity 

(Lim et al., 2014), blue boxes indicate residues replaced in rat fads2 Δ6 desaturase to obtain Δ5 activity 

(Watanabe et al., 2016). RNO- R. norvegicus; HSA- H. sapiens; SCAN- S. canicula; PSE- P. senegalus; AJA- A. 

japonica; LOC- L. oculatus; LJA- L. japonicum; SFO- S. formosus PBU-P. buchholzi; DRE-D. rerio; AGI-A. 

gigas. 

 

3.3 FUNCTIONAL ANALYSIS SHOWS PLASTICITY WITH TELEOST FADS 

 

The expression of the isolated Fads ORFs in yeast grown in media supplemented 

potential desaturase PUFAS substrates Δ6 (18:3n-3 and 18:2n-6), Δ8 (20:2n-6 and 

20:3n-3), Δ5 (20:4n-3 and 20:3n-6) and Δ4 (22:5n-3 and 22:4n-6) allow us to 

functionally characterize each FADS enzyme and determine the preferred desaturation 

activity. The FA profile of yeast transformed with empty vector was determined as 

control and showed the following products:  yeast endogenous FA (16:0), (16:1n-7), 

(18:0) and (18:1n-9), and corresponding supplemented PUFA substrate confirming that 

the yeast endogenous enzymes were not active on the exogenously added PUFA 

substrates (Agaba et al., 2005). 

 

Functional characterization showed that Fads1-like ORFs isolated from Japanese 

lamprey, bichir, spotted gar and Japanese eel coded for enzymes that presented Δ5 
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desaturation activity by desaturating 20:4n-3 and 20:3n-6 substrates, with a preference 

towards omega-3 PUFAS (Table 2). 

 

Yeast containing Fads2-like ORFs from Japanese lamprey, bichir, spotted gar and 

African butterfly fish (fads2a-like) expressed desaturase enzymes with Δ6/Δ8 

desaturation activities with the exception of the African butterfly fish Fads2b-like that 

presented Δ5 desaturation activity. Conversion rates indicate that in all cases Δ6 

desaturase activity is the most predominant (Table 2). Regarding Δ8 desaturase activity 

we observe that Japanese lamprey Fads2 presents no detectable desaturation of the Δ8 

substrate 20:2n-6 substrate (Table 2). Finally, no FA products resulting from Δ4 

desaturase activity were detected in all functional assays.  

 

Table 2: Functional characterization of the L. japonicum (Lja); P. senegalus (Pse); L. oculatus (Loc); A. japonica (Aja); P. 

buchholzi (Pbu); desaturase enzymes.  The conversions were calculated according to the formula (all product areas/ (all products 

areas+substrate area)) ×100  and .n.d indicates not  detected. a- ( Wang et aI 2014) 

 

 

 

 

 

 

 

 

FA 

Substrate 

FA 

Product 

% Conversion 

Lja 

Fads1 

Lja 

Fads2 

Loc 

Fads1 

Loc 

Fads2 

Pse 

 Fads1 

Pse 

Fads2 

Aja 

Fads1 

Aja 
a 

Fads2 

Pbu 

Fads2A 

Pbu 

Fads2B 
Activity 

18:3n-3 18:4n-3 n.d 6.6 n.d 32.4 n.d 37.1 n.d 64.3 77.4 n.d Δ6 

18:2n-6 18:3n-6 n.d 2.0 n.d 15.6 n.d 20.6 n.d 20.7 42.7 n.d Δ6 

20:3n-3 20:4n-3 n.d 0.7 n.d 4.1 n.d 11.0 n.d 6.0 18.4 n.d Δ8 

20:2n-6 20:3n-6 n.d n.d n.d 1.5 n.d 3.6 n.d 5.4 7.0 n.d Δ8 

20:4n-3 20:5n-3 6.0 n.d 3.0 n.d 56.1 n.d 58.1 n.d n.d 14.4 Δ5 

20:3n-6 20:4n-6 5.5 n.d 2.9 n.d 48.3 n.d 33.2 n.d n.d 11.7 Δ5 

22:5n-3 22:6n-3 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d Δ4 

22:4n-6 22:5n-6 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d Δ4 

Overall activity Δ5 Δ6/Δ8 Δ5 Δ6/Δ8 Δ5 Δ6/Δ8 Δ5 Δ6/Δ8 Δ6/Δ8 Δ5  

https://www.researchgate.net/researcher/15306872_Shuqi_Wang
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4 DISCUSSION  

 

Genome and gene duplication have been recognized as decisive events for vertebrate 

evolution, both providing spare genetic material for adaptive selection, mutation, and 

genetic drift (Wagner, 1998; Lynch et al., 2000; Holland, 2003). Evolutionary and 

functional novelties commonly arise from duplicate genes that acquire new functions – 

neo-functionalization, or complementary functions sub-functionalization (Glasauer et 

al., 2014). Nevertheless, an alternative fate is more frequently reserved for duplicate 

genes, degeneration and ultimately loss. In fact, previous reports have found that 

significant gene loss occurred shortly after the 2R WGD as well as, after fish specific 3R 

WGD (Wagner, 1998; Lynch et al., 2000; Lynch et al., 2004; Blomme et al., 2006; 

Kondrashov et al., 2006; Louis, 2007; Albalat et al., 2016). Although gene loss is 

regularly seen as less a significant player in evolution, this perspective is now shifting 

with recent research revealing adaptive change as consequence of gene loss (Albalat et 

al., 2016).  

 

4.1 DATA ANALYSIS REVEALS AN UNFORESEEN FADS1 ORTHOLOGUE 

 

Sequence and phylogenetic analysis data reveals a Fads1 orthologue in basal jawless 

vertebrate Japanese lamprey, supporting the proposal that Fads1 and Fads2 originated 

in the vertebrate ancestor (Castro et al., 2012). Also, we find that this gene orthologue 

is retained in basal actinopterygii, the bichir and the spotted gar that diverged prior to 

the teleost specific 3R WGD and in Japanese eel that diverged shortly after 3R WGD 

(Betancur-R. R et al., 2013). However, until this date no Fads1 orthologue has been 

identified in the remaining teleost species indicating that Fads1 was most probably 

lost, shortly after the divergence of the elopomorha lineage (Fig. 3A). A Fads2 

orthologue was also identified in the analyzed species Japanese lamprey, bichir, 

spotted gar and African butterfly fish, while a Fads2 in Japanese eel had previously 

been identified and functionally characterized (Wang et al., 2014). Importantly, in the 

osteoglossomorpha we find that the majority of the analyzed species present 2 Fads2 

copies including the African butterfly which are each assorted into two different clades 

(Fig. 1). The positioning of the clade containing the P. buchholzi Fads2b clade is 

characteristic of a direct orthology to the Fads2 found in elopomorpha and 
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clupeocephala lineages. On the other hand, the positioning of the P. buchholzi Fads2a 

clade is indicative these Fads genes are most probably retained paralogues from the 3R 

WGD lost in the elopomorpha and clupeocephala lineages. This hypothesis was further 

pursued by analyzing the genomic locus S. formosus Fads2 genes. Here we find that 

the two Fads2 copies are not tandem duplicates being placed in distinct scaffolds. 

However, the analysis of the neighboring genes and corresponding paralogues in D. 

rerio leaves the evolutionary origin of the genes unresolved given that the two-distinct 

locus in S. formosus map to two unrelated paralogous regions in D. rerio 

(supplementary material 1). 

 

 

 

Figure 3: A- Schematic representation of the evolutionary history of the Fads gene family, in vertebrates. B- 

Analysis of the efficiency in completing the LC-PUFA pathway across several species. Genetic repertoire and 

corresponding activities of Elovl and Fads from species not characterized in the present work were 

retrieved from (Castro et al.; 2016). 
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4.2 LOSS OF FADS1 PROPELS FUNCTIONAL PLASTICITY IN CLUPEOCEPHALA AND 

OSTEOGLOSSOMORPHA FADS2 

 

Functional characterization reveals that the isolated desaturases present a functional 

phenotype similar to the one observed in sarcopterygii, presenting a Δ5 desaturase 

activity for Fads1 and Δ6/Δ8 desaturase activity for Fads2 (Leonard et al., 2002; Castro 

et al., 2012; Watanabe et al., 2016), with the exception of P. buchholzi Fads2a, that 

presented a Δ5 desaturase activity. Interestingly, we were unable to identify a Fads1 

orthologue in P. buchholzi and in the genomes of the analyzed osteoglossomorpha, 

indicating that this gene is most probably lost in this lineage. Functional plasticity of 

Fads2 has been previously observed in several species of the clupeocephala lineage. 

For example the Δ5/Δ6/Δ8 fads2 from D. rerio (Hastings et al., 2001; Monroig et al., 

2011a), Siganus canaliculatus (Li et al., 2010; Monroig et al., 2011a), Δ5/Δ6fads2 

desaturase Oreochromis niloticus (Tanomman et al., 2013); Δ6/Δ8 Nibea mitsukurii 

(Kabeya et al., 2015) yet this is the second fads2 with solely Δ5 desaturase identified 

being the other in salmo salar (Fig. 3B) (Hastings et al., 2004). In this context, it is very 

tempting to state that the loss of the Fads1 orthologue in osteoglossomorpha and 

clupeocephala propelled a re-circuiting of the LC-PUFA biosynthesis in some species, by 

gene duplication and functional plasticity, to overcome the bottleneck created by the 

loss of Δ5 desaturase activity. Fads2 duplication appears to be a recurrent pattern in 

vertebrate evolution, for example: a Fads2 tandem duplicate Fads3 is found most 

mammals (Marquardt et al., 2000; Park et al., 2009b; Blanchard et al., 2011), in 

clupeocephala we also find Fads2 duplicates, two in C. estor (Fonseca-Madrigal et al., 

2014) and  S. canaliculatus (Li et al., 2010; Monroig et al., 2011a) and four Fads2 

genes in S. salar (Hastings et al., 2004) three resulting from tandem duplication and 

one copy most probably from retained salmonid specific genome duplication (4R) 

(supplementary material 1). Gene duplication is often followed by low purifying 

selection, rapid sub-functionalization and or neo-functionalization (He et al., 2005; 

Blomme et al., 2006) which is seemingly the case in the referred species. However, 

other species that maintained one copy of Fads2 have instead stretched its substrate 

preferences. For instance D. rerio is capable of performing Δ6/Δ5/Δ8 desaturation with 

single Fads2, while C. striata lost Δ6 desaturation activity and gained a dual Δ4/Δ5 

desaturation activity (Kuah et al., 2015) among various other examples (Fig 3B). These 
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cases of functional plasticity suggest that fads2 sequence contains fundamental 

elements for general desaturase activity and is permissive to be tweaked in order to 

retrieve other desaturation activities, while fads1 does not appear to be permissive 

(Watanabe et al., 2016). This has been observed in a previous study where it was 

possible to obtain a Fads2 with Δ5 desaturase activity and a bifunctional Fads2 Δ6/Δ5 

by performing site-directed mutation. Here the replacement of a set of key residues in a 

Fads2 with their counterpart observed in Fads1 retrieved a Δ5 desaturase activity while 

the reverse experiment did not result in Fads1 with Δ6 desaturase activities (Watanabe 

et al., 2016).  

