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Nota Prévia 

Para a elaboração da presente tese de doutoramento foram usados integralmente artigos científicos 

publicados, em publicação ou submetidos para publicação, em revistas internacionais indexadas. Uma 

vez que estes trabalhos foram realizados em colaboração com outros investigadores, de acordo com o 

disposto no nº 1 do Artigo 40º do Regulamento de Estudos Pós-Graduados da Universidade de Lisboa, 

publicado no Diário da República n.º 153, II Série de 5 de Julho de 2003, a autora da dissertação 

esclarece que participou integralmente na concepção e execução do trabalho experimental (incluindo 

todos os cruzamentos laboratoriais), na interpretação dos resultados e na redacção integral dos 

manuscritos. 
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O papel da hibridação na formação de novas espécies tem sido um dos mais controversos tópicos 

no contexto da evolução. Se bem que até à pouco tempo a hibridação tenha sido considerada como 

um fenómeno raro e quase sempre deletério pelo menos nos animais, com o aparecimento de 

marcadores moleculares capazes de o detectar, o número de indivíduos/populações/espécies que se 

verificou serem híbridos tem aumentado significativamente, considerando-se actualmente que a 

hibridação interespecífica pode ser um importante modo de evolução não só nas plantas mas também 

nos animais.  

A hibridação interespecífica pode originar directamente novos taxa, por poliploidização do genoma  

(alopoliploidização) e pelo aparecimento de linhas assexuadas com reprodução clonal. Crê-se, no 

entanto, que os vertebrados assexuados exibem uma forte probabilidade de extinção pelo facto de não 

gerarem variabilidade genética suficiente devido à ausência de recombinação meiótica, o que dificulta 

a sua adaptação a eventuais alterações ambientais e a eliminação de mutações deletérias. O relativo 

sucesso ecológico destes vertebrados é atribuído por diversos autores à existência de múltiplos 

clones, recrutados a partir de espécies sexuadas ancestrais geneticamente variáveis. Estudos recentes 

indicam que algumas destas linhas poderão existir há bastante mais tempo do que se julgava 

inicialmente tendo portanto encontrado soluções que lhes permitiram superar os constrangimentos 

impostos pela assexualidade.  

Entre os vertebrados “inferiores” conhecem-se mais de 80 espécies assexuadas, sendo a sua 

maioria de origem híbrida e poliplóide. Um desses exemplos é o caso de Squalius alburnoides, um 

ciprinídeo endémico da Península Ibérica, de origem híbrida, resultante da hibridação interespecifica 

entre fêmeas de Squalius pyrenaicus e machos de uma espécie desconhecida muito presumivelmente 

já extinta, próxima de Anaecypris hispanica.  

As populações de S. alburnoides vivem em simpatria com três espécies bissexuais do género 

Squalius e, nos três casos, “parasitam” reprodutivamente o seu esperma. As populações setentrionais 

de S. alburnoides vivem em simpatria com Squalius carolitertii (C), as populações meridionais vivem em 

simpatria com S. pyrenaicus (P) e as populações do extremo sudoeste da Península Ibérica vivem em 

simpatria com Squalius aradensis (S). S. alburnoides é constituído por diferentes biótipos de diferentes 

ploidias (2n=50 , 3n=75, 4n=100) de ambos os sexos. O biótipo mais abundante na natureza são 

as fêmeas triplóides CAA/PAA/SAA (A representa o genoma do ancestral desconhecido) sendo os 

tetraplóides raros ou mesmo inexistentes em algumas bacias (e.g. Mondego, Guadiana). Nas 

populações meridionais e do extremo sudoeste da Península Ibérica podem-se encontrar machos 
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diplóides, nuclearmente não-híbridos (AA), reconstituídos através das fêmeas triplóides PAA/SAA, 

reconstituindo a espécie parental, extinta, do complexo. Estes machos reconstituídos por meiose, 

produzem esperma haplóide. Apresentam uma distribuição localizada, estando ausentes em algumas 

sub-bacias meriodinais e nas bacias setentrionais.  

S. alburnoides exibe diferentes modos reprodutores em algumas populações. Nas populações do 

Douro, as fêmeas diplóides CA e as triplóides CAA, reproduzem-se por hibridogénese, rejeitando o 

genoma carolitertii (C), durante a oogénese,  sendo este posteriormente substituído, por fertilização, 

pelo genoma de um macho de S. carolitertii. Nas populações meridionais as fêmeas diplóides híbridas 

PA produzem oócitos não reduzidos, diplóides, de constituição genómica idêntica à da fêmea que os 

produziu, e originam maioritariamente descendência 3n (± 97%) por  fertilização e os restantes 3% 

clonalmente. As fêmeas triplóides PAA,  reproduzem-se por hibridogénese modificada – hibridogénese 

meiótica – na qual o  genoma heteroespecífico (P) vai sendo eliminado em cada geração, sem 

recombinação, enquanto que os dois genomas homoespecíficos (AA) sofrem recombinação meiótica, 

havendo portanto produção de gâmetas haplóides geneticamente distintos.  

Nas populações meridionais, os estudos realizados mostraram que os machos híbridos 2n e 3n não 

reduzem o esperma e que os machos diplóides híbridos são férteis.  Deste modo, as populações de S. 

alburnoides evidenciam distintas vias para aquisição de tetraploidia. Os indivíduos tetraplóides 

poderão ter resultado, originalmente, da singamia de oócitos diplóides e de esperma diplóide clonal, 

produzido por um macho diplóide híbrido, ou da singamia entre oócitos triplóides e esperma haplóide. 

A tetraploidia poderá restabelecer a reprodução biparental no complexo, visto que leva ao 

aparecimento de indivíduos de ambos os sexos com dois genomas haplóides provenientes de cada 

uma das espécies parentais, o que os torna capazes de realizar uma meiose normal. Os modos de 

reprodução descritos anteriormente implicam haver elevação e redução cíclica da ploidia nestas 

populações meridionais, permitindo assim um movimento bidireccional de genes entre os vários 

biótipos do complexo.  

Anteriormente foram levados a cabo diversos estudos nas bacias meridionais, por forma a analisar 

geneticamente estas populações do complexo de S. alburnoides bem como a caracterizar 

genomicamente as suas diversas formas. Porém, existia um hiato de conhecimento relativamente às 

populações setentrionais de S. alburnoides, em particular em relação à maior bacia hidrográfica do 

norte da Península Ibérica (Douro).  Esta dissertação surge com o fundamento de colmatar esta 

lacuna, tendo como objectivo primordial analisar, através de marcadores moleculares, a estrutura 

genética das populações setentrionais de S. alburnoides, por forma a inferir-se sobre a sua história 

evolutiva, estrutura e dinâmica populacional. Igualmente as populações de S. alburnoides do sul foram 

utilizadas para comparação. Foram também analisados dados morfológicos de maneira a 
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compreender-se como a ploidia e a constituição genómica dos diferentes biótipos  poderá afectar o 

seu fenótipo. As análises filogenéticas baseadas no gene mitocondrial do citocromo b (sequência de 

1140 pb), utilizando amostras de toda a área de distribuição do complexo, corroboraram a hipótese 

de S. alburnoides ter tido origem por um processo de hibridação unidireccional, através de 

cruzamentos entre fêmeas de S. pyrenaicus e uma espécie ancestral presumivelmente extinta. De 

acordo com as topologias das árvores obtidas não foi observada monofilia de S. alburnoides. 

Observou-se uma estrutura geográfica, em que S. alburnoides apresentou uma relação mais próxima 

de S. pyrenaicus da mesma região geográfica do que de outros S. alburnoides presentes noutras 

regiões. Os testes baseados no padrão de variação do gene do citocromo b, realizados para averiguar 

se a origem do complexo hibridogenético S. alburnoides teria sido única ou múltipla, rejeitaram a 

hipótese de uma origem única. Os resultados sugerem a existência de cinco centros de origem 

independentes para  S. alburnoides: Douro-Vouga-Alagón; Tejo-Mondego; Guadiana-Guadalquivir; 

extremo sudoeste da Península Ibérica e a região do Sado. A origem independente das populações do 

extremo sudoeste da Península Ibérica pode porém ser um artefacto desta análise resultante do 

reduzido tamanho da amostra que foi usada. De acordo com as estimativas do tempo de divergência 

do complexo S. alburnoides (e dos seus diversos biótipos), baseadas em registos fósseis, apontam 

para que os eventos de hibridação deste complexo terão ocorrido múltiplas vezes ao longo do tempo, 

tendo-se provavelmente iniciado no Pliocénio e continuando a decorrer possivelmente até aos nossos 

dias.  

O conjunto de loci de microssatélites utilizados neste estudo, especialmente os LOCI LCO1, LCO3, 

LCO4 e E1G6, foram uma ferramenta bastante útil para a determinação da constituição genómica das 

formas de S. alburnoides. Esta análise bastante eficaz na identificação da constituição genómica dos 

espécimes analisados, teve uma taxa de sucesso de 98%. Na maioria dos casos a informação obtida 

por esta análise de microssatélites foi suficiente para a determinação do nível de ploidia nos mais de 

600 espécimes de S. alburnoides que foram usados. Estes resultados possibilitam o desenvolvimento 

de um protocolo não-letal de identificação dos diferentes biótipos de S. alburnoides sem necessidade 

de utilizar a citometria de fluxo, apenas requerendo uma quantidade muito pequena de tecido.  

A análise morfológica de caracteres merísticos e da pigmentação do corpo mostrou-se 

relativamente efectiva em distinguir S. alburnoides de S. carolitertii  e, por outro lado, em distinguir os 

indivíduos diplóides, nuclearmente não-híbridos (AA) dos outros biótipos de S. alburnoides. No 

entanto, os resultados obtidos baseados em caracteres merísticos, em particular o número de dentes 

faríngicos, o número de raios ramificados da barbatana dorsal e a linha escura (na base da barbatana 

dorsal) não foram suficientes para discriminar o biótipo CCA de S. carolitertii, o que poderá levar a 

haver subestimação da sua frequência nas populações naturais.  Os dados fornecidos pela análise de 
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microssatélites combinados com os da citometria de fluxo permitiram determinar, com exactidão, a 

composição dos diferentes biótipos ao longo da sua área de distribuição geográfica. Pela primeira vez 

foram referidas duas populações, situadas setentrionalmente na bacia hidrográfica do Douro, 

compostas quase que exclusivamente por indivíduos alotetraplóides, simétricos, de ambos os sexos. 

Verificou-se também que a maioria das populações setentrionais, à semelhança do que se observa nas 

restantes populações, são compostas maioritariamente por fêmeas triplóides (CAA).  A existência e a 

ausência de determinados biótipos nas diferentes populações naturais deste complexo parece estar 

relacionada com os seus diversos modos reprodutores e a sua diferente origem.  

Tal como no padrão obtido da análise do gene mitocondrial do citocromo b, a variação genética 

resultante da análise de loci de microssatélites sugere haver um padrão geográfico sendo as suas 

estruturas genéticas aparentemente bastante influenciadas por diversos e continuados eventos 

históricos. No que se refere mais concretamente às populações setentrionais revelaram-se 

efectivamente diferentes padrões genéticos que reflectem histórias populacionais distintas. A baixa 

diversidade alélica observada no genoma A das populações do Mondego e a partilha da mesma 

linhagem mitocondrial com as populações do Tejo sugere ter havido uma colonização do Mondego a 

partir das populações do Tejo. Este padrão porém não é extensível às populações do Douro. No 

Rabaçal observou-se uma elevada diversidade alélica e de alelos privados e também que, à medida 

que nos afastamos dessa população, os níveis de heterozigotia e de diversidade alélica vão 

progressivamente diminuindo. Isto sugere a persistência de um “pool” genético ancestral nesta 

população do Rabaçal e ao mesmo tempo que esta área tenha provavelmente constituído um refúgio 

glacial para a mesma. As estimativas de Rst, maiores do que as de Fst, no Rabaçal, Guadiana e Tejo 

indiciam que a diferenciação entre estas populações dever-se-á mais a fenómenos de mutação do que 

a processos de migração ou de deriva genética, o que parece demonstrar que estas populações se 

encontram separadas há muito tempo.  

O estudo das morfologia geométrica efectuado na bacia do Douro, revelou a existência de 

diferenças significativas na forma do corpo entre os diferentes biótipos de S. alburnoides bem como 

entre estes e os exemplares de S. carolitertii. As diferenças encontradas estão relacionadas, na sua 

maior parte, com a morfologia trófica o que permite uma redução na competição pelos recursos. A 

adaptabilidade de S. alburnoides é resultado dos diferentes níveis de ploidia e dos diferentes modos 

reprodutores. As diferenças morfológicas observadas salientam a importância dos diferentes tipos de 

recursos disponíveis no favorecimento de alguns biótipos em relação a outros. Do ponto de vista 

morfológico os tetraplóides diferem mais dos outros biótipos o que pode ser consequência da  

rearranjos do genoma tais como recombinação homóloga, eliminação de sequências ou modificações 

na metilação do ADN, que poderão ter implicações nos seus fenótipos. 
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 As populações do Mondego parecem não ser capazes de contrariar a perda de diversidade 

genética. Apesar das fêmeas triplóides CAA nestas populações se reproduzirem por hibridogénese 

meiótica, sofrendo os dois genomas homoespecíficos (AA) recombinação meiótica, a inexistência de 

machos AA, de tetraplóides e de novas linhas de híbridos pode por em causa a sua sobrevivência a 

longo prazo. As populações do Douro parecem no entanto apresentar um cenário distinto do das 

populações do Mondego. Apesar das fêmeas triplóides se reproduzirem hemiclonalmente e de não 

existirem machos AA, o recrutamento de novas linhas híbridas entre fêmeas de S. carolitertii e machos 

híbridos férteis de S. alburnoides e a existência de alotetraplóides de ambos os sexos, que sofrem 

meiose, abre um novo capítulo na história evolutiva das populações do Douro pois estamos perante 

um exemplo de como complexos híbridos poliplóides podem levar à especiação.  Os resultados obtidos 

da medição por citometria de fluxo, das células espermáticas e das células sanguíneas, da análise de 

microssatélites e de morfologia geométrica e dos cruzamentos experimentais efectuados, revelam que 

as populações do Douro (Paiva e Lodeiro) constituídas por tetraplóides simétricos de ambos os sexos, 

realizam meiose (e recombinação) e encontram-se em equilíbrio de Hardy-Weinberg. Parece assim, 

que no Douro nos encontramos perante um processo de especiação através de mecanismos de 

isolamento pré-zigóticos, como sejam a selecção de habitats e o acasalamento não aleatório, e pós-

zigótico, como a aparente inviabilidade dos embriões resultantes de cruzamentos entre tetraplóides e 

triplóides CCA com os quais se encontram em simpatria, evidenciando deste modo que este tipo de 

complexos híbridos podem evolucionar dando origem a novas espécies.  

 

Palavras-Chave: hibridação, poliploidia, complexo S. alburnoides, marcadores moleculares, história 
evolutiva,  dinâmica populacional, morfologia geométrica, especiação alopoliplóide.  
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Summary 
The main objective of this thesis was to assess the northern populations’ genetic structure of the 

Iberian hybrid complex Squalius alburnoides in order to unveil its evolutionary history, population 

structure and dynamics.  

The mtDNA molecular phylogenetic analyses suggest that S. alburnoides has at least five lineages of 

independent origin (Sado, Alagón Tributary–Douro, Tagus–Mondego, Guadiana-Guadalquivir and 

Southwest). Those hybridization events took place over a long period of time and can be traced back 

to the Pliocene.  

Geographic variation in the reproductive mechanisms of S. alburnoides may explain the differences 

observed in the composition of biotypes. Different genetic signatures in Mondego and Douro basins 

reflect different populations’ history. Low allelic diversity in the A genome of Mondego and the sharing 

of mtDNA lineages with Tagus populations reflect colonization from Tagus basin. The marked 

population structure, high frequency of private alleles and the diversity of biotypes observed in Douro 

indicate that it is not condemned in the long term, as suspected. The results also support the existence 

of a glacial refugium in the Rabaçal River.  

The geometric morphometrics results showed significant variation in body shape between S. 

carolitertii and S. alburnoides and between tetraploids and the other biotypes that may reduce 

resource competition. The adaptation to different trophic niches through modification of trophic 

morphology, body shapes, and feeding behaviour seem to result from ploidy augmentation and 

genomic constitution and may account for the formation and maintenance of this complex.  

Based on the flow cytometry measurements, microsatellite loci and experimental crosses, two 

symmetric allotetraploid populations were described, that resumed normal meiosis after 

undergoing intermediate processes of non-sexual reproduction to give rise to a new sexually 

reproducing polyploid species. Prezygotic and postzygotic mechanisms are responsible for the 

reproductive isolation from other biotypes of the complex.  

The future of the southern and northern populations depends on their genetic legacy and population 

dynamics, possibly introducing fresh genes that will eventually lead to new speciation processes.  

 

Keywords: hybridization, polyploidy, S. alburnoides complex, genetic markers, evolutionary history, 

population dynamics, geometric morphometrics, allopolyploid speciation. 
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Chapter 1|General Introduction 

 

 

 
“There is nothing so far removed from us to be beyond our reach, or so far hidden that we cannot discover it” 

René Descartes 

 

 

Species are one of the fundamental units in biology, however, a high diversity of species concepts 

exists in literature; Mayden (1997, 1999) for example listed 24 named species concepts. Such apparent 

disagreement is consequence of the different biological processes they are based on (de Queiroz 2005).  

One of the most common species concepts is the biological one (BSC): “A species is a group of 

interbreeding natural populations that is reproductively isolated from other such groups” (Mayr 1942, 

p.120), where species are a consequence of sexual reproduction and reproductive isolation. 

Hybridization in animals has been thought of as devoid of evolutionary significance, or at most, only in 

terms of reinforcing barriers to interspecific fertilization (Dobzhansky 1937; Mayr 1993). In “The Origin of 

Species” Charles Darwin said about hybrids: “The view generally entertained by naturalists is that species, 

when intercrossed, have been specially endowed with the quality of sterility, in order to prevent the 

confusion of all organic forms” (Darwin 1859, p. 217). However, hybridization may influence evolution in 

a variety of ways. Natural hybridization, introgression and hybrid zones have the potential for generating 

adaptative variation, functional novelty and new species (Anderson 1949; Stebbins 1959; Lewontin & 

Birch 1966; Barton & Hewitt 1989; Arnold 1997). In addition interspecific hybridization creates an 

opportunity for the emergence of nonrecombinant reproductive modes, which in turn are permissive to 

the evolution of polyploidy (Schultz 1969).  
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1.1 Hybridization 

The hybridization between species is a common natural phenomenon of evolutionary importance, 

which may result in the formation of entirely new species (Barton 2001; Seehausen 2004; Chapman & 

Burke 2007). Perhaps the biggest reason for the paucity of species of hybrid origin is the difficulty 

associated with producing a reproductively isolated hybrid lineage that can escape close competition with 

its parental taxa (Chapman & Burke 2007). Hybridization is frequently reported in many teleosts 

(Salzburger et al. 2002; Meyer et al. 2006) and is especially common in cyprinid fish, having been 

potentially significant to the evolution of this group, but large groups show no signs of asexuals (Dowling 

& Secor 1997; Gerber et al. 2001). 

Hybridization among different taxa is generally viewed as a disruptive process because it contradicts 

the basic principle of dichotomous divergence (Mayr 1970; Smith 1992). Moreover, natural hybridization 

frequently leads to sterile or nonviable dead ends, due to the lower reproductive fitness of hybrid 

offspring and the wastage of reproductive investment (Dowling & Moore 1985; Ferguson 1986; Leary et 

al. 1985; Hawkins & Foote 1998).  In addition it also contributes to the loss of unique genetic diversity 

and to the breakdown of adaptive multi-gene complexes (Barton & Hewitt 1989; Taylor & Hebert 1993; 

Leary et al. 1985).  

On the other hand, hybridization can create novel gene combinations, which in turn may create key 

innovations leading to expansions of niche, habitat or range (Gilbert 2003; Rieseberg et al. 2003; Grant 

et al. 2004). Hybridization can instantaneously produce distinct animal taxa in two ways: through an 

asexual mode of reproduction or through the increase in chromosome number – allopolyploidy (Dowling 

& Secor 1997). Hybridization is often reported in geographically defined hybrid zones and it is frequently 

observed between closely related species (Mayr 1963; Barton & Hewitt 1985, 1989; Hewiit 1988; Arnold 

1997). One of the main evolutionary consequences of reproduction involving semifertile hybrids is 

introgression (Arnold 1997). Moreover, genetic exchanges through introgressive events may have 

significant effects on the genetic composition of a species, and thereby actually contribute to diversity 

within taxa. For instance, the disagreement between mitochondrial DNA (mtDNA) and allozyme topologies 

suggests that the Lower Colorado River Gila represents a complex of self-maintaining, genetically 

distinctive species which are capable of exchanging genetic material, being an example of introgressive 

hybridization that provides additional variation for selection and drift to mould into local phenotypes, 

contributing to an increase in diversity (Dowling & DeMarais 1993).  
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These are just some examples of the wide variety of ways through which hybridization may influence 

evolution. Examples of hybridization associated with asexuality and polyploidy are presented in the 

subsequent sections. 

 

1.2 Asexuality 

Despite of the “two-fold cost of sex” (i.e. cost of meiosis and production of males; Williams 1975; 

Maynard Smith 1978) it is evident that sexual reproduction has an advantage over asexuality, just 

because it is the foremost reproductive mode among eukaryotes. Sexual reproduction probably evolved 

very early in the history of the eukaryotes and all contemporary asexual multicelular organisms are the 

result of the secondary loss of sexuality (Charlesworth 2006). Nevertheless, two main advantages are 

associated to asexual organisms: one is that a new habitat can easily be colonized by just a single female 

and another is that asexual populations grow twice as fast as sexual ones since all individuals are 

females.  

Among vertebrates asexual reproduction is always associated to interspecific hybridization and seems 

to be restricted to the lower vertebrates. The first asexual vertebrate discovered was the Amazon molly 

Poecilia formosa (Hubbs & Hubbs 1932), an interspecific hybrid.  

Parthenogenesis, gynogenesis, and hybridogenesis are the reproductive modes that have generally 

been recognized among asexual vertebrates (figure 1.1). In true parthenogenesis (figure 1.1a), the 

hybrid genome is transmitted intact to the egg, which develops into genetically identical offspring in the 

absence of sperm. Among vertebrates in nature it has only been described in reptiles, especially in lizards 

of the genus Cnemidophorus (Vrijenhoek et al. 1989). Gynogenesis (figure 1.1b) is a kind of 

parthenogenesis, in which sperm is required to stimulate the development of gynogen eggs, but without 

providing a genetic contribution (Vrijenhoek et al. 1977) (e.g. Carassius auratus gibelo, Cobitis 

elongatoides-taenia, Phoxinus eos-neogaeus, Poecilia formosa). Hybridogenesis (figure 1.1c) is a 

hemiclonal reproductive mode (Vrijenhoek et al. 1977); one genome is transmitted clonally and vertically 

while the other genome is removed and replaced (e.g. Poeciliopsis monacha-lucida, Rana esculenta). 

Some triploid fish and amphibians exhibit an atypical hybridogenesis mode of reproduction (Günther et al. 

1979; Alves et al. 1998; Arai & Mukaino 1998; Zhang et al. 1998; Kim & Lee 2000), named “meiotic 

hybridogenesis” (Alves et al. 1998) which involves random segregation and recombination between the 

homospecific genomes (figure 1.1d). Gynogenesis and hybridogenesis occur in asexual teleost fish and 

amphibians (Dawley 1989; Vrijenhoek et al. 1989). 
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Recently, Borgart et al. (2007) described a new reproductive mode, kleptogenesis, for the asexual 

Ambystoma, that is the ability, in gynogenesis, of a sperm nucleus from sympatric sexual males being 

incorporated to elevate the ploidy level (termed ploidy elevation) or to replace one of the nuclear 

genomes in a developing offspring (termed genome replacement).  

The evolutionary potential of an organism depends mostly on the levels and patterns of genetic 

diversity, and the limited success of asexual complexes is consequence of their inability to generate the 

necessary genetic variability to adapt to environmental changes or to compensate for deleterious 

mutations through heterozygosity (revised in Vrijenhoek 1998). In asexual vertebrates, clonal diversity is 

generated by repeated origins of asexual lineages from hybridization between sexual species (Avise et al. 

1992; Vrijenhoek 1994). 

Contrarily to what was expected there are some examples of ancient asexual lineages in literature 

(Hedges et al. 1992; Spolsky et al. 1992; Judson & Normark 1996; Butlin et al. 1998). The short lives of 

asexual lineages are associated to the long-term fitness-loss consequences of genetic processes like the 

long-term accumulation of slightly deleterious mutations causing the extinction of asexual species 

(Muller’s rachet) and/or to ecological processes like Red-Queen dynamics (Judson & Normark 1996; 

Butlin 2002). As such, most asexual organisms have a short lifespan, mainly because of the absence of 

genetic recombination (Vrijenhoek 1979). Nevertheless, the different reproductive modes they exhibit are 

probably the key to overcome these constrains either by “a little sex”, that can avoid a fatal accumulation 

of deleterious mutations without incurring the “two-fold cost of sex” (Mable 2007), or by the formation of 

new sexually reproducing polyploid species (Schultz 1969; Mable 2003, 2004), phenomenon that seems 

to be extremely rare in animals. 
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Figure 1.1 The four asexual modes of reproduction among vertebrates (parthenogenesis, gynogenesis, hybridogenesis and 
meiotic hybridogenesis; adapted from Dawley 1989). Letters A and B represent whole chromosome sets from the sexually 
reproducing progenitors. Letters in red and superscripts (‘, “, ¥, *) differentiate individual genomes derived from 
recombination.  Normal meiosis (reductional);  Altered meiosis (nonreductional).  

 

1.3 Polyploidy 

Polyploidy seems to have had an important role in major evolutionary transitions in biology (Van de 

Peer et al. 2003 and references therein), having played a crucial role in shaping the genome structures 

of all eukaryotes which may have involved changes in gene expression through increased variation in 

dosage-regulated gene expression, altered regulatory interactions, and rapid genetic and epigenetic 

changes (Mable 2003; Osborn et al. 2003). 

Polyploidy in animals can arise by: failure of cell division during meiosis, failure of cell division after 

mitotic doubling, production of unreduced eggs and hybridization between species (Otto & Whitton 

2000). 

Ohno (1970) hypothesized that one or more genome duplications occurred during the evolution of 

vertebrates making their diversification possible through the creation of new gene loci with previously 

non-existent functions, and emphasized genome duplication via tetraploidy as the mechanism for the 
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production of new genes. Among polyploids, allopolyploidy appears to be more common than homoploid 

hybrid speciation and, therefore, considerably more is known about its overall evolutionary significance 

(Otto & Whitton 2000). 

Polyploidy is very common in plants while in animals is rare, especially in higher vertebrates (Orr 1990; 

Otto & Whitton 2000). Polyploidy may have been of considerable importance in the evolution of fishes 

occurring extensively, independently and often repeatedly (Leggatt & Iwama 2003; Le Comber & Smith 

2004). In teleosts, bisexual and asexual polyploids have been described in the orders Perciformes, 

Cyprinodontiformes, Salmoniformes, Cypriniformes, Semionotiformes and Acipenseriformes. Some families 

like Catostomidae and Salmonidae are completely polyploid or of polyploid origin (reviewed in Leggatt & 

Iwama 2003; Le Comber & Smith 2004) while others show different levels of polyploidy, in which the 

ploidy is a recurrent process with multiple origins, as is the case of families Cobitidae and Cyprinidae 

(Machordom & Doadrio 2001; Tsigenopoulos et al. 2002; Janko et al. 2003).  

Polyploids can show novel phenotypes, ecological diversification, and new niche invasion (reviewed in 

Otto & Whitton 2000). Polyploids have a state of fixed heterozygosity that provides a vast reservoir of 

new alleles for selection, mutation and gene evolution (Adams 2007).  Moreover, polyploidy can have 

effects on reproductive systems like asexuality, which may help to stabilize new polyploid lineages 

(Vrijenhoek 2006).  

Tetraploid species are often thought to arise via a “triploid bridge” wherein the fusion of reduced and 

unreduced gametes produces triploid (3n) offspring. Such triploids can, on occasion, produce viable n, 

2n, or 3n gametes and can thus give rise to tetraploids via backcrossing with diploids, crossing with other 

triploids, or selfing (Ramsey & Schemske 1998; Chapman & Burke 2007). Through these processes, 

most animals reproduce by asexual modes what results in abnormal sex ratios (Dawley 1989). Asexual 

complexes are frequently considered evolutionary dead-ends, although they may constitute a critical 

intermediate step in the formation of even-ploid sexual lineages (Mable 2003, 2004). To complete the 

speciation process, pre- or post-zygotic isolation must occur. The enigma about the role of 

tetraploidization as an evolutionary step in asexual species complexes persists due to the lack of 

supportive examples in nature.  
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1.4 Background of the Squalius alburnoides complex 

The taxon Squalius alburnoides is a small endemic cyprinid fish (maximum total length 14 cm) 

inhabiting the rivers of the Iberian Peninsula and is among the most complex polyploid systems known in 

vertebrates. As such the S. alburnoides complex is an excellent model for deciphering and understanding 

the evolutionary potential of those systems since it combines diploid and polyploid specimens of hybrid 

origin and sexual and asexual reproductive modes.  

  

1.4.1 Taxonomic position 

Squalius alburnoides is a teleost fish that belongs to class Actinopterygii, order Cypriniformes and 

family Cyprinidae (Nelson 1994), which is one of the most ancient, widespread and diverse families of 

freshwater fishes. 

The genus status of Squalius alburnoides is a controversial topic. It was described, for the first time, as 

Leuciscus alburnoides (Leucos) (Steindachner 1866) and since then, this small teleost from the 

subfamily Leuciscinae has suffered multiple taxonomic reassessments which makes the literature 

regarding this subject a little confusing. About sixty years later, moved into the genus Rutilus Rafinesque, 

1820 (Berg 1932). Afterwards, was relocated into Tropidophoxinellus genus by Stephanidis (1974) due 

to the high morphological divergence observed between alburnoides and other Rutilus species, a 

designation that was adopted by Almaça (1976), Elvira (1990, 1995) and Doadrio et al. (1991). 

However, Ladiges (1978) placed it again in the genus Rutilus, within the subgenus Pararutilus, and later 

on it was included in the genus Pararutilus Bonarparte, 1845 (Lelek 1980). 

The term “complex” came to light when different ploidy levels with, a high sex-ratio leaning toward 

females, were discovered and alburnoides was placed again into the Rutilus genus (Collares-Pereira 

1983, 1984, 1985).  

Molecular markers helped to show that S. alburnoides was a taxon with hybrid origin, with Leuciscus 

pyrenaicus as the maternal ancestor, and so it was placed again in genus Leuciscus Cuvier, 1817 (Alves 

et al. 1997a,b; Collares-Pereira et al. 1999). Phylogenetic studies based on mitochondrial DNA markers 

(Zardoya & Doadrio 1998) reinforced this generic status position. New molecular genetics studies 

proposed a new relocation of all Iberian Leuciscus into the Squalius Bonaparte, 1837 genus (Sanjur et al. 

2003). Recently, S. alburnoides was included into the Iberocypris Doadrio, 1980 genus (Kottelat & 

Freyhof 2007) with the argument that hybridization and introgression have led to misinterpretations of 

molecular data and that the non-hybrid diploid males are in fact the authentic S. alburnoides species. The 
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taxomic classification of a hybrid complex is an intricate issue, and this last classification is still in debate. 

Therefore, the former taxomic position of the complex, i.e., Squalius alburnoides, will be followed here. 

 

1.4.2 General description 

The Squalius alburnoides complex has been object of several studies, addressing different 

questions, using morphological, ecological, genetics and cytogenetics approaches (e.g. Collares-Pereira 

1983; Alves et al. 1997a,b; Gromicho 2006) to understand the evolution of the species complex. Figure 

1.2 and the following section provide a synopsis of what was known about the S. alburnoides complex 

when this study started.  

