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“The proof of evolution lies in those 

adaptations that arise from improbable foundations.”  

 

 Stephen Jay Gould (1941–2002) 
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Abstract 

Since ancient times, humans are actively confronted with genetic admixture. Despite being a 

natural phenomenon, observable and even experienced, it was considered dysfunctional or even 

relegated to categories close to perversion. Paradoxically, it was historically used for the benefits of 

human communities, for example, in processes such as domestication.  

When evolutionists began to explore this topic, they would be also imbued with these 

paradoxes, seeking to justify a certain irrelevance they attributed to this phenomenon. Others went 

further, considering it as an imperfection of nature or even a threat for species integrity. This "purist" 

view of life overflowed the borders of science and was abusively used to justify discriminatory 

thoughts, such as biological racism, culminating in tenebrous forms of forced sterilizations, 

segregation and murders. On the other hand, these thoughts conditioned for long the development 

of scientific knowledge about the role of genetic admixture for adaptation and evolution. 

At the beginning of 20th century some scientists recognized in counter-current, that 

phenomena such as hybridization may benefit some lineages through the sharing and incorporation 

of genetic material associated with well-adapted traits to new or changing environmental conditions. 

Called as adaptive introgression this was a target-process of controversy due to difficulties in 

demonstrating it unequivocally and for interfering with rooted convictions and prejudices. Almost a 

century later, methodological developments in genomics allowed the successive accumulation of 

evidence. This thesis seeks to explore how this increase in scientific evidence has shaped the 

trends in current knowledge about the relevance, patterns of functioning and causes of 

introgression, as well as to bring new perspectives on how it strikes a balance with evolutionary 

forces from divergence. 

Introgression was deeply discussed from several perspectives. First of all, this work carried 

out an analysis of the current opinion of the scientific community on the importance, prevalence and 

consequences of introgression. From the psychobiological point of view it was addressed subjects 

such as, what is the capacity of scientific production to influence people's opinion, how long and 

under what amount of publications, as well as whether prejudices remain conditioning the opinion of 

scientists and people in their assessment of genetic admixture. From an operational point of view, I 

organized, merged and analyzed from a global viewpoint the main mechanisms and constraints on 

introgression operation along the tree of life. From an evolutionary perspective, it was analyzed the 

impact of stored divergence, reflected in phylogenetic distances, on its occurrence and potential 

prevalence in different taxonomic groups, discussing what structural characteristics of the 

organisms worked as limiting factors. Finally, from a functional point of view, it was considered 

through an empirical study on cryptic bats’, how introgressive hybridization may establish a balance 
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with potential competition and how this balance can shape the relationship between closely-related 

species and their ecological resources. 

The results obtained showed that the genomic revolution is behind most of the current 

evidence on introgression, helping to promote it as one of the most important topics in current 

science in the context of global scientific literature. This thesis highlighted the capacity and 

relevance of scientific publications to change public opinions, placing them on a less emotional and 

more factual basis, despite prejudices still remaining in the public perception about genetic 

miscegenation in relation to taxonomic bias. In operational terms, results from this thesis provided 

evidence on introgression as an evolutionary process acting in parallel with divergence, evolving 

and establishing in balance with it through interconnected mechanisms, whose drivers increase its 

complexity across the biological organization. As organisms gradually increase their genomic, 

physiological and behavioural complexity, divergence processes impose more constraints on 

introgression occurrence. Thus, simpler organisms present greater phylogenetic amplitude in the 

occurrence of introgression due to both smaller genomes and randomness in choosing mating 

partners. Alternative mechanisms to divergence allow the occurrence of introgression, impacting 

different axes of ecological niches, and allowing stable co-existence of closely-related species. 

Finally, I argue that introgression transfers to each species/lineage/breed an instrumental value, 

which can go far beyond its intrinsic importance. Each one can act as a genetic resource for 

evolutionary rescue at some point in the evolutionary process. This value is crucial and should be 

preserved, being particularly important under strong environmental changes, such as the current 

ones, resulting from anthropogenic climate change. 

 

 

Keywords: Biological organization, cryptic bats species, divergence, genomic revolution, 

hybridization, instrumental value, introgression, knowledge trends, meta-analyses, perception, 

phylogeny, prejudices, structural complexity and systematic review  
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Resumo 

Desde tempos remotos que os seres humanos são ativamente confrontados com a mistura 

genética. Apesar de ser um fenómeno natural, observável e até vivenciado, foi desde cedo 

considerado disfuncional ou mesmo relegado a categorias próximas da depravação. 

Paradoxalmente, a mistura genética foi historicamente utilizada para o benefício de comunidades 

humanas, por exemplo, em processos de domesticação. 

Quando os evolucionistas começaram a explorar este tema, também eles estariam 

imbuídos destes paradoxos, procurando justificar uma certa irrelevância que atribuíam a este 

fenómeno. Outros foram ainda mais longe, considerando-o uma imperfeição da natureza ou 

mesmo uma ameaça à integridade das espécies. Essa visão "purista" da vida extrapolou as 

fronteiras da ciência e foi abusivamente utilizada para justificar pensamentos discriminatórios, 

como o racismo biológico, culminando em formas tenebrosas de esterilizações forçadas, 

segregação e assassinatos. Por outro lado, este pensamento condicionou por muito tempo o 

desenvolvimento do conhecimento científico sobre o papel da mistura genética para a adaptação e 

evolução. 

No início do século 20, alguns cientistas reconheceram em contracorrente que fenómenos 

como a hibridização podem beneficiar algumas linhagens através da partilha e incorporação de 

material genético associado a características bem adaptadas a novas condições ambientais ou em 

mudança. Designado por introgressão adaptativa, este foi um processo alvo de polêmica devido às 

dificuldades em demonstrá-lo de forma inequívoca e por interferir com convicções e preconceitos 

enraizados. Quase um século depois, os desenvolvimentos metodológicos na área da genómica 

permitiram acumular sucessivamente evidências sobre a introgressão. Esta tese procura explorar 

como esse aumento de evidências científicas moldou as tendências do conhecimento atual sobre a 

relevância, padrões de funcionamento e causas da introgressão, bem como trazer novas 

perspetivas sobre como esta estabelece um equilíbrio com as forças evolutivas da divergência. 

A introgressão foi profundamente discutida sob várias perspetivas. Em primeiro lugar, este 

trabalho realizou uma análise à opinião atual da comunidade científica sobre a relevância, 

prevalência e consequências da introgressão. Do ponto de vista psicossociológico foram 

abordados temas como: qual a capacidade da produção científica de influenciar a opinião das 

pessoas, por quanto tempo e a partir de que quantidade de publicações, bem como se os 

preconceitos permanecem como condicionantes da opinião dos cientistas e das pessoas, na sua 

visão sobre a miscigenação genética. Do ponto de vista operacional, organizei, fundi e analisei, 

numa perspetiva global, os principais mecanismos e constrangimentos ao funcionamento da 

introgressão ao longo da árvore da vida. Do ponto de vista evolutivo, foi analisado o impacto da 

divergência acumulada, refletida nas distâncias filogenéticas, na ocorrência e na prevalência 
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potencial de introgressão em diferentes grupos taxonómicos, discutindo-se quais as características 

estruturais dos organismos que funcionam como fatores limitantes. Finalmente, do ponto de vista 

funcional, foi considerado através de estudos empíricos em modelos naturais de morcegos 

crípticos, como a hibridização introgressiva pode estabelecer um equilíbrio com a competição, e 

como esse equilíbrio pode moldar a relação das espécies com os seus recursos ecológicos. 

Os resultados obtidos mostraram que a revolução genómica está por trás da maioria das 

evidências atuais de introgressão, ajudando a promovê-la como um dos tópicos mais importantes 

da ciência atual, no contexto da literatura científica global. Esta tese destacou a capacidade e 

relevância das publicações científicas para mudar a opinião pública, colocando-a numa base 

menos emocional e mais factual, embora o preconceito ainda permaneça na perceção pública 

sobre a miscigenação genética em função do preconceito taxonómico. Em termos operacionais, os 

resultados desta tese forneceram evidências da introgressão como sendo um processo evolutivo 

que atua em paralelo com a divergência, evoluindo e se estabelecendo em equilíbrio com ela por 

meio de mecanismos interligados, cujos drivers aumentam sua complexidade através da 

organização biológica. À medida que os organismos aumentam gradualmente sua complexidade 

genómica, fisiológica e comportamental, os processos de divergência impõem mais restrições à 

ocorrência de introgressão. Assim, organismos mais simples apresentam maior amplitude 

filogenética na ocorrência de introgressão devido à menor dimensão do genoma e à aleatoriedade 

na escolha dos parceiros sexuais. Mecanismos alternativos à divergência permitem a ocorrência 

de introgressão na sua presença, impactando de forma diferenciada os eixos dos nichos 

ecológicos, e permitindo a coexistência estável de espécies intimamente relacionadas. Finalmente, 

argumento que a introgressão adaptativa transfere para cada espécie/linhagem/raça um valor 

instrumental que pode ir muito além de sua importância intrínseca. Este valor é crucial e deve ser 

preservado, sendo particularmente importante sob fortes mudanças ambientais, como as atuais, 

decorrentes das alterações climáticas antropogénicas. 

 

Palavras-chave: Complexidade estrutural, divergência, espécies crípticas, filogenia, hibridização, 

introgressão, meta-análises, organização biológica, padrões de conhecimento, perceção, 

preconceitos, revisão sistemática, revolução genómica, valor instrumental 
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 Chapter 1 
 

General Introduction 

 

 

 

 

 

“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” 

 

Charles Darwin, 1859
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1.1 The importance of knowledge about Natural Gene Transfer  

 

Natural Gene Transfer (NGT) is the natural movement of genetic material across species 

boundaries (Gladyshev et al., 2008) reached horizontally (from a donor lineage to a recipient not 

directly through the offspring), which can occur from several biological mechanisms (such as 

transduction by virus or transformation by free DNA on prokaryotes) (Mallet, 2005), or vertically 

(from parents to offspring) through reproductive processes such as hybridization (Rieseberg and 

Welch, 2002). In both cases, but mainly on vertical gene transfer, the process that enables 

successful recombination (interspecific random gene swap) is admittedly more effective when the 

donor and recipient lineages are relatively closely-related (Soucy et al., 2015).  

Recent evidence has shown that, by mechanisms not yet clearly understood, it is not only 

possible the occurrence of NGT in extreme phylogenetic distances (e.g. from plants toward insects) 

but also that it has an evolutionary and adaptive significance along species co-evolutionary history 

(Xia et al., 2021). Other previous evidence had already demonstrated the possible occurrence of 

NGT from microorganisms towards arthropods (Wybouw et al., 2016). It is now possible to 

speculate that intense biological interactions (e.g. parasitism, herbivory, pollination, etc.) along co-

evolutionary processes may be generators and empowering of NGT when the traits of one species 

exert a selective pressure on the other (Lin et al., 2007). In addition to its potential occurrence in a 

wide phylogenetic range, there has been an exponential increase in studies that demonstrate the 

occurrence of NGT in a wide variety of taxa (from virus until mammals) and biomes in all over the 

world (Taylor and Larson, 2019). 

The current knowledge highlighted the importance of scientific development around NGT by 

demonstrating it as a potentially ubiquitous, transversal and universal phenomenon (Ryan et al., 

2018). Yet, its critical role as a significant evolutionary force is difficult to demonstrate (Koonin et al., 

2001) and susceptible to ideological, social and cultural biases against admixture (genetics and 

others) (Arnold, 2004). Genetic admixture from all origins represents a natural force acting against 

the systematic and hierarchical organization of living beings in tight taxonomic groups (Morange, 

2001) as a ‘breakdown of isolating mechanisms’ (Mayr, 1942). However, it seems factual that this 

idea is a simplification of life that might be useful for humans understanding but it is keeping 

disconnected from the real complexity of life (Deichmann, 2017). 

Although humans have been dealing with phenomena such as hybridization, probably 

shortly after the first domesticated animals, more than 10.000 years ago (Bekoff, 1986), apart of 

their own admixture with other closely-related ancient human species (Enard et al., 2018, Vernot et 

al., 2016, Yair, 2021), it was only in the 18th and 19th centuries that some studies began to focus 

on the study of reproduction and hybridization (Rieseberg and Welch, 2002). Even so, NGT 

continued to be underestimated, ignored or devalued for a very long time (Mallet, 2008). Even 
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Charles Darwin despite his disruptive vision of life, shared with his contemporaries the view that 

natural interspecific crossbreeding hardly should procedure fertile offspring (Darwin, 1859). 

It was only in the 20th century that the scientific community recognized the possibility of the 

occurrence of vertical NGT through hybridization (Anderson and Hubricht, 1938), starting a debate 

that has arrived to the present days (Chan et al., 2019; Rieseberg and Welch, 2002). Two clearly 

contradictory lines of thought have emerged. On the one hand, hybridization was seen as a 

maladaptive process (Lowe et al., 2015), a threat to species conservation (Oliveira et al., 2008), a 

violation of species integrity or even an imperfection of nature (Mayr, 1942). On the contrary, it may 

benefit some lineages through the sharing and incorporation of genes associated with well-adapted 

traits to new or changing environmental conditions (Arnold et al., 2012; Arnold and Kunte, 2017; 

Martin et al., 2006; Martin and Jiggins, 2017; Suarez-Gonzalez et al., 2018a). The permanence of 

this paradoxical way of understanding NGT thought hybridization and its consequences for 

subsistence, adaptation and evolution of life on Earth, highlights a pressing need to pay closer 

attention to the current scientific knowledge trends about this topic (Arnold and Kunte, 2017). So, it 

is crucial to identify potential sociological barriers to the development of scientific progress 

(Paterson, 1985). Additionally, it is relevant that we can provide not only new and more powerful 

technical and methodological advances but also philosophical bases, in order to open new 

mentalities for both science and society (Laplane et al., 2019). 

More than guaranteeing survival, adaptation or expansion of some specific lineages (Arnold 

et al., 2012), NGT, seems to present itself as a last resort for safeguarding life in extreme 

environmental changes (De La Torre et al., 2014; Ng et al., 2017). This idea is based on a vision in 

which living beings naturally resort to admixture (genetic but also cultural), purposefully or 

instinctively, as a way to increase the variability of offspring and their survival (Arnold and Kunte, 

2017). Theoretically, NGT presents itself as a mechanism that allows the subsistence of Life 

through increasing variability, even if implies, in extreme scenarios, the sacrifice of other life forms 

by mechanisms such as outbreeding depression and genetic swamping (Peris et al., 2017). Finally, 

the study of the implications of NGT for the evolution of life on Earth as an ultimate adaptive force 

becomes particularly pressing in a current reality subjugated to the harmful effects of extreme 

anthropogenic climate change (Lamichhaney et al., 2016; Quigley et al., 2019). 

 

1.2 Introgressive hybridization process  

 

Natural hybridization implicates successful mating between individuals from two natural and 

different evolutionary lineages, independently of species’ definitions and concepts (Arnold, 1997). 

Biological or Phylogenetic Species Concepts (Mayr, 1963; Hennig, 1965), for example, have 

considered natural hybridization as an impracticable process - because, from the operational point 
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of view, species are completed isolated or because new lineages must be considered 

monophyletic. In their strict applications, natural hybridization is considered a “violation” of “species 

boundaries” that results in less fit "mongrels" (Arnold, 1997). As argued by Arnold (1997), only the 

moderation of the constraints of these restricted views derived from taxonomy can allow the study 

of this natural process, free of abstract scientific and socio-cultural pre-conceptions.  

When hybridization promotes completely sterile offspring, derived from a high degree of post-

breeding barriers or hybrids inviability and breakdown, its evolutionary consequences have been 

considered limited or circumscribed to the process of divergence (Brideau et al., 2006; Kost et al., 

2016). However, the role of sterile hybrids’ within a community, in terms of behaviour and cultural 

heritage, such as its non-parental care efforts and/or the exploration of new niches, has been 

prominently ignored (Moran et al., 2019). 

On other circumstances when hybridization leads to a genes’ movement between hybridizing 

lineages through backcrossing, we are in the presence of a process of introgression, hence 

introgression may be defined as the transmission and insertion of genetic material from one 

lineage to another (Anderson and Hubricht, 1938). Introgression may lead to the introduction of 

maladaptive genes, although they are unlikely to establish themselves in a stable way in a 

population due to stochastic and natural selection reasons (Seixas et al., 2018). However, 

introgressive hybridization was often considered neutral without phenotypic/physiological outcomes 

(Matosiuk et al., 2014; Minder and Widmer, 2008).  Nonetheless, when introgressive hybridization 

has adaptive consequences, recipient lineages are facing a process of adaptive introgression, 

sharing genetic material through repeated interbreeding and incorporating alleles responsible by 

well-adapted traits to biophysical conditions (Jones et al., 2018; Nadachowska-Brzyska et al., 2012; 

Pfennig, 2021; Yair et al., 2021). Preliminary empirical experiments accumulated evidence of the 

relationship between natural hybridization and habitat disturbance (Anderson, 1949). These first 

authors found adaptive introgression to be such relevant that "must greatly exceeds the new genes 

produced directly by mutation” (Anderson, 1949). Therefore, hybridizing populations can jump 

directly to a new adaptive optimum, bypass intermediate steps in the adaptive process, as the 

natural selection along generations or isolated mutations (Herrig et al., 2014). This is a very 

important evolutionary process that enable species to a quicker adaptation to new or changing 

environmental conditions (Acosta and Premoli, 2018; Boratynski et al., 2014; Hamilton et al., 2013; 

Lewontin and Birch, 1966; Melo-Ferreira et al., 2014; Yair et al., 2021). 
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1.3 Consequences of introgression 

 

1.3.1 Evolutionary biology 

 

Introgression can potentially impact species adaptive capacity (Acosta and Premoli, 2018; 

Aeschbacher et al., 2017) by increasing their survival (Hejase and Liu, 2016; Norris et al., 2015), 

promoting range expansion (Whitney et al., 2015), leading to species divergence or driving adaptive 

radiation (Poelstra et al., 2018; Seehausen, 2004; Zhang et al., 2016) and also supporting 

evolutionary rescue (Quigley et al., 2019), whilst species maintain their taxonomic identity 

(Räsänen and Hendry, 2008): 

 

 Increasing survival – Anopheles sp. case study 

 

The two distinct populations of African malaria vector, nowadays recognized as two distinct 

mosquito species, Anopheles coluzzii and A. gambiae (Coetzee et al., 2013), are known to co-exist 

in sympatry, for example in Mali and Guinea Bissau (Norris et al., 2015; Vicente et al., 2017). 

Studies have shown that because of a brief breakdown in assortative mating mechanisms, it 

followed intense periods of introgressive hybridization (Norris et al., 2015). Introgression of adaptive 

genes changed the mosquito fitness landscape by providing fruitful responses to selection pressure 

in their backcrosses in reply to insecticide exposure, favouring these species survival (Hanemaaijer 

et al., 2018; Norris et al., 2015). 

 

 Promoting range expansion – Helianthus sp. case study 

 

Hybridization between wild North American sunflowers Helianthus annuus and H. debilis is one of 

the first identified examples of adaptive introgression (Heiser Jr, 1951). H. annuus has captured 

beneficial alleles from H. debilis ssp. cucumerifolius through introgressive hybridization, within the 

ecotone of central Texas. H. annuus has used them to expand southward (Whitney et al., 2015). 

Adaptive introgression to the new geographical conditions culminated in the formation of a 

stabilized hybrid species, H. a. texanus (Scascitelli et al., 2010). With its southern expansion H. 

annus, in its H. a. texanus biological form, occupied new ecological niches by combining the 

edaphic preferences of the H. annuus, preferring clay rather than sand, with the climatic 

adaptations to the southern latitudinal of H. debilis (Whitney et al., 2015). 

 

 Leading to species divergence and driving adaptive radiation – Coptodon sp. case study 
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Coptodon cichlids fishes from Lake Ejagham, Cameroon, suffered a historical process of sympatric 

speciation through radiation. Ejagham is a small lake (only with 0.5km2) that hosts limited 

pressures for fishes’ divergence because of its small ecological gradient (Poelstra et al., 2018). 

Although the colonization of the lake took place shortly after its formation (9,000 years ago) the 

radiation process only occurred much more recently (1,000-2,000 years ago). Recent studies have 

shown that during this speciation process a secondary gene flow from a nearby riverine species 

has started and is still ongoing (Poelstra et al., 2018). The introgression of olfactory receptor genes 

near the time of the first speciation coincided with a higher overall rate of interbreeding. These 

olfactory receivers are a key factor for mate choice in cichlids showing that their adaptive value for 

mating may have facilitated their current radiation process (Poelstra et al., 2018). 

 

 

 Supporting evolutionary rescue – Acropora sp. case study 

 

Corals from the Great Barrier Reef, such as Acropora sp., may not be able to generate and 

spread beneficial mutations, quickly enough to face climate change (Mao et al., 2018; Quigley et 

al., 2019; Stoeckl et al., 2021). However, the introgression of genes from warmer-tolerant species 

into the genomic background of cooler‐environment species can promote fast adaptation to warmer 

waters and supporting corals evolutionary rescue (Quigley et al., 2019). However, recent 

simulations have demonstrated that even through adaptive introgression the natural process can 

take more than 30 generations for the introgressed adaptive genes to definitively fix in the 

population. On the other hand, it is unlikely to these genes spread far from northern reefs (Quigley 

et al., 2019).  

 

1.3.2 Conservation biology 

 

Introgressive hybridization is yet an enigmatic evolutionary force (Fijarczyk et al., 2018) with 

potential paradoxical outcomes, particularly for species conservation (Allendorf et al., 2001). On 

one hand, interspecific gene flow is recurrently understood as a conservation concern (Genovart, 

2009; Lyu et al., 2021; O’Brien et al., 2009; Rieseberg et al., 1989), by counteracting local selective 

pressures and decreasing the fitness of diverging populations by introducing alleles outside their 

local adaptive range (Bolnick and Nosil, 2007; Maguilla et al., 2017). Thus, it has been frequently 

considered as a homogenizing process (Latch et al., 2006) and a conservation concern due to 

genetic swamping risk, which could impact negatively species long-term viability (Maguilla et al., 

2017). For example, under biological invasion scenarios, introgression has been historically pointed 

as an important conservation threat for endemic taxa under hybridization (Scascitelli et al., 2010). 
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On the other hand, introgressive hybridization between wild species and their domestic variants is 

frequently identified also as a conservation threat (Anderson et al., 2009), whilst recent studies 

have demonstrated that even this process has the potential to promote adaptations of wild species 

to anthropogenic environments and climate change (Acosta and Premoli, 2018; De La Torre et al., 

2014; Mao et al., 2018; Ng and Glor, 2011).  

When introgressive hybridization leads to adaptive introgression it can impact positively 

species conservation through supporting evolutionary rescue (Quigley et al., 2019). However, the 

speed of environmental change can be a conditioning factor in the effectiveness of the natural 

introgression (Anderson et al., 2009). Under these conditions, such as anthropogenic climate 

change (Ottenburghs, 2021), assisted gene flow has been discussed (Quigley et al., 2019). 

First of all, differentiating natural from human-mediated introgressive hybridization has been pointed 

to be essential to develop effective conservation efforts (Quigley et al., 2019).  Under natural 

introgressive hybridization scenarios, management programs that seek to isolate a lineage 

(species/population/breed) from its closely-related should be actively avoided because, by aiming to 

preserve taxa purity or genetic integrity, paradoxically these management options can increase the 

risks of inbreeding depression (Liddell et al., 2021). Through genetic drift the loss of rare alleles can 

lead to a decrease of gene pool size (Hasselgren et al., 2021). Under theoretical impacts of 

extreme inbreeding, drastic decrease in the population size can result in populations’ bottleneck, 

arising from a significant decrease of breeding individuals or even drastically increasing the death 

rate (Bradke et al., 2021).  

Assisted gene flow (human-mediation of already natural introgression processes either by 

hybridization and/or selective breeding) should be considered due to its high adaptive potential 

(Liddell et al., 2021; Quigley et al., 2019)). Assisted gene flow should be designed through genomic 

architecture of admixture of genes underlying the adaptation of the targets' lineages (Li et al., 

2016). When it is unclear what genes should be targeted, the genes under balancing selection 

should constitute the first option (Fijarczyk et al., 2018) and it should be assessed whether genetic 

rescue through intraspecific translocations and/or selective breeding is a viable option (Fijarczyk et 

al., 2018). Even so, how manageable are translocation, breeding and reseeding risks must be 

carefully evaluated in each management program individually (Quigley et al., 2019). After all, 

human-mediation of gene flow for endangered species conservation, in cases in which 

introgression naturally already occurs, should be considered in addition to conventional 

management (Quigley et al., 2019). Nevertheless, these management options should not be 

considered in replacement of strong mitigation measures of the threats that put at risk the 

conservation of targets’ lineages (Liddell et al., 2021). The development of introgression 

conservation programs could become, in the near future, especially fruitful in cases in which 
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species are facing quick changes in their environmental conditions, deriving, for example, from 

climate change (Chan et al., 2019; Ottenburghs, 2021).  

 

1.3.3 Socio-biology 

 

There are a substantial number of genetics or genomics concepts extensively used in 

contemporary narratives and thoughts, such as race, gender, sexuality, ethnicity, and others 

(Bivins, 2008). However, the impact of genetics and genomics developments on society has been 

limited studied (Bivins, 2008). Still, biological sciences are particularly valuable for society, helping 

to satisfy basic human needs (Rull, 2014). Thus, it is crucial to consider that the historical 

background and philosophical values may promote biased judgements (Laplane et al., 2019) that 

scientists may also be sensitive too, as "human beings rooted in cultural contexts" (Gould, 1978). 

There are known paradigmatic examples of the usurpation and misrepresentation of scientific facts 

for socio-political purposes that go far beyond the scientific process itself (Cortes and Salgado, 

2011). This is particularly true in the current context subjugated to a post-truth society, in which 

mistrust and misperceptions of scientific knowledge progressively stem from the extensive diffusion 

of distorted and biased information (Araujo, 2021).  

Genetic miscegenation has historically suffered from controversies and paradoxes that make 

this theme particularly susceptible (Marsden et al., 2011). Crossing over scientific borders, it has 

served as basis for intense debate in society, from philosophy to human relations and social 

policies (Cortes and Salgado, 2011). Some authors have suggested that philosophical and cultural 

background may be behind the negative prejudices towards natural phenomena like hybridization 

(Paterson, 1985). In animal husbandry/agriculture, for example, the demand for pure variants, with 

desirable traits, is nowadays seen as development and progress (Henkel et al., 2019) and the 

protection of pure lineages/species remains at the forefront of conservation priorities (Biermann and 

Mansfield, 2014). From a social point of view, biases against genetic miscegenation were 

demonstrated through segregation, human forced sterilizations, homicides and lab experiments 

with human beings (Schoen, 2005), as well as anti-miscegenation laws, prohibiting marriage 

between people from different “races” (Baker, 2016). 

Recent methodological developments have allowed the accumulation of evidence on the role 

of genetic admixture for the evolution and survival of many living organisms through introgression 

(Acosta and Premoli, 2018; Aeschbacher et al., 2017; Pfeifer and Kapan, 2019; Suarez-Gonzalez 

et al., 2018b; Whitney et al., 2015). According to the current literature this is an apparently universal 

natural process whose benefits are ubiquitous both in terms of geographic (Brower, 2018; Giska et 

al., 2019; Ma et al., 2019; Morales et al., 2018; Suarez-Gonzalez et al., 2018a) and taxonomic 

occurrence (Maddamsetti and Lenski, 2018; Maxwell et al., 2019; Nader et al., 2019; Paetzold et 
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al., 2019; Silvert et al., 2019) and transversal to the time scale (Dunn et al., 2013; Schumer et al., 

2016), including in human evolutionary history (Antelope et al., 2017; Enard and Petrov, 2018). 

However, as empirical literature frequently refers, there are great difficulties in investigating how 

deeply science impacts society because data on public perception of scientific facts is hard to 

obtain and work with (Trochim, 2010). On the other hand, delay of scientific translation should be 

frequently necessary to ensure the accuracy and efficacy of new advances (Morris et al., 2011). 

However, it is relatively accepted by both the scientific and policy communities that a fast 

translation of research into practice is somehow positive (Morris et al., 2011). The ignorance is 

another issue at the root of stereotypes and prejudices (Matusitz, 2012), also against genetic 

admixture. So, high degree of communication on introgression knowledge can be efficient to society 

refute theories that promote taxa 'purity, like eugenics, which have historically used scientific facts 

from evolutionary biology to justify racism and other forms of social discrimination (Matusitz, 2012; 

Nshom and Croucher, 2017). 

 

1.4  Knowledge gaps on prevalence, functioning and outcomes of 

introgression 

 

The advent of high throughput sequencing (HTS) has increased the ability to detect genomic 

areas under introgression and, to a lesser extent, its adaptive and evolutionary consequences 

(Kuhlwilm et al., 2019; Ryan et al., 2018). The development of new high throughput sequencing 

platforms led to a subsequent reduction in sequencing costs, for example, whole genome 

sequencing reduced from US $3 billion to less than US $1,000 in 12 years (from 2000 to 2012) 

(Hayden, 2014). Both efficiency and accessibility of these techniques have led to a substantial 

increase in publications and evidences of introgression in biological systems from all over the world 

(Ryan et al., 2018). However, limitations on multidisciplinary, multidimensional and multiple taxa 

experimental methods, limit a broader understanding of its real adaptive role, mode of operation 

and prevalence. While understanding the general mechanisms under which introgression can 

contribute to adaptation requires vast characterizations and demonstrations of the process across 

the tree of life, understanding how scientists have been interpreting patterns and causes of 

potential introgression can provide a general overview of major hypothesis to test in the future.  

Complex evolutionary histories of species under rapid or preliminary speciation processes 

and introgression can result in high levels of phylogenetic incongruences due to NGT (Ottenburghs 

et al., 2017). Spatio-temporal dynamics expose different lineages to different ecological forces and 

may lead to change in their genomic and phenotypic characteristics (Ryan et al., 2018). These 

differences alongside dissimilarities in mating, dispersal and competitive behaviours should 

influence the way how each species-pair are impacted by introgression, under what conditions and 



FCUP 

On the history of mixing: Knowledge trends on relevance, patterns and drivers of adaptive introgression  

10 

 

with what consequences (Yang et al., 2018). How evolutionary history and characteristics of each 

taxonomic group directly impact evolutionary outcomes of introgression, as well as its extent 

remains deeply unknown. On the other hand, closed-related species/lineages may coexist stably 

during secondary contacts under antagonistic evolutionary forces, imposed for example by 

introgressive hybridization and competition. If genetic material can be transferred through 

introgressive hybridization with potential evolutionary convergence (Song et al., 2011), ecological 

interactions, such as competition, predation or parasitism may produce exclusion or promote 

morphological divergence as a response to niche-partitioning (Anderson et al., 2002). So, the effect 

of introgressive hybridization on the traits of introgressing lineages when facing counteracting 

evolutionary forces from competition is still largely unknown. 

Finally, the way and the intensity in which current knowledge about the role of introgression 

can impact on the scientists’ perceptions on the benefits of genetic admixture will help to 

understand how prejudices remain, evolve and condition scientific progress. Additionally, public 

perception on genetic miscegenation in response to this body of knowledge has not been 

adequately explored (Bivins, 2008). It can be essential for determining how scientific evidence can 

shape public opinion and emotions towards genetic miscegenation (Damasio and Carvalho, 2013) 

and how it can influence public beliefs and decision-making in the future. Overall, despite the very 

significant recent increase in knowledge about introgression, the consequences of biases and lack 

of knowledge on prevalence, functioning and both biological and psycho-sociological outcomes still 

remain particularly challenging. 

 

 

1.5 Purpose of this research 

 

Scientific progress requires systematic and replicable processes of merging data and 

evaluation of large amounts of scientific data to respond to the current exponential increase in the 

scientific production (Magalhães et al., 2017; O'Dea et al., 2021). Systematic reviews 

complemented with meta-analyses are nowadays a renowned approach to organize knowledge and 

identify its main trends. It is also very important to provide information about its gaps, advising for 

upcoming investigation efforts (Livoreil et al., 2017; O'Dea et al., 2021). Thus, standard protocols of 

systematic reviews are crucial as a guarantee against subjective decision during its execution 

(Shamseer et al., 2015). In parallel, meta-analyses through multidimensional approaches are 

particularly able and advantageous as an integrative and holistic framework to merge and analyse 

the trends of knowledge on biological data from standard systematic reviews (Bradley et al., 2005), 

potentially leading to increasing knowledge through empirical results (Shamseer et al., 2015) 
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On the other hand, empirical studies about cryptic species are particularly valuable for studies 

about introgressive hybridization because they are an extreme case among closely-related lineages 

since they are morphologically identical but genetically distinct (Jones, 1997). Due to their 

phylogenetic proximity and partial niche overlap, as well as morphological similarity and high 

potential for hybridization, they represent excellent case studies for the study of the effect of 

antagonistic evolutionary processes, such as introgressive hybridization and competition, 

particularly when they present sympatric or parapatric distributions (Marsteller et al., 2009; Tene 

Fossog et al., 2015). 

I designed an approach combining an extensive systematic review and multidimensional 

meta-analyses to gather published evidence on introgression and to analyse the current trends on 

scientific knowledge. This approach was complemented with preliminary empirical studies on the 

Iberian cryptic Eptesicus bats’ species focusing on the effects of introgression as a counteracting 

evolutionary force of competition. 

  

1.5.1 Systematic review 

 

Following standard review protocols (Moher et al., 2009; O'Dea et al., 2021), I carried out a 

systematic literature search for studies between 1900 and 2019 that interpreted introgression 

patterns resulting from adaptation. I used in some search engines (Falagas et al., 2008) a 

combination of terms relating to natural hybridization, genome, introgression and adaptation, 

avoiding the terms related to domestication and exotic/invasive species, thus restricting the search 

only to natural phenomena of genomic introgression, excluding all cases of direct or indirect human 

interference. Searches were exclusively done in English and were finished in November 2019.  

Initial searches yielded 820 documents. From this dataset, I excluded duplications, non-

original studies, theoretical essays, opinion texts, non-peer-reviewed papers, off-topic documents 

and non-ISI journals. After excluding reviews and book chapters, I screened individually the title 

and abstract of the remaining 436 empirical studies to evaluate their eligibility for the analysis, 

namely: 1) if introgression was pointed by the authors as the main explanation for the evolutionary 

processes under study, and 2) if the papers complied with the natural origin for the described 

introgression process. The final dataset included 358 relevant studies that were read and analysed 

in full. 
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1.5.2 Bibliometric analyses 

 

I adopted a series of bibliometric analyses to explore the geographic scope, research areas 

and taxonomic groups, as well as the temporal evolution covered by the current literature. Then, I 

evaluated authors’ perceptions on polarity, relevance and prevalence of introgression. Additionally, 

I made used of sentiment analysis techniques to analyse the polarity and sentiments from of the 

public on introgression’s evidence, considering the chronology of the publications and the 

taxonomic groups under study. I further registered information on taxa under the introgression 

process and noted which method has been used in each study, including the type of experiment, 

the type of introgression markers and whether the whole-genome sequencing was implemented or 

not. Finally, I registered the main characteristics of introgression in each case study and its 

adaptive results, both phenotypic and ecologic outcomes. 

 

1.5.3 Meta-analyses 

 

I regard introgression as a long-term biological interaction between two different lineages in 

which members of one (receptor) can gain adaptive benefits under specific environmental 

conditions, while those of the other taxa (donor) neither benefit nor are harmed. I performed 

different approaches for data-mining and organizing the knowledge with the aim of identifying its 

main trends. I used several statistical approaches from basic statistics of meta-data, temporal 

projections, Bayesian data analysis, a set of network analysis and even some approaches of 

artificial intelligence for compiling and analysis the data. 