 

Although some species have overcome the bottleneck created by the loss of Fads1, by 

functional plasticity and/or duplication of Fads2, many other species remained without 

Δ5 desaturation activity (Fig3. B). The inability to endogenously synthesize DHA due to 

the lack of Δ5 desaturase activity is thought to have no significant consequence in a 

marine species given that these species easily obtain DHA through diet in marine rich 

ecosystems (Li et al., 2010; Tocher, 2010). This becomes evident when observing that 

the majority of the Fads2 functionally characterized from marine species do not present 

Δ5 desaturase ability, while Fads2 from freshwater species has functionally adapted to 

counterbalance the nutrient poor environment (Fig 3B). In addition to environmental 

factors, trophic level may also drive functional plasticity, being the marine herbivore S. 

canaliculatus a remarkable example presenting two Fads2 bifunctional desaturases 

with Δ6/Δ5 and Δ4/Δ5 activity (Li et al., 2010). Overall the dietary requirements of LC-

PUFA and PUFAS vary according to a number of factors gene repertoire, and 

corresponding functional activities of each enzyme, environmental factors and diet.   

 

5. CONCLUSION 

 

In the present work we find a Fads1 orthologue in Japanese lamprey indicating that 

Fads1 and Fads2 emerged in the vertebrate ancestor which is in accordance to the 

hypothesis previously presented findings (Castro et al., 2012). Additionally, we find 

Fads1 orthologues retained in basal pre 3R actinopterygii bichir and spotted gar, and in 

the post 3R elopomorpha Japanese ell.  We find that Fads1 was retained in post 3R 

teleost lineage elopomorpha and lost after the divergence of this lineage in 
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osteoglossomorpha, ostarioclupeomorpha and euteleostei. Interestingly, we find that 

the majority of the osteoglossomorpha retained 2 Fads2 genes possibly resulting from 

the 3R WGD, with distinct desaturase capabilities Δ5 and the second Δ6/Δ8.  
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SUPPLEMENTARY MATERIAL 

 

Supplementary table 1. List of sequences used for phylogenetic analysis.  

Species Gene Accession number  Species Gene Accession number 

Anolis 

carolinensis 

Tcn1 XP_003215131.1  Monodelphis 

domestica 

Tcn2 XP_001380461.1 

Tcn2 XP_008117996.1  Gif XP_007497607.1 

Gif XP_008108890.1  
Meleagris 

gallopavo 

Tcn2 ENSMGAP00000015262 

Branchiostoma 

floridae 
Tcn XP_002605724.1  Gif ENSMGAP00000003005 

Callorhinchus 

milii 

Tcn1/Gi

f 
JW870881.1  Mus 

musculus 
Tcn2 NP_056564.1 

Tcn2 NP_001279906.1  Gif NP_032144.2 

Chelonia  

mydas 
Tcn2 EMP27579.1  

Oryzias 

latipes 
Tcn2 XP_004072417.1 

Danio rerio 
Tcn2 NP_001116703.1  

Oreochromis 

niloticus 
Tcn2 XP_005473430.1 

Gasterosteus 

aculeatus 
Tcn2 ENSGACP00000011296  

Pelodiscus 

sinesis 
Tcn1 XP_006110368.1 

Gallus gallus Gif XP_001233885.2  
Scyliorhinus 

canicula Tcn2 SSC-transcript-ctg15613 

Homo sapiens 

Tcn1 NP_001053.2  
Sarcophilus 

harrisii 

Tcn1 XP_003774045.1 

Tcn2 NP_000346.2  Tcn2 XP_003762764.1 

Gif NP_005133.2  Gif XP_003774041.1 

Latimeria 

chalumnae 

Gif XP_006013605.1  

Salmo salar 

Tcn2 

a 
NP_001133733.1 

Tcn1 

partial 
XP_006011707.1  

Tcn2 

b 
ACN10392.1 

Tcn2 XP_005993347.1  
Saccoglossus 

kowaleski Tcn XP_002734140.1 

Leucoraja 

erinacea 

Tcn1/ 

Gif 
KP273228  

Taeniopygia 

guttata 
Gif XP_002196005.2 

Tcn2 KP273226  Xenopus 

tropicalis 

Tcn2 NP_001184035.1 

Tcn3 KP273227  Gif XP_002941420.1 
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Supplementary figures  

 
Hs_TCN1_NP_001053.2             1   MRQS------ ---------- HQLPLVGLLL FSF--I-PSQ LCEICEVSEE NYIRLKPL-- ---------- ---LNTMIQS  46   

Hs_GIF_NP_005133.2              1   -MAW------ ---------- FALYLLSLLW ATA--GTSTQ TQSSCSVPSA QEPLVNGI-- ---------- ---QVLMENS  46   

Hs_TCN2_NP_000346.2             1   ---------- ---------- --MRHLGAFL FLL--GVLGA LTEMCEIPEM DSHLVEKLGQ HLLPWMDRLS LEHLNPSIYV  56   

Medaka_ENSORLT00000019254       1   ---------- ---------- --MKEPALIA AAL--L---- ---------- ---------- ---------- ---LLLPAAL  19   

Medaka_ENSORLT00000001408       1   MAFR------ ---------- VIFTAAVLIL LTQ--AGDEG DDEGANSDRG SHAGAAAL-- ---------- ---LRHSDTV  47   

Tilapia_ENSONIT00000013242      1   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  1    

Tetradon_ENSTNIT00000017613     1   ---------- ---------- ---MKLVLLS AAL--L---- ---------- ---LLLPA-- ---------- ---ARPERHQ  23   

Cavefish_ENSAMXT00000002854     1   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---MPPTAFT  7    

Stickleback_ENSGACT00000027033  1   ---------- ---------- MAPRTAALLS AGF--L---- ---------- ---LL----- ---------- ---LTQRALT  23   

Platyfish_ENSXMAT00000005953    1   MRAWSSINTD VKPAGETSHR MAPRLAAQLS VSFLLL---- ---------- ---LL----- ---------- ---LPHEAIT  45   

Amazonmolly_ENSPFOT00000010148  1   MRGWSSINTD VKPGGETSHR MAPRPAALLS VSF-LL---- ---------- ---LL----- ---------- ---LPHEAIA  44   

Tilapia_ENSONIT00000006763      1   ---------- ---------- MALRTSALLS VGF--F---- ---------- ---LL----- ---------- ---LTCGALT  23   

Tetraodon_ENSTNIT00000014896    1   ---------- ---------- MRLRT-PLLS VGV--L---- ---------- ---LL----- ---------- ---LTGGVLT  22   

Codfish_ENSGMOT00000005936      1   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  1    

Cavefish_ENSAMXT00000003614     1   ---------- ---------- LALSLVIFLC STV--L---- ---------- ---ICEPA-- ---------- ---LHIRAIQ  26   

Zebrafish_ENSDART00000098273    1   ---------- ---------- MALTAISLLC FTA--L---- ---------- ---LCFPA-- ---------- ---LGLPADS  26   

Zebrafish_ENSDART00000147769    1   ---------- ---------- MTLTAITLLC FAA--L---- ---------- ---LPFPG-- ---------- ---LGKGGHS  26   

Spottedgar_ENSLOCT00000004606   1   ---------- ---------- MAL-AVTMIL STV--L---- ---------- ---LLVPA-- ---------- ---LLVQPES  25   

Spottedgar_ENSLOCT00000004639   1   ---------- ---------- MAL-AVTMIL STV--L---- ---------- ---LLVPA-- ---------- ---LLVQAES  25   

Tilapia_ENSONIT00000020351      1   ---------- ---------- --MKKPALLS AVL------- ---------- ---LLLFF-- ---------- ---VGTSAQG  23   

 

Hs_TCN1_NP_001053.2             47  NYNRGTSAVN VVLSLKLVGI QIQTLMQKMI QQIKYNVKSR LSDVSSGELA LIILALGVCR NAEENLIYDY HLIDKLENKF  126  

Hs_GIF_NP_005133.2              47  VTSSAYPNPS ILIAMNLAGA YNLKAQKLLT YQLMSSDNND ---LTIGQLG LTIMALTSSC ---------R DPGDKVSILQ  114  

Hs_TCN2_NP_000346.2             57  GLRLSSLQAG TKEDLYLHSL KLGYQQCLLG SAFSEDDGDC QGKPSMGQLA LYLLALRANC EFVRGHKGDR LVSQLKWFLE  136  

Medaka_ENSORLT00000019254       20  TQNF------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  23   

Medaka_ENSORLT00000001408       48  RQDN------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  51   

Tilapia_ENSONIT00000013242      1   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  1    

Tetradon_ENSTNIT00000017613     24  RGSV------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  27   

Cavefish_ENSAMXT00000002854     8   SDVE------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  11   

Stickleback_ENSGACT00000027033  24  ETGP------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  27   

Platyfish_ENSXMAT00000005953    46  NQGL------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  49   

Amazonmolly_ENSPFOT00000010148  45  NQGL------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  48   

Tilapia_ENSONIT00000006763      24  DTDE------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  27   

Tetraodon_ENSTNIT00000014896    23  NAGP------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  26   

Codfish_ENSGMOT00000005936      1   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  1    

Cavefish_ENSAMXT00000003614     27  TEEL------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  30   

Zebrafish_ENSDART00000098273    27  GKLE------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  30   

Zebrafish_ENSDART00000147769    27  GEQH------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  30   

Spottedgar_ENSLOCT00000004606   26  S--------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  26   

Spottedgar_ENSLOCT00000004639   26  SEAR------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  29   

Tilapia_ENSONIT00000020351      24  NTNF------ ---------- ---------- ---------- ---------- ---------- ---------- ----------  27   

 

Hs_TCN1_NP_001053.2             127 QAEIENMEAH NGTPLTNYYQ LSLDVLALCL FNGNYSTAEV VNHFTPENKN YYFGSQFSVD TGAMAVLALT CVKKSLINGQ  206  

Hs_GIF_NP_005133.2              115 RQMENWAPSS PNAEASAFYG PSLAILALCQ KNSEATLPIA VRFAKTLLAN ---SSPFNVD TGAMATLALT CMYNKI---P  188  

Hs_TCN2_NP_000346.2             137 DEKRAIGHDH KGHPHTSYYQ YGLGILALCL HQKRVHDSVV DKLLYAVEPF H--QGHHSVD TAAMAGLAFT CLKRS-----  209  

Medaka_ENSORLT00000019254       23  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  23   

Medaka_ENSORLT00000001408       51  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  51   

Tilapia_ENSONIT00000013242      1   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  1    

Tetradon_ENSTNIT00000017613     27  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  27   

Cavefish_ENSAMXT00000002854     11  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  11   

Stickleback_ENSGACT00000027033  27  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  27   

Platyfish_ENSXMAT00000005953    49  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  49   

Amazonmolly_ENSPFOT00000010148  48  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  48   

Tilapia_ENSONIT00000006763      27  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  27   

Tetraodon_ENSTNIT00000014896    26  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  26   

Codfish_ENSGMOT00000005936      1   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  1    

Cavefish_ENSAMXT00000003614     30  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  30   

Zebrafish_ENSDART00000098273    30  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  30   

Zebrafish_ENSDART00000147769    30  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  30   

Spottedgar_ENSLOCT00000004606   26  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  26   

Spottedgar_ENSLOCT00000004639   29  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  29   

Tilapia_ENSONIT00000020351      27  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  27   

 

Hs_TCN1_NP_001053.2             207 IKADEGSLKN ISIYTKSLVE KILSEKKENG LIGNTFSTGE AMQALFVSSD YYNENDWNCQ QTLNTVLTEI SQGAFSNPNA  286  

