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Abstract

As the biosphere faces accelerating environmental disruption, including climate change, and
the prospect of an anthropogenically-driven mass extinction, understanding the mechanisms
that enable species to adapt has become increasingly urgent. One mechanism attracting
growing attention is adaptive introgression, the transfer of beneficial genetic variation
between closely related species. Although frequently invoked as a potential driver of
adaptation to rapid environmental change, including climate change, its overall importance
remains debated. In this review, we adopt a balanced, evidence-based perspective. After
introducing approaches for identifying potential donor and recipient species of introgression
events, we review both the classical methods for detecting introgression and selection, and
the recent methodological advances that allow their joint inference. To date, we have
identified roughly twenty published studies that provide at least partial support for a
connection between introgression and climate-related adaptation, most often involving
adaptation to climatic oscillations during the late Pleistocene rather than to contemporary
climate adaptation. Although adaptive introgression is frequently invoked in evolutionary and
conservation biology, we highlight a persistent gap between its theoretical expectation and
the scarcity of well-documented, functionally or ecologically validated examples. Considering
the pressing challenges to preserve biodiversity and improve predictions of adaptive
potentials under climate change, addressing this gap is of paramount importance. We
conclude by proposing key research directions of research at the intersection of

macroevolution, microevolution, and the evolutionary ecology of communities.
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1. Introduction

One of the most pressing questions in evolutionary biology today is how species adapt to
rapid environmental shifts, and whether such adaptive capacity will suffice to withstand the
accelerating climate crisis. Adaptation is well known to be primarily driven by two
mechanisms: new (de novo) mutations and pre-existing genetic variation within a population.
The former is inherently constrained by the supply of new mutations, which is low in species
with small contemporary population sizes (Bell, 2013; Rousselle et al., 2020). The latter has
long been overlooked (Hermisson & Pennings, 2005; 2017; Pritchard et al., 2010), but
assembling new adaptive genetic combinations from standing genetic variation has recently
become widely recognized as a key driver of rapid adaptation (Barrett & Schluter, 2008).
This is largely because standing variation of potential adaptive value is immediately
available. Moreover, adaptation often has a polygenic basis, involving subtle shifts in allele
frequencies across numerous loci and/or across regions of multiple small-effect loci in
linkage disequilibrium rather than the fixation of single large-effect variants, allowing
populations to respond more effectively to rapid environmental change (Barrett & Schluter,
2008; Matuszewski et al., 2015). In this context, introgression - the transfer of genetic
material from distinct populations or closely related species through hybridization followed by
repeated backcrossing - is expected to enhance standing genetic diversity and potentially
fuel adaptation through natural selection on introduced alleles that have evolved under
different environmental conditions (e.g. Pfennig, 2021; Taylor & Larson, 2019). Our review

focuses on the latter process, commonly referred to as adaptive introgression.

In this review, our objective is to synthesize the current knowledge about adaptive
introgression in relation to climate focussing on i) the description of the process and its
demographic underpinnings, (ii) the methodological approaches to detect the process, (iii)
case studies in different climate contexts, and (iv) presenting perspectives for further studies
of climate-adaptive introgression and exploring its possible relevance in a conservation
context. To clarify the scope of our review, it is important to note two key points. First, by
definition, introgression must precede selection. However, in most systems it is difficult to
determine whether an introgressed allele confers an immediate advantage or whether
selection acts on it only after a period of persistence in the standing genetic variation (see
Zhang et al., 2021). In this review, we consider examples of adaptive introgression when
introgression was recent, without necessarily assuming that the adaptation occurred
immediately. Second, we focus on non-domesticated species, since adaptive introgression in

an agronomic context is already well documented (see the review by Burgarella et al. 2019
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for plants, and also case studies in animals, e.g. Wang et al., 2020; Mary et al., 2022;
Sarabia et al., 2025).

Before describing the process and synthesizing the available evidence, it is important to
clarify our position on the current controversy regarding adaptive introgression. The
contribution of adaptive introgression to overall species adaptation remains a subject of
debate and polarization within the evolutionary biology community, with some researchers
potentially overestimating and others dismissing its importance. Robust methods for
quantifying the relative contribution of adaptive introgression to genomic adaptation are
currently lacking, though some are currently under development (Jules Romieu, personal
communication). Collective efforts toward developing such methodologies are essential to
move beyond the current polarization and toward an objective, evidence-based
understanding of the role of adaptive introgression across biota. In the absence of such
standardized approaches, our objective here is to focus on the available empirical examples
rather than to draw broad conclusions regarding the global prevalence. Adopting such a
nuanced and cautious view is especially important when discussing adaptation to climate,
given the current context of rapid global change and the projected risk of a sixth,
anthropogenic mass extinction, at a time when we cannot afford to take a gamble on an
overly optimistic assumption that widespread adaptive introgression will ensure climate

resilience in most species.

2. Neutral and adaptive introgression: who, when and where ?

(i) Who: introgression in plants and animals

A first question concerns the conditions under which species are able to exchange genetic
material, or, in other words, the level of divergence beyond which reproductive barriers
preclude introgression. Such values can be critical in defining which species may act as
potential donors or recipients of introgressible alleles. This question has received recent
in-depth investigation through genome-wide demographic modeling across a broad range of
plant and animal species (Roux et al., 2016; Monnet et al., 2025). This work has provided
fundamental knowledge regarding dynamics of introgression across the continuum of
divergence, providing threshold values (net divergence (d,) of 0.3% in plants and 1.8% in
animals, Monnet et al., 2025), although these values should not be considered too strictly. At

similar levels of genetic divergence, plants appear to establish species barriers more rapidly
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than animals, consistent with more frequent reports of hybrid zones in animals than in plants
(Abbott, 2017; Nieto Feliner et al., 2023). While botanists have long recognized the
prevalence of hybridization in plants, it has been differentially appreciated among authors in
zoology (for historical perspectives, see Mallet et al., 2007; Hedrick, 2013; Suarez-Gonzalez
et al., 2018 for instance; but see also Barton & Hewitt (1985) and Mallet, 2005), particularly
among species pairs with more subtle morphological differences that could have previously
been overlooked by zoologists, but that became apparent upon genetic examinations (e.g.
Suzuki et al., 2005; Caputi et al., 2007).

Over the past two decades, human genomics has offered a new perspective by providing
compelling evidence of archaic introgression between hominins, such as Neanderthals and
Denisovans (Green et al., 2010; Reich et al., 2010; Vernot & Akey, 2015, among others).
Increasing empirical evidence of neutral gene flow among closely related species, including
plants, humans and other animals, suggests that introgression is a widespread phenomenon
(Aguillon et al., 2022). This widespread occurrence likely reflects the fact that semi-isolated
species pairs are more prevalent than traditionally assumed, highlighting a persistent
semi-permeability of diverging genomes to gene flow during speciation (Harrison & Larson,
2014). Following this view, rare gene flow events can introduce bursts of new genetic
diversity and novel genetic combinations, even between well-diverged taxa in late stages of
speciation. This outcome is especially likely when selective coefficients of adaptive loci are
strong enough to surmount the effects of species barriers (Edelman & Mallet, 2021), or
alternatively, balancing selection facilitating the permeability of species barriers (Gaczorek et
al., 2024), further raising questions about the relative contribution of introgression in

adaptation.

(i) Where: climate as a driver of range shift and introgression

Identifying potential donor and recipient species requires considering not only their level of
divergence but also the spatial context of the two species. Introgression is only possible
when the ranges overlap or are close enough for dispersal to bridge the gap. Such situations
give rise to demographic scenarios involving divergence with gene flow, or secondary
contact that re-establishes genetic exchange between closely-related species. Past climate
oscillations, especially the glacial-interglacial cycles of the last million years, have repeatedly
triggered rapid range shifts across many taxa, driven by direct climatic changes, by the
advance and retreat of continental ice sheets, and by indirect effects such as fluctuations in
sea level. In Europe, for instance, the continent’s highly heterogeneous geography has

repeatedly generated fragmented ranges with small, isolated populations during glacial



periods, followed by postglacial recolonization and renewed contact among lineages during
warmer periods (Hewitt, 1999; Stewart et al., 2010). Consequently, such gene flow during
glacial periods or following secondary contact in warmer periods has been documented in
many European animal and plant species (e.g. in animals: flycatchers, Ellegren et al., 2012;
honey bees, Leroy et al., 2024; in plants: oaks, Leroy et al., 2017, 2020a; ashes, Heuertz et
al., 2004; spruces, Zhou et al., 2024, among others). Even though geography plays a crucial
role, e.g. through geographical isolation during glacial periods, many life history strategies
likely influence the occurrence of secondary contacts. Recently, Monnet et al. (2025)
reported that secondary contacts are more frequently observed in plants than in animals for
instance. In turn, this pattern likely contributes to the number of well-documented cases of

adaptive introgression in plants.

(iii) When: adaptive introgression through the Holocene

Although archaic introgression in hominins has been extensively studied, the most
compelling examples of non-human adaptive introgression come from contemporary or
recent events (Taylor and Larson, 2019). This is mostly due to methodological factors,
because (i) the genetic signals of recent introgression are less eroded, (ii) they can be more
readily linked to phenotypic traits, and (iii)) sampling is generally easier than for ancient or
historical DNA. However, another factor relates to human disturbance in the Holocene.
Globalization further contributes to species introductions and long-distance dispersal of
species, including the spread of pathogens and pests, thereby promoting human-mediated
introgression. In a survey of nature management practitioners across Europe, 160 cases of
hybridization cited (35%) involved an alien taxon (Myriam Heuertz, in preparation). A typical
example involves marine species in major shipping ports, which serve as artificial
environments where invasive species introduced via ship ballast water can hybridize with
native species (e.g. Simon et al., 2020; Touchard et al., 2023). Even more strikingly, the
widespread use of pesticides since the Second World War has imposed immense selective
pressures on competitors in the environment, accounting for numerous well-documented
cases of adaptive introgression in both animals and plants. In mice, alleles from Mus spretus
have been introgressed into Mus musculus conferring resistance to rodenticides such as
warfarin. This includes the genomic region of Vkorc1, a key warfarin resistance gene that
enhances survival in M. musculus (Liu et al., 2015; Banker et al., 2022; see also Norris et al.,
2015 for a similar example in insecticide-resistant mosquitoes). In plants, introgression of
herbicide resistance alleles from agricultural crops into wild relatives has been reported for

several species. For instance, introgression from cultivated maize into wild teosinte has



introduced resistance alleles, allowing teosinte to persist in agroecosystems exposed to
herbicides (Le Corre et al., 2020).