 

1.5.4 Empirical studies 

 

Additionally to the systematic reviews, this thesis also uses biological data from empirical 

experiments. This section aimed to test the effect of introgressive hybridization on morphologic 

traits of the two cryptic Iberian Eptesicus bats when facing counteracting evolutionary forces from 

competition. First of all, bats present as ideal candidates to test antagonistic evolutionary forces as 

they present high rates of cryptic diversity (over 20% in the Iberian Peninsula). Secondly, although 

their morphological similarity, some species-pairs of cryptic species present significant genetic 

divergence, such as Eptesicus serotinus (Schreber 1774) and E. isabellinus (Temminck 1840), over 

16% distance in the mtDNA Cytochrome b gene. This species-pair has experienced a peculiar 

evolutionary history that includes periods of divergence during phases of geographic isolation and 

periods in which they overlap within contact zones. In addition to a sympatry zone partially limited to 

the central Iberian mountain range, these bat species currently have a distribution marked by 
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bioclimatic issues. E. serotinus is distributed along the northern Temperate region of Iberia (colder 

and humid) while E. isabellinus mainly occurs in the southern Mediterranean area (hotter and drier) 

(Santos et al., 2014). Within the contact zone, they interbreed with some particularities: a) there is 

no evidence of mitochondrial introgression, b) nuclear markers identified a male‐mediated 

introgression and c) ongoing directional asymmetric hybridization occurs mainly from E. isabellinus 

to E. serotinus (Centeno-Cuadros et al., 2019). 

Morphological data from these cryptic bats were recorded during mist-net captures sessions 

across Iberian Peninsula. To study the effect of inter-specific responses of morphology of the E. 

serotinus and E. isabellinus and their hybrids, bats were clustered into five experimental groups: 

allopatric E. isabellinus, sympatric E. isabellinus, Hybrids (individuals classified as hybrids 

according to Centeno-Cuadros et al. (2019)) sympatric E. serotinus and allopatric E. serotinus. 

Then, I analysed how the geographic origin and hybrids’ presence affect bats morphology, 

summarizing and comparing morphological variables and proceeding to classification statistics with 

and without hybrids’ presence. 

 

1.5.5 Objectives 

 

Through systematic review and meta-analysis approaches, I started by testing the extent of 

attention that introgression has been receiving in scientific literature and the way how scientific 

community and the public perceive scientific discoveries relating to this theme. After that, I intended 

to analyse the current trend of knowledge about the factors that impact introgression operation with 

potential adaptive outcomes. Then, I analysed how evolutionary history and characteristics of each 

taxonomic group directly impact introgression occurrence, as well as its extent, through an 

investigation into how phylogenetic distance imposed by periods of divergence shapes the 

functioning of introgression. Finally, through an empirical approach I studied the effect of 

introgressive hybridization on morphologic traits of the two cryptic Iberian Eptesicus bats when 

facing counteracting potential evolutionary forces from competition. 

 

The proposed objectives of this thesis are: 

 

1 - To investigate the scope and evolution of knowledge about introgression, as well 

as the scientific perception and the emotions that can be triggered in the public as a 

reaction to the evidences of genetic miscegenation. 

 

2 - To analyse the knowledge trends about the introgression mechanisms across the 

taxonomic complexity gradient at different levels of biological organization. 
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3 - To analyse how phylogenetic dissimilarity between introgressed species influence 

introgression occurrence and its main characteristics. 

 

4 - To test the impact of introgressive hybridization when facing competition between 

parental species of cryptic Eptesicus species and their first-generation hybrids. 

 

1.6 Thesis outline 

 

The structure of this thesis obeys the constraints of a broad-spectrum approach, with an 

interdisciplinary nature, standing at the interface between Evolutionary Biology, Phylogeny, 

Genomics, Socio-biology and Psychosociology.  

The second chapter seeks to organize and systematize current knowledge about introgression 

from a spatial and temporal point of view, as well as the taxonomic range of its known occurrence. 

Additionally, this chapter assesses the extent to which methodological developments derived from 

the genomic revolution have influenced current knowledge and attempts to analyse in context the 

relevance that is attributed to this topic by the scientific community. Finally, the capacity of this body 

of knowledge to change the psychosociological perception of the general public is analysed, as well 

as the impact of prejudice in the public assessment of scientific evidence. 

Taking into account the high relevance given to the subject by the scientific community, the 

following two chapters seek understanding the current knowledge trends about the general 

mechanisms under which introgression can contribute to adaptation, as well as the impact of 

species’ evolutionary history on its occurrence. Both chapters try to gather the current knowledge 

trends through a vast characterization and demonstration of the process across the tree of life, 

which can provide a general overview to test with empirical data. Precisely, the last chapter seeks 

to empirically test a relevant hypothesis raised in the previous results, namely how it is established 

the evolutionary balance between convergent forces derived from introgressive hybridization and 

divergent forces from competition and niche partitioning when species remain in secondary 

contacts. 

Chapter 2 examines the scope and evolution of knowledge about introgression and what do 

the scientific community and general public think about it. Results show that the genomic revolution 

provided a remarkable increase in scientific evidence supporting beneficial effects of this 

phenomenon mainly for species adaptation. This amount of new evidences can influence public 

perception in the medium to long term despite an initially strong emotional resistance, subject to a 

certain degree of prejudice against genetic miscegenation.   
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Chapter 3 investigates into the current trend of knowledge about the factors that impact 

introgression occurrence and operation. Results reinforce a marked trend to consider introgression 

as an evolutionary process acting in parallel with divergence, evolving and establishing in balance 

with it. Through interconnected mechanisms its drivers increase complexity across the biological 

organization, from genomics, physiology, demography to behaviour, depending on species 

structural complexity and responding to environmental conditions. 

Chapter 4 studies the influence of phylogenetic dissimilarity on introgression occurrence and 

patterns. Results demonstrate introgression as flexible evolutionary mechanism, which can change 

its direction and consequences, depending on the environment. More ancient taxonomic groups 

have a wider ability to promote introgression. However, regardless of the ancestry of each 

taxonomic group, there are promiscuous species particularly able to promote introgression, which 

may act as keystone species for hypothetically indirect introgression. 

In chapter 5 the main aim is to investigate the effect of introgressive hybridization on 

morphologic traits of the two cryptic Iberian Eptesicus bats facing counteracting forces from 

competition within contact zone. Results show a large overlap both in dentition and in wing 

morphology traits mainly in individuals in sympatry. Hybrids presence contributes to a fifth of this 

overlap, showing traits with intermediate morphometry. Introgressive hybridization is potentially 

contributing to species adaptation to trophic and ecological space of the sympatric zone and may 

respond directly to the macro ecological conditions and to local prey availability. Contrary, colours 

differences could result from partitioning of resources as a result of competition from roosts and 

microhabitats. 

Chapter 6 presents the main conclusions from these studies and their implications, pointing 

the path for future research. 
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Abstract 
 

Genetic admixture was historically perceived as a maladaptive process or even an 

imperfection of nature. However, through adaptive introgression, some species can share genes 

associated with well-adapted traits. Current scientific perceptions on the benefits of introgression 

can help to clarify how these paradoxes condition scientific progress and influence public beliefs 

and decision-making. We carried out a systematic review and bibliometric analysis using artificial 

intelligence on introgression evidence. The genomic revolution provided an exponential growing of 

evidence predominately interpreted as beneficial for species adaptation. We show that this 

remarkable increase on publications influences public perception in the medium-long term. Despite 

an initially emotional response, peoples’ final opinion tends to incorporate science-based evidence, 

although prejudices seem to influence peoples’ polarity opinion.  We argue that developing the 

knowledge on introgression will allow to scientifically refute theories that promote genetic “purity”, 

used to justify racism and other forms of discrimination. 
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2.1 Introduction 

 

Introgression can be a key evolutionary mechanism allowing species to incorporate portions 

of the genome of another species through vertical gene transfer (Anderson and Hubricht, 1938, 

Arnold and Kunte, 2017). Through repeated interbreeding a species can receive genes from 

another species, eventually resulting in  fitness changes (Cahill et al. 2015, Djogbénou et al. 2008, 

Enciso-Romero et al. 2017, Gagnaire et al. 2009) - a natural evolutionary phenomenon known as 

adaptive introgression (Pfennig, 2021). Methodological developments through High-Throughput 

Sequencing and bioinformatics approaches led to an increase in the scientif ic evidence for the  

spread of introgression (Pfeifer and Kapan, 2019, Taylor and Larson, 2019) across different 

geographic areas (Brower, 2018, Giska et al. 2019, Ma et al. 2019, Morales et al. 2018, Suarez-

Gonzalez et al. 2018b) and taxonomic groups (Maddamsetti and Lenski, 2018, Maxwell et al. 2019, 

Nader et al. 2019, Paetzold et al. 2019, Silvert et al. 2019). It is not always the case that 

introgressed populations have an adaptive advantage derived from introgression (Harris and 

Nielsen, 2016). However, when it does occur, they can potentially jump to a new adaptive optimum, 

thus surpassing intermediate evolutionary steps (Ballerini et al. 2012).  

Several studies recognise introgression as beneficial for species fitness (Acosta and 

Premoli, 2018, Aeschbacher et al. 2017, Hohmann and Koch, 2017, Horn et al. 2018, Lehnert et al. 

2019, Ma et al. 2019, Paun et al. 2016, Semenov et al. 2018). Possible reasons for the benefit of 

introgression are the potential for promoting individual survival (Hejase and Liu, 2016, Norris et al. 

2015), range expansion (Whitney et al. 2015), species divergence (Morales et al. 2017), 

evolutionary rescue  (Quigley et al. 2019) and adaptive radiation (Poelstra et al. 2018, Zhang et al. 

2016). Additionally, there is multiple evidence of advanced-generation hybrids whose backcrosses 

exhibit adaptive traits beyond the ancestral phenotypic range (DiBattista et al. 2016, Salazar et al. 

2008, Scascitelli et al. 2010), sometimes leading to hybrid speciation (Aleksic et al. 2018, Brower, 

2018). This is a strong argument to support that gene flow between sympatric lineages (species, 

population, breeds, etc.) may represent an adaptive strategy for survival under extreme 

environmental conditions (Hamlin and Arnold, 2012, Martin et al. 2016, Martin et al. 2006, Suarez-

Gonzalez et al. 2018a).  

On the other hand, introgression has been historically understood as a homogenizing 

process (Latch et al. 2006, Oliveira et al. 2008), which can influence the long-term viability of 

species through genetic swamping (Maguilla et al. 2017). Some scientists argue that interspecific 

gene flow may counteract local selection pressures, decreasing the fitness of diverging populations 

by introducing alleles from outside the local adaptive range (outbreeding depression; Bolnick and 

Nosil, 2007, García-Ramos and Kirkpatrick, 1997, Maguilla et al. 2017). Moreover, other scientists 
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considered natural hybridization as a violation of species integrity, a maladaptive process or an 

unexpected imperfection of Nature (Llopart et al. 2014, Lowe et al. 2015). 

These contrasting views reveal a controversy over the merits of introgression. In fact, a 

number of studies have already suggested that philosophical and cultural background may be 

behind the negative prejudices of the scientific community towards natural hybridization (Arnold et 

al. 2012). Paterson (1985) highlights such prejudice even in terms of semantics noticing how 

appreciative are “words such as “pure”, “purebred”, “thoroughbred” and how pejoratives are those 

like “mongrel”, “bastard”, “half-breed” or “hybrid” with the role of 'protecting the integrity of species”. 

Assessing scientific perception of the benefits of genetic admixture through introgression is 

important for better understanding which factors, beyond scientific evidence, condition scientific 

progress. Bias in perceptions of the merits of genetic miscegenation directly or indirectly influences 

fields like conservation biology (Biermann and Mansfield, 2014, Chan et al. 2019, Genovart, 2008), 

animal husbandry/agriculture (Henkel et al. 2019), human relations and social policies 

(Bethencourt, 2013, Baker, 2016, Fredrickson, 2002).  

In animal husbandry and agricultural production the demand for pure variants, with the most 

desirable traits, is nowadays seen as development and progress (Henkel et al. 2019). 

Paradoxically, although the promotion of genetic variation is a key conservation goal (Chan et al. 

2019), the protection of pure lineages/species remains at the forefront of conservation priorities 

(Biermann and Mansfield, 2014, Genovart, 2008). From a social point of view, biases against 

genetic miscegenation were historically manifested through policies promoting forced sterilizations, 

segregation, direct medical killings and lab experiments in human beings (Schoen, 2005), as well 

as  anti-miscegenation laws, prohibiting marriage between people from different “races” (Baker, 

2016). 

Understanding both scientific and public perception of the evidence for introgression is 

essential for determining how the evidence can shape public opinion and emotions towards genetic 

miscegenation (Damasio and Carvalho, 2013) and how it can influence decision makers 

(politicians, conservationists, lobbyists, human rights organizations, etc.).  

However, inferences of perception patterns about scientific facts are nowadays particularly 

hard to obtain due to the growing amount of scientific publications and the huge number of opinions 

derived therefrom that circulate in official documents and conventional and social media. 

Conventional approaches for obtaining scientific data about perceptions, such as social surveys, 

can be costly and time-consuming, especially when targeting large audiences and broad spatial 

and temporal coverages. These approaches can also be difficult to implement because they 

assume an active process with strong subjectivity bias, namely due to perceivers’ experience, 

motivation and how they are feeling when processing the information (Sacks and Gary, 2012, 
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Dange, 2016). This is particularly evident in the phenomenon of "perceptual defence", whereby 

perceivers only see what they expect to see to support their own beliefs (Christianson et al. 2017).  

To help overcome these limitations, artificial Intelligence (AI) tools, and specifically deep 

learning techniques, have been increasingly adopted to analyse large amounts of online data (Yang 

et al. 2019). Deep learning relies on mathematical algorithms endowing machines with intelligent 

behaviour to learn patterns and adapt such learning processes to new data. By doing so, deep 

learning algorithms gain the ability to automatically process and identify similarities between 

patterns of digital information, such as texts or images (Yang et al. 2019). In the case of textual 

data, sentiment analysis has become a promising technique to analyse the polarity of written 

sentences or words as positive, negative or neutral (Ainin et al. 2020). When supported by robust 

data and adequate meaning, sentiment analysis can serve as a proxy to verbal behaviour, 

attitudes, and emotions, which are useful for understanding the perceptions and opinions of writers 

about different topics (Ainin et al. 2020). 

Here, we aim to understand the extent to which introgression has been receiving attention in 

scientific literature and the way the scientific community and the public perceive scientific 

discoveries relating to introgression. Specifically, we aim to answer the following questions: (1) 

What is the scope and evolution of knowledge about introgression? (2) What do the scientific 

community and general public think about introgression? (3) Which sentiments can be triggered in 

the public as a reaction to evidence of adaptive introgression? Based on our findings we suggest 

avenues for fostering progress of introgression and adjust its course in Evolutionary Biology. 

 

2.2 Methods 

2.2.1 Approach 

 

To answer our research questions, we first carried out a systematic review to retrieve all 

published scientific literature on introgression and respective bibliographic meta-data. Then, we 

adopted a series of bibliometric analyses to understand the taxonomic coverage, geographic 

patterns, and temporal evolution of the retrieved literature. Additionally, we used salience analysis 

grounded on citation indices and attention scores, to understand the popularity level of the different 

studies among the scientific community and the public. Finally, we analysed the prevalence, polarity 

and relevance of introgression based on the perceptions from the authors of those studies, as well 

as the sentiment of the public towards this body of knowledge.  
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2.2.2 Systematic review 

 

Following standard PRISMA systematic review protocols (Moher et al. 2009, O'Dea et al. 

2021, Page et al. 2020), we carried out a systematic literature search for studies that explored the 

adaptive and evolutionary potential of natural introgression. We used ISI Web of Knowledge, 

Scopus, Google and Google Scholar, as the main search engines (Falagas et al. 2008). We used a 

combination of search terms relating to natural hybridization, genome, introgression and adaptation, 

avoiding the ones related to domestication and exotic/invasive species, with the aim of restricting 

the search only to natural phenomena of genomic introgression with potential adaptive outcomes, 

excluding all processes under direct or indirect human interference (breeding manipulations, 

genetic manipulation, invasive species scenarios, etc.). The selection of keywords was based on a 

review of previous keywords from a list of reference papers, and under a participatory approach 

with a team of scientists specialised in evolutionary processes. The final list of keywords included 

the most common and unambiguous words to reach the largest number of publications on the 

subject (see search details in Supplementary materials for the full list of keywords). The timespan of 

our search was 1900-2019. Searches were carried out in November 2019 and were restricted to 

English. 

Our initial search yielded 820 documents. After removing duplicates from the dataset, we 

excluded non-original studies, theoretical essays, opinion pieces, non-peer-reviewed papers, off-

topic documents and non-indexed papers. Then we checked their reference list to search for other 

publications that included the terms under study (i.e. snow-ball effect). Finally, after excluding all 

reviews and book chapters, we screened the title and abstract of the remaining 436 articles 

individually to evaluate their eligibility for the analysis, namely: 1) if the papers complied with the 

natural origin for the introgression process and 2) if introgression was pointed by the authors as the 

main explanation for the biological processes under study. The final dataset included 358 relevant 

studies (WebFigure 1; Supplementary materials). All papers were analysed in full only by the first 

author.  

We extracted bibliographic information from the 358 studies. Each study was then reviewed to 

extract information on authors’ initial perception about introgression and the temporal epoch and 

spatial location of the introgression phenomena reported in the study. We noted information on the 

taxa undergoing the introgression process. Finally, we reviewed which main method was 

considered in the publication, including the type of experiment, the type of introgression markers 

and whether whole-genome sequencing was performed or not. Detailed information about the 

variables extracted is available in table S2.1. 
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2.2.3 Bibliometric analysis 

 

 Geographic and taxonomic patterns in the published literature 

 

To investigate the associations between the geographical origin of researchers, the location 

of their case studies and the targeted taxonomic group, we used a spatial bipartite association 

network built using the GeoLayout 0.9.2.2. plugin from Gephi (https://gephi.org/) (scale of 20.000). 

We identified the main regions of origin of the introgression scientific study and the most important 

case studies based on their node weight (number of papers). Based on the betweenness centrality 

metric, we placed particular attention on nodes representing case studies that were studied by 

several teams. This approach measures the influence of a case study over the flow of the scientific 

information used to find the ones that serve as a bridge between research teams (Ulrik and Faster, 

2001).  

 

 Temporal changes in publication, methods and research areas 

 

Temporal changes in the number of published papers were tested through General Linear 

Models (GLM) with temporal series projections (until 2030) by the Expert Modeler Methods 

available on IBM SPSS Statistics software (v. 22; SPSS Inc, Chicago, IL). This approach was 

complemented with a linear regression, assessed through the coefficient of determination, between 

the number of published papers and time as a function of the methods used and research areas. 

We defined as the tipping point the temporal moment when the exponential trend lines ceased to 

show a reduced slope (Maroco, 2010). 

 

2.2.4 Salience analysis 

 

We searched in June 2020 each paper title in Altmetric Explorer, the web-based platform 

available through Altmetric.com which allows to browse and report the attention data that each 

paper has been receiving through online media (others include mainstream media mentions, peer 

reviews and citations to research in policy documents) (Tahamtan and Bornmann, 2020). Data 

included citations count and Altmetric Attention Score (AAS) (global and in context) recorded for 

each one of the 358 papers included in the review, including their geographical breakdown and 

temporal trends (Tahamtan and Bornmann, 2020). To determine the scientific relevance currently 

attributed to introgression, measured from the attention it is given, first we examined if paper AAS 

correlate with citation count (a traditional bibliometric indicator for research systems) (Okubo 1997) 

using Spearman correlation analysis. We then analysed AAS and compared: 1) all papers 
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published in the same year and journal, 2) all papers published in the same year, 3) all papers 

published in the same journal and 4) all research outputs scored by Altmetric.com (28,900,000 

outputs). 

 

2.2.5 Sentiment analysis 

 

 Perceptions of scientists 

 

We obtained the data on the perceptions of scientists directly from the systematic review, 

namely the scientific area of the study, the authors’ polarity opinion about introgression and the 

arguments used to justify it. We performed a Multi-Dimensional Scaling (MDS) tripartite network 

analysis with Gephi ThirdParties Plugins v. 0.9.2, to quantify the extent of known connections 

between these variables. The final layout represents the distance between nodes based on the 

similarities of their attributes, namely their connections’ weight and connected nodes’ identity. We 

chose the network metrics “node weight”, “edges weight” and "node degree” to describe the main 

characteristics of the perception network (Algorithmics Group, 2009). Node weight, symbolised by 

node size, represents the total number of papers from each scientific area with similar authors’ 

perception about introgression. Edge weight, symbolised by edge thickness, represents the total 

number of papers on which a connected pattern between two opinion characteristics 

simultaneously occurs. Node degree measures the number of relationships between nodes. Nodes 

with high degree have many connections, suggesting that they may possess strong supporting 

arguments. All metrics were obtained directly from Gephi platform (Algorithmics Group, 2009). 

We performed a temporal analysis of authors’ perceptions of natural introgression in relation 

to changes in the amount of scientific evidence over time. We applied a distributed-lag model that is 

a dynamic model in which the effect of an x on y regression occurs over time, and not all at once. 

This modelling framework is useful to analyse variable associations in time series data even if data 

are non-linear and/or with delayed effects (DLNMs-distributed lag non-linear models) (Gasparrini, 

2011). This approach is based on ‘cross-basis’, defined by a bi-dimensional space of functions that 

describe simultaneously the temporal relationship across the space of a predictor and the delay of 

its occurrence (Gasparrini, 2011). Thus, DLNMs analysis relies on a combination of these two sets 

of functions specifying the relationship between the dimensions of the number of scientific evidence 

and time lags, allowing to establish an immediate or delayed cause and effect relationship in the 

response variable (e.g. authors’ prevalence perception – from “Very rare” to “Ubiquitous”). All 

DLNM analyses were executed in the dlnm R package (Gasparrini, 2011). 

 

 Public perceptions 
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We considered the target public as a group of people broader than the scientific community, 

who show their interest in introgression through citation, reference, opinion and/or comment. We 

analysed 11,650 mentions by the public of the 358 introgression papers. The mentions, over 

multiple websites and different online platforms were mainly downloaded from Altmetric.com. 

Regarding twitter’s mentions (from the social media network Twitter), the data exported from 

Altmetric.com only included the tweet’s ID for an individual tweet. We obtained access to Twitter’s 

Developer Portal, and taking this information into a Twitter API, we got access to each message. 

Finally, we used Postman software (https://www.postman.com/) to get the link from Twitter API and 

the Power BI Desktop software (https://powerbi.microsoft.com/) to get the final published tweets 

table of each introgression paper. Our approach complies with the Terms of Use and Developer 

Policy of the platform. All information extracted was anonymous or threated as confidential in 

respect to the General Data Protection Regulation (GDPR) from EU Regulation 2016/679. To 

perform the sentiment analysis based on lexicons, we uploaded each paper’s mentions table into 

the syuzhet R package (Jockers, 2015). This package measures polarity (Positive, Negative or 

Neutral) and identifies eight different emotions, when present, for each message. It follows the 

basic emotion theory proposed by Plutchik (Plutchik, 1962): Anger, Anticipation, Disgust, Joy, Fear, 

Sadness, Surprise and Trust.  

We standardized the differences between Positive and Negative mentions of each paper 

using the following formula: 

 

 

 

Where: 

“stPP” represents the Standardized Polarity Perception, 

“Pos” represents the total number of positive mentions, 

“Neg” represents the total number of positive mentions, 

“TotalMentions” represents the total mentions obtained by an individual paper. 

We then performed a temporal analysis of public polarity perception (stPP) of introgression as 

a function of temporal changes in the number of scientific evidence of its occurrence through 

DLNMs analysis. Lastly, we followed the same approach to analyse the temporal changes in public 

emotions that introgression studies raise in public opinion as a function of temporal changes in the 

amount of scientific evidence for its occurrence.  

Finally, to understand whether public opinion and the emotions that a scientific paper about 

introgression elicits are conditioned by the taxonomic group under study, we established the 

relationship between global polarity perceptions and public emotions for each taxonomic group 
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under study. To illustrate this relationship, a chord diagram was produced using the Circlize R 

package (Gu, et al. 2014). This diagram was complemented with a linear regression, assessed 

through the coefficient of determination, between the standardized polarity perception of the public 

and scientists for each taxonomic group under study in each paper as a function of the phylogenetic 

distance from humans (Maroco, 2010). 

 

2.3 Results 

2.3.1 The scope and evolution of knowledge about introgression 

 

Our systematic review showed that introgression studies were mainly carried out by 

researchers from North America (>50%) (Especially USA – with 167 published works) and Europe 

(>30%), with the remaining regions showing very few research teams working on introgression 

(Figure S2.1). The scientific knowledge covered case studies from multiple geographic areas: North 

America (28% of all case studies), Europe (19%), Africa (12%), Asia (9%), South America (8%), 

Central America (7%), Oceania (4%), Eurasia (4%), global (3%), Pacific Ocean (2%), Atlantic 

Ocean (1%) and Indian Ocean (1%) (Figure 2.1a).  

The spatial bipartite association network showed a geographical proximity between case 

studies and research teams of 56.7%, meaning that most studies were performed by teams from 

the same geographical region (Figure 2.1a, table S2.2). There was also a strong association 

between the taxa studied and the geographic origin of the research teams (Figure S2.2). In North 

America, plants represented almost half of all studies (48%), especially angiosperms (38%). In 

Central and South America, invertebrates were the most represented taxa (43% and 48%, 

respectively), followed by birds (24%) and angiosperms (26%). Similarly, in Africa invertebrates 

represented 58% of all studies, followed by fish (21%). In Europe, like in North America, 

angiosperms were the most represented taxa (33%), but most studies focused on animals (63%). In 

Asia, mammals (36%), followed by fish (22%), were the most represented taxa, whereas in 

Oceania and Pacific islands all taxa had similar representation (angiosperms: 20%, birds: 20%, 

mammals: 16%, reptiles: 12% and insects: 12%) (Figure S2.2). 

Globally, introgression has been demonstrated in a wide range of taxa since Bacteria (1%), 

Protists (<1%), Fungi (3%) and Plants (27%) until Animals (69%). Mammals were the most studied 

taxonomic groups with 34% of all studies, followed by angiosperms (84% of plant studies) and 

insects (27% of all animals). Yeast represented 67% of studies of introgression in Fungi. 

 

 

 Temporal evolution of the introgression literature 
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We observed only a few studies published during the 20th century, with the highest 

prevalence in the 1990s, which saw an increase in published evidence for introgression, particularly 

from botanical controlled experimental studies involving the use of quantitative trait locus (QTL). A 

slight increase in the number of publications between 2000 and 2012 was observed alongside the 

rising of Methodological developments from the Human Genome project 

(https://www.genome.gov/). 

The increased publication rate from 2012 was accompanied by a methodological revolution 

due to the generalization of genomic approaches, mainly through the advent of high throughput 

sequencing (HTS) and the use of Whole-Genome Sequencing and Single Nucleotide 

Polymorphisms (SNPs). These techniques proved to be effective in detecting cost-efficient way 

genomic areas under introgression and their adaptive value. Increasing in an exponential way 

through time (GLM_SNPs [family=“poisson”]: R2=0.80, p<0.05, GLM_Whole-Genome 

[family=“poisson”]: R2=0.76, p<0.05), these techniques also contributed significantly to an 

exponential growth of introgression knowledge, which is evident by the cumulative number of 

published papers over time (GLM_Total Number of Papers [family=“poisson”]: R2=0.94, p<0.05) 

(Figure 2.1b). 

This growth pattern was evident in the different scientific fields (Anthropology, 

Phylogeny/Genealogy, Plant Sciences, etc.), and particularly in Evolutionary Biology. Bioinformatics 

was also identified as an emerging important field that became prevalent since 2016 (Figure 2.1c) 

(Pfeifer and Kapan, 2019). 

The genomic revolution in introgression studies began in 2012, when the annual average of 

published papers increased from 1.9 ± 3.1 (1966-2011) to 34.5 ± 10.1 (2012-2019), equating to an 

average annual increase of 1824.14% of papers (Χ2
1= 97.37, p<0.01). Temporal series projections, 

following the current publication growth rates, demonstrated an annual publication rate reaching 

130 papers/year in 2030 (95% CI: 100-155) (Figure S2.3). 
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Figure 2.1 - Spatial networks of case studies featured in the meta-analysis (blue dots) performed by each 

research team with a specific host geographic location (red dots) (a). Case study locations were 

georeferenced based on the description of the study area provided within each paper. Circle sizes reflect the 

number of papers from a specific location. Arrows represent directional pathways from the team to the case 

study with line width representing the number of papers published by each team on the specific case study. 

Temporal changes in the number of published papers on introgression by methodology (b) and scientific field 

(c). The solid lines represent the correlation between the number of papers and time and the dashed line 

shows the tipping point, when the trend line started to show an exponential increase – representing the 

beginning of the genomic revolution in introgression studies. 
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2.3.2 Perceptions of scientists 

 

Our results showed that 12 different scientific areas have been exploring introgression. The 

authors of 78% of the studies (N=280 papers) presented a scientifically grounded opinion about this 

topic. The argument polarity results show that the great majority of the authors had a positive 

opinion on introgression (node weight = 164). These results are mainly supported by authors’ 

perceptions about the positivity of the impact of introgression on species’ “adaptation to 

changing/new environmental conditions” (edges’ weight = 143), a result influenced by studies in the 

scientific areas of Plant Sciences (edges’ weight = 51) and Anthropology (edges’ weight = 30). 

However, most of the studies were carried out in Evolutionary Biology (node weight = 140), where 

authors presented the greatest number of biological arguments to support the sense of the polarity 

of their opinions (node degree = 45), which were mainly positive (edges’ weight = 67) (Figure 2.2a). 

Negative arguments were derived mainly from Evolutionary Biology (edges’ weight = 9.0), Plant 

Sciences (edges’ weight = 6.0) and Anthropology (edges’’ weight = 4.0). The main negative 

argument presented is that introgression may “act against speciation” (Figure 2.2a). 

The total number of positive and negative arguments was similar (N = 24 and N = 20, 

respectively) even though in the total number of mentions, the latter were significantly lower (N = 

296 and N = 78, respectively). Authors who presented mixed arguments (positive and negative) 

tended to use the greatest number of biological arguments (node degree = 56, betweenness = 

1113.37) (Figure 2.2a). 

Analysing the interest of the scientific community in the topic, we found a strong relationship 

between Altmetric.com scores and the traditional citation metrics (GLM [family=“poisson”]: R2=0.72, 

p<0.05) (Figure S2.4). The position of introgression papers in relation to the Altmetric.com score 

when analysed in comparison with all papers published in the same year, in the same journal, in 

both simultaneously and, especially, when analysed in relation to all published literature, revealed a 

bimodal distribution (Figure 2.2b). Although some studies have received little attention, a quarter of 

the papers were within the top 5% of the most cited and commented papers globally. 

There was no clear relationship between the temporal increase in the number of papers 

providing evidence for introgression and authors’ prevailing perception (GLM [family=“Gaussian”]: 

R2=0.04, NS) (Figure S2.5). The overall cumulative exposure–response relationships based on 

DMNL models revealed a slightly positive impact of the amount of evidence on author’s perception 

about the prevalence of introgression (DLMN: R2=0.08, NS) from “unknown” (0) to “few cases” (1) 

after a rate of 20 paper/year (95% CI: infrequent [-1] – common [2]) (Figure S2.6). 
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Figure 2.2 – Multi-Dimensional Scaling (MDS) tripartide network used to quantify the extent of connections 

between each scientific area, the polarity of authors’ perceptions of introgression and their positive, negative 

and neutral biological arguments (a). Violin plots representing Altmetric Attention Score (ASS) compared to A) 

all research outputs scored by Altmetric.com, B) all papers of the same journal, C) all papers of the same age 

and D) all papers of the same age and journal (b). Standardized ranking position is represented between 0 

(first position) to 100 (last position). Within them white solid lines boxplots include medians (horizontal white 

line) and average (white dot), boxes indicate quartiles and ranges, simultaneously.
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2.3.3 Public perception and sentiment 

 

A total of 14,214 mentions were recorded between 2000 and 2019 (including shares). Of 

these, 11,650 mentions were of introgression papers expressing some kind of opinion (polarity, 

emotions or both). The source of the vast majority of mentions was Social Media (N=11,628) 

followed by News and Blogs (N= 2,193) from traditional on-line newspapers. Academic sources 

were infrequently mentioned (N=145). Policy and Patents documents showed limited interest in the 

topic (N=24). 

The overall cumulative exposure–response relationships, summing up the contributions for 

the 20 years of lag considered in the analysis, showed a tendency for scientific publications to have 

just a slightly positive impact on public opinion of introgression with polarity perception reaching 0.1 

after a rate of 20 papers/year (95% CI: - 0.2 – 0.2) (Figure 2.3b). However, this impact does not 

seem to be immediate and presents a reversal of trend (from negative to positive) approximately 

following a delay of 7 years (Figure 2.3c). A temporal analysis showed that the increase in the 

amount of evidence for introgression has nearly no immediate impact on public polarity perception 

(Figure 2.3a). It occurs with a delay that promotes a high positive effect of scientific publications on 

the positivity of public opinion, increasing exponentially with high number of papers. However, there 

is almost no effect on public opinion from a reduced number of annually published papers, even 

after considering the delay (Figure 2.3). 
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Figure 2.3 - Three-dimensional plot showing temporal changes (2000 to 2019) of the estimated exposure–

lag–response association between the number of papers providing evidence for introgression and the 

standardized polarity perception by the public (stPP), with the average as reference and each Lag period 

corresponding to 4 years (a). Overall cumulative exposure–response relationships between the temporal 

changes (2000 to 2019) of the number of papers providing evidence for introgression and standardized 

polarity perception by the public (stPP), predicted from the model with no interaction (interpreted as the 

average), with 95% CI (b). Lag–response relationships between the number of papers providing evidence for 

introgression and stPP, with 95% CI and each Lag period corresponding to 4 years (c). 
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The publication of a large number of scientific papers had an immediate emotional public 

response (both negative and positive). After that, people's emotions began to immediately and 

exponentially diminish over time (Figures S7, S8, S9 and S10). Of the 9,867 mentions recorded that 

expressed some kind of emotions, with positive emotions being more frequent than negative ones 

(especially trust (N=1958 mentions), followed by anticipation (N=1,581 mentions) and surprise 

(N=1,314 mention). Anger (N=825 mentions) was the least evoked emotion by the papers. In 

contrast, fear (N=1,111 mentions) and disgust (N = 960 mentions) were the most often expressed 

negative emotions (Figure 2.4b). 

This disparity between positive and negative emotions explained the greater number of 

mentions by expressing a global positive polarity about introgression (N=4,179 mentions). However, 

often the interest in the topic was not accompanied by a clear position on the orientation of the 

opinion, so neutral mentions were slightly higher than positive mentions (N=4,440 mentions, Figure 

2.4b). On the other hand, there was a disparity in the attention given by the public when comparing 

the mentions about papers on vertebrates (N=8,850 mentions - including Humans - the majority of 

mentions [N=4,654]) with all the other taxonomic groups (Figure 2.4b). 

The distribution of mentions by the different emotions and directions of polarity that the 

papers raise in the public followed the same pattern as their total number (more positive than 

negative) (Figure 2.4b). However, in all taxonomic groups and in the global studies about 

introgression, scientists held more positive opinions about introgression than the general public 

(F(1, 10) = 54.260, p<0.05) (Figure 2.4a). Finally, contrary to what happens within the scientific 

community (GLM [family=“poisson”]: R2=0.13, NS), the polarity of public opinion (although always 

positive) has a positive correlation with the phylogenetic distance from modern human beings (GLM 

[family=“poisson”]: R2=0.86, p<0.05). In other words, the more distant from humans the 

phenomenon occurs, the more people consider introgression to be positive (Figure 2.4a). 
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Figure 2.4 - Standardized Polarity Perception (stPP) correlation with taxonomic groups under study (a). Grey 

and pink bars represent public and authors’ perception, respectively. Solid lines depict the relationship 

between their stPP and the different taxonomic groups under study based on the phylogenetic distance from 

modern Humans. Hierarchical network chord diagram with expanded endpoints illustrating public total polarity 

perception and expressed emotions about introgression papers from different taxonomic groups under study 

(b).  
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2.4 Discussion 

2.4.1 The scope and evolution of knowledge about introgression 

 

The geographical scope of taxa under study is widespread, despite a slight tendency for 

geographical proximity between case studies and research teams. This shows that there have been 

no major geographical biases in introgression studies. Scientific interest in introgression has been 

increasing over the past two decades. However, since 2012 the number of papers published per 

year began to increase exponentially. This turning point marks the beginning of the genomic 

revolution in introgression studies. Most likely, it occurred in response to the increased use of whole 

genome sequencing and reduced representation genome sequencing methods, such as restriction-

site associated sequencing (RADseq), and the development of new high throughput sequencing 

platforms and the subsequent reduction in sequencing costs (Hayden, 2014). The cost per 

sequenced genome was dropped from US $3 billion to less than US $1,000 from 2000 to 2012 

(Hayden, 2014). These methodological and sequencing advances have enabled the scientific 

community to compare the genomes of a large number of individuals, thus increasing the 

probability of identifying shared genomic regions under selection (Kuhlwilm et al. 2019, Ryan et al. 

