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Streszczenie

Globalny rozwdj transportu, handlu i turystyki przyczynia sie do przenoszenia gatunkéw
zwierzat oraz roslin poza ich rodzimy zasieg. Tylko niewielka czes¢ obcych gatunkéw zaktada
populacje poza swoim rodzimym zasiegiem i rozprzestrzenia sie, powodujgc powazne szkody
zarowno ekologiczne, jak i ekonomiczne. Inwazyjne gatunki obce s3 jednym
z najpowazniejszych probleméw wspodtczesnej ochrony przyrody, dlatego identyfikacja
czynnikéw, ktdre przyczyniajg sie do sukcesu inwazji jest kluczowa dla zaplanowania dziatan
zaradczych.

Celem mojej pracy doktorskiej byto zbadanie grupy mechanizméw, ktére utatwiajg
skuteczng adaptacje, a w rezultacie umozliwiajg inwazje. Skupitam sie na okresleniu
mechanizmdéw ksztattujgcych zmiennosé genetyczng i dziataniu doboru naturalnego oraz roli
mikrobiomu jelitowego w przystosowaniu do nowego s$rodowiska. Najnowsze badania
podkreslajg role danych genomowych w procesie zrozumienia mechanizmoéw ttumaczacych
sukces gatunkédw inwazyjnych. Uzupetnienie wynikéw badan genomowych analizg
mikrobiomu jelitowego pozwolito na lepsze zrozumienie czynnikéw ufatwiajgcych inwazje.

W pierwszej czesci mojej pracy, wykonatam systematyczny przeglad opublikowanych
prac wykorzystujgcych dane genomowe do analizy wptywu mechanizméw demograficznych na
ksztattowanie sie zmiennosci genetycznej oraz dziatanie doboru naturalnego w procesie
inwazji. Zauwazytam wyrazny wzorzec iloSciowy wskazujacy, ze pierwotny spadek zmiennosci
spowodowany dryfem genetycznym oraz efektem waskiego gardta, podczas zaktadania
populacji w nowym zasiegu, jest czesty, jednak nie powoduje trwatego obnizenia zmiennosci.
Migracje pomiedzy genetycznie odmiennymi introdukowanymi populacjami oraz introgresja
wariantéw genetycznych w procesie hybrydyzacji powodujg odtworzenie zmiennosci
wewnatrzpopulacyjnej. Ponadto, slady doboru naturalnego sg najczesciej identyfikowane
w regionach genomu zwigzanych z funkcjami biologicznymi, ktére potencjalnie mogg utatwiac
inwazje, jak np. tolerancja na zmiany temperatury, odpornos¢ immunologiczna, szlaki
metaboliczne oraz odpornos¢ na pestycydy. Systematyczny przeglad artykutéw umozliwit
okreslenie luk w wiedzy i zaproponowanie przysztych kierunkéw badan.

Wzorzec, ktéry zidentyfikowatam na podstawie analizy opublikowanych artykutéw
potwierdzitam badajac strukture genetyczng i zmiany adaptacyjne, zwigzane z inwazjg szopa
pracza Procyon lotor, bedgcego jednym z najszybciej rozprzestrzeniajgcych sie inwazyjnych
ssakow w Europie. Odnotowatam obnizenie zmiennosci genetycznej w zasiegu inwazyjnym,
i jednoczesnie admiksje miedzy populacjami inwazyjnymi. Obecnos¢ doboru réwnolegtego
pomiedzy populacjami inwazyjnymi oraz populacjg rodzimg, wystepujgcymi w podobnych

warunkach klimatycznych, sugeruje specyficzne lokalne adaptacje. Wyniki podkreslaja



znaczenie podobienstwa siedlisk miedzy zasiegami rodzimymi oraz inwazyjnymi. Slady doboru
zlokalizowane byty w regionach genomu zwigzanych z rozrodem, szlakami hormonalnymi,
procesami neurologicznymi i poznawczymi, uktadem ruchu oraz procesami biochemicznymi
odpowiadajgcymi na zmiany Srodowiskowe. Wykrycie dziatania doboru naturalnego w tych
specyficznych grupach gendéw sugeruje, ze lokalne adaptacje mogg mieé¢ znaczenie
W wygrywaniu przez szopy konkurencji z rodzimymi gatunkami.

W ostatniej czesci mojej pracy, poréwnatam sktad i funkcjonalnos¢ mikrobiomu
jelitowego rodzimych i inwazyjnych populacji szopa pracza jako czynnika potencjalne majacego
znaczenie dla jego inwazji. Populacje z obydwu zasiegéw rdznity sie skladem mikrobiomu, co
mogto by¢ spowodowane odmienng dietg lub zmiang sktadu taksonéw bakteryjnych w wyniku
przeniesienia poza naturalny zasieg i inwazji. Populacje z zasiegu inwazyjnego byty bardziej
zréznicowane miedzy sobg niz badane populacje rodzime. Jednocze$nie duza réznorodnosé
wewnatrzpopulacyjna nie potwierdzita wptywu efektu zatozyciela na poziom zmiennosci
mikrobiomu jelitowego inwazyjnych populacji. Populacje rodzime miaty mniej réznorodny
mikrobiom, nie tylko w obrebie populacji, ale réwniez bardzo zblizony pomiedzy odlegtymi
geograficznie lokalizacjami. Moze to wskazywaé na wysoki poziom stabilnosci mikrobiomu
sugerujacy jego odpornosc i rezyliencje. Z drugiej strony moze to réwniez odzwierciedlac
uboga, opartg na Zrédtach antropogenicznych diete. Pomimo wykrytych réznic w sktadzie,
profile funkcjonalne mikrobiomu jelitowego rodzimych i inwazyjnych populacji pokrywaty sie,
co wskazuje na funkcjonalng redundancje, czyli naktadanie sie funkcji petnionych przez rézne
grupy bakterii. W przypadku szopa pracza, wysokie zrdznicowanie i niezaburzona
funkcjonalno$¢ mikrobiomu jelitowego w populacjach inwazyjnych moze by¢ kolejnym
czynnikiem utatwiajgcym inwazje.

Zarzgdzanie gatunkami inwazyjnymi jest najbardziej skuteczne podczas poczatkowych
etapdéw inwazji, kiedy dziatania zaradcze powinny by¢ skupione na przeciwdziataniu migracji
oraz zaktadaniu nowych populacji. Wyniki przegladu systematycznego, jak i badania inwazji
szopa pracza, wskazujg na wptyw mieszania sie odmiennych genetycznie populacji na sukces
inwazji. Stad tez, na pdzniejszych etapach inwazji dziatania stajg sie mniej efektywne, poniewaz
odbudowanie zmiennosci genetycznej potencjalnie utatwia adaptacje i sukces w nowym
zasiegu. Przy uzyciu danych o zmiennosci genetycznej wykazatam, ze zgodnos¢ siedliska
pomiedzy zasiegiem naturalnym i inwazyjnym ma znaczenie dla sukcesu w nowym zasiegu,
dlatego warunki klimatyczne i cechy $rodowiska powinny by¢ brane pod uwage podczas
ochrony zagrozonych terendéw. Dane genomowe mogg usprawni¢ zarzgdzanie gatunkami
inwazyjnymi, nie tylko poprzez odtworzenie historii inwazji, ale rowniez oszacowanie
potencjatu adaptacyjnego. W konsekwencji mozliwe bedzie zaplanowanie dopasowanych do

gatunku efektywnych dziatan.



Summary

In the era of intensive human movements across and between countries and continents,
numerous species are intentionally and unintentionally transferred out of their native ranges.
However, only a fraction of those species establish successful populations outside their native
ranges, causing serious ecological and economic damage. Invasive alien species are one of the
most serious concerns to modern nature conservation; therefore, a major focus is placed on
identifying the traits that contribute to invasion success.

My PhD thesis aimed to investigate a group of mechanisms that drive successful
adaptation and facilitate invasion. | focused on assessing mechanisms shaping genetic diversity
and selection pressure, and the role of the gut microbiome in promoting local adaptations.
Recent studies highlight the role of genomic data in providing a complex understanding of
mechanisms underlying invasive species success. The complementation of the genomic
findings with investigating the gut microbiomes offers an additional dimension to
understanding factors facilitating invasions.

In the first part of my thesis, | conducted a systematic review of studies that employed
genomic data to analyze the influence of demographic mechanisms shaping the genetic
diversity and natural selection during invasions. | identified a clear pattern indicating that
primary reductions of diversity caused by genetic drift and bottlenecks during establishment
in the new range are frequent; however, they do not result in a permanent reduction of
genomic diversity. The diversity is usually restored by admixture of individuals from separate
introductions and/or introgression of advantageous genetic variants. Moreover, selection
footprints are often detected in genomic regions related to specific biological functions,
putatively facilitating invasion, such as temperature tolerance, immunity, metabolic pathways,
and insecticide resistance. The systematic review of articles allowed for the detection of
knowledge gaps and proposed directions for future research.

The pattern that | have identified by analysing published articles was confirmed by
examining the genetic structure and adaptive changes related to the spread of the raccoon
Procyon lotor, which is one of the most rapidly expanding invasive mammals in Europe.
| detected the reduction of genetic diversity in the invasive range and admixture between
invasive populations. The footprints of parallel selection between invasive populations and
one from the native range, inhabiting similar environmental conditions, suggest habitat-
specific local adaptations. The results highlight the importance of habitat matching between
native and invasive ranges not only by environmental, but also by genetic data. Selection
footprints were detected in regions of the genome related to reproduction, hormonal

pathways, neurological processes, cognitive functions, locomotor system, and biochemical



processes associated with environmental changes. Selection footprints in those particular
groups of genes suggest that local adaptations may play a role in outcompeting native species.

In the final part of my dissertation, | analyzed the differences in composition and
functional profiles of raccoons’ populations' gut microbiomes, as a non-genetic factor
potentially influencing invasion. The microbiome composition of both ranges was
differentiated, which may either reflect diverse diet sources or the loss and gain of microbial
taxa during the invasion process. Invasive populations exhibited higher levels of inter-
population microbiome diversity than the studied native populations. The high intra-
population diversity did not confirm the influence of the population bottleneck on the level of
microbiome diversity in invasive populations. Native populations, however, had a less diverse
microbiome, similar between geographically distant locations, suggesting microbiome
stability, indicating its resilience, but also possibly related to a more simplified, anthropogenic
diet. Despite the differences in microbiome composition between ranges, the functional
profiles of gut microbiomes from invasive and native populations overlapped, suggesting
functional redundancy, i.e., the same functions are provided by different bacterial groups. In
raccoons' invasive populations, the high level of differentiation and undisturbed functional
profiles may be another factor facilitating invasion.

The management of invasive species is most effective during the initial stages of
invasion, when actions to prevent the migrations and the establishment of new populations
should be undertaken. Results of both systematic review and raccoons’ invasion studies
indicate that admixture of genetically divergent populations facilitates invasion. Therefore,
during later invasion stages, countermeasures are less effective, as restoring the genetic
diversity may drive local adaptations and invasion. Using the information on the genetic
variation, | showed that habitat-matching between native and invasive range further facilitates
success in the new range. Thus, climatic and environmental conditions should be considered
while predicting vulnerability to invasion, even in such a cosmopolitan species as the raccoon.
Genomic data may improve invasive species management, not only by reconstructing the
invasion history, but also by estimating the adaptive potential. As a result, it will be possible to

plan effective management actions tailored to particular species.



Introduction

In the era of intensive human movements across and between countries and continents,
numerous species are intentionally and unintentionally transferred out of their native ranges.
However, only a fraction of these species establish successful populations and outcompete
native species. Those that do so represent a serious threat to ecosystems, being, next to
habitat loss, one of the major drivers of species extinction (Molnar et al., 2008; Roy et al.,
2024). Invasive alien species cause profound ecological impacts, ranging from habitat
destruction, competition, predation, to pathogen transmission. Moreover, they can be
areason for substantial economic loss, including management costs and damage
compensation in agriculture, forestry, fisheries, and the health-related sector (Bradley et al.,
2024; Haubrock et al.,, 2021). A major focus of invasion ecology is to identify the traits
contributing to invasion success. Understanding why some species become invasive while
others do not, by uncovering the mechanisms underlying their success, is crucial for mitigating
their harmful impact (Parker et al., 2013).

During the introduction, several factors facilitate successful adaptation. These include
the availability of favourable habitat (Coulter et al., 2022), and the use of so-called novel
weapons — traits that have not been present in the new range that enhance the
competitiveness of invaders, e.g., allelopathy, new anti-herbivore, anti-fungal or anti-microbial
effects. Furthermore, the invasion success may result from the availability of empty niches,
which promote the faster spread and reduce competition. In ecosystems that have been
disturbed by natural forces (e.g., destructive wildfires) or anthropogenic activity, the
decreased abundance of native species creates unoccupied habitats for invaders (Daly et al.,
2023). Other hypotheses include the release from natural enemies (predators or pathogens),
allowing individuals to save energy otherwise spent on defence and thus increase fitness (Liu
& Stiling, 2006), and the presence of a highly functional microbiome mediating essential
phenotypic traits, e.g., energy metabolism, detoxification and disease resistance (Romeo et al.,
2025). Despite the importance of the abovementioned characteristics, recent studies highlight
that genomic data provide important insights into the mechanisms underlying invasion
success. The research on mechanisms shaping population genetic diversity and molecular
footprints of adaptation reveals how introduced populations overcome demographic
bottlenecks, restore genetic diversity when adapting to novel habitats (Kariuch et al., 2021;
McGaughran et al., 2024). Next generation sequencing tools can also be employed to elucidate
the role of the microbiome in facilitating invasion success (Romeo et al., 2025).

Adaptive potential, i.e. ability to respond to selection pressures, depends on the level
of genetic diversity (Stange et al., 2021) and is crucial for the success of invasive species in

novel environments (Lande & Shannon, 1996; Merilda & Hendry, 2014). It is believed that



invasive species often face a “genetic paradox”. Although they are typically introduced in
a limited number of individuals, leading to reductions of genetic diversity due to bottlenecks
and genetic drift, they can adapt and succeed in novel environments. On the other hand,
genetic diversity could be restored through admixture between different invasive populations
or via hybridisation, enabling them to maintain high adaptive potential (Dlugosch et al., 2015;
Estoup et al., 2016). In specific cases, invasive species may also retain substantial levels of
adaptive genetic diversity from the native range (Lee, 2016). For example, frequent
environmental fluctuations in the native range can promote balancing selection in source
populations, maintaining multiple genetic variants that are brought to the new range during
invasion. Genomic methods can be applied to the identification of the sources and pathways
of invasion, estimating bottlenecks, and determining how pre-existing genetic variation in the
native range influences invasive species. Genomics also offers tools for capturing footprints of
novel adaptations occurring after introduction (North et al., 2021; Roe et al., 2019). Therefore,
the number of studies using genomic methods to investigate invasion-related mechanisms has
recently increased (McGaughran et al., 2024).

The application of population genetic theory to propose mechanisms shaping the
genetic diversity of invasive species is well settled (Bock et al., 2015; Dlugosch et al., 2015;
Dlugosch & Parker, 2008; McGaughran et al., 2024; North et al., 2021). Nevertheless,
a comprehensive summary identifying those that contribute the most to the invasion success
and are the most frequently reported has been lacking. To address this gap, as a part of my
PhD dissertation, | conducted a systematic review of research articles employing genomic tools
to study invasions. | searched for studies published since 2015, as the most recent reviews
including genomic studies were published earlier (Bock et al., 2015; Chown et al., 2015).
| quantified the frequency of different demographic processes related to invasion, mechanisms
of selection, and genome features potentially related to invasion success. | identified gaps in
knowledge and proposed future directions of research investigating the genetic mechanisms
related to species invasions.

To place the conclusions drawn from the systematic review in the empirical context,
the aim was to identify local adaptation footprints putatively enabling the extremely successful
invasion of the raccoon Procyon lotor in Europe. Raccoons are native to North America and
have become highly invasive in Europe, as well as in Japan. They inhabit forests and wetlands,
but are also present in urban habitats (Jernelév, 2017). Due to their high plasticity, high
reproductive performance (Ritke, 1990) and diverse food resources (Rulison et al., 2012),
raccoons adjust extremely well to changing environments and can outcompete native species,
such as the European badger. In addition, they pose a threat through predation, food

competition, aggression and pathogen transmission (Salgado, 2018). First known introductions



in Europe occurred in Germany about 80 years ago, as a result of the releases from fur farms
and zoos, as well as for hunting and fauna enrichment purposes. At least four independent
introduction events took place in Germany as revealed by the presence of separate genetic
clusters and admixture of geographically nearby, yet genetically divergent populations (Fischer
et al.,, 2015). The relatively high levels of genetic diversity (Biedrzycka et al., 2014, 2020)
putatively facilitated rapid and extensive spread across Europe (Jernelov, 2017).

Studying the genomic footprints of selection in several European invasive populations
with different invasion histories, as well as in two native populations from geographically and
climatically distant regions of the USA, is assumed to allow for the detection of specific
genomic variants associated with invasion success or specific, local habitat-related
adaptations.

To complement the findings on the role of genetic adaptation, | aimed to move beyond
genetic factors potentially influencing invasion. A well-balanced gut microbiome is essential
for maintaining individual fitness, through e.g., contributing to host plasticity (Kolodny
& Schulenburg, 2020), supporting digestion (Henry et al.,, 2021) and stimulating immune
response, thus protecting from pathogens (Chiu et al., 2017; Pickard et al., 2017). These
functions can facilitate adaptation to new environments; however, the role of the microbiome
in promoting invasion has been studied very rarely (but see Romeo et al., 2025). Invasive hosts
may acquire new, potentially adaptive microbes from the local environment (Couch & Epps,
2022) or lose specific microbial taxa experiencing higher dispersion and dysbiosis that limits
individual performance (Kohl, 2020; Zepeda-Paulo et al., 2018). These shifts do not necessarily
translate into functional losses, as microbial functions may be maintained by different taxa
(Louca et al., 2018). Importantly, this functional redundancy has not yet been explored in the
context of invasive species.

By integrating multiple approaches, my dissertation enhances the understanding
of adaptive mechanisms of invasive species and provides a significant contribution to the field

of invasion biology.
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Aims of the thesis

The presented research aimed to investigate the mechanisms underlying the successful

adaptation of invasive species.

Aim 1: Assessing genetic mechanisms responsible for local adaptations, determining the
response to environmental changes and invasion success.

a) Systematic review of studies that employed genomic tools to study invasion, with the focus
on: estimating the frequency of demographic processes related to invasion, mechanisms of
selection, and genome features potentially related to invasion success, as well as identifying
gaps in knowledge and future directions of research on genetic mechanisms related to species
invasions.

b) Characterization of genomic diversity and identification of local adaptation footprints
promoting the extremely successful raccoon invasion in Europe, using SNP (single nucleotide
polymorphism) loci. The invasion of raccoons in Europe served as a model to assess genetic
mechanisms determining medium-sized mammal invasion success and to place results from
the systematic review into an empirical context.

| hypothesized that:

The genetic composition of native and invasive populations differs because of:

1. Demographic processes associated with the establishment and expansion in the new range.
2. Natural selection acting in invasive populations as a response to local adaptation. The
footprint of selection should be observed only in specific regions of the genome, while most
of the diversity is evolving neutrally. Alternatively: 1) the strong impact of random
demographic factors associated with establishment in the new range and subsequent
expansion may prevent rapid adaptation to local conditions; 2) the lack of habitat differences

between native and invasive ranges does not exert selective pressure.

Aim 2: Evaluating the importance of gut microbiome as a non-genetic factor, potentially
influencing local adaptation, by assessing differences in gut microbiome between native and
invasive populations.

| hypothesized that:

1. The gut microbiome composition of native and invasive populations differs because of
demographic processes that shape the genetic differentiation of invasive populations are also
reflected in the diversity of the microbiome.

2. The composition of a population’s gut microbiome may enhance its adaptation in the new
range. Alternatively, a higher degree of the gut microbiome dispersion in invasive populations,

or the loss of important taxa, would indicate reduced microbiome functionality.

11



Article 1 — Genomic investigations of successful invasions: the picture emerging
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ABSTRACT

Invasion biology aims to identify traits and mechanisms that contribute to successful invasions, while also providing
general insights into the mechanisms underlying population expansion and adaptation to rapid climate and habitat
changes. Certain phenotypic attributes have been linked to successful invasions, and the role of genetics has been critical
in understanding adaptation of invasive species. Nevertheless, a comprehensive summary evaluating the most common
evolutionary mechanisms associated with successful invasions across species and environments 1s still lacking. Here we
present a systematic review of studies since 2015 that have applied genomic tools to investigate mechanisms of successtul
nvasions across different organisms. We examine demographic patterns such as changes in genomic diversity at the pop-
ulation level, the presence of genetic bottlenecks and gene flow in the invasive range. We review mechanisms of adapta-
tion such as selection from standing genetic variation and de novo mutations, hybridisation and introgression, all of which
can have an impact on invasion success. This comprehensive review of recent articles on the genomic diversity of invasive
species led to the creation of a searchable database to provide researchers with an accessible resource. Analysis of this
database allowed quantitative assessment of demographic and adaptive mechanisms acting in invasive species. A pre-
dominant role of admixture in increasing levels of genetic diversity enabling molecular adaptation in novel habitats is
the most important finding of our study. The “genetic paradox” of invasive species was not validated in genomic data
across species and ecosystems. Even though the presence of genetic drift and bottlenecks is commonly reported upon
nvasion, a large reduction in genomic diversity is rarely observed. Any decrease in genetic diversity is often relatively
mild and almost always restored vz gene flow between different invasive populations. The fact that loci under selection
are frequently detected suggests that adaptation to novel habitats on a molecular level is not hindered. The above findings
are confirmed herein for the first time in a semi-quantitative manner by molecular data. We also point to gaps and poten-
tial improvements in the design of studies of mechanisms driving rapid molecular adaptation in invasive populations.
These include the scarcity of comprehensive studies that include sampling from multiple native and invasive populations,
identification of invasion sources, longitudinal population sampling, and the integration of fitness measures into genomic
analyses. We also note that the potential of whole genome studies is often not exploited fully in predicting invasive poten-
tial. Comparative genomic studies identifying genome features promoting invasions are underrepresented despite their
potential for use as a tool in invasive species control.

* Authors for correspondence: J. Kolodziejezyk (Tel.: +48123703549; E-mail: kolodziejczyk@iop.krakow.pl) and A. Biedrzycka
(Tel.: +48123703553; E-mail: biedrzycka@iop.krakow.pl).
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I. INTRODUCTION

Present-day ecosystems are exposed to many threats from
organisms that establish populations outside their natural
range. While the transportation of live organisms around
the world has increased dramatically since the beginning of
the Industrial Revolution and is still on the rise (Bellard,
Cassey & Blackburn, 2016; Zenetos & Galanidi, 2020), only
some alien species become invasive (Mack et al., 2000;
Seebens et al., 2017; Williamson & Fitter, 1996). According
to the IUCN definition, invasive alien species are species that
cause severe ecological or economic damage, with documen-
ted ecosystem impacts ranging from habitat destruction and
disease transmission to displacement or even extinction of
native species (Duefias ¢f al., 2021; Forti¢ et al., 2023; Molnar
et al., 2008). Therefore, a major focus in invasion biology is to
identify mechanisms that contribute to invasion success
(Fournier et al., 2019; Parker et al., 2013). Predicting which
species are likely to become invaders before their introduc-
tion outside their native range has been a prime objective
of invasion biology. The comparison of phenotypic features
of native and invasive populations has enabled the identifica-
tion of intraspecific differences in phenotypes that facilitate
invasion success (Hiatt & Flory, 2020). Native and invasive
phenotypes arise from the interaction between genotype

and environment in their respective populations and the
impact of stochastic events. Therefore, examining pheno-
typic, genetic, and ecological differences across native and
invaded environments is essential for understanding the
mechanisms driving successful invasions.