Hs_GIF_NP_005133.2              189 VGSEEGYRSL FGQVLKDIVE KISMKIKDNG IIGDIYSTGL AMQALSVTPE -PSKKEWNCK KTTDMILNEI KQGKFHNPMS  267  

Hs_TCN2_NP_000346.2             209 -NFNPGRRQR ITMAIRTVRE EILKAQTPEG HFGNVYSTPL ALQFLMTSPM RGAELGTACL KARVALLASL QDGAFQNALM  288  

Medaka_ENSORLT00000019254       23  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  23   

Medaka_ENSORLT00000001408       51  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  51   

Tilapia_ENSONIT00000013242      1   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  1    

Tetradon_ENSTNIT00000017613     27  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  27   

Cavefish_ENSAMXT00000002854     11  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  11   

Stickleback_ENSGACT00000027033  27  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  27   

Platyfish_ENSXMAT00000005953    49  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  49   

Amazonmolly_ENSPFOT00000010148  48  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  48   

Tilapia_ENSONIT00000006763      27  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  27   

Tetraodon_ENSTNIT00000014896    26  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  26   

Codfish_ENSGMOT00000005936      1   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  1    

Cavefish_ENSAMXT00000003614     30  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  30   

Zebrafish_ENSDART00000098273    30  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  30   

Zebrafish_ENSDART00000147769    30  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  30   

Spottedgar_ENSLOCT00000004606   26  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  26   

Spottedgar_ENSLOCT00000004639   29  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  29   

Tilapia_ENSONIT00000020351      27  ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------  27   
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Hs_TCN1_NP_001053.2             287 AAQVLPALMG KTFLDINKDS SCVSASGNFN ISADEPITVT PPDSQSYISV NYSVRINE-- ------TYFT NVTVLNGSVF  358  

Hs_GIF_NP_005133.2              268 IAQILPSLKG KTYLDVPQVT CSPDHEVQPT LPSNPGPG-- -PTSASNITV IYTIN-NQLR GVELLFNETI NVSVKSGSVL  343  

Hs_TCN2_NP_000346.2             289 ISQLLPVLNH KTYIDLIFPD CLAPRVML-- ----EPAAET IPQTQEIISV TLQV----LS LLP---PYRQ SISVLAGSTV  355  

Medaka_ENSORLT00000019254       23  ---------- ---------- ---------- ---------- -----DPAPI QIVVK-NSFL EEE---PLAF NSHVAHRGIL  54   

Medaka_ENSORLT00000001408       51  ---------- ---------- ---------- ---------- -----NLDPI TIVVK-NKFQ GV----KKTY NASVAYRGIL  81   

Tilapia_ENSONIT00000013242      1   ---------- ---------- ---------- ---------- ------MIPI AIMVK-NTLQ NKP---LQTY KTEVISGGIL  30   

Tetradon_ENSTNIT00000017613     27  ---------- ---------- ---------- ---------- ------SVPI AVVVQ-NLLH NKP---SLTF TTSTADGGIL  57   

Cavefish_ENSAMXT00000002854     11  ---------- ---------- ---------- ---------- -----SPYKI SLVVY-NSLT TAK---NLTF STDIAYRGIL  42   

Stickleback_ENSGACT00000027033  27  ---------- ---------- ---------- ---------- -----GARPI RLSVE-NDLS NIT---PESY FSSVVEGGVL  58   

Platyfish_ENSXMAT00000005953    49  ---------- ---------- ---------- ---------- -----ESLPI RLTVE-NDLH NMA---PESF SSTVVKEGVL  80   

Amazonmolly_ENSPFOT00000010148  48  ---------- ---------- ---------- ---------- -----TSLPI RLTVE-NDLS NTA---PESF SSSVVEGGVL  79   

Tilapia_ENSONIT00000006763      27  ---------- ---------- ---------- ---------- -----GSLSI KLSVE-NELS NEP---LKSY SSSVVEGGVL  58   

Tetraodon_ENSTNIT00000014896    26  ---------- ---------- ---------- ---------- -----AALPL RLSVV-NTLS DMV---PGSY SSSVVEGGVL  57   

Codfish_ENSGMOT00000005936      1   ---------- ---------- ---------- ---------- --------PI RVSVEGRGLS SEA---TGSY SGSVVEGGVL  29   

Cavefish_ENSAMXT00000003614     30  ---------- ---------- ---------- ---------- -----KPVPI RVTVK-DEFS AS----SSFF QTSVLEGGVL  60   

Zebrafish_ENSDART00000098273    30  ---------- ---------- ---------- ---------- ------EIPV KVTIV-NDFT NE----QLSY STTVIQEGLM  59   

Zebrafish_ENSDART00000147769    30  ---------- ---------- ---------- ---------- -GGVPGQVSI NVVVT-NKFA NE----LNTY PVTAPKGMPI  64   

Spottedgar_ENSLOCT00000004606   26  ---------- ---------- ---------- ---------- -----GWSPI LLSVR-NAID QKA---PLSF RGSVPYRGSL  57   

Spottedgar_ENSLOCT00000004639   29  ---------- ---------- ---------- ---------- ----SKWSPI QLSVE-NAIE STP---PLIF KGSVPYRGVL  61   

Tilapia_ENSONIT00000020351      27  ---------- ---------- ---------- ---------- ------KVQV NVSPK-N--- ------IKTY STSTAYRGSL  51   

 

Hs_TCN1_NP_001053.2             359 LSVMEKAQKM NDTIFGFTME -ERSW-GPYI TCIQGLCANN NDRTYWELLS GG-----EPL SQGAGSYVVR NGENLEVRWS  431  

Hs_GIF_NP_005133.2              344 LVVLEEAQRK NPM-FKFETT M-TSW-GLVV SSINNIAENV NHKTYWQFLS GV-----TPL NEGVADYIPF NHEHITANFT  415  

Hs_TCN2_NP_000346.2             356 EDVLKKAHEL G----GFTYE TQASLSGPYL TSVMGKAAG- -EREFWQLLR DPN----TPL LQGIADYRPK DGETIELRLV  425  

Medaka_ENSORLT00000019254       55  LGAMRTLMDS DTN-FKFTYR EDPNY-GPHL ESINGLAGKD ADQTYWELLV MKPDGAITRP DVGIGCYIPS ANEKIIFNFT  132  

Medaka_ENSORLT00000001408       82  IGAMKRLRKS NAN-FKFTYK EDLNY-GPYL ESINGVPGKT EDHTYWELLV IKPNGSVIIP DVGIGCYIPS PNEQILFNFT  159  

Tilapia_ENSONIT00000013242      31  LGAMTRLRDS DAG-FTFTFS DNVNY-GPYL ESVNGVTGNN EAHTYWELLA NVTNGGFQRT EVGIGCIIPS PYQQIILNFT  108  

Tetradon_ENSTNIT00000017613     58  LGGLRRLMKS NAG-FTFGYS EHPDY-GPFL ESVNGLAGSD RDRTYWELLV RTADGRLLRP DVGIGCYVPK PKDQIILNFT  135  

Cavefish_ENSAMXT00000002854     43  LGAMRKIAAK TND-FKFTIR DDLNY-GPFL VSVNGVAGG- -DHTYWELLS KRANGTIIRP EVGVGCFIPD PDDTVILKYT  118  

Stickleback_ENSGACT00000027033  59  LSALRRLQET QQD-FKFTVT VDPNF-GLFL ESVNGVAGSE SEQTYWEILS ESF-GEYTRL DVGIGCYQPV ADEHIILRFS  135  

Platyfish_ENSXMAT00000005953    81  FGALTRLQET QPD-FKFTVT VDPNF-GLFL ESVNGVAGDE NQQTYWEILT ENS-GEYTRL DVGIGCYTPK ADEHIVLRFR  157  

Amazonmolly_ENSPFOT00000010148  80  FGALTRLQET QPD-FKFTVK VDPNF-GLFL ESVNGVAGDE NEQTYWEILT ENS-GEYTRL DVGIGCYTPK ADEHIVLKFR  156  

Tilapia_ENSONIT00000006763      59  LGALRRLHDA QHD-FKFTVK EDPNF-GLFL ESVNGVAGNK DEKTYWEILS ESS-GEFNRL DVGIGCYMPK ADEHIVLRYT  135  

Tetraodon_ENSTNIT00000014896    58  MGALRRLQET QHN-FKFTVK WDPDF-GLFL ESVNGVAGNV HEQTYWEILS ESS-EEHRRI DLGLGCYKPK ANEHIILRFT  134  

Codfish_ENSGMOT00000005936      30  LGALKRLQQT DPS-FRFTLK EDPDH-GLFL ESVNGVAGSG QAQSYWELLS ASAPGDPARL DAGIGCYKPK AGEHIILRLS  107  

Cavefish_ENSAMXT00000003614     61  YGALTRLQDS SNG-FKFTVK IDPNL-GLYL ESVNGVAGSE AKHTYWQILS EHD-GTVTKL DVGVGCYQPK KDEHIILKYT  137  

Zebrafish_ENSDART00000098273    60  FGVLNQLMES NAD-FKFSYT IHHTF-GIYL ESVNGLAGSD EDQTYWELLS EKS-GVVTRL EVGIGCYQVQ RDENLILRFT  136  

Zebrafish_ENSDART00000147769    65  FGVLNQLQDS N-Q-LNFTYS ISKSY-GIFL ESVNGLAGST ENKTYWELLS KRE-RKTTRL NVGIGCYQPE RNENFIMNFT  140  

Spottedgar_ENSLOCT00000004606   58  LGAMWRIQQA NSN-FSFETR DDINY-GPYL VSVNGVAGND TAHTYWQLLR YPK----TPL DRGVGCYIPK PNEHIILNFT  131  

Spottedgar_ENSLOCT00000004639   62  LGAMLRIQQE NSN-FRFETR DDINY-GPYL VSVNGVAGND TAHTYWQLLR YPN----MPL DRGVGCYIPG ENEHIILRFT  135  

Tilapia_ENSONIT00000020351      52  FGGLTRLKYS NQG-FNFQYI PNDDY-GPFL QSVNGLAGN- -SSYYWQLLS GK-----TPL DVGMGCYLPT ANEVVTLKYT  122  

 

Hs_TCN1_NP_001053.2             432 KY------ 433  

Hs_GIF_NP_005133.2              416 QY------ 417  

Hs_TCN2_NP_000346.2             426 SW------ 427  

Medaka_ENSORLT00000019254       133 KW------ 134  

Medaka_ENSORLT00000001408       160 KW------ 161  

Tilapia_ENSONIT00000013242      109 VW------ 110  

Tetradon_ENSTNIT00000017613     136 RW------ 137  

Cavefish_ENSAMXT00000002854     119 TW------ 120  

Stickleback_ENSGACT00000027033  136 TWRRQ--- 140  

Platyfish_ENSXMAT00000005953    158 TWNSTTVE 165  

Amazonmolly_ENSPFOT00000010148  157 TWKSTTEE 164  

Tilapia_ENSONIT00000006763      136 TWSPQQ-- 141  

Tetraodon_ENSTNIT00000014896    135 KLQPR--- 139  

Codfish_ENSGMOT00000005936      108 TWSKD--- 112  

Cavefish_ENSAMXT00000003614     138 TWTKE--- 142  

Zebrafish_ENSDART00000098273    137 TWATKK-- 142  

Zebrafish_ENSDART00000147769    141 TWA----- 143  

Spottedgar_ENSLOCT00000004606   132 TWDNLKRH 139  

Spottedgar_ENSLOCT00000004639   136 TWD----- 138  

Tilapia_ENSONIT00000020351      123 KI------ 124  

 