2018). Our temporal series models predicted that this trend will continue through the next decade 

(Figure S2.3, Supplementary material) in response to the growing interest in the topic and the 

widespread use and development of these genomic analysis tools and sequencing platforms. 

 

2.4.2 What do we think about introgression? 

 

Introgression has received considerable attention from both the scientific community and the 

public, with high average rankings compared to the total current scientific literature. Several papers 

ranked within the top 5% most cited and commented papers globally.  

Despite the exponential increase in scientific evidence since 2012, the genomic revolution 

does not seem to have changed authors' perception of the prevalence of introgression in nature, 

being frequently underestimated with authors citing difficulties in demonstrating its presence (Reid 

et al. 2012). In terms of polarity in the opinions of the scientific community about introgression, the 

total number of positive and negative arguments is rather balanced. However, positive arguments 

are clearly most mentioned among scientists. Authors’ perception of whether the impact of 

introgression on species was positive is mainly based on potentially beneficial outcomes for 

“species adaptation to changing/new environmental conditions” (Acosta and Premoli, 2018, 

Boratynski et al. 2014, Hamilton et al. 2013, Lewontin and Birch, 1966, Melo-Ferreira et al. 2014). 

The main negative argument put forward by scientists is that introgression may have negative 

impacts because it “acts against speciation” (Naisbit et al. 2003, Payseur et al. 2004).  
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The source of public opinion about introgression studies was dominated by social media (and 

mainly Twitter), followed at great distance by traditional on-line newspapers. Academic media 

sources and policy documents infrequently refer to introgression papers, showing limited interest in 

the topic. This seems to indicate that there is a much greater interest among the general public in 

the subject than the importance given to it by traditional media and institutions both in terms of 

dissemination and socio-political orientations. 

The increased number of papers providing scientific evidence for introgression led to marked 

increase in positive public opinion, however, only following a seven year delay. There was either no 

initial response or even an initial negative impact on people's perception. Empirical literature refers 

to the difficulties of investigating research phases impacting on society (Trochim, 2010). On some 

occasions, delay of scientific translation should be necessary to ensure the accuracy and efficacy of 

new evidence or advances (Morris et al. 2011). However, it is relatively accepted by both the 

scientific community and policy that quick translation of research into practice is somehow positive 

(Morris et al. 2011). Nevertheless, the research translation process is known to undergo long 

periods of time-lag (Kilbourne et al. 2020, Morris et al. 2011).  

Our results demonstrate that only the annual publication of a sufficiently large number of 

papers providing evidence for introgression influences public perception of its merits and 

consequently of genetic miscegenation. This trend of increase in positive opinions is probably to 

accentuate in the future if the number of publications on the topic will continue to increase 

exponentially up to at least 2030, as we have predicted.  

For all taxonomic groups, and overall in studies of introgression, there is a significant disparity 

between the opinions of scientists and the general public, whereby scientists hold more positive 

opinions. This disparity between the opinions of scientists and the public follows the trend of other 

studies on public perception about scientifically controversial topics, such as the origin of climate 

change and the risks of nuclear power (Taylor et al. 2014). 

There is a taxonomic bias revealed by the great disparity in the attention given by the public 

to papers on vertebrates (mainly on humans) compared to all other taxonomic groups (Troudet et 

al. 2017). Regardless, papers referring to all taxonomic groups frequently receive positive opinions 

from the public, mostly eliciting positive emotions (primarily anticipation and trust). The polarity of 

public opinion (although always positive) positively relates to the phylogenetic distance from human 

beings, whereby the more distant the taxa are from humans, the more people consider 

introgression as positive. This pattern can be explained by different degrees of bias in the 

perception about genetic miscegenation according to taxonomy once societal inclinations strongly 

correlate with taxonomic bias (Troudet et al. 2017). Groups phylogenetically closer to human beings 

are the target of greater attention and importance whereas they are simultaneously the target of 

higher degrees of prejudice (Troudet et al. 2017). Bias has the potential to inappropriately influence 
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the scientific process (Fanelli et al. 2017) because “scientists are human beings rooted in cultural 

contexts” (Gould, 1978). However, the scientific method usually shield scientists from the 

consequences of their own cultural biases (Lewis et al. 2011). 

 

2.4.3 Public sentiment in response to evidence of introgression 

 

Scientific work in psychology has pointed to the relevance of emotions in addition to cognition 

in public perception and decision-making (Kahneman, 2011, Stanovich and West, 2008a). The 

publication of a large amount of scientific evidence for introgression has an immediate increasing 

effect on the emotional public response (both negative and positive). People's emotions rise 

immediately and diminish exponentially over time, showing an intense, but temporary, emotional 

cascade. The first reaction responds to an intuitive mode of thought that is fast, involves limited 

judgement, and is driven by emotions. It is later replaced by an analytical mode of thought (based 

on evidence), which is more rational, slower, involving more effort and deliberate reasoning 

(Kahneman and Frederick, 2002). This replacement over time can help explain the increase in 

positive polarity in the medium-long term. Time-lag helps to clarify this change in the mode of 

thought, from instinctive to analytical (Whitmarsh, 2011), once emotion based reactions decrease 

over time (Taylor et al. 2014). 

The overall cumulative exposure–response relationships of all sentiments expressed by 

public mentions about introgression papers, summing up the contributions for the 20 years of lag 

considered and analysing their balance with the increase of scientific evidence published over time, 

show just a slightly positive impact on the expression of all positive emotions (mainly anticipation 

and joy). According to the probabilistic sequence of events involved in the development of an 

emotion, anticipation responds to stimulus events like "novelty" promoting the behaviour of 

examining and the effect of exploration whereas joy explains the pride of achievement (Izard, 

2007). This means that the increase in evidence outweighs the potential negative effect of time on 

people's positive emotional response, allowing them to experience the urge to learn more about the 

benefits of genetic miscegenation and taking from there the pride of discovery. However, the same 

trend happened for two negative emotions (disgust and fear). Disgust is a response to a “gruesome 

object” and promotes rejection whereas fear explains flight for safety in response to an "obstacle" 

and stimulates destructive feelings (Izard, 2007). Despite occurring to a lesser extent compared to 

positive emotions, paradoxically, the increase in evidence, by offsetting the negative effect of time, 

raises a slight increase in some people in the identification of genetic miscegenation as being 

susceptible to repugnance. It stimulates looking at it as an obstacle to their safety and boosting 

reactions of rejection and destructive opinions. 
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In contrast, the increasing number of papers over time influences negatively public emotions 

of sadness and anger. Sadness responds to stimulus events like a "life-changing loss" promoting 

the effect of reintegration, whereas anger explains the frustration in response to blocked goals 

(Izard, 2007). In both cases, the increase in evidence complements the effect of time in decreasing 

such reactions to genetic miscegenation. 

The individual proximity to the facts under evaluation, derived from personal experience or 

shared by mimicry, conditions the emotions that are expressed. For example, social groups that 

have experienced the effects of extreme weather events (e.g. wildfires or severe droughts) tend to 

experience higher levels of anger, sadness and fear when confronted with climate change issues 

(Loureiro and Alló, 2020). In contrast, groups that have never been confronted with the 

consequences of nuclear accidents tend to have higher levels of trust in nuclear energy (Loureiro 

and Alló, 2020). 

On the other hand, studies show that ignorance is at the root of stereotypes and prejudice 

(Matusitz, 2012) and that these influence negative emotions like disgust and fear (Dasgupta et al. 

2009), which can only be countered by high degree of communication (Matusitz, 2012, Nshom and 

Croucher, 2017). However, the emotions also vary according to the signal of potential threat. For 

example, disgust increases bias against homosexuality, but anger did not. Instead, anger increased 

bias against ethnic minorities (e.g. Arabs) in western societies, but disgust did not (Dasgupta et al. 

2009). In this context, genetic miscegenation is more susceptible to prejudice derived from disgust 

than anger. 

Overall, public interest in introgression leads to an immediate rise of different emotional 

reactions that increase with increasing number of scientific evidence on the topic. Immediately after 

that emotional response, a cascade of divergent opinions spreads by emotional contagion and 

mimicry among social groups (Ferrara and Yang, 2015, Sonnby-Borgström et al. 2003) due to 

different social norms and circumstances of the common identities they share within (Pagel, 2012). 

However, negative emotions are potentially oversized because reactions to negative news tend to 

be stronger (Soroka et al. 2019). 

 

2.4.4 Caveats and limitations 

The impact of scientific developments on society is often difficult to measure mainly 

because data on perception of scientific facts are hard to obtain and work with. Using algorithms 

like those employed by Altmetric.com, it is possible to compile and organise all information 

available online about a set of papers retrieved from a systematic search of a scientific subject. 

When analysing such a large amount of data, the relevance of subjectivity decreases when the 

intention is to find general trends. Still, even approaches designed to mimic and replace the human 

brain still have important limitations. In sentiment analysis, for example, there are still limitations in 
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the interpretation of forms of literary expression, such as irony or sarcasm (Sykora et al. 2020). 

However, recent studies showed that the percentage of sarcastic and ironic content in social media 

is normally very low (Sykora et al. 2020). In traditional media and official documents their use 

should be even lower. So, in large datasets, sarcasm, irony and even the use of humour may be 

much less of a concern than was previously thought (Puschmann and Powell, 2018). Given that 

these expressions are probably rare in the dataset covered in our study, this is unlikely to influence 

the results of the general trends. 

We assume that written mentions are behaviours that reflect the opinions or attitudes of the 

writer. Yet, opinion is usually associated with a certain degree of subjective judgment (Sacks and 

Gary, 2012). On the other hand, the subjectivity of individual judgment is also subject to conflicts 

with social norms, political and cultural contexts (Dange, 2016). In other words, we could see a 

change in social behaviour (such as the proportional increase in positive mentions about 

introgression) due to a potential change in social norms (e.g. greater tolerance or 

acceptance/appreciation of genetic miscegenation) derived from the increase in the number of 

scientific evidence, but it may still not mean that beliefs and/or mentalities are in fact being changed 

(Schultz et al. 2007). Therefore, it seems probably that the publication of a large amount of 

scientific evidence in the medium-long term has promoted a change in opinion polarity about 

introgression and consequently about genetic miscegenation after undergoing an initial emotional 

response and a certain degree of rejection. However, whether this can promote an effective change 

in people's mentality and beliefs will require further studies. 

 

2.5 Conclusions 

We show that the genomic revolution provided mounting evidence for introgression, which is 

mainly understood by the scientific community as particularly beneficial for species ability to adapt 

to changing or new environmental conditions. Scientific evidence suggests that introgression, or 

even genetic miscegenation, from a scientific point of view, represents a key natural evolutionary 

process. The exponential increase in scientific evidence for the beneficial effects of genetic 

miscegenation led to more positive public perception of the topic in the medium-long term. 

Therefore, we argue that continuing the development of knowledge on introgression will allow 

Evolutionary Biology to scientifically refute eugenics and other evolutionary theories that promote 

taxa 'purity’. In the past, these ideas were employed to justify racism and other forms of 

discrimination. However, in light of current scientific evidence, only bias in perception appears to 

stand in the way of accepting the fundamental role that genetic miscegenation plays for life. 
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WebFigure 1 - PRISMA 2020 flow diagram. Adapted from:  Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 

statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 10.1136/bmj.n71. For more information, visit: http://www.prisma-

statement.org/ 
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Search details 

 

We used the following search string for on-line databases: 

“Topic=(hybrid* AND adapt* AND introgress* AND genom* NOT invas* NOT domest* NOT exotic) 

OR Topic=(adapt* AND introgress* AND genom* NOT invas* NOT domest* NOT exotic)”  

We defined some keywords as strict retention criteria: Adapt* (all terms related to 

adaptation, adaptive, etc.), Introgress* (all terms related to introgression, introgressive, etc) and 

Genom* (all terms related to genome, genomics, etc.). We also used as non-strict retention criterion 

for the term hybrid* (all terms related to hybrids, hybridization, etc.) that could be present together 

with the previous ones or not. We excluded all breeding contacts between taxa under direct human 

interference (breeding manipulations between species that do not naturally interbreed, genetic 

manipulation, invasive species scenarios, etc.). We used the following keywords as strict exclusion 

criteria: Invas* (all terms related to invasion, invasive species, etc.), Exotic and Domest* (all terms 

related to domestic species, domestication, etc.). 

We defined the expression “Adaptive Introgression” as a keyword used as strict retention 

criteria searching for relevance grey literature through Google and Google scholar. 
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Table S2.1 - Full list of information and the total number of papers that includes each category extracted from 

each reviewed paper. 

Categories of 

information 

Variables extracted Classes used Number 

of papers  

Bibliographic 

information 

 Authors 
 Year 
 Title 
 Journal 
 Research area 
 Type of publication 
 Location of author’s institution 

 358 

358 

358 

358 

358 

358 

358 

Authors’ initial 

perception about 

introgression 

 Polarity 
 

 

 

 Why positive? 
 Why negative? 
 Why neutral? 
 Prevalence 
 

 

 

 

 

 

 

 

 Semantics 
 

Positive 

Negative 

Both 

Neutral 

 

 

 

Very rare [-3] 

Rare [-2] 

Infrequent [-1] 

Unknown [0] 

Few cases [1] 

Some cases [2] 

Common [3] 

Many cases [4] 

Ubiquitous [5] 

Hybrid* terms used 

Hybrid* terms not used 

351 

 

 

 

250 

78 

129 

135 

 

 

 

 

 

 

 

 

358 

Taxa under study  Main taxonomic group 
 

 

 

 

 Families  
 Species pairs 

Animal 

Plant 

Fungi 

Protists 

Bacteria 

355 
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 355 

355 

Time and space of 

introgressions’ case 

studies 

 Epoch  
 

 

 Continent 
 Approximated location 

Ancient 

Recent 

Both 

355 

 

 

355 

355 

Methods used  Type of experiment 
 

 

 Type of introgression markers 
 

 

 

 

 

 

 

 

 Whole-genome sequencing 
 

 Reference genome 

In-situ 

Ex-situ 

Both 

Quantitative Trait Locus 

Microsatellites 

Mitochondrial DNA 

Ribosomal DNA 

Single-Nucleotide 

Polymorphisms 

AFLP 

PCR amplification 

Electrophoresis (DGGE) 

Karyotypes 

Performed 

Not performed 

Available 

Not available 

351 

 

 

347 

 

 

 

 

 

 

 

 

347 

 

165 
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Figure S2.1 - Distribution of reported introgression case studies by research team origin (top plot) and 

geographic location (plot from below). 

 
Research teams’ 
origin 

Case studies’ 
distribution 
 



FCUP 

On the history of mixing: Knowledge trends on relevance, patterns and drivers of adaptive introgression  

49 

 

 

Table S2.2 - Total number of papers produced by teams from specific geographic regions on case studies 

located in other geographical locations. 26 papers analysed more than one case study and three papers did 

not include a case study, resulting in a total of 388 case studies. 

 

Research 
Team 

North 
America 

South 
America 

Central 
America 

Europe Oceania Africa Asia Nbr of 
case 
study Case Study 

North America 93% 0% 0% 6% 0% 0% 1% 104 

South America 27% 46% 4% 23% 0% 0% 0% 26 

Central 
America 62% 10% 5% 24% 0% 0% 0% 21 

Europe 19% 0% 0% 81% 0% 0% 0% 73 

Oceania 41% 0% 0% 29% 29% 0% 0% 17 

Africa 55% 0% 0% 40% 0% 4% 0% 47 

Asia 10% 0% 0% 14% 0% 0% 76% 58 

Indian Ocean 0% 0% 0% 67% 0% 0% 33% 3 

Atlantic ocean 50% 0% 0% 50% 0% 0% 0% 2 

Pacific ocean 57% 0% 0% 29% 0% 0% 14% 7 

Whole world  91% 0% 0% 9% 0% 0% 0% 11 

Whole America 50% 0% 0% 50% 0% 0% 0% 4 

Eurasia 53% 0% 0% 27% 0% 0% 20% 15 

Nbr of papers 
per research 
team 

195 14 2 120 5 2 50 

388 
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Figure S2.2 - Spatial distribution of reported introgression case studies by taxa. 
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Figure S2.3 - Predictive model of temporal series projections (until 2030), performed by the Expert Modeler 

Method. 
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Figure S2.4 - Altmetric.com Attention Score (ASS) correlation with citation count (traditional bibliometric for 

research ranking) in the literature through Spearman correlation analysis. The solid blue line depicts the 

relationship between ASS and the number of citations with the main outlier (Green et al. 2010) (a) and without 

it (b).  
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Figure S2.5 - Annual changes in authors' average perception of the prevalence of introgression, categorized 

into nine classes: very rare [-3], rare [-2], infrequent [-1], unknown [0], few cases [1], some cases [2], common 

[3], many cases [4] and ubiquitous [5]. The solid line depicts the relationship between the perception ranking 

over time. 
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Figure S2.6 - Overall cumulative exposure–response relationships between the temporal change in the 

number of papers providing evidence for introgression and authors’ prevalence perception predicted from the 

model with no interaction (interpreted as the average), with 95% CI (a). Lag–response relationships between 

the number of introgression evidence (number of papers) and authors’ perception about its prevalence, with 

95% CI (b). 
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Figure S2.7 - Three-dimensional plots showing temporal changes (from 2000 to 2019) in the estimated 

exposure–lag–response association between the number of published papers providing evidence for 

introgression and the percentage of mentions expressing negative emotions (anger, disgust, fear and 

sadness) of the total annual mentions expressed by the public about them, with the average as reference, 

and each Lag period corresponding to 4 years. 
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Figure S2.8 - Three-dimensional plots showing temporal changes (from 2000 to 2019) of the estimated 

exposure–lag–response association between the number of published papers providing evidence for 

introgression and the percentage of mentions expressing positive emotions (anticipation, joy, surprise and 

trust) of the total annual mentions expressed by the public about them, with the average as reference, and 

each Lag period corresponding to 4 years. 
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Figure S2.9. Overall cumulative exposure–response (left plots) and Lag–response (right plots) relationships 

between temporal changes (from 2000 to 2019) in the number of papers providing evidence for introgression 

evidences and the percentage of mentions revealing negative emotions (Anger, Disgust, Fear and Sadness) 

predicted from the model with no interaction (interpreted as the average), with 95% CI. 
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Figure S10 - Overall cumulative exposure–response (left plots) and Lag–response (right plots) relationships 

between the temporal changes (from 2000 to 2019) in the number of introgression evidences (number of 

papers) and the percentage of mentions revealing positive emotions (Anticipation, Joy, Surprise and Trust) 

predicted from the model with no interaction (interpreted as the average), with 95% CI.
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Abstract 

Natural hybridization has historically been a controversial topic, subject to disagreement 

regarding its consequences. However, a recent proliferation of evidence demonstrate that 

introgression may enable some closely-related species to share and incorporate alleles associated 

with traits adapted to new environmental conditions. Understanding how introgression can lead to 

adaptation and evolution, will require an investigation into essential mechanisms behind 

introgression. On the other hand, merging the knowledge on the general mechanisms from which 

scientists have been interpreting patterns and causes of introgression, across the tree of life, can 

provide a general overview of the major hypothesis to test with empirical data. 

We carried out a systematic review and multidimensional meta-analysis, showing the presence 

of introgression is a function of the structural complexity of organisms. While in prokaryonts 

introgression operates fundamentally into genomes, for eukaryotic species it is driven by 

cytonuclear interactions. In multicellular eukaryotic species with heteromorphic sex-chromosomes 

introgression is subject to genomic pressures over breeding physiology and conditioned by 

demography. In more recently evolved and complex eukaryotes species, sexual behaviours 

condition the occurrence, direction, extent and functionality of introgression.  

Our results demonstrate that introgression may act in balance with species divergence. Through 

interconnected mechanisms with divergent, e.g. assortative mating versus sexual selection, 

introgression increases in complexity across the levels of biological organization, from genomics to 

behaviour. We also demonstrate that environmental conditions promote and propel introgression, 

which, in turn affects species and their relationship with their environment, independently of 

species’ structural complexity. We argue that the balance between divergent processes and 

introgression makes speciation a flexible process mediated by environmental changes, a common 

pattern shaping the paths of evolution across the entire tree of life. 
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3.1 Introduction 

 

Repeated interbreeding can result in closely-related species sharing genetic material through 

introgression (Arnold, 2004; Hedrick, 2013; Hoffmann and Sgrò, 2011; Powell et al., 1999; 

Rieseberg et al., 2007; Seehausen, 2004). Introgression has been historically regarded as a 

homogenizing process (Latch et al., 2006; Oliveira et al., 2008) that counteracts local selection 

pressures, decreasing the fitness of diverging populations by introducing alleles outside the local 

adaptive range (Bolnick and Nosil, 2007; García-Ramos and Kirkpatrick, 1997; Maguilla et al., 

2017). Consequently, it was considered of conservation concern due to the risk of genetic 

swamping, which could impact species’ long-term survival (Maguilla et al., 2017). Following this 

rationale, some authors considered introgression as either a damage to species integrity, a 

maladaptive procedure or an unexpected misfortune of nature (Llopart et al., 2014). 

Conversely, recent evidence has demonstrated that introgressed alleles can be responsible 

for traits that are adapted to novel conditions (Jones et al., 2018; Lexer et al., 2004; Nadachowska-

Brzyska et al., 2012). This phenomenon, known as adaptive introgression, is recognized as the 

main evolutionary outcome of natural hybridization, which leads to faster adaptation than de novo 

mutations (Anderson and Hubricht, 1938). Hence, introgression has been shown to impact species’ 

adaptive capacity, contributing to species' evolutionary jumps, allowing them bypassing 

intermediate steps of evolution (Acosta and Premoli, 2018; Aeschbacher et al., 2017).  

Standing genetic variation is likely to lead to faster evolution through the fixation of more and 

more recessive alleles (Lai et al., 2019). Thus, faster adaptation can occur when this standing 

genetic variation comes from other species that are better adapted to the environmental conditions 

(Lai et al., 2019). This mechanism can increase species survival (Liu et al., 2015; Norris et al., 

2015), promoting their range expansion (Aleksic et al., 2018) and even supporting evolutionary 

rescue (Aeschbacher et al., 2017). On the other hand, it seems to have the ability to lead to 

species’ divergence (Alexander et al., 2017; Antelope et al., 2017), for example, by promoting 

speciation (Arcella et al., 2015; Arnold et al., 2012). 

Historically, since the publication of the first theoretical essays on introgression, the role of 

introgressed alleles was subject of controversy because introgressed alleles can be found in parts 

of the genome that are under selection or neutral regions, and may contribute to adaptations, have 

no impacts or be eliminated for being pejorative (introgression suppression) (Seixas et al., 2018). 

Introgression can be impacted by random processes like genetic drift (Gompert et al., 2013; Wade 

and Goodnight, 2006), which can eliminate maladaptive alleles in a few generations or keep others 

with propensity to persist as neutral and dependent on demography (Harris and Nielsen, 2016). 

Introgression is considered neutral when introgressed alleles have no phenotypic/physiological 
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consequences that could affect the fitness of the receptor lineage. Otherwise, it is considered 

maladaptive if it has negative adaptive outcomes (Matosiuk et al., 2014; Minder and Widmer, 2008). 

Contrary to the historical assumption that introgression should have neutral impacts (Leigh Van, 

1976; Maguilla et al., 2017; Räsänen and Hendry, 2008), recent evidence supports that beneficial 

alleles introgress more easily than neutral ones (Harrison and Larson, 2014) by mechanisms that 

seem to be universal (Pease et al., 2016). This evidence led to adaptive introgression being 

increasingly documented as a major adaptive driving force (Pfeifer and Kapan, 2019). 

Being initially rare, beneficial introgressed alleles can be favoured, for example by balancing 

selection (Nadachowska-Brzyska et al., 2012), and quickly establish in the receptor species through 

selective sweeps (Bay and Ruegg, 2017; Kuhlwilm et al., 2019; Otto and Barton, 2001). On the 

other hand, unlike new mutations, which starts with a prevalence of 1/2N, the introgressed alleles 

may have a higher “initial” prevalence, depending on hybridization rates. Thus, high initial 

prevalence of introgressed alleles can also enhance their fixation. After settling in a stable way, 

these alleles can act as an important source of novel genetic and phenotypic variation (Baldassarre 

et al., 2014; Cahill et al., 2015). Just a single introgressed gene can have the potential to promote 

variation and consequently to have a large ecological impact (Bouck et al., 2007; Bradshaw and 

Schemske, 2003). 

The advent of high-throughput sequencing approaches resulted in an exponential growth of 

scientific evidence documenting the occurrence of introgression and, to a lesser extent, its adaptive 

and evolutionary consequences (Taylor and Larson, 2019). There are many areas of knowledge 

that have been dedicated to the study of introgression, from genetics and microbiology to behaviour 

and anthropology. Great attention has been paid to some case studies that helped to clarify the 

functioning of introgression in the particular circumstances in which they occur (Taylor and Larson, 

2019). From the global set of literature, introgression stands out as an extremely complex process 

that acts on all organisms regardless of their structural complexity, including bacteria (Palmer et al., 

2010), protists (Nader et al., 2019), fungi (Dunn et al., 2013), plants, from bryophytes (James et al., 

2008) to angiosperms (Taylor et al., 2009), and animals, both invertebrates (Norris et al., 2015) and 

vertebrates (Liu et al., 2015). With drivers working in response to several environmental pressures, 

both natural (Matosiuk et al., 2014) or anthropogenic (Pardo-Diaz et al., 2012), introgression can 

act potentially at different levels of biological organization. Some studies have looked at the 

genomic mechanisms through which introgression occurs (Morales et al., 2018). Others focused on 

the physiological restraints it can cause (Storchová et al., 2004). There are also examples of 

important constraints on introgression functionality due to demographic disparities (Ray and 

Excoffier, 2009) and the impact of reproductive behaviours on the patterns it presents (McDonald et 

al., 2001). 
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Understanding how introgression can contribute to species adaptations and evolution will 

require an investigation into the current knowledge trends on introgression patterns and causes. It 

will require a vast characterization and demonstration of the introgression process across the tree 

of life and in all its biological dimensions, in particular in cases where it leads to fitness changes 

(Pfennig, 2021). This can be also important to provide a general overview of major hypothesis to 

test with empirical data.  

Systematic reviews complemented with meta-analyses are commonly used for merging data 

and evaluating large amounts of scientific information. They can also result in new ways of 

organizing knowledge and identifying its main trends and provide information on gaps in the 

literature, advising future investigation efforts (Livoreil et al., 2017; O'Dea et al., 2021). Standard 

protocols of systematic reviews allow for reproducibility and guard against subjective decision 

making during the review process (Shamseer et al., 2015). Meta-analyses through multidimensional 

approaches provide an integrative and holistic framework to merge biological data from standard 

systematic reviews (Bradley et al., 2005). They can help to extend the understanding of the 

functionality of drivers of natural biological processes at different levels of biological organization. 

We carried out a systematic review and meta-analysis to analyse the current trend of 

knowledge about the factors that impact introgression with potential adaptive outcomes. We 

addressed two main questions: 1) What are the main structural characteristics of organisms that is 

conditional for the occurrence of introgression? and 2) What are the main current knowledge trends 

about mechanisms of introgression at different levels of biological organization? 

Clarifying these objectives could bring us new open-spectrum views about how introgression 

can lead to adaptation and how it can shape the evolution. Finally, it can provide major hypothesis 

to test through empirical studies about the mechanisms behind the balance between introgression 

and divergence. 
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GLOSSARY 

Adaptive introgression 

The natural transfer of genetic material by interspecific breeding and backcrossing of hybrids with 
parental species followed by selection on introgressed alleles (de Lafontaine et al., 2015; Song et al., 
2011). 

Assortative mating 

A mating behaviour by which individuals show higher preference for mating with individuals with similar 
phenotypes and genotypes than expected under a random mating pattern (Herbers, 2010). 

Balancing selection 

A set of selective pressures which actively allow the maintenance of multiple alleles in the population 
gene pool at greater frequencies than expected based on the effects of genetic drift alone (King, 2006). 

Biological organization 

The hierarchical organization of complex biological structures and systems (Mazzocchi, 2008). 

Genetic drift 

Changes in the frequency of an existing allele in the genetic pool of a population as a result of the 
random sampling of organisms (Bolnick et al., 2011). 

Genetic recombination 

Genetic exchange between different taxa which leads to new combinations of traits that differ from 
those found in the parental species (Martinsen et al., 2001). 

Genetic swamping 

Gene flow from most abundant species toward species with smaller population size that can lead to 
outbreeding depression due to the replacement of local genotypes (Todesco et al., 2016). 

Genomic introgression 

Distribution of introgressed alleles in across the genome (Gompert and Buerkle, 2009). 

Geographic introgression 

Geographic distribution of alleles across a hybrid zone (Payseur et al., 2004). 

Haldane’s rule 

Heterozygous sex shows greater hybrids fitness reduction (Haldane, 1922). 

Natural hybridization 

Secondary breeding contact between two populations that have evolved separately over a period of 
time but under natural conditions (Neri et al., 2017). 

Selective sweep 

Genetic process through which a new allele that increases the fitness of the individual increases in 
frequency in a population and becomes fixed (frequency of 1) due to natural selection (Bay and Ruegg, 
2017; Kuhlwilm et al., 2019). 

Sexual selection 

Breeding behaviour favouring mating partners with adaptive advantage (higher fitness), independently 
of their species (Parrett and Knell, 2018) 

Transgressive segregation 

Extreme phenotypic traits outside the original phenotypic range of parental species produce by 
introgression and leading to hybrid speciation (Nichols et al., 2015; Rieseberg et al., 2003). 
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3.2 Methods 

3.2.1 Literature search 

 

We carried out a systematic literature search for studies that interpreted introgression 

patterns as resulting from adaptation. Following the standard PRISMA review protocols (Moher et 

al., 2009; O'Dea et al., 2021), we used ISI Web of Knowledge, Scopus, Google and Google 

Scholar, as the search engines (Falagas et al., 2008). We selected a set of search terms related to 

natural hybridization, genomics, introgression and adaptation, purposefully avoiding terms 

associated with direct or indirect human intervention (breeding or genetic manipulation, invasive 

species scenarios, etc.), such as domestication and invasive scenarios, limiting the search to 

natural genomic introgression with potential adaptive consequences. The keywords were selected 

from a list of keywords in reference papers, and through the consultation of a team of scientists’ 

expert in evolutionary processes. With the aim to obtain the largest number of publications on the 

topic, the final set of selected of keywords included the most common and unambiguous terms and 

expressions (see Supplementary Material for search details). The searches covered a period 

between 1900 and 2019 and were restricted to English. 

Our searches produced 820 publications. From this dataset, we removed duplicates. After 

that we excluded theoretical essays, opinion texts, non-peer-reviewed papers, off-topic documents 

and non-ISI journals. Then we checked the reference list of the remaining publications looking for 

others that included the terms under study and that were not counted in the initial search. From this 

global set of publications we excluded all reviews and book chapters. Both the title and abstract of 

the remaining 436 articles were then read to assess their relevance for the study, based on: 1) if the 

introgression process was the result of natural processes, and 2) if introgression was pointed by the 

authors as the most plausible explanation behind the observed biological processes. The final 

dataset comprised 358 studies (WebFigure1 - Supplementary materials). All papers were analysed 

in full by the first author. 

 

3.2.2 Literature review 

 

We extracted bibliographic information from the 358 studies, including the temporal period 

and spatial location of the introgression phenomena reported in each study, the taxa undergoing 

the introgression process, and the main study methods (type of experiment, type of introgression 

markers and whether whole-genome sequencing was performed). Finally we recorded the main 

sub-mechanisms of introgression referred to in each study and the adaptive outcomes, both 

phenotypic and ecological. Detailed information about the variables extracted is available in Table 

S3.1. It is important to consider that it is not always certain that alleles/traits are in fact adaptively 
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introgressed. Therefore, we based this conclusion on the authors' interpretation as stated in the 

conclusions of the study and on described evidence of shared genes and/or traits that have 

potentially adaptive outcomes. 

 

3.2.3 Meta-Analysis 

 

We performed a multilayer analysis through an open-source multilayer network visualization 

and analysis platform MuxViz (http://muxviz.net/). MuxViz is an approach for representing a large 

variety of complex systems, such as biological structures, at different levels of biological 

organization, using empirical genetic, neuronal and transportation networks (De Domenico et al., 

2014). Multilayer graphs of networks can be visualized by creating a relationship between two or 

more extracted variables, as nodes, incorporating them into different levels (layers) (De Domenico 

et al., 2014). These relationships occur when two characteristics of a case study (two variables 

extracted) are simultaneously described into the same paper which, depending on whether they are 

interdependent or not, can be directed or not directed. Here, the graph layers were designed to 

represent different levels of biological organization: 

 

Layer 1) Genomics/cytology - Location of introgression/islands of differentiation in the genome/cell; 

Layer 2) Physiology - Physiological constraints on introgression patterns; 

Layer 3) Behaviour - Behavioural impact on introgression patterns; 

Layer 4) Demography – The impacts of demography on the direction and amount/patterns of 

introgression; 

Layer 5) Ecology - Ecological influences on spatial-temporal introgression patterns. 

 

We used the Large Graph Layout (LGL) algorithm at two-dimension with multiplex node 

arrangement and the interception as the template method, where all nodes can be connected to 

each other (intra and inter-layer connection) (De Domenico et al., 2014). For computing multilayer-

specific network properties we perform an eigenvector centrality algorithm to analyse eigenvector 

versatility through the multilayer extension, which measures each node's importance depending on 

its connections within and across layers (De Domenico et al., 2014).   

Node size was represented by the logarithm PageRank centrality and versatility that rank 

case studies’ characteristics (see Supplementary material) to quantify the importance of each node 

in the network, by correlation with eigenvector metrics (De Domenico et al., 2015). Edges weight, 

symbolised by edges’ thickness, represents the total number of papers in which a connected 

pattern between two nodes was described. These relationships were computed as standardized 

edges’ weight (stEW): 
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Where: 

α represents the total Edges’ Weight measured by the total number of papers that simultaneously 

described two introgression variables; 

β represents the total number of papers that describe one of the variables; 

ϒ represents the total number of papers that describe the second variable. 

 

3.3 Results 

3.3.1 Structural characteristics of organisms and introgression 

 

Introgression is a natural process apparently conditioned by the structural complexity of 

organisms mainly at the genomic or behavioural level. Our results point to three mainly 

characteristics that seem to condition the way of functioning and the complexity of introgression: the 

functional and structural complexity of the eukaryotic cell, the presence of sex chromosomes and 

the development of behavioural mechanisms of sexual selection. Thus, across the taxonomic 

complexity gradient, introgression gradually becomes operational in higher layers of biological 

organization. Genomics/cytology covers almost half of the total connections between the taxonomic 

groups and introgression claims (46.7 ± 30.17 %). Physiology comprises one fifth of connections 

(20.1 ± 16.88), followed by demographic aspects (6.3 ± 6.69 %). Behaviour represented just 3.5 ± 

5.81 % of total connections (Figure 3.1). 
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Figure 3.1 - Bipartite network of introgression’s functionality variables and taxonomic groups. (a) 

Representation of introgression operation across a taxonomic complexity gradient and throughout different 

levels of biological organization. (b) Cladogram with the potential evolutionary cleavage moments of 

introgression functionality. A – Prokaryotes; B – Unicellular eukaryotes, C – Multicellular eukaryotes with sex-

chromosomes and D – Multicellular eukaryotes with sex-chromosomes and sexual selection. 