Beyond the direct anthropogenic impacts on current habitats and biodiversity, climate
change is expected to shift many species distributions, increasing the likelihood of
secondary contacts (Chunco, 2014). Such new secondary contacts will occasionally facilitate
adaptive introgression, potentially rescuing species by providing alleles that help them adapt
to changing conditions (Jones et al., 2018; Razgour et al., 2019; Vedder et al., 2022; Brauer
et al., 2023). However, well before discussing this point, the potential negative costs of such
introgression, including the evolutionary impact of the elevated selection against foreign
alleles due to deleterious load and hybrid incompatibilities, should also be considered (Harris
et Nelson, 2016; Todesco et al., 2016; Adavoudi & Pilot, 2021; Ramasamy et al., 2023;
Leitwen et al., 2025).

3. Methodological approaches to detect adaptive introgression

Demonstrating adaptive introgression requires clear evidence of introgression (i.e.
establishing that certain alleles originate from another species) and of adaptation (i.e.
genomic footprints of selection and correlation with a selective driver or evidence of fitness
advantages). Consequently, adaptive introgression has often been demonstrated through a
combination of methods, allowing to generate independent support for both introgression
and adaptation (Burgarella et al., 2019). Following a concise summary of such historical
approaches, we turn to recent developments and highlight the critical role of functional and

experimental work.
(i) Methods to detect introgression

Although methods used for detecting introgression have been extensively reviewed
already (e.g. Martin & Jiggins, 2017; Suarez-Gonzalez et al., 2018; Burgarella et al., 2019),
we provide a brief summary of key methods and how they enable differentiating a foreign
ancestry from shared ancestry. A commonly used phylogenomic method is the D-statistic
(commonly referred to as ABBA-BABA test) and its derivatives (e.g. Green et al., 2010;
Malinksky et al., 2015; Martin et al., 2015). These methods are based on identifying local
excess of allele sharing, beyond stochastic expectations under Incomplete Lineage Sorting
(ILS). Whereas these methods are powerful in detecting genome-wide signatures of

introgression, the D-statistic does not pinpoint specific introgressed regions, as its



application to small genomic windows is affected by effective population size and high
variability, especially in regions of low diversity or recombination, leading to potential false
positives (Hibbins & Hahn, 2022; Martin et al., 2015). Over the last decade, plenty of
methods based on the conceptual framework of the D-statistic but overcoming its limitations
in small genomic windows have been developed, such as f4-tests (Green et al., 2010; Peter,
2016), f; (Martin et al., 2015) and f,, (Malinksky et al., 2015). Other phylogenetically-oriented
approaches such as the use of gene tree branch lengths, as implemented in QuIBL (Hibbins
& Hahn, 2022) or in Aphid (Galtier, 2024), or topology weighting, as implemented in Twisst
(Martin and Van Belleghem 2017) have also contributed to pinpoint local introgression
footprints, alone or in complement with D and fDM (Edelman et al., 2019; Ferreira et al.,
2021; Yardeni et al., 2025; among others). In addition, several population genomics-oriented
methods, including local ancestry inference tools like RFMix (Maples et al., 2013) or
ChromoPainter-FineStructure (Lawson et al., 2012) and genome polarization approaches

like in diem (Baird et al., 2023), are commonly used to identify introgressed tracts.

(ii) Methods to detect selection

While detecting introgression is crucial, it alone does not distinguish neutral from
adaptive introgression. Indeed, detecting selection footprints in introgressed regions involves
identifying genomic signatures that deviate from neutral expectations, therefore suggesting
positive selection acting on the introgressed alleles. Most approaches are population
genomics-oriented, either detecting selection by comparing patterns of genetic variation
along the chromosomes within populations, or by looking at population differentiation. Within
populations, a plethora of methods are based on different signatures of selection in genomic
regions surrounding its target (i.e. selective sweeps), including locally reduced nucleotide
diversity (11), skewed allele frequency spectra (excess of low- or high-frequency alleles,
Tajima’s D), extended haplotype homozygosity (e.g. iHS, XP-EHH, Klassmann & Gautier,
2022) or increased linkage disequilibrium (Alachiotis et al., 2012). Among populations, loci
exhibiting elevated allele frequency differentiation between populations (e.g. Fsr or X™X
outliers, Gunter & Coop, 2013) or genotype-environment association (GEA) methods
(BayEnv, BayPass, LFMM, or RDA, Giinter & Coop, 2013, Gautier et al., 2013; Frichot et al.,
2013; Forester et al., 2018) that identify statistical associations between allele frequencies
and ecological variables, suggest that introgressed variants contribute to local adaptation.
Additionally, comparative genomics methods, such as the McDonald-Kreitman test and
related approaches (McDonald & Kreitman, 1991), complement these population
genomic-oriented methods by contrasting patterns of polymorphism and divergence to infer

positive selection in genes within the introgressed regions.



(iii) Advancing methods for jointly detecting introgression and selection

Methodological developments have recently allowed shifting towards jointly detecting
introgression and selection on introgressed loci. Compared to separate approaches,
integrated analyses are expected to better capture subtle or overlapping signals and to
mitigate confounding factors such as incomplete lineage sorting and complex demographic
histories. To be applicable, most of these methods require sequence data from
representatives of both the recipient and the donor species, including introgressed and
non-introgressed populations. Racimo’s Q95(w, y) summary statistic (Racimo, 2017) was
specifically designed to identify regions with high-frequency derived alleles that are shared
between the donor and recipient population, while these alleles are at low frequency in the
non-introgressed sister population, providing a simple yet effective way to detect adaptive
introgression (Fig. 1). Contrary to the other methods, VolcanoFinder (Setter et al., 2020)
does not require data from the donor, since it identifies “introgression sweeps”, a
volcano-shaped pattern due to an excess of intermediate-frequency polymorphisms around
the positively-selected site within the data from the recipient population alone (Setter et al.,
2020). Empirical use of VolcanoFinder on Tibetan hominin genomes has revealed not only
introgression at the EPAS7 gene - a textbook locus of adaptive introgression
(Huerta-Sanchez et al., 2014; Zhang et al., 2021)-, but also at other loci, highlighting the
oligogenic nature of adaptation to hypoxia through archaic human introgression (Ferrarretti
et al., 2024). Genomatnn (Gower et al., 2021) and MalLAdapt (Zhang et al., 2023) employ
deep learning and machine learning approaches, respectively, to classify genomic windows
as resulting from adaptive or non-adaptive introgression. Concretely, genomatnn uses deep
learning with convolutional neural networks trained on simulated genotype matrices,
specifically designed to distinguish adaptive introgression from confounding neutral
processes and demography, as well as other forms of selection, in order to identify adaptive
introgression on empirical data. MaLAdapt (Zhang et al., 2023) uses a machine learning
approach that combines multiple statistics to distinguish adaptive from non-adaptive
introgression. Although these tools were initially developed in the context of human evolution
and have so far seen limited application to empirical data in other systems, recent
simulation-based evaluations across diverse evolutionary scenarios suggest that their
performance is highly sensitive to model assumptions and demographic contexts (Romieu et
al., 2025). Notably, simpler approaches such as Racimo’s Q95(w, y) summary statistic can
perform comparably - or even outperform these learning-based methods - in terms of

robustness and accuracy (Romieu et al., 2025). Despite its conceptual simplicity, Q95(w, y)



remains one of the most effective tools currently available for detecting adaptive

introgression.
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Figure 1. Theoretical example of adaptive introgression contributing to cold tolerance
at high altitude, illustrated using Racimo’s Q95 summary statistic. Each vertical bar
represents a copy of a given chromosome i, with blue segments indicating genomic regions
carrying the same alleles as the donor population. The Q95 statistic (Racimo et al., 2017) is
computed across the chromosome to detect signals of adaptive introgression, with values
plotted along its length. Three illustrative cases are highlighted: (1) A region showing shared
alleles in both introgressed (high elevation) and non-introgressed (low elevation)
populations, resulting in no elevation of the Q95 summary statistic, potentially reflecting high
incomplete lineage sorting (ILS) rather than selection. (2) A candidate region with a
pronounced Q95 peak where donor alleles are at high frequency in the introgressed
(high-altitude) population, consistent with positive selection for cold-adaptive introgressed
variants. (3) A region outside of introgressed segments displaying a potential hard selective
sweep within the focal population (orange) rather than from introgression from the donor
species (blue), resulting in no elevation of the summary statistic.

(iv) The crucial importance of high-quality gene annotations



An important, albeit often neglected, aspect is the integration of high-quality
functional annotation. However, high-quality gene annotation are accessible for a growing
number of species (e.g. NCBI, 2015: 276, 2025: 1406, a 409% increase), as well as through
annotated metabolic pathways (e.g. +80 ‘KEGG organisms’ species/month, Kanehisa et al.,
2025) or expression data (e.g. from RNA-seq or ATAC-seq). All together, these approaches
can help assess whether the candidate regions could indeed host genes that affect relevant
traits. The favourable trend in terms of well-annotated species genomes is expected to
accelerate over the next decade, driven by advances in gene annotation tools, including the
emergence of deep learning-based strategies that have already started to increase the
accuracy of gene prediction (Chen et al.,, 2024; Davison et al., 2025). Such high-quality
investigations will likely surpass precise gene ontology (GO)-term enrichment analyses,
which have become increasingly popular over the past decade or two for interpreting
functional patterns in genomic data. GO-term analyses are, however, often affected by
multiple sources of bias, including uneven annotation quality among species
(experiment-based vs. bioinformatic annotations), overrepresentation of well-studied genes,
the use of overly broad or redundant terms (e.g. Gaudet & Dessimoz, 2016; Strielkov et al.,
2025). Major methodological flaws in enrichment testing have been reported in most studies,
leading to widespread reproducibility issues (Yon Rhee et al., 2008; Wijesooriya et al., 2022).
Despite advances continuing to be made to solve some issues (e.g. Koopmans, 2024,
Valverde et al., 2025), some inherent challenges of enrichment analysis will, however,
remain, including the fact that such approaches require making strong assumptions
regarding the genetic basis of adaptation. For example, achieving significant enrichment in
large gene families typically assumes a polygenic basis for adaptation, even though a single
gene within a large family may still play a pivotal adaptive role. Consequently, while gene
enrichment analysis can theoretically offer useful insights in the context of adaptive

introgression, its outputs alone should be interpreted with caution.