 

Supplementary Fig.1. A - Sequence alignment of holostean and teleost Tcn-like sequences with 

the 3 human cobalamin binders. 
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Supplementary Fig. 1. B  - Synteny maps of the Tcn-like locus in fish and the orthologous locus 

in human, Hsa – H. sapiens; Dre – D. rerio; Gac – G. aculeatus; Ola – O. latipes and Loc- L. 

oculatus. 
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Supplementary Fig. 1. C - Maximum Likelihood tree of Tcn-like genes, with 100 bootstrap 

replicates. Bootstrap values below 50 were removed. 
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Supplementary Fig. 2. Paralogy analysis of the Tcn1, Gif and Tcn2 human loci below (grey) 

corresponding paralogues of neighboring genes all mapping to the ancestral LG17 (see Putnam 

et al., 2008 for details of chromosome coordinates of linkage group 17). 
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Supplementary Fig. 3. Motif sequence alignment of Tcn1, Gif and Tcn2. (A) The TNNYQ motif in 

the α-domain suggested to form 4 hydrogen bonds with the corrinoid moiety in human Tcn1 

contributing for a high affinity towards Cbl;(B) the bulky hydrophobic residue region suggested 

to compensate for the missing nucleotide in corrinoids contributing for a lower specificity in 

binding. 
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Supplementary Fig. 4. Tcn1/Gif, Tcn2 and Tcn3 gene expression analysis in a tissue panel of L. 

erinacea. 
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SUPPLEMENTARY MATERIAL 

SUPPORTING FIGURE 1 
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SUPPORTING FIGURE 2 
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ABSTRACT 

 

Gene duplication and loss are powerful drivers of evolutionary change. The role of loss 

in phenotypic diversification is notably illustrated by the enzymatic repertoire involved 

in vertebrate digestion. Among these we find the pepsin family of aspartic proteinases, 

including chymosin. Previous studies demonstrated that chymosin, a neonatal digestive 

pepsin, is inactivated in some primates, including humans. This pseudogenization 

event was hypothesized to result from the acquisition of maternal immune IgG transfer. 

By investigating 94 mammalian subgenomes we reveal an unprecedented level of cmy 

erosion in placental mammals, with numerous independent events of gene loss taking 

place in primates, dermoptera, rodentia, cetacea and perissodactyla. Our findings 

strongly suggest that the recurrent inactivation of cmy correlates with the evolution of 

the passive transfer of IgG and uncover a noteworthy case of evolutionary cross-talk 

between the digestive and the immune system, modulated by gene loss. 
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1. INTRODUCTION 

 

Gene loss has long been considered a secondary driver in adaptive evolution. Yet, the 

current paradigm is shifting and gene loss emerging as a pivotal player in the sculpting 

of evolutionary change (Albalat and Canestro, 2016). The genetic repertoire of gastric 

genes across vertebrate lineages, for instance, provides a remarkable example on the 

decisive role of gene loss in adaptive phenotypic variation: with several cases of gene 

expansion and gene loss with morpho-functional consequences (Castro et al., 2014; 

Castro et al., 2012; Kageyama, 2002; Ordoñez et al., 2008). A subset of digestive 

enzymes includes the pepsin family of aspartic proteinases (Pearl and Blundell, 1984). 

In mammals, the pepsin family consists of 5 members highly expressed in the gastric 

mucosa, grouped according to phylogenetics and substrate specificity: chymosin (Cmy), 

pepsin A (PgA), B (PgB), C (PgC), and F (PgF) (Carginale et al., 2004; Kageyama, 2002; 

Wu et al., 2009; Yakabe et al., 1991). The pepsin gene family is widely disseminated, 

yet erratically distributed, within the tetrapod lineage, with cases of gene expansion, 

pseudogenization and loss (Castro et al., 2014; Castro et al., 2012; Kageyama, 2002). 

For example, while Homo sapiens presents 3 copies of PgA, a single copy is found in 

Anolis carolinesis and Xenopus tropicalis; on the other hand, PgA is pseudogenized in 

Monodelphis domestica and Mus musculus exhibits no genomic evidence of this gene 

(Castro et al., 2014; Castro et al., 2012; Narita et al., 2010; Ordoñez et al., 2008). This 

species-specific distribution has been suggested to result from dietary adaptations; 

generally, higher levels of pepsinogens are found in the gastric mucosa of animals with 

an herbivorous diet, in contrast to omnivorous and carnivorous species (Kageyama, 

2002). 

 

In contrast to the other members of the pepsin family little is known about the 

evolutionary history, distribution and function of cmy in the mammalian lineages. 

Despite exhibiting a conserved quaternary structure and catalytic residues, cmy 

displays an unusual profile: low general proteolytic activity and high specificity towards 

milk κ-casein (Kageyama, 2002; Pearl and Blundell, 1984). Milk κ-casein, along with α- 

and β-caseins, belong to the secretory calcium-binding phosphoprotein gene family and 

provide nutritional calcium, amino acids, as well as other bioactive peptides, with 

putative antimicrobial activity (Caroli et al., 2009; Kawasaki and Weiss, 2003). 
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Additionally, caseins form heterogeneous micellar structures with κ-casein coats for 

increased stability (Mercier et al., 1976). Cleavage by cmy splits κ-casein into an 

insoluble para-κ-casein and a soluble caseinomacropeptide, leading to the disruption of 

the micelles, release of the entrapped content, and to the clotting of milk, a feature 

widely used in the manufacturing of dairy products (Caroli et al., 2009; Langholm 

Jensen et al., 2013; Mercier et al., 1976; Palmer et al., 2010). In fact, the use of cmy in 

the manufacturing of cheese is considered to be one of the earliest biological 

applications of enzymes, with remains of cheese found in Egyptian pots dating to 

approximately 3000-2800BCE (Palmer et al., 2010; Szecsi, 1992). Thus, research on 

cmy has focused mainly on the characterization of biochemical, structural and 

functional properties for industrial purposes.  

 

Although cmy activity is directly related to milk clotting, it has been indirectly 

correlated with colostrum-dependent immunoglobulin transfer (Borghesi et al., 2014; 

Hurley and Theil, 2011; Kageyama, 2002). Several key aspects were suggested to 

enhance immunoglobulin transfer from colostrum. First, the mild enzymatic landscape 

of the neonate digestive tract, which protects immunoglobulins from proteolysis (Bela 

Szecsi and Harboe, 2013; Foltmann, 1992);  and, the presence of trypsin inhibitors in 

the colostrum, conferring added protection against enzymatic digestion in the small 

intestine (Foltmann, 1992). Thus, in colostrum dependent IgG transfer, cmy would 

contribute to the mild environment while allowing the release of micellar 

immunoglobulins and whey proteins (Bela Szecsi and Harboe, 2013; Foltmann, 1992). 

However, IgG transfer strategies vary across mammals. In humans, for instance, IgG is 

transferred from mother to fetus during the last stages of gestation. Curiously, cmy 

was found to be a pseudogene in humans, due to a shift in the reading frame, and 

consequent premature stop codon, caused by a deletion in exon 4 (Ord T, 1990). 

Despite the pseudogene status in human, cmy can be found in several tetrapod species 

(mammals, reptiles and bird (Ordoñez et al., 2008)). A cryptic orthologue was also 

suggested in teleost genomes, on the basis of a conserved orthologous syntenic 

region. However, contrary to the other members of the pepsin family with inconsistent 

gene distribution in tetrapods, the evolutionary history and distribution of cmy is 

largely unknown. Thus, the emerging questions are (1) whether the pseudogenized 

condition detected in humans is unique, or conversely, if it represents a wider genomic 
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trait of mammals, and, if so, (2) does cmy pseudogenization follows the acquisition of 

maternal immune transfer strategies. Here, we sought to illuminate the evolutionary 

history of the cmy gene and its correlation with feeding and immune transfer strategies 

by providing an extensive analysis of available mammalian genomes. 

 

2. MATERIALS AND METHODS 

2.1 SEQUENCE ANALYSIS 

 

All major mammalian lineages with available genome data in Ensembl and GenBank 

were searched with blastp and blastn using as query Bos taurus Cmy amino acid and/or 

nucleotide sequence. Cmy-like nucleotide sequences were retrieved for the following 

lineages: Monotremata; Marsupialia; Cingulata, Trubulidentata, Macroscidea, 

Afroscidea, Proboscidea, Sirenia, Eulipotyphyla, Chiroptera, Perrissodactyla, Carnivora, 

Cetacea, Artiodactyla, Lagomorpha, Hystricomorpha, Sciuromorpha, Myomorpha, 

Scandentia, Dermoptera, Strepsirhini, Haplorrhine, Platyrrhini, Cercopthecoidea, 

Hominidae. Non-mammalian lineages namely reptiles and birds were also searched and 

the corresponding nucleotide sequences retrieved. A total of 99 Cmy-like nucleotide 

sequences recovered and corresponding accession files were inspected to determine if 

the annotated RefSeq transcript was modified relative to its source genomic, if 

affirmative the corresponding genomic region of the Cmy-like gene would be retrieved, 

and further examined to determine coding status (Supplementary Table1). 

 

2.2 GENE ANNOTATION AND MUTATIONAL VALIDATION 

 

Using Bos taurus prochymosin nucleotide sequence (NM_180994.2) as reference, each 

exon was isolated and mapped to the genomic region of the candidate pseudogenes 

using Geneious V7.1.9 map to reference tool. The aligned regions were individually 

screened for ORF disrupting mutations (frameshift and premature stop codons) and 

then concatenated to obtain a predicted cDNA. Validation of the identified ORF 

abolishing mutations was performed by blastn searches in available sequence read 

archive (SRA) and Trace Archive in NCBI (when available) using as query the nucleotide 

sequence of the exon containing the mutation. Blast hits were uploaded to Geneious 

V7.1.9 and mapped to the corresponding exon, the final alignment with SRA reads was 
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inspected to remove poorly aligned sequences and to confirm mutation status. The 

validation of at least one abolishing mutation per species by SRA reads and or Trace 

archives reads was performed. 

 

2.3 PHYLOGENY AND SELECTION ANALYSIS  

 

Initial screening and gene annotation identified 30 potential pseudogenes. The 

remaining 69 coding CMY ORFs were selected for phylogenetic analysis. An initial 

sequence alignment was performed to identify and purge partial sequences from 

further analysis. Nucleotide sequence alignment for phylogenetic analysis was 

performed in MAFFT (Katoh et al., 2005; Katoh and Toh, 2008) with L-INS-I method. The 

resulting sequence alignment was stripped of all columns containing gaps leaving a 

total of 1072 positions for phylogenetic analysis. Maximum likelihood phylogenetic 

analysis was performed in PhyML V3.0 (Guindon et al., 2010) and the evolutionary 

model was determined using the smart model selection (SMS) option resulting in a GTR 

+G+I+F. The branch support was calculated using aBayes. The resulting tree was 

analysed in Fig Tree V1.3.1 available at http://tree.bio.ed.ac.uk/software/figtree/ and 

rooted on the bird and reptile clade. 