In addition to the practical value of genetic studies for
informing invasive species management, research uncover-
ing invasive traits offers broader insights into the mechanisms
of population expansion and adaptation to rapid climate and
habitat change (Moran & Alexander, 2014). The most fre-
quently cited hypotheses explaining invasion success high-
light the roles of transport opportunity, propagule pressure,
habitat matching, fecundity and population size as prerequi-
sites and accelerators of species invasions. Invasive species
often have significantly higher values for performance-related
traits, better dispersal abilities, and shorter generation times
compared to native species (Jeschke, 2014).

Species with low adaptive potential, that is a limited ability
to respond to selection through phenotypic changes, face
reduced chances of survival in new environments (Lande &
Shannon, 1996; Merila & Hendry, 2014). Adaptive potential
and species ability to evolve depends on the level of genomic
diversity (Day, 2015). While ecological factors are key de-
terminants for invasion success, the role of genetics has
been more challenging to demonstrate. Invasions are often
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Genomic vestigations of successful invasions

characterised by a “genetic paradox”: despite reductions of
genetic diversity during population establishment from a lim-
ited number of founding individuals, invasive species typi-
cally show high capability to adapt to novel conditions that
sometimes allows them to outperform native species
(Dlugosch et al., 2015; Estoup et al., 2016). This can be par-
tially explained by reduced environmental pressure, for
example resulting from release from natural enemies
(Brian & Catford, 2023). On the other hand, admixture of
phylogenetically divergent populations coming into contact
in the invasive range can restore genetic diversity.
Genomics of invasive species can be leveraged to identify
populations of origin and invasion routes, and to estimate
the timing of invasion and associated demographic bottle-
necks, potentially identifying sources creating high levels
of genetic diversity in invasive populations. Further, geno-
mics can be employed to assess the role of pre-existing
adaptation on facilitating invasion, and to identify the
occurrence of i situ adaptations following invasion
(North, McGaughran & Jiggins, 2021; Roe et al., 2019).
Balancing selection can facilitate maintenance of genetic
variants important for adaptation to new conditions.
New selective pressures can lead to selection of genetic
variants acquired either before or after arrival in the inva-
sive range. The latter can occur via admixture or introgres-
sion from other species or via mutations. Indeed, rapid
adaptation is proposed to be crucial for the long-term suc-
cess of invasive species (Dlugosch & Parker, 2008;
Lee, 2002; Rollins ¢t al., 2013; Stern & Lee, 2020).

The importance of studying the genetics of biological inva-
sions has been recognised for decades (Baker & Stebbins,
1965; Gray, 1986). During this period, numerous reviews
have summarised the mechanisms that are prerequisites for
creating and maintaining the levels of genetic diversity allow-
ing for rapid adaptation and successful invasion. Despite
many years of study, we still lack a comprehensive summary
evaluating most common genetic mechanisms associated
with successful invasion across species and environments.
Crucial factors facilitating invasion at the level of genetic
diversity were reviewed by Bock et al. (2015) and Dlugosch
et al. (2015) before the genomics era. Technological and ana-
lytical advancements in the field of genomics have since
transformed biological research and contributed significantly
to unravelling the evolutionary basis of the success of invasive
species (Jaspers et al., 2021). The newest reviews referring to
technological advances in studying the genomics of invasive
species (McGaughran et al., 2024; North et al., 2021) present
the current state of knowledge and future perspectives, but
do not synthesise the numerous research findings to resolve
the mechanisms involved in species invasions using genomic
data. The number of articles utilising genomic methods to
pinpoint or suggest different evolutionary mechanisms
explaining the successful invasion of different species is grow-
ing rapidly.

Here we present a systematic review of studies that have
accumulated since 2015 and that applied genomic tools to
investigate mechanisms of successful invasions in fungi,

plants, insects, and vertebrates. We address hypotheses
related to mechanisms of species invasions and evaluate the
frequency with which they appear in recent genomics
literature. We focus on the main patterns associated with
invasions, including changes in genetic diversity at the popu-
lation level induced by demographic factors such as genetic
bottlenecks or gene flow in the invasive range, as well as the
evolutionary processes enabling adaptation, such as selection
and adaptive introgression that are often related to invasion
success. We examine the extent to which different invasion
mechanisms have been studied across ecosystems. The objec-
tives of this review include: (?) identifying the frequency of
molecular footprints of adaptation in invasive populations
and investigating whether specific selection events in the
native species range are linked to their adaptation in the inva-
sive range; (17) determining the impact of demographic mech-
anisms that increase the levels of genomic diversity, such as
admixture of divergent populations and interspecies hybridi-
sation, in successful invasive populations; (izz) determining the
impact of demographic mechanisms that reduce the levels of
genomic diversity, such as genetic drift and bottlenecks, in
invasive populations; (i) identifying how often the levels of
genetic diversity have been studied in the context of native
populations and invasion routes; (z) analysing the genome
characteristics associated with invasion success; and () unra-
velling how often studies performed in a genetic context
reported non-genetic factors as responsible for successful
invasion.

As a result of this systematic review of articles on genomic
diversity of invasive species, we also created a searchable
database that can be used by future investigators.

II. METHODS

Our review followed a systematic review methodology
according to the Collaboration for Environmental Evidence
guidelines  https://environmentalevidence.org/standards-
table/. Published studies were identified by searching the
Web of Science v.5.22.1 (https://www.webofscience.com/
wos/) database with search years including articles published
in 2015-2023. The specific search strings, the criteria for
accepting articles and the methodology for extracting infor-
mation for inclusion in our database, as well as a summary
of the search is given as online Supporting Information in
Appendix S1. The final collection of articles was assessed
by reading the full text. While performing the text screening,
we relied on the information and interpretation of results
provided by the article authors. Therefore, the information
that the genetic diversity was “high” or “low” or whether
there was a decrease or increase in genetic diversity is based
solely on the interpretation given in each article. Database
S1 provides our full data set of all included articles, and the
information collected from each article. Table 1 provides a
glossary explaining population genetics terms in relation to
species Invasions.
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Table 1. Glossary of population genetics terms used herein in relation to species invasions.

Term

Definition

Adaptive introgression

Additive genetic
variance
Admixture

Balancing selection

Bottleneck

Bridgehead effect

Directional selection

Genetic drift

Effective population size

Founder event
Genetic redundancy

Hard selective sweep

Hybridization
Introgression

Mitogenome
Polygenic adaptation

Selective sweep
Soft selective sweep

Standing genetic
variation

The transfer by introgression of relatively small genomic regions from a donor species that have positive fitness
consequences in the recipient species. Contact between related, but previously isolated, species that occurs
after invasion outside a species’ natural range may result in adaptive introgression increasing the adaptive
potential of invasive species.

The total effect of loci measurably contributing to the trait.

The process of mixing genetically distinct populations resulting in exchange of genetic variants between those
populations. Multiple introductions of divergent invasive populations may result in increased overall genetic
diversity.

Natural selection that maintains genetic variation within a population by preserving multiple alleles at a
particular locus. Refers to any type of selection that maintains genetic variance in a population, such as
frequency-dependent selection, temporally or spatially fluctuating selection, and overdominance. Under
appropriate conditions, temporally fluctuating selection could promote the accumulation and maintenance of
genetic variation in the native range allowing faster adaptation in the invasive range.

A sudden reduction in population size (demographic bottleneck), resulting in a reduction of genetic diversity
(genetic bottleneck), occurring over one or few generations or a longer period. Bottleneck can act as a selective
force when deleterious alleles are stochastically removed and the prevalence of adaptive alleles increases.

Occurs when particular invasive population/populations are invasion sources for other invasive populations due
to secondary introductions.

Natural selection where certain alleles are promoted, leading to diminishing genetic diversity in particular loci.
Directional selection is expected to occur during population expansion into new environments as a result of
response to novel environmental variables.

Random change in allele frequencies following the colonization of a new range resulting in the loss of genetic
diversity and random shifts in allele frequencies.

The number of individuals breeding in the population. Quantifies the magnitude of genetic drift and inbreeding
in real-world populations. Range expansions during invasions should result reduced effective population size
(V;) due to strong effects of genetic drift.

Establishment of a population from a small number of individuals resulting in a loss of genetic diversity and
change in allele frequencies relative to the source population.

Asituation in which two or more genes encode a particular function. In the case of a deleterious mutation in one
of those genes, the mutation effect on fitness is lower than expected.

A pattern of genetic diversity when a single adaptive haplotype rises to high population frequency. Usually a
result of a major effect mutation that arises on a single haplotype in a population and ultimately reaches
fixation. As a consequence, the expected haplotype homozygosity surrounding the selected site is high.

Mating of individuals from different species or genetically distinct populations, leading to offspring with mixed
genetic ancestries.

An effect of hybridization when a foreign variant is permanently incorporated in the local gene pool through
back-crossing.

The mitochondrial genome.

A type of adaptation where many loci, each of small effect, contribute to the phenotype. Response to selection is
caused by small frequency shifts of many alleles.

Increase in frequency of favoured alleles caused by selection.

A pattern of genetic diversity when multiple alleles at the same locus become favoured and their frequency
increases. Can originate from standing genetic variation that becomes beneficial in a changing environment, or
new recurrent de novo adaptive mutations. In the case of invasive populations, genetic variation carried from
native range may become beneficial in the invasive range resulting in a soft sweep. Soft sweeps do not reduce
genetic diversity around the beneficial mutation to the same extent as hard sweeps and may resemble patterns
expected under neutrality.

The genetic variation present in the population, as such constituting a source of variation on which selection can
act more rapidly than on new mutations. In the case of invasive species is usually defined as genetic variation
transferred from the native range.

III. SUMMARY OF COLLECTED STUDIES

(1) Taxonomy

Our search retrieved studies of species belonging to the king-
doms Animalia, Plantae and Fungi, with the highest proportion

being animal species (Fig. 1A). Among these, the most repre-
sented phyla were Vertebrata and Arthropoda. Plant species
were less represented, while only four studies focused on Fungi.
Terrestrial animals were studied most frequently, followed by
aquatic animals and terrestrial plants (Fig. 1B).
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(Figure 1 legend continues on next page.)
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(2) Types of studies

The search resulted in a database of 120 papers further classi-
fied into 101 “population studies” (i.e. analysing genetic diver-
sity of invasive and/or native populations) and 19 genome,
transcriptome, or genome and transcriptome analyses, which
examined single/several genomes or transcriptomes of inva-
sive species in the context of invasion. Twenty-four population
studies also included genome/transcriptome analyses. Among
the population studies, the most frequent topics investigated
were selection processes in the invasive range and demo-
graphic events describing invasion (invasion sources and
routes; number of invasions). Admixture between different
invasive populations was more frequently a focus of study than
hybridisation with other species and the majority of research
related the analysis to native source populations (Fig. 1C-E).

(3) Applied methods

The sequencing methods used in a study determine the analyt-
ical approach that can be applied and the types of questions
that can be addressed. Nearly half of the selected studies
(57/120 studies) were based on reduced representation
sequencing (RRS) methods. In population studies, 21/120
studies conducted whole genome sequencing (WGS) and
nine/ 120 pooled sequencing (PoolSeq), with the remaining
studies using less-common methods. Only 26/120 studies lev-
eraged at least one whole genome sequence assembly, and five
studies used transcriptome assembly for their analyses. The
number of studies employing genomic methods has changed
over time with a recent increase in the number of studies using

WGS and RRS (Fig. 2).

IV. GENOMIC DIVERSITY CHANGE AND THE
LEVEL OF DIVERSITY

(1) The level of genetic diversity: does genetic
diversity decrease in invasive populations?

Previous reviews found contrasting trends in the levels of
genetic diversity in invasive populations. These surveys ana-
lysing the genetic diversity of wild populations in an invasion
context were performed before the genomic era, and
therefore analysed studies mostly investigating a small
number of traditional, presumably neutral markers

Joanna Kotodziejczyk and others

(allozymes, microsatellites, mitochondrial, etc.). Two such
analyses found that 69% of invasive plants (Bossdorf et al.,
2005) and 63% of aquatic invaders (Roman & Darling, 2007)
had levels of genetic diversity equal to or even greater than
native populations. By contrast, Uller & Leimu (201 1) reported
moderate reductions in genetic diversity for the majority of inva-
sive species. Using a limited number of neutral markers may
lead to inadequate estimation of genetic diversity or missing
information from ecologically relevant regions of the genome.
A comprehensive assessment of genomic diversity is the most
representative predictor of a species’ evolutionary potential.
Out of the 101 population studies retrieved by our search,
62 analysed both native and invasive ranges. A comparison of
genetic diversity levels in native and invasive ranges was pro-
vided in 51 studies out of these 62, but a statistical comparison
of genomic diversity levels between source and invasive popula-
tions often was missing. There was, however, a clear pattern that
statements of a reduction in genomic diversity in invasive popu-
lations are infrequent. We subdivided the studies into those stat-
ing that invasive populations show decreased genomic diversity
(19/101) and those declaring that genetic diversity was main-
tained (here we combined articles reporting an increase, stable
level or minor decrease of genetic diversity as stated by the
authors; 43/101; Fig. 1G). In the remaining studies (39/101),
no comparison of diversity levels between native and invasive
ranges was performed, but in the majority of these, the level of
diversity was indicated as high with only eight studies reporting
low diversity in invasive populations. These findings are in line
with previous results showing that the “genetic paradox” is not
a general phenomenon in invasive species. Many studies did
not assess genomic diversity levels at different invasion stages,
with the majority performing sampling of native and invasive
ranges at one time-point only. Sampling of genomic diversity
across a time series in invasive ranges would allow assessment
of diversity loss as a result of population establishment from a
limited number of founders and to what extent it can be restored
with time. Such data would also allow researchers to assess the
speed of evolutionary changes at different invasion stages.

(2) The role of demographic factors: do invasive
populations experience bottleneck/drift?

Despite the high levels of genetic diversity reported in the
majority of studies (Fig. 1G), both genetic drift (detected in
47 of 101 studies), and bottlenecks (56 of 101 studies) were
reported relatively frequently (Figs 1F, 3). Our approach

(Figure legend continued from previous page.)

Fig. 1. (A) Number of publications identified by our search terms according to kingdom. (B) Number of publications in different
kingdoms in terrestrial versus aquatic habitats. (C) Publications studying selection occurring pre- and post-introduction into the
invasive range. (D) Publications studying admixture and hybridisation. (E) Publications studying source of invasion and the
number of invasions. (F) Publications measuring genetic bottlenecks and/or genetic drift. (G) Publications assessing the change in
genomic diversity between native and invasive ranges and/or quantifying the level of genomic diversity. Genomic diversity is
categorised as: maintained = moderate decrease, no change, or increase in comparison with native populations; or
decreased = marked decrease in comparison with native populations. Genomic diversity in the invasive range is categorised as:
high = reported as high in the invasive range; or low = reported as low in the invasive range. Classification as high or low and
maintained or decreased is based solely on the interpretation of the authors of each study.
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Fig. 2. Genomic methods applied in the studies included in our database for the period 2015-2022. CGH, comparative genetic
hybridisation; DE, differential gene expression; MSAP, methylation sensitive amplified polymorphisms; RRS, reduced
representation sequencing; SNP, single nucleotide polymorphism; WGS, whole genome sequencing.
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Fig. 3. Demographic factors shaping genetic diversity in invasive populations: (A) the percentage of articles detecting the presence of
genetic bottleneck and/or genetic drift (both or one of the mechanisms was assessed in the article) or their absence (none of the
mechanisms was confirmed in the article), and the percentage of articles where genetic diversity of invasive populations was
assessed by the authors of each article as high or low; (B) the percentage of articles where admixture was reported or not, the
percentage of articles detecting the presence of genetic bottleneck and/or genetic drift or not and the percentage of articles where
genetic diversity of invasive populations was assessed by the article authors as high or low. Empty regions reflect a lack of
information in the analysed articles. ADM, presence of admixture; B/D, presence of genetic bottleneck and/or genetic drift; HD,
high level of genetic diversity in invasive populations; LD, low level of genetic diversity in invasive populations; NO ADM, absence
of admixture; NO B/D, absence of genetic bottleneck and genetic drift.
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relied on identifying specific key words when screening the
text, and we note that some authors used one term but not
the other. In most cases high levels of genetic diversity were
restored by admixture between populations (Fig. 3B), recur-
rent invasions or the presence of bridgehead populations or
introgression from other species. In several studies a lack of
bottleneck signal was attributed to high propagule pressure
during establishment in the invasive range (Chen e al.,
2021a; Goubert et al., 2017) or to interspecific hybridisation
before invasion (Burford Reiskind et al., 2019; Popovic
et al., 2021). Bottlenecks can increase variation for quantita-
tive traits by changing the relative magnitude of the genetic
variances component, leading in some cases to an increase
and allowing rapid evolutionary change in newly established
populations (Turelli & Barton, 2006). Deleterious variants
that have a higher probability of exposure in homozygotes
after a population bottleneck can be purged more effectively
from the population (Rius et al., 2015). It has been suggested
that bottlenecks can also act to increase additive genetic var-
1ance for traits with a non-additive genetic basis (Mularo,
Bernal & DeWoody, 2022). Increased genetic variance
resulting from a bottleneck was suggested in Agarophyton vermi-
culophyllum (Ohmi) populations (Flanagan e al., 2021) that
rapidly evolved greater tolerance to acute high temperatures
and low salinities in the invasive range (Sotka ez al., 2018).
Although the occurrence of bottlenecks is frequently
reported, the studies in our database lack time-series esti-
mates that would enable precise detection of the timing of
the event, the quantification of the impact of specific admix-
ture events, and the interplay between these two factors.

(3) The role of admixture and introgression: do
invasive populations experience gene flow?

Admixture between genetically divergent populations
increases overall diversity and may foster genetic interactions
among previously isolated alleles, allowing higher fitness of
admixed populations and increasing the adaptive evolution
of novel genotypes (Wagner ¢ al., 2017). The majority
(61/80 studies studying admixture) demonstrated ongoing
admixture at different stages of the invasion leading to
increased genetic diversity (Fig. 3B). Only 20 out of all
101 population studies of studies reported no admixture
and 19 out of 80 studies studying admixture reported a lack
of significant change in the level of genomic diversity as an
effect of admixture. Among these 19, high levels of diversity
resulted from interspecific introgression or hybridisation in
the native range. Therefore, an important finding of our sur-
vey is that admixture of invasive populations that substan-
tially mitigates the effects of genetic drift and bottlenecks is
extremely widespread (Figs 3B, 4). It appears that admixture
of multiple invasive populations and, to some extent, inter-
specific introgression are the main mechanisms maintaining
and increasing genomic diversity of invasive populations.
Some studies have questioned the association between
admixture and invasion success and its contribution to
increased fitness of invaders (Chapple et al., 2013; Dutech
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et al., 2012; Wolfe, Blair & Penna, 2007). Nevertheless, the
great majority of our surveyed studies identify admixture
between populations as a significant process increasing
genetic diversity and invasion success. One of the major
unresolved questions in invasion genomics is whether, and
to what extent, admixture is a cause or a result of successful
establishment of invasive species, in particular when multiple
invasions occur. These scenarios are non-mutually exclusive,
but with careful study design or temporal sampling, genomics
can be used to answer such questions. For example, popula-
tion genomics can be used to infer the timing of admixture
events, selective sweeps of introgressed genes, and demo-
graphic expansions, while experimental approaches, such as
common garden experiments, can be used to compare the fit-
ness of admixed versus non-admixed invaders.

(4) The role of mutation load on invasion success: do
invasive populations carry a mutation load?

Further evidence for the lack of a “genetic paradox” is the
absence of mutational load in invasive populations. Reduced
effective population size during invasions may lead to
inbreeding (Fauvergue et al., 2012), which increases the
homozygosity of segregating deleterious recessive alleles
(i.e. genetic load) leading to a loss of fitness (i.e. inbreeding
depression; Charlesworth & Willis, 2009). Additionally, in
small populations, the frequency of deleterious alleles may
increase stochastically (i.e. drift load), compromising fitness
(Willi, Grithin & Van Buskirk, 2013). However, the genetic
load in newly established invasive populations can be rapidly
reduced by selection (Lacy & Ballou, 1998), admixture betw-
een populations from multiple introductions, or hybridisation
in the new range. Rare deleterious alleles, usually present at
low frequencies, can also be lost as a result of bottleneck upon
introduction (Nei, Maruyama & Chakraborty, 1975). In fact,
only two studies in our database suggested the possibility of
genetic load in the genomic data. An analysis of the genomes
of five Asteraceae species showed a greater proportion of delete-
rious alleles in the genome in the invasive range for one species,
while the remaining species had a higher number of deleterious
alleles in the native range (Hodgins et al., 2015). The other study,
analysing genome-wide diversity of two hybridising invasive
species Cakile edentula and Cakile maritima predicted a greater fix-
ation rate of weakly deleterious alleles in C. edentula due to its
higher level of inbreeding (Rosinger ¢t al., 2021). The low num-
ber of recovered studies investigating genetic load reflects the
rarity of whole-genome sequencing of large invasive popula-
tions coupled with fitness measurements.

V. GENOMIC FOOTPRINT OF ADAPTATION

(1) Preintroduction adaptation

One important consideration when analysing invasion suc-
cess 1s the level of standing genetic variation available in
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Fig. 4. Demographic factors shaping genetic diversity in invasive populations. Percentage of articles detecting the presence of genetic
bottleneck and/or genetic drift (both or one of the mechanisms was assessed in the article) or its absence (none of the mechanisms was
confirmed in the article), the percentage of articles where either single or multiple introductions were detected and the percentage of
articles where genetic diversity of invasive populations was assessed by the authors of each article as high or low. Empty regions reflect
a lack of information in the analysed articles. B/D, presence of genetic bottleneck and/or genetic drift; HD, high level of genetic
diversity in invasive populations; LD, low level of genetic diversity in invasive populations; MULTIPLE, detection of more than
one event of introduction; NO B/D, absence of genetic bottleneck and genetic drift; SINGLE, detection of one introduction.

invasive populations that can be leveraged during adaptation
to novel habitats.

A fluctuating environment in the native range promotes
the maintenance of multiple genetic variants (Lee &
Gelembiuk, 2008). Diversity can in turn serve as a catalyst
for selection in response to novel habitat conditions (Stern
& Lee, 2020; Vera, Diez-del-Molino & Garcia-Marin, 2016).
Studies of genes shaped by balancing selection in both native
and invasive habitats suggest that the retention of multiple
variants of specific genes may be more important for survival
of native and invasive populations than generally high levels
of diversity across the genome (Vera et al., 2016). This was
shown to be the case for immune genes in native and invasive
populations of the common raccoon (Procyon lotor) (Konopinski,
Fijarczyk & Biedrzycka, 2023) where maintaining multiple
variants provided protection from various pathogens.