(v) The critical need for experimental validation

Direct experimental evidence of enhanced fithess of introgressed versus
non-introgressed individuals is the most compelling support for adaptive introgression. Such
investigations typically involve linking genetic variation to phenotypic traits and
demonstrating that these traits improve performance - such as increased survival,
reproduction, or stress tolerance - in the laboratory or in (semi-)natural environments, such
as in common garden or reciprocal transplant experiments. Textbook examples of adaptive

introgression in adaptation of trees to changed climatic conditions were at least partially
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based on such common garden strategy (e.g. Suarez-Gonzalez et al., 2016; Leroy et al.,
2020b; Martha Renddn-Anaya et al., 2021). Powerful, field-based experiments, including
common garden or reciprocal transplant studies, are often difficult to implement in practice,
as they tend to be time-consuming, expensive, and particularly challenging for non-model,
long-lived, or threatened species (Taylor & Larson, 2019). Albeit crucial, such long-term
experiments are further constrained by several factors, including the short-term grant funding
system, which threatens continuity and limits the development of new experimental setups,
as well as by additional concerns such as the potential biological risks associated with such
transfers (e.g. conservation-related, long-distance pathogen dispersal and evolution, etc.
Leroy et al., 2016; Ramirez-Castafieda et al., 2022).

4. Case studies of adaptive introgression in a climate context

To identify cases of adaptive introgression in relation to climate, we conducted a systematic
search in Pubmed with the terms adaptation AND introgression AND climate yielding 15,318
studies published between 1957 and 2025, which when refined to ("adaptive
introgression"[Body - All Words] AND "climate"[Body - All Words]) NOT "crop"[Body - All
Words] narrowed down to 353 studies published between 2007 and 2025 (search conducted
on 12 November 2025). The results cover a broad range of taxa, both in terms of life forms
and life history strategies (Figure 2, Table 1), as well as in terms of climate zones and
climatic covariates. Climate parameters are widely hypothesized to act as potential drivers of
introgression and to shape the associated species response traits. Selected example cases
from the literature review, along with some complementary searches on these cases, are
presented below, sorted according to their climatic covariates. The section aimed to highlight
common climatic drivers of adaptive introgression, but is probably not exhaustive. Other
climate-relevant putative drivers exist, e.g. in the marine environment, but are less well
understood, such as sea level change resulting in adaptive introgression among Acropora
coral species (Mao et al., 2018). The cited examples illustrate frequent co-introgression of
adaptation-relevant genes, for example of temperature, precipitation and phenology-related
genes (Feng et al., 2025; Leroy et al., 2020).

(i) Adaptation to drought or dry environments
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Adaptation to drought or dry environments is a frequent requirement under climate change.
In the toad Anaxyrus canorus, a genomic analysis of introgression patterns and a GWAS
analysis with tadpole development traits identified 10 genomic locations including LPIN3, a
lipid metabolism gene, potentially involved in desiccation tolerance. This gene was present
in genomic regions of high among-lineage divergence across three contact zones, but was
affected by introgression at one of these contact zones (Maier et al., 2024). In mammals,
adaptation to drought involves temperature regulation that is tightly linked to skin and hair
traits. This is exemplified in indigenous goats in Southwest Asia adapted to desert climate, in
which the KITLG region affecting hair follicles and related to heat loss capacity was found to
be introgressed. The possible origin of this drought-adaptive KITLG region lies in the Nubian
ibex from which it introgressed into domestic goats, and subsequently into Southwest Asian
wild animals (Asadollahpour Nanaei et al., 2023). Similarly, in plants, there are also
examples of introgression in relation to drought adaptation, especially in forest trees. In
Eucalyptus grandis, provenances showed extensive interspecific introgression in genomic
regions enriched for defense response and signalling genes in response to increased aridity
(Mostert-O’Neill et al., 2021). In a complex of three allopatric spruce species in China,
introgression of root-morphology and stress tolerance genes from the drought-adapted Picea
crassifolia into the threatened P. meyeri likely enhanced the environmental niche and
ecological plasticity of the latter (Feng et al., 2025). Climate-driven interspecific gene flow
associated with hyperarid desert habitats is also exemplified by plants of the genus
Tillandsia, where introgression in T. landbeckii is associated with an expansion of its

ecological niche (Stein et al., 2023).

(i) Adaptation to cold climate gradients

Adaptation to cold environments has been facilitated by adaptive introgression in both plants
and animals. Among mammals, the snow sheep Ovis nivicola, a wild herbivore inhabiting
cold and alpine habitats of northeastern Siberia, shows evidence of introgression with the
high-altitude argali sheep (Ovis ammon) and Dall sheep (Ovis dalli), likely resulting from
contact during the Pleistocene. The introgressed genomic segments include genes
associated with immunity, adipogenesis and morphology-related traits, representing potential
targets of adaptive introgression. Notably, adipogenesis-related genes displayed
introgression across several species boundaries in sheep and were under selection in snow
sheep (Upadhyay et al., 2021). Another interesting case of adaptation to high altitude
concerns Myospalacinae, a group of subterranean rodents. In this group, low-altitude Gansu

zokors (Eospalax cansus) have introgressed cardiovascular-related genes associated with
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hypoxia adaptation from the high-altitude plateau zokors (Eospalax baileyi), which likely
facilitated their adaptation to higher-altitude grass-land ecosystems of the Qinghai-Tibet
Plateau (Kang et al., 2024). In bird species of the genus Stercorarius, colonisation of polar
environments in Southern hemisphere was made facilitated by hybridization, with signals of
selection in hybrids for genes involved in fatty-acid metabolism (RBP7 and C3orf38,
Jorquera et al., 2025). As in animals, several examples were also observed in trees. In an
extensive hybrid zone between Pinus strobiformis and P. flexilis across western North
America, introgressed variants from the cold-tolerant P. flexilis were preferentially retained
along freeze-susceptible environmental gradients, while background variants were favoured
along gradients related to water availability (Menon et al., 2021). Adaptive introgression also
likely enabled the cypress Cupressus duclouxiana to expand its range to higher altitudes on
the Qinghai-Tibet Plateau. Indeed, northern populations of C. duclouxiana exhibit 16 genes
under selection, enriched for stress tolerance functions, introgressed from the related
high-altitude C. gigantea (Ma et al., 2019). In the European white oaks, Quercus petraea
populations from cooler environments along latitudinal and altitudinal gradients exhibit a
higher level of introgression from Q. robur. Genomic regions introgressed from Q. robur
involved in adaptation to these environments were found associated with both water stress
and phenology (leaf-unfolding in common gardens) and include several genes controlling

stomatal responses, such as RopGEF1 and PBL10 (Leroy et al., 2020b).

(iij) adaptation to climate warming

Adaptive introgression conveying adaptation to climate warming is exemplified in species
that expand their ranges from cold or harsh climates into milder areas. An interesting case is
the snowshoe hare (Lepus americanus), widely distributed in the boreal climate zone in
North America. While the species typically develops white winter fur, some populations
exhibit brown winter camouflage due to a selective sweep at the Agouti pigmentation gene,
which is introgressed from black-tailed jackrabbits (L. californicus, Jones et al., 2018). While
a hybridization pulse between these species has been dated to the end of the last glacial
maximum, the selective sweep was probably more recent and facilitated south-ward range
expansion into milder climate (Jones et al.,, 2020). In damselflies, hybridization with the
Iberian Ischnura graellsii enabled niche expansion of /. elegans into the Iberian peninsula
(Wellenreuther et al., 2018). Introgression of warm-advantageous traits may reduce the
carrier population’s vulnerability to contemporary climate warming. Demonstrating this
process is delicate but has been done in an altitudinal gradient in the Melanotaenia

rainbowfish species complex in the Australian Wet Tropics in which high-altitude narrow
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endemic lineages hybridizing with a widespread low-altitude congener had reduced
vulnerability to projected climates compared with pure narrow endemics. The hybrid lineages
displayed introgressed regions enriched in genes with regulatory functions on heat shock
proteins and cellular responses to thermal stress (Brauer et al.,,, 2023). In the
Sino-Himalayan fulvetta bird species complex, introgression of alleles linked to warm-humid
tolerance from Alcippe hueti into the temperate-adapted higher-altitude A davidii, e.g.
KBTBD2 mediating cellular response to heat stress, was associated with reducing climate
change vulnerability of the latter species (Zhang et al., 2025). Adaptive introgression during
range expansion conveying adaptation to warm climates can also be detected as balancing
selection, which is the case in the kleptoparasitic spider Argyrodes lanyuensis endemic to
the area between the subtropical Taiwan and the wet tropical Philippines, in which the
climatically intermediate Green island was colonised by a hybrid lineage featuring
stress-tolerance genes under balancing selection (Responte et al.,, 2025). A plant example
concerns the southward range expansion of the orchid Paphiopedilum wenshanense in
which introgression from P. concolor occurred preferentially in the southernmost populations
and was associated with climatic covariates such as increased rainfall seasonality and

annual mean temperature (Jiang et al., 2025).

(iv) Climate adaptation through phenology

Adaptation of phenology associated with climatic conditions frequently becomes necessary
as a consequence of migrating to new latitudes. For example, in migrating fish species such
as Atlantic salmon, run time, i.e., the timing of return to natal rivers for spawning is a highly
fitness-relevant trait. In North American Atlantic salmon, both early and late run time were
associated with the transatlantic introgression of a large structural variant and
maturation-associated genes previously characterised in Atlantic salmon including ppfia2, a
migration-timing gene conserved across vertebrates (Beck et al.,, 2025). In plants, a typical
example is the European aspen, Populus tremula, in which northern Scandinavian
populations are homozygous for a ~500 kb in chromosome 10 introgressed from more
Eastern populations and carrying two Flowering Locus T homologs, photoperiod-relevant
genes that contribute to adaptation to the short growing seasons characteristic of Northern
Scandinavia (Rendén-Anaya et al., 2021). A similar case of phenology-relevant introgression
conveying adaptation to high latitude climates concerns weedy teosintes found in maize
fields of France and Spain. These weeds were found to originate from Zea mays ssp.

mexicana race “Chalco,” a weedy teosinte from the Mexican highlands, and carried ZCN8, a

14


https://paperpile.com/c/jxbm1l/efO5
https://paperpile.com/c/jxbm1l/NHyy
https://paperpile.com/c/jxbm1l/ZiKX
https://paperpile.com/c/jxbm1l/gqX9

major flowering time gene introgressed from the high latitude Dent maize grown in Europe,

along with other introgressed regions conferring herbicide resistance (Le Corre et al., 2020).
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Figure 2. Example cases of climate-relevant adaptive introgression described in the
paper. The background map represents Terrestrial biomes of the world according to Olson &
Dinerstein (1998) and used by the WWF and Global 200, downloaded from Wikipedia (CC
BY-SA 3.0). Free icons were downloaded from www.flaticon.com.