 

The analysis of the selective regime was performed exclusively in the mammalian 

sequences. These were aligned by codon translation in Geneious V7.1.9; exon1 was 

stripped from all sequences, as well as, columns containing 90% of gaps. The final 

sequence alignment was submitted to the Datamonkey Webserver Suite (Pond and 

Frost, 2005; Pond et al., 2005) and selective strength was calculated using RELAX 

(Wertheim et al., 2014). Data type was set to codon and the genetic code was set to 

universal. For each clade analysed one analysis was run in RELAX were the target clade 

was set as test branch while the remaining clades remained as reference branches. 

Time tree containing all species for overall analysis was created by submitting the list 

of analysed species to the time tree public knowledge-base (Hedges et al., 2006; 

Hedges et al., 2015; Kumar and Hedges, 2011).  

 

 

 

http://tree.bio.ed.ac.uk/software/figtree/
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3. RESULTS 

3.1 SEQUENCE ANALYSIS AND GENE ANNOTATION  

 

A total of 94 species covering all major mammalian lineages were examined for the 

presence of cmy-like sequences. For each retrieved sequence the corresponding Gene 

Bank file was inspected to determine the gene coding status. Sequence search and 

analysis returned a total of 30 candidate pseudogenes and no annotation of a cmy-like 

sequence was found in 4 species: Heterocephalus glaber (naked mole-rat); Octodon 

degus (Degu), Fukomys damarensis (Damaraland mole-rat) and Chinchilla lanigera 

(common chinchilla). 

 

All 30-candidate pseudogenes were individually inspected and re-annotated using the 

corresponding species-specific genomic data. The analysis of the H. sapiens CMYP 

(OMIM#118943) genomic region, confirmed a frameshift in exon 4 produced by a 1bp 

deletion, followed by a termination codon in exon 5, and a second frameshift in exon 6 

produced by a 2bp deletion. All of these observations are concurring with previous 

studies (Fig. 1) (Kolmer et al., 1991; Örd et al., 1990) and validate our annotation 

strategy. This method was subsequently applied in the analysis of the genomic regions 

of the identified candidate cmy pseudogenes revealing several ORF-abolishing 

mutations in all of the hominoidea species analysed (Fig. 1). ORF-disrupting mutations 

were also found in the sister clade, cercopithecoidea, where we found no remnants of 

exon 3 and exon 4 in the corresponding genomic region suggesting marked cmy 

erosion by the complete deletion of these exons in these species, in addition to several 

observed ORF abolishing mutations (Fig.1). Interestingly, a cross species analysis in 

hominoidea and cercopithecoidea uncovers a conserved single mutation that spans 

throughout all analysed cmy-like sequences, namely a termination codon in exon 5. 

This mutation was further corroborated with SRA reads and, when available, Trace 

archives sequences (Supplementary material 1). Still, within the primates an additional 

candidate cmy pseudogene was identified and confirmed by SRA reads in the new world 

monkey Aotus nancymaae; however this species shared no mutations with the 

previously analysed primates (Fig. 1 and Supplementary material 2). 
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Regarding Galeopterus variegatus (Sunda flying lemur) the only representative of 

dermoptera with available genome data, gene annotation was unable to retrieve exon 1 

although this genomic region is fully sequenced up to the neighboring gene (not 

shown) (Fig. 1).  Additionally, frameshift mutations were identified with 1 bp deletion in 

exon 2 and 2 bp deletion in exon 6, the latter being confirmed by SRA reads (Fig. 1 and 

Supplementary material 3). 

 

In rodentia although no annotation of cmy gene was found in H. glaber, C. porcellus, O. 

degus, F. damarensis, and C. lanigera, the analysis of corresponding genomic region 

uncovered cmy-like relic sequences (Fig. 1). Gene annotation of these genomic regions 

revealed a high deterioration of the extant cmy sequence with the loss of several exons 

in accumulation to various disrupting mutations and possibly an event of complete 

gene loss for C. lanigera, O. degus, and F. damarensis . Mutations found in rodentia 

were further validated by SRA reads for C. porcellus, 4bp deletion and termination 

codon in exon 4, M. auratus, 1bp deletion in exon 4, and H. glaber 1 bp deletion in 

exon7 (supplementary material 4). In contrast, for Marmota marmota we found only 

one nucleotide substitution that resulted in a premature terminator codon in exon 7. 

However, we were unable to validate this mutation given that no SRA or Trace archives 

are available for this species. 

 

In perissodactyla the two equidae analysed species, Equus caballus (Common horse) 

and Equus przewalskii (Dzungarian horse), show a conserved mutational pattern with 

the deletion of exon 2, 3 and 4, several indels along the gene sequence and sharing a 

common termination codon mutation in exon 6; while in the rhinocerotidae 

Ceratotherium simum (white rhinoceros) we found similar mutational events however 

not conserved with equidea. For example, C. simum also presents a termination codon 

in exon 6 however not in the same coordinates as the equidae. Frameshift mutation in 

exon 6 in E. caballus and stop codon in C. simum were validated by SRA reads 

(supplementary material 5). 

 

Regarding cetacea the only specie in this clade presenting a candidate pseudogene was 

Orcinus orca with 1bp deletion in exon 3, confirmed by SRA reads (supplementary 

material 6). Finally, in the monotremata Ornithorhynchus anatinus (Platypus) a 5bp 
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insertion in exon 4 was found in genomic data (Fig. 1). However, after searching all 

available SRA archives no cmy-like reads were retrieved, therefore remaining 

unconfirmed.  

 

 

Figure 1:  Chymosin gene annotation. A group of three circles represent a single exon, empty circles 

correspond to exon deletion, grey circles correspond to exon not found or located in regions with poor 

genome coverage, numbers in the circles correspond to the number of nucleotides inserted or deleted.  
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HSA- Homo sapiens, GGO - Gorilla gorilla , PTR- Pan troglodytes , PAB- Pongo abelii , PPA- Pan paniscus, 

NLE- Nomascus leucogenys, MLE- Mandrillus leucophaeus , MNE-Macaca nemestrina , MMUL -Macaca 

mulatta , MFA-Macaca fascicularis , RRO-Rhinopithecus roxellana ,RBI Rhinopithecus bieti ,CAT-Cercocebus 

atys, CSA-Chlorocebus sabaeus, CAN-Colobus angolensis, PAN-Papio anubis, ANA-Aotus nancymaae, GVA- 

Galeopterus variegatus , HGL-Heterocephalus glaber, CPO- Cavia porcellusI,  MMA- Marmota marmota, 

MAU- Mesocricetus auratus, ECA-Equus caballus, EPR-Equus przewalskii, CSI- Ceratotherium simum, OOR- 

Orcinus orca and OAN-Ornithorhynchus anatinus. 

 

The annotation of all 30 candidate pseudogenes revealed two cases of poor annotation 

and/or genome assembly in carnivores. Initial analysis indicated that Ursus maritimus 

(Polar bear) and Leptonychotes weddellii (Weddell seal) presented candidate cmy 

pseudogenes. Gene annotation revealed a 2bp frameshift in exon 9 in L. weddellii and 

5bp frameshift in exon 7 in U. maritimus. However, the validation of these mutations 

by SRA search displayed dissimilarities between the source genomic sequences in NCBI 

and the SRA read archives. In the case of L. weddellii 3 reads from SRR332059 

confirmed the two-nucleotide deletion, while 10 reads from 2 independent SRA runs 

SRA353375 and SRA353374 indicate otherwise. For U. maritimus several SRA projects 

available were searched yet none of the reads recovered (above 300) confirmed the 5bp 

insertion in exon 7 (Supplementary material 7). Thus, the cmy sequences for U. 

maritimus and L. weddellii were regarded as most probably coding.  

 

In summary, the cmy gene is present in all analysed members of the, carnivora, 

chiroptera, scandentia, cingulata, pholidota, lagomorpha, eulipotyphla, macroscelidea, 

afrosoricida, sirenia, proboscidea, tubulidentata and marsupialia. Inversely, in 

perissodactyla and dermoptera we find no coding cmy sequences, while in primates, 

rodentia, and cetacea we find a mixed profile with members showing a coding cmy and 

other species displaying strong signs of gene erosion. 

 

3.2 PHYLOGENETICS AND SELECTION ANALYSIS 

 

The initial screening and sorting of coding cmy genes and candidate pseudogenes, 

together with the purging of 3 partial coding cmy sequences from Pteropus vampyrus 

(large flying fox-XM_011369072.1), Eptesicus fuscus (big brown bat-XM_008147352.1)  

and Myotis lucifugus ( little brown bat-XM_014458936.1) left a total of 66 predicted 

coding sequences. Phylogenetic analysis returned an overall tree topology consistent 
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with that of mammalian speciation: two well-supported clades one representing the 

placental species and one containing the marsupials, out-grouped by bird and reptile 

sequences (Fig.2A).  

 

Selection analysis revealed that the platyrrhini and tarsiidae, rodents and lagomorpha 

branches exhibited significant relaxed selection (k<1) with the test branches shifting 

towards neutrality (ω=1), while the carnivora and chiroptera branches presented a 

significant intensified selection (k>1) with the test branches shifting away from 

neutrality (Fig.2B).   

 

In the platyrrhini and tarsiidae, rodents and lagomorpha groups we found that the p-

values are increasingly significant as we move from lagomorpha to rodents and to 

platyrrhini; while for the intensified selection we show that carnivores comparatively to 

chiroptera present a higher significance in selection analysis. Finally, for artiodactyla, 

cetacea afrosoricida, sirenia, proboscidea, macroscidea and tubulidentata selection 

tests were not significant meaning that relaxed selection is not observed for cmy in 

these clades (Fig. 2 B). 
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Figure 2: A- Bayesian phylogenetic analysis of chymosin amino acid sequences, values at nodes indicate 

posterior probabilities. B. Test for relaxed selection using RELAX (Wertheim et al., 2014) in the various 

mammalian lineages, were K= mean selection intensity parameter, ωRef = selection rate in the background 

tree, ω Test= selection rate in the test branch, were p-values below 0.05 considered significant.  
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4. DISCUSSION 

 

Here, we set out to investigate the distribution and coding status of cmy in mammals. 

The coding condition of cmy was previously denoted non-functional in humans (Ord T, 

1990). The expanded analysis carried out in our study strongly indicates an 

unprecedented level of gene loss with at least 8 independent events throughout various 

mammalian orders (Fig 3). However, cmy characterization is misrepresented across the 

mammalian clade. Interestingly, a large body of research correlates Cmy with 

colostrum-dependent post-natal immunity transfer, namely immunoglobulin G (IgG) 

(Cruywagen, 1990; Foltmann, 1992; Jensen et al., 1982). In fact, high cmy expression 

in new-born mammals has been confirmed in several species:  Bos taurus (Andrén, 

1992); Ovis aries (Pungerčar et al., 1991); Sus scrofa (Foltmann et al., 1995; Foltmann 

et al., 1981); Rattus norvegicus (Kageyama et al., 2000) and Felis catus (Jensen et al., 

1982) with expression the of cmy gradually ceasing during the weaning process 

(Kageyama, 2002). However, the mechanistic role of cmy in IgG transfer has been 

addressed almost exclusively in certatiodactyls, notably ruminants (Cruywagen, 1990). 