High levels of adaptive genetic diversity in the invasive
range can also be maintained by diversifying sele-
ction acting on the same loci as in the native range

(Burford Reiskind et al., 2019; Goubert et al., 2017; Krze-
minska et al., 2018). This special case of diversifying selec-
tion occurs when environmentally important traits have a
polygenic background. Temperature adaptation is a well-
documented polygenic trait and it can operate through dif-
ferent combinations of loci. Differentiated frequencies of
“cold-adapted” variants favoured at lower temperatures
and “warm-adapted” variants at higher temperatures
reflect adaptation over a relatively short timescale and show
that genetic variation that evolved in the native habitat is a
primary factor allowing rapid adaptation across a thermal
gradient in a new habitat (Barghi et al., 2019; Krehenwinkel,
Roédder & Tautz, 2015; Popovic & Riginos, 2020; Yang
et al., 2022). This suggests that invasion bottlenecks have a
limited capacity to attenuate polygenic traits. The genetic
redundancy resulting from polygenic adaptation may be
an important mechanism facilitating adaptation in invasive
species (Laruson, Yeaman & Lotterhos, 2020). Among pop-
ulation studies (V= 101), we identified 62% that included
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both native and invasive populations, 35% that studied only
invasive populations, while in three studies only native popula-
tions were analysed. Only 15% of population studies focused
on selection footprints in both native and invasive populations
(Fig. 1C), where mechanisms in native populations were inves-
tigated for their role in facilitating adaptation in invasive

Joanna Kotodziejczyk and others

populations. Examples of mechanisms responsible for creating
adaptive genomic diversity in native habitats that contributed
to the diversity increase upon introduction in the invasive
ranges are listed in Table 2.

Although the importance of adaptation in the native hab-
itat has been acknowledged by a number of studies, the exact

Table 2. Examples of different selection mechanisms acting in the native range that may contribute to diversity increase upon

invasion.
Examples References
Mechanisms Balancing selection Balancing selection in the native habutat that us driven by fluctuating ~ Stern & Lee (2020);
promoting environmental conditions and followed by directional selection in Konopinski ¢ al.

maintenance of high
levels of diversity

Sharing SGV (standing
genetic variation)
and gene reuse

Polygenicity

Mechanisms promoting specific variants:
diversifying selection

Unspecified mechanism

the invasive range. In the copepod Eurytemora affinis, salinity
fluctuations in the native environment and short,
overlapping generations foster balancing selection
(Stern & Lee, 2020). Directional selection occurred in
the invasive populations at ion transport genes, which
were under balancing selection in the native habitat.

Balancing selection in both the natie and invastve range, maintaining

multiple variants of specific genes. In Eastern mosquitofish,
Gambusia holbrooki (Vera et al., 2016) genes related to
reproduction, growth and development were under
balancing selection in both the native and invasive
range despite a clear reduction in genetic diversity. In
common raccoon (Konopinski ¢t al., 2023) single
nucleotide polymorphisms (SNPs) located in several
immune genes were maintained under balancing
selection in native and invasive range.

Rapid and repeatable phenotypic and genomic adaptation in the

natwe and invasive habitats of common ragweed Ambrosia
artemistifolia. Candidate adaptation loci overlapped
between ranges. The consistency in habitat
characteristics between native and invasive ranges
suggests that shared standing genetic variation could
increase the probability of gene reuse during rapid local
adaptation (van Boheemen & Hodgins, 2020).

Polygenic adaptation to temperature in potato ground beetle

(Yang et al., 2022) and European green crab (Tepolt &
Palumbi, 2020). High temperature tolerance in
European green crab (Carcinus maenas) can explain its
worldwide invasiveness. Differentiated frequencies of
“cold-adapted” and “warm-adapted” variants in
different temperatures reflect adaptation on a short
timescale and show that genetic variation that evolved
in native habitat is a primary factor allowing rapid
adaptation across a thermal gradient in its new habitat.

Differential diversifying selection acting at the same loct in native and

invastve ranges. Found in genes putatively related to
boldness and anxiety behaviours, reproduction, and
food intake suppression in the red lionfish (Pterois volitans)
(Burford Reiskind ez al., 2019). In Asian tiger mosquito
(Aedes albopictus) reported in genes related to lipid
metabolism and juvenile hormone-binding protein

(Goubert et al., 2017).

Duversifying selection in the native range followed by directional

selection in the invasive range. In house crow (Corvus splendens)
reported in genes related to environmental adaptation.

Allele frequency change between native and introduced populations.

Studies do not specify the selection footprint, only
report specific outlier loci in both ranges.

(2023); Vera et al.
(2016); Mittan-
Moreau et al. (2022)

van Boheemen &

Hodgins (2020)

Yang et al. (2022);

Tepolt & Palumbi
(2020)

Burford Reiskind ¢t al.

(2019); Lin et al.
(2017); Konopinski

et al. (2023); Goubert
etal. (2017); Tepolt &
Palumbi (2020);
Krzeminska et al.

(2018)

Merel et al. (2021);

Narum et al. (2017);
Flanagan et al. (2021);
Helliwell et al. (2018)
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Genomic vestigations of successful invasions

causes of its presence are sometimes difficult to identify.
For example, within the native and invasive ranges of the
house crow (Corvus splendens), signatures of natural selection
were detected in the mitogenome, but these were associated
both with lineage diversification and recent adaptation to
environmental conditions (Krzeminska et al., 2018). In the
invasive Asian tiger mosquito (Aedes albopictus), adaptive
genetic and morphometric variation observed along the cli-
matic gradient of the native range suggests that colonisation
of northern latitudes promoted adaptation to cold environ-
ments prior to its worldwide invasion (Sherpa, Blum &
Després, 2019b). Another genomic study on A. albopictus inva-
sion (Goubert ¢t al., 2017) found selection footprints both in
native and invasive populations, but it was impossible to
delineate whether these were related to adaptations prior to
invasion or were a recent shift in allele frequencies that
reflects adaptations to cooler invasive habitats.

Adaptations that evolve in the native range are often
affected by genetic drift upon establishment of invasive popu-
lations. A joint effect of demographic and selective forces
affecting levels of genetic diversity and allele frequency
change was observed in 9 out of 14 articles studying invasive
and native populations where both selection and genomic
drift were identified. In all but one of those cases, loss of
genetic diversity was counteracted by gene flow between
differentiated source populations in the invasive range.
For example, in Chinook salmon (Oncorbynchus tshawytscha)
(Narum et al., 2017), exposure to novel pathogens in native
populations resulted in selection on immune-related single
nucleotide polymorphisms (SNPs) but the observed genomic
pattern was then erased by genetic drift and gene exchange
between different source populations in the introduced envi-
ronments. Despite clear evidence of the presence of adaptive
alleles in the native range and transmission of this genetic
diversity into the invasive range, associations that should
arise in the invasive range are sometimes not observed, sug-
gesting the loss of adaptive capacity. For example, popula-
tions of sweet vernal grass (Anthoxanthum odoratum) were
adapted to soil aluminium toxicity in their native range, but
not invasive range, despite the presence of specific allelic var-
iants (Gould & Gerber, 2016). This lack of association could
be explained by genetic linkage or genetic background effects
that may be different in the native and introduced ranges.

Findings from the studies linking pre-introduction adapta-
tion in the native range with increased invasion ability illus-
trate the significance of prior adaptation for invasion
success in new habitats. However, the number of such studies
is limited and there are several reasons why we lack evidence.
First, to detect such associations, the identification of source
populations of an invasion is necessary. Further, both native
and invasive populations must be sampled and sequenced.
Precise demographic inferences, such as population substruc-
ture in both ranges, changes in effective population sizes, and
levels of gene flow in both native and invasive populations
also need to be estimated (Teshima, Coop & Przeworski,
2006). Additionally, the appropriate statistical measures that
take into account demographic events must be applied,

11

especially in the case of balancing selection. When detecting
multiple variants at intermediate frequencies at the popula-
tion level, the results can be confounded by demographic
processes. Moreover, the effects of selection, both in native
and invasive populations, ideally should be experimentally
tested or associated with environmental variables to demon-
strate adaptation.

(2) Adaptation in the invasive range

Once a species has invaded, adaptation in the invasive habi-
tat enhances its ability to persist and thrive by rapidly shifting
its ecological niche to match the new environment better
(Sultan et al., 2013; Vandepitte ¢t al., 2014). Rapid acclima-
tion to the new ecological niche can be realised by pheno-
typic plasticity (Promy, Newberry & Gulisija, 2023; Uller &
Leimu, 2011) or direct genetic changes altering functional
diversity resulting from natural selection. Here, we focus on
genomic mechanisms enabling adaptation. We analyse
sources of variation and processes creating genomic diversity,
different selection footprints, and signatures of recent
selection.

(@) Sources of genetic diversity: standing genetic variation, de novo
mutations and presence of selective sweeps

Evolution requires genetic diversity (Clarke, 1979). Selection
in the invasive range may act on new mutations or on stand-
ing genetic variation (Barrett & Schluter, 2008), leaving a dif-
ferent pattern in the genome. A novel, large-effect mutation
that arises on a single haplotype in a population and ulti-
mately reaches fixation creates a pattern of hard selective
sweep. Soft sweeps generally refer to scenarios in which mul-
tiple haplotypes carry a beneficial variant that was present in
the native range as standing genetic variation (Herndndez
et al., 2011). To date, mounting evidence indicates that
although hard selective sweeps are easier to detect in the
genome than soft selective sweeps, they might not be
the dominant mode of adaptation in many species. Further,
identifying the relative contribution of standing versus de novo
variation to rapid adaptation of invasive species is difficult,
as high genomic marker density and reference genome conti-
guity are required for the identification of de novo variation.
The degree to which beneficial de novo mutations can impact
invasion success over the short timescale of invasion is also
unclear (Pélissié et al., 2018). In our search we did not locate
any study that clearly confirmed the presence of adaptive de
novo genetic diversity that arose in the invasive range and
allowed adaptation there. In four studies we found a sugges-
tion that adaptive changes can have a de novo origin
(Kotsakiozi et al., 2017; Lin et al., 2017; Mérel et al., 2021;
Sherpa et al., 2019c¢), but none of these studies performed a
formal test proving the origin of this diversity. Standing
genetic variation as a source of adaptive variants was
reported in 24 out of 101 studies, the remaining studies did
not specify the source of variation. In nine studies, homozy-
gosity runs or regions with linkage disequilibrium (LD) were
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interpreted as a footprint of selective sweeps (Wu et al., 2019;
Lin et al., 2017; Krehenwinkel ¢t al., 2015; Chen et al., 2021b;
Hiibner et al., 2022; Liu et al., 2022; Wegner, Lokmer &
John, 2020; Konorov et al., 2021; Yoshida et al., 2016), but
without a clear distinction between soft or hard sweep. It is
important to note that the length of the selective sweep foot-
print left on genomic regions depends strongly on recombi-
nation rate (Garud, 2023) which can greatly narrow down
the hitchhiking effect (IFay & Wu, 2000).

() Selection footprints in the invasive range

Adaptation of species in the invasive range results from dif-
ferent types of selection, including directional, divergent, or
parallel selection. In cases where multiple genetic variants
provide better adaptation to new environments, balancing
selection occurs in the invasive range. Conversely, if variants
brought into a new range confer lower fitness in the novel
conditions, negative or purifying selection is expected.

The most common result reported as a proof of selection in
the invasive range was a change in allele frequency (outlier
loci) between native and introduced populations (7 out of
36 studies). These studies neither interpreted further the type
of selection nor related outliers to specific selective pressures.
Our survey did not find evidence that balancing or diversify-
ing selection occurring in the native range (Lee, 2016) is the
common driver of directional selection in the invasive range.
Nevertheless it is important to note that although balancing
selection is increasingly acknowledged as a widespread mech-
anism creating genetic diversity within populations, its detec-
tion 1s challenging. For genomic data, high SNP densities are
needed as signatures of balancing selection are often much
narrower than for other selection types (Bitarello et al.,
2023). The most prominent examples of the role of balancing
selection in the native range for the success of invasive species
show a repetitive response to selection acting on the same loci
in native and invasive populations [Eurytemora affinis (Stern &
Lee, 2020), Gambusia holbrooki (Vera et al., 2016)]. Similarly, in
the invasive European green crab (Carcinus maenas), adapta-
tion to wide temperature spectra enabled successful adapta-
tion in the invasive range (Tepolt & Palumbi, 2020). Five
studies reported balancing selection in the invasive range,
and 12 out of 101 studies reported only the presence of out-
lier loci between native and invasive populations, without
interpreting the type of selection. Our results show that
favourable genetic variants brought from native ranges are
often a source of rapid adaptation to novel habitat
characteristics.

The genomic pattern left by selection in an invasive popu-
lation linked to environmental selection agents can provide
confirmation of rapidly occurring adaptations (Gautier,
2015). However, statistical associations between specific gene
variants and environmental characteristics are relatively rare
in our database. In only 12 out of 60 studies were such asso-
ciations reported, offering direct evidence for adaptation to
environmental variables in the new range. Gene—enviro-
nment analyses (GEAs) require gathering environmental

Joanna Kotodziejczyk and others

data and sampling a relevant number of individuals.
Additionally, large, repetitive genomes, and high levels of
gene flow between diverse populations affecting population
structure and causing a decrease in locally adaptive variants
via genetic swamping, make GEAs challenging. The small
number of such studies reveals a significant gap in research
on adaptation in invasive species and indicates that defining
relevant environmental characteristics or traits relevant for
invasion success remains challenging. More examples docu-
menting such associations will improve our understanding
of the genetic architecture of local adaptation.

Regardless of the type of selection footprint detected in
invasive populations, the majority of studies report the joint
action of selection and bottleneck/genetic drift and high or
stable levels of genetic diversity (Fig. 5A).

(¢) Factors creating genomic diversity in populations showing adaptive
changes tn the invasive range

High standing genomic diversity is expected to be the pri-
mary cause of adaptive potential in invasive species
(Tepolt, 2015), both for terrestrial and aquatic environments.
We therefore evaluated the levels of genomic diversity in
studies where adaptive selection was detected in the invasive
populations (60% of 101 population studies, Fig. 5A). Almost
half of the studies that detected selection in the invasive range
did not show a reduction in genetic diversity. An increase
(e.g. Errbii et al, 2021; Bicker et al., 2022; Wellband
et al., 2018), no change (e.g. Yoshida et al., 2016; Popovic
et al., 2021; Ni et al., 2018), or only a moderate decrease in
genetic diversity in the invasive range (c.g. Hiibner
et al., 2022; Yin et al., 2021) was reported in 26 out of the
60 studies. For moderate reductions of diversity, the authors
often argued that the observed reduction did not affect the
species’ ability to undergo rapid adaptive evolutionary
change. Only 11 out of 60 studies reported a decrease in
genomic diversity of invasive populations (Fig. 1G). Using
the categorisation of genetic diversity in the invasive range,
only 11 of the 60 studies reported low diversity (Fig. 1G)
and associated it with genetic bottlenecks upon introduction.

Most studies 39/60 report genetic drift and/or bottleneck
as a force shaping genetic diversity in invasive populations
(see Section IV.2). In some cases, reduced genetic diversity
of invasive populations was reinforced by both genetic
drift/bottleneck and diversifying, directional or purifying
selection (Wu et al., 2019; Pérez-Portela et al., 2018; Vera
et al., 2016; Sherpa et al., 2018; Skrede et al., 2021; Selechnik
et al., 2019; Tepolt et al., 2022; Mittan-Moreau et al., 2022;
Chen et al., 2021c). In the invasive brown rat, Rattus norvegicus
in China (Chen e al., 2021c), a decrease in genetic diversity
was caused both by genetic drift and directional selection in
loci related to lipid metabolism and immunity in the invasive
range. The authors underlined the role of bottlenecks and
genetic drift in facilitating purifying selection resulting in
more effective elimination of deleterious alleles due to non-
random mating in small populations. In the invasive
European green crab, Carcinus maenas, successful invasion
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Fig. 5. Sunburst charts displaying the frequency of demographic factors affecting genomic diversity in articles where selection was
detected: (A) the percentage of articles where selection was detected, the percentage of articles detecting the presence of genetic
bottleneck and/or genetic drift (both or one of the mechanisms was assessed in the article) or absence (none of the mechanisms was
confirmed in the article), and the percentage of articles where genetic diversity of invasive populations was assessed by the authors
of each article as high or low; and (B) the percentage of articles where selection was detected, the percentage of articles where
admixture was reported or not and the percentage of articles where genetic diversity of invasive populations was assessed as high
or low. Empty regions reflect the lack of information in the analysed articles. ADM, presence of admixture; B/D, presence of
genetic bottleneck and/or genetic drift; HD, high level of genetic diversity in invasive populations; LD, low level of genetic
diversity in invasive populations; NO ADM, absence of admixture; NO B/D, absence of genetic bottleneck and genetic drift; SEL,

presence of selection in invasive range.

along the northeast Pacific coastline occurred despite low
levels of genetic diversity (Tepolt et al., 2022). In this case,
rapid cold adaptation acted through a handful of linked
SNPs under balancing selection. The authors showed that
variation originated from a single inversion polymorphism
before the introduction into the invasive range. In fall web-
worm, Hyphantria cunea, selective sweeps and excess of non-
synonymous mutations in gustatory receptors as well as
expansion in gustatory receptor genes were found to be asso-
ciated with novel nutrition sources despite strong bottleneck
(Wu e al., 2019). These examples show that while high
genetic diversity can foster invasive potential, it is not a pre-
requisite for successful invasion.

The most common phenomenon contributing to an
increase in levels of genomic diversity of invasive populations
under selection was gene flow within the invasive range, with
a majority (36/60) of studies identifying admixture between
invasive populations as a primary factor increasing the geno-
mic diversity of invasive populations (Section IV.3). Only
10 out of 60 studies reported no admixture, and 14 out of
60 reported a lack of significant change in genomic diversity.
Other factors included recurrent invasions and the presence
of bridgehead populations (Kramer et al, 2023; Sherpa
et al., 2018) that eventually led to increased genetic variation.
For example, the Caribbean invasive populations of the mos-
quito Aedes aegypti (Sherpa et al., 2018) showed signs of genetic
drift, two bottlenecks and small effective population size. As a
result, invasive populations had overall low genetic diversity,

but recurrent invasion events eventually resulted in an
increase of genetic diversity and potentially allowed for selec-
tion at loci related to metabolic breakdown of insecticides.

High levels of genetic diversity are also generated by intro-
gression, either between divergent lineages of invasive species
(Errbii ef al., 2021; Bicker et al., 2022), from related native
species (Yoshida et al., 2016) or between related non-native
species that occurred prior to introduction (Martin
et al., 2016). Only 16 out of 101 studies investigated inter-
species hybridisation (Fig. 1D). Adaptive introgression was
detected in seven studies, where introgression facilitated
adaptation by introducing specific genes/variants into inva-
sive species’ genomes. Dutch elm disease is caused by three
different fungal lineages Opthiostoma ulmi, Ophiostoma novo-ulmi
subspecies novo-ulmi and Ophiostoma novo-ulmi subspecies
americana, which differ in pathogenicity and temperature
optimum. Gene flow from the more ancient to the more
recent invasive lineages resulted in introgression between
lineages that impacted fitness-related traits (Hessenauer
et al., 2020). Another example is provided by introgression
between two species of Helicoverpa moths, where widespread
introgression from native to invasive species took place, fol-
lowed by intensive expansion of the invasive H. armigera.
Interestingly, selection against introgression after the initial
expansion, and back-introgression of an insecticide-
resistant locus to native species, has resulted in the coexis-
tence of two insecticide-resistant pest species (Valencia-
Montoya et al., 2020).
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Taken together, the latest genomic studies on rapid adapta-
tion during invasions provide evidence that while genetic drift
often occurs as the result of the establishment of new populations
outside their natural ranges, any reduction in genetic diversity
typically is not severe and often is counteracted by multiple
introductions, admixture or interspecific gene flow. A significant
and permanent reduction of genetic diversity is rarely detected
in invasive populations, and even where it occurs, does not
appear to rule out the chances of rapid molecular adaptation
and usually does not impact the species’ performance in the
invasive range. The classical “genetic paradox” of invasive spe-
cies, where adaptation in the invasive range is observed despite
reduction in genetic diversity, seems to be exceptionally rare.

Similar adaptive mechanisms operate in both the native
and invasive populations, yet the latter may experience more
pronounced or relaxed selection pressures depending on con-
ditions in the invasive range. Heightened selection pressure
from novel environmental conditions in the invasive range
may impose selection for higher mutation rates (Travis &
Travis, 2002). By contrast, release from natural enemies may
reduce or eliminate selective forces in invasive populations
(Biedrzycka et al., 2023). Additionally, the presence of other
species or genetically distinct ecotypes of the mnvasive species
may facilitate hybridisation and introgression in the invasive
range. It can be argued that, in many cases, increased selection
pressures in the invasive habitat could lead to accelerated evo-
lutionary processes compared to the native habitat.

Studies using genomic data to explore molecular adapta-
tion in invasive populations are undergoing a transition from
analyses mainly of demographic processes to research aiming
to understand the molecular mechanisms driving rapid adap-
tation in invasive species.

(d) Genes under selection

The superior performance of invasive species should imply that
they possess adaptations in genes related to those specific biolog-
ical features. Gene families known to be associated with inva-
siveness include families involved in chemosensory abilities
(Liu et al, 2016; Papanicolaou et al, 2016; Sparks &
Dickens, 2017; Wu et al., 2016; Yuan ¢t al., 2016), detoxification
metabolism (Andersen e al., 2017; Grigoraki et al, 2017,
Nguyen et al., 2016; Tian e al., 2017), heat shock proteins
(HSPs) (Hu, Chen & Li, 2014; Wang ¢ al., 2017) and innate
immunity (Beckert e al, 2016; Vogel, Schmidtberg &
Vilcinskas, 2017). Selection processes were commonly detected
in the invasive range, and 46 of those 60 articles identified spe-
cific genes or DNA regions acting as selection targets (T'able 3).
However, the majority of studies used only outlier detection and
seldom linked outlier loci with specific selection pressures or
assigned significance using quantile thresholds, thus some of
the reported results might be false positives. Additionally, the
inference between sectional and demographic processes should
be taken into account when identifying sites under selection
(Lotterhos & Whitlock, 2014). Several articles emphasise that
finer resolution genotyping (Hiibner et al., 2022), whole-
genome sequencing, appropriately large sample sizes
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(Jeftery et al., 2017a; van Boheemen & Hodgins, 2020), and
the availability of reference genomes for invasive species
(Mérel et al., 2021; Formenti et al, 2022; Theissinger
et al., 2023) are needed for the identification of genes crucial
for adaptation in the invasive range. We reiterate these rec-
ommendations here. For the studies in our database, genes
under selection are related to various environmental pres-
sures and functions (Table 3). Additional studies in different
invasive systems are needed to identify other invasion-related
gene families, and should include comparative genomic stud-
les on gene family expansions and contractions performed on
related invasive and non-invasive species.

New environmental conditions pose significant challenges
for invasive species, particularly during establishment in a
new range. Specific genes under environmental selection
were identified in 19 articles where selection was detected
(Table 3). Genetic adaptations to temperature were found
in 10 of all analysed environmental-related studies and were
key in populations invading colder climates, higher altitudes
and/or facing seasonal variability (e.g. overwintering). Genes
associated with lipid metabolic pathways constituted a signif-
icant subset of temperature-related genes. Lipid metabolic
regulation is involved in adaptation to fluctuating tempera-
tures, overwintering and diapause regulation (Table 3).

According to the enemy release hypothesis, pathogens
left behind during species translocation should relax selec-
tion on the host genome (Colautti ¢t al., 2004). However,
genes associated with the immune response were found
to be under selection in seven studies. Candidate genes
often were linked to virus and helminth infection or were
inflammatory response-related genes (Table 3). A response
of immune-related genes to environmental stressors was
detected in the marine ascidian Molgula manhattensis
(Chen et al., 2021a).

Genes involved in metabolic pathways were under selec-
tion in nine articles. Most genes were linked to carbohydrate
metabolism associated with nutrient processing (Table 3).
Selection of genes linked to detoxification was found in sev-
eral studies (T'able 3).

Insecticide resistance represents a concern for pest or vec-
tor control programs (Kramer ¢ al., 2023). A signature of
selection in genes linked to insecticide resistance was reported
in four studies (Table 3). Additionally, selection acting on
olfactory and gustatory receptors was reported in several
studies. Selection of genes associated with abiotic stressors
was also reported in multiple studies.