5. Perspectives regarding adaptive introgression

(i) Past adaptive introgression and diversification

Adaptive introgression is one of the evolutionary biology topics that lies at the interface
between micro- and macroevolution. Even the methods we reviewed are typically oriented
toward either population genomics or phylogenomics, reflecting a conceptual and
methodological division in the community that can limit our understanding of adaptive
introgression. Bridging micro- and macroevolutionary perspectives is an important step
toward understanding how adaptive introgression contributes to species diversification.
Comparative genomic studies investigating large sets of species pairs along a continuum of
divergence are increasingly common (e.g. Stankowski et al., 2019; Shang et al., 2023;
Postel et al., 2025; Schield et al., 2025), providing a robust framework to quantify how
reproductive isolation accumulates across lineages. Building on such large-scale
comparative datasets, future research could integrate population-level analyses of adaptive

introgression to identify when and how introgressed alleles persist or vanish across different
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stages of divergence. Developing this integrative approach, combining population genomics,
functional, ecological, and phylogenomics, will help trace the fate of introgressed alleles from
local adaptation to long-term lineage diversification. Fine-scale demographic inference,
ecological context, paleogenomics and experimental validation can clarify the selective
mechanisms underlying introgression, while comparative phylogenomic frameworks and
diversification models can test whether introgression systematically promotes speciation and
potentially fuels evolutionary radiations (e.g. Meier et al., 2017; Svardal et al., 2020; Qian et
al., 2023; Yardeni et al., 2025). Such work is especially important in a climate context, since
at a macroevolutionary scale, the role of climate heterogeneity in speciation has been well
documented across numerous plant and animal taxa, with generally higher diversification
rates observed in warm periods or regions (e.g. Mittlebach et al., 2007; Quintero & Jetz,
2018; Rangel et al., 2018; Condamine et al., 2019; Juve et al., 2025).

(i) Genomic offset, adaptive introgression and rescue

Genomic offset is an emerging approach for predicting future maladaptation under rapid
environmental change, especially climate change (Fitzpatrick & Keller, 2015; Rellstab et al.,
2021). The rationale of these methods is to estimate the potential mismatch between current
and future environmental conditions, through the distance between the current and future
optimal genetic composition. Whereas this approach is not able to account for alleles that
are not already introgressed in the current genetic composition (i.e. those not already
identified as part of the adaptive genetic component through genotype-environment
associations), it would still be theoretically possible to compare genomic offset maps of
closely related species to identify potential sources and predict directions for future adaptive
introgression. A similar approach has been used to predict source and sink populations for
evolutionary rescue potential in the bat species Myotis escalerai and M. crypticus (Razgour
et al., 2019), and also to predict sources and destinations of future potential invasions
(Camus et al., 2024). In this context, if one taxon shows a lower genomic offset under
projected future conditions, it could act as a potential donor species and serve as a genetic
rescuer. If and when such gene flow will indeed happen, either naturally or through
human-assisted movement, these alleles are expected to introgress, reducing their genomic
offset of the recipient species, providing a genomic rescue. As a result, combining
offset-based vulnerability assessments with introgression analyses could provide a powerful

framework for forecasting adaptive responses in changing environments.
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(iii) Community-level investigations

Investigating adaptive introgression has important consequences for conservation and
management in the face of climate change and land-use change. Recognizing this role does
not mean adopting a simplistic view of adaptation. Adaptive introgression generally focuses
on single species investigations, while the fithess of this species is often associated with a
wide community of organisms, from closely associated species (gut microbiota, plant
phyllosphere, etc.) to more distant interactions in complex ecosystems. Although estimating
the precise contribution of adaptive introgression to adaptation is currently an important step
forward (Jules Romieu, personal communication), current research mainly targets single
species. It is now time to explore how entire communities of symbiotic organisms - the
so-called super-organisms - adapt over short timescales, and to better understand the true
contribution of adaptive introgression at a broader scale. For many organisms, sequencing
whole individuals (e.g. insects) or specific organs (e.g. gut, leaves) can provide valuable
information on microbial diversity through metagenomic approaches. In fact, most studies
focused on a single species begin by mapping sequencing reads to a single reference
genome, discarding all other DNA. Generating genomic resources (metassembling) allows
investigating how these other species adapt, including the microbiome itself. Environmental
DNA (eDNA) approaches are expected to become a key future direction in order to estimate

the contribution of adaptive introgression at the level of community genomes.

Author Contributions

TL prepared the first drafts of sections 1, 2, 3, and 5. MH carried out the literature search
related to adaptive introgression in a climate context and wrote the associated section 4.

Both authors contributed to the revision and approval of the final manuscript.

Acknowledgments

We thank Joanna Freeland for inviting us to contribute this article, as well as Nicolas Bierne,
Ovidiu Paun and Bert Van Bocxlaer for their valuable feedback on an earlier version of the
manuscript. Thibault Leroy received support from the ANR for the bilateral PRCI ANR-FWF
RadiaSpe project (ANR-23-CE02-0032, FWF DOI: 10.55776/16765). Myriam Heuertz
acknowledges support from the Biodiversa+ project GINAMO, ANR-23-EBIP-0003-06, and
WP5 PERFIT funded under the GPR Bordeaux Plant Sciences.

17



Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement
No new data was generated.

References

Abbott, R. J. (2017). Plant speciation across environmental gradients and the occurrence
and nature of hybrid zones. Journal of Systematics and Evolution, 55(4), 238-258.
https://doi.org/10.1111/jse. 12267

Adavoudi, R., & Pilot, M. (2021). Consequences of Hybridization in Mammals : A Systematic
Review. Genes, 13(1). https://doi.org/10.3390/genes13010050

Aguillon, S. M., Dodge, T. O., Preising, G. A., & Schumer, M. (2022). Introgression. Current
Biology : CB, 32(16), R865-R868. https://doi.org/10.1016/j.cub.2022.07.004

Alachiotis, N., Stamatakis, A., & Pavlidis, P. (2012). OmegaPlus : A scalable tool for rapid
detection of selective sweeps in whole-genome datasets. Bioinformatics, 28(17),
2274-2275. https://doi.org/10.1093/bioinformatics/bts419

Asadollahpour Nanaei, H., Cai, Y., Alshawi, A., Wen, J., Hussain, T., Fu, W.-W., Xu, N.-Y.,
Essa, A, Lenstra, J. A., Wang, X., & Jiang, Y. (2023). Genomic analysis of indigenous
goats in Southwest Asia reveals evidence of ancient adaptive introgression related to
desert climate. Zoological Research, 44(1), 20-29.
https://doi.org/10.24272/j.issn.2095-8137.2022.242

Baird, S. J. E., Petruzela, J., Jaron, |., Skrabanek, P., & Martinkova, N. (2023). Genome
polarisation for detecting barriers to geneflow. Methods in Ecology and Evolution, 14(2),
512-528. https://doi.org/10.1111/2041-210X.14010

Banker, S. E., Bonhomme, F., & Nachman, M. W. (2022). Bidirectional Introgression between
Mus musculus domesticus and Mus spretus. Genome Biology and Evolution, 14(1).
https://doi.org/10.1093/gbe/evab288

Barrett, R. D. H., & Schluter, D. (2008). Adaptation from standing genetic variation. Trends in
Ecology & Evolution, 23(1), 38-44. https://doi.org/10.1016/j.tree.2007.09.008

Barton, N. H., & Hewitt, G. M. (1985). Analysis of Hybrid Zones. In Annual Review of
Ecology, Evolution, and Systematics (Vol. 16, Numéro Volume 16, 1985, p. 113-148).
Annual Reviews. https://doi.org/10.1146/annurev.es.16.110185.000553

Beck, S. V., Kess, T., Nugent, C. M., Dempson, J. B., Chaput, G., Arno, H. E., Duffy, S.,
Smith, N., Bentzen, P., Kent, M., Pritchard, V. L., & Bradbury, |. R. (2025). Genomic Basis

18



and Climate Change Vulnerability of Migration Timing in Atlantic Salmon (Salmo salar).
Evolutionary Applications, 18(10), e70148. https://doi.org/10.1111/eva.70148

Bell, G. (2013). Evolutionary rescue and the limits of adaptation. Philosophical Transactions
of the Royal Society B: Biological Sciences, 368(1610), 20120080.
https://doi.org/10.1098/rstb.2012.0080

Brauer, C. J., Sandoval-Castillo, J., Gates, K., Hammer, M. P., Unmack, P. J., Bernatchez, L.,
& Beheregaray, L. B. (2023). Natural hybridization reduces vulnerability to climate
change. Nature Climate Change, 13(3), 282-289.
https://doi.org/10.1038/s41558-022-01585-1

Burgarella, C., Barnaud, A., Kane, N. A., Jankowski, F., Scarcelli, N., Billot, C., Vigouroux, Y.,
& Berthouly-Salazar, C. (2019). Adaptive Introgression : An Untapped Evolutionary
Mechanism for Crop Adaptation. Frontiers in Plant Science, Volume 10-2019.
https://doi.org/10.3389/fpls.2019.00004

Camus, L., Gautier, M., & Boitard, S. (2024). Predicting species invasiveness with genomic
data : Is genomic offset related to establishment probability? Evolutionary Applications,
17(6), e13709. https://doi.org/10.1111/eva.13709

Caputi, L., Andreakis, N., Mastrototaro, F., Cirino, P., Vassillo, M., & Sordino, P. (2007).
Cryptic speciation in a model invertebrate chordate. Proceedings of the National
Academy of Sciences, 104(22), 9364-9369. https://doi.org/10.1073/pnas.0610158104

Chen, Z., Ain, N. ul, Zhao, Q., & Zhang, X. (2024). From tradition to innovation :
Conventional and deep learning frameworks in genome annotation. Briefings in
Bioinformatics, 25(3), bbae138. https://doi.org/10.1093/bib/bbae138

Chunco, A. J. (2014). Hybridization in a warmer world. Ecology and Evolution, 4(10),
2019-2031. https://doi.org/10.1002/ece3.1052

Condamine, F. L., Rolland, J., & Morlon, H. (2019). Assessing the causes of diversification
slowdowns : Temperature-dependent and diversity-dependent models receive equivalent
support. Ecology Letters, 22(11), 1900-1912. https://doi.org/10.1111/ele. 13382

Davison, H. R., Béhme, U., Mesdaghi, S., Wilkinson, P. A., Roos, D. S., Jones, A. R., &
Rigden, D. J. (2025). The promise of AlphaFold for gene structure annotation. bioRxiv.
https://doi.org/10.1101/2025.10.21.683479

Edelman, N. B., Frandsen, P. B., Miyagi, M., Clavijo, B., Davey, J., Dikow, R. B.,
Garcia-Accinelli, G., Van Belleghem, S. M., Patterson, N., Neafsey, D. E., Challis, R.,
Kumar, S., Moreira, G. R. P., Salazar, C., Chouteau, M., Counterman, B. A., Papa, R,
Blaxter, M., Reed, R. D., ... Mallet, J. (2019). Genomic architecture and introgression
shape a butterfly radiation. Science, 366(6465), 594-599.
https://doi.org/10.1126/science.aaw2090

Edelman, N. B., & Mallet, J. (2021). Prevalence and Adaptive Impact of Introgression.