In camels, pigs and ruminants, cmy cleaves the abundant κ-casein, disrupts the casein 

micelles, and triggers the release of the entrapped whey protein phase, containing IgG, 

into the intestinal track for non-selective absorption within the first hours after birth 

(Bela Szecsi and Harboe, 2013; Cruywagen, 1990; Hurley and Theil, 2011; Mokhber-

Dezfooli et al.). Besides facilitating IgG release, micelle disruption leads to the 

formation of a clot of insoluble para-κ-casein, which allows a slower and efficient 

nutrient absorption (Cruywagen, 1990; Foltmann, 1992). Curiously, the pattern of cmy 

gene loss observed in our study seems to parallel the acquisition of novel immune 

transfer strategies, as previously suggested for carnivores, primates and rodents (Bela 

Szecsi and Harboe, 2013; Jensen et al., 1982; Kageyama, 2000); yet, aside from the 

ruminant case study, the putative role of cmy in passive IgG transfer in other mammals 

is not fully understood.  

 

In newborn primates, placental transfer of IgG occurs during the final stages of 

gestation (Coe and Lubach, 2014; Coe et al., 1994). This transfer has been found to 

progressively increase within the primate lineages in accordance with their evolutionary 

divergence pattern. In basal lineages (O. garnettii) a minimal prenatal immune transfer 
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is observed at birth while in new world monkeys (S. boliviensis) IgG transfer is 

approximately 40% (Coe et al., 1994). In the old-world monkeys (M. mulutta, P. 

troglodytes and H. sapiens) full term neonates present levels of IgG that vary from 

approximately 75% to over 100% when compared to the progenitor (Coe et al., 1993; 

Coe and Lubach, 2014; Coe et al., 1994). In agreement, cmy pseudogenization spans 

from H. sapiens to all hominoidae and cercopthecoidea (old world monkeys), including 

the Japanese monkey, in accordance to the observations of Kagayema et al (Kageyama, 

2002; Kageyama et al., 1991). Mutational analysis revealed a single founding mutation 

transversal to all hominoids and old world monkeys. Additionally, in old world 

monkeys, a second conserved mutational event was also observed. This conserved 

pattern suggests that cmy pseudogenization took place at the base of this lineage after 

the divergence of old world monkeys and new world monkeys, approximately 40 

million years ago (Nei and Glazko, 2002; Schrago and Russo, 2003) (Fig 3). Yet, in new 

world monkeys (with the exception of Aotus nancymaae) cmy was surprisingly 

identified in the stomach of adult individuals (Kageyama, 2000). Moreover, this enzyme 

showed a high general proteolytic activity when compared to cmy from other previously 

characterized species (Foltmann, 1992; Kageyama, 2000). These attributes suggest 

that, in new world monkeys, cmy role was diverted to adult digestion, possibly related 

to their mixed insectivorous and herbivorous diet (Kageyama, 2000), again with the 

exception of the Aotus nancymaae which is known to be primarily frugivorous feeding 

on insects only when fruit is scarce (Baer, 1994). In accordance, basal primate lineages, 

with low maternal IgG transfer, exhibited an intact cmy gene (Fig. 4).   

 

In rodents cmy gene loss was observed in one sciuromorpha (M. marmota), one 

myomorpha (M. auratus) and all members from the hystricomorpha suborder (Fig 3). In 

comparison to other mammals, the observed mutational events in rodents are possibly 

the most detrimental, to the extent that for several species no cmy-like sequence was 

identified in genome projects. Interestingly, once more we find a correlation between 

cmy loss and IgG prenatal transfer patterns. Rodents of the hystricomorpha suborder, 

present, similarly to primates, hemomonochordial placentas permitting maternal 

immunity transfer, namely IgGs before birth (Borghesi et al., 2014). Although, rodents 

from myomorfa suborder present hemotrichorial placentas, which allow for immune 

transfer before birth, this transfer is low and therefore is combined with post-natal 



PROTEIN DIGESTION AND GASTRIC PROTEASES VI 

 

 229 

 

passive immune transfer (Baintner, 2007; Borghesi et al., 2014; Kohl and Loo, 1984; 

Pentšuk and van der Laan, 2009). This dual IgG source was also observed in cats and 

dogs (carnivores) (Baintner, 2007). 

 

The link between immune transfer strategies and cmy is also illustrated by the selective 

strength observed in the various clades; here we find strong evidence of relaxed 

selection in clades that present maternal transfer of IgG. Interestingly, relaxed selection 

has been previously implicated as a propeller of pseudogenization, speciation and 

innovation (Go et al., 2005; Wertheim et al., 2014; Wu et al., 1986). Our results suggest 

that relaxed selection was precursor of cmy pseudogenization in cercopthecoideas and 

hominidae, and is possibly paving the way for pseudogenization of cmy in rodentia and 

lagomorpha. In fact, previous studies were unsuccessful in isolating cmy from rabbit, 

indicating that this gene is possibly already inactivated (Kageyama and Takahashi, 

1984; Kageyama et al., 1990); additionally, lagomorphs present significant immune 

transfer during gestation which is in agreement with the “immune hypothesis” 

(Baintner, 2007; Furukawa et al., 2014). In contrast, in platyrihinni the relaxed selection 

probably played an essential role in re-routing cmy expression from neonatal to adult 

stomach. In species were no maternal transfer of IgG is observed, selective force on 

cmy gene is conservative. 

 

Surprisingly, none of the analysed perissodactyls presented a functional cmy. The 

perissodactyla order comprises three subfamilies namely rhinoceratidae, tapiridae and 

equidae of which genome data is only available for rhinoceratidae and equidae (Steiner 

and Ryder, 2011). In equidae and rhinoceratidae, several mutational events were 

detected, yet due to gene erosion; no founding event was identified challenging to infer 

the approximate timing of cmy loss in this lineage. Concerning immune transfer, the 

perissodactyla present epitheliochordial placentas that are non-permissive for immune 

transfer in gestation, seemingly contradicting the “immune hypothesis” (Baintner, 2007; 

Furukawa et al., 2014). However, the equidea milk presents singular characteristics: a 

low casein content, namely κ-casein, and high content of whey proteins, in which the 

main immunoglobulin is IgG in colostrum and IgA in milk (Hurley and Theil, 2011). The 

combination of low casein content, rapid gastric evacuation, frequent nursing and high 
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content of whey proteins in colostrum and milk accounts for passive immune transfer 

in these species (Hurley and Theil, 2011; Uniacke-Lowe et al., 2010).  

 

Figure 3: Chymosin distribution in mammals. Ψ indicates pseudogene status, √ indicates coding status, 

dashed lines indicated lineages were chymosin has pseudogenized, black arrows indicate independent 

founder events of pseudogeneization, node values correspond to divergence timings in million years ago 

Ma (Hedges et al., 2006; Hedges et al., 2015; Kumar and Hedges, 2011) 
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The remaining events of cmy gene loss were found in 3 different lineages were little or 

no information is available regarding the immune transfer process: the dermopteran 

Galeopterus variegatus, the cetacean Orcinus orca and the monotermata 

Ornithorhynchus anatinus. Regarding the latter, although it was not possible to 

validate the ORF disrupting mutations, previous studies were unsuccessful in detecting 

cmy gene expression, suggesting that platypus cmy is most probably pseudogenized 

(Ordoñez et al., 2008). If confirmed, this species presents a unique genetic makeup 

with no gastric proteases, in accordance with the agastric phenotype (Castro et al., 

2014; Ordoñez et al., 2008).  

 

Throughout the mammalian clade we find consistent suggestions of the role of cmy as 

a neonatal enzyme adjusted to aid the intestinal absorption of IgG. However, several 

questions remain unanswered. According to calf studies, cmy triggers a digestive 

cascade inducing clotting, which releases entrapped proteins and IgGs and slows-down 

digestion, which in turn increases absorption. Also, its specific activity towards, κ-

casein, and low general proteolytic activity prevents overall degradation of IgGs. Thus, 

cmy loss could be due to shifts in colostrum composition, namely κ-casein 

concentration, given that α- and β-casein micelles precipitate spontaneously in the 

presence of calcium ions (Kawasaki and Weiss, 2003). Furthermore, the scant available 

data suggests that colostrum and milk compositions vary across mammals and possibly 

reflect distinct immune transfer strategies (Langer, 2009). For instance, a higher 

relative protein content was observed in colostrum from animals with exclusive post-

natal transfer (certatiodactyls, including cetaceans) in comparison with mammals with 

maternal-only or mixed transfer profiles, such as primates, rodents, carnivores (Langer, 

2009). Colostrum and milk are, in fact, complex mixtures of nutrients, digestive 

enzymes, activators and inhibitors (Dallas et al., 2015). Thus, it is plausible that 

nutritional and immune transfer strategies evolved in concert with maternal-foetus 

barriers and digestive tract development. In this complex scenario, cmy would 

contribute to the required digestive landscape. Curiously, IgA and IgM, predominant in 

human colostrum, are secreted in complex with a protective peptide (secretory 

complex) whereas IgG in unbound, further corroborating IgG sensitivity towards 

proteolytic degradation (Rojas and Apodaca, 2002).  
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Neonatal expression of cmy is not limited to mammals. In fact, cmy was one of the first 

embryonic aspartic proteases cloned in chick (Hayashi et al., 1988). During embryonic 

development, avian cmy was, also, proposed to participate in immune transfer through 

digestion of egg yolk protein, promoting embryonic development and immune 

acquisition via amniotic fluid ingestion (Foltmann, 1992; Hayashi et al., 1988; 

Kageyama, 2002). Despite its immune role, chicken cmy was suggested to hold a 

general proteolytic activity (Foltmann, 1992), possibly the ancestral molecular function 

of cmy re-gained in new world monkeys. Future site-directed mutagenesis analysis 

should uncover the contingent substitutions leading to the observed functional shifts. 

 

5. CONCLUSION 

 

To date cmy was reported to be pseudogenized in human and in some primates; 

however, our analysis reveals an unprecedented level of cmy loss in placental 

mammals, with numerous independent events of gene loss taking place, in primates, 

dermoptera, rodentia, cetacea and perissodactyla. Our findings strongly suggest that 

the recurrent erosion of cmy correlates with the evolution of the passive transfer of 

IgG, the so-called “immune hypothesis”. Our findings uncover a noteworthy case on the 

role of gene loss in the evolutionary cross-talk between the digestive and the immune 

system and pave the way for future investigations. 
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CHAPTER VII - DISCUSSION 

 

Genome/gene duplication, loss, mutation, among other genetic factors play a 

fundamental role in animal evolution. Duplication has been referred as a major driver in 

vertebrate evolution and diversity (Ohno, 1970; Shimeld et al., 2000; Cañestro, 2012; 

Chen et al., 2013). As mentioned in the Chapter I, duplication leads to the creation of 

redundant genetic material, and following duplication purifying selection has been 

found to relax in at least one of the duplicates, allowing for the accumulation of 

mutations and consequent asymmetrical evolution of the duplicate genes (Ohno, 1970; 

Zhang, 2003). This asymmetrical evolution often ends with the loss of one duplicate, by 

the accumulation of deleterious mutations. However, occasionally one duplicate gene 

may accumulate mutations that are beneficial leading to its preservation and 

consequently to the retention of a larger genetic repertoire (Zhang, 2003; Louis, 2007).   

 

This thesis has focused on the impact of these genomic events on the evolution of FA 

and protein metabolism in chordates, by the characterization of the corresponding 

genetic repertoires in the main chordate lineages. Yet, to fully perceive the evolution of 

FA metabolism and protein digestion in chordates it was essential to include 

information regarding the life history of the analyzed species such as: diet, trophic 

level, environment, transitions from aquatic to terrestrial or/and from marine to 

freshwater; which are all major players in the modulation of the genetic machinery 

involved in these pathways (Fig.1). 
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Figure 1:  Schematic representation of the interplay between gene/genome duplication and gene loss with 

environmental factors, diet, all of which play a significant role in phenotypical outcome and evolutionary 

adaptation. 