 

Figure 1.2 Puzzle that summarizes what was known about the Squalius alburnoides complex at the beginning of this thesis 
(adapted from Alves, Collares-Pereira & Coelho). 

 

 

Two morphological forms were identified in S. alburnoides mainly differentiated by the number of 

gillrakers and pharyngeal teeth: form I that is the most common (mainly composed of triploids) and widely 

distributed, with pharyngeal tooth formula 5-5 and 12-17 gillrakers; form II characterized by pharyngeal 

tooth formula 5-4 (rarely 5-5) and longer and numerous gillrakers (17-26) including, apparently, only 

diploid males (Collares-Pereira 1985; figure 1.3). 
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Figure 1.3 Two morphological forms of Squalius alburnoides (Collares-Pereira 1985): (a) form A – mainly females triploids and 
(b) form B – mainly diploid males; images copyright of Filipe Ribeiro.  

 

Based on allozyme and mitochondrial DNA markers information, S. alburnoides is recognized as a 

hybrid taxon resulting from the interspecific hybridization between S. pyrenaicus females (P genome) and 

males of an unknown presumably extinct species (Alves et al. 1997a,b; Carmona et al. 1997). 

Chromosome banding with CMA3 and Ag staining showed that the unknown parental species of the S. 

alburnoides complex should have had a multiple NORs pattern (Gromicho & Collares-Pereira 2004). 

Moreover, those techniques as well as fluorescent in situ hybridization with 28S and 5S rDNA probes and 

the (TTAGGG)n telomeric repeat, and nuclear markers indicated that the paternal ancestor was a relative 

of Anaecypris hispanica another endemic Iberian cyprinid (Gromicho et al. 2006; Robalo et al. 2006; 

Crespo-López et al 2007). The hybridization origin seems to have occurred only in one way, which means 

that crosses only occurred between S. pyrenaicus females and males of an unknown species – 

unidirectional hybridization. The results of the variable patterns of cytochrome b (cytb) suggested there 

were, at least, two hybridization origins: one in the Sado basin and another in the southern basins 

(Tagus-Guadiana) (Alves et al. 1997b). More recently, a study based on the variation patterns of cytb 

and ß-actin genes suggested a single origin for the S. alburnoides populations (Sousa-Santos et al. 

2007). S. alburnoides populations live in sympatry with one of three bisexual species of Squalius: S. 

aradensis (S genome), S. pyrenaicus (P genome) and S. carolitertii (C genome) (Alves et al. 1997a,b; 

Carmona et al. 1997; Sousa-Santos et al. 2006; figure 1.4).  

The S. alburnoides complex comprises diploid (2n=50), triploid (3n=75) and tetraploid (4n=100) 

biotypes of both sexes but with biased sex ratio towards higher number of females (Collares-Pereira 

1984; Peris et al. 1994; Fernández-Delgado & Herrera 1994; Carmona et al. 1997; Alves et al. 2001). 

Theoretically all forms of parental genomes combinations can exist in nature, however, some are rare or 

have never been found across the distribution range of the complex or in a particular area (e.g CCCA, 
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PPPA, PPA, etc.). The majority of the biotypes found are CAA/PAA/SAA triploids females and CA/PA/SA, 

while tetraploid forms and males seem to be uncommon. Nuclear non-hybrid males (AA) are abundant in  

the southern populations but were never found in the northern rivers (above Tagus basin). Based on 

molecular evidence, on the direct observation of gonads and on morphological features a few nuclear 

non-hybrid females (AA), with pyrenaicus-like mtDNA were found in nature (Carmona et al. 1997; Sousa-

Santos et al. 2006).  

 

 

Figure 1.4 Iberian Peninsula maps showing the distribution areas of the S. alburnoides complex. S. alburnoides (d) sympatric 
with S. carolitertii (a); S. pyrenaicus (b) and S. aradenis (c) in the overlapping map areas. Images (a, b, d) copyright of Pablo 
Diaz Alonso and image (c) copyright of A. M. Naseka (in Coelho et al. 1998). 

 

Marginal differences were found in the longevity of S.alburnoides from the Guadiana drainage, with 

triploid females living up to six years, diploid hybrid females living a maximum of five years and diploid 

non-hybrid males living a maximum of four years (Ribeiro et al. 2003). Ribeiro et al. (2003) observed for 

both di- and triploid females a fast growing in the first two years of life followed by a rapid drop off linked 

to the attainment of sexual maturity. Some differences were observed in the habitat used outside the 

reproductive period among diploid males, di- and triploid females (Martins et al. 1998). Distinct foraging 

behaviours were observed among ploidy forms towards prey items: triploid and diploid forms select 

different food types, i.e. chironomid and simulid larvae, and coleopteran adults and corixid larvae, 
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respectively, and diploid males have significantly lower amounts of plant material in their diet (Gomes-

Ferreira et al. 2005). 

The genetic variation of the southern populations of S. alburnoides (Tagus and Guadiana basins) and 

of the Mondego basin was characterized using microsatellites (Pala & Coelho 2005; Crespo-López et al. 

2007). The southern populations showed high levels of genetic diversity reflecting the hybrid origin, the 

high diversity of forms and the different modes of reproduction (Crespo-López et al. 2006, 2007). The 

Mondego populations showed low levels of genetic variability, which indicates that their survival may be 

threatened at the long-term most likely due to the lower diversity of biotypes (absence of nuclear non-

hybrid males and tetraploids), despite they maintain reproduction mechanisms similar to those present in 

the southern populations (Pala & Coelho 2005). 

 

1.4.3 Reproductive modes 

Different reproductive modes among forms/biotypes and among drainages are exhibiting by S. 

alburnoides (reviewed in Alves et al. 2001).  In the southern basins (Tagus and Guadiana) S. 

alburnoides, in sympatry with the sperm donor S. pyrenaicus, and in the Mondego basin, in sympatry with 

the sperm donor S. carolitertii, exhibited similar reproductive mechanisms whereas in the Douro basin S. 

alburnoides showed some differences. For the Quarteira population (Southwestern region), in sympatry 

with the sperm donor S. aradensis, there is no available data, however, it is suspected that this 

population may exhibit the same reproductive mechanisms as the ones observed in the southern basins. 

Recently, it was suggested to call S. alburnoides a non-sexual complex instead of asexual since S. 

alburnoides reproduce without “normal meiosis”, but frequently with some recombination and meiotic 

reduction, although genomes may be clonally transmitted, with syngamy and karyogamy (Gromicho 

2006). Asexual individuals reproduce without sex, clonaly, with no recombination or only rarely with 

recombination and with or without syngamy and karyogamy (Gromicho 2006). Along this thesis the two 

terms can arise, but always in opposition to sexual reproduction since strict asexuality is rare.    

 

1.4.3.1 Hybrid diploids 

Based on allozyme analysis of mature primary ovocytes, produced by diploid hybrid 

females (CA) from the Douro drainage, it was found that they reproduce by hybridogenesis, discarding 

the S. carolitertii genome during oogenesis (Carmona et al. 1997; figure 1.5). Based on several nuclear 

markers (allozymes, mini- and microsatellites) it was found that diploid hybrid females from the southern 

basins (PA) transmit the hybrid genome intact to the egg with syngamy that, upon fertilization yields 
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triploid progeny (Alves et al. 1998; Crespo-López et al. 2006; figure 1.5). Three percent of the hybrid 

diploid females (PA) reproduce by gynogenesis. Based on measures of DNA content in spermatozoa, 

breeding experiments and microsatellites it was discovered that diploid hybrid males from the southern 

and the Mondego basins produce fertile unreduced sperm  (Alves et al. 1999; Pala & Coelho 2005; 

Crespo-López et al. 2006). Experimental crosses between diploid hybrid females and males (PA) from  

the Tagus River basin originate a tetraploid progeny (Alves et al. 1998).  

 

Figure 1.5 Modes of reproduction of S. alburnoides diploids females from the southern (Tagus and Guadiana) (a, b) and the 
Douro (c) basins. P is the genome of S. pyrenaicus, C is the S. carolitertii’s genome and A is the genome of the unknown 
ancestor. The superscript signs differentiate individual genomes derived from recombination (adapted from Alves et al. 1998).  

 
1.4.3.2 Hybrid triploids  

Allozyme and microsatellite data (Alves et al 1998; Pala & Coelho 2005; Crespo-López et 

al. 2006), unveiled that triploid females from the southern and the Mondego basins reproduced by 

atypical hybridogenesis, “meiotic hybridogenesis” (see figure 1.1d) where haploid and, rarely, diploid 

gametes are produced simultaneously. Upon fertilization these gametes yield progeny with different ploidy 

levels. Moreover, triploid females can rarely produce simultaneously clonal triploid eggs and haploid eggs 

(Alves et al. 2004). Experimental crosses indicated that unreduced eggs from triploids may originate 

tetraploid progeny (Alves et al. 2004). Triploid females from Douro were found to reproduce by normal 

hybridogenesis (Carmona et al. 1997; figure 1.1c).  

Measures of DNA content in spermatozoa indicated that triploid males from the southern region 

produce unreduced sperm (Alves et al. 1999). 
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1.4.3.3 Hybrid tetraploids  

Based on measures of DNA content in spermatozoa, nuclear markers and breeding 

experiments in the Tagus River basin  (Alves et al. 1999; Crespo-López et al. 2006), it was discovered 

that both tetraploid females and males produce reduced gametes (PA) exhibiting Mendelian segregation. 

However, in nature these tetraploids will probably return to triploidy in the next generation, through 

crosses with either S. pyrenaicus (PP) or non-hybrid (AA) males (Alves et al. 2004). 

 
1.4.3.4 Nuclear non-hybrid males  

Diploids with morphotype B are mainly males and until now they were only observed in 

the southern populations. Allozyme data indicated that those diploids were nuclear non-hybrids (AA) 

(Alves et al. 1997a; Carmona et al. 1997). However, the mtDNA of those specimens was identical to S. 

pyrenaicus suggesting they were regenerated from hybrids of the S. alburnoides complex (Alves et al. 

2002; see figure 1.6). Triploid PAA females would have been produced from clonal PA females through 

mating with the paternal ancestor (AA males with A mtDNA). When these triploid hybrid females mated 

with males from the paternal ancestor they would have produced only diploid non-hybrid males (AA with P 

mtDNA). 

Nuclear markers and cytogenetic analysis showed that nuclear non-hybrid (AA) males produced 

reduced sperm with Mendelian segregation and exhibited normal meiosis (reviewed in Alves et al. 2001).  

 

 

 

Figure 1.6 Origin of S. alburnoides 
and hypothetical evolutionary 
trajectory of the all-male non-
hybrid lineage. PPP- S. pyrenaicus, 
AAA - Paternal ancestor, dashed 
form fish means extinct. 1- clonal 
eggs with syngamy, 2- meiotic 
hybridogenesis. The main letters 
indicate the nuclear genomes, 
whereas the superscript letters 
indicate the mitochondrial DNA 
genome (adapted from Alves et al. 
2002). * form never observed in 
nature but obtained in the breeding 
experiments. 
 
 

mac01
Rectangle



Chapter1|General Introduction  

 

 22 

1.5 Markers 

1.5.1 Genetic Markers 

Recently we have witnessed the extended use of molecular markers with an enormous influence on 

evolutionary biology, allowing understanding the historical and genomic processes among populations. 

Molecular markers are an effective tool for the understanding of phylogeographic patterns, phylogenetic 

relationships, population genetic structure, demographic analysis, verification of crosses, paternity 

analysis and relatedness, biodiversity studies, gene flow analysis, gene mapping, marker assisted 

selection, to quantify the effects of habitat fragmentation and to provide guidance in conservation 

strategies (Parker et al. 1998; Zehr & Voytek 1999; Sunnucks 2000; McGaugh et al. 2007; figure 1.7). In 

the last decade, molecular markers were revealed as the best alternative to address questions of 

relevance for studying and managing fish populations (e.g. Sanz Ball-llosera et al. 2002; Okumus & Cifticy 

2003).   

 
Figure 1.7 Diagram representing the 
continuum of genetic variation 
exhibited in biological systems, from 
the smallest amount of molecular 
differences (light) distinguishing 
conspecific individuals to the 
greatest amount of genetic 
divergence (dark) seen between 
phylogenetically distant taxa. Each 
class of molecular markers may 
span beyond the boundaries 
illustrated here, which show where 
markers are well-suited (dark) or of 
limited utility (light) (adapted from 
McGaugh et al. 2007).  
 

 

(a) MtDNA 

Mitochondrial DNA (mtDNA) is an important tool in a variety of fields related to the study of animal 

evolution such as phylogeography (e.g. Kotlit & Berrebi 2001; Hewitt 2004; Yokoyamaa et al. 2008), 

population genetics (e.g. Grandjean & Souty-Grosset 2000; Sell & Spirkovski 2004) and phylogenetics 

(e.g. Xiaoa et al. 2005; Perdices et al. 2004). Several key characteristics are central to the success of 

mtDNA as the marker of choice for those studies; usually it is maternally inherited, it has a high mutation 

rate (compared with sequences of nuclear genes), has strictly orthologous genes, has clonal inheritance, 

lacks recombination and has unique substitution rates. Usually is considered as a selectively neutral 

marker and has an easy isolation (Avise 2004).  

mac01
Rectangle



General Introduction|Chapter1  

 23 

To unravel the evolutionary history of allopolyploid groups the construction of phylogenies based on 

mtDNA is sometimes an initial step and a mitochondrial DNA phylogeny also offers insight into 

phylogeographic patterns of differentiation level, which has been used to assess patterns of genetic 

variation with reference to geographic distribution of a species with respect to historical changes in gene 

flow and diversification among populations (Avise 2000). The majority of phylogeographic studies have 

relied upon the analysis of mtDNA variation, mainly because of processes of evolution that are conducive 

to provide a strong geographic signal (Avise 2000).  

The mtDNA has been widely used across many groups of fishes, especially Cypriniformes, as a genetic 

marker in the analysis of genetic variation and for establishing phylogenetic relationships (e.g. Cunha et 

al. 2002; Mayden et al. 2007). As a conserved protein-coding gene with relatively slow evolutionary rate, 

the mitochondrial cytb gene has been widely used to study fish phylogenies due to its relatively high rate 

of mutation, that enables the discrimination of a wide variety of fishes and even of closely related species 

(Lindstrom 1999; Russell et al. 2000; Jerome et al. 2003; Tang et al. 2006), and also due to the 

availability of well-documented universal primers for the gene (Kocher et al. 1989; Palumbi et al. 1991). 

Many population genetic and phylogenetic studies have been conducted using cytb gene sequences in 

fishes (e.g. Zardoya & Doadrio 1998; Doadrio & Perdices 2005; Šlechtováa et al. 2008; Zhang et al. 

2008; Zhao et al. 2008) and the S. alburnoides is not an exception with studies having been mostly 

performed to analyse the maternal ancestry of this complex (e.g. Alves et al. 1997b; Sousa-Santos et al. 

2007). 

 

(b) Microsatellites 

DNA polymorphisms based on microsatellites become a very useful class of genetic markers in 

population assessment for numerous species for questions of genetic identification, population structure, 

parentage, kinship, and population variability assessment (e.g. Jarne & Lagoda 1996; Goldstein et al. 

1999; Duran et al. 2004; Ellegren 2004; Hamilton & Tyler 2008) and are considered the marker of 

choice for genotyping due to their abundance, polymorphism and reliability (Jones et al. 1997). 

Microsatellites, repetitive simple sequences of 1–6 nucleotides (nt) in length, are abundant in eukaryotic 

genomes (Tautz 1989; Weber 1990a). Because of extensive variability in the number of repeat units for 

any one locus among members of a population, microsatellite loci exhibit high polymorphism. The high 

level of polymorphism at microsatellite loci is believed to result from slipped-strand mispairing during DNA 

replication (Levinson & Gutman 1987; Weber 1990b; Weber & Wong 1993; Krugylak et al. 1998), most 

commonly causing the gain or loss of one or more repeat units. 



Chapter1|General Introduction  

 

 24 

Microsatellites display a very high content of genetic information, as they are codominant, with multiple 

alleles, and high expected heterozygosity values. Furthermore, microsatellites are a widespread and 

important component of vertebrate genomes (Jarne & Lagoda 1996; Goldstein & Schlötterer 1999). It 

has been observed that microsatellite loci are longer, have a greater range in allele size, and are more 

degenerate (i.e., contain more base substitutions or deletions) in fish as compared to mammals (e.g., 

Brooker et al. 1994; Colbourne et al. 1996; O’Reilly et al. 1996) and that they are abundant, in fish 

genomes (Neff & Gross 2001), and typically transferable among closely related species because of 

genome sequence homology (e.g. Turner et al. 2004). Transferability of microsatellite loci between 

closely related species is a consequence of the homology of flanking regions of simple sequence repeats. 

Studies in freshwater fish have already demonstrated the high rate of transferability of microsatellite loci 

among taxonomically related species (e.g. Huang et al. 2003; Salgueiro et al. 2003; Turner et al. 2004; 

Holmen et al. 2005). 

In polyploid species, however, the use of microsatellite markers is generally not as straightforward as 

in diploids. Determining the exact allele dosage of individual alleles in a particular locus remains 

problematic. There is a major problem with defining which allele(s) occur in more than one copy when the 

number of displayed microsatellite DNA alleles in a sample is less than the possible maximum number for 

that ploidy level, in species with polysomic inheritance. Difficulties in ascribing alleles to each genome 

make it hard to estimate heterozygosity for a single locus using complex polyploid genotypes. 

Efforts to determine the copy number of microsatellite alleles in polyploid species have, in many cases, 

been unsuccessful (Falque et al. 1998) and in some cases no attempts have been made to assign 

precise allelic configurations (Becher et al. 2000; Bockelmann et al. 2003). There are many applications 

where considerably more information would be gained from a proper quantification of the alleles in the 

loci analysed, such as population genetics and paternity analysis. 

Microsatellite loci have been used in S. alburnoides complex for various purposes such as estimating 

population genetic diversity and evolutionary potential (Pala & Coelho 2005; Crespo-López et al. 2007), 

inheritance patterns inference (Alves et al. 2004) and analysing modes of reproduction (Crespo-López et 

al. 2006). The distinct ploidy level can be easily screened using either karyological (Collares-Pereira 

1985) or DNA count analyses (Próspero & Collares-Pereira 2000), however, this methodologies do not 

allow the identification of the specific composition. It has been shown that microsatellites are capable of 

diagnosing alleles for each parental genome and that they are a good marker to characterize the genetic 

variability of polyploids (e.g Christiansen 2005; Lampert et al. 2006; Ramsden et al. 2006) as is the case 

of S. alburnoides (Pala & Coelho 2005; Crespo-López et al. 2006, 2007). 
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1.5.2 Landmarks: Geometric morphometrics approach 

Morphological traits are affected by genetic and environmental differences among individuals 

(Allendorf & Luikart 2007). Body shape is a major component of an organism’s phenotype and it bears 

directly on traits important for fitness (e.g. feeding efficiency, vulnerability to predators and reproductive 

success) (Guill et al. 2003). Traditional morphometric measures contain relatively little information about 

body shape and some aspects of shape are always lost (Zelditch et al. 2004). For that reason alternative 

methods of quantifying and analyzing morphological shape have been increasingly used like landmark 

based geometric morphometrics (Rohlf & Marcus 1993). The major advantage of landmark analysis 

methods over more traditional methods is the preservation of the full geometry of the specimens under 

study (reviewed in O’Higgins et al. 2001) and the generation of clear graphical outputs of the associated 

shape changes. However, landmark data have the disadvantage of being more difficult to analyze 

statistically than traditional morphometric variables. This approach highlights three features:  the exact 

definition of landmarks among forms, the quantification of these landmarks in shape space and the use of 

deformation grids among forms to visualize and quantify shape change as one form is superimposed 

onto another (Bookstein et al. 1985). 

The body shape of fishes is expected to be of particular ecological and evolutionary relevance 

(Klingenberg et al. 2003). Therefore, the geometric morphometrics approach in fish has been applied in 

different matters regarding fish shape, including systematics (Fink & Zelditch 1997) feeding ecology 

(Carpenter 1996; Caldecutt & Adms 1998) and geographic variation (Corti & Crosetti 1996).  

 

1.6 Aims and thesis structure 

Although all the studies in S. alburnoides along the last two decade, resulted in relevant scientific 

contributions some questions remain still unanswered. More than 99 % of the works were focused in the 

southern populations, and as such, there was an important gap regarding the northern populations. The 

main objective of this PhD thesis was to cover this gap on the studies of the hybrid complex S. 

alburnoides. Therefore, the genetic structure of the northern Iberian populations was assessed to unveil 

its evolutionary history, population structure and dynamics. Morphological data was also analysed in 

order to understand how different biotypes, with different genetic constitutions and ploidy levels, could 

affect morphology. Genetic data was gathered to investigate how historical events along side with other 

traits such as the several reproductive modes influenced the present genetic structure of the S. 

alburnoides complex. The populations from the southern distribution and individuals from the parental 

species, S. pyrenaicus and S. carolitterti were used for comparison and to clarify the viability at the long 
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term of the S. alburnoides complex and to provide a general integrated perspective regarding the 

evolutionary history of this species complex with a special focus in northern populations. In order to 

achieve the general goals eight specific objectives were designed: 

1. To reconstruct a molecular phylogeny of S. alburnoides and of its maternal ancestor (S. 

pyrenaicus), investigating and testing the different origins’ hypotheses; 

2. To estimate the divergence time of the S. alburnoides hybridogenetic complex; 

3. To infer both the phylogeography and the evolutionary history of the hybridogenetic S. 

alburnoides complex, especially in the northern distribution range;  

4. To analyse the biotype composition of the northern populations of the S. alburnoides complex; 

5. To analyse the genetic variation and gene flow patterns among populations of S. alburnoides 

complex, in particular in the northwestern part (Douro River basin) of the Iberian Peninsula; 

6. To analyse the relationship of body size and shape among ploidy levels and biotypes of the S. 

alburnoides complex;  

7. To analyse the variability of morphological structures that are most affected in the S. alburnoides 

complex.  

8. To understand the extent to which even-ploid lineages (4n) in S. alburnoides complex from 

Douro basin may be the stepping-stone to biparental reproduction and speciation. 

To address the above specified aims, the dissertation is organized in seven chapters. The first chapter 

is composed by a general introduction with a review of essential background information and also 

presenting an overview of the Squalius alburnoides complex. The following four chapters address the 

eight specific objectives of this dissertation and are composed by papers already published or submitted 

for publication in international scientific journals.   

Chapter 2 addresses the first three specific aims. In this chapter the origin of the S. alburnoides 

complex was analysed and discussed based on the analysis of sequences of the complete 

mitochondrial cytochrome b gene of S. alburnoides and of its maternal ancestor (S. pyrenaicus) 

using samples collected throughout the entire distribution area of the complex. The asexual origin of 

the S. alburnoides complex was tested using different origins’ hypotheses (monophyly vs. polyphyly) 

and the divergence time of the hybridogenetic complex was estimated using a molecular clock for 

mtDNA evolution. The mtDNA features provided unique insights into the history of the S. alburnoides 
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complex and the biogeography of the area was investigated in order to propose a plausible scenario 

for the phylogeographic origins of the S. alburnoides complex.  

Chapter 3 addresses the specific aims 3, 4 and 5 and focuses on the genetic variation and structure of  

the northern populations (Mondego and Douro basins) of S. alburnoides. To study the biotype 

composition, the population history and the contemporary gene flow of S. alburnoides, a set of 

microsatellites combined with flow cytometry measurements and with sex identification were analysed.  

Chapter 4 addresses the specific aims 6 and 7, through analyses of geometric morphometrics of the S. 

alburnoides complex from the Douro basin. Landmark markers were combined with the ploidy level and 

the genotypes, to understand how many morphological types may have been established in the S. 

alburnoides complex. Therefore, morphological variations produced and morphological structures 

affected were inferred.  

Chapter 5 addresses the last specific aim by investigating how even-ploid lineages in non-sexual 

complexes may be the stepping-stones to biparental reproduction and speciation. The genomic 

composition, genetic diversity and reproductive modes were examined in two populations of S. 

alburnoides from the Douro basin where the tetraploid are the predominant form. 

In Chapter 6, the general discussion integrates all the results obtained along the thesis. 

Finally, Chapter 7 summarizes the main conclusions of this dissertation. New questions that may be 

approached in future investigations are raised. In addition, three appendixes were included: 1) reanalyses 

of the data set from chapter 1, with the addition of new data; 2) microsatellite frequencies of S. 

alburnoides specimens from Alagón (Tagus) and Vouga of chapter 2; and 3) a list of the software used in 

this work. 

 

As a result of this dissertation four publications were obtained: 

Cunha C, Coelho MM, Carmona JA, Doadrio I (2004) Phylogeographical insights into the origins of the 

Squalius alburnoides complex via multiple hybridization events. Molecular Ecology, 13, 2807-

2817. 

Cunha C, Doadrio I, Abrantes J, Coelho MM. The evolutionary history of the allopolyploid Cyprinidae 

Squalius alburnoides complex in the northern Iberian Peninsula. Submitted.  

Cunha C, Bastir M, Coelho MM, Doadrio I. Body shape evolution among different ploidy levels of the 

Squalius alburnoides hybrid complex (Teleostei, Cyprinidae). Submitted. 
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Cunha C, Doadrio I, Coelho MM (2008) Speciation towards tetraploidization after intermediate 

processes of non-sexual reproduction. Philosophical Transactions of the Royal Society B, 363 , 

2921-2929. 
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2.1 Abstract  

The origin, the phylogeographical structure and divergence times of hybridrogenetic Squalius 

alburnoides complex were analysed based on the complete mitochondrial cytochrome b gene (1140 

bp). The molecular phylogenetic analyses suggest that the S. alburnoides complex has at least five 

asexual lineages of independent origin. The events that produced this ancestral hybridization took 

place over a long period of time. There have been multiple hybridization events throughout time, 

beginning in the upper Pliocene and probably continuing into the present. Increased humidity caused 

by climate changes in the Pliocene, along with tectonic lifting and vasculation of the Iberian 

Peninsula, led to the formation of current river drainages which, in turn, contributed to these 

hybridization events. We postulate that the Northwestern (Mondego and Douro) and the Southwest 

(Quarteira) drainages of the Iberian Peninsula delimited the border of the maternal ancestral 

distribution and that vicariant events led to the disappearance of the maternal ancestor in these 

regions, leaving today only the hybrid species. Two hypotheses have been suggested to explain the 

similarities between the mtDNA diversity observed in S. alburnoides and its maternal ancestor (S. 

pyrenaicus). The first hypothesizes that mtDNA similarity results from the recent extinction of the 

paternal ancestor, while the other postulates that: ‘reconstituted non hybrid males’ assumed the 

place of the extinct bisexual paternal ancestor and produced new hybridizations with S. pyrenaicus 

females. 

 

Keywords: asexual, Bayesian inference, hybridization events, maternal ancestor, polyphyletic origin 
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2.2 Introduction 

Until recently, the hybridization of animal species in nature was considered to be a rare, frequently 

deleterious phenomenon with little or no adaptive or evolutionary value (Dawley 1989). New 

molecular markers have made it possible to detect these phenomenon and provide evidence that 

hybridization in animals species occurs more frequently than was thought. Nowadays, hybridization is 

considered an important phenomenon that can form the basis of new animal species through 

polyploidization (allopolyploidy) or through the generation of clonally reproducing asexual lineages 

(revised by Dowling & Secor 1997). 

Asexual vertebrates have a strong probability of becoming extinct not only because they do not 

generate the necessary genetic variability to adapt to the environmental modifications but also 

because they are incapable of compensating for the deleterious mutations through heterozygosity 

(revised in Vrijenhoek 1998). However, many cases have demonstrated that it is possible to 

overcome these constraints and have adaptive/evolutionary success. Several authors interpret this 

success to be a consequence of multiple clones, possessing a relatively short life span (‘frozen 

niche- variation model’, Vrijenhoek 1979, 1984), recruited from genetically variable sexual 

ancestors. Recent studies suggested that some asexual lineages might have existed for longer than 

initially suspected (Hedges et al. 1992; Quattro et al. 1992; Spolsky et al. 1992; Schartl et al. 

1995). Apparently, these lineages have found ways to overcome their asexual disadvantages. The 

strong correlation among hybridization phenomenon, asexuality and polyploidy confers an important 

evolutionary role in lower vertebrates (Schultz 1969, 1977, 1980). One example is the Iberian 

Squalius alburnoides complex (Alves et al. 2001). 

The S. alburnoides complex is one of the most pervasive minnows in western Iberian freshwater 

bodies, where it is most abundant in southern drainages. According to allozyme data, it is a hybrid 

complex resulting from the interspecific hybridization between S. pyrenaicus females (P genome) and 

males of an unknown species (A genome) (Alves et al. 1997a,b; Carmona et al. 1997). Nowadays, 

the assumption that S. pyrenaicus is the maternal ancestor of the S. alburnoides complex is no 

longer a matter of controversy. S. alburnoides is involved in asexual reproduction mechanisms in 

which individuals of other Squalius species act as sperm donors (S. pyrenaicus in the southern rivers 

basins and S. carolitertii in the northern river basins), comprising diploid (PA hybrid females and AA 

nonhybrid males) and polyploid forms (PAA, PPA, PPAA hybrid females and males) of hybrid origin 

(Alves et al. 1997a,b; Carmona et al. 1997). The diploid hybrid females (PA) transmit the intact 

genome to the egg, which develops by gynogenesis (less than 3%) or, if fertilized, yields triploid 
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progeny. In the Southern basins, 3n females produce haploid, and on rare occasions diploid, eggs by 

‘meiotic hybridogenesis’ (Alves et al. 1998). S. alburnoides males are fertile and play an important 

role in the dynamics of the complex. Diploid S. alburnoides hybrid males that have pyrenaicus-like 

mtDNA (PAP: the superscript indicates the mitochondrial genome) produce unreduced fertile sperm, 

transmitting their hybrid genome intact to their offspring, whereas tetraploids S. alburnoides males 

produce reduced sperm by normal meiosis (Alves et al. 1999). Diploid ‘nuclear nonhybrid males’ 

possessing the nuclear genome of the paternal ancestor and exhibiting pyrenaicus-like mtDNA (AAP) 

produce haploid sperm by normal meiosis, suggesting that they were reconstituted from the hybrids 

(Alves et al. 1998, 1999). The reconstituted males may regenerate sexually to produce populations 

of the paternal ancestor (Alves et al. 2002). This hypothesis is supported by Carmona et al. (1997), 

who found two diploid ‘nuclear nonhybrid females’ in a population of the Guadiana basin in Spain, 

although such females appear to be rare. 

Alves et al. (1997b, 2002) suggested that the hybridogenetic origin of the S. alburnoides complex 

was unidirectional. In addition, given the variable pattern of cytochrome b (cytb), they postulated that 

there may be two hybridization origins to this complex: one from the Sado drainage and another from 

the Southern basins. The S. alburnoides populations outside the range of the S. pyrenaicus were 

thought to have dispersed from the Tagus basin into the Northwestern basins (Alves et al. 1997b). 

This is the first study of its kind with a complete data set of S. alburnoides and its maternal 

ancestor (S. pyrenaicus) from the Iberian Peninsula. To understand better the origin of S. 

alburnoides complex we sequenced the complete mitochondrial cytochrome b gene of S. alburnoides 

and its maternal ancestor (S. pyrenaicus) from samples collected throughout the entire distribution 

area of the complex. 

This molecular marker is a maternally transmitted, nonrecombining and rapidly evolving molecule 

that has provided unique insight into the history of asexual taxa (Avise 1995, 2000). The asexual 

origin of the S. alburnoides complex was tested using different origin hypotheses (monophyly vs. 

polyphyly) and the divergence times of hybridogenetic complex were estimated using a molecular 

clock for mtDNA evolution. Furthermore, the evolutionary history of the hybridogenetic S. alburnoides 

complex and the biogeography of the area were investigated in order to propose a more plausible 

scenario for the phylogeographical origins of the S. alburnoides complex. 
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2.3 Materials and methods 

(a) DNA extraction, polymerase chain reaction (PCR) amplification and sequencing 

A total of 54 S. alburnoides and 43 S. pyrenaicus were sampled across the complete distribution 

area of S. alburnoides (figure 2.1, table 2.1).  