19



Annual Review of Genetics, 55, 265-283.
https://doi.org/10.1146/annurev-genet-021821-020805

Ellegren, H., Smeds, L., Burri, R., Olason, P. ., Backstrdm, N., Kawakami, T., Kiinstner, A.,
Makinen, H., Nadachowska-Brzyska, K., Qvarnstrom, A., Uebbing, S., & Wolf, J. B. W.
(2012). The genomic landscape of species divergence in Ficedula flycatchers. Nature,
491(7426), 756-760. https://doi.org/10.1038/nature 11584

Feng, S., Ma, H., Yin, Y., Wan, W., Mao, K., & Ru, D. (2025). A complex interplay of genetic
introgression and local adaptation during the evolutionary history of three closely related
spruce species. Plant Diversity, 47(4), 620-632. https://doi.org/10.1016/j.pld.2025.04.007

Ferraretti, G., Abondio, P., Alberti, M., Dezi, A., Sherpa, P. T., Cocco, P., Tiriticco, M., di
Marcello, M., Gnecchi-Ruscone, G. A., Natali, L., Corcelli, A., Marinelli, G., Peluzzi, D.,
Sarno, S., & Sazzini, M. (2024). Archaic introgression contributed to shape the adaptive
modulation of angiogenesis and cardiovascular traits in human high-altitude populations
from the Himalayas. https://doi.org/10.7554/elife.89815.2

Ferreira, M. S., Jones, M. R., Callahan, C. M., Farelo, L., Tolesa, Z., Suchentrunk, F.,
Boursot, P., Mills, L. S., Alves, P. C., Good, J. M., & Melo-Ferreira, J. (2021). The Legacy
of Recurrent Introgression during the Radiation of Hares. Systematic Biology, 70(3),
593-607. https://doi.org/10.1093/sysbio/syaa088

Fitzpatrick, M. C., & Keller, S. R. (2015). Ecological genomics meets community-level
modelling of biodiversity : Mapping the genomic landscape of current and future
environmental adaptation. Ecology Letters, 18(1), 1-16. https://doi.org/10.1111/ele. 12376

Forester, B. R., Lasky, J. R., Wagner, H. H., & Urban, D. L. (2018). Comparing methods for
detecting multilocus adaptation with multivariate genotype—environment associations.
Molecular Ecology, 27(9), 2215-2233. https://doi.org/10.1111/mec.14584

Gaczorek, T., Dudek, K., Fritz, U., Bahri-Sfar, L., Baird, S. J. E., Bonhomme, F., Dufresnes,
C., Gvozdik, V., Irwin, D., Kotlik, P., Markova, S., McGinnity, P., Migalska, M., Moravec, J.,
Natola, L., Pabijan, M., Phillips, K. P., Schéneberg, Y., Souissi, A., ... Babik, W. (2024).
Widespread Adaptive Introgression of Major Histocompatibility Complex Genes across
Vertebrate Hybrid Zones. Molecular Biology and Evolution, 41(10), msae201.
https://doi.org/10.1093/molbev/msae201

Galtier, N. (2024). An approximate likelihood method reveals ancient gene flow between
human, chimpanzee and gorilla. Peer Community Journal, 4.
https://doi.org/10.24072/pcjournal.359

Gaudet, P., & Dessimoz, C. (2017). Gene Ontology : Pitfalls, Biases, and Remedies. In C.
Dessimoz & N. Skunca (Eds.), The Gene Ontology Handbook (p. 189-205). Springer New
York. https://doi.org/10.1007/978-1-4939-3743-1_14

Gower, G., Picazo, P. I., Fumagalli, M., & Racimo, F. (2021). Detecting adaptive

20



introgression in human evolution using convolutional neural networks. eLife, 10, e64669.
https://doi.org/10.7554/eLife.64669

Green, R. E., Krause, J., Briggs, A. W., Maricic, T., Stenzel, U., Kircher, M., Patterson, N., Li,
H., Zhai, W., Fritz, M. H.-Y., Hansen, N. F., Durand, E. Y., Malaspinas, A.-S., Jensen, J.
D., Marques-Bonet, T., Alkan, C., Prifer, K., Meyer, M., Burbano, H. A., ... Paabo, S.
(2010). A Draft Sequence of the Neandertal Genome. Science, 328(5979), 710-722.
https://doi.org/10.1126/science.1188021

Glnther, T., & Coop, G. (2013). Robust identification of local adaptation from allele
frequencies. Genetics, 195(1), 205-220. https://doi.org/10.1534/genetics.113.152462

Harris, K., & Nielsen, R. (2016). The Genetic Cost of Neanderthal Introgression. Genetics,
203(2), 881-891. https://doi.org/10.1534/genetics.116.186890

Harrison, R. G., & Larson, E. L. (2014). Hybridization, Introgression, and the Nature of
Species Boundaries. Journal of Heredity, 105(S1), 795-809.
https://doi.org/10.1093/jhered/esu033

Hedrick, P. W. (2013). Adaptive introgression in animals : Examples and comparison to new
mutation and standing variation as sources of adaptive variation. Molecular Ecology,
22(18), 4606-4618. https://doi.org/10.1111/mec.12415

Hermisson, J., & Pennings, P. S. (2005). Soft sweeps : Molecular population genetics of
adaptation from standing genetic variation. Genetics, 169(4), 2335-2352.
https://doi.org/10.1534/genetics.104.036947

Hermisson, J., & Pennings, P. S. (2017). Soft sweeps and beyond : Understanding the
patterns and probabilities of selection footprints under rapid adaptation. Methods in
Ecology and Evolution, 8(6), 700-716. https://doi.org/10.1111/2041-210X.12808

Hewitt, G. (1999). Post-glacial re-colonization of European biota. Biological Journal of the
Linnean Society, 68(1), 87-112. https://doi.org/10.1006/bijl.1999.0332

Hibbins, M. S., & Hahn, M. W. (2022). Phylogenomic approaches to detecting and
characterizing introgression. Genetics, 220(2), iyab173.
https://doi.org/10.1093/genetics/iyab173

Huerta-Sanchez, E., Jin, X., Asan, Bianba, Z., Peter, B. M., Vinckenbosch, N., Liang, Y., Yi,
X., He, M., Somel, M., Ni, P., Wang, B., Ou, X., Huasang, Luosang, J., Cuo, Z. X. P, Li,
K., Gao, G.,Yin, Y., ... Nielsen, R. (2014). Altitude adaptation in Tibetans caused by
introgression of Denisovan-like DNA. Nature, 512(7513), 194-197.
https://doi.org/10.1038/nature13408

Jiang, H., Chang, J.-T,, Liao, P.-C., & Lee, Y.-I. (2025). Breaking the Hybrid Myth of
Paphiopedilum wenshanense : Double Bifurcated Divergence Followed by Adaptive
Introgression Formed a Morphological Intermediate. Molecular Ecology, 34(2), e17613.
https://doi.org/10.1111/mec.17613

21



Jones, M. R., Mills, L. S., Alves, P. C., Callahan, C. M., Alves, J. M., Lafferty, D. J. R,,
Jiggins, F. M., Jensen, J. D., Melo-Ferreira, J., & Good, J. M. (2018). Adaptive
introgression underlies polymorphic seasonal camouflage in snowshoe hares. Science,
360(6395), 1355-1358. https://doi.org/10.1126/science.aar5273

Jones, M. R., Mills, L. S., Jensen, J. D., & Good, J. M. (2020). The Origin and Spread of
Locally Adaptive Seasonal Camouflage in Snowshoe Hares. The American Naturalist,
196(3), 316-332. https://doi.org/10.1086/710022

Jorquera, J., Morales, L., Ng, E. Y. X, Noll, D., Pertierra, L. R., Pliscoff, P., Balza, U.,
Boulinier, T., Gamble, A., Kasinsky, T., Mclnnes, J. C., Marin, J. C., Olmastroni, S.,
Pistorius, P., Phillips, R. A., Gonzalez-Solis, J., Emmerson, L., Poulin, E., Bowie, R. C. K.,
... Vianna, J. A. (2025). Genomic Introgression and Adaptation of Southern Seabird
Species Facilitate Recent Polar Colonization. Molecular Biology and Evolution, 42(3),
msaf053. https://doi.org/10.1093/molbev/msaf053

Juvé, Y, Weyna, A., Lauroua, E., Nidelet, S., Khaldi, M., Barech, G., Lebas, C., Rasplus,
J.-Y,, Cruaud, A., Condamine, F. L., & Romiguier, J. (2025). Phylogenomics of Messor
harvester ants (Hymenoptera : Formicidae : Stenammini) unravels their biogeographical
origin and diversification patterns. Systematic Entomology, 50(4), 1025-1040.
https://doi.org/10.1111/syen.12693

Kanehisa, M., Furumichi, M., Sato, Y., Matsuura, Y., & Ishiguro-Watanabe, M. (2025). KEGG:
biological systems database as a model of the real world. Nucleic Acids Research,
53(D1), D672-D677. https://doi.org/10.1093/nar/gkae909