 

Here, taking advantage of the ever increasing genomic information available in public 

databases, the access to species placed at phylogenetic key positions, an integrative 

approach was pursued in the analysis of the of FA evolution in chordates. To this end, 

when possible, the genetic repertoire of the analyzed gene family and species was 

combined with functional characterization, and/or gene expression and/or information 

regarding environmental factors and dietary preferences.  

 

VII.1 FATTY ACID ACTIVATION 

 

Before enrolling in several metabolic pathways such as FA biosynthesis, or β-oxidation, 

FAs require to be activated through the formation of thioesters with CoA (Watkins, 

1997). This critical step is carried out by the Acyl-CoA synthetases enzymes; although 

these enzymes are well characterized regarding substrate specificity and expression, 

(Watkins, 1997; Watkins et al., 2007) the evolutionary history and distribution of Acyl-

CoA synthetases in vertebrates remained mostly unexplored.  

 

The investigation of the Acyl-CoA short chain synthetase1 (Acss1) and the multigene 

family Acyl-CoA long chain synthetase (Acsl) reveals that the expansion of these gene 
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families coincided with the 2R WGD and 3R WGD (Fig.2A (Chapter III)). This expansion 

was later followed by gene loss leading to the retention of distinct genetic repertoires 

in several lineages (Chapter III). Briefly, the analysis of Acss1 previously assumed as a 

single member gene family in humans and mouse (Watkins et al., 2007), uncovers a 

uncharacterized paralogous Acss1 genes (named Acss1b) in several teleost species, 

birds and reptiles (Chapter III.1  (Castro et al., 2012b)). Next, the analysis of the Acyl-

CoA long chain synthetase (Acsl) multigene family indicates that the two groups Acsl3 

and Acsl4 (Acsl3/4) and Acsl1 Acsl5 and Acsl6 (Acsl1/5/6) arose from the duplication of 

two ancestral genes with the 2R WGD in the vertebrate ancestor (Chapter III.2 (Lopes-

Marques et al., 2013)). Similarly to Acss, differential paralogue retention uncovered an 

uncharacterized Ascl named Acsl2 in the teleost lineage which was found to be 

paralogous to the Acsl1/5/6 group. Additionally, the Acsl gene set in teleost was 

further expanded by the preservation 3R WGD duplicates.  

 

Overall, a trend in the preservation of additional copies 2R or/and 3R WGD of Acss and 

Acsl genes in the teleost lineage is observed (Chapter III (Castro et al., 2012b; Lopes-

Marques et al., 2013)). Generally, the preservation of duplicate redundant genes with 

overlapping gene expression which is the case for the acss1a, b; acsl3a, b and acsl4a, 

b is often observed when the corresponding transcript, in this case Acyl-CoA 

synthetases, is in high demand (Fig. 2A (Zhang, 2003)). Here, regarding the teleost 

lineage one can hypothesize that the preservation Acyl-CoA synthetases duplicates is a 

way to fulfill the high demand of FA activation for β-oxidation, given that FA oxidation 

is considered to be the main energy source in teleosts (Tocher, 2003). This observation 

may also extend to the perseveration of acss1b in migratory birds, given that an 

upregulation of FA transporters and carnitine palmitoyl transferase in flight muscles 

has previously been documented and linked to the use of FA as fuel in  β-oxidation 

during migrations (Guglielmo et al., 2002; McFarlan et al., 2009; Guglielmo, 2010). 

 

VII.2 FATTY ACID BIOSYNTHESIS 

 

The synthesis of LC-PUFAs from dietary EFAs requires the combined action of two 

distinct enzyme families ELOVL and FADS. The co-evolution of these two enzyme 

families in vertebrate species has been shaped by events of gene duplication, gene loss 
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and diet, thus the ability to efficiently endogenously synthesize LC-PUFAS varies among 

vertebrate species (Castro et al., 2016). Ironically, although fish are the major source of 

LC-PUFAS in the human diet, many fish species are unable to efficiently complete the 

LC-PUFA biosynthesis endogenously, relying on dietary supplementation, due to 

possessing an incomplete enzyme set for LC-PUFA biosynthesis (Castro et al., 2012c; 

Castro et al., 2016). In aquaculture, this is overcome by the supplementation of the 

diets with fish oils and fish meal. Yet, these supplements imply serious limitations such 

as high cost of production to obtain relatively low values of DHA and EFA and 

environmental costs (Sidhu, 2003; Foran et al., 2005; Park et al., 2006; Tocher, 2010; 

Abedi et al., 2014). Thus, an enormous effort has been put into understanding the lipid 

metabolism in fish. Here research has focused on identification of the FA requirements 

and profile of several species, as well as functional characterization of the Elovl and 

Fads enzymes and the exploration for alternative sources of EFA (Tocher, 2003; Tocher, 

2010; Tocher et al., 2015).   

 

Previous studies have attempted to clarify the evolutionary history of the Elovl and Fads 

gene families and combine this information with enzyme functionality and diet. Yet, an 

exhaustive characterization of the genetic complement in species with key phylogenetic 

positioning remained incomplete. To amend this, the evolutionary history of the 

elongase enzymes and desaturase enzymes was investigated in several vertebrate 

lineages and functional characterization of several Elovl and Fads enzymes was 

performed (Chapter IV). 

 

First, regarding the distribution of elongases namely Elovl2 and Elovl5, phylogenetic 

and synteny analysis strongly suggests that they emerged from one gene in the 

vertebrate ancestor as a result of the 2R WGD (Fig. 2B, Chapter IV (Monroig et al., 

2016)). Functional characterization of elongases isolated from key chordate species 

such as: P. marinus, C. milii and B. lanceolatum, suggests that functional diversification 

of the Elovl enzymes occurred after the 2R WGD (Chapter IV (Monroig et al., 2016)). An 

alternative scenario would involve the acquisition of a C
18

 to C
22

 elongation capacity in 

vertebrate ancestry, with the loss of C
22

 elongation in the cyclostomes occurring after 

their divergence. Even so, the inability to elongate C
22

 to C
24

 may have less significant 

consequences in lampreys, possibly due to their parasitic diet as adults, which provides 
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a direct access to LC-PUFAS. In fact, it has been shown that lampreys favored Salvelinus 

namaycush with higher fat content also known as siscowets instead of leans (lower fat 

content) (Goetz et al., 2016). It has been postulated that this preference is possibly due 

to the siscowet high lipid content being more capable of energetically sustaining 

parasitism (Goetz et al., 2016). Nonetheless, how larval lampreys access these LC-

PUFAS remains unresolved. Furthermore, functional characterization of the C. milii 

elongases reveals that the efficient completion of endogenous LC-PUFA biosynthesis 

and the synthesis of DHA via the Sprecher pathway probably occurred for the first time 

in the basal gnathostomes (Sprecher, 2000; Monroig et al., 2016).  

 

Although the investigation of the evolutionary history of Elovls indicates that the 

functional diversification of these enzymes took place after the 2R WGD, to specify the 

time frame in which a full LC-PUFA biosynthesis pathway emerged one must also 

consider the evolutionary history of the Fads gene family. Previous research of the Fads 

gene family in vertebrates suggested that Fads1 and Fads2 emerged prior to 

gnathostome radiation, despite the fact that Fads1 is absent in many actinopterygii 

species (Fig. 2B (Castro et al., 2012c)). Here in Chapter IV.2 and IV.3, the analysis of the 

genetic repertoire of species placed in key phylogenetic positions supports these 

findings with the identification of Fads1 and Fads2 in the agnathan L. japonicum.  

 

Furthermore, to clarify the timing of the Fads1 loss, several actinopterygii lineages 

were investigated revealing the retention of Fads1 in lineages that diverged prior to the 

3R WGD (holostei, polypteriformes) and in one lineage (elopomorpha) that diverged 

after the 3R WGD (Chapter IV.3). This indicates that Fads1 loss most probably only took 

place after the divergence of the elopomorpha lineage. Interestingly, two Fads2 genes 

were found in several osteoglossomorpha species (with the exception of A. gigas for 

which no genome data is yet available), although phylogenetic positioning suggests 

that these genes correspond to 3R WGD retained duplicates, synteny analysis was 

unclear in supporting this hypothesis (Chapter IV.3). Functional analysis of P. buchholzi 

Fads2 genes showed that Fad2a retained a phenotype to that observed in the human 

Fads2 - Δ6/Δ8 activity, while the Fads2b displayed an alternative activity typically 

observed in Fads1 - Δ5 activity (Chapter IV.3). In teleosts, the identification of Fads2 

desaturases or multiple Fads2 desaturases, with alternative activities has mainly been 
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observed in marine herbivores and freshwater species (Li et al., 2010b; Tocher, 2010). 

The functional plasticity of Fads2 observed in species with limited access to dietary LC-

PUFAS has been suggested to be an evolutionary solution to overcome the bottleneck in 

LC-PUFA biosynthesis caused by the loss of Fads1. On the other hand, the loss of Fads1 

in marine species was suggested to imply less significant consequences in a DHA rich 

marine environment. Similarly to the gain of alternative desaturation activities by 

Fads2, it has been observed that in some teleost species the loss of Elovl2 has been 

compensated by the gain of substrate preferences of Elovl4. For example, the Elovl4 in 

Nibea mitsukurii (Kabeya et al., 2015), Siganus canaliculatus (Monroig et al., 2012) and 

Rachycentron canadum (Monroig et al., 2011b) have been shown to be active towards 

C
20

 and C
22

 substrates.  

Curiously, although the teleost lineage displays a rather variable Elovl and Fads gene 

repertoire, a common pattern of loss can be observed, with the preferential loss of 

Elovl2 and Fads1. The favored retention of Elovl5 and Fad2 could partially be explained 

by their position in the LC-PUFA biosynthesis cascade. In effect, these two enzymes 

participate in the initial stages of the LC-PUFA pathway, processing dietary EFA. 

Therefore, the loss Elovl5 and Fad2 would imply the impairment of the whole LC-PUFA 

pathway, given that Elovl2 and Fads1 generally do not process EFA. Additionally, it has 

been shown that the functional plasticity observed in Fads desaturases is “more prone” 

to appear in Fads2 which requires a lower number of mutations to attain an alternative 

substrate specificity in comparison to Fads1  (Watanabe et al., 2016).  

 

 

The LC-PUFA biosynthesis pathway is a result of a remarkable co-evolution of two 

distinct genes families Elovl and Fads with complementary roles. Intriguingly and 

although these gene families are unrelated, they both expanded at approximately the 

same time point in vertebrate evolution. While the expansion of Elovl gene family 

coincided with the 2R WGD, the expansion of the Fads gene family seems to be due to 

a tandem gene duplication that took place in the ancestral vertebrate. Expansion of 

both these gene families allowed for fine-tuning of enzymatic activities that eventually 

resulted in a complete LC-PUFA biosynthesis pathway. However, distinct genetic 

repertoires of Elovl and Fads are observed in vertebrates, with teleosts possibly being 

the most striking case with the observed loss of Fads1 and Elovl2 in numerous species.  
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Figure 2:  Schematic outline of the FA metabolic pathways covered in this thesis and the corresponding 

studied gene families. For each gene family, the general evolutionary history is depicted. Symbols and 

background colour indicate events or processes and animals silhouettes indicate the affected lineages. 