 

Figure 2.1 Map with the location of the collecting sites covering the entire area of distribution of the S. alburnoides. 
Corresponding rivers and basins are described in table 2.1. 

 

Total DNA was extracted from fins preserved in absolute ethanol or from frozen muscle tissue 

using standard methods (Sambrook et al. 1989). 

The cytocrome b (cytb) gene was amplified using primers reported by Schmidt & Gold (1993), 

Brito et al. (1997) and Palumbi (1996); http://nmg.si.edu/bermlab.htm. Amplification conditions fit in 

the following profile: 25 cycles at 94 °C (1 min), 50 °C (1 min), 72 °C (2 min) or 35 cycles at 94 °C 

(45 s), 48 °C (1 min) and 72 °C (90 s). PCR reactions were performed in 25–50 µl volumes 

containing 25–50 ng of template DNA, 0.2 mM each dNTP, 1.5 mM MgCl2, 1 U Taq DNA polymerase 

(Invitrogen) and 0.4 – 0.5 mM of each primer. PCR products were purified with QIAquick PCR 

Purification Kit (Qiagen) or in double volume of ethanol 96% and sodium acetate (3 M) precipitated 

after 10 min of centrifugation at 12 000 r.p.m., and centrifuged twice with 70% ethanol. Cytb PCR 
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products were sequenced directly or were cloned using the pGEM-T vector (Promega) into 

Escherichia coli JM109. Positive clones were sequenced using the Big Dye Deoxy Terminator cycle-

sequencing kit (Applied Biosystems Inc.). Both strands were obtained using the aforementioned 

primers or M13 universal sequencing primers. Sequences were scored using Beckman CEQ 2000 or 

Applied Biosystems 3700 DNA automated sequencer 

Table 2.1 Specimens list and sampling locations from Iberian Peninsula analysed in the present study 

Spec ie s  R i ver  Bas in  Access  No  No  in  the  f i g . 1  
S.alburnoides 1 Águeda Douro AJ627330 1 
S.alburnoides 2-4 Paiva Douro AJ627331-33 2 
S.alburnoides 5 Sousa Douro AJ627334 3 
S.alburnoides 6 Maçãs Douro AJ627335 4 
S.alburnoides 7 Tâmega Douro AJ627336 5 
S.alburnoides 8 Guadiel Guadalquivir AJ627337 30 
S.alburnoides 9 Jandula Guadalquivir AJ627338 31 
S.alburnoides 10 Manzano Guadalquivir AJ627339 32 
S.alburnoides 11 Montemayor Guadalquivir AJ627340 34 
S.alburnoides 12 Albuera Guadiana AJ627341 36 
S.alburnoides 13 Arronches Guadiana AJ627342 37 
S.alburnoides 14 Degebe Guadiana AJ627343 39 
S.alburnoides 15 Estena Guadiana AJ627344 40 
S.alburnoides 16 Matachel Guadiana AJ627345 41 
S.alburnoides 17 Quejigares Guadiana AJ627346 42 
S.alburnoides 18 Ruidera Guadiana AJ627347 43 
S.alburnoides 19 Sillo Guadiana AJ627348 44 
S.alburnoides 20-22 Xevora Guadiana AJ627349-51 45 
S.alburnoides 23-24 Zancara Guadiana AJ627352-53 46 
S.alburnoides 25 Zujar Guadiana AJ627354 47 
S.alburnoides 26 Ceira Mondego AJ627355 6 
S.alburnoides 27 Alva Mondego AJ627356 7 
S.alburnoides 28 Odivelas Sado AJ627357 29 
S.alburnoides 29 Quarteira Southwest AJ627358 48 
S.alburnoides 30 Acebo Tagus Alagón AJ627359 8 
S.alburnoides 31-32 Arrago Tagus Alagón AJ627360-61 9 
S.alburnoides 33 Caparro Tagus Alagón AJ627362 10 
S.alburnoides 34 Jerte Tagus Alagón AJ627363 11 
S.alburnoides 35 Alburrel Tagus AJ627364 12 
S.alburnoides 36 Almonte Tagus AJ627365 13 
S.alburnoides 37-38 Aurela Tagus AJ627366-67 14 
S.alburnoides 39 Cedena Tagus AJ627368 15 
S.alburnoides 40 Cofio Tagus AJ627369 16 
S.alburnoides 41-42 Gevalo Tagus AJ627370-71 17 
S.alburnoides 43 Guadarrama  Tagus AJ627372 18 
S.alburnoides 44 Huso Tagus AJ627373 19 
S.alburnoides 45 Jarama Tagus AJ627374 20 
S.alburnoides 46 Sertã Tagus AJ627375 22 
S.alburnoides 47 Sever Tagus AJ627376 23 
S.alburnoides 48-49 Sorraia Tagus AJ627377-78 24 
S.alburnoides 50 Zezere Tagus AJ627379 28 
S.alburnoides 51-52 Tietar Tagus AJ627380-81 25 
S.alburnoides 53 Trevijana Tagus AJ627382 26 
S.alburnoides 54 Vid Tagus AJ627383 27 
S.pyrenaicus 1-2 Manzano Guadalquivir AJ627287-88 32 
S.pyrenaicus 3 Molinos Guadalquivir AJ627289 33 
S.pyrenaicus 4-6 Montemayor Guadalquivir AJ627290-92 34 
S.pyrenaicus 7 Robledillo Guadalquivir AJ627293 35 
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Spec ie s  R i ver  Bas in  Access  No  No  in  the  f i g . 1  
S.pyrenaicus 8 Arronches  Guadiana AJ627294 37 
S.pyrenaicus 9-10 Azuer Guadiana AJ627295-96 38 
S.pyrenaicus 11-14 Estena Guadiana AJ627297-300 40 
S.pyrenaicus 15 Matachel Guadiana AJ627301 41 
S.pyrenaicus 16-17 Ruidera Guadiana AJ627302-03 43 
S.pyrenaicus 18 Sillo Guadiana AJ627304 44 
S.pyrenaicus 19 Xévora Guadiana AJ627305 45 
S.pyrenaicus 20 Zujar Guadiana AJ627306 47 
S.pyrenaicus 21-23 Odivelas Sado AJ627307-09 29 
S.pyrenaicus 24 Acebo Tagus Alagón AJ627310 8 
S.pyrenaicus 25 Arrago Tagus Alagón AJ627311 9 
S.pyrenaicus 26 Caparro Tagus Alagón AJ627312 10 
S.pyrenaicus 27 Jerte Tagus Alagón AJ627313 11 
S.pyrenaicus 28 Alburrel Tagus AJ627314 12 
S.pyrenaicus 29 Almonte Tagus AJ627315 13 
S.pyrenaicus 30 Aurela Tagus AJ627316 14 
S.pyrenaicus 31-32 Cedena Tagus AJ627317-18 15 
S.pyrenaicus 33 Cofio Tagus AJ627319 16 
S.pyrenaicus 34 Vid Tagus AJ627320 27 
S.pyrenaicus 35 Gevalo Tagus AJ627321 17 
S.pyrenaicus 36 Huso Tagus AJ627322 19 
S.pyrenaicus 37-38 Pesquero Tagus AJ627323-24 21 
S.pyrenaicus 39 Sertã Tagus AJ627325 22 
S.pyrenaicus 40 Sever Tagus AJ627326 23 
S.pyrenaicus 41 Sorraia Tagus AJ627327 24 
S.pyrenaicus 42 Tietar Tagus AJ627328 25 
S.pyrenaicus 43 Trevijana Tagus AJ627329 26 

 

(b) Phylogenetic analysis 

Sequences were aligned and translated into amino acids using SEQUENCHER version 4.0 (Gene 

Codes Corporation, Inc.). No ambiguous alignments were found. Levels of saturation were examined 

by plotting the pairwise number of transitions (Ti) and the pairwise number of transversions (Tv) for 

all codon positions separately against patristic distances. 

Phylogenetic reconstructions were obtained using the neighbour-joining (NJ), maximum parsimony 

(MP) and maximum likehood (ML) methods as implemented in PAUP* version 4.0b10 (Swofford 

2001). Bayesian method was carried out with MRBAYES version 3.0 (Huelsenbeck & Ronquist 2001). 

Four simultaneous Monte Carlo Markov Chains were run for 1 000 000 generations. 

The MP analyses were performed using heuristic search (MULPARS options, tree-bisection–

reconnection (TBR) branch swapping, 10 replicates of random addition taxa) with characters 

unweighted and different weighted schemes (7Ti/ Tv, 10Ti/Tv). The transition vs. transversion ratio 

was estimated from the data to adjust for transition saturation. The best model of evolution that fit 

our data set used for NJ, ML and Bayesian analyses was detected with the MODELTEST version 3.06 

(Posada & Crandall 1998) program.  
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The ML method was performed using heuristic searches with 10 replicates of random addition taxa 

and TBR branch swapping. We used the bootstrap resampling procedure (Felsentein 1985) with 

1000 replicates to estimate support values for the internal nodes of the trees. Using the 

Shimodaira–Hasegawa tests (S-H) (Shimodaira & Hasegawa 1999), as implemented in PAUP*, 

different hypothetical topologies were tested to determine if the origin of this complex was 

polyphyletic or monophyletic. Contrasted topologies were obtained from unconstrained ML searches 

and later constrained to fit the previously mentioned hypotheses. To examine whether lineages within 

the S. alburnoides complex evolved at equal rates (molecular clock), we conducted a likelihood ratio 

test with and without molecular clock constraints using PUZZLE version 4.0.1 (Strimmer & Von-

Haeseler 1996). Because this test does not reveal which lineages cause rate disparity, we also 

conducted a relative rates test (Sarich & Wilson 1973; Wu & Li 1985) among the main clades within 

the Squalius alburnoides complex using the program RRTREE version 1.1 (Robinson-Rechavi & 

Huchon 2000). We selected Squalius sp. from Mediterranean lineage in Spain (Sanjur et al. 2003) as 

the outgroup as it is the most recent common ancestor that allows us to establish polarity of 

characters. We compared the total number of substitutions as well as Ks (number of synonymous 

substitutions per synonymous site) and Ka (number of nonsynonymous substitutions per 

nonsynonymous site). 

 

2.4 Results 

We identified 91 haplotypes among the 54 S. alburnoides and 43 S. pyrenaicus. The highest 

variability among sequences was observed in the third codon position (32.11%). Nevertheless, there 

was no evidence of ingroup saturation at any of the three positions (not shown). Therefore, all sites 

were utilized in the phylogeny. The average pairwise ratio of Ti vs. Tv was 10.03. The nucleotide 

divergence (uncorrected p distance) within S. alburnoides was similar than that found in S. 

pyrenaicus. The nucleotide divergence ranges from 0.0% to 1.41% among Squalius alburnoides and 

from 0.0% to 1.58% among S. pyrenaicus. The nucleotide divergence observed between asexual (S. 

alburnoides) and maternal species (S. pyrenaicus) from the same drainage ranges between 0.1% in 

the Sado drainage and 1.1% in the Guadalquivir drainage. 

Of the 1140 cytb nucleotides, 184 sites were variable and 89 were parsimony-informative. The 

topologies recovered from unweighted and weighted (7Tv/Ti, 10Tv/Ti) parsimony analysis, obtained 

280 most-parsimonious trees and a minimum of 267 mutational events. The phylogenetic tree 

obtained by the unweighted MP analysis presented a consistency index (CI) of 0.697, a retention 
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index (RI) of 0.872 and a homoplasy index (HI) of 0.303. The topologies recovered with NJ, MP and 

Bayesian methods were similar (figure 2.2). The best model of evolution selected by MODELTEST was 

the general time reversible model with among-site rate heterogeneity GTR + G + I (Gu et al. 1995). 

Rate matrix parameters were: R(a) = 0.2338, R(b) = 9.2945, R(c) = 0.0000, R(d) = 0.3294, R(e) 

= 4.8854 and R(f) = 1.0000. Base frequencies were A = 0.2572, C = 0.2916, G = 0. 1740 and T 

= 0.2773. The proportion of invariable sites (I) was 0.5563 and the gamma distribution shape 

parameter (α) was 1.0113.  

The analysis of the topologies recovered by NJ, MP and Bayesian methods suggests the existence 

of two large clearly distinct groups: one which includes the mtDNA lineages of S. alburnoides and S. 

pyrenaicus from the Sado drainage and another which includes mtDNA lineages of S. alburnoides 

asexual species and bisexual species of S. pyrenaicus from Alagón Tributary, Tagus, Mondego, Douro 

and southern basins (Guadiana, Guadalquivir and Southwest basins). In the last group two clades 

were observed, one that includes the mtDNA lineages of the S. alburnoides and S. pyrenaicus from 

northern drainages (Alagón Tributary, Tagus, Mondego and Douro basins) and the other that 

includes the asexual (S. alburnoides) and bisexual species (S. pyrenaicus) from southern drainages 

(Guadiana, Guadalquivir and Southwest basins) (figure 2.2). In the former clade we observed two 

sister subclades: one in which S. alburnoides mtDNA lineages from Alagón Tributary and Douro are 

all clustered and another in which the remaining specimens from the Tagus basin, including S. 

pyrenaicus from the Alagón Tributary and Mondego S. alburnoides are clustered together. We 

observed that S. pyrenaicus from Guadalquivir were differentiated from those of Guadiana except for 

specimens from Molinos River, a Guadalquivir tributary located in the wide Extremadura plain 

irrigated by the Guadiana drainage. 
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Figure 2.2 Phylogenetic tree recovered from cytb sequence data of S. alburnoides and S. pyrenaicus from Iberian Peninsula 
using NJ with GTR distance (α=1.0301, I =0.5574), MP and Bayesian methods. Branch lengths are proportional to the 
expected mean number of substitutions per site. Percentage bootstrap supports obtained from the NJ (GTR distance), MP 
analyses and the Bayesian probabilities are presented above and below the branches, respectively. The bootstrap values lower 
than 50% are not shown. 
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To perform the ML in real time, 35 specimens, representative of the different phylogenetic clades, 

were selected from different drainages. The NJ, MP and Baeysian methods were also performed 

(figure 2.3). Of the 1140 cytb nucleotides, 119 sites were variable and 57 were parsimony-

informative. The topologies recovered from unweighted and weighted (7Tv/Ti, 10Tv/Ti) parsimony 

analyses produced four most- parsimonious trees and a minimum of 152 mutational events. The MP 

topologies were similar and congruent with the others recovered by NJ, ML and Bayesian methods. 

The phylogenetic tree obtained by the unweighted MP analysis presented a consistency index (CI) of 

0.809, a retention index (RI) of 0.871 and a homoplasy index (HI) of 0.191. The best evolution 

model selected by modeltest was GTR + G. Rate matrix parameters were R(a) = 0.8385, R(b) = 

19.5683, R(c) = 0.0000, R(d) = 1.1110 R(e) = 9.0062 and R(f) = 1.0000. Base frequencies were 

A = 0.2579, C = 0.2923, G = 0. 1715, T = 0.2784 and α = 0.1388. All topologies recovered from 

the different methods were congruent with the phylogenetic tree in the figure 2.2. The different 

hypotheses tested to analyse the origin of S. alburnoides complex were performed with a S-H test. 

When cytb sequence data were constrained to fit the hypotheses of monophyly for the S. alburnoides 

complex, the constrained trees were significantly different from unconstrained trees (table 2.2). 

When data were constrained to fit the hypotheses of polyphyly for the S. alburnoides complex, four 

trees were significantly different from unconstrained trees and one tree was not significantly different 

from unconstrained trees with a 0.05 probability (table 2.2). The five independent origins supported 

by S-H test were also supported by bootstrap (>50% except in ML) and by Bayesian probabilities 

(>90%) (figure 2.3). Using the relative-rate test (Robinson et al. 1998), we investigated whether 

the five clades (Guadiana, Guadalquivir, Alagón Tributary — Douro, Tagus, and Sado) had different 

substitution rates. The results of the test indicate that these clades do not exhibit significantly 

different evolutionary rates for synonymous and nonsynonymous substitutions with Bonferroni 

correction (Robinson et al. 1998). 
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Figure 2.3 Phylogenetic tree of recovered from cytb sequence data of S. alburnoides and S. pyrenaicus using NJ with GTR 
distance (α=0.1388), MP, ML and Bayesian methods. Branch lengths are proportional to the expected mean number of 
substitutions per site. Percentage bootstrap supports obtained from the NJ (GTR distance), the MP, the ML analyses and the 
Bayesian probabilities are presented above and below the branches, respectively. The bootstrap values lower than 50% are 
not shown. 
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Table 2.2 Results of Shimodaira & Hasegawa (1989) testing the hypotheses of multiple versus unique origin of S. alburnoides 
complex. *Significantly worse than best tree for P < 0.05. 

 

2.5 Discussion 

Until now, most of the vertebrate hybridogenetic complexes studied have had a paraphyletic origin 

and only a few have been shown to have a polyphyletic origin (Avise et al. 1992) like that of the S. 

alburnoides complex. Our phylogenies suggest a multiple independent hybridization origin for the S. 

alburnoides complex. S. alburnoides complex seems to have originated over time and not as a result 

of a single event. The hybridization events occur in one direction only (unidirectional) because the 

mtDNA of S. alburnoides is closely related to S. pyrenaicus. However, some cases of lower 

vertebrates have shown multiple origins such as the hybridogenetic waterfrog, Rana esculenta and 

the hybridogenetic Poeciliopsis monacha-lucida (Spolsky & Uzzell 1986; Quattro et al. 1991). 

Multiple hybridization events slightly increase genetic variation. 

Five independent hybridization origins are supported in S. alburnoides that are related to 

geographical areas, one in the Sado region, one in the Alagón Tributary–Douro region, one in the 

Tagus–Mondego region, one in the Guadiana-Guadalquivir region and another in the Southwest 

region. S. alburnoides demonstrated a stronger affinity with the maternal ancestor from the same 

region than it did with S. alburnoides from other regions, an observation that supports a multiple 

independent hybridization origin for S. alburnoides. Alves et al. (1997b) also detected a polyphyletic 

origin for the S. alburnoides complex, but they identified only two supported mtDNA lineages 

(Guadiana–Tagus and Sado). The affinity they detected between S. alburnoides and S. pyrenaicus 

from the same drainage was due to the limited data set they analysed. It is important to note that 

there was no affinity observed between S. pyrenaicus and S. alburnoides in the Alagón river (Tagus 

  - lnL Diff. -lnL Significantly worse 
than best tree?* 

Monophyletic origin 2822.67 246.29 Yes 
Two independent origins: Sado basin and Southern- Tagus 
basins: Alves et al. 1997 hypothesis 2733.92 157.54 Yes 

Three independent origins: Southern basins (Guadiana, 
Guadalquivir, Sothwestern), Tagus basin (including Mondego, 
Douro) and Sado basin 

2702.49 126.12 Yes 

Four independent origins: Southern basins (Guadiana, 
Guadalquivir, Sothwestern), Tagus basin (including Mondego), 
Alagón Tributary (including Douro) and Sado basin 

2717.68 141.30 Yes 

Five origins: Guadiana-Guadalquivir basins, Sothwestern basin, 
Tagus basin, Northwestern basins and Sado basin 2737.27 160.09 Yes 
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Five origins: Guadiana-Guadalquivir basins, Sothwestern basin, 
Tagus basin (including Mondego), Douro basin (including S. 
alburnoides from Alagón Tributary) and Sado basin - present 
study hypothesis 

2686.47 110.09 No 
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drainage). These S. alburnoides had the same mtDNA lineage as S. alburnoides from the Douro 

drainage. 

Like the asexual stone loach hybrid (Janko et al. 2003), most asexual vertebrates seem to have 

evolved in recent times (Vrijenhoek 1984). However, some asexual vertebrates such as the S. 

alburnoides complex seem to have evolved much earlier. According to the calibration of a molecular 

clock of 1.05% sequence divergence per million years for North American cyprinids (Dowling et al. 

2002) which was used in other Iberian cyprinids studies (Doadrio & Carmona 2003, 2004), the 

origin of the hybridogenetic complex should have taken place in the upper Pliocene period in the 

Guadalquivir basin, during the Pleistocene in the Tagus and Guadiana drainages, and during the 

Holocene period only in the Sado basin. However, the divergence times in Sado basin could be 

underestimated due to the limited sample numbers. Unfortunately, it is not possible to estimate the 

divergence times of the remaining basins due to the lack of present day, maternal ancestors. 

The differentiation among S. pyrenaicus populations from Sado and other S. pyrenaicus 

populations from other drainages dates back to the lower Pliocene period. In the upper Miocene, the 

sedimentary record in Portugal shows that endorheic drainages such as the Sado drainage 

developed along active faults (Cunha et al. 2000). In Spain, the geological record also suggests the 

existence of endorheic drainages such as Douro–Ebro, Tagus, Guadalquivir and Guadiana (López-

Martínez 1989; De la Peña 1995). Other geological studies showed that a sedimentary basin existed 

in the Tagus–Sado estuaries (Barbosa & Reis 1989). Nevertheless, the Squalius genus does not 

corroborate this connection. The Messinian–Zanclean period was characterized by a dry climate on 

the Iberian Peninsula, during which these internal drainages had much higher salt concentrations due 

to fragmentation and desiccation. These conditions probably led to the differentiation of S. 

pyrenaicus in the Sado drainage. A progressive increase in humidity brought about a climate change 

during the Pliocene and that, together with the tectonic lifting and vasculation of the Iberian 

Peninsula, led to the formation of present-day rivers. The geographical structure of S. pyrenaicus 

populations can be attributed to the formation of current rivers during the upper Pliocene. 

Unfortunately, the paternal ancestor distribution is not known. Around this period these two species, 

S. pyrenaicus and the paternal species, were sympatric and this contact allowed hybridization events 

that gave rise to the S. alburnoides complex. The complex originated when the S. pyrenaicus females 

(PPP genotype) were fertilized by true S. alburnoides males (AAA genotype), producing hybrids (PAP 

genotype). Over time, the paternal ancestor (AAA genotype) went extinct in the different regions, and 

our data suggest that the last place where it was extinguished was probably in the Sado basin. Its 

extinction may still be occurring today. 
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According to Alves et al. (1997b), S. alburnoides populations from Northwestern basins, beyond 

the range of S. pyrenaicus, originated either as a result of their dispersion from Tagus drainage 

through fluvial captures between headwaters of the adjacent drainages or through the inversion of 

flow. However, the results of the S-H test reject this hypothesis. This is also corroborated by the fact 

that the mtDNA lineage of S. pyrenaicus and of S. alburnoides from the Alagón Tributary (Tagus 

basin) is not the same and that S. alburnoides from the Alagón Tributary and Douro share the same 

mtDNA lineage. We postulate that vicariant events led to the disappearance of the maternal ancestor 

(S. pyrenaicus) in the Alagón Tributary–Douro. The Douro drainage was the northern border limit of 

the distribution area of the maternal ancestor at the time that the hybridization events occurred. 

Apparently, the Alagón River seems to have been an ancient endohreic basin (Carmona et al. 2000), 

although the current geomorphological characteristics do not substantiate that. This region is 

characterized by several endemic freshwater fish such as Cobitis vettonica, which reinforces this 

hypothesis. It appears that an unknown ancestor (paternal ancestor) is not present in the Alagón 

River, as we did not observe a hybrid in that area with the same mtDNA lineage as that of the current 

S. pyrenaicus mtDNA lineage. We also tested the hypothesis that the complex had a single maternal 

origin in the Tagus drainage, but this hypothesis was also rejected. It is probable that S. alburnoides 

has a different mtDNA lineage to that of S. pyrenaicus from that drainage due to the fact that the 

Alagón River underwent piracy in the Tagus drainage in recent times. 

In the Mondego drainage, S. alburnoides demonstrates the same mtDNA lineage as both the 

maternal ancestor and S. alburnoides from Tagus drainages. We postulate that in the Mondego 

region (the northern border limit of the distribution of the S. pyrenaicus at that time), the mtDNA 

lineage of S. pyrenaicus of the Mondego drainage, which was the same as that of the Tagus 

drainage, was wiped out by vicariant events. 

Unlike with the S. pyrenaicus, we do not observe a clear population pattern in the S. alburnoides 

from the Guadiana and Guadalquivir basins, suggesting that the origin of this complex in this region 

occurred probably before the maternal ancestor species were differentiated. As the Northwestern 

region of the Iberian Peninsula delimited the northern border, the Southwest region was probably the 

southern border limit of S. pyrenaicus distribution, and curiously there are now other Squalius 

species that inhabit these borders that are sympatric with S. alburnoides complex: S. carolitertii in the 

Northwestern and S. aradensis in the Southwest of the Peninsula. 

Multiple independent origins explain most mtDNA diversity in S. alburnoides. The mtDNA diversity 

within asexual forms is usually considerably lower than that within their maternal ancestor (Avise et 
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al. 1992). However, according to our data mtDNA diversity (nucleotide diversity) observed among 

individuals of S. alburnoides is similar to mtDNA diversity among individuals from S. pyrenaicus. 

Moreover, populations outside the distribution range of S. pyrenaicus, Mondego and Douro 

drainages, reveal a significant reduction of nucleotide divergence when compared with populations 

inside the distribution range of S. pyrenaicus. Low nucleotide divergence is observed in S. 

alburnoides from Alagón River in spite of the existence of S. pyrenaicus in this drainage. However, 

Alagón S. alburnoides do not share the same mtDNA lineage as other S. alburnoides from the Tagus. 

In the Alagón River, S. alburnoides shares the same mtDNA lineage as S. alburnoides from Douro. 

The low divergence might be a result of the extinction of the maternal lineages in the Mondego, 

Douro and Alagón populations. The nucleotide divergence range among S. alburnoides populations 

within the S. pyrenaicus distribution range are similar to those of S. pyrenaicus from the same 

drainage. This could be the consequence of the recent extinction of the paternal ancestor that 

hybridized over time with S. pyrenaicus females, ‘freezing’ the diversity of mtDNA lineages of the 

maternal species in the hybrids. Another explanation is also possible. S. alburnoides males, whose 

nuclear genome is not hybrid AAP (reconstituted nonhybrid), assumed the place of the extinct S. 

alburnoides bisexual males (paternal ancestor) and produced new hybridizations with S. pyrenaicus 

females. According to Alves et al. (2002), the specimens without a hybrid nuclear genotype of S. 

alburnoides that we find nowadays (AAP) are the result of retrocrosses between hybrid females (PAA) 

with true S. alburnoides males (AAA), when the later existed. These AAP males are fertile and produce 

viable haploid sperm in which meiosis takes place between the two A genotypes of each individual. 

Curiously, populations of these individuals are common to all three basins — Tagus, Guadiana and 

Sado (Alves et al. 1999, 2001). To date there is no record of them in other drainages. Breeding 

experiments between females of S. pyrenaicus and S. alburnoides AAP males were not performed, but 

if crosses were possible in nature, it would open the door for the S. pyrenaicus mtDNA lineages to be 

incorporated into the hybrids. In this way, new hybrid origins would probably be created that would 

enhance genetic variability and therefore increase the long-term survival, especially if vast 

environmental variations occurred. 

In conclusion, the origin of the hybridogenetic S. alburnoides complex arose as a result of multiple 

independent origins and the hybridization events occurred in only one direction. Contrary to the 

other freshwater fishes, e.g. Cobitis (Janko et al. 2003), the origin of the S. alburnoides complex 

seems to predate the Pleitocene glaciations and its origin can be traced back to the Pliocene. 

Moreover, the reduced genetic distances in the Sado clade pointed out the possibility of current 

hybridization. The degree of mtDNA divergence and repeated hybridogenetic origins among S. 
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alburnoides lineages suggest that this complex has overcome potential disadvantages by generating 

genetic diversity through polyphyletic origin, by mutation, through low levels of recombination 

between the parental genomes, by replacement of nuclear genomes and by incorporation of a 

sexually produced genome in each generation. 
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3.1 Abstract  

Asexual species have difficulties to adapt to environmental change and may become extinct due to 

decline in fitness, lack of genetic recombination and build up of slightly deleterious mutations. However, 

some asexual species combat these debilitating effects through multiple hybridization events, high 

heterozygosity and recurrent hybridization involving parental genotypes. The non-sexual allopolyploid 

Iberian Cyprinidae Squalius alburnoides shows high diversity of reproductive mechanisms across 

geographic regions as well as several different biotypes and ploidy levels, making it an extraordinary 

model to explore why some populations are threatened by extinction while others not. A set of 

microsatellite markers was used to assess population history and contemporary gene flow in S. 

alburnoides, particularly across its northern distribution range (Mondego and Douro basins). Geographic 

variation in the reproductive mechanisms of S. alburnoides may explain the differences observed in 

biotypes composition. The marked population structure, high frequency of private alleles and the diversity 

of biotypes observed in the Douro indicate that some northern populations may not be at high risk of 

extinction, contrary to previous expectations. Evidence based on microsatellite variation among the 

populations of the Douro River basin supported the existence of a glacial refugium in the river Rabaçal. 

Historical events have not only affected the clear geographic patterns of genetic variability found among 

and within the northern and southern populations of S. alburnoides populations, but have also 

contributed to differential patterns of genome composition and may therefore play a major role in the 

long-term persistence of these populations. 

 

Keywords: hybridization, polyploidy, microsatellites, genetic diversity, population structure 
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3.2 Introduction 

Among vertebrates, approximately 80 species of fishes, amphibians and reptiles are asexual 

(Vrijenhoek et al. 1989; Alves et al. 2001) and most of these species exhibit hybridization, asexuality and 

polyploidy (Schultz 1969). 

Asexual species have difficulties to adapt to environmental change and may become extinct due to a 

decline in fitness, a lack of recombination and also build up of slightly deleterious mutations (Muller 

ratchet’s) and/or ecological processes like Red-Queen dynamics, responsible for the extinction of asexual 

species on the long term (Muller 1932; Konfrashov 1988; Vrijenhoek 1994; Martens & Schon 2000; 

Butlin 2002; Loewe & Lamatsch 2008). At least for the short term, some asexual species combat these 

debilitating effects through: (i) multiple hybridization events, (ii) high heterozygosity, buffering the effect 

of gene redundancy on mutations, and (iii) recurrent hybridization involving parental genotypes that 

increases the genetic diversity of the new species (iv) recombination (Bogart 1989; Vrijenhoek 1994; 

Alves et al. 2001; Comai 2005; Bi et al. 2008). Moreover, tolerance to ploidy level increases or 

decreases (Pandian & Koteeswaran 1998; Leitch & Leitch 2008) that allows an easy incorporation of an 

additional dosage of proteins provided by a third set of chromosomes (Loewe & Lamatsch 2008), 

combined with several types of reproductive mechanisms may explain the persistence of asexuals 

overtime (Alves et al. 2001; Bogart et al. 2007; Lampert et al. 2008). However, the existence of these 

compensatory mechanisms to generate the variation needed for adaptation to changing environments, to 

eliminate deleterious mutations and to repair damaged DNA does not mean that asexuals will avoid 

extinction in all cases (Pala & Coelho 2005; Loewe & Lamatsch 2008).  

Squalius alburnoides is an Iberian cyprinid fish that arose from the interspecific hybridization between 

Squalius pyrenaicus females (P genome) and males of an extinct species, considered as a sister taxon of 

Anaecypris hispanica (A genome) (Alves et al. 2001; Gromicho et al. 2006; Robalo et al. 2006; Crespo-

López et al. 2007). In contrast to other asexual species S. alburnoides complex is not strictly asexual, it 

can be called a non-sexual complex (Cunha et al. 2008; Gromicho et al. 2005, 2006; Gromicho 2006; 

Sousa-Santos et al. 2006).  This definition better agrees with the existence of fertile females and males 

and with the displayed modes of reproduction, i.e. almost always involving karyogamy and often exhibiting 

recombination. 