VI. CONTRIBUTIONS OF DIFFERENT GENOMIC
CHANGES IN INVASIVE SPECIES

Several studies in our database mention genetic changes
other than sequence variation that could potentially impact
the success of invasive populations, including genome size,
whole genome duplication (WGD), gene family expansions,
gene regulation, or activity of transposable elements (TE).
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Table 3. Summary of functional categories of genes reported to be under selection in the studies included in our database.

Genes Organisms Function References

Environmental Eurytemora affimis, marine ascidian, sea Adaptation to salinity Chen et al. (2021a); Stern & Lee (2020);
pressure squirts Lin et al. (2017); Ni et al. (2018)

Oculina patagonica, Mylilus galloprovincialis, Adaptation to temperature  Lin et al. (2017); Sherpa et al. (2019b);
round goby, European green crab, Krehenwinkel e al. (2015); Goubert
wasp spider, Colorado potato beetle, et al. (2017); Leydet et al. (2018);
yellow fever mosquito, Asian tiger Popovic & Riginos (2020); Errbii et al.
mosquito, cane toad, house crow, sea (2021); Chen et al. (2021b); Yang et al.
squirts, brown rat, ant, Asian house rat (2022); Kramer et al. (2023); Tepolt &

Palumbi (2020); Konorov et al. (2021);
Krzeminska et al. (2018); Selechnik

et al. (2019); Sherpa et al. (2019¢);
Wellband et al. (2018); Tepolt et al.
(2022); Chen et al. (2021c)

Asian tiger mosquito, ant, Asian house Lipid metabolic regulation  Sherpa et al. (2019b); Goubert et al.

rat, house crow, brown rat (2017); Errbii et al. (2021); Chen
et al. (2021Db); Konorov et al. (2021);
Krzeminska et al. (2018); Chen
et al. (2021c)
Asian house rat Adaptation to high- Chen et al. (2021c)
altitude hypoxia

Metabolism Mealybug, tubenose goby, sweet vernal Detoxification Ma et al. (2020); Bieker et al. (2022);

grass, common ragweed Wellband et al. (2018); Gould & Geber
(2016)

Pacific oyster, Eurytemora affins, fall Energy metabolism Wu et al. (2019); Stern & Lee (2020); Ma

webworm, mealybug, sea lamprey et al. (2020); Wegner et al. (2020); Yin
el al. (2021)

Growth, Red lionfish, common ragweed, small Reproduction Burford Reiskind et al. (2019); Bieker
reproduction, hive beetle et al. (2022); Liu et al. (2021)
development Common ragweed, small hive beetle, Growth and development Ma et al. (2020); Rosenthal et al. (2021);

mealybug, sea lamprey, mosquitofish, Vera et al. (2016); Card et al. (2018);

guppies, marine mussel, threespine Popovic & Riginos (2020); Bieker ez al.

stickleback, Florida Burmese pythons (2022); Liu et al. (2021); Yin et al.
(2021), Yoshida et al. (2016); Martin
et al. (2016)

Insecticide Helicoverpa moths, Colorado potato Insecticide resistance Yang ¢t al. (2022); Parvizi et al. (2023);
resistance beetle, Halyomorpha halys, yellow fever Kramer et al. (2023); Sherpa et al.

mosquito (2018); Valencia-Montoya et al. (2020);
Parvizi et al. (2023)

Immune Common raccoon, Australian rabbits, Immune response Chen et al. (2021a); Stern & Lee (2020);
Eurytemora affinis, Pacific oyster, Konopinski et al. (2023); Hodgins ¢t al.
threespine stickleback, common (2015); Bieker et al. (2022); Wegner
ragweed, marine ascidian et al. (2020); Yoshida et al. (2016);

Martin et al. (2016); Schwensow et al.
(2017)

Others Fall webworms, Drosophila suzukit, ants, Olfactory and gustatory Koch etal. (2020); Wu et al. (2019); Errbii
Halyomorpha halys functions et al. (2021); Parvizi et al. (2023)

Dry rot fungus DNA replication and Skrede et al. (2021)

Common ragweed, marine ascidian,
round goby, marine mussels, red
turpentine beetle, glossy buckthorn,
Mikania micrantha, Helianthus annus,
Ambrosia trifida, Ambrosia artemisufolia,
Centaurea diffusa, Centaurea solstitialis,
Cirsium arvense

protein modification
Response to abiotic
stressors

Chen ¢ al. (2021a); Hodgins et al. (2015);
Popovic & Riginos (2020); Bieker ez al.
(2022); Liu et al. (2022); De Kort et al.
(2016); Yang et al. (2017); Wellband
et al. (2018)

Studies of intraspecific genome size variation in plants suggest
that a smaller amount of nuclear DNA may be a factor in suc-
cessful invasions In resource-poor environments; Invasive
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populations were characterised by a smaller genome in
European common reed grass in North America (see Fig. 2 in
Pysek et al., 2018), and a smaller genome size was also an
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important explanatory factor for differences in functional plant
traits for successful invasions (see Iig. 3 in Pysek et al., 2018). By
contrast, allopolyploids that have evolved as a result of merging
the subgenomes of different species offer evolutionary novelty
through biased homoeologous gene expression and TE repres-
sion possibly enhancing adaptiveness and invasiveness associ-
ated with the species’ traits and ecology (Giraud et al., 2021).
WGD events are also a common cause of the development of
increased stress resistance i plants due to advantageous
changes in gene family sizes, and have contributed to invasive-
ness in notorious weeds (Qian ¢ al., 2022). Paleoploidic history
in combination with lineage-specific and recent segmental
genomic duplications can lead to rapid adaptation to new hab-
itats, especially when gene families related to fast growth are sig-
nificantly expanded (Liu ¢t al., 2020b). Another key adaptation
is the capacity of invasive species to establish large clonal popu-
lations, as has been shown in parthenogenically reproducing
species (Gutekunst et al., 2018). Their evolutionary success lies
primarily in the potential to use increased heterozygosity associ-
ated with polyploidy and clonal expansion for rapidly acquired
adaptive advantages (Gutekunst ¢f al., 2018).

Some studies used experimental approaches to demonstrate
the importance of particular invasive traits, such as the upregu-
lation of key genes, and provided additional evidence for mech-
anisms facilitating invasion (Wu et al., 2019; Rispe e al., 2020;
Liu et al., 2020a; Liu e al., 2018; Zhang et al., 2020; Giraud
et al, 2021). Studies comparing gene expression patterns
between native and invasive populations under stress showed
that expression responses to stress changes, indicating genetic
differentiation of invasive populations, involves the rewiring of
regulatory networks (Marin et al., 2021; Oh ¢t al., 2022).

TEs, in general, generate a cost in the host genome and are
usually removed or inactivated. Founder events can create
periods during which the strength of purifying selection is
weaker, facilitating activation and expansion of such ele-
ments, as has been demonstrated in a fungal pathogen
(Oggenfuss et al., 2021). This can shape and diversify the
genomes of invasive species. Only two studies in our database
analysed TEs in the context of invasion, providing evidence
for the association of some active TE families with invasive
populations (Mérel e al., 2021; Lee & Wang, 2018). Still,
the impact of TEs on fitness and adaptation or maladapta-
tion in invasive populations remains to be studied further.

Genetic factors contributing to invasion success extend
beyond SNPs and often require well-annotated genomes
and experimental testing. However, they offer a broader per-
spective on mechanisms of adaptation and in particular on
adaptation of invasive species to new environments.

VII. NON-GENETIC FACTORS CONTRIBUTING
TO INVASION

Our search terms were related to mechanisms that could
potentially affect the genetic diversity and performance of
invasive species. The collected articles also were screened
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for information on non-genetic mechanisms that could
explain the invasion success of particular species. Only
13 of all analysed articles mentioned non-genetic factors as
contributing to successful invasion. By qualifying the mecha-
nism as non-genetic, we excluded information that the inva-
sion was human-mediated, as invasions are inherently related
to human activity. We also excluded factors that may have a
genetic background, but where their elucidation was not the
purpose of the study (i.e. factors that were mentioned in
the text but not directly studied such as the breath of thermal
tolerance or extreme insecticide resistance).

The most frequently mentioned non-genetic factor was
habitat niche congruence between native and invasive ranges
(Green et al., 2023; Du et al., 2021; Sherpa et al., 2019c¢; Gute-
kunst et al., 2018), although only one of these studies per-
formed niche comparison analysis (Sherpa et al., 2019c).
Niche comparisons of Asian tiger mosquito invasion in
Europe supported niche conservatism, suggesting that the
invasive range expansion did not necessitate new genomic
adaptations, although genomic adaptations were detected
in invasive populations. Other mechanisms included “enemy
release” in the invasive range (Bieker et al., 2022) and the
composition of the gut microbiome (Liu ¢ al., 2018).

The infrequent references to non-genetic factors promot-
ing invasions suggest that authors often concentrate on indi-
vidual factors, and that multidisciplinary studies are rarely
undertaken. Although this approach is understandable, given
the time and cost demands of comprehensive studies, it com-
plicates an holistic understanding of the invasion process.
Conversely, it may suggest that mechanisms related to geno-
mic diversity may predominate.

VIII. DISCUSSION AND FUTURE DIRECTIONS

There is an inherent bias related to studying successful spe-
cies invasions that affects our understanding of invasion
mechanisms. Although it is difficult to study failed invasions,
research into the causes of failed biocontrol and studies of his-
torical data (Marsico et al., 2010) can provide a context in
which to assess successful invasions. Such data sets are lim-
ited, but the awareness of the costs of alien species introduc-
tion is growing. According to the EU Invasive Alien Species
Regulation (1143/2014), strict monitoring of all stages of
species invasions must be undertaken and there is a require-
ment for science-based decision making. These regulations
should encourage scientists to study early stages of invasions
and identify causes of varying invasion success. Below we
describe the general picture emerging from the latest inva-
sion genomics studies, present a critical assessment of gaps
in the field and propose directions for future research.

The frequent role of admixture in elevating the levels of
genetic diversity in novel invasive habitats 1s the most impor-
tant finding of our study. Although admixture can be
detected using data from well-adopted and affordable tech-
niques, such as RRS and standard population genetics tests,
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we argue that there should be scope for other approaches to
answer more detailed questions and understand the conse-
quences of admixture. Precise identification of the time and
extent of admixture between divergent populations in the
invasive range, categorisation of invasive populations accord-
ing to the degree of admixture, and identification of “admix-
ture hotspots” should be a focus in invasive species
management. Moreover, studies measuring fitness change
or an increase/decrease in invasiveness after admixture will
be necessary to assess its role in adaptation of invasive species.
We propose the term “Invasive Evolutionarily Significant
Unit” (IESU) to be used in management of invasive popula-
tions. This term extends the longstanding concept of Evolu-
tionarily Significant Unit (ESU) in conservation genetics.
An ESU represents a population or a group of populations
evolving independently and managed for effective species
conservation (Hoelzel, 2023). We recommend designating
invasive population groups or spatial areas to IESUs where
a high level of admixture has possibly increased the evolu-
tionary potential of an invasive species. RRS approaches
should be adopted as an inexpensive and widely accessible
tool for the identification of admixture hotspots to which pro-
active management actions should be directed.

We also see the need to collect and analyse time-point
series data which are crucial for detecting selection and
demographic events at different stages of invasion. Time-
series sampling would allow precise detection and estimation
of the frequency and timing of admixture events and bottle-
necks occurring upon introduction in the new range and
the tempo of evolutionary change. Additionally, they could
help determine if selection occurred immediately after intro-
duction, whether it required a lag phase, or took place during
population expansion. Although we identified collected
numerous studies that compared the genetic diversity of
native and invasive populations, most of these were point
measurements that do not allow us to evaluate precisely
when a change in genomic diversity occurred. Collecting
time-series data for invasive species will be challenging as
many invasions are only identified at later stages. Neverthe-
less, increasing awareness of the risk potentially posed by
alien species, especially from rapidly spreading and fast-
reproducing groups, means that genetic monitoring of such
taxa could enable the collection of these vital data.

Our review found the most common evidence of adapta-
tion was the detection of outlier loci between native and inva-
sive ranges. Outlier loci can be identified with a variety of
genomic methods, with different selection criteria, and with
or without taking into account the underlying demographic
history. Such methods do not inform us about the extent of
a species’ response to selection but rather identify potential
genetic targets of selection. In the absence of information
on environmental features responsible for the change, or
experimental manipulation of outlier loci, this approach does
not allow biological interpretation of the selection process.
Analysing selection in both invasive and native ranges, for
example using GEA analysis, with respect to habitat hetero-
geneity, instead provides a comprehensive understanding of
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the role of the adaptive process in invasions. Furthermore,
measurements of the level of genetic diversity that is needed
for a species to adapt to environmental change can be of
use when modelling species responses to climate change.
Data on adaptive potential expressed as variation in func-
tional loci and the levels of genomic diversity should be incor-
porated into species distribution and ecological niche
modelling. Studies of native and invasive populations inha-
biting differentiated habitats should provide evidence for
the extent of parallel evolution in invasive populations. Inva-
sive species could serve as excellent models for measuring
and validating genetic offset, that is a measure of the mis-
match in the genotype—climate association between current
and future climates (Fitzpatrick & Keller, 2015), and for evo-
lutionary rescue in the face of climate change. Invasive popu-
lations represent natural experiments, and hence enable
comparisons of population fitness in new environments with
fitness expected from GEA predictions.

Incorporating fitness, population performance or pheno-
typic data into the study of adaptations in invasive species
requires controlling for environmental variation, often by
using experimental designs. Identification of the most com-
mon basis of phenotypic variation encoded by multiple
small-effect loci can be achieved by controlling for environ-
mental variation and using the genome wide association
studies (GWAS) approach. GWAS allows for identification
of species characteristics that are crucial for effective invasion
such as dispersal, reproduction and resistance to control
measures (Blackburn ¢t al., 2024). We did not find evidence
of de novo mutations being a frequent source of diversity and
adaptation in invasive populations, despite previous asser-
tions, not only for invasive species but for the process of adap-
tation in general (Capblancq et al., 2020). In our database,
standing genetic variation appears to be the most commonly
detected, but also most commonly investigated, source of
adaptation in invasive populations. Our lack of detection
of a role for de novo mutations could be the result of the still
limited number of studies using high-coverage WGS data.

Although the cost of WGS technologies, especially long-
read sequencing, is still prohibitive for many researchers,
the number of reference genomes available is gradually
increasing. Projects such as Earth BioGenome Project
(EBP) or European Reference Genome Atlas (ERGA) are
producing high-quality genomic sequences across eukaryotic
diversity (Formenti et al., 2022). Numerous invasive species
still lack reference genomes (Matheson & McGaughran,
2022), but we expect a rapidly increasing availability of
WGS data. Importantly, even when WGS data were used
in invasion studies, the full potential of the data often was
not used to elucidate the mechanisms of invasions. Fine reso-
lution of genetic diversity and population structure provided
by WGS ensures accurate estimation of effective population
size (Ne), recombination rate, linkage disequilibrium or
mutation load. Nevertheless, many studies using sequenced
genomes relied only on SNP data. WGS data allow us to ana-
lyse structural variation (SV) that should be considered when
determining local adaptation. Large-effect genetic changes
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may be achieved by groups of mutations in tight genetic link-
age (Yeaman & Whitlock, 2011), including mutations cap-
tured by chromosomal inversions. There is growing
evidence that inversions can drive range expansions
(Kirkpatrick & Barrett, 2015). Comparisons of SV among
invasive and non-invasive species could provide insights into
the role of specific genome features in adaptation during
invasion.

We also noted a lack of comparative genomic studies that
attempted to identify genome characteristics other than
SNPs underlying species invasiveness. In their new range,
invasive species typically experience a new climate, availabil-
ity of resources and biotic interactions. Adaptation to these
new environmental conditions sometimes requires novel
genetic variation that may provide new functions important
for facing new environmental challenges. Such sudden shifts
in selective pressures may result in large-effect mutations
(Orr, 2005). The sources of novelty are often gene duplica-
tions, resulting in the expansion of gene families and subse-
quent neofunctionalisation of specific genes (Salojarvi,
2019). Comparison of gene family sizes between genomes
of related native and invasive species and selection acting
on these genes can provide insights into how genomic novelty
enhances adaptive responses (Pysek ez al., 2018).

Genome-wide studies allow identification of genes and
molecular mechanisms crucial for understanding the success
of invasive species and for developing countermeasures
(Heuertz et al., 2023). The application of genomic data to
prevent or manage invasions has been restricted to certain
groups of invasive organisms, such as in the biosurveillance
of forest insect pests (Roe et al., 2019) or crop pests (Taylor
et al., 2012; Wani et al., 2022). Examples of applications in
other groups of invasive species are still limited (but see
Ferreira-Martins et al., 2021; Harvey-Samuel, Ant &
Alphey, 2017) and are currently under development. This
application gap highlights the potential future directions of
WGS, which should prioritise controlling invasive species to
promote biodiversity conservation and safeguard ecosystem
services.

IX. CONCLUSIONS

(1) This systematic review of articles using genomic methods
to reveal mechanisms of species invasions shows that the
“genetic paradox” of invasive species is not a common
phenomenon.

(2) Demographic processes, such as genetic drift and bottle-
necks rarely cause a significant decrease in genomic diversity.
Any reduction in genomic diversity usually was described as
relatively mild and almost always resolved zia gene flow
between different invasive populations.

(3) Even where a decrease in genomic diversity between
native and invasive ranges was noted, the overall level of
genomic diversity in invasive populations usually remained
high. Selection processes could be detected in more than half
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of the analysed studies, further demonstrating that reductions
in diversity do not prevent adaptations to novel habitats.

(4) Despite a large number of studies involving genomics in
invasion studies, there remains a need for wider applica-
tion of time-point series genomic data, the incorporation
of habitat, climate and population fitness components into
genomic analysis, and more frequent application of WGS
data both for revealing invasion mechanisms and for inva-
sion management.
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Abstract

Invasive species pose a major threat to ecosystems through habitat destruction,
disease transmission, and competition for resources. Invasion success depends on the
adaptive potential (i.e., the ability to respond to selection pressures that is dependent on the
levels of genetic variation) of the invading species. Here, we used reduced representation
sequencing of native and European invasive raccoon populations to identify putatively
adaptive changes across geographic regions. Our findings indicate that invasive raccoon
populations experienced a genome-wide reduction in genetic diversity; however, we
detected signatures of selection that were putatively related to local adaptation within the
invasive range. Analysis of loci under selection associated with either native or invasive
populations revealed parallel selection pressures between the invasive range and one of the
native populations, all inhabiting similar climatic niches. In contrast, the native population
from a different climatic region experienced distinct selective pressures. These results
highlight the importance of habitat similarity in invasion processes. They demonstrate that,
when predicting the potential range of an invasive species, it is not only the geographic
distribution of the native range that should be considered, but also the specific
characteristics of the habitat. Genomic regions under selection were linked to traits that
promote rapid expansion, including reproduction, cognitive function, stress response,
immunity, and energy production. Overall, this study illuminates how contemporary

selection in raccoons may accelerate the invasion process.

Keywords: biological invasions, adaptation, climate matching, native range, invasive range,

raccoon
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INTRODUCTION
Since the Industrial Revolution, the global transportation of species has been increasing,
leading to shifts in species ranges and the emergence of increasing numbers of invasive alien
species (Early et al., 2016). They are ranked fifth among direct drivers of change in nature
with the largest relative global impacts (Brondizio et al., 2019; Mack et al., 2000; Pysek et al.,
2020; Seebens et al., 2017), contributing to habitat destruction, disease transmission,
competition for resources, potentially leading to displacement or even extinction of native
species (Molnar et al., 2008). The suitability of the environment where a species is
introduced can greatly enhance the probability of invasion, as alien species have a higher
probability of success if they are introduced into regions with a climate similar to that found
in their native area (Abelldn et al., 2017; Redding et al., 2019). When the habitat differs, the
success of invasive species depends on their adaptive potential, i.e., their ability to respond
to selection pressures. Species with a restricted adaptive potential have a lower likelihood of
adapting to novel and changing environments (Lande and Shannon, 1996; Merila and
Hendry, 2014). Beyond individual plasticity within a species, the survival of organisms in new
environments has been linked to the level of genomic diversity transferred to the novel
range, allowing rapid adaptation (Dlugosch and Parker, 2008; Rollins et al., 2013; Stange
et al.,, 2021). Invasive species, despite often facing demographic bottlenecks and genetic
drift, usually exhibit genetic diversity equal to or greater than what is found in the native
range due to either the restoration of genetic diversity after the invasion event (Dlugosch
et al., 2015) or by bringing substantial levels of adaptive genetic diversity from their native
range (Lee, 2016).

The detailed insight into invasion demography and its effect on genetic diversity

enables the detection of signals originating from neutral and selective processes. Combining
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multiple approaches to detect genomic signals of selection and comparing signals from
putatively neutral and selective loci enables the identification of genomic changes associated
with selection in the invasive range (Leigh et al., 2021; Sherpa and Després, 2021). Studying
the genomic footprint of selection in multiple invasive populations, as well as in native
populations from two geographically distant regions characterized by distinct climatic
conditions, should enable the identification of specific genomic variants associated with
either invasion success or adaptation to local environments.

Here, we used reduced representation sequencing of native and European invasive
raccoon populations to identify putatively adaptive changes among geographic regions.
Raccoons are medium-sized, omnivorous mammals that inhabit forests and wetlands, but
are also closely associated with urban habitats. They cope extremely well with diverse
environmental conditions and often outcompete native species with similar ecology and life
history traits (Jernelév, 2017). Native to North America, raccoons were introduced to
Germany in the 1950s, where they spread into neighbouring countries and now inhabit
a majority of Europe (Salgado, 2018). European populations were founded from at least four
separate introductions, leaving a clear pattern in the mitochondrial markers (Fischer et al.,
2015). Due to subsequent admixture of genetically divergent individuals, raccoons maintain
relatively high overall genetic diversity (Biedrzycka et al., 2014). However, the relationship
between neutral genetic diversity, adaptive potential, and population fitness has been called
into question, as neutral diversity may not reliably indicate a species' adaptive potential
(Teixeira and Huber, 2021). Comparing frequency shifts of potentially adaptive genetic
variants between invasive populations and their native sources, while correcting for
population structure, can provide evidence for local adaptation (Kawecki and Ebert, 2004).

A recent study compared gut microbiomes of native and invasive raccoon populations and
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found no decline in richness or stability of microbiome fauna among invasive populations
compared to what was found in native populations (Kotodziejczyk et al., 2025a), supporting
raccoon adaptability across different environments. Moreover, Konopinski et al. (2023)
revealed that the adaptive potential of invasive populations was retained in a set of
immune-related loci. The successful invasion of the raccoon throughout Europe is likely
aided by species-specific characteristics that may have a genetic basis, such as a high
reproductive rate (Ritke, 1990) and a diet based on currently available food resources
(Rulison et al., 2012). All these features could be potentially linked to functional genomic
diversity in regions related to reproduction, immunity or omnivory of both native and
invasive populations.