Grey silhouettes indicate that loss in the corresponding lineage does not affect all individuals. 
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VII.3 β-OXIDATION 

 

β-oxidation of long chain FA for energy production requires the transport of FA into the 

mitochondria. This transport is facilitated by the CPT enzymes (McGarry et al., 1997). In 

mammals, three CPT1 genes have been described: CPT1A, CPT1B and CPT1C. While 

orthologous of CPT1A and CPT1B have been documented in all major vertebrate 

lineages, CPT1C was considered to be mammalian specific (Wolfgang et al., 2006; 

Boukouvala et al., 2010; Lee et al., 2012). The reexamination of the evolutionary 

history of this gene family revealed that although mammalian CPT1C presents a highly 

divergent sequence, its placing in the phylogenetic tree and genomic locus indicates 

that it is orthologous to teleost cpt1a1 and not a mammalian novelty, thus being older 

than expected (Chapter V.1 (Lopes-Marques et al., 2015)). Additionally, the expansion 

of the CPT1 gene family was also found to be coincident with 2R WGD (Chapter 

V.1(Lopes-Marques et al., 2015)). The analysis of evolutionary history uncovered the 

retention of distinct genetic sets of Cpt1 genes in vertebrates (Fig. 2C), for example: 

Cpt1c seems to be absent from bird lineage, while Cpt1b is apparently lost in the 

chondrichthyes. Interestingly, the loss of the Cpt1b, the muscle isoform, in 

chondrichthyes correlates to the reported unusual energy metabolism observed in this 

lineage, who do not rely on β-oxidation but rather on ketones bodies as the main 

energy source (Speers-Roesch et al., 2010). Whereas the consequences of the loss of 

Cpt1c are more challenging to infer, given that the known isoform in mammals is very 

divergent (Chapter V.1(Lopes-Marques et al., 2015)). For example, in humans Cpt1c is 

brain-specific and localized to the endoplasmic reticulum, suggesting an alternative 

functional role, given that FA transport and β-oxidation do not fulfill the human brain 

energy requirements, which relies on glucose and ketone bodies as the main energy 

source (Lee et al., 2012; Schönfeld et al., 2013). Additionally, a larger set of Cpt1 genes 

was identified in the teleost lineage due to the retention of  3R WGD duplicates (Fig. 

2C, Chapter V.1 (Lopes-Marques et al., 2015)). Curiously, this correlates with the 

retention of additional FA activation enzymes Acss and Acsl in the teleost lineage 

(Chapter III). Interestingly, the seemingly coordinated enrichment of the genetic 

repertoire in the pathways preceding β-oxidation (Acss Acsl and Cpt1) is in accordance 

with previous observations that indicate that β-oxidation of FA is the primary energy 

source in teleosts (Tocher, 2003).  



VII DISCUSSION 

 

254  

 

 

Vitamin B12/cobalamin plays an critical role in the β-oxidation of unsaturated FAs 

and/or FAs presenting an odd number of carbons where it is essential in the conversion 

of propionyl-CoA to succinyl-CoA (Fig.2D (Lehninger et al., 2008)). Previous research 

revealed contrasting gene repertoires in vertebrates, describing 3 cobalamin binders in 

human, 2 in mouse, birds and amphibians, and one binder in the teleost lineage, which 

presented intermediate characteristics to those observed in human cobalamin binders 

(Greibe et al., 2012). These observations lead to the proposition that B12 binders 

diversified after the divergence of the teleost lineage (Greibe et al., 2012). However, the 

re-examination of this gene family with the inclusion of Tcn-like sequences from 

chondrichthyes indicated otherwise (Chapter V.2 (Lopes-Marques et al., 2015)). Still, the 

differential paralogue retention, gene loss and tandem gene duplication in tetrapods 

obscured the true evolutionary history. Database mining and phylogenetic analysis 

uncovered two uncharacterized binders (Tcn3 and Tcn1/Gif) in chondricthyes, which 

proved to be important for unraveling the evolutionary history of this gene family 

(Chapter V.2 (Lopes-Marques et al., 2015)). When including the chondrichthyes binders 

phylogenetic and synteny analysis suggests that two independent events of expansion 

occurred in the cobalamin binder family: the first coincident with 2R WGD and the 

second in the tetrapod ancestor. The expansion of cobalamin binders in the tetrapod 

ancestor possibly allowed the sub-functionalization and fine tuning of these binders 

(Tcn1, Tcn2 and Gif) to the distinct physiological compartments by adjusting specificity, 

affinity and resistance to digestion by digestive proteases. Curiously, the timing of 

cobalamin binder diversification in basal tetrapods concurs with the expansion of the 

pepsinogen gene family and the colonization of terrestrial habitats granting access to 

novel dietary sources.  

 

VII.4 GASTRIC PROTEASES AND PROTEIN DIGESTION  

 

Similarly to FA metabolism, protein metabolism has also been significantly modulated 

by gene/genome duplication, gene loss, diet and other environmental factors, resulting 

in distinct genetic repertoires and phenotypical outcomes (Ordoñez et al., 2008; Castro 

et al., 2014). Particularly, it has been shown that the genetic repertoire plays an 

important role in the elaboration of the digestive system. For example, the secondary 

loss of gastric glands has occurred several times in vertebrate evolution, and was found 
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to be correlated with the presence or absence of a set of genes coding for the proton 

pump and pepsinogens (Ordoñez et al., 2008; Castro et al., 2014). Regarding the 

pepsinogens namely pepsinogen A, previous investigation revealed a variable genetic 

repertoire which was suggested to be a result of dietary adaptation, where higher levels 

of pepsinogens are generally found in animals with an herbivorous diet (Kageyama, 

2002). Nevertheless, no attempt was made to elucidate the evolutionary history of the 

pepsinogen C (PgC) gene family. Initially, the PgC gene family was regarded as a single 

copy gene in vertebrate species (Kageyama, 2002). However, analysis of this gene 

family uncovered an unexpected diversity of PgC genes in several vertebrate lineages 

(Chapter VI.1 (Castro et al., 2012a)). A highly variable assortment of gene sequences 

was identified in several vertebrates; ranging from species that present no PgC gene – 

e.g. the teleost O. latipes, to the marsupial M. domestica who presents 5 different PgC 

genes. Further phylogenetic and synteny analysis, suggested that the PgC 

diversification took place in basal tetrapod through tandem gene duplications (Chapter 

VI.1 (Castro et al., 2012a)). Interestingly, similar to the observed in the cobalamin 

binders, the expansion of the PgC family coincides with the transition to terrestrial 

habitats and access to novel dietary sources. Thus, the expansion of the pepsinogens 

in the tetrapod ancestor was probably followed by the acquisition of alternative 

substrate preferences later observed in several studies (Kageyama, 2002; Narita et al., 

2002; Kageyama, 2006).  

While in some lineages the acquisition of a larger set of pepsinogens posed most likely 

an advantage, the loss of pepsinogens, also very common, in vertebrate evolution 

signals events of dietary adaptation, which is apparently the case of Chymosin (Cmy).  

The investigation of the distribution of this gene family in mammals revealed an 

unforeseen independent number of gene loss events (Chapter VI.2). Previously, Cmy 

was documented as pseudogenized in human (Ord et al., 1990). However, a closer 

investigation revealed novel cases of gene loss with at least 8 independent events of 

pseudogenization occurring in the 3 mammalian orders (cercopithecoidea, 

hystoricomoroha, perrissodactyla) and in several individual species (Chapter VI.2). 

Interestingly, Cmy, a neonatal protease, was previously correlated with immune transfer 

strategies and considered beneficial for passive immune transfer, due to its low 

proteolytic activity toward immunoglobulin-γ (IgG) (Foltmann, 1992; Kageyama, 2002; 

Baintner, 2007; Furukawa et al., 2014). The combined analysis of the coding status of 
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Cmy with, immune transfer strategies in the various mammalian orders, reveals that 

Cmy loss seems to parallel the gain of maternal immune transfer (Chapter VI.2). 

Additionally, selection analysis shows that mammalian orders with a coding Cmy and 

presenting maternal transfer of IgG exhibited relaxed selection in Cmy gene. Here one 

can hypothesize that the most probable outcome for Cmy in these lineages is non-

functionalization, or sub-functionalization as observed in the case of the owl monkey 

were Cmy is expressed in the adult stomach (Kageyama, 2000). The evolution of the 

Cym gene family represents an interesting case were the cross-talk between the 

immune system and digestive system seems to model the neonatal genetic repertoire 

of digestive enzymes. 
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CHAPTER VIII – FINAL REMARKS 

 

The analysis of the evolutionary history of several gene families intervening in FA 

metabolic pathways and protein digestion clearly shows that the resulting genetic 

repertoires observed in vertebrates is sculpted by events such as the 2R WGD, 3R WGD 

gene duplication, gene loss, mutation, life trajectory and diet among others. 

 

The investigation of several gene families involved in FA metabolism in vertebrates 

visibly demonstrates the impact of the 2R WGD, with the expansion and diversification, 

of the Acss1, Acsl, Elovl, Cpt1, and cobalamin binder gene families. The teleost specific 

3R WGD also played an important role in the expansion of the Acsl and Cpt1 gene 

family. Conversely, when analyzing these gene families only in one case was the 4:1 

ratio found (Acsl1/2/5/6), indicating that other events such as: gene loss also played a 

critical role in modeling the resulting genetic repertoires.  

 

The colonization of terrestrial habitats by tetrapods constituted an important 

evolutionary event entailing many modifications, ranging from the development of 

limbs, to air breathing lungs and elaboration of the digestive system due to the access 

to novel dietary sources (Ashley-Ross et al., 2013). In this work, it was possible to 

observe that the transition to terrestrial habitats and access to novel food sources can 

be correlated to the expansion of the cobalamin binder and pepsinogen C gene 

families. Additionally, diet and trophic level probably play an important role in 

modulating the genetic repertoire involved in the biosynthesis of LC-PUFAs, presenting 

cases of gene duplication/loss and functional plasticity observed in the teleost lineage. 

The observation of a larger genetic repertoire in the pathways preluding β-oxidation in 

teleost species was an interesting finding given that these species rely essentially in FA 

oxidation for energy provision. Finally, the investigation of the evolution of the Cmy 

gene family uncovered a new perspective where the cross-talk between digestive 

system and immune system apparently plays a decisive role regarding the Chymosin 

genetic repertoire in mammals. 
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CHAPTER IX – FUTURE DIRECTIONS 

 

Taking into consideration the findings in the present work, an inevitable future 

direction should be to complete the characterization of the remaining families involved 

in FA metabolism in vertebrates. For example, the investigation of the evolutionary 

history of gene families that prelude β-oxidation would pose an interesting case which 

could further confirm the enrichment of this pathway in the teleost lineage and 

possibly uncover other species with a preferential use of FAs as an energy source. 

Additionally, it would also be interesting to verify if the transition to terrestrial habitats 

during vertebrate evolution also impacted the evolution of the digestive lipases, 

similarly to that observed in protein digestion. Furthermore, in the current “Omics” Era, 

a detailed characterization through transcriptomics of the genetic machinery involved 

in FA metabolism, in distinct tissues and/or developmental stages, or in processing 

distinct diets, would bring a more precise vision of these metabolic pathways.  

 

Even so, many uncharted paths and pathways still remain to be explored.  
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