 It is involved in reproduction mechanisms in which individuals of other species act as sperm donors 

(S. pyrenaicus in the southern river basins and S. carolitertii (C genome) in the northern ones) and shows 

modified oogenesis and spermatogenesis, producing gametes with seemingly no recombination between 

the parental genomes (Alves et al. 1997a; Carmona et al. 1997). S. alburnoides occurs as diploid (e.g 
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CA, PA), triploid (e.g CAA, PAA) and tetraploid (e.g CCAA, PPAA) biotypes including both fertile females 

and males. The S. alburnoides complex combines several reproduction modes. Among southern 

populations triploids show meiotic hybridogenesis while diploid eggs, produced by hybrid diploids, may 

develop by gynogenesis, although in a very low proportion (only 3%). More frequently, hybrid diploid 

females produce unreduced diploid eggs that show high levels of syngamy and yield triploid progeny 

upon fertilization (reviewed in Alves et al. 2001). Reproduction mechanisms in the northern populations 

include hybridogenesis, in hybrid diploids and triploids from the Douro basin (Carmona et al. 1997), and 

meiotic hybridogenesis in triploids from the Mondego basin (Pala & Coelho 2005). In the southern 

populations, the S. alburnoides complex has also reconstituted and maintained the extinct parental 

species genotype (AA, mostly males), through the fertilization of A ovocytes (produced by PAA females) 

by reduced A sperm (produced by AA males) (Alves et al. 2002). This reconstituted AA biotype is absent 

from the northern populations.  

Most analyses of mitochondrial DNA sequences and allozyme markers have indicated multiple 

unidirectional independent hybridization origins of the S. alburnoides complex (Alves et al. 1997a,b; 

Carmona et al. 1997; Cunha et al. 2004). Based on the variation pattern of cytochrome b (cytb), Alves et 

al. (1997b) inferred a polyphyletic origin for the complex. Only two supported hybridization origins were 

identified, Guadiana-Tagus and Sado, and it was suggested that populations from the northern Iberian 

Peninsula (IP) (Mondego and Douro) dispersed from the Tagus basin. Cunha et al. (2004) analysed a 

much larger data set than Alves et al. (1997b), used the complete mitochondrial cytb gene and tested 

several hypotheses of hybridization origins (monophyly vs. polyphyly) of the S. alburnoides complex. 

Their results supported the existence of five historically independent hybridization events with 

subsequent dispersal through colonization opportunities at the end of the Pleistocene. These five 

hybridization events were related to specific geographical areas: the Alagón tributary-Douro region, 

Mondego-Tagus region, Guadiana-Guadalquivir region, Sado region, and the region inhabited by a 

southwestern population (Quarteira). Recently, however, Sousa-Santos et al. (2007) analysed partial cytb 

sequences and observed sharing of haplotypes among some populations of S. alburnoides.  They 

explained this finding as a recent single origin for the complex (700,000 years ago) in the Upper Tagus-

Guadiana area and consider the present distribution of the complex as the result of dispersion. Therefore, 

the precise number of hybridization origins of the S. alburnoides complex is still debated. More insights 

on this subject are still needed. 

Nuclear markers, such as microsatellites, can help improve our knowledge of the evolutionary 

processes of vicariant events and determine the geographic origin of populations to help unravel different 

evolutionary scenarios. Several studies in fishes and other organisms demonstrated the benefits of 
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microsatellites for resolving phylogenies and analysing the evolutionary history of recently diverged 

populations (Angers & Bernatchez 1998; Harr et al. 1998; Tessier & Bernatchez 2000; Richard & 

Thorpes 2001). In polyploid species microsatellites have been effectively used to reconstruct population 

phylogenies (e.g. Lampert et al. 2005).  

Previous studies, using microsatellites, have been conducted to analyse patterns of genetic diversity 

and similarity between sympatric biotypes of the different ploidy levels of S. alburnoides and related 

parental species (Pala & Coelho 2005; Crespo-López et al. 2007).  These studies focused on the two 

largest basins which are part of its southern Iberian distribution (figure 3.1), specifically,  the Tagus and 

Guadiana river basins where S. alburnoides is sympatric with S. pyrenaicus (Crespo-López et al. 2007) 

and the northern Mondego River basin where S. alburnoides is sympatric with S. carolitertii (Pala & 

Coelho 2005). High levels of genetic diversity were found in populations of S. alburnoides complex from 

the southern basins.  This suggested that the S. alburnoides complex is not evolutionarily condemned to 

a dead-end because of the continuous enhancement of the genetic variability by the presence of nuclear 

non-hybrid males (AA biotype) exhibiting Mendelian meiosis and by the high level of genotype diversity 

brought on by the inclusion of the P genome arising from the parental species S. pyrenaicus (Alves et al 

2001; Crespo-López et al. 2007). On the other hand reduced levels of genetic diversity were found 

among the S. alburnoides populations from the northern Mondego River basin, accompanied by a 

decreased genetic diversity of the parental species in this region (S. carolitertii). The loss of diversity may 

ultimately threaten their survival (Pala & Coelho 2005). Notwithstanding, no studies were conducted until 

the present to analyse the genetic diversity in Douro, the largest River basin in the northern distribution 

of S. alburnoides. The spatial population genetics of S. alburnoides in the entire northern region may be 

affected by the same constraints and therefore the levels of genetic variation may be similar in all 

populations from this region.  

The long-term persistence of S. alburnoides in Iberia (Cunha et al. 2004) as well as the existence of 

distinct reproduction mechanisms, biotype population composition and hybridization origins along the 

distribution range of this complex provide an excellent system with which infer the relative influence of 

contemporary and historic factors on population genetics. The aim of the present study was to obtain 

information on the genetic diversity, contemporary gene flow and population’s histories and to provide 

new insights into de evolutionary history of the S. alburnoides complex, using microsatellite loci. This 

study focused particularly in the northern distribution of the complex (Mondego and Douro basins), but 

also populations from the southern distribution and individuals from the parental species, S. pyrenaicus 

and S. carolitterti were used for comparison. We addressed the following questions: i) Are there clear 

geographic patterns of genetic variability among and within northern populations?; ii) Could differences 
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among northern populations be related to different populations’ histories?; iii) Are the levels of genetic 

diversity similar in northern and southern populations?; iv) Are the levels of differentiation between 

northern and southern populations higher than among basins in the same region? v) What is the genetic 

relationship between S.alburnoides biotypes and the related A, P and C genomes? Finally, we discuss the 

future of S. alburnoides. To achieve the goals established, we analysed microsatellite markers in nine 

populations of S. alburnoides and in samples of the sympatric sperm donors (S. carolitertii in the north 

and S. pyrenaicus in the south). We also examined a population of A. hyspanica, which is the closest 

related species to the paternal ancestor of S. alburnoides, from Guadiana, the only basin where this 

species still exists. 

 

3.3 Materials and methods 

(a) Sample collection  

In total, 691 specimens were obtained from the localities indicated in figure 3.1: 83 S. carolitertii (9 

Manzanas, 24 Rabaçal, 15 Tâmega, 24 Lodeiro, 11 Paiva) and 248 S. alburnoides (36 Manzanas, 54 

Rabaçal, 39 Tâmega, 96 Lodeiro, 23 Paiva) from the Douro basin, 41 S. carolitertii (29 Ceira, 12 Alva) 

and 157 S. alburnoides (92 Ceira, 65 Alva) from the Mondego basin; 20 S. pyrenaicus and 43 S. 

alburnoides from the Tagus basin; and 32 S. pyrenaicus, 48 S. alburnoides and 29 A. hispanica from the 

Guadiana basin. 

 

(b) Ploidy and sex determination 

The ploidy level of all specimens was determined through flow cytometry (FCM) of blood cells as 

previously described (see Collares-Pereira & Moreira da Costa 1999). Blood samples were stabilized in 

buffer and immediately frozen at -80ºC. Chicken erythrocytes were used as both an internal and external 

standard. The sex of each fish was determined by examining the gonads using a dissection microscope.  
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Figure 3.1  Map of the Iberian Peninsula showing the collection sites and distribution area of the S. alburnoides complex     , S. 
carolitertii  and S. pyrenaicus  . The pies illustrate the percentage of each S. alburnoides biotype in the populations 
sampled. (1)- Manzanas River; (2) - Rabaçal River; (3)- Tamega River; (4)- Lodeiro River; (5)- Paiva River; (6)- Ceira River; 
(7)- Alva River; (8)- Almonte River (Tagus); and (9)- Zujar River (Guadiana). 

 

 

(c) Microsatellite analysis 

For microsatellite analyses, total DNA was extracted from fins preserved in absolute ethanol or from 

frozen muscle tissue using standard procedures (Sambrook et al. 1989). Eight microsatellites were 

investigated for S. alburnoides: N7K4, N7J4, E2F8, E1G6 (Mesquita et al. 2003; Pala & Coelho 2005), 

LCO1, LCO3, LCO4, LCO5 (Turner et al. 2004). PCR reactions were performed as described by Pala & 

Coelho (2005) except for LCO1, which was amplified in 10 µl volumes containing 25–50 ηg of template 

DNA, 0.2 mM of each dNTP, 2 mM MgCl2, 1 U Taq DNA polymerase (Invitrogen) and 0.2 µM of each 

primer. PCR products were electrophoresed in an automatic sequencer CEQ 2000XL (Beckman Coulter) 

and the molecular weights of alleles determined using CEQ fragment analysis software. 

The information obtained for microsatellite loci and ploidy levels allowed us to identify the genome 

copy number of the intergeneric hybrid complex (e.g. CAA, PAA) through the identification of specific 

alleles from the A, C and P genomes. Previous works showed the accuracy of this method for S. 

alburnoides, also validated by experimental crosses (Pala & Coelho 2005; Crespo-López et al. 2007; 

mac01
Rectangle

mac01
Rectangle



The evolutionary history of S. alburnoides| Chapter 3 

 61      

Cunha et al. 2008) and for other asexual complexes (Christiansen 2005; Lampert et al. 2006; Ramsden 

et al. 2006). The assignment of alleles to each species was confirmed with the analysis of hybrids, 

especially diploids, in which alleles attributed to both genomes (C and A) should be present. Genotyped 

samples from the rivers Paiva, Lodeiro and Ceira, Alva were compiled from Cunha et al. (2008) and Pala 

& Coelho (2005), respectively. The LCO1 locus was not amplified for the Mondego populations and was 

thus excluded from further analyses. 

 

(d) Genetic diversity and population structure 

The genetic diversity of the different S. alburnoides biotypes was measured with FDASH (Obbard et al. 

2006), which is suitable for the analysis of allopolyploids in which allele-dosage cannot always be 

determined. The average number of unshared alleles between each pair of individuals within populations 

(H’S) and the diversity of allelic-phenotypes (HPhen) within samples, averaged across samples (Obbard et 

al. 2006) were estimated. This diversity measure (H’) accounts for the fact that allelic phenotypes may 

share differing numbers of bands (alleles). Specifically, H’ is defined as the average number of alleles by 

which pairs of individuals differ at a single locus (Obbard et al. 2006). The total number of allelic-

phenotypes per population (NoPhen) (Obbard et al. 2006) was also estimated. 

Possible scoring errors due to stuttering, large allele dropout or the occurrence of null alleles were 

assessed using MICRO-CHECKER version 2.2 (Oosterhout et al. 2004) for S. carolitertii, S. pyrenaicus, A. 

hispanica and for the reconstituted parental species (AA males). 

The following analyses were performed for both progenitor genomes of S. alburnoides, A and C 

genomes. In the allotetraploids, the two genomes were analysed separately since they contain the genetic 

information arising from the two progenitor species and in triploids only the homospecific genome was 

analysed. To eliminate the sample size effect, unbiased allelic richness and private allelic richness were 

estimated using the rarefaction method implemented in HP-RARE version 1.0 (Kalinowski 2005) for the C 

and A genomes. Intrapopulation genetic diversity of the two nuclear genomes of S. aburnoides was also 

evaluated by estimating gene diversity and observed heterozygosity using GENEPOP version 3.4 

(Raymond & Rousset 1995). This software was also used to test for deviations from Hardy-Weinberg 

equilibrium (HWE), applying the Exact test with the default settings of the Markov chain Monte Carlo 

procedure. 

Genetic differentiation between pairs of populations for the C and A genomes was quantified through 

pairwise FST estimates based on the variance in allelic frequencies using FSTAT version 2.9.3. (Goudet 
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2001). Genetic differentiation was also estimated using mutational differences among alleles and 

assuming the stepwise mutation model by computing pairwise standardized RST estimates with RSTCALC 

(Goodman 1997). An analysis of molecular variance (AMOVA) was performed using ARLEQUIN version 

3.0 (Excoffier et al. 2005). Groups were defined to assess population configurations and their 

geographical distribution. 

A contingency χ2 test was performed in order to investigate whether the biotypes’ frequencies differed 

between regions. Kruskall–Wallis, Mann-Whitney U and Wilcoxon tests were used to determine whether the 

measures of genetic diversity differed between subpopulations. These statistical analyses were performed 

using SPSS Statistics 17.0 software (SPSS Inc., Chicago, IL) 

Genetic relationships among polyploid populations and their parents, avoiding the effect of different 

ploidy levels, were determined as DTL distances (Tomiuk & Loeschcke 1991) estimated using POPDIST 

VERSION 1.1.1 (Guldrandtsen et al. 2000). Genetic relationships among populations of diploid and 

triploid biotypes and the A genome were inferred through the Edwards Cavalli-Sforza-DCE (Cavalli-Sforza & 

Edwards 1967) and allele sharing index-DAS (Sai-Chakraborty & Jin 1993) distances using POPULATIONS 

software version 1.2.28 (Langella 2002). Both distances have been previously used to investigate 

relationships in asexual populations (e.g. Delmotte et al. 2003; Lampert et al. 2005; Angers & Schlosser 

2007). The neighbour-joining clustering method (Saitou & Nei 1987) was used to construct of 

phylogenetic trees and tree topology support was assessed by bootstrap (1000 iterations).  

 

3.4 Results 

3.4.1 Biotype compositions 

Microsatellites proved to be a powerful tool for identifying the different biotypes of S. alburnoides 

(figure S2). The genotypes could be determined for 94% of individuals. The loci LCO3, LCO4, E1G6 and 

LCO1 were extremely useful for discriminating the complete genotypes in diploid and polyploid biotypes. 

According to FCM and microsatellite data, Douro populations (except Lodeiro and Paiva) and Mondego 

populations were mainly composed of CAA triploid females (>70%, figure 3.1). No reconstituted AA 

males were found in these northern populations. However, the Mondego and Douro basins exhibited 

significant differences in terms of population composition (figure 3.1) (χ2 = 90.7, p < 0.001). The 

Douro region had a significantly lower (p<0,05) percentage of diploid forms (mainly males), only 7%, 

while Mondego region had around 20% of diploids (mainly males).   The proportion of the CCA biotype in 

Douro (13%) was significantly larger (p<0.05) than the one in Mondego (6%). However, the most 
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marked difference between Douro populations and Mondego populations was the absence of tetraploids 

in Mondego whereas in Douro the populations from Lodeiro and Paiva were found to be mainly comprised 

of symmetric tetraploid individuals (71% and 86%, respectively). 

 

3.4.2 Genetic diversity and population structure 

Micro-Checker analyses revealed no evidence for scoring errors in any of the loci except the E2F8 

locus, which was thus omitted from the analysis. Therefore, a set of 6 microsatellites was used in further 

analysis. 

Generally, within all populations of S. alburnoides, the triploids showed the highest diversity of 

phenotypes (HPhen: 0.167 to 0.787) and hybrid diploids the lowest (HPhen: 0.000 to 0.621), although the 

difference was significant only within Rabaçal (Mann-Whitney’s test, p<0,041) and Manzanas (Mann-

Whitney’s test, p<0,033). In Paiva River, however, tetraploids were more diverse than the other biotypes, 

despite the difference was not significant (HPhen: 0.223) (table S1). In all populations, in which the CAA 

biotype was represented, this biotype showed the highest diversity and H’s value, except in Alva for which 

H’s was higher for the CCA biotype, despite the difference was not significant (Mann-Whitney’s U test, 

p=0.078).  

A total number of 110 alleles were found for the A genome: 48 alleles in the northern populations and 

79 alleles in the southern populations. Significant differences were found among basins for all genetic 

diversity parameters analysed (Kruskall-Wallis test for allelic richness, private allelic richness and gene 

diversity, p< 0.011 in all cases). The southern basins exhibited higher genetic diversity in all parameters 

analysed than the northern ones (table 3.1), and the differences between these regions were significant 

(Mann-Whitney’s U test, p<0.002 in all situations). Forty-six alleles were found for the C genome. Mean 

gene diversity (He) and allelic richness (A) across loci (see table 3.1) were higher in Mondego than in 

Douro for the C genome although the differences between basins were not significant. These genetic 

diversity parameters were lower in the Mondego river for the A genome, although the difference between 

basins was not significant. Among the Douro populations Rabaçal exhibited, for the A genome, higher 

allelic richness, private alleles and gene diversity than all other populations and the differences were 

significant (Wilcoxon signed rank tests, p<0.05 in all comparisons). Rabaçal also showed, for the A 

genome, significantly higher allelic richness, private alleles and gene diversity than the two Mondego 

populations (Wicoxon signed rank tests, p<0.046 in both comparisons) whereas no significant 

differences were found with Tagus and Guadiana. For the C genome, the genetic diversity parameters of 

the Rabaçal were again higher than those observed for the other Douro populations, however they were 
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only significantly higher than those observed for Lodeiro and Paiva (Wilcoxon signed rank tests, 

p<0.046), whereas there were no significant differences with the Mondego populations. Paiva showed 

lower genetic diversity values for the C genome and A genome than the other populations with the 

differences being significant (Mann-Whitney’s U test, p< 0.035 in all cases). Within the Mondego basin 

the Ceira River showed the highest He and allelic richness for the C genome, despite the differences were 

not significant while for the A genome it showed lower He and allelic richness values, although the 

differences were not significant.  

 

Table 3.1 Intrapopulation genetic diversity in the S. alburnoides complex, for the C (N=217) and A (N= 381) genomes.  

C –  Genome A – Genome 

Allelic Richness (A) Private Allelic 
Richness Allelic Richness (A) Private Allelic 

Richness 

Average Average Average Average 

River 
Basin Populations 

Total 
across loci 

Total 
across loci 

Gene 
Diversity 

(He) Total 
across loci 

Total 
across loci 

Gene 
Diversity 

(He) 

Manzanas 9.66 1. 61 0,53 0. 09 0. 27 10. 66 1. 78 1. 69 0. 28 0. 23 

Rabaçal 13.79 2. 30 2. 82 0. 47 0. 44 15. 88 2. 65 4. 45 0. 74 0. 50 

Tâmega 10.55 1. 76 0. 85 0. 14 0. 31 11. 87 1. 98 1. 97 0. 33 0. 35 

Paiva 7. 51 0. 91 0. 00 0. 00 0. 10 6. 91 1. 15 0. 21 0. 04 0. 06 

Douro 

Lodeiro 8. 28 1. 39 0. 10 0. 02 0. 15 6. 83 1. 14 0. 12 0. 02 0. 05 

Ceira 13. 81 2. 30 1. 43 0. 24 0. 43 8. 14 1. 36 0. 22 0. 04 0. 17 
Mondego 

Alva 12. 39 2. 07 1. 35 0. 23 0. 41 9. 78 1. 63 0. 66 0. 11 0. 26 

Tagus Almonte - - - - - 17. 21 2. 87 7. 82 1. 30 0. 57 

Guadiana Zujar - - - - - 21. 47 3. 58 12. 02 2. 01 0. 67 

 

 

After Hochberg’s step-up Bonferroni correction for multiple comparisons (Hochberg 1988), significant 

deviation from HWE, in the C genome, was only noted for Alva, which remained in disequilibrium, because 

of a heterozygote deficit detected across all loci (P<0.001). For the A genome, Tâmega, Rabaçal (from 

the Douro basin) and Guadiana showed significant deviation from HWE across all loci (P<0.05) after 

Hochberg’s step-up Bonferroni correction (Hochberg 1988), always as the result of a heterozygote 

deficit. 

 The value of 1.0 of observed heterozygosity per locus for the biotypes indicated their hybrid origin. 

However values lower than 1.0 were, sporadically, observed in N7K4 (for Douro Basin) and in N7J4 (for 

the Mondego Basin) due to the presence of shared alleles between genomes. The occurrence of 

homozygous hybrid individuals could be explained by the presence of null alleles, by recombination or by 
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the convergence of allele distributions among genomes. In the present study, no null alleles were 

detected and recombination between genomes is unlikely since reproductive modes do not support this 

hypothesis. Thus the most probable cause of the homozygous hybrid individuals detected is the presence 

of shared alleles among genomes.  

All northern populations showed significant population differentiation for both genomes (C and A) 

except between the Lodeiro and Paiva populations (table S2). For the Douro basin significant FST values 

were 0.078-0.371 and 0.089-0.657 (P<0.05) for the C and A genomes, respectively. The highest FST 

value for the C genome was observed between Paiva and Tâmega (FST-C = 0.371) and for the A genome 

was between Lodeiro and Manzanas (FST-A = 0.657). Besides Lodeiro and Paiva, which showed no 

significant differentiation for the two genomes (FST-C =0.017 and FST-A =0.000, P>0.05), lowest 

differentiation for both genomes was observed between Manzanas and Tâmega. The Mondego 

populations were highly differentiated from the Douro populations with the FST-C values ranging from 

0.409 to 0.698 and the FST-A values from 0.512 to 0.881. 

The RST estimates were significantly higher than the FST estimates among basins (Wilcoxon signed rank 

tests, p<0,014) and lower within the Douro and Mondego basins (table S2).  

The AMOVA performed for the A genome revealed that the proportion of variance occurring among 

groups was higher when populations were divided into four groups: (1) Douro, (2) Mondego, (3) Tagus 

and (4) Guadiana basins (table 3.2), where 38.3% of the variance was distributed within populations and 

only 14.3% among populations within groups. The difference between the FCT values found for 3 (Douro, 

Mondego, Tagus-Guadiana) and 4 groups is, however, very similar (0.466 and 0.474, respectively) and 

the Fst value found between Tagus and Guadiana is of 0.199, lower than the value found between the 

Mondego populations (Fst=0.230). Therefore, it appears that despite some separation between Tagus 

and Guadiana basins (also demonstrated by the several distance trees obtained – figures 3.2, 3.3, S2, 

S3 – and by the Rst values – table S2) there are some evidences of gene flow between these 

populations. The proportion of variance among groups was always higher when Douro populations were 

considered as a single group. The AMOVA results thus show that there are different genetic structures 

among populations located in different geographic areas.  

 

 

 

 



Chapter 3| Submitted 

 
 
66 

Table 3.2 Hierarchical analysis of molecular variance (AMOVA) results for four alternative groupings of the populations 
examined. Percentage of total variance explained (%) and fixation indices are given for four hierarchical levels. 

Partitioning of the populations   Among groups   Within groups   Among populations 

Group 1 Group 2 Group 3 Group 4  % P FCT  % P FSC  % P FST 

A genome:                            

Douro Other populations - -  39.6 <0. 001 0.396 23.4 <0.001 0.388  37.0 <0.001 0.630 

Douro.  Mondego Tagus. Guadiana - -  10.5 >0. 05 0.105 48.1 <0.001 0.537  41.4 <0.001 0.586 

Douro.  Mondego.  Tagus Guadiana - -  0 >0. 05 0  58.9 <0.001 0.559  46.5 <0.001 0.535 

Douro.  Mondego Tagus Guadiana -  1.50 >0. 05 0.015 54.4 <0.001 0.552  44.1 <0.001 0.559 

Douro.  Tagus Mondego Guadiana -  39.0 <0. 001 0.390 23.6 <0.001 0.386  37.4 <0.001 0.626 

Douro Mondego Tagus.  Guadiana -  46.6 <0. 001 0.466 15.4 <0.001 0.288  38.0 <0.001 0.620 

Douro Mondego.  Tagus Guadiana -  40.0 <0. 001 0.400 21.8 <0.001 0.364  38.2 <0.001 0.618 

Douro Mondego Tagus Guadiana   47.4 <0. 001 0.474 14.3 <0.001 0.272   38.3 <0.001 0.617 

C genome:                             

Douro.  Mondego - - -  - - -  45.0 - -  55.0 <0.001 0.449 

Douro Mondego - -    53.7  <0. 05  0. 537    8.1  <0.001  0.174   38.2 <0.001 0.618 

 

The neighbour-joining tree built using the DTL genetic distance clearly revealed a geographic pattern 

among the sperm donors, the biotypes and the reconstituted AA. The reconstituted parental species (AA) 

showed a close relationship with A. hispanica, as would be expected since this species is a sister taxon of 

the extinct paternal ancestor of S. alburnoides (figure 3.2).  

 

In the DAS A genome tree (not shown), we observed that the A genome from the tri and tetraploids 

were clustered with the reconstituted paternal species (AA) from the same basin, reinforcing the accuracy 

of our methodology. Neighbour-joining trees constructed using DAS (not shown) and DCE genetic distances 

revealed identical topologies, for the A genome, again indicating a significant geographic structure (figure 

3.3). The only exceptions were the trees recovered for triploids, which instead of a geographic pattern, 

showed a clear effect of copy number of each genome. For instance, CCA biotypes from the Douro and 

Mondego basins appeared more closely related than the CCA and CAA biotypes within each basin (figure 

S3b).  
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Figure 3.2  Neighbour-joining tree based on the DTL distance for diploids and polyploids, their two sympatric sperm donors (S. 
carolitertii, S. pyrenaicus) and A. hispanica, a sister taxon of the extinct paternal ancestor of S. alburnoides. 

 



Chapter 3| Submitted 

 
 
68 

 

Figure 3.3 Neighbour-joining tree based on DCE microsatellite genetic distances for the A genome, among populations of S. 
alburnoides from the Douro, Mondego, Tagus and Guadiana River basins. Branch lengths are proportional to the genetic 
distances between populations. Numbers indicate nodes with bootstrap support higher than 50% in 1000 replications. 

 

 

3.5 Discussion 

3.5.1 Population dynamics of the northern populations biotypes 

As in other polyploid complexes, such as Ambystoma, Rana esculenta and Phoxinus  (Berger 1973; 

Bogart et al. 1985; Goddard et al. 1989), most S. alburnoides populations are characterized by a 

predominance of triploid females (Alves et al. 2001). This study confirms the predominance of triploid 

females in most populations we studied.  The predominance of triploid females of S. alburnoides (mainly 

CAA or PAA) in natural populations seems to be the outcome of several reproductive strategies. In the 

mac01
Rectangle



The evolutionary history of S. alburnoides| Chapter 3 

 69      

southern basins, diploid females produce more and bigger ovocytes (clonal eggs), which, after 

fertilization by haploid sperm, generate larger triploid fish larvae that show higher survival rate than those 

produced by triploid females (Ribeiro et al. 2003). Triploid females produce haploid and, rarely, diploid 

eggs that, after fertilization by diploid or haploid sperm, respectively, yield triploid offspring. The absence 

of diploid hybrid males (unreduced sperm) in Guadiana (Alves et al. 2001 and present study) and the 

production of more and bigger ovocytes by diploid females explain the predominance of triploids. In the 

Mondego basin, the only known way to obtain triploids is via triploids (figure 3.4a). Triploid females 

produce haploid eggs and, after fertilization by diploid sperm, yield triploid progeny (Pala & Coelho 

2005). This rationale is also corroborated by the observation of more diploid males than females in this 

region. In the Douro basin, triploids also arise via triploids: they are unlikely produced by diploids, 

because diploid hybrid females produce haploid eggs by hybridogenesis (figure 3.4b) and because 

diploids are scarce, especially females. In contrast with Mondego, triploid females in Douro produce 

diploid gametes by hybridogenesis, which after fertilization by haploid sperm yield triploid progeny. The 

higher frequency of diploid males in Mondego, compared to Douro, may point to different population 

dynamics strategies in the northern populations, possibly as the consequence of some biotypes being 

more adapted to some particular habitat and/or showing different reproductive behaviours. It is also 

interesting to point out that the Douro basin is the first place across the entire distribution range of the S. 

alburnoides complex where established populations, mainly composed of symmetric tetraploids, were 

observed in a speciation process adapted to specific habitat conditions (Cunha et al. 2008). 
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Figure 3.4  Putative reproductive modes and relationships between the S. alburnoides complex biotypes observed in nature, in 
the Mondego River basin adapted from Pala & Coelho (2005) (a) and the Douro River basin (b) C is the genome of the 
parental host (S. carolitertii ) and A is the genome of the ‘unknown’ ancestor. (*), biotype very rare in natural populations; 
dotted forms have never been observed in natural populations, () pathways previously described (Carmona et al. 1997; 
Pala & Coelho 2005; Cunha et al. 2008); (---), hypothetical pathway; (CC’), indicates the reconstituted S. carolitertii. 
Spermatozoid symbol with C indicates fertilization by C sperm; spermatozoid symbol with CA indicates fertilization by CA sperm 
produced by diploid and tetraploid males; (G), gynogenesis; (1), hybridogenesis; (2), production of unreduced eggs with high 
levels of syngamy (3), meiotic hybridogenesis; (4) normal meiosis. 
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 3.5.2   Are there clear geographic patterns of within and among population genetic 

variability? 

Squalius alburnoides showed genetic variability differences in geographically separated regions. 

Microsatellite allelic variation observed in the Tagus and Guadiana populations of the S. alburnoides 

complex was similar to that reported in previous studies (e.g. Crespo-López et al. 2007), thus 

emphasizing the high variability of the southern populations (see table S1). The diversity of each biotype, 

measured through allelic-phenotype levels within populations, is probably linked to the genetic diversity 

observed in each parental genome (A, C and P). For instance, genetic diversity patterns showed low 

genetic variability in the north (C genome) and a higher diversity in the south (P genome), which reflects 

a clinal type variation also observed in previous works based on mitochondrial DNA data (Brito et al. 

1997; Mesquita et al. 2007).   

The long-term persistence of northern populations could be threatened because of the absence of the 

reconstituted paternal lineage, which precludes an opportunity for the continuous recruitment of new 

clones from the genetically variable parental species, as occurs in the south. In those populations, we 

would therefore expect a decreased genetic variability in the A genome. In fact, the Mondego populations 

showed higher genetic diversity in the C genome than in the A genome as a result of recombination of the 

C genome, whereas atypical hybridogenesis (meiotic), observed in the Mondego populations (Pala & 

Coelho 2005), per se is insufficient to stop genetic diversity decay in the A genome. The high genetic 

variability observed for the A genome in Douro, comparable to that observed for the Guadiana and Tagus, 

is most likely consequence of different population histories and composition with respect to the Mondego 

populations, which may have enabled it to escape extensive genetic depletion in the long term. 

The genetic variability pattern of the northern populations reflects restricted gene flow between the 

Douro and Mondego basins (table 3.1). The values of genetic differentiation within the Mondego and 

Douro populations are low (table S2), however they are highly significant, suggesting that despite the 

possible existence of some restricted gene flow it did not lead to homogenization of the gene pool.  

Several factors may explain heterozygote deficits including unobserved null alleles, natural selection 

acting on the genetic markers, mating among relatives, or unrecognized spatial or temporal structure 

within samples known as the Wahlund effect. The heterozygote deficit found here in the A genome was 

probably a consequence of non-sexual reproductive mechanisms (Menken et al. 1995). However, the 

deficit detected over all loci (P<0.001) for the C genome in the Alva population could have been the 

consequence of Wahlund effect since different subpopulations within this population were sampled and 

subpopulations that could be somewhat reproductively isolated and genetically divergent.  
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Higher genetic variation is often found in southern populations relative to northern populations, 

suggesting that several taxa survived in refugial populations in Europe during the Pleistocene glacial 

periods (Hewitt 2001). However, the northern Rabaçal river population shows high genetic diversity 

values (A, private allelic richness and He) typical of populations in glacial refugia (Hewitt 1996). The high 

diversity patterns of Rabaçal similar to those exhibited by the southern basins suggest that this 

population may be a northern glacial refugium. Among the Douro basin populations, reduced genetic 

variability was observed as we moved away from Rabaçal. This reinforces the idea of Rabaçal being a 

glacial refugium as these populations are generally expected to harbour higher levels of genetic diversity 

than similar populations in areas that have been colonized since the retreat of the glaciers because 

colonization often involves only a few individuals (Hewitt 1996). Besides Rabaçal, the other Douro 

populations mostly vary amongst each other in terms of allele frequencies (i.e. they exhibit higher FST 

values than RST), and they display a paucity of private alleles as they move away from Rabaçal (the 

putative refugium). This finding supports the idea that the genetic diversity of the migrant populations 

resulting from the contributing refugium decreased with successive founder events during recolonisation. 