This study sought to analyze raccoon (Procyon lotor) populations from North America
(i.e., the native range) and Europe (i.e., the invasive range) to determine how these regions
have evolved independently over the past 75 years. The structure of invasive raccoon
populations has been well characterized, but the complex phylogeography and the vast
native range impair the identification of the exact source populations of the European
invasion (Cullingham et al., 2008). To mitigate this issue and to allow comparison of invasive
populations' genetic diversity with native populations from similar and different climatic
conditions, we analyzed two geographically and genetically distant native populations.
We aimed to identify specific local adaptations and relate them to those in the invasive
range. We expected to find signals of selection in specific SNPs by comparing overall
genomic diversity patterns with those found only at loci identified as outliers across all
populations studied. Additionally, we predicted that we would detect outlier loci different
from those that had previously been detected and were associated with immune—related

functions. Identification of such loci would serve as evidence for specific local adaptations.
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Second, we aimed to identify SNP loci that could be directly associated with the raccoon
invasion in Europe. The presence of such outlier loci would indicate adaptive transitions
linked to the range shift. Furthermore, we predicted that comparing diversity patterns
among native populations inhabiting different environments and invasive populations would
reveal specific, habitat-related local adaptations. Genetic evidences supporting the role of
habitat matching between native and invasive ranges were discussed in relation to invasive
species management and the evolutionary process that leads to genomic differentiation

among geographic regions of invasive species.

MATERIALS AND METHODS

Sample collection

Between 2021 and 2023 we collected a total of 162 tissue samples from raccoons from their
native (near Melbourne, Florida (USA_F; n=26) and between Lincoln and Syracuse, Nebraska
(USA_N; n= 16)) and invasive range (Poland: The Warta Mouth National Park (PL_WM;
n=30) and Kampinos National Park (PL_K; n= 9), Germany: Brandenburg (GE_B; n= 13),
Hessen (GE_H; n= 28) and Saxony (GE_S; n= 25) and Czech Republic (CZ; n= 15; Fig.1).
Samples from Florida were collected from adults transported to the Florida Wildlife Hospital,
Inc. during euthanasia or surgical anaesthesia directly after a vehicle collision, while samples
from Nebraska were collected as a result of local pest control programs. Tissue samples from
the invasive range were obtained during game activities in Poland, Germany and the Czech
Republic. All the samples were collected with sterile surgical blades and immediately stored
in 96% ethanol. Upon arrival at the laboratory, samples were stored at -20°C until DNA

extraction.

42



136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

DNA extraction and RADseq library preparation

DNA was extracted from skin and muscle tissues using NucleoSpin Tissue and NucleoSpin
Tissue XS kit for DNA from cells and tissue (Macherey-Nagel) according to the
manufacturer's protocol in the pre-PCR dedicated area. DNA was quantified using a Qubit
Fluometer (ThermoFisher Scientific) and subsequently diluted to a final concentration of 20
ng/ul. Restriction site-Associated DNA (RAD) sequencing libraries were constructed following
the Adapterama Ill protocol (Bayona-Vasquez et al., 2019) using Pstl-HF, Ddel, and Nsil
enzymes (New England Biolabs) together with relevant adapters indexed in accordance with
design 3 from the aforementioned protocol. After digestion and ligation all samples were
pooled in equal volumes. At each nucleic acid purification step, short fragments and
unincorporated adapters were removed using MagSi-NGS PREP Plus beads (magtivio) with
a left-side selection procedure. After 12 cycles of PCR, libraries were visually verified via gel
electrophoresis on a 1.5% agarose gel and quantified using a Qubit Fluometer. Size selection
was performed using Pippin Prep (Sage Science) with the range of 400-600 bp. Prepared

libraries were sent for sequencing as an external service by Novogene Ltd (UK).

Bioinformatic processing

Raw fastq files were demultiplexed with ‘process_radtags’ from the Stacks v2 software
package (Rochette et al., 2019). Individual reads were trimmed using Trimmomatic v0.39
(Bolger et al., 2014) with the following parameters: pair-end mode with a maximum of two
mismatches, 5 bases cut at the start of each read, discarding reads shorter than 135 bp, and
applying a 3-base wide sliding window to trim when the average quality per base drops

below 25. Reads were aligned to the reference genome (Plotor_platanus500,
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GCA_015708975.1; (Tsuchiya et al., 2021) using Burrows-Wheeler Aligner (BWA) and "MEM
algorithm” (Li, 2013) with default parameters.

SNP calling and PCR duplicate removal were performed using “gstacks’, from the
Stacks v2 software package. The ‘populations” program was used for initial SNP filtering and
for generating input files for subsequent analyses. Parameters were set to 0.5 for maximum
observed heterozygosity and 4 for minimum minor allele count required to process a SNP, to
minimize false-positive SNPs. Further filtering was conducted in VCFtools v0.1.16 (Danecek
et al., 2011) with the following parameters: -minGQ 30, - minDP 10, -mac 3, -min-alleles 2, -

max-alleles 2 and -max-missing 0.95.

Population structure analysis

To generate baseline characteristics of genetic differentiation, we used two different
methods to resolve patterns of population structure. First, we used ADMIXTURE (Alexander
et al., 2009), a model-based clustering method. The optimal number of clusters was
determined using cross-validation (CV) error. Results were visualized using ‘ggplot2’
inRv4.4.2 (R Core Team, 2024). Then, we applied Principal Components Analysis (PCA)

as implemented in the function g/PCA in the “adegenet’ package in R (Jombart, 2008).

Genetic diversity

To assess the level of genetic diversity in each cluster, diversity statistics, i.e. observed (Ho)
and expected heterozygosity (He), number of private alleles (PA), percent of polymorphic loci
(PPL), and heterozygosity deficit (Fis) were calculated using the populations program in
Stacks v2 (Rochette et al., 2019). Nucleotide diversity () and Tajima’s D were calculated

using a custom script in R available at https://github.com/konopinski/tajima/. To account for
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differences in sample number between clusters, allelic richness (AR) was calculated using the
allelic.richness function in the “hierfstat” R package (Goudet and Jombart, 2004). To check
whether differences in diversity statistics between ranges were significant, a Wilcoxon rank-
sum test with continuity correction was performed using the wilcox.test function from “stats’

package in R.

Patterns of selection
We aimed to differentiate processes affecting genomic diversity that were primarily shaped
by demographic history from those influenced by local selection by identifying outlier SNPs
and comparing diversity between outlier and neutral loci. We identified global outliers, i.e.,
SNPs with frequencies deviating from neutrality, by comparing the genetic differentiation
among all studied populations. We used two complementary methods to minimize method-
specific bias and reduce false positives (Lotterhos et al., 2018). First, we used BayeScan (Foll,
2012) to identify differences in allele frequencies by comparing each population’s allele
frequency to the common gene pool, using population-specific Fst to highlight loci with
outlying signals. Posterior odds in BayeScan were set to 1 to reduce false positives. Second,
we used the ‘pcadapt” R package to detect loci under selection by identifying outliers from
the pattern observed in principal component analysis (Luu et al., 2017). False positives were
filtered using Benjamini-Hochberg correction as implemented in the gvalue function from
the'gvalue’ R package (Storey et al., 2025). We then adopted a pooled approach, classifying
a SNP as an outlier for further analyses only if it was identified by both methods.

Since both BayeScan and PCAdapt detect global outliers, they do not identify specific
populations or population groups where selection occurs. Therefore, we calculated the Cs-

contrast statistic using BayPass (Gautier, 2015) to detect outliers between geographic
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ranges. This method accounts for the neutral evolutionary history of populations by
incorporating the scaled covariance matrix of the population allele frequencies (Q matrix)
and the ancestral (across population) allele frequency (Olazcuaga et al., 2020). These
components enable the identification of candidate SNPs potentially associated with invasion
status, providing a more targeted approach to detect selection patterns specific to range
differentiation (Olazcuaga et al., 2020). As arepresentation of loci evolving neutrally, we
used SNPs located at four-fold degenerate sites, which are considered strong
approximations of neutrality since all changes at the third position are synonymous
(Kinstner et al., 2011).

To get a more detailed insight into selection patterns present in both global and
contrast outlier SNP sets, we calculated nucleotide diversity (1) and Tajima’s D estimates

using a custom R script (https://github.com/konopinski/tajima/) and compared the diversity

patterns of outlier SNPs with those of neutral SNPs. The two diversity metrics were
compared between the neutral SNP dataset and the global and contrast outliers for each
population. We tested whether the means of the indices differ significantly between invasive
and native populations using a Wilcoxon rank-sum test with a continuity correction
as implemented in the wilcox.test R function from “stats” package.

To address the uncertainty surrounding the identification of source populations of
the invasive range, for the global outlier set, we traced the allele frequency pattern of loci
that maintained non-zero frequencies in both native populations and at least two invasive
ones. The presence of an allele in both the native and invasive ranges eliminates the
possibility that it was removed by drift during invasion, thus the impact of demography, not
selection, in shaping allele frequency. The similar allele frequencies in two genetically

divergent native populations, coupled with a consistent pattern of allele frequencies across
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invasive populations, potentially suggest specific selective pressures acting on these loci in
both ranges. To further untangle the selection pressure acting on outlier SNPs associated
with divergence between ranges, we searched for contrast outliers that exhibited common,
non-zero allele frequencies across ranges. Outlier SNPs with frequencies ranging from 0.2 to
0.8, further supported by Tajima’s D values > 1, we treated as suggestive of balancing
selection.

Lastly, to predict the functions associated with putative outliers, we used SnpEff
(Cingolani et al., 2012). Genes associated with outlier SNPs were identified based on
scaffolds linked to specific effects derived from SnpEff annotations and grouped into three
main gene ontology (GO) domains: Biological Processes (BP), Molecular Functions (MF), and
Cellular Components (CC). Gene enrichment analysis was performed using the ‘topGO’
R package. Additionally, genes located on scaffolds containing outlier loci were identified
using InterProScan (Jones et al., 2014). Significant GO Terms (p < 0.05) were then filtered,
resulting in the database containing GO Terms annotated to at least 3 genes from the

background (all scaffolds) and at least 2 genes from the outliers set.

RESULTS

We initially obtained a dataset containing 5,200,166 SNPs. After filtering, the mean total
number of reads per individual was 5,112,216, ranging from 1,409,295 to 23,811,072.
The average depth of coverage was 92.5x, with a minimum of 25.4x and a maximum of
437.4x. Following the filtering pipeline, the final dataset used for all subsequent analysis
included 55,760 SNPs across 158 individuals (41 from the native and 117 from the invasive

range).
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Population structure analysis

According to the analysis of cross-validation error in ADMIXTURE the optimal number of
clusters for the analysed dataset was K=4 (Fig. 2A). Individuals from the native populations in
the USA were either assigned to cluster 1 (Florida) or showed mixed assignment to clusters
1 and 2 (Nebraska). Cluster 2 was the primary assignment for all individuals from the Czech
Republic. Individuals from the other invasive populations were assigned to clusters 3 and 4,
with all individuals from Hessen (Germany) unequivocally assigned to cluster 3, Polish
populations (i.e. Warta Mouth National Park and Kampinos National Park) predominantly
assigned to cluster 4 and the individuals in the two remaining populations (i.e. Brandenburg
and Saxony, Germany) exhibiting mixed assignment to the two clades.

Principal Component Analysis (PCA) revealed a similar pattern (Fig. 2B). Populations
from the native range formed distinct clusters along PC1, with the Florida population
showing the greatest separation from the invasive populations. Individuals from the invasive
range were broadly distributed along the second principal component. When native
populations were excluded from the analysis, the Czech population appeared the most
differentiated among the invasive populations. The remaining individuals exhibited
a spatially structured distribution, with the Polish and Hessen populations forming the
outermost point clouds along the second principal component. The PCA results also
suggested gene flow or individuals exchange between the Brandenburg and Saxony
populations, consistent with their intermediate ancestry profiles in ADMIXTURE.
Consequently, these two populations were combined for downstream analyses (GE_B_S), as
were the two Polish populations (PL). Although PCA identified discrete clusters

corresponding to the Czech Republic, Hessen, and Polish populations, it also indicated
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a gradient of genetic composition among invasive individuals, whereas more distinct

clustering was observed in the native range.

Genetic diversity

Native populations exhibited significantly greater (Wilcoxon rank-sum test - p < 0.0001)
estimates of nucleotide diversity (ir), number of polymorphic loci (PPL), allelic richness (AR),
and observed (Ho) and expected heterozygosity (He) than those found in invasive
populations. The lowest values of diversity were observed for CZ population (Tab. 1). These
results indicated a general trend of higher genetic variation in native versus invasive
populations. Furthermore, a number of private alleles in the native populations was an order
of magnitude higher than in the invasive ones. All Fis values were significantly different from
0 (p < 0.001). The highest Fis estimated were observed in GE_B_S, PL and USA_F, indicating
slight heterozygote deficiency, which may be related to some level of population structure
within these genetic clusters, likely owing to a lack of closed populations and due to high

connectivity among raccoon populations (Tab. 1).

Patterns of selection

Global outliers

Using the Bayescan and PCAdapt outlier detection methods, we identified over 3800 outlier
SNPs. However, only 92 of these SNPs were shared between both Bayescan and PCAdapt
and subsequently used in downstream analyses. Of these 92 SNPs, 16 were located in close
proximity to other outliers (ranging from 1 to 834 bp apart), suggesting potential linkage
among selected SNPs. This resulted in the identification of 76 regions potentially under

selection.

49



302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

The values of Tajima’s D and it in the neutral dataset (i.e. 4-fold SNPs) were primarily
centered around zero across all populations, providing a baseline reference for interpreting
the outlier dataset (Fig. 3A). In the set of global outliers, native populations (USA_F and
USA_N) exhibited higher Tajima’s D estimates (p < 0.0001) and greater m(p <0.0001)
in comparison with neutral dataset (Fig. 3B), with distributions shifted towards higher
values. In contrast, most outliers in the invasive range showed Tajima’s D and 5t estimates
exhibited similar distribution as in case of 4-fold degenerate SNPs, nevertheless the
differences were significant in all, but CZ population (Fig. 3B, Tab. 2). Similarly, i values of
global outliers showed distribution resembling neutrality, but their means were significantly
divergent from those observed in neutral dataset (Tab. 2). Finally, among 24 loci that
maintained non-zero allele frequencies in both native populations and at least two invasive
populations, seven exhibited reduced frequencies in the populations from the continuous
part of the invasive range, while a balanced frequencies (ranging between 0.26 and 0.73) in

the native range.

C2-contrast statistics - between ranges outliers

C2-contrast statistics were used to identify loci with outlying frequencies between ranges.
The 113 outliers identified using the C2-contrast did not overlap with global outliers and
exhibited a distinct pattern of Tajima’s D and mr estimates distribution (Fig. 3C). Contrast
outliers for USA_F native population and CZ invasive population exhibited a clear pattern of
neutral diversity in both Tajima’s D and m estimates. In contrast, remaining invasive
populations and native USA_N exhibited similar distribution of Tajima’s D and m. The
majority of outliers were characterized by high values of both estimators, typical for

balancing selection (Fig. 3C). The mean values of Tajima’s D estimates in contrast outliers
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were significantly higher in all but USA_F populations, in comparison with neutral dataset
(Tab. 3). Following the results of the similar distribution of Tajima’s D and i estimates in the
native USA_N population and the invasive populations from the continuous invasion range
(GE_H, GE_B_S and PL), we examined allele frequencies and detected that the majority of
outlier SNPs (91) exhibited non-zero frequencies in these populations, and 46 out of them
exhibited balanced allele frequencies (0.2 — 0.8). Most of these loci exhibited zero (24 loci) or

low (20 loci with frequencies lower than 0.2) frequencies in the USA_F population.

Genes/regions under selection
Out of the 92 global outlier SNPs, 34 were located in intergenic regions and were therefore
excluded from gene enrichment analysis. The remaining 58 outlier SNPs included 39 with
multiple predicted functional effects reflecting the presence of alternative gene models or
overlapping transcripts. Among the annotated SNPs, upstream, downstream and intronic
locations were predicted in 40, 23 and 46 SNPs, respectively. Additionally, two SNPs were
synonymous variants, one missense, and one was a stop-retained variant. The C2-contrast
statistic identified 113 outlier SNPs differentiating the native and invasive ranges, of which
96 were located in intergenic regions and therefore excluded from gene enrichment
analysis. Among the 113 remaining outlier SNPs, 67 were assigned to more than one
predicted functional category. Of the SNPs located within or proximal to genes, intronic,
downstream and upstream locations were predicted 105, 61, and 52 times, respectively;
14 synonymous, 7 missense, and 4 splice region variants were also predicted.

Among all global outlier SNPs, 44 were located in genes involved in immune
response, cognitive functions, tissue repair, and stress response processes potentially

contributing to local adaptation (Suppl. 2 Tab. 1). For the C2-contrast results, over one
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hundred genes were identified, primarily associated with catalytic and enzymatic activity,
development, microtubules arrangement, inflammation process, nervous system, and
odorant detection (Suppl. 2 Tab. 2).

GO enrichment analysis of global outliers revealed 53 significantly enriched terms,
primarily associated with genes related to reproduction and hormonal pathways (e.g. female
gamete generation), intracellular metabolism (e.g. cytoplasm), protein and lipid binding
functions, immune functions (e.g. negative regulation of interferon-alpha production) and
neurological features (e.g. axon projection regeneration) (Fig. 5). For contrast outliers,
significantly enriched GO terms showed patterns similar to those found within the global
outlier dataset. Enriched terms were primarily related to the reproduction, development and
hormonal pathways (e.g. regulation of hormone levels, and embryonic limb morphogenesis),
muscle contraction and muscle tissue growth (e.g. microtubule-related), enzyme activity
(e.g. peroxidase), signalling pathways (e.g. transmembrane signalling receptor activity) and

neurological features (e.g. related to spinal cord) (Fig. 6).

DISCUSSION

In this study, we analysed raccoons from native and invasive ranges to investigate
genomic diversity, population structure and adaptation in a rapidly spreading invasive
mammal. Rapid adaptation is likely one of the mechanisms providing resilience to new
environments, enabling raccoons’ expansion across Europe. Whether, and to what extent,
selection pressures are present in the invasive range depends on the extent of habitat
matching (Abelldn et al., 2017; Redding et al.,, 2019) and is mediated by the amount of
standing genetic variation (Orr, 2005), existing phenotypic plasticity (Merila and Hendry,

2014), and the demographic history of the founding individuals (Santos et al., 2012). Our

52



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

findings confirmed that invasive raccoon populations experienced a genome-wide reduction
in genetic diversity. Despite this loss, we detected signatures of local selection that are
putatively related to parallel climatic conditions within the invasive range and part of native
range. In contrast, the native population from a different climatic region experienced distinct
selective pressures. These results underscore the importance of habitat similarity in the
invasion process. Genomic regions under selection were linked to traits that promote rapid
expansion, including reproduction, cognitive function, stress response, immunity, and energy
production, showing that contemporary selection in raccoons may accelerate the invasion

process.

Contrasting local patterns of selection

Allele frequencies are influenced by both demographic process and local selection
(Willi et al., 2020). Comparing patterns across the genome in native and invasive ranges of
a species, and identifying loci that deviate from neutral expectations, can reveal adaptations
to the new environment (Hoban et al., 2016; Hodgins et al., 2025; North et al., 2021). In
contrast, loci located outside selection targets may be useful for identifying demographically
driven population diversity and substructure. For example, genomic signatures of local
adaptation related to an environmental stress response were detected in the tropical fruit
fly, Bactrocera tryoni, a pest currently undergoing intensive expansion in Australia (Parvizi
et al., 2024). Moreover, in an invasive population of Brown rat (Rattus norvegicus), outlier
loci identified as under selection were linked to lipid metabolism and immune function,
suggesting that these adaptations may have facilitated successful colonization of new

environments (Chen et al., 2021).
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In this study, we first identified a set of global outlier loci and then characterized their
patterns of diversity in comparison to loci evolving under neutral expectations. The
distributions of Tajima’s D and nucleotide diversity between neutral and global outlier loci
for native populations exhibited a strong shift towards higher values, suggesting balancing
selection acting on a substantial set of loci (balanced allele frequencies, high values of
Tajima’s D and nucleotide diversity; Fig. 3A and 3B). This trend was not observed for invasive
populations, where only single loci showed signals of selection. We identified a small subset
of outlier SNPs (Fig. 3, bolded in Supplement 1) that displayed diversity patterns typical of
balancing selection in native populations but reduced frequencies in most invasive
populations, particularly those from the continuous part of the invasive range (GE_H,
GE_B_S, PL). Although the number of such loci is limited, their role may be
disproportionately important in maintaining multiple variants at a local scale and promoting
local adaptation. These findings may support the hypothesis that intermediate or variable
environments in the native range promote balancing selection, preserving high genetic
variation that serves as a substrate for directional selection inthe invasive range and
counteracts the loss of polymorphisms due to genetic drift (Siewert and Voight, 2017).
Similarly, Stern and Lee, (2020) found a strong association between balancing selection in
the native range and parallel local evolution in the invaded range of the copepod
Eurytemora dffinis complex. The invasive populations of this species respond to selection
through the parallel use of the same SNPs, to a much greater degree than expected. Similar
mechanisms have been observed in other species such as Drosophila melanogaster, and
European starling (Huang et al., 2016; Stuart et al., 2023).

One of the aims of this study was to identify SNPs located in genomic regions

involved in adaptive processes related to the raccoon’s invasion in Europe. To achieve this,
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we identified SNPs exhibiting contrasting allele frequencies between native and invasive
ranges, while correcting for neutral evolutionary history. Using this approach, Olazcuaga
et al. (2020) identified SNPs linked to the invasion success in Drosophila suzukii by analyzing
allele frequency contrasts corrected for population structure. Similarly, Giska et al. (2022)
detected loci associated with environmental adaptations in mountain hares (Lepus timidus)
across distinct habitats, and Battlay et al. (2025) found loci under divergent selection
between native and invasive ranges in Ambrosia artemisiifolia (Battlay, 2025). Our study
identified a large set of outlier SNPs potentially associated with divergence between ranges.
However, detailed inspection of allele frequency distributions revealed that, for most SNPs,
the contrast was caused by low allele frequencies in the native Florida population, while
balanced allele frequencies in native Nebraska and invasive populations from the continuous
part of the invasion range (GE_H, GE_B_S, PL). (Fig. 4, bolded in Supplement 1). This pattern
is consistent with that expected under parallel balancing selection acting on shared variants
in Nebraska and invasive populations occupying similar habitats. Conversely, the same loci
may be under directional selection in the Florida population, favouring specific alleles and
resulting in extreme allele frequencies (near fixation). The distribution of Tajima D and i
values in outliers in CZ invasive population that resemble rather neutral pattern of diversity
may probably result from its generally lower genetic diversity that weaken the strength of
selection (Allendorf et al., 2013).

Although identification of source populations and exhaustive sampling in both ranges
is not necessary to detect allele frequency contrasts (Olazcuaga et al., 2020), such data
would improve the precision of assessing allele frequency changes in relation to invasion. In
the case of the raccoon invasion studied here, several factors complicate source population

identification: the species’ extensive native range, the absence of acomprehensive
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phylogeographic or population genetic study, and extensive translocations of individuals
across the native range (Cullingham et al., 2008). Additionally, in the European region, the
raccoon population is formed from multiple independent introductions followed by
subsequent admixture, further obscuring the geographic origins of the individuals that
contributed to the European invasion and reinforcing the need for cautious interpretation of
our findings.