Kang, Y., Wang, Z., An, K., Hou, Q., Zhang, Z., & Su, J. (2024). Introgression drives
adaptation to the plateau environment in a subterranean rodent. BMC Biology, 22(1), 187.
https://doi.org/10.1186/s12915-024-01986-y

Klassmann, A., & Gautier, M. (2022). Detecting selection using extended haplotype
homozygosity (EHH)-based statistics in unphased or unpolarized data. PloS One, 17(1),
€0262024. https://doi.org/10.1371/journal.pone.0262024

Koopmans, F. (2024). GOAT: efficient and robust identification of gene set enrichment.
Communications Biology, 7(1), 744. https://doi.org/10.1038/s42003-024-06454-5

Lawson, D. J., Hellenthal, G., Myers, S., & Falush, D. (2012). Inference of population
structure using dense haplotype data. PLoS Genetics, 8(1), e1002453.
https://doi.org/10.1371/journal.pgen.1002453

Le Corre, V., Siol, M., Vigouroux, Y., Tenaillon, M. I., & Délye, C. (2020a). Adaptive
introgression from maize has facilitated the establishment of teosinte as a noxious weed
in Europe. Proceedings of the National Academy of Sciences, 117(41), 25618-25627.
https://doi.org/10.1073/pnas.2006633117

Le Corre, V., Siol, M., Vigouroux, Y., Tenaillon, M. I., & Délye, C. (2020b). Adaptive

22



introgression from maize has facilitated the establishment of teosinte as a noxious weed
in Europe. Proceedings of the National Academy of Sciences, 117(41), 25618-25627.
https://doi.org/10.1073/pnas.2006633117

Leitwein, M., Ernande, B., Vandeputte, M., Clota, F., & Allal, F. (2025). Reduced fithess
associated with introgression within the Western Mediterranean admixed population of
European seabass. Evolution, 79(8), 1681-1689. https://doi.org/10.1093/evolut/qpaf079

Leroy, T., Caffier, V., Celton, J.-M., Anger, N., Durel, C.-E., Lemaire, C., & Le Cam, B. (2016).
When virulence originates from nonagricultural hosts : Evolutionary and epidemiological
consequences of introgressions following secondary contacts in Venturia inaequalis. New
Phytologist, 210(4), 1443-1452. https://doi.org/10.1111/nph.13873

Leroy, T., Faux, P., Basso, B., Eynard, S., Wragg, D., & Vignal, A. (2024). Inferring
Long-Term and Short-Term Determinants of Genetic Diversity in Honey Bees :
Beekeeping Impact and Conservation Strategies. Molecular Biology and Evolution,
41(12), msae249. https://doi.org/10.1093/molbev/msae249

Leroy, T., Rougemont, Q., Dupouey, J.-L., Bodénés, C., Lalanne, C., Belser, C., Labadie, K.,
Le Provost, G., Aury, J.-M., Kremer, A., & Plomion, C. (2020a). Massive postglacial gene
flow between European white oaks uncovered genes underlying species barriers. New
Phytologist, 226(4), 1183-1197. https://doi.org/10.1111/nph.16039

Leroy, T., Louvet, J.-M., Lalanne, C., Le Provost, G., Labadie, K., Aury, J.-M., Delzon, S.,
Plomion, C., & Kremer, A. (2020b). Adaptive introgression as a driver of local adaptation
to climate in European white oaks. New Phytologist, 226(4), 1171-1182.
https://doi.org/10.1111/nph.16095

Leroy, T., Roux, C., Villate, L., Bodénés, C., Romiguier, J., Paiva, J. A. P,, Dossat, C., Aury,
J.-M., Plomion, C., & Kremer, A. (2017). Extensive recent secondary contacts between
four European white oak species. New Phytologist, 214(2), 865-878.
https://doi.org/10.1111/nph.14413

Liu, K. J., Steinberg, E., Yozzo, A., Song, Y., Kohn, M. H., & Nakhleh, L. (2015). Interspecific
introgressive origin of genomic diversity in the house mouse. Proceedings of the National
Academy of Sciences, 112(1), 196-201. https://doi.org/10.1073/pnas.1406298111

Ma, Y., Wang, J., Hu, Q,, Li, J., Sun, Y., Zhang, L., Abbott, R. J., Liu, J., & Mao, K. (2019).
Ancient introgression drives adaptation to cooler and drier mountain habitats in a cypress
species complex. Communications Biology, 2(1), 213.
https://doi.org/10.1038/s42003-019-0445-z

Maier, P. A., Vandergast, A. G., & Bohonak, A. J. (2024). Yosemite toad (Anaxyrus canorus)
transcriptome reveals interplay between speciation genes and adaptive introgression.
Molecular Ecology, 33(8), e17317. https://doi.org/10.1111/mec.17317

Malinsky, M., Challis, R. J., Tyers, A. M., Schiffels, S., Terai, Y., Ngatunga, B. P., Miska, E.

23



A., Durbin, R., Genner, M. J., & Turner, G. F. (2015). Genomic islands of speciation
separate cichlid ecomorphs in an East African crater lake. Science, 350(6267),
1493-1498. https://doi.org/10.1126/science.aac9927

Mallet, J. (2005). Hybridization as an invasion of the genome. Special issue: Invasions,
guest edited by Michael E. Hochberg and Nicholas J. Gotelli, 20(5), 229-237.
https://doi.org/10.1016/j.tree.2005.02.010

Mallet, J. (2007). Hybrid speciation. Nature, 446(7133), 279-283.
https://doi.org/10.1038/nature05706

Mao, Y., Economo, E. P.,, & Satoh, N. (2018). The Roles of Introgression and Climate
Change in the Rise to Dominance of Acropora Corals. Current Biology, 28(21),
3373-3382.e5. https://doi.org/10.1016/j.cub.2018.08.061

Maples, B. K., Gravel, S., Kenny, E. E., & Bustamante, C. D. (2013). RFMix : A discriminative
modeling approach for rapid and robust local-ancestry inference. American Journal of
Human Genetics, 93(2), 278-288. https://doi.org/10.1016/j.ajhg.2013.06.020

Martin, S. H., Davey, J. W., & Jiggins, C. D. (2015). Evaluating the Use of ABBA-BABA
Statistics to Locate Introgressed Loci. Molecular Biology and Evolution, 32(1), 244-257.
https://doi.org/10.1093/molbev/msu269

Martin, S. H., & Jiggins, C. D. (2017). Interpreting the genomic landscape of introgression.
Evolutionary genetics, 47, 69-74. https://doi.org/10.1016/j.gde.2017.08.007

Martin, S. H., & Van Belleghem, S. M. (2017). Exploring Evolutionary Relationships Across
the Genome Using Topology Weighting. Genetics, 206(1), 429-438.
https://doi.org/10.1534/genetics.116.194720

Mary, N., lannuccelli, N., Petit, G., Bonnet, N., Pinton, A., Barasc, H., Faure, A., Calgaro, A.,
Grosbois, V., Servin, B., Ducos, A., & Riquet, J. (2022). Genome-wide analysis of
hybridization in wild boar populations reveals adaptive introgression from domestic pig.
Evolutionary Applications, 15(7), 1115-1128. https://doi.org/10.1111/eva.13432

Matuszewski, S., Hermisson, J., & Kopp, M. (2015). Catch Me if You Can : Adaptation from
Standing Genetic Variation to a Moving Phenotypic Optimum. Genetics, 200(4),
1255-1274. hitps://doi.org/10.1534/genetics.115.178574

McDonald, J. H., & Kreitman, M. (1991). Adaptive protein evolution at the Adh locus in
Drosophila. Nature, 351(6328), 652-654.

Meier, J. I., Marques, D. A., Mwaiko, S., Wagner, C. E., Excoffier, L., & Seehausen, O.
(2017). Ancient hybridization fuels rapid cichlid fish adaptive radiations. Nature
Communications, 8(1), 14363. https://doi.org/10.1038/ncomms14363

Mittelbach, G. G., Schemske, D. W., Cornell, H. V., Allen, A. P., Brown, J. M., Bush, M. B.,
Harrison, S. P., Hurlbert, A. H., Knowlton, N., Lessios, H. A., McCain, C. M., McCune, A.
R., McDade, L. A., McPeek, M. A., Near, T. J., Price, T. D., Ricklefs, R. E., Roy, K., Sax,

24



D. F., ... Turelli, M. (2007). Evolution and the latitudinal diversity gradient : Speciation,
extinction and biogeography. Ecology Letters, 10(4), 315-331.
https://doi.org/10.1111/j.1461-0248.2007.01020.x

Monnet, F., Postel, Z., Touzet, P., Fraisse, C., Van de Peer, Y., Vekemans, X., & Roux, C.
(2025). Rapid establishment of species barriers in plants compared with that in animals.
Science, 389(6765), 1147-1150. https://doi.org/10.1126/science.adl2356

Mostert-O’Neill, M. M., Reynolds, S. M., Acosta, J. J., Lee, D. J., Borevitz, J. O., & Myburg,
A. A. (2021). Genomic evidence of introgression and adaptation in a model subtropical
tree species, Eucalyptus grandis. Molecular Ecology, 30(3), 625-638.
https://doi.org/10.1111/mec.15615

Nieto Feliner, G., Criado Ruiz, D., Alvarez, |., & Villa-Machio, . (2023). The puzzle of plant
hybridisation : A high propensity to hybridise but few hybrid zones reported. Heredity,
131(5), 307-315. https://doi.org/10.1038/s41437-023-00654-1

Norris, L. C., Main, B. J., Lee, Y., Collier, T. C., Fofana, A., Cornel, A. J., & Lanzaro, G. C.
(2015). Adaptive introgression in an African malaria mosquito coincident with the
increased usage of insecticide-treated bed nets. Proceedings of the National Academy of
Sciences, 112(3), 815-820. https://doi.org/10.1073/pnas.1418892112

Olson, D., & Dinerstein, E. (1998). The Global 200 : A Representation Approach to
Conserving the Earth’s Most Biologically Valuable Ecoregions. Conservation Biology, 12,
502-515. https://doi.org/10.1046/j.1523-1739.1998.012003502.x

Peter, B. M. (2016). Admixture, Population Structure, and F-Statistics. Genetics, 202(4),
1485-1501. https://doi.org/10.1534/genetics.115.183913