The level of evolutionary divergence of populations is influenced by the opposing effects of migration, 

which tends to homogenize populations, and genetic drift, which leads to increased population 

differentiation (Allendorf & Luikart 2007). The higher levels of heterozygosity observed for Rabaçal and 

the wider range of allele sizes (figure S1) suggest more stable demographic conditions in this region. 

Moreover, higher RST values (compared to the FST ones) were recorded between the Rabaçal population 

and those of the southern basins, indicating a sufficiently long time since divergence for mutations to 

have accumulated. This suggests that Rabaçal was a northern Pleistocene refugium and whose 

population later recolonised the other Douro basin populations.  

For the allotetraploids populations of Lodeiro and Paiva there was strong evidence for founder events 

occurring in S. carolitertii and S. alburnoides species, including a reduction in the number of alleles, and 

with some alleles reaching high frequencies (figure S1 and Cunha et al. 2008). The marked differentiation 

of Lodeiro and Paiva from the other Douro populations indicates the absence of gene flow among them 

and probably recent colonization from neighbour population from Douro basin. Genetic drift occurs 

rapidly in small populations, particularly in those that are isolated like the Lodeiro and Paiva ones, 

rendering different allele frequencies. The structure of isolated and relatively homogeneous groups like 

the Lodeiro and Paiva populations, with low FST and RST values between them, can be effectively detected 

even if the times since divergence or exchange with other groups are short (Rosenberg et al. 2002) 

indicating either a recent origin or recent gene flow for these two tetraploid populations. Despite their low 

diversity and different genomic composition, these allotetraploid populations from Douro resume normal 
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meiosis after undergoing intermediate processes of non-sexual reproduction to give rise to a new 

sexually reproducing polyploid species (see Cunha et al. 2008). 

 

3.5.3 Could differences among northern populations (Douro and Mondego basins) be the outcome of 

different population histories? 

Different genetic signatures observed among basins and their reproductive modes could reflect 

different population histories. If the northern populations of S. alburnoides dispersed from the Tagus 

river, as hypothesised in other works (Alves et al. 1997b; Sousa-Santos et al. 2007), we would expect a 

decrease in genetic diversity due to the founder effect in the A genome as we move away from the 

source. Hence, the low genetic diversity observed in the A genome of Mondego populations associated 

with the sharing of mitochondrial DNA lineages with Tagus populations (Alves et al. 1997b; Cunha et al. 

2004) most likely reflects colonization from the Tagus. Other evidence reinforcing this hypothesis may be 

found in the lower distance observed between Tagus and Mondego in the microsatellite trees (figure 3.3) 

and in the FST and RST estimates.  

However, not all genetic variability distribution of the A genome across the northern region (namely in 

Rabaçal) matches the expected trend of an expansion from the Tagus. The genetic paucity of the paternal 

A genome that occurs in Mondego is not observed in the Douro drainage, namely in Rabaçal. Moreover, 

the pattern of variation of the C and A genomes for the Douro is similar indicating that both genomes 

suffered the same vicariant processes. The distinctiveness of the Rabaçal population, within the Douro 

basin, most likely reflects an opportunity for a large amount of genetic variability to accumulate within a 

glacial refugium. Such variability would be more difficult to explain by a recent postglacial colonization 

(0.01MY) as suggested by Sousa-Santos et al. (2007). The higher genetic diversity observed in the A 

genome, in populations inhabiting the northern part of the Douro, is most likely a consequence of an 

ancestral genetic pool persisting since pre-glacial times in this region. The presence of endemic 

freshwater fishes from the Douro in the middle-upper reaches of the Alagón River supports the existence 

of old interconnections between these basins during the Cenozoic period and geological records suggest 

an ancient endorrheic basin in that area (Carmona et al. 2000).  

The IP hydrological system was influenced by the Quaternary environment (Williams et al. 1988; Pérez-

Alberti et al. 2004), especially in the northern area, but the limits of the Pleistocene glaciations are still 

difficult to establish. However, it is known that Würmian glaciations affected the IP (Pérez-Alberti et al. 

2004). Fish populations that inhabited formerly glaciated regions were characterized by low mtDNA 

diversity (Bernatchez & Wilson 1998; Anger & Schlosser 2007 and references therein). This was 
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observed in S. alburnoides and S. carolitertii populations from Douro (Brito et al. 1997; Cunha et al. 

2004). The Douro region was intensely affected by Pleistocene glaciations; however this region, situated 

in the Lusitano-Duriense sector, was able to preserve warm conditions in some valleys and tributaries 

during the Würm glaciation (Costa et al. 1999). Indeed, the genetic diversity pattern observed in this 

study is consistent with a scenario of a refugium during the glaciations, followed by post-glacial 

dispersion. We propose that the S. alburnoides populations in this region arose before or during the 

Pleistocene glacial cycles and that during glacial times remained in a single refugium within the Rabaçal 

region. The existence of a Douro refugium was corroborated by evidences provided by other species such 

as Chioglossa lusitanica (Alexandrino et al. 2000), Iberolacerta spp. (Godinho 2003) and other 

freshwater fish (Gómez & Lunt 2006), and also by the presence of thermophilic plants in this region 

(Costa et al. 1999).  

 

3.5.4 What future does S. alburnoides have in-store? 

As for Rana esculenta (Hotz & Uzzell 1983), the disrupted oogenesis observed in S. alburnoides 

populations seems to be a consequence of populations’ histories, which may affect their long term 

survival. The way to stop the genomic decay in S. alburnoides populations would be to introduce fresh 

genes by outcrossing, and promote recurrent hybridization events. Southern populations demonstrated 

the capacity to recruit new hybrid lineages (shown in captivity), through mating preferences with the 

reconstituted paternal species (AA), rather than with S. pyrenaicus males, and also due to ploidy 

increase/decrease that promoted bidirectional genes movement between biotypes, allowing the 

introduction of new genes (Alves et al. 2001; Cunha et al. 2004; Sousa-Santos et al. 2006). Therefore, 

AA males seem to be crucial for the persistence of the southern populations. Most of these features are, 

however, missing in the northern populations threatening their long term persistence. The absence of 

tetraploids and the lack of recruitment of new clones in the Mondego populations are likely to prevent 

their persistence in the long term, corroborating the findings of Pala & Coelho (2005). Notwithstanding, 

the sporadic occurrence of tetraploids in Douro, in sympatry with other biotypes, may be an intermediate 

step to stabilize new bisexual polyploid lineages and facilitate polyploid evolution.  Moreover, the 

recruitment of new clones in Douro was also observed in nature, between S. carolitertii females and 

hybrid males (Alves et al. 1997; Sousa-Santos et al. 2007; unpublished data) and it could help their long 

term persistence. 
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3.6 Conclusion 

Historical events have not only affected the clear geographic patterns of genetic variability found 

among and within the northern and southern populations of S. alburnoides populations, but have also 

contributed to differential patterns of genome composition and may therefore play a major role in the 

long-term persistence of these populations. Our findings indicate the capacity of microsatellite analyses to 

identify recent historical events of recolonisation by an ancestral population from at least one glacial 

refugium in the northern distribution of the S. alburnoides complex. The viability at the long term of 

southern and northern populations depends both on their genetic legacy and population dynamics that 

may allow introducing fresh genes that at the end can lead to new speciation processes. 
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Figure S1  Schematic illustration of relative allelic frequencies at six microsatellite loci studied for S. carolitterti (C 
genome), S. pyrenaicus (P genome) and for the A genome in nine populations of S. alburnoides and in A. 
hispanica. Circles represent distinct alleles, and their surfaces are directly proportional to their relative 
frequencies. 
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Figure S2 Neighbour-joining tree from the DCE genetic distance estimated with microsatellite data from all the 
species that participate in the S. alburnoides complex including A. hispanica, the closest species to the paternal 
ancestor, and the reconstituted paternal ancestor (AA). Branch lengths are proportional to the genetic distances 
between populations. Numbers indicate nodes with bootstrap support higher than 50% in 1000 replications. 
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Figure S3  Neighbour-joining tree based on the DCE genetic distance, estimated with microsatellite data, among 
populations of S. alburnoides from Douro, Mondego, Tagus and Guadiana River basins with the same ploidy level 
(2n: a; 3n:b) . Branch lengths are proportional to the genetic distances between populations. Numbers indicate 
nodes with bootstrap support higher than 50% in 1000 replications. 
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Chapter 4| Body shape evolution among different ploidy 
levels of the Squalius alburnoides hybrid complex 
(Teleostei, Cyprinidae) 

 

C Cunha, M Bastir, MM Coelho and I Doadrio  

Submitted 

 

 

4.1 Abstract  

Hybridization, ploidy level, and genomic constitution may be important to respond to different 

environments, by producing different phenotypes and thus reducing competitive interaction. Through 

geometric morphometrics, we examined variation in body size and shape among biotypes of the Squalius 

alburnoides hybrid complex and their sperm donor (S. carolitertii). Results showed that S. carolitertii is 

significantly larger in size than the biotypes of the complex. No significant relationship was observed 

between ploidy and body size among S. alburnoides biotypes. Significant variation in body shape was 

found between S. carolitertii and S. alburnoides, and between tetraploids and the other biotypes. These 

differences in biotypes may reduce resource competition, suggesting that resource availability might 

favour one biotype over another. In S. alburnoides, the adaptation to different trophic niches through 

modification of trophic morphology, body shapes, and feeding behaviour, may result from an increase in 

ploidy and genomic constitution. This adaptation may account also for the formation and maintenance of 

this non-sexual complex. 

 

Keywords: geometric morphometrics, body shape, body size, hybridization, ploidy level, habitat, S. 

alburnoides complex 
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4.2 Introduction 

Evolution means change and one of the most perplexing issues in evolutionary biology is how 

evolutionary processes produce phenotypic change (Schlichting & Pigliucci 1998). Hybridization can 

create new gene combinations, which in turn may create key innovations that originate new phenotypes 

(Gilbert 2003; Rieseberg et al. 2003; Grant et al. 2004), which in turn may result in the formation of an 

entirely new species (Barton 2001; Seehausen 2004; Chapman & Burke 2007). It is widely accepted that 

there is a close link between hybridization, polyploidy, and asexuality (Schultz 1969), where hybridization 

seems to be the starting point for the other two phenomena (Bell 1982; Dawley & Bogart 1989). Due to 

their hybrid origin, allopolyploids may be characterised by broad adaptive phenotypic plasticity that 

may expand the range of phenotypic expression. This expansion of phenotypic expression may also 

expand the environmental tolerance of allopolyploids beyond that of parental taxa. Moreover, this 

expansion might avoid intraspecific competition by the colonisation of novel habitats (Baack 2005; 

Kim et al. 2008). Furthermore, polyploid genomes may undergo rapid changes in their structure and 

function via genetic and epigenetic changes (Levy & Feldman 2002; Osborn et al. 2003; Chen 2007). 

Changes in genome structure typically have immediate effects on phenotype that often reflect ecological 

and behavioural differences that directly affect the organism’s fitness (Mable 2003; Otto 2007; Gilbert & 

Epel 2008).  

 S. alburnoides, a small endemic cyprinid fish that inhabits rivers from the Atlantic slope of the 

Iberian Peninsula, is among the most complex vertebrate polyploid systems of hybrid origin known. 

Moreover, S. alburnoides provides a good model for the consequences of polyploidy and hybridization 

in the phenotype. The hybrid origin and the different ploidy levels of S. alburnoides could be an important 

source of phenotypic plasticity.  The S. alburnoides hybrid complex shows asexual reproduction 

mechanisms: gynogenesis, hybridogenesis, and meiotic hybridogenesis, in which individuals of other 

Squalius species act as sperm donors (Squalius pyrenaicus and Squalius aradensis in the southern river 

basins, and Squalius carolitertii in the northern basins), and contains diploid, triploid, and rare tetraploid 

individuals (reviewed in Alves et al. 2001; Sousa-Santos et al. 2006). However, the Douro River basin (a 

northern Iberian basin) has populations mainly composed by symmetric allotetraploids that exhibit sexual 

reproduction (Cunha et al. 2008), thus without the constraints of asexuality. 

The S. alburnoides complex was characterised based on morphological and cytogenetical analyses, 

and two morphological forms were defined mainly by differences in the number of gillrakers and 

pharyngeal teeth: one with a pharyngeal tooth formula of 5–5 and 12–17 gillrakers, mainly represented 

by triploid females (form I); and another with a pharyngeal tooth formula of 5–4 (rarely 5–5) and with 
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longer, more numerous gillrakers (17–26), represented only by diploid males (form II) (Collares-Pereira 

1983, 1984, 1985). Recent identification of genome composition using molecular markers showed that 

form II is exclusive to nuclear non-hybrid males (AA); a biotype that has never been found in Douro 

populations (Alves et al. 1997, 1999; Carmona et al. 1997). The other morphological form should thus 

be represented by the other biotypes (CA/PA, CAA/PAA, CCA/PPA and CCAA/PPAA). However, the 

predominant biotypes in nature are triploids CAA, across the distribution range for S. carolitertii, and PAA, 

across the range for S. pyrenaicus (Pala & Coelho 2005; Crespo-López et al. 2007; C. Cunha, I. Doadrio, 

J. Abrantes & M. Coelho, unpublished data).  

Spatial segregation among different biotypes of asexual freshwater fish is well documented as a 

mechanism to reduce competition (Vrijenhoek 1984a,b; Schenck & Vrijenhoek 1989; Echelle & Echelle 

1997). Previous results suggest that the sexual tetraploid populations of S. alburnoides reduce 

competition with hybrid diploids (CA) and triploids (CAA) by choosing different habitats (Cunha et al. 

2008). The habitats used by these tetraploid populations are characterised by shallow waters, gravel and 

cobble beds, and fast streams, whereas hybrid diploids and triploids (mainly CAA females) occur in middle 

reaches of rivers with abundant riparian vegetation and moderate current, with rocky or gravel bottoms 

(Carmona 1997; Cunha et al. 2008). 

The body shape of fishes is thought to be of particular ecological and evolutionary relevance 

(Klingenberg et al. 2003). If groups of individuals of the same species have different niches, then that 

may have a substantial effect on the evolution of their body shape and size. Recent studies have also 

shown that allometry, or covariation in size and shape as a consequence of variation in growth, 

significantly affects overall morphology (Klingenberg 1998; Zelditch et al. 2004; Rincón et al. 2007). 

Moreover, size differences between allopatric populations may reflect environmental differences to which 

the populations have been adapted. Therefore, morphometric studies may provide useful information on 

the evolution of fishes (e.g. Schluter 1993; Walker 1997; Rüber & Adams 2001; Hulsey & Wainwright 

2002). 

Traditional morphometric measures provide relatively little information on shape and some of the 

information it provides is fairly ambiguous (Zelditch et al. 2004). Consequently, several new methods and 

statistical procedures, such as geometric morphometrics, have been developed to characterise and 

analyse body shape (Rohlf & Marcus 1993). Geometric morphometry (GM) techniques are based on the 

analysis of bi- or tri-dimensional (3D) landmark coordinates, which may be used to statistically explore 

variation in the spatial (geometric) relations of morphological structures (Rohlf & Marcus 1993). Another 
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important feature of GM is that the results of these statistical analyses can be visualized by powerful 

diagrams based on the thin-plate spline (Bookstein 1989, 1991). 

With this study of geometric morphometrics, we wanted to understand whether phenotypic changes in 

body shape and size exist in the Squalius alburnoides hybrid complex, among its different ploidy levels 

and genomic constitutions. Furthermore, we would like to know whether such morphological changes 

would allow the exploitation of different habitats, thus avoiding competition. We used geometric 

morphometrics to address the following questions: 1) Are there any morphological size and shape 

differences between members of the S. alburnoides complex and their sperm donor S. carolitertii?; 2) Are 

there any size and shape differences among ploidy biotypes of the S. alburnoides complex?; 3) How does 

polyploidization affect variation in size and shape?; and 4) How does allometry affect variations in shape? 

To answer these questions, we analysed S. alburnoides populations from the Douro basin with CA, CAA, 

CCA, and CCAA biotypes. The C genome is provided by the sperm donor S. carolitertii and the A genome 

(the clonal part) came from the extinct paternal ancestor. The answers to the proposed questions clarify 

the effects that an increase in ploidy and the origin of a hybrid might have had on the phenotypic 

variation and ecology of this complex. Moreover, we may be able to model how many more morphological 

types could be generated, and how these variations can be produced and which structures are most likely 

to be affected. 

 

4.3 Materials and methods 

(a) Samples collection and ploidy level determination 

A total of 116 specimens were sampled and captured by single-pass electric fishing (300V, 3–4 A, DC) 

along an 80-m section, with stop nets to close the electric fishing area. We sampled five stations along 

the Douro basin, all of which located in the northern distribution area of the S. alburnoides complex (see 

figure 4.1). The sample stations of Manzanas, Rabaçal, and Tâmega rivers correspond to the type of 

habitat where hybrid diploids and triploids (CAA) are commonly found, whereas Lodeiro and Paiva rivers 

correspond to the type of habitat where sexual tetraploids are found. For all specimens, the ploidy level 

was determined through flow cytometry as described elsewhere (Dawley & Goddard 1988; Collares-

Pereira & Moreira da Costa 1999). 
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Figure 4.1 Map of the Iberian Peninsula showing collection sites and distribution area of the S. alburnoides (represented in 
grey) and S. carolitertii (represented by dark downward diagonal lines). 1 - Manzanas River; 2 - Rabaçal River; 3 - Tâmega 
River; 4 - Lodeiro River; 5 - Paiva River. 

 

(b) Genotyping 

We used seven microsatellite loci: four isolated from the genus Luxilus (Turner et al. 2004) and three 

from the genus Squalius (Mesquita et al. 2003; Pala & Coelho 2005), according to the procedures 

described in Pala & Coelho (2005). These loci were used to identify the different hybrid biotypes of S. 

alburnoides (CA, CAA, CCA and CCAA) (Pala & Coelho 2005; Crespo-López et al. 2006, 2007). The 

methodology used to identify the genome copy number of the intergeneric hybrid complex (e.g. CAA, CA) 

consisted of the identification of alleles specific to the A and C genomes, in heterozygous microsatellite 

loci, and in the use of flow cytometry. Previous work has shown the accuracy of this method for S. 

alburnoides (Pala & Coelho 2005; Crespo-López et al. 2007; Cunha et al. 2008), and for other asexual 

complexes (Christiansen 2005; Lampert et al. 2006; Ramsden et al. 2006). 

 

(c) Geometric morphometrics  

Digital photos of the specimens were taken with a ruler included to provide the scale. TPSDIG (Rohlf 

2003) was then used to digitize the x- and y-coordinates of 16 homologue landmarks (lms). The 
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landmarks were measured on each specimen as illustrated in figure 4.2. Shape data were obtained by 

several procedures: Generalised Procrustes Analysis (GPA) (Rohlf & Slice 1990), thin-plate splines 

(Bookstein 1991), and PCA of Procrustes residuals (O’Higgins 2000). GPA uses iterative translation, 

rotation, and scaling to unit centroid size (Rohlf  & Slice 1990; Dryden & Mardia 1998) until the 

Procrustes distance (d) among homologue landmarks between the mean and each specimen is 

minimised. The Procrustes distance is defined as the square root of the summed squared distances 

between two or more Procrustes-registered landmark configurations (Bookstein 1991). After the scaling 

procedure, a scaling factor, centroid size (CS) is obtained, which is the square root of the summed 

distances between the centroid (centre of gravity of the object) and each landmark (Bookstein 1991). In 

the absence of allometry, centroid size is the only size measurement that is uncorrelated with shape 

(Bookstein 1991, 1996). Shape data were obtained by PCA of Procrustes shape coordinates for form 

space analysis (Mitteroecker et al. 2004, 2005; Bastir et al. 2007) and using thin-plate splines (TPS) 

(Bookstein 1989, 1991) to obtain partial warps and uniform component scores (Rohlf 1993; Rohlf et al. 

1996). 

 

(d) Statistical analyses 

Shape variation and group differences were assessed by several methods. The hypothesis of species 

specific mean shape differences was addressed using MANOVA permutation tests (N=999) and 

conducted using MORPHEUS et al. software (Slice 1998). Permutation tests are preferable to parametric 

statistics because no normal distribution is required, sample sizes may differ, and because landmarks 

with different degrees of freedom (type1-type3, Bookstein 1991) may be combined. Differences in 

centroid size were determined by ANOVA and post-hoc comparisons. 

Allometric variation was analysed by form space analysis (Mitteroecker et al. 2004, 2005), which uses 

Procrustes registration but re-introduces the natural logarithm of CS (lnCS) into the data matrix (which 

now comprises both shape coordinates and lnCS) before principal components analysis is carried out 

(Mitteroecker et al. 2004). The natural logarithm of CS usually has the largest variance in any column of 

this matrix, and the first principal component of the size-shape (=form) distribution is often closely 

aligned with size. In this situation, this method is well suited to compare scaling trajectories (Mitteroecker 

et al. 2004, 2005; Bastir et al. 2007) and 3D PC-plots well illustrate the similarity or dissimilarity of 

allometric trajectories. This analysis was done with the program MORPHOLOGIKA2, version 2.5 (O’Higgins 

2000).  
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Finally, to assess phenetic relations between different genetic groups, we did a cluster analysis using 

NTSysPC version 2.1 (Rohlf 1997) on a Procrustes distance matrix of species mean shape configurations. 

These results are represented as a UPGMA-tree. In addition, a PCA of the shape space of the mean shape 

configurations was done and the results projected on the first three PC axes, and a minimum spanning 

tree calculated to show the nearest neighbour according to the Procrustes distance in full shape space. 

 

Figure 4.2 Position of the 16 landmarks used in this study. All landmarks were digitized from the left lateral view of the fish. 
 

 

4.4 Results 

(a) Overall morphology and genotyping  

Overall morphological and meristic characters were used only to discriminate between S. carolitertii 

and S. alburnoides. Specimens of S. alburnoides and S. carolitertii were identified by their pharyngeal 

tooth formulae, number of gillrakers, number of branched dorsal fin rays, the presence or absence of a 

black line around the dorsal fin base, and the presence or absence of a pigmented lateral band. However, 

based on this set of morphological characters, eight individuals of S. alburnoides were misidentified as S. 

carolitertii rather than S. alburnoides. These misidentified individuals had 8 branched dorsal fin rays, 5+2 

pharyngeal teeth in two rows and no black line around the dorsal fin base and no pigmented lateral band, 

instead of 7 branched dorsal fin rays, 5 pharyngeal teeth in one row and black line around the dorsal fin 

base (albeit not always observed) and a pigmented lateral band. Cytometry analysis showed that these 

individuals were all triploids, and microsatellites showed that they were all CCA. Therefore, in some cases 

the morphological approach to distinguish the sperm donor S. carolitertii from the S. alburnoides 
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complex, might lead to misclassifications and might provide misleading estimations of their frequencies in 

natural populations. Moreover, among the S. alburnoides hybrids the classic morphological approach 

failed to discriminate among the different biotypes (CA, CAA, CCA, and CCAA), and in these cases 

cytometry and microsatellite markers were required for their discrimination. We only identified tetraploids 

(CCAA) and triploids (CCA) at the Lodeiro and Paiva stations. In the remaining sample stations, we only 

identified hybrid diploids and triploids (mainly CAA females). 

 

(b) Geometric morphometrics analysis 

• Size analysis 

Size analysis (ANOVA) showed highly significant differences among the different genetic groups 

(F4,111=28.058, p<0.00000). Table 4.1 provides descriptive statistics for centroid size, figure 4.3 shows 

the results of the ANOVA, and table 4.2 the post-hoc comparisons (MS = 267.83, df = 111.00). These 

data showed that the largest specimens correspond to the diploid sperm donor group S. carolitertii (CC) 

(CS=110.8 mm), whereas the smallest sizes were recorded in the tetraploid group of the S. alburnoides 

hybrid complex (CS=72.2 mm). Specimens in the triploidC (CCA) group were larger than all the other 

biotypes, and post-hoc comparisons (Duncan’s test) showed that this size difference was significant 

compared to the diploid and tetraploid groups. When compared to the triploidA (CAA) specimens, the 

larger size of the triploidC group individuals was only close to being statistically significant (p=0.06). 

 

Table 4.1 Descriptive statistics of centroid size. 

Group  N  mean CS SE 95-  95+  

Diploid 7 72.92 6.19 60.66 85.18 

TriploidA 33 77.02 2.85 71.38 82.67 

TriploidC 10 88.35 5.18 78.09 98.60 

Tetraploid 34 72.20 2.81 66.64 77.76 

Sperm donor 32 110.80 2.89 105.07 116.53 

 

 

 

 



Body shape evolution in S. alburnoides| Chapter 4 
 

                           95 

Table 4.2 Post-hoc mean comparisons (p-values; Duncan’s test, significant p-values in bold) 

Groups Dip lo id  Tr ip lo idA Tr ip lo idC  Tetr ap lo id  Sperm donor 

Diploid  0.494186 0.015092  0.904445 0.000046  

TriploidA 0.494186  0.060933 0.452118 0.000057  

TriploidC 0.015092  0.060933  0.013358  0.000374  

Tetraploid 0.904445 0.452118 0.013358   0.000029  

Sperm donor 0.000046  0.000057  0.000374  0.000029   

 

 

 

Figure 4.3 ANOVA of centroid size (CS). Circles indicate means and vertical bars the 95% confidence intervals.  

 

• Shape analysis 

Mean shape differences were addressed by performing two MANOVAs: one simultaneously 

comparing all groups (p<0.001), and the other conducting pairwise comparisons (table 4.3).  This 

analysis showed a significant difference in shape of the sperm donor group (S. carolitertii) when 

compared to all members of the S. alburnoides hybrid complex.  
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Table 4.3 MANOVA mean shape permutation tests (N=999), pairwise comparisons.  

Groups Diploid TriploidA TriploidC Tetraploid Sperm donor 

Diploid 0 0.17 0.57 0.047  0.001  

TriploidA  0 0.09 0.024  0.001  

TriploidC   0 0.009  0.001  

Tetraploid    0 0.001  

Sperm donor         0 

 

The tetraploid group differed significantly in shape from the other groups of the S. alburnoides complex 

(figure 4.4). These analyses showed that the sperm donor group (S. carolitertii) differed in vertical body 

height (lms 3, 10, 4, 9) and orientation of the mouth (lms 1, 14), which pointed downward (figure 4.4). 

Furthermore, the ventral fin (lm 10) was shifted posteriorly and the insertion of the anal fin (lms 8, 9) 

was relatively expanded compared to that of the S. alburnoides biotypes. 

The tetraploids (CCAA) differed more from the diploid (CA) and triploidC than from the triploidA 

biotypes. Compared to the diploids (CA), the snout pointed upward (lms 1, 14), the insertion of the 

ventral fin (lm 10) was elevated and shifted anteriorly whereas the dorsal fin (lms 3, 4) was shifted 

posteriorly. 

When compared with the triploidA individuals, the tetraploids were characterised by having a lowered 

posterior corner of the operculum (lm 12), a longer anal-caudal peduncle (lms 7, 8), and a dorsal fin 

origin (lm 3) posterior to the insertion of the pelvic fin. Furthermore, in tetraploids the orientation of the 

mouth (lms 1, 14) points slightly downward (figure 4.4). 

Transformation of triploidC to tetraploids reveals a clearly upward-pointing mouth (lms 1, 14; figure 

4.4). Body height (lms 3, 10, 4, 9) at the central point between dorsal and ventral fins was relatively 

reduced and these fins are sheared against each other, that is, the dorsal fin is shifted posteriorly, the 

ventral anteriorly. The difference between the biotypes triploidA and triploidC was not significant 

(p=0.09), but there was a trend toward different mouth orientations and body heights. 
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Figure 4.4 Mean shape comparisons represented as Thin Plate Splines (TPS)-transformation grids. Significant differences are 
indicated in bold. Different ploidy levels of S. alburnoides: 2n – diploids, 3na – triploids CAA, 3nc – triploids CCA, 4n – 
tetrapolids. SD – sperm donor. 

 

• Allometry 

PCA analysis of form space suggested no differences in overall allometric patterns (table 4.4). The 

first 3 PCs account for almost 99% of the variance. Figure 4.5 shows roughly parallel trajectories and 

similar orientations of scatter plots both within hybrids and among the hybrids and the parental group. 

When compared to the hybrids, plots for the S. carolitertii group show a larger size but a similar scatter 

orientation. Larger specimens were relatively taller (increased body height) and showed a relatively 

shorter snout than smaller specimens in both intra- and inter-group comparisons. 

 

Table 4.4  Descriptive statistics for the PCA (eigenvalues, percent variance, cumulative percent variance)  

Pr inc ipa l  component  Eigenva lue  % var i ance  Cumulat i ve % var i ance  

PC1 6.06E-02 9.82E-01 9.82E-01 

PC2 2.41E-04 3.91E-03 9.86E-01 

PC3 2.15E-04 3.48E-03 9.89E-01 

PC4 1.07E-04 1.74E-03 9.91E-01 

PC5 8.50E-05 1.38E-03 9.92E-01 
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Figure 4.5 Principal Components Analysis (PCA) of form space. Note the overall parallel orientations of the scatters. Inset TPS-
grids show allometric changes common to all groups. Different ploidy levels of S. alburnoides: 2n – diploids, 3nA – triploids 
CAA, 3nC – triploids CCA, 4n – tetrapolids. 

 

 

(c) Phenetic distances 

Procrustes distances between mean shapes appear in the UPGMA-tree in figure 4.6. This tree shows 

the tetraploid and triploidA biotypes of S. alburnoides clustering far from the S. carolitertii group. The 

other cluster is less distant in shape to the S. carolitertii group and consists of diploids and triploidC 

biotypes. The projections of mean shapes onto the first three PC axes (97% of variance) and the 

minimum spanning tree (figure 4.7) shows the triploidC shape connecting to all others except to the 

tetraploids. 
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Figure 4.6 UPGMA-tree based on the Procrustes distance matrix. Different ploidy levels of S. alburnoides: 2n – diploids, 3na – 
triploids CAA, 3nc – triploids CCA, 4n – tetraploids. 
 

 

Figure 4.7 Principal Components Analysis (PCA) of mean shapes (shape space). The shape projections are linked by a 
minimum spanning tree based on full shape space. Different ploidy levels of S. alburnoides: 2n – diploids, 3na – triploids CAA, 
3nc – triploids CCA, 4n – tetraploids. 
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4.5 Discussion 

 In this study, we examined variation in body size and shape among biotypes of the S. 

alburnoides complex. Our results showed the importance that hybridization, ploidy level, and genomic 

constitution might have in the response to different environments by producing different phenotypes, 

reducing the competitive interaction among biotypes.  

 

4.5.1 Size effect 

Ecological traits may have interacting ontogenetic and evolutionary effects on body size (Walker 

1997 and references therein), and size differences may also have a genetic component (Stearns 1992; 

Roff 1997). Polyploidy in fishes has been associated with traits such as large body size, fast growth 

rates, a long life span, and increased ecological adaptability (Uyeno & Smith 1972; Schultz 1980). Often, 

polyploidy has been associated with an increased body size like in Euchlanis dilata (Walsh & Zhang 

1992). However, in Poeciliopsis monacha-lucida a negative relation between ploidy level and body size 

has been observed, where triploids have smaller body sizes than diploids (Schultz 1982). S. alburnoides 

meets none of these previously reported descriptions. As in many other polyploids, especially vertebrates, 

we found no relationship between ploidy level and body size, possibly due to an overall decrease in cell 

number and in cell surface area to volume ratio (Leggatt & Iwama 2003; Otto & Whitton 2000; Otto 

2007). 