To some extent, potential source populations can be inferred through ecological
niche similarity analyses (Sherpa and Després, 2021). Matching climate conditions between
native and invaded ranges may facilitate rapid parallel adaptation, enabling invasive
populations to re-establish adaptations to environmental characteristics present in their
native habitats. In our study, the two native populations differ substantially in their habitat
characteristics: Florida’s subtropical and tropical climate is characterized by hot, humid
summers and mild winters, whereas Nebraska’s climate is characterized by mean monthly
temperatures and rainfalls similar to those in central Europe. Therefore, the Nebraska
population is not just a closer genetic match to the European invasive populations (this
study) but is also a more appropriate proxy of the invasion source with regard to its habitat
characteristics. The identification of loci under parallel balancing selection between
Nebraska and the invasive populations underscores the importance of habitat matching in
shaping adaptive responses. These loci likely reflect adaptations to specific environmental
conditions shared between Nebraska and the European invasive range. Future studies
incorporating broader sampling across the native range and additional sampling from the
invasive range will be essential to further elucidate mechanisms underlying raccoon

adaptation during invasion.
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Enriched gene groups related to the raccoon’s invasive potential

The GO terms enrichment analysis of the genes associated with global and contrast outlier
SNPs revealed that the enriched gene groups are primarily related to reproduction,
hormonal pathways, neurological processes, cognitive functions, the locomotor system, and
environmental-related responses. These enriched functions point to environmental drivers
of divergence, but also may play a key role in facilitating raccoon invasion. Similar results
have been recently obtained in studies of other mammalian invaders. For example, in
invasive raccoon dogs (Nyctereutes procyonoides), enrichment was observed in genes
related to energy metabolism, locomotor system, detoxification and lipid metabolism (Lan et
al., 2022). Moreover, a study of the invasive brown rat (Rattus norvegicus) also identified the
enriched gene groups involved in fatty acid and lipid transport, as well as carbohydrates
binding, linking these findings to the success of species invasion (Chen et al., 2021). In both
sets of outliers we detected enrichment of GO terms related to reproduction, i.e. oogenesis
and female gamete generation, hormone regulation, embryonic development, and stress
response (Jessop et al., 2013). Globally, mammalian invasions are more likely in species with
larger and more frequent litters, and longer reproductive lifespans (Capellini et al., 2015).
Indeed, high reproductive rates were shown in Japanese raccoon populations (lkeda et al.
2004). The difference in selection pressures, revealed by contrast analysis, between native
and invasive populations may reflect shifts in reproductive performance observed between
the Florida population occupying sub-tropical habitat and remaining populations. We also
observed enrichment in genes associated with neurological processes and various cognitive
functions which can support neuroplasticity and, consequently, facilitate adaptation to
a different environment (Axelrod et al., 2023). Cognitive capabilities, directly linked to

nervous system function (Frasnelli, 2021), have been shown to aid invasive species in
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locating and adopting new food sources, and utilizing a diversified diet (Griffin et al., 2022).
Differences in cognitive function and problem-solving abilities have been documented
between native red squirrels (Sciurus vulgaris) and invasive grey squirrels (Sciurus
carolinensis), with the invasive species demonstrating a competitive advantage (Chow et al.,
2018). Selection on genes regulating ATP-dependent activity, in conjunction with those
related to muscle contraction, appears central to changes in raccoon activity and exploratory
behaviour, which may influence dispersal potential. Energetics and aerobic energy (ATP)
production are among the most widely recognised physiological constraints on movement
(Malishev and Kramer-Schadt, 2021). The identification of enriched terms related to mobility
gene groups that differentiate Nebraska and invasive populations from the Florida
population suggests that mobility may vary depending on the habitat occupied.

Finally, the enrichment of GO terms related to environmental response was found in
both outlier sets. Most importantly, the functional enrichment in genes linked
to mitochondrial cell respiration and oxidative stress response could suggest differential
adaptation to cold and hot environments via influencing the metabolic rate (Sokolova, 2018;
White et al., 2011; Wollenberg Valero et al., 2022). Further, the enrichment of functions
associated with regulating the balance between immune response and the harmful effect of
reactive oxygen species (DeCoursey, 2013) suggests an adaptive mechanism for mediating
between immune activity and abiotic environmental pressure. The enrichment of GO terms
related to the modulation of gene expression may suggests rapid adaptation (Mounger
etal., 2021; Oh et al.,, 2022). Epigenetic mechanisms, particularly DNA methylation, are
known to influence phenotypic plasticity (Carneiro and Lyko, 2020). These mechanisms may
facilitate environmental adaptation, as observed in invasive species such as salmon (Le Luyer

et al., 2017) and the house sparrow (Liebl, 2013; Sheldon et al., 2018).
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Although we did not detect a direct overlap between SNPs identified as global and
contrast outliers, the results of GO enrichment analysis show substantial overlap in enriched
functions across both data sets (Supplement 3). While we cannot pinpoint the exact genes or
mechanisms involved in specific aspects of raccoon invasion, the outcomes of GO
enrichment analysis suggest that SNPs under selection may play a role in local adaptation to
the new range and in responses to novel environmental conditions. Interestingly, the results
here seem to suggest that selection is likely acting on functional outcomes more than
specific genetic alterations as the mechanism leading to local adaptive responses in the
invasive range. Similarly, the study on copy number variation in native and invasive
populations of the invasive weed Ambrosia artemisiifolia identified overrepresentation of
genes involved in environmental response and pathogen defence both in CNV windows and
SNP outliers (Wilson et al., 2025). Moreover, a recent study of the microbiome of invasive
raccoons revealed functional redundancy, where differing microbial communities
maintained similar functional roles (Kotodziejczyk et al., 2025b). Likewise, although specific
SNPs varied between global and contrast outlier methods, enriched functional categories
remained conserved, suggesting a parallel pattern of functional stability amid genetic

variation.

The history and current prospects of the raccoon invasion in Central Europe

We detected a clear pattern of genetic differentiation between native and invasive raccoon
populations. Previous research has shown that European raccoon populations were
established through at least four separate introductions (Fischer et al., 2015), and the
presence of distinct genetic clusters remains evident in our results. However, the relatively

small genetic distances between invasive clusters suggest that, despite originating from
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independent introductions, the founding individuals were genetically more similar to each
other than the two native populations analysed here. Most populations in the invasive range
belong to a continuum with an overlapping extent of the genetic clusters. The only isolated
cluster corresponds to the sampling site in the Czech Republic. As shown in previous studies
(Biedrzycka et al., 2019, 2014), this population is genetically isolated from other invasive
populations, exhibiting lower genetic diversity and no signs of expansion. The population
from Hessen in central Germany (GE_H), considered the primary introduction site in Europe,
also formed a homogenous cluster and exhibit reduced levels of diversity. According to the
central-marginal hypothesis of species expansion, asymmetric, core-to-edge gene flow
should be expected (Eckert et al., 2008). Here, this mechanism is supported by a high
proportion of assignment to the Hessian clade among genotypes in the population from
eastern Germany (GE_B_S). Further, due to lowered habitat quality and higher population
differentiation, lower genetic diversity should be visible across edge populations due to
reduced population sizes, greater isolation and drift. Such a pattern was detected in invasive
populations of invasive mealybug (Ma et al., 2020). In contrast to these expectations, we
detected higher levels of admixture and marginally higher genetic diversity in raccoons from
eastern Germany and Poland. In the case of raccoons, the decreased habitat quality does not
seem to be the case, as the species is known to thrive in a variety of habitats and use diverse
food sources (Rulison et al., 2012). As a result, raccoons spread eastwards in high numbers,
taking advantage of high habitat availability. The mixed support of the central-marginal
hypothesis was also detected in the cane toad invasion in Australia (Trumbo et al., 2016),
where the lack of a genetic diversity gradient was explained by habitat availability and
connectivity. Although it is predicted that asymmetrical gene flow from the centre of

aspecies’ range may prevent adaptation of marginal populations and impact range
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expansion (Bridle and Vines, 2007), the genetic diversity of raccoon marginal populations
suggests that local adaptation should not be dismissed.

The very consistent levels of genetic diversity detected in the two native populations,
despite large geographic distance and habitat dissimilarities between them, suggest that
they are a good representation of native range diversity. Raccoons from Nebraska were
more closely related to the European invasive populations, providing insight into the general
North American region that likely served as the source for the European invasion. The intra-
population diversity reflects patterns typically observed for invasive species. According to
a systematic review of genomic invasion studies, over a half of invasive populations
experienced a reduction of genetic diversity when compared to native populations, but in
most of all studied cases, the diversity was restored via admixture of divergent populations
in the invasive range (Kotodziejczyk et al., 2025a). Our results also add support to this rule;
although genetic variability within invasive populations was lower, they still maintained

a high number of polymorphic SNP loci.

CONCLUSIONS AND IMPLICATIONS FOR INVASION MANAGEMENT

In summary, our findings demonstrate that signatures of local selection differ
between native and invasive ranges and respond to different habitat characteristics.
Selection processes acting on genomic regions potentially linked to the raccoon’s
exceptional performance appear more pronounced in native populations, as we detected
more loci showing selection signals in the native range. Nevertheless, the pervasive
influence of genetic drift has not entirely prevented local adaptation in invasive populations.
The contrasting allele frequencies of loci under selection between populations inhabiting

differentiated habitats, but not different ranges, underlines the role of habitat matching
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during invasion. Although the hypothesis on the role of habitat similarity between native and
invasive ranges is central to explaining species invasions (Kolar and Lodge, 2001), it is rarely
confirmed by the analysis of genomic footprints of adaptation. Here, we showed that when
predicting the potential range of an invasive species, it is not only the geographic
distribution of the native range that should be considered, but also the specific
characteristics of the habitat. Our results demonstrate that conditions in the native range
may preadapt populations for similar habitat types in the invaded range. We highlight the
importance of habitat similarity in invasion processes, that is significant even for generalist
species such as the raccoon. Given that selection footprints were found in genomic regions
linked to traits such as reproduction, cognitive function, the stress response, immunity and
energy production, we demonstrated their role in facilitating rapid expansion. The raccoon is
currently invading almost the entire European continent (Salgado, 2018). It is predicted that
this invasion process will continue. Eradication of the species is unlikely, and management of
the invasion mainly relies on protecting native species and fragile habitats (Cunze et al.,
2025). While its broad climatic and habitat niche (Kochmann et al., 2021; Cunze et al., 2023)
suggests it can invade a wide variety of habitats, our findings can be used to prioritize
regions most vulnerable to invasion. The weakest selection signals detected in the least
diverse and isolated invasive population (CZ) prove that restricting gene flow between
invasive populations may limit their adaptive potential. Future research involving population
sampling along geographical gradients in both native and invasive ranges is needed to clarify
associations of outlier loci with environmental characteristics and to determine the

functional consequences of selection.
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TABLES

Tab. 1. Genetic diversity estimates in invasive (CZ, GE_B_S, GE_H and PL) and native
populations (USA_F and USA_N). Studied sites: 55760. Pop - population, N - number of
analysed samples, PA - number of private alleles, PPL — percent of polymorphic loci, N gen -
mean number of individuals genotyped per locus in population, Ho — observed
heterozygosity, He — expected heterozygosity, AR — allelic richness, Fis - inbreeding
coefficient, m*1000 — nucleotide diversity multiplied by a thousand. Values of Fissignificantly
different from 0 were marked with asterisks.

Pop N PA PPL Ngen Ho He AR Fis n*1000

Ccz 15 288 45.9 14.8 0.140 0.141 1.435 0.019* 1.382
GE_B_S 36 266 65.5 34.8 0.157 0.170 1.561 0.047* 1.973
GE_H 28 230 50.9 27.7 0.149 0.150 1.457 0.012* 1.534
PL 38 259 61.6 36.4 0.144 0.154 1.508 0.039* 1.856
USA_F 25 5992 70.3 24.6 0.180 0.185 1.629 0.029* 2.117
USA_N 16 2209 70.7 15.7 0.181 0.180 1.647 0.016* 2.129
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912 Tab. 2. Results of Wilcoxon rank sum test with continuity correction of Tajima’s D and
913 nucleotide diversity (1) values between the neutral and global outliers dataset for invasive
914 (CZ, GE_B_S, GE_H and PL) and native populations (USA_F and USA_N).

915

Tajima’s D 14
Pop w p-value w p-value
Ccz 28172 0.369 32104 <0.001
GE_B_S 30629 0.022 37232 <0.001
GE_H 31512 0.003 37306 <0.001
PL 33092 <0.001 35180 <0.001
USA_F 13456 <0.001 15396 <0.001
USA_N 19065 <0.001 22078 0.0065
916
917
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918 Tab. 3. Results of Wilcoxon rank sum test with continuity correction of Tajima’s D and
919 nucleotide diversity (rr) values between the neutral and contrast outliers dataset for invasive
920 (CZ, GE_B_S, GE_H and PL) and native populations (USA_F and USA_N).

921

Tajima’s D n
Pop w p-value w p-value
Ccz 38731 0.002 26661 <0.001
GE_B_S 13763 <0.001 15221 <0.001
GE_H 17726 <0.001 18348 <0.001
PL 19522 <0.001 18805 <0.001
USA_F 33120 0.958 39414 <0.001
USA_N 21182 <0.001 19966 <0.001
922
923
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924  FIGURES

925

926  Fig. 1. Geographic locations of studied populations: native (left side) and invasive (right
927  side).
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933  Fig. 2. Clustering of the analysed individuals based on A) ADMIXTURE results at K = 4, B)
934  Principal component analysis (PCA). PCA plots are shown for all studied populations (left)
935 and for invasive populations only (right).
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943  Fig. 3. Distributions of Tajima’s D (left) and nucleotide diversity (rT; right) for 4-fold SNPs (A),
944  global outliers (B) and contrast outliers (C).
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946  Fig. 4. Allele frequencies of contrast outliers across all studied populations. IDs represent the
947  abridged name of chromosome and position (CHR:POS) of SNPs according to the raccoon
948 genome assembly Plotor_platanus500 (Tsuchiya et al., 2021).
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Fig. 5. Top 15 GO Enrichment groups (Green — molecular functions, orange — cellular
components, blue — biological process) across global outliers. The detailed list of terms and

definitions is in Supplement 3.
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956 Fig. 6. Top 15 GO Enrichment groups (Green — molecular functions, orange — cellular
957 components, blue — biological process) across outliers detected by C2-contrast statistics. The
958 detailed list of terms and definitions is in Supplement 3.
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SUPPLEMENT MATERIALS:
1) Supplement_1 - Allele frequencies, Tajima’s D and nucleotide diversity estimates
for global and contrast outliers

https://docs.google.com/spreadsheets/d/1hirzlcczCinrncyNsEdkrlISNED6IREDI/edit?usp=d

rive link&ouid=107203911857317937758&rtpof=true&sd=true

2) Supplement_2 — Genes in which global and contrast outlier SNPs were identified,
and their functions

https://docs.google.com/document/d/1CmU-xKHC8jRWwWhXfOOmf8PvUT-

iWRd3Q/edit?usp=drive link&ouid=107203911857317937758&rtpof=true&sd=true

3) Supplement_3 - Gene Ontology Terms and definitions for genes in which global
and contrast outliers were identified

https://docs.google.com/spreadsheets/d/1g7I15AUO0AAglam8YHA4Y380uaZs4csXqF/edit?

usp=drive link&ouid=107203911857317937758&rtpof=true&sd=true
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Article 3 — Native and invasive raccoon populations host distinct microbiomes
that may facilitate invasion

Kotodziejczyk, J., Hoffman, E., Biedrzycka, A. (2025). Native and invasive raccoon populations
host distinct microbiomes that may facilitate invasion. NeoBiota 101: 45-71.
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Abstract

While microbiome associations are known to impact species survival, the extent to which microbi-
ome variation aids in invasion dynamics is largely unknown. Here, we studied the microbiome di-
versity and composition of native and invasive raccoon populations to assess the microbiome’s role in
invasion success. We found that native and invasive populations possess highly distinct microbiomes,
with the invasive populations displaying greater gut and oral microbiota diversity without signs of
instability or functional decline. Significant differences were found between the microbiota of each
pair of invasive populations. The core microbiome of introduced populations consisted of a higher
number of taxa than that found in native populations, suggesting a lack of microbiome deterioration
in invasive populations. However, this may also reflect insufficient time for the establishment of a
stable microbiome. Nevertheless, we found no evidence of reduced diversity of the microbiota linked
to the population bottleneck or of increased microbiome dispersion indicating lower community
stability. Native populations exhibited no microbiome differentiation between distant locations and
showed lower, but still reasonably high, alpha diversity, suggesting the stability of the microbiome.
Our findings imply that the invasion process changed the microbiota composition while preserving
functional capability across different populations. This study highlights the microbiome as a poten-

tial factor aiding the adaptation of invasive populations.

Key words: Invasion, invasive species, microbiome, microbiota, Procyon lotor, raccoon

Introduction

Human activities have greatly increased the rates of migration by deliberately or
accidentally transporting and introducing large numbers of species to areas beyond
natural biogeographic barriers (Perrier et al. 2020). Invasive alien species (IAS),
those that become detrimental to recipient ecosystems, are the second most com-
mon threat, after habitat loss, associated with species extinctions since AD 1500
(Bellard et al. 2016). Understanding the factors facilitating adaptation of invasive
species outside natural ranges is crucial for mitigating their impact. The factors
contributing to IAS success include habitat matching (Coulter et al. 2022) or re-
lease from native enemies, giving an advantage to IAS over local species (Liu and
Stiling 2006). The maintenance of genetic diversity enabling flexibility in adapta-
tion to novel environmental characteristics is also fundamental to the long-term
success of invasive species (Kotodziejezyk et al. 2025).
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Host—microbiome associations affect host fitness in multiple ways and can be the
source of host plasticity (Kolodny and Schulenburg 2020) if that host encounters
novel environmental conditions. Indeed, host microbiomes may rapidly increase
the host’s tolerance to abiotic stress by increasing thermal tolerance (Fontaine et al.
2022), stimulating immune response (Chiu et al. 2017), protecting the host from
pathogens (Pickard et al. 2017), or widening dietary niche by enabling metabolism
of novel resources (Henry et al. 2021). Given the close relationship between a host
and its dependent microbial community, Rosenberg and Zilber-Rosenberg (2018)
state that an organism should be viewed as “the holobiont,” with the host and
its microbiome functioning as a biological entity. Microbes, with larger effective
population sizes and shorter generation turnover, may evolve novel functions faster
than their hosts (Koonin and Wolf 2012; Ferreiro et al. 2018). Hosts may acquire
these adaptive microbes from the local environment, allowing instant adaptation.
Nevertheless, the role of the microbiome in wild populations, and even more so in
invasive systems, remains largely unexplored (Couch and Epps 2022).

Within a species, microbial communities can vary and have been shown to be
influenced by host genotype (Marino et al. 2017), sex (Cong et al. 2016), host in-
fection status (Jani and Briggs 2014), environmental conditions (Wong and Rawls
2012; Aires et al. 2016), and genotype-by-environment interactions (Macke et al.
2017). Variation reflecting specific habitats, including host diet, plays a large role
in shaping gut microbial community composition and structure (Eichmiller et al.
2016). Nevertheless, host populations are characterized by a core microbiome that
can be defined as a set of microbial taxa specific to a host or environment (Neu et
al. 2021). The core taxa are hypothesized to represent ecologically and functionally
important microbes. The size and composition of the core microbiome was shown
to predict human gut health (Bickhed et al. 2012) or the responses of organisms
to anthropogenic climate change (Hutchins et al. 2019). A large microbiome core
should be indicative of high population performance and well-established host—
microbiome associations. On the other hand, it has been proposed that the level
of dissimilarity in microbiome composition between individuals may indicate a
deteriorated host condition. This can be reflected by an increased variance of mi-
crobiota (dispersion effects), resulting in higher inter-individual differences due to
microbiome instability (Moeller et al. 2013; Lavrinienko et al. 2020).

Invasion processes are predicted to affect the host microbiome (Aires et al.
2016), and the role of the microbiome in invasion processes is increasingly rec-
ognized (Romeo et al. 2025). During introduction and range expansion, invasive
hosts bring their microbes with them, but a subset of microbial taxa residing in
the native host can be lost upon invasion (Kohl 2020; Zepeda-Paulo et al. 2018)
in the same way that genetic diversity is stochastically lost when limited numbers
of individuals are introduced into a new habitat (Frankham 2005). A shift in
microbiome composition between native and invasive ranges has been observed
in recent studies (Romeo et al. 2025). Nevertheless, when the microbiome is
densely populated and diverse, as in the case of the gut microbiome, strong host—
microbiome associations make such a shift less likely (Kohl 2020). The loss of
associated microbes, especially those forming the core microbiome, could po-
tentially affect individual fitness. However, invasive species are also exposed to
locally available microbiota, creating a changed microbiome over time. In native
populations, on the other hand, we might expect less rich but more stable mi-
crobial communities, in which novel competitive interactions between microbes
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and between microbes and their hosts had sufficiently long time to establish, as
reviewed in Ghoul and Mitri (2016).

In contrast to reduced diversity in the invaded range, microbiome diversity may
be higher within invasive hosts due to the formation of new relationships with
locally available microbes (Himler et al. 2011) or due to a decrease in immune-me-
diated control of novel microbes (Foster et al. 2017). Higher individual microbi-
ome diversity could potentially increase host performance (Bestion et al. 2017;
Stoffel et al. 2020), increasing the chances of invasive species adaptation with the
acquisition of beneficial microbes (Martignoni and Kolodny 2024). For example,
the phylogenetic diversity of the microbiome of invasive marine herbivorous fishes
increased as populations established further from the native range and the local
microbiota became increasingly different from the native microbiome (Escalas et
al. 2022). The increase was associated with changes in microbiome functions re-
lated to the metabolism of short-chain fatty acids and putatively enabled local
adaptation (Escalas et al. 2022). Similarly, the microbiome of two invasive hybrid
carp species was characterized by high diversity and a high proportion of genes
coding for putative enzymes related to their diet (Zhu et al. 2020). During species
invasions, an increase in microbiome diversity may help organisms cope with novel
environmental conditions or climate changes, potentially from the formation of
novel host—microbiome associations. Changes in microbiota may occur due to the
loss of specific taxa during introduction, leading to divergent microbiota composi-
tions between native and invasive ranges. Such shifts may not necessarily correlate
with a change in the function of the microbiota. The functional redundancy of
bacterial taxa (i.e., members of the community with similar functional niches that
can substitute for one another) may allow fulfillment of required genomic path-
ways in both environments (Louca et al. 2018). Although functional redundancy
is a known property of the human microbiome (Tian et al. 2020), it has not yet
been validated as a factor facilitating species invasions. On the other hand, pos-
itive associations between high microbiome diversity and host performance are
not unequivocal (Williams et al. 2024), and a number of studies on animal host
microbiomes show opposite results (Nelson 2015). For example, high individual
microbiome diversity was shown to be associated with poor health in giant pandas
(Williams et al. 2016) and chronic laminitis in horses (Steelman et al. 2012). It
could therefore be hypothesized that high microbiome diversity of invasive popu-
lations may indicate poor performance in the invasive range.

In this study, we analyzed the microbiomes of the raccoon (Procyon lotor) from
invasive populations in Europe and native populations in North America to test
the hologenome hypothesis of invasion. In general, we hypothesized that the gut
and oral microbiome of invasive populations would act in concert with the host
genome to facilitate invasion success of the species. The raccoon is an omnivorous
species that exhibits high plasticity in food choice (Rulison et al. 2012), making it
a good model for studying the role of the microbiome. The first successful intro-
duction of raccoons in Europe occurred in Germany in the 1930s with a limited
number of individuals (Jernelév 2017). Unfortunately, information on the inva-
sion source and their microbiome composition is lacking. Genetic analyses of a
large set of microsatellite loci and mitochondrial DNA based on whole-country
sampling suggest that the current German population of raccoons was established
by at least four small-scale, independent introduction events (Fischer et al. 2017)
that led to subsequent mixing of genetically divergent invasive populations and
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the recreation of relatively high levels of genetic diversity (Biedrzycka et al. 2014).
Over time, the invasive range spread eastward, growing into a viable population
in western Poland. In contrast, an isolated and stable population of invasive rac-
coons in the Czech Republic, established in the early 2000s from individuals that
escaped from captivity, exhibited lower genetic diversity (Biedrzycka et al. 2014,
2019). In this study, we compare microbiome diversity between invasive European
populations of raccoon and two separate populations from the native range (i.e.,
Florida and Nebraska). These two native populations are demographically stable
and occupy similar habitat despite the large geographic distance between them
(Jones et al. 1983; Troyer et al. 2014).