Pfennig, K. S. (2021). Biased Hybridization and Its Impact on Adaptive Introgression. Trends
in Ecology & Evolution, 36(6), 488-497. https://doi.org/10.1016/j.tree.2021.02.010

Postel, Z., Martin, H., Roux, C., Godé, C., Genete, M., Schmitt, E., Monnet, F., Vekemans,
X., & Touzet, P. (2025). Genetic Isolation among Four Lineages of Silene nutans. Plant
and Cell Physiology, 66(4), 514-528. https://doi.org/10.1093/pcp/pcae110

Pritchard, J. K., Pickrell, J. K., & Coop, G. (2010). The Genetics of Human Adaptation : Hard
Sweeps, Soft Sweeps, and Polygenic Adaptation. Current Biology, 20(4), R208-R215.
https://doi.org/10.1016/j.cub.2009.11.055

Qian, Y., Meng, M., Zhou, C., Liu, H., Jiang, H., Xu, Y., Chen, W., Ding, Z., Liu, Y., Gong, X.,
Wang, C,, Lei, Y., Wang, T., Wang, Y., Gan, X., Meyer, A,, He, S., & Yang, L. (2023). The
Role of Introgression During the Radiation of Endemic Fishes Adapted to Living at
Extreme Altitudes in the Tibetan Plateau. Molecular Biology and Evolution, 40(6),
msad129. https://doi.org/10.1093/molbev/msad129

Quintero, I., & Jetz, W. (2018). Global elevational diversity and diversification of birds.
Nature, 555(7695), 246-250. https://doi.org/10.1038/nature25794

25



Racimo, F., Marnetto, D., & Huerta-Sanchez, E. (2017). Signatures of Archaic Adaptive
Introgression in Present-Day Human Populations. Molecular Biology and Evolution, 34(2),
296-317. https://doi.org/10.1093/molbev/msw216

Ramasamy, U., Elizur, A., & Subramanian, S. (2023). Deleterious mutation load in the
admixed mice population. Frontiers in Ecology and Evolution, Volume 11-2023.
https://doi.org/10.3389/fevo.2023.1084502

Ramirez-Castaneda, V., Westeen, E. P., Frederick, J., Amini, S., Wait, D. R., Achmadi, A. S.,
Andayani, N., Arida, E., Arifin, U., Bernal, M. A., Bonaccorso, E., Bonachita Sanguila, M.,
Brown, R. M., Che, J., Condori, F. P., Hartiningtias, D., Hiller, A. E., Iskandar, D. T.,
Jiménez, R. A,, ... Tarvin, R. D. (2022). A set of principles and practical suggestions for
equitable fieldwork in biology. Proceedings of the National Academy of Sciences, 119(34),
€2122667119. https://doi.org/10.1073/pnas.2122667119

Rangel, T. F., Edwards, N. R., Holden, P. B., Diniz-Filho, J. A. F., Gosling, W. D., Coelho, M.
T. P., Cassemiro, F. A. S., Rahbek, C., & Colwell, R. K. (2018). Modeling the ecology and
evolution of biodiversity : Biogeographical cradles, museums, and graves. Science,
361(6399), eaar5452. https://doi.org/10.1126/science.aar5452

Razgour, O., Forester, B., Taggart, J. B., Bekaert, M., Juste, J., Ibafiez, C., Puechmaille, S.
J., Novella-Fernandez, R., Alberdi, A., & Manel, S. (2019). Considering adaptive genetic
variation in climate change vulnerability assessment reduces species range loss
projections. Proceedings of the National Academy of Sciences of the United States of
America, 116(21), 10418-10423. https://doi.org/10.1073/pnas.1820663116

Reich, D., Green, R. E., Kircher, M., Krause, J., Patterson, N., Durand, E. Y., Viola, B.,
Briggs, A. W., Stenzel, U., Johnson, P. L. F., Maricic, T., Good, J. M., Marques-Bonet, T.,
Alkan, C., Fu, Q., Mallick, S., Li, H., Meyer, M., Eichler, E. E., ... Paabo, S. (2010).
Genetic history of an archaic hominin group from Denisova Cave in Siberia. Nature,
468(7327), 1053-1060. https://doi.org/10.1038/nature09710

Rellstab, C., Dauphin, B., & Exposito-Alonso, M. (2021). Prospects and limitations of
genomic offset in conservation management. Evolutionary Applications, 14(5),
1202-1212. https://doi.org/10.1111/eva.13205

Renddn-Anaya, M., Wilson, J., Sveinsson, S., Fedorkov, A., Cottrell, J., Bailey, M. E. S.,
Rungis, D., Lexer, C., Jansson, S., Robinson, K. M., Street, N. R., & Ingvarsson, P. K.
(2021). Adaptive Introgression Facilitates Adaptation to High Latitudes in European
Aspen (Populus tremula L.). Molecular Biology and Evolution, 38(11), 5034-5050.
https://doi.org/10.1093/molbev/msab229

Responte, M. A., Wu, C.-Y., Elias, N. U., Brown, R. M., Dai, C.-Y., & Su, Y.-C. (2025). Recent
Range Expansion and Genomic Admixture in a Kleptoparasitic Spider, Argyrodes

lanyuensis : A Case of Adaptive Introgression on Small, Isolated Islands of the

26



Taiwan—Philippine Transition Zone? Molecular Ecology, 34(3), e17630.
https://doi.org/10.1111/mec.17630

Romieu, J., Camarata, G., Crochet, P.-A., de Navascués, M., Leblois, R., & Rousset, F.
(2025). Performance evaluation of adaptive introgression classification methods. Peer
Community Journal, 5. https://doi.org/10.24072/pcjournal.617

Rousselle, M., Simion, P., Tilak, M.-K., Figuet, E., Nabholz, B., & Galtier, N. (2020). Is
adaptation limited by mutation ? A timescale-dependent effect of genetic diversity on the
adaptive substitution rate in animals. PLOS Genetics, 16(4), e1008668.
https://doi.org/10.1371/journal.pgen.1008668

Roux, C., Fraisse, C., Romiguier, J., Anciaux, Y., Galtier, N., & Bierne, N. (2016). Shedding
Light on the Grey Zone of Speciation along a Continuum of Genomic Divergence. PLOS
Biology, 14(12), e2000234. https://doi.org/10.1371/journal.pbio.2000234

Sarabia, C., Salado, |., Fernandez-Gil, A., vonHoldt, B. M., Hofreiter, M., Vila, C., & Leonard,
J. A. (2025). Potential Adaptive Introgression From Dogs in Iberian Grey Wolves (Canis
lupus). Molecular Ecology, 34(12), e17639. https://doi.org/10.1111/mec.17639

Schield, D. R., Carter, J. K., Alderman, M. G., Farleigh, K., Highland, D. K., & Safran, R. J.
(2025). Recombination Rate and Recurrent Linked Selection Shape Correlated Genomic
Landscapes Across a Continuum of Divergence in Swallows. Molecular Ecology, n/a(n/a),
e70074. https://doi.org/10.1111/mec.70074

Setter, D., Mousset, S., Cheng, X., Nielsen, R., DeGiorgio, M., & Hermisson, J. (2020).
VolcanoFinder : Genomic scans for adaptive introgression. PLOS Genetics, 16(6),
e1008867. https://doi.org/10.1371/journal.pgen.1008867

Shang, H., Field, D. L., Paun, O., Rendén-Anaya, M., Hess, J., Vogl, C., Liu, J., Ingvarsson,
P. K., Lexer, C., & Leroy, T. (2023). Drivers of genomic landscapes of differentiation
across a Populus divergence gradient. Molecular Ecology, 32(15), 4348-4361.
https://doi.org/10.1111/mec.17034

Simon, A., Arbiol, C., Nielsen, E. E., Couteau, J., Sussarellu, R., Burgeot, T., Bernard, .,
Coolen, J. W. P, Lamy, J.-B., Robert, S., Skazina, M., Strelkov, P., Queiroga, H., Cancio,
l., Welch, J. J., Viard, F., & Bierne, N. (2020). Replicated anthropogenic hybridisations
reveal parallel patterns of admixture in marine mussels. Evolutionary Applications, 13(3),
575-599. https://doi.org/10.1111/eva.12879

Stankowski, S., Chase, M. A,, Fuiten, A. M., Rodrigues, M. F., Ralph, P. L., & Streisfeld, M.
A. (2019). Widespread selection and gene flow shape the genomic landscape during a
radiation of monkeyflowers. PLOS Biology, 17(7), e3000391.
https://doi.org/10.1371/journal.pbio.3000391

Stewart, J. R, Lister, A. M., Barnes, |., & Dalén, L. (2010). Refugia revisited : Individualistic

responses of species in space and time. Proceedings. Biological Sciences, 277(1682),

27



661-671. https://doi.org/10.1098/rspb.2009.1272

Strielkov, I., Buinovskaja, G., Uvarovskii, A., & Galatenko, V. (2025). Cutting through the
clutter : Minimizing redundancy in GO enrichment analysis with evoGO. bioRXxiv.
https://doi.org/10.1101/2025.02.24.639258

Suarez-Gonzalez, A., Hefer, C. A., Christe, C., Corea, O., Lexer, C., Cronk, Q. C. B., &
Douglas, C. J. (2016). Genomic and functional approaches reveal a case of adaptive
introgression from Populus balsamifera (balsam poplar) in P. trichocarpa (black
cottonwood). Molecular Ecology, 25(11), 2427-2442. https://doi.org/10.1111/mec.13539

Suarez-Gonzalez, A., Lexer, C., & Cronk, Q. C. B. (2018). Adaptive introgression : A plant
perspective. Biology Letters, 14(3), 20170688. https://doi.org/10.1098/rsbl.2017.0688

Suzuki, M. M., Nishikawa, T., & Bird, A. (2005). Genomic Approaches Reveal Unexpected
Genetic Divergence Within Ciona intestinalis. Journal of Molecular Evolution, 61(5),
627-635. https://doi.org/10.1007/s00239-005-0009-3

Svardal, H., Quah, F. X., Malinsky, M., Ngatunga, B. P., Miska, E. A., Salzburger, W.,
Genner, M. J., Turner, G. F., & Durbin, R. (2020). Ancestral Hybridization Facilitated
Species Diversification in the Lake Malawi Cichlid Fish Adaptive Radiation. Molecular
Biology and Evolution, 37(4), 1100-1113. https://doi.org/10.1093/molbev/msz294

Taylor, S. A., & Larson, E. L. (2019). Insights from genomes into the evolutionary importance
and prevalence of hybridization in nature. Nature Ecology & Evolution, 3(2), 170-177.
https://doi.org/10.1038/s41559-018-0777-y

Todesco, M., Pascual, M. A., Owens, G. L., Ostevik, K. L., Moyers, B. T., Hubner, S.,
Heredia, S. M., Hahn, M. A., Caseys, C., Bock, D. G., & Rieseberg, L. H. (2016).
Hybridization and extinction. Evolutionary Applications, 9(7), 892-908.
https://doi.org/10.1111/eva.12367

Touchard, F., Simon, A., Bierne, N., & Viard, F. (2023). Urban rendezvous along the
seashore : Ports as Darwinian field labs for studying marine evolution in the
Anthropocene. Evolutionary Applications, 16(2), 560-579.
https://doi.org/10.1111/eva.13443

Upadhyay, M., Kunz, E., Sandoval-Castellanos, E., Hauser, A., Krebs, S., Graf, A., Blum, H.,
Dotsev, A., Okhlopkoy, I., Shakhin, A., Bagirov, V., Brem, G., Fries, R., Zinovieva, N., &
Medugorac, I. (2021). Whole genome sequencing reveals a complex introgression history
and the basis of adaptation to subarctic climate in wild sheep. Molecular Ecology, 30(24),
6701-6717. https://doi.org/10.1111/mec.16184

Valverde, S., Vidiella, B., Martinez-Redondo, G. |., Duran-Nebreda, S., Fernandez, R.,
Bombarely, A., Rojas, A. M., & Bentley, R. A. (2025). Structural Changes in Gene
Ontology Reveal Modular and Complex Representations of Biological Function. Molecular
Biology and Evolution, 42(6), msaf148. https://doi.org/10.1093/molbev/msaf148

28



Vedder, D., Lens, L., Martin, C. A., Pellikka, P., Adhikari, H., Heiskanen, J., Engler, J. O., &
Sarmento Cabral, J. (2022). Hybridization may aid evolutionary rescue of an endangered
East African passerine. Evolutionary Applications, 15(7), 1177-1188.
https://doi.org/10.1111/eva.13440

Vernot, B., & Akey, J. M. (2015). Complex History of Admixture between Modern Humans
and Neandertals. The American Journal of Human Genetics, 96(3), 448-453.
https://doi.org/10.1016/j.ajhg.2015.01.006

Wang, M.-S., Wang, S., Li, Y., Jhala, Y., Thakur, M., Otecko, N. O., Si, J.-F., Chen, H.-M.,
Shapiro, B., Nielsen, R., Zhang, Y.-P., & Wu, D.-D. (2020). Ancient Hybridization with an
Unknown Population Facilitated High-Altitude Adaptation of Canids. Molecular Biology
and Evolution, 37(9), 2616-2629. https://doi.org/10.1093/molbev/msaa113

Wellenreuther, M., Mufioz, J., Chavez-Rios, J. R., Hansson, B., Cordero-Rivera, A., &
Sanchez-Guillén, R. A. (2018). Molecular and ecological signatures of an expanding
hybrid zone. Ecology and Evolution, 8(10), 4793-4806. https://doi.org/10.1002/ece3.4024

Wijesooriya, K., Jadaan, S. A, Perera, K. L., Kaur, T., & Ziemann, M. (2022). Urgent need
for consistent standards in functional enrichment analysis. PLOS Computational Biology,
18(3), €1009935. https://doi.org/10.1371/journal.pcbi.1009935

Yardeni, G., Barfuss, M. H. J., Till, W., Thornton, M. R., Groot Crego, C., Lexer, C., Leroy, T,,
& Paun, O. (2025). The Explosive Radiation of the Neotropical Tillandsia Subgenus
Tillandsia (Bromeliaceae) Has Been Accompanied by Pervasive Hybridization. Systematic
Biology, syaf039. https://doi.org/10.1093/sysbio/syaf039

Yon Rhee, S., Wood, V., Dolinski, K., & Draghici, S. (2008). Use and misuse of the gene
ontology annotations. Nature Reviews Genetics, 9(7), 509-515.
https://doi.org/10.1038/nrg2363

Zhang, S., Chen, Y., Zang, W., Wu, X., Ericson, P. G. P, Lei, F., & Qu, Y. (2025).
Hybridization mitigates climate change risk in mountainous birds. Nature Climate Change.
https://doi.org/10.1038/s41558-025-02485-w

Zhang, X., Kim, B., Singh, A., Sankararaman, S., Durvasula, A., & Lohmueller, K. E. (2023).
MaLAdapt Reveals Novel Targets of Adaptive Introgression From Neanderthals and
Denisovans in Worldwide Human Populations. Molecular Biology and Evolution, 40(1).
https://doi.org/10.1093/molbev/msad001

Zhang, X., Witt, K. E., Bafuelos, M. M., Ko, A,, Yuan, K., Xu, S., Nielsen, R., &
Huerta-Sanchez, E. (2021). The history and evolution of the Denisovan-EPAS1 haplotype
in Tibetans. Proceedings of the National Academy of Sciences, 118(22), €2020803118.
https://doi.org/10.1073/pnas.2020803118

Zhou, Q., Karunarathne, P., Andersson-Li, L., Chen, C., Opgenoorth, L., Heer, K., Piotti, A.,
Vendramin, G. G., Nakvasina, E., Lascoux, M., & Milesi, P. (2024). Recurrent

29



hybridization and gene flow shaped Norway and Siberian spruce evolutionary history over
multiple glacial cycles. Molecular Ecology, 33(17), e17495.
https://doi.org/10.1111/mec.17495

30



Table 1: Cases of climate-relevant adaptive introgression described in this paper.
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Genetic marker
datasets (SSRs), Admixture
n=29 |. graellsii, proportions Niche breath of
Ischnura elegans, n=208 /. elegans, compared with introgressed vs. |Niche Wellenreuther
Ischnura graellsii | Insects from 14 populations |simulated hybrids Niche modelling | pure populations |expansion etal, 2018
Annotation
based on
Whole-genome PhylonetHMM, Simulation-base | reference
Lepus sequences simulation of d inference of genome, Expansion into
americanus/L. n=80 from 4 US hybridization pulse |TMRCA for the |literature mild climate Jones et al.,,
californicus Mammalia |regions with SELAM Agouti region searches range 2020
Reduced GEA with Adaptation to
representation climate, genomic | GO terms climate
(ddRAD-Seq), vulnerability with | enrichment, warming in
n=344 fish from five |D, f4-ratios and fdM |niche models, literature altitudinal/temp | Brauer et al.,
Melanotaenia spp. | Fish species statistics (Dsuite) genomic offset | searches erature gradient | 2023
Branch-site Annotation
Whole-genome model in based on
sequences F4 statistics, CODEML and reference
n=6 O. nivicola, n=1 | TREEMIX, relative |Fay & Wu's H genome, Cold adaptation
Ovis nivicola, Ovis O. dallii, n=1 O. node depth (RND) [test for positive | literature (to subarctic Upadhyay et
sp. Mammalia |ammon in phylogeny selection searches climate) al., 2021
Higher
Reduced introgression in
representation Environmental more southern
(RADseq), n=81 neighborNet, ABC |and flower latitudes
Paphiopedilum demographic morphology GO terms correlating with
Paphiopedilum wenshane, n=9 P. modelling, gene correlates with enrichment, warmer and
wenshane, P. concolor, n=10 P. flow estimatew with |introgressed literature moister Jiang et al.,
concolor Orchid bellatum divMigrate regions searches climates 2025
Selective sweep
analysis,
GO-terms Functional
Transcriptome enrichment, annotation, GO
(RNA-Seq) RDA with terms
Picea asperata, P. n=114 from 21 environment, enrichment, Adaptation to
crassifolia, P. populations of 3 D-suite, TREEMIX, |species literature drought, Feng et al.,
meyeri Trees species fdM distribution searches photoperiod 2025
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modelling

Annotation
iSAFE based on

Whole genome (integrated reference Latitudinal

sequences selection of genome, gradient,
Populus tremula n=411 from 7 fdM and df alleles favored lliterature shorter growing | Rendén-Anay
lineages Trees countries statistics, ELAI by evolution) searches season aetal., 2021

Whole-genome

sequences (poolseq)

18 populations with

1pool/pop across GEA (Baypass)

altitudinal and outlier Manual

latitudinal gradients, identification annotation,

1 pop each of Q. (temperature, common

petraea, Q. robur, Q. precipitation) gardens, Latitudinal and

pyrenaica, Q. TREEMIX, f3 and GPA (leaf literature altitudinal Leroy et al.,
Quercus petraea | Trees pubescens statistic unfolding date) |searches gradients 2020b

Climate

Genetic marker warming, timing

datasets (SNP array, GO terms of long-distance

220k SNPs), pRDA, LFMM for | enrichment, marine-to-river

n=297 individuals genotype-phenot | literature migration, Beck et al.,
Salmo salar Fish from 11 populations |based on literature |ype association |searches genomic offset |2025

Whole-genome Adaptation to

sequences Sweep Detection extreme

n=111 individuals (RAISD), LD environments

from 21 locations, 3 patterns facilitates polar |Jorquera et
Stercorarius spp. | Birds species D and f4 statistics  |(XP-nSL) GO enrichment |colonisation al., 2025

Reduced

representation (GbS,

plastome)

n=489 individuals niche

Herbaceou |from 3 species + 1 broadening with |Adaptation to Steinetal.,

Tillandsia spp. s plants outgroup TREEMIX niche modelling | introgression extreme aridity |2023

Whole-genome

sequences (SNP

array, 50k SNPs)

n=70 accessions

French teosintes, +

published data of

n=40 Spanish

teosintes, n=314 Adaptation of

acc. Z. parviglumis, Annotation flowering time

n=332 acc. Z. Differentiation based on to temperate

mexicana (28, 29), scan (pcadapt), |reference climate (shorter

n=94 Z. mays ELAI, SNP genome, in introgressed
Zea mays Herbaceou |landraces, n=155 Z. |F4 statistics, outliers mapping | literature temperate-adap | Le Corre et
(teosinte) s plants mays inbred lines TREEMIX to genome searches ted teosinte) al., 2020

33




	Author Contributions 
	Conflicts of Interest 
	Data Availability Statement 