In our analysis, tetraploids were the smallest in size, whereas the sperm donor, S. carolitertii, showed 

the greatest centroid size due to its much larger size, measuring up to 25 cm (Doadrio 2001). It has 

been suggested that the paternal ancestor of S. alburnoides was a small cyprinid similar to the 

reconstituted nuclear diploid non-hybrid males (AA), and with a body size similar to that of Anaecypris 

hispanica (Alves et al. 2001; Gromicho et al. 2006). Anaecypris hispanica is thought to be related to the 

paternal ancestor, and does not reach a standard length of 7 cm (Doadrio 2001). Therefore, it is 

possible that the hybrid biotypes show an intermediate size between those of their parental species, and 

indeed the S. alburnoides individuals have an average size of 13 cm (Doadrio 2001).   

 The smaller body size of diploids and tetraploids allows them not only to occupy less space, but also 

to reduce turning resistance by reducing body mass and entrained water distance from the turning axis 

(Webb 1982). Both of these features are useful for the type of habitat they occupy, particularly for the 

tetraploids that inhabit shallow waters with fast stream flow. 

The body size of the S. alburnoides biotypes only differed significantly when one compared the 
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triploidC (CCA) biotype with all the others but the triploidA. A dosage effect could be the most plausible 

explanation for the differences found. Indeed, the number of copies of each genome, especially in odd-

number ploidies, may have consequences on gene regulatory processes, where the balance between the 

expression of paternal and maternal genes are crucial (Chen 2007; Mable 2007; Pala et al. 2008). The C 

genome duplication makes triploidsC more similar to the sperm donor (S. carolitertii), whereas the smaller 

triploidA biotypes may reflect the characteristics of the paternal ancestor due to duplication of the A 

genome. Recent studies have, in fact, demonstrated the importance of gene regulation in the 

morphological changes (Carroll 2000; Campbell & Barwick 2006; Jeong et al. 2008). 

 

4.5.2 Shape effect 

Our results reveal that the variation in body shape in the S. alburnoides complex corresponds to 

two main morphological shifts: (1) orientation of the mouth, and (2) vertical body height. The sperm 

donor and the tetraploids showed significant variation in body shape. Variation in body shape may 

indicate ecological and behavioural differences (Webb 1984; Klingenberg et al. 2003), but may reflect 

also a phylogenetic signal. S. carolitertii displayed a greater body height, shorter and truncated caudal 

peduncle, larger dorsal fin, and displacement of the ventral fin insertion (figure 4.4). Because other 

members of Squalius share these features, we interpreted them as plesiomorphic. The S. alburnoides, 

however, does not share those traits (Doadrio 2001; Miranda & Escala 2005 and this study). Reflecting 

their hybrid origin, they have a more slender body and narrower caudal peduncle, more reminiscent of 

the Alburninae clade (Zardoya & Doadrio 1999). These differences might have enhanced the survival of 

the S. alburnoides complex by allowing them to exploit new resources and avoid competition between 

biotypes and their sperm donor. 

Our data further show that tetraploids are more heterogeneous than the other biotypes, suggesting 

that this may be a result of their sexual reproduction. The diploidisation of S. alburnoides has generated a 

new incipient polyploid species through chromosome pairing and segregation (Cunha et al. 2008) and 

allowed rearrangements in noncoding genomic DNA, homologous recombination, sequence elimination, 

and changes in DNA methylation (Osborn et al. 2003; Levy & Feldman 2004). Epigenetic changes and 

the regulation of gene expression allow the coexistence of two different genomes in the same nucleus 

(Kashkush et al. 2002). These genome duplications and changes in genomic structure confer new 

opportunities for adaptation. For instance, the more fusiform body shape and the smaller body size of the 

tetraploids, provides reduced drag and lower energy requirements for maintaining their position in flowing 

water (Plaut 2000; Langerhans et al. 2003). These features suggest an adaptation to fast flowing 
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streams. Moreover, among hybrids the significant shape differences of tetraploids may be associated with 

their reproductive isolation from other biotypes through habitat selection, assortative mating, and 

apparently nonviable embryos (Cunha et al. 2008). The sexual reproduction of the tetraploids has 

originated an emergent polyploid neospecies. 

The relative orientation of the mouth (e.g. superior vs. terminal vs. inferior) shows at what water depth 

feeding normally occurs (Winemiller 1991). In contrast with S. alburnoides, the subterminal mouths of S. 

carolitertii suggests that they never feed on the surface, but instead consume arthropods and the fry of 

other fishes (see Doadrio 2001; Kottelat & Freyhof 2007). The observed differences in mouth position 

among tetraploids, diploids and triploidsA biotypes also reflect different foraging abilities. Gomes-Ferreira 

et al. (2005) reported that triploid hybrids (mainly triploidsA) and diploid hybrid females select different 

food types, suggesting that they feed at different water depths thus reducing competition. Diploid hybrid 

females tend to feed near the bottom and submerged vegetation, whereas triploid hybrid females feed 

mainly in the middle of the water column. In this study, differences in mouth position shown by tetraploids 

(figure 4.4) (slightly more upward pointing than in diploids and slightly more downward pointing than in 

triploidsA) most likely reflect differences in foraging mode and diet composition. TriploidsC and the 

symmetric tetraploids live in sympatry for these triploids are consequence of sporadic crosses between 

symmetric tetraploid females and S. carolitertii males (Cunha et al. 2008). However, the slight 

differentiation found in their relative mouth orientations (figure 4.4) shows that tetraploids might normally 

feed higher in the water column than triploidsC, thus reflecting resource partitioning. The body shape 

differences observed among the biotypes might be the result of the combined effects of biotic interactions 

and habitat differentiation to reduce competition.  

There were clear morphological differences between the sperm donor and S. alburnoides specimens 

(figure 4.6, 4.7). The morphological plasticity found in S. alburnoides biotypes, and consequently their 

greater ecological adaptability, might result from the ploidy increase and from its genomic constitution. 

Such plasticity seems to arise from gene sequence duplication through heterosis and gene redundancy, 

which could explain the improved performance of S. alburnoides. The improved performance might be a 

consequence of the ability to diversify gene functions by altering the number of redundant copies of 

relevant genes. In S. alburnoides, the adaptation to different trophic niches through the modification of 

trophic morphology, body shapes, and feeding behaviour, might account for the formation and 

maintenance of this non-sexual complex. Moreover, the relationship found among morphology, biotypes, 

and ecology could be the result of directional natural selection acting on instantaneously generated 

adaptive morphs. The adaptability of this group could also arise from the many levels of ploidy and 

modes of reproduction. The broader implications of these findings emphasise the value of geometric 
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morphometrics as both an exploratory and analytical approach. Our results suggest that in this complex 

an ecological study of resource availability could test the hypothesis that resource availability favours one 

biotype over the others. 
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5.1 Abstract  

Polyploidy, hybridization and variation in mating systems are central issues for a deeper 

understanding of animal evolution. The Iberian species Squalius alburnoides represents an example 

combining all three phenomena. Previous studies showed that S. alburnoides populations are mainly 

composed of triploid and diploid hybrid forms (mainly females), and that the tetraploid forms are rare 

or absent. Both populations from the Douro drainage reveal a distinct scenario: tetraploid individuals 

represent 85.6–97.5% of the population, with no sex ratio bias observed. Based on the flow 

cytometry measurements of blood and spermatozoa cells, microsatellite loci and experimental 

crosses, we describe here, for the first time, two symmetric allotetraploid populations (CCAA) that 

resumed normal meiosis after undergoing intermediate processes of non-sexual reproduction to give 

rise to a new sexually reproducing polyploid species. Prezygotic (habitat selection and assortative 

mating) and postzygotic mechanisms (nonviable embryos) are responsible for the reproductive 

isolation from other forms of the S. alburnoides complex (e.g. CA, CAA). This example illustrates how 

hybrid polyploid complexes may lead to speciation. 
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5.2 Introduction 

Several studies considered interspecific hybridization and polyploidization in animal species as key 

mechanisms for diversification and the origin of new evolutionary lineages (Schultz 1969; Dawley 

1989; Arnold 1992; Dowling & Secor 1997; Otto & Whitton 2000; Allendorf et al. 2001; Barton 

2001; Mallet 2007). Hybridization is an important event in many taxa, contributing to the adaptation 

in plants and animals and sometimes resulting in the formation of entirely new species (Baack & 

Rieseberg 2007; Chapman & Burke 2007). Combining the genomes of two genetically differentiated 

species may skew the sex ratio in hybrids towards females (Dawley 1989). Asexual complexes are 

frequently considered evolutionary dead ends, although some of them have existed for longer than 

initially expected (Hedges et al. 1992; Quattro et al. 1992; Spolsky et al. 1992; Schartl et al. 1995; 

Cunha et al. 2004). However these non-sexual taxa may constitute a critical intermediate step in the 

formation of even-ploid sexual lineages (Mable 2003, 2004). Among vertebrates, asexual forms 

seem to be restricted to the ‘lower’ vertebrates, for example, 80 asexual species complexes in fish 

(e.g. Poecilia formosa), amphibians (e.g. genus Ambystoma) and reptiles (e.g. genus 

Cnemidophorus). These taxa reproduce either sperm independently (parthenogenesis) or 

dependently (gynogenesis, hybridogenesis, Vrijenhoek et al. 1989; Alves et al. 2001 and references 

therein). Polyploidization events seem to play an important role in the evolution of some fish groups, 

for example, Cyprinidae (David et al. 2003), Cobitidae (Janko et al. 2003) and Salmonidae (Phillips & 

Ráb 2001). However, the relative contribution of sexual versus asexual reproduction in evolution is 

only starting to be clarified (Janko et al. 2005). 

The evolutionary potential of an organism depends mainly on the levels and patterns of genetic 

diversity. The limited success of asexual species is the consequence of their inability to generate the 

necessary genetic variability to adapt to environmental changes or to compensate for deleterious 

mutations through heterozygosity (Vrijenhoek 1998). Nevertheless, the different reproductive modes 

exhibited by such complexes might represent the key attributes facilitating the formation of new 

sexually reproducing polyploid species (Schultz 1969; Mable 2003, 2004), a phenomenon that 

seems to be extremely rare in animals. To complete the speciation process, pre- or postzygotic 

isolation must occur (Baack & Rieseberg 2007). In consequence, the reproductively isolated hybrid 

lineages can escape close competition with their parental taxa (Chapman & Burke 2007). For 

instance, due to their hybrid origin, allopolyploids may exhibit a larger ecological differentiation from 

their parental species and might avoid intraspecific competition by the colonization of novel habitats 

(Baack 2005 and references therein). 
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However, due to the lack of empirical examples, tetraploidization remains an evolutionary enigma. 

Squalius alburnoides, a small endemic cyprinid fish inhabiting the rivers of the Iberian Peninsula, is 

among the most complex polyploid systems known among vertebrates. As such, it is an excellent 

model species for deciphering and understanding the evolutionary potential of tetraploidization. The 

complex arose as the result of interspecific hybridization between Squalius pyrenaicus females (P 

genome) and males of an unknown species closely related to Anaecypris hispanica (A genome, Alves 

et al. 1997; Carmona et al. 1997). Squalius alburnoides is not truly asexual, being involved in 

reproduction mechanisms where individuals of other species act as sperm donors (S. pyrenaicus in 

the southern river basins and Squalius carolitertii in the northern ones), reproducing without ‘normal’ 

meiosis, but frequently with recombination and meiotic reduction, although genomes may be clonally 

transmitted either by syngamy or karyogamy (Alves et al. 2001; Gromicho 2006). Previous studies 

have shown that S. alburnoides populations are mainly composed of triploid hybrids (mainly PAA and 

CAA) and diploid hybrids (PA or CA) and nuclear non-hybrid males (AA, absent in the northern river 

basins); tetraploid forms are scarce or absent (Collares-Pereira 1985; Carmona et al. 1997; Alves et 

al. 2001). The diploid hybrid females in southern populations transmit the intact genome to the egg, 

which develops by gynogenesis (less than 3% of the cases) or generates triploid progeny if fertilized 

(reviewed in Alves et al. 2001). In the Douro River, diploid and triploid hybrid females reproduce 

hybridogenetically, discarding the C genome (Carmona et al. 1997; figure 5.1a,b). Triploid hybrid 

females in southern Iberian Peninsula and Mondego populations produce haploid and, occasionally, 

diploid eggs by ‘meiotic hybridogenesis’ (Alves et al. 1998; Pala & Coelho 2005; figure 5.1b,c).  

Squalius alburnoides males are fertile and play an important role in the dynamics of the complex. 

Diploid S. alburnoides hybrid males produce unreduced fertile sperm, transmitting their intact hybrid 

genome to their offspring, whereas tetraploid S. alburnoides males produce reduced sperm by 

normal meiosis (Alves et al. 1999).  

Experimental crosses (Alves et al. 1999, 2004) have revealed two possible routes to tetraploidy in 

the S. alburnoides complex: one resulting from syngamy of diploid hybrid eggs with diploid clonal 

sperm from hybrid males and the other from syngamy of triploid eggs with reduced sperm. 

To understand how even-ploid lineages in non-sexual complexes may be the stepping-stones to 

biparental reproduction and speciation, we examined the genomic composition, genetic diversity and 

reproductive modes of two populations of S. alburnoides from the Douro basin, where the tetraploid 

form is predominant. We describe, for the first time, the existence of symmetric allotetraploid 

populations that resumed normal meiosis after intermediate processes of non-sexual reproduction to 
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give rise to a new, sexually reproducing, polyploid species. 

 

Figure 5.1 Summary of the most probable modes of reproduction of S. alburnoides hybrid females found in northern 
regions of the Iberian Peninsula. (a) CA (diploid), (b) CCA (triploid), (c) CAA (triploid) and (d) CCAA (tetraploid). Fish 
forms and pathways (solid lines) previously described (Carmona et al. 1997, Pala & Coelho 2005) and hypothetical 
forms and pathways (dashed lines). Bold lines indicate crossing experiments. C is the genome of the parental host (S. 
carolitertii) and A is the genome of the ‘unknown’ ancestor. Dashed fish symbol with CC’ indicates reconstituted S. 
carolitertii. Spermatozoid symbol with C indicates fertilization by C sperm; Spermatozoid symbol with CA indicates 
fertilization by CA sperm (produced by tetraploid males in our breeding experiments). G, gynogenesis; 1, hybridogenesis 
(observed exclusively in the Douro River); 2, unreduced eggs with high levels of syngamy; 3, meiotic hybridogenesis; 
and 4, normal meiosis. 

 

5.3 Material and Methods 

(a) Sample collection 

All samples were collected from two tributaries of the Douro basin (Lodeiro and Paiva Rivers) 

located on the northern distribution area of the S. alburnoides complex (figure 5.2).  
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Figure 5.2 Geographical distribution of the S. alburnoides complex. Map of the Iberian Peninsula indicating the collection 
area. The textured area represents the distributional range of the S. alburnoides complex; light grey indicates the 
distribution area of the northern S. carolitertii (sperm donor); dark grey indicates the distribution area of the southern S. 
pyrenaicus (sperm donor). 

 

The tetraploids were found in this region during a population survey performed along the Douro 

River in the Iberian Peninsula from 2004 to 2005. Permission for sampling in this area was obtained 

from the Portuguese Ministry of Agriculture, Rural Development and Fisheries. 

 

 

(b) Ploidy and sex determination 

The ploidy of 230 individuals (193 S. alburnoides and 37 S. carolitertii) was determined through 

flow cytometry of blood cells as described previously (Dawley & Goddard 1988; Collares-Pereira & 

Moreira da Costa 1999). Blood samples were drawn from the caudal vein, stabilized in buffer (40 

mM citric acid trisodium salt, 0.25 M saccharose and 5% DMSO) and immediately frozen at -80ºC. 

Chicken erythrocytes were used as both an internal and external standard. Only peaks of the 

fluorescence histograms with a coefficient lower than 5% were scored. The DNA content of 

erythrocytes was estimated by calculating the ratio of mean fluorescence between the blood cells 

and the mean fluorescence of chicken cells, and multiplying by the standard DNA content value for 

chicken erythrocytes, 2.5 pg (Tiersch et al. 1989). All specimens were killed with an overdose of 

anaesthetic MS222. The sex of each fish was determined by examining the gonads using a dissection 

microscope. Deviations in the sex ratio were determined using the χ2 test. 
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(c) Microsatellite typing 

The total genomic DNA of 150 individuals (115 S. alburnoides and 35 S. carolitertii) was extracted 

from fins preserved in absolute ethanol or from frozen muscle tissue using standard methods 

(Sambrook et al. 1989). Out of eight tested PCR primers, four isolated from the Luxilus genus 

(Turner et al. 2004) and four from the Squalius genus (Mesquita et al. 2003; Pala & Coelho 2005), 

only six (N7J4, E1G6, LCO1, LCO3, LCO4 and LCO5) were used to amplify polymorphic microsatellite 

loci. PCRs were performed in 10 ml volumes, containing 25–50 ng of template DNA, 0.2 mM each 

dNTP, 2 mM MgCl2, 1 unit Taq DNA polymerase (Invitrogen) and 0.2 mM of each primer or using the 

Multiplex PCR Kit (Qiagen), using the reverse primer labelled with fluorescence and fitting the 

following profile: 948C (2 min), 35 cycles at 948C (30 s), 50–578C (30 s), 728C (1 min). The PCR 

products were electrophoresed in an automatic sequencer CEQ 2000XL (Beckman Coulter) and the 

molecular weights of alleles were determined with CEQ FRAGMENT ANALYSIS Software. 

 

(d) Microsatellite data analysis 

The alleles scored for S. carolitertii and the diploid hybrids enabled the identification of diagnostic 

alleles for both genomes and genotyping of the individuals. To examine possible scoring errors due 

to stuttering, large allele dropouts or the occurrence of null alleles, the program MICRO-CHECKER 

version 2 was used (Oosterhout et al. 2004). The genotypic diversity of the hybrid polyploids was 

estimated using SPAGeDi version 1.1 (Hardy & Vekemans 2002). 

Because allotetraploids show disomic inheritance, the two genomes were analysed separately, 

since they contain the genetic information arising from the two diploid progenitor species. The allelic 

frequencies per locus for S. carolitertii and for the tetraploid S. alburnoides populations were 

determined using GENEPOP version 3.4 (Raymond & Rousset 1995). This software was also used to 

test for linkage disequilibria and deviations from Hardy–Weinberg equilibrium (HWE). The ‘exact HW 

test’ was used to test the null hypothesis of a random union of gametes for each breed analysed. 

Significance of the obtained values was tested by 1000 permutations. 

 

(e) Experimental crosses  

To obtain further confirmation of the existing reproductive modes, parallel measurements of the 

DNA contents of erythrocytes and spermatozoa were made by flow cytometry in 42 male specimens 

(34 S. alburnoides and 8 S. carolitertii). 

Sperm was collected and flow cytometry measurements were conducted as previously described 
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(see Alves et al. 1999). Experimental crosses were performed immediately after sample collection. 

Females were stripped and their eggs exposed to sperm on a Petri dish. Gametes were gently mixed 

with a brush and water was added. Fertilized eggs were laid on a mesh installed in an aquarium. The 

processes of egg fertilization and development of progeny were monitored using a dissection 

microscope. To reveal the particular features of reproduction and gametogenesis, eight crosses were 

performed: three crosses between tetraploid S. alburnoides females and S. carolitertii, or triploid or 

tetraploid S. alburnoides males; and five crosses between triploid S. alburnoides females and S. 

carolitertii or triploid or tetraploid S. alburnoides males (figure 5.1b,d). Crosses involving hybrid 

diploid forms were not performed due to their absence or scarcity in those populations. 

 

5.4 Results 

(a) Population composition 

Squalius alburnoides individuals represent 83%, while S. carolitertii represents only 17% of all the 

animals studied. Flow cytometric measurements of DNA content in the erythrocytes (figure 5.3) 

revealed that 88.1% of all S. alburnoides sampled were tetraploids (mean DNA content 4.99±0.16 

pg per cell), 10.8% were triploids (mean DNA content 3.61±0.11 pg per cell) and only 1% were 

diploids (mean DNA content 2.41±0.01 pg per cell).  

 

Figure 5.3 Histograms of fluorescence values of erythrocytes cells that distinguish ploidy levels. Chicken blood cells are 
used as a DNA standard. Black bars, maximum; grey bars, average; white bars, minimum. 
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All specimens identified as S. carolitertii comprised only diploids (mean DNA content of 2.43± 

0.07 pg per cell). Also, according to flow cytometry data, the tetraploid individuals represent 85.6% 

of the total population in the Lodeiro River and 97.5% of the total population in the Paiva River 

(figure 5.4). Triploid and diploid forms were scarce or absent, only representing 13 and 1% of the 

population in the Lodeiro River and 2.5 and 0% in the Paiva River, respectively. Over a one-year 

monitoring period, the population composition remained the same. Both males and females are 

represented in almost all ploidy levels. Among tetraploid forms, in the Lodeiro River, 58% were 

males and 42% were females (figure 5.4). In the Paiva River, 53% of the tetraploids were females 

and 47% were males. Among the triploid forms in the Lodeiro River, 65% were males and 35% were 

females and in the Paiva River the triploid forms were all males (figure 5.4). In the diploid forms, 

only males were found. The χ2 test indicated no significant differences between the proportions of 

each sex in the tetraploids from the Lodeiro (χ20.05,1=3.41) and Paiva Rivers (χ20.05,1=0.11, figure 

5.4). For the triploids the c test indicated a significant difference between the proportions of each 

sex with a higher frequency towards males (χ20.05,1=9.79). 

 
Figure 5.4 Population composition indicating the percentage of S. carolitertii (CC) and of the several ploidy forms of S. 
alburnoides (2N, 3N and 4N) determined by flow cytometry. Indicated also are the percentages of males (black bars) 
and females (grey bars) in the Lodeiro and Paiva Rivers. 
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(b) Genomic composition 

Diagnostic alleles for each genome were determined through the analysis of alleles identified in S. 

carolitertii and in the diploid hybrids. In the C genome we identified 36 diagnostic alleles and in the A 

genome we only identified 16 diagnostic alleles across all loci (figure 5.5). 

All loci were demonstrated to be polymorphic for both genomes (C and A), the LCO1 was the most 

polymorphic locus (24 alleles scored) and N7J4 the least polymorphic one (two alleles scored). 

According to the results obtained with MICRO-CHECKER version 2.2 software, only the N7J4 locus 

might exhibit null alleles, as suggested by the general excess of homozygotes in both populations. 

Pala & Coelho (2005) reported two alleles for locus E2F8, a 106 bp fragment attributed to the C 

genome and a 138 bp fragment to the A genome. Here only the 106 bp allele was amplified, 

suggesting that for these populations this locus has suffered a mutation in the flanking primer region 

of the A genome. For the reasons mentioned above, these two loci were abandoned. In the six 

microsatellite loci examined, no null alleles were found, and all the specimens of S. alburnoides 

analysed were heterozygous for all loci. Out of the six microsatellite loci, four (LCO1, LCO3, LCO4 

and E1G6) were found to be useful for discriminating the genotypes, providing the indication of the 

absence of asymmetrical tetraploids. All triploids exhibited a CCA genome, whereas other forms such 

as those carrying a CAA genome or non-hybrid forms (AA) were not found. 

 
Figure 5.5 Allele frequencies of the six polymorphic microsatellite loci used to genotype S. alburnoides. In the x-axis are 
represented all diagnostic alleles scored for each microsatellite in each genome (C and A) and in the y-axis are 
indicated the allelic frequencies for each locus across both genomes. 
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(c) Genetic diversity 

Average genotypic diversity across all loci was higher in the tetraploids (0.591–0.656) than in the 

triploids (0.344–0.404) of both populations. By juxtapositioning the C and A tetraploid genomes, it 

can be observed that the A genome exhibits a lower number of alleles (figure 5.5). The tetraploids 

show disomic inheritance, with their homologous pairs of chromosomes forming bivalents during 

meiosis, just like any diploid. Thus, the observed and 

expected heterozygosities were separately calculated 

for each genome within the Lodeiro (C genome 

Ho=0.241, He=0.242, A genome Ho=0.124, 

He=0.132) and Paiva Rivers (C genome Ho=0.175, 

He=0.174, A genome Ho=0.123, He=0.132). 

Hardy–Weinberg and linkage equilibria across the 

polymorphic loci were also calculated for each genome 

and no significant deviations were observed (p>0.05). 

 

 (d) Experimental crosses 

The average of erythrocytes and spermatozoa DNA 

content ratio of hybrid males ranges from 1:0.99 

(±0.00) to 1:0.48 (±0.04). Flow cytometry 

measurements of spermatozoa DNA content revealed 

that tetraploid hybrid males of the Douro River basin 

produce reduced sperm; 1:0.48 (±0.04). The diploid 

and triploid hybrid males produce unreduced sperm 

(1:0.99 (±0.00) and 1:0.96 (±0.02), respectively). 

The results of the crosses involving tetraploid S. 

alburnoides showed evidence of normal meiosis (table 

5.1). The combined analysis of the six microsatellite 

loci (especially LCO1) and the measurement of the 

DNA content of erythrocytes and spermatozoa 

indicated that the tetraploids carried a CCAA genome 

and that males produced diploid gametes (CA). We 
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crossed a CCAA female with a CCAA male and obtained only tetraploid offspring (figure 5.1d, table 

5.1). Moreover, the analysis of microsatellite variation indicates that females produce reduced eggs 

and transmit their diploid genome to the progeny, resulting in symmetric tetraploids (cross type I, 

table 5.1). If we cross a tetraploid female (CCAA) with a S. carolitertii (CC), all individuals in the 

progeny are triploid CCA. The female produces CA gametes and the S. carolitertii produces haploid C 

gametes (cross type II, table 5.1). In the six crosses performed involving triploids (CCA), fertilization 

occurred but no development was observed. 

 

5.5 Discussion 

Ancient polyploidy has been found at the root of many animal groups; however, present examples 

of polyploids are relatively rare among animals. Also, polyploid speciation is apparently very rare 

when compared with other speciation modes (Otto & Whitton 2000). Here, we describe an example 

that appears to lead to allopolyploid speciation after intermediate processes of non-sexual 

reproduction in the S. alburnoides complex (Cyprinidae). 

Asexual reproduction is often associated with polyploidy (Bullini 1994; Otto & Whitton 2000) and 

even-ploidy is required to self-sustain polyploid strains in bisexual animals. Previous studies have 

shown that tetraploid forms are scarce or absent in S. alburnoides populations (Collares-Pereira 

1985; Alves et al. 1997; Martins et al. 1998; Pala & Coelho 2005). According to previous studies 

(Collares-Pereira 1985; Carmona et al. 1997; C. Cunha et al. 2005, unpublished data) and similar to 

other basins (Pala & Coelho 2005), S. alburnoides populations from the Douro River basin are 

mostly composed of triploids (mainly CAA females). In the present study, however, flow cytometry 

data have indicated that the northern Douro basin exhibits a distinctly different population 

composition scenario compared with the other basins; in the two populations analysed here, 

tetraploid individuals rep resent 88% of the collected samples. How can we explain the differences 

observed in the composition of the different forms in S. alburnoides populations? Specific habitat 

preferences of this tetraploid lineage could be one explanation for its occurrence in nature. Shallow 

waters, gravel and cobble beds as well as fast stream flow characterize the habitat of these two 

tetraploid populations. This habitat type is not shared by other hybrid forms sampled in other 

locations (Martins et al. 1998), indicating divergent habitat preferences. Adaptation to this habitat 

that is also used as a mating site not only reduces competition with other forms, but also allows for 

assortative pairing, since it diminishes the possibility of cross-ploidy mating helping to form these 

large tetraploid populations and resulting in effective prezygotic isolation. However, it is legitimate to 
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question whether the high frequency of S. alburnoides triploids observed in nature (mainly CAA 

females) could be a result of crosses where allotetraploids are involved. Under such a scenario, it 

would be expected that hybrid speciation would occur immediately by reproductive isolation through 

ploidy (reviewed by Mallet 2007). Triploids would, at least in an initial period, be a consequence of 

sympatry between tetraploids and their progenitors. However, according to previous studies, this 

hypothesis is unlikely because diploid females in the Douro River do not seem to produce clonal 

eggs. Thus, the only route to tetraploidy in this river would be the syngamy of unreduced triploid 

eggs and haploid sperm. Moreover, it seems that the origin of this hybrid complex is not recent 

(Cunha et al. 2004), which is in contrast to an apparently more recent origin of these two tetraploid 

populations. Microsatellite data from Douro River basin indicate that these two tetraploid populations 

have arisen from other neighbouring polyploid populations. The reduction in the number of alleles, 

the increased frequency of some of them, and the loss of variability observed in these two 

populations, when compared with the adjacent ones, could be a consequence of the founder effect 

(C Cunha et al. 2005, unpublished data). Moreover, the contribution of tetraploids to the origin of 

the most common form of the complex, the CAA triploids, would be very difficult to explain not only 

due to the extinction of the paternal species, which might have resulted from genetic assimilation 

due to an extensive gene flow between hybrids and the paternal species, but also due to the scarcity 

or inexistence of allotetraploids in other river basins.  

High abundance of tetraploids has previously been reported among asexual species (Bogart 

1989; Vasil’ev et al. 1989). However, males are sterile, if present, and all females seem to 

propagate via asexual reproduction (Bogart 1989; Vasil’ev et al. 1989). Only the isogenic tetraploid 

forms (CCAA) allow stable meiosis, since intergenomic recombination compromises conservation of 

the two parental chromosomal complements (Comai 2005) and our data indicate the absence of 

asymmetrical tetraploids (figure 5.4). 

Diploid females, which exhibit different reproductive modes (co-varying with geographical region), 

reproduce in the Douro River by hybridogenesis (Carmona et al. 1997) and are present at a very low 

frequency. Accordingly, the most probable route to tetraploidy here was through clonal CAA eggs 

fertilized by C-reduced sperm. In contrast to what has been frequently observed in other S. 

alburnoides populations, all the triploids analysed display a CCA composition. These triploids are the 

result of the fertilization of CA oocytes from symmetric tetraploid females (CCAA) with C sperm from 

S. carolitertii males, which was confirmed with breeding experiments (table 5.1). The low percentage 

of triploid forms and the rarity of diploid hybrids indicate that tetraploids do not return to triploidy. 

Therefore, for some generations, they must have subsisted through cross events among themselves 
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by normal sexual reproduction. The crossing of triploid CCA females and males with tetraploids in 

breeding experiments resulted in the non-development of embryos. These results do not seem to be 

a constraint of our experimental crosses, since CCC, CCCA or CCCCA forms have not been observed in 

nature. This means that tetraploids are being reproductively isolated from the other forms through 

postzygotic isolation. 

Flow cytometry measurements of erythrocyte and spermatozoa DNA contents indicate that 

tetraploid hybrid males from the Douro River basin produce reduced sperm with the ratio of 

erythrocytes and gamete DNA content being approximately 1:0.5 and microsatellite markers 

segregated according to Mendelian expectations. In addition, the other hybrid forms (2N and 3N) 

produce unreduced sperm showing ratios around 1:1. Crosses involving tetraploid S. alburnoides 

(cross type II, table 5.1) showed evidence of normal meiosis as noted in the southern populations 

(Alves et al. 2001). Microsatellite loci (especially LCO1) and the DNA contents of erythrocytes and 

spermatozoa indicated that tetraploids exhibit the CCAA genome and produce diploid CA gametes. 

These results not only reveal that the tetraploid forms are symmetric and fertile, but also that by 

restoring even-ploidy, normal meiosis can take place in this complex, leading to biparental 

reproduction. 

Asexual organisms normally show abnormal sex ratios (Dawley 1989), as has been shown for the 

S. alburnoides complex (imbalanced towards females, Alves et al. 2001). However, a χ2 test 

indicated no significant differences between the proportions of each sex in tetraploids from the 

Lodeiro and Paiva Rivers (figure 5.4). 

Our data on sex ratios, spermatozoa DNA contents, genome composition and Mendelian 

segregation at the microsatellite markers revealed through experimental crosses indicate that these 

tetraploid lineages are not clonal and represent convincing cases of bisexual reproduction. 