To assess the potential role of microbial diversity in the successful spread of rac-
coons in the invasive range, we characterized the gut and oral microbiome in native
and invasive populations. We sought to test three non-mutually exclusive hypoth-
eses concerning microbiome diversity: (i) demographic processes that shaped the
genetic diversity of invasive populations will be reflected in microbiome diversity;
(ii) the microbiomes of invasive populations will be differentiated from the na-
tive ones as a result of microbial taxa loss and gain, but a certain number of core
taxa should be maintained, provisioning crucial microbiome functions; (iii) the
differential composition of the population microbiome will affect its functional
profile, potentially affecting population performance. Overall, this study provides
a framework for evaluating how the interaction of the microbiome and host relates
to invasion success.

Materials and methods

Sample collection

From each raccoon individual, we collected oral and fecal swabs. We sampled two
populations in their native range, near Melbourne, Florida (FL: 25 fecal and 21
oral swab samples), and between Lincoln and Syracuse, Nebraska (NE: 7 fecal
and 9 oral swab samples). From the invasive range, samples were collected from a
mixed natural and urban habitat surrounding Kostrzyn, Poland (PL: 93 fecal and
73 oral swab samples), in the area between Sonnenberg and Fulda, Germany (GE:
10 fecal and 16 oral swab samples), and around Tovacov and Troubky, Czech Re-
public (CZ: 35 fecal and 31 oral swab samples) (Fig. 1). Pairs of swabs (fecal and
oral) were taken from each individual. Samples from PL were collected between
2021 and 2022, from CZ in 2021 and 2022, from GE in 2022, and from FL and
NE in 2023. Samples from Florida were collected from adults transported to the
Florida Wildlife Hospital, Inc., during euthanasia or surgical anesthesia directly
after a vehicle collision, while samples from Nebraska were collected as a result of
local pest control programs. In the invasive range, samples were obtained thanks
to game management activity in Poland, Germany, and the Czech Republic. Sex
and age class (juvenile or adult) of each individual from PL and CZ were recorded.
All samples were collected with sterile, microbiological-grade transport swabs at a
depth of 4 cm from the rectum for fecal swabs or inside the mouth at the inner side
of the cheek and gums for oral swabs. All fecal and oral swabs were immediately
stored in 96% ethanol to minimize contamination from environmental bacteria.
The samples were stored at -20 °C prior to DNA extraction.
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Figure 1. Geographic locations of studied populations. Invasive populations: GE (50.3684, 9.0234),
PL (52.5645, 14.7138), and CZ (49.4263, 17.3033) on the left; native populations: FL (28.2839,
-80.7770) and NE (40.6602, -96.1825) on the right side of the map.

DNA extraction and genetic metabarcoding library preparation

DNA was extracted from swabs using the NucleoSpin Tissue XS kit for DNA from
cells and tissue (Macherey-Nagel) according to the manufacturer’s protocol in the pre-
PCR dedicated area. One extraction blank was included per extraction batch. DNA
was quantified using a Qubit Fluorometer (ThermoFisher Scientific). For assessment
of microbiome diversity, PCR was performed with modified indexed bacterial prim-
ers 16SF_ins0 (GTGCCAGCMGCCGCGGTAA), 16SF_ins3 (TGAGTGCCAG-
CMGCCGCGGTAA), 16SR_ins0 (GGACTACHVGGGTWTCTAATCC), and
16SR_ins3 (TGAGGACTACHVGGGTWTCTAATCC) (Kozich et al. 2013). In-
dexing enabled the creation of four combinations of primers, which reduced costs.
Amplification was performed using HotStart polymerase (Qiagen) under the fol-
lowing conditions: an initial denaturation step of 15 minutes at 95 °C, 32 cycles of
94 °C for 30 seconds, 55 °C for 30 seconds, and 72 °C for 1 minute, with a final
extension step at 72 °C for 10 minutes. Each sample was amplified twice, and the re-
sulting products were combined. A blank control was included in each amplification
reaction for each primer combination to monitor cross-contamination. PCR prod-
ucts were visually verified via gel electrophoresis on a 1.5% agarose gel and purified
using MagSi-DNA beads (magtivio). A second PCR was performed using indexed
i5 and i7 primers, enabling two-step indexing. For each plate, we used a combina-
tion of eight unique forward and twelve unique reverse primers with 8-base indexes.
The protocol was performed as follows: a denaturation step of 15 minutes at 95 °C,
12 cycles of annealing at 95 °C for 30 seconds with HotStart polymerase (Qiagen),
50 °C for 20 seconds, and 72 °C for 20 seconds, followed by a final extension step at
72 °C for 5 minutes. Products were purified, verified, pooled, and quantified using
a Qubit Fluorometer. Prepared libraries were sent for sequencing to Novogene (UK)
Ltd, using the Illumina NovaSeq 6000 platform in paired-end mode.
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Bioinformatic processing

The raw reads had a length of 300 bp and were imported into QIIME2 (version
2024.10; Bolyen et al. 2019), where quality control was performed. Primer re-
moval, denoising, and chimera filtering were performed using the DADA2 plugin
within QIIME2. Taxonomic assignment of reads was conducted using a Naive
Bayes classifier trained on the SILVA database (version 138.2) with the g2-fea-
ture-classifier plugin. All ASVs (amplicon sequence variants) present in less than
2% of all samples were removed from the dataset. Prior to statistical analysis, se-
quences classified as eukaryotic, unassigned, or unidentified below the kingdom
level were filtered out. Before all analyses, ASV read count data were rarefied to
the lowest read count observed in the dataset. The rarefaction threshold was set to
8000. For the rarefaction plot, see Suppl. material 2: fig. S1.

Statistical analysis

Within-population homogeneity tests

Individual microbiome structure and diversity can be affected by host sex (Cong et
al. 2016), age (Sadoughi et al. 2022), or season (Maurice et al. 2015). Therefore,
we first tested whether the opportunistic mode of sample collection might influ-
ence population microbiomes. We performed analyses of alpha and beta diversity
using samples from our most well-sampled population, PL. First, we ran analyses
separately for fecal and oral samples to test for the effect of 1) sampling year (2021,
2022), 2) sampling season (winter, spring, summer, autumn), 3) sex, and 4) age,
to calculate alpha diversity measures using the q2-diversity plugin implemented in
QIIME2. We calculated two alpha diversity measures: Shannon’s diversity index,
which accounts for both the abundance and evenness of the taxa present (Shannon
1948), and Faith’s phylogenetic diversity, which incorporates phylogenetic relation-
ships between microbial taxa (Faith 1992). The normality of data distribution was
assessed with the Shapiro—Wilk test using the dplyr and ggpubr packages in R (ver-
sion 4.4.1). For normally distributed data, ANOVA was performed to compare al-
pha diversity metrics. In cases of a significant ANOVA result, post hoc Tukey HSD
(honestly significant difference) multiple comparisons of means were performed.
For data with distributions significantly different from normality, transformations
such as square root or logarithm were applied. In cases where no transformation
normalized the distribution, the Kruskal-Wallis test was performed. Second, we
calculated beta diversity measures according to the same grouping using the q2-di-
versity plugin in QIIME2. We applied Jaccard distance (a qualitative measure of
presence—absence taxa between communities; Jaccard 1908), Bray—Curtis distance
(a non-phylogenetic quantitative measure accounting for taxa abundance; Bray and
Curtis 1957), and unweighted (presence/absence) and weighted (by ASV abun-
dance) UniFrac distances (Lozupone et al. 2006). Differentiation was assessed us-
ing PERMANOVA (permutational multivariate analysis of variance, 999 permuta-
tions) on Bray—Curtis, Jaccard, unweighted, and weighted UniFrac distances, with
the aforementioned variables as predictors. There were no significant differences in
alpha diversity measures for either fecal or oral microbiomes between subgroups
(see Suppl. material 1), and most beta diversity comparisons were non-significant,
with only 17 out of 96 being significant (see Suppl. material 1). Most significant

NeoBiota 101: 45-71 (2025), DOI: 10.3897/neobiota.101.157515 50

87



Joanna Kotodziejczyk et al.: Distinct microbiomes of raccoons may ease invasion

results (10 out of 96) were obtained for beta diversity comparisons between years
(2021 vs. 2022), suggesting differences in composition and/or dispersion of pop-
ulation microbiomes likely driven by temporary environmental conditions. As the
majority of samples were collected within a single year (except for PL and CZ), and
given the large geographic distances between populations, we did not assume con-
current weather conditions. Therefore, we assumed homogeneity of both fecal and
oral microbiomes within populations for all downstream analyses. This allowed us
to use the most uniform sample size possible, which is crucial for intra-population
comparisons of alpha and beta diversity.

Microbiome differentiation between native and invasive populations
and their diversity

Given large sample size discrepancies between sampling sites, we tested whether the
two populations from the native region were discrete enough to require separation
for future analyses or whether they could be combined into a single population rep-
resentative of the native distribution. We tested whether within-population micro-
biome diversity measures (alpha diversity) and between-population measures (beta
diversity) performed between native populations showed significant differentiation
(see within-population homogeneity tests for methods). Indeed, NE and FL popu-
lations did not exhibit differentiation for any indices (see Suppl. material 2: tables
§1, S2). We therefore combined samples from these two populations into a single
native population, USA (32 fecal and 30 oral samples), for subsequent analyses. To
further equalize sample sizes, for all downstream analyses, we randomly subsampled
the PL population to 35 and 31 samples for fecal and oral samples, respectively.

To test whether within-population microbiome diversity reflects genetic diversi-
ty levels of studied populations, we calculated alpha diversity measures (Shannon’s
diversity index and Faith’s phylogenetic diversity) as described above and visualized
results in the ggplot package.

To test whether microbiome differentiation between populations reflects genetic
differentiation between them, we calculated beta diversity using Jaccard, Bray—
Curtis, unweighted, and weighted UniFrac distances. We performed pairwise
PERMDISP (tests of homogeneity of multivariate dispersion among groups) in
QIIME2. A significant result indicates that groups differ in the level of variation
(Bakker 2024). Higher variability in dispersion of beta diversity distances across
populations is hypothesized to be an indicator of lower community stability and
could reflect the loss of certain microbiome taxa during population establishment
in the invasive range. Further, we tested differences in beta diversity distances using
PERMANOVA. Differentiation between samples was visualized using PCoA in
the ggplot package in R (version 4.4.1).

Microbiome composition and functional profile

To describe the composition of gut and oral microbiomes in native and invasive
populations and assess whether it reflects invasion processes in terms of the num-
ber of enriched and depleted taxa, we tested for differential abundance of bacterial
ASVs between populations and identified taxa contributing most to inter-pop-
ulation microbiome diversity using ANCOM-BC (analysis of compositions of
microbiomes with bias correction; Lin and Peddada 2020) in QIIME2. Analy-
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ses were performed on three populations (PL, CZ, and USA), identified bacteria
at the family or order level, and used a significance threshold of 0.05. The GE
population was excluded because small sample sizes and unequal sample sizes be-
tween populations can lead to false positives (Lin and Peddada 2020). The core
microbiota (i.e., microbial taxa present across multiple samples within a habitat;
Neu et al. 2021) were identified using the phylogeny-based algorithm PhyloCore
(Ren and Wu 2016) with a prevalence threshold of 0.9. Due to the use of short
16S fragments and limited availability of marker sequences in microbial reference
databases, interpretations below the genus level were considered unreliable. The
frequency of core microbiome taxa relative to all taxa present in individual samples
was then used to calculate core density. We set the threshold at 0.6 (60% of taxa
in the individual belonging to the core microbiome). Estimating whether individ-
uals exhibit a dense core versus a sparse core is necessary to evaluate microbiome
stability (Bjork et al. 2018). The nearest-sequenced taxon index was calculated for
each sequence with Picrust2 (Douglas et al. 2020) (for results, see Suppl. material
3). Most results, however, were below 2, the threshold considered limiting for con-
fident interpretation of taxa.

To determine functional profiles of microbiome communities and assess wheth-
er potential differences in gut and oral microbiome composition translate to dif-
ferences in function, we used Tax4Fun2 software (Wembheuer et al. 2020). We
applied the reference database where 16S rRNA gene sequences were clustered
at 99% similarity (99NR). The minimum threshold of similarity for ASVs was
set at 97%. Functional predictions were generated by assigning ASVs to KEGG
Orthology pathways (Wemheuer et al. 2020). Data were analyzed and visualized
using microeco, seqint, and file2meco packages following the microeco (v1.10.0)
tutorial, and PERMANOVA was performed using the vegan package in R (version
4.4.1) to assess functional microbiome differences between populations. Because
of short read length and limited reference sequences, we could not resolve taxa to
the species level, which restricted functional conclusions.

Results

We analyzed a total of 112 fecal swabs and 108 oral swabs from four populations:
invasive Polish, Czech, and German, and native USA. The mean raw sequencing
depth was 110,649 for fecal samples and 137,475 for oral samples. After filtering,
the mean number of reads of ASVs per sample was 68,970 (SD = 50,786) for fe-
cal samples and 80,731 (SD = 58,321) for oral samples. The mean percentage of
merged reads was 84% for fecal samples and 76% for oral samples. The total num-
ber of reads for fecal samples was 12,966,399 and for oral samples 14,047,213.

Microbiome differentiation between native and invasive populations
and their diversity

Although estimates of alpha diversity may be underestimated for GE due to small-
er sample size compared to other populations (Willis 2019), we decided to in-
clude these results, as the GE population represents the raccoon invasion core
and primary site of introduction. Nevertheless, alpha diversity measures for this
population should be interpreted with caution. There was a significant difference
in alpha diversity in the fecal microbiome between populations for both Shannon’s
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Figure 2. Alpha diversity measures for native and invasive population microbiomes. Measures for fecal microbiomes are displayed in left-
side plots, whereas measures for oral microbiomes are displayed in right-side plots. Significant differences were detected between PL-CZ
and USA—-PL (Shannon’s DI for fecal microbiome), between PL-CZ, USA—CZ, PL-GE, and USA-GE (Faith’s PD for fecal microbiome),
and between GE-CZ, USA-CZ, and USA-PL (Faith’s PD for oral microbiome) (Suppl. material 2: table S4).

DI (F=6.659; p = 0.000368) and Faith’s PD (F=11.4; p = 1.57%) and in the oral
microbiome regarding Faith’s PD (F = 6.984; p = 0.000255) (see Suppl. material
2: table S3). The alpha diversity of the fecal microbiome was significantly higher in
PL than in CZ, USA, and GE. However, the alpha diversity of the USA was signifi-
cantly higher than that of CZ and GE. The alpha diversity of the oral microbiome
was significantly higher in CZ than in GE or the USA. However, PL showed sig-
nificantly higher alpha diversity than the USA (Fig. 2; Suppl. material 2: table $4).

The only significant difference detected by PERMDISP was between the fecal
microbiome of GE and USA on unweighted UniFrac distance and between the
oral microbiome of CZ-PL and CZ-USA on weighted UniFrac (Suppl. material
2: table S5). PERMANOVA results of diversity measures for these pairs should be
approached with caution, as observed differences may be influenced by dispersion
rather than shifts in composition. The lack of significant PERMDISP differences
for other pairs indicated that differences in composition were not explained by
within-group variance. PERMANOVA on unweighted UniFrac detected signif-
icant differentiation in both fecal and oral microbiomes between all population
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Table 1. Results of beta diversity metrics. Pairwise PERMANOVA results for Jaccard, Bray—Curtis, unweighted, and weighted UniFrac

distances on fecal (left) and oral (right) microbiomes. The number of permutations was set to 999; all p-values were adjusted with the

Benjamini—Hochberg procedure. Asterisks indicate significant results.

FECAL ORAL
Group 1 Group 2 | Sample size F R? P Sample size F R? p
Jaccard distance CZ GE 44 1.65 0.0564 0.004* 46 1.906 0.048 0.001*
PL 67 2544 0.0447 | 0.002* 61 22 0036 0.001*
USA 66 3325 | 0.0568 | 0.002* 59 3118 | 0.057 | 0.001*
GE PL 43 1454 | 00331 0.02° 47 2129 | 0.046  0.001*
USA 42 1.857 | 0.043  0.004* 45 2408 | 0.053 | 0.001*
PL USA 65 282 0.0433 | 0.002* 60 3136 0.051 | 0.001*
Bray-Curtis distance cz GE 44 2.444 0.074 0.004* 46 1.981 0.055 0.009*
PL 67 4537 | 0061 | 0.002* 61 2342 | 0.036 | 0.001*
USA 66 543 | 0.084 | 0.002* 59 2941 | 0051 | 0.001*
GE PL 43 1298 | 0031 | 0.142 47 2388 | 0.046 | 0.001*
USA 42 2159 0.051 | 0.006* 45 253 | 0055 | 0.001*
PL USA 65 3243 0047 | 0.002* 60 2509 | 0.040 | 0.002*
Unweighted UniFrac cz GE 44 2484 | 03407 | 0.004* 46 2401 | 0.055 | 0.002*
distance PL 67 4.441 0.581 | 0.001* 61 2.431 0.054 | 0.002*
USA 66 8081 | 1244  0.001* 59 11.194 0155  0.002*
GE PL 43 2925 0373 | 0.001* 47 2000 | 0.036 | 0.002*
USA 42 4326 | 0.683 | 0.001* 45 5761 | 0.120 | 0.002*
PL USA 65 761 | 1241 | 0.001* 60 9.245 | 0.127 | 0.002*
Weighted UniFrac cz GE 44 0.815 | 0.023 | 0.544 46 0.822 | 0.029 | 0.509
distance PL 67 3327 | 0108 | 0.019* 61 2685 | 0.064 | 0.033
USA 66 6.233 0.125 0.003* 59 7.794 0.123 0.003*
GE PL 43 1349 | 0.058 | 0256 47 1238 | 0035 = 0313
USA 42 3874 | 0088 | 0.019* 45 4405 | 0093 | 001"
pairs, whereas weighted UniFrac distances differed significantly in both fecal and
oral microbiomes between CZ-PL, CZ-USA, GE-USA, and PL-USA (Table 1),
indicating differences in the most abundant taxa. PERMANOVA results on Jac-
card distance were significant in all cases for both fecal and oral microbiomes.
Differences in Bray—Curtis distance were significant in all pairwise comparisons
for both fecal and oral microbiomes, except for the GE-PL pair in the fecal mi-
crobiome (Table 1; Fig. 3). In general, differentiation expressed as unweighted
UniFrac distance was higher than that detected by Jaccard distance, indicating
that differentiation was driven by more phylogenetically distant taxa (Table 1).
Non-significant between-population estimates for Bray—Curtis distances (GE-PL
for fecal) and weighted UniFrac distances (GE-PL for fecal; CZ-GE and GE-PL
for oral microbiome) indicate that differences were caused by presence/absence of
taxa rather than their abundance. For all distance measures, the largest separation
was observed between the native and all invasive populations (Table 1).
Microbiome composition and functional profile
The results of the ANCOM-BC differential abundance test (Fig. 4) indicated that
more taxa were enriched in PL compared to the USA (in the fecal microbiome, sev-
en taxa; in the oral microbiome, 28 taxa) than depleted (in the fecal microbiome,
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Figure 3. Beta diversity measures for native and invasive population microbiomes. Measures for fecal microbiomes are displayed in left-

side plots, whereas measures for oral microbiomes are displayed in right-side plots. The significance of inter-population differences in

diversity is given in Table 1.
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Figure 4. Differential abundance of taxa. Plots display differential abundance of significantly different taxa between populations from fecal
(left) and oral (right) microbiomes detected by ANCOM-BC; o — order, f — family. Full taxonomy is shown in Suppl. material 2: tables S6, S7.
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cz

FECAL

six taxa; in the oral microbiome, two taxa). The fecal microbiome exhibited nine
enriched taxa and nine depleted taxa when comparing CZ to the USA (Fig. 4).
However, comparison of the oral microbiome found that 20 taxa were enriched in
CZ and only seven depleted compared to the USA. PL and CZ differed significant-
ly in the abundance of one family, Oscillospiraceae, which was depleted in the CZ
fecal microbiome. In the oral microbiome, abundance differed in nine taxa: four
were enriched and five depleted in CZ compared to PL (Fig. 4).

In the fecal microbiome, the highest number of core components was detected in
GE (22), followed by PL (17) and CZ (14), with the lowest number in USA (13).
In the oral microbiome, we detected the highest number of core components in PL
(34), followed by CZ (31), GE (17), and, as with fecal samples, the lowest number in
USA (16). Six taxa in the fecal microbiome and five taxa in the oral microbiome were
shared between all studied populations. Five taxa in the fecal microbiome as well as
five taxa in the oral microbiome were present only in the native population. Core taxa
overlapping among all invasive populations (excluding native taxa) were represented
by four fecal and six oral microbiome taxa (Fig. 5). In the fecal core microbiome of
all populations, we detected Clostridium, Lachnospiraceae, Bacteroides, Helicobacter,
Fusobacterium, and Escherichia/Shigella. Taxa assigned to the fecal core microbiome of
all invasive populations but absent in native populations were Actinobacteria, Strepto-
coccus, Prevotellaceae, and Moraxellaceae. Lactobacillales, Ruminococcaceae, Peptost-
reptococcales-Tissierellales, Cetobacterium, and Sutterellaceae were components only
of the native fecal core microbiome. We identified Streptococcus, Lachnospiraceae, Fu-
sobacterium, Glaesserella, and Moraxella in the oral core microbiome of all populations.
Components of the oral core microbiome of all invasive populations were Bacteroides,
Helicobacter, Burkholderia-Caballeronia-Paraburkholderia, Escherichia/Shigella, Lyso-
bacteraceae, and Pseudomonas. The native oral core microbiome consisted of Actino-
bacteria, Mycoplasmataceae, Campylobacterales, Leptotrichiaceae, and Neisseriaceae.

CZ

Figure 5. Core microbiota by population in fecal and oral microbiomes, taking into account ecological coherence of higher-rank taxa

and calculating core taxa at different taxonomic levels. The number of core microbiota attributed to each studied population is shown for

fecal (left) and oral (right) microbiomes. Core microbiome taxa are listed in Suppl. material 2: tables S8, S9. The most common taxa in

the fecal core microbiome were Bacteroides, Fusobacterium, and Helicobacter, whereas in the oral core microbiome they were Glaesserella,

Moraxella, and Porphyromonas.
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Figure 6. The core density in populations. The density of fecal (top) and oral (bottom) core micro-
biomes. The frequency of the core microbiome within the total microbiome composition is shown

for individuals from four studied populations.

Core density was calculated as the frequency of taxa belonging to the core mi-
crobiome present in each individual from that specific population (Fig. 6). In the
native population, a core density 0.6 was detected in most individuals (20 out
of 32 in the fecal microbiome and 18 out of 29 in the oral microbiome). Among
invasive populations, the number of individuals with core density >0.6 was even
higher: in PL, 31 out of 35 individuals in the fecal microbiome and 23 out of 31
in the oral microbiome; in CZ, 26 out of 35 (fecal) and 17 out of 31 (oral); and in
GE, 9 out of 10 (fecal) and 6 out of 16 (oral).
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The functional microbiome analysis revealed that over 70% of pathways present
in each population were related to metabolism (Suppl. material 2: figs S3, S4).
At a more detailed level, pathways linked to global and overview maps, carbohy-
drate metabolism, amino acid metabolism, and membrane transport were most
frequently represented (Suppl. material 2: figs S3, S4). PERMANOVA revealed
marginally significant differences in pathway predictions between PL-GE, PL-
USA, and GE-USA in the fecal microbiome and between CZ-USA and PL-USA
in the oral microbiome (Suppl. material 2: table S10).