Genomics/cytology’s layer (Autosomal introgression [Introg_Auto], Autosomal islands of speciation 

[Isl_Speciation_Auto], Nuclear introgression [Introg_NUCLEAR], Introgression on Sex-chromosomes 

[Introg_SEX], Cytoplasmic introgression [Introg_CYTO], Nuclear islands of speciation 

[Isl_Speciation_NUCLEAR], Islands of Speciation on Sex-chromosomes [Isl_Speciation_SEX], Cytoplasmic 

islands of speciation [Isl_Speciation_CYTO] and presence of balancing selection [Balancing_selection]); 

Physiology’s layer (endogenous impacts on introgression [Endogenous_impacts], Haldanes’s rule compliance 

[Haldane’s_rule], female sterility [Female_sterility], male sterility [Male_sterility], exception to Haldanes’s rule 

[No_Haldane’s_rule], any sterility [No_sterility], sex-bias introgression [Sex-bias_introgression], paternal 

direction of introgression [Paternal_way] and maternal direction of introgression [Maternal_way]); 

Demography’s layer (demographic disparities [Demography], any demographic disparities [No_Demography], 

direction of introgression from native-to-colonizers [Native-to-colonizer] and exception to native-to-colonizers 

direction [Native-to-colonizer]); Behaviour’s layer (presence of sexual selection [sexual selection], presence of 

assortative mating [Assortative_mating], presence of intra-sexual interspecific competition [Sex_competition] 

and absent of intra-sexual interspecific competition [No_competition]; and Ecology’s layer (environmental-

mediated introgression [Environment_mediated], iteration between allopatric and sympatric periods 

[Temporal_cycling], exogenous impacts on introgression [Exogenous_impacts], Allele surfing [allele_surfing],  

Any allele surfing [No_allele_surfing].  
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In evolutionarily older and less complex organisms, namely in prokaryotes, introgression 

was expressed fundamentally at the level of the genome, representing the only layer present in the 

majority of prokaryote networks (e.g. percentage of Bacilli’s connections = 100%; stEW=0.11). For 

older single-celled eukaryotic species, genomics/cytology represented 73.3 ± 25.3% of all 

connections with their introgression characteristics. However, unlike prokaryotes, for this group, 

introgression had a clearer expression at the level of cytology, for example in the location of the 

islands of introgression (nucleus versus cytoplasm) (Figure 3.1). In multicellular eukaryotic species 

with heteromorphic sex chromosomes, their dioecious sexual reproduction increased the 

complexity of introgression at the physiological level. For these more complex eukaryotes, 

physiology layer even matched the importance of the genomics/cytology in terms of the percentage 

of connections (21.5±18.3%, stEW[physiology]=0.07; 23.0±19.5%, stEW[genomics/cytology]=0.08). Physiology 

strongly impacted the functionality of introgression in crustaceans (44.4%, stEW= 0.15), mussels 

(24.0%, stEW= 0.10) and gymnosperms (17.7%, stEW= 0.05). In these more ancient multicellular 

eukaryotes with heteromorphic sex-chromosomes, introgression also increased its complexity at 

the demographic level. Once reproduction becomes stochastic in contact zones, demographic 

asymmetries become a fundamental mechanism for promoting introgression from the most 

abundant to the least abundant species. Gymnosperms are probably the most prominent example 

of this (20.6%, stEW= 0.13). In more recent and complex eukaryotes species (genomically, 

physiologically but also behaviourally), introgression increased its complexity at the level of sexual 

behaviour (Figure 3.1). Eukaryotes with mating preferences were the only ones whose behaviour 

strongly impacts their receptivity to introgression (8.4±6.4%, stEW= 0.15). Birds and reptiles stood 

out for the importance of sexual behaviours for their expression of introgression (12.1%, stEW= 0.21 

and 21.5%, stEW= 0.33, respectively). 

At the ecological level, spatio-temporal environmental impacted on the operation of 

introgression showed very strong connections between the taxonomic groups and their 

introgression characteristics (23.4 ± 24.95 %). Ecology strongly impacted species regardless of 

their taxonomic complexity, from single-celled eukaryotes (15.0±22.4%, stEW=0.06), older 

eukaryotes with sex-linked chromosomes and stochastic breeding choices (45.5±39.2%, 

stEW=0.22) to eukaryotes with sexual selection (20.1±8.2%, stEW=0.18) (Figure 3.1).   

 

 

 

 

 

 

3.3.2 Trends in the literature on the mechanisms of introgression  
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✔ Introgression in eukaryotic species 

 

We found evidence of introgression with adaptive outcomes in both cytoDNA and nDNA, 

exclusively or simultaneously (stEW=0.43, N= 31 papers) (Figure 3.2) albeit a number of cases of 

cytonuclear incompatibilities reported (Gagnaire et al., 2013). However, many reported cases 

showed lower levels (or even none) of cytoplasmic introgression, particularly when compared to 

nuclear introgression (Brown et al., 2019; Carling and Brumfield, 2008; Hulsey et al., 2013; Morales 

et al., 2017). Our results showed that nuclear introgression is not only the most frequently reported 

location of introgressed genes into genomes of the eukaryotes, but also the most prevalent 

introgression characteristic among all published studies (Eigenvector=1.00, PageRank=0.98, 

N=144 paper) (Figure 3.2). However, we found no association between the timing of introgression 

(ancient versus current events) and the genomic location of introgression (CytoDNA versus nDNA) 

(Χ2
1= 3.46; P>0.05). Balancing selection was more prevalent in introgression studies 

(Eigenvector=0.11, PageRank=0.26, N=32 papers) than genetic drift (Χ2
1= 13.23; p<0.01), 

impacting mainly in nuclear introgression (stEW=0.50, N= 18 papers) (Figure 3.2). 
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Figure 3.2 - Multilayer network of introgression’s functionality variables at different levels of biological 

organization. (a) Multilayer graphs of networks. (b) Heatmap of pairwise standardized edges’ weight (stEW) 

among introgressions operating variables and taxonomic groups. Acronyms of variables are available in the 

legend of Figure 3.1. 
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✔ Introgression in species with sex chromosomes 

 

Our results demonstrated that there are less reported cases of introgression in cytoDNA 

(Eigenvector=0.40, PageRank=0.34, N=72 paper), than into autosomes (Eigenvector=0.90, 

PageRank=0.74, N=84 papers) (Carling and Brumfield, 2008). However, they were both much more 

commonly reported than those in sex-linked chromosomes (Eigenvector=0.21, PageRank=0.24, 

N=17 papers). Introgression in sex chromosomes was never simultaneously described with 

cytoDNA introgression, occurring frequently in parallel with autosomal introgression (stEW=0.53, 

N=9 papers) (Figure 3.2). Species with heteromorphic sex chromosomes, in particular mammals, 

showed lower rates of introgression in sex-linked chromosomes compared to autosomes [Χ2
2= 

19.14; p<0.01]). 

Several studies, covering numerous taxa, identified simultaniously islands of speciation in 

sex-linked chromosomes, where they are preferably located, and autosomal introgression 

(stEW=0.57, N=36 papers; Figure 3.2). Nevertheless, there were important exceptions in the 

genomic location of islands of speciation (Autosomes: Eigenvector=0.37, PageRank=0.34, N=32). 

Only one paper provided evidence for either cytoplasmic or autosomal islands of speciation and 

genetic drift (stEW =0.13).  

We found evidence for islands of speciation in sex-linked chromosomes alongside some 

degree of sex sterility/unviability in 28 papers (stEW=0.51), which was particularly high comparing to 

non-sterility cases (stEW=0.28, N=13 papers) (Χ2
1= 4.23; p<0.05). Both, islands of speciation in sex-

linked chromosomes and sterility/unviability affect preferentially the heterogametic sex (stEW=0.53, 

N=16 papers and stEW=0.60, N=18 papers, respectively) compared to the homogametic sex 

(stEW=0.00, no papers and stEW=0.33, two papers, respectively) (Figure 3.2).  

In line with to Haldane’s rule (Eigenvector=0.40, PageRank=0.34, N=30 papers), according to 

which the sex with heteromorphic sex-chromosomes shows greater hybrid fitness reduction 

(Haldane, 1922; Kulmuni and Pamilo, 2014), the heterogametic sex showed greater hybrids fitness 

reduction through either increasing sterility (completely or partially) or even their unviability 

(Kulmuni and Pamilo, 2014). A significantly higher number of cases complied with Haldane’s rule 

than those that did not [Χ2
1= 20.48; p<0.01]). The applicability of Haldane's rule seems to stem 

indirectly from the presence of islands of speciation in the sex chromosomes (stEW=0.53, N=16). 

However, in several cases that corroborate with Haldane's rule sterility or unviability was not 

reported (stEW=0.43, N=13 papers), or papers provided evidence that islands of speciation do not 

always result in sterility or unviability (stEW=0.28, N=13). 

Sex-biased sterility/unviability (stEW[males]=0.86, N=36 papers and stEW[females]=0.89, N=16 

papers) and also endogenous impacts on reproductive cells and/or secondary sexual 

characteristics (stEW=0.54, N=15 papers) can both promote sex-biased introgression (Walsh et al., 
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2016). Sex-biased introgression is one of the most important introgression characteristic among all 

published studies (Eigenvector=0.59, PageRank=1.00, N=95; Figure 3.2). Our results showed that 

the largest number of papers in compliance with Haldane's rule (stEW=1.00, N=30) were a 

fundamental outcome of the presence of islands of speciation in sex-linked chromosomes 

(stEW=0.59, N=37). On the other hand, high co-occurrence with cases of introgression in sex-

linked chromosomes revealed that Haldane’s rule also contributed to introducing sex-bias in the 

introgression process (stEW=0.65, N=11 papers), which likely did not occur through directly 

promoting sex-biased sterility (or even total unviability) (stEW=0.24, N=4 papers).  

Our results also showed high connectivity between sex-biased introgression and exceptions 

to Haldane’s rule (stEW=1.00, N=3 papers) and even cases of absence of sterility/unviability 

(stEW=0.96, N=45 papers). Female-mediated introgression (Eigenvector=0.46, PageRank=0.64, 

N=65 papers), strongly connected with sex-biased introgression (stEW=0.88, N=57 papers), was 

common among introgression case studies due to some degree of males sterility/unviability 

(stEW=0.81, N=34 papers) in cases where they are the heterogametic sex (particularly in mammals 

[stEW=0.22, N=14 papers] and insects  [stEW=0.21, N=13 papers]), following the assumptions of 

Haldane's rule (stEW=0.53, N=16 papers). Despite male-mediated introgression being significantly 

less reported (Eigenvector=0.18, PageRank=0.30, N=26 papers) (Χ2
1= 15.87; p<0.01), it follows the 

same pattern as a result of sex-biased introgression (stEW=0.96, N=25 papers). It is closely related 

to high levels of female sterility/unviability (stEW=0.67, N=12 papers) in rarer cases in which they 

are the heterogametic sex (particularly in birds [stEW=0.54, N=14 papers]). 

 

✔ Introgression in species under sexual selection 

 

Demographic asymmetries can play an important role in patterns of introgression in species 

complexes where a certain degree of stochasticity occurs during mating selection between two 

introgressing species (Eigenvector=0.27, PageRank=0.71, N=50 papers). In those cases, 

introgression tends to be directed towards the less abundant species. This direction is significantly 

more frequent (Eigenvector=0.08, PageRank=0.19, N=17 papers) (Χ2
1= 15.28; p<0.01). In line with 

this pattern, which is often connected to demography or stochastic mate choices (stEW=0.36, N=18 

papers), we found that the asymmetric direction of introgression from native-to-colonizer species is 

one of the most cited introgression pattern (Eigenvector=0.28, PageRank=0.68, N=70 papers). 

Native-to-colonizers direction is much more frequently reported than the rarer examples of the 

reverse directional introgression from colonizer-to-native species (Eigenvector=0.07, 

PageRank=0.22, N=11 papers) (Figure 3.2). 

Balancing selection processes seem to be strictly related to this native-to-colonizer 

demographic pattern (stEW=0.36, N=13 papers). This direction of introgression is a pattern that 
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seems to affect mainly older taxa (e.g. stEW[Mussels]=0.50, N=3 papers; stEW[Gymnosperms]=0.29, N=4 

papers). However, high values of simultaneity between balancing selection and the direction of 

introgression from native-to-colonizer mammals species (stEW=0.51, N=36 papers) suggests the 

influence of other phenomena than demographic asymmetries in species abundances. We found a 

possible relationship between examples of some degree of random mate choice and the opposite 

direction of introgression from colonizers-to-native species (stEW=0.36, N=4 papers) (Figure 3.2). 

Sexual selection, defined as a breeding behaviour favouring mating partners with fitness 

advantage independent of their species (Eigenvector=0.19, PageRank=0.77, N=37 papers), 

showed less reported cases of co-occurence with demographic asymmetries (stEW=0.22, N=8 

papers). Sexual selection influences the occurrence of sex-biased introgression (stEW=0.43, N=16 

papers), preferably by impacting female or male breeding choices, depending on whether 

introgression is female or male-mediated (stEW=0.30, N=11 papers and stEW=0.27, N=7 papers, 

respectively). It was more prevalent than assortative mating, which is an opposite breeding force in 

conspecific direction (Eigenvector=0.06, PageRank=0.16, N=13 papers) (Χ2
1= 10.58; p<0.01). 

However, there are important examples of the occurrence of assortative mating at the same time as 

introgression occurs (Eigenvector=0.06, PageRank=0.13, N=13 papers). It could happen even in 

cases where sexual selection appears as an important force determining the direction of 

introgression (stEW=0.15, N=2 papers) (Figure 3.2). 

Intra-sexual interspecific competition (Eigenvector=0.12, PageRank=0.77, N=19 papers) is 

another mating behaviour that contributed to directional introgression, with high levels of co-

occurrence with sexual selection (stEW=0.47, N=9 papers). Intra-sexual competition occurs more 

often than not (Χ2
1= 10.23; p<0.01), being strongly connected with patterns of sex-biased 

introgression (stEW=0.53, N=10 papers). Our results showed co-occurrence between this type of 

competition and endogenous factors that impact the direction of introgression (stEW=0.42, N=8 

papers) (Figure 3.2). 

 

3.3.3 Environmental impacts on spatio-temporal introgression 

 

Exogenous factors exert strong influences over introgression (Eigenvector=0.26, 

PageRank=0.68, N=57 papers) mainly through natural environmental conditions (stEW=0.74, N=40 

papers) despite the very relevant examples of introgression in response to anthropogenic impacts 

(Χ2
1= 17.36; p<0.01). Spatio-temporal fluctuations in environmental conditions may impact the 

historical direction and extent of introgression and can result in introgressed species alternating 

periods of divergence and convergence (stEW=0.35, N=19 papers). This historical iteration between 

divergence and introgression was one of the most relevant described patterns between 
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introgression case studies (Eigenvector=0.40, PageRank=0.57, N=117 papers) (Figure 3.2) 

(Staubach et al., 2012).  

Regarding the geographical extent of introgression, there are still few empirical examples of 

introgressed alleles outside contact zones through allele surfing (Eigenvector=0.11, 

PageRank=0.27, N=26 papers). However, we identified some examples of expansion of 

introgression by alleles surfing (stEW=0.81, N=21 papers) (Figure 3.2). 

 

3.4 Discussion 

 

Introgression is a very complex evolutionary process, which drives functionality at different 

levels of biological organization. Our study demonstrates that the complexity of processes of 

introgression increases across the taxonomic complexity gradient, from bacteria to mammals. We 

identify three key characteristics that impact the functioning of introgression: the eukaryotic cell, the 

presence of sex chromosomes and sexual selection. 

Our results reinforce that introgression acts in parallel with divergence, leading to evolution 

through counteracting forces. Associated drivers increase its complexity across the biological 

organization through interconnected mechanisms, from genomics, cytology, physiology, 

demography to behaviour, depending on the species’ structural complexity. 

Adaptation to environmental conditions is a crucial target of the process of introgression. 

Therefore, all the described mechanisms are mediated by exogenous conditions regardless of the 

degree of the organisms’ complexity and the level of biological organization in which they operate. 

The general patterns that stand out from our results highlight that the consequences of 

introgression transcend how organisms operate at the cellular, physiological, demographic or 

behavioural levels, affecting them even in their relationship with other organisms and the 

environment that surrounds them. 

 

 

3.4.1 Structural characteristics of organisms that impact the function of introgression 

 

Introgression represents an important source of genetic variation including for single-celled 

prokaryotic organisms, which provides adaptive advantages, such as resistance to antibiotics 

(McAshan et al., 1999; Palmer et al., 2010).  In prokaryote species, introgression operates 

fundamentally by genetic recombination through chromosomal conjugative mobilization (McAshan 

et al., 1999). However, plasmids comprise a substantial fraction of the auxiliary genome, being 

responsible for much of their natural gene transfer (Palmer et al., 2010). For 1 to 1.5 billion years 

following the origin of life, introgression may have contributed to colonization of new habitats and 
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adaptation to abrupt changes in environmental conditions, typical of these primordial geological 

ages (Brooke, 2014). Selective genomic processes enhance the fixation of introgressed alleles in 

the gene pool of receptor species through selection, an opposing random process that may cause 

rare alleles to disappear in a few generations through genetic drift. 

For eukaryotic species, introgression is driven by cyto-nuclear discordance, differences in 

recombination rates and selection within the cell (Burton and Barreto, 2012; Derr et al., 2012; 

Matosiuk et al., 2014). By bypassing these limitations, introgression can establish at the cellular 

level into autosomes in regions not strictly connected to cytoDNA and/or not resistant to 

recombination. In multicellular eukaryotic species with heteromorphic sex chromosomes, while 

introgression occurs mainly in the autosomes, islands of differentiation are fundamentally present in 

sex-linked chromosomes. Sex chromosomes are involved in specific functions in reproduction that 

exert pressures over breeding physiology. Thus, introgression in sex chromosomes can sometime 

have negative consequences like sex-biased sterility or even unviability (Storchová et al., 2004). 

However, sex-biased introgression allows organisms to bypass these physiological constraints. 

Discrepancies in demography, such as great differences on parental species abundances, 

lead to mating with individuals of the most abundant species. In extreme cases it could even lead to 

the disappearance of the rarest species through genetic swamping (Todesco et al., 2016). 

However, introgression through establishing asymmetrical and directionally toward the less 

abundant species, allows species to incorporate the traits of the more abundant species. This 

process allows the rarer species to adapt to the environment, overcoming the constraints of genetic 

swamping and outbreeding depression.  

In more recently evolved and complex eukaryotes species, sexual behaviours, such as non-

random mating, can lead to assortative mating, whereby individuals tend to seek conspecific mating 

partners, reducing the occurrence of introgression (Hume et al., 2018). However, when the choice 

of breeding partners is not random, the tendency is to favour the fittest, independently of the 

species, through sexual selection (Parrett and Knell, 2018). This behaviour allows the less fit 

species to adapt and thrive by incorporating the traits that allowed its sister species to become 

more fit, bypassing restrictions resulting from assortative mating.   

If structural complexity of current organisms (from bacteria to mammals) has occurred in 

parallel to the evolution of organism on Earth across the evolutionary history (from the most 

primitive living beings to current ones), the evolution of the complexity of the process of 

introgression appear to be marked by three main cleavage moments: the origin of eukaryotic cell, 

the origin of sex-linked chromosomes and the origin of sexual selection. 

 

3.4.2 The balance between introgression and divergence 
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The increase in structural complexity of organisms throughout their evolutionary history of 

divergence seems to have brought new challenges to the occurrence and functioning of the 

process of introgression. Therefore, introgression acting in parallel with divergence, should evolved 

through counteracting forces and mechanisms. 

 

 Balancing selection versus genetic drift 

 

How introgressed genes are established in the genomes of the receptor taxa is still debated. 

These genes may be under negative pressure from stochastic mechanisms, such as genetic drift, 

which can impact particularly in natural systems with small populations, in which sexual selection is 

weak or absent (Gompert et al., 2013). However, balancing selection favours introgression by 

acting against the selection for conspecific breeding partners (assortative mating) or self -

fertilization. Balancing selection is responsible for the decrease of stochastic loss of new/rare 

alleles, enabling them to establish in the recipient genome (While et al., 2015). Nevertheless, not all 

balancing selection mechanisms are likely to promote introgression (see While et al. (2015) for 

further discussion). Genes affected, for example, by negative frequency-dependent selection have 

higher migration rate that may contribute to a more efficient and easier establishment of the 

introgression process in the gene pool of the receptor species (Brennan et al., 2013). 

 

 Autosomal introgression versus cyto-nuclear discordance 

 

Cyto-nuclear discordance resulting from introgression, can impact species’ fitness, leading to 

lower fertility and/or diseases or even promoting hybrids collapse (Burton and Barreto, 2012; Derr 

et al., 2012; Matosiuk et al., 2014). Despite some reported cases of cytonuclear incompatibilities 

(Gagnaire et al., 2013), evidence of introgression in both cytoDNA and nDNA in co-introgression 

indicates that individuals with the nuclear genome of one species (in full or in part) and the 

cytogenome of another (in full or in part) are frequently viable, and able to backcross (Pujolar et al., 

2014; Sarver et al., 2017). 

The location of introgression in the genome of eukaryotes is associated with cytonuclear 

discordances (Morales et al., 2018), as well as other impacts on physiology, demography and 

mating behaviours of complex organisms (Beckman et al., 2018; Di Candia and Routman, 2007; 

Fraisse et al., 2016; Herrig et al., 2014; Li et al., 2016; Massey, 2017; Seixas et al., 2018). The 

majority of reported introgression cases occur at the nuclear level (Hulsey et al., 2013), although 

some authors consider that organelle genomes introgress more easily and more frequently than the 

nuclear genomes (Giannoulis et al., 2019; Hawkins et al., 2016; Wade and Goodnight, 2006; Willis 

et al., 2012). However, nuclear introgression is responsible for cyto-nuclear discordance only under 
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a narrow range of conditions (Bonnet et al., 2017), while cytoplasmic genome selection may lead to 

strong discordance, mainly in biological systems with short dispersal capacity (Brower, 2018). 

Within the nucleus, differentiation in allopatry acts particularly at autosomes centers. Instead, 

sympatry leads to extended introgression into chromosome ends, with greater recombination rates 

and selective pressures. CytoDNA introgression can occur, without promoting discordance, mainly 

if it is unconnected to nDNA regions responsible to interspecific incompatibilities (Di Candia and 

Routman, 2007). CytoDNA single-parent inheritance also reinforces the importance of sex-biased 

dispersal (Kulikova et al., 2004) for its introgression, impacting on cytonuclear gene interactions 

(Feder et al., 2005; Llopart et al., 2014). Nevertheless, after a period of isolation, cytonuclear 

interactions may evolve separately (Herrig et al., 2014). Therefore, disequilibrium between cytoDNA 

and autosomal haplotypes (Oliver et al., 2002), can minimize the likelihood of cytoDNA 

introgression (Herrig et al., 2014), making nDNA introgression with no cytoDNA gene flow a 

common phenomenon among introgression case studies.  

 

 Autosomal introgression versus islands of differentiation in sex-linked chromosomes  

 

Nuclear asymmetric introgression, favouring autosomes (Carling and Brumfield, 2008), 

means sex chromosomes become the candidate for storing islands of speciation (Runemark et al., 

2018).  Thus, islands of speciation in sex chromosomes and autosomal introgression are not 

mutually exclusive (Cruickshank and Hahn, 2014). These are two genomic processes probably in 

balance between the divergent selection and genetic homogenizing forces (Minder and Widmer, 

2008). Differences in recombination rates in sex chromosomes (Wadsworth et al., 2015) (with 

positive association to introgressed regions (Gante et al., 2016; Ravinet et al., 2018)) help to 

explain this genomic balance (Wadsworth et al., 2015). Sex chromosomes have particular 

characteristics, such as morphological and genetic differentiation between the sexual chromosomes 

X and Y or Z and W or restrictions to recombination (Storchová et al., 2004). These characteristics 

together with the fundamental role they play in sexual reproduction (e.g. formation of gametes) 

make them particularly resistant to mechanisms of introgressions in species with dioecious sexual 

reproduction. Limitations on DNA repair in genes with organelic function (Runemark et al., 2018) 

and demographic aspects derived from the single-parent inheritance of sex chromosomes (in the 

heterogametic sex), (e.g.  sex-biased dispersal) (Kulikova et al., 2004), can explain the rarity or 

even absence of introgression in sex chromosomes (Cahill et al., 2015) (a similar process that 

happens with haplodiploids species like ants and bees; Ghenu et al., 2018). On the other hand, sex 

chromosomes demonstrate higher adaptive evolution capacity than autosomes, probably because 

of the higher gene densities and because the existence of only one copy of a compatible allele is 

not likely to prevent individual incompatibility (Muirhead and Presgraves, 2016). Exceptions in the 
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genomic location of islands of speciation (incidental islands) (Sun et al., 2012) are probably present 

at high levels of gene flow and do not impact breeding isolation, being frequently discerned by 

random processes like genetic drift (Nosil et al., 2012). 

 

 Sex-biased introgression versus physiological constrains  

 

Islands of speciation in sex-linked chromosomes are rarer than introgression regions (Gante 

et al., 2016; Nosil et al., 2012) (often expand over just few hundred of kilobases, though sometimes 

up to several megabases) (Gagnaire et al., 2013), and mainly comprise loci affecting breeding 

isolation (Nosil et al., 2012; Suarez-Gonzalez et al., 2018). These may act like breeding barriers, 

being related to temporal and behavioural isolation (Wadsworth et al., 2015), namely effecting 

individuals’ sex-biased sterility/unviability (Dopman et al., 2005). This asymmetry occurs due to 

their faster evolution and meiotic drive (Sun et al., 2012). Both islands of speciation in sex-linked 

chromosomes and sterility/unviability affect preferentially the heterogametic sex. This pattern is in 

line with the Haldane’s rule, according to which the sex with heteromorphic sex-chromosomes 

shows greater hybrid fitness reduction (Haldane, 1922; Kulmuni and Pamilo, 2014). Physiologic 

outcomes deriving from Haldane’s rule are frequently responsible for promoting asymmetric 

patterns of sex-biased introgression (Sackton et al., 2011), commonly mediated by females, 

especially in cases of homogametic males with some level of postzygotic breakdown. Examples of 

simultaneous occurrence between sex-biased introgression and exceptions to Haldane’s rule are 

probably related to demographic and/or behavioural traits, such as positive selective heterosis in a 

single sex (uniparental introgression) (Beresford et al., 2017; Kim et al., 2018). Moreover, the sex 

with the higher dispersal rate usually presents higher levels of gene flow with conspecific 

populations outside the contact zone (Kulikova et al., 2004; Li et al., 2016; Massey, 2017; Morales 

et al., 2018). On the other hand, though rarely identified, islands of differentiation and/or 

introgression in sex-linked chromosomes can also express other endogenous impacts on 

reproductive cells and on secondary sexual characteristics, which can also lead to a decrease of 

hybrid and backcross fitness (Walsh et al., 2016). 

 

 Directional introgression versus genetic swamping 

 

Stochastic processes, such as colonisations, extinctions and bottlenecks, can impact species’ 

survival (Vaillant et al., 2013) when species are simultaneously under extreme demographic 

discrepancies and the absence of (or weak) sexual selection (Sotola et al., 2019). When parental 

species differ in their abundance, stochasticity over the choice of mating partners means breeding 

is directed towards the most abundant species, leading to the disappearance of the rarer species in 
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just a few generations through genetic swamping (Lexer et al., 2010). However, because gene flow 

occurs from the most abundant species toward the species with smaller population size (Lexer et 

al., 2010), breeding stochasticity when together with discrepancies in parental species abundances 

can promote directional introgression (Kim et al., 2018; Takahashi et al., 2017). 

This scenario arises particularly during species’ expansion (Currat et al., 2008; Excoffier et 

al., 2008). Native species, more abundant and better-adapted to local ecological conditions, can 

quickly introduce adaptive alleles into the genome of the colonizer species, which become more 

prevalent in the expanding population and help species establishment in the new environment 

(Garcia-Elfring et al., 2017). Examples of the relationship between random mate choice and the 

opposite direction of introgression, from colonizers-to-native, arise from cases where stochasticity is 

not the main driver. Selection processes appear to be closely related to these demographic 

asymmetric patterns (native-to-colonizer or colonizer-to-native) because they can allow the 

establishment of introgressed alleles in the genetic pool of receptor species independently of the 

disproportionality in the abundances (Fijarczyk et al., 2018). 

 

 Sexual selection versus assortative mating 

 

The process of how individuals find and select their breeding partners plays a key role in 

determining the patterns of divergence and introgression. Assortative mating positively impacts 

divergent evolution by promoting mate choice toward conspecific partners, representing an 

opposite force to introgression. However, there are examples of introgression occurring 

simultaneously with strong assortative mating (Lexer et al., 2010; Mavárez et al., 2006; Ng et al., 

2017; Poelstra et al., 2018; Salazar et al., 2008). It can be explained through introgression of 

specific alleles responsible for traits used for mate recognition in species with preferences for 

conspecific mates. These alleles are potentially mediators of introgression of neighbour-genes 

responsible for other characteristics that are indirect targets of introgression (Mavárez et al., 2006; 

Salazar et al., 2010). 

There are other organisms that through sexual selection favour mates with higher fitness, 

regardless of which species they belong to, which influences the direction and extent of 

introgression (Sotola et al., 2019; Mao et al., 2014; Salazar et al., 2010). Sexual promiscuously is 

an important factor in this context (Baldassarre et al., 2014), which under strong sexual selection 

contributes to the spread of new non-existing traits via selective sweeps (Bay and Ruegg, 2017). 

Under expansion scenarios, sexual selection is expected to be directed towards native species, 

which are better adapted to local environmental conditions, and therefore could represent an 

adaptive advantage for the colonizing species. Paradoxically, environmental changes in contact 

zones can favour the characteristics of colonizer species' opening the path for expansion. Such 
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characteristics can be the target of sexual selection by native species, allowing them to adapt to the 

environmental changes and directing introgression.  

Other mating behaviours under selective processes, such as differential parental care and 

sociality, may also favour asymmetric directional introgression (Sullivan et al., 2016; Trigo et al., 

2014). Intra-sexual interspecific competition can mediate introgression, promoting the passing of 

genes from the species with greater competitive capacity (larger size, stronger bite, earlier 

flowering, etc.) to the other species, thus further contributing for asymmetric directional 

introgression. Intra-sexual interspecific competition was thought to occur only under weak or absent 

sexual selection (While et al., 2015), however we show that the two mating behaviours are non-

mutually exclusive and even complementary. 

 

3.4.3 Environmental impacts on spatio-temporal patterns of introgression 

 

Adaptation to environmental conditions is the fundamental target of introgression, being 

simultaneously its main facilitator. Climatic fluctuations are frequently regarded as one of the main 

mediators (Grant and Grant, 2016) of the iteration between periods of divergence and convergence 

through introgression (Pauquet et al., 2018; Pfennig, 2007; Staubach et al., 2012). Divergence was 

frequently assumed to occur mainly through phases of allopatry (Baiz et al., 2019; Renaut et al., 

2013; Slager et al., 2020). However, differences in the prevalence of recombination may contribute 

to explaining cases of divergence in the presence of gene flow (Wadsworth et al., 2015).  

Local environmental conditions of each geographic region across the historical evolution of 

two divergent lineages, help to explain spatial discrepancies in the characteristics of introgression 

between different contact zones (Stuckas et al., 2009). Although natural environmental factors 

influence introgression, there are also examples of species responses to anthropogenic impacts 

(e.g. response to antibiotics (McAshan et al., 1999), pesticides (Song et al., 2011), deforestation 

(Alexander et al., 2017) or climate change (De La Torre et al., 2014; Quigley et al., 2019). Changes 

in altitude (Huerta-Sánchez et al., 2014), pollinators (Wang et al., 2013), pathogens exposure 

(Jagoda et al., 2018), ultraviolet-light (Ding et al., 2013) and temperature (Suarez-Gonzalez et al., 

2016), can modulate the strength of ecological post-breeding barriers (Reidenbach et al., 2012) and 

promote variation in hybrid and backcros fitness through introgression (Kingston et al., 2017). 

Independently of its extent and historical context, introgression mediated by environmental 

conditions helps species to expand their ranges into new ecological regions (Aleksic et al., 2018) 

and can allow them to adapt to environmental changes (De La Torre et al., 2014; Quigley et al., 

2019), both outside of their original realised niche. Allele surfing enables species to spread 

introgressed alleles throughout the whole species’ range (Sarver et al., 2017), increasing the 

geographical extent of introgression beyond the boundaries of sympatric zones. In our study we 
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have found examples of this phenomena, for example, in insects that can spread introgressed 

alleles over 400 km (Norris et al., 2015) and mammals more than 2000 km from the contact zone in 

just a few generations (Matosiuk et al., 2014). 

 

3.4.4 Knowledge gaps and future challenges 

 

The advent of high-throughput sequencing approaches led to the proliferation of empirical 

examples of allele sharing between different taxa, in addition to enabling the identification of the 

process leading to its establishment (e.g. introgression or incomplete lineage sorting). However, 

several knowledge gaps about introgression remain. Islands of differentiation on sex-linked 

chromosomes during introgression processes should impact the reproductive performance of 

heterogametic sex, not only by directly promoting sterility (or even complete unviability) but also by 

causing some endogenous physiological changes in reproductive cells and/or secondary sexual 

characteristics (Walsh et al., 2016), which was seldom analysed. The characteristics and functions 

of islands of differentiation outside of sex-linked chromosomes can be considered as “incidental” by 

random processes. However, how genetic drift influences the occurrence of “incidental” islands of 

differentiation and their relevance for introgression remains largely unknown. 

Another knowledge gap involves the connection between breeding behaviours (sexual 

selection, intra-sexual interspecific mating competition, parental care, etc.) and the genetic drivers 

of introgression.  Due to sexual selection, colonizing species can favour mate choice with native 

species because of their better-adapted traits to the local environmental conditions. In this case, 

introgression could represent an advantage for the colonizing species. However, there are few 

examples detecting relationships between sexual selection and introgression from native-to-

colonizer species. Finally, despite a few interesting examples, there is still little evidence of 

geographic expansion of introgressed alleles beyond contact zones. Allele surfing was rarely tested 

and just proved circumstantially. Nonetheless, it is essential to clarify the real spatial extent of 

introgression. 

 

3.4.5 Conclusions 

 

We show that introgression is a natural process operating at different levels of biological 

organization, whose complexity increases across the gradient of taxonomic complexity.  Our results 

support that introgression acts in parallel with divergence, evolving and establishing in balance 

through interconnected mechanisms. Adaptation to environmental conditions is a fundamental 

target of the process of introgression that is simultaneously mediated by environmental conditions 

regardless of the degree of the organisms’ complexity. These patterns suggest that the impacts of 



FCUP 

On the history of mixing: Knowledge trends on relevance, patterns and drivers of adaptive introgression  

86 

 

introgression transcend the basic operation of organisms, affecting even their relationship with the 

environment. Finally, we argue that the balance between divergence and converge forces, such as 

introgression, makes speciation as a flexible process. They represent two path of the evolutionary 

process that can alternate or co-occur but that are equal in relevance. Their balance established at 

all levels of the biological organization and it is mediated by environmental changes, across the 

entire tree of life. 
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Search details 

We used the following search string for on-line databases: 

“Topic=(hybrid* AND adapt* AND introgress* AND genom* NOT invas* NOT domest* NOT exotic) 

OR Topic=(adapt* AND introgress* AND genom* NOT invas* NOT domest* NOT exotic)”  

We defined some keywords as strict retention criteria: Adapt* (all terms related to 

adaptation, adaptive, etc.), Introgress* (all terms related to introgression, introgressive, etc.) and 

Genom* (all terms related to genome, genomics, etc.). We also used as non-strict retention criterion 

for the term hybrid* (all terms related to hybrids, hybridization, etc.) that could be present together 

with the previous ones or not. We excluded all breeding contacts between taxa under direct human 

interference (breeding manipulations between species that do not naturally interbreed, genetic 

manipulation, invasive species scenarios, etc.). We used the following keywords as strict exclusion 

criteria: Invas* (all terms related to invasion, invasive species, etc.), Exotic and Domest* (all terms 

related to domestic species, domestication, etc.). 

We defined the expression “Adaptive Introgression” as a keyword used as strict retention 

criteria searching for relevance grey literature through Google and Google scholar. We extracted 43 

different variables grouped into seven categories: 1) Paper bibliometric information; 2) Type of 

publication; 3) Taxa under study; 4) Epoch and location of the introgressions case studies; 5) 

Methods used; 6) Sub-mechanisms of introgression and 7) Outcomes. 
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Table S3.1 - Full list of information and the total number of papers that includes each category extracted from 

each reviewed paper. 

 

Categories of 

information 

Variables extracted Classes used Number of 

papers  

Bibliographic 

information 

✔ Authors 

✔ Year 

✔ Title 

✔ Journal 

✔ Research area 

✔ Type of publication 

✔ Location of first author’s institution 

 358 

358 

358 

358 

358 

358 

358 

Authors’ initial 

perception about 

introgression 

✔ Polarity 

 

 

 

✔ Why positive? 

✔ Why negative? 

✔ Why neutral? 

✔ Prevalence 

 

 

 

 

 

 

 

 

✔ Semantics 

 

Positive, 

Negative, 

Both, 

Neutral. 

 

 

 

Very rare [-3], 

Rare [-2], 

Infrequent [-1], 

Unknown [0], 

Few cases [1], 

Some cases [2], 

Common [3], 

Many cases [4], 

Ubiquitous [5]. 

Hybrid* terms used, 

Hybrid* terms not used. 

351 

 

 

 

250 

78 

129 

135 

 

 

 

 

 

 

 

 

358 

Taxa under study ✔ Main taxonomic group 

 

 

 

 

✔ Families  

✔ Species pairs 

Animal, 

Plant, 

Fungi, 

Protists, 

Bacteria. 

 

355 

 

 

 

 

355 

355 

Time and space of 

introgressions’ case 

studies 

✔ Epoch  

 

 

Ancient, 

Recent, 

Both. 

355 
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✔ Continent 

✔ Approximated location 

355 

355 

Methods used ✔ Type of experiment 

 

 

✔ Type of introgression markers 

 

 

 

 

 

 

 

 

 

✔ Whole-genome sequencing 

 

✔ Reference genome 

In-situ, 

Ex-situ, 

Both. 

Quantitative Trait Locus, 

Microsatellites, 

Mitochondrial DNA, 

Ribosomal DNA, 

Single-Nucleotide, 

Polymorphisms, 

AFLP, 

PCR amplification, 

Electrophoresis (DGGE), 

Karyotypes. 

Performed, 

Not performed. 

Available, 

Not available. 

351 

 

 

347 

 

 

 

 

 

 

 

 

 

347 

 

165 

Sub-mechanisms ✔ Cyto-nuclear location of islands of 

differentiation 

 

 

✔ Nuclear location of islands of 

differentiation 

 

✔ Cyto-nuclear location of 

introgression 

 

 

✔ Nuclear location of introgression 

 

✔ Sex-biased introgression 

 

✔ Haldane’s rule 

 

✔ Maternal vs paternal way 

 

✔ Sexual selection impacts 

 

Cytoplasm (mitochondria, ribosome, 

chloroplast),  Nucleus; 

Both. 

Sex-linked chromosomes, 

Autosomes, 

Both. 

Cytoplasm (mitochondria, ribosome, 

chloroplast),  Nucleus; 

Both. 

Sex-linked chromosomes, 

Autosomes, 

Both. 

Yes, 

No. 

Yes, 

No. 

Maternal, 

Paternal. 

Yes, 

No. 

Yes, 

87 

 

 

 

83 

 

 

182 

 

 

 

91 

 

 

96 

 

34 

 

91 

 

51 
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✔ Assortative mating preferences 

✔ Intra-sex interspecific competition 

✔ Balancing selection 

 

 

 

✔ Demographic impacts 

 

✔ Symmetry 

 

✔ Direction 

 

✔ Donor species 

✔ Receptor species 

✔ Native-to-colonizer 

 

✔ Endogenous impacts 

 

 

 

✔ Exogenous impacts 

 

 

 

✔ Climate-mediated introgression 

✔ Allele surfing 

 

No. 
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Figure S3.1 - Multilayer network metrics. (a) Computed multilayer-specific network properties of eigenvector 

centrality algorithm, which measures each node's importance depending on its connections, and (b) Page 

rank versatility, which quantify the importance of each one based on being adjacent to nodes with highest 

eigenvectors. Genomics/cytology’s layer (Autosomal introgression [Introg_Auto], Autosomal islands of 

speciation [Isl_Speciation_Auto], Nuclear introgression [Introg_NUCLEAR], Introgression on Sex-

chromosomes [Introg_SEX], Cytoplasmic introgression [Introg_CYTO], Nuclear islands of speciation 

[Isl_Speciation_NUCLEAR], Islands of Speciation on Sex-chromosomes [Isl_Speciation_SEX], Cytoplasmic 

islands of speciation [Isl_Speciation_CYTO] and presence of balancing selection [Balancing_selection]); 

Physiology’s layer (endogenous impacts on introgression [Endogenous_impacts], Haldanes’s rule compliance 

[Haldane’s_rule], female sterility [Female_sterility], male sterility [Male_sterility], exception to Haldanes’s rule 

[No_Haldane’s_rule], any sterility [No_sterility], sex-bias introgression [Sex-bias_introgression], paternal 

direction of introgression [Paternal_way] and maternal direction of introgression [Maternal_way]); 

Demography’s layer (demographic disparities [Demography], any demographic disparities [No_Demography], 

direction of introgression from native-to-colonizers [Native-to-colonizer] and exception to native-to-colonizers 

direction [Native-to-colonizer]); Behaviour’s layer (presence of sexual selection [sexual selection], presence of 

 



FCUP 

On the history of mixing: Knowledge trends on relevance, patterns and drivers of adaptive introgression  

94 

 

assortative mating [Assortative_mating], presence of intra-sexual interspecific competition [Sex_competition] 

and absent of intra-sexual interspecific competition [No_competition]; and Ecology’s layer (environmental-

mediated introgression [Environment_mediated], iteration between allopatric and sympatric periods 

[Temporal_cycling], exogenous impacts on introgression [Exogenous_impacts], Allele surfing [allele_surfing],  

Any allele surfing [No_allele_surfing].
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Abstract 

Interbreeding across evolutionary history frequently results in phylogenetic incongruences 

due to natural gene transfer. Several recent studies have focused on the resulting problems when 

reconstructing phylogenetic trees, particularly in species going through microevolution or secondary 

contacts during the early stages of the macroevolution process. However, the effect of species' 

phylogeny on their ability to promote allele share through introgression, as well as its influence on 

mechanisms through which it occurs, remain fundamentally unknown. We carried out a systematic 

review and meta-analysis to compile a global introgression network between currently known donor 

and receptor species. Through assessing their phylogenetic dissimilarity, we studied the influence 

of species evolutionary history on introgression occurrence and patterns when it was demonstrated 

impacts on species fitness. Our results shown that asymmetric bidirectional introgression is a 

commonplace among literature, overflowing introgression as a flexible evolutionary mechanism, 

which can change its intensity but also its direction and consequences, depending on the 

environmental conditions. More ancient taxonomic groups have a natural ability to promote 

introgression with higher phylogenetic distance thus with higher probability for this phenomenon to 

occur. In contrast, for the most recent taxonomic groups, introgression seems to be restricted to 

phylogenetically closer species, probability conditioned by genetic and behaviour constraints. In 

both cases there are important species acting simultaneously as specialist donors and receptors, 

which working as connectors stand out as keystone species for potential indirect introgression. We 

argue that adaptive introgression provides species a fundamental instrumental value as a genetic 

resource for evolution that should be preserve and that go far beyond the intrinsic value of its own 

existence or its contribution to ecosystems. 
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4.1 Introduction 

 

Phylogeny is a particularly relevant tool for measuring biodiversity, assessing conservation 

priorities and quantifying the evolution of taxa (Mace et al. 2003), apart from providing an effective 

representation of evolutionary relationships (Bonizzoni et al., 2017). However, complex evolutionary 

histories of species under rapid or preliminary speciation processes and introgression can result in 

high levels of phylogenetic incongruences. It makes phylogeny particularly hard to represent by 

traditional bifurcating trees because species may be artificially grouped (Ottenburghs Jente et al. 

2017a). 

Introgression is a movement of genetic material between different lineages resulting from 

interbreeding (Abbott et al. 2013). It represents one of the main evolutionary forces, which can 

strongly impact co-evolution and speciation (Xia et al. 2021). Being historically understood as a 

homogenizing process, it can be thought acting against divergence (Latch et al. 2006, Oliveira et al. 

2008). However, adaptive introgression is a natural process that, unlike neutral introgression, 

promotes the establishment of alleles into genomes of closely-related lineages, through 

backcrossing, which are responsible for important fitness benefits (Aleksic et al. 2018, Alexander et 

al. 2017, Brower 2018, Cahill et al. 2015, Djogbénou et al. 2008, Gagnaire et al. 2009), whilst 

species maintain their taxonomic identity (Räsänen and Hendry, 2008). Thus, adaptive 

introgression can enable species to accelerate their evolutionary processes through subsequent 

spread of traits adapted to new environmental conditions (Acosta and Premoli 2018, Aeschbacher 

et al. 2017). 

Redundantly, environmental conditions from both natural and anthropogenic origin (such as 

altitude (Huerta-Sánchez et al. 2014), temperature (Suarez-Gonzalez et al. 2016), pathogens 

exposition (Jagoda et al. 2018), exposure to pesticides (Song et al. 2011) and climate change (De 

La Torre et al. 2014, Quigley et al. 2019) may modulate the strength of ecological post-breeding 

barriers, and promote variability in hybrids and backcross fitness being the main drivers of 

introgression (Kingston et al. 2017, Reidenbach et al. 2012). Spatially, individuals carrying new 

introgressed alleles can expand their range beyond contact zone. Through backcrossing and allele 

surfing, these introgressed alleles can rapidly spread throughout the whole species’ range (Sarver 

et al. 2017). Introgression can thus favour species adaptation and evolution far beyond sympatric 

areas, where hybridization occurs, depending on their species’ dispersal capacity (Sarver et al. 

2017). Spatio-temporal dynamics, such as environmental change and hybrid zones movements, 

expose introgressed species to different ecological forces and may lead to changes in the 

characteristics of introgression over their evolutionary history (Ryan et al. 2018).  

Introgression trends are subject to strong influences from the evolutionary history of each 

species-pairs and from the phenotypes that it has shaped over time. Genomic and phenotypic 
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characteristics, alongside differences in mating, dispersal and competitive behaviours, should 

influence the way each species-pairs are impacted by introgression, under what conditions and with 

what characteristics. Environmental conditions are one of the main mediators of historical iterations 

between periods of speciation (during allopatric phases) and introgression (during periods of 

sympatry) (Pauquet et al. 2018, Pfennig 2007). Allopatry is frequently assumed to promote 

phylogenetic divergence (Baiz et al. 2019, Renaut et al. 2013, Seixas et al. 2018). Consequently 

the accumulation of post-breeding barriers (genetic, physiologic, behavioral, ecological, etc.) can 

severely condition inter-species breeding episodes (Reidenbach et al. 2012). So, throughout 

closely-related species' evolutionary history the increase of phylogenetic distances can potentially 

impact introgression prevalence and magnitude. As isolation increases, the occurrence of 

introgression should decrease over time as species accumulate genetic and phenotypic differences 

during each period of allopatry (Kronforst et al. 2013). Therefore, in cases where there is a temporal 

iteration between periods of isolation and secondary contact, the interval of time that a species 

remains isolated from the others (within each phase of divergence) should represent an important 

factor affecting patterns of introgression during the following periods of sympatry, impacting its 

functioning, intensity, symmetry and/or direction (Trigo et al. 2013).  

Closely-related lineages have been tested for both the relative contributions of interspecific 

gene flow and incomplete lineage sorting during their evolutionary history (Meyer et al. 2017). 

Several recent studies have focused on the effects of introgression on their phylogeny (Cavender-

Bares et al. 2015, McCluskey and Postlethwait 2015, Paetzold et al. 2019, Reid et al. 2012). 

However, the opposite effect of phylogeny over species receptivity to introgression remains largely 

unknown. Understand how evolutionary history and characteristics of each taxonomic group directly 

impact evolutionary outcomes of introgression, as well as its extent, it will require an investigation 

on how phylogenetic distance imposed by periods of divergence shapes the occurrence and 

functioning of introgression. 

We used systematic review and meta-analyses approaches to: 1) generate a global 

introgression network according to the current state of knowledge, analysing the direction and 

connections between donors and receptors species of adapted alleles based on their taxonomy; 

and 2) analyse how phylogenetic dissimilarity between introgressing species influences 

introgression’s occurrence and mechanisms. 
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4.2 Methods 

4.2.1 Literature search 

 

An extensive review of literature on introgression was carried out following standard PRISMA 

review protocols (Moher et al. 2009, O'Dea et al. 2021) to ascertain the current knowledge pattern 

about its phylogenetic extent.  Clarivate Analytic's Web of Science e, Scopus, Google and Google 

Scholar were explored to discover the extent of literature published from 1900 to 2019 (Falagas et 

al. 2008). Literature was searched against various keywords related to introgression, hybridization, 

genome and adaptation restricting the search only to natural phenomena of genomic introgression 

with potential adaptive outcomes, excluding all processes under direct or indirect human 

interference (breeding manipulations, genetic manipulation, invasive species scenarios, etc.). The 

selection of the search terms was based on a review of previous keywords from a list of reference 

papers, and under a participatory approach with a team of scientists specialised in evolutionary 

biology. The final list of keywords included the most common and unambiguous words to reach the 

largest number of publications on the subject (see Supplementary material for the string code and 

search details). All review process was restricted to English and was performed in full by our first 

author. The searches finished in November 2019. 

Initial searches resulted in 820 documents. From this dataset, we excluded duplications, non-

original studies, theoretical essays, opinion texts, non-peer-reviewed papers, off-topic documents 

and non-ISI journals. Then we checked the reference list of the remaining papers to search for 

other papers that included the selected keywords. After excluding the reviews and book chapters, 

we read and analysed the title and abstract of the remaining 436 empirical studies individually. We 

evaluated their eligibility for the analysis according two main criteria: 1) if introgression was pointed 

by the authors as the main explanation for the evolutionary processes under study, and 2) if the 

papers complied with the natural origin for the described introgression process. The final dataset 

comprised 358 relevant studies (WebFigure1; Supplementary materials – Chapter 2). 

 

4.2.2 Literature review 

 

Each of the 358 studies was reviewed to extract information such as the temporal epoch and 

spatial location of the introgression case studies. We further recorded information on species under 

introgression and the main method that was considered in the publication, including the type of 

experiment, the type of introgression markers and whether whole-genome sequencing was 

performed or not. Finally, we registered the main operating details of introgression referred in each 

study and the phenotypic and ecological outcomes. Detailed information about the variables 

extracted are available in Table S4.1. It is important to take into account that it was not possible in 
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all cases to be certain that alleles/traits are adaptively introgressed. So, we assumed the authors’ 

conclusions stated at each study and on described patterns of all introgression studies evidence of 

shared genes and/or traits that have potentially adaptive outcomes. 

 

 

4.2.3 Data analyses 

 

We regard introgression as a long-term biological interaction between two different taxa in 

which members of one (receptor) gain adaptive benefits under specific environmental conditions, 

while those of the other taxa (donor) neither benefit nor are harmed. The direction of introgression 

within each species pair was visualized by assembling a bipartite network using the R package 

BIPARTITE (Dormann et al., 2008). The relative abundance and overlap of reported cases of 

introgression were analysed in the form of a quantitative bipartite network using the number of 

papers reporting the connection between a donor and a receptor taxon as a proxy for interaction 

prevalence based on the published literature. 

To analyse how phylogenetic proximity influences the introgression network and its patterns 

and characteristics, we performed a Bayesian evolutionary analyses for animals and plants (that 

represent more than 95% of all reported cases) following the protocol defined by Drummond and 

Bouckaert (2015). We used the COI gene and ITS2 gene as genetic markers, both useful for 

phylogenetic analyses in animals and plants, respectively. We extracted specific .fasta files directly 

from Genbank (https://www.ncbi.nlm.nih.gov/genbank/) and BOLD (https://www.boldsystems.org/) 

online databases, using the R packages SEQINR (Charif and Lobry, 2007). Multiple sequence 

alignment was constructed on GENEIOUS Prime (https://www.geneious.com/) with the default 

parameters and automatic determination of sequence's direction. We then re-aligned sequences 

using MUSCLE alignment with eight iterations. Sequences that could not be aligned were removed. 

Alignments were carefully edited by eye introducing gaps where necessary (Felix, 2021).  

We generated Bayesian phylogenetic trees in BEAST (https://beast.community/) (Drummond 

and Rambaut 2007). All analyses were performed with relaxed clock log normal and Yule tree 

model calibrated with the known most recent common ancestor (MRCA) between Homo sapiens 

and Pan, here used as calibration species pair based on fossil records and the consensus estimate 

of the date of the MRCA between humans and chimpanzees (5–7 Mya of divergence - M = 1.78, S 

= 0.085, which specified a distribution centred around 6 million years with a standard deviation of 

0.5 million years) (Drummond and Bouckaert 2015). We performed the analyses with a Markov 

chain Monte Carlo (MCMC) chain length of 108 iterations, sampling every 1000 steps. Sample size 

and estimated parameter were checked using Tracer 1.7.1 (Rambaut et al. 2018). These 

parameters were summarised using the TreeAnnotator software (Drummond and Rambaut 2007), 
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taking the set of trees that was retrieved from BEAST and finding the best-supported one (MCCT - 

maximum clade credibility tree), selected from the last 5% (501) of the trees sampled across the 

MCMC (Drummond and Bouckaert 2015). The final annotated phylogenetic trees were generated 

with the ggtree R package (Yu et al. 2017), with heatmap of associated matrix (both numerical – 

number of connected species, and categorical – symmetry, direction and donor versus receptor 

species) created by gheatmap (Perry 2019) and ggnewscale R packages (Campitelli 2020). 

We tested for validation of both assumptions for multivariate normal distribution and 

homogeneity of variance-covariance of the pairwise phylogenetic distance matrix directly extracted 

from R software (Maroco, 2010). Even after transformation (log10, ln, arcsen, etc.), the 

assumptions could not be assumed. So, in order to assess whether phylogenetic distance 

significantly affects the taxa groups, we performed a non-parametric Kruskal-Wallis test on the 

pairwise phylogenetic distance matrix to identify in which taxa groups the differences were 

significant. Multiple comparisons of means by the post-hoc Fisher’s LSD test complemented the 

analyses (Maroco, 2010). 

We performed an interquartile range analyses (IQR analyses) based on pairwise chi-square 

comparisons to analyse the phylogenetic extent of introgression between taxonomic groups. 

Finally, differences on phylogenetic distance between taxa according to their introgression’s 

mechanisms and characteristics were assessed through Wilcoxon-Mann-Whitney tests. All 

analyses were performed with a type I error probability (α) of 0.05 (Maroco, 2010). 

 

4.3 Results 

4.3.1 Global introgression network 

 

Our results show that 76.9% of all studies have analysed the direction of introgression 

(N=276 papers). Asymmetric introgression is a common pattern that emerges from the literature, 

representing 91.2% (N=249 papers) of the papers that looked into the direction of introgression. 

Only 7.8% of these studies found that introgression was symmetric (N=22 papers), and only two 

cases demonstrated the existence of both symmetrical and asymmetric introgression in the same 

species pair (although in different historical sympatric periods). Although asymmetric introgression 

is a common phenomena across all taxa, we only found limited support for extreme asymmetry in 

the form of unidirectional introgression (6.9%, N=19 papers).  

Studies considered in our work have identified 244 species-pairs sharing alleles through 

introgression (211 donors taxa and 212 receptors), mostly angiosperms (N=60 species pairs), 

mammals (N=46 species pairs) and fishes (N=34 species) (Figure 4.1 and 4.2). Both donor and 

receptor species show similar average levels of connectance (number of connections per taxa) 

(donors = 1.16 ± 0.46 connections/taxa; receptors = 1.15 ± 0.47 connections/taxa). Unicellular 
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organisms show greater connectance, probably due to their higher potential for genetic 

recombination (essentially Ascomycetes [1.60 ± 1.341 connection/taxa], Bacilli [1.50 ± 1.000 

connection/taxa] and Yeasts [1.43 ± 0.786 connection/taxa]). In plants, Gymnosperms (1.28 ± 

0.458 connection/taxa), and in animals, Invertebrates (mainly Insects [1.29 ± 0.682 

connection/taxa] and Crustacea [1.25 ± 0.462 connection/taxa]) also show higher levels of 

connectance, likely for the same reason (Figure S4.1). 

Within multicellular organisms, 13 genera (or genus complexes) have higher mean 

connectance compared to the global mean (comprising a total of 131 taxa – 30.9% of total): Plants - 

Picea (N=1.64±0.504 connection/taxa), Helianthus (N=1.64±0.504 connection/taxa), Ilex 

(1.33±0.816 connection/taxa), Iris (1.33±0.516 connection/taxa) and Senecio (1.33±0.816 

connection/taxa); Animals - Pocillopora (1.33±0.577 connection/taxa), Anopheles (1.56±0.527 

connection/taxa), Heliconius (1.56±1.333 connection/taxa), Papilio (1.50±0.577 connection/taxa), 

Rhagoletis (1.33±0.557 connection/taxa), Mytilus (1.33±0.557 connection/taxa), Cichlidae genus 

complex (1.33±0.488 connection/taxa), Cyprinodon (1.33±0.557 connection/taxa), Anas 

(1.33±0.557 connection/taxa), Myotis (1.29±0.488 connection/taxa), Lepus (1.57±0.788 

connection/taxa), Mus (1.33±0.577 connection/taxa) and Homo (1.60±1.342 connection/taxa) 

(Figure 4.1 and 4.2). In contrast, the majority of cases (268 taxa - 67.1% of total multicellular taxa 

identified) show lower levels of connectance (≈N=1 connection/taxa). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



FCUP 

On the history of mixing: Knowledge trends on relevance, patterns and drivers of adaptive introgression  

104 

 

Figure 4.1 - Plant bipartite introgression network between species acting as donors and receptors. 
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We identified 17 outlier donor species with particularly high connectance values that donated 

alleles to several taxa, up to five connections per taxa, include the angiosperms Helianthus annuus 

texanus, Helianthus debilis and Iris fulva, the insects Heliconius melpomene, Anopheles coluzzii 

(gambie M), Anopheles gambiae (S) and Papilio canadensis, the fish Boulengerochromis 

microlepis, Coptodon sp. ‘Mamfé’, Cyphotilapiini sp., Sarotherodon galilaeus, the bird Anas 

platyrhynchos, and the mammals Lepus timidus, Mus (musculus) domesticus, Mus musculus, 

Myotis alcathoe, and Myotis mystacinus (Figure 4.1 and 4.2). 

Similarly, we identified 11 specialist receptor species that received alleles from several taxa, 

up to five connections per taxa, include the gymnosperms Picea engelmannii and Picea glauca, the 

angiosperms Helianthus annus (annus), Ilex matanoana, Iris fulva, Quercus petraea and Senecio 

vernalis, the fishes Boulengerochromis microlepis and the mammals Homo sapiens, Mus 

(musculus) domesticus and Myotis brandtii (Figure 4.1 and 4.2). Species like Iris fulva, 

Boulengerochromis microlepis and Mus (musculus) domesticus that are simultaneously specialist 

donors and receptors can maybe act as transmitters of alleles between species that do not directly 

introgress with each other (Figure 4.1 and 4.2).  
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Figure 4.2 - Animal 

bipartite adaptive 

introgression 

network between 

species acting as 

donors and 

receptors. 
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4.3.2 Influence of phylogenetic dissimilarity on introgression 

 

Our results demonstrate that phylogenetic dissimilarity influences differently the occurrence 

of introgression over each taxonomic group (Χ2
kw (11) = 53.53; p<0.01). In terms of maximum 

pairwise phylogenetic dissimilarity (MPPD) and the range of phylogenetic distance (IQR), 

gymnosperms show a remarkable capacity of introgression between phylogenetically distant 

species (MPPD = 26.57% and IQR = 0.26), significantly higher than any other taxonomic group 

(Figure 2b). Other groups able to introgress with distant species include Crustacea 

(MPPD=23.06%, IQR=0.23) and Mollusca (MPPD=22.48%, IQR=0.05). Among Chordata, 

Amphibians and Reptiles show the highest capacity to introgress between species with wider 

phylogenetic distance (MPPD=15.59%, IQR=0.11 and 13.74%, IQR=0.9). In contrast, angiosperms 

(MPPD=3.17%, IQR=0.02), insects (MPPD=3.63%, IQR=0.03), birds (MPPD=3.24%, IQR=0.02) 

and mammals (MPPD=4.57%, IQR=0.03) appear to be able to introgress only with phylogenetically 

closer species (Figure 4.3, 4.4 and table S5.1). 

Multiple comparisons of means revealed that, following the same pattern, Mussels (19.91 ± 

2.95%) and Crustacea (11.53 ± 16.31%) promote introgression between individuals with a higher 

phylogenetic mean distance. Among Chordata, both Amphibians (10.91 ± 8.44 %) and Reptiles 

(10.74 ± 10.37%) showed the highest phylogenetic mean distance (Table S5.1). Gymnosperms 

(mean= 10.61 ± 12.29%; median= 3.48%) are a particular case because it mainly occurs with 

closer related species (in terms of median they are even comparable to angiosperms), despite 

being able to adaptively introgress with phylogenetically very distant species. In contrast, 

angiosperms (3.52 ± 4.58 %), insects (2.25 ± 2.12 %), birds (3.51 ± 4.35 %) and mammals (3.90 ± 

3.97 %) seem to be only able to introgress with phylogenetically closer species (Figure 4.3, 4.4 and 

Table S5.1). 

Reported case studies demonstrating introgression impacted by demographic disparities in 

the abundance of both parental species and/or stochasticity on breeding partner choice, show 

higher phylogenetic distance than in cases where there were no demographic or stochastic 

influences (U=123.0; W=178.0; p=0.031) (Figure 4.3 and 4.4). Similarly, patterns of directional 

introgression from native to colonizing species show higher phylogenetic distance scores than 

cases on which this pattern is absent (U=140.0; W=195.0; p=0.001) (Figure 4.3 and 4.4). On the 

other hand, species pairs with cytoplasmic introgression show a tendency towards marginally 

higher phylogenetic distance scores than species with nuclear introgression (U=2253.5; W=7609.5; 

p=0.076) (Figure 4.3 and 4.4). Islands of speciation located on cytoplasmic genome also showed 

slightly significantly higher phylogenetic distance scores than the others with nuclear islands of 

speciation (U=34.5; W=1259.5; p=0.067) (Figure 4.3 and 4.4). Finally, our results demonstrated an 

absence of significant difference between cytoplasmic introgression in relation to introgression 
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timing (ancient versus current events - Χ2
1 = 3.46; NS). On the contrary, there are evidences of a 

significantly higher prevalence of cytoplasmic introgression in the most ancient taxonomic groups 

(Gymnosperms, Crustacea, Mollusca) compared to the most recent ones (Angiosperms, Birds and 

Mammals) (Χ2
1= 5.82; p<0.05). 
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Figure 4.3 - Bayesian phylogenetic analyses of plants and animals under adaptive introgression. Radial phylogenetic trees of animal 

species using the COI gene as genetic marker and plant species using ITS2 as genetic marker broken down by their introgression 

characteristics (a – donor taxa, receptor taxa or both; b – bidirectional, unidirectional or both; c) symmetric, asymmetric or both and d) 

number of connection). 
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Figure 4.4. -  Pairwise phylogenetic 

distance analyses - by taxonomic 

group (a); by introgression and 

islands of speciation genomic 

location (b) and by 

demographic/breeding stochasticity 

introgression patterns (c). Letters 

within the plots represent significant 

differences (p<0.05).  Within violin 

plots white solid lines boxplots 

include medians (horizontal white 

line) and averages (white dot); 

boxes and vertical white lines 

indicate quartiles and ranges 

(excluding outliers), respectively. 

Statistical tests are presented in 

Table S4.2. 
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4.4 Discussion 

 

Our findings demonstrate that the value of a species is not only related to the intrinsic value 

of its own existence or its contribution to nature’s benefits. Each species carries its own priceless 

instrumental value derived from the role as potential allele donor (direct or potentially indirect) 

through introgression to a set of potential closely-related species. When a species becomes extinct, 

a link in the global introgression network is lost, which may represent the end of this genetic 

resource of fundamental variability that may be essential for the evolutionary process of other 

species. In theory, an extinction may trigger a long-term cascade of extinctions due to the inability 

of other potential receptor species to make evolutionary leaps in response to environmental 

change. Thus, each species can be seen as a fundamental genetic resource for evolution over 

space and time, particularly relevant in historical moments marked by extreme changes in the 

environment, such as those resulting from current anthropogenic climate change. 

Moreover, we also found that asymmetric bidirectional patterns overflow as commonplace 

among introgression cases studies revealing it as a flexible evolutionary mechanism, which can 

change its intensity, direction and outcomes, depending on the environmental conditions at a given 

historical moment in the evolutionary process. In here we show for the first time that ancient 

evolutionary taxonomic groups have a natural ability to promote introgression with higher 

phylogenetic distant species, thus providing a wider range of possibilities (number of species, 

population, lineages, etc.) for introgression to occur. In contrast, for the most recent taxonomic 

groups, introgression seems to be restricted to phylogenetically closer species. In both cases there 

are important species that act simultaneously as specialist donors and receptors, while working as 

connectors, stand out as keystone species for potential indirect introgression. 

 

4.4.1 The direction of introgression 

 

One of the noteworthy results we got was that bidirectional asymmetric introgression 

(directional gene flow preferably from one species to another with adaptive consequences) is 

common among the great majority of introgressing species pairs may be as a consequence of the 

genomic and phenotypic characteristics of the involved species (Sullivan et al. 2016, Trigo et al. 

2014). Differences in ploidy level and endogenous traits, which are partially responsible for some 

degree of postzygotic isolation, in part caused by genomic islands of speciation, should be at the 

root of this pattern (Emms et al. 1996). Behaviours, such as sex-biased dispersal rates, differential 

sexual selection and intra-sexual interspecific competition, are also likely to promote sex-biased 

introgression, and promote these asymmetries (Emms et al. 1996). 
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Demographic differences between hybridizing species, differences in sex-dispersal rates 

and hybrid zone movements, associated with strong environmental impacts on natural selection, 

particularly climatic, are also responsible for asymmetry in introgression (Meier et al. 2017). 

Nevertheless, it cannot be excluded that the high proportion of studies identifying asymmetric 

introgression may be the result of methodological limitations, namely the limitations of study 

designs that looked for introgression in just one direction and the widely used genetic differentiation 

test that only detects asymmetric gene flow (Ottenburghs J. et al. 2017b). However, the limited 

support for extreme asymmetry in the form of unidirectional introgression seems to point for 

introgression as a flexible mechanism that can change its intensity, direction and consequences, 

depending on the environmental conditions. For example, Suarez-Gonzalez et al. (2018) show that 

asymmetric introgression can reverse the historical direction in poplar trees (Populus trichocarpa 

into P. balsamifera) as a response to climate change, contributing with beneficial disease resistant 

genes. There are cases of asymmetric introgression favouring one or the other species depending 

on the habitat (Sung et al. 2018) and in more extreme scenarios, introgression can be adaptively 

beneficial in one direction and harmful or benign in the opposite direction (Suarez-Gonzalez et al. 

2016, Suarez-Gonzalez et al. 2018).  

 

4.4.2 Connections between introgressed closely-related species 

 

From the taxonomic groups in which introgression was studied, the majority of cases were 

identified in the angiosperms, mammals and fishes. Globally, older taxa with less complex 

physiology appear to have the capacity to introgress with a greater number of closely-related taxa 

showing weaker barriers to interspecific gene flow. Single-celled organisms are in the forefront of 

this pattern, probably due to their larger potential for genetic recombination (Palmer et al. 2010). 

But, even within multicellular organisms, gymnosperms and invertebrates, such as insects and 

crustacea, stand out for the same reason. 

Genera in which introgression occurred in taxa pairs that are either undergoing the first 

steps of macroevolution or belong to a species complex that went through adaptive radiation, have 

particularly high connectance in terms of number of taxa they adaptively introgress with. However, 

the majority of taxa has lower connectance (around one per taxa) mainly because of their more 

advanced stages of evolutionary divergence. 

Along the evolutionary history repeated periods of iterations of genetic isolation and 

secondary contacts, occurring frequently (Lee and Coop 2017) in a complex and/or reticulated way 

(Slager et al. 2020). Nevertheless, the magnitude of introgression probably decreases over the time 

due to the accumulation of genetic differentiation in each cycle of allopatry (Kronforst et al. 2013). 

We found that the time and type of divergence, responsible for different levels of genetic, 
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physiological and behavioural changes (Trigo et al. 2013), appear to be determining factors for the 

number of species able to mutually share their genes through introgression (Stuckas et al. 2009). 

Yet, a number of species seem to act as major donors or receptors of genes from other species. A 

possible hypothesis behind these specialist donor and receptor species can be the result of these 

particular outlier species being tested against a larger number of species. Despite these 

methodological limitations, species like Iris fulva, Boulengerochromis microlepis and Mus 

(musculus) domesticus being simultaneously specialist donors and receptors act as connectors and 

stand out as potential keystone introgression species. Acting as an introgression bridge between 

third-party species that do not hybridize directly with each other, they can potentially promote 

indirect natural introgression. If the presence of indirect introgression is confirmed, it will indicate a 

much higher extent and taxonomic reach than currently known. 

 

4.4.3 Influence of phylogenetic dissimilarity on introgression 

 

 Differences in phylogenetic dissimilarity among species through the accumulation of genetic 

and physiological variations during allopatric divergence, seem to influence differently the 

occurrence of introgression over each taxonomic group. Gymnosperms, Crustacea and Mollusca 

show a remarkable capacity of introgression between phylogenetically distant plant or invertebrate 

species, respectively. Among Chordata, amphibians and reptiles showed the highest capacity of 

introgression between species with greater phylogenetic distance. In contrast, angiosperms, birds 

and mammals seem to be available to introgress only with phylogenetically closer species. 

The most ancient species tend to have smaller genomes, thus less likely to generate genetic 

incompatibilities, and more permeable to recombination (Blommaert 2020). Cases of cytoplasmic 

introgression showed significantly higher phylogenetic distance scores than nuclear introgression 

cases. Introgressions’ events on cytogenome are known to reflect ancient reticulate events 

(Malhotra and Thorpe 2000, Thorpe et al. 2010), showing higher prevalence among more ancient 

taxonomic groups, with consequences in the wider phylogenetic extent in which it may occur. 

Other explanations for the higher extent of introgression among ancient taxa derived from mating 

strategies under high rates of stochasticity and weak or even non-sexual selection. Indeed, the way 

how individuals find and select their breeding partners plays a key role determining the patterns of 

introgression, for example the extent and direction for which species it occurs (Vaillant et al. 2013). 

Stochastic processes on mating partner choices, frequently impacted by demographic differences 

in parental species abundances (Lepais et al. 2009), help species undergo introgression in the 

absence/weak specialized sexual selection (Sotola et al. 2019), (here understood as a specialized 

breeding behaviour to find and select mating partners with adaptive advantages independently of 

their species) (Parrett and Knell 2018). For example, anemophilous gymnosperms disperse their 
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gametes by the wind, with fertilization being random or at least involving limited mating partners’ 

selection (Wang Xiao-Quan and Ran 2014). In the ocean, Crustacea and Mollusca use a similar 

strategy via sea currents (Baur 1998). In both cases, when they are in heterospecific communities 

this mating strategy increases substantially the probability of interspecific crossbreeding and 

introgression. Directional introgression from native (more abundant) to colonizing species (less 

abundant) is a recurrent consequence of breeding stochasticity and demographic disparities 

between introgressing species abundances (Hawkins et al. 2016). As a result, the most ancient 

taxonomic groups tend to promote introgression impacted by demographic disparities or breeding 

stochasticity. Both introgression patterns showed significantly higher phylogenetic distance scores 

than the others without any particular pattern of directional introgression. 