The observed higher average genotypic diversity across all loci in the tetraploids when compared 

with the CCA triploids was expected, since bisexuality allows existing gene combinations to break up 

and recombine. The lower allelic genetic diversity found for the A genome may be explained by the 

founder effect during the formation of this complex, since the paternal species is extinct and nuclear 

non-hybrid males are absent from the northern rivers and there was no further introduction of this 

genome. 

If these populations were partially sexual, departures from HWE would persist over time (Otto & 

Lenormand 2002). The absence of significant deviations from Hardy–Weinberg and linkage equilibria 

across the polymorphic loci reinforces the idea of random mating in the population, with genotype 
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frequencies having remained unchanged in the past generations and random assortment of alleles 

resulting in equal proportions of each allele combination in the population. 

 

 

5.6 Conclusions 

Through recombination, sexual reproduction among the tetraploid forms of S. alburnoides has 

given rise to genetic variability and allowed the adaptation and long-term evolution of these fish. Our 

data suggest that we witness an ongoing process of speciation in tetraploids as a consequence of 

their evolution in isolation from the other forms of S. alburnoides complex. This process may occur 

via prezygotic (habitat selection and assortative mating) and possibly postzygotic mechanisms (non-

viable embryos), and illustrates how these hybrid polyploid complexes can lead to speciation and 

highlights their important role in animal evolution. 
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Chapter 6|General Discussion 

 

 
“The important in science is not so much to obtain new facts as to discover new ways of thinking about them” 

 William Laurence Bragg 

 

 

To assess the evolutionary history of the northern populations of the Iberian hybrid complex Squalius 

alburnoides, it was investigated how historical events along side with other traits like reproductive modes, 

modelled the past and present genetic structure of the complex and what can be its future. The present 

chapter consists of an integrative discussion of the results from the four scientific publications resultant 

from this thesis. 

 

6.1 The history of S. alburnoides populations 

Most asexual vertebrates show unidirectional hybridization (Vrijenhoek et al. 1989), hybrids arise by 

the mating of females of one species with males of a second species, but not reciprocally. Therefore, 

hybrids contain the mitochondrial DNA (mtDNA) of only one parental species. A variety of ethological, 

ecological and genetic reasons might explain the nonreciprocal hybridization (Wirtz 1999). However, in 

some asexual complexes, reciprocal hybridization has been found when hybrids arise by mating of 

females of one species with males of other species and vice versa (Moritz & Heideman 1993; Fu et al. 

2000; Janko et al. 2003). The analysis of cytochrome b (cytb) data, across the entire distribution of S. 

alburnoides, (chapter 2, appendix 1) indicated, as in Alves et al. (1997b), unidirectional hybridization, 

with Squalius pyrenaicus as the mother species of S. alburnoides (that has the A, C and P genomes; A 

belonging to an Alburninae extinct species, C to S. carolitertii and P to S. pyrenaicus).  However, even 

unidirectional hybridization can produce hybrids that contain mtDNA from both progenitor species, 

through secondarily introduced mtDNA of the sperm donor species into the hybrid lineages. This 

phenomenon happens in S. alburnoides where the hybrids from Douro basin show pyrenaicus and 

carolitertii-like mtDNA (haplogroup F, in figure 6.1/app1). This is explained by backcrosses of fertile 

hybrid males (CAP) with females of the sperm donor (S. carolitertii, CCC) (Pala & Coelho 2005 and chapter 

5). However, these backcrossing events of S. carolitertii females (CCC) and hybrid males (CAP) seem to be 

rare, probably due to microhabitat and behavioural differences and to the low frequency of hybrid males 
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in nature (chapter 3). It seems more likely that S. alburnoides females mate with S. carolitertii males, than 

vice versa. In the Southwestern populations where S. alburnoides is sympatric with Squalius aradensis, 

two mtDNA lineages were also found: aradensis-like mtDNA in high frequency and pyrenaicus-like mtDNA 

more rare (Sousa-Santos et al. 2006). This suggests unidirectional hybridization with some backcrosses. 

The reconstituted paternal ancestor (AAP males, absent from the northern populations), exists in the 

Southwestern ones, and can produce F1 generation hybrids with S. aradensis females (Sousa-Santos et 

al. 2007). In the present study of the Southwestern populations analised, only the pyrenaicus-like mtDNA 

was identified. This result can be explained as a sample size effect and/or as a localized event.  

 

 

 
Figure 6.1 Median Joining network generated with maximum parsimony trees using Network 4.5.0.0 (see appendix 1 and 3). 
The number of times each haplotype is present in the sample is proportional to the area of the circle. The numbers in the tree 
corresponds to the mutational steps. S. alburnoides:  Douro,  Vouga,  Mondego,  Alagón-Tagus,  Tagus,  Sado, 
 Guadiana,  Guadalquivir,  Quarteira (Southwest); S. pyrenaicus:  Ebro,  Alagón-Tagus,  Tagus,  Samarra  
Sado,  Guadiana,  Guadalquivir,  Quarteira (Southwest); S. carolitertii:  Douro,  Vouga,  Mondego. Each group is 
designated by a capital letter: A - Southwestern-Guadiana-Guadalquivir, B - Ebro-Samarra-Tagus-(+S. pyrenaicus from Alagón- 
Tagus and S. alburnoides from Mondego), C - Sado basin, D - S. alburnoides from (Douro-Vouga)and Alagón- Tagus, E- 
S.carolitertii from Mondego and F – S. carolitertii from Douro and Vouga (+S. alburnoides from Douro).  

 

The question of whether the unidirectional hybridization observed was the result of single or of multiple 

independent events, was addressed in chapter 2. Several asexual complexes have been originated from 
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crosses involving one or few related females although multiple independent origins have been 

demonstrated especially among sperm-dependent parthenogens (gynogenesis or hybridogenesis) (Avise 

et al. 1992; Vrijenhoek 1998). To address the question of single versus multiple origins, natural 

populations of S. alburnoides and of the maternal species, S. pyrenaicus, were assayed, having been 

drawn two possible scenarios:  

 

Scenario 1. S. alburnoides originated once, with subsequent radiation. A monophyletic or paraphyletic 
relationship among S. alburnoides would be expected.  

 

Scenario 2. S. alburnoides originated multiple times. A polyphyletic relationship would be expected. 

 

The phylogenetic results obtained in chapter 2 support a polyphyletic relationship of S. alburnoides.  

Squalius alburnoides showed close relationships with S. pyrenaicus from the same geographic region than 

with other S. alburnoides, indicating several candidate areas for the origin of the complex. The same 

pattern was found when the cytb data of chapter 2 was re-analysed including more populations, as is the 

case of Vouga (appendix 1). For the first time S. alburnoides from the Vouga River basin were reported 

(see appendix 1) sharing the same mtDNA lineage of S. alburnoides from Douro (haplogroup D, figure 

6.1/app1). The phylogenetic results, the S-H tests (table 2.4, chapter 2) and the data re-analysis 

(appendix1) support the Scenario 2 of multiple origins. Our results based on cytb  sequences supported 

five historical independent hybridization events with subsequent dispersal, through colonization 

opportunities, at the end of the Pleistocene. These independent events seem to be related to five 

geographic areas: Alagón tributary-Douro region, Mondego-Tagus region, Guadiana-Guadalquivir region, 

Sado region, and Southwestern region (Quarteira). The independent origin of the Southwestern 

population could, however, be an artefact related to the reduced sample size used being necessary more 

studies. Multiple independent origins allow recruiting genetic diversity that may help the asexual 

populations minimize the parasite load or increase resources use (Vrijenhoek 1979; Hamilton et al. 

1990). 

A polyphyletic origin for the complex was previously suggested; however, probably due to the limited 

data set analysed, only two supported origins were identified, Guadiana-Tagus and Sado (Alves et al. 

1997b).  The origin of the S. alburnoides populations outside the range distribution of S. pyrenaicus 

(Mondego and above Mondego River basin) was explained as a dispersal event from the Tagus basin 

(Alves et al. 1997b).  
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A recent study based on partial sequences (799 bp) of the cytb found shared haplotypes among some 

of the previously mentioned basins. This result was interpreted as a recent single origin for the S. 

alburnoides complex (Sousa-Santos et al. 2007). However, that topology is also consistent with scenario 

2, of multiple origins, since the shared haplotypes may reflect secondary contacts. In fact, hydrographic 

changes, such as drainages capture or disrupted stream connections, could have intermittently allowed 

genetic exchange among populations from different drainages, particularly in Mondego, Tagus, Guadiana 

and Guadalquivir (e.g Brito et al. 1997, chapter2). The Mondego basin seems to be a transition area 

containing specific fauna both from the northern (above Mondego) and southern (Tagus) regions as is 

the case of S. carolitertii and Pseudochondrostoma polylepis, respectively (Mesquita et al. 2007; Aboim 

et al. in press), indicating the occurrence of drainage capture events. 

Under a single origin scenario, with recent colonization of the northern populations of S. alburnoides 

from Tagus (Sousa-Santos et al. 2007), it would be expected that genetic diversity of the A genome, 

based on the analysis of microsatellites, would have suffered a decrease due to founder effect as 

sampling moves away from the source. The genetic diversity pattern of microsatellites found in Mondego 

populations fits the hypothesis that some migrants of S. alburnoides from Tagus could have colonized the 

Mondego River (Alves et. al. 1997b; Sousa-Santos et al. 2007). However, the genetic variability 

distribution of the A genome across the Douro basin does not match the expected trend of a recent 

expansion from Tagus River, showing that the genetic paucity of the paternal genome (A genome) in 

Mondego is not extensive to the Douro drainage. Moreover, in Douro the A genome pattern, which 

reflects the history of the paternal species, is the same as the genetic variability pattern of S. carolitertii, 

indicating that both genomes suffered the same vicariant processes, reinforcing the mtDNA pattern 

obtained. Also it leads to the conclusion that this complex inhabited this area before the glaciated era, 

therefore, not fitting the recent origin hypothesis. The higher genetic diversity observed in the A genome 

of S. alburnoides from the Northwestern part of Douro basin (Rabaçal River), is most likely a consequence 

of the ancestral genetic pool that remained since the pre-glacial era in that region. This trait fits either 

with the single or the multiple origins scenarios, but it does not fit with the possibility of a recent 

dispersion from the Alagón River (a tributary of Tagus) to the Southwestern Douro, as suggested by 

Sousa Santos et al. (2007). Moreover, both the absence, in Douro, of freshwater fish typical from Tagus 

(Almaça 1978; Doadrio 2001), and the presence of endemic freshwater fish from Douro in the middle-

upper Alagón River, support the existence of interconnections between these basins during the Cenozoic 

period, therefore suggesting the existence of an ancient endorheic basin in that area (Carmona et al. 

2000). 
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Microsatellite results from chapter 3 also corroborate the geographic pattern found in the distribution 

of the S. alburnoides mtDNA variability. However, that geographic pattern could result from an analysis 

artefact caused by the genetic variability of the C (S. carolitertii) and P (S. pyrenaicus) genomes. This 

effect was, however, removed through the separate analysis of the A genome, and again a strong genetic 

structure, related with the geographic distribution of the species complex, was observed. Unfortunately, 

due to the lower number of specimens from the Alagón and Vouga populations it was not possible to 

include them in the microsatellite analysis devised in chapter 3. Even so, a subsequent microsatellite 

screening was made with the available individuals from Vouga and Alagón indicating that they share 

alleles with the Douro populations and not with the Mondego ones (appendix 2), corroborating, again, 

the mtDNA results. Nonetheless, it is soon to retrieve conclusions from these preliminary results and 

further analyses are required to confirm these findings.  

Moreover, based on the microsatellites variation pattern it was not possible to reject the single origin 

event scenario, but at least in what concerns to the establishment of the S. alburnoides populations 

above the Mondego River Basin, the results indicate that they originated before the last Pleistocene 

glaciation era and also that the Rabaçal area was probably a glacial refugium. The hypothesis of an 

ancient origin of S. alburnoides is corroborated by the results from chapter 2 where there is an indication 

of the occurrence of multiple hybridization events through time, beginning in the upper Pliocene and 

probably continuing until present. In the last interglacial or postglacial period, new habitats became 

available after glacier retreat and the microsatellites genetic pattern provided evidence of a colonization 

from the Rabaçal refuge. Indeed this region is situated in the Lusitano-Duriense sector, a region that 

preserved warm conditions in the Douro valleys and tributaries during the Würm glaciations (Costa et al. 

1999). The results in chapter 3, which indicate that colonization in Douro arose from a glacial refuge are 

corroborated by evidences from other species such as Chioglossa lusitanica (Alexandrino et al. 2000), 

Iberolacerta spp. (Godinho 2003), other freshwater fish (Gómez & Lunt 2006) and also from the 

presence of thermophile plants in this region (Costa et al. 1999).  

The high genetic diversity and the private alleles found in microsatellite data from Guadiana, Tagus and 

Douro basins, along with the phylogenetic analyses, and the origins test based on the cytb data, suggest 

multiple origins of the S. alburnoides complex. Of course, other evolutionary phenomena can produce 

patterns suggesting multiple origins, or mask evidences of multiple ones, so further studies would be 

desirable. As such, if one cannot completely exclude the hypothesis of occurrence of Scenario 1, then one 

also cannot exclude the hypothesis of multiple hybridization events and the hypothesis that S. alburnoides 

from Douro-Vouga-Alagón could have had an independent origin if, in the past, both parental species of 

the complex existed in this region, regardless of being currently extinct.  
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The present hydrographic configuration of the Douro basin is consequence of the connection between 

exorheic streams in the western part of the IP and an endorheic lagoon (Douro-Ebro) in the eastern 

central part of the IP (López-Martínez 1989; De la Peña 1995). The hypothetical existence of S. 

pyrenaicus in Douro could be explained by a continuous distribution of S. pyrenaicus from Tagus to Ebro, 

including obviously the Douro basin, through an historical event of interconnection. The speciation 

process of S. carolitertii could have occurred in the Douro exoreic streams that, when connected to the 

endorheic lagoon, would have gradually led to the extinction of S. pyrenaicus. However, that does not 

exclude the hypothesis of S. alburnoides being originated in Alagón and subsequently, through an old 

historical event of interconnection, having colonized the Douro region.  

Even so, there must be some caution in the attempt to explain the contemporary structure of S. 

alburnoides, with hypothetical historical scenarios of colonization, in face of the current lack of 

paleogeographic information, and also the absence of fossil records in some of the aforementioned 

areas. According to Ferreira (1993), due to the need of correct knowledge of the glacial and periglacial 

events in Portugal, comprising ambiguous geomorphologic evidences, and the almost absence of 

absolute datations, it is very difficult to establish accurate paleoclimatic interpretations. Thus, in order to 

unravel the most likely evolutionary scenario of freshwater fishes, and to better understand the historical 

and contemporary landscape features shaping the patterns of genetic diversity in the S. alburnoides 

complex, it will be valuable in future studies to compare the genetic and geographic patterns obtained 

with those of species that suffered similar historical and demographical events. 

 

6.2 Reproductive modes and population dynamics of S. alburnoides populations 

Scrutinizing the differences within the S. alburnoides population composition is a challenging task, but 

very difficult to attain, due to the nearly inexistent studies relating the presence and abundance of 

different forms of S. alburnoides to their habitat, as well as to their behaviour. 

The set of microsatellite loci used in this study (chapter 3-5), especially LCO1, LCO3, LCO4 and E1G6 

was a very useful tool to precisely identify the genome content in natural populations of S. alburnoides. 

Moreover, in many cases microsatellite loci information was sufficient to determine the variability and to 

accurately detect the ploidy level. This unveils the opportunity to develop a protocol of non lethal 

identification of all forms of the S. alburnoides complex, without the need of also performing flow 

cytometry, thus only requiring small amounts of tissue.  

Previous studies indicated that S. alburnoides populations are mainly composed of triploid and 

diploid hybrid forms (mainly females), and that the tetraploid forms are rare or absent (see table 
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6.1). Most populations sampled in the Douro basin fitted this trend (figure 3.1, chapter 3). 

Nonetheless, in the Douro drainage some populations that did not fit in this trend were found. 

Populations mainly composed by tetraploids were described for the first time (chapters 3 and 5). 

Flow cytometry measurements of blood and spermatozoa cells and microsatellite loci information 

confirmed that those tetraploids were symmetric. In the Tagus basin, as shown in table 6.1, 

symmetric tetraploid individuals were also reported, but there is no reference to populations mainly 

composed by tetraploid forms. Oscillations in the frequencies of some rivers’ biotypes, including of 

those from the same locality, are observed (table 6.1; Martins et al. 1998). This is probably due to 

the rivers’ dynamics and also to temporal variation and to different sampling stations.  

The population dynamics of S. alburnoides is influenced by genetic, microhabitat and behavioural 

factors and also by the reproductive modes. For instance, spatial and temporal segregation among 

forms seems to be the strategy adopted by S. alburnoides to reduce competition, which is a strategy 

also well documented in other asexual taxa (Vrijenhoek 1978; Balsano et al. 1981; Schenck & 

Vrijenhoek 1989). In chapter 5 is reported that the tetraploids from Douro basin select a specific 

habitat that is not shared/occupied by other biotypes sampled in other locations (figure 3.1, chapter 

3). Moreover, results from chapter 4 suggest that differences observed in the Douro basin, among body 

size and shape of hybrid forms, would enable them to reduce competition for resources. The main 

changes observed were: (i) those affecting the mouth, to make better use of the food resources 

available; and (ii) those related to body shape, to better adapt to different river reaches. The relationship 

found between morphology, hybrid forms and ecology could also be the result of directional natural 

selection acting on instantaneously-generated adaptive morphs or this adaptability could arise from the 

many ploidy levels and reproduction modes.   

The observed changes highlight the importance of resource availability favouring one hybrid form over 

another including in the reproductive season. Allopoliploidy can allow genomic rearrangements, gene 

silencing, and divergence in function or expression of duplicated genes that can produce shifts in 

morphology and ecological tolerance increasing the potential for adaptation (Soltis 2005; Guo et al. 

2006). Habitat preferences also allow mating between allotetraploids from Douro thus not decreasing the 

ploidy level. Selection of food types in diploid and triploid hybrid females has been reported suggesting 

they feed at different levels of the water column, resulting in reduced competition (Gomes-Ferreira et al. 

2005). Moreover, in the Guadiana basin spatial segregation among AA males and the hybrid forms was 

also observed (Martins et al. 1998). However, this segregation was not observed during the reproductive 

season allowing, in southern populations, a continuous shifting between forms, being both P and A 

nuclear genomes cyclically lost, gained or replaced by new genomes (reviewed in Alves et al. 2001).  
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Table 6.1 Relative frequencies of the different forms in samples collected in each river (h – hybrid and nh- nuclear 
nonhybrid). Range includes data in the table and data from studies 1, 2 and 7. 
1- Collares-Pereira (1985), 2a-c Alves et al. (1997a, 2001, 2002), 3- Carmona (1997), 4- Martins et al. (1998), 5- 
Pala & Coelho (2005), 6- Crespo-López et al. (2007), 7- Sousa-Santos et al. (2006), * - present study, ¥ sum of all 
works, § undetermined sex.  
  Fema les   M a le s  
Bas in  R i ve r  2 -n h  2n- h  3n- h  4n- h   2n- nh  2n- h  3n- h  4n- h  

Rumblar 0%3 26%3 61%3 0%3  4%3 0%3 9%3 0%3 Guadalquivir 
Range ¥ 0% 26% 61% 0%  4% 0% 9% 0% 
Quarteira 0% 0% 30.1%7 0%  53.8%7 0% 3.8% 0% Southwestern 
Range 7  0% 0-3.8%§ 30% 0-3.8%§  54% 0-3.8%§ 4% 0-3.8%§ 
Estena <1%3 5%3 67%3 0%3  23%3 0%3 5%3 0%3 
Zújar 0%* 18%* 51%* 0%*  31%* 0%* 0%* 0%* 
Gévora 0%3 10%3 11%3 0%3  20%3 0% 15%3 0%3 
Vascão 0%6 30%6 61%6 0%6  9%6 0%6 0%6 0%6 
Ardila 0%6 31%6 48%6 0%6  21%6 0%6 0%6 0%6 

Degébe 0%2a,c,4,6 

0%2a 

0-4%4 

18.2%2c 

60%6 

2-22%4 

24.3%2c 

30%6 
86%2a 

0%2a,c,4,6  

2-38%4 

9.5%2a 

10%6 

57.6%2c 

0%2a-c,4,6 
0%2c,4,6 

5%2a 0%2a,c,4,6 

Caia 0% 
<1%7a 

34%2a 
17-34%4 

66%2a 
60-78%4 

0%2a,4  4-6%2a,4 

54.5%2a 
0%2a,4 0%2a,4 0%2a,4 

Xévora 0%2c,4 8-10%4 

7.5%2c 
33-87%4 

75%2c 
0%2c,4  5-39%4 

17.5%2c 
0%2c,4 0%2bc4 0%2c,4 

Guadiana 

Range 1 ,2 , ¥  0%-<1% 0-60% 0-88% 0%  2-89% 0% 0-5%2b 0% 

Odivelas 0%2a,c 77%2a 
17%2c 

19%2a 
51.7%2c 

0%2a,c  0%2a 
31%2c 

0%2a 
0%2c 

4%2a 
0%2,c 

0%2a,c Sado 
Range 1 ,2 , ¥  0% 17-77% 19-70% 0-2%  0-48% 0-4% 0-4% 0-2% 
Codes 0%2a 0%2a 68.2%2a 0%2a  9.1%2a 4.5%2a 0%2a 0%2a 
Sever 0%2a 0%2a 78%2a 0%2a  10%2a 4%2a 8%2a 0%2a 
Sor 0%2a 2%2a 73%2a 0%2a  4%2a 2%2a 18%2a 0%2a 

Sorraia 0%2a,c,6 

5%2a 
15%6 

11.4%2c 

 

78%2a 

45.5%2c 
38%6 

0%2a,6 

2.2%2c 

13%6 
 

3%2a 

15.6%2c 

21%6 

5%2 

22.7%2c 

0%6 

8%2a 

0%2c,6 

1%2a 

2.2%2c 

13%6 

Alburrel 0%3 79%3 14%3 0%3  7%3 0%3 0%3 0%3 

Almonte 0%3 

0%* 
60%3 

20%* 
26%3 

50%* 
0%3 

0%* 
 7%3 

24%* 
7%3 

4%* 
0%3 

0%* 
0%3 

2%* 
Tiétar 0%3 263 743 0%3  0%3 0%3 0%3 0%3 

Tagus 

Range 1 ,2 , ¥  0% 0-79% 26-100% 0-13%  0-21% 0-23% 0-22% 0-13% 

Árrago 0%3, * 38%3 

0%* 
28%3 

100%* 
0%3, *  0%3, * 24%3 

0%* 
10%3 

0%* 
0%3, * Alagón 

Tagus 
Range ¥ 0% 0-38% 29-100% 0%  0% 0-24% 0-10% 0% 

Alva 0%2a,5 

0%5 
0%2a 

1.5%5 
90%2a 

76.5%5 
0%2a,5 

0%5 
 0%2a 

0%5 
5%2a 

19.1%5 
0%2a 

 2.9%5 
5%2a 

0%5 
Ceira 0%5 1.7%5 79.2%5 0%5  0%5 21.7%5 6.6%5 0%5 

Mondego 

Range 1 ,2 , ¥  0% 0-17% 77-90% 0%  0% 5-22% 0-7% 0-5% 
Sul 0%* 0%* 100%* 0%*  0%* 0%* 0%* 0%* Vouga 
Range ¥ 0% 0% 100% 0%  0% 0% 0% 0% 
Lodeiro  0%* 0%* 9.4%* 20%*  0%* 2%* 17.5% 41.1% 
Paiva  0%* 0%* 0%* 45.6%*  0%* 0%* 14% 40.4% 
Aguiar  0%3 8%3 62%3 2%3  0%3 24%3 2%3 2%3 
Tâmega 0%* 2.9%* 68.6%* 2.9%*  0%* 2.9%* 20%* 2.9%* 
Rabaçal 0%* 0%* 76.9%* 0%*  0% 5.8%* 17.3%* 0%* 
Maçãs 0%2a 0%2a 90%2a 0%2a  0%2a 10%2a 0%2a 0%2a 
Manzanas 0%* 0%* 47.6%* 0%*  0%* 31% 21.4%* 0%* 

Douro 
 
 
 
 
 

Range 1 ,2 , ¥  0%* 0-8% 0-90% 0-47%  0% 0-31% 0-21% 0-41% 

 

Moreover, female choice, combined with different ecological requirements of hybrids and AA males, 

may explain the oscillation in relative abundance of male types in populations (Sousa-Santos et al. 2006). 
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Despite the fertility of S. alburnoides hybrid males, the absence of AA males and the lower percentage 

of hybrid males, in the northern populations, especially in Douro populations, make those 

populations more dependent of the sperm donor, S. carolitertii. 

 

6.2.1 Sex ratio 

The sex ratio in tetraploids from Douro basin was 1:1 (chapters 3 and 5) but a sex ratio 

deviation was observed among triploids: triploids CAA/PAA were mostly females and triploids CCA 

were mostly males. An empirical association can be done between genome doses and sex. However, 

it is not known how sex is determined in S. alburnoides and previous studies indicate that the 

mechanism of sex determination cannot be fully explained either by a female or a male heterogamety 

(Alves et al. 1998, 1999; Gromicho 2006). Yet, it seems that sex ratio in the triploid forms is 

influenced by the other Squalius genomes (C and P), what can either be a consequence of lower 

fitness of the AA, CCA/PPA females and CAA/PAA males and/or of the mechanism of sex 

determination. Recently, Pala et al. (2008) described for the first time, dosage compensation by 

gene-copy silencing in triploids in which the allelic expression patterns differ between genes and 

between different tissues. Such findings and future studies will help to explain the differences in sex 

ratio of triploid forms, and to elucidate the reasons for the persistence of triploid forms in nature.  

 

6.2.2 Triploids in nature 

The abundance of triploid forms (mostly CAA) in the Douro basin could result from crosses 

where tetraploids are involved. However, the microsatellite results (chapter 3 and 5) suggest that 

the tetraploid populations have more likely a recent origin and the route to tetraploidization in Douro 

seems not possible to attain via diploids since the diploid females are hemiclonal (figure 6.2, chapter 

5). Across the entire distribution of S. alburnoides, the triploid CAA forms seem to result from diploid 

hybrid females but through different gametogenesis processes. Diploid hybrid females (PA) from the 

southern basins produce unreduced eggs with high levels of syngamy resulting in triploids, mostly 

PAA females, and occasionally developing by gynogenesis (Alves et al. 1998). In the Douro basin, 

diploid hybrid females (CA) produce hemiclonal eggs A (Carmona et al. 1997) that are fertilized by 

diploid hybrid males (CA) (unreduced sperm; chapter 5) producing CAA females (see figure 6.2). In 

the Mondego populations there is no information about the gametogenesis process in diploid 
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females (CA), even so, from the information gathered along this dissertation, it is predictable that 

diploid hybrid females produce clonal eggs without or with low syngamy. In the absence of AA males, 

it would be expected to find CCAA or CCA biotypes, when fertilized by diploid hybrid males (CA) or by 

S. carolitertii (CC), respectively, forms that are, however, rare or inexistent in these populations. It is 

also predictable that diploid hybrid females produce hemiclonal eggs as in the Douro basin. If diploid 

hybrid females (CA) produce unreduced eggs, how can than be explained the existence of triploids, 

mostly CAA, in Mondego populations? According  with  the results of this dissertation (chapters 2,  3 

and appendix 1), the S. alburnoides populations of Mondego share the same mtDNA lineage as the 

Tagus populations and the microsatellites pattern suggest the colonization of the Mondego 

populations arising from Tagus. These findings could explain the existence of CAA triploids in 

Mondego by colonization, and also could explain the existence of meiotic hybridogenesis in those 

triploids as observed by Pala & Coelho (2005). This reproductive mode allows the decrease of ploidy 

level in the Mondego populations, but not in the Douro ones since in these populations triploid 

females reproduce by typical hybridogenesis producing AA eggs (figure 6.2).  

Recently, for the first time, a case of a fertile triploid male was reported (Sousa-Santos et al. 

2007). These authors reported a cross between a S. torgalensis female and a CAA male that gave 

rise to viable tetraploid offspring. Such finding can increase the routes to attain tetraploids, yet, their 

role in the population dynamics of S. alburnoides seems to be very limited since they are extremely 

rare in nature. 

The crosses performed in the present study involving CCA triploids and CCAA tetraploids from the 

Douro basin (chapter 5) resulted in the non-development of embryos, which does not seem a 

laboratorial artefact. In fact CCC, CCCA or CCCCA forms were never observed in nature suggesting that 

postzygotic isolation occurs between CCA triploids and tetraploids. 

 

6.2.3 Tetraploids in nature 

Tetraploids are common in asexual taxa as is the case of the Ambystoma salamanders 

(Bogart 1989; Vrijenhoek et al. 1989) and the Cobitis fishes (Vasil’ev et al. 1989). Occasionally it 

can occur in Rana esculenta (Christiansen et al. 2005) and Poecilia formosa (Lampert et al. 2008), 

however, in these cases males tend to be extremely rare and uncommon. Flow cytometry and 

microsatellites analyses indicated that the S. alburnoides tetraploids originate through 

allotetraploidy. The tetraploid males are fertile, produce reduced sperm and exhibit Mendelian 

segregation, indicating that normal meiosis occurs (see chapter 5, Alves et al. 2001). Allotetraploids 
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from Douro showed a high genotypic diversity when compared with the sympatric CCA triploids since 

the bisexuality observed (chapter 5) allows existing gene combinations to break up and recombine. 

The absence of Hardy-Weinberg deviations and linkage equilibria across the polymorphic 

microsatellites data suggest random mating in those populations.  

A tetraploidy route in Tagus can be achieved through crosses between PA females and PA males 

(Alves et al. 1999), but also between crosses of clonal PAA eggs and P sperm (Alves et al. 2004). In 

Douro only the last route is expected to occur, since diploid females exhibit different reproductive 

mechanisms (see figure 6.2). Crosses between triploid males, which produce unreduced sperm in 

both northern, and southern populations (Alves et al. 1999; chapter 5), and C or P eggs, can also 

produce allotetraploids. However, in the Douro basin this route is not the most plausible for 

tetraploidy since tetraploids with carolitertii-like mtDNA were never observed (appendix 1). The non-

occurrence of tetraploids in the Guadiana basin (table 6.1) could be related with the absence or 

extremely low frequency of diploid hybrid males, thus not being possible to produce tetraploids via 

diploids. Tetraploidy could occur via triploids, if fertilised by P sperm, nonetheless, it would be 

extremely rare since the production of clonal eggs by triploid females is unusual. The scarce 

presence of tetraploids in most of the analysed populations probably is not only a problem of 

reproductive mechanisms, but also the result of habitat loss and habitat disturbance. These factors 

can increase the competition among biotypes and can reduce their fitness. For instance, the pattern 

of environmental variability across time that affects the Guadiana region, characterized by the 

heterogeneous annual hydrological cycle of the circum-Mediterranean region can also explain the 

absence or the scarcity of some biotypes.  
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Figure 6.2 Putative reproductive modes and relationships between the S. alburnoides complex biotypes observed in nature, in 
the Guadiana River basin (a), the Tagus River basin (b), the Mondego River basin (C) and the Douro River basin (d). C and P 
are the genomes of the sperm donors (S. carolitertii and S. pyrenaicus, respectively) and A is the genome of the ‘unknown’ 
ancestor. (*), form very rare in natural populations; dotted forms have never been observed in natural populations, () 
pathways previously described (Carmona et al. 1997; Alves et al. 2001, Pala & Coelho 2005; Crespo-López et al 2007, Cunha 
et al. 2008); (- - -), hypothetical pathway; (CC’/PP’), indicates the reconstituted S. carolitertii and S. pyrenaicus, respectively . 
Spermatozoid symbol with C/P indicates fertilization by C/P sperm; spermatozoid symbol with CA/PA indicates fertilization by 
CA/PA sperm produced by diploid and tetraploid males; (G), gynogenesis; (1), hybridogenesis; (2), meiotic hybridogenesis; 
(3) normal meiosis. 