Discussion

In this study we used raccoons as a model system to investigate microbiome diver-
sity and composition in native and invasive populations. We sampled populations
of raccoons from throughout Europe, where raccoons first invaded approximately
90 years ago, and across two populations from the native range. Raccoons are
known to use a wide range of food resources (Bartoszewicz et al. 2008; Rulison
et al. 2012), invading a variety of habitats, and should putatively rely heavily on
microbial services. We found that native and invasive raccoon populations had
highly distinct microbiotas. We detected a significant shift in microbiome com-
position between native and invasive populations, putatively related to different
environmental and dietary niches, but possibly also related to loss and gain of
microbial taxa during species invasion. In the native range, we identified gut and
oral microbiomes that exhibited less diversity than in Europe and little differen-
tiation among populations, despite the large geographic distance between them.
This could suggest that native raccoons have developed strong and stable host—mi-
crobiome associations related to their diet, relying on human-related food, and
putatively contributing to their success in urban habitats. We found that invasive
populations were characterized by higher population microbiome diversity, and
the core microbiomes in introduced populations consisted of more taxa than those
found in native populations. Despite differences in microbiome composition be-
tween native and invasive populations and among invasive populations, we did
not detect differences at the functional level. Our results indicate that the raccoon
microbiome, both in the native and invasive ranges, may facilitate adjustment to
local conditions, although through different types of host—microbiome associa-
tions. Below we address each of the three hypotheses tested in this study and how
our results provide evidence that invaders can form new microbial associations,
which may play a role in invasion success, putatively allowing microbially mediat-
ed adaptation to invasive habitats.

Microbiome diversity mirrors invasion pathways

We first hypothesized that processes associated with specific demographic events
that shaped the genetic diversity of invasive populations would also be reflected in
microbiome diversity. Our findings supported this hypothesis in that we did not
detect any apparent signs of decreased microbiota alpha diversity in invasive pop-
ulations that could be attributed to an invasion-related population bottleneck. Al-
though patterns of microbiome diversity resemble those represented by population
genetic diversity (Biedrzycka et al. 2014, 2019; Konopiniski et al. 2023), this result
does not prove a direct relationship between microbial and specific genetic variants.
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Rather, our results show the impact of demographic processes that affected both
hosts and their microbiomes. Indeed, the highest alpha diversity of the fecal micro-
biome was detected in the invasive PL population. Recent studies have shown that
spatial proximity of hosts can play an important role in creating microbial diversity
by mediating exposure to similar microbes and allowing bacterial taxa transfer be-
tween individuals (Phillips et al. 2012; Couch et al. 2020). This could explain the
high alpha diversity of the dense PL population compared to the two other invasive
populations. Despite originating from the invasion core in Germany around the
1980s (Okarma et al. 2012; Biedrzycka et al. 2014) and being located at the inva-
sion front (Biedrzycka et al. 2020), the PL population is characterized by very high
densities (Bartoszewicz et al. 2008; Jernelév 2017), promoting more intensive social
interactions between raccoons (Fisher et al. 2021). In contrast, the CZ population,
which exhibited significantly lower alpha diversity than PL, was established about
20 years later (Andéra and Gaisler 2012) by individuals that escaped from captivity,
with no signs of intensive expansion or exchange of individuals with other raccoon
populations (Konopinski et al. 2023). At the same time, this population had lower
genetic diversity (Biedrzycka et al. 2014, 2019). Positive associations between genet-
ic and microbiome diversity have been found in other species such as invasive tuni-
cates (Casso et al. 2020; Goddard-Dwyer et al. 2021) and marine sponges (Marino
etal. 2017). Our study is the first to suggest such a pattern in an invasive mammal.
However, more studies, including direct comparisons of individual microbiome and
genetic diversity, are needed to evaluate this association in invasive species.

Second, we hypothesized that the microbiomes of invasive populations would
be differentiated from the native ones as a result of microbe taxa loss and gain. Our
results not only indicated a shift in bacterial communities in invasive raccoon pop-
ulations compared to those from the native range but also revealed significant dif-
ferences between invasive populations. The results for the oral microbiome closely
mirrored those obtained for fecal samples. The most pronounced difference was
due to the occurrence of different taxa rather than differential abundance. Because
alpha diversity is relatively high throughout the invasive range, differentiation be-
tween invasive populations is likely due to the acquisition of local microbial taxa
picked up during their expansion route. Similar patterns were found in invasive
signal crayfish, where environmental influences impacted microbiome diversity
(Dragicevi¢ et al. 2021). The differences between invasive and native raccoon pop-
ulations suggest a shift in the most abundant microbial taxa, indicating a potential
dietary change. This shift could be explained by raccoons in their native range con-
suming more urban waste, reflecting proximity to human settlements. In contrast,
invasive populations tend to inhabit a broader range of environments, including
forests and wetlands, where their diet is likely more natural and less influenced
by human activity. Differences in microbiome composition can also be related
to differences in host genetic background. Although we cannot directly compare
individual genetic and microbial differentiation, the genetic structure of native and
invasive populations — where establishment from genetically divergent populations
remains visible despite intensive gene flow between invasive populations (Biedrzyc-
ka et al. 2014) — is well mirrored by their microbiome differentiation. The greatest
differentiation, both from other invasive populations and from the native range,
was observed in comparisons with CZ, reflecting its different invasion pathway
and isolation. This variation was evident in both genetic (Biedrzycka et al. 2014)
and microbiome between-population diversity (Fig. 2).
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Structural and functional differences between native and invasive
microbiomes

The identification and study of core microbial symbionts are of particular interest
due to the ecological relevance and potential functionality of microbial taxa that
consistently occur in specific habitats, but also because they can be used to identify
the health status of individuals (Shade and Handelsman 2012; Astudillo-Garcia et
al. 2017). The size of an individual’s core microbiome (dense core or sparse core)
is indicative of microbiome stability and resilience (Bjork et al. 2018). Here we
found that in all invasive populations, fecal core microbiome density was shifted
towards higher values compared to the combined native population, suggesting
a high level of stability in the invasive range (Fig. 6). Invasive populations were
also enriched in more taxa than the native population (Fig. 4). Moreover, this
difference was even stronger for the oral microbiome, where the core was generally
sparser than in the fecal microbiome but enriched in even more taxa relative to the
native population (Fig. 4). This enrichment probably reflects a more diverse diet in
the invasive range, as suggested by studies showing invasive raccoons to feed on di-
verse food resources available at any given moment (Michler 2018), whereas native
populations are more dependent on continuously available human-related food
(Bozek et al. 2007). A positive relationship between diet diversity and gut micro-
biome diversity has been demonstrated in highly mobile hyenas (Theis et al. 2012)
and fur seals (Grosser et al. 2019). Additionally, a high number of individuals
possessing a large and dense core microbiome may reflect redundancy of core taxa.
Phylogenetically diverse microbial groups present in invasive raccoon microbiomes
suggest microbiome resilience. Interestingly, the GE population, represented by
a smaller sample size than other populations, exhibited lower alpha diversity but
had similar density (90%) and the most diverse fecal core microbiome (22 taxa).
This may be related to its early establishment and core location, with substantial
exchange of individuals from surrounding regions (Fischer et al. 2015). A delay in
the acquisition of local microbes has been proposed as an explanation for the lag
phase of invasive species, where the time needed for population establishment is
tied to the formation of more diverse microbiota (Martignoni and Kolodny 2024).

We further hypothesized that a shift in microbiome composition associated with
raccoon invasion to Europe would be accompanied by impaired microbiome func-
tion. Analysis of gene pathways associated with microbial communities displayed
weak but significant differences in functional capabilities between populations. The
majority of pathways were related to metabolism, mainly global and overview maps
and carbohydrate and amino acid metabolism, further confirming the role of gut
microbial taxa in nutrient decomposition (Carthew 2021). The minor differences
in gene pathway abundance (Suppl. material 2: figs S3, S4) visualized between pop-
ulations may reflect raccoon plasticity in adapting to different environmental con-
ditions via microbiome composition. Nevertheless, this relatively low level of dif-
ferentiation is putatively associated with functional redundancy (Louca et al. 2018)
of taxa within unique microbiomes, allowing similar functional capabilities across
communities. Microorganisms with overlapping roles may compensate for the loss
of a beneficial strain by replacing it in metabolic pathways (Youngblut et al. 2019).

We also did not observe increased microbiota community dispersion in invasive
populations, which is hypothesized to indicate lower community stability (Lavrinienko
et al. 2020). Various types of environmental stress can increase variance in microbiota

NeoBiota 101: 45-71 (2025), DOI: 10.3897/neobiota.101.157515 61

98



Joanna Kotodziejczyk et al.: Distinct microbiomes of raccoons may ease invasion

composition (dispersion effects), resulting in higher inter-individual microbiome dif-
ferences (Wu et al. 2016; Halfvarson et al. 2017). Our analyses showed that although
studied populations differed in microbiome composition, dispersion of identified taxa
was relatively uniform, indicating that novel environmental conditions in the invasive
range do not pose challenges that would be reflected in dispersion levels. The only sig-
nificant differences — between CZ and the native population, and between CZ and PL
— are putatively related to differences in diet composition (McFall-Ngai et al. 2013).

Specific microbial taxa

Finally, we hypothesized that despite stochastic shifts in microbiome composi-
tion or differences related to specific habitats, the core microbiome taxa would be
shared between all populations (native and invasive). The core taxa should rep-
resent groups important to host biology and therefore be maintained by host—
microbiome coevolution despite stochastic changes induced by introduction to
new habitats (Shade and Handelsman 2012; Neu et al. 2021). Due to the lack of
species-level taxonomic assignments, we could not draw conclusions about specific
functions of particular taxa.

In the core fecal microbiome, we detected six taxonomic groups shared across
all studied populations and five groups shared among all invasive populations. A
similar number of taxonomic groups were shared for the oral core microbiome, al-
though the specific taxa differed. While we cannot definitively determine the func-
tions of the common taxa, some level of congruence suggests that specific groups
are maintained despite changes associated with the invasion process. The detection
of numerous, but not necessarily overlapping, bacterial taxa in both native and
invasive raccoon microbiomes further supports the finding that raccoon popula-
tions from both ranges were able to adapt to their respective habitats despite inva-
sion-related shifts in microbiome composition and differences in population-level
microbiome diversity.

The characteristics of the microbiome of native populations

The lack of microbiome differentiation between two distant native populations was
surprising. This result could, to some extent, be explained by the relatively low
sample size of the Nebraska population, which could affect both the Shannon diver-
sity index (Shannon 1948) and PERMANOVA results (Anderson 2014). However,
we did not detect lower alpha diversity in the NE population. Further, the spatial
analysis of individual microbiome diversity from the two native populations did
not suggest differentiation in composition (Bray—Curtis distance, Suppl. material
2: fig. S2). Although this result must be treated with caution, the lack of differenti-
ation, coupled with lower alpha diversity than in invasive populations, may suggest
a highly stable and resistant microbiome. Homogeneity of gut microbiomes has
been demonstrated for geographically distinct human populations, suggesting high
stability (Jackson et al. 2018). In our study, relatively lower microbiome diversity in
the native range may indicate adjustment to local conditions, even if associated with
a drop in some diversity measures. The omnivorous diet of raccoons — dependent
on current food availability and typically including mollusks, water-related inverte-
brates and plants, and human-related waste — is typical in both native and invasive
populations (Rulison et al. 2012). Nevertheless, the native populations sampled
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here are closely associated with urban habitats, which may shift their diet towards
human-related food. It is known that such simplified diets lead to low microbiome
diversity and can eliminate inter-population differentiation. For example, studies
on American black bears revealed that consumption of human-provisioned foods
was associated with reduced gut microbial diversity (Gillman et al. 2022). Similarly,
in Tome’s spiny rats, anthropogenic disturbances led to decreased alpha diversity
and shifted beta diversity in gut microbiomes (Fackelmann et al. 2021). On the
other hand, it was suggested that the ability to exploit novel food resources in new
habitats — as reflected by higher alpha diversity in the invasive PL population — like-
ly played a vital role in the recent successful expansion of raccoons (Rulison et al.
2012). This may suggest that, in contrast to native populations, invasive raccoon
populations rely on greater food diversity. Nevertheless, more studies of native rac-
coon microbiomes are needed to confirm this assumption.

Conclusion

There is an established link between gut microbiome composition and host fitness
(Gould et al. 2018). However, knowledge of how the establishment of a species
in a new range affects its microbiome, and whether the microbiome plays an im-
portant role in invasion success, is limited (but see Minard et al. 2015; Casso et
al. 2020; Bankers et al. 2021; Goddard-Dwyer et al. 2021; Escalas et al. 2022).
Here we found that the invasion process changes the composition of microbiota
in an extremely successful invader, the raccoon. Raccoons possess a high level of
genomic diversity created through mixing of divergent invasive populations, al-
lowing for rapid adaptation to novel environments from standing genetic variation
(Biedrzycka et al. 2014; Konopinski et al. 2023). Together with high reproductive
potential (Ritke 1990; Asano et al. 2003) and opportunistic use of food resources
(Michler 2018), these characteristics make the raccoon an extremely successful
invader. We revealed that raccoons also possess highly diverse gut microbiota, with
no obvious signs of instability and with functional capacity not strongly deviating
from that of native populations. Our results suggest that the microbiome reflects
the diverse diet of invasive raccoons and, along with relatively high levels of genetic
variation in neutral (Uller and Leimu 2011) and adaptive regions of the genome
(Day 2015), represents another factor facilitating the successful performance and
spread of this invasive species.
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Discussion

This doctoral thesis provides a comprehensive overview of mechanisms underlying successful
invasion, combining three complementary approaches. First, | performed a systematic review
of over one hundred original studies employing genomic methods to examine invasion and
identified the key mechanisms facilitating invasive species success. As a next step, aiming to
place the findings of the systematic review in the empirical context, | studied genomic
footprints of selection in raccoons’ populations from the native and invasive range. Finally,
moving beyond the context of genomic diversity, | examined the composition and functional
roles of the gut microbiome to assess its contribution to the raccoon’s successful invasion in
Central Europe.

The foundations of invasion genomics based on population genetic theory have been
built and discussed in a number of reviews (Bock et al., 2015; Dlugosch & Parker, 2008;
McGaughran et al., 2024; North et al., 2021). Nevertheless, the general picture, pointing and
guantifying the key mechanisms, emerging from the results of recently published studies, has
been lacking. As an introductory part of my dissertation (Article 1), | conducted a detailed,
guantitative assessment of genomic studies that analyzed demographic and natural selection
mechanisms during invasions to evaluate how they interplay in shaping genetic diversity that
may facilitate the invasion process.

| identified a clear pattern indicating that genetic drift and genetic bottlenecks are
frequently detected in invasive species. Nevertheless, reductions of genetic diversity are rarely
maintained in invasive populations. When such reductions occur, in the majority of scenarios,
they are counteracted by admixture of individuals originating from multiple introductions and
interspecific gene flow. Introgression of advantageous genetic variants to invasive populations
was, alongside admixture, identified as a factor facilitating adaptation, as both maintain the
potential of rapid local adaptation. A subset of studies linked pre-introduction adaptation in
the native range with invasion success, as favorable genetic variants from the native range
often contributed to adaptation in the invasive range. The majority of articles reported the
joint influence of selection and genetic drift or bottlenecks, while maintaining stable levels of
genetic diversity. The results of the systematic review prove that adaptation usually occurs,
even in the presence of demographic factors reducing genetic diversity and that admixture,
introgression and genetic variation transferred from the native range may mitigate the effects
of diversity loss and preserve the adaptive potential of invasive populations. The systematic
classification of genomic regions under local selection revealed that they are related to specific
biological functions, putatively facilitating invasion, such as temperature tolerance, immunity,

metabolic pathways and insecticide resistance. Overall, those findings highlighted the most
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commonly reported genetic mechanisms associated with biological invasions and provided the
first comprehensive overview of the genetic processes facilitating invasion success.

The identification of mechanisms allowed for the detection of knowledge gaps and
future directions of invasion genomics research, such as a pressing need for a broader
application of time-point series genomic data to detect selection and demographic events at
various stages of invasion to better understand how those processes shape population
expansion. Incorporating the habitat and climate components into genomic analysis is
essential to clarify the association of regions under selection with environmental features. The
current studies often fail to use the full potential of whole-genome sequencing (WGS) data
(Matheson & McGaughran, 2022), which represents genomic diversity not affected by the
ascertainment bias linked to analyzing only a few representative marker loci, captures
genome-wide variation, and therefore allows for reconstructing, e.g., invasion routes most
accurately. Moreover, the use of WGS facilitates invasion studies by capturing rare alleles and
long haplotypes, providing finer scale resolution needed to infer recent demography, identify
selection footprints, a complete range of structural variants, and trace introgressed loci (North
et al., 2021). Additionally, further development of comparative genomic studies may enable
the identification of genome features that contribute to species' invasion abilities, as
expansion of specific gene families or identification of structural variation contributing to
invasion success.

To add an empirical context to findings from the systematic review, in the second part
of my PhD thesis (Article 2), | aimed to identify adaptive changes facilitating the spread of one
of the most rapidly expanding invasive mammals in Europe, the raccoon. | investigated
genomic diversity, population structure, and patterns of adaptation in two geographically
distant native populations and four invasive populations with distinct invasion histories. The
findings supporting a lower level of genomic diversity and ongoing expansion followed by
admixture within raccoons’ invasive range are consistent with the conclusions drawn from the
systematic review of invasion genomics research (Article 1). | showed that, as in the majority
of invasions, the initial loss of genomic diversity is compensated by admixture among
divergent populations.

Most importantly, the footprints of parallel selection between invasive populations and
one of the native ones, established in similar environmental conditions, suggest habitat-
specific local adaptations. On the contrary, the other native population inhabiting different
climatic conditions experienced different selective pressures. Those results highlight the
importance of habitat matching in the invasion process (Sherpa & Després, 2021). In line with
the results of the systematic review, selection in invasive populations often operates on genes

whose functions facilitate expansion and allow them to outcompete native species. In
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raccoons, | detected selection footprints in genomic regions associated with reproduction,
hormonal pathways, neurological processes, cognitive functions, locomotor system and
environmental-related responses. These results show that the rapid selection on specific
features may enhance raccoons’ performance in the invasive range. Although most sites under
selection, detected at the global level (among all studied populations) and those contrasting
between invasive and native range, did not overlap, the gene ontology groups related to the
same functions were found to be enriched in both kinds of comparisons. This indicates that
selection may target functional outcomes rather than specific genetic variants (Wilson et al.,
2025).

The results of the second part of my PhD dissertation are in line with the findings of
the systematic review, demonstrating that the reduction of genomic diversity in raccoons’
invasive populations does not prevent them from rapid adaptation. The parallel selection
between populations from similar habitat types underlines the role of habitat matching
between native and invasive ranges. At the molecular level, the success of raccoon as an
invasive species appears to be driven by admixture restoring the genomic diversity, which
further allowed local adaptation.

Finally, 1 expanded the hypotheses explaining species invasions to include factors
beyond genetic diversity, through comparison of the native and invasive populations’
microbiomes (Article 3). | focused on analyzing the differences in composition and functional
profiles of raccoons’ populations' gut microbiomes to assess their potential role in facilitating
the species' successful spread in Central Europe. First, | hypothesized that demographic
processes shaping the genetic differentiation of invasive populations would be reflected in the
diversity of their gut microbiomes. | expected that the microbiomes of invasive populations
were differentiated from the native ones, and indeed, | found a significant shift in the
microbiomes of the two groups. This may either reflect diverse diet sources or be related to
the loss and gain of microbial taxa during the invasion process, similar to how genetic diversity
is shifted as a result of genetic drift during the establishment of invasive populations.
Interestingly, invasive populations exhibited higher levels of inter- and intrapopulation
microbiome diversity, likely driven by the acquisition of local microbial taxa during
introduction. Contrary to expectations, | found no signs of decreased within-population
microbiome diversity that could result from a population bottleneck. Conversely, the native
range was characterized by a less diverse microbiome, similar between geographically distant
populations, suggesting microbiome stability, but also possibly related to a more simplified,
anthropogenic diet (Gillman et al., 2022; Moy et al., 2023). Although | found shifts in

microbiome composition between ranges, gut microbiomes' functional profiles were
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overlapping, suggesting that the same functions may be provided by different bacterial groups
(Louca et al., 2018).

In summary, the obtained results show that, in the case of raccoons, the invasion
process changes the microbiome composition, but it does not affect its function.
The microbiome may contribute to various environmental adaptations, thus increasing the

invasion success, but involving different host-microbiome associations.
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Result summary and conclusions

Employing a three-step approach, | have performed a comprehensive investigation of genetic
and non-genetic factors influencing biological invasions. As an outcome of my dissertation,
| was able to i) quantify mechanisms shaping genetic diversity and occurrence of local
adaptation in invasive populations, ii) uncover the processes shaping genetic diversity and
enabling rapid local adaptation in invasive raccoons, and iii) reveal the potential role of the gut
microbiome in facilitating raccoon invasion.

This integrative approach allowed for drawing the following key conclusions:

1) the so-called “genetic paradox” of invasive species is uncommon, as genetic drift and
bottleneck rarely cause a significant genetic diversity decrease, and any reductions are
typically mild and mitigated by gene flow between genetically divergent invasive
populations (Articles 1 and 2),

2) even when a decrease in genomic diversity between native and invasive ranges
is noted, it does not prevent adaptations in invasive populations (Articles 1 and 2),

3) most sites under selection are linked to traits promoting rapid expansion; however,
they are not directly associated with the invasion, but rather reflect differences
between populations from distinct climatic conditions, indicating the parallel selection
in similar environmental conditions, and highlighting the role of habitat matching
in species invasions (Article 2),

4) despite extensive genomic studies of invasion, further research requires a wider
application of time-point series genomic data, the incorporation of habitat, climate and
population fitness components into genomic analysis, as well as more frequent
application of whole genome sequencing data (Articles 1 and 2),

5) the invasion process changes the raccoons' gut microbiota composition, but those
shifts may also be a reflection of the between-populations differences in diet
(Article 3),

6) invasive populations of raccoon possess highly diverse gut microbiota, with no obvious
signs of instability and with functional capabilities comparable to the native
populations, putatively facilitating the successful performance and spread of this
invasive species (Article 3).

The results of my PhD thesis provide vital conclusions for improving invasive species
management. First, | showed the frequency of admixture among distinct, genetically divergent
populations during the invasions. Considering how often it is detected, it can be assumed that
this process is central to restoring genetic diversity in invasive species. Therefore, even in the
absence of genomic data, it is crucial to react to newly established invasive populations and

prevent their spread and gene flow between independently established populations. At later
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invasion stages, primary eradication efforts should be focused on regions where high migration
rates have already been detected. Specifically, in the case of raccoons’ invasion in Europe, it is
already known that the complete eradication of the species is impossible, and management
actions are undertaken mostly in vulnerable, biodiversity-rich areas (Cunze et al., 2025). While
its broad climatic and habitat niche suggests it can invade a wide variety of habitats, the
findings indicate the role of habitat matching between native and invasive ranges, even in the
case of such cosmopolitan species as the raccoon. Habitat features should be taken into
consideration while predicting areas at risk and identifying those requiring protection. Species
preadapted to the particular conditions in their native range are more likely to succeed in
similar conditions in the invasive range (Article 2). Climate change further complicates
management by creating new introduction pathways, providing favorable climatic conditions,
increasing the disturbance in the environment, leaving the empty niche, as native species may
change their range, as a result of changing conditions. These make ecosystems more
vulnerable to invasions (Colberg et al., 2024). Genomic data may improve invasive species
management, not only by reconstructing the invasion history, but also by estimating the
adaptive potential. As a result, it will be possible to plan effective management actions tailored

to particular species.
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