On the other hand, zoophilic angiosperms have developed reproductive strategies through 

specialized vectors (pollinators), capable of successfully finding even rare individuals as similar as 

possible to the original plant species (even over considerable distances) (Tylianakis Jason 2013). 

Other recent taxonomic groups in evolutionary terms, such as mammals and birds, have a higher 

tendency to develop reproductive behaviours that allow them to actively select sexual partners 

(frequently through assortative mating) (Jiang et al. 2013, Wang Daiping et al. 2019) compared to 

older groups, like amphibians and reptiles (Olsson and Madsen 2001). The development of 

assortative mating, makes individuals to seek conspecific mating partners, which can strictly 

condition the occurrence of introgression (Xue et al. 2014). 

Zoophilia and assortative mating are both breeding behaviours that appear to limit 

introgression to species with closer phylogenetic distances. Thus, our results seem to reinforce the 

importance of breeding behaviours like zoophilia or assortative mating as limiting the phylogenetic 

amplitude of introgression. It can also have important consequences for the occurrence of 

directional introgression related to demographic phenomena (expansion, colonization, 

establishment, etc.). 

We argue that in past geological eras introgression it must have been more prevalente and 

operating at higher phylogenetic amplitude due to the high rates of breeding strategies based on a 

certain degree of randomness in the choice of sexual partners and demographic disparities 

between introgressing species, alongside a tendency for the species to have smaller genomes. In 

the ancient past, it must have been an even more relevant source of genetic variation, adaptability 

and accelerated speciation through direct or potentially indirect mechanisms. Thus, we propose that 

introgression may have decreased progressively as living beings become genomically, 

physiologically and behaviourally more complex.  

4.4.4 Conclusions 
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Any taxonomic entities hold in themselves an intrinsic value, for what they are, or as an end. 

However, they can also demonstrate an instrumental value as a way to achieve a desired or valued 

end (Sandler, 2012). One the one hand, the instrumental value of a species/lineage is derivative 

from the value of the end. On the other hand, species’ instrumental value is conditioned by its 

effectiveness to achieve that end in comparison to other alternatives (Sandler, 2012). We conclude 

that introgression provides species, additionally to their intrinsic value, a fundamental instrumental 

value as a genetic resource for adaptation and evolution across space and time, which can go far 

beyond their alternatives, such as mutations. Thus, the conservation efforts should not only be 

considered by species threat or by the value they present to ecosystems. It must be actively 

considered by the fact that each species/lineage contains a unique genetic heritage that at some 

point of the evolutionary history may serve as a natural genetic bank available through 

introgression. Theoretically it may avoid a cascade of extinctions, for example in times of rapid 

environmental changes, such as the current anthropogenic climate change. 

 

4.5 Future challenges 

 

A particular issue that arises directly from our results is the lack of evidence for indirect 

natural introgression based on the literature reviewed. This remains one of the greatest challenges 

for understanding the true extent and taxonomic reach of introgression. Keystone introgression 

species that work like an introgression bridge between third-party species and their network of 

introgression interactions, should be the first candidates to be tested for the presence of indirect 

natural introgression. 

Our results also indicate that species ancientness (both in terms of genome and behaviour) 

impacts the phylogenetic extent to which introgression can occur. We propose that the frequency 

and the taxonomic amplitude of introgression in past geological eras represented an even more 

relevant source of genetic variation, adaptability and accelerated speciation, that has decreased 

gradually as organisms became genomically, physiologically and behaviourally more complex. 

Testing this assumption requires extensive paleogenomic analyses of natural communities from 

past geological eras and novel statistical approaches to model the global introgression probability. 

 

 

 

 

 



FCUP 

On the history of mixing: Knowledge trends on relevance, patterns and drivers of adaptive introgression  

116 

 

Acknowledgments 

PH and HRa were funded by the Portuguese Foundation for Science and Technology (FCT) 

with a PhD grant (SFRH/BD/117979/2016 and SFRH/BD/124367/2016, respectively). HRe was 

also funded by FCT (DL57/2016/EEC2018/07). OR was funded through a Natural Environment 

Research Council Independent Research Fellowship (NE/M018660/1). This research was 

supported under the scope of the FCT project PTDC/BIA-ECO/31731/2017. 

 

 

 

 

 

 

 



FCUP 

On the history of mixing: Knowledge trends on relevance, patterns and drivers of adaptive introgression 

117 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Material 

 

 

 

 

 

 

 

 

 

 

 

 



FCUP 

On the history of mixing: Knowledge trends on relevance, patterns and drivers of adaptive introgression 

118 

 

Search details 

We used the following search string for on-line databases: 

“Topic=(hybrid* AND adapt* AND introgress* AND genom* NOT invas* NOT domest* NOT 

exotic) OR Topic=(adapt* AND introgress* AND genom* NOT invas* NOT domest* NOT 

exotic)”  

We defined some keywords as strict retention criteria: Adapt* (all terms related to adaptation, 

adaptive, etc.), Introgress* (all terms related to introgression, introgressive, etc) and Genom* 

(all terms related to genome, genomics, etc.). We also used as non-strict retention criterion for 

the term hybrid* (all terms related to hybrids, hybridization, etc.) that could be present together 

with the previous ones or not. We excluded all breeding contacts between taxa under direct 

human interference (breeding manipulations between species that do not naturally interbreed, 

genetic manipulation, invasive species scenarios, etc.). We used the following keywords as 

strict exclusion criteria: Invas* (all terms related to invasion, invasive species, etc.), Exotic and 

Domest* (all terms related to domestic species, domestication, etc.). 

We defined the expression “Adaptive Introgression” as a keyword used as strict retention 

criteria searching for relevance grey literature through Google and Google scholar. We 

extracted 43 different variables grouped into seven categories: 1) Paper bibliometric 

information; 2) Type of publication; 3) Taxa under study; 4) Epoch and location of the 

introgressions case studies; 5) Methods used; 6) Sub-mechanisms of introgression and 7) 

Outcomes. 

 

Table S4.1 - Full list of information and the total number of papers that includes each category extracted 

from each reviewed paper. 

 

Categories of 

information 

Variables extracted Classes used Number of 

papers  

Bibliographic 

information 

✔ Authors 

✔ Year 

✔ Title 

✔ Journal 

✔ Research area 

✔ Type of publication 

✔ Location of first author’s 

institution 

 358 

358 

358 

358 

358 

358 

358 
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Authors’ initial 

perception about 

introgression 

✔ Polarity 

 

 

 

✔ Why positive? 

✔ Why negative? 

✔ Why neutral? 

✔ Prevalence 

 

 

 

 

 

 

 

 

✔ Semantics 

 

Positive, 

Negative, 

Both, 

Neutral. 

 

 

 

Very rare [-3], 

Rare [-2], 

Infrequent [-1], 

Unknown [0], 

Few cases [1], 

Some cases [2], 

Common [3], 

Many cases [4], 

Ubiquitous [5]. 

Hybrid* terms used, 

Hybrid* terms not used. 

351 

 

 

 

250 

78 

129 

135 

 

 

 

 

 

 

 

 

358 

Taxa under study ✔ Main taxonomic group 

 

 

 

 

✔ Families  

✔ Species pairs 

Animal, 

Plant, 

Fungi, 

Protists, 

Bacteria. 

 

355 

 

 

 

 

355 

355 

Time and space 

of 

introgressions’ 

✔ Epoch  

 

Ancient, 

Recent, 

355 
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case studies  

✔ Continent 

✔ Approximated location 

Both.  

355 

355 

Methods used ✔ Type of experiment 

 

 

✔ Type of introgression markers 

 

 

 

 

 

 

 

 

 

✔ Whole-genome sequencing 

 

✔ Reference genome 

In-situ, 

Ex-situ, 

Both. 

Quantitative Trait Locus, 

Microsatellites, 

Mitochondrial DNA, 

Ribosomal DNA, 

Single-Nucleotide, 

Polymorphisms, 

AFLP, 

PCR amplification, 

Electrophoresis (DGGE), 

Karyotypes. 

Performed, 

Not performed. 

Available, 

Not available. 

351 

 

 

347 

 

 

 

 

 

 

 

 

 

347 

 

165 

Sub-mechanisms ✔ Cyto-nuclear location of 

islands of differentiation 

 

 

✔ Nuclear location of islands of 

differentiation 

✔ Cyto-nuclear location of 

introgression 

Cytoplasm (mitochondria, 

ribosome, chloroplast),  

Nucleus; 

Both. 

Sex-linked chromosomes, 

Autosomes, 

Both. 

Cytoplasm (mitochondria, 

87 

 

 

 

83 
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✔ Nuclear location of 

introgression 

 

✔ Sex-biased introgression 

 

✔ Haldane’s rule 

 

✔ Maternal vs paternal way 

 

✔ Sexual selection impacts 

 

✔ Assortative mating 

preferences 

✔ Intra-sex interspecific 

competition 

✔ Balancing selection 

 

 

 

✔ Demographic impacts 

 

✔ Symmetry 

 

✔ Direction 

 

✔ Donor species 

✔ Receptor species 

✔ Native-to-colonizer 

 

✔ Endogenous impacts 

ribosome, chloroplast),  

Nucleus; 

Both. 

Sex-linked chromosomes, 

Autosomes, 

Both. 

Yes, 

No. 

Yes, 

No. 

Maternal, 

Paternal. 

Yes, 

No. 

Yes, 

No. 

Yes, 

No. 

Yes (Multiallelic, transespecific 

polymorphisms, etc.), 

No (Genetic drift). 

Yes, 

No. 

Symmetric, 

Asymmetric. 

Unidirectional, 

Bidirectional. 

 

182 

 

 

 

91 

 

 

96 

 

34 

 

91 

 

51 

 

12 

 

22 

 

40 

 

 

 

67 

 

276 
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✔ Exogenous impacts 

 

 

✔ Climate-mediated 

introgression 

 

✔ Allele surfing 

 

 

Yes, 

No. 

Yes (Baculum format, flowering 

time, sexual characters, etc.), 

No. 

Yes (temperature, topography, 

pesticides, etc.), 

No. 

Yes, 

No. 

Yes, 

No. 

259 

 

259 

259 

81 

 

28 

 

 

 

64 

 

 

 

53 

 

32 

 

Outcomes ✔ Phenotypic traits shared 

✔ Physiologic system 

✔ Polarity 

 

 

✔ Adaptive outcomes 

 

 

 

Positive, 

Negative, 

Neutral. 

 

230 

230 

230 

 

 

230 
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Figure S4.1 - Number of 

connections per taxa by 

taxonomic group (mean ± SD), in 

donor species (a), receptor 

species (b) and globally (c). Solid 

lines indicate medians; the dots 

represent outliers; boxes and 

whiskers indicate quartiles and 

ranges, respectively. 
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Table S4.2 - Statistical results of multiple comparisons of mean based non-parametric Kruskal-Wallis test, performed to identify which taxa groups present 

significant differences in phylogenetic distances among species showing evidence of introgression (yellow background) with reference to Mean Difference (MD); 

and pairwise chi-square comparisons under IQR analyses (interquartile range analyses) comparing phylogenetic extent of introgression between taxonomic groups 

(grey background). Green cells represent significant differences at P< 0.05. 

 Gymnosperms Angiosperms Crustacea Mussels Insects Fishes Amphibians Reptiles Birds Mammals 

Gymnosperms 
 MD=-23.90 

NS 
MD=-11.97 

NS 
MD=86.28 

p=0.001 
MD=44.97 

p=0.044 
MD=-0.41 

NS 
MD=57.44 

NS 
MD=57.44 

p=0.046 
MD=-28.67 

NS 
MD=-16.08 

NS 

Angiosperms 
X2

1=19.17 
p<0.01 

 MD=11.92 
NS 

MD=110.17 
p<0.01 

MD=-22.28 
NS 

MD=23.48 
NS 

MD=81.34 
p=0.002 

MD=81.34 
p<0.01 

MD=-4.78 
NS 

MD=-7.80 
NS 

Crustacea 
X2

1=4.70 
p<0.05 

X2
1=5.74 

p<0.05 
 MD=98.25 

p=0.001 
MD=34.00 

NS 
MD=11.56 

NS 
MD=69.42 

p=0.049 
MD=69.42 

p=0.031 
MD=-16.70 

NS 
MD=-4.11 

NS 

Mussels 
X2

1=12.50 
p<0.01 

X2
1=0.08 

NS 
X2

1=1.76 
NS 

 MD=-
132.25 

p<0.01 

MD=86.69 
p<0.01 

MD=-28.83 
NS 

MD=-28.83 
NS 

MD=-114.95 
p<0.01 

MD=-102.36 
p<0.01 

Insects 
X2

1=16.13 
p<0.01 

X2
1=0.03 

NS 
X2

1=3.69 
NS 

X2
1=0.11 

NS 
 MD=45.56 

p=0.007 
MD=103.42 

p<0.01 
MD=103.42 

p<0.01 
MD=17.30 

NS 
MD=29.89 

p=0.017 

Fishes 
X2

1=8.51 
p<0.01 

X2
1=2.66 

NS 
X2

1=0.37 
NS 

X2
1=0.23 

NS 
X2

1=1.23 
NS 

 MD=57.86 
p=0.041 

MD=57.86 
p=0.018 

MD=-28.12 
NS 

MD=-15.67 
NS 

Amphibians 
X2

1=4.92 
p<0.05 

X2
1=5.51 

p<0.05 
X2

1=0.02 
NS 

X2
1=1.61 

NS 
X2

1=3.49 
NS 

X2
1=0.30 

NS 
 MD=0.00 

NS 
MD=-86.12 

p=0.003 
MD=-73.53 

p=0.005 

Reptiles 
X2

1=7.17 
p<0.01 

X2
1=3.57 

NS 
X2

1=0.12 
NS 

X2
1=0.58 

NS 
X2

1=1.91 
NS 

X2
1=0.00 

NS 
X2

1=0.08 
NS 

 MD=-86.12 
p=0.001 

MD=-73.53 
p=0.001 

Birds 
X2

1=18.60 
p<0.01 

X2
1=0.15 

NS 
X2

1=5.33 
p<0.05 

X2
1=0.61 

NS 
X2

1=0.00 
NS 

X2
1=2.35 

NS 
X2

1=5.10 
p<0.05 

X2
1=3.22 

NS 
 MD=12.59 

NS 

Mammals 
X2

1=15.95 
p<0.01 

X2
1=0.04 

NS 
X2

1=3.58 
NS 

X2
1=0.09 

NS 
X2

1=0.13 
NS 

X2
1=1.10 

NS 
X2

1=3.38 
NS 

X2
1=1.83 

NS 
X2

1=0.01 
NS 
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Abstract 

Cryptic species that coexist in sympatry are likely to simultaneously experience strong 

competition and hybridization. The first phenomenon would lead to character displacement, 

whereas the second can potentially promote morphological similarity through introgression. The 

main goal of this work was to investigate the effect of introgressive hybridization on the 

morphology of cryptic Iberian Eptesicus bats when facing counteracting evolutionary forces from 

interspecific competition. We found substantial overlap both in dentition and in wing morphology 

traits, though mainly in individuals in sympatry. The presence of hybrids contributes to a fifth of 

this overlap, with hybrids showing traits with intermediate morphometry. Thus, introgressive 

hybridization may contribute to species adaptation to trophic and ecological space responding 

directly to the macro-habitats characteristics of the sympatric zone and to local prey availability. 

On the other hand, fur shade tended to be browner and brighter in hybrids than parental species. 

Colour differences could result from partitioning of resources as an adaptation to environmental 

factors such as roost and microhabitats. We argue that a balance between introgressive 

hybridization and niche partitioning shapes species interactions with the environment through 

affecting morphological traits under selection. 
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5.1 Introduction 

 

The evolutionary history of species under preliminary stages of macroevolution 

moves through complex forces, leading to incongruities in phylogenetic inferences and 

species classification (Ottenburghs et al., 2017). Divergence is frequently discussed as 

involving mainly stages of allopatry (Baiz et al., 2019; Renaut et al., 2013; Slager et al., 

2020). However, historical environmental fluctuations (Grant and Grant, 2016) mediate 

iterations between periods of allopatry and sympatry (Pauquet et al., 2018; Pfennig, 

2007; Staubach et al., 2012). When past allopatry was not sufficient to eliminate or 

significantly reduce niche overlap, closely-related species may coexist stably during 

secondary contacts under antagonistic evolutionary forces, imposed for example by 

hybridization and niche partitioning (Schluter, 2000). On one hand, under sympatry, 

genetic material can be transferred through introgressive hybridization with potential 

evolutionary convergence (Song et al., 2011). On the other hand, ecological 

interactions, such as competition, predation or parasitism may produce exclusion or 

promote divergence as a response (Anderson et al., 2002). 

When hybridization between lineages presents adaptive advantages in relation to 

the parental lines resulting in increased fitness, the genetic pools will face a process of 

adaptive introgression. This has been described as the main evolutionary response in 

natural hybridization (Anderson and Hubricht, 1938; Dunn et al., 2013; Gramlich et al., 

2018; Ma et al., 2010; Mavárez et al., 2006). Introgressed alleles potentially associated 

to well-adapted traits (Aleksic et al., 2018; Alexander et al., 2017; Brower, 2013; Cahill 

et al., 2015; Djogbénou et al., 2008; Enciso-Romero et al., 2017; Gagnaire et al., 2009) 

are introduced into the gene pool of the recipient species by backcrossing and fixed by 

natural selection (de Lafontaine et al., 2015; Song et al., 2011). Therefore, introgressed 

species can jump directly to new adaptive optimum, bypassing intermediate steps 

(Cahill et al., 2015; Dasmahapatra et al., 2012). By allowing closely-related species to 

share particularly beneficial traits, adaptive introgression is sometimes understood as a 

homogenizing process promoting evolutionary convergence (Latch et al., 2006; Oliveira 

et al., 2008).  

Recent studies have shown important phenotypic expression of adaptive 

introgression in morphological traits of many taxa. Introgressed morphological traits 

were reported to promote dehydration/water-loss resistance to warmer or colder 

climates in plants, for example by increasing number or size of leaves, branches or 

roots under desert conditions (Gramlich et al., 2018). Moreover, changes in body width, 
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head shape or eye size were shown to promote higher fitness in some fishes (Nichols 

et al., 2015), while larger heads with stronger bite and larger testes promoted better 

sexual performance in reptiles (Yang et al., 2018). Introgression of morpho-

physiological traits also promotes higher fitness in some rodents in environments with 

lower precipitation and temperatures (Boratyński et al., 2011). Ancient events of 

adaptive introgression have even allowed humans to adapt to island environments by 

decreasing their size (Mondal et al., 2016). Colour change through adaptive 

introgression was reported in insects (Dasmahapatra et al., 2012; Enciso-Romero et 

al., 2017), mammals (Jones et al., 2018; Melo-Ferreira et al., 2014) and fishes (Meier 

et al., 2017; Mims et al., 2010). Colour change is frequently associated with increasing 

mating performance (Salazar et al., 2010; Yang et al., 2018), better mimicry capacity 

(Naisbit et al., 2003; Zhang et al., 2016), higher success in escaping predators (Zhang 

et al., 2013) and in exploring new habitats (Mims et al., 2010) and as responses, for 

example, to climate change (Giska et al., 2019; Jones et al., 2018; Melo-Ferreira et al., 

2014; Zhang et al., 2013). 

As an opposite evolutionary force, competition may lead species or lineages to 

avoid each other and to occupy a narrower and differentiated optima and set of 

conditions. If this effect is durable and prevalent enough, then it may lead to a species-

specific divergent trait displacement due to a differential exploitation of resources 

(Melville, 2002; Pfennig and Pfennig, 2010). 

Competition has been reported to drive divergence in phenological traits, like 

changing floral shape of angiosperms in response to altitudinal gradients (Kooyers et 

al., 2017), and to promote functional and biomechanical differences in jaw closure of 

salamanders (Adams and Rohlf, 2000). Moreover, competition has been shown to play 

a role in beak size divergence and larynx morphology in birds, both relevant traits for 

diet adaptations, and song characteristics, thus influencing sexual selection and 

species recognition (Grant and Grant, 2006). Head morphology and size divergence 

were also described as being the result of competition in spadefoot toads, in response 

to omnivore or carnivore diet (Pfennig and Murphy, 2000). 

Despite the relevance of morphological traits for species adaptive capacity and 

individual fitness, the impact of hybridization on morphological traits when occurring in 

sympatry or parapatry remains largely unknown. Cryptic species are an extreme case 

among closely-related taxa for being morphologically identical but genetically distinct 

(Jones, 1997). Due to their phylogenetic proximity and partial niche overlap, as well as 

morphological similarity and high potential for hybridization, they represent excellent 

case studies for the effect of antagonistic evolutionary processes on morphological trait 
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displacement, particularly when associated with sympatric or parapatric distributions 

(Marsteller et al., 2009; Tene Fossog et al., 2015).  

Notably, in the Iberian Peninsula, over 20% of known bats species show cryptic 

diversity (Ibáñez et al., 2006; Juste et al., 2004). Some of the cryptic species pairs 

exhibit high genetic divergence, such as Eptesicus serotinus (Schreber 1774) and E. 

isabellinus (Temminck 1840), which show over 16% divergence in the mtDNA 

Cytochrome b gene (Ibáñez et al., 2006). A comparative recent study supports a more 

pronounced and geographically structured intraspecific genetic variation within E. 

isabellinus (Centeno-Cuadros et al., 2019).  This species has experienced a rapid post-

glacial expansion earlier, heading northwards until occupying its current range. E. 

serotinus is thought to have expanded southwards from Central Europe, likely arriving 

later than E. isabellinus to the ecotone of central Iberia where both species meet 

(Centeno-Cuadros et al., 2019). Currently, E. serotinus is distributed along the Atlantic 

region of Iberia (colder and wetter) while E. isabellinus mainly occurs in the 

Mediterranean region (hotter and drier) (Santos et al., 2014). Across their ranges, the 

two species geographically avoid each other, indicating that interspecific competition 

likely shaped their broad-scale distributions (Novella-Fernandez et al. 2021). With a 

vast allopatric distribution, the species share a restricted contact zone, where they 

interbreed (Centeno-Cuadros et al., 2019). Although nuclear markers identified a 

male‐mediated hybridization, there is no evidence of mitochondrial introgression, 

contrary to what is known for other Eptesicus (Neubaum et al., 2007). Moreover, 

ongoing hybridization is asymmetric, occurring mainly from E. isabellinus to E. 

serotinus (28% hybrids in E. serotinus colonies and 2.7% in E. isabellinus colonies) 

(Centeno-Cuadros et al., 2019).  

This study aims to understand the effect of this introgressive hybridization on 

morphological traits of the two cryptic Iberian Eptesicus bats in face of counteracting 

evolutionary forces from interspecific competition. We addressed three main objectives: 

1) Test for morphological differences between cryptic Eptesicus species; 2) Determine 

the influence of sympatry and allopatry on patterns of morphological variation (wing, 

dentition and colour traits); 3) Assess the efficiency of classification statistics on 

species identification even in the presence of hybrids.  

Clarifying these objectives could elucidate how potential natural gene transfer 

through introgression can allow recipient bat species to incorporate into its genome 

alleles responsible for the presence of novel morphological traits. 
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5.2 Methods 

5.2.1 Study area 

 

We searched for Eptesicus bat colonies between 1998 and 2014 along a North–

South gradient across the Iberian Peninsula, including allopatric areas of only E. 

serotinus in the north, a central region of sympatric zone and allopatric areas of E. 

isabellinus in the south. Field sampling methods were described in previous 

publications (Centeno-Cuadros et al., 2019; Santos et al., 2014) as well as the location 

of all sampled colonies (Centeno-Cuadros et al., 2019). The methods were performed 

in accordance with relevant guidelines and regulations and approved by the Ethical 

committee at the EBD- CSIC (Estación Biologica de Doñana, Consejo Superior de 

Investigaciones Científicas) that granted protocol approval. 

 

5.2.2 Sampling design 

 

Wing membrane biopsies (3 mm) were collected according to 

Worthington‐Wilmer and Barratt (1996) from all captured bats. The samples were kept 

in 96% ethanol at −20°C until processed in the laboratory for molecular analysis to 

confirm species identification (see Centeno-Cuadros et al., 2019 for laboratory 

procedures). 

Wing morphology variables were measured with a calliper and included the 

lengths of the forearm (FA), metacarpals of the III and V fingers and the first phalanges 

of the same fingers, as well as the length of the upper dental series (canine to third 

molar - CM3) and the rostral width measured at the canines’ level (C1-C1) (Figure 5.1). 

 

 
Figure 5.1 - Wing and dentition morphometric measurements taken from Eptesicus bat species 

during field work. 
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Coat colour was quantified by measuring the reflectance through a High 

Resolution Colorimeter (Spectrophotometer CM-2600d/2500d, Konica, Minolta). Two 

measurements were obtained for dorsal and ventral colours from each bat. Each 

measurement was the average of three light flashes’ reflectance. Reflectance was 

measured at a wavelength band from 350 to 740 nm and was decomposed according 

to the colour space defined by CIELAB colour space, which included three parameters, 

L*, a* and b*. L* represents perceptual lightness, and a* and b* a four colours’ scale, 

from red to green and blue to yellow, respectively (Figure S5.1) (Illumination, 2004). 

To study the effect of interspecific responses of E. serotinus and E. isabellinus 

and their hybrids, bats were clustered into five experimental groups: allopatric E. 

isabellinus, sympatric E. isabellinus, hybrids (individuals classified as hybrids by 

Centeno-Cuadros et al. (2019) based on genetic data, using a conservative criteria), 

sympatric E. serotinus and allopatric E. serotinus. We assumed that both species were 

geographically isolated from each other and the respective hybrids within the allopatric 

groups. On the contrary, in the sympatric groups, each species co-existed with the 

other species and their hybrids. The geographic classifications of each experimental 

group were based on previous studies (Ibáñez et al., 2006; Santos et al., 2014; 

Centeno-Cuadros et al. 2019). 

 

5.2.3 Statistical analyses 

 

 The effect of geographic origin and hybrids presence on bat morphometry  

 

We used General Linear Models to assess whether geographic relationships 

significantly affected the morphometry and/or the colour of the studied bats. We 

performed a non-parametric MANOVA (Maroco, 2007) on the morphological variables 

because homogeneity of variance could not be assumed according to the Box’s M tests 

(Morphometry: Box’s M=133.73; F(84, 16828.68)=1.393; ns; Colour: Box’s M=215.69; F(63, 

1824.12)=2.480; ns) even after trying several data transformations (log10, ln, arcsen, etc.). 

We performed a Kruskal-Wallis test to identify which morphometric traits and colour 

variables were significantly different, followed by multiple comparisons by the post-hoc 

Fisher’s LSD test to check for differences between groups (Maroco, 2010). 
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 Summarizing and comparing morphological variables 

 

The original morphometric space of the wing and dentition variables was 

summarized into its main components by a principal component analysis (PCA) with 

the symmetrical normalization method (Maroco, 2010). The eigenvalue rule greater 

than 1 was used as criterion for components’ retention alongside the scree-plot. We 

analysed the internal consistency of each component through Cronbach's alpha 

(Maroco, 2010).  

After the validation of both assumptions for multivariate normal distribution and 

homogeneity of variance-covariance (M=13.98; F(12, 7934.55)=1.104, p=0.352), we 

performed a MANOVA over the PCA’s axes to evaluate the relationship of the five 

experimental groups with morphometric traits. When the MANOVA detected significant 

effects, we performed an ANOVA for each component (PC1 and PC2), followed by 

multiple comparison through Tukey's HSD post-hoc test. Again, according to the Box’s 

M tests, even after transformation, the homogeneity of covariance could not be 

assumed (Box’s M=30.41; F(12, 2323.67)=2.250; ns) for retained colour’s PCA. In order to 

assess whether geographic origin affected colour variables, we performed a non-

parametric MANOVA (Maroco, 2010), followed by the tests described above (Maroco, 

2010). We carried out all analyses with α=0.05 in SPSS Statistics software (v. 22; 

SPSS Inc, Chicago, IL), producing all visualizations through “ggplot2” R package 

(Wickham, 2016). 

 

 Classification statistics with and without hybrids’ presence 

 

We used two classification algorithms to classify both species in sympatry 

according to the morphological variables: discriminant function analysis (DFA - 

quadratic with cross-validation) and the support vector machines (SVM - with a 

machine learning approach). 

The morphometric matrices fulfils the assumptions of normal distribution and 

homogeneity of variance so we proceeded with parametric analyses (Morphometry with 

hybrids: Box’s M=38.33; F(28, 32463.13)=1.267; p=0.157; Morphometry without hybrids: 

Box’s M=11.10; F(10, 5819.66)=0.996; p=0.444). 

The data were firstly included in two stepwise discriminant analyses with the 

method of Wilks’ Λ used to identify which of the morphological and colour variables 

under study can better discriminate both parental species with and without the 

presence of hybrids. Again, homogeneity of the variance-covariance matrices could not 



FCUP 

On the history of mixing: Knowledge trends on relevance, patterns and drivers of adaptive introgression 

134 

 

be assumed for the colour variables (Colour with hybrids: Box’s M=37.65, F (10, 

11071.13)=3.474, ns; Colour without hybrids: Box’s M=38.06, F(10, 4588.83)=3.414, ns). Still, 

we proceeded with analysis because the discriminant analysis is robust to violation of 

assumptions when (i) the size of the smallest group (sympatric E. serotinus) is greater 

than the number of variables in the study and (ii) the means of the groups are not 

proportional to their variances (Stevens 1986). Finally, we used Classification Statistics 

to obtain the classification functions and to assign species identification according to 

morphometric traits and/or colour variables. All DFA analyses were carried out with 

α=0.05. 

In addition, a support-vector machine (SVM) algorithm was performed using the 

principal components extracted from each PCA (morphometry and colour), through 

“tidyverse” (performing data manipulation) (Wickham et al., (2019), “kernlab” 

(Karatzoglou et al., 2004) and “e1071” R packages (Meyer et al., 2012) (performing 

calculations and producing visualizations). The kernel functions of the support vector 

machines used a radial basis function with a gamma parameter ranging from 0.1, 1, 10, 

100 and 1000. For each value of gamma, the SVM was reinitialised 20-times to 

increase the chance of obtaining an optimal classifier (Redgwell et al., 2009; Sáez et 

al., 2019). For Classification Statistics the algorithm of the SVM was trained for every 

target case in the dataset (each species) (Redgwell et al., 2009). All classifiers were 

then combined and categorised for each morphological trait as either belonging to a 

specific class, or not. Each bat was considered as classified correctly only if a single 

support vector machine classified it and if validated by molecular identification.  

 

 Quantification of the impact of the hybrids on the external morphological traits 

overlap between species  

 

We repeated the entire statistical procedure after extracting from the dataset all 

individuals classified as hybrids in Centeno-Cuadros et al. (2019). We compared the 

classification performance of both algorithms in the sympatric population with hybrids 

versus the same population after excluding them. This approach made it possible to 

calculate the contribution of hybrids to the overlap of morphological traits with their 

cryptic parental species. 
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5.3 Results 

5.3.1 Testing for morphological differences between cryptic Eptesicus species 

 

Our results showed significant differences of both morphometric and colour 

variables along the experimental groups. Morphometric differences occurred for the 

variables FA, D3 MC, D5 MC, D5 F1, C1-C1 and CM3 but not for the variable D3 F1 

(Table 5.1). For coat colour, we found significant differences between the groups in the 

variables L* dorsal, a* dorsal, b* dorsal, a* ventral and b* ventral, but not for the 

variable L* ventral (Figure 5.2).  

 

Table 5.1 - Descriptive statistics of the morphometric traits of Eptesicus serotinus, E. isabellinus 

and their hybrids. 

 

 Wing Dentition 

 FA D3 MC D3 F1 D5 MC D5 F1 C1-C1 CM3 
E. isabellinus allopatric 
(Eisa allo; n=31 
individuals) 

51.6 47.1 17.8 44.1 10.9 6.7 7.2 
49.9 – 55.7 44.0 – 52.0 12.2 – 19.8 41.3 – 48.0 10.0 – 12.0 6.3 – 7.2 6.8 – 7.7 

E. isabellinus sympatric 
(Eisa sym; n=33 
individuals) 

51.6 46.1 18.0 43.0 11.3 6.9 7.2 
48.6 – 54.3 42.6 – 48.6 16.5 – 20.5 40.1 – 48.5 10.2 – 12.6 6.3 – 7.4 6.5 – 8.4 

Hybrids 
(n=8 individuals) 

52.6 46.8 18.8 43.4 12.0 6.7 7.4 
49.7 – 53.7 42.7 – 47.7 16.8 – 19.1 39.9 – 45.9 11.0 – 13.3 6.5 – 6.9 7.1 – 7.5 

E. serotinus sympatric 
(Eser sym; n=19 
individuals) 

52.8 47.5 17.8 44.5 11.7 6.9 7.6 
49.7 – 55.2 44.7 – 49.7 16.8 – 20.4 40.5 – 47.2 9.9 – 13.1 6.6 – 7.5 7.3 – 8.5 

E. serotinus allopatric 
(Eser allo; n=35 
individuals) 

52.6 49.0 18.0 46.5 11.3 6.9 7.7 
48.8 – 56.1 41.4 – 51.6 13.2 – 19.5 41.6 – 49.6 10.0 – 12.5 6.6 – 7.5 7.4 – 8.7 

X2
KS (4) 13.302 38.271 1.698 25.234 12.244 15.300 64.410 

p-value 0.010 <0.001 ns <0.001 0.016 0.004 <0.001 

Medians are shown above 

range 
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Figure 5.2 - Colour differences between bat groups. (A) Photographic representation of hair 

colour of representative specimens of both parental species groups (Eptesicus isabellinus and 

E. serotinus) as a function of their geographical relationships. (B) Descriptive statistics of dorsal 

and ventral colour of E. serotinus, E. isabellinus and their hybrids. Background colour 

represents the mean colour of the dorsum and belly in the CIELAB colour space of each 

parental species and in function to their different geographical relationships and their hybrids. 

(C) Percentage of reflectance measured by colorimeter across the visible wavelength scale. 

Acronyms are available in Table 5.1. 

 

 Dorsal mean colour Ventral mean colour 

 L* a* b* L* a* b* 
E. isabellinus allopatric 
(n= 6 individuals) * 

40.4 5.4 15.2 51.3 5.2 17.8 
± 2.18 ± 0.61 ± 1.29 ± 2.74 ± 0.94 ± 1.70 

E. isabellinus sympatric 
(n= 39 individuals) ** 

38.4 6.1 17.1  52.0 5.3 18.2 
± 3.77 ± 1.16 ± 4.81 ± 4.73 ± 0.97 ± 2.43 

Hybrids 
(n=7 individuals) 

37.4 6.8 19.1 51.9 5.5 19.4 
± 7.06 ± 1.66 ± 5.74 ± 4.20 ± 0.78 ± 2.42 

E. serotinus sympatric 
(n= 17 individuals) *** 

32.9 7.3  21.1 48.3 5.6 19.2 
± 6.74 ± 2.13 ± 8.50 ± 5.03 ± 0.84 ± 3.67 

E. serotinus allopatric 
(n= 11 individuals) **** 

33.6 3.8 10.9 50.3 3.4 13.9 
± 5.14 ± 0.50 ± 2.35 ± 6.97 ± 0.40 ± 1.72 

X2
KS (4) 17.309 32.975 28.697 6.986 26.736 23.125 

p-value 0.002 <0.001 <0.001 ns <0.001 <0.001 

 

* ** *** **** 
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The information between both morphometric and colour variables  was 

summarized in two main orthogonal components, explaining  respectively 59.8% and 

83.4% of the total variance of the original morphometric and colour variables (Table 

S5.2). The first morphometric component was associated with bats’ "Size”, whereby 

generally, the weight of all variables was very high and positive. The second 

morphometric component essentially summarized the wing "Shape", namely the 

metacarpals and first phalanges proportion. Additionally, the inversely proportional 

relationship between the length of the first phalanges and the dentition variables, 

mainly CM3, had a very high and negative score in this second component (Table 

S5.2). Despite an evident overlap, the two-dimensional PCA map showed that E. 

serotinus is generally larger in both wing and dentition (Table S5.3), particularly in the 

allopatric zone with respect to E. isabellinus. In sympatry there was a greater overlap 

between both species despite maintaining the same pattern (Figure 5.3). 

E. isabellinus both in allopatry and sympatry showed a greater proportion 

between first phalanges and both metacarpals (e.g. smaller ratio of length of both 

metacarpals to first phalange), revealing an inversely proportional relationship between 

the length of the first phalanges and both dentition variables (larger phalanges and 

smaller C1-C1 and mainly CM3) (Figure 5.3). In contrast, E. serotinus revealed, in both 

sympatry and allopatry, to have substantially smaller first phalanges relative to 

metacarpals, as well as to both dentition variables (mainly CM3) (Figure 5.3). 



FCUP 

On the history of mixing: Knowledge trends on relevance, patterns and drivers of adaptive introgression 

138 

 
A 

B

a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 - Positioning of each individual in the two-dimensional space defined by the main 

PCA components retained and their position relative to the original morphometric variables (A). 

The violin plots represent Eptesicus isabellinus (allopatric and sympatric), E. serotinus 

(allopatric and sympatric) and Hybrids PCA scores compared to size (PC1) and shape (PC2) 

(B). Within violin plots white solid lines boxplots include medians (horizontal white line) and 

averages (white dot); boxes and vertical white lines indicate quartiles and ranges (excluding 

outliers), respectively. Acronyms are available in Table 5.1. 
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The first colour component of the PCA was associated with a range of colours 

from grey to brown, named as "a*b* Grey-Brown scale", while the second component 

essentially summarized the "L*Brightness” (Table S5.2). Despite an evident overlap, it 

was possible to characterize allopatric E. serotinus as being darker and greyer by 

showing a combination of higher black, green and yellow components in both dorsal 

and ventral colourations (Figure 5.4). All the remaining groups varied mainly along the 

brown pallet by having higher values for red and blue. Sympatric E. serotinus was in 

the other extreme of that Grey-Brown colour pallet, being the brownest group (Table 

S5.4). Likewise, sympatric E. serotinus shared the darkest position with allopatric E. 

serotinus, into brightness scale (“L* brightness”). Allopatric E. isabellinus was the 

brightest group. In sympatry, once again, E. isabellinus showed brightest colour 

patterns. The ventral colour was always brighter than the dorsal one in all experimental 

groups due to its higher L* values, showing even more subtle colour differences 

between groups (Figure 5.2).  
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Figure 5.4 - Positioning of each individual in the two-dimensional space defined by the PCA 

main components retained and their position relative to the original dorsal colour variables (A). 

The violin plots represent E. isabellinus (allopatric and sympatric), E. serotinus (allopatric and 

sympatric) and Hybrids PCA scores compared to dorsal a*b* Grey-Brown (PC1 Colour) and 

dorsal L* lightness (PC2 Colour) (B). Within violin plots white solid lines boxplots include 

medians (horizontal white line) and averages (white dot); boxes and vertical white lines indicate 

quartiles and ranges (excluding outliers), respectively. Acronyms are available in Table 5.1. 
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 Sympatry versus Allopatry – influence on morphology 

 

There were no significant differences in the bats’ size and shape between 

allopatric and sympatric groups within each species (except in metacarpals). However, 

all morphological variables differed significantly between allopatric groups. Regarding 

morphometric variables (D5 MC, D5 F1 and C1C1), especially for bats’ “shape”, these 

significant differences disappear in sympatry (a detailed description of the 

morphometric comparisons is available in Supplementary material). 

Regarding the colour variables, all experimental groups differed significantly from 

allopatric E. serotinus in the a* b* Grey-Brown scale, which were the only individuals in 

the grey range of the colour pallet.  In terms of brightness, allopatric E. serotinus was 

only not significantly different from individuals of the same species when in sympatry 

(bats were equally dark, though in sympatry they tended to be significantly browner). In 

sympatry, both species also differed significantly, however, contrary to the 

morphometric variables, this difference was slightly greater than that found between 

species in allopatry. 

 

 Hybrids versus Parental species – impact of hybridization on morphology 

 

Hybrids did not differ significantly from the other groups of allopatry/sympatry in 

wing size (except for metacarpals), showing intermediate wing morphometric values 

relative to both parental species. Hybrids differed significantly in the dentition between 

the two species, even in comparison with both sympatric groups with which they 

coexist (e.g. CM3). Nonetheless, hybrids showed consistently intermediate phenotypes 

in both dentition and wing size, as well as wing shape (a detailed description of the 

morphometric comparisons between hybrids and parental species is available in the 

Supplementary material). 

Hybrids showed the brightest pelage colour (both in their dorsal and ventral 

coat), although not significantly different from E. isabellinus in both groups (sympatry 

and allopatry) (Figure 5.3; Table S5.5). On the other hand, hybrids were significantly 

browner than allopatric E. serotinus and they were also the brownest group together 

with sympatric E. serotinus (Table S5.5). 

 

5.3.2 Species discrimination through classification statistics 

 

 Stepwise DFA with and without hybrids 
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The morphometric stepwise DFA generated one discriminant function mainly 

defined by D3_MC and CM3 (Λ=0.579, 2
(7) = 53.773, p<0.001). The percentage of 

individuals classified correctly in the presence of hybrids was 81.7%. After hybrids 

removing, discriminant analysis generated also one discriminant function, with FA, 

D3_MC, D5_MC (marginally significant [F=3.450, p=0.069]) and CM3 as statistically 

significant variables (Λ=0.632, 2
(4)=21.073, p<0.001). The results of Classification 

Statistics showed that the total percentage of individuals classified correctly increased 

to 84.0% after hybrids removing. 

The colour stepwise DFA generated also only one discriminant function, with 

L*_dorsal, a*_dorsal, b*_dorsal and L*_ventral as statistically significant variables 

(Λ=0.842, 2
(4)=10.115, p=0.039). The percentage of individuals classified correctly in 

the presence of hybrids was 71.4%. After removing the hybrids, the colour discriminant 

analysis generated also one discriminant function, once again with L*_dorsal, 

a*_dorsal, b*_dorsal and L*_ventral as statistically significant (Λ=0.762, 2
(4)=14.114, 

p=0.007). The results of Classification Statistics showed that the total percentage of 

individuals classified correctly increased to 78.6% after hybrids removing. 

 

 Support Vector Machine with and without hybrids 

 

SVM generated one discriminant function based on morphometric PC1 and PC2 

as predictors’ variables that summarized all morphometric traits. After simulations, the 

results of Classification Statistics showed that the percentage of individuals classified 

correctly in the presence of hybrids was 75.0%. Without hybrids, SVM generated also 

one discriminant function. The percentage of individuals classified correctly increased 

to 76.9% after removing hybrids. 

Based on colour PC1 and PC2 as predictors’ variables, SVM generated also one 

discriminant function. After simulations, the results of Classification Statistics showed 

that the percentage of individuals classified correctly in the presence of hybrids was 

68.3%. After hybrids removing, the colour SVM also generated one discriminant 

function. The results of Classification Statistics showed that the total percentage of 

individuals classified correctly increased to 76.8% after removing hybrids (detail 

description is available in Supplementary Material). 

Finally, both species showed a statistically significant differential behaviour in 

relation to the correct classification rate for both classification methods tested (2
kW 
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(1)=10.678, p=0.01, N=16) and E. isabellinus individuals were significantly classified 

correctly than the individuals of E. serotinus (F=15.976; p=0.001) (Table 5.2). 

 

Table 5.2 - Correct species classification rates, species overlap and hybrids contribution to 

species overlap obtained by two different methods of classification statistics (DFA and SVM) 

based on morphometric and colour traits of E. isabellinus and E. serotinus in sympatry. 

 

 DFA SVM 

Morphometry 

E. isabellinus correct classification rate 84.5% 78.9% 

E. serotinus correct classification rate 78.3% 72.3% 

E. isabellinus correct classification rate without hybrids presence 96.0% 83.9% 

E. serotinus correct classification rate without hybrids presence 66.7% 66.7% 

Global correct classification rate  81.7% 75.0% 

Global correct classification rate without hybrids presence 84.0% 76.9% 

Overlap in sympatry 18.3% 25.0% 

Hybrids contribution to species overlap 13.6% 7.6% 

 Colour 

E. isabellinus correct classification rate 92.3% 92.3% 

E. serotinus correct classification rate 37.5% 29.2% 

E. isabellinus correct classification rate without hybrids presence 92.3% 77.1% 

E. serotinus correct classification rate without hybrids presence 47.1% 75.0% 

Global correct classification rate 71.4% 68.3% 

Global correct classification without hybrids presence 78.6% 76.8% 

Overlap in sympatry 28.6% 31.7% 

Hybrids contribution to species overlap 25.2% 26.8% 

 

 General impact of introgressive hybridization on classification success 

 

Based on the two tested algorithms and the two sets of traits (morphometry and 

colour), the overlap between the two parental species was around 25.9±5.76%. The 

contribution of hybrids to overlap among parental species was significantly higher for 

colour (26.0±1.13%) than morphometry (10.6±4.24%) (F=24.602; p=0.038). Overall, 

hybrids contributed on average 18.3 ± 9.25% to traits overlapping between their 

parental species (Table 5.2).  
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5.4 Discussion 

 

Differences in morphology have been commonly used to differentiate taxa 

undergoing preliminary steps of macroevolution. However, as predicted by the 

particular challenges posed by the similarity of cryptic species, overlap in all 

morphological variables was the most evident pattern. Yet, for the two species of 

Iberian Eptesicus the differences in size and shape were strikingly larger when 

comparing allopatric populations than when comparing populations in sympatry. Still, 

the high overlap in all morphological traits meant that no single variable could be used 

as a diagnostic characteristic to distinguish the two species. Even so, the analyses of 

the external morphological traits (wing and dentition) confirmed that E. serotinus is 

slightly, but significantly, larger and darker than E. isabellinus. Although allopatric E. 

serotinus bats showed a greyer coat, the remaining four groups were distributed along 

the brown pallet, with sympatric groups showing the brownest coat. Molecularly 

confirmed hybrids showed intermediate morphometric values between both parental 

species in terms of size and shape, particularly when compared to allopatric 

populations. Hybrids were significantly browner than allopatric E. serotinus, showing 

the brightest coats of all, significantly brighter than both allopatric and sympatric E. 

isabellinus. Thus, alongside a probable process of adaptation to the local 

environmental conditions in the sympatric zone, bidirectional introgression (even if 

asymmetrical) can lead to convergence in size and shape, increasing morphological 

overlap among parental species (Grant and Grant, 2016). Hybrids, distributed along a 

sympatric zone, show intermediate values in morphometric traits (both in size and 

shape), while differences between both parental species in morphometry decreased 

significantly in sympatry. Therefore, it is probable that hybridization and introgression 

affect the morphology of the parental species through backcrossing (Boratyński et al., 

2011; Gramlich et al., 2018; Nichols et al., 2015; Yang et al., 2018). 

External traits are priority targets for natural selection as they directly impact the 

fitness of individuals and the ecological niche in which they occur (Ochoa-López et al., 

2020).  According to Grant and Grant (2016), it is possible to make genetic inferences 

grounded in two morphological aspects, size and shape, due to the narrow connection 

between introgressed alleles and species morphology. This fact is based on high 

frequency of heritable variation and polygenic origin of external traits (Grant and Grant, 

1994). This relationship is supported by evidence from genes that were identified as 

regulating the development of vertebrate’ size and shape (Abzhanov et al., 2006; 
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Abzhanov et al., 2004; Mallarino et al., 2011).  There is considerable amount of 

evidence that supports the influence of introgression on morphometry impacting both 

size and shape (Boratyński et al., 2011; Nichols et al., 2015; vonHoldt et al., 2016; 

Yang et al., 2018). Adaptive introgression consequences seem plastic enough to be 

able to promote divergent adaptations in response to the particularities of 

environmental conditions (Gramlich et al., 2018). For example, introgression events 

promoted size reduction in ancient humans, allowing them to adapt to insular 

environments (Mondal et al., 2016), while on the other hand they enabled carnivores to 

obtain larger prey by increasing their body size (vonHoldt et al., 2016). 

Introgression of bat morphological traits should respond to the circumstances in 

which they co-occur within the sympatric zone. Introgression in Eptesicus dentition and 

wing morphology, for example, could impact their trophic space, being connected to 

their diet, as well as their ecological niches, responding directly to the macro-habitat 

characteristics of the sympatric zone and to local prey availability. With increasing 

dentition size, E. isabellinus is more able to capture larger prey, while the smaller 

dentition of E. serotinus makes it more efficient in capturing smaller prey (Santana et 

al., 2011). On the other hand, increased wing size and shape changes (namely 

decreasing the proportion between first phalanges and metacarpals) may have enabled 

E. isabellinus to become more efficient in exploring more open habitats (Kalcounis and 

Brigham, 1995) and disperse over longer distances (Muijres, et al., 2011). In contrast, 

decreased wing length and shape changes (namely increasing the proportion between 

first phalanges and metacarpals) may have rendered E. serotinus more prone to 

explore close habitats than those used in allopatry (Kalcounis and Brigham, 1995). 

Mammals are not frequently colourful being mostly colour-blind to the red-green 

spectrum because they tend to be crepuscular or nocturnal (Bradley and Mundy, 

2008). Bats are an extreme example of it. Under low-light conditions, dichromatic vision 

seems to be advantageous over colour vision because the reduced number of colour-

sensitive cones in the retina means they focus on more light-sensitive rods, thus 

improving their visual acuity (Müller and Peichl, 2005). Similar to other nocturnal 

mammals, bats are commonly shades of black, grey or brown, with only small colour 

differences between species (Winter et al., 2003). Thus, the differences found in bat 

colours are substantially smaller than morphometric ones. Still, contrary to the patterns 

found in morphometry, colour characteristics of hybrids are in the extreme of the brown 

colour palette. In parallel, they are also consistently the brightest ones. Still, the 

differences in colour parameters of both parental species seem slightly greater in 

sympatry.   
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Colour patterns have been linked to communication and physiological processes, such 

as thermoregulation (Caro, 2005). However, most bats use vocal and olfactory cues 

rather than visual signals to perceive the environment and for social interactions 

(Chaverri et al., 2018). On the other hand, brighter colours cannot affect mating 

recognition without the development of tri- or tetra-chromatic vision (Caro, 2005). Bat 

colouration is most probably the result of adaptation to a nocturnal niche, likely 

associated with concealment from predators (Caro, 2005). So, bats colouration should 

reflect environmental pressures, for example, from the roosts that they occupy. 

Different colour patterns can be expected in species occupying different types of roosts 

because roost conditions differ in their visual environment (e.g. luminance and colour 

spectrum), as well as in their level of exposure to twilight or diurnal predators (Caro, 

2005).  

The two Iberian Eptesicus species do not share roosts, despite their colonial 

behaviour with nursery colonies comprising up to 300 animals(Dietz et al., 2009), and 

their tendency to share roosts with other species (Martinoli et al., 2020). This suggests 

that these two bats may compete actively for the best spots when in sympatry. E. 

serotinus colonies are mainly associated with buildings in Central Europe (Dinger, 

1991), while in the Mediterranean region, they also roost in crevices of cliffs and at the 

entrance of caves (Dietz et al., 2009). E. isabellinus, instead, seems to prefer crevices 

(cliffs or bridges) and tree hollows in date palms in North Africa (Kowalski and Rzebik-

Kowalska, 1991).  

Resource partitioning and geographic avoidance have been described for 

several pairs of cryptic bat species across Europe (Nicholls and Racey, 2006, Novella-

Fernandez et al., 2020, Novella-Fernandez et al., 2021). Cryptic species can exploit 

different microhabitats and roosts to avoid competition when sharing the same 

sympatric area (Novella-Fernandez et al., 2020), and this may be the case for the 

Iberian Eptesicus in sympatry. Therefore, roost-mediated coevolution could be one 

plausible hypothesis to explain the different colour patterns in the bats. The light 

environment of nocturnal niches can be dominated by yellow-green wavelengths, for 

example in more closed foraging spots, which coincides with the spectral sensitivity of 

bats (Galván et al., 2020). Therefore, the natural pressure of nocturnal light conditions 

occurring over the various microhabitats that are explored by each species in sympatry 

may have interacted with diurnal light conditions in roosts to favour the pelage colour 

differences in Eptesicus. Thus, any possible differences promoted by the interactions 

between the two cryptic bats in sympatry through potential competition for roosts and 

microhabitats will not only have consequences for their colour and their discrimination, 
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but fundamentally for their interactions with predators and the environment (Wang et 

al., 2005). 

The extent of morphological overlap between the two cryptic bats was around 

26%. The presence of hybrids contributes substantially to a fifth of the total traits 

overlap. Even so, classification statistics showed high differentiation rate between the 

two parental species in sympatry, particularly for E. isabellinus, with higher correct 

identification rates for morphometric traits, which were more distinct than colour.  

Discriminant functions showed D3_MC and CM3 are the main variables discriminating 

between the species. However, only CM3 showed limited overlap between them with 

values below 7.3 cm found only in E. isabellinus, whereas values above 8.4 cm only in 

E. serotinus. Therefore CM3 is the only measure that can be used to confidently 

distinguish between the two species. 

Morphological diversity is a critical facet of evolution and adaptation (Anderson et 

al., 2009). However, morphology is also extremely important for field identification, 

particularly for endangered species. Accurate field identification is  particularly 

important for Eptesicus species because they are hosts of different lineages of the 

European bat Lyssavirus type 1 (EBLV‐1), the most common rabies related virus found 

in European bats (Vázquez-Moron et al., 2011, Mingo-Casas et al., 2018). Moreover, 

using morphological traits for cryptic species identification in sympatry, instead of 

molecular approaches that are frequently used for in-situ identification, could be 

particularly useful due to the reduced associated costs. 

 

 Caveats and limitations  

 

We classified individuals as hybrids following Centeno-Cuadros et al. (2019) and 

applying the conservative criteria proposed by Burgarella et al. (2009) to the 

microsatellite genotypes to guarantee there were no misclassifications. On the other 

hand, this approach does not allow us to exclude the possibility of the presence of 

other possible hybrids in the other sympatric groups. In addition, the lab methodology 

used to detect hybrids does not detect the presence of second generation and later 

hybrids, as well as backcrosses. These potential overlooked hybrids may be falsely 

inflating the overlap between morphological characteristics of the two sibling bat 

species. Despite this, we still obtained high values of correct identifications in the 

classification statistics, which indicates that the proportion of undetected hybrids was 

low. 
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5.5 Conclusions 

 

We demonstrated that cryptic Iberian Eptesicus species can coexist during 

secondary contacts under antagonistic evolutionary forces, imposed simultaneously by 

introgressive hybridization and potential niche-partitioning. This balance may be driven 

by the partitioning of resources along two niche axes, microhabitats and roosts. The 

situation may be different in other niche axes, such as trophic resources, prey 

characteristics and macro-habitats, which are under adaptive pressure from local 

conditions. Divergence due to niche differentiation and introgressive hybridization 

should impact on different aspects of morphology (Abrams, 1986). The latter seems to 

have a greater effect on the divergence of bat pelage colour. Instead, introgression 

seems to act as a homogenising force over morphometric traits, such as wing and 

dentition shape and size. Finally, we argue that a balance between introgressive 

hybridization and interspecific competition, beyond mediating species divergence, 

shapes their interactions with the environment by impacting morphological traits under 

selection. 
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Figure S5.1 - CIELAB colour space expressing colours in three values: L* for perceptual 

lightness, and a* and b* for the scales of the four colours of human vision: red and green, blue 

and yellow, respectively. 
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Multiple comparisons of morphometric variables 

 

 Allopatry versus sympatry 

 

Within each species there were no differences in forearm (FA) length between 

allopatric and sympatric groups, though both groups of both species differed 

significantly from the others of its sibling. Nevertheless, FA differences between the two 

species in allopatry was slightly higher than that found in sympatry. 

Allopatric and sympatric groups differed significantly in the variable D3 MC within each 

species. The same also occurred between sympatric groups of species, as well as 

between their allopatric groups. Differences between both species in allopatry was also 

slightly higher than that found in sympatry. Multiple comparison in D5 MC followed the 

same pattern. Allopatric and sympatric groups differed significantly within each species. 

However, there were no significant differences between species in the sympatric area, 

only between individuals of allopatric regions. 

For phalange measures, such as D5 F1, all groups differed from allopatric E. 

isabellinus due to its lowest length, except from individuals living in sympatry with E. 

serotinus. Therefore, in allopatry both species differed significantly in the size of the 

first phalanges, while in sympatry there were no significant differences. 

There were no differences in the dentition variable CM3 within species between 

allopatric and sympatric groups. However, both groups of both species differed 

significantly from the other species. In this case, differences in CM3 between both 

species in allopatry was essentially similar than that found in sympatry.  

Finally, the results demonstrated statistically significant differences in C1-C1 variable 

between allopatric E. isabellinus and both groups of E. serotinus (sympatric and 

allopatric). However, in that case, under sympatry there was no significant differences 

between both species unlike what happens in allopatry.  

From a multivariate point of view, there were no significant differences in the bats’ 

size between allopatric and sympatric groups within each species. However, both 

groups of both species differed significantly from the other species’ groups. 

Nevertheless, size differences between both species in allopatry was slightly higher 

than that found in sympatry. Regarding the shape component (PC2 morphology), there 

were no significant differences within each species when in the presence or absence of 

its sibling. No significant differences were found among individuals of the two species 

when they were in sympatry, while in allopatry the differences in the bats’ shape were 
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clearly significant. For allopatric E. serotinus the shape component stood out as 

substantially different, making it significantly different even from the sympatric E. 

serotinus group. 

 

 Hybrids versus parental species 

 

The FA length of hybrids did not differ significantly between groups, with both 

parental species showing intermediate values. E. serotinus had the longer average 

length of FA (both allopatric and sympatric, in this order) followed by the hybrids and E. 

isabellinus (sympatric and allopatric). 

Regarding the metacarpals, hybrids only differed significantly from allopatric E. 

serotinus, having significantly lower D3 MC and D5 MC.  Allopatric E. serotinus had the 

longest metacarpals and hybrids showed the lowest values in both finger (D3 and D5). 

Sympatric groups revealed intermediate values between the respective allopatric 

groups of each species and the hybrids (Table 5.1). The exception was sympatric E. 

isabellinus group that shared the lowest values with hybrids in the metacarpals of the 

fifth finger. 

In contrast, hybrids had the longest first phalanges although they did not differ 

from the rest of the groups. Both sympatric groups had higher values than the 

respective allopatric groups and intermediate between them and the hybrids (Table 

5.1). 

Hybrids showed intermediate values of CM3 between both parental species, with 

significantly higher values than both E. isabellinus groups. E. serotinus had the longest 

CM3 (mainly allopatric E. serotinus), followed by the hybrids and E. isabellinus 

(sympatric and allopatric) (Table 5.1). Regarding C1-C1, hybrids showed the lowest 

values alongside the allopatric E. isabellinus, which was the only group from which 

hybrids did not significantly differ (Table S1). In the multivariate analysis, hybrids 

showed intermediated phenotypes in dentition, wing sizes (PC1 morphology) and the 

metacarpals and first phalanges proportion, as well as between the length of the first 

phalanges and the dentition (mainly CM3) (PC2 morphology).  
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Table S5.1 - Statistical values of multiple comparisons of original morphometric variables 

according to the post-hoc Fisher’s LSD test. Green cells represent significant differences (P < 

0.05). 

 

Fisher’s LSD 

  Eisa_all Eisa_sy Hybrid Eser_sy Eser_all 

   FA 

Eisa_all     0.826 0.451 0.008 0.006 

Eisa_sy 

D3 MC 

0.026   0.535 0.013 0.010 

Hybrid 0.524 0.670   0.253 0.317 

Eser_sy 0.249 0.003 0.219   0.752 

Eser_all 0.000 0.000 0.005 0.005   

       

   D5 MC 

Eisa_all     0.047 0.513 0.891 0.001 

Eisa_sy 

D5 F1 

0.085   0.771 0.066 0.000 

Hybrid 0.011 0.080   0.483 0.029 

Eser_sy 0.004 0.132 0.375   0.008 

Eser_all 0.036 0.721 0.110 0.220   

       

    CM3 

Eisa_all    0.254 0.000 0.000 0.000 

Eisa_sy 

C1-C1 

0.019  0.002 0.000 0.000 

Hybrid 0.572 0.040  0.171 0.059 

Eser_sy 0.003 0.301 0.009  0.563 

Eser_all 0.004 0.593 0.017 0.554  
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Multiple comparisons of colour variables 

 

All groups differed significantly from allopatric E. serotinus in the a* b* Grey-

Brown scale (PC1 colour), being the only one in the grey space of the colour pallet.  In 

terms of lightness (PC2 colour), allopatric E. serotinus was only not significantly 

different from individuals of the same species when in sympatry (they were equally 

dark although in sympatry they tended to be significantly browner). In sympatry both 

species also differed significantly, however, contrary to the morphometric variables, this 

difference was slightly higher than that found between species in allopatry. According 

to colour multivariate analyses, hybrids were browner than E. serotinus in allopatry and 

lighter than it both in sympatry and allopatry (Table S5.5). For L* Lightness component 

(PC2 colour), hybrids demonstrated the lightest colour patterns (both in their dorsal and 

ventral coat) despite being not significantly different from both E. isabellinus groups 

(sympatric or allopatric) (Figure 5.3 and Table S5.5). 
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Table S5.2 - Statistical values of multiple comparisons of dorsal and ventral original colour 

variables (L*, a* and b*). Green cells represent significant differences (P < 0.05). 

 

Fisher’s LSD 

  Eisa_all Eisa_sy Hybrid Eser_sy Eser_all 

       

   L* dorsal 

Eisa_all    0.423 0.318 0.004 0.015 

Eisa_sy 

 

   0.618 0.000 0.006 

Hybrid     0.045 0.120 

Eser_sy      0.692 

Eser_all       

   b* dorsal 

Eisa_all     0.474 0.240 0.043 0.152 

Eisa_sy 

a* 

dorsal 

0.286   0.395 0.018 0.002 

Hybrid 0.077 0.194   0.435 0.003 

Eser_sy 0.010 0.005 0.501   0.000 

Eser_all 0.045 0.000 0.000 0.000   

       

   b* ventral 

Eisa_all     0.747 0.311 0.298 0.007 

Eisa_sy 

a* 

ventral 

0.938   0.283 0.196 0.000 

Hybrid 0.581 0.486   0.885 0.000 

Eser_sy 0.390 0.170 0.799   0.000 

Eser_all 0.000 0.000 0.000 0.000   
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Table S5.3 - Principal components extracted from the PCA analysis, with the respective 

eigenvalues, % variance explained, Cronbach‘s α and weight of each variable.  

 

Morphometric 

variables 

Morphometry Colour 

PC1 

(Size) 

PC2 

(Shape) 

PC1 

(a*b* Grey-Brown) 

PC2 

(L* lightness) 

FA 0.973 -0.071 - - 

D3 MC 1.020 -0.159 - - 

D3 F1 0.679 1.035 - - 

D5 MC 0.939 -0.253 - - 

D5 F1 0.759 0.757 - - 

C1-C1 0.693 -0.390 - - 

CM3 0.656 -1.030 - - 

L* dorsal - - -0.387 1.125 

a* dorsal - - 1.084 0.139 

b* dorsal - - 1.032 0.128 

L* ventral - - -0.436 1.157 

a* ventral - - 1.028 0.114 

b* ventral - - 0.989 0.546 

Eigenvalue 3.315 1.245 3.552 1.450 

Variance explained 43.92% 15.90% 59.19% 24.17% 

Cronbach‘s α 0.815 0.230 0.862 0.373 
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Table S5.4 - Statistical values of multiple comparisons of means orders of morphometric PCA 

variables. Green cells represent significant differences (P < 0.05). 

 

Tukey’s LSD 

 

  Eisa_all Eisa_sy Hybrid Eser_sy Eser_all 

   PC1 Size 

Eisa_all     0.992 0.715 0.009 0.000 

Eisa_sy 

PC2 

Shape 

0.994   0.860 0.024 0.000 

Hybrid 0.987 0.940   0.781 0.214 

Eser_sy 0.267 0.124 0.889    0.732  

Eser_all 0.002 0.000 0.328 0.727   

       

       

 

 

 

 

Table S5.5 - Statistical values of multiple comparisons of means orders of dorsal and ventral 

PCA colour variables. Green cells represent significant differences (P < 0.05). 

 

Fisher’s LSD 

 

  Eisa_all Eisa_sy Hybrid Eser_sy Eser_all 

   PC1 a*b* Grey-Brown 

Eisa_all     0.505 0.214 0.033 0.021 

Eisa_sy 

PC2 L* 

Lightness  

0.883   0.315 0.008 0.000 

Hybrid 0.578 0.532   0.409 0.000 

Eser_sy 0.164 0.008 0.023   0.000 

Eser_all 0.018 0.000 0.001 0.133   
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Detail description of classification analyses 

 

Species discrimination through classification statistics 

 Stepwise DFA with and without hybrids 

 

The morphometric stepwise DFA generated one discriminant function, retaining 

all variables as statistically significant (D3_F1 only marginally [F=3.643, p=0.058]). A 

single discriminant function was defined mainly by D3_MC and CM3. This function 

discriminated the two species (Λ=0.579, 2
(7) = 53.773, p<0.001). The results of 

Classification Statistics showed that 49 out of 58 E. isabellinus individuals (84.5%) and 

36 out of 46 E. serotinus individuals (78.3%) were classified correctly. The percentage 

of individuals classified correctly by stepwise DFA to morphometric variables in the 

presence of hybrids was 81.7%. 

The morphometric stepwise discriminant analysis after hybrids removing 

generated also one discriminant function, with FA, D3_MC, D5_MC (marginally 

significant [F=3.450, p=0.069]) and CM3 as statistically significant variables. A single 

discriminant function was defined mainly by D3_MC and CM3. This function 

discriminated the two species (Λ=0.632, 2
(4)=21.073, p<0.001). The results of 

Classification Statistics showed that 30 out of 32 E. isabellinus individuals (96.0%) and 

12 out of 18 E. serotinus individuals (66.7%) were classified correctly. The total 

percentage of individuals classified correctly by stepwise DFA of morphometric 

variables increased to 84.0% after hybrids removing. 

 

The colour stepwise DFA generated also only one discriminant function, with 

L*_dorsal, a*_dorsal, b*_dorsal and L*_ventral as statistically significant variables. A 

single discriminant function was defined mainly by dorsal colour scales (a*_dorsal, 

L*_dorsal and b*_dorsal - in this decreasing order of influence). This function 

discriminated the two species (Λ=0.842, 2
(4)=10.115, p=0.039). The results of 

Classification Statistics showed that 36 out of 39 E. isabellinus individuals (92.3%), but 

only 9 out of 24 E. serotinus individuals (37.5%) were classified correctly. The 

percentage of individuals classified correctly by stepwise DFA to colour variables in the 

presence of hybrids was 71.4%. 

After removing hybrids the colour stepwise discriminant analysis generated also 

one discriminant function, once again with L*_dorsal, a*_dorsal, b*_dorsal and 

L*_ventral as statistically significant variables. A single discriminant function was 
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defined mainly by variable L*_dorsal. This function discriminated the two species 

(Λ=0.762, 2
(4)=14.114, p=0.007). The results of Classification Statistics showed that 36 

out of 39 E. isabellinus individuals (92.3%), but only 8 out of 17 E. serotinus individuals 

(47.1%) were classified correctly. The total percentage of individuals classified correctly 

by stepwise DFA of colour variables increased to 78.6% after hybrids removing. 

 

 Support Vector Machine with and without hybrids 

 

SVM generated one discriminant function based on morphometric PC1 and PC2 

as predictors’ variables that summarized all morphometric traits. Once composed of 

only two variables, a single classification function was defined similarly by PC1 and 

PC2 in the same direction. After simulations, the results of Classification Statistics 

showed that 45 of 57 individuals of E. isabellinus (78.9%) and 34 of 47 individuals from 

E. serotinus (72.3%) were classified correctly (Figure S5.2). The percentage of 

individuals classified correctly by SVM of morphometric variables in the presence of 

hybrids was 75.0%.  

Without hybrids, SVM generated one discriminant function based on 

morphometric PC1 and PC2 as predictors’ variables that summarized all morphometric 

traits. Once composed of only two variables, a single classification function was 

defined especially by PC1. After simulations, the results of Classification Statistics 

showed that 26 of 31 individuals of E. isabellinus (83.9%) and 14 of 21 individuals from 

E. serotinus (66.7%) were classified correctly (Figure S5.2). The percentage of 

individuals classified correctly by SVM to summarized morphometric variables 

increased to 76.9% after removing hybrids. 

 

SVM generated also one discriminant function based on colour PC1 and PC2 as 

predictors’ variables that summarized all colour variables. Composed by only two 

variables, a single classification function was defined mainly by PC1. After simulations, 

the results of Classification Statistics showed that 36 of 39 individuals of E. isabellinus 

(92.3%) and only 7 of 24 individuals from E. serotinus (29.2%) were classified correctly 

(Figure S5.2). The percentage of individuals classified correctly by SVM of colour 

variables in the presence of hybrids was 68.3%. 

Without hybrids, the colour SVM generated one discriminant function based on 

PC1 and PC2 as predictors’ variables that summarized all colour variables. Once 

composed by only two variables, a single classification function is defined similarly by 
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PC1 and PC 2 in opposite directions. The results of Classification Statistics showed 

that 37 of 48 individuals of E. isabellinus (77.1%) and only 2 of 8 individuals from E. 

serotinus (75.0%) were classified correctly (Figure S5.2). The percentage of individuals 

classified correctly by SVM of summarized colour variables increased to 76.8% after 

removing hybrids. 

 

 Discriminant and classification functions 

 Stepwise DFA with hybrids 

 

Morphometry 

Discriminant function (eigenvalue=0.726): 

Species = 0.183 (FA) + 0.692 (D3_MC) – 0.468 (D3_F1) – 0.259 (D5_MC) – 

0.359 (D5_F1) + 0.271 (C1_C1) + 0.837 (CM3). 

 

Classification functions: 

E. isabellinus = 16.760 (FA) + 6.148 (D3_MC) – 4.801 (D3_F1) – 3.999 

(D5_MC) -6.861 (D5_F1) + 31.608 (C1_C1) + 25.371 (CM3) + 600.300 

E. serotinus = 16.948 (FA) + 6.790 (D3_MC) – 5.576 (D3_F1) -4.214 (D5_MC) 

– 6.077 (D5_F1) + 30.035 (C1_C1) + 29.193 (CM3) + 643.292 

Colour 

Discriminant function (eigenvalue=0.187): 

Species = 0.686 (L*_dorsal) – 0.825 (a*_dorsal) + 0.571 (b*_dorsal) + 0.111 

(L*_ventral). 

Classification functions: 

E. isabellinus = 2.094 (L*_dorsal) + 13.092 (a*_dorsal) – 0.840 (b*_dorsal) + 

2.243 (L*_ventral) – 131.706 

E. serotinus = 1.979 (L*_dorsal) + 13.568 (a*_dorsal) – 0.922 (b*_dorsal) + 

2.223 (L*_ventral) – 128.605 

 

 Support Vector Machine with hybrids 

 

Morphometry 

SVM function: 

Species = - 4.59 (PC1_morphometry) – 4.08 (PC2_morphometry) + 0.02. 

Colour 
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SVM function: 

Species = - 4.39 (PC1_colour) – 0.28 (PC2_colour) - 0.42. 

 

 Stepwise DFA without hybrids 

 

Morphometry 

Discriminant function (eigenvalue=0.581): 

Species = 0.026 (FA) + 0.501 (D3_MC) – 0.148 (D5_MC) + 0.815 (CM3). 

Classification functions: 

E. isabellinus = 21.383 (FA) + 6.178 (D3_MC) – 1.729 (D5_MC) + 34.384 

(CM3) – 780.827 

E. serotinus = 21.412 (FA) + 6.696 (D3_MC) – 1.850 (D5_MC) + 38.063 (CM3) 

– 829.241 

Colour 

Discriminant function (eigenvalue=0.312): 

Species = 0.830 (L*_dorsal) – 0.395 (a*_dorsal) + 0.395 (b*_dorsal) + 0.182 

(L*_ventral). 

Classification functions: 

E. isabellinus = 2.258 (L*_dorsal) + 12.308 (a*_dorsal) – 0.786 (b*_dorsal) + 

2.193 (L*_ventral) – 131.525 

E. serotinus = 2.054 (L*_dorsal) + 12.619 (a*_dorsal) – 0.851 (b*_dorsal) + 

2.148 (L*_ventral) – 123.650 

 

 Support Vector Machine without hybrids 

 

Morphometry 

SVM function: 

Species = -57.49 (PC1_morphometry) – + 25.91 (PC2_morphometry) – 2.97. 

Colour 

SVM function: 

Species = -4.44 (PC1_colour) + 3.29 (PC2_colour) – 0.51. 
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Figure S5.2 - Support Vector Machine classification plots based on morphometric (on left) and colour 

traits (on right) for both parental species in sympatry, including hybrids on top and excluding them on the 

bottom. Density of probability of correct classification rate was based on Kernel statistics. Red spots 

regard E. isabellinus and the blue ones E. serotinus.  
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Chapter 6 

6 General Discussion 

 

  

 

“Given so much time, the ‘impossible’ becomes 

possible, the possible probable, and the probable 

virtually certain” 

 

George Wald, 1954
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6.1 The relevance of knowledge about introgression 

 

The great relevance of studying introgression is linked to structural issues related to the 

mechanisms behind the evolutionary processes and it is often underlying the genetic admixture 

influencing the divergence process (Gompert et al., 2013; Lazic et al., 2021). Moreover, its 

importance is also related to methodological issues, as introgression presents structural features 

(genomics and others) useful to test new approaches, both laboratorial (Sankararaman, 2020) and 

bioinformatics (Forsythe et al., 2020). Novelties on the study on introgression are also related to 

conjectural circumstances, for instance the adaptation of organisms to the current climate change 

(Leroy et al., 2017; Mao et al., 2018; Quigley et al., 2019; Ryan et al., 2018) or the capacity of 

other, which represents a threat to human health, to adapt to the technological development, such 

as the resistance of malaria mosquito to insecticides (Fouet et al., 2018; Norris et al., 2015) or the 

ability of some bacteria to transfer resistance to antibiotics (Mallet et al., 2016; Palmer et al., 2010). 

Finally, this topic has underlying psycho-social, historical and ideological issues (Arnold, 

2004). The polarization of opinion on genetic admixture directly and paradoxically influences the 

path of technological progress (in areas such as agriculture or cattle husbandry (Henkel et al., 

2019)) and the development of genetic rescue through assisted interbreeding as a management 

program for biodiversity conservation (Chan et al., 2019; Quigley et al., 2019). Yet, scientific facts 

inherent to adaptive introgression give rise to an intense theoretical and philosophical debate on 

prejudices against admixture (genetic, cultural or social) (Paterson, 1985), which can potentially be 

at the root of some forms of discrimination (e.g. biological racism) (Fredrickson, 2002). It occurs 

particularly when these discrimination thoughts have an underlying the idea of "safeguarding the 

integrity" (Mayr, 1942; O’Brien et al., 2009) of "superior" human groups (Cortes and Salgado, 

2011). Social relevance of studying introgression is based on its potential capacity to justify with a 

scientific narrative the humans’ freedoms and guarantees (Plakhotniuk et al., 2021) that lead to 

active strategies to promote a global social progress towards a compromising and anti-

discriminatory society (Iheduru-Anderson and Wahi, 2021; Markey et al., 2012; Razack, 1999). 

 

6.2 Main current trends on the knowledge about introgression 

 

Introgression is currently a topic under intense debate among the scientific community. While 

some authors reinforce, for example, the potential of adaptive introgression for species 

conservation (Quilodrán et al., 2020) under climate change (Quigley et al., 2019), others argue that 

the potential increase of introgression as a response to climate change (Todesco et al., 2016)  has 

the potential to threaten species diversity (Owens and Samuk, 2020). An assessment of the 
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scientific relevance of this topic compared to all current scientific literature, both in terms of citations 

and attention scores, revealed introgression as a particularly important topic for current science. A 

quarter of its papers are nowadays within the top 5% of the most cited and commented papers in 

the world. 

From anthropology (Mondal et al., 2016; Silvert et al., 2019; Vernot et al., 2016) to 

microbiology (Leducq et al., 2017; Sun et al., 2012), passing through phylogeny (Ceballos et al., 

2019; Stryjewski and Sorenson, 2017) or behavioural sciences (Pfennig, 2007; While et al., 2015), 

there has been a significant increase in research teams and publications on the theme (de 

Lafontaine et al., 2015; Moran et al., 2021; Racimo et al., 2017), especially after 2012. 

Methodological developments in genomics, which gradually became widely used (Hayden, 2014), 

are at the root of this exponential increase (Moran et al., 2021). More advanced techniques than 

those used previously, increased the researchers' ability to detect regions of the genome under 

recombination as well as, although less frequently, their phenotypic outcomes (Kuhlwilm et al., 

2019; Ryan et al., 2018). 

Though the research teams are mostly concentrated in North America and Western Europe, 

evidence of the current or past introgression occurrence (Moran et al., 2021) are widely spatially 

dispersed across the globe, in all major biomes (Clarkson et al., 2014; de Lafontaine and Bousquet, 

2017; Ghenu et al., 2018; Mao et al., 2018; Ryan et al., 2018). There are many biological 

arguments used by the authors to justify the polarity of their opinions on this evolutionary 

phenomenon. Despite being very similar in number, the arguments that tend to consider its effect to 

be beneficial are significantly more mentioned than the negative ones. So, when introgression can 

lead to an effective change in species fitness, there is a tendency in the scientific community to 

consider it as positive for enhancing adaptation to new or changing environmental conditions 

(Bahbahani et al., 2018; Gittelman et al., 2016; Lewontin and Birch, 1966). 

 

6.3 Merging the knowledge about introgression functionality 

 

The characterization and demonstration of the process of introgression across the tree of life 

regarding the general mechanisms under which it can contribute to adaptation are crucial in 

providing new insights for empirical studies.  

Introgression may express itself on genomic, physiology, reproductive behaviour and at 

demographical levels. Many studies have looked at the genomic mechanisms through which 

adaptive introgression occurs (Brower, 2018; Ferreira et al., 2021; Gagnaire et al., 2013; Matosiuk 

et al., 2014; Pujolar et al., 2014; Sarver et al., 2017). Other authors focused on physiological 

constraints that introgression can cause, namely on endogenous traits that may act like breeding 

barriers, impacting on its adaptive capacity (Dopman et al., 2005; While et al., 2015). Some authors 
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also demonstrated the importance of reproductive behaviours on introgression patterns (McDonald 

et al., 2001; While et al., 2015; Yang et al., 2018). Finally, there are also important patterns of 

introgression derived from demographic disparities (Meier et al., 2017; Ray and Excoffier, 2009). 

This thesis demonstrated that the main drivers of introgression increase its complexity across the 

biological organization, from genomics, physiology, demography to behaviour, through a taxonomic 

complexity gradient. The increase in the structural complexity of organisms throughout their 

evolutionary history has consecutively brought new challenges to the occurrence and functioning of 

the introgression process. It was highlighted as a general overview that introgression acts in parallel 

with divergence, evolving and establishing in balance through interconnected mechanisms 

(Pauquet et al., 2018; Pfennig, 2007; Staubach et al., 2012). For example, constraints caused by 

cyto-nuclear discordance (Bonnet et al., 2017; Brower, 2018; Morales et al., 2018) or by the 

presence of islands of differentiation in sex-linked chromosomes (Runemark et al., 2018) can be 

circumvented by mechanisms of autosomal introgression. Others, such as genetic drift (Gompert et 

al., 2013; Wade and Goodnight, 2006) or physiological constrains (Kulmuni and Pamilo, 2014) can 

be overcome through selection and sex-biased introgression, respectively. Finally, risks derived 

from genetic swamping (Todesco et al., 2016) or constraints promoted by behaviours such as 

assortative mating (Ng et al., 2017; Poelstra et al., 2018; Salazar et al., 2008) can be mitigated by 

directional introgression and sexual selection, respectively. Finally, it was shown that adaptation to 

environmental conditions is the ultimate target of the introgression process that is simultaneously 

mediated by environmental conditions (Bahbahani et al., 2018; Ferreira et al., 2021), regardless of 

the degree of the organisms’ complexity. 

 

6.4 Introgression during the process of divergence 

 

Divergence was frequently assumed to occur mainly through phases of allopatry (Baiz et al., 

2019; Renaut et al., 2013; Slager et al., 2020). However, differences in recombination prevalence 

may contribute to explain cases of divergence in the presence of gene flow (Wadsworth et al., 

2015). There are remarkable examples not only of the co-existence of both phenomena (Aguirre-

Liguori et al., 2019; Wadsworth et al., 2015) but also of the potential that introgression presents as 

an enhancer of divergence (Morales et al., 2017), not only through hybrid speciation (Comeault, 

2018; Nolte and Tautz, 2010; Schumer et al., 2013) but also as a potential promoter of adaptive 

radiation (Poelstra et al., 2018; Zhang et al., 2016). The balance that is established in the way both 

phenomena work can explain the possibility of co-occurrence of introgression and divergence, but 

the knowledge on the consequences for the evolution of two distinct lineages is still on its first steps 

(Lind-Riehl and Gailing, 2017). The results of this work demonstrated that cryptic Iberian bats 

species (Eptesicus serotinus (Schreber 1774) and E. isabellinus (Temminck 1840)) can coexist 
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during secondary contacts under antagonistic evolutionary forces, imposed simultaneously by 

introgressive hybridization and competition. This balance should be driven from partitioning of 

resources, microhabitats and roosts, eventually sufficient for stable coexistence 

(Novella‐Fernandez et al., 2020). On the contrary, introgressive hybridization should lead these 

species to an evolutionary convergence, as an adaptation process to ecological condition of the 

contact zone such as trophic resources (preys availability) and macro-habitats (vonHoldt et al., 

2016). Divergence due to niche differentiation and introgression impact different aspects of 

morphology over different directions. While the former can have an effect on the divergence of bats’ 

pelage colour, introgression seems to act as a homogenising force over morphometric traits, such 

as wing and dentition on both shape and size. These conclusions suggested that there is a balance 

between introgressive hybridization and interspecific competition that mediates species divergence 

shaping their interactions with the environment. 

 

6.5 The importance of evolutionary history for introgression occurrence 

 

There seems to be no consensus regarding the prevalence of introgression in nature when it 

leads to a change in the fitness of introgressing species. Opinions range from “Very rare” 

(Weetman et al., 2014) to “Ubiquitous” (Ghenu et al., 2018; Ryan et al., 2018). On average the 

authors tend to consider introgression only as an evolutionary phenomenon that occurs in “Few 

cases”. Interestingly, the increase in the number of scientific evidence does not seem to have 

changed the authors' perception of introgression prevalence despite its occurrence has been 

described in a wide variety of organisms, from prokaryotic, unicellular and multicellular eukaryotic 

species (Brand et al., 2013; Caseys et al., 2012; Ravinet et al., 2018). Even so, most of the 

scientific evidence has been confirmed in animals, especially in mammals (including humans) 

contrary to the idea of some authors that it would be eventually more frequent in plants (de 

Lafontaine et al., 2015).  

In this thesis it was found that both time and type of divergence, responsible for different 

levels of genetic, physiological and behavioural changes (Trigo et al., 2013), appear to be 

determining factors for the number of species able to mutually share their genes through 

introgression. Species going through microevolution (Palmer and Kronforst, 2015; Richards and 

Martin, 2017) or secondary contacts during preliminary stages of macroevolution (Leroy et al., 

2017; Ward and Baxter, 2018) have shown greater connectance in terms of number of taxa they 

adaptively introgress with. On the contrary, the majority of taxa, has lower connectance (around 

one per taxa) mainly because of their more advanced stages of macroevolution. The interval of time 

that a species remains isolated from the others (within each phase of divergence) represents 
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another important factor affecting the occurrence and the patterns of introgression (Nosil et al., 

2012) during the following periods of sympatry, impacting its intensity, symmetry and/or direction. 

More ancient taxonomic groups have a natural ability to promote introgression with other 

groups with higher phylogenetic distance thus with higher probability for this phenomenon to occur. 

On the one hand, the most ancient species tend to have smaller genomes, thus less likely to 

generate genetic incompatibilities, being more permeable to recombination (Blommaert, 2020). 

Secondly, the mating strategies under high rates of stochasticity and weak or even non-sexual 

selection are additional explanations for the higher potential extent of introgression (Kim et al., 

2018; Takahashi and Takata, 2000) among ancient taxonomic groups, such as Gymnosperms, 

Crustacea or Mollusca (Baur, 1998; Wang and Ran, 2014) in contrast to Angiosperms, Birds or 

Mammals (Jiang et al., 2013; Tylianakis Jason, 2013; Wang et al., 2019). 

 

6.6 Evolutionary outcomes of introgression 

 

Many mechanisms behind evolution are far from being completely understood. It seems 

consensual that despite being non-linear, the evolutionary process does not inevitably culminate in 

divergence (Garrick et al., 2020). Phenomena such as the fusion of once divergent lineages 

(Garrick et al., 2014) or the increase of speciation through theoretically converging evolutionary 

forces, such as introgressive hybridization (Comeault, 2018; Morales et al., 2017; Seehausen, 

2004), are prominent examples of its complexity. As previously argued, a number of evolutionary 

processes that initially seemed impossible are not only possible but probable, and even eventually 

certain, if we give them the necessary time to occur (Wald, 1954). Even processes identified as 

“rare” can have very wide impacts on evolutionary history. For example, even if first-generation 

hybrids show high levels of post-zygotic breakdown or a marked reduction in fitness compared to 

their parental species, this does not necessarily indicate that the same will occur with their 

backcrosses and/or that these factors may change if environmental circumstances quickly change 

(Arnold and Hodges, 1995).  

Any natural phenomenon seems negligible from an evolutionary point of view (Wald, 1954). 

Its relevance is that it changes according to the spatial-temporal dynamics of environmental 

conditions. For example, even if two species meet in a geographically very limited contact zone, the 

impact of adaptive introgression can reach far across the range of occurrence of both species by 

phenomenon such as allele surfing (Matosiuk et al., 2014; Norris et al., 2015; Sarver et al., 2017). 

In terms of phylogeny, even if introgression is restricted to closely-related species, the occurrence 

of particularly “promiscuous” species increases the potential evolutionary reach of introgression 

(Dasmahapatra et al., 2012). Acting as an introgression bridge between third-party species that do 
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not hybridize directly with each other, these specialists’ donor and receptor species may promote 

potential indirect introgression, which could vastly increase the reach of introgressed alleles. 

Although introgression has been analysed in this work as a product of vertical gene transfer 

via hybridization, the occurrence of similar adaptive processes via horizontal gene transfer, from a 

theoretical point of view, is not only possible but also probable or eventually certain in a wide range 

of species (Xia et al., 2021). Recent evidence demonstrated the occurrence of horizontal gene 

transfer with adaptive outcomes in extreme phylogenetic distances, from plants toward insects (Xia 

et al., 2021). Thus, intense biological interactions (e.g. parasitism, herbivory, pollination, etc.) along 

co-evolutionary processes may also be generators and empowering of allelle sharing when the 

traits of one species exert a selective pressure on the other (Lin et al., 2007). This new evidence 

points to the fact that adaptive beneficial outcomes derived from natural gene transfer (both 

horizontal or vertical) occur through diverse paths (Enard and Petrov, 2018) and in a much wider 

phylogenetic range than is normally considered (Soucy et al., 2015), and therefore, they may have 

a truly primordial evolutionary relevance (Yair et al., 2021). 

 

6.7 Final remarks 

 

The ability of introgressed alleles to be transcribed into proteins and promote an effective 

change in phenotypes has not always been possible to clarify in literature (Moran et al., 2021). 

Despite several methodological approaches and hypotheses tested on the systematic review about 

introgression from this thesis, it would be possible to widen the scope of the results by analysing 

deeply the data regarding introgression outcomes, both phenotypic and ecological. This remains an 

important issue, especially since it is the phenotypes that potentially affect species fitness and that 

are under the direct impact of natural selection. Compiling the current knowledge about the 

physiological systems most affected by introgression and in what respects, taking into account the 

taxonomic group and the polarity of its consequences, represents a fundamental step towards 

understanding its real capacity to affect the fitness of recipient lineages. On the other hand, it will be 

only possible to consider integrating introgression into conservation plans for endangered species 

conservation if we understand in depth its consequences for the relationship of recipient lineages 

with the environmental conditions (Quigley et al., 2019). 

The results of this study provided general overviews of major hypotheses to test with 

empirical data. There are several knowledge gaps about introgression operation that still remain 

open. From a genomic point of view, the impact of islands of speciation into the sex-linked 

chromosomes on the reproductive performance of heterogametic sex, not only by directly 

promoting sterility (or even total inviability) was seldom analysed (Walsh et al., 2016). The 

occurrence islands of speciation outside of sex chromossomes can be considered as “incidental” by 
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random processes (Sun et al., 2012). However, their impacts on introgression are still unknown. 

Another caveat regards the connection between breeding behaviours (sexual selection, intra-sexual 

interspecific mating competition, parental care, etc.) and the genetic drivers of introgression. There 

are a few examples detecting relationships between sexual selection and the direction of 

introgression from native-to-colonizer species, which should represent an adaptive strategy for 

colonizer species, to promote better-adapted traits to the local environmental conditions. Finally, 

there are interesting examples, but still little evidence of geographic expansion of introgressed 

alleles beyond contact zones, for example through allele surfing (Matosiuk et al., 2014; Norris et al., 

2015; Sarver et al., 2017). Nonetheless, it seems essential to clarify the real spatial extent of 

introgression. One of the most interesting challenges that emerge from the results of this work is 

related to the potential occurrence of indirect introgression. Clarifying this point is really important to 

understand the true extent and taxonomic reach of introgression via vertical gene transfer. On the 

other hand, the results of this work indicate that it is plausible that in past geological eras 

introgression should represent an even more relevant source of genetic variation, adaptability and 

accelerated speciation. It should have decreased gradually as organisms became genomically, 

physiologically and behaviorally more complex. Testing this assumption requires extensive 

paleogenomic analyses of natural communities from past geological eras. 

Cryptic bat species represent excellent case studies for empirical studies on introgression, as 

demonstrated in this work, due to their phylogenetic proximity and partial niche overlap, as well as 

morphological similarity and high potential for hybridization (Jones, 1997). It is particularly 

interesting the study of the introgression process of cryptic bats species as an adaptive strategy to 

fast environmental changes, particularly to climate change. However, much work remains to be 

done on the drivers that condition its expression (genomic, physiological, demographic and 

behavioral). Questions such as the direction, extent and prevalence of introgression remain to be 

clarified, as well as the identification of multiple signatures of species-specific positive selection, 

affecting genes related to adaptive traits outside the original phenotypic range of both parental 

species. In paralell, it is important to understand how landscape features act as promoters or 

barriers of introgressed allele surfing, helping to clarify the spatial extent of introgression. Finally, 

cryptic bat species can represent the first options to test on a practical point of view how to 

implement assisted gene flow, designed through genomic architecture of admixture of genes, 

underlying the adaptation to climate change. Designing a network of ecological corridors, 

considering optimum ecological conditions for introgression occurrence and spatial patterns of 

future gene flow, can contribute to minimize the impact of ongoing climate change on species. 

In another perspective, this thesis demonstrated that the annual publication of a large number 

of papers on introgression is capable of influencing the public perception of genetic admixture in the 

medium-long term. If, on the one hand, it is proven that promoting investigation of this topic has 
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significant social influence, making it possible to transform emotional reactions into opinions based 

on scientific facts, on the other hand, its ability to shape the beliefs and mentalities of different 

social groups remains uncertain. Furthermore, it was clear that issues of phylogenetic distance 

influence public opinion on a topic such as genetic miscegenation, which is why it is at the root of 

many forms of discrimination and prejudice. This is another conclusion that needs further studies in 

the future helping to clarify the psycho-sociological processes behind phenomena such as 

biological racism. 

 

In conclusion, this work has made a contribution to clarify the amplitude and relevance of 

genetic admixture for life by organizing, merging and analysing the current knowledge trends on 

introgression. Corroborating previous assumptions, it emphasized that introgression occurrence 

was demonstrated whenever sought (Maxwell et al., 2019; Vicente et al., 2017), and probably being 

the rule in nature more than the exception (Brennan et al., 2013). A methodological revolution in 

genomics is behind most of the current evidence (Kuhlwilm et al., 2019). These new advances 

boosted the scientific community's capacity and interest in exploring introgression. They helped to 

promote this topic as one of the most important in current science, taking into account the scope of 

publications in the context of the global scientific literature. The multidisciplinary nature of the study 

on introgression, as well as the transverse nature of its consequences, explains the public's interest 

in this topic. This work highlighted the capacity and importance of scientific publications to change 

public opinion, placing it on a less emotional and more factual basis. In this aspect, the high number 

of publications and the delay of scientific translation are two preponderant factors. However, 

different degrees of bias still remain in the public perception about genetic miscegenation (Matusitz, 

2012; Nshom and Croucher, 2017), which can only be countered by a high degree of scientific 

communication (Iyengar and Massey, 2019). 

Concluding, introgression overflowed as a preponderant mechanism for the evolution of many 

species complexes, particularly those found in primordial phases of macroevolution or under 

microevolution processes. According to the main current knowledge patterns, introgression seems 

an evolutionary process acting in parallel with divergence, evolving and establishing in balance with 

it. Through interconnected mechanisms its drivers increase its complexity across the biological 

organization, depending on species structural complexity. As organisms gradually increase their 

genomic, physiological and behavioural complexity, more constraints on divergence processes for 

the occurrence of introgression. Alternative mechanisms promoting divergence allow the co-

occurrence of introgression albeit in the presence of divergence processes. Even so, it was 

demonstrated that simpler organisms present greater phylogenetic amplitude in the occurrence of 

introgression. Both the reduced size of the genome and the randomness in choosing a sexual 

partner seem to underlie this pattern. The results of the empirical studies identified a case study of 
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cryptic bats in which counteracting evolutionary forces currently co-exist (introgressive hybridization 

and competition), impacting different axes of ecological niches. 

Finally, the taxonomic and geographic prevalence of introgression and its demonstrated (or 

potential) adaptive and evolutionary relevance, current or past, allow to support the idea that 

introgression can transfer to each species/lineage/breed a fundamental instrumental value, which 

can go far beyond its intrinsic value. Each one can act as a genetic resource for evolutionary 

rescue at some point of the evolutionary process. This value is crucial and should be preserve, 

being particularly important under strong environmental changes, as the current ones, resulting 

from anthropogenic climate change. 
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Counteracting forces of introgressive hybridization and 

interspecific competition shape the morphological 

traits of cryptic Iberian Eptesicus bats 

 

 

 

 

Horta P., Raposeira H., Baños A., Ibáñez C., Razgour O., Rebelo H. & Juste J. (submitted). 

Counteracting forces of introgressive hybridization and interspecific competition shape the 

morphological traits of cryptic Iberian Eptesicus bats. Communications Biology. 
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During my PhD I was invited to collaborate in other scientific projects with researchers 

from several institutions. Six of these projects were not directly included in my thesis, but are 

outlined in this appendix because the respective publications partially resulted from the work 

developed in my PhD. As a result of these collaborations I was co-author of one article, two 

data papers, one occurrence dataset and two chapters in the book Bat calls of Britain and 

Europe. All of these publications are already published or accepted for publication. They arose 

from by-catches of several bats species during mist-netting sessions aimed for Eptesicus 

serotinus/isabellinus. In the first data paper, we used this information to analyse the 

performance of barcoding methodologies to catalogue bats’ biodiversity. Through this 

techniques it was possible to prove the presence of Myotis alcathoe in Portugal for the first 

time. In the second publication, under the scope of the InBIO Barcoding Initiative Database I 

was co-author of a database of Portuguese bats’ barcodes. In the third publication we provided 

detailed information on pest species predation by bats in Mediterranean ecosystems relevant 

for conservation biocontrol. Both book chapters are incorporated into a reference work on the 

echolocation characteristics of European bats in which I have reviewed and synthesized all relevant 

information about both target species of my PhD, namely E. serotinus and E. isabellinus. Finally, 

we published a data paper about the current and historical records of terrestrial, volant and marine 

mammal in Portugal. All of these publications are available below: 

 

1. Hidden in our pockets: building of a DNA barcode library unveils the first record of Myotis 

alcathoe for Portugal - Biodiversity Data Journal 8: e54479. DOI: 

https://doi.org/10.3897/BDJ.8.e54479 

 

2. The InBIO Barcoding Initiative Database: Portuguese Bats (Chiroptera) - Occurrence 

dataset accessed via GBIF.org. DOI: https://doi.org/10.15468/a4r5x9  

 

3. Combining DNA metabarcoding and ecological networks to inform conservation biocontrol 

by small vertebrate predators – Ecological Applications. DOI: 10.1002/eap.2457 

 

4. MAMMALS IN PORTUGAL: data set of terrestrial, volant and marine mammal occurrences in 

Portugal – Ecology. DOI: https://doi.org/10.6084/m9.figshare.14938437 
 

5. Bat calls of Britain and Europe: Eptesicus serotinus. - Pelagic Publishing. 

 

6. Bat calls of Britain and Europe: Eptesicus isabellinus. - Pelagic Publishing. 
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Hidden in our pockets: building of a DNA barcode 

library unveils the first record of Myotis alcathoe for 

Portugal 

 

 

 

 

Rebelo, H., Ferreira, S., Amorim, F., Horta, P., Raposeira, H., Santos, H., Beja, P., and Vanessa A. 

M. (2020). Hidden in our pockets: building of a DNA barcode library unveils the first 

record of Myotis alcathoe for Portugal. Biodiversity Data Journal 8, e54479. DOI: 

https://doi.org/10.3897/BDJ.8.e54479  
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The InBIO Barcoding Initiative Database Portuguese 

Bats (Chiroptera) 

 

 

 

 

Rebelo, H., Ferreira, S., Amorim, F., Horta, P., Raposeira, H., Santos, H., Beja, P., Sousa, P., and 

Mata V. (2020): The InBIO Barcoding Initiative Database: Portuguese Bats (Chiroptera). v1.2. 

CIBIO (Research Center in Biodiversity and Genetic Resources) Portugal. Dataset/Occurrence. 

DOI: https://doi.org/10.15468/a4r5x9   
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Combining DNA metabarcoding and ecological 

networks to inform conservation biocontrol by small 

vertebrate predators 

 

 

 

Mata, V. A., da Silva, L. P., Veríssimo, J., Horta, P., Raposeira, H., McCracken, G. F., Rebelo, H., 

and Beja, P. (2021). Combining DNA metabarcoding and ecological networks to 

inform conservation biocontrol by small vertebrate predators. Ecological Applications 

00( 00), e02457. DOI: https://doi.org/10.1002/eap.2457  
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MAMMALS IN PORTUGAL: a data set of terrestrial, 

volant and marine mammal occurrences in Portugal 

 

 

 

Grilo, C., Afonso, B.C., Afonso, F., Alexandre, M., Aliácar, S., Almeida, A., (…) Horta, P., et. al., 

MAMMALS IN PORTUGAL: a data set of terrestrial, volant and marine mammal occurrences in 

Portugal. Ecology. 1. DOI: https://doi.org/10.6084/m9.figshare.14938437 
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Bat calls of Britain and Europe: A Guide to Species 

Identification – Serotine Eptesicus serotinus 

(Schreber, 1774) 

 

Horta, P., Raposeira, H. Rebelo., Russ, J., Korsten, E., and De Sjipe, M. (2021). Bat calls of Britain 

and Europe: A Guide to Species Identification – Serotine Eptesicus serotinus 

(Schreber, 1774). Pelagic Publishing. 304-312.  
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Bat calls of Britain and Europe: A Guide to Species 

Identification – Meridional serotine Eptesicus 

isabellinus (Temminck, 1840) 

 

Raposeira, H. Rebelo., and Horta, P. (2021). Bat calls of Britain and Europe: A Guide to Species 

Identification – Meridional serotine Eptesicus isabellinus (Temminck, 1840). Pelagic 

Publishing. 313-318.  
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Table C1 - List of articles retrieved from the systematic review and used in various meta-analyses that were incorporated into chapter 2, chapter 3 and 

chapter 4 of this thesis. 

ID Authors Year Title Journal 

1 

Abi-Rached, L.; Jobin, M. J.; Kulkarni, S.; 

McWhinnie, A.; Dalva, K.; Gragert, L.; Babrzadeh, 

F.; Gharizadeh, B.; Luo, M.; Plummer, F. A.; 

Kimani, J.; Carrington, M.; Middleton, D.; 

Rajalingam, R.; Beksac, M.; Marsh, S. G. E.; 

Maiers, M.; Guethlein, L. A.; Tavoularis, S.; Little, 

A. M.; Green, R. E.; Norman, P. J.; Parham, P. 

2011 
The Shaping of Modern Human Immune Systems by Multiregional 

Admixture with Archaic Humans 
Science 

2 Acosta, M. C.; Premoli, A. C. 2018 
Understanding the extensive hybridization in South American 

Nothofagus through karyotype analysis 

Botanical Journal of the 

Linnean Society 

3 
Aeschbacher, S.; Selby, J. P.; Willis, J. H.; Coop, 

G. 
2017 

Population-genomic inference of the strength and timing of selection 

against gene flow 

Proceedings of the 

National Academy of 

Sciences of the United 

States of America 

4 Akkuratov, E. E.; Gelfand, M. S.; Khrameeva, E. E. 2018 Neanderthal and Denisovan ancestry in Papuans: A functional study 

Journal of Bioinformatics 

and Computational 

Biology 

5 Aleksic, J. M.; Skondric, S.; Lakusic, D. 2018 
Comparative phylogeography of capitulate Campanula species from 

the Balkans, with description of a new species, C-daucoides 

Plant Systematics and 

Evolution 

6 
Alexander, A. M.; Su, Y. C.; Oliveros, C. H.; Olson, 

K. V.; Travers, S. L.; Brown, R. M. 
2017 

Genomic data reveals potential for hybridization, introgression, and 

incomplete lineage sorting to confound phylogenetic relationships in 

an adaptive radiation of narrow-mouth frogs 

Evolution 

7 Antelope, C. X.; Marnetto, D.; Casey, F.; Huerta- 2017 Leveraging Multiple Populations across Time Helps Define Accurate Human Biology 
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Sanchez, E. Models of Human Evolution: A Reanalysis of the Lactase Persistence 

Adaptation 

8 

Arcella, T.; Hood, G. R.; Powell, T. H. Q.; Sim, S. 

B.; Yee, W. L.; Schwarz, D.; Egan, S. P.; 

Goughnour, R. B.; Smith, J. J.; Feder, J. L. 

2015 
Hybridization and the spread of the apple maggot fly, Rhagoletis 

pomonella (Diptera: Tephritidae), in the northwestern United States 
Evolutionary Applications 

9 
Arnold, M. L.; Ballerini, E. S.; Brothers, A. N.; 

Hamlin, J. A. P.; Ishibashi, C. D. A.; Zuellig, M. P. 
2012 

The genomics of natural selection and adaptation: Christmas past, 

present and future(?) 
Plant Ecology & Diversity 

10 Baduel, P.; Hunter, B.; Yeola, S.; Bomblies, K. 2018 
Genetic basis and evolution of rapid cycling in railway populations of 

tetraploid Arabidopsis arenosa 
Plos Genetics 

11 

Bagley, J. C.; Alda, F.; Breitman, M. F.; 

Bermingham, E.; van den Berghe, E. P.; Johnson, 

J. B. 

2015 

Assessing Species Boundaries Using Multilocus Species Delimitation 

in a Morphologically Conserved Group of Neotropical Freshwater 

Fishes, the Poecilia sphenops Species Complex (Poeciliidae) 

Plos One 

12 

Ballerini, E. S.; Brothers, A. N.; Tang, S. X.; Knapp, 

S. J.; Bouck, A.; Taylor, S. J.; Arnold, M. L.; Martin, 

N. H. 

2012 
QTL mapping reveals the genetic architecture of loci affecting pre- 

and post-zygotic isolating barriers in Louisiana Iris 
Bmc Plant Biology 

13 Baldassarre, D; White, T; Karubian, J; Webster M 2014 
Genomic and morphological analysis of a semipermeable avian 

hybrid zone suggests asymmetrical introgression of a sexual signal 
Evolution 

14 Bay, R. A.; Ruegg, K. 2017 Genomic islands of divergence or opportunities for introgression? 

Proceedings of the Royal 

Society B-Biological 

Sciences 

15 
Beckman, E. J.; Benham, P. M.; Cheviron, Z. A.; 

Witt, C. C. 
2018 

Detecting introgression despite phylogenetic uncertainty: The case of 

the South American siskins 
Molecular Ecology 

16 
Beresford, J.; Elias, M.; Pluckrose, L.; Sundstrom, 

L.; Butlin, R. K.; Pamilo, P.; Kulmuni, J. 
2017 

Widespread hybridization within mound-building wood ants in 

Southern Finland results in cytonuclear mismatches and potential for 

sex-specific hybrid breakdown 

Molecular Ecology 
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17 Bisson, L. F. 2012 Geographic Origin and Diversity of Wine Strains of Saccharomyces 
American Journal of 

Enology and Viticulture 

18 Black, W. C.; Lanzaro, G. C. 2001 

Distribution of genetic variation among chromosomal forms of 

Anopheles gambiae s.s.: introgressive hybridization, adaptive 

inversions, or recent reproductive isolation? 

Insect Molecular Biology 

19 

Blancher, A.; Aarnink, A.; Tanaka, K.; Ota, M.; 

Inoko, H.; Yamanaka, H.; Nakagawa, H.; Apoil, P. 

A.; Shiina, T. 

2012 
Study of cynomolgus monkey (Macaca fascicularis) Mhc DRB gene 

polymorphism in four populations 
Immunogenetics 

20 Bog, M.; Bassler, C.; Oberprieler, C. 2017 

Lost in the hybridisation vortex: high-elevation Senecio hercynicus 

(Compositae, Senecioneae) is genetically swamped by its congener 

S-ovatus in the Bavarian Forest National Park (SE Germany) 

Evolutionary Ecology 

21 Bonnet, T.; Leblois, R.; Rousset, F.; Crochet, P. A. 2017 
A reassessment of explanations for discordant introgressions of 

mitochondrial and nuclear genomes 
Evolution 

22 

Boratynski, Z.; Melo-Ferreira, J.; Alves, P. C.; 

Berto, S.; Koskela, E.; Pentikainen, O. T.; Tarroso, 

P.; Ylilauri, M.; Mappes, T. 

2014 
Molecular and ecological signs of mitochondrial adaptation: 

consequences for introgression? 
Heredity 

23 Bouck, A.; Peeler, R.; Arnold, M. L.; Wessler, S. R. 2005 
Genetic mapping of species boundaries in Louisiana irises using 

IRRE retrotransposon display markers 
Genetics 

24 Brand, C. L.; Kingan, S. B.; Wu, L. J.; Garrigan, D. 2013 A Selective Sweep across Species Boundaries in Drosophila 
Molecular Biology and 

Evolution 

25 
Brandvain,   Y; Amanda M. Kenney,  Lex Flagel,  

Graham Coop,  Andrea L. Sweigart 
2014 

Speciation and Introgression between Mimulus nasutus and Mimulus 

guttatus 
Plos one 

26 Brennan, A. C.; Harris, S. A.; Hiscock, S. J. 2013 

The population genetics of sporophytic self-incompatibility in three 

hybridizing Senecio (Asteraceae) species with contrasting population 

histories 

Evolution 
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27 Brower, A. V. Z. 2018 

Alternative facts: a reconsideration of putatively natural interspecific 

hybrid specimens in the genus Heliconius (Lepidoptera: 

Nymphalidae) 

Zootaxa 

28 

Cahill JA, Stirling I, Kistler L, Salamzade R, 

Ersmark E, Fulton TL, Stiller M, Green RE, Shapiro 

B 

2015 
Genomic evidence of geographically widespread effect of gene flow 

from polar bears into brown bears. 
Molecular Ecology 

29 Candia, M; Routman, E. 2007 Cytonuclear discordance across a leopard frog contact zone 
Molecular Phylogenetics 

and Evolution 

30 

Caputo, B.; Pichler, V.; Mancini, E.; Pombi, M.; 
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