 

6.2.4 Recombination and Introgression 

Asexual taxa are supposed to accumulate deleterious mutations, lose uncorrupted genotypes by 

chance and be unable to evolve in response to rapid environmental changes being condemned to 

extinction at the long term. However, little sex seems to be sufficient to avoid the accumulation of 

mutations and to maintain genetic variability (Hurst & Peck 1996). Squalius alburnoides is not a strict 

asexual taxa showing recombination between the homospecific genomes in triploid hybrid females (Alves 

et al. 1998; Pala & Coelho 2005), except in the Douro drainage where triploid females are hemiclonal 

(Carmona et al. 1997). Moreover, the isogenic tetraploid forms showed recombination of homologous 

chromosomes (chapter 5). Notwithstanding, there is no evidence of recombination between the parental 

genomes in S. alburnoides although this event cannot be excluded since the homozygous GPDH-1* 

electrophoretic patterns observed in diploids and triploids from Tagus river were never found in S. 
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pyrenaicus (Alves et al. 1997a), as well as, some microsatellites alleles were shared between the parental 

genomes that compose the S. alburnoides complex (chapter 3). However, there are other more plausible 

explanations, since the reproductive modes known do not support the recombination hypothesis (Alves et 

al. 1998, 2001; Pala & Coelho 2005; Crespo-López et al. 2007; chapter 5). The electrophoretic pattern 

obtained could result from the low number of individuals sampled, and the shared microsatellite alleles 

could arise from the presence of null alleles or from the convergence of alleles distribution among 

genomes (Crespo-López et al. 2007; chapter 3).  

 To occur introgression via S. alburnoides in the parental species, recombination between 

heterospecific genomes (A, C and P genomes) must happen and the incorporation of genes from one 

species into another must be made through backcross to the progenitor’s species. Through the 

reproductive modes of S. alburnoides it is seemingly possible to reconstitute the parental species, but the 

reconstituted S. carolitertii would suffer mitochondrial introgression (CCP - see figure 6.2). In fact, 

individuals of S. carolitertii from Mondego River, with introgression from S. pyrenaicus, have been 

reported (Brito et al. 1997).  However, no evidences of nuclear introgression from the A genome (extinct 

paternal ancestor) in the parental species were observed, reinforcing the hypothesis of no recombination 

between the heterospecific genomes of S. alburnoides (A and C/P genomes). 

 

6.3 Future of the S. alburnoides populations 

Like other asexual taxa, the S. alburnoides persistence at the long term, depends mostly on the levels 

and patterns of genetic diversity. Asexual organisms have a short lifespan, mainly because of the absence 

of genetic recombination (Vrijenhoek 1979). However, strict asexual taxa are very rare and most are not 

truly asexual since they do not completely avoid sexual reproduction. That could be the key for their long 

persistence. Recent studies showed different biological processes that can prevent or slow down their 

extinction. For instance, Poecilia formosa showed paternal leakage of undamaged DNA from its sexual 

sister species (Loewe & Lamatsch 2008) and Ambystoma complex generated and maintained various 

intergenomic exchanges between A. laterale and A. jeffersonianum genomes in unisexual individuals (Bi et 

al. 2006, 2007). Squalius alburnoides have several reproductive mechanisms that associated with 

different ploidy levels can generate new genetic combinations. The meiotic hybridogenesis observed in 

the triploid females (except in Douro basin) allows intragenomic recombination between homospecific 

genomes (Alves et al. 1998). This mechanism is also observed in other asexual taxa, such as Rana 

esculenta (Graf & Pelaz 1989) and Misgurnus anguillicaudatus (Morishima et al. 2008). This 

diploidization of triploids can explain their persistence in nature (Otto 2007; Pala et al. 2008). Meiotic 
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hybridogenesis allowed reconstituting and maintaining the paternal ancestor lineage, an important source 

of genetic variation in the southern populations. New hybridization events can also stop the decay of 

genomes variability in S. alburnoides populations avoiding their extinction. The phylogenies results 

(chapter 2, appendix 1) suggest that hybridization is ongoing in nature, and that the new hybrid lineages 

are closer to their parental species than to other hybrids. The generation of diversity in S. alburnoides 

can also result from the accumulation of genetic differences among hybrids that derived from a common 

ancestor, and also from multiple origins of asexuality arising from a sexual ancestor. The combination of 

all or part of these processes may thus allow S. alburnoides to avoid extinction, nevertheless not all 

populations have the same potential for survival.  

Mondego populations seem to be threatened of extinction at the long term. Regardless of the ability of 

triploid females to generate genetic variability this process does not seem enough to stop the genome 

decay. The absence of AA males, combined with the absence of tetraploids, reduces the sources of 

incorporation of new genetic combinations in these populations. Moreover, behavioural traits, 

microhabitat as well as temporal isolation of S. carolitertii could explain why crosses between S. carolitertii 

females and hybrid males are rare, when compared with crosses with other Squalius species (S. 

pyrenaicus and S. aradensis).  

Polyploidy is considered an important evolutionary mechanism for diversification and speciation in 

animals (Ohno 1970) and, also to allow more tolerance to ecological variations since the duplication of 

genes provides metabolic flexibility (Otto & Whitton 2000), also providing a protective effect against 

deleterious recessive mutations (Comai 2005). Tetraploidy thus seems to be the key for survival at the 

long term of the northern populations, and is a single opportunity for witnessing a speciation process. 

 

 6.3.1 Speciation  

Polyploidy and hybridization are intimately linked in asexual animals suggesting that they could 

provide steps to facilitate polyploid evolution (Shultz 1969). The enigma about the role of 

tetraploidization as an evolutionary step in asexual species complexes persists because of a lack of 

supportive examples in nature. In fact, asexuality may help to stabilize new polyploid lineages but it is not 

necessary for polyploid evolution (e.g tetraploids in Tagus basin). Genome plasticity, inter and intra-

individual, in the southern populations (Guadiana and Tagus) could provide a background for selection to 

act in an ongoing evolutionary process of genome tetraploidization and speciation that has been 

observed based on the analysis of cytogenetic molecular markers (Gromicho et al. 2006). 
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Here, an example of polyploid evolution was described (chapter 5). Symmetric allotetraploid (CCAA) 

populations of S. alburnoides from the Douro basin resumed normal meiosis after intermediate processes 

of non-sexual reproduction to give rise to a new sexually reproducing polyploid form that may be 

considered a new species.  

In summary, sexual reproduction among the tetraploid forms of S. alburnoides has given rise, through 

recombination, to genetic variability allowing the adaptation and long term evolution of these fish. 

According to chapter 5, we are presently witnessing the formation of a new polyploid species. The 

populations are undergoing a process of speciation as consequence of their evolution isolated from the 

other forms, via prezygotic (habitat selection, assortative mating) and possibly postzygotic mechanisms 

(non-viable embryos), illustrating how these hybrid polyploid complexes can in effect lead to speciation 

and highlighting their important role in animal evolution. If no ecological disturbance occurs these 

populations will continue to diverge from each other and become completely established species. The 

habitat disturbance can break the isolation among forms stopping the speciation process. The existence 

of a bisexual polyploid species in Tagus basin is only an hypothesis, which seems compromised due to 

anthropogenic action. 

The Iberian rivers system is significantly affected by habitat degradation, exotic fauna, impoundment of 

rivers and water quality deterioration that represent important threats for the endemic fauna (Cowx & 

Collares-Pereira 2002). As such, the environmental conservation is an essential step to preserve the 

endemic freshwater fishes, playing an important role in the dynamics and survival of the S. alburnoides 

complex.  
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Chapter 7| Concluding Remarks 

 
“After climbing a great hill, one only finds that there are many more hills to climb”  

Nelson Mandela  

 

 

In the present dissertation, the analysis through molecular data and geometric morphometrics, combined 

with flow cytometry, allowed to elucidate the phylogeography and evolutionary history of the cyprinid Squalius 

alburnoides. The population composition, the levels of genetic diversity and the relationships among hybrid 

forms of S. alburnoides, were evaluated with special emphasis to the analysis of the northern populations of 

the Iberian Peninsula.  These results constitute a useful baseline analysis of molecular markers and 

landmarks to be used in future studies. 

 

From the studies performed in this dissertation, the following conclusions can be drawn:  

 

1. The genetic analyses of mitochondrial DNA data corroborate a 

unidirectional hybridization origin of S. alburnoides. These 

crosses were between S. pyrenaicus females and an unknown 

paternal ancestor related to Anaecypris hispanica. There have 

been multiple hybridization events throughout time, most 

likely beginning in the Upper Pliocene and probably 

continuing until present.  

2. The tests of unique versus multiple origins based on cytb sequences support at least five 

independent hybridization events in S. alburnoides that are related to geographical regions: (1) 

Alágon (Tagus)–above Mondego; (2) Tagus–Mondego; (3) Sado; (4) Guadiana-Guadalquivir; and 

(5) Southwest. However, the independent Southwestern origin event should be confirmed, since it 

could also be a sample bias. 

 

 

Origin of S. 
alburnoides 
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Biotypes 
Composition 

     

1. The excellent power of discrimination of the set of 

microsatellite loci used in this study, especially LCO1, LCO3, 

LCO4 and E1G6 was a very useful tool to precisely identify 

the genome content in natural populations of S. alburnoides. 

In many cases microsatellite loci information was sufficient to 

determine accurately the ploidy level and the genomic 

constitution of individuals. This unveils the opportunity to develop a protocol that requires small time 

and non lethal identification of all biotypes of the S. alburnoides complex, without flow cytometry.  

2. For the first time it was reported two populations of S. alburnoides in the Douro basin mainly composed 

by symmetric tetraploids specimens. 

 

1. The genetic structure of S. alburnoides is most likely very 

influenced by historical events, and the genetic variation is 

organised according to a geographic pattern.  

2. Different genetic signatures in the populations from Mondego 

and Douro basins reflect different populations’ history. The low 

allelic diversity in the A genome of Mondego and the sharing of 

mtDNA lineages with Tagus populations suggest a colonization from Tagus basin.  

3. Microsatellite variation among the populations of the Douro River basin supports the existence of a glacial 

refugium in the Rabaçal river, since the remaining populations display a paucity of private alleles and 

lower heterozygosity as they move away from this putative refugium. RST estimates are higher than FST 

estimates in Rabaçal, Guadiana and Tagus suggesting that mutation rather than migration and drift were 

responsible for the differentiation among populations. 

 

1. Morphology analysis is an extremely important tool to identify 

the existing forms in the hybrid populations of S. alburnoides. 

Morphological approaches relying on meristic counts and 

body pigmentation have demonstrated the utility in 

distinguishing the sperm donor S. carolitertii from the 

Population 
Genetics 

Morphology 
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members of the S. alburnoides complex, as well as, distinguishing the AA males. However, the meristic 

counts of tooth and branched dorsal fin rays numbers, and the presence of a black line around the base 

of the dorsal fin do not distinguish the CCA biotype of S. alburnoides from those of S. carolitertii, which 

may provide misleading estimates of their frequencies in natural populations.   

2. The geometric morphometrics data suggests that the differences observed in the body shape of the 

biotypes of S. alburnoides  allow them to reduce resources competition. Adaptability arises from the 

several ploidy levels and from the various reproduction modes, and the observed changes highlight the 

importance of resources availability that can favour one biotype over another. Tetraploids from Douro 

basin differ more heterogeneously from the other biotypes. That is probably a consequence of 

rearrangements, homologous recombination, sequence elimination and changes in DNA methylation 

which can occur in allotetraploids, having also implications in their phenotype. 

1. Despite the two homospecific genomes of triploid females 

from Mondego populations undergo normal meiosis, 

microsatellites suggest that this process alone is not 

enough to stop the genome decay. 

2. The recruitment of new hybrid lineages in the Douro 

populations was observed between S. carolitertii 

females and hybrid males and thus can help their long-

term persistence. 

3. Based on the flow cytometry measurements of blood and spermatozoa cells, microsatellite loci, 

geometric morphometric analyses and experimental crosses, we witnessed for the first time a 

speciation process in S. alburnoides from the northern Iberia through prezygotic (habitat selection 

and assortative mating) and postzygotic (nonviable embryos) isolation mechanisms, highlighting 

that hybrid polyploid complexes can lead to speciation.  

4. The future of southern and northern populations depends on both their genetic legacy and 

population dynamics, possibly introducing fresh genes that will eventually lead to new speciation 

processes. Symmetric tetraploid and AA males gave rise to genetic variability and allowed the 

adaptation and long-term evolution of these populations.  

 

 

The future of S. 
alburnoides 
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7.1 Future Investigations 

Squalius alburnoides is a very complex system with different reproductive systems that may help to 

understand why asexual taxon might persist over time. Despite the new insights brought by this work some 

gaps still remain in our knowledge, particularly at the ecological and behavioural levels. Moreover, this study 

unveils new questions that will be very interesting to address in future studies and which will certainly 

contribute to the resolution of this intricate jigsaw.  

The creation and maintenance of captivie breeding strains of S. alburnoides will be highly deseriable. 

This will help to perform and design controlled experimental breeding works, and cytogenetic, 

behavioural and developmental biology studies. Until now experimental crosses were always done by 

chance, and specimens were always obtained from natural populations, being thus dependent of the 

reproductive season. However, despite the big effort that this type of crosses required it is always 

desirable to validate the experimental crosses in captivity. 

It will also be very interesting to devise a geometric morphometrics analysis in the southern 

populations and compare it with Douro results, to understand in what way different sperm donors and 

different biotypes can, or cannot, influence the body size and shapeof S. alburnoides. 

To further understand the historical and contemporary structure of S. alburnoides, more microsatellite 

loci and more populations from Vouga, Mondego, Sado, Guadalquivir River basins and from Southwest 

and Alagón regions should be analysed.  

Analysis of DNA sequences from multiple loci using coalescent approaches will be desirable to 

calculate the divergence times between S. pyrenaicus and S. alburnoides, since the estimates of species 

divergence using data from single locus can bias the estimations. 

The current knowledge about the effects of polyploidy on relative fitness is primarily obtained from 

studies of higher plants in which polyploidy has been viewed as a major evolutionary force. Relatively 

few studies have been conducted with animals, and contradictory findings have been reported. 

Therefore it would be very challenging to study, through the analysis of life history patterns, if the 

relative fitness of diploids and polyploids is influenced by the environmental conditions and to examine 

how they respond to environmental changes. 

One of the advantages of allopolyploids is heterosis. It would therefore be very interesting to study 

if the different forms of S. alburnoides are more vigorous than their diploid progenitor. This could 

include analyses of MHC variation and the correlation with parasite resistance, as well as analyses of 

survival and growth rates among the hybrids forms and the progenitors.  
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Future works should also try to understand the genetics of adaptation of the different forms of S. 

alburnoides complex, like the swimming behaviour, growth and morphological traits through the analysis 

of quantitative trait loci (QTL). 
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Appendixes  

Appendix 1|mtDNA 
App1.1 Phylogenetic network tree 

Phylogenies are very important in testing comparative hypothesis in a wide variety of fields (Page 

1999). A bifurcation tree cannot always represent intraspecific gene evolution because recombination 

and hybridisation events can lead to reticulate relationships producing reticulate relationships (Posada 

& Crandall 2001; Woolley et al. 2008). In addition, sometimes the low levels of genetic diversity lead to 

a lack of phylogenetic resolution. The phylogenetic approaches used in chapter 2 assume bifurcating 

trees, while networking approaches take into account these events.  In order to understand how the 

results of chapter 2 could be affected by reticulation, the data set used in that chapter with the addition 

of more specimens and populations, was reanalysed using a network approach.  

A total of 312 specimens including individuals of S. alburnoides (164) and their present sperm 

donors [S. pyrenaicus (86) and S. carolitertii (57)] were sampled across their entire distribution. The 

extraction of DNA, PCR amplification and sequencing procedures were the same as those used in 

chapter 2. 

A total of 190 haplotypes were identified; 25 haplotypes among S. carolitertii, 70 haplotypes among 

S. pyrenaicus and 105 haplotypes among S. alburnoides. For the three representatives of Squalius 

genus with widest distribution range in the Iberian Peninsula (IP), S. alburnoides, S. carolitertii and S. 

pyrenaicus, maximum parsimony networks were constructed using both the reduced median network 

method (Bandelt et al. 1995) and the median-joining network method (Bandelt et al. 1999) as 

implemented in program Network 4.5.0.0 (available at http://www.fluxusengineering.com).  

Both network methods employed here were congruent.  In the network, six haplogroups related with 

geographic regions were observed (see figure app1): haplogroup A, the Southern group that includes 

S. alburnoides and S. pyrenaicus from Guadiana, Guadalquivir and the southwestern region of the IP; 

haplogroup B, the Central group of the IP that includes S. alburnoides and S. pyrenaicus from Tagus 

basin, including the populations of S. pyrenaicus from Alagón, Ebro and Jucar drainages and the 

specimens of S.alburnoides from Mondego; haplogroup C that includes S. alburnoides and S. 

pyrenaicus from Sado; haplogroup D that includes S. alburnoides from Douro, Vouga and Alagón 

(Tagus); and haplogroups E an F that correspond to the S. carolitertii populations. Haplogroup E 

includes all specimens of S. carolitertii from Mondego and haplogroup F includes all specimens of S. 

carolitertii from the Northwestern basins (Douro and Vouga) also including some specimens of S. 

alburnoides from Douro.    
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The results obtained in the network were congruent with the results of chapter 2 highlighting the 

accuracy of those results obtained using traditional phylogenetic methods. 

 
 

Figure app1 Median Joining network. The number of times each haplotype is present in the sample  is proportional  to the 
area of the circle. S. alburnoides:  Douro,  Vouga,  Mondego,  Alagón Tagus,  Tagus,  Sado,  Guadiana,  
Guadalquivir,  Quarteira (Southwest); S. pyrenaicus:  Ebro,  Alagón Tagus,  Tagus,  Samarra  Sado,  
Guadiana,  Guadalquivir,  Quarteira (Southwest); S. carolitertii:  Douro,  Vouga,  Mondego. Each haplogroup is 
designated by a capital letter: A - Southwest-Guadiana-Guadalquivir, B - Ebro-Samarra-Tagus-(+S. pyrenaicus from Alagón-
Tagus and S. alburnoides from Mondego), C - Sado basin, D - S. alburnoides from Douro-Vouga and Alagón-Tagus, E -  S. 
carolitertii from Mondego and F – S. carolitertii from Douro and Vouga (+S. alburnoides from Douro). 
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Appendix 2| Microsatellite loci 

The following figures illustrate the allelic frequencies and size distributions of six microsatellite loci 

(E1G6, LCO3, LCO4, LCO5, N7J4, N7K4) studied in the C, P and A genomes of Alagón-Tagus and 

Vouga specimens of S. alburnoides. Circles represent distinct alleles, and their areas are directly 

proportional to their frequencies.  
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App2.1 Population structure 

The extent of population differentiation was further assessed by performing a factorial 

correspondence analysis (FCA) using Genetix 4.05 (Belkhir et al. 1996, 2004). The resulting factorial 

axes can be ordered according to their eigenvalues with the first axis corresponding to the largest 

eigenvalue that explains the more general pattern or structure contained in the data set. The 

ordination of populations along these axes can a priori be used to express which populations are the 

most different or the most similar for a given axis (Guinand 1996). 

A more detailed pattern of population differentiation among the parental genomes was revealed by 

the FCA of microsatellite allelic composition. For the A genome, the first axis explained 32.8% of the 

total genetic variance, the second 28.49% and the third 18.76% (figure app2b). Individuals from the 

same population tended to cluster in the same region of the plot and there was no overlap among 

populations from different drainages reflecting a clear geographic structure. The pattern exhibited for 

the C and P genomes (figure app2a) was the same as the one exhibited by the A genome (figure 

app2b).  These results reinforce the results obtained in the phylogenetic trees of chapter 3. 
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Figure app2 - Plot of three-dimensional-factorial correspondence analysis (FCA) of individual multilocus genotypes for the C, P (a) and 
A genomes (b) of S. alburnoides. 
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Appendix 3|Software List 
 

Table app1 provides a complete list of software packages employed along this dissertation for 

statistical, genetic and morphological analyses. Basic descriptions of functions carried out by each 

software, as well as the reference to which version was applied, are provided. 

 

Table app1 - Software packages employed in this thesis 

Package Name Version Analyses Supported Citation Applied in 

ARLEQUIN 3.0 

Gene and nucleotide diversity, 
haplotype frequencies, LK, HWE, 
pairwise genetic distribution, 
mismatch distribution neutrality tests. 

Excoffier et al. 
(2005) Chapter 3 

CEQ FRAGMENT ANALYSIS  
DNA sizing and alleles calls for 
Beckman CEQ genotyping systems 

Beckman CEQ Chapter 3, 5 

FDASH   
Analyses of genetic diversity of 
allopolyploids in which allele-dosage 
cannot always be determined 

Obbard et al. 
(2006) Chapter 2 

FSTAT  2.9.3 

Estimates and tests gene diversities 
and differentiation statistics. 
Computes estimators of gene 
diversities and F-statistics, and tests 
them using randomisation methods.  

Goudet 2001 Chapter 3 

GENEPOP 3.3 
Computes basic indices of genetic 
diversity and F-statistics; exact test of 
HWE and LD; Mantel test 

Raymond & 
Rousset (1995) Chapter 3,5 

GENETIX 4.05 
Estimates of classical parameters, 
tests for departures from null 
expectations 

Belkhir et al. 
(1996-2004) Appendix 2 

HP-RARE 1.1 

Uses rarefaction statistical technique 
so that the number of alleles in large 
samples can be compared with the 
number of alleles in small samples. 

Kalinowski 
(2005) 

Chapter 3 

MICRO-CHECKER  
Checks for microsatellite null alleles 
and scoring 

Oosterhout et al. 
(2000) 

Chapter 3, 5 

MOLDELTEST  3.06 
Selects the model of nucleotide 
substitution that best fits the data 

Posada & 
Crandall (1998) Chapter 2 
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Package Name Version Analyses Supported Citation Applied in 

MORPHEUS ET AL. 2.2 

Provides a comprehensive, cross-
platform environment for the 
acquisition, processing, and analysis 
of morphometric data. 

Slice (1998) Chapter 4 

MORPHOLOGIKA 2 2.5 

Is a set of integrated tools for 
examining size and shape variation 
among objects described by sets of 
landmark coordinates. These tools 
provide for 2 and 3 dimensional 
visualisation of shape and shape 
differences. 

O’Higgins (2000) Chapter 4 

NETWORK 4.5.0.0 

Used to reconstruct phylogenetic 
networks and trees, infer ancestral 
types and potential types, 
evolutionary branchings and variants, 
and to estimate datings. 

Fluxus 
Technology Ltd Appendix 1 

NTSYSPC  2.1 

Can transform data, estimate 
dis/similarities among objects, and 
prepare summaries of the 
relationships using cluster analysis, 
ordination, and multiple factor 
analyses. Many of the results can be 
shown both numerically and 
graphically. 

Rohlf (1997) Chapter 4 

PAUP * 4.0b10 Inference of evolutionary trees Swofford (1998) Chapter 2 

POPDIST 1.1.1 

Calculate genetic distance and 
identity measures, including the 
measure of Tomiuk and Loeschcke, 
which also allows calculation of 
genetic similarity measures for 
comparisons involving polyploid and 
parthenogenetic populations. 

Guldrandtsen et 
al. ( 2000) 

Chapter 3 

PUZZLE 4.0.1 
Reconstruct phylogenetic trees from 
molecular sequence data by 
maximum likelihood. 

Strimmer & Von-
Haeseler (1996) Chapter 2 

RRTREE 1.1 

Comparing substitution rates 
between lineages of protein or DNA 
sequences, relative to an outgroup, 
through relative rate tests. Genetic 
diversity is taken into account 
through use of several sequences, 
and phylogenetic relations are 
integrated by topological weighting. 

Robison-Rechavi 
& Huchon 
(2000) 

Chapter 2 

RSTCALC  
Analyses of population structure, 
genetic differentiation and gene flow 
using microsatellite data 

Goodman (1997) Chapter 3 
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Package Name Version Analyses Supported Citation Applied in 

SEQUENCHER  4.0 
Sequence assembly and analysis 
software. 

Genes Codes 
Corporation Chapter 2 

TPSDIG  
Digitize the x- and y-coordinates of 
homologue landmarks.  Rohlf (2003) Chapter 4 
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Glossary 

ALLOPATRIC  Species or populations that occur in geographically separate areas (Allendorf & Luikart 
2007) 

ALLELIC RICHNESS A measure of the number of alleles per locus; allows comparison between samples 
of different sizes by using various statistical techniques (e.g, rarefaction) (Allendorf & Luikart 
2007). 

ALLOPOLYPLOID Polyploids in which the chromosome sets are derived from more than one species 
through hybridization (Mable 2003). 

ASEXUAL REPRODUCTION An organism that reproduces without sex, clonal, non-recombinant or rarely 
recombinant. With or without syngamy and karyogamy (Beukeboom & Vrijenhoek 1998) 

ASSORTATIVE MATING The tendency of like to mate with like (Mable 2003). 

BOTTLENECK A special case of strong genetic drift where a population experiences a loss of genetic 
variation by temporarily going through a marked reduction in effective population size. In 
demography, a severe transient reduction in population size (Allendorf & Luikart 2007).  

BIOTYPES A group of organisms having the same fundamental genetic constitution (Abercombrie et al. 
1961)  

CLINE A geographic gradient in the frequency of a gene, or in the average value of a character (Ridely 
2004). 

DIPLOIDIZATION Gradual conversion from polyploidy to diploidy through genetic changes that 
differentiate duplicated loci (Comai 2005). 

EPIGENETIC A mitotically stable change in gene expression that depends not on a change in DNA 
sequence, but on covalent modifications of DNA or chromatin proteins such as histones (Comai 
2005). 

FOUNDER EFFECT A loss of genetic variation in a population that was established by a small number of 
individuals that carry only a fraction of the original genetic diversity from a larger population. A 
special case of genetic drift (Ridely 2004). 

FROZEN NICHE VARIATION HYPOTHESIS Proposes that asexual clones exploit a fraction of a total 
resource niche available to the sexual population from which they arise. Differences in niche 
breadth may allow a period of coexistence between a sexual population and the faster 
reproducing asexual clones (Vrijenhoek 1979). 

GENE FLOW Exchange of genetic information between demes throught migration (Allendorf & Luikart 
2007). 

GENETIC DRIFT (also known as random drift) A phenomenon whereby the frequency of a gene in a 
population changes over time because the number of offspring born to parents that carry the 
gene is subject to chance variation (Otto & Lenormand 2002). 
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GEOMETRIC MORPHOMETRICS An approach to estimating forms by means of the establishment of 
landmarks, standardization of forms to eliminate the effect of size, and statistical analysis of 
differences in landmark locations (Levinton 2002). 

GYNOGENESIS Sperm-dependent parthenogenesis; sperm is used to activate embryogenesis but fusion 
of egg and sperm nuclei does not occur; pseudogamy (Beukeboom & Vrijenhoek 1998) 

HARDY-WEINBERG EQUILIBRIUM A state in which the frequency of each diploid genotype at a locus 
equals that expected from the random union of alleles — that is, where the inbreeding 
coefficient (F) is zero (Otto & Lenormand 2002). 

HETEROSIS The increase in performance displayed by hybrids compared with their inbred parents. 
Because performance can be a subjective trait (for example, age of reproduction), a more 
precise definition is non-additive inheritance in which a trait in the F1 transgresses both parental 
values (Comai 2005). 

HOMEOLOGOUS (in allopolyploids) Chromosomes or gene copies derived from the same parental origin 
(Mable 2003). 

HOMOPLASY Independent evolution or origin of similar traits, or gene sequences. At a locus, homoplasy 
can result from back mutation or mutation to an existing allelic state (Allendorf & Luikart 2007). 

HYBRIDIZATION Integration of genomes from two different species or genetically divergent populations 
(Mable 2003). 

HYBRIDOGENESIS Also known as hemiclonal reproduction, Male parental genome is expressed in 
triploid hybrids, but is discarded during oogenesis so that diploid eggs contain only maternal 
nuclear genes; triploidy is restored by incorporation of sperm from excluded parental type 
(Mable 2003). 

INTROGRESSION The incorportion of genes from one population to another through hybridization that 
results in fertile offspring that further hybridize and backcross to parental populations (Allendorf 
& Luikart 2007). 

KARYOGAMY A process of fusion of the nuclei of two cells; the second step in syngamy (Gromicho 
2006). 

MEIOTIC HYBRIDOGENESIS Atypical hybridogenetic mechanism in triploid specimens that involves the 
exclusion of the heterospecific genome, the recombination between both homospecific genomes 
and the production of haploid gametes which are normally fertilized (e.g. Squalius alburnoides 
complex, Misgurnus anguillicaudatus) (Gromicho 2006). 

MONOPHYLETIC Term applied to a group of organisms, which includes the most recent common 
ancestor of all of its members and all of the descendants of that most recent common ancestor. 
A monophyletic group is called a clade (Allendorf & Luikart 2007). 

MULLER’S RACHET The irreversible accumulation of deleterious mutations in asexual populations of 
finite size. The average load of mutations increases over generations because the class of 
individuals that carry the smallest number of mutant alleles is occasionally lost by genetic drift. 
In the absence of recombination, this class can never be re-created (Butlin 2002). 

NON-SEXUAL REPRODUCTION Reproducing without “normal” meiosis but frequently with some 
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recombination and meiotic reduction, although genomes may be clonally transmitted. With 
syngamy and karyogamy (Gromicho 2006). 

ORTHOLOGOUS GENES Genes that have evolved directly from an ancestral gene (Allendorf & Luikart 
2007). 

PARTHENOGENESIS Embryo produced from an unreduced egg without male involvement (Mable 2003). 

PLASTICITY The ability of the same genotype to change and adapt its phenotype in response to 
different environmental conditions (Comai 2005). 

PLESIOMORPHY A primitive character state for the taxa under consideration (Levinton 2001). 

POLYPLOIDY Individuals whose genome consist of more than two sets of chromosomes (e.g. 
tetraploids) (Allendorf & Luikart 2007). 

POSTZYGOTIC ISOLATION Reproductive isolation in which a zygote is successfully formed but then either 
fails to develop or develops into a sterile adult (Mable 2003). 

PREZYGOTIC ISOLATION Reproductive isolation occurring before zygote formation (Mable 2003). 

PHYLOGEOGRAPHY The assessment of the geographic distribution of the taxa of a phylogeny to 
understand the evolutionary history (e.g. origin and spread) of a given taxon (Allendorf & 
Luikart 2007). 

POLYPHYLETIC Term applied to a group of organisms, which does not include the most recent common 
ancestor of those organisms; the ancestor does not possess the character shared by members 
of the group (Allendorf & Luikart 2007). 

PARAPHYLETIC Term applied to a group of organisms which includes the most recent common ancestor 
of all of its members, but not all of the descendants of that most recent common ancestor 
(Allendorf & Luikart 2007). 

RED QUEEN HYPOTHESIS States that sex is an adaptation to fast-evolving parasites, is currently one of 
the most recognized explanations for the ubiquity of sex and predicts that asexual lineages 
should suffer from a higher parasite load if they coexist with closely related sexuals (Tobler & 
Schlupp 2005). 

RECOMBINATION The process that generates a haploid product of meiosis with a genotype differing 
from both the haploid genotypes that originally combined to form the diploid zygote (Allendorf & 
Luikart 2007). 

SEXUAL REPRODUCTION Amphixis, the mixing of genes from two distinct individuals involving 
recombination effects of meiotic reduction and the fusion of gametes (karyogamy) (Gromicho 
2006). 

SYMPATRIC  Populations or species that occupy the same geographic area (Allendorf & Luikart 2007). 

SYNGAMY The process of union of two gametes to form a zygote. It involves both plasmogamy and 
karyogamy (Abercombrie et al. 1961). 

TETRAPLOIDS Individuals with four sets of chromosomes (Mable 2003). 



 166 

TRIPLOIDS Individuals with three sets of chromosomes (Mable 2003). 

WAHLUND PRINCIPLE The deficit of heterozygotes in subdivided populations, compared to expected 
Hardy-Weinberg proportions, due to subdivision into small demes within the large population 
(Allendorf & Luikart 2007).